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Preface

Many scientific instruments for analyzing specimen surface such as the electron
microscope and the Auger electron spectrometer require clean, ultrahigh vacuum.
The electron microscope and Auger electron spectrometer need fine electron probe,
requiring afield emission emitter which can well work under ultrahigh vacuum. In
the electron microscope and the ion microscope, microdischarges due to applying
high voltage to electrodes sometime occur, resulting in deterioration of image qual-
ity. Microdischarges are related with the gas mol ecul es on the surfaces of insulators
and electrodes.

For many scientific instruments such as the el ectron microscope, avery clean, ul-
trahigh vacuum is necessary in the vicinity of the specimen and the electron emitter.
So, ultrahigh vacuum technology is essential for microscope engineers and micro-
scope users.

This book consists of the following chapters:

Chapter 1 Designing of Evacuation Systems

Chapter 2 Vacuum Pumps

Chapter 3 Simulation of Pressuresin High-Vacuum Systems
Chapter 4 Outgassing

Chapter 5 Phenomena Induced by Electron Irradiation
Chapter 6 Vacuum Gauges

Chapter 7 Microdischargesin High Vacuum

Chapter 8 Emittersfor Fine Electron Probes

Some important articles on the subject of every chapter are reviewed, and their dis-
cussions and conclusions are presented in rather high detail. The author believes
that Chaps. 1, 2, 3, 4, 5, 6 would help the engineers who engage in designing the
vacuum systems of ultrahigh vacuum scientific instruments such as electron mi-
croscopes. Chapters 7 and 8 will help the users of the scientific instruments using
electron probesto understand the key technology intrinsic to electron beam systems,
like high-voltage discharge and narrow electron beam emitter.
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Chapter 1
Designing of Evacuation Systems

Many kinds of scientific instruments require a clean high vacuum. So, ultrahigh
vacuum technology is essential for microscope engineers and microscope users.

Thin-film coaters have alarge bell jar containing evaporating materials, present-
ing alargegasload. Such instruments must be evacuated from atmospheric pressure
to a high vacuum in a short-time cycle. On the other hand, Auger electron spec-
trometers utilizing micro-nano electron probes must be evacuated to a very clean,
ultrahigh vacuum.

Electron microscopes (EMs) have features of both thin-film coaters and Auger
electron spectrometers. The camera chamber of an EM contains many sheets of
micrograph film evolving a large amount of water-vapor molecules. At the same
time, a very clean, ultrahigh vacuum is required in the vicinity of the specimen. A
field emission electron gun (FEG) must be operated in an ultrahigh vacuum (UHV)
of 10~ Paorder. And, keeping the microscope column vibration-freeis essential for
photographing EM images at high resolution. Therefore, we must select vibration-
free high vacuum pumps to evacuate the microscope column.

Consider the pressure level and vacuum quality required for the vacuum
instrument.

Diffusion Pump System

When the vacuum chamber uses lubricant grease of hydrocarbons, you can use an
oil diffusion pump (DP) system as a high vacuum pumping system. For this case,
pneumatically driven high vacuum valves using lubricant grease, such as butterfly
valves, can be adopted. For clean vacuum polyphenylether fluid is recommended as
working fluid of the DP.

DP systems are till widely used in scientific instruments such as scanning elec-
tron microscopes (SEM) because DP systems are reliable in performance and com-
paratively silent during operation.
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Note: Polyphenylether fluid has high boiling temperature and high viscosity, com-
paring with other commonly used working fluid of DP. Therefore, in order to
use polyphenylether fluid one must ascertain that the DP can work well with
polyphenylether fluid beforehand.

Turbo-molecular Pump System

For the greasel ess vacuum chamber, a turbo-molecular pump (TMP) system is rec-
ommended. For this case, you must use greaseless high vacuum valves such as
gate-type valves. When using elastomer seals in high-vacuum systems, water-vapor
moleculesin the atmosphere permeate elastomer sedls, resulting in high H,O pres-
sure[1-1].

Sputter lon Pump and Getter Pump System
When the vacuum chamber is sealed with metal gaskets such as Conflat® copper
gaskets and metal O-ring gaskets, sputter ion pumps (SIPs) and getter pumps such

as titanium sublimation pumps (T SPs) are suitable for final evacuating pumps. SIPs
or getter pumpsneed aDP system or a TMP system as an auxiliary pumping system.

Selection of Pumping Speed

Pumping-down Characteristics

Ascertain that the desired high-vacuum pressure in the chamber is achieved within
a specified evacuation time, using the following volume-evacuation equation.
When a chamber of volumeV (in litter L) is evacuated by apumping speed S (in

L/s):
VvV /dP
P__Se<dt> (11)
P2 _ l Se
Iog<P1) ="o3v (tz—tl) 1.2
where outgassing of the chamber walls is neglected.
Effective pumping speed Se:
1 1 N 1
Se Sp C

where Sp is the pumping speed of the pump and C is the conductance of the evacu-
ation pipe.
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Actually, however, pumping-down time is affected much by the outgassing of
the chamber walls, resulting in much longer comparing with the time calculated
by Eg. (1.2).

Dayton (1959) [1-2] described from his experience on vacuum coaters that the
net pumping speed in liters per second (L/s) at the exhaust port on the chamber
should be two or three times the volume of the chamber in liters. He presented a
rule that the speed of the diffusion pump in L/s should be five times the volume of
the chamber in liters

In vacuum coaters, a high pumping speed is desirable for repeated pumping cy-
cles from atmospheric pressure to high vacuum. On the other hand, the chambers
of ultrahigh vacuum (UHV) scientific instruments such as Auger spectrometers and
UHV scanning tunneling microscopes keep UHV for many days. Therefore, for
UHV scientific instruments, the factors like the ultimate pressure of the pump and
the pumping speed under UHV are more important than the rated pumping speed
under high vacuum.

Steady- State Evacuation

The pressure P at an equilibrium state is expressed by the equation

_Q
P= s, (1.3)
where Q isthe net outgassing rate of the chamber under high vacuum.
When a specified gas of the speciesi isintroduced into the chamber,
_ Qi
P = S, (1.4)

Notes: The net pumping speed of the pump varies with the pressure. The net out-
gassing rate of the chamber Q also varies with the pressure.

Roughing System

In a DP system the time to reach the switching pressure Ps from atmospheric pres-
sure becomes 2 to 3 times of the calculated time based on Eq. (1.2) due to the out-
gassing of the chamber walls. The pumping speed of the roughing pump is selected
so that the switching pressure Ps is obtained within the specified roughing time.
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Backstreaming of RP Oil Vapor

As Holland [1-3] presented, the backstreaming rate of RP oil vapor much increases
when the pressure inside the roughing pipe of 1in. diameter reduces below 0.1 Torr,
asshowninFig. 1.1.

As seen in Fig. 1.1, when the pump exhausts gas at its normal flow rate above
10~ Torr the backstreaming rate is as small as a negligible amount.

Yoshimuraet al. (1984) [1-4] evaluated the RP roughing systems with respect to
backstreaming of RP ail vapor, as follows.

Various systems have been proposed to minimize the oil vapor backstreaming from a run-
ning RP[1, 2, 3, 4]. Typical systemsare presented in Fig. 1.2. The system (a) with aby-pass
valve line with a sorption trap T [4] had the disadvantage of practical complexity in oper-
ation and is expensive. The system (b) with deliberate leakage L [1, 4] has a disadvantage
because the leakage unnecessarily prolongs the roughing time. The system (c) with an ad-
ditional isolation valve Vj, located just above a running RP, has been evaluated to be the
most reasonable system for electron microscopes (EMs). In this system, V; is opened in
the roughing mode only, and closed when the pressure in the chamber reaches a switching
pressure P; which is higher than 13 Pa. Thus, most of the entire roughing pipe line is not
evacuated below P; with the continuously running RP, resulting in a maintenance-free clean
system [1-4].

LN
finger
3001~
xtal
=d
200} ot thro' c ’l‘
(A) air inlet thro gas
. ballast valve 530mm
' 253
- ! 380mm B o = A
5 100 =
E %X 63mm s 75
& 60F\}
a PA Lacation of various
< : aQir inlets
5 a0 i\
= N
g 301 (B) air inlet 63 mm above
pump mouth
20F (C)air inlet 380mm ultimate P

above pump mouth variation

10 1 1 1 1 1 1 { 1 1 v
0 10 20 30 40 50 60 70 80 90 100
Fig. 1.1 Backstreaming rates as afunction of pressure during gas flow into a75 L/min rotary pump

charged with No 16 Qil. The air inlets are in the pump line. Rates measured with a stationary gas
in the same pressure range are plotted for comparison (Holland, 1971) [1-3]
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(@ (b) (c)

Ps

\{i

RP l IRP RP

Fig. 1.2 Typica rough evacuation systems (Yoshimura et a ., 1984) [1-4]
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4. N.T. M. Dennis, Electron Components 28, 67 (1972).

Key pointsfor preventing backstreaming of RP oil vapor:

1) For the case of aroughing pipe of 1 mlength and 20 mm inner diameter, switch
roughing to fine pumping at about 13 Pain order to minimize the backstreaming
rate of RP oil vapor. Select the pumping speed of arotary pump to reach 13Pa
in the specified roughing time, taking into account Eq. (1.2).

2) Take into consideration that roughing time becomes 2 to 3 times of the calcu-
lated time due to the outgassing of the chamber walls.

3) Install an isolation valve just above the rotary pump besides the roughing valve
positioned at the port of chamber, in order to prevent the oil vapor backstreaming
into the roughing pipeline.

4) For strictly preventing the backstreaming of oil vapor, install a sorption trap
containing porous aluminaballs (Fulker, 1968) [1-5]. Porous aluminaballs sorb
much water vapor during pumping-down cycles from atmospheric pressure.
And, such water vapor is evolved when the balls are exposed to vacuum of
10Pa order, resulting in a prolonged roughing time. Replace the aluminaballs
absorbed much water vapor with fresh, degassed alumina balls for keeping a
speedy roughing.
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Backstreaming of DP Oil Vapor

In a steady state of fine pumping, a small pumping speed of a backing pump can
evacuate the foreline of DP to sufficiently low pressure. However, we must takeinto
account the transient condition just after switching over the evacuation modes from
roughing to fine pumping.

Hablanian and Steinherz (1961) [1-6] described the backstreaming characteris-
tics of DP systemsin detail.

Forepressure Tolerance [1-6]

Forepressure tolerance is usualy specified as a specific value of discharge pressure
above which the pumping action stops (inlet and discharge pressures become essentialy
equal). Some diffusion pumps have an abrupt point at which this happens and in such cases
it is easy to determine a maximum discharge pressure which should not be exceeded. Other
pumps have a gradual deterioration of the pumping action when the discharge pressure is
increased and in such cases a 10% increase in inlet pressure may be selected as the point at
which the forepressure tolerance is specified [1-6].

Figure 1.3 represents some typical cases. Curve A shows a common performance in
high vacuum pressure range and in this case the forepressure tolerance may be said to
be 2 x 10~1 Torr. The performance of the same pump in the ultrahigh vacuum region is
represented by the curve B.

The curves C and D indicate that some pumps behave normally in the ultrahigh vac-
uum region and have more or less distinct forepressure tolerance. The curve D is taken
from [1] and it was obtained in a baked system by trapping the ionization gauge by two
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Fig. 1.3 Inlet pressure vs. forepressure for typical diffusion pumps. The vertical lines at curve B
indicate pressure fluctuations (Hablanian and Steinherz, 1961) [1-6]
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liquid nitrogen traps in series. The curve C was obtained with the new 6in. pump (HS6-
1500) without baking or trapping using polyphenylether oil. The pump was operated with an
increased heat input (2kW instead of standard 1.5 kW) which explains the unusually high
forepressure tolerance.

It may be concluded that it is important to determine the inlet-discharge pressure rela-
tionship of a diffusion pump particularly if it is used for ultrahigh vacuum work. In some
cases forepressures obtained by only a mechanical pump may not be sufficient as it may be
necessary to reduce the forepressure below 10~*Torr. This is conveniently accomplished
by asecond diffusion pump in series using the same pumping fluid to minimize the chances
of contaminating the main pump with mechanical pump or booster pump ail..

Backstreaming [1-6]

All diffusion pumps have a certain amount of backstreaming. Without auxiliary devices
such as baffles or cold traps surrounding the top nozzl e the best pumps have abackstreaming
rate of about 0.015mg/min per cm? of inlet area.

In many cases the backstreaming rate can be sufficiently reduced by the use of cold
caps surrounding thetop nozzle [2]. This device intercepts alarge amount of backstreaming
molecules without significantly reducing the pumping speed. Various designs of such cold
caps were tried and asimple water cooled guard extending beyond the nozzle edge found to
be most effective. Depending on the particular pump, the reductions obtained are typically
between 50 and 100 times less than the value obtained without the cold cap. Figure 1.4
shows some of the results obtained with various designs.

Most measurements of backstreaming rate are generally conducted at the blank-off op-
eration of the pump. The results are plotted in Fig. 1.5 and it can be seen that the rate does
not change significantly as long as the inlet pressure is below about 10-3Torr. This is the

BACKSTREAMING

ﬂ FAGTOR
]
7\
I l 05 to 0.3
1 05 to !
e
, ' 0.2 to Q.15
Fig. 1.4 Effect of cold cap
configuration on backstream- ﬂ
ing (Hablanian and Steinherz, ‘ l 0.02 to 0.0!

1961) [1-6]
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Fig. 1.5 Backstreaming rate vs. inlet pressure for 32in. pump (fluid: Narcoil 40) (Hablanian and
Steinherz, 1961) [1-6]

point where most diffusion pumps have an abrupt reduction in speed indicating that the top
jet essentially stops pumping.

The sudden increase of backstreaming at inlet pressures above 103 Torr points out that
a diffusion pump should not be operated in this range unless the condition lasts a very
short time.

It is common practice in vacuum system operation to open the high vacuum valve after
the chamber has been rough pumped to about 10~ Torr exposing the diffusion pump to this
pressure. In well proportioned systems this condition lasts only a few seconds. Otherwise
extended operation at high pressure can direct unacceptably high amounts of oil into the
vacuum system [1-6].

References

1. W. G. Hendfrson, J. T. Mark, and C. S. Geiger, “Evaluation of large diffusion pumps
and traps for the ultrahigh vacuum system for the Model-C Stellarator”, 1960 Vacuum
Symposium Transactions.

2. B. D. Power and D. J. Crawley, “Problems arising in the attainment of low pressure”,
U. S. Patent No. 2919061.

Overload in High-Vacuum Evacuation Systems

Hablanian (1992) [1-7] discussed how to prevent the overload in high-vacuum
systems.
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Abstract [1-7]: To prevent overloading high-vacuum pumps during and imme-
diately after switching from pre-evacuation to high-vacuum pumping, asimple rule
must be observed: the crossover must be performed when the gas massflow from the
vacuum chamber isless than the maximum throughput capacity of the high-vacuum
pump. Typically, at the end of the pre-evacuation period, there are two somewhat
distinct gas quantities associated with the vacuum chamber, the gas in the space
of the chamber and the quasisteady outgassing rate. The overloading of the high-
vacuum pump due to the space gas can be prevented by opening the high-vacuum
valve slowly or by using a parallel low-conductance bypass. However, the overload
due to the outgassing rate can only be prevented by following the golden rule of
mass flow limitation. An immediate corollary of matching mass flows is that the
larger the roughing pump, the lower the crossover pressure must be.

Quoted from Hablanian, 1992 [1-7]: It may be expected that the outgassing rate will
increase when the pressure drops after crossover, switching over from roughing to high
vacuum pumping.

The use of some safety factors is advisable. One “rule of thumb” may be noted: if, after
crossover, the pressure does not drop quickly, then the high—vacuum pump is overloaded.
The pressure reduction should be almost immediate and it should be according to the ratio
of pumping speeds of the high—vacuum pump and the rough pump.

The mass flow emanating from the chamber can sometimes be easily determined by
measuring the rate of the rise of pressure in an isolated chamber. This is illustrated in
Fig. 1.6. The chamber should be fully loaded with process fixtures and materials. It should
be evacuated to the temporarily chosen crossover pressure and the roughing valve closed.
The measured mass flow, V 47 must be less than the Qmax of the high-vacuum pump. If it
is higher, then alower crossover pressure must be chosen and the experiment repeated.

This is particularly important for diffusion pumps because each vapor jet has its own
mass flow limit. It is possible for the inlet stage to be completely overloaded and, therefore,
producing excessive amount of backstreaming, while the rest of the pump is still function-
ing. The situation is better in turbomolecular pumps because al stages rotate together on a
common shaft.

Hablanian statesin Abstract [1-7] that using a parallel low conductance bypassis
not so effective against overloading on cross over. However, Yoshimura recognizes
that slow high vacuum pumping using alow conductance by pass valve is effective
against cross-over overload conditions. This is due to the following two reasons:
one is keeping the mass flow rate into the high vacuum pump small on cross-over,
the other is slowly reducing the pressure in the champer, resulting in preventing
the sudden increase of the outgassing ratio of the champer walls from occurring on
Cross-over.

Iwami (2006) [1-8] presented an article, “ Outgassing rate for One-minute exhaust.”

Abstract [1-8]: With increasing demand for short-TAT (Turn Around Time)
vacuum process, high-speed exhaust is becoming critical. Exhaust time depends
on vacuum pump, plus volume and gas discharge amount of vacuum chamber.
Precise estimation of gas discharge amount, in particular, is a must. Discussed in
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Fig. 1.6 Finding the proper crossover mass flow (and pressure) by rate-of-pressure-rise measure-
ment (Hablanian, 1992) [1-7]

this article is the comparison of estimation methods for gas discharge amount, ex-
haust characteristics method vs. build-up method. Gas discharge rate after 1 minute
exhaust was estimated, using “aumite” which generally has large gas discharge
rate, and is easy to evaluate. Gas discharge rate estimated by the build-up method
is 1/3-1/6 smaller than that estimated by exhaust characteristic method, presum-
ably because of recombination of discharged gas to chamber wall. Also, gas dis-
charge rate of “aumina” was found to be 5 times of published data exterpolated,
0.5Pa-m3-s 1. m2 (approx.) after 1 minute vacuum exhaust. Alumite’s struc-
ture is considered to be among the effects. When to design “ One-Minute Exhaust
System,” estimating gas discharge rate by exhaust characteristics measurement is
appropriate.

The experimental device outline is presented in Fig. 1.7. The outgassing rates
of alumite measured by the build-up method and pump-down curve method are
presented in Fig. 1.8.

Yoshimuraet al. (1984) [1-4] discussed typical DP systemstolerant of excessgas
load in transitional evacuation.
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Vacuum Gauge

Fig. 1.7 Experimental device outline (Iwami, 2006) [1-8]
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Fig. 1.8 Rate of gas discharge of lumite material (Iwami, 2006) [1-8]
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Typical DP Systems Tolerant of Excess Gas L oad
(Yoshimura et al., 1984) [1-4]

Transitiona evacuations from rough to fine pumping are often repeated in EM opera-
tion. The transitional evacuation for the camera chamber can present a severe load to the
high vacuum system, because the camera chamber has a large volume and accommodates
many phaotographic filmswith a high outgassing rate. Photographic films evolve amaximum
amount of gases soon after switching over the evacuation from rough to fine pumping.

DP systems are usually designed for the maximum steady state gas load, and they are
in many cases not provided against a temporary excess gas load for a short period. In a
dynamic evacuation, avery large transitional throughput flows, for instance, several timesa
day, into the DP system just after switching over the evacuation from rough to fine pumping.

(a) (b)

DP1 "BT1 RP

eS|l

Fig. 1.9 Pressure risesof P, inaDP1-BT-RP system (a) and DP1-DP2-BT-RP system (b). TD: test
dome of approx. 20L, BT1: buffer tank of 10L, BT2: buffer tank of 1L, DP1: 4in. (conventional
one, Santovac-5), DP2: 2.5in. (conventional one, Santovac-5), RP: 100 L/min, V: butterfly valve,
4in (Yoshimura et a., 1984) [1-4]
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Against such an extremely large gas|oad for ashort period (typically afew seconds), theuse
of alarge mechanical forepump (RP) would be of almost no use because it has a pumping
speed much lower than the DP.

In a single DP system with a small-volume foreline, the backing pressure P, of DP
is apt to rise above its critical backing pressure P, for a short period after switching over
the evacuation mode. When Py, rises above P, the compressed gases at the foreline flow
backwards together with oil vapor into high vacuum side. The abnormal backstreaming in
this situation has been clearly described by Hablanian [1].

Therise of P, of thefirst DPinaDP1-DP2-BT RP system [Fig. 1.9 (b)] was compared
with that of P, of DP1in aDP1-BT-RP system [Fig. 1.9 (a)]. Therises of Py, after switching
over the evacuation mode in both systems are presented in Fig. 1.9, where the switching
pressure Ps in system (b) is approx. 27 Pa, and Ps in system (@) is approx. 13Pa. The
critical backing pressures P, of both DPs (DP1 and DP2) are approx. 40Pa. As seen in
Fig. 1.9, therise of P, of DP1 in system (b) is much smaller than that of Py, in system (a),
despite the fact that the Ps in system (b) is double that in system (a). It should be noted that
the second DP in system (b) isaconventional small diffusion pump, but not an gjector type
with a high maximum throughpuit.

Figure 1.10 presents typical DP systems, which meet the requirements for transitional
evacuation, and their transitional characteristics of the pressure Py, in the high vacuum side
and Py in the forevacuum side.

In system (a) of Fig. 1.10, only a by-pass valve V2 with small conductance is opened
at first during transition. Adequate sequential control of V1 and V2 suppresses the rise of
Py below P¢, as shown in the lower figure. A system with aslowly opening valve [1, 2, 3]

(@) [¢)] (c)
O Ph
Py
Py
I
ol L
m
11
bp2 BNl
P Pe
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V2 open V1 open valve open _(L
» £ o
t t \ T~ valve open ©
P & &
t t t

Fig. 1.10 Transtional characteristics of typical DP systems (a) System with by-pass valve V2, (b)
system with alarge buffer tank (BT), and (c) system backed by DP2 with alarge BT (Yoshimura
etal., 1984) [1-4]
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would be almost equivalent to system (a). In system (b) of Fig. 1.10, alarge buffer tank (BT)
suppresses the rise of P,. The necessary volume of BT depends on the chamber volume,
outgassing rate of the chamber including parts and materids, the functional characteristics
of DP such as S and P, and the switching pressure Ps from rough to fine pumping. In
general, the necessary volume of BT isamost half of the chamber volume. This system has
additional advantages, the rapid pumping down of Py, and the slow rise of Py, as shown in
the lower figure. The latter advantage is really important for establishing a reliable safety
system driven by Py, signals at an overload emergency. In system (c) of Fig. 1.10, DP2
with BT evacuates the foreline of DP1 under the minimum influence of the oil vapor from
the backing pump. The rise of Py is considerably reduced by the use of DP2, as shown
in Fig. 1.9. The system has an additional advantage that the foreline of DP1 is held in a
sufficiently clean high vacuum in almost the entire operation period, resulting in very clean
fine pumping [4]. The control of the system is simple because both DPs can simultaneously
be switched on/off.
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DP In-Series System

Hengevossand Huber (1963) [1-9] investigated the effect of fore-vacuum conditions
upon the ultimate pressure using a DP in-series system.

The Influence of Back Diffusion [1-9]

The experiments were made with a metal ultrahigh vacuum pumping system (Fig. 1.11).
Two three-stage fractionating oil diffusion pumps connected in series are used. As driving
fluid, silicon oil DC 704 is used. Each pump has anominal pumping speed of 60L/s. In the
following experiments the cold trap was not cooled.

To investigate the influence of the back diffusion on the ultimate pressure, various gases
were passed separately into the intermediate vacuum while the partial pressures in the high
vacuum were measured with the mass spectrometer. Figure 1.12 shows the results. On the
abscissa the total pressure of the different gases in the intermediate vacuum is plotted, on
the ordinate the corresponding partial pressures in the high vacuum. The pressures are cal-
ibrated in nitrogen equivalents (N2-equ.). In the intermediate vacuum the pressures below
10-2Torr are measured with a Bayard-Alpert gauge, pressures above 103 Torr are mea-
sured with a Pirani gauge. In the overlapping region the Pirani gauge was calibrated against
the ion gauge, so that the whole pressure scale of the abscissa corresponds to nitrogen
equivaents.

Figure 1.12 shows that all gases diffuse from the intermediate vacuum into the high
vacuum. As could be expected, thelight gasesH, (M = 2) and He (M = 4) show the highest
diffusion rate. For theinert gases Ne (M = 20), Ar (M = 40) and Kr (M = 84) the diffusion
rate apparently decreases in inverse proportion to the molecular weight. The curves for the
other gases do not seem to show this dependence with the same accuracy, e.g. it might be
expected that the CH4 curve (M = 16) would lie higher than the Ne curve (M = 20) but
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Fig. 1.11 Experimental apparatus. Metal pump system with creep baffle and cold trap. Ultimate
vacuum without refrigeration about 1 x 102 Torr. Ultimate vacuum with refrigeration about 5 x
10~1° Torr (Hengevoss and Huber, 1963) [1-9]

as seen in Fig. 1.12 the opposite is the case. The reason for thisis not quite clear. Possibly
solution effects of the gas in the diffusion pump oil are responsible for this deviation from
the predicted behavior.

The following rules for production of ultrahigh vacua can be derived from the examina-
tion of Fig. 1.12.

In order to produce an ultimate pressure of 1 x 102 Torr, the partial pressure of the
light gases whose molecular weight lies between 1 and 20, must not be higher at the fore-
vacuum side of the main diffusion pump than about 2 x 104 Torr N5 equivalent. In order
to produce an ultimate pressure of 10-1° Torr, the partial pressure of these gases must not
be higher than 1 x 10~3Torr N, equ. At this point it must be noted that water vapor is
one of the lighter gases which limit the ultimate pressure by back diffusion. This is an
important fact because water vapor is one of the most abundant components of the fore-
vacuum atmosphere, if the fore-vacuum part of the pumping system is not baked, which is
the norma case.

Turning Off the Booster Diffusion Pump [1-9]
To egtimate the influence of the booster diffusion pump on the ultimate pressure,
this pump was turned off. As a result, the total pressure increased from 5 x 102 Torr



16 1 Designing of Evacuation Systems

TORR

104

05

e
v w0 /
5 AcH,
b .
3
2 CO:
’ 4CO0:

8 07 -/
~ / a4 r
u ; j-’
c
>
g e
¢ o
a
3
5 10°
(&)
<
>
I
2
X jo®

10"

107 10 105 10¢ 10 102 10 1 TORR

INTERMEDIATE VACUUM PRESSURE N:-EQUIVALENTS —

Fig. 1.12 Back diffusion from the intermediate vacuum into the high vacuum. The various gases
are passed separately into the intermediate vacuum and the partial pressure of each measured in
the high vacuum (Hengevoss and Huber, 1963) [1-9]

to 6 x 108 Torr. Figure 1.13 shows the spectrum of the remaining gases before and af-
ter the pump operation had been stopped. Only the mass lines up to 78 are shown. It was
observed that after the booster diffusion pump was turned off, particularly the mass peaks
2 (H2), 15 ( CH4) and 78 increased, and also 28 (CO) and 44 (CO,) both increased alittle.
It is especially noteworthy that after the booster diffusion pump had been turned off, many
new peaks appeared in the mass spectrum.

In Table 1.1 theincrease in the partia pressure of the most important residual gases are
summarized.

Experimenta results show that the two-DP in-series system creates a very clean, ultra-
high vacuum.

Norioka and Yoshimura (1991) [1-10] reported the performance of a DP in-series
system.

Static Performance of In-Series DP System [1-10]
DP system can encounter accidenta events, such asthe breakdown of the DP heater and the
cooling water supply trouble.

Considering the actua conditions of accidents, some experiments were conducted on
the DP in-series system shown in Fig. 1.14. The DP1 (4 in.) and DP2 (2.5in.) were both
fractionating types with four nozzles including an gector one, charged with Santovac-5
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Fig. 1.13 Turning off the booster diffusion pump. The six typical peaks of benzene are noted
(Hengevoss and Huber, 1963) [1-9]

(polyphenylether). The tolerable forepressure of both pumps was 38 Pa. The Bayard-Alpert
gauge (BAG) was a glass-tube type with W filament, operated at 1 mA of emission current.
The quadrupole mass-filter (MS, W filament) was operated at 0.5mA. In the experiment of
asingle DP system the DP2 was kept off.

The chamber (type304 stainless steel) was evacuated for along period, following an in
situ bakeout (100 °C, 3 days). A residua gas spectrum obtained for the chamber evacuated
continuously for one month is presented in Fig. 1.15 (1), showing a very clean vacuum.
The spectrum is characterized by the high peaks of water vapor (peaks 17 and 18), which is
due to the water vapor permeation through Viton seals [1]. Then, the power to the heaters

Table 1.1 Increase in the partial pressure after turning off the booster diffusion pump (Hengevoss
and Huber, 1963) [1-9]

Gas Partial pressure in Torr N»-equ.
Before turning off After turning off

H, 6.0x 10710 50.0x 10~10
CHgy4 2.3x10°10 6.0x 10°10
H,O 12.0x 10710 12.0x 10710
co 23.0x 1010 33.0x 10710
CO, 7.0x 10710 9.0x 10710
M78 41.0x 10710 140.0 x 10~10
Tota 8.1x10°° 25x 108
Reading of the 50x107° 6.0x10°8

immersed gauge
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I
DP1 L__LL]
W>‘4E’—‘

DP2 O

Fig. 1.14 Experimenta setup of a DP in-series system (Norioka an Yoshimura, 1991) [1-10]

of both DPs was shut down, and a few minutes later the valve at the foreline of DP2 was
closed. After a 1-h cool down, both DPs were simultaneously switched on, just after the
valve was opened. The MS (0.5mA) and BAG (1 mA) were switched on 1 h after supplying
DP heater power. Residual gas spectraanalyzed 4 and 26 h after switching on the DP heaters
are presented in Fig. 1.15 (2) and (3), respectively. A number of hydrocarbon peaks were
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Fig.

1.15 Residual gases depending on the evacuation timet, after DPswere again switched onin

the DP in-series system. (1) Before switching off both DPs, (2) 4 h of t, and (3) 26 h (Norioka and
Yoshimura, 1991) [1-10]
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detected at a short elapsed time after supplying heater power. It takes more than two days to
recover the clean vacuum without bakeout treatment. Continuous pumping for many days
is essentia for DP systems to produce a clean vacuum.

Next, only the power to the DP1 heater was switched off on the DP in-series sys-
tem (DP1-DP2-RP system). The pressure in the chamber rose gradually but smoothly
from 4.0x 10~°Torr (5.3x 10~7Pa) up to an equilibrium pressure of 5.5 x 10-8Torr
(7.3 x 10~%Pa) produced by the DP2. On the other hand, the pressure on the single DP
system (DP1-RP system) rose rapidly to alow vacuum range soon after the power to DP1
was switched off. The pressure rise characteristics of the respective systems are presented
inFig. 1.16 (a) and (b). In such away, the worst situation is avoided with the DP in-series
system when the DP1 heater breaks down.

The input voltage to the DP heater often varies.

Residua gases were analyzed by changing the input voltage on the single DP system
(DP2 kept off) and on the DP in-series system (DP1-DP2-RP system). The regular input
voltage for both DPsis 200 V. Theinput voltages to both DPs were simultaneously changed
from 200V to 180V and 220V, and kept constant for 30 min, respectively. Residua gases
were analyzed just before changing the input voltage on the respective system, as shown in
Fig. 1.17 (a) and (b) [(1) 200V, (2) 180V, (3) 220V].

In the single-DP system (a), the peak of Hy (m/e = 2) increased at 180 V, compared
with the peak height of H, at 200 V. And at 220 V, hydrocarbon peaks of m/e 39, 41, and
43 increased due to the thermal cracking of working fluid (Santovac-5, polyphenylether).

In the DP in-series system on the other hand, the peak height of every peak did not vary
after the input voltage was changed. At 180 V, the limiting compression ratio of the DP1
decreases due to the power reduction. Nevertheless, thanks to the DP2, the H, pressure
at the foreline of the DP1 was low enough not to increase the H, pressure on the high
vacuum side. At 220 V, thermal cracking of the working fluid of the DPs must be accel erated
due to somewhat higher boiler surface temperature. However, the hydrocarbon cracking
products were quickly evacuated by the DP2, with the result that there was no increase of
hydrocarbon peaks.

The DP system sometimes encounters accidentsin cooling water lines. On both systems,
the high-vacuum pressure indicated by the BAG was recorded after the cooling water lineto
both DPs was shut off. Experimental results are presented in Fig. 1.18, where the pressure
range of the recorder chart for both systems was switched to the x 10~8 Torr range at about
9 minutes of elapsed time.
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Fig. 1.16 Pressure-rise characteristics after the DP1 was switched off. (a) In the DP1-RP system
and (b) in the DP1-DP2-RP system (Norioka and Yoshimura, 1991) [1-10]
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Fig. 1.17 Residua gases depending on the voltage inputs to the DP heaters. (a) On the DP1-RP
system with (1) 200V, (2) 180V, (3) 220 V, and (b) on the DP1-DP2-RP system with (1) 200 V,
(2) 180V, (3) 220 V (Norioka and Yoshimura, 1991) [1-10]

In the single DP system (a), the gradual pressure rise with large, intermittent pressure
pulses occurred 1.5min after the water line was closed. On the other hand, in the DP in-
series system (b), the pressure was kept almost constant for 4 min after the water line was
closed, and then the gradual pressure rise with large, intermittent pressure pulses occurred.

Dynamic Performance of the DP In-Series System [1-10]

Scanning electron microscopes (SEMs) used in the semiconductor industry generally
equip large specimen chambers. A SEM with x-ray spectrometers has a large specimen
chamber. A clean high vacuum is required in the specimen chamber to minimize specimen
contamination. Rapid pumping to high vacuum is also desirable for general efficiency.

In the single DP system with a large chamber the forepressure P; of DP may rise above
its tolerable limit P, when improperly switching from roughing to fine pumping, resulting
in increasing the backstreaming of DP oil vapor [2, 3]. Therefore, the DP system of an
instrument of clean high vacuum must be basically controlled by aPs signal detected at the
foreline of the DP, as has been discussed by Yoshimura et al. [2]. Nevertheless, the system
tolerance to overload is necessary.
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Fig. 1.18 Pressure changes after cooling water was stopped. (a) In the DP1-RP system and (b) in
the DP1-DP2-RP system (Norioka and Yoshimura, 1991) [1-10]

Fig. 1.19 Vacuum system
diagram of a SEM equipped
with a DP in-series system
(Norioka and Yoshimura
1991) [1-10]

A DP in-series system with a buffer tank (BT) meets the requirements for the SEM vac-
uum system mentioned above. The vacuum system diagram of a SEM with a DP in-series
system is presented in Fig. 1.19. The specimen chamber equips three x-ray spectrome-
ters, having an effective volume of 42L. The chamber also equips the standard movable
mechanisms, such as alarge specimen stage and a specimen exchanging mechanism. Such
movable mechanisms were lubricated with Apiezon grease, showing considerable out-
gassing when evacuated after being exposed to the atmosphere. The DP1 (4 in.) and DP2
(2.5in.) were charged with Santovac-5. The volumes of BT1 and BT2 are 1L and 10L,
respectively. The trap above the DP1 was not cooled throughout the following experiments.
For the experiments on the SEM with the single DP system, the DP2 and BT1 were re-
moved, and the foreline of the DP1 was directly connected to the BT2. Note that the pump-
ing speed of the mechanical rotary pump (RP) was rather small (100 L/min) for the large
specimen chamber.

BT2 @,
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On the respective systems the fore-pressures Ps of the DPL, indicated by a Pirani gauge,
were recorded when the evacuation mode was switched. The P on the single DP system
(a) was measured at the BT2, and the P; on the DP in-series system (b) was measured at
the BT 1. Experimental results showing the maximum fore pressures of Pz, as afunction of
switching pressure P;, are presented in Fig. 1.20.

On the single DP system the maximum rise of P; was much higher than that on the DP
in-series system, although the volume of the BT2 (10L) was much larger than that of the
BT1(1L).

The critical backing pressure P; of DP1 is 38 Pa. According to the data of Fig. 1.20, in
which the slow response of the Pirani gauge was ignored, the chamber on the single DP
system must be evacuated in roughing down to 17 Pa (Ps) in order not to raise P; above P;
just after switching over to fine pumping. On the other hand, on the DP in-series system
roughing to 24 Pa (P;) is sufficient enough not to raise P; above P;. Practically speaking,
for the SEM chamber of 42L the roughing time down to 24 Pa was 20% shorter than the
timeto 17 Pa. Also, switching the evacuation modes at ahigher pressure isdesirablein view
of the backstreaming of RP oil vapor [4].
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Yoshimura et al. (1984) [1-4] described the safety system of the cascaded DP system in
details.
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Differential Evacuation Systems [1-4]

A very clean vacuum is required in the column of an analytical electron microscope to min-
imize specimen contamination. The whole column can be considered to be divided into two
parts by a small conductance aperture positioned just below the projector lens pole-piece.
Thus, a differentia evacuation system is necessary between the column and the camera
chamber.

Typical differential evacuation systems, (a) independent system, (b) parallel system with
acommon backing line, and (c) cascade system are presented in Fig. 1.21, where the cham-
ber A corresponds to the transmission electron microscope (TEM) column, and B to the
camera chamber. All systems have a DP-DP in-series system for the chamber A to obtain
aclean vacuum and a buffer tank BT for proper transitional evacuation. These systems are
evaluated with respect to correlation (mutual relationship) in gas flow between the chambers
A and B [1-4].

Consider a large leakage occurring in the chamber A in the system (b). Leaked gases
are compressed immediately into the common foreline, and flow backwards with dense
oil vapor into the chamber B through DP2 when P, rises above the critical backing pres-
sure P.. A leakage in the chamber B also causes similar backstreaming into the chamber
A through DP1. On the other hand, this kind of backstreaming does not occur in the in-
dependent system (a). Correlation in gas flow is therefore related to system resistance to
emergency due to leakage. In the cascade DP system (c), aleakage in the chamber A does
not cause such backstreaming of oil vapor into the chamber B, whereas leakage at B may
cause backstreaming into A through DPL. In the operation of a TEM, leakage may occur in
the column, and almost never at the camera chamber, because most movable mechanisms,
such as the specimen holder and apertures, are located in the column, associated with the
chamber A. Considering such actual circumstances, correlation in gas flow between A and
B is evaluated as tolerable for the system (c). For system cost and occupied space, the cas-
cade DP system of (c) is best, which can be easily recognized by comparing the number of
system parts with each other.

The cascade DP system with a BT is clearly evaluated to be the most practical and
reasonable for a TEM, where the column is evaluated by DP1 backed by DP2, and the
camera chamber by DP2 with alarge volume foreline backed by RP.

Safety Systemsin Cascade DP System [1-4]

DP systems must be basically controlled by B, (the backing pressure) signals detected by a
gauge at the foreline of DP [1]. When B, rises to the reference pressure Py which is set to
be lower than the critical backing pressure P, in any evacuation mode, the vacuum system
is rapidly driven to a safe state. This system is called the “basic” safety system here. It

() b (c)
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Fig. 1.21 Differential DP evacuation systems for TEM. (a) Independent system, (b) paralld sys-
tem with a common backing line, and (c) cascade DP system (Yoshimura et ., 1984) [1-4]
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serves well against the following emergencies. (1) leakage at any part of the whole column,
(2) leakage at any part of the DP system, (3) failures of the backing RP, and (4) failures of
gauges for switching the evacuation mode.

In addition, the vacuum system is provided with the “normal” safety system which
drives the system to a safe state using signals which have detected failures on system parts
such as the power supply including fuses, cooling water system, pneumatic air system for
valves, and DP heaters. The “normal” safety system is activated in all evacuation modes
including warming up.

Moreover, the cascade DP system is provided with a safety valve which is closed tem-
porarily, regardless of the existing failures, to protect the vacuum system just before switch-
ing the evacuation mode. This system is called the “ standby” safety system. The systemiis
presented in Fig. 1.22, where Vs isthe safety valve. Consider that air is admitted into the
chamber B while the chamber A is continuously evacuated by DPL. First, consider a system
without the safety valve Vg on theforeline of DPL. If sealing of V2 isinsufficient toisolate
the chamber B, the introduced air rapidly flows backwards through DP1 into the chamber
A, resulting in serious backstreaming. Similar trouble may occur if B, in the chamber B
is incorrectly detected in switching the evacuation mode. In the cascade DP system with
the “standby” safety system, V s is closed temporarily just before venting the chamber B
and switching the evacuation mode. With the association of the “basic” safety system, the
evacuation system israpidly put into a stop state when P, rises above Py, so the “ standby”
safety system protects the vacuum system against the above-mentioned faults. The flow
sequences of this system are givenin Fig. 1.22 (b), one isfor venting of the chamber B and
the other for evacuation of the chamber B.

Figure 1.23 presents the vacuum system diagram of an EM (JEM-1200EX, JEOL Ltd.),
provided with arefined cascade DP system. The column and the gun chamber are evacuated
by DP1 backed by DP2, while the camera chamber is evacuated by DP2 with the tank
RT2 backed by RP. The bypass valve V1 with a low conductance is used for the camera
chamber. The volume of the tank RT2 is rather small (approx. 10L) due to the help of the
low-conductance bypass valve V1. The tank serves as a buffer in transitional evacuation as

(a) (b)

Air-admit. into B Evacuation of B
A
Switch on \ Switch on/
|
v2, V3, V4, Vs V5 closed
l closed V4 opened

RP2 RP1

Fig. 1.22 “Standby” safety system. (a) System diagram and (b) sequence flows: one for venting
of the chamber B and the other for evacuation of the chamber B (Yoshimura et al., 1984) [1-4]
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Fig. 1.23 Vacuum system

diagram of EM with a cas-
cade DP system. The liquid- L
nitrogen cold trap [1] is PeG PiGl
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1984) [1-4] Gun
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Camera

well as areservair in roughing. Signals from the Pirani gauge PiG4 at the foreline control
the“basic” safety system. The valve V2 is a safety valve in the “ standby” safety system
which is closed temporarily just before the vacuum system is put into the air-admittance
state and the switching the evacuation mode to fine pumping for the camera chamber. The
valve V3 on the roughing line is opened in the roughing mode only. A cold trap can be
installed above DP1 in the main pumping line.

Key Pointsto Minimize the Backstreaming of DP Oil Vapor

1) Thediffusion pump meets an overload condition several seconds after switching
the evacuation mode from roughing to fine pumping. During this overload period,
the backstreaming rate of oil vapor isincreased abnormally.

2) The forepressure of the diffusion pump rises above its critical forepressure sev-
eral seconds after switching the evacuation mode from roughing to fine pumping,
thus increasing the backstreaming abnormally.

3) Thediffusion pump system must be designed so that the overload period passes
rapidly by keeping the forepressure even sufficiently low after switching the
evacuation mode.
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Kumagai (1961) [1-11] examined the DP system having two fractionating pumps
in series and a specially designed backing pipe of the DP. “In the system, impurities
of the ail in the DP ail boiler are quickly removed and oil-vapor backstreaming is
much suppressed.”

Dennis et al. (1982) [1-12] investigated the effect of DP-valve opening speed
upon the oil-vapor backstreaming rate. “Opening the DP-valve slowly is very im-
portant for suppressing the pressure-rise in the fore-vacuum side.”

Hablanian and Maliakal (1973) [1-13] reviewed the advance of DP technol-
ogy. They emphasized that the use of polyphenylether makes a DP achieve a clean
vacuum.

Holland et al. (1972) [1-14] obtained a clean high vacuum using a perfluo-
ropolyether. They reported the basic characteristics of a DP, such as the pumping
speed, thetol erable backing pressure and the residual gas spectrain the high-vacuum
chamber, when using a perfluoropolyether. They described that the system using a
perfluoropolyether tolerates a considerably high backing-pressure.

Lawson (1970) [1-15] reported the chemical features of perfluoropolyether fluids
in detail. “ These fluids do not polymerize when irradiated with electrons.”

Laurenson (1982) [1-16] reported the technology and applications of typical
pumping fluids. “The chemical and physical properties of the fluids employed in
vacuum are given and the suitability of these fluids for various vacuum applications
in relation to their propertiesis discussed.”

Rettinghaus and Huber (1974) [1-17] presented an article, “Backstreaming in
diffusion pump systems” “With a molecular beam detector based on a mass spec-
trometer, backstreaming phenomena are measured which are not due to mere evap-
oration but to molecular scattering within the baffle. The influence of a number of
parameters is studied (among others the type of the pump and the pressure). The
contribution of backstreaming to system contamination appears negligible, except
at higher pressures in the 10~* Torr range where special precautions are recom-
mended to meet exceptional high requirementsfor cleanliness”

Harris (1977) [1-18] presented an article, “Diffusion pump backstreaming.”
“Thisreview deals exclusively with contamination which can be attributed to back-
streaming of diffusion pump working fluid. It discusses the origins of this type of
contamination, surveys methods used to prevent and control it and shows that it is
possible to produce a clean vacuum using diffusion pumps”

Baker and Staniforth (1968) [1-19] presented an article, “ The development of
an adsorption foreline trap suitable for quick cycling vacuum systems.” “By using
5-10mm diameter activated alumina balls in an inline column geometry trap the
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adsorption of water vapor during pumping was reduced to a minimum. With this
material and trap design unlimited repeat pumpdown cyclesto lessthan 100 millitorr
were possible on atypical 116 liter volume chamber. The pump-down time in this
case was extended from 3.5 minutes without the trap to 6.5 minutes with the trap.”

Ultrahigh Vacuum Electron Microscopes

Recently, transmission el ectron microscopes with several sputter ion pumps (SIPs)
have become widely used. A field-emission electron gun (FEG) is built inside the
small SIP for JEOL transmission electron microscopes.

SIPs are suitable for ultrahigh-vacuum (UHV) instruments because they can be
baked up to about 200 °C for degassing. An SIP with a sufficient pumping speed in
UHV isrequired for the FEG chamber.

Harada and Yoshimura (1987) [1-20] reported the development of JEOL UHV
electron microscopes. The evacuation system of a typical UHV-TEM, the JEOL
JEM-2000FXV, is aso introduced. Three types of the evacuation systems of stan-
dard transmission electron microscopes (JEOL TEM) are schematically presented
in Fig. 1.24. The UHV transmission electron microscope, JEM-2000FXV (JEOL)
isalso presented in Fig. 1.25.

Tomita (1990) [1-21] reported the evacuation system of a UHV-scanning trans-
mission electron microscope (UHV-STEM) and its vacuum characteristics. A W
<100> thermal-field-emission (TFE) emitter is used in the UHV-STEM, whose
vacuum system diagram is presented in Fig. 1.26.

“Key technologies for the UHV electron-microscope column are metal-gasket
sealing for the entire microscope column and baking the microscope column at up
to 150 °C under high vacuum. Metal O-ringsare used for sealing the electron-optics
(EO) lens column and chambers in order to achieve assembling accuracy. On the
other hand, vacuum parts such as valves and gauges are sealed using | CF ConFlat
flanges. The EO lens column, the specimen chamber and the gun chamber of the
UHV-STEM can be baked up to 160°C.” [1-21]

Kondo et al. (1991) [1-22] developed the 200 kV UHV-high-resolution transmis-
sion electron microscope (UHV-HRTEM) for in situ surface observation:

With use of metal sealings, the pressure at the specimen position was 2.6 x 10~ Pa with-
out any cooling traps, and less than 1.5 x 10~/ Pa with the built-in traps cooled by liquid
nitrogen. A cantilever-type goniometer, a specimen holder and a high-resolution objective
lenswere newly developed for high-resolution transmission (HR-TEM) and reflection (HR-
REM) to observe specimen surfaces with a point-to-point resolution of 0.21 nm. The spec-
imen can be tilted up to £20°. Crucible-type and direct-heating specimen holders were
constructed for in situ experiments on thin films and small particles, and on bulk crystalline
surfaces, respectively. The usefulness of this microscope for surface studies is shown by
images of clean surfaces of Au and Si prepared in the microscope [1-22].



28 1 Designing of Evacuation Systems
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Fig. 1.24 Three types of standard transmission electron microscopes (JEOL TEM) (Harada and
Yoshimura, 1987) [1-20]

The block diagram of the vacuum system of the UHV-TEM/REM is presented in
Fig. 1.27.

Okamoto and Naruse (1998) [ 1-23] reported the key technology on UHV-electron
microscopes, such as the evacuation system, the specimen-changing mechanism,
and the bakeout system.
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Fig. 1.26 Vacuum system diagram of aJEOL UHV-STEM (Tomita, 1990)[1-21]
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Poppa (2004) [1-24] presented a review, “High resolution, high speed ultrahigh
vacuum microscopy,” in which UHV scientific instruments such as a UHV trans-
mission electron microscope (UHV-TEM) systems and a UHV-HRTEM/STM sys-
tem are introduced in photographs. Figure 1.28 shows the fully integrated surface
analysis and HRTEM/STM system at the National Institute for Materials Research

in Tsukuba, Japan.
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Fig. 1.27 Block diagram of vacuum system. Microscope column is separated into six chambers,
electron gun (GUN), condenser lens (CL), condenser mini-lens (CM), objective lens (OL), inter-
mediate and projector lens (IL/PL) and camera (CAMERA) chambers. Individual vacuum pumps
are attached to each chamber. PEC: specimen pre-evacuation chamber, PEG: Penning gauge, PIG:
Pirani gauge, BAG: B-A gauge, CP: Cryogenic pump (Kondo et al., 1991) [1-22]

Fig. 1.28 Fully integrated surface analysis and HRTEM/STM system (UTSICS UHV-TEM-STM-
integrated characterization system) at the National Institute for Materials Research in Tsukuba,

Japan (Poppa, 2004) [1-24]
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Know-how Technology in Designing UHV Evacuation Systems

(1) Penning gauge head with a radioisotope source

Electron microscope evacuation systems with an SIP have a Penning gauge for
switching the SIP on and off at about 10-2Pa. An FEG system is controlled by
the SIP ion current showing a pressure measure. When a Penning gauge head
is contaminated with hydrocarbon gases, Penning discharge becomes difficult to
initiate. To prevent this trouble, a radioisotope source is built into the Penning
gauge head.

(2) Leakageflux from SIP magnet

When an SIP is attached to the gun chamber, magnetic-field leakage from it might
cause deflection of the electron beam. As seen in Fig. 1.29, afield emission (FE)
emitter is built inside the small SIP, which is composed of three constituent SIPs
arranged symmetrically on the axis of the electron beam. In this arrangement,
magnetic-field leakage flux from the three constituent magnet pairsis cancelled on
the axis of the electron beam.

(3) lonleakage from SIP

Many electrons and ions exist inside an SIP vessel. From a diode-type SIP with
a cathode at ground potential, some ions easily escape from the SIP vessel. Such
ions, entering the accel erating tube, might induce microdischarge. (refer to Chap. 7).
Opaqgue plates at ground potential must be inserted inside the pumping pipe to pre-
vent the ions from a diode-type SIP from entering the microscope column.

Electrode-shorting mechanism
s for conditioning

Electron gun

Viewing port

Electrostatic lens 15¢/s SIP
Acceleration tube
Acceleration electrode gr=
grounding mechanism [l
20¢/s SIP
Electron gun

deflection coil E
Isolation valve

602/s SIP

1st condenser lens

Fig. 1.29 Arrangement of SIPs for the acceleration tube of the JEM-2010F (Courtesy of JEOL
Ltd.)
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(4) Particle contamination

In order to achieve high productivity, it is important in wafer-inspection SEMs
and semiconductor-manufacturing instruments not to contaminate wafer surfaces
or semiconductor surfaces with dust particles. For this purpose, pipes and cham-
bers with mirror-polished inner surfaces are used so that dust particles do not stick
to their inner surfaces. Also slow gas introduction and slow evacuation in the first
stage of roughing are important in order not to peel off dust particles that have ad-
hered to their inner surfaces.
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Chapter 2
Vacuum Pumps

The mechanical rotary pump and the oil diffusion pump are widely used in many
kinds of high vacuum systems. The DP system with a mechanical rotary pump is
reliable in performance, silent in noise and small in vibration, and cheap in price.

The sputter ion pump (SIP) is suited to ultrahigh vacuum becauseit can be baked
to degas up to about 200 °C. Getter pumps such as the titanium sublimation pump
(TSP) and the non-evaporable getter (NEG) pump can also be used for ultrahigh
vacuum (UHV) due to the same reason. A well designed SIP indicates accurate
pressures in ultrahigh vacuum region.

The SIP and the getter pump need an auxiliary pump. The turbomolecular pump
and the dry vacuum pump (DVP) are used as an auxiliary pump in the UHV evacu-
ation system.

Many kinds of dry vacuum pumps (DV Ps) are widely used in the film-deposition
equipment such as chemical vapor deposition (CVD) systems. Dry vacuum pumps
(DV Ps), without using any lubricating oil inside the pumps, are resistant to reactive
gases used in CVD systems.

M echanical Pumps

The mechanical rotary pump and the mechanical booster pump belong to this cate-
gory. The rotary vane pump is exclusively used as a backing pump and/or a rough-
ing pump in the oil diffusion pump (DP) system. A mechanical booster pumps is
often used as a backing pump for the high-pumping-speed DP system in deposition
systems.

Harris and Budgen (1976) [2-1] presented an article, “Design and manufacture

of modern mechanical vacuum pumps,” which coversthe design and manufacturing
aspects of rotary vane, rotary piston and mechanical booster pumps.

Quoted from Harris and Budgen, 1976) [2-1]:
Figure 2.1 shows the constructional principles of the three different pumps.
Figure 2.1(a) shows arotary vane pump where vanes housed in slotsin acylindrical rotor
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are urged by springs to press against the cylindrica stator wall while being carried round
the rotor. Figure 2.1(b) shows a rotary piston type of pump where the piston (a hollow
cylinder with a hollow tongue attached) is made to process around inside a circular stator
by means of the rotating cam within it. Both of these pumps are oil sealed. Figure 2.1(c)
shows a mechanical booster pump where the “figure-of-eight” rotors are synchronized by
external gears and rotate in the oval stator so as to maintain small clearances between each
other and between the stator walls. The rotors run dry of lubricant.

Rotary Pumps[2-1]

Although today the rotary vane type ismainly used for pumps of low and medium pumping
speed whilst the rotary piston is preferred for higher pumping speeds, clear cut advantages
or disadvantages cannot be formulated for either type. One advantage of the rotary vane
design is the comparatively small out-of-balance forces consequent upon rotation. The only
eccentrically rotating masses are the blades, the center of mass of a blade pair describing
an oval path twice per rotor revolution. With the use of various plastic blades, which are
somewhat lighter than steel, thisimbalance becomes insignificant.

In the two stage operation of arotary vane pump the gasload iscompressed in two stages
in series from the inlet vacuum to interstage pressure by the high vacuum or first stage, and
then from interstage pressure to discharge (i.e. atmospheric) pressure by the low vacuum
or second stage. Qil for lubricating and sedling the first stage is outgassed by the second
stage before being passed to the first stage. This together with the sharing of compression
between two stages gives very much lower pressure than does a single stage pump.

Direct Drive Pumps. The use of direct drivei.e. at 1500 rpm for 50 Hz or 1800 rpm for
60Hz is made practical by the use of reinforced plastic blades and by further specialized
techniques for quieting the operation of the pump.

Figure 2.2 shows an internal view of such a pump, this example is two-stage, and is
fitted with an advanced design of hydraulically operated inlet valve. This device consists
of a piston valve which opens against spring pressure on pump start-up and close on pump

Exhaust Vacuum  Adaptor  Flexible
nozzle . _ . inlet ,assemmy/couplinq

Direction
of
rotation

Combined Anti-suck back
and inlet valve assembly

Discharge valve Off Pump housing

Fig. 2.2 Direct drive pump — pump flexibly coupled to motor (Harris and Budgen, 1976) [2-1]
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shut-down, isolating the pump from the system at the same time admitting air into the pump
itself. Oil “suck-back” isthus prevented.

M echanical Booster Pump [2-1]

General Operation: Mechanical booster pumps are usually operated at fairly high rota-
tional speeds i.e. 1400—4000 rpm depending on size. Thisis permissible as there is no me-
chanical contact of the pumping components. Problems associated with mechanical boost-
ersare;

(1) Severe heating (particularly rotors) can occur with large gas loads at high compression
ratios. This heating can lead to closure of working clearances and consequent mechani-
cal failure. Thisproblem may be overcome by cooling therotorswith oil passing through
their shafts or more conveniently by providing a water-cooled heat exchanger in the gas
discharge area close up to the rotors.

(2) The torque input to the mechanical booster is dependent upon the pressure difference
acrossit. At full rotational speed this becomes unacceptably high above 10-20 Torr inlet
pressure, depending on displacement ratio of mechanical booster and backing pump.
There are several ways of overcoming this difficulty:

(a) by pressure switching such that the pump is only switched on below 10-20 Torr.

(b) by providing a pressure relief by-pass such that the maximum pressure differential
that the motor can drive is not exceeded.

(c) by providing hydrokinetic drive [1, 2] between motor and pump so arranged that
motor full load torque is not exceeded. The pump slows down at high pressures
maintaining full pressure differential without overheating and without overloading
the motor.

Mechanical boosters fitted with water-cooling and with hydrokinetic drive may be con-

tinuously rated at all working pressures and are normally switched on with the backing
pump, thus providing a valuable contribution to pumping speed at all pressures.
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Ramprasad and Radha (1973) [2-2] presented an article, “ On some design aspects
of rotary vane pumps.”

Abstract [2-2]: A smple graphical design procedureis established for designing
rotary vane vacuum pumps with capacities ranging from 20L/min to 500L/min,
normally used in small laboratories. A new term called theidle angle is defined and
its influence on the volumetric efficiency of some commercially available pumpsis
discussed.

Diffusion Pumps

The diffusion pump (DP) is widely used in high vacuum systems because it is re-
liable in performance and silent in sound noise. The main disadvantage of DP is
backstreaming of oil vapor.
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Fig. 2.3 An illustration of the progress in pump design: left—prior to 1958; center—1961,
right—1965 (Hablanian and Maliakal, 1973) [2-3]

Hablanian and Maliakal (1973) [2-3] presented an article, “Advances in diffusion pump
technology.” They presented an illustration of the progress in DP design (Fig. 2.3). The
latest designed pump shows the high throughput characteristics in pumping.

Forepressure Tolerance and Pressure Ratio [2-3]

Modern diffusion pumps have a boiler pressure of about 1 Torr. Approximately haf of this
initial pressure is recovered in the form of forepressure tolerance. When the forepressure
tolerance is measured, a conventional non-ultrahigh vacuum system usually does not revea
the dependence between the discharge and theinlet pressures. Thisis because the maximum
pressure ratio for air is usually not exceeded unless the experiment is conducted under
ultrahigh vacuum inlet pressures. The dependence of inlet pressure on discharge pressure
is shown in Fig. 2.4. The dashed curves show older pumps having poorer pressure ratio
capability. The various horizontal levels represent different ultimate pressure at which the
tests were conducted. This behavior is obvioudly tied to the maximum pressure ratio which
can be sustained by the pump.

The pressure ratio can be sufficiently small for the light gases to reveal the dependence
of inlet pressure on the discharge pressure. Measurements of pressure ratio for various gases
have been reported as follows: hydrogen 3 x 10°—2 x 10, helium 10°-2 x 10°, neon 1 or
2 x 108, CO and argon 107, oxygen and krypton 3-5 x 107, and hydrocarbons (nC, H3)7 x
108 [1-5]. In modern pumps the helium pressure ratiois closer to 107 and it can beincreased
even as high as 10° by doubling the heat input [3]. In practice even an ion gauge operated
in the foreline can produce sufficient hydrogen to cause an increase of the input pressure
[6]. Exactly the same occurrence has been observed in aturbomolecular pump system. The
supply of hydrogen apparently comes from the mechanical backing pump oil.
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Fig. 2.4 Relationship between inlet and discharge pressures. The horizontal lines represent ulti-
mate pressures in the measurement system. The dashed curves show older pumps (Hablanian and
Maliakal, 1973) [2-3]
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Comments (by Yoshimur a):

The modern DP shown in Fig. 2.3 has features of high heater power, high boiler
pressure, long taper back-side pipe, and thin walls of pump body. Thistype of pump
has a relatively large vibration, which is due to the bombardment of oil vapor jet
onto the thin pump wall and the il boiler. Yoshimuratried installing thistype of DP
on a high-resolution electron microscope, resulting in causing vibration problem
due to the newly installed DP.
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Turbomolecular Pumps

For UHV-analytical instruments such as UHV electron microscopes (UHV EM)
and Auger electron spectrometers (AES), oil-free evacuation systems using turbo-
molecular pumps (TMP) and/or dry vacuum pumps (DV P) are increasingly used to
eliminate specimen contamination. Obstacles for using such oil-free pumps (TMP
and DVP) aretheir vibration and sound noise.

TMPs of the magnetic-bearing type are available as options for evacuating the
camera chamber of a UHV-EM. On the other hand, the vibration level of DVPsis
too high to use as a continuously running pump. When a DVP is used for roughing,
it must be stopped during specimen-image observation.

The pumping performance of the TMP is similar to that of the diffusion pump
(DP), so an evacuation system similar to the DP evacuation system can be designed.

Since a TMP with a backing pump (RP or DVP) works from atmospheric pres-
sure, the simplest evacuation system with no roughing line and no isolation valve
can be realized, as shown in Fig. 2.5.

Notes on the system of Fig. 2.5 are listed below.

(1) Switching on the power makes the vent valve close and both pumps start
operating.

(2) Switching off the power makes both pumps stop operating, and a few seconds
later the vent valve having alow conductance opens. Slow leakage through the
vent valve is important to minimize the damage to the rotating blades of the
TMP.

(3) Selection of the pumping speed of RP: Select the pumping speed so that the
TMProtation speed reachesat least 80% of its rated speed beforethe pressurein
the chamber decreases to about 13 Pa, in order to keep oil vapor backstreaming
from the RP very low.

Two types of turbomolecular pumps are commercially available, amechanical bear-
ing type and a magnetic bearing type. The magnetic bearing type does not use any

<t

Fig. 2.5 Simple TMP system
with no roughing line and no )

isolation valve




42 2 Vacuum Pumps

lubricant oil inside the pump, and its vibration is much smaller than that of the me-
chanical bearing type. For applying the magneti c-bearing-typeto the high-resolution
transmission el ectron microscopes a vibration absorption damper is still necessary
between the pump and the evacuation pipe.

Kebelitz and Fremerey (1988) [2-4] presented an article, “Turbomolecular vac-
uum pumps with a new magnetic bearing concept.”

As described in Abstract [2-4], a turbomolecular pump with a new concept in
magnetic bearings has the technical operating advantages, and the new bearing al-
lows lower manufacturing costs.

The Use of Turbomolecular Pumps with M agnetic Bearings [2-4]

If turbomolecular pumps with mechanical bearings are compared with those having mag-
netic bearings or turbopumps with mixed bearing systems, one finds that turbopumps
with magnetic bearings aways fulfill best the above-mentioned technical requirements
(Table2.1).

The main reason is that magnetic bearings are free from wear. This means reliability.
No lubricant is required because of the lack of mechanical contact, thisleads directly to an
elimination of maintenance and of contamination by hydrocarbons.

Thelow vibration is due to thefact that the rigidity of magnetic bearingsis much smaller
than that of mechanical bearings. The absence of alubricant also means that it is not neces-
sary to pay attention to the influence of gravity on the lubricant deposition and transporta-
tion. Any mounting position can be easily realized.

Levi (1992) [2-5] tested combination of turbomolecular stages and molecular
drag stages.

Abstract [2-5]: Molecular drag stages of anew design have been incorporatedin
a conventional turbomolecular pump without adding to its dimensions. From these
tests it appears possible to have high compression ratios with the foreline pressures
up to 10 mbar: the forevacuum pump could be a conventional, double-stage rotary
pump or a less conventional diaphragm oil-free pump. The behavior for different
gases has been analyzed and advantages of this arrangement are examined.

The Experimental Pump and Experimental Tests[2-5]

A schematic representation of the entire pump isshown in Fig. 2.6. Geometrical parameters
of turbomolecular stages and molecular drag stages are presented in Table 2.2 and 2.3,
respectively.

Table 2.1 Features of turbomolecular pumps and their fulfillment by different bearing systems
(Kebelitz and Fremerey, 1988) [2-4]

Ball bearing Combined system Magnetic bearings
High reliability + ++
Vibration-free +
Hydrocarbon-free + ++
Free mounting position +

Low costs of production ++ +
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Fig. 2.6 Generd view of the pump (Levi, 1992) [2-5]

Table 2.2 Geometrical parameters of turbomolecular stages (Levi, 1992) [2-5]

Stage Type Blades angle Disk height (mm) Number of blades
1 Rotor 42° 35 36
2 Stator 36° 35 36
3 Rotor 28° 35 40
4 Stator 26° 35 28
5 Rotor 24° 25 46
6,8 Stator 20° 25 36
7,9, Rotor 20° 25 46
10, 12, 14 Stator 10° 25 18
11, 13, 15 Rotor 10° 25 20

Table 2.3 Geometrical parameters of molecular drag stages (Levi, 1992) [2-5]

Stage  Section of the Length of the Disk height Clearances
pumping channel pumping channel (mm) (mm)
(mm?) (mm)

1 100 233 25 0.2

2 70 233 25 0.2

3 40 233 25 0.2
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Tests on an experimental combined pump have been performed to verify the vacuum
characteristics.

Nitrogen, helium, and hydrogen have been used as test gases. Compression ratios were
measured following PNEUROP standards [1]; ionization gauges were used both on the
high vacuum side and on the foreline side, where capacitance diaphragm gauges were also
installed.

Pumping speed was measured using the Fischer-M ommsen test dome[2], with an orifice
10mm in diameter and 1 mm thick. Results of these measurements are shown in Fig. 2.7.
Obtained values were 230 L/s for nitrogen, 210 L/sfor helium and 170 L/s for hydrogen, in
agreement with cal culations. Better results are obtainable with a further optimization of the
pump geometry.
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Cho et al. (1995) [2-6] presented an article, “Creation of extreme high vacuum
with aturbomolecular pumping system: A baking approach.”

Abstract [2-6]: A small molecular drag pump in conjunction with the membrane
pump turns out to be an effective means of achieving low backing pressures. The
stainless-steel test chamber of 6800cm? surface area has been prebaked to 450°C.
An ultimate pressure of 1 x 10~12Torr is obtained on the extractor gauge and to date
this is the lowest pressure attained with turbomolecular pumps only. This system

pumping speed(l/s)
00

250
sool WMMKM
150+

test gases
——nitrogen K helium —5- hydrogen

‘IOO 1 Lt 14 (i1l 1 IR L RN 1 L1 P31t 1 L1
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Fig. 2.7 Pumping speed vs. inlet pressure (Levi, 1992) [2-5]
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offers simplicity of arrangement, ease of operation, rather low cost, and fast pump-
down to ultrahigh vacuum.
The experimental setup is presented in Fig. 2.8.

Dry Vacuum Pumps

Many types of dry vacuum pumps (DVPs) are used mainly for evacuating
semiconductor-manufacturing equipment using corrosive gases. The types are the
piston [2-7], Roots [2-7], scroll [2-7], screw [2-7, 2-8], spiral-grooved turbobooster
[2-9], and diaphragm [2-11].

Lessard (2000) [2-7] presented an article, “ Dry vacuum pumpsfor semiconductor
processes: Guidelines for primary pump selection.”

Pumping Technologies Overview [2-7]

Thefollowing isabrief overview of those that have been used in semiconductor applications:
Piston technology resembles acar engine with opposed pistons; typically both the cylin-

der walls and piston surface feature alow friction coating to reduce power loss. The most

popular style has four pistons (two opposed sets) with clever interna porting to minimize

flow losses (Fig. 2.9). The piston technology is heavy but simplified by being air cooled.
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Fig. 2.9 Piston type pump (Lessard, 2000) [2-7]

Roots technology uses intermeshing lobed rotors rotating at high speed. Several sets or
stages of roots lobes are mounted on parallel shafts to provide a high compression ratio.
There are several related advances to roots technology where the interacting rotors have
different shapes. In addition to having colorful names, such as hook and claw, or tongue
and groove, these rotor variations can be combined with ordinary roots stages and tight me-
chanical tolerances to optimize the pumping action as desired. These pumps are dependable
and adaptable for many processes, but tend to need difficult engineering adaptations for the
very harshest applications (Fig. 2.10).

Scroll designs adapt an old compressor technology for vacuum use. A pair of helical
scrolls, one fixed and one orbiting, trap a volume of gas and progressively squeeze it to the
exhaust, producing a vacuum. Scrolls tend to be limited to clean applications because of
tight tolerances, but they have significant advantages in low capital and maintenance costs
(Fig. 2.11).

Screw technology isan adaptation of arguably the ol dest type of pumping — Archimedes
screws. In the case of vacuum pumps, the most popular design has two meshing screws ro-
tating in opposite directions in a case, or stator. Screw pumps have advantages in the very
harshest processes because of their rugged and ssimple design, and also because their dis-
placement design allows water flushing in place for cleaning, but the technology is not yet
in widespread use (Fig. 2.12).

Semiconductor Process Primary Vacuum Requirements [2-7]
The processes needed in the production of semiconductor devices genericaly divided
into four operations. (1) modification or doping of material, (2) removal of material,

Fig. 2.10 Roots type pump
(Lessard, 2000) [2-7]
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Fig. 2.11 Scroll type pump
(Lessard, 2000) [2-7]
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(3) deposition of material, and (4) selection of where to do these operations. Thelast, lithog-
raphy, generally does not use vacuum, except for el ectron beam technology used to produce
the masks and reticles used in the production of patterns. The others, with certain excep-
tions in the deposition category, use at least a rough or primary vacuum. Each application
imposes different requirements on the vacuum system.

lon Implantation [2-7]

Nearly every surface on awafer must be doped with low levels of suitable material, usually
boron, arsenic, or phosphorus, to produce desirable electrical characteristics. Thisdoping is
almost universally done using ion implanters, which produce a charged beam of the dopant
and drive the beam into the substrate material to control dopant amount, depth, and profile.

There are three separate sections of an implanter — source, beamline, and end station
— each with different environments. The source generates a charged beam of the dopant
with vacuum on the order of 103 Torr. Since the feed gases used to make these beams are
usually boron trifluoride, arsine, and phosphine, which are hazardous, the roughing pump
must be of hermetic design and able to handle the gases. This application is moderate, save
for some processes using phosphorus, which can form a solid and plug the system, where a
harsh service pump would be desirable.

The beam line is typically maintained at high vacuum by a turbopump, which needs
a primary pump to back it. This application could be either clean or moderate, depending
on the degree of vacuum isolation of the beam line from the source. The primary gas load
should be hydrogen from the end station.

The end station is maintained at high vacuum almost exclusively by cryopumps. The
major gas load is from the breakdown products of the photoresist on the wafers being frac-
tured by the ion beam — mostly hydrogen with some nitrogen and hydrocarbons [1]. This
is aclean application. The end station may have wafers transferred to it from aload lock,
whichisusualy just rough pumped. Asthe gasload is primarily air and water vapor, thisis
also aclean application.

Etching [2-7]
Etching involves physical or chemical removal of material from the surface of a substrate

in order to clean it or to transfer patterns from a mask via photoresist onto the silicon sur-
face. In the latter case, the wafer is coated with a photo-sensitive resist, then exposed via

I P e
LU__}JIL__J
B
Fig. 2.12 Screw type pump
(Lessard, 2000) [2-7]
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photolithography through a mask, processed and washed to form a pattern on the wafer.
Nearly al etch processes presently are dry and done in a vacuum. Wet chemical etch is
too isotropic for use in ultralarge scale integration (ULSI); essentially equal vertical and
horizontal etch rates result in undercutting of the masking layer underneath the photore-
Sist mask.

Physical Etching: Physical etching is much like physical vapor deposition (PVD, see
below), except that the wafer isin the position of the source and the ionized gas, usualy ar-
gon, isdirected at the wafer to sputter etch the surface by physical displacement of the solid
surface. This process is often used to remove the native oxide of a metal layer prior to addi-
tional deposition on the metal layer. Typical operating pressure is 10-100 mTorr. This appli-
cation requires aclean service dry pump, unless hydrogen fluoride (HF) is used to accel erate
the etch chemically, in which case a moderate service pump is needed to confine the HF.

Reactive Etching: Reactive etching techniques (e.g., plasma etch, reactive ion etch, re-
active ion beam etching) use chemical reactions, often combined with the physical etching
of adirected plasma, to remove material from the selected portions of the substrate surface.
Halogen gases are typically used as feed stocks for etching silicon and metal because the
chloride or fluorides of the parent material are volatile (and thus can be pumped away) at
high temperatures. Pressures are typicaly less than 100 mTorr for plasma etching and can
be considerably lower for some ion beam processes. These applications may require only a
moderate duty pump when etching silicon and its oxide.

Chemical Vapor Deposition (CVD) [2-7]

In CVD, materia is deposited on a substrate (the wafer or display element) by thermal de-
composition of feed gases or by chemical reaction of the feed gases from the gas phase.
CVD isthe process of choice for the deposition of silicon, silicon dioxide, and silicon ni-
tride and is competitive for the deposition of some metals, especially tungsten.

Silicon Deposition: Silicon can be deposited by the low pressure CVD (LPCVD) ther-
mal decomposition of silane.

The silane may be 100%, or diluted with nitrogen to 20%-30%. Silane is quite danger-
ous and represents an explosion hazard. The safety issues have resulted in an aternative
CVD technique involving the decomposition of tetraethylorthosilicate (TEOS), but in ei-
ther case a pump designed for harsh duty is needed; silane is dangerous and TEOS or its
by-products can plug the pump physically.

Silicon Diode Deposition: SiO, can be deposited by a number of reactions, primarily
depending on the required temperature during deposition. If a@luminum is under the silicon
diode, the temperature should be kept below the silicon/aluminum eutectic temperature of
577 ° C; hence the reaction of choiceisthe decomposition of silanein an oxygen atmosphere
at atemperature between 300 and 500°C.

However, better step coverage and uniformity follow from a higher deposition temper-
ature. Therefore, the chemistry of choice for a film on a nonmetallized surface involves
dichlorosilane reacting with nitrous oxide at about 900°C.

Ancther popular choice, because of improved step coverage and uniformity, and es-
pecially because of safety considerations, is the thermal decomposition of TEOS [Si
(OC3 Hs)4] at atemperature of 650-750°C.

In any of these cases, the pump (if used — some of these chemistries are done at atmo-
spheric pressure) must handle silicon dioxide, which is essentially sand. The combination
of dangerous and reactive species, high temperature and sand makes this one of the very
harshest applications for dry vacuum systems.

Silicon Nitride Deposition: Silicon nitride, ahard film used as an oxidation mask, agate
oxide, and as afinal passivation layer, can be one of the very toughest processes on pumps.
Older chemistry isthe reaction of silane and ammonia, but more common is the reaction of
dichlorosilane and anmonia at a process pressure of about 100 mTorr.

Metal CVD: Tungsten can be deposited by the decomposition of tungsten hexafluoride
or by reduction with hydrogen. Similar, titanium, molybdenum, and tantalum react with
hydrogen to make metd layers. Note that the products of these reactions are extremely
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reactive — fluorine, hydrogen fluoride, and hydrogen chloride. Thisis aharsh process. Pres-
sures may be as high as 100 Torr.

Physical Vapor Deposition (PVD) [2-7]
In PVD processes, a source of the film type to be deposited is vaporized when heated or
bombarded with a high energy electron beam. The energetic molecules then flow to the
substrate and form a film, either alone or together with a second feed gas to form oxides
and nitrides. These evaporative type processes can be augmented or replaced by the addition
of a plasma, which provides energetic ions to “sputter” the source, then direct it preferen-
tialy to the substrate. Generally, metal films of auminum and the seed and barrier layers for
copper films are produced with such sputtering tools operating in the 1-100 mTorr range.
Sincethereislittle chemistry necessary, there is not an abundance of dangerous or reac-
tive species. The normal gases present in these processes are argon, nitrogen, and oxygen.
These applications require aclean duty primary pump.
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Akutsu and Ohmi (1999) [2-8] presented an article, “Innovation of the fore pump
and roughing pump for high-gas-flow semiconductor processing.”

Abstract [2-8]: A new screw pump has been developed as a useful backing
pump for high-gas-flow semiconductor processing. The characteristic features of
the screws are unequal lead and unequal dant angle, which realize higher pumping
speed and smaller volume of the pumping system. This pump has a very wide dy-
namic range of 10-3-760Torr with a high pumping speed and low electric power
consumption by gradational lead screw structure and check valve at outlet. Further-
more, this pump is free from byproduct deposition, corrosion of inner surface and
oil degradation. The backdiffusion of oils can be suppressed by admitting the N»
purge gas flow larger than 10 sccm to the inlet side of the pump.

Jou et al. (2000) [2-9] presented an article, “Designs, analyses, and tests of a
spiral-grooved turbobooster pump.”

Abstract [2-9]: This article shows a spiral-grooved turbobooster pump, which
has a momentum transfer-type vacuum pump function, and is capable of opera-
tion in a discharge pressure range up to 1000 Pa. Transitional flow pumping speeds
are improved by awell-designed midsection element. Pumping performance of this
new pump is predicted and examined by both of the computational fluid dynam-
ics method and the direct simulation Monte Carlo method. These two complemen-
tary approachesare successfully being used to investigate the whole pumping speed
curve from the viscous high-pressure to the molecular low-pressurerange. Also, the
developed pump is tested on an evaluation system constructed according to VIS
005 standard. Good agreement between analytical results and experimental data
are shown. Furthermore, to achieve a clean, safe, and reliable pumping process,
this pump is designed with and operated by an innovative digital magnetic-bearing
system.
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Table 2.4 Characteristic list of TMPR, MDP, and CMP (Jou et a., 2000) [2-9]

T™MP MDP CMP
Pumping speed High Relatively small High
Foreline pressure Very low High High
(< 1Pa) (1000-2000 Pa) (1000-2000 Pa)
Transitiona flow Poor Good Good
performance
Structure Complex Compact Complex; with TMP element
Compact; w/o TMP element
Manufacture Difficult Easy Difficult; with TMP element

Easy; without TMP element

A brief list of some basic characteristics of the TMP (turbomolecular pump),
MDP (molecular drag pump), and CMP (compound molecular pump) is shown in
Table 2.4[2-9].

Liepert and Lessard (2001) [2-10] presented an article, “ Design and operation of
scroll-type dry primary vacuum pumps.”

Abstract [2-10]: Since being rediscovered three decades ago, scroll technology
has been successfully adapted to vacuum use. Several innovations have allowed
scroll-type pumps to produce vacuums lower than 10 mTorr; the pumps are used in
many applicationsrequiring an inexpensive, dry, long-lived pump. Inthisarticle, we
detail the scroll design procedure, focusing on the trade offs-between the need for
sufficient vacuum and low manufacturing cost. As an illustrative example, we con-
sider the design requirementsfor a high helium compression scroll design for usein
leak detectors. We also present guidelines for proper pump operation, including the
need for gas ballasting, high water operation, and proper pump isolation schemes.

Cheng and Chiang (2003) [2-12] estimated the pumping performance of aturbo-
booster vacuum pump (TBP) equipped with spiral-grooved rotor and inner housing
by the computational fluids dynamics method.”

Abstract [2-12]: The calculations show that the pumping performance of the
TBP can be enhanced when the spiral-grooved inner housing is integrated. The spi-
ral angle of the rotor, the groove number, and the spiral angle of the inner housing
have to be designed carefully to increase the effective pumping length of the flow
channel of the TBP to gain further energy from the rotational energy, overcomethe
subsequent increased friction force, and increase the pumping performance. The cal-
culations also show that the compression ratio and the pumping speed in this case,
which comprisestherotor with five groovesand 15° spiral angle and theinner hous-
ing with five groovesand 27° spiral angle, arethe largest among all cases studied in
thisarticle.
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Giors et al. (2006) [2-13] presented an article, “Computational fluid dynamic
model of a tapered Holweck vacuum pump operating in the viscous and transition
regimes. |. Vacuum performance.”

Abstract [2-13]: We develop a Navier-Stokes model of a Holweck pump with
tapered pumping channels, applying dip-flow boundary conditions, to predict vac-
uum performances with and without gas flow. The commercial computational fluid
dynamic code FLUENT is used to solve the model equations and to predict the
pressure profile along the grooves. A specifically designed experiment is presented,
whose arrangement provides the boundary conditions as input to the model and
whose results are used to validate it.

Davis et a. (2000) [2-14] presented an article, “Dry vacuum pumps: A method
for the evaluation of the degree of dry.”

Abstract [2-14]: A methodology developed for repeatable measurements of
pump cleanliness will be discussed. It utilized residual gas analysis with carefully
controlled pump conditions. This facilitates direct comparisons of the degree of
cleanliness between pumps of the same and those of different design. Additionally,
it allowsfor the assessment of methods (either in pump design or use) introduced to
improve cleanliness.

Cryopumps

The cryopump has the advantages that it can evacuate a large gas-load in the high
vacuum region and create aclean vacuum. These features areindeed a big advantage
for thin film coaters such as sputtering plants and vacuum evaporators. However,
the cryopump emits noise and vibration from the moving piston to compress the
He gas. Also, the maintenance cost of cryopumps is relatively high. Due to the
vibration from the cryopump, the cryopump is unsuitable for scientific instruments
for analyzing the micro-area of specimen, such as the electron microscope and the
scanning tunneling electron microscope.

Bentley (1980) [2-15] presented an article, “ The modern cryopump.”

Operation of Cryopumps [2-15]

Figure 2.13 shows a typica arrangement for cryopumping a vacuum chamber and it is
seen that a rotary pump is till required in order to rough out the chamber initialy. It is
usually the duration of the pump-down cycle that determines the optimum size of rotary
pump rather than the backing requirements. Unfortunately, it is, therefore, often the case
that the introduction of a cryopump does not result in any significant savings in the cost of
the rotary pump for a system.

Start-up [2-15]
Before starting the cooldown of a cryopump it is advantageous to sedl it off under a good
vacuum from the main chamber, since there is atendency for the sorption panels to adsorb
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condensable gases during cooldown long before the main cryopanels are cold enough to
initiate deposition. Clearly, the less gas is available to be adsorbed during the cool-down
period the less will the charcoa be poisoned. In the arrangement shown in Fig. 2.13 the
correct start-up procedure is, therefore, to close the roughing valve V1 and the main high
vacuum isolation valve, and to open the regeneration valve V,. The cryopump can then be
roughed out in isolation period to commencing cooldown. The rotary pump should be run
until the cryopump is able to hold its own internal vacuum steady at 10-3 mbar or below,
after which V, may be closed. If contamination of the crypsorption panelsis not considered
to be important a higher initial pressure may be tolerated provided that it does not exceed
the value given by:

PcVe < 0.1mbar - L (2.1)

where P istheinitia pressure in the cryopump (mbar) and ¢ its volume (L). If this condi-
tion isexceeded heat transfer by gas conduction will prevent the cryopanels from becoming
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Fig. 2.13 Typica arrangement for cryopump in operation (Bentley, 1980) [2-15]
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cold enough to initiate deposition. Cooldown normally takes between 45-120 min depend-
ing on make and size of cryopump.

Pumpdown [2-15]

Once the cryopump isoperational and V; is closed, the roughing valve V; may be opened to
evacuate the main chamber. The optimum crossover pressure is determined by severa fac-
tors. A high crossover pressure will impose an unnecessarily high gasload on the cryopump
during the initial stages of pumpdown and thus reduce the time between regeneration cy-
cles. On the other hand, alow crossover pressure will result in along roughing cycle, which
isan important consideration in repetitive industrial processes. The optimum pressure must,
therefore, be a compromise between these two conflicting criteria. If extreme cleanlinessis
important a third factor to consider is contamination from the rotary pump, which can only
be avoided if roughing is carried out entirely in the viscous flow regime, and in consequence
the crossover pressure must be kept above 0.2 mbar. The highest permissable crossover pres-
sure is not determined by the continuous maximum throughput rating of the cryopump but
rather by the thermal inertia of its cryopanels, which in general increases with size of cryop-
ump. Asa*“rule of thumb” the maximum impulsive gas|oad that a cryopump can withstand,
whether during pump-down or at any other time during a process cycle, is given by:

P (Ve +V5)/W2 <40mbar-L/W (2.2

where P, (mbar) is the maximum impulsive pressure that can be sustained, Vi as before, is
the internal volume of the cryopump and Vs is that of the system which it is pumping (L);
W, is the second stage cooling capacity of the cryogenerator (W). Reference should aways
be made, however, to the manufacturer’s recommendations in each particular case.

Since cryopumps are usually used in processes requiring extreme cleanliness it is pru-
dent to fit a foreline trap to the rotary pump whenever or not the crossover pressure is
held in the viscous flow regime. It is possible to omit the high vacuum isolation valve and
adopt the cheaper aternative of roughing out the cryopump and vacuum chamber simulta-
neously. However, thisis not generally advisable, since not only does the use of anisolation
valve reduce contamination of the sorption panels as aready explained, but it also enables
the cryopump to be regenerated without releasing the captured gases back into the process
chamber. If there is an inordinately high outgassing load from the chamber it may even be
impossible to rough out to a low enough pressure to enable the cryopump to cool down
at al [see Eq. (2.1)], unless an isolation valve is provided to seal off the cryopump. If itis
essential to completely eliminate organic materials from the system all the valves, including
the main isolation valve, should be metal sealed.

Regeneration [2-15]

Some examples of typical operational duties will demonstrate the ability of modern cry-
opumps to operate for quite long periods of time before requiring regeneration. Consider
a cryopump of the popular 8in. size for which representative pumping capacities could be
asin Table 2.5. Let us take four hypothetical applications and in each case caculate the
operational lifetimes between regeneration cycles.

(a) Steady state cryopumping of argon at a speed of 1000 L/s and a pressure of 10~° mbar:
gasload: 0.0l mbar-L/s
operational lifetime: 580 days continuous running.

(b) Sputtering (without throttling the pump) a a speed of 1000L/s and a pressure of
3x 10 3mbar:
gasload: 3 mbar. L/s
operational lifetime: 93 h continuous running.

(c) Evaporation process cycle in which a chamber is pumped down to 1 x 10~% mbar from
acrossover pressure of 1 x 10~2mbar:
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Table 2.5 Representative argon and hydrogen capacities at various pressures for a typical 8in.
commercia cryopump (Bentley, 1980) [2-15]

Gas Capacity (mbar-L) Pressure (mbar)
Argon 5x 10° 1x10°6
Argon 1x 108 1x10°3
Hydrogen 3000 1x 107
Hydrogen 9000 5x 1076

total gasload per cycle: 500 mbar-L (say)
number of operational cycles: 1000.
(d) Evaporative coating process cycle in which thereis a high hydrogen gas load (e.g. elec-
tron beam evaporation of aluminum):
total Hy gasload per cycle: 20mbar-L (typicaly)
number of operational cycles: 150 at 1 x 108 mbar
450 at 5 x 10~ 5 mbar

It is evident from these examples that regeneration is unlikely to be a problem in most
applications, and when necessary can conveniently be carried out at weekends. The need for
regeneration will be apparent by theinability to attain therequired pressures (and in the case
of the non-condensable gases, by a significant reduction in speed). Another indication can
often be provided by the temperature of the second stage of the cryogenerator as suggested
in the previous section.

Regeneration is accomplished by sealing off the cryopump with the high vacuum isola-
tion valve and opening the regeneration valve V, (Fig. 2.13). The rotary pump can then be
used to exhaust the gases that are released as the cryopump warm up. An automatic fore-
line trap changeover valve is advisable in order to bypass the trap during the majority of
the regeneration cycle, thus avoiding early saturation of the foreline trap sorbent with water
vapor. A typical cryopump takes between 2-4h to warm up if no external form of heat-
ing is supplied. An aternative technique is to circulate dry nitrogen through the cryopump
during regeneration, which accelerates warm up and helps to remove residual water vapor.
Once regeneration has commenced it should be alowed to proceed to completion, since
partial warming of the cryopump will usualy transfer alarge amount of water vapor from
the radiation shield to the cryopanels, where it will seriously impair subsequent pumping
performance. One attractive feature of cryopumps is that as capture pumps they can be
used to handle gases that would damage other types of pumps. Regeneration in such cases
can be accomplished quite safely by closed-off venting and thorough flushing prior to re-
evacuation and cooling down again. Particular care to avoid explosion should be taken when
venting inflammable gases or gas mixtures.

Safety [2-15]

Since cryopumps are capture pumps a pressure relief valve should always be fitted if not
already supplied as an integral part of the pump itself. Very dangerous pressures can build
up if acryopump is accidentally allowed to warm up in a sealed condition as, for example,
during power failure. An 8in. cryopump with an internal volume of about 10 L would pres-
surize to 60 atm if allowed to warm up without venting when loaded with 5 x 10~° mbar - L
of gas. Fortunately it is rare for alarge amount of gas to be released instantaneously dur-
ing regeneration; rather the solid gas sublimes at a controlled rate as the cryopanels warm
up. The pressure relief valve need not, therefore, be of large diameter, though the advice of
manufacturers should always be sought, and when in doubt it may be desirable to fit bursting
discsin particular cases. Aboveall, the venting provisions for acryopump must be fail-safe.
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Klein et al. (1984) [2-16] presented an article, “Use of refrigerator-cooled cryop-
umpsin sputtering plants.”

Abstract [2-16]: The report especialy deals with the topics, “usable for pro-
cess pressure up to 2 x 10~?mbar,” and “rapid evacuation of the process chamber
from the process pressure down to a pressure 5 x 10~" mbar after process is fin-
ished.” Here special modifications are necessary compared to common cryopumps.
There are two possibilities to cover the demand of using the pump at high pressures:
(1) Using a refrigerator with high cooling capacity, (2) Installing a throttling valve
into the cryopump. Both are discussed.

Dennison and Gray (1979) [2-17] made performance comparisonsusing a quadr-
upole mass spectrometer between nominal 1000 L /s turbomolecular and cryogenic
high vacuum pumps on a commercially available sputter deposition system.

Abstract [2-17]: The quadrupole analyzer was mounted in a differentially ion
getter-pumped sampling chamber to allow gas analysis at sputtering pressures. The
cryogenic pump without liquid nitrogen trapping showed pump-down performance
comparabl e to the turbomolecular pump with liquid nitrogen trapping. We were un-
able to get repeatable meaningful results of residual gas behavior during sputtering
operations when argon was let into the ion-getter-pumped sampling chamber.

Cheng and Shen [2-18] (2006) presented an article, “Effect of heat on the pump-
ing performance of cryopump.”

Abstract [2-18]: In the experiment, the heat was applied by two means, for the
first-stage array by thermal radiation and for the second-stage array by applying
directly. The experiment applied varied levels of electrica power to the heaters,
introduced Ar to the test dome, and measured the corresponding dome pressure,
gas throughput, and temperatures of the different arrays inside the cryopump. The
results showed that the temperature of the introduced gas heated by the heater in
the test dome would influence the measured pumping speed of cryopump. When
the thermal load is applied primarily on the first-stage array, the temperature of the
second-stage array varies significantly as the temperature of the second-stage array
changes; when applied directly to the second-stage array, the temperature of the
first-stage array varies little as the temperature of the second-stage array changes.
The pumping speed of cryopump and temperature of the two-stage arrays increase
gradually as gas throughput rises, and sharply when the gas in the test dome is
nonmolecular flow.

Vapor Pressuresfor Gases

Vapor pressures for gases are basis for cryopumping.

Honig and Hook (1960) [2-19] presented an article, “Vapor pressure data for
some common gases.”

Figures 2.14 and 2.15 present the vapor pressure data in graphical form for
the range 10~1-103mmHg. Log p versus logt plots, employed in the previous
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Fig. 2.14 Vapor pressure curves for common gases (1) (Honig and Hook, 1960) [2-19]

publication [1], were chosen again as the most suitable means of presenting these
data over wide pressure and temperature ranges. Figure 2.14 covers the range
140K and includes He, Hy, and Ne. The remainder of the gases is plotted in
Fig. 2.15 for temperatures between 10 and 400K. Asin Fig. 2.14 and Fig. 2.15, ®
and \ represent melting pointsand transition points, respectively. Where the melting
point falls outside the plotted range, the letter “s’ (solid) or “I” (liquid) have been
appended to the chemical symbol [2-19].

Reference

1. K. K. Kélley, “Contributions to the Data on Theoretical Metalurgy,” U. S. Bureau of Mines
Bulletin 383, 1935.

Sputter 1on Pumps

Modern transmission electron microscopes have a sputter ion pump (SIP) for evac-
uating their microscope columns. Auger electron spectrometers equipped with an
argon-ion gun for thinning the specimen, must be evacuated with a noble-type SIP
with alarge pumping capacity for noble gas.
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Fig. 2.15 Vapor pressure curves for common gases (2) (Honig and Hook, 1960) [2-19]

SIPs used in an ultrahigh vacuum must keep their pumping function in the
10-8Parange.

Andrew (1968) [2-20] reviewed the theory and practice of the Penning discharge.

Abstract [2-20]: Improvements in pump cell design, aimed at increasing the
inert-gas pumping speed relative to the air speed, are described. The problem of
unstable pumping of argonis discussed, and an explanation based on mode changes
of the discharge is supported by experimental observations. Future refinements of
the sputter-ion pump involving the use of new cathode materials and cell geometries
may give additional benefitsin performance.

Jepsen (1968) [2-21] presented an article, “The physics of sputter ion pumps.”

Abstract [2-21]: The steady-state pumping behavior of a sputter ion pump de-
pends on dischargeintensity (1 /P) and pumping efficiency (SP/1) (1, ion current; P,
pressure; S, pumping speed). Within the approximations employed, it is shown that
the discharge intensity is proportional to the anode voltage and anode length, but is
independent of anode diameter for the product (magnetic field x anode diameter) =
const.



58 2 Vacuum Pumps

It is proposed here that a significant fraction of the noble-gasions incident upon
the cathodes is scattered as energetic neutrals, and that these play a dominant role
in the pumping of the noble gases.

Rutherford (1963) [2-22] presented an article, “ Sputter-ion pump for low pres-
sure operation.”

Abstract [2-22]: The pumping speed of a sputter-ion pump depends on the in-
tensity (I / P ratio) of the cold-cathode gas discharge. It is found in general that | / P
is nearly constant from ~ 10~ Torr down to atransition region where the discharge
changes rapidly to a mode of much lower intensity. This transition region is quite
sensitive to such parameters as el ectrode geometry, voltage and magnetic field. With
the combination of these parameters commonly employed in sputter-ion pumps, the
transition pressure is typicaly between 10~8 and 10~°Torr. With other combina-
tions of these parameters, essentially constant | / P characteristics can be obtained
to pressures of 10~ Torr and below.

Ohara et al. (1992) [2-23] measured the pumping characteristics of sputter ion
pumps (SIPs) with high-magnetic-flux densities in an ultrahigh-vacuum (UHV)
range.

Pump Design Parameter s [2-23]

A common pump body of type 304 stainless steel (SS304) with two discharge chambers and
two high-voltage feedthroughs, was made by vacuum brazing and Ar-arc welding. Dimen-
sions of both discharge chambers were 58 x 250 x 100mm. Three pump-€l ement assemblies
composed of two Ti plates (cathodes) and cylindrical anode cells (SS304) of different di-
ameters, respectively, were designed and made, each of which was aternately assembled
into the common pump body. Further, three magnet assemblies of different high-flux densi-
ties were made, whose specified flux densities at the center of their magnet pole gaps were
0.15, 0.2, and 0.3 T, respectively. The magnet of 0.3T was made of a rare-earth magnetic
material.

The magnetic-field distributions in the pole gaps of the respective magnet assemblies
were measured, and are presented in Fig. 2.16. The maximum flux densities at the centers
of their fields are just 0.15T, dightly weaker than 0.2T, and just 0.3 T, respectively. The
broken curves represent the flux densities at places 30 mm from the x axis. For al magnet
assemblies, the reduction of the flux densities at places 30 mm from the x axisis about 13%.
The reduction of flux densities at places 60 mm from they axisis about 20%.

Three pump elements of the following anode cells were designed and made for the
common discharge chambers:

(1) 28 pieceswith 17 mm-diameter cells (4 columnsx 7 rows),
(2) 15 pieces with 24 mm-diameter cells (3 columnsx5 rows),
(3) 8 pieces with 29 mm-diameter cells (8 columnsx4 rows).

The lengths of the anode cells of all the pump elements were 28 mm. Cathode pairs of al the
pump elements were composed of flat Ti plates of 2mm thickness. The gap space between
the anode cells and the cathode plates was 10 mm. The applied voltage between the anode
and the cathode was 6.5kV.

Pumping Speed and Discharge Intensity Characteristics [2-23]
Pump-down characteristics and discharge characteristics were measured after the baking
treatment (250°C for 2 days) by athroughput method using an orifice (3.3 mm diameter).
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Fig. 2.16 Distributions of
magnetic-flux densities in
the pole gaps of the magnet
assemblies; —y = Omm;

---, ¥y = 30mm; -o-, magnet
assembly of 0.15T at the
center of the pole gap; -x-,
magnet assembly of 0.2 T; and
-e-: 0.3T (Oharaet d., 1992)
[2-23]
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In measuring the pumping speed the pressure wasfirst increased step by step from avery
low pressure of nearly 1 x 108 Pato about 1 x 10~ Paby increasing the introduced N gas
load through the needle valve, and the pressure was then reduced step by step in the return
course. After controlling theintroduced gas|oad to set aone-point pressure, the needlevalve
was not handled for about 20 min. The pumping speed measured in the pressure-fall course
was about 10% lower than the corresponding pumping speed measured in the pressure-rise
course. The pressures in the figures were thus measured at the end of these 10-min periods
in the pressure-rise course. lon current characteristics were also measured at the same time

in the pressure-rise course.

The pumping speed characteristics and the discharge intensity | /P characteristics of
the pump with 17-mm diameter cells for N, are presented in Fig. 2.17(a), and those of
the pumps with 24- and 29-mm diameter cells are presented in Fig. 2.17(b) and 2.17(c),

respectively.

Fig. 2.17(a) Pumping speed
characteristics and discharge
intensity characteristics of the
pumps with 17-mm diam cells
for No. —, pumping speed;
— — —, discharge intensity;
-o-, 0.15T; -x-, 0.2T; and
-e-, 0.3T (Oharaet a., 1992)
[2-23]
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Fig. 2.17(b) Pumping speed
characteristics and discharge
intensity characteristics of the
pumps with 24-mm diam cells
for Na. —, pumping speed;
— — —, discharge intensity;
-0-, 0.15T; -x-, 0.2T; and
-e-, 0.3T (Ohara et a., 1992)
[2-23]
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The characteristics of the pump with 24-mm diameter cellsin Fig. 2.17(b) show the fol-
lowing features. Both the pumping speed and the discharge intensity of the pump of 0.15T
increase smoothly with pressure rise up to 1 x 10~%Pa. 1.0 A/Pa of discharge intensity cor-
responds to pumping speeds smaller than 10 L/sfor the pump of 0.15T. The pumping speed
curves of the pump of 0.2T cross over the discharge intensity curve at 2.4 x 10~ Pa. In
the pressure range below 4 x 10~7 Pa the pumping speed of the pump of 0.2 T goes down
with pressure decrease, and finally it becomes amost zero at 1.3 x 10~8Pa. The pump-
ing speed curve and the discharge intensity curve of the pump of 0.3 T cross each other
at 1.2 x 10" Pa. The pump still shows a considerable pumping speed in the 10~8 range,
though the pumping speed reduces with pressure decrease.

Comment: JEOL el ectron microscopes exclusively use sputter ion pumps having 24 mm-

diameter cellsand 0.15T.

Noble Pumpsfor Inert Gases

Jepsen et al. (1960) [2-24] presented an article, “ Stabilized air pumping with diode

type getter-ion pumps.”

Abstract [2-24]: The argon pumping speed has been increased by a factor of
five through modifications of the geometry of the pump (slotted cathode pumps),
although the diode structure has been retained. Pumps employing these modi-
fied geometries have been tested on air leaks resulting in various pressures up to

Fig. 2.17(c) Pumping speed
characteristics and discharge
intensity characteristics of the
pumps with 29-mm diam cells
for Na. —, pumping speed;
— — —, discharge intensity;
-0-, 0.15T; -x-, 0.2T; and
-e-, 0.3T (Ohara et a., 1992)
[2-23]
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5 x 10~°Torr, and have given no indication of argon instability for the equivalent of
over 2000hr at 1 x 10~5Torr.

Jepsen et a. (1960) [2-24] described the “argon instability” in details.

Pressure (mm Hgh——»

Argon Instability (Jepsen et al., 1960) [2-24]

Under certain conditions of pumping against a continuous air leak, the conventional diode
type of getter-ion pump may exhibit periodic pressure fluctuations. Since these fluctu-
ations are associated with the argon which is normally present in air, they have been
given the name “argon instability.” Some of the characteristics of argon instability are the
following:

@

@

(©)

Q)

®)

(6)

U]

Ix107°4

1x107%+
1x 107+
1x 1070+

1x10°

To get anew or freshly cleaned pump to go unstable, it istypically necessary to operate
it at apressure of 1 x 10> Torr for several hundred hours; at P = 1 x 10-¢ Torr, several
thousand hours would be required. There is, however, wide variation from pump to
pump in the ease or difficulty with which argon instability occurs. In some cases it
is necessary to feed the pumps argon in higher concentrations before they will go
unstable.

A representative pattern of argon instability is shown in Fig. 2.18. It should be re-
marked, however, that a considerable variety exists in the pressure vs. time curves that
are observed.

During an instability the pressure rises to a maximum value of about 2 x 10~ Torr.
For leak rates such that the pressure between instabilities is less than about 2 to 3 x
10~5Torr, this maximum pressure isindependent of leak rate.

Timeintervals between the pressure fluctuations are typically several minutesat apres-
sure of 1 x 10~ Torr, and vary approximately inversely with leak rate for pressures in
therange 5 x 10~ "1 x 10~ Torr.

If the pressure exceeds about 3 x 10> Torr, instabilities no longer occur, even with
pure argon (Note that this pressure is below the maximum attained during instability.
This phenomenon is discussed in more detail in another paper [1]).

The detailed nature of argon instability depends on such things as voltage-current char-
acteristics of the pump power supply and size of system to which the pump is attached.
On systems which are large relative to the size of the pump, the pressure fluctuations
occur lessreadily because of “volume stabilization” of the pressure.

Operation at sufficiently high pressures (as during the normal starting following rough
pumping, for example) results in a substantial amount of pump cleaning and gresatly
reduces the tendency of a pump to exhibit argon instability. Thus pumps which are
frequently cycled seldom go unstable.

3

7

Time

Fig. 2.18 Typical pattern of pressure vs. time for a getter-ion pump exhibiting argon instability
(Jepsen et a., 1960) [2-24]



62 2 Vacuum Pumps

554~ Envelope Wail
i v, 7 Auxilian
£nvelope Wall - ! /l] D mmmy
th h
Cathode \v .0 i Cathode
Anode N P -— Anode Magnetic
Magnetic v VT Cap
Gap
Cathode V0 Cathode
o ~ Auxiliary
EnveloeWaIlW{ ‘ﬁﬂﬂﬂﬂﬂ[l[l[lﬂﬂ[l[lﬂ/
it RESRARA vy Electrade
m(mvempewan

B ] (axial magnetic fieid)

B | (axial magnetic field)

Fig. 2.19 Comparison of the magnetic gaps required for “equivalent” diode and triode pumps
(Jepsen et al., 1960) [2-24]

Argon speed and stability behavior of a pump employing slotted cathodes with the
outer portions masked were essentially the same as with completely smooth cath-
odes. With only the central regions masked, behavior appeared to be identical with
that for the completely slotted cathodes [2-24].

An example of adiode pump of optimum design is shown schematically in Fig. 2.19.
Shown also in Fig. 2.19 is an “equivalent” triode pump in which anode length,
cathode-anode spacing, magnetic field strength, and voltage between anode and cath-
ode are the same. In such a triode pump the magnetic gap must be lengthened be-
cause of the thickness of the collector electrodes, the spaces required between collec-
tor electrodes and cathodes, and the increased thickness of the cathodes themselves.

It was found experimentally that at intermediate pressures the pumping speeds
for air of the two pumps are essentially identical. Since the volume of magnetic
field occupied by the diode pump is less than that occupied by the “equivalent”
triode pump, the pumping speed per unit volume of magneticfieldis correspondingly
greater for the diode pump [2-24].

Reference
1. S.L.Rutherford, S. L. Mercer, and R. L. Jepsen, Transactions of the 7th National

Vacuum Symposium, 1960 (Pergamon Press, New York, 1961), p. 380.

Jepsen et al. (1960) [2-24] compared the magnetic field efficiency in diode-type pump
and triode pump, as follows.

Andrew (1968) [2-20] reviewed pump configurations (presented in Fig. 2.20) which
were investigated for improved inert-gas pumping, and discussed their performance.

References

1. W. M. Brubaker 1960, Trans. 6th AVS Vacuum Symp., 1959 (Pergamon Press),
pp. 302-6.

2. R.L.Jepsen, A. B. Francis, S. L. Rutherford, and B. E. Kietzmann 1961, Trans. 7th AVS
Vacuum Symp., 1960 (Pergamon Press), pp. 45-50.
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Fig. 2.20 Pump designs for improved inert-gas pumping

(Andrew, 1968) [2-20] (a) Brubaker (1959) [1]. (b) Jepsen et al. (1960) [2]. (c) Hamilton (1961)
[3]. (d) Triode, Varian Noble lon Pump (1967). (€) Tom and James (1966) [4]. (f) Andrew et d.
(1968) [5]

3. A. R. Hamilton, 1962, Trans. 8th AVS Vacuum Symp., 1961 ?Pergamon Press),
pp. 388-94.
4. T. Tom and B. D. James 1966, Abs. 13th AVS Vacuum Symp. (Pittsburgh, Pa.: Herbick
and Held), pp. 21-2.
5. Andrew, D., Sethna, D., and Weston, G., 1968, Proc. 4th Int. Vacuum Congr.,
pp. 337-40.
Jepsen (1968) [2-21] proposed the “energetic-neutrals’ hypothesis as the mecha-
nism by which argon is pumped. “The explanation proposed here is that energetic
neutral argon atoms are indeed responsible for argon pumping, but the dominant
mechanism for the production of these energetic neutralsis through impact of argon
ions at the cathodes rather than through charge exchange in gas-phase collisions
[2-21]”

Baker and Laurenson (1972) [2-25] presented an article, “ Pumping mechanisms
for the inert gases in diode Penning pumps.”

Abstract [2-25]: Theaction of adiode Penning pump has been investigated using
combinations of the cathode materials aluminum, titanium, and tantalum, and of
the gases helium, neon, argon and krypton. The pumping speed S measured in a
dynamic system was found to be dependent on theratio R of the mean of the atomic
masses of the cathode pair to the atomic mass of theimpingingion, infact: S o< logR.
The important factors in an equation for the pumping speed during dynamic and
static conditions are discussed.

Figure 2.21 shows the dynamic speeds of the three cathode pairs for each inert
gas as afunction of theratio R.
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Fig. 2.21 The dynamic speeds of the three cathode pairs for each inert gas as a function of the
ratio R (Baker and Laurenson, 1972) [2-25]

Comment: The results suggest that for pumping a high-mass inert gas such as
Xe, high-mass cathodes like tantalum are essential to stable pumping.

Denison (1977) [2-26] compared triode and diode Sl Ps with each other for actual
gas pumping. “ Thetriode pump has an advantage at higher pressureswhilethe diode
pump exhibits greater pumping speed at low pressures. Accelerated life testing
showed the diode pump has more stable pumping characteristics after pumping a
large amount of gas[2-26].”

Komiyaand Yagi (1969) [2-27] discussed the enhancement of noble-gas pump-
ing for cathodes of different configuration and material. “A multiholed tantalum
plate combined with a conventional flat titanium cathode gives a pumping speed
for argon about 40% as large as the pumping speed for nitrogen. The multiholed
tantalum pump does not show an appreciable pressure pulse (the so-called argon
instability) at least for 700h at 2 x 10~>Torr with a constant throughput of argon

[2-27]

Yoshimura et al. (1992) [2-28, 2-29] presented an article, “Ar-pumping charac-
teristics of diode-type sputter ion pumps with various shapes of “Ta/Ti” cathode
pairs.”

Diode-Type Sputter lon Pumpswith Various Shapes of Ti/Ta Cathode Pair
[2-28, 2-29]
Pumping characteristics of sputter ion pumps (SIPs) depend on magnetic flux density, anode
voltage, and dimensions of anode cells, especially the cell diameter. Further, Ar-pumping
characteristics of diode-type pumps would be strongly related to the shape and materia of
their cathode pairs.

Four pump-element assemblies of different cathode pairs were replaceable with one
another for the common pump body. The shape and dimensions of the anode cells composed
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Flux density, T

of 30 cells (24 mm diameter, 28 mm in length, 3 columnsx 10 rows) were the same for al the
pump-element assemblies. The magnet assembly of 0.15T of flux density at the center of
the discharge area was made, whose dimensions were: gap space, 62 mm; magnet thickness,
30 mm; yoke thickness, 8 mm; magnet-pole area, 100mm x 285mm. The distribution of
magnet flux density in the pole gap was measured, which is presented in Fig. 2.22.

The four pump-element assemblies are presented in Fig. 2.23 (a)— (d). (a) represents a
“flat Taflat Ti” cathode pair, (b) a“holed Taonflat Ti/flat Ti” pair, and (c) and (d) a“dotted
Taon flat Ti/flat Ti” pair and a“dotted Ta on flat Ti/dotted Ti on flat Ti” pair, respectively.
The arrangement of slots of dotted cathodes is seen in the upper part of Fig. 2.22. For the
dotted cathodes and holed ones, the center axes of all the anode cells face the flat surfaces,
not slotted or holed area.

The average flux density over the discharge area was calculated as 0.13 T. The anode
voltage was commonly set at 6.5kV.

Pumping Speed Characteristics [2-28, 2-29]
We measured the pumping speeds by an orifice method.

In measuring Ar-gas pressures the relative sensitivity correction between two Bayard-
Alpert gauges (BAGs) (one was a nude type and the other glass-tube type) was conducted.
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Fig. 2.22 Distribution of magnetic flux density in the pole gap of the magnet assembly (Yoshimura
etal., 1992) [2-28]
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(a) (b) (c) (d)

Fig. 2.23 Various shapes of Ta/Ti cathode pairs. (a) Flat Ta/flat Ti cathode pair, (b) holed Ta on
flat Ti/ flat Ti pair, (c) dotted Taon flat Ti/ flat Ti pair, and (d) slotted Ta on flat Ti/dotted Ti on
flat Ti pair (Yoshimura et al., 1992) [2-28]

Ar pressures were obtained by multiplying a correction factor 0.71 (for Arto N») to pres-
sure indications. In measuring Ar-pumping speeds the pressure was increased from about
2 x 10~°Pa up to about 4 x 10~*Pa, step by step, by increasing the introduced gas load
through aneedle valve. After controlling the introduced gas |oad to set aone point pressure,
the needle valve was not handled for 1-3 h. The pressuresin thefigures (Fig. 2.24, Fig. 2.25)
were thus obtained at the end of pressure-keegping periods, in the chamber to which theion
pump was connected. lon currents of the test pump were also measured at the sametimein
the pumping speed measurement.

Ar-pumping speed characteristics of the pumps of the respective pump elements are
presented in Fig. 2.24. The “saturated” Ar-pumping speed of the pump of the flat Ta/flat Ti
cathode pair was 12-14 L/sin the 10~° and 10~ Paranges. On the other hand, the pumps of
the“holed Taon flat Ti/flat Ti” pair and of the “Slotted Taon flat Ti/flat Ti” pair have almost
the same pumping speed as 22-23 L/s. The pumping speed of the pump of the “slotted Ta

30

N
o

Fig. 2.24 Ar-pumping speeds
of the pumps with various
cathode pairs as a function

of pressure. -x-, “flat Ta/flat
Ti cathode” pair; -e-, “holed
Ta on flat Ti/flat Ti“ pair;
-o-, “dlotted Ta on flat Ti/flat
Ti" pair; -+ -, “dotted Taon
flat Ti/dotted Ti on flat Ti” 0

pair (Yoshimura et al., 1992) 10°° 10 10°®
[2-29] Pressure, Pa

10

Ar pumping speed, I/s
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Fig. 2.25 Ar-pumping speeds 30 T T i
of the pumps with various —F . { 1t
cathode pairs as a function of - N SRR '
total amount of evacuated Ar. 21 . i it-s
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on flat Ti/slotted Ti on flat Ti” pair was about 25 L/s, which is dightly larger than those of
the pump of the “dotted Taon flat Ti/flat Ti” pair.

The Ar-pumping speeds, as afunction of theintegrated amount of pumped Ar gas, were
calculated using the pumping speed characteristics of Fig. 2.24, which are presented in
Fig. 2.25.

The Ar-pumping speeds for the “flat Ta/flat Ti” cathode pair start decreasing when the
pumped Ar-amount reaches 50 Pa- L and decrease rapidly after reaching 100 Pa- L. On
the other hand, the pumps with other cathode pairs, the Ar-pumping speed keeps 22241 /s
when reaching 200-300Pa- L of the total amount of Ar.

Comments:

The pump having “dlotted Ta on aflat Ti/flat Ti” cathode pair is used for JEOL
JAMP-series Auger electron spectrometers. In order to pump Xe gas stably, the
pump having slotted Ta on flat Ti cathodesis available for the JEOL JAMP (Auger
electron micro-probe) series.

Welch et al. (1993) [2-30] presented quantitative data for He speeds and capac-
ities of both noble (Ta/Ti pair) and conventional diode and triode pumps. “The &f-
fectiveness of various pump regeneration procedures, subsequent to the pumping
of He is reported. These included bakeout and N, glow discharge cleaning. The
comparative desorption of He with the subsequent pumping of N isreported on.”

Welch et al. [2-31] discussed the pumping of hydrogen in the diode pump and
triode pump.

Abstract [2-31]: The type of cathode material used in these pumps is shown
to have a significant impact on the effectiveness with which hydrogen is pumped.
Examples of this include data for pumps with aluminum, titanium, and titanium-
alloy cathodes. The use of titanium anodes and titanium shielding of a pump body
is also shown to impact measurably the speed of a pump at very low pressures. This
stems from the fact that hydrogen is x 10° more solublein titanium than in stainless
steel. Hydrogen becomes resident in the anodes because of fast neutral burial. lons
and fast neutrals of hydrogen are also buried in the walls of pump bodies. Outgassing
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of this hydrogen from the anodes and pump bodies results in a gradual increase in
pump base pressure and the consequentia decrease in hydrogen pump speed at very
low base pressures.

Getter Pumps

The titanium-sublimation pump (TSP) is usually used together with the SIP, for
UHV-EM and AES. On the other hand, the non-evaporable getter (NEG) pump has
not yet been adopted in the evacuation system of the JEOL electron microscopes,
which may be due to the high temperatures of the pump during operation and de-
gassing. Recently, the performance of NEG has been improved in the direction of
lowering the temperatures of the pump during operation and degassing.

Titanium-Sublimation Pumps

Titanium sublimates at a high temperature a little lower than its melting point
(1660°C), and deposits on the surfaces of the pump vessel, forming getter films.

Harra (1976) [2-32] reviewed many literatures on the sticking coefficients and
sorption capacities of gases on titanium films.

Abstract [2-32]: The pumping speed of a titanium-sublimation pump (TSP)
or a sputter ion pump (SIP) using titanium cathodes is a function of many vari-
ables including the sticking coefficient and sorption capacity of gases on titanium
films. Consequently, in vacuum systems employing such pumping mechanisms, the
sticking coefficientsand sorption capacities play amajor rolein determining the par-
tial pressuresat any given time of various gas species. The literature on the sticking
coefficient data has been reviewed and the data for H,, D2, H,O, CO, N,, O, and
CO; have been summarized. These results are presented and information related to
the sorption mechanism is discussed.

The summary of the sorption data for typical gases on titanium films are pre-
sented in Table 2.6.

Reference

1. R. Steinberg and D. L. Alger, J. Vac. Sci. Technol. 10, 246 (1973).

Note: If the sticking coefficient is 1, the pumping speed Sy for gas molecules of
mass number M at 20°C is Sy = 11.6\/29/M(L sl.em2).

A TSP is often used together with an SIP as a combination pump. A TSP and
an SIP have only a very low pumping speed for methane (CH,4) evolved from a Ti

film. Therefore, it isimportant to identify and if possible reduce the sources of CH4
outgassing [2-33].



Getter Pumps 69

Table 2.6 Summary of the sorption data (Harra, 1976) [2-32]

Gas Initial sticking coefficient Quantity sorbed?(x 10 molec/cm?)
300K 78K 300K 78K

H, 0.06 0.4 8-230°  7-70

D, 0.1 0.2 6—11°

H,O 0.5 cee 30 e

CcO 0.7 0.95 5-23 50-160

N2 0.3 0.7 0.3-12 3-60

0, 08 10 24

CO» 0.5 e 4-24

2 For fresh films thicknesses > 10 Ti atoms/cn?.
bThe quantity of hydrogen or deuterium sorbed at saturation may exceed the number of Ti
atoms/cm? in the fresh film through diffusion into the underlying deposit at 300K [1].

Edwards (1980) [2-33] presented an article, “Methane outgassing from a Ti sub-
limation pump.”

Abstract [2-33]: It iswell known that the Ti surface will not pump methane and
that the ion pump pumping speed for CH,4 isonly 1L/sin thelow 10~* Torr range.
Thusit isimportant to identify and if possible reduce the sources of CH4 outgassing.
In thisstudy we report the first quantitative measurements of the methane outgassing
rate from a 1500cm? Ti-sublimation chamber both before and after the Ti evapora-
tion. The contrast to the very low CH4 outgassing rate from the chamber before the
Ti isflashed (< 10~*Torr - L /s) the CH,4 outgassing rate after the Ti evaporation is
considerable (4 x 10~ Torr - L /s) with a very slow decrease with respect to time.
To essentially eliminate the methane outgassing from the Ti getter chamber, it has
been determined sufficient to heat the Ti chamber for four hoursat 100 °C after the
Ti evaporation has been compl eted.

Non-Evaporable Getter (NEG) Pumps

The pumping performance of non-evaporablegetters (NEGs) has been progressively
improved.

Benvenuti and Chiggiato (1996) [2-34] measured the room-temperature pump-
ing speeds of the St707 NEG non-evaporable getter (Zr 70V 24.6-Fe 5.4 wt%) for
individual gases and for gas mixtures as a function of the quantities of gas pumped.

Abstract [2-34]: The interesting feature of this NEG consists in its moderately
low activation temperature. It has been found that heating at 400 °C for about 1 h, or
at 350°C for one day, resultsin pumping speeds of about 1000L -s1. m~1 for H,,
2000L -s71-m™2 for CO, and 450L -s~1-m~? for Ny, values very close to those
obtained after activation at the higher temperature of 740°C. The St707NEG is
therefore particularly suitablefor passive activation during bakeout of stainless-steel
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vacuum systems, avoiding the need for electrical insulation and feedthroughswhich
are mandatory when activation is carried out by resistive heating.

Li et al. (1998) [2-35] presented an article, “Desigh and pumping characteristics
of a compact titanium-vanadium non-evaporabl e getter pump.”

Abstract [2-35]: A compact non-evaporable getter (NEG) pump is made by
stacking sintered titanium—vanadium blades recently available from SAES
Getters as St185. The 50 blades are stacked between copper spacers on a stainless-
steel tube, and are activated by a removable heater cartridge inserted into the tube.
The room-temperature pumping speeds for CO and N, are measured as a func-
tion of sorbed gas quantities at various activation temperatures and with different
NEG disk spacing, in order to optimize the pump design and operation. The study
shows that there is a threshold of activation at a temperature of about 340°C and
optimal pumping speed and pumping capacity can be achieved with an activation
temperature around 550 °C. Linear pumping speeds of about 2200L -s1-m~1 and
1300L -s71-m~1 can be achieved for CO and Ny, respectively, with activation at
temperatures of 500°C for 1 h. The low activation temperature of the St185 NEG
and the compact design make the NEG pump cartridge particularly attractive for
situations with tight space and with components sensitive to high temperature.

Methods for M easuring Pumping Speeds

There are two methods for measuring the pumping speeds of sputter ion pumps
(SIPs), the throughput method using an orifice and the method using a pipe.

Orifice Method

Yoshimuraet al. (1992) [2-28, 2-29] measured the N»-pumping speeds of an SIP of
the dotted Taon flat Ti/flat Ti pair using an orifice method. The pump has the anode
cells composed of 30 cells (24 mm diameter, 28 mm in length, 3 columnsx 10 rows).
The distribution of magnet flux density in the pole gap is presented in Fig. 2.22.

Experimental setup is shown in Fig. 2.26. The Na-pumping speeds and air-
pumping speeds measured are presented in Fig. 2.27. The shapes of the pumping-
speed curves of Fig. 2.27 are reasonably consistent with the discharge intensity
curve of the pump of 0.15T and ¢24 mm presented in Fig. 2.17(b).

| | ‘!
. . Z § ;I | jﬁ;
Fig. 2.26 Experimenta setup 2 I SIP

I
for measuring pumping speed X‘
characteristics (Yoshimura @

etal., 1992) [2-29]
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Fig. 2.27 Ny-pumping speeds (o) and air-pumping speeds (e) of the pump of the “slotted Ta on
flat Ti/flat Ti” cathode pair. (Yoshimura et a., 1992) [2-29]

Three-Gauge Method (Pipe Method)

Munro and Tom (1965) [2-36] presented an article, “ Speed measuring of ion getter
pumps by the ‘three-gauge’ method.”

Quoted from Munro and Tom, 1965 [2-36]:

The 3-gauge known conductance method can be briefly described with the aid of Fig. 2.28.
Here the conductance C1, between ion gauges No.1 and No.2 is calculated using the long
tube formula. The flow rate Q = C12(P1 — P2) can now be measured when the pump is
operating on a gas leak. Since Q = SP, we can obtain the speed at ion gauge No.3 by the
relation:

1

® LEAK
' VALVE
ION GAUGE ION GAUGE

No.2 No. |

ION GAUGE No.3

TO MASS
SPECTROMETER {5 - ——=
i 3 Cf“

SPUTTER-ION
PUMP

Fig. 2.28 3-gauge speed dome system (Munro and Tom, 1965) [2-36]
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_ Cpp(PL—P2)
= Py
Since ion gauges are not absolute pressure gauges, there may exist differences in gauge
sensitivity among the three gauges. This makes it necessary to calibrate the gauges against
each other. The cdibration must be carried out with the pump and leak off; the pressure
range of calibration must be at least one decade above the base pressure on the system to
reduce surface outgassing effects. Under pump off and leak off conditions, the pressure
everywhere in the system must be equal or P1/P; = P,/P; = 1. Any deviation from unity
will be noted and corrected for during the speed measurement as follows:

S3 . (2.3

Ka1lp — Kzl
S5 = Cp 311I3 32 2’ (2.4)
wherely, I, and I3 are, respectively, theion gauge readings during measurement; Ksz; = I3/I1
and Kz =13 / I, are the ratios of the gauge readings during calibration when the pressure is
the same everywhere in the system. K3; and Kz, will be referred to as calibration constants.

Note: Asseenin Eq. (2.3) the outgassing of the pipewallsis neglected. However,
when the introduced |eak-gas flow rate becomes small, the outgassing rate from the
pipe wall surfaces may affect the flow-gas rate measurement.

Three-Point Pressure Method (3PP Method)

Hirano and Yoshimura (1986) [2-37a] developed the three-point-pressure method
(3PP method) for measuring the gas-flow rate through a conducting pipe”, in which
the pressures at three different points along the pipe are measured to calculate the
real gas-flow rate.

Abstract [2-37a]: This method was applied to measuring the flow rate of nitro-
gen through a pipe. The gas-flow rates calculated using three pressures were com-
pared with those conventionally cal culated using two pressures under the same con-
dition. The new method based on three pressures gave real rates which were higher
than those calculated conventionally calculated based on two pressures, especialy
in low pressure regions, thus indicating the presence of distributing outgassing.

Principle [2-37a] [2-37b]
Let us examine the pressure in a portion of a long outgassing pipe where the net gas flow
including the leak rate Q. directs to the left, as shown in Fig. 2.29. The conductance C of
tube length L is calculated using the long tube formula assuming alinear conductance for a
pipe portion.

Consider a very short element with a length Ax and a conductance CL /Ax. Since the
total gas-flow rate at a position x is calculated as Q. + (1—x/L) Qw, the pressure drop AP
across the element is

AP — [QL-I-(l—(;(L/L)QW}AX.
That is,
_ Qe+ (1-x/L)Qw

dP/dx = oL . 25)
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Fig. 2.29 Pipe portion in a long outgassing tube, where gas effectively flows from the right to
the left. Gas-flow rate Q is composed of the leak rate Q, and the outgassing rate Qy (Hirano and
Yoshimura, 1986) [2-37a]

Integrating Eqg. (2.5) from O to | with respect to x:
R | 1-x/L
[ar= [ Qi (Lx/L)Qw g,
JPy 0 CL

and so
+1-1/(2L |
B _py (Ot [L-1/@)] Q)T
CL

where Py and Py denote the pressures at the positions x = 0 and |, respectively. Substituting
a fraction k for I/L and rewriting P, to P, the pressure B at a position indicated by the
fraction k is given by
k +(1-k/2
A —py 2 (k2]
Equation (2.6) shows that B varies quadratically [1-3] as a function of k. Equation (2.6)
contains three unknown factors Q. , Qw, and Py. These three factors can be calculated from
Eq. (2.6) using three pressures Py, P2, and P measured at three different points in the
pipe identified by their fractional positionsKk;.

The following equation in amatrix form is obtained for three pressures By, P2, and Pcs
in the pipe from (2.6):

(Hd) (lkl kl(l_kl/z)) ( Po )
Po | = 1ko ka(1—kz/2) Q./C |.
P 1 ks k3(1—ks3/2) Qw/C

Let ||, |B|, and |y| represent the following determinates:

1PRg ki(1—ke1/2)
1 Ro ko(1-k2/2)
1 P3 k3(1—k3/2)
1kg Py

1k P
1ks Pa

(26)

lof =

1Bl =

)

1k ke(1—ke/2)
1ka ka(1—kz/2)
1 ks ka(1—ka/2)

Iyl =
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Then, the values Q. and Q_ are derived, using Cramer’s formula, as Q. = C|a|/|y| and
Qw = CIB/|l.
Gas-flow rates Q. and Qy are then expressed as

(2—kz —k3)(kz —k3)Ra + (2— ks — k1) (ks —k1)Pa + (2— k1 — kz) (ks — k2)Ra

—C 7
Q (kz — ka)kaka + (k3 — k1 )kaky + (kg — k2)kika
(2.7)
(ka2 —ka)Pky + (k3 — k1)Pka + (k1 —k2)Pk3
—-x , 2.8
Qu (kz — k3)k2k3 + (k3 — kl)kgkl + (kl — kz)klkz ( )
where 0 < k; < 1. Asaresult, the total gas-flow rate Q = QL + Qw is expressed as
0— ¢ (k3 —k8)Pia + (k3 —k{)Pia + (k] — K5)Pha 29)

(kz — k3)k2k3 + (k3 — kl)kgkl + (kl — kz)klkz '

Thisis agood solution as long as the gauges are kept sufficiently far from the tube endsin
thelinear pressure section. We call this gas-flow rate measuring method based on Eq. (2.9),
the “three-point pressure method” (or simply the 3PP method).

M easurement of Gas-Flow Rates [2-37a][2-37b]

A conducting pipe with three Bayard-Alpert gauges G1, G2, G3 was connected to atypical
test domewith an ion pump (60 L/s, triode type). Three gauges were located at the positions
indicated by thefractions k of 0.1, 0.4, and 0.9 as shown in Fig. 2.30.

A pipe of 43mm diam and 800 mm length (corresponding to the length L) with a con-
ductance of 12 L/s was actually selected to make the pressures Po1, Pog, and Pyg be in the
same pressure range. Substituting 12 for C and rewriting Py 1, Po.4, and Pgg to P1, P2, and
P3, respectively, Egs. (2.7), (2.8), and (2.9) become

QL =5(7P1 - 16P2+ 9P3), (2.10)
Qw = —20(5P1—8P2+ 3P3), (2.11)
Q = —5(13P1 - 16P2+ 3P3). (212)

On the other hand, gas-flow rates are conventionally calculated using two pressures
along the pipe. The gas-flow rate Q'173 calculated using the pressures P1 and P3is given by

Q) 3= 15(P3—P1), (2.13)
GH(PY) G2(P2) G3(P3)
—, 9 Q Q
1T —q__ ]
G4(P4) S Qw, €
O- «=0-9
k=1

PUMP

Fig. 2.30 Gas-flow rate measuring system with three gauges installed on a conducting pipe. G1,
G2, G3, and G4 are B-A gauges, Q. isthe leak rate of the introduced gas; Qw is the outgassing
rate of the tube portion from k = 0 to 1 of the pipe; and C is the conductance of the same portion
(Hirano and Yoshimura, 1986) [2-373]
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where 15 is the conductance (L/s) between the gauges G1 and G3. We call this method the
conventional pipe method.

The system was pre-degassed by baking (200 °C and 300 °C) under a high vacuum cre-
ated by aturbomolecular pump.

After the system was evacuated to a pressure less than 1 x 10~ Pa, nitrogen was leaked
into the pipe through a variable leak valve to make the pressure P1 ~ 1 x 10~2Pa. In the
course of reaching equilibrium pressures P1, P2, and P3 were read at elapsed times of 5,
15, 25min. The leak rate was then increased to obtain higher pressures, and the pressures
P1, P2, and P3 were read at elapsed times of 5, 15, 25min. The process was repeated at
various pressures up to ~ 3 x 103 Pa.

The pressure distribution in the pipe at 25 min at two different pressure levels are shown
in Fig. 2.31, where the solid curve shows the pressure distribution in the 10~° Pa range and
the broken curve in the 10~ Pa range.

The convex curve in the 10~° Pa range shows that the outgassing rate of the pipe wall is
appreciable compared with the leak rate, while the straight line in the 102 Pa range shows
that the effect of the outgassing is negligibly small.

The pumping speed of the ion pump used can be calculated using the flow rate Q(=
QL -+ Qw) and the dome pressure P4 measured by the gauge G4 (shown in Fig. 2.30) under
the following assumptions:

(1) Theoutgassing rate of the test domeis negligibly small compared with the rate of gases
flowing into the test dome.
(2) The ultimate pressure of the pump is negligibly low compared with the test pressure.

The pressure PO and the pumping speed SO at the pump mouth for nitrogen were calcu-
lated as

PO =P4—-Q/1200,

S0=Q/PO,
where 1200 is the conductance (L/s) between the pump mouth and the gauge G4, and Q is
the gas-flow rate given by Eq. (2.12).

The pumping speed SO’ is also calculated conventionally using Q/lf3 of (2.13) (the con-
ventional pipe method).

1x107%

5x107>

Pressure, Pa

Fig. 2.31 Pressure distribu-

tionsin the pipe at an elapsed _5
time of 25min for nitrogen. 1x10
—e—inthe 105 Parange, - - o-

- inthe 10~3 Parange (Hirano

0.1 0.4 0.9
and Yoshimura, 1986) [2-37a] Fraction k
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Fig. 2.32 Pumping speeds for nitrogen as a function of pressure at an elapsed time of 25min. —e—
S0 by the 3PP method, - - o- - SO’ by the conventional pipe method (Hirano and Yoshimura, 1986)
[2-374]

Pumping speeds for nitrogen as a function of pressure at an elapsed time of 25min are
presented in Fig. 2.32, where the solid line curve shows the speed SO derived using thevalue
Q calculated by the 3PP method and the broken line curve SO’ derived using the value Q)5
by the conventional pipe method.

The 3PP method can give real gas-flow rate when three pressures are measured accurately.
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Chapter 3

Simulation of Pressures
in High-Vacuum Systems

In electron microscopes, the pressure at the objective lens pole-piece gap, inside
which the specimen is located, cannot be measured. Also, for the electron beam
accelerating tube of high voltage, the pressure at the top of the tube cannot be mea-
sured, where the electron emitter is located.

In order to design the evacuation system of an electron microscope, one must find
the optimum dimensions of evacuation pipes and an orifice that make differential
evacuation effective. Also, one must estimate the pressures in the vicinity of the
specimen and the electron emitter.

Pressures at various locations depend on many factors such as the outgassing
rates of many constituent elements, conductance of evacuation pipes, and pressures
at other locations. Pressuresin such systems can be analyzed using avacuum circuit,
as presented by Yoshimuraet al. (1985) [3A-1].

Thereis another kind of pressure distribution in a spatial chamber, the gas-flow
pattern. The specimen in an electron microscope, located just above the objective-
lens (OL) pole-piece, is subjected to the beaming gas molecules which come from
the OL -pole-piece bore. The pressure distribution due to beaming gas molecules has
been analyzed for typical pipes[3C-1].

Conventional Calculation of System Pressures

Let us consider the simplest evacuation system, where a chamber of outgassing rate
Q (Pa-L/s) isevacuated by apump with speed S ( L/s) and intrinsic ultimate pressure
Ry (Pa) through a pipe of conductanceC (L/s).

The pressurein achamber is conventionally calculated as follows:

P:%+§, (3.1)

where S, is the effective pumping speed at the evacuation port of the chamber. The
effective speed S is expressed as
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1 1 1 C+S
Se C+S CxS (32)

Asaresult,
(C+9)Q
CxS
However, the conventional cal culation of pressure represented by the above equa-
tions contains the following questions.

P=PR+ (3.3)

(1) Thenet outgassing rate Q of the chamber wall is treated as independent of pres-
sure. However, as Dayton [4-1] (in chapter 4) described, Q is varied depending
on the system pressure P.

(2) The vacuum pump is assumed always to pump out the gases in the chamber.
However, in some cases, vacuum pumps sometimes act as agas sourcefor UHV
chambers which had been degassed by high-temperature bakeout [3A-5].

(3) The distributed outgassing along an evacuation pipe is ignored in the conven-
tional calculation of pressure.

(4) For acomplicated high vacuum system with many evacuation pipes, mathemat-
ical calculation becomesvery difficult to obtain pressures.

System analysis based on the vacuum circuit is indeed very powerful in system
analysis.
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3A Vacuum Circuits

For designing a vacuum circuit of a high-vacuum system, the characteristic values
of pumping elements and outgassing elements must be clarified.

Yoshimura (1985) [3A-1] presented the basic concept and design of vacuum
circuits.

Basic Concept of Vacuum Circuits

Characteristic Values of a Solid Material asan Outgassing Source [3A-1]
The net outgassing rate Q of achamber wall is expressed as the difference between the free
outgassing rate Qo and the free sorption rate Qs as[1]

Q=Qo—Qs. (3A.1)

When Q = Qp — Qs < 0, the chamber wall shows a net pumping function. The effective
function of the chamber wall at a pressure P could be represented by the pressure gener-
ator with an internal pressure Py and an internal flow resistance Ry, applied to a field of
pressure P, as shown in Fig. 3A.1[2]. The interna pressure Py and the flow resistance Ry
are characteristics of the chamber wall in respect of outgassing and pumping. The pressure
Px generally decreases with the elapsed timet after the chamber wall has been evacuated
to high vacuum. On the other hand, the flow resistance Ry, representing the porosity of the
wall, is considered to be constant, regardless of timet.

The basic concept of the net outgassing rate Q expressed by Eqg. (3A.1) can be derived
from the pressure-rise curve, as follows.

Let us consider aleak-free chamber of aunit volume consisting of homogeneous walls,
which is evacuated by a pump to a sufficiently low pressure P;. After the chamber has been
isolated from the pump, the pressure P gradually rises with the elapsed time and finaly
reaches a saturated pressure P, as shown in Fig. 3A.2 (a). The curve could be extrapolated
to zero pressure, as shown by abroken line. The gradient (dP/dt) p isthe net outgassing rate
Q of the chamber wall at P, and (dP/dt), at zero pressure is called as the free outgassing
rate Qo of thewall [1].

The recorded pressure P as a function of the elapsed time t could be assumed to be
expressed as

P =Py [1—exp{(—Qo/Px)t}]. (3A.2)
Differentiating Eq. (3A.2) with respect to't,
(dP/dt), = Qoexp{(—Qo/Px)t}. (3A.3)
(P

QI RX=Px/Q0

Fig. 3A.1 Pressure generator

with P and Ry, representing

outgassing or pumping for a ’];
vacuum field of P

Px



88 3 Simulation of Pressures in High-Vacuum Systems

{a) {b)

Px" _.g
LO u-\
o 0 \\
C
@ Q=(dP/dt) ’
2 HP) P g
¢ E
ahf / °
/ g
Qo=(dP/dt)o
1 I
O f] O P’l P;\
Time Pressure

Fig. 3A.2 (a) Typical pressure-rise curve, and (b) net outgassing rate Q depending on pressure P
(Yoshimura, 198) [3A-1]

From (3A.2) and (3A.3), Q defined as (dP/dt),, could be expressed as

Q=Qo(1—P/Px). (3A.4)

The net outgassing rate Q as afunction of pressure P isrepresented by astraight line, as
shown in Fig. 3A.2 (b). The extrapolated line cuts the horizontal P axis and the vertical Q
axis at Px and Qo, respectively. The function of the chamber wall as a gas source could be
characterized by Py and Qq. The wall effectively evolves gases in the pressure range lower
than Py, where the rate Q reduces with the increase of P . On the other hand, it effectively
sorbs (the word “sorb” includes both “adsorb” and “absorb”) gases in the range of pressure
higher than Py .

Equation (3A.4) can be rewritten as

Q:PX/ZX_P/ZX7 (3A-5)

if Qo isreplaced by Py /Zx.Zx with adimension of flow impedance is also a characteristic
value of thewall. Thefirst term of Eq. (3A.5) represents the free outgassing rate Qq, whereas
the second term means the free sorption rate Qs at pressure P. The effective function of the
chamber wall as a gas source at a pressure P could be represented by that of a pressure
generator with interna pressure Px and internal flow impedance Zx for afield of Px . The
pressure generator introduces gases into the field of P at the net rate Q represented by the
difference between the free outgassing rate Qg and the free sorption rate Qs, as expressed
by Eg. (3A.1).

Solid materials as a gas sources placed inside a vacuum chamber could be treated as a
kind of walls, and so the net outgassing rate K per unit surface area of asolid material could
be expressed by the following equation analogous to Eq. (3A.4):

K =Ko (1—P/Px). (3A.6)

The characteristic values, internal pressure P, and free outgassing rate Ko per unit sur-
face area of asolid material depend on the history of the solid under vacuum. The val ues Py
and Kg could be estimated by two different K values, K; and K, measured at two different
pressures P; and P, as

Px = (K1P2 — KaP1) /(K1 — Kp) (3A.7)

Ko = (P1Kz — P2K1) /(P — P2). (3A.8)



3A Vacuum Circuits 89

(a) (b) (c)
(P) 1a (P)
Qof.
Qrr %,
CTQ Re=1/Cx 2 ™M
Py

71; [ Ny
PiP2 Px
Fig. 3A.3 Concept of outgassing source. (a) Illustration of outgassing source, (b) Pressure gen-

erator as an outgassing source, and (c) The characteristic values Px and Qg (Yoshimura, 1990)
[3A-2]
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The concept of outgassing source described aboveisillustrated in Fig. 3A.3[3A-2],
where the characteristic values of an outgassing source, Px and Qg are defined
graphically as (c) of the figure. Equation (3A.4), Q = Qo (1—P/Px), can be eas-
ily derived from Fig. 3A.3.

Designing of Vacuum Circuits

Vacuum Circuit Composed of the Characteristics Values

of Congtituent Elements [3A-1]

Now, net gas flows and pressures in a high-vacuum system under a steady state of pres-
sure could be analyzed using a vacuum circuit composed of the characteristic values of
constituent elements, as described bel ow.

Let us consider the simple system of Fig. 3A.4 (a), where a chamber with Px and Qg
is evacuated by a pump with ultimate pressure P, and speed S through a pipe with Py,
Qp and conductance C. The vacuum circuit corresponding to the system (a) is obtained by
converting the system elements into the circuit elements, as shown in (b).

Both P and Py of the walls are usually much higher than P, of the pump and pressure
P in the chamber. Therefore, the vacuum circuit can be simplified without an appreciable
error under several conditions as follows.

When P can be considered to be the same as Py , the vacuum circuit (b) can be simpli-
fied to the circuit (c). If P, is negligibly low, the circuit (c) can be further smplified to the
circuit (d). If Qp can be treated as zero, the circuit (c) can be simplified to the circuit (€).
Finally, the circuit (f) is the simplest one acceptable under al the requirements described
above. The circuits (b)—(f) can be analyzed by Kirchhoff’s laws.

It should be noted that the vacuum circuit naturally involves the relationship among
the effective functions of constituent elements as gas sources in an origina systems. In a
high vacuum system, the element with the lowest internal pressure Px always works as an
effective pump, whereas the element with the highest Py always works as an effective gas
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Fig. 3A.4 High-vacuum system and vacuum circuits. (a) Original system, (b) vacuum circuit cor-
responding to (a), and (c), (d), (e), and (f) simplified vacuum circuits under several conditions
(Yoshimura, 198) [A-1]

source. The element with intermediate Px works as a pump when its P is lower than the
pressure P in the vacuum field, and works as a gas source when Py is higher than P in the
field. Pressures including internal pressures Px of elements could be regarded as kinds of
potential governing net gas flows in the entire high vacuum system.

Analyses on net gas flows and pressures must be conducted on the individual gas species
separately since both the conductance of a pipe and pumping speed of a pump depend on the
gas species. Partial pressures P in a high vacuum system are analyzed by a vacuum circuit
for individual gas species “i”. Total pressures P in a molecular flow region are obtained as
P=%PR.

I
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As seen above, the vacuum circuit of a high-vacuum system can be designed
by replacing every outgassing element with the corresponding pressure generator
with internal pressure Py and internal flow resistance R, and by connecting the
output terminals of pressure generators with gas-flow-route resistances. However,
almost all available outgassing data are net outgassing rates Q measured in high
vacuum. Therefore, one must estimate the characteristic values Px and Ry from the
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equation Ry = Py / Q by assuming the Px value. For a high-vacuum system, one can
assume that the Py of all outgassing elementsis, for instance, 10° Pa, and the Ry of
individual element becomes Ry = 10° / Q (in g/L) [3A-3]. For an ultrahigh-vacuum
system, one can assume the Px of all outgassing elementsis, for instance, 1 Pa.

Note: Thereisanother king of vapor sources, that is, “ vapor pressure” of material
elements. Its function as a gas source can be represented by the pressure generator
with an internal pressure Py (vapor pressure) and zero internal flow resistance, ap-
plied to afield of pressure P.

Simulation of Pressures

Ohta et al. (1983) [3A-3] presented a practical pressure-simulation technique us-
ing an equivalent electric circuit, and simulated the pressuresin an electron micro-
scope by measuring voltages at the corresponding positions of a simulator circuit,
an equivalent electric-resistor network.

Resistor-Network Simulation Method

Simulation with Resistor-Network Simulator [3A-3]

Figure 3A.5 shows atypical example of an electron microscope with two pumps and five
evacuation pipes. The simulation method was applied to the vacuum system of Fig. 3A.5to
obtain areasonable pressure distribution in the whole system. At the start of simulation, the
conductance of every pipe and the outgassing rate of every part of the whole system were
estimated. The outgassing rates of component materials were measured by the differentia
pressure-rise method [3A-1]. Typical rates measured under severa specific conditions are
tabulated in Table 3.1. The conditions in the table were selected so as to be consistent with

Fig. 3A.5 The high-vacuum specimen
system of an electron mi- ACD
croscope. GC, gun cham- A
ber; MLC, minilab chamber;
ACD, anti-contamination de-
vice; SC, specimen chamber;
IA, intermediate aperture;
OR, orifice; CC, camera
chamber; MPL, main pump-
ing ling; SIP, sputter ion
pump; TMP, turbomolecu-
lar pump (Ohto et al., 1983)
[3A-3] T™P
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Table 3.1 Outgassing rates (Pa-L -s~1.cm~2) of the component materials (Ohta et al., 1983)

[3A-3]

Evacuation time 30hfollowing 200h 24h
bakeout?

Stainless steel 33x10°8 6.7x 1078

Stesl, Ni coated 33x10°8 6.7x 1078

Casting materials 1.3x10°6

of camera chamber

Alumina (fine in structure) 1.3x10°10

Viton-A O-ring? 1.3x10°7 1.3x10°6 1.3x10°5

EM film 2.7x 1077

8 One-week vacuum bakeout at about 60 °C.
bOne-week vacuum bakeout at about 100 °C before assembly.

the practical conditions in the vacuum system of this microscope. The amount of gas load
at every part of the system was calculated using the outgassing-rate datain the table.
The typical procedure for smulation of the simplest system is shown in (a) to (e) of

Fig.
(@
(b)
(©

(d)

3A.6, instead of the procedure for the electron microscope.

Firgt, let us estimate the outgassing rate Q, conductance C, and pumping speed S of the
system as 103 Pa. L/s, 10L /s, and 100L/s, respectively.

Draw the corresponding vacuum circuit (b). Note that the value Pq is set to 10°Pa
which islarge enough as compared with the vacuum pressure.

Convert the vacuum circuit into the corresponding electric circuit (c), that is, Painto V
(volts) and gL into Q (Ohms).

In this circuit, the voltage generator of 10°V corresponds to the pressure generator
of 10° Pa, and the electric resistors correspond to the vacuum resistors.

In the circuit (c) 10°V of the voltage generator is too large and 102 and 10~ 1Q of
the resistors are too small to assemble a practical simulator. Therefore, the following
modifications are made as shown in (d) and (€).

Modify the electric circuit as follows: (1) Multiply the voltage of the generator 10°V
by 10~*. Asaresult, the reconverting factor k; from voltage V to pressure Pa becomes
10*PalV. (2) Multiply the resistances of all resistorsin circuit (c) by 10°.

It should be noted that the relative distribution of the voltage in the circuit (d) is
not changed by these modifications. In this case the reconverting factor k; remains

(a) (b) {c) {d) (e}
Gas source ——]
P l Pq,10° Pa 100V _1 0V _1 0V
0,10 Pals™t [ [

R, 108 si* 108 Q 108 Q 100 2

m m m m
C,10 Ist R 1071 s 101 Q 102 Q 170

n n n n
8,100 Is™! Rs10°% sht 102 Q 10 Q 00

Pump 0 Pa ov L—Jov ov
ﬂ['l /7[7 77

Fig. 3A.6 Stepsfor designing asimulator circuit of avacuum system (Ohta et al., 1983) [3A-3]
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10*PalV. In this circuit, however, 101 Q for the resistor is too large to assemble a
simulator.

(e) Further modify the circuit into the simulator circuit (€) in which 10* Q isused in place
of 1011Q. The resistor of 10* Q is easily obtainable.

Notethat 10* Q isstill large enough compared with other resistances, 102 and 102. So,
therelative distribution of voltage in the circuit iskept constant with an error of one percent.
As aresult, the reconverting factor k, from V to Pain (€) is given by

ko =107 x ky = 10 3Pa/V.

The procedure for designing the simulator circuit of the high-vacuum system of an
electron microscope is the same as the one described above, athough the actual high-
vacuum system has many elements. Figure 3A.7 showsthe simulator circuit of the electron-
microscope high-vacuum system, where the reconverting factor is 103 PalV.

In the simulator circuit of Fig. 3A.7, the outlined part corresponds to the whole column
of the electron microscope. The resistors along the center line between the gun chamber
(GC) and the camera chamber (CC) correspond to the resistance of an orifice, conducting
pipes, apertures, etc. The resistors located on the left side of the outlined part correspond to

60K
360K
150K
180K
| 120K
110K
36K GC 30
$5.1K
170K
1.5K
330K :
1
300K 00K
680
36K ' SIK & 48 2
MLC
360K 27 27 2 l . sip_ 7.1
T SClg7 MPL 22 10
M ACD SW1
: 30K - 190
1.6M | 190
M 7 [
6.3M F14K
160 OR~ 80K 7.5 33 ™P 3.7
MA— A
Leel
Batdl NI 1z
| Oto1kV Sw2
]?
10V T

Fig. 3A.7 Circuit of the simulator for the electron-microscope high-vacuum system. The outlined
part corresponds to the whole column. The resistors are represented in Q and the symbols K and
M used for resistance mean x10° and x 108, respectively (Ohtaet al., 1983) [3A-3]
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the outgassing rates of each part of the whole column. The resistors located above the out-
lined part correspond to the outgassing rates of the evacuation pipes connecting the pumps
to the column. These resistors related to the outgassing rates are to be connected to the
voltage generator which supplies 10V as awhole.

The 10Q resistor connected to switch 1 (SW1) corresponds to the cryo-pumping speed
of an anti-contamination device (ACD) consisting of liquid-nitrogen-cooled fins. The pump-
ing speed of this device is estimated to be 100L/s. The voltage generator with a variable
voltage range of 0-1kV, connected to CC (camera chamber) through SW2, corresponds to
variable pressures of 0-1Pa.

Figure 3A.8 shows the simulated pressures at some positionsin the microscope column.
The pressure-distribution curves indicate the minimum pressure at the specimen chamber
SC. This proves that the ACD is effective for the specimen chamber.

Hirano et al. (1988) [3A-4] described an algorithm for matrix analysis using a
computer for analyzing vacuum circuits. The matrix-analysis method was applied
to two high-vacuum systems, an outgassing pipe and an electron microscope.

Matrix Calculation of Pressures

Application to Practical High-Vacuum Systems [3A-4]
Two high-vacuum systems, an outgassing pipe and an el ectron microscope, were analyzed
by adigital computer, based on the matrix analysis method.

Pressure Distribution Along an Outgassing Pipe [3A-4]
The pressures in an outgassing pipe of Fig. 3A.9(a) were calculated under the following
conditions, assuming the same Py regardless of position along the pipe:

Py =1x 10 *Pa,

Qo(0rQ) =1x 107*Pa-L/s,
C=10L/s,

S=100L/s.

The pipe was divided into five elemental pipes with conductance of 50L/s each. The
vacuum circuit corresponding to the system of Fig. 3A.9 () is presented in (b). The gas
sources are represented by pressure sources with a conductance. Another vacuum circuit,
assuming the same net outgassing rate regardless of the position along the pipe, is presented
in (c). The gas sources in this case are represented by the current sources.
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Fig. 3A.9 Outgassing pipe system (a), and the corresponding vacuum circuits (b) and (c). The
circuit (b) is composed of pressure sources and flow resistance, and (c) of current sources and flow
resistance (Hirano et al., 1988) [3A-4]

The pressures at six positions of the circuits of Fig. 3A.9 (b) and (c) were calculated,
and the results are presented in Fig. 3A.10.

A pressure distribution along an outgassing pipe has been mathematically analyzed by
Yoshimura and Hirano [3A-5] under the assumption that the net outgassing rate per unit sur-
face area of the pipe is same regardless of position. The pressure Py in the pipe is expressed
by the equation

Pc=Q/S+k(1-k/2)Q/C, (BA.9)

where k is the fraction showing the position, and Q is the net outgassing rate of the whole
pipe. Substituting 1 x 10~*Pa- L/s, 100L/s, and 10L/s for Q, S and C, respectively, the
pressure By for the system of Fig. 3A.9 (a) is expressed as

P=1x10"°+k(1-k/2) x 10 °Pa (3A.10)
The pressure distribution calculated using Eq. (3A.10) is also presented in Fig. 3A.10
by asolid line.

Substituting 1 for k in the Eq. (3A.9) resultsin

PL=Q/S+Q/xX, (3A.12)
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Fig. 3A.10 Pressure distribution along the outgassing pipe of Fig. 3A.9(a). The points (e) cor-
respond to the circuit (b), and the points (o) to the circuit (c). The solid line shows the pressure
distribution given by Eq. (3A.10) (Hirano et a., 1988) [3A-4]

One can see that the pressure drop across the pipeis half of the quotient, Q /C.
Comparing the three values (e, o, calculated line) at each position in Fig. 3A.10, one
can find the following:

(1) Thereisadifference of about 5% between the pressures at each position in the circuits of
Fig. 3A.9 (b) and (c). This difference is due to whether or not the pressure dependence
of outgassing is reflected in circuit analysis.

(2) The output node pressures in the circuit (c) show good agreement with the correspond-
ing mathematically calculated pressures By (solid line) using Eq. (3A.10). Quite small
difference will vanish if the number of elements into which the pipe is divided is in-
creased sufficiently.
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Pressuresin an Electron-Microscope High-Vacuum System [3A-4]

A typica high-vacuum system composed of a pressure source Py, outgassing sources Q
and Q’, conductance Co and C, and pumping speed S, which is analogous to an electron-
microscope high-vacuum system, is presented in Fig. 3A.11 (a). The chamber with gasload
Q isconnected to afield of pressure Py through an orifice with conductance Cp . The vacuum
circuit corresponding to the system of (a) is presented in (b), where outgassing sources of
Q and Q' are directly given as current sources, not pressure Sources.

The vacuum circuit for the electron microscope of Fig. 3A.5 has been designed using
the outgassing rates, conductance of the pipes and pumping speeds of the pumps, as shown
in Fig. 3A.12. Pressures in the vacuum circuit of the electron microscope have been suc-
cessfully calculated using a persona computer.

Yoshimura(2000) [3A-6] presented an article, “Modeling of outgassing or pump-
ing functions of the constituent elements such as chamber walls and high-vacuum
pumps.”’

Abstract [3A-6]: Chamber walls, subjected to “in situ” baking, sometimes show
a pumping function for a high vacuum, while a high-vacuum pump sometimes
shows outgassing in an ultrahigh vacuum. Such functions of the system elements
can be represented by the internal pressure Px. All the system elements, such as
chamber walls, pumps, and pinholesthrough a pipe wall, can be replaced by apres-
sure generator with the internal pressure Px and the internal flow impedance Ry in
the equivalent vacuum circuit. The internal pressure Px of the chamber wall varies
depending on the wall history under high vacuum. The equivalent vacuum circuit
composed of many characteristic values (Px, Rx) and flow impedancesR can repre-
sent the gas flowsin the original high-vacuum system.

{a)

P
(2) o (3)e
Q' C S

Fig. 3A.11 (a) High-vacuum system and (b) the corresponding vacuum circuit (Hirano et a.,
1988) [3A-4]
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Fig. 3A.12 Vacuum circuit representing the high-vacuum system of the electron microscope of
Fig. 3A.5. The input data are seen for the individual elements. Node (1), gun chamber (GC);
(5), minilab chamber (MLC); (6), specimen chamber (SC); (8), intermediate aperture (IA); (10),
camera chamber (CC) (Hirano et a., 1988) [3A-4]
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Pressure Analysis Using Equivalent Vacuum Circuits [3A-6]
In an ultrahigh-vacuum system, the chamber wall, subjected to “in situ” baking, some-
times shows a pumping effect, and the vacuum pump sometimes shows an outgassing
phenomenon. Alpert [1] reported on an interesting ultrahigh-vacuum system, where 2 x
10~1°Torr was kept in the “ sealed-off” portion for along period of time after the portion is
isolated from the diffusion pump (DP), whilethe pressure in the portion connected to the DP,
rose gradually and reached a saturated pressure of 1 x 10~ Torr, as shown in Fig. 3A.13.
Alpert [1] attributed the pressure rise with time to the gradual deterioration of the pumping
function of the ion gauge, |1G-B.

Narushima and Ishimaru [2] reported the “inverted pressure distribution” in an alu-
minum alloy pipe system, as shown in Fig. 3A.14. That is, after “in situ” baking, the
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Fig. 3A.13 A: pressure vs. timein the seal ed-off portion of vacuum system; B: pressure vs. timein
theion gauge in contact with the DP (diffusion pump), from Alpert [1] (Yoshimura, 2000) [3A-6]
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pressure at the position far from the turbomolecular pump (TMP) became lower than the
pressure near the TMP. They attributed the “inverted pressure distribution” to the pump-
ing function of the pipe wall [2]. We shall here discuss on the “footprint” of pressure in
Fig. 3A.13 [1] and the “inverted pressure distribution” in Fig. 3A.14 [2] by using the char-
acteristic values of the system elements.

The pressure distributions shown in Fig. 3A.13 and Fig. 3A.14 can be described by
the internal pressures of the system elements, which vary according to the history of the
elements under vacuum. Consider the “ sealed-off” portion isolated from the diffusion pump
inFig. 3A.13 [1]. The manifold wall and the pipe wall were made of the same kind of glass
and were both treated by in situ baking at 420 °C, and so the internal pressures of the
respective wallswould be likewise 2 x 10~10 Torr after in situ baking. Theinternal pressure
P of theion gauge scarcely varied with timein the “ sealed-off” portion, which might bea
little lower than 2 x 10~19 Torr. The equivalent vacuum circuit for the “sealed-off” portion
ispresented in Fig. 3A.15 (a).

Next, consider the portion connected to the diffusion pump. At a short elapsed time
after in situ baking (420 °C), the internal pressure Py of the pipe wall must be as low as
2x10~1° Torr. However, residual gas molecules, mainly coming from the DP, were sorbed
into the pipe wall, and the Py of the pipe wall gradually rose to a saturated pressure of
1 x 10~ " Torr, i.g. the ultimate pressure Ry of the DP used. The equivalent vacuum circuit
corresponding to the portion connected to the diffusion pump, under the saturated condition,
ispresented in Fig. 3A.15 (b), where theinternal pressure Py of the pipe and IG isthe same
astheR, of the DP. Thereisnot agasflow in (b), which isrecognized merely as avacuum
box of pressure Ry of 1 x 10~/ Torr.

Now, consider the “inverted pressure distribution” of Fig. 3A.14 [2]. Assume that the
pumping function of the Bayard-Alpert gauge was negligibly small. According to the pro-
posed model of outgassing, the internal pressure of the pipewall, during in situ baking, was
higher than the ultimate pressure (the same as the internal pressure) of the TMP, and so
the pressure at the position far from the TMP was higher than the pressure near the TMP.

Al 6063-T6{new treatment)
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Plo) Pe) ==TMP
2 e

Fig. 3A.14 Pressure varia
tion at 130°C, 24 h bake.
(0): pressures far from the
TMP (turbomolecular pump);

(e) pressures near the TMP; {QMF ON
QMF: quadrupole mass filter,

from Narushima and Ishi- & . L . . , L
maru [2] (Yoshimura, 2000) 04660 80 100 120 10 160 180 200
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Fig. 3A.15 Equivalent vacuum circuits corresponding to the systems of Fig. 3A.13 at the saturated
condition. In (a) R = 1/F, where F isthe flow conductance of the manifold, and R’ = 1/F’, where
F’ is the flow conductance of the pipe. Rig = 1/Sig, where Sig is the pumping speed of 1G-A.
In (b) Ry and 1/S correspond to the characteristic values Px and Rx of the pump, respectively
(Yoshimura, 2000) [3A-6]

?34

On the other hand, after in situ baking, the internal pressure of the pipe wall become lower
than the ultimate pressure of the TMP, resulting in the pressure far from the TMP becoming
lower than that near the TMP. The equivalent vacuum circuit corresponding to the system
of Fig. 3A.14 is presented in Fig. 3A.16.
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Fig. 3A.16 Vacuum circuit corresponding to the system of Fig. 3A.14. (a) Px,Py > Py, dur-
ing “in situ” baking. (b) Px < P} < Py, variable with time, after in situ baking (Yoshimura,
2000) [3A-6]
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Comment: Zajec and Nemani (2005) [4-27] recently presented an article, “Hy-
drogen pumping by austenitic stainless steel.” The pumping function of the stainless
steel surface can be explained by the relationship between its characteristic value
Px and the field pressure P. That is, when Px < P, the surface shows the pumping
function.

Kendall (1983) [3A-7] reviewed some works on pressure simulation by resistor networks,
which have been developed during the past several decades as follows:

Molecular-flow network theory is based on the similarities between the equations de-
scribing current flow in electrical networks and the equations describing gas flow under pure
molecular-flow conditions. The long history of the subject can be traced back to Dushman
(1922) [1], who discussed the analogies between molecular-flow resistance, conductance,
flow rate, and pressure on the one hand, and electrical resistance, conductance, current,
and potential on the other. These ideas received limited circulation as early as 1922, and
appeared again in 1949 in Dushman’s well known textbook [2]. An early application of
molecular-flow network theory was given by Aitken (1953) [3] in 1953. He described an
electrical analog of the vacuum system of the Oxford 140 MeV synchrotron, complete with
current sources which could be switched to various pointsto ssmulate real and virtual leaks.
Thiswas probably the first application of alarge, complex vacuum system. A brief note by
Stops (1953) [4] and amuch more detailed paper by Teubner (1962) [5] extended the theory
to include chambers interconnected by flow routes and to non-equilibrium flow conditions.
The volumes of the chambers were represented by capacitances. Both writers used the con-
cept of apump as aresistive sink for gas molecules. Stops included the ultimate pressure of
the pump by introducing a series el ectromotive force. These concepts reappear in the recent
work by Ohtaet a. [6] [3A-7].
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Degras (1956) [ 3A-8] presented an article, “Analogies &lémentaires entre le vide
et I'éectricité” Degras converted the volume of a chamber V, the conductance of a
conduit F, the pumping speed of a pump S, the pressure P, and the ultimate pres-
sure limit of a pump P, into the capacitance of a condenser C, the conductance (the
reciprocal of the resistance R ) of a flow route 1 / R, the conductance of a pressure
generator 1 / r, thevoltage E, and the generating pressure of a generator E;, respec-
tively. That is,
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V (volume) —  C (capacitance)
F (conductance) —  1/R (R : resistance)
S (pumping speed) — 1 / r (conductance of pressure generator)
P (pressure) — E (voltage)

P, (ultimate pressure of pump) — E, (generating pressure of generator).

Aitken (1953) [3A-9] made a short correspondence, “An electrical analogueto a
high vacuum system.”

An Electrical Analogueto a High Vacuum System [3A-9]

In a complex vacuum system where there are several pumping linesin parallel, or, where,
as in synchrotrons and betatrons, the vacuum chamber is a toroidal tube of low pumping
speed, the calculation of the effect on the pressure of atering various parts of the pumping
system (e.g. speed or number of pumps, length of pumping lines) is rather tedious. So tool
isthe estimation of the whereabouts of aleak from observed pressure gauge readings on the
system. An electrical analogue can be used to obtain the required answers very quickly by
simple voltage measurements. The analogue is only applicable when the pressure is small
enough for the mean free path to be larger than the dimensions of the system; the rate of
mass flow through atube is then given by,

Q=S(p1—p2) (312

where S is the speed of the tube and depends only on its dimensions, p1 and p are the
pressures at either end of the tube.

Similarly for adiffusion pump of speed Sp, at the throat of which the pressure is pg, the
rate of mass flow through the pump is,

Q= SoPpo. (3.13)

Both eguations (3.12) and (3.13) are anaogous to Ohm's law, so that an electrical ana-
logue can be constructed in which voltage corresponds to pressure, current to mass flow,
and resistance to the reciprocal of speed. Figure 3A.17 shows the anal ogue constructed for
the vacuum system of the Oxford 140 MeV synchrotron.

The procedure for finding the locality of the leak is first to measure the pressures on
the five gauges on the vacuum system. The probe leak on the analogue is then connected
on to various points of the electrical network until one is found for which the ratios of the
voltages at the points corresponding to the gauges is the same as the ratios of the actual
gauge readings.

The permanent leak into the system is due to diffusion of air through the eight neo-
prene sleeves (see Fig. 3A.17) which join the eight sectors of the orbit tube together and
the residual pressure due to this leak for various different pumping arrangements is found
by connecting eight equal current sources (not shown) to the points corresponding to the
sleeves; the electrical circuit is then altered to corresponding to the various arrangements
and the voltages observed in each case. Pressure due to evolution of vapor (e.g. from the
gun heater) which is condensed on the cold trap, can be dealt with by closing the three
switches shown, connecting on the probe leak at the point corresponding to the gun heater
and proceeding as before.
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Fig. 3A.17 Electrica analogue R1 =902, R2=1700Q2,R3=95Q,R4=6Q,R5=850Q, R6 =
25kQ, R7 = 100k V = voltmeter (f.s.d. 2.5V), mA = milliameter (f.s.d. 4mA), S= switches, A,
pump throat; B, cold trap; C, gauge; D, probe leak; E, electron gun; F, neoprene sleeves; G, target
(Aitken, 1953) [3A-9]

The anaogue has been in use for the past year and has been found invaluable, partic-
ularly in the localization of legks. There are fifteen places around the orbit tube at which
leaks may occur and, by use of the analogue, suspicion can in a few minutes be centered
on one of these places. With this localization procedure a straightforward method of leak
finding (ajet of coa gas or butane in conjunction with a normal ionization gauge) has been
found quite adequate [3A-9].

Stops (1953) [3A-10] made a short correspondence, “Further applications of the
electrical analogue to vacuum systems.”

Further Applications of the Electrical Analogue to Vacuum Systems [3A-10]
The analogous aspects of the vacuum systems and certain electrical circuits have long been
recognized, but apparently like the application of analogue techniques to heat and mass flow
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problems, the practical usefulness has taken some timeto be appreciated. The letter from M.
J. Aitken [1], has indicated that the electrical analogue may play an increasingly important
part in the study and design of large vacuum systems, and to these ends, atransient response
type would often prove useful.

Elementary considerations show that the ordinary type of vacuum system operating un-
der free molecular gas flow conditions may be represented by an R-C electrical circuit with
various sources of em.f.’s or currents. The related equations are:

Q=28P/W =VdP/dt at constant volume.

i = 8v/R = Cdv//dt at constant capacity.

The analogous quantities are apparent from comparison of these two sets of equations.

A simple vacuum system, shown diagrammatically by the upper part of Fig. 3A.18, has
apump of speed S, lumped elements of volumeV and tabulation resistances W with leaks
Q' at various points. These leaks may be viscous in character and therefore not satisfy the
linear pressure relation, but the changes in the gas pressure in the system will usually be so
small relative to the external pressure Py, that there will be little error in writing,

Qi=(Pa— Pl)/Wl/, etc.,
with W, as the effective resistance of the leak.

The lower part of Fig. 3A.18 shows the analogous electrical circuit, with resistors R
replacing the tubes, condensers C replacing the volumes and voltages v corresponding to
the pressures. M easurements of voltages with timewill give the corresponding variations of
pressures with time, and likewise the various currents i will give the appropriate values of
throughputs Q.

The scaling factors introduced into the values of the parameters will determine the rel-
ative time scales, which in turn will usually decide the mode of presentation of the infor-
mation provided by the analogue. This subject has been discussed at length by Pashkis and
Baker [2], Lawson and McGuire [3] and others. Lawson and McGuire have aso examined
mathematically the accuracy attainable with alumped element analogue of a continuously
distributed system, which will be relevant in the vacuum case when the system tabulation is
also the main volume.

With the anal ogue envisaged, the effects of inserting pumps or pumping devices at vari-
ous pointsin avacuum line may be easily determined. By switching a metered quantity of
charge into a point, the sudden evolution of known quantities of gas or vapor, may be smu-
lated. Similarly, the response of a system to mixtures of gas and/or vapors may be found by
varying the values of the parameters appropriate to each component.
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Fig. 3A.18 Analogous vac-
uum and electrical systems
(Stops, 1953) [3A-10]
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Kendall (1968) [3A-11] analyzed a vacuum system with two pumps by the cor-
responding vacuum circuit where one vacuum pump was treated as a gas source.

Abstract [3A-11]: Factors affecting the pressure in a vacuum chamber pumped
by two dissimilar pumps are investigated with the aid of a simplified theoretical
model. The possibility of one of the pumps acting as a significant source of gas or
vapor is taken into account. It is shown that minimum chamber pressure may be
obtainable only with finite pumping-line impedance in series with this pump. An
experimental illustration of the phenomenon is given. Applications of the theory to
the design of vacuum systems are discussed.

Kendall and Pulfrey (1969) [3A-12] presented an article, “Theory of pulsed
molecular-flow networks.”

Abstract [3A-12]: A general molecular-flow network theory applicable to vol-
umes interconnected by small orifices or porous membranesis discussed. Parame-
ters which describe the properties of such orifices and membranes are first defined.
Basic theory is then extended to cover operation with mixtures of gases having dif-
ferent molecular weights. Characteristics of several networks with pulsed pressure
inputs are then derived. It is shown that the mass-dependent resistance to flow of
an orifice or porous membrane makes it possible to use certain molecular-flow net-
works as gas analyzers. Other networks are described which have potentia applica-
tionsin improving gauge response to rapid pressure fluctuations.

Ohta (1962) [3A-13] presented a vacuum circuit corresponding to a multiple-
pump system, where vacuum pumps were converted to negative pressure generators
of -760 Torr. He also presented the respective vacuum circuits corresponding to a
long orhit accelerator and an instrument to make a clean, pure plasma.

Horikoshi et al. (1990) [3A-14] presented an article, “An analysis of a complex
network of vacuum components and its application.”

Abstract [3A-14]: Ananalysisof acomplex network composed of many vacuum
components was made by using an analogy between pipe conductance and electric
conductance of circuit components. In the analysis, we have applied concepts of
Kirchhoff’s law and Green function. The Green function matrix introduced in the
analysis gives effective pumping speedsfor all connection pointsin the network. As
an example, we applied the analytic method to a network, with a satisfactory result.

Theil (1995) [3A-15] applied a matrix method to a gas manifold system to ac-
quire the pressure distribution. “The methodology for determining the flow distri-
bution through the two simplest topologies of gas manifold, single- and double-
opening manifolds from a single gas-injection point, is derived. It is shown that the
double-opening manifold topology tends to provide more uniform flow distribution
than the single-opening manifold topology for similar conductance ratios. The re-
sults of this work include a summation formula for the single-opening manifold
[3A-15]”

Wilson (1987) [3A-16] presented an article, “Numerical modeling of vacuum
systems using electronic circuit analysis tools.”
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Abstract [3A-16]: The analysis of large and complex high-vacuum systems is
atedious process, especially when distributed |oads and pumps are involved. It has
been suggested that by using the appropriate transformations, a vacuum system can
be modeled as an electrical network. Well-devel oped numerical techniques exist for
the computational characterization of electrical networks, often implemented in the
form of a general purpose circuit simulation code. In this paper, a method is pre-
sented for the modeling of high-vacuum systems using a circuit analysis code. The
method includes the capability to model outgassing, and to obtain the response of a
system to transient and time-varying loads. An exampleis given of the analysis of
avacuum system with distributed pumps and distributed |oads using the commonly
available SPICE Il program. The use of this technique is expected to significantly
reduce the effort required to analyze such systems as accel erators, storage rings, and
processlines.

Santeler (1987) [3A-17] presented an article, “Computer design and analysis of
vacuum systems.”

Abstract [3A-17]: A computer program has been developed for an IBM com-
patible personal computer to assist in the design and analysis of vacuum systems.
The program has a selection of 12 major schematics with several thousand minor
variants incorporating diffusion, turbomolecular, cryogenic, ion, mechanical, and
sorption pumps as well as circular tubes, bends, valves, traps, and purge-gas con-
nections. The gas throughput versus the inlet pressure of the pump is presented on
alog-log graphical display. The conductance of each series component is sequen-
tially added to the graph to obtain the net system behavior Q). The conductances
component may be calculated either from the inlet area and the transmission proba-
bility or from the tube length and the diameter. The gas-flow calculations are valid
for orifices, short tubes, and long tubes throughout the entire pressure range from
molecular through viscousto choked and nonchoked exit flows. The roughing-pump
and high-vacuum-pump characteristic curves are numerically integrated to provide
agraphical presentation of the system pumpdown. Outgassing datafor different ma-
terialsisthen combined to produce a graph of the net system “ outgassing pressure.”
Computer routines are provided for differentiating areal pumpdown curve for sys-
tem analysis. The computer program isincluded with the American Vacuum Society
course, “Advanced Vacuum System Design and Analysis,” or it may be purchased
from Process Applications, Inc.

Reid (1992) [3A-18] presented an article, “Vacuum calculations for large
systems.”

Abstract [3A-18]: In designing large installations such as particle accelerators,
it is essential to be able to predict vacuum conditions with some confidence. In
particular an ultimate vacuum pressure distribution will often be required. To calcu-
late this analytically is very difficult, but a number of approximation techniques us-
ing desk-top computers are available. Some of these techniques, particularly Monte
Carlo techniques, finite-element models using matrix inversion techniques and the
use of electrical circuit analysis packages such as SPICE will be discussed. Their
application to some simple model structureswill beillustrated.
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3B Molecular-Flow Conductance

Molecular-flow conductance of various evacuation pipes must be calculated to de-
sign the vacuum circuits for high-vacuum systems.

DP-evacuation systems come with an opaque water-cooled baffle and liquid-
nitrogen cold trap, both of which show gas-flow resistance. An ion shield con-
structed with opaque step plates may be inserted into an ion-pump evacuation pipe
for electron microscopes, showing gas-flow resistance. The conductance of such
items can be cal culated using the diagrams of transmission probability presented by
Davis (1960) [3B-1] and Levenson et al. (1960) [3B-2].

Conductance

Conductance of Orifice, Co
Ro, gas constant per mole; T, temperaturein K; M, molecular weight

Co= A\/ Rol, where A isthe area of the aperture.

= 3.64A\/T/M (L/s) where Aisin cm?.
= 2.86d2\/T/M (L/s) where d isdiameter in cm for circular cross-section.

Co_air = 11.6A (L/s) for air at 20°C.
=9.16d? (L/s) whered (diameter) isin cm for circular cross-section.

Conductance of Long Tube of Constant Circular Cross-Section, C
Cur = 3.81"L3 \/,\TA (L/s) whered isin cmand L (length) incm.
Cut—air = 12.1d3/L (L/s) for air at 20°C

Conductance of Short Tube of Constant Circular Cross-Section, Cst
1 1 1 1 Cit )
= + = l + .
Cst Cir Co Cuir < Co

Cor — Ct _c 1
ST (1+Cv1 /Co) - (1+Cur/Co)

— e /11 Qi i
Cst =3.817 \/M (1+49) (L/s) whered isincmand L incm.

Csr_air = 1219 (L/9) for air at 20°C.

1
(1+51)
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Transmission Probability

The conductance F is derived by F = Fo x P, where Fy is the conductance of the
pipe opening.

Davis (1960) [3B-1] presented an article, “Monte Carlo calculation of molecular
flow rates through a cylindrical elbow and pipes of other shapes.”

Abstract [3B-1]: A method is devised for the cal cul ation of molecular flow rates
through pipes where the mean free path for intermolecular collisions is large com-
pared to the dimensions of the pipes. Results of the cal culation are given (in terms of
the transmission probability P) for astraight cylindrical pipe, acylindrical elbow, an
annulus between two concentric cylinders, a straight cylindrical pipe with restricted
openings, and astraight cylindrical pipewith restricted openingsand aplateto block
the direct beam between the openings (Figs. 3B.1, 3B.2, 3B.3, 3B.4).

T 1 I | 1 T 1 I
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0.5 ° s: wR? AREA OF OPENING 1
’ voLe. [ ™
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27K, T
04— AP : PRESSURE DIFFERENCE
m= MASS OF & MOLECULE
M : MOLECULAR WEIGHT
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5
Olz—_ \ -
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) i | | 1 { J 1 |
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Fig. 3B.1 Molecular flow rate in a90° cylindrical elbow calculated by the Monte Carlo method,
and in astraight cylindrical pipe calculated by Clausing [P. Clausing, Ann Physik 12, 404 (1932),
p. 961] (Davis, 1960) [3B-1]
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Fig. 3B.2 Moalecular flow rate in acylindrical annulus (Davis, 1960) [3B-1]

Levenson et al. (1960) [3B-2] described a method for measuring the molecular-
flow conductance of scale models of complete diffusion-pump systems.

Abstract [3B-2]: Results are given in terms of Clausing’s factor P (transmission
probability), defined by P = F / Fo, where F is the net volume-flow rate through
a geometry and Fq is the volume-flow rate of gas striking the orifice of the ge-
ometry. Use of the factor P allows prediction of the conductance of the full-scale
system represented by the model. Experimental and theoretical data are presented
for straight cylinders, cylindrical elbows, and several geometries having no-line-of -
sight through them (Figs. 3B.5, 3B.6, 3B.7, 3B.8, 3B.9, 3B.10, 3B.11). Itis
shown that for an optimized diffusion-pump system, comprising a baffle, trap and
valve, 0.3 < P < 0.5 can be obtained.
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Fig. 3B.3 Molecular flow rate in acylindrical pipe with restricted openings (Davis, 1960) [3B-1]

The transmission probability P, called Clausing'sfactor, isdefined asP = F /Fy,
where F is the net volume-flow rate (pipe conductance) through the geometry, and
Fo is the net volume-flow rate of gas striking the orifice of the geometry (orifice
conductance).

Fan et al. (2002) [3B-3] presented an article, “ Conductance cal culation of along
tube with equilateral triangle cross section.”

Abstract [3B-3]: Using the stratified gas flow model for calculating the con-
ductance of long tubes with constant cross section, an analytical expression for
calculating the conductance of along tube with equilateral triagle cross section has
been derived. Theformulagivenisapplicableto the full pressurerange. A minimum
in the conductance in the intermediate flow state is shown.

Steckelmacher (1966) [3B-4] presented an article, “A review of the molecular
flow conductance for systems of tubes and components and the measurement of
pumping speed.”
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Fig. 3B.4 Molecular flow ratein acylindrical pipe with restricted openings and a central blocking
plate (Davis, 1960) [3B-1]

Abstract [3B-4]: The definition of molecular flow conductance for tubes and
components is considered and the calculation of the conductance of long tubes
with differently shaped cross-sections reviewed. The conductance and transmis-
sion probability for short tubes is discussed in relation to Clausing type integral
equations and their approximate solutions. A review is given of theoretical and
experimental investigations of molecular gas flow emission patterns for tubes and
components. An estimation for the effective transmission probability and conduc-
tance of more complex systems, particularly of tubes, diaphragms, baffles etc. con-
nected in series, is considered as well as their experimental determination using
scale models and statistical Monte Carlo type methods for their more accurate
calculation.
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3C Gas-Flow Patterns

In an electron-microscope column, gas flow patterns exist due to complicated nar-
row beam paths such as various lens pole-pieces and apertures. Though it is very
difficult to calculate actual gasflow patternsin an electron-microscope column, one
can roughly estimate gas flow patterns from the reported patterns of simple pipes
with various ratios of length to diameter [3C-1].

Dayton (1956) [3C-1] presented an article, “Gas flow patterns at entrance and
exit of cylindrical tubes.”

Abstract [3C-1]: The molecular flow of gas through a straight cylindrical tube
produces a beam pattern at the exit whose departure from the cosine law distribu-
tion depends on the ratio of length to radius for the tube. A complementary angu-
lar distribution pattern is formed at the entrance by those molecules which return
without passing through. Equations and diagrams are presented for the beaming
patterns. The flow of gas across the junction of tubes of different diameter is dis-
cussed.

Dayton wrote as follows: “In 1930 P. Clausing (Z. f. Physik 66, 47176, 1930)"
derived a formula for the angular distribution pattern of gas molecules emerging
from the exit of a short cylindrical tube under conditions of molecular flow. Claus-
ing showed that the gas emerges in the form of a jet, and that the departure of
the dispersion pattern from the cosine law distribution depends only on the ra-
tio of length to radius for the tube. Clausing applied his formula to calculate the
angular distribution for the case in which the ratio of length to radius equals two
and presented a diagram of his results as shown in Fig. 3C.1[3C-1].

The cosine law distribution, which is shown by the dashed line, is obtained when
the ratio of length to radius is zero, corresponding to a hole in a thin plate. As
Clausing points out, this circular pattern for the limiting case of a hole in a thin

10 20 30
e 09 N
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/ \ 40
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\ 03 60°
/
N o 7 10°
Fig. 3C.1 Clausing’sdiagram N 80°
of the exit pattern for L = 2r. -

[P Clausing, Z. f. Physik L
66, 47176 (1930)] (Dayton, B
1956) [3C-1] bzl
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plate must also be considered as a jet because more molecules are beamed in the
direction of the axis of the hole than in any other direction [3C-1].

Equations and diagrams have been presented for flow patterns for cylindrical
tubes with various ratios of length L to radius r. Figure 3C.2 shows the entrance
and exit patternsfor the case L/r = 10 [3C-1].

Nanbu (1985) [3C-2] calculated the angular distribution of molecular flux from
acircular orifice for thickness-diameter ratios less than 2 by use of the test-particle
Monte Carlo method.

Abstract [3C-2]: The best fit equations are made from the obtained numerical
data. Even for a small thickness-diameter ratio such as 0.3 the distribution shows a
marked deviation from the ideal cosine law. For large thickness-diameter ratios the
greater part of the flux is collimated near the axis of the orifice.

Tu Ji-Yuan (1988) [3C-3] presented an article, “A further discussion about gas
flow patterns at the entrance and exit of vacuum channels.”

Abstract[3C-3]: Since the pressure at the exit of vacuum channel does not usu-
aly equal zero, the molecules leaving the exit (or entrance) of a vacuum channel
arise from two sources. (a) those coming through from the entrance (or exit), and
(b) those reflected back to the exit (or entrance) without having traversed the chan-
nel. It is obvious that the gas flow patterns at the exit (or entrance) of a vacuum
channel or tube should consist of the sum of the above two parts. The general for-
mulae for calculating the gas flow patterns at the exit and entrance of a cylindrical
tube, when there exists a certain pressure at the exit of the tube, are presented in the
current paper. Some results of gas flow patternsin the inclined vacuum channels, as
calculated by Monte Carlo methods, are also discussed.
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Chapter 4
Outgassing

Outgassing occurs when the surfaces of the chamber walls are exposed to vacuum,
affecting the pressures in vacuum systems. Therefore, outgassing rates of various
construction materials must be estimated to simulate the pressures in high-vacuum
systems.

Stainless-steel evacuation pipes are exclusively used in the high-vacuum evacua-
tion systems of scientific instruments because they have apparent advantagesin out-
gassing and in machining. The surfaces of the stainless-steel chambersof UHV elec-
tron microscopes and UHV analysis instruments (JEOL Ltd.) are mirror-polished
by electrolytic polishing (EP) or chemical polishing (CP). Electrodes of the elec-
tron guns and the accelerating tubes of electron microscopes are made of stainless
steel, titanium alloy or Inconel, whose surfaces are mirror-polished and treated by
high-temperature (about 1000 °C) pre-degassing under vacuum. Evacuation pipes
for electron microscopes (JEOL Ltd.) are vacuum-brazed at 1000 °C, resulting in
very low outgassing.

Specimen stages and specimen holders for electron microscopes are made of
non-magnetic materials such as aluminum alloys. Machined metal parts are cleaned
by ultrasonic cleaning using detergent solution and acohol. Some units for ultra-
high vacuum are cleaned by rf discharge using oxygen and/or hydrogen in the final
cleaning stage.

Process of Outgassing

Almost all metal surfaces have porous oxide layers which contain alarge amount of
water vapor and air. Such gas molecules diffuse out gradually when such surfaces
are exposed to high vacuum. Figur e 4.1 shows an anodic oxidized film of aluminum,
which is amazingly thick and porous.

Outgassing from an elastomer or polymer placed inside the vacuum chamber also
occurs through the mechanism of diffusion.

123
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Fig. 4.1 SEM image of anodic oxide layer of aluminum (JEOL Ltd.)

Diffusion

Dayton (1959) [4-1] presented an article, “ Relations between size of vacuum cham-
ber, outgassing rate, and required pumping speed,” where semi-empirical formulas
on the outgassing rate depending on the pumping time are discussed.

Semi-empirical Formulas[4-1]

The outgassing rate s preferably expressed in Torr-L - s cm~2 at aspecified temperature
and a specified time after the beginning of pumping. When outgassing rateis plotted against
time on log-og graph paper, the resulting curve frequently has a nearly constant slope for
the first few hours. As shown by the data of Santeler [1], Geller [2] and others, this initia
part of the curve can often be presented by
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Fig. 4.2 Typica outgassing curve for an elastomer (Dayton, 1959)[4-1]

log(Km — Ky) =logKj — erlogt 4.1

where Ky, is the outgassing rate at the time t, K, and K; are constants, and the slope of
the curve, a, frequently has values between 0.5 and 0.8. When experimental data on the
outgassing rateisnot available, K, K1 and o can sometimes be estimated from other known
physical properties of the material by formulas given in the following.

Dayton (1959) [4-1] presented the typical outgassing curve for an elastomer in Fig. 4.2.

References

1. D. J. Santeler, Vacuum Symposium Transactions, 1958, Pergamon Press, London. Gen-
eral Electric Co. Report No. 58GL 303 (1958).
2. R. Geller, Le Vide 13 (74), 71 (1958).

Dayton (1961) [4-2] presented an article, “ Outgassing rate of contaminated metal
surfaces.”

Abstract [4-2]: Successive evaporation of various molecules from a heteroge-
neous layer of surface contamination can result in an outgassing rate which is in-
versely proportional to the time of pumping. A relatively uniform distribution of the
activation energies of desorption will result in a sum of the individual outgassing
curves for constant desorption energy which appears as a straight line with a slope
of minus one on the log—og plot of outgassing rate vs. time of pumping. Thisline
forms an “outgassing barrier” which limits the ultimate pressure in unbaked metal
vacuum systems.

Comment: “A heterogeneous layer of surface contamination” means “an oxide
layer” of metal surface.
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Dayton (1961) [4-2] presented the relationship that the outgassing rates are in-
versely proportional to the time of pumping as shownin Fig. 4.3.

Comments: Diffusion time constants t; have various values depending on the
oxide layer. In this graph, Dayton has chosen 11 = 0.25h, 12 = 1.0h, 13 = 4h and
T4 = 16h in anticipation of the requirement that the outgassing rate K, decays as
t~1 in the region from 1q to Ty.

Dayton (1961) [4-2] described the persistency of chemisorbed water as follows.

“Asthe temperatureis raised above 100 °C the chemisorbed water beginsto des-
orb at an appreciable rate, but a temperature of more than 500 °C is required to
remove all the chemisorbed water from oxides according to the data by Garner [1].
Chemisorption of H>O on oxide is believed to be associated with the formation of
hydroxide groups (OH~ions). Dataiis given in the book edited by Garner [1] which
indicates that most of the chemisorbed water is located on the surface of the oxide
(including the walls of the pores).

Reference

1. W. E. Garner (editor), Chemisorption, Academic press, New York (1957) loc. cit.
pp. 59-75.

Rogers (1963) [4-3] presented an article, “The variation in outgassing rate with
the time of exposure and pumping.”
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Abstract [4-3]: Past experiments have shown that the pumpdown time of avac-
uum chamber varieswith the exposure to moist air. This paper presents atheoretical
analysis of the variation. It is shown that when the vapor outgassing dominates the
pumpdown, the slope of the log pressure versus log pumping time curve will vary
from 1/2 to 3/2 for a semi-infinite plate. Thisisin contrast to the theoretical slope
of 1/2 that is found for uniformly distributed gasin a semi-infinite plate.

Rogers (1963) [4-3] described the variation in outgassing rate with parameters of
prior pumping timesin second pumpdown.

Second Pumpdown [4-3]
If theinitial moist atmosphere exposuretime was very long compared to the time of
interest, the concentration can be considered uniform, and the first pumpdown will
exhibit the square root rel ationship between outgassing rate and pumping time. If the
system isnow exposed to amoi st atmosphere, and again pumped down, the resulting
outgassing variation will depend upon both the previous pumpdown time and the
following moist atmosphere exposure time. Examples of the resulting outgassing
variations are shown in Figs. 4.4 and 4.5.

Notes: In Figs. 4.4 and 4.5, C, concentration in molecules/length®; Co, initial
concentration; D, diffusion coefficient in length? /time.

Dayton (1962) [4-4] presented an article, “The effect of bake-out on the de-
gassing of metals.”

Abstract [4-4]: Equations are derived for the effects of a bake-out period on
the rate of outgassing of hydrogen and other gases dissolved in metals. It is shown
that van Liempt’s formula for the time to remove 95% of the gas is incorrect, and
a corrected formulais derived. The equations are compared with available experi-
mental data.

Dayton (1962) presented the theoretical curve for effect of bake-out in Fig. 4.6.
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Yoshimura et al. (1991) [4-5] measured the pressure-rise rates repeatedly using
an extractor ionization gauge (EG) (degassed by electron bombardment) by isolating
an electropolished (EP) type 304 stainless-steel (SS304) pipe (in situ baked). The
isolation test was repeated four times in sequence. For the first two tests, the valve
was closed for 60 minutes each, whilefor the last two tests, the valve was closed for
90 minutes each. The evacuation period between each successive isolation test was
10 minutes. The resulting pressure-rise curves are presented in Fig. 4.7.
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Fig. 4.6 Theoretical curve for effect of bake-out. T,, ambient temperature and Ty, bake-out tem-
perature (Dayton, 1962) [4-4]
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Fig. 4.7 Pressure-rise curves for the isolated pipe which had been in situ baked (150 °C, 20h).
Pressures were measured with the EG (Yoshimura et al., 1991) [4-5]

The pressure-rise rates got faster and the attainable pump-down pressures (the
starting pressures for the successive build-up tests) got higher when the build-up
tests (for 90 minutes or 60 minutes) and the evacuation (10 minutes each) were re-
peated, as clearly seen in Fig. 4.7. This experimental result clearly shows that the
gas molecules adsorbed and absorbed on the pipe wall increased with the inter-
mittent evacuation, resulting in increasing outgassing rates. That is, gas molecules
evolved from the pipewall and the EG were accumulated on the wall surface during
the isolation period, resulting in increased outgassing rates of the pipe wall in the
successive isolation period. The source of the outgassing gases must be the bulk, not
the surface of the pipe wall.

Redhead (1996) [4-6] introduced the pressure-rise curve measured by Jousten
[1]. “Jousten (1994) [1], using a system designed for calibrating gauges, measured
the pressure rise in a type 316LN stainless steel chamber that has been vacuum
fired and then baked for 48h at 250 °C. This system contained an extractor gauge,
a spinning rotor gauge, and a quadrupole mass spectrometer. After pumping down
to 1.5 x 1071%Torr(H,) it was sealed off and the p(t) curve was measured with the
spinning rotor gauge for 4 weeks; the curve was linear and the pressure increased
by afactor of about 10° (see Fig. 4.8) [4-6]”
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Fig. 4.8 Pressure rise after seal off of a stainless steel chamber, previously vacuum fired and baked
at 250 °C for 48 h, measured with the spinning rotor gauge. The chamber was sealed off at a
pressure of 2 x 108 Pa, the first point taken at 33 minutes at a pressure of 1.52 x 10~°Pa. From
Jousten [1] with permission (Redhead, 1996) [4-6]
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The pressure-rise characteristics of Fig. 4.8 showsthat the outgassing from the a
type 316LN stainless steel chamber, which has been vacuum fired and then baked
for 48h at 250 °C, is a bulk phenomemon, not a surface one. Let us consider the
situation that the chamber has been isolated for along time, 4 weeks. The amount of
gas molecul es adsorbed and absorbed on the chamber walls must be much increased
compared with the amount on the surface before isolation, because many, many gas
molecules impinge on the surface frequently under high pressure of residual gases
during along period of isolation. The gasmoleculesin the bulk wall must be reduced
through diffusion during along isolation period.

Schram (1963) [4-7] presented an article, “Ladesorption sous vide”

Abstract [4-7]: A general survey is given of our present knowledgein thisfield.
Important discrepancies between the experimental results and the theoretical ex-
planations put forward by the different authors are pointed out. The complexity of
the phenomenais emphasized and the relative importance of the different elemen-
tary process are discussed. A limited choice of research is proposed for desorption
in vacuum. Theoretical calculations based on simplified models is compared with
some experimental results. The knowledge of the true surface area is found neces-
sary and a simple experimental method used to measure this surface is described.
The experimental curves of desorption are discussed taking in account the first re-
sults of true surface area measurements.

In unbaked systems the absorbed gas layers at the surface are proved to yield the
most important part of the total desorption rate. The residual desorption of baked
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systems in ultrahigh vacuum techniques seems more likely to be a bulk (diffusion,
permeation), rather than a surface phenomenon.

Calder and Lewin (1967) [4-8] calculated the outgassing rate of a stainless-steel
plate, based on diffusion mechanism. “Calculations show that the outgassing rate
should be reduced by several orders of magnitude by a high-temperature treatment.
The greater the thickness of the metal, the higher the temperature has to be. Mea-
surements are in reasonabl e agreement with the calculations[4-8] .

Effect of Temperature on Degassing (Theory) [4-8]
The one-dimensional diffusion equation is

d%c  dc

ox2 ot
where D isthe diffusion coefficient and ¢ the concentration.
Equation (4.2) is solved for a slab of unit cross-section and thickness d. Initidly the

concentration is cg and constant throughout. At timet = 0 vacuum is applied to both faces.
Theinitial and boundary conditions are

(4.2)

c=cp for 0<x<d a t=0

and
c=0 for x=0 and x=d a t>0.

The solution is[1] (Levin, 1965, p. 32)

c(x,t) = co;: 2(2n +1)"tsin rr(2nd+ 1 ap{— (n(2r:j+ b ) 2Dt}. (4.3

The instantaneous gas flow from one face of the slab is
. [(dc\  4ceD & m(2n+1)\?
Q_D<9X)X:0_ p zo"a(p{ < d Dt 3. (4.4
= n(2n+1)\?
Seol- (") )

as a function of Dt/d? are given in Fig. 4.9. For Dt/d2 > 0.025, as is the case in many
practical situations, we can write, to a sufficient approximation,

Values of

TX

g exp(—n2d~2Dt). (4.5)

4 .

C=Cp Sn
T

Q = 4coDd ~*exp(—2d —2Dt). (4.6)

If a sheet has been degassed for t; seconds at a temperature T; the outgassing rate (im-
mediately) afterwards at room temperature T, is

Qr = 4coDyd*exp(—m2d 2Daty). 4.7
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Fig. 4.9 Plot of theinfinite series of Eq. (4.4) and itsfirst term (Calder and Lewin, 1967) [4-8]
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Santeler (1992) [4-9] presented an article, “Estimating the gas partial pressure
due to diffusive outgassing.”

Abstract [4-9]: Hydrogen outgassing from iron-based metals such as stainless
steel, and water outgassing from plastic or polymeric materials are typical examples
where diffusive outgassing processes have been demonstrated to be major process.
The diffusive transport of gas through materials is governed by the second order
differential equation D82C /8X? = 8C/5t, known as Fick’s Law. Two alternate so-
lutions of this equation are available which provide for simplified approximations
for both the short-term and the long-term behavior, aswell asfor the exact numerical
answer. An important aspect of true diffusive outgassing is its excellent predictabil -
ity as compared to experiment. This permits cal culating the outgassing rate follow-
ing a known time-temperature-environment history. A simple graphical solution is
demonstrated to accomplish this for the example of hydrogen outgassing from a
thick walled stainless steel vessel operating at an elevated temperature following
various bakeout schedules.

Diffusive Outgassing—Fick’s Law [4-9]
The outgassing rate decays according to Fick’s Law of diffusion [1, 2, 3] given by the second
order differential equation
5% sC
ox2 ot (48)
One standard solution to thistypical vacuum-wall boundary-value problem is
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where Cy is the initial concentration in Torr - L/cm3(Torr - L/cc), D is the temperature-
dependent diffusion coefficient in cm?/s, both Cq and D depend on the material and the
gastype), t isthetimein seconds, and | is the material thickness in cm. Equation (4.9) as
applied to vacuum systems is discussed in [4] and [5]. An alternate solution of Eq. (4.8) for
avacuum wall isdiscussed in [6] and [ 7] where the time-temperature outgassing is given as

(%)

The two solutions given by Egs. (4.9) and (4.10) appear completely different but both
give the same numerical answers. Note that while both equations are summations of expo-
nential terms, the solutions are effectively summed from opposite directions. As a resullt,
the two solutions have different single term approximations and for different time periods.
For outgassing times which are short relative to Dt / 12, the summation of the exponential

termsin the bracketed term in Eq. (4.9) is negligible relative to the unity term and the entire
bracketed term is approximately equal to 1.0. Equation (4.9) can then be approximately by

Torr-L/(s-cm?), (4.9)

~ n 2|12 /Dt
1423 (-1)"xe ™"/
n=1

Torr-L/(s- cm?). (4.10)

i—exp{—[n(znﬂ)/l]zm}

n—-0

05
q=Co (Z) Torr- L/(s-cm?). (4.11)

Conversely, for timeswhich arelong compared to 0.0025 |12 Eq. (4.10) can be approximated
by the first exponential term

q= [4CoD/I] {a<p {f (n/l)th“ Torr-L/(s- cm?). (4.12)

It isimportant to note that these outgassing processes are partia pressure dependent; thus,
with alow partial pressure of hydrogen on both sides of the wall, the material outgassesin
both direction. For this condition, the half thickness should be used for |. The concentration
gradient which ismoving into the material from both sides will meet at the center. Each half
side may be treated as a separate material which is outgassing through one face and sealed
on the other face. Since the two sides are symmetric, no gas flows across the interface.
Diffusive outgassing is extremely temperature dependent through the diffusivity D
which is given by
D = Dge E4/RTem?/s, (4.13)

where Dy isthe diffusivity at infinite temperature, in cm?/s, Ed isthe activation energy for
diffusioninca/(g-mol), R isthegas constant, (1.987cal /(g-mol -K), and T isthe absolute
temperature in K.

Typica vaues of these parameters for hydrogen in stainless steel are Dy = 0.012cm?
and Eq = 13100cal / gmol.
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Li and Dylla (1993) [4-10] presented an article, “Model for the outgassing of
water from metal surfaces.”

Abstract [4-10]: An analytic expression for the outgassing rate is derived based
on the assumption that the rate of water diffusing through the passivation oxide layer
to the surface governsthe rate of its release into the vacuum. The source distribution
function for the desorbing water is assumed to be a combination of a Gaussian
distribution centered at the interior surface driven by atmospheric exposure, and a
uniform concentration throughout the bulk. We have measured the outgassing rate
from a clean stainless-steel (type 304) chamber as a function of water exposure to
the chamber surface from <1 to 600 monolayers. The measured outgassing rate
data show that o (in apower law of the form Q = Q1pt~%) tendsto 0.5 for low H,O
exposures and tends to 1.5 for high H»O exposures as predicted by the model.

Recombination-limited Outgassing

Moore (1995) [4-11] presented an article, “Recombination limited outgassing of
stainless steel”

Abstract [4-11]: It was observed two generations ago that at low pressures the
permeation of hydrogen through metals is no longer a function of the square root
of pressure, but approaches zero. This has been attributed to surface effects, specif-
ically including the recombination limit; the atomic hydrogen outgassed to the sur-
face must recombineinto molecular hydrogen beforeit can escapeinto vacuum. The
recombination rate is afunction of the square of the surface coverage by atomic hy-
drogen. The concentration at the surface cannot be zero as assumed in conventional
diffusion theory, but must remain at finite levels consistent with the outgassing rate.
In this article afinite-difference analysis is made of areported 2h bake at 950 °C;
the diffusion of hydrogento the surfaceis modified to include a recombination limit.
The outgassing rates with time are found together with the concentration profilesin
the steel. The recombination coefficient is adjusted to match the observed postbake
outgassing rate. It is concluded that the addition of the recombination limit to diffu-
sion theory may be a viable analysis method to predict the results of specific time
and temperature bake patterns.

Recombination Limited Concentration Profiles Versus Bake Time[4-11]

The recombination limited concentration of hydrogen atoms through the thickness of the
metal is shown in Fig. 4.10 for increasing bake times. The finite concentrations at the sur-
faces are amajor departure from diffusion limited analyses which assume the surface con-
centration to be zero. As time increases, the distributions approach a sine function plus a
constant, instead of the sine function found with diffusion limited outgassing [1].
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Fig. 4.10 Concentration profiles of atomic hydrogen calculated by recombination limited out-
gassing, within a1.9 mm-thick 304 LN stainless-steel sheet, vacuum furnace baked at 950 °C. The
concentration is shown as afunction of the cross-sectiona position measured from the center of the
thickness of the steel sheet. The number of bake seconds are labeled on the profiles. The recombi-
nation coefficient assumed is 6 x 10-22cm?/(atom - s). Initial concentration assumed is0.3Torr - L
a 0°C/cm?® (Moore, 1995) [4-11]

Outgassing Rate Versus Time [4-11]
Diffusion limited outgassing as a function of time is compared with recombination lim-
ited in Fig. 4.11. The outgassing rate is shown in Torr - L at 0°C/(s- cm?). For the first
few seconds of the bake the diffusion limited outgassing is dightly greater, but within a
few hundred seconds the recombination limited outgassing is far higher. At the end of the
bake, the dlope of the recombination limited outgassing approaches -2 on the log-og plot;
increasing the time by afactor of 10 would reduce the outgassing rate by a factor of 100.
The cooldown time after the compl etion of the bake is neglected, so the outgassing drops
vertically by afactor of 114 000, the ratio scaled from Hsueh and Cui [2]. Beyond thistime
there was no change reported in outgassing rate.
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Akaishi et a. (2001) [4-12] presented an article, “ True and measured outgassing
rates of avacuum chamber with areversibly adsorbed phase”

Abstract [4-12]: The modeling for the pumpdown of a vacuum chamber with a
reversibly adsorbed phase is carried out and the outgassing equation which predicts
variations of surface coverage and gas density with time is derived. When it is as-
sumed that the wall surface of a vacuum chamber consists of oxide layer and this
layer involves weakly chemisorbed (nondissociate) H,O with desorption energies
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Fig. 4.11 Two methods to cal cul ate postbake outgassing rates from one surface of a 1.9 mm-thick
sheet of 304LN stainless steel are compared with experimental results [2]. The widely used “dif-
fusion limited” method [1] (dashed line) gives rates even during the bake which become far less
than the postbake room-temperature measurement of about 10~ Torr - L at 0°C/( s- cm?). The
solid line is a combination of calculated and measured data. For the duration of the 2h vacuum
furnace bake at 950 °C (the 4 h warmup ramp is neglected), the “recombination limited” method
is used with a recombination coefficient assumed to be 3 x 10-2 cm?/(atom - s). After the end of
the bake, the solid line represents experimental data. The cooldown from 950 °C to 25 °C causes a
reduction in outgassing rate by afactor of 114 000; this number is extrapolated from the measured
postbake changes up to 300 °C [2]. After this, at room temperature, there were no further changes
in rate [2]. It appears that this recombination coefficient predicts a postbake outgassing rate near
that observed. A number of uncertainties limit the utility of thisresult: (1) Theinitia concentration
in the experimental beam tubes is not known, it is only assumed to be 0.3Torr - L a 0°C/cm® to
be consistent with Calder and Lewin [1]. (2) The calculations are one dimensional, they assume
that the sheet is aflat sheet, semi-infinite in extent so that the only variations in concentration are
normal to the surface. However, the experimental samples were finite beam tubes, cylindrica in
shape. (3) The calculation could be refined. The outgassing during warmup and cooldown could
be included (Moore, 1995) [4-11]

from 20 to 30kcal/mal, it is shown that the calculated outgassing rate from the
outgassing equation well explains the experimental result that the outgassing rate
measured by the orifice pumping method in the unbaked stainless steel chamber is
dependent on pumping speed.

Data of Outgassing

Stainless Stedl

Adams (1983) [4-13] presented an article, “A review of stainless steel surface.”
Abstract [4-13]: The characteristics of the surface of various stainless steels are
reviewed. The property of these aloys that makes them stainless is the formation
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of Cr,03 layer on the surface. It has been found that this protective layer can be
modified relatively easily by heating, abrading, chemical treatment, or ion bombard-
ment. M odification can be changesin the chemical composition of the surfacelayer or
theformation of alayer of segregated material onthe surface. Thesechangesmay alter
the protective nature of the surface films. The outgassing characteristics of stainless
steel surfacesalso vary depending upon the treatment these surfacesreceive.

Fujita (1976) [4-14] presented an article, “ Stainless steel as a vacuum industrial
material,” where the characteristics of stainless steel (SS304, 304L) such as work
hardening after machining, corrosion resistance, and forming defects after welding
are described in detail.

Ishimori et al. (1971) [4-15] measured the outgassing rates of stainless steel, mild
steel and chromium plated mild steel by an orifice method after different pretreat-
ments.

“The pretreatmentswere (1) drying by asirocco fan after degreasing with carbon
tetrachloride; (2) baking stainless steel at 100450 °C and mild steel and chromium
plated mild steel at 100-300°C; and (3) exposing to argon and atmosphere after
baking.

After pretreatment (1), the outgassing rates of stainless steel and chromium
plated mild steel were of the order of 10~°Torr-L/(cm? - s), and the outgassing
rates of mild steel were one order of magnitude higher than those of the first two.
The effect of baking is the highest for stainless steel and the lowest for chromium
plated mild steel. They discussed that the low effect of baking for chromium plated
mild steel must be dueto many pin-holesexisting on the surface of chromium plated
film[4-15]”"

Electro-polishing and Vacuum Firing

Young (1969) [4-16] measured the outgassing characteristics of stainless steel and
aluminum with different surface treatments by an orifice method.

Experimental Procedure and Results [4-16]

The apparatus used to measure the outgassing rate is shown in Fig. 4.12. The sample
tanks were made of 1/8in. thick 304 stainless steel or auminum, 6in. in diameter and
18in. long.

The outgassing rate Q (shown in Table 4.1) was determined by measuring the difference
in pressure between gauges No.1 and No.2, (P; — P2), and knowing the conductance C of
the aperture, then Q = (P, — P,)C. Corrections were made to the pressure determinations
(P1 — P») and the conductance C to account for the outgassing gas being Ho.

Nuvolone (1977) [4-17)] evaluated heat-treatment proceduresfor obtaining repro-
ducible low degassing rates in 316 L stainless-steel high-vacuum systems.

Experimental Technique [4-17]
The measurement system is a standard type of apparatus, using the throughput method. The
pressures are measured with Bayard-Alpert ionization gauges, and in addition is connected
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Fig. 4.12 Schematic of experimental apparatus for measuring the outgassing rate of stainless steel
and aluminum samples (Young, 1969) [4-16]

aquadrupole residual gas analyzer, to check the composition of the residual gases and their
contribution to the total pressure of the system. The samples treated by the various methods
represent asmall chamber of diameter 100 mm and length 400 mm. They possess weldswith
edges fused under argon and are equipped with “Conflat” -type flanges. They are machined

Table4.1 Outgassing rates of 1/8in.-thick stainless steel and aluminum after different processing
(Young, 1969) [4-16]

Sample

Material and surface treatment

304 stainless steel (S. S.) cleaned by glass-bead shot
blasting (32in. surface, baked 30h at 250 °C).

304 S. S., 4-6in. electropolished surface (baked 30 h at
250°C).

304 S. S, 20-25pin. electropolished surface (baked 30 h
at 250 °C).

Sample B (above) baked with inner and outer surface ex-
posed to air 16h at 250 °C (plus an additional 15h at
250 °C under vacuum).

304 stainless steel (S. S.) cleaned by glass-bead shot
blasting, then baked withinner and outer surface exposed
toair 61 hat 450 °C (additional 15h at 250 °C under vac-
uum).

Sample E (above) after removal of inner and outer ox-
ide by glass-bead shot blasting (additional 15h at 250 °C
under vacuum).

304 S. S, 20-25u.in. electropolished surface baked 30 h
at 250 °C plus 17 h at 450 °C (continuation of sample C
above).

Aluminum, type 1100, cleaned with detergent, rinsed in
acetone, baked 15 h at 250 °C under vacuum.

Outgassing rate
after 24 h at room
temperature
Torr-L/(s-cm?)

2x10°12
3x10°12
2x 1012

5x 10713

3x10°18

3x10°18

4x10°13

4x 10718
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in 316 L stainless steel (AFNOR Z 2 CND 17-13). The surface state is rough drawn for
the tubes and standard ultrahigh vacuum type for the flanges. Altogether the geometrical
surface area under vacuum is 1300cm?.

Before undergoing any heat treatment each sample was subjected to the following clean-
ing sequence: (a) 2 h degreasing with perchlorethylene vapor at 125 °C. (b) washing for 1h
in Diversey 708 cleaner at 55 °C (in an ultrasonic cell), and (c) rinsing with clean water and
drying.

Outgassing rates of stainless steel after different heat-treatment processing are presented
in Table4.2 [4-17].

Yoshimura et al. (1990) [4-18] investigated the feature of electropolished and mechani-
caly polished stainless-steel surfaces using a scanning electron microscope (SEM) and an
Auger electron spectrometer (AES).

Microstructure [4-18]

Three kinds of sample surfaces [belt-polished, buff-polished and el ectropolished (EP)] were
observed as secondary-electron images (SEI) and backscattered-electron images (BEI) us-
ing a scanning electron microscope (JSM-T330, JEOL Ltd.).

Table 4.2 Outgassing rates of 316L stainless steel after different processing as a function of the
various gases observed (Nuvolone, 1977) [4-17]

Sample Surface treatment Outgassing rates
1073 Torr- L /(s-cm?)
H, H,O CO A CO;

A Pumped under vacuum for 75h 670 430 65 --- 10
50 h vacuum bakeout at 150 °C 290 13 45 --- 03
B 40 h vacuum bakeout at 300 °C 62 05 17 -.- 001
C Degassed at 400 °C for 20hinavacuum furnace(5x 14 0.2 033 0.12 0.08
102 Torr)
Degassed a 800°C for 2h in a vacuum furnace 2.7 --- 005 --- 0.04
(5%x10~°Torr)
D Exposed to atmosphere for 5 months pumped under --- 55 50 .- 10
vacuum for 24 h.
20 h vacuum bakeout at 150 °C 25 ... 006 --- 0.03
2h. inair a atmospheric pressure at 400 °C 3 .- 084 --- 03
E Exposed to atmosphere for 5 months, pumped under --- 60 52 ... 25
vacuum for 24 h.
20 h vacuum bakeout at 150 °C 13 056 028 --- 013
F 20hin oxygen at 200 Torr at 400 °C 450 190 - 92 ...
20 h vacuum bakeout at 150 °C 39 007 03 038 ---
G 2hinoxygen at 20 Torr at 400 °C .- 15 10 65
20 h vacuum bakeout at 150 °C ... 067 048 034 ---
H 2hinoxygen at 2 Torr at 400°C .. 12 39 14

20 h vacuum bakeout at 150 °C 43 24 027 15



Fig. 4.13 SEM micrographs of the selected area of the belt-polished surface. (a) Area with wide

fissures, and (b) fissure containing dust (Yoshimura et a., 1990) [4-18]

Thebelt-polished surface had many fissures whose sizes and structures varied depending
on the area selected. SEM micrographs of high magnification revealed that some of the
fissures contained dust, in which alarge number of gas molecules (may be liquid or paste
state) must be trapped. SEM micrographs of selected areas of the belt-polished surface are
presented in Fig. 4.13 (a) and (b).

The buff-polished surface also has many fissures along the polishing direction, whose
sizes are smaller than those of the belt-polished surface. SEM micrographs of high mag-
nification also revealed some fissures containing dust. Such micrographs are presented in
Fig. 4.14 (a) and (b).

The microstructure of the EP surface was almost independent of the area selected. SEM
and BEM micrographs of the EP surface are presented in Fig. 4.15 (a) and (b), respectively.
There were no fissures on the surface. The BEM micrograph clearly shows the difference
among backscattering electron yields of individua crystal faces, which means the EP sur-
face was extremely flat, smooth, and clean.

(a) | (b)

Fig. 4.14 SEM micrographs of the buff-polished surface. (a) Typical area, and (b) fissure contain-

ing dust (Yoshimura et al., 1990) [4-18]
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(a) - (b)

Fig. 4.15 (a) SEM micrograph and (b) BEM micrograph of the EP surface (Yoshimura et d.,
1990) [4-18]

Elemental Features [4-18]
AES analysis was conducted for the as-received, buff-polished, and EP surfaces to clarify
their elemental features, by concentrating the interest on the O and C intensities.

AES spectra on the outer surfaces and AES depth profiles for sample surfaces were
analyzed using an Auger electron spectrometer (JAMP-30, JEOL Ltd.). An AES spectrum
and AES depth profile of the as-received surface are presented in Fig. 4.16 (a) and (b),
respectively. Those of the buff-polished and EP surfaces are presented in Fig 4.17 and 4.18,
respectively.

(a) (b}
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Fig. 4.16 (a) AES spectrum and (b) AES depth profile of the as-received surface. Sputtering con-
ditionswere asfollows: Sputter ion; Ar™, energy; 3keV, normal incidence. The sputtering rate was
unknown for the sample surfaces, though it was known as 10 nm/min for SiO, (Yoshimura et a.,
1990) [4-18]
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Fig. 4.17 (a) AES spectrum and (b) AES depth profile of the buff-polished surface. Sputtering
conditions: Sputter ion; Art, energy; 3 keV, normal incidence (Yoshimura et al., 1990) [4-18]

By comparing the spectra of Fig 4.16 and 4.17, one can recognize that the as-received
and buff-polished surfaces were almost the same in elemental features. Elemental features
of the EP surface, in comparison with the buff-polished surface, are as follows.

(1) The O intensity on the outer surface was much higher than that on the buff-polished
surface, which means that the oxide layer of the EP surface was finer in microstructure
than that of the buff-polished surface. The O intensity was reduced much more rapidly

(a) {b)
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> >
el S Ni el Fe
¢ d g
T | Cr Fe c
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0 200 400 600 800 1000 O 1 2
Kinetic energy,mV Sputtering time, min

Fig. 4.18 (a) AES spectrum and (b) AES depth profile of the EP surface. Sputtering conditions:
Sputter ion; Art, energy; 3keV, normal incidence (Yoshimura et al., 1990) [4-18]
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to anegligible level with sputtering, in comparison with that of the buff-polished sur-
face, which means that the oxide layer of the EP surface was much thinner than that of
the buff-polished surface.

(2) The C intensity on the outer surface was much lower than that on the buff-polished
surface; it rapidly reduced to zero with sputtering. The EP surface was cleaner than the
buff-polished surface, in respect of the C-based contamination.

(3) The Cr and S intensities on the outer surface were both higher than those on the buff-
polished surface, respectively.

Conclusions [4-18]

Microstructures and elemental features of the EP surface were investigated with SEM and
AES, respectively, in comparison with those of as-received, belt-polished, and buff-polished
surfaces. No fissures were observed on the EP surface by SEM. The oxide layer of the EP
surface was cleaner and thinner, and finer in microstructure than those of mechanically
polished surfaces. This is the reason why the EP surface showed an extremely low out-
gassing rate.

Tohyamaet al. (1990) [4-19] presented an article, “Outgassing characteristics of
electropolished stainless steel”.

Abstract [4-19]: SUS316L stainless steels, which have various contents of gas
and the amounts of nonmetallic inclusions, have been melted in various conditions
and rolled to plates. The sample of 8mm x 8mm x 1 mm were prepared from these
plates, and all surfaces were finally electropolished. The amounts of outgassing gas
by thermal desorption and the outgassing rate of H,, H»O, CO, CO; after baked at
1123K in avacuum of 10~/ Pawere measured by a quadrupole mass spectrometer.
The molecular amount of H, of all the samples was larger by 10-10? times, than
those of H,O, CO, CO, and there was no correlation between the H, molecular
amounts of outgassing by heating and the H, content in steel. But the outgassing
rate of H, was reduced with decreasing both the H, content and the amounts of
nonmetallic inclusions. Especially, the outgassing rate of H, was attributed to the
inclusions because the hydrogen was found to be entrapped by them on the elec-
tropolished surface. Clean steel, which has been produced in special clean melt,
showed two orders of magnitude lower in rate than normal steel. The outgassing
rates of CO and CO, were reduced with decreasing C content in steel.

Figure 4.19 shows an example of nonmetallic inclusion on the electropolished
surface.

Yoshimura et al. (1991) [4-20] studied the surface of a vacuum-fired (1050 °C)
stainless-steel plate using a SEM and an AES. “The grain boundaries of the surface
were vague and shallow, which occurred dueto elemental diffusion at high tempera-
turein vacuum (Fig. 4.20). AES spectraand AES depth profiles of the vacuum-fired
surface and the as-received surface were also measured, showing that the newly
formed oxide layer of the vacuum-fired surface is thinner, and can be said to be
higher in density than the nativelayer of an “as-received” surface (Fig. 4.21) [4-20]."

Tsukui et al. (1993) [4-21] investigated the two processes, el ectrochemically pol-
ishing and high temperature baking, and their combination in order to reduce the
outgassing rate of wall material. “The inner surfaces of the stainless-steel cham-
ber processed by two optimum ways to minimize its outgassing rate have been
characterized by means of surface analysis and measurements of gas-emission
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Fig. 4.19 Example of nonmetallic inclusion on the electropolished surface (Tohyama et al., 1990)
[4-19]

rate. It has been concluded that in order to accomplish an extremely high vacuum
(XHV; < 10~*2Torr), the inner surface should be electrochemically polished after
the complete baking of the material at 1300K [4-21]."

Moore (1998) [4-22] discussed the atmospheric permestion of an austenitic
stainless-steel wall. He claimed that the wall thickness of austenitic stainless stee,
now in common use in vacuum chambers, is based on an overestimate of permeation
of atmospheric hydrogen through the walls. “Actual room-temperature permeation
is estimated to be less than the accepted estimate by several orders of magnitude.
Thus, vacuum systems may be designed with substantially thinner walls, as thin
as they can be made to withstand atmospheric pressure. These in turn will permit
much simpler degassing procedures and the achievement of lower outgassing rates
in practice [4-22] "

Fig. 4.20 SEM micrographs. (a) As-received surface, and (b) vacuum fired surface (Yoshimura et
al., 1991) [4-20]
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Fig. 4.21 AES depth profiles. (a) Asreceived surface, and (b) vacuum fired surface. Sputtering
conditions were as follows. Sputter ion; Art, energy; 3keV, normal incidence. The sputtering
rate was unknown for the both sample surfaces, though it was known as 10 nm/min for SiO;
(Yoshimura et al., 1991) [4-20]

Moore (2001) [4-23] proposed and recommended thin-walled vacuum chambers
of austenitic stainless steel for reducing the time, effort, and cost needed to outgas
the chambers to reach the desired and specified vacuum level. Room-temperature,
single-sided outgassing rates for varioustimes and variouswall thicknesses are pre-
sented in Table 4.3 [4-23].

Table 4.3 Room temperature, single sided outgassing rates for various times and wall thickness.
Outgassing rates are for single sided outgassing. The equations correspond to those of Calder and
Lewin for two sided outgassing, and for twice the wall thickness. For t > 0.1d2D~1, where the
residual atomic hydrogen concentration is aquarter sine wave with peak at the air surface and zero
at the vacuum surface, then Q = 2coDd ~* x exp [—7?(2d) ~2Dt] where Q =outgassing rate, Torr -
L-s1-ecm=2; ¢o =initial uniform hydrogen concentration (= 0.3 Torr - L /cm® as given by Calder
and Lewin); D =room temperature diffusion coefficient=5x 10~ cm?/s,d =wall thickness, cm;
t =time under vacuum, seconds. The concentration may be reduced orders of magnitude by a high
temperature bake. Following the bake, the concentration has returned to a uniform distribution.
The subsequent outgassing rate is NOT constant, as commonly presumed, but follows the same
transient shape as the original, with zero time reset to the end of bake (Moore, 2001) [4-23]

Wall thickness Timeto begin Timeto reach outgassing rate of:

cm Exponential 10718 10715 10°Y T-L/(s-cm?)
0.0001 5.556h 7.51 11.84 16.15 days

0.001 23.15 days 147 2.65 3.83 years

0.01 2314.5 days 0.874 2.06 324 centuries

0.1 634.2 yr 2.83 14.7 26.5 millenia
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Nemani& and Setina (1999) [4-24] studied outgassing in thin-wall stainless-
steel cells. “The cells (wall thickness 0.15mm, A1SI304 and AlSI316) were used
to test the relation between thermal treatment and the resulting room-temperature
outgassing rate goyut- The cells were cleaned and baked in situ at about 205 °C for
about 16 h. The pressure rise was recorded by a spinning rotor gauge after seal off.
Theinitial pressure-rise slope at a H, equivalent pressure of about 10~> mbar was
in the order of goyt = 1 x 10~ mbar-L( Hz)-s™1-cm™2 [4-24]”

Eschbach et al. (1963) [4-25] conducted permeability measurementswith gaseous
hydrogen for various steels.

Abstract [4-25]: Diffusion coefficients and permeabilities of hydrogen in low-
carbon steel and chromium-nickel steels were determined and the effect of structure,
composition and ambient gas pressure investigated. From the measured diffusion
coefficients and permeabilities, the solubility of hydrogenin the various steels could
be calculated.

Nemani& and Setina (2000) [4-26] presented an article, “ Experimentswith athin
walled stainless-steel vacuum chamber.”

Abstract [4-26]: Two identical stainless-steel chambers (AlSI type 304, volume
12L) with uniform wall thickness (0.6 mm) were constructed. Each was equipped
with a miniature ion getter pump and spinning rotor gauge (SRG) thimble. They
were pumped down and initially degassed by a moderate bakeout (2.5h, 150 °C)
using a turbomolecular pump system. The gas accumulation method was applied
for the determination of qoy: and the total amount of released gases. A capacitance
manometer was used during bakeout but a SRG was applied after the chamber was
sedled off. The gout &t room temperature after initial bakeout was in the order of
>~ 3 x 10~ ?mbar-L/( cm? - s). SRG measurements of goyt at 50 °C over several
days showed a tendency of dlight decrease. The bakeout of the chamber was being
repeated at aduration of 72 h at 200 °C. The amount of rel eased hydrogen was much
smaller than expected, whereas the decrease of goy Was noticeable. In fact, it was
one tenth of the value before the bakeout. The results show the benefit of using a
moderately thin wall and agree with the model of recombination-limited hydrogen
outgassing from stainless steel.

Bernardini et al. (1998) [4-27] presented an article, “Air bake-out to reduce hy-
drogen outgassing from stainless steel”

Abstract [4-27]: Heating the raw material at 400 °C in air was suggested as a
money saving alternative to the classical vacuum heating at 950 ° C. We report the
results of hydrogen content analysis performed on stainless steel samples submitted
to different treatments, and also the measurement performed on the prototype tube
(1.2 m-diameter, 48 m-long). We concluded that air bake-out drives out most of the
hydrogen absorbed in the bulk stainless steel, while the presence of the oxide layer
does not reduce the hydrogen outgassing.

| shikawaand Nemani¢ (2003) [4-28] presented an article, “An overview of meth-
ods to suppress hydrogen outgassing rate from austenitic stainless steels with refer-
ence to UHV and extremely high vacuum (EXV).”
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They concluded as follows:

“Severa papersin this field show constant interest to prepare material with the
lowest gout, Whichin turn would simplify the pathto UHV and EXV. Theimpression
is that the driving force for investigationsis not just the achievement of the lowest
ultimate pressure, but simply cost effective solutionsin relation to several applica
tions of UHV. Such solutions always require some compromise between possible
issues [4-28].

“The achievement of moderate values of qoyt = 1 x 10 ¥mbar-L -cm=2. s71
can be obtained today quite routinely, neglecting the true rate-limiting mechanism.
To go beyond this limit, much longer processing time is required to outgas the ma-
terial than has been usually stated. Among the engineering solutions to overcome
the problem of a high goy, a different constructional concept of reducing the wall
thicknessto the limit of structural integrity seemsto be the simplest one. In conven-
tional chamber design, a well-controlled adlayer formation, like dense Cr oxide or
TiN, seems to be the most promising [4-28]

Zgjec and Nemani€ (2005) [4-29] presented an article, “Hydrogen pumping by
austenitic stainless steel.”

Abstract [4-29]: In the present study, hydrogen sorption and desorption kinetics
close to equilibrium were investigated in a pinched-off AlSI 316 steel cell by asen-
sitive pressure-rise method. The pressure was monitored with a spinning rotor gauge
(SRG) just before the pinch-off and after it for 6 months at two stabilized temper-
atures: 25°C and 50 °C. The preprocessing of the cell (of uniform wall thickness
0.15mm volume 125cm?, and inner surface 460cm?) consisted of baking at 200 °C
for 109 h with several evacuation cyclesto ultrahigh vacuum (UHV). The quantity of
released hydrogen during the bake-out procedure equal ed the average concentration
change AC = 2.8 x 10%" at. H/cmd. After the pinch-off intentionally donein the high
vacuum range where hydrogen represented the residual atmosphere, surprisingly
the hydrogen pressure slowly declined from theinitial p(328K) = 3.7 x 10~*mbar,
with an initial rate dp/dt = —5.5 x 10~ !mbar/s and later attained a stable value,
which could be termed the equilibrium. In similar reported experiments, where
valving-off beganin the UHV, thedp / dt was always positive and constant over sev-
eral orders of magnitude in pressure. During 6 months of measurements, a sudden
temperature jump from 25 °C to 55 °C or back was applied a few times to investi-
gate the stability of the equilibrium or the impact on the pressure course. The most
plausible explanation of theresultsis given along with discussion whether hydrogen
permeated through the cell wall or if it was absorbed in the cell wall.

Aluminum Alloy, Copper and Titanium

Tsukahara(2000) [4-30] reviewed outgassing rates of various metals (stainless steel,
aluminum all oy, copper and copper alloy, and titanium) pretreated with varioustech-
nologies. Yoshimura (2003) [4-31] reviewed some articles and listed many articles
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on surface treatments for various kinds of metals (stainless steel, aluminum alloy,
copper and copper alloy, and titanium) for ultrahigh-vacuum system construction.
Recently, metals other than stainless steel, such as aluminum alloy and titanium,
were investigated as construction materials for ultrahigh-vacuum systems.
Aluminum aloys clearly have advantagesthat they arelight in weight and can be
machined easily. So, many large chambers for film formation systems are recently
made of aluminum alloys.

Sato et al. (2002) [4-32] presented an article, “Anodized film for vacuum equip-
ment. Their research intends to create the suitable protective layer on aluminum
alloy for semiconductor processing systems.

Abstract [4-32]: We developed new methods for anodizing aluminum surfaces
of plasma process chambers, one in sulfuric acid, and another in oxalic acid, in or-
der to reduce particulate generation. The anodized films show a lower density of
cracks than conventionally anodized films even after exposing to high temperature.
Therefore, they have a better performance of small number in particulate. Analysis
by X-ray diffraction, scanning electron microscopy, infrared spectroscopy and elec-
tron probe microanalysis reveals that both films are amorphous and that a cracking
mechanism depends on the electrolyte and anodizing process. It is aso found that
number of cracks and total amount of outgassing increase after sealing process.

Figure 4.22 shows the cross-sectional scanning electron micrographs of newly
developed anodized films.

Aluminum alloys are preferred materials for the vacuum system of electron
storage rings because of their low residual radioactivity. Many reports on glow-
discharge cleaning for aluminum alloys have been presented.

The gaskets of the International ConFla® flange (ICF), which are widely used
in ultrahigh vacuum systems, are made of oxygen-free copper. It has been reported
that ESD and PSD of oxygen-free copper are very low.

Titanium plates are exclusively used as the cathodes of sputter ion pumps. Out-
gassing of titanium (thermally-stimulated, electron-stimulated and photon-
stimulated desorption) is considered to be very low.

Permeation Through Elastomer Seals

Viton O-rings (fluoroelastomer) and Kalrez O-rings (perfluoroel astomer) are selec-
tively used as seals in the high-vacuum system of an electron microscope. Water-
vapor moleculesin the atmosphere permeate el astomer seal s such as Viton O-rings,
and as aresult, H,O molecules become the main residual gas in high-vacuum sys-
tems using elastomer seals [4-38].

Csernatony (1966) [4-33, 4-34, 4-35, 4-36] and Csernatony and Crawley (1967)
[4-37] presented various propertiesof Viton-A elastomersbased on his experimental
results.
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Fig. 4.22 Cross-sectional scanning electron micrographs. (a) Newly developed anodized film
(A6061) in sulfuric acid. (b) Newly developed anodized film (A5052) in oxalic acid. (c) Newly
devel oped anodized film (A6061) in oxalic acid (Sato et a., 2002) [4-32]
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Csernatony and Crawley (1967) [4-37] reported the practical application of Vi-
ton O-ring seals in high vacuum. “The importance of preventing atmospheric per-
meation |eads to the adoption of double O ring seals, with an evacuated interspace,
as an alternative to all-metal gaskets. When using double O ring seals, pressure of
about 10~1° Torr can readily be reached, with very low organic contamination levels

[4-37])”

Yoshimura (1989) [4-38] presented the data on water vapor permeation through
Viton O-ring seals.

Water Vapor Permeation Through Viton O-ring Seal§4-38]

The experimental setup is shown in Fig. 4.23. A stainless-steel test dome (TD) with a
guadrupole mass spectrometer (MS, Anelva Ltd.) and Bayard-Alpert gauge (BA1) is evac-
uated with the first pump (DP1, Diffstak 100/300, 280L/s, Santovac-5, Edwards Ltd.) fol-
lowed by the second one (DP2, 2.5in., Santovac-5). A thick Viton O ring (Co-sedl, 4in.,
Edwards Ltd.) isfitted between TD and DP1. BAlissealed with asmall Viton O ring, P-14
(Mitsubishi CableIndustries Ltd.). MSis sealed with a copper gasket. The following experi-
ment (experiment A) was performed in summer for about one month. The room temperature
and humidity during the period were about 25 °C and 75% on an average, respectively. The
pumping system had been already running for several months before the experiment was
started.

The TD including MSwas first baked (about 100 °C, 3 days) in situ under high vacuum.
The bakeout temperature of the Co-seal was guessed to be nearly 50 °C. Both BA1 and MS
were switched on (emission current, 1 mA) when baking was stopped, and never switched
off during the long experiment period to avoid the adsorption and desorption effect which
occurred if they were switched on and off. Another gauge BA2 was intermittently switched

DP1

Fig. 4.23 Experimental setup. A thick Viton O ring (Co-sedl, 4in.) is used between the test dome
(TD) and the first diffusion pump (DP1, Diffstak 100/300). In experiment B, Diffstak of DP1
was replaced by another diffusion pump (4in.) with a cold cap and a water-cooled chevron baffle
(Yoshimura, 1989) [4-38]
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Fig. 4.24 Residual gas spectrain experiment A: (1) on the second day after baking and (2) on the
29th day (Yoshimura, 1989) [4-38]

on only when the intermediate vacuum was to be checked. The residua gas spectrum was
recorded only intermittently.

Mass spectra on the 2nd day and 29th day after baking are shown in (1) and (2) of
Fig. 4.24, respectively. Hydrocarbon peaks decreased in the first few days, and were kept
in minimum levels. On the other hand, the H,O peaks [masses 17 (OH™), 18 (H,0™), and
19 (H3O™)] were kept almost constant in the first several days, and then increased gradually
until saturated. The increasing H,O pressure was reflected on the total pressure. The O,
peak (32) aso increased with pumping time until saturated. The H, peak (2) increased
dlightly with time. Other atmospheric gases, CO and N (28), Ar (40), and CO, (44), on
the other hand, did not increase in peak amplitude with time. The rise of the total pressure
(P ), H20 pressure (17, 18, 19), and O, pressure (32), as a function of pumping time, are
presented in Fig. 4.25.

Chernatony (1977) [4-39] reviewed the recent advancesin elastomer technology for
UHYV applications.

Abstract [4-39]: The advances made in vacuum-oriented el astomer performance
during the devel opment of the latest UHV compatible elastomer (Kalrez) are briefly
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Fig. 4.25 Pressure-rises with pumping time in experiment A. Total pressure P, and pressures of
masses 17 and 18 are read by the ordinate of the |eft-hand side, and pressures of 19 and 32 by the
ordinate of the right-hand side (Yoshimura, 1989) [4-38]

reviewed by correlating their chemical character with the physical characteristics of
relevance to UHV technology. Total pressure and mass-spectral data on the degra-
dation characteristics of Kalrez and of the latest Viton (E60C) shows the superior
performance of the first and establishes it from this point of view to be in a class of
its own for UHV-oriented applications.

Peacock (1980) [4-40] described the practical selection of elastomer materials
for vacuum seals, intending to introduce some of the considerations involved in
choosing vacuum seals to the vaccum worker. “ Early reports on the new perfluoroe-
lastomer Kalrez have shown problemswith compression set and adhesion, but these
difficulties may have resulted from improper groove design. Outgassing rates for
unbaked and baked polymers are summarized from many references. Permeation
datafor various polymers and gases are also reported [4-40]
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Table 4.4 Outgassing rates for unbaked and baked polymers in Torr-L -s~1. cm~2 (Peacock,
1980) [4-40]

Polymer Unbaked, 1 h pumping Baked, ultimate References
Fluoroel astomer 4x107-2x 1075 3x1011-2x10°° 3,5,6,7,8,9 10,15
Buna-N 2x107-3x 107 - 1,11
Neoprene 5x105-3x 104 - 1,10, 12
Butyl 2x106-1x10° - 1,10
Polyurethane 5x 107 - 10, 11
Silicone 3x1062x10° - 10, 12, 13
Perfluoroelastomer 3% 10~° 3x10°1-3x10710  4,14,15
Teflon 2x1078-4x10°° - 1,5,9, 11,12, 16
KEL-F 4x10°8 35x10°10 1
Polyimide 8x 1077 3x 1071 8

Outgassing [4-40]

Since the elastomer seals in many vacuum systems are a major contributor to the gas load,
consideration of outgassing and its reduction is important. Table 4.4 shows the range of
outgassing ratesin the literature for unbaked polymer seal materials after one hour of pump-
ing, and for baked elastomers where values could be found. The data for baked elastomers
demonstrate that it is possible to reach very low outgassing rates under good conditions.

Per meation [4-40]

It is often difficult in practice to separate the effects of diffusion, permeation, and out-
gassing. With polymer materials most observed outgassing is actually gas diffusion from
the interior of the sample. Numerous authors [2, 17, 18, 19, 20, 21] have discussed perme-
ation and diffusion in polymers, and interested readers are referred to the literature. If the
discussion is restricted to the equilibrium case, the permeation rates can be compared for
the various gases and polymers of interest. In this simple case, the rate of gas permestion,
Q, in sccm/s through a diffusion barrier is:

Q=KA(PL—P,)/d,

where K is the permeation constant insccm- s~1- cm=2- cm-atm1, A is the area of the
barrier in cm?, Py is the high side pressure, and P; is the low side pressure in atmospheres,
and d is the barrier thickness incm. Of the various units used in the literature, these are as
common as any, and aid in comparing results of various authors.

Table 4.5 contains permeation data for some polymers. The references contain infor-
mation for many other polymers. Two examples can illustrate the practical importance of
permeation. Probably anyone who has leak tested a vacuum system using O-rings has ob-
served the leak signals due to permeation. Permeation can be a serious annoyance at times,
for example when the test object is “bagged.” It is difficult to tell aleak from permeation
unless the helium can be masked away from the elastomer seals. If asignal is observed in
less than a minute after exposure to probe gas, it is usually aleak. A signal which starts
after aminute and slowly increases may be considered to be permeation.
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Table 4.5 Permeation data for various polymers and gases [2, 3, 22, 23, 24, 25]. The temperature
range is 20°C-30° C. The unitsare sccm-s - em=2. cm-atm~1. 1scems—1(atm- cm®-s71) =

100 Pa- L /s(Peacock, 1980) [4-40]
Polymer Helium (K x 108)  Nitrogen Oxygen Carbon diox- Water
(K x 10%) (K x10%) ide(K x10%) (K x10%)
Fluoroelastomer 9-16 0.05-0.3 1011 5.8-6.0 40
BunaN 5.2-6 0.2-2.0 0.7-6.0 5.7-48 760
Buna-S 18 4.85 13 94 1800
Neoprene 1011 0.8-1.2 34 19-20 1400
Butyl 5.2-8 0.24-0.35 1.0-1.3 452 30-150
Polyurethane - 04-11 1.1-3.6 10-30 260-9500
Propyl 7 20 90 -
Silicone - - 76-460 460-2300 8000
TEFLON - 0.14 0.04 0.12 27
KEL-F - 0.004-0.3 0.02-0.7 0.04-1 -
Polyimide 1.9 0.03 0.1 0.2 -
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Yoshimura(1985) [4-41] measured net outgassing rates K (t) per unit surface area of
typical nonmetallic materials after t—hour evacuation, measured by the differential
pressure rise method. The dataare summarizedin Table 4.6. (For the principleof the
differential pressure rise method, see the next Section on “Methods for Measuring

Outgassing Rates.)

Table4.6 Outgassing ratesK (t) (Torr-L-s%- cm™2) of typical nonmetallic materials after t—hour

evacuation (Yoshimura, 1985) [4-41]

Materials, conditions, pretreatments

Elastomers:

Natural rubber, thick

Nitril, O-ring

Nitril, O-ring, vacuum bakeout (100 °C, 3h)
Viton, O-ring

Viton, O-ring, vacuum bakeout (100 °C, 3h)
Viton, O-ring, exposed to dried air (0.5 h) fol-
lowing vacuum bakeout (100 °C, 3h)
Plastics:

Polyvinylchloride, thick

Electron microscope film

Teflon, O-ring

Teflon, O-ring, vacuum bakeout (100 °C, 3h)
Tefron, exposed to dried air (0.5h) following
vacuum bakeout (100 °C, 3h)

Ceramics:

Alumina, stick, porous

Alumina, stick, porous, vacuum bakeout
(200°C, 3h)

Alumina, stick, porous, exposed to dried air
(0.5h) following vacuum bakeout (100 °C,
3h)

Alumina, stick, fine

Steatite, stick

Stestite, stick, vacuum bakeout (100 °C, 3h)
Steatite, stick, exposed to dried air (0.5h) fol-
lowing vacuum bakeout (100 °C, 3h)

Outgassing rates K(Torr - L -s~1. cm=2)

10'°K(3)

32000
4500
3.0
4000
0.6

80

18 000
15000
25
0.07
0.4

300
0.3
50
0.12

90
04

10'°K(7)

23000
2300
12
2000
0.3

20

7 500
2500
4
0.005
0.02

60
0.05

0.02

0.015
0.04

10'°K (10)

20000
2000
0.9
1600
0.18
15

5000
800
15
0.003
0.01

40
0.04

0.8

0.01

0.01
0.03
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Evaporation

Vapor pressure datafor typical elementsisimportant for obtaining an ultrahigh vac-
uum with the bakeout treatment. Some elementsof construction material might evap-
oratewith aconsiderablerate at high temperatures. When ascrew made of brass con-
taining Zn is degassed at high temperature around 300 °C (573K), zinc (Zn) shows
about 102 Torr of vapor pressure, causing atrouble. If ascrew of brassisbombarded
with high-energy el ectrons, atrouble may occur dueto evaporation of zinc.

Honig (1957) [4-42] presented an article, “ Vapor pressure datafor the more com-
mon elements.”

Summary [4-42]: The most recent data available concerning vapor pressures,
melting and boiling points, and heats of sublimation have been selected, tabulated,
and plotted for 57 elements, many of which are of special interest to workersin the
fields of electronics and high-vacuum technique. It has been found convenient to
present vapor pressure data graphically as plots of logp (mm Hg) versuslog T (K),
and also to tabulate the absolute temperatures for fixed pressures. This collection
contains data published or available before March 1, 1957.

Figures 4.26 and 4.27 present the vapor pressure data in graphica form. The curves
were placed on two separate sheets in such a way as to minimize interference. The circle
point shown on most curves is the melting point. Where the melting point falls outside the
pressure range of the graph, the letters “s” (solid) or “1” (liquid) have been appended to the
chemica symbol [4-42].
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Fig. 4.26 Vapor pressure curves for the more common elements (1) (Honig, 1957) [4-42]
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Fig. 4.27 Vapor pressure curves for the more common elements (2) (Honig, 1957) [4-42]
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VAPOR PRESSURE - ATMOSPHERES

Engineerswho engage in designing high-vacuum systems of instruments must often
estimate the outgassing rates of some new materials or newly pretreated materials.

Dayton (1959) [4-1] measured outgassing rates of various materials using an

apparatusin which two pumping speeds can be selected (Fig. 4.28).

VG-1A

1I5mmiD.

Sample

Fig. 4.28 Modified Zabel apparatus (Dayton, 1959) [4-1]
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Schram (1963) [4-7] presented an article, “ Ladésorption sousvide”, in which an
interesting apparatus for measuring outgassing rates and a systematic error due to
using two gauges are described in details.

The measurement apparatus used by Schram (1963) is shown in Fig. 4.29.

A sample was loaded in Chambre 1 and the outgassing rate of the blank chamber
are used as a blank-run data. However, using two gauges (Manométre 1, 2) caused
big errors in measured outgassing rates. When two gauges are used the relative
calibration between the two gauges must be carried out after exposing the gaugesto
the atmosphere. For this purpose an isolation valve is necessary to make the vacuum
field of unity pressure.

Several methods for measuring outgassing rates have been proposed to reduce
errorsinvolved. They arethe differential pressure-rise method by Yoshimura (1985)
[4-41], the variable conductance method by Berman et a. (1971) [4-43], the con-
ductance modulation method by Terada et al. (1989) [4-44], and the new two-point
pressure method (2PP method) and the one-point pressure method (1PP method) by
Yoshimuraand Hirano (1989) [4-45]. The new 2PP method and the 1PP method are
obtained by simplifying the three-point pressure method (3PP method) developed
by Hirano and Yoshimura (1986) [4-46].

When one measures the outgassing rates of sample material inserted inside avac-
uum chamber, one must eliminate the error due to the outgassing rate of chamber
walls and the pumping function of the ionization vacuum gauge used. The differ-
ential pressure-rise method presented by Yoshimura (1985) [4-41] has an outstand-
ing advantage that the error due to chamber walls and the vacuum gauge is much
reduced.

Manomeétre 1 Manometre 2

d—’__,
Q_

Chambre 1! Chambre 2

Farvitron 1 Farvitron 2

Manométre

({ <§<ij<-[ 70 (| Baffle refrigéré

\,
Drag i,

[~

RN

———— Vanne

|

Groupe de pompage

Fig. 4.29 Mesure des taux de desorption (Schram, 1963) [4-7]



Methods for Measuring Outgassing Rates 159

Differential Pressure-rise Method [4-41]

Principle [4-41]

Figure 4.30 (a) show the test-dome system schematically, where both test domes, TD1 and
TD2, are made of homogeneous glass, including greaseless cocks C1 and C2. TD2 with a
sample with surface area As hasits volumeV, and area Az, both of which are much smaller
than volume V; and area A; of the empty dome TD1, respectively. Typical pressure-rise
curves in measuring procedures are presented in Fig. 4.30 (b).

The test-dome system with a sample is evacuated to a high vacuum. After an evacua
tion timety, the cocks C1 and C2 are sequentially handled to measure a pressure-rise rate
(dP/dt); at areference pressure P; for a combined domes of TD1 and TD2 including the
sample and another rate (dP / dt), at the same pressure P; for the empty dome TD1, as
shown in Fig. 4.30 (b). The total time required to measure the successive two pressure-rise
rate, (dP/dt)1 and (dP/dt)s, is only a few minutes, which is negligibly short comparing
with the evacuation timet;. This process is repeated after scheduled evacuation timest, t3
and so on.

Denote net outgassing rates per unit surface area of the domes TD1 and TD2 at a ref-
erence pressure P; for the measurement of (d P/dt)1 as g11 and gz, respectively, and a net
rates per unit surface area of the domes TD1 at P; for the measurement of (dP/dt), as
g12. And denote pumping speeds of the vacuum gauge (VG) at P, for the measurements

(a)
I VG
C1 ﬂ : J c2

TDUVy » Ay) TD2(V,.A,]
Sample-
(Ag)

(b}
C1 opened

(dP/dt),

C2 closed Pr

Pressure

Clclosed

i g J ~C1 closed

Time

Fig. 4.30 Differentia pressure-rise method. (a) Test-dome system, and (b) procedures for mea-
suring (dP/dt); and (dP/dt),. C1, C2: cock, VG: vacuum gauge, |: gas inlet. Parameters are:
V; = 0.6L, V> = 0.06L, A; = 1000cm?, A, = 100cm? (Yoshimura, 1985) [4-41]



160 4 Outgassing

of (dP/dt); and (dP/dt)2 as Sg1 and Sy, respectively. Then, the following equations are
obtained:

dP
(V1+Va) < dt ) = Qs +0qu1A1 +021A2 — P S, (4.14)
1

dp
Vi < dt ) = (12A1 — PrSq2, (4.15)
2

where Qs isthe net outgassing rate of the sample at P;.
Assume that q11 = Q21 = 12 = q and Sg1 = Sg2 = Sy, then Eq. (4.14) and Eq. (4.15)
reduce to

Vave) (p ) = Qs (A +A)a- Py, (a16)
1

dP
Vi < q ) =A10- P Sy, 4.17)
t/ o

respectively. The assumption introduced above would be acceptable because the histories
of both domes under vacuum would almost the same with each other and the same gauge
VG is used for measuring the pressure-rise rates (dP/dt) and (dP/dt)o.

When the left-hand side of Eq. (4.14), (V1 +Vz) (%’t’)l is calculated as Qs, as usually
done in conventional pressure-rise methods, alarge error isinvolved due to the outgassing
of both domes and the pumping function of the gauge VG.

Now, the outgassing rate Qs can be calculated more accurately by two differentia meth-
ods, as described below.

Method 1:
The following equation is derived from Egs. (4.16) and (4.17):

dP dP

e () vy ), Qs A @19
1 2

That is, Qs is calculated from the left-hand side of Eq. (4.18), though an error Ayq, the

outgassing rate of TD2, isinvolved in the calculated value. The error Ayq is much smaller

than the error involved in the value conventionally calculated from the left-hand side of

Eq. (4.14).

Method 2:
The following equation is derived from Egs. (4.16) and (4.17):
dp Ar+A; (dPY Az
(V1+V2) (dt )l—Vl AL (dt )zst—&-PrSgAl. (4.19)

That is, Qs is calculated from the left-hand side of Eq. (4.19), though an error P SgA> /A1
due to the pumping speed of VG is involved in the calculated value. The error PSy ﬁi

becomes small because the ratio A2/A1 issdlected as small as0.1.

Now, compare the errors involved in the values Qs calculated by the two differential
methods described above.

The parameters related to the errors are: A;, 1000 cm?, Ap, 100cm?; P;, 10~8-10-3
Torr; g, 107 17-108Torr-L-s~1. cm~2. A Bayard-Alpert (B-A) gauge with an emission of
0.5mA was used to measure pressure-rise rates. The pumping speed Sy of the B-A gauge has
been estimated as about 0.01 L/sas described later (see Yoshimura, 1970 [6-12] in Chap. 6).
Therefore, the error A,q involved in the value Qs calculated by the method 1 is estimated
as107°-10"8Torr - L - s72, while the error PSq ﬁi involved in the value Qs calculated by

the method 2 is estimated as 10~ 11-10-8 Torr- L - s1. Asaresult, the method 2 is superior
to method 1 from the view point of error.
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Estimation of the Characteristic Values Px and Kg of a Solid Material [4-41]
The net outgassing K per unit surface area of a solid material could be expressed as

K=Ko(1-P/Ry). (4.44)

The characteristic values, internal pressure Px and free outgassing rate Ko per unit sur-
face area of a solid material depend on the history of the solid under vacuum. The val ues Py
and Ko could be estimated by two different K values, K; and K, measured at two different
pressures P; and P, as

Px = (K1iP, —KoPy) /(K1 — K2), (4.45)

Ko = (PiKz — P2Ky) /(PL— P2). (4.46)

The characteristic values Py and K of Viton O-rings at a certain condition were
estimated using two different K values measure at two different pressures.

Variable Conductance Method [4-43]

Berman et a. (1971) [4-43] presented an article, “ Corrections in outgassing rate
measurements by the variable conductance method.”

Theory [4-43]
The genera disposition of the system to measure the outgassing rate by the variable con-
ductance method is shown in Fig. 4.31.

If the permeation through the walls of the chamber 11 and the leak in the same chamber
are negligible and no temperature gradient exists between the two chambers, the equations:

Q1—S1p1 =C(p1—p2) (4.20)

G2

I l Q2

I
G1*—-—! C
M

P1 Py T

T pp |

| |
Fig. 4.31 Sketch of the measuring system. M, material; Q1, outgassing rate of M (The outgassing
rate of the walls of chamber | is negligible); Q,, outgassing rate of the walls of chamber Il; Gy,
Gy, ionization gauges; S1, S», pumping speed of the gauges G; and Gy; C, conductance of aperture
adjustabl e to achieve different conductances; pz, p2, pressures in chamber | and 11, respectively; S,
pumping speed of the system; D.P, duffusion pump (Berman et d., 1971) [4-43]
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Q1 —S1p1+ Q2 = p2S2 + p2S (4.21)

describe the system when the equilibrium pressure isreached. Further, if Q1(Torr-L/s) and
C (L/s), the pressures in chamber | and Il may be written:

1 Q1
p1= 14 Scl ( c + pz) (Torr) (4.22)
—Sypy+
pp— A S-l&-pslz (7o) (4.23)

From Egs. (4.20), (4.21) and (4.23) the normalized equation

1 (Q1+Q1+Q2

Tregeg, Lo e

P1 ) (Torr) (4.24)

is obtained.
Let us assume that:

(8 theoutgassing rate (Q2) of thewallsif the chamber Il is so chosen as not to obscure the
outgassing rate (Q1) of the material, and both (Q1) and (Q2) remain constant from the
beginning of the evacuation of the system until the end of the measures.

(b) thevaue of the conductances is so chosen as to lead alwaysto aratio %1 <0.1

(c) the pumping speed of the gauges (S1, S2) is at least two orders of magnitude less than
the pumping speed (S) of the system, and Sy, Sp and S are constant in time.

In the light of these assumptions, Eq. (4.24) becomes:

p1=0Q1 <(l: + :SL) . (Torr) (4.25)

Employed by Oatley [1] to determine the speed of avacuum pump, Eq. (4.25) represents
astraight lineinap; and 1/C system of axes (1, Fig. 4.32).
The line intersects the axes at:

torr

GIT
Lk

/¢, sec/slit

h R
5

Fig. 4.32 General (2) and particular (1) aspect of Eq. (4.24). Pressure p1 is supposed to be obtained
at the same moment for different values of 1/C (Berman et al., 1971) [4-43]
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m:;:mwm1éw
1 1
c= s when p; =0.

Its dope reads the value of the outgassing rate Q;.

If al the assumptions made before remain unchanged, besides the values of the conduc-
tances, chosen thistime so as Scl > 0.1, Eq. (4.24) will represent acurve (2, Fig. 4.32). The
tangent at any point to this curve will show alower slope, than the slope of the straight line,
hence at lower outgassing rate.

Comparing Egs. (4.24) and (4.25) it is obvious that the expression

<P<Sl>— 1
- S S
C 1+ 2 + 6%,

which differentiates them from each other is responsible for bending the line (1) to the
curve (2) (Fig. 4.32).
S1

The importance of ¢ ( P ) may be clearly pointed out if its variation as a function of

(%)smmwuﬁg4sa

From the graph in Fig. 4.33 it results:

—for the same values of the ratio Scl [0} (%) depicts more curvature the higher the
pumping speed of the gauge (S1, S2).

—uvariations of the pumping speed (S) over a large range of orders of magnitude
(10 - --10% L/s) does not influence the aspect of the curve.
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Fig. 4.33 Variation of ¢ (%) as afunction of Scl . Caculated values (Berman et al., 1971) [4-43]
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Therefore, thelarger the valuestheratio f:l takes, the more bent-down line (2) (Fig. 4.32)
would be, and the smaller the Slope at any point of the curve would be in comparison with
the straight line (1).

If the value of ¢ (%1) is known for different values of C, the curve Eq. (4.24) may be
easily corrected to the straight line Eq. (4.25) and consequently the outgassing rate deduced.

Thevaueof ¢ Scl can be obtained without knowing any characteristics of the vacuum
system employed. The differentia of Eq. (4.24) givesthe slope for the values of C for which:

dpr Q1—sti152
d(1/c) ~ (1+Sl+ S >2. (4.26)
¢ Tsis,

Taking dfl’}(l:) = Q) and Q1 — S1p1 = C(p1 — p2) = Q; and substituting in the first part
of Eq. (4.24) p;1 with the value given by (4.24)

S
Q1—Q2 S+:L32

- S1 S1
1+ 2 +43%,

Q: . (Torr-L/s) (4.27)

Bothin Egs. (4.26) and (4.27) Q2 silsz may be neglected on account of the assumptions
accepted before. Then:

, (Torr-L/s) (4.28)
] Q1

S S
(] 1 1)

Equalizing Q1 (4.28) and (4.29) it results:

((Torr-L/s)) (4.29)

S1 S1 Q;
1 =3
Tctsis, Q)
Q'1 may be calculated for a certain value of C from Eq. (4.20) when p; and p, are known.
Q'1 may be measured from the slope of the tangent to the curve at the selected value of C.
Calculating ¢ f:l for the conductances employed and multiplying the corresponding

values of p; with the values found this way, a straight line will be found. The slope of this
line shows the real outgassing rate.

If the characteristics of the vacuum system are known, namely, S, S; and S, ¢ (%) may
be easily calculated.

Conductance Modulation Method [4-44]

Terada et al. (1989) [4-44] presented an article, “ Conductance modulation method
for the measurement of the pumping speed and outgassing rate of pumpsin ultrahigh
vaccum.”



Methods for Measuring Outgassing Rates

Principle [4-44]

Figure 4.34 shows the outline of the vacuum system considered in thisanalysis. The system
consists of a chamber, a pump, and an orifice system inserted between them. The conduc-
tance of the orifice system is changed from Cx to Cg by the operation from outside of the
vacuum chamber. The pumping speed Sp at the entrance of the orifice system corresponding
to Sp isgiven as acombination of Sp and Ca,

1.1 1

Sn = Ca + 5o’ (4.30)
for Sg,

1.1 1

Ss Cs @ Sp’ (431)

These equations are approximate expressions because we have neglected a small correction
for the difference in the diameter at the joint between the orifice assembly and the pump.
The accurate equations are given in the previous publication [1]. The pressure Py in the
chamber pumped through Cp is

Qi Qw  Qp
Pam g+ o o (4.32)
= S‘ + Pao. (4.33)
A

Here Pag is the ultimate pressure in the test dome evacuated through the orifice system
A. The similar relation also holds for Ps. If Qj, Qw, and Qp are constant during the process
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of the CM method, the following relation is obtained:

Fig. 4.34 Gas baance in
UHV system. Sp: Intrin-

sic pumping speed. S*: Net
pumping speed. Qy : Out-
gassing rate from the wall.
Qp: Outgassing rate from the
pump. Q;: Gas admission rate
from outside of the system.
Ca: Conductance of the orifice
system (Terada and Okano,
1989) [4-44]
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(Pa—Pao) _ Ss.

(P —Poo) ~ Sa’ 439
here Pag and Pgg are the pressures measured at Q; = 0. The values of Sg, Sa, and Sg are
obtained by using Egs. (4.30), (4.31), and (4.34). Figure 4.35 shows schematically the pres-
sure changes during the conductance modulation at finite Q; and Q; = 0. Q;: Gas admission
rate from outside of the system.

The difference of the pressures Pag and Pgp at Q; = O relatesto Qy asfollows:

Pao —Pao = (S]/; - St;) Qw- (4.35)

The value of Qp iscalculated from the known value of Qy as

Qp = <PA0 - (gw ) Sp. (4.36)
A

The calculations described above assume that Sp is constant for the pressures ranging from
Pao to Pa. In case this assumption is not valid, the value of Sp obtained from Eq. (4.30),
(4.31), and (4.34) means an averaged value in this pressure range. If we are interested in the
variations of Sp at itsoperating pressures, Sp at specific pressure can be determined from the
pressure differences, AP» and APg, corresponding to the small increment of Q;, AQ;. This
procedure is equivalent to the substitution of APy and AP for (Pa — Pag) and (Ps — Pgo) in
Eq. (4.34), respectively. For small enough AQ;, Sp at specific pressure is obtained as

_ CaCs (AP — APy)

Sp= CaAPs —CgAPs (437

The net pumping speed S* is obtained from the relation about the combination of the
combination of the conductance with S* and the steady flow condition. We define S; and
Sg as the net pumping speeds at the entrances of the orifice system A and B, respectively.
Similar to Egs. (4.30) and (4.31), S; and S; are expressed as

1.1 1
5 ¥ e (4.39)
1.1 1
5 ¥ e (4.39)

We obtain the relation between S, Si, Pa, and Pg from the steady flow condition as

Q; +Q,+Qp
Ps
P

Fig. 4.35 Model of the
changes of pressure in the Pa Pa
chamber during conductance
modulation process: (—) with Pso Q=0
admission of finits Q;; (---) . i P

Qi = 0 (Terada and Okano,
1989) [4-44] time
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Pn  Sg
Ps  Si
The value of S* is calculated from Egs. (4.38), (4.39), and (4.40) in the same way as Sp.
At Q; = 0, we can obtain S* at ultimate pressure of the system S by substituting Pag and

Pgo into Eq. (4.40). Thisisan important feature of the CM method.
The scheme of the CM method is summarized as follows:

(4.40)

(1) S*isdetermined from theratio of P4 and Ps.

(2) Sp isdetermined from theratio (Pa — PAO)/(PB — Pgo). The obtained Sp isthe averaged
value for the pressures at conductance modulations.

(3) Sp at specific pressure can be obtained for small enough AQ; by using (4.37).

(4) With the measured values of Sp and S, we can caculate the outgassing rates Qw and
Qp at specific pressures.

Two-Point Pressure Method and One-Point Pressure Method [4-45]

The one-point pressure method (the 1PP method) is the simplest method for mea-
suring the outgassing rates of metal pipes, which is derived from the new two-point
pressure method (the 2PP method) for measuring the outgassing rate [4-45].

Principle [4-45]

The 2PP method is derived from the 3PP method [1]. So, let us first review the principle
of the three-point pressure method (the 3PP method) [1]. (The 3PP method is described in
detail in Chap. 2)

Consider an outgassing pipe of conductance C with an unknown outgassing rate Qy , ac-
companied with an unknown introduced leak rate Q| . The pipeis evacuated by an unknown
pumping speed, as shown in Fig. 4.36 (a), and we assume the same outgassing rate per unit
length of the pipe regardiess of the position. Then, the pressure P at aposition indicated by
the fraction k (0 < k < 1) isgiven by Eq. (4.41).

Next, consider a simplified system of an outgassing pipe without a leak rate Q, as
shown in Fig. 4.36 (b). When the outgassing rate of the end plate is negligibly low, which
is applicablein general, the pressure B at k is given by

(a)

Q> QuAQi—=
1 (k) 0
Fig. 4.36 Outgassing pipe (b) Po
systems. (a) Pipe of a con- e
ductance C with alesk rate [ Qw=> __
QL. (b) pipe with an end | (k) F',
: ; 0
plate whose outgassing rate is (¢)
negligibly small, and (c) pipe A
evacuated by a high pumping | Qw—>
speed (Yoshimura and Hirano, - (k)- ——

1989) [4-45] P Po<<P
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k(1—k/2
Pc=Po+ (1 C/)QW

(4.42)

Equation (4.41) contains two unknown factors Py and Qw . And so, the value Qyw can
be calculated from Eq. (4.41) using two pressures Py; and P, measured at two different
positions ky and k», respectively, as

C (P2 —P)
(kg —k1) [1— (ki +k2) /2]

We call this measuring method based on Eq. (4.42), the new two-point pressure method
(or smply the new 2PP method).

Finally, let us consider the case that the pipeis evacuated by an effective pumping speed
much higher than the pipe conductance C, as shown in Fig. 4.36 (c). In this case, one could
treat the pressure Py at the pipe port as zero. And consequently, one-point pressure P at k
can derive the outgassing rate Qw simply as

Qu = (4.42)

Ch

1-k/2)’ (43

Qw = K
We call this method based on Eq. (4.43), the one-point pressure method (or simply the
1PP method) [4.45].
Comment:
When one sets k to 0.8, (4.43) reduces to

CPos

= gg(1—04) ~ 208 P8 = Lhos.
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Chapter 5
Phenomena Induced by Electron Irradiation

When energetic particles such as electrons bombard solid surfaces many phenom-
ena occur. When the energetic ions bombard the surfaces of solid materias, the
phenomena called “ sputtering” occurs. lon-beam sputtering is used for thinning the
specimen or samplein the transmission electron microscope (TEM) and Auger elec-
tron spectrometer (AES).

“Sputtering”, aswell as“vacuum evaporation”, isthe basic processin depositing
thin-films. This book, however, omits “ sputtering” and “vacuum evaporation” from
the phenomen in this chapter. See other book [5-1], for studying “ sputtering”.

The phenomena, such as electron stimulated desorption (ESD), photon stim-
ulated desorption (PSD), polymerization of hydrocarbon molecules, darkening in
secondary electron images, and etching of carbonaceous specimen, often occur in
scientific instruments like el ectron microscopes.
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5A Electron/Photon Stimulated Desor ption (ESD/PSD)

Many kinds of scientific instruments such as an Auger electron spectrometer (AES)
and scanning el ectron microscope (SEM) use afield-emission gun (FEG) to make a
fine electron probe. In afield-emission gun (FEG), an extraction electrodejust below
an FE emitter is bombarded with electrons from the emitter, showing electron-
stimulated desorption (ESD) and causing pressure-risein the vicinity of an FE emit-
ter. Also, inamulti-stage accel erating tube for creating a high-voltage electron beam
many electrodeswill be bombarded with primary, secondary, and reflected electrons
and positive and negative ions, which might induce microdischarge (see Chap. 7).
In electron-beam systems such as an electron microscope, ESD is one of the most
troublesome phenomena. For high-energy electron accelerators photon-stimulated
desorption (PSD) induces outgassing.

Achard et al. (1979) [5A-1] measured the electron and ion induced neutra gas
desorption coefficients at 1.4keV for stainless steel, Inconel 600, Inconel 718,
titanium aloy, OFHC copper and an aluminum alloy, after bakeout at temperatures
ranging from 150 °C to 600°C.

Abstract [5A-1]: The surface composition was also determined by Auger spec-
troscopy after heating at various temperatures up to 1000 °C. The similarity of the
resultsfrom all the materialsinvestigated was explained in terms of a porous surface
oxide layer which provided areservoir for desorbable gas.

Electron induced desorption coefficients for 316 L+N stainless steel, titanium
aloy, and Inconel 600 are presented in Fig. 5A.1, 5A.2, 5A.3. It is noted that
electron induced desorption coefficientsfor Inconel 600 is smallest amongtheinves-
tigated materials. Inconel 600 could be one of the candidate materials for electron-
extracting electrodein afield emission gun.

Gbmez-Gohi and Mathewson (1997) [5A-2] measured the temperature depen-
dence of electron induced gas desorption yields from stainless steel, copper, and
aluminum surfaces for electrons of 300€V energy.

Abstract [5A-2]: The main gases desorbed were H,, CH4, H20, CO, and COs.
The effect of increasing the temperature on the gas desorption yields was measured
and the only yields affected were those of H,O and Hy, while the others remained
essentially constant. The dependence on the dose and the temperature using two
identical samples was also measured, and yields were found to be proportional to
the dose to the power a, with o positive. A diffusion model for H, was applied
to interpret the experimental results, showing that the model explains the results,
if we consider that the H, concentration across the bulk of the material decreases
exponentially.

In this paper [5A-2] many experimental data and rearranged data, listed below,
are presented.

*Electroninduced gas desorption yieldsfor the samples (SS, Cu, Al) asafunction
of the dose for an electron beam of 300eV energy at set temperatures:

For SS316 L+N (at 36 °C and 200 °C).
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For OFHC Cu (at 40°C and 200 °C).

For anticorodal Al (at 38 °C and 200 °C).
*Electron induced gas desorption yields for the samples(SS, Cu, Al) as afunction of
the desorbed mol ecules expressedin monolayers(ML) (1 ML = 2 x 10°molecules/
cm?):

For SS316 L+N (at 36 °C and 200 °C). (presented in Fig. 5A.4).

For OFHC Cu (at 40°C and 200 °C).

For anticorodal Al (at 38 °C and 200°C).
*Electron induced gas desorption yields with a diffusion model with constant H,
concentration and exponential decay H, concentration for the samples (SS, Cu, Al):

For SS316 L+N (at 36 °C and 200 °C).

For OFHC Cu (at 40°C and 200 °C).

For anticorodal Al (at 38 °C and 200°C).

Ueda et a. (1990) [5A-3] measured photodesorption yields due to synchrotron
radiation (SR) from type 316 stainless steel, type A6063 aluminum alloy and high
purity oxygen free copper (ASTM Class-1 OFC) test chambers.
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Fig. 5A.2 Electron induced
desorption coefficients for
titanium aloy (Achard et d.,
1979) [5A-1]
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Abstract [5A-3]: The yield of OFC finished with machining is reduced to
9 x 10~% molecules/photon (N5 equivalent) which isthe lowest val ue throughout the
experiments. Stainless steel treated with electrolytic polishing and 48 h prebaking at
450 °C shows the second lowest yield. The yield of auminum alloy is somewhat
higher than the others.

Hsiung et a. (2001) [5A-4] studied the exposure-dose-dependent photon-
stimulated desorption (PSD) phenomenaby using synchrotron light at a critical en-
ergy of 2.14keV from the 1.5GeV Taiwan Light Source.

Abstract [5A-4]: The result shows a decrease of the PSD yield for each gas
and a decreased yield of photoemission at higher beam doses on the samples. The
transient curves of pressure rise for each PSD molecule illustrate a longer delay
time 7 of the peak after exposing the surface with higher beam dose D. The delay
time of H,O and O, are longer than that of CO, CO,, CHy, etc., in the case of
both Al and Cu samples. In this work, it is found that 7 ~ D%, with 0.5 < o < 1,
in cases where D < 2000mA-h. The discrepancy between the Al and Cu samplesis
not much different at higher beam doses. The processes of the chemical reactionsby
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Fig. 5A.3 Electron induced
desorption coefficients for

Inconel 600 (Achard et al.,
1979) [5A-1]

INCONEL 600

L.l 11

e 1400 eV

- N W S,
T TTTTIT 1 T 171

L1 1111l

)

-1
T
1

~t

=3

T TTTTTY
L1111l

T

T
L

MOLECULES ELECTRON

3,

n
T T T T1TTIT

Lol Ll L2l

T

[

ToTTTTTITT

T

1

% 1 1 1

0 100 200 300 400 500 600
TEMPERATURE °C

the photoelectrons and diffusion in the surface oxide layer are suspected to conduct
the dose-dependent PSD phenomena.

Chen et al. (2002) [5A-5] studied the photon-stimulated desorption from an alu-
minum surface after water vapor exposure.

Abstract [5A-5]: Aluminum samples, following exposure to water vapor, were
irradiated by synchrotron light with critical photon energy of 2.1keV. The signal
corresponding to H,O gas exponentially decreased during irradiation. Experiments
were performed under various conditions of target bias, sample temperature, photon
flux, and photon dose to clarify the H,O PSD behavior.

When chamber walls or electrodes are irradiated with electrons or photons,
electron-stimulated desorption (ESD) or photon-stimulated desorption (PSD) oc-
curs. Glow discharge cleaning (GDC) is effective in reducing ESD and PSD.

The following three methods of GDC have been separately investigated: (1) Us-
ing inert gases (Ar or He) for sputtering. (2) Using H, gas for reduction. (3) Using
O, gasfor burning. GDC as a surface treatment is widely applied to particle accel-
erators and partially to scientific instruments such as electron microscopes.
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Korzec et al. (1994) [5A-6] examined the removal of different lubricants (oils
and greases) from metal surfaces by use of a capacitively coupled 13.56-MHz low-
pressure oxygen discharge.

Abstract [5A-6]: The influence of rf power (up to 1kW), pressure (from 0.01
to 1 mbar), and magnetic field (up to 20mT) on the process duration and surface
cleanliness has been investigated. Resultsindicate a strong influence of the lubricant
temperature on the process duration. The removal rate of N62 oil at 140 °C istwice
ashigh asthat at 50 °C. For temperatureshigher than 140 °C the creation of ahardly
removal solid residue occurs. Theinfluence of theinitial lubricant areaand lubricant
thickness on the process duration has been investigated. Theincrease of the [ubricant
arearesultsin an increase of the process time (loading effect for cleaning process).
The increase of the lubricant film thickness results in a proportional increase of the
processtime.

The schematic of the experimental setup is shown in Fig. 5A.5.
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5B Polymerization of Hydrocarbon Molecules

When hydrocarbon molecules adsorbed on a specimen surface are irradiated with
an electron beam, they polymerize, making a contamination deposit, whichis called
specimen contamination build-up. If silicone-hydrocarbon molecules or fluorine-
hydrocarbon molecules adsorbed on the specimen are irradiated with an elec-
tron beam, a contamination deposit containing silicon or fluorine results. When a
contamination deposit builds up, the details of the specimen surface are hidden
when observing it at high magnification, and micro-area analysis also becomes
impossible.

Today, for conventional electron microscopy, a sufficiently clean vacuum is
achieved in the vicinity of the specimen. Still, a very clean ultrahigh vacuum is
reguired in the vicinity of the specimen for the micro-areaelemental analysisusing
an analytical electron microscope (AEM) or an Auger electron spectrometer (AES).

When an electron-beam spot becomes very small (smaller than several tens of
nanometers in diameter), the contamination build-up rate becomes very high. This
phenomenon cannot be explained by the adsorption theory developed by Ennos
(1953) [5B-1] or Christy (1960) [5B-2]. For modern electron microscopes using
afine electron probein an ultrahigh vacuum, one must consider surface diffusion of
molecules, aswell as adsorption of molecules.

Key words: Anti-contamination device (ACD): Fins, cooled with liquid nitrogen,
surrounding the specimen.

Electron-beam shower (EBS): Wide electron beam irradiating the specimen to
desorb the gas molecul es adsorbed on the specimen surface.

Transport of Hydrocarbon Moleculesin High Vacuum

Ennos (1953 [5B-1] presented an article, “The origin of specimen contamination
in the electron microscope.” He concluded that the contamination is formed by the
interaction of the electrons with organic molecules adsorbed on the bombarded sur-
faces, the molecules being replenished from the vapor phase.

Experiment Using a Cold Trap Surrounding a Target [5B-1]
A stainless-stedl target was cleaned and mounted inside along, narrow glass liquid-air trap
of the design shown in Fig. 5B.1. It was supported by a 1/16 in. diameter steel rod, attached
a the other end to the electron gun, so as not to touch the walls of the trap. Electrons
from the 2kV gun were directed onto the target and, by means of the magnetically operated
shutter, two equal €l ectron bombardments were given to adjacent areas of thetarget, thefirst
with the trap not cooled, the second with it containing liquid air. While the normal brown
deposit was obtained from the first bombardment, only very slight contamination (detected
by breathing on the target) was evident for the second run.

Now the liquid-air trap will prevent al condensable vapor molecules from reaching
the surface of the target except those molecules which pass straight through the open end
of the trap and strike the target without first colliding with the trap wall. The very small
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Fig. 5B.1 Design of liquid-air
trap (Ennos, 1953) [5B-1]
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contamination observed when the liquid-air trap was in operation could be accounted for
by the finite aperture. From the dimensions of the trap, a reduction of contamination of
between ten and twenty times would be expected. Migration of organic molecules would
not be prevented but might be slowed down by a drop in temperature of the target and
supports caused by radiation exchange. A thermocouple attached to the target showed this
temperature drop to be negligible, however. It appears then that very little contamination by
migration of molecules takes place [5B-1].

Experiment Heating the Wires Supporting a Target [5B-1]

The target in the second instance consisted of a clean glass microscope cover-dip, sus-
pended by fine tungsten wires from two thicker tungsten wires which could be heated elec-
trically (see Fig. 5B.2). Hydrocarbon molecules which might otherwise migrate over the
hot wires would be either carbonized or evaporated off. Contamination formed on the tar-
get to the same extent whether or not the tungsten wires were heated, provided the target
did not become heated by radiation (the support wires were made long to prevent this). On
depositing gold on the glass by evaporation (and thus creating a fresh surface) further con-
tamination still appeared on electron bombardment. This experiment again indicates that
surface migration, if occurring at al, plays a very small part in the contamination process
[5B-1].

electron beam

heatedt

tungsten, wires

Fig. 5B.2 Target consisting
of glass microscope cover-slip -
(Ennos, 1953) [5B-1] microscope cover slip
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Comment: Ennos (1953) [5B-1] is the pioneer who investigated contamination
build-up induced by electron-beam irradiation. He showed by understandable exper-
iments that contamination can be accounted for by the arrival of organic molecules
from the vapor onto the irradiated area directly. However, we must take into con-
sideration that his experiments were conducted under a high vacuum with organic
vapor of high pressurein 1953.

Christy (1960) [5B-2] presented an article, “Formation of thin polymer films
by electron bombardment,” in which atheoretical expression for the contamination
build-up rateis given.

Theory of Film Growth Rate [5B-2]

The rate of formation of solid polymer film on the substrate under the influence of electron
bombardment can be calculated by a simple phenomenologica theory. We assume there
are N oil molecules per unit area adsorbed on the surface, with a mean time of stay 7. An
electron hitting one of these molecules can tieit down permanently by forming acrosslink,
incorporating the molecule into the solid polymer film. Let P be the number of molecules
per unit area which have been cross-linked, so that dP/dt isthe rate of growth of the film.
Then, assuming afirst-order rate process,

dP/dt = ofN, (5B.1)

where ¢ isthe cross-section for the cross-linking collision and f isthe number of electrons
per unit area per unit time. Since every such cross-linking event removes an oil molecule
from the number N on the surface,

dN/dt =F —N/z—dP/dt (5B.2)

where F is the number of oil molecules which impinge on the surface from the vapor, per
unit area per unit time.
On substituting Eq. (5B.1) into (5B.2) and integrating, we get

N—{fol/T}{1—Kexp—(0f+1/t)t}, (5B.3)

where K depends on the number of oil molecules initialy existed on the surface. We now
assume the surface is not completely covered with ail, so that N < l/a, where o isthe area
of an oil molecule. Then this assumption requires F < (G/a)f + 1/ar. The opposite case
will be examined later.

Oninserting Eg. (5B.3) into Eq. (5B.1) and integrating, we get

F K
P= 1+ (1/ot) [t+ of+1/t {exp— (Gf+l/1)t—l}:| .
Unlessboth o f and 1/ T are very small compared to unity (in which case P depends quadrat-
icaly ont),

~

F
l—s—(l/orf)} t (5B.4)

The total thickness of the solid filmisvP, where v is the volume of one molecule. Defining
therate of film formation by R = vP/t, we have
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VvF

= 14 (ort) MENF < (O/@)f+ 1/ 0r). (58.5)

According to this result, at high current density or low temperature, when ot f >> 1, the
rate saturates at a value v determined by the effective vapor pressure of the oil. At very
low current density or high temperature, on the other hand, therateisapproximately ot fvF,
depending a'so on current density and temperature.

In the case not yet considered, when the flux of oil molecules is so large that there is
always amonolayer of ail, N = 1/a should be put into Eq. (5B.1) so that

R=(c/a)vf, whenF > (c/a)f +(1/ar) . (5B.6)

This result is independent of the il pressure, since there is an oil molecule waiting to be
hit by every electron. We have seen that in the opposite extreme when the electron flux
is so high that every oil molecule is struck before it escapes from the surface, the rate is
independent of electron current density.

Transport of Hydrocarbon Moleculesin Ultrahigh Vacuum

Someresearchers {[M{ller (1971) [5B-3], Knox (1976) [5B-4], Fourie[5B-6, 5B-7,
5B-8, 5B-9], Wall (1980) [5B-10], Yoshimuraet al. (1983) [5B-11]} threw light on
surface diffusion as the main mechanism of replenishing hydrocarbon molecules.

Miller (1971) [5B-3] investigated the contamination-rate in dependence of the
probe diameter and electron density theoretically and experimentally using a
Siemens Elimiskop 101 (electron microscope). “Experimental results showed that
the smaller the spot size of the electron probe is, the higher is the contamination
build-up rate. It was shown that when the probe size is very small, the contami-
nation build-up rate is proportional to 1/ r?, where r is the radius of the electron
probe used.”

Knox (1976) [5B-4] studied the specimen contamination in an electron micro-
scope in an attempt to clarify the processes involved in contamination deposition.

Abstract [5B-4]: A very narrow electron beam (3.5 nm diameter in SEM mode)
has been used to make small peaks of contamination on the surface of athin carbon
film. These peaks have been imaged and the rates of growth of the height, diame-
ter and volume determined. It is concluded that a portion of the contamination can
be related to the interaction of the electron beam with the adsorbed surface layer.
Surface migration of adsorbed material is indicated as the supply mechanism. Sig-
nificant deposition of material in regions not exposed to the beam is reported for the
first time. A method for determining the thickness of thin amorphous carbon film in
the range of a hundred to a few thousand A is described.

Reimer and Wachter (1978) [5B-5] measured the contamination of different sup-
porting films by irradiating a circular area afew um diameter and by using an elec-
tron probe of afew tens of nm diameter.
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Abstract [5B-5]: Contamination rings thus generated can be explained by diffu-
sion of the hydrocarbon molecules on the specimen surface and by adsorption from
the vacuum. The influence of specimen heating and charging are discussed. Some
specimen cleaning methods have been examined. The best results were obtained by
immersion of the specimen and the cartridge in methanol.

Fourie (1976) [5B-6] presented an article, “ Contamination phenomenain cryop-
umped TEM and ultra-high vacuum field-emission STEM systems.”

Abstract [5B-6]: For a stationary circular beam a ring-like contamination de-
posit is formed on the specimen. The profile of the ring is a function of the cur-
rent density (J) in the beam. For very low J the contamination deposit is uniform,
whereas for high J a narrow peripheral ring is observed. With a conductor film
as specimen, the thickness has a negligible influence on the profile of the ring.
However, for dielectric films the profile is very sensitive to thickness. For a given
J, the peripheral ring will decrease in width with increasing thickness of specimen
until a condition of zero contamination is attained. A grid bar in the vicinity of the
illuminated region will cause partial contamination to occur under these conditions
but only on the side nearest the grid bar. These results can be explained by a model
where an electric field is generated by the escape of secondary electrons from the
illuminated region. The incoming molecules experience an electric dipole interac-
tion with the electric field and are subjected to a deflecting force which, when large
enough, will totally deflect the molecules.

Fourie (1978/79) [5B-7] discussed the use of a low-energy anti-contamination
electron (LEACE) gun for eliminating surface-originating contamination in electron
microscopes. “ Examples are shown of an orders-of-magnitudereduction in contam-
ination rates in both the stationary and scanning electron probe modes by means of
the LEACE-technique.”

Fourie (1979) [5B-8] described the experiments which support the theory of the
generation of an electric field by the interaction of primary electronswith thin foils.

Abstract [5B-8]: It is shown that the electric field is due to a positive charge on
the foil resulting from the gection of secondary electrons by the transmitted pri-
mary electrons. It is further shown that the electric field strength increases with the
primary current, lp. Experiments which indicate that secondary electron generation
occurs up to about 1.5um from the primary-beam perimeter, are discussed.

A low-energy anti-contamination electron (LEACE) gunisdescribed. It is shown
that contamination can be eliminated totally with the use of this gun and an efficient
Ccryo anti-contamination device.

Fourie (1981) [5B-9] described the experiments which produce phenomenathat
can be understood only in terms of the electric-field theory of contamination.

Abstract [5B-9]: The experiments show; that the rate of contamination around
a stationary electron beam of 10 nm diameter increases with time within the same
grid square but reverts to the original rate when the beam is moved to a fresh grid
sguare; that the volume of contamination per given electron dosage is reduced about
one hundred fold when a stationary beam is expanded from 3 to 30 nm diameter;
that the rate of contamination in a stationary electron beam exceeds, by far, that in
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a scanning electron beam of identical dimensions and beam current; that contami-
nation cones on insulator foils have avastly different and etched like appearance as
compared with those on conductor fails; that contamination produced by means of
ultraviolet light on a quartz window is greatly enhanced in the presence of a high
and inhomogeneous electric field; and finally, that ultraviolet radiation etching can
be produced on a quartz window at elevated temperatures in the presence of high
and inhomogeneous el ectric fields.

Wall (1980) [5B-10] presented an article, “Contamination in the STEM at ultrahigh
vacuum.”

Abstract [5B-10]: Contamination observed in the STEM on carbon specimen
supports can be described quantitatively by a model wherein surface diffusing con-
taminants are cross-linked to the substrate under the influence of the electron beam.
This model predicts the observed 1 / r? dependence of contamination thickness on
beam radiusr.

Surface Diffusion [5B-10]

Two cases are of particular interest: the steady-state rate of transport of molecules diffus-
ing from a source of radius re (the grid) to a sink of radius r, (the beam), and the time
course of establishing this equilibrium state. Assuming np molecules per unit area have a
characteristic diffusion coefficient Ds, Jacobs [1] gives the rate of transport:

dn _ 2nDgng
dt  In(re/ro)’

where dn/dt is the number of molecules reaching ro per unit time. Here we are assuming
that all molecules reaching ro become cross-linked before they diffuse away again. If the
beam current is not sufficiently high to cross-link all the arriving molecules, the contami-
nation rate will be reduced. Hart et al. [2] introduced a correction factor [14 1/(Do)] to
account for this:

(8B.7)

dn 2nDgng
= , 5B.8
dt = [141/(Do)] In(re /ro) (5B.8)
where D is the dose in electrons per unit area, and ¢ is the cross-section for formation of
across-link. If we multiply both sides of this equation by v, the volume per molecule, and
denote that vng = hp, the effective thickness of the diffusing layer, we have:

dv _ —dn _ 27tD5h0
dt ~"dt T [1+1/(Do)]In(re/ro)’ (5B.9)

where dV / dt isthe volume of contaminant deposited per unit time.

Several points are worth noting about Eq. (5B.8). At high dose (D >> 1/(7, that is,
Do >> 1) the number of molecules deposited per unit time is nearly independent of beam
size. The volume (mass) deposited per unit time being constant implies that the appar-
ent thickness deposited per unit time is proportiona to 1/ rS. At low dose (Do << 1) the
amount of contamination deposited [integral of Eq. (5B.8)] is proportional to the dose.
When Do = 1, contamination is 50% of the maximal rate.

The interpretation of rp in Eqg. (5B.8) as the beam size is not exact since the radius
of interaction for inelastic scattering (cross-linking) is ~20A [3, 4]. For small beams we

should replace rg by \/ (r5+202) (in A). For larger beams the contamination may not

be deposited uniformly over the beam cross-section. The magnitude of this effect can be
estimated using the Einstein equation:

X% = 4Dst, (5B.10)
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where x is the mean distance traveled by a molecule in timet. If we consider an annulus
of width x around the perimeter of a beam of radius ro, we can caculate the distance X
traversed by amolecule before it receives adose 1/6. Noting that dD /dt = | /zr, where |

is the beam current, we see that:

. X 1
dt - 47[[’%D5 "o
or: X \/MDS ( X << 1) . (5B.11)
I'o lo I'o

If ro ismuch greater than 20 A and X; / ro < 1, the contamination will have a*crater” appear-
ance. Increasing beam current or decreasing Ds will lead to “craters’ with sharper edges
and deeper central depressions. Muller [5] has calculated the shape of these craters. The
same effect may occur around the edge of araster scan under similar circumstances if the
repetition rate of the scan raster is fast compared to the time required for a molecule to
diffuse from the edge to the center of the raster.
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Yoshimuraet al. (1983) [5B-11] presented an article, “Mechanism of contamination
build-up induced by fine electron-probeirradiation.”

Experiments [5B-11]

To clarify the transfer mechanism of contaminating molecules and the dominant source
of them, carbon thin films were irradiated with a fine electron probe of 12nm diameter, a
current density of about 7.6 x 102 A/cm? and an accelerating voltage of 200kV, using three
types of anti-contamination devices, individualy.

Pre-treatment of Specimen and Specimen Cartridge [5B-11]

The specimen and the specimen cartridge were first immersed in Freon 113 (C,F3Cl3) lig-
uid for about 1h, to chemically eliminate the hydrocarbon molecules adsorbed on their
surfaces. The pre-treated specimen was then placed in the specimen chamber of the mi-
croscope column. Furthermore, the specimen was pretreated with an electron-beam shower
(EBS) for 5min to obtain a clean surface before the irradiation experiment. In the EBS
treatment, the beam diameter is about 2mm, current density about 2 x 10> A/cm? and
accelerating voltage 200kV [5B-11].

Three Types of Anti-contamination Devices (ACDs) [5B-11]

ACDs were used to control the hydrocarbon partial pressures around the specimen. The
ACDs consisted of fins with different shapes, as illustrated in Fig. 5B.3. The fins can be
cooled down to about —120 °C by liquid nitrogen.
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Fig. 5B.3 Three types of
ACDs with different fins
(Yoshimura et a., 1983)
[5B-11]

Specimen

] /

-] = £

Type 1 Type 2 Type 3

Procedures for Irradiation and Observation [5B-11]

Typica procedures of irradiation and observation are presented in Fig. 5B.4. At atime Ty
after the EBS treatment, each of five adjacent spots on the specimen was irradiated succes-
sively for a certain time At. Then, this process was performed with different elapsed time,
T,, T3 and so forth. After each process, the irradiated areas were observed as SEls (scanning
electron images) in each irradiation series.

Experimental Results[5B-11]

Two minutes after the EBS treatment, each of 25 spots on the specimen was sequentially
irradiated with a fine electron probe for a time of 20s without using an ACD. The same
irradiation process was performed with different elapsed time, 20 and 80 min. Following
each series of irradiation processes, SEls of the irradiated areas were observed with the
specimen surface inclined 45° to the electron beam, as presented in Fig. 5B.5 (a—).

In our experiments, the contamination rate (CR) was measured in mL/min by calculating
the volume of the conical deposit on one side as proposed by Knox (1976) [1] and Harada
etal. (1979) [2].

Next, experiments were done using the type-1 ACD. Each of 25 spots on the specimen
was irradiated sequentially for 50s, a few minutes after the EBS treatment. The SEls of
theirradiated area showed that contamination deposits did not form on the irradiated aresas,
but darkening of SElson the irradiated areas was observed. A similar process of irradiation
was performed with the type-1 ACD for 2005, at the elapsed times of 0.5, 1.0, 1.5, 2.0, 2.5
and 3 h after the EBS treatment. Contamination deposit build-up induced by afine electron
probe was prevented for 2.0 h after the EBS treatment. Small contamination deposits built
up 2.5 and 3.0 h after the EBS treatment. The contamination deposit was larger for longer
elapsed times. Other two experiments were done in asimilar manner with the types 2 and 3
ACD, individualy.

The growth rate of aconical deposit was estimated in mL/min for some typical deposits
observed without and with types 1, 2 and 3 ACD, individually. The CRs as a function of the
elapsed timeT after the EBStreatment are presented in Fig. 5B.6. In each curve, the growth

Fine probe irradiation

Ist series 2nd series 3rd series
EBS At x 5 spots Ot x 5 spots At x 5 spots
- |ser -
—_} ~—  |SEr ——
— -_ |se!
._.T’

Fig. 5B.4 Typica procedures — T ;
for fine-probe irradiation and 2
SEI observation (Yoshimura
et d., 1983) [5B-11] o T, etopsing time after EBS
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Fig. 5B.5 Secondary-electron 200 nm
images (SEls) of theirradiated
area in the specimen surface
inclined 45° to the electron
beam, in three series. In
each series, the irradiation
started from the extreme
right spot in the first row.
Small conical images show
the contamination deposits
which are arranged along
horizontal, parald lines.
Large black images show the
holes arranged irregularly.
The times of 2min, 20min
and 80 min at the right side of
each figure show the elapsed
time after the EBS treatment
for each series. The fine-probe
irradiation was conducted
without an ACD (Yoshimura
et al., 1983) [5B-11]

(¢) Third irradiations

starts after a certain incubation time (Tp), zero contamination period, and its CR increases
with the elapsed time T until it reaches each saturation rate.
The experimental results of Fig. 5B.6 show the following characteristics:

(1) Theincubation time Ty exists when an ACD is used. Each CR increases with el apsed
time and reaches its saturated rate.

(2) Thetime Tp and the saturated CR depend largely upon the type of the ACD used. The
time To is much longer and the saturated CR is much lower with the type-1 ACD than
with other types of ACD.

First of al, if the direct condensation to the irradiated area is the dominant transfer
mechanism, the CR should be independent of the elapsed time after the EBS treatment,
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Fig. 5B.6 Contamination rates as a function of the elapsed time T after the EBS treatment, ob-

tained without and with types 1, 2 and 3 ACD, individually (Yoshimura et al., 1983) [5B-11]

and so the time Tp should not be observed. Next, if contaminating molecules come from

therelatively dirty parts in contact with the specimen by surface diffusion, as Wall [5B-10]

considered, the time Tp and the saturated CR should be independent of the type of ACD.
The surface diffusion following the adsorption of gases upon the whole specimen surface
can explain our experimental results. A clean specimen surface is hit by residual hydrocar-
bon gases even under an ultrahigh vacuum. Some of the impinging molecules remain on the
surface as adsorbates. The amount of adsorbed molecules is known to increase to the satu-
rated amount with the holding time in vacuum. Contaminating molecules will be supplied
to the sink by the surface diffusion of adsorbed molecules on the area surrounding the sink.
However, in an elapsed time shorter than Ty after the EBS treatment the supply rate will be
too low to build up a detectable deposit. After the time Tp, the CR will increase with the
increase of the amount of adsorbed molecules. Moreover, the time Ty will increase with the
decrease of residual gas pressure in the vicinity of the specimen, depending on the amount

of adsorbed molecules, which is smaller under lower pressure.

When the saturated amount of adsorbed molecules is predominantly governed by the
equilibrium between adsorption and desorption of molecules, the growth rate or the CR
(height/time) o< 27tro /mr? < 1 /1o, because the rate of diffusing molecules into the sink is
proportional to the circumference of the sink, 2zrg. On the other hand, when a certain
fraction of the hydrocarbon molecules impinging on the whole specimen surface is poly-
merized in a sink of radius ro regardless of any mechanism accepted, CR (height/time)
o< K /mr3 e« 1/r3 (K: constant). In this case the saturated amount of adsorbed molecules
and the concentration gradient of them on the surface are predominantly governed by the
sink radius ro. Both cases discussed above are considered to be the extreme cases. In redlity,

the CR is considered to be proportional to 1/ro to 1/r3.

It can be concluded that in clean ultrahigh vacuum, the model of surface diffusion of
adsorbed molecules on the whole specimen surface is most acceptable for the presented

experimental results [5B-11].

References

1. W. A. Knox, Ultramicroscopy 1, 175 (1976).

2. Y. Harada, K. Tomita, T. Watabe, H. Watanabe, and T. Etoh, Scanning Electron Mi-

croscopy/ 1979/11, 103.



192 5 Phenomena Induced by Electron Irradiation

Materials to be Polymerized by Electron Beam Irradiation

Ennos (1954) [5B-12] evaluated various vacuum-system materials which probably
cause an electron-induced contamination. “Various materials which are used in the
construction of kinetic vacuum systems were introduced into a clean system, and
the thickness of the contamination deposit formed on a surface bombarded by elec-
trons was measured after removing the target and depositing silver over its surface
by vacuum evaporation. The height of the resultant stepsin the silver film caused by
contamination deposition was evaluated using the multi-beam interference method.
In order of descending contaminating power are diffusion pump oil (hydrocarbon),
vacuum grease (hydrocarbon), various rubber gaskets, silicone pump ail, and vac-
uum wax.”

Yoshimura and Oikawa (1970) [5B-13] evaluated typical DP oils and vacuum
greases using amethod similar to that adopted by Ennos[5B-12]. “ Siliconeoil (DC-
705/704) and silicone grease cause heavy contamination, and their deposits show
charging when irradiated with an electron beam.”

Ambrose et a. (1972) [5B-14] demonstrated the reduction of polymer growth
in electron microscopes by use of a fluorocarbon-oxide pump fluid. “The rotary
pump was replaced by one charged with a fluorocarbon-oxide lubricant and the
fluid chargein the diffusion pump replaced by a fluorocarbon-oxideevaporant. Both
specimen and el ectrode contamination were greatly reduced by the use of the new
fluid.”

Holland et al. (1973) [5B-15] studied the behavior of perfluoropolyether [FOMB
LIN (tradenameof Montedison SpA) and other vacuum fluids under ion and electron
bombardment.”

Abstract [5B-15]: A dc glow discharge was sustained in hydrogen, oxygen, he-
lium, air, argon and Freon 14 between plane electrodes previously smeared with
perfluoropolyether. After the discharge both the cathode and the anode surfaces re-
mained visually clean except when hydrogen was used as a discharge gas when a
polymer-like film was formed on the cathode and a brown film deposited on the
anode. For comparison Apiezon C, Silicone 704, Santovac 5 and Dow Corning
FS.1265, were also exposed to argon and hydrogen dc glow discharges, when solid
deposits were produced on both anode and cathode. Perfluoropolyether fluid was
then smeared in the quartz bottle of an rf ion source and discharges were run in
hydrogen and argon; considerable etching was observed on the inside of the bottle,
asseen in Fig. 5B.7. By comparison a smear of Santovac 5 in the bottle did not give
rise to etching but |eft atarry deposit.

Bauer and Speidel (1977) [5B-16] presented an article, “Reduction of the con-
tamination rate in the STEM at a pressure of 10> Torr.”

Abstract [5B-16]: In contrast with wide beam irradiation as used in the TEM,
the contamination in the STEM, where a narrow beam is used, is mainly supplied
by surface migration. Heating and successive cooling of the specimen chamber does
reduce the concentration of residual gas molecules, but has no essential influence on
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Fig. 5B.7 (a) Hydrogen discharge, perfluoropolyether fluid. (b) Argon discharge, perfluo-
ropolyether fluid (silver film coated on outside of bottle beneath coupling electrodes and
subsequently removed before photography). (c) Argon discharge, polyphenylether fluid. (d) Ar-
gon discharge, perfluoropolyether fluid (showing white PT.F.E.-like deposit which was removed
before photographing in (b) (Holland et al., 1973) [5B-15]

their area concentration on the surface, so that the rate of contamination on a scan-
ning areaof 260 x 260mmn? on athin carbon film could not be reduced by morethan
afactor of 0.8. Replacing the Viton gaskets in the vicinity of the specimen by Ag-
I n-gaskets, the contamination rate could be reduced to 1/3. After maintaining aglow
discharge in N»-gas and after a few minutesin O»-gas at a pressure of 10-3Torr in
the specimen chamber the contamination rate was reduced to 1/30 of the original
value. Micrographs are shown to demonstrate the resultant improvement of resolu-
tion and the harmlessness of the procedure for biological specimens.

Miller (1978) [5B-17] presented an article, “SEM vacuum techniques and con-
tamination management.”

Abstract [5B-17]: Contamination sources are: adsorbed hydrocarbonson cham-
ber surfaces, including the specimen itself, elastomers and plastics, vacuum grease
and pump oils.

The principal approachesto contamination management are:

¢ Ultrahigh vacuum system construction

e SEM modifications and techniques
e Use of PFPE fluids and lubricants

UHV system expense and relative inconvenience are not justified for SEM contami-
nation control unless surface chemical analysis capability is needed. Without UHV,
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effective SEM vacuum system featuresinclude liquid nitrogen diffusion-pumptraps,
cold specimen stages and shrouds, molecular sieve traps on oil sealed pumps, pre-
baked Viton O-rings and inert gas backfilling or purges and use of clean gloves and
tools.

Hydrocarbons can be desorbed by oxygen discharges, ultrasonics and ultraviol et
plus solvents, which often involve some disassembly for thorough cleaning.

Initial installation of or conversion to fluorocarbon (PFPE) fluids offers near zero
contamination for conventional SEM systems.

Bance et al. (1978) [5B-18] presented an articles, “Hydrocarbon contamination
in vacuum dependent scientific instruments.”

Abstract [5B-18]: Pumping systemsnormally employ one or more of thefollow-
ing: rotary, diffusion, turbomolecular, ion, sublimation and cryo pumps. The main
sources of contamination are directly attributable to these pumps, the construction
materials used in the equipment and the processing of these materials. In an ultra-
clean system the sampl eitself may introduce hydrocarbon contamination. Reduction
of hydrocarbon contamination involves the use of traps (either cooled or absorbent),
selection of specia pump fluids, special processing techniques in the case of ion
pumps and selection of system components, including resilient seals, which can
be suitably processed to reduce contamination. Special techniques may be used to
clean samplesin situ. Experiments are described which show the sources of system
contamination and remedies are suggested based on practical experience gained in
design and operation of vacuum systems for electron microscopes, €lectron spec-
trometers, scanning transmission el ectron microscopes and mass spectrometers.
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5C Darkening in Secondary Electron Imagesin SEM

In scanning electron microscopy, a secondary electron image (SEl) of the area
covered with a polymerized contamination layer of specimen sometimes shows
darkening because the secondary-electron emission coefficient of the polymer-
ized contamination layer is smaller than that of clean specimen surface. This phe-
nomenon is usually called specimen contamination in SEls. Also, the SEI of aclean
specimen surface, which has been irradiated with a fine electron probe, sometimes
shows darkening. Thisdarkening is caused due to the electron stimulated desorption
(ESD) of theirradiated area, as demonstrated by Yoshimuraet al. [5B-11].

Le Gressus et a. (1979) [5C-1] presented an interesting phenomena concerning
darkening in SEI in a conventional high-vacuum SEM. Two examples of darkening
in SEl were presented. One example (Fig. 5C.1) shows that darkening occurs on
the zone of the specimen that was pre-etched with ions, and the other (Fig. 5C.2)
shows that on a pre-sputtered specimen, darkening would not occur even in the area
pre-scanned with the electron beam [5C-1].

When a specimen surface was sputtered beforehand, the darkening of the pre-
irradiated area disappears. This was considered to be due to the elimination of the
contamination layer containing abundant gas molecules by sputtering.

Le Gressus et al. [5C-1] discussed as follows.

Surface Contamination [5C-1]

The electron beam darkening does not correspond to surface contamination from residual
gasasin ultrahigh vacuum, but from the“ cleaning” of the sample. This sample modification
goes as deep as the primary electrons, which can be verified in the following simple way.

Fig. 5C.1 The darker area
corresponds to the zone ion-
etched before SEI observation
(Le Gressus et d., 1979)
[5C-1]
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Fig. 5C.2 Electron beam darkening on aluminum aloy. a) The surface has been observed in a
JEOL JSM-35 at 108 Torr. A dark areais seen. b) The sample is sputtered in a JEOL JFC-1100
unit, under argon for 5 minutesat 1 kV and 4 mA, and then examined in the same SEM. The gain
of the electron multiplier isincreased to the same brightness level. The darkening effect disappears
(Le Gressus et d., 1979) [5C-1]
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200 nm
-

1min 5 min 10 min

Fig. 5C.3 Three darkening images after different irradiation times, 1, 5 and 10 min. The fine-probe
irradiation was conducted using the type-1 ACD (Yoshimura et ., 1983) [5B-11]

(i) Argon ion etching of a part of a contaminated surface leads to a darkening of the
cleaned part (Fig. 5C.1), resulting from theincrease in SE yield from the contamination
layer. The cleaned areais also observable in optical microscopy.

(ii) After ion sputtering of the surface, the darkening effect becomes much less prominent,
or disappears, as a consequence of the remova of the contamination layer. This tech-
nique can be applied also to conventional SEM (under 10-# or 10~° Torr) (Fig. 5C.2)

Experiment by Yoshimura et al. [5B-11]

Using the type-1 ACD presented in Fig. 5B.3, three spots were sequentially irradiated for 1,
5 and 10 min, respectively, directly after the EBS treatment. An SEl of theirradiated areais
shown in Fig. 5C.3. The darkening images are seen at theirradiated spots and the darkening
image area seems to enlarge with the irradiation time, while the darkness of images scarcely
changes. The darkening line above the three darkening spots is the footprint of a manual
spot scan.

The same area of Fig. 5C.3 was observed in TEIl (transmission electron image) and
in STEl (scanning transmission electron image). Their images showed no discernible
changes, compared with the virgin area's images before fine-probe irradiation. Therefore, it
isreasonabl e to consider that thisdarkening observed in SEI shows adecrease in secondary-
electron emission at the irradiated spots but not a change in the mass of the specimen itself.

The darkening images at the irradiated spots gradually became less dark, and then were
no longer visible about 3 h after fine-probe irradiation [5B-11].
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5D Etching of Carbonaceous Specimens

In electron microscopy, etching of a carbon-film specimen sometimes occurs during
irradiation with an electron beam under some environmental conditions for speci-
mens. This etching phenomenon is called “ decontamination,” a phenomenon oppo-
site to contamination build-up.

Etching of a carbon-film specimen may occur under the following conditions.

1) When the oxygen partial pressurein the vicinity of the specimen is much higher
due to air leakage, compared to the pressures of other gases.

2) When the water-vapor pressure in the vicinity of the specimen is much higher
due to large outgassing of water vapor (H,O) from the component materials
located near the specimen.

3) In the cooling-down process of the ACD fins, which are cooled by conduction
of copper wires connecting to a liquid-nitrogen tank wall.

Itisconsidered that oxygen molecules or water-vapor molecul es are ionized to oxy-
gen ions by the bombardment of an electron beam, and such oxygen ions react with
the carbon specimen to generate CO molecules. However, the etching phenomenon
of 3) isdifficult to understand. Why does etching occur when the temperature of the
trap becomes|lower? The lower the temperature of thetrap is, the lower the pressure
of water vapor becomes. Why?

Heide (1962) [5D-1] gave an understandabl e answer to the above question on the
etching phenomenon of 3).

Experiment by Heide [5D-1]

The processes of contamination which take place when acool chamber surrounds the object
were more closely studied in the EImiskop | (electron microscope). For this purpose, a new
form of cooling apparatus was used. The temperature of the cool chamber could be reduced
as far as —190°C and the specimen either cooled as well or kept at room temperature.
When the object is cooled there is aways carbon removal at low temperature (Fig. 5D.1
(a)). Figure 5D.1 (b) shows results for an object at room temperature. One sees that the
rapid removal of carbon, which usualy occurs at fairly low temperatures, stops when the
temperature is still further reduced to between —100 °C and —120 °C.

(@) +104s"

-200°¢ ~100°C /«635/ . -100°C //o" +20°C
\\\\ -108s”

Fig. 5D.1 Rates of contamination build-up and carbon removal as functions of the cool chamber
temperature. Beam-current density at object 0.4A/cm?, diameter of irradiated area about 1.8um,
total pressure in microscope 2 to 5 x 10~° Torr. (a) Specimen temperature = Cool chamber tem-
perature. (b) Specimen temperature = Room temperature (Heide, 1962) [5D-1]
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Table 5D.1 Vapor pressures of ice at low temperatures. i m Hg = 103 Torr [* Scientific Founda-
tion of Vacuum Technique” (second edition) by Dushman] [5D-2]

T[°Cl  T[K]  PlumHgl  t[°C]  T[K]  P[umHg]

0 273.2 - -80 1932 4.13x10°1
—-10 2632 1960 -90 1832  7.45x 102
-20 2532 779 —-100 173.2 1.10x 1072
-30 2432 2931 -110 1632  1.25x10°3
—40 2332 994 -120 1532 1.13x10*
-50 2232  29.85 -130 1432  6.98x10°©
—60 2132 840 -140 1332 293x10°7
—70 203.2 1.89 —150 1232 74x107%2
—785 1947 053 -183 90.2 14x 10719

Note: When the temperature is lowered from —140 °C to —150 °C, the vapor pressure of ice goes
down by five orders.

To interpret these results we consider the partial pressures of the gases in the neighbor-
hood of the specimen. For norma conditions we assume the following appropriate par-
tial pressures: H,0, 2 x 10~3Torr; £CH, 5x 10-8Torr; CO, Ny, CO», H, each, about
1x 10-%Torr; Oy, 1 x 10~ Torr. As the temperature is at first lowered the partial pressure
of hydrocarbons falls, and the rate of specimen contamination falls also. At about -60°C
the partia pressure of hydrocarbons is so small that practically no further contamination
occurs. (Comment by Yoshimura: The light hydrocarbon molecules such as CH,4 and C,Hg
do not contribute to the contamination.) Between —60 °C and —100 °C rates of carbon re-
moval up to 6A/s are observed, which corresponds to a removal of about 4 x 10%5 carbon
atomscm—2-s~1 from the layer. In this temperature interval the partial pressure remains,
with the exception of that of the hydrocarbons, the same as those given above. The object
surface is covered with amonolayer of adsorbed gas molecules (probably water).

A calculation taking the ionization cross-section of these molecules and the intensity of
the impinging electron beam into account shows that the number of ionization processes
taking place per second in the surface layer is sufficient to explain the rate of carbon re-
moval. For example, processes such as H,O — H,0" +e~ and C+H,0" — H+HT +CO
can occur, which require, naturally, that those positions on the surface which become empty
are occupied quickly enough by new water molecules. This condition is fulfilled by an im-
pact rate of 1 x 10 water molecules.cm~2-s~1 (corresponding 2 x 10~5Torr). When the
temperature of the chamber falls below —100 °C the partial pressure of water vapor falls
very rapidly. At the same time the removal of carbon stops also if the object is not cooled.
On the other hand, when the object is at the same low temperature as the cool chamber, the
time spent on the surface by the unfrozen gas molecules islonger, and those H,O molecules
which pass through the cool chamber apertures and collide directly with the specimen con-
dense upon it in a thicker-than-monomolecular layer.

Relating to the experiment by Heide (1962) [5D-1], the vapor pressures of ice at
low temperatures are presented in Table 5D.1.
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Chapter 6
Vacuum Gauges

Vacuum gauges are necessary for controlling the evacuation system of scientific
instruments. Such gauges must berigid in structure and resistive against air leak ac-
cidents. The Pirani gauge of thermal conduction typeiswidely used for controlling
evacuation systems, switching the evacuation mode from roughing to fine pump-
ing, which is resistive against air leak. The Penning gauge is usually equipped for
switching on the sputter ion pump after roughing, which isrigid in structure. When
the sputter ion pump works, it gives the pressure indication in the range of high
vacuum to ultrahigh vacuum. The sputter ion pump can control the field emission
system in scientific instruments.

Some users sometimes require a vacuum gauge to check the pressures in sci-
entific instruments. For this requirement a Bayard-Alpert gauge (BAG) or an ex-
tractor ionization gauge (EG) are often selected. Residual gas analyzers such as
the quadrupole mass filter and the magnetic-sector-type mass spectrometer may
be installed in scientific instruments. Such residual gas analyzers use an incandes-
cent tungsten filament, accompanying outgassing from the hot filament and electron
stimulated desorption (ESD), as same as the BAG.

For semiconductor-manufacturing equipment mechanical gauges such as the
diaphragm capacitance gauge is widely used, which are resistive to many reac-
tive gases.

First of all let us make a survey of amost all vacuum gauges which are commer-
cialy available, by referring an article by Lafferty 1972 [6-1].

Methods of Measuring Low Pressure [6-1]
Vacuum gauges may be categorized as follows, according to the way their response is af-
fected by a physical property of the gas that is dependent on pressure.

Mechanical Gauges. The mechanical force exerted by the gas is used to lift a liquid
column or deform athin wall.

Thermal Gauges. Thethermal conductivity of the gasisused to effect the heat loss from
an element at elevated temperatures.

Viscosity Gauges. The viscosity of the gasis used to produce a drag on arotating body
or dampen the amplitude of oscillation of the suspended surface.

Momentum Gauges. Momentum is transferred from a hot surface to a cold surface by
the gas molecules to produce a force on the cold surface.
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lonization Gauges. A fraction of the molecules in the gas are ionized, collected and
measured. In a partial pressure gauge, the ions are separated and measured according to
their mass.

Figure 6.1 shows the range over which the various types of vacuum gauges may be
used to measure pressure. Mercury manometers have the advantage of providing an abso-
lute method of measuring total gas pressure that is independent of the nature of the gas
molecules. Since the McLeod gauge will measure absolute pressure below 10-3Torr, it is
frequently used to calibrate other gauges. Error may result in using the gauge if the gases
do not obey Boyl€e's law or if they condense on compression.

Thermal conductivity gauges such asthe Pirani, thermocouple and thermistor gauges are
al limited to pressures above 10~ Torr. The calibration of these gauges is dependent upon
the molecular weight and specific heat of the gas. Surface contamination of the hot element
can alter the gauge calibration by changing the thermal emissivity and the accommodation
coefficient of the incident gas molecules.

An unusua form of viscosity gauge has been used to determine pressures as low as
5 x 1010 Torr. This was accomplished by measuring the deceleration of a freely spinning
high-speed rotor [1].

The Knudsen gauge has the outstanding advantage of having aresponse that isvirtualy
independent of the nature of the gas. Designs have been made which permit operation from
10to 108 Torr. This gauge has not been used widely because of its delicate suspension.

The ionization gauge, and in particular hot cathode ionization gauge, has proved to be
the most popular gauge for measuring gas pressures below 104 Torr.

Notwithstanding its great popularity, the ionization gauge suffers from just about ev-
ery conceivable fault one could imagine in a pressure measuring device. In the first place,
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it doesn’t measure pressure—it measures gas density. It does not provide an absol ute method
of measurement, and the calibration is dependent on the nature of the gas. The ionization
gauge may give inaccurate readings, unless precautions are taken, because it may pump,
dissociate, and react with the gas it is supposed to be measuring; it may generate gas of its
own; it may produce false ion currents that are not related to gas pressure; it may generate
gas of its own; it may produce false ion currents that are not related to gas pressure; it may
produce other spurious currents that may be mistaken for ion current; and it may have in-
herent electronic instahilities. In spite of al these difficulties, when properly designed and
operated the ionization gauge can be relied upon to give pressure readings that are accurate
to better an order of magnitude or perhaps even afew percent under ideal conditions when
carefully calibrated for a known gas composition.
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M echanical Gauges

The diaphragm capacitance manometer is widely used in semiconductor processing
because it is resistive to reactive gases. The capacitance manometer, the spinning
rotor pressure gauge and crystal oscillator vacuum gauge belong to this category.

Capacitance Manometer

Utterback and Griffith (1966) [6-2] presented an article, “Reliable submicron pres-
sure readings with capacitance manometer.”

Abstract [6-2]: A cold trapped McL eod gauge, a capacitance manometer, and
an ion gauge have been used simultaneoudly to measure gas pressure in the range
10~4=3 x 10—3Torr. Data were obtained for He, Ne, Ar, Xe, Ny, Oy, CH4, CO, Ha,
and CO». The capacitance manometer and pressure chamber were maintained at a
constant room temperature to avoid thermal transpiration corrections. Comparison
of dataamong gases clearly showed the systematic McLeod gauge error attributed to
mercury streaming to the cold trap. The capacitance manometer and McL eod gauge
readings agreed within 2% at 10~3Torr for He, while the McL eod reading was 15%
low for Xe at the same pressure. The errors for the other gases were intermediate.
Spurious mercury capillary wetting effects, leading to serious errorsin the McLeod
gauge reading, were also noted for some of the molecular gases. The capacitance
manometer was clearly superior to the M cL eod gauge as auniversal pressure sensor,
and appears capable of reliable readings accurate to a few percent at 10~ Torr.

Experiments (Utterback and Griffith, 1966) [6-2]
The following four objectives were set for thiswork:

(1) To check the cdlibration of the capacitance manometer against McLeod gauge using
helium gas.
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(2) To use the calibrated capacitance manometer to check McLeod gauge readings for
ten other gases, in order to determine the magnitude of the McLeod gauge “mercury
pumping error.”

(3) Tocalibrate anion gauge for all eleven gases.

(4) To explore the reliability of the capacitance manometer as a precise measuring instru-
ment for the pressure range 10-4-3 x 103 Torr.

Procedure [6-2]

McLeod gauge readings were made by two methods. For both methods it was necessary
to determine first the difference in capillary mercury depression [1] for the well pumped
gauge condition. It was found that the mercury in the closed capillary was always 5+ 1mm
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CAPACITANCE MANOMETER READING IN 10~¢ TORR

Fig. 6.2 McLeod gauge and ion gauge readings plotted against capacitance manometer readings
for He and Xe (Utterback and Griffith, 1966) [6-2]
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higher than in the open one, over the capillary length. Thiswas reproducible over the 2-week
period. Method | for reading involved bringing the mercury (open capillary) to 5mm below
the level of the closed end of the closed capillary and reading directly on the gauge scale
(calibrated to the gauge constant). Method I1 involved a“variable compression” scheme[1]
where the mercury columns were measured at four widely separated heights. The mercury
depression difference was included. The first method was used on seven points of each run,
and the second method was used as afinal check at about 1.5 x 10~3 Torr for each run. The
two methods were very consistent, with the “variable compression” scheme giving more
reproducible results. (Individua values in the “variable compression” scheme, method |1,
seldom varied more than 2% from the average of the four individual values.) It was found
necessary to jar and trap the instrument firmly to obtain reproducible results. The ion gauge
readings were taken directly from the controller meter.

Results [6-2]

Figure 6.2 shows the readings obtained over the 2 week period for helium, and the xenon
run for comparison. The McLeod gauge points near the capacitance manometer reading of
1.5 x 10~3 Torr were taken with method |1 (variable compression), and the rest with method
I. The lowest He pressure points have been shown as their average on Fig. 6.2.

Reference

1. P H. Carr, Vacuum 14, 37 (1964).

Thermal Conductivity Gauges

The Pirani gauge, the thermo-couple gauge and the thermistor gauge belong to this
category. Among these gauges the Pirani gauge using fine filaments may be most
widely used due to its high sensitivity and high-speed response.

Pirani Gauge

The high-temperature-type Pirani gauge is widely used for controlling the evacua-
tion system because it has sensitivity up to several Torr of pressure.

Leck (1952) [6-3] investigated the high temperature Pirani gauge in detail.

Abstract [6-3]: The operating conditions required for a Pirani gauge to oper-
ate in the pressure range 0-5Torr have been investigated. A comparison between
tungsten and platinum wire for use as the gauge element has shown that both have
disadvantages when operated above 450K.

Theoretical Consideration of the Calibration Curve [6-3]
List of symbols:

P pressure microns (103 Torr)

To thetemperature K of the hot wireat P = 0.
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Tw  thetemperature of the hot wire P = 0. (In the constant temperature case Ty = To.)

Ty  thetemperature of the gaugewall (equal to room temperature, taken = 300K throughout).

Ro theresistance of the hot wireat P = 0.

R,  theresistance of the wire at room temperature.

Rw = R2(1+ at) the resistance of the hot wire at Tw wheret =Ty —Tg.

Kr  the heat radiation from the wire when Tyj — Tg* = 1 (for tungsten = 1.74 x 10 2W).

Kc  theheat conductivity from the wire at unit pressure (1u), for Tw —Tg =1, K¢ =
2.82 x 10-8W for tungsten. (Values of Kg and K¢ taken from paper by Dunoyer [1].)

Vo  thevoltage acrossthewireat P = 0.

\Y the voltage across the wire when P £ 0.

Vs the bridge supply voltage.

i the galvanometer current at any pressure P.

ry  thegalvanometer resistance.

The following three basic methods of operating the Wheatstone bridge control circuit
were first described by Pirani in 1905 [1]: () constant temperature bridge; (b) constant
voltage bridge; (c) constant current bridge.

In (a) the bridge voltageV isadjusted to keep the bridge balanced, and consequently the
wire temperature constant at all pressures.

For thermal equilibrium in the wire:

V2 /Ro=Kp (T = Ty') +Ke (Tw — Tg) P+ endlosses (6.1)

s P (V2-VE) (6.2)

For athin wire Eq. (6.2) is approximately true up to pressures of 2000-3000 . (2 to 3 Torr).

In (b) the bridge voltage is held constant, the out-of balance current being used as a
measure of the pressure. It isusual, but by no means essential or even desirable, to make all
four arms of the bridge approximately equd. If R1 >> Rg (Fig. 6.3) then the bridge operates
with constant current characteristics to a close approximation. Both the absolute sensitivity
and the shape of the calibration curve depend upon the ratio Ry / Ro. The following are
the approximate thermal equilibrium equations for the simple cases where Ry >> R; and
R1 >> Ro.
(1) Ro >>R;1 (V = constant)

neglecting end losses:

Rwl? = V&/[Ra (1+ ot)] = Kg (T = Tg') + Ke (Tw — Tg) P (6.3)

The out-of-balance current = ig 2 (VsR1/Rorg) [(Ro— R2)/Ro] (6.4)

(ig made zero at P = 0)
(2) Ry >>Ro (I = constant)

variable resistor
s X

6 Vacuum Gauges

Fig. 6.3 Wheatstone bridge
network. Out-of-balance cur-
rent read by meter 6pA

full scale deflection R} ad-
justed at zero pressure so that
R1/Ro = R}/Ry. By means of
variable resistor and tappings
on accumulator, bridge volt-
age could be varied between 0
and 18V (Leck, 1952) [6-3]
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Fig. 6.4 Cdibration curves
for constant voltage and
constant current operation
(calculated) (Leck, 1952)
(6-3]

(1) To=800K
(2) To=400K
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The out-of-balance current = ig 22 1(Rg — R2) /1

Using Egs. (6.3) to (6.6) ig has been calculated, and is plotted in Fig. 6.4, as afunction
of P for atungsten wire 10cm long and 0.001 in. diameter. These curves all saturate at high
pressure because thefall inwire temperature reduces the heat loss/unit pressure. Anincrease
inthefractional heat |ossthrough the end supports reduces the rate of fall of temperature and
consequently improvesthelinearity of thecalibration curve. It can be seen from Eq. (6.1) that
if thisconductivity isincreased then, for agiven Ty, the wire temperature will be affected toa
lesser degreeby agivenchangeinP. (Inthelimitif theendl ossesaremadesolargeastoaccount
for virtually all the heat dissipation, then the wire temperature will beindependent of P.)

Viscosity Gauges

Spinning Rotor Gauge

The spinning rotor gauge is reliable in accuracy and becomes the reference gauge

as a successor of the McLeod gauge.

Beams et al. (1962) [6-4] presented an article, “ Spinning rotor pressure gauge,”
in which amagnetically suspended rotor pressure gaugeis described for measuring

pressures below 10~ Torr.

Abstract [6-4]: The data are in good agreement with those obtained with a cali-
brated Alpert ionization gauge over the range 10~4-5 x 10~8Torr. When the gasin
the vacuum system was frozen out with liquid helium, the rotor gauge recorded a
residual pressure of about 5 x 10~ 19 Torr. A brief discussion is given of anumber of
effects which unless eliminated may introduce errors into the measurements at the

lowest pressures.

Quoted from Beams et a., 1962 [6-4]:

In the process of measuring the pressure in a vacuum system, it is often important to avoid
the introduction of high speed electrons and ions, hot filaments, and other surfaces which
may produce contamination. Also, in many cases it is essential that the pressure gauge does
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Fig. 6.5 Schematic diagram )
of rotor gauge (Beams et al., N \\<
1962) [6-4] \
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not change the composition of the gas, or introduce or remove gas from the system. The
purpose of this paper is to describe a high vacuum gauge which, essentially, is free of the
above difficulties and at the same time is capable of giving absolute values of the pressure
when the composition of the gas is known. The principle of the method is old [1], but has
been made usable for this purpose by the development of the magnetic suspension [2]. It
consists in determining the frictional torque produced by the gas or vapor on a spinning
rotor. The rotor is magnetically suspended inside of the vacuum chamber and spun to the
desired speed. It isthen allowed to coast freely and its decel eration measured. If the friction
introduced by the magnetic support is negligible in comparison with the gaseous friction
and if the mean free path of the molecules is longer than the dimensions of the chamber
surrounding the rotor, then for the case of aspherical rotor, it can be shown that the pressure
p in dyne/cm? is given by the relation

1
rd 2nRT \ 2 N
p*sca_to)( ’ ) o6 67)

where N is the number of rev/sec at the timetg, N is the number of rev/sec at timet, r is
the radius of the rotor incm, and d is the density of the rotor materia, T is the absolute
temperature, M is the molecular weight of the gas, R is the gas constant, and C is a constant
which turns out to be approximately unity for a polycrystalline rotor surface [1, 3]. If the
rotor isasolid right circular cylinder,

1
d o (2nRT\? [ 1 N
- ! 6.8
P 2C(t—t0)< M > <2+r/h> e Ny (68)

wherer isthe radius and h the length of the cylinder.
The apparatus is shown schematically in Fig. 6.5.
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Fremerey (1972) [6-5] presented an article, “High vacuum gas friction
manometer.”

Abstract [6-5]: The magnetic suspension is how achieved under a permanent
magnet by means of a servo current which is applied to the rf sensing coil. The
system involves negligible power dissipation. Instead of optical devices inductive
pickup coils are used in the horizontal damping system as well as for the deter-
mination of the rotor frequency. The whole system thus avoids undesired heat and
radiation transfer to the rotor and vacuum chamber. The gas pressure sensitivity is
of the order 10~°Torr.

Permanent M agnet Suspension [6-5]

The axia magnetic suspension of a small ferromagnetic rotor is usualy attained under a
magnetized cylindrica iron core (see Fig. 6.6). It is obvious that there exists a rotor po-
sition on the vertical axis under a permanent magnet where the rotor weight is exactly
balanced by the upward magnetic attraction force. Unfortunately, the equilibrium at this

IU\\

oC
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50

Fig. 6.6 Permanent magnet suspension with electronic circuitry: S— sphere rotor, PM — perma-
nent magnet in rigid connection with iron disk ID. Vertical stabilization: CC — control coil for
pickup and field correction, SO — sensing oscillator, AZC — automatic zero control circuit. Hor-
izontal stabilization: |C — compensated differential coil set for pickup of lateral rotor movements
parallel with the paper plane, HA — differentiating amplifier, DC — deflection coil (rotated into
the drawing plane), WS — three wire suspension for the magnet system (PM, ID), turned to the
natural frequency of thelateral rotor oscillation in order to provide proper phase relation within the
servo loop; CD — copper disk for eddy current damping of the system (Fremerey, 1972) [6-5]
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point is unstable. Additional means has to be supplied in order to provide a downward force
above the equilibrium position, and an upward force below that point, i.e., to convert the
unstable equilibrium into a stable one. This has been done so far by using a current con-
trolled electromagnet, the field strength of which was regulated as a function of the vertical
rotor positioning the proper sense. A simple theory of operation of the servo loop has been
givenin apreceding paper [1]. The use of an electromagnet for producing the whole dc sup-
port field requires stable power electronics, and is associated with the production of heat.
When using a permanent magnet, essentially no power has to be wasted for field generation
if the rotor is suspended at the natural equilibrium position, and only awesk variable field
is needed if the rotor deviates from this position. The proper correction field is generated
by means of an axia control coil (see Fig. 6.6) which is connected to the servo amplifier
output, and simultaneously operates as an rf sensing coil in the usua way for pickup of the
vertical rotor position.

Obvioudly, the correction field has to change its sign if the rotor moves across the equi-
librium position. This feature offers the possibility of introducing an automatic zero control
circuit which in the version of Fig. 6.6 provides a mean long-term vertical rotor stability
of about +1pum with respect to the ideal equilibrium position. The total power dissipation
within the control coil (the rf power included) is of the order of only 10~*W. The over-
all power consumption of the servo circuit due to the quiescent currents of the oscillator
and amplifier stages is about 0.1W at + 4V supply voltage. The electronic parts are easily
available, inexpensive, and ensure long-life operation in this low-power circuit.

Reference

1. J. K. Fremerey, Rev. Sci. Instrum. 42, 753 (1971).

Tekasakul et al. (1996) [6-6] presented an article, “The spinning rotor gauge:
Measurements of viscosity, velocity dlip coefficients, and tangential momentum ac-
commodation coefficients.”

Abstract [6-6]: A set of experimental measurementswith a spinning rotor gauge
(SRG) with 3.85, 4.00, and 4.50 mm nominal diameter steel spheresin He, Ar, and
Kr is reported. The experiments covered the continuum and the dip regimes for
all three gases. Theoretical results from a companion paper on the SRG, together
with a calibration based on known viscosity for helium, are used to extract values
of the viscosity, the velocity slip coefficient, and the tangential momentum accom-
modation coefficient for each of the gases. The measured viscosities are in good
agreement with existing literature values.

Crystal Oscillation Gauge

The crystal oscillation gaugeis strong in structure, small in size, and easy in opera-
tion. It indicates pressures in the range from 10~3to 102 Torr.

Kokubun et a. (1984) [6-7] presented an article, “A bending and stretching mode
crystal oscillator as afriction vacuum gauge.”

Abstract [6-7]: The pressure dependences of the electric impedance of quartz
oscillators are analyzed theoretically. A simple model of the quartz oscillator is
proposed. Based on this model, the equations of fluid mechanics are analytically
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solved. The results calculated show good agreement with the experimental data.
Especially, this theory succeeds in explaining the behavior that the impedance of
the quartz oscillator is proportional to the square root of the pressure in the higher
pressure region.

Theoretical Predictions and Their Experimental Verifications [6-7]

Based on the theoretical analysis described above, a few theoretical predictions are made
about impedances for various kinds of gases. First, it isfound that at the lower pressure, the
impedance Z must be proportiona to the square root of the molecular weight M. That is,

|Z| < VM. (6.9)

Thisrelation iswell known.
Secondly, at the much higher pressure, the impedance must be proportional to the square
root of the product of the coefficient of viscosity n and the density p:

1Z] e /np. (6.10)
Also, the density is proportional to the molecular weight, this relation iswritten in the form
|Z] < \/nM. (6.12)

Lastly, in the intermediate pressure region, the impedance must be proportiona to the
coefficient of viscosity:
|Z| o< 7. (6.12)

Itisdifficult to verify the last prediction experimentally, sinceit is difficult to quantitatively
separate the contribution of the impedance in the intermediate pressure region from the
measured curve with high accuracy.

To verify these theoretical predictions, the pressure dependences of the impedance for
various kinds of gases have been measured. The quartz oscillator used was tuning fork-
shaped. Its resonant frequency is about 32kHz. The gases used were argon, air, nitrogen,
helium and hydrogen. The results are shown in Fig. 6.7. It is seen that the impedance value
is different for each gas, but the shapes of the curves are almost similar for all gases.

1073 107

Ar
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N
Fig. 6.7 Pressure dependence e . :e i
of the impedances for five i . ) | ’ | .
gases (Kokubun et al., 1984) 107 100 10! 102 103 104 108
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Fig. 6.8 Sensing head of the
quartz friction (QF) gauge:
(a) Meta case of quartz
oscillator, (b) electrodes,(c)
metal disk, (d) stainless steel
tube, and (e) metal shield
(Ono et al., 1985) [6-8]

Ono et al. (1985) [6-8] presented an article, “Design and performance of a qualtz
oscillator vacuum gauge with a controller.”

Abstract [6-8]: We designed, built, and tested the first model of aquartz friction
(QF) vacuum gauge and its controller, using a tuning fork shaped miniature quartz

10 LR IE N RALL! T TTIT LIRS RLELS LIRS LLLL RS B LIRL IR

T T U7

o2 alis

-
°N

T YT

(Tore)
IS IYIY)

--

-
o

T T T
1 e dsant

10

METER READING

Gas:N:

LR R B RALL)
Lt altng

10

I_0 1karee

LANR 0O B B RALI

10

LSRR RALL
1 1113180

=3} -
10

P ol Lot g tas 11ttty Lyl {39
1073 1072 107" 109 101 102
PRESSURE (Torr}

-
o

Fig. 6.9 Meter reading of QF gauge vs. pressure of nitrogen gas (Ono et a., 1985) [6-8]
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oscillator of awristwatch as a pressure sensor. This gauge made it possible to mea-
sure pressure from 0.01 Torr to more than 760 Torr with an accuracy of better than
10%. The oscillator was installed on a small-sized vacuum flange and driven at its
resonance frequency by constant amplitude ac voltage fed by a phase-locked loop
oscillation circuit. The resonance current of the oscillator was rectified and ampli-
fied to actuate ameter and/or arecorder. The pressure dependence of the readings of
the gauge for various gases was measured, and found to be in agreement with the-
oretical predictions. The performance of the gauge was unaffected by hundreds of
repetitions of a quick evacuation from atmospheric pressure to less than 0.001 Torr
and an exposureto the air.

The sensing head and the meter reading of the QF gauge are presented in Figs. 6.8
and 6.9.

lonization Gauges
Penning Gauge

The Penning gauge is widely used for controlling the vacuum systems of scientific
instruments because it hasrigid in structure.

Penning discharge is the basis of this gauge, as well as in the sputter ion pump
(See Chap. 2). Comparing to the sputter ion pump, the Penning gauge has one anode
cell, relatively low voltage and low magnetic flux, which may be dueto reducing the
manufacturing cost.

Conn and Daglish (1954) [6-9] presented an article “Cold cathode ionization
gauges for the measurement of low pressure” in detail. He gave an attention on the
generation of radio frequenciesby cold cathode gauges.

Geometry and Arrangement of the Electrodes [6-9]

The three arrangements proposed by Penning [1] are shown in Fig. 6.10 of which (a) illus-
trates the earliest form of gauge used. In this, the magnetic field was supplied by a perma-
nent magnet, the cathodes were small rectangular or circular metal plates and the anode was
aring of wire. It has been suggested [2] that if the cathodes be extended until they ‘ over-
lap’ the anode, the effect of dlight variations of the magnetic field is reduced. In some of
the commercial variants this has been elaborated by having cathodes in the form of a metal
box surrounding the ring anode. The precise dimensions of the electrodes are not of great
importance; the larger the electrodes, the larger the ion current. The ion current depends
on the volume available for ionization; it is roughly proportiond to the distance between
the cathodes. It is also roughly proportiona to the diameter of the anode ring. A typical
gauge of this form would have circular cathodes about 1% in. in diameter, 1in. apart, and
anode-ring of lin. diameter.

A modification in which the ring anode was replaced by a metal cylinder of similar di-
ameter was suggested by Penning and Nienhuis [3] and also by Hayashi and his co-workers
[4]; itisillustrated in Fig. 6.10 (b). The meta cylinder extends amost to the cathode end-
plates so that the ‘escape’ of electrons is less than with aring anode; consequently, at any
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Fig. 6.10 Possible arrangements of electrodes. F. M. Penning [1] (Conn and Daglish, 1953) [6-9]

pressure, the ion current is larger. The narrow gap between the rims of the anode and the
cathode plates leads to an increased electrostatic field and hence the primary current is
larger. Consequently the critical or ‘cutoff’ pressure is lower than in the case of a similar
gauge with aring anode. Versions of this gauge with anode as large as 10cm in diameter
have been described by the Japanese [4] but the various possible modes of oscillation make
gauges for this size somewhat unreliable. Leck at Liverpool University and Bloomer at the
A.E.l. Laboratories, Aldermaston, have both concluded the model of Penning and Nienhuis
was the best compromi se between sensitivity and stability [5].

The Magnetic Field [6] [6-9]

It appears from Fig. 6.11 that, under the conditions specified, the discharge will not strike if
thefield is less than about 300 oersted (0.03 T). With low fields the performance is erratic;
oscillation may occur in more than one mode and transition from one mode to the other is
irregular. For reliable operation, fields of the order of 1,000 oersted should be used.

Changes in the mode of oscillation, irregularities of the field or small changes in the
voltage rarely cause changes in current which exceed afactor of two. In most applications
vacuum gauges are used to indicate the pressure range and for this purpose such variations
are not important. For the same reason the magnetic field is not critical, though it should
clearly exceed the value which corresponds to the maximum ion current. This depends on
the geometry of the gauge and differs dightly for the three types shown in Fig. 6.10. Greater
accuracy can be obtained, if necessary, by stabilizing the electrical parameters.

The small irregularities revealed in Fig. 6.11 have no significant bearing on the perfor-
mance but they are remarkable in that the changes in slope, a, b, ¢, d, e occur at values of
the field strength which are independent of pressure and of voltage. These changes occur at
the same values using different gauges of the same form. Pressure, voltage and uniformity
of field influence the extent of these variations, not their position.

Over awide range of pressure the relationship between current, i, and pressure, p, is of
the form

p=Ci¥,

whereC isindependent of pressure and current. Thisrelationisillustrated by thelogarithmic
graph shown in Fig. 6.12. The departure from linearity at high pressures is determined by
the magnitude of the ballast resistor. The variation given by the continuous line is obtained
by reducing the pressure; when the pressure is raised this curve may not be retraced at
pressures greater than 2.5 x 10->mmHg(Torr), as indicated by the dotted curve. In this
region there may be a change in the mode of oscillation, accompanied by a change in the
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Fig. 6.11 Effect on the ion current of varying the magnetic field. The inset shows the shape near
the maximum. The detail in thisregion is sensitive to changes of voltage and pressure. Cylindrical
Anode (Conn and Daglish, 1953) [6-9]

sensitivity from one curve to the other. According to Beck and Brisbane [7], the index k
depends on the magnetic field and approaches unity as thisis increased. If the gauge is to
have ascale which islinear with pressure, over alimited range, amagnetic field of the order
of 2,500 oersted is desirable.
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Fig. 6.12 A typical cdlibration curve for a Penning-type cold cathode gauge (Conn and Daglish,
1953) [6-9]
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Sputter 1on Pump as a Pressure | ndicator

Scientific instruments of ultrahigh vacuum (UHV), such as Auger electron spec-
trometers and electron microscopes, are usually evacuated with sputter ion pumps
(SIPs). Practically, the SIPs act as a pressure indicator for UHV.

Well designed SIP (0.15 T, 24 mm diam. anode cells) has the linear ion-current
characteristics down to pressures of ultrahigh vacuum, as shown in Fig. 6.13
[2-29]. SIPs designed for XHV (extremely high vacuum) pumping, for instance the
pump of 0.3 T and 29 mm-diam cells, have almost constant dischargeintensity (cur-
rent/pressure) down to 1 x 10~8Pa, as shown in Fig. 2.17(c) [2-23] in Chap. 2.
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Bayard-Alpert I onization Gauge

The Bayard-Alpert ionization gauge (BAG) is often installed to check the pressure
degree in scientific instruments. There are the glass-tube-type and nude-type avail-
able. The nude type gauge is generally selected for scientific instruments by the
reasons that the glass tube is easy to break and the outgassing from the glasstubeis
considerably large.

Alpert (1953) [6-10] presented the famous article, “New developments in the
production and measurement of ultrahigh vacuum,” in which the developments of
the Bayard-Alpert ionization gauge, that is, construction and manufacturing of the
gauge head, ion gauge sensitivity, pumping action of theionization gauge, ion gauge
power supply (circuit) are described in detail.

Singleton (2001) [6-11] presented an article, “Practical guide to the use of
Bayard-Alpert ionization gauges’.

Abstract [6-11]: Sectionsin boldface type provide a practical guide and are fol-
lowed in each instance by supplementary, detailed discussion of the rationale be-
hind the guide. The topics addressed include gas pumping, by generation of ions,
and by chemical interactions at the electron emitter; the change in the gas compo-
sition by interaction at the electron emitter; and errors in pressure measurement
including Barkhausen-Kurtz oscillations, electron-stimulated desorption, and the
x-ray effect. Factors which dictate the specific BAG selection, such as the method
used for outgassing, and the selection of the electron emitter, are discussed.”

The practical guide in boldface type of each section [6-11] are as follows.

Construction of the BAG [6-11]
Make sure that the gauge and supply are matched, and, when replacing a gauge, be sure that
the correct model is used [6-10].

Three common examples of gauge structures are shown in Fig. 6.14.

Mounting an Ion Gauge on the Vacuum System [6-11]
The conductance of the connection to the system should be large enough that the pressure in
the gauge reflects that in the vacuum chamber within the acceptabl e tolerance for the appli-

Fig. 6.14 Variationsin BAG
geometry. (a) The original
BA gauge. (b) A version most
suited to measurements in the

10~7 Torr range, and higher. E )
() A nude gauge specifically - >
designed for use in the UHV 25 S
range. The ends of the grid 3 2
are closed by grids, giving = 5

an improvement of a factor
of 2 or more in sensitivity
(Singleton, 2001) [6-11] (a) (b)
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cation involved. When making electrical connections to the ion gauge use coaxia shielded
cable for theion collector electrode, and provide thiswith areliable ground. It is customary
to run the ion collector close to ground potentia to minimize stray currents. Operation of a
gauge in a strong magnetic field will change the gauge sensitivity [1]. Adeguate magnetic
shielding can minimize this effect.

Pumping by the Gauge as a Consequence of the Generation of lons[6-11]
A gauge operating at 10mA electron emission current and an accelerating potential of
around 150V, has a pumping speed as high as 0.1L/s. Note that ion pumping speed is a
linear function of emission current, so that it can be reduced by a factor of 10 or 100, by
simply operating the gauge at 1 mA or 1001 A emission current, respectively.

Pumping by the Gauge as a Consequence of Reactions

at the Hot-Electron Source [6-11]

An electron emitter in an ionization gauge, operating at an emission level of 10mA will
reach about 2100 K with atungsten el ectron emitter, and about 1725K with a thoria-coated
electron emitter. Such high-temperature surfaces can have a very significant effect upon
some gases. The rate of chemical reaction and, therefore, the pumping speed, is reduced
by operating at a lower temperature, for example, by selecting a thoria-coated emitter, and
further, by operating at a lower emission current. The choice of an emitter on an iridium
support is aso preferred to one on a tungsten support when oxygen or water vapor are
significant part of the gas ambient, at pressures exceeding, roughly, 10~° Torr: iridium does
not react rapidly with these gases.

Safety Precautions [6-11]

An operating gauge reguires a potential of around 185V when measuring pressure, and as
high as 1000V if degassing by electron bombardment. Further, if such degassing is car-
ried out at too high a pressure, say > 102 Torr, a glow discharge develaps which may
result in potential buildup on electrodes insides the vacuum chamber quite remote from the
gauge. To avoid shocking developments, the gauge tube, metal vacuum system, and any
unused feedthroughs which connect into the system volume should be effectively grounded
at al times.

Outgassing the BA lonization Gauge [6-11]

When a system is pumped down after exposure to atmospheric pressure, do not run the
ioni zation gauge continuously until the pressure falls below 1 x 10~ Torr, and do not try to
outgas the gauge until the pressure fallswell below 1 x 10~5 Torr. In processing for ultrahigh
vacuum (UHV), the entire system is outgassed at 200400 °C before gauge outgas, which
is started when the pressure is 1 x 10~8 Torr or lower, while the system is till warm.

For systems which operate in the 1 x 10~ Torr range and higher, gauges with Ohmic
heating outgas are quite satisfactory. The gauge should be used to monitor pressure during
outgas. Slowly bring the heating current up to the maximum level specified for the gauge,
but do not let the pressure rise above about 1 x 10~ Torr for extended periods, and continue
the outgas until the pressure falls below that which existed prior to starting outgas.

For system that run below the 1 x 10~/ Torr range, gauges with electron bombardment
outgassing permit a rapid removal of gas at temperatures high enough to minimize fur-
ther outgassing during subsequent normal operation. The gauge is not usualy operated
during the outgas. To ensure a rigorous outgas of the ion collector electrode, particularly
for systems having a low pumping speed which operate in the UHV range, it should be
disconnected from the current-measuring circuit, and connected to the grid; some modern
supplies do not provide for this mode of outgas. If athoria- or yttria-coated electron source
is used, make quite sure that the power supply provides dc rather than ac for the outgassing
procedure, so as to avoid damage to the cathode by electron bombardment. If a separate
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gauge is available for monitoring pressure, the same guidelines given for Ohmic heating
can be followed, but do not allow the pressure to rise above 1 x 10~ Torr to avoid damage
to the oxide coating by ion bombardment. If there is no independent means of monitoring
the pressure, as is often the case, the following guidelines can be used. The aim isto raise
the temperature of the grid structure to around 1800K [2]. For example, the origina Wes-
tighouse BAG was designed for outgassing at 500V and 200 mA (100 W, maximum). For
such a gauge the following procedure is appropriate: with the grid at 500V relative to the
electron emitter, slowly raise the electron emission until 200mA is reached and maintain
this level for 30-60 min, depending on the gauge condition, and on the pumping speed of
the vacuum system. During the early stages of outgas, watch carefully for the development
of a discharge between the filament and grid, indicated by a blue glow, and immediately
back off on the emission current if one is detected.

The outgas removes adsorbed gas from all gauge surfaces, and as the gauge cools to
ambient temperature gas readsorption will continue until equilibrium is again achieved at
the pressure in the system. This pumping action causes a drop in the pressure in the gauge.
The problem will be quite negligible at pressures of 105 Torr and higher, lasting perhaps a
few minutes, but the time taken to reach equilibrium is inversely proportional to pressure,
and at 1 x 10~ 1% Torr could extend for several hours.

Pressure M easurement Using the Bayard-Alpert lonization Gauge [6-11]

Absolute Pressure and “ Nitrogen-Equivalent” Pressure [6-11]

Most ion gauge supplies are caibrated on the assumption that the gas is pure nitrogen.
Hence, the custom of citing pressure readings as “nitrogen-equivalent pressure” Gauge
response depends upon the specific gases present, Table 6.1 shows theratio of the sensitivity
for several gasesrelativeto that for nitrogen [3]. It iscomposite of datafrom several authors.
In order to determine the absolute pressure in a system, both the gas composition and the
sensitivity ratios for the particular gauge in use must be known.

The pressure indication given by a gauge controller may be subjected to considerable
uncertainty. Calibrations of nominally identica gauges have shown differences of 20% in
sensitivity [3]. Variation in the spacing of electrodes has a major influence on stahbility,
so the use of gauges designed to minimize such changes will result in improved stability.
Sensitivity also varies with electron energy, so when trouble shooting, check that the cor-
rect potentials are applied to the gauge electrodes. When using nude gauges, note that the
geometry of the housing can serioudly affect sensitivity [4, 5].

Selection of the Electron Emitter [6-11]
Judicious selection of the type of electron emitter and of emission current can provide for
optimum operation in most applications.

Thoria- or yttria-coated emitters have the advantage of |ower-temperature operation,
which reduces the rate of many chemical reactions at the emitter, and also allows the gauge
to run a a lower overall temperature, so that outgassing is minimized. The coatings are
fragile and lifeislimited by the continuous evaporation of thorium and yttrium, respectively.
The use of an iridium substrate, rather than tungsten, has the mgjor advantage that exposure
to atmosphere does not inevitably result in the burn out of the emitter. Such emitters are the
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Table 6.1 BA gauge sensitivity for various gases relative to N,.2 (Singleton, 2001) [6-11]
Gas He Ar Ho cO 0O, CO, H,O
K / KN, 0.16 1.45 0.42 12 0.9 14 0.9
aSee[3].
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best choice whenever the gas atmosphere includes reactive gases, such as oxygen, hydrogen,
and water. Oxide-coated cathodes must be reactivated after exposure to the atmosphere.
Operate in the norma mode for a few minutes to alow this to proceed before switching to
the outgas mode.

Setting the Emission Current [6-11]

The normal maximum level is about 10mA. This provides the highest ion current, easing
the problems of measuring low currents at the lower measurement limit of a gauge (around
10~ A in the 10 1° Torr pressure range). It has the great advantage of maintaining the
adsorbed gas coverage on the grid of the gauge to alower level than exists at lower emission
currents, so that one major, and virtually unpredictable error at pressures below 10~ Torr,
that caused by ESD (electron stimulated desorption), is kept to a minimum.

Since ion pumping and some thermally sensitive chemical pumping is maximized at
high emitter temperatures, be sure that the tabulation to the gauge has a reasonable conduc-
tance to minimize a pressure drop.

Occasiondly, high-frequency electronic (Barkhausen-Kurtz) oscillations will develop
in a gauge, leading to incorrect pressure measurement. They appear more frequently in
glass gauges, at pressures of 10~° Torr and less, when running at 10 mA emission. In some
instances, an obviousindication of their presence isthat theion current suddenly goestotally
negative. The oscillations can often be quenched by bringing a small magnet (50 G) [3] up
to the envel ope of the gauge, but this reduces the accuracy of measurement [1]. Decreasing
the emission current by a factor of 10 will often eliminate the oscillations. They can be
largely avoided in a glass gauge by the use of agrounded conductive coating on the wall, or
by ametal grid surrounding the gauge electrodes [6].

Electron-stimulated Desorption Problems [6-11]

lons which are generated by electron impact on gases adsorbed on the grid can release
ions which reach the collector, giving an erroneous reading. Errors of 10% at pressures in
the 107 Torr range have been observed. At low pressures they can be much more serious.
This problem has been documented for a number of “pure” gases, but the not unexpected
finding that it can also be serious in the case of mixtures of gases makes it imperative to
check for the problem whenever accurate pressure measurements are required. The use of
a gauge fitted with a Redhead modulator electrode [7] is invaluable, but such gauges are
not commonly available. A mass analyzer with a stability matching the degree of accuracy
required is, in fact, the only viable option for serious quantitative work at low pressures.
Such stability may be difficult to obtain.

Impurity Gas Generation Dueto |on Gauge Operation [6-11]

Serious perturbation of the gas composition in a system can result from gauge operation.
The problem is greatest with very small, slow pumping vacuum systems. On alarge vacuum
chamber the effect may well be marginal.
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Yoshimuraet a. (1970) [6-12] measured the pumping speeds of a BA gauge.

Pumping Speed of a B-A Gauge [6-12]

Figure 6.15 shows the apparatus for measuring pumping speeds of a BAG.

Measuring: Evacuate the chamber to a high vacuum with the greaseless cocks GC; and
GC; being opened. Flash the filament tube FT for a few minutes under high vacuum until
an equilibrium high vacuum is obtained. Then, stop flashing the FT and close the GC; to
adsorb the gas mol eculesin the chamber on the filament surfaces sufficiently. Then, flash the
FT afew second to increase the pressure rapidly, and just after flashing the cocks GC; and
GC,; are closed to eliminate the pumping function of the FT and the pump HP. The pressure
goes down by the pumping functions of the BAG and chamber walls between two cocks.

The pumping-down curves are measured. Using the measured pumping-down curves,
the pumping speeds of the closed chamber with the BAG (0.55mA) are calculated from the
initial gradient of pumping-down curves, which are presented in Fig. 6.16.

As seen in Fig. 6.16, pumping speeds vary depending on the condition of the chamber
walls, which isdueto the variation of the pumping speed of the chamber walls. On the other
hand, the pumping speed of the gauge operating a constant emission current of 0.55mA is
considered to be constant. As aresult, the pumping speed of a BAG with 0.55mA is about
0.01L/s, which isthe base speed for three different conditions.

Comment: The pumping speed of the glass-tube-type BAG with an emission
current of 1 mA may be about 0.02L/s.

Hobson (1961) [6-13] measured the pumping speed for nitrogen of a Bayard-Alpert
ionization gauge in an ultrahigh vacuum system with pressures between 10~° and
10" mmHg.

Abstract [6-12]: The highest pumping speed measured was 2 L/s, mainly chemi-
cal or non-electronic. After about 10> molecules of nitrogen had been pumped, the
chemical pump had decayed | eaving the pumping speed about 0.25 L /sec, almost en-
tirely electronic, at 8mA electron current. This speed was approximately constant
until nearly 10~17 molecules had been pumped, when a major decline in electronic
pumping speed was observed. There was no measurable re-emission of chemically
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Fig. 6.15 Apparatus for measuring pumping speeds of a BAG. HP, Hickman pump; Ty, U-type
liquid nitrogen trap; GC,, Greaseless cock 1; GC,, Greaseless cock 2; BAG, Bayard-Alpert ion-
ization gauge (0.55mA); FT, Filament tube. The apparatus is made of glass (Yoshimura et al.,
1970) [6-12]
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Fig. 6.16 Pumping speeds of 1/s)
the closed chamber with the 004+
BAG (0.55mA) of Fig. 6.15.
a) After bakeout at 100 °C for
3h, b) after bakeout at 300 °C b)
for 3h, c) after bakeout at
300 °C for 3h and subsequent 003 -
exposure to the air introduced
through a charcoal trap for
30 min (Yoshimura et al.,

1970) [6-12] 002 o
Y \.\r\'\
0.01
0 = 1 L 1 1
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pumped nitrogen, and the re-emission probability of electronically pumped nitrogen
was 1076-10~5/sec about 1 hr after completion of pumping. It is concluded that the
main mechanism contributing to chemical pumping is the formation of a second
adsorbed layer on the metal parts of the gauge, in particular the grid.

Weston (1979) [6-14] presented an article, “Measurement of ultra-high vacuum.
Part |. Total pressure measurements’, where various ionization gauges, the Bayard-
Alpert gauge, the modul ated Bayard-Alpert gauge, and the extractor gauge, the mag-
netron and similar gauges are described in details.

lonization Gauges [6-14]
If agasisionized by electron impact from an electron current passing through it, then the
number of positive ions formed isdirectly proportional to the molecular concentration p

i, =Cpi_, (6.13)

where i, istheion current, i_ the electron current and C the constant of proportionality.
When there is equilibrium between pressure and density at temperature T then the well
known gas-kinetic equation p = pkT, inwhich k is Boltzmann's constant, isvalid. Equation
(6.13) can then be written as

K
where K = l/CkT and is known as the gauge sensitivity. Thus, to measure pressure by
ionization requires a source of electrons (cathode), an accelerating electrode (anode) to
draw electron current and athird electrode (collector) to collect the ions formed by electron
impact in the gas. Indeed, the first ionization gauges were converted triode vacuum tubes
with the grid acting as the anode and the anode used as the collector.

K depends on temperature, from the gas kinetic equation, but is aso depends on the gas
species, the electron energy and the gauge geometry. The effect of the gas species and elec-
tron energy isillustrated in Fig. 6.17 where the number of ions formed per electron per cm
path as a function of electron energy is given for several gases commonly encountered in

p (6.14)
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Fig. 6.17 The efficiency

of ionization of Ny, CO,
02, NO, H» and CoH» ac-
cording to Tate and Smith
(J. P. Tate and P. T. Smith,
Phys. Rev. 39, 1932, 270),
n = ions/(electron- cm) at
10?°N/m? and 0°C (Weston,
1979) [6-14]
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vacuum systems at 10°N - m—2 and at 0°C. These represent typical ionization efficiency
curves applicable to other pressures, with ionization commencing at a threshold energy
(ionization potential) rising to amaximum and falling again at higher energies. The geome-
try of the gauge determines the el ectron path length, the field distribution and ion collection
efficiency. A number of workers over the last 50 years have attempted to derive K for partic-
ular gauges from fundamental data, but although reasonabl e agreement between the derived
values and measured val ues has been claimed, in general it is necessary to obtain K from a
calibration against a‘standard'’.

The linear relationship of Eq. (6.14) holds from zero pressure up to the pressures where
the ion current level affects the electron energy and current by space charge. However,
the upper pressure limit is well above the ultrahigh vacuum range and is not concern of
this review. Although theoretically there is no low pressure limitation on ion formation,
there is the practical problem of measuring these extreme small ion currents. To give an
adequate supply of ions according to Eq. (6.14) alarge el ectron current and/or a high value
of the sensitivity, K, isrequired. The electron current islimited by power dissipation in the
cathode and there are other constrains which will be discussed later. So it is the sengitivity
which becomes the important parameter for low pressure measurements. In the ultrahigh
vacuum region the mean free path A of the electrons is very much greater than the linear
dimensions of the gauge envelop (A ~ 5kmat 10~ N/m?) and the probability of anionizing
collision by an electron traversing between cathode and anode is very small, resulting in a
low value of K. To increase the ionization efficiency the electron path length would have
to be considerably extended and thisis the main criterion in the basic design of a vacuum
ionization gauge. There are several configurations of electrostatic fields, or combinations of
electrostatic and magnetic fields, which will cause electrons to oscillate or spiral within a
limited volume. Many have been proposed for gauge use, but only two or three have evolved
into practica ultrahigh vacuum gauges.

A more serious problem for low pressure measurements is the observed presence of
extraneous currents in the gauge which are independent of pressure. These result in pressure

reading errors since:
ool <'+_+ 'S) —p <1+ ks ) (6.15)
K i (i
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where is is the total extraneous current, p’ the measured pressure and p the true pressure.
When i, >> is, the error is small but as the pressure and, thus i, decreases the error be-
comes increasingly important and eventual ly limits the lowest pressure measurements, as

;1 (s
P K(L)'

The main cause of this extraneous or residual current in hot cathode ionization gaugesis
the so-called x-ray effect. Soft x-rays are produced by electron bombardment of the positive
electrode and some of these impinge on the ion collector to produce photo-€electrons. The
photo-electron current adds to the ion current and cannot easily be separated. In the con-
ventional triode ionization gauge, where the ion collector is a metal cylinder surrounding
the anode in form of a grid the x-ray effect restricts the pressure measurements to about
10~5N/m2. Extraneous currents can also be caused by electrical leakage, ion desorption
from the anode, again as aresult of electron bombardment, photo-emission caused by radi-
ation from the filament and field emission.

Thus an ultrahigh vacuum ionization gauge must be designed to give as high sensitivity
as possible subject to having a low value of the residua current is. The ionization gauge
that have been developed along these lines for ultrahigh vacuum application can be divided
into two groups, hot filament (thermionic emission) ionization gauges and cold cathode
(field emission or secondary emission) ionization gauges. In practice the groups are more
specifically defined since most of the hot filament gauges are based on the Bayard-Alpert
gauge and the cold cathode gauges on the magnetron gauge.

Nakao (1975) [6-15] determined the sensitivity of an ionization gauge for many
inorgani ¢ gases and hydrocarbon gases up to Cy¢ compounds using the relative ion-
ization cross-section.

Abstract [6-15]: Results obtained indicate a linear relationship with a slope of
n = 1 between the gauge sensitivity and the ionization cross-section. The ioniza-
tion cross-section relative to nitrogen for both the inorganic and hydrocarbon gases
shows an almost linear increase with the number of electrons per molecule as well
as the gauge sensitivity relative to nitrogen. In the absence of better information
the gauge sensitivity of a given gas can be determined by the relative ionization
Cross-section.

Extractor Gauge

The extractor ionization gauge of nude type (EG) is exclusively used for measuring
ultrahigh vacuum of very low pressure.

Redhead (1966) [6-16] described the design and performance of a new type of
hot-filament ionization gauge with low residual current.

Abstract: Theions are extracted from the ionization region, focused through an
aperture in a shield electrode, and then collected on a short, fine wire. The sen-
sitivity factor of this gauge is about 13Torr* for nitrogen. The ratio of the soft
x-ray flux reaching the collector of the new gauge to that of a Bayard-Alpert gauge
is calculated, and the x-ray limit of the new gauge estimated to be 3 x 10~13Torr.
Measurements at low pressures indicate that the x-ray limit cannot be greater than
7 x 10~13Torr and may be considerably less. False pressure indications; caused by
the electronic desorption of positive ions from chemisorbed gases on the grid (in
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particular, oxygen), are at least 500 times smaller in the new gauge than in the

Bayard-Alpert gauge.

Construction [6-16]

Figure 6.18 isacutaway drawing of the extractor gauge (EG) mounted on its glass header,
before being sealed into its glass bulb. The glass bulb (not shown) is coated with a trans-
parent conducting film on tin oxide. The filament is thoria-coated tungsten, supported by a
hook at its midpoint. The top of the grid is closed, whereas the bottom is open. Below the
shield is a hemispherica electrode, the ion reflector, at the same potentia as the grid, and
supported from the grid side rods. The collector is a short wire projecting through a small
hole in the center of the ion-reflector. The modulator is a short wire projecting into the cen-
ter of the grid from the top. By switching the modulator from grid potential to ground, the
ion current to the collector can be modulated by 50% or more. All component parts of the
gauges, except the grid and filament, were vacuum-fired before assembly. The grid, shield
electrode, and ion-reflector were outgassed by the electron bombardment, 250 mA at 1kV.

Positive ions are formed by electron impact within the grid cage and are attracted to-
wards the negative shield electrode. Most of the ions pass through the aperture in the shield
and are focused, by the positive potential on the ion reflector, onto the collector.

The x-ray flux striking the ion collector is reduced below that in a BAG because of two
factors: (a) the collector is partialy shielded from the grid by the shield plate, and (b) the
collector isashort wire of small diameter, so that the solid angle subtended by the collector
at the grid is very small.

MODULATOR
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Fig. 6.18 Cutaway diagram
of the extractor gauge; the
envelope is omitted for clarity
(Redhead, 1966) [6-16]
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Beeck and Reich (1972) [6-17] presented an article, “Comparison of the pressure
indication of a Bayard-Alpert and an extractor gauge.”

Abstract [6-17]: Detailed comparative measurementswere made and have shown:;
(1) When pumping aUHV system for thefirst time, or switching off for aperiod and
re-energizing, the pressure indication by the EG is 3 to 5 times lower than that indi-
cated by the BAG. (2) After degassing the gauges the pressure readings are almost
the same, but higher because of increased desorption. Theinfluence of the electronic
desorption effect has been quantitatively investigated. The measurements confirmed
that the reading of the EG is lower and more correct than the BAG reading under
similar conditions.

Extractor Gauge [6-17]

Figure 6.19 shows diagrammatically a nude extractor gauge [1, 2, 3, 4, 5]. The ions pro-
duced by electron impact within the anode space are focused through the aperture to the
ion collector and then detected as a current. However, ions which originate from electronic
desorption at the anode and which are also focused in the direction of the ion collector will
reach the ion reflector (in contrast to the ions created within the anode space) because this
reflector is kept at the same potential as the anode. One has to expect, therefore, that only a
relatively small fraction of the desorbed ions will arrive at the ion collector, so the error in
the pressure indication caused by electronic desorption will aso be small.

The connection between the shield and the flange is of high thermal conductivity, thus
heating of the shield by radiation from the cathode causes only a dight increase of temper-
ature and degassing of the diaphragm isnegligible.

The cathode is a tungsten wire of 0.1 mm diameter coated with thorium oxide. The
heating power was 1.5W. As a result of this exceptionally low value the heating of the
anode and the wall was much less than for systems using pure tungsten cathodes or iridium
cathodes coated with thorium oxide.
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Fig. 6.19 Extractor gauge
(EG) (Beeck and Reich, 1972)
[6-17] v
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Hot-Cathode Magnetron | onization Gauge

Lafferty (1961) [6-18] presented an article, “Hot-cathode magnetron ionization
gauge for the measurement of ultrahigh-vacua.”

Abstract [6-18]: To accomplishincreasing the sensitivity of theionization gauge
amagnetron with a cylindrical anode was selected for the ionization gauge and op-
erated in a magnetic field with an intensity of 2.5 times the cutoff value. Two end
plates maintained at a negative potential relative to the cathode collect the ion cur-
rent generated in the magnetron and prevent the escape of electrons. Positive ion
emission from the cathode is suppressed by mounting a hairpin filament on the axis
of the cylindrical anode and well removed from the region of the negativeion collec-
tor. A very low level of electron emission is used to prevent instabilities in operation
and give a maximum ratio of ion current to x-ray photocurrent. Measurements of
sensitivity and x-ray photocurrent indicate that the magnetron gaugeis linear down
to a pressure of 4 x 10~ *mmHg. Ability to measure low pressures with the gauge
appears to be limited by the sensitivity of the circuit measuring the low ion cur-
rents. The ion pumping speed was found to be 0.003L/s under normal operating
conditions. Magnetron gauges have been built with ceramic metal envelopes.

The hot-cathode magnetron ionization gauge [6-18] is shown in Fig. 6.20.

Lafferty (1963) [6-19] presented an article, “Hot-cathode magnetron ionization
gauge with an electron multiplier ion detector for the measurement of extreme
ultrahigh-vacua.”

Abstract [6-19]: The low-pressure limit of this gauge has been extended by the
addition of an electron multiplier ion detector. The ions generated in the magnetron
gauge are focused onto the first dynode of the multiplier by an electrostatic lens
system. The multiplier gain is high enough to permit the use of an ion counting
technique for the measurement of very low pressures. The lens system focuses the
ions from the gauge into a beam that passes through two limiting apertures before
striking the first dynode. This arrangement prevents the soft x-rays generated at the
magnetron gauge anode from falling directly on the first dynode. The x-ray pho-
toemission from the first dynode has been reduced by a factor of 50 000 below
that observed for the magnetron gauge alone. M easurements of sensitivity and x-ray
photocurrent indicate that this device should have a linear response down to pres-
sures of 2 x 10~ Torr. Ability to measure low pressures with the gauge appears to
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Fig. 6.20 Hot-cathode mag-
netron ionization gauge
(Lafferty, 1961) [6-18]
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be limited by the inherent dark current of the multiplier. The gauge may be used to
advantage for the measurement of higher pressuresby operating at reduced emission
current levels to minimize pumping and degassing effects. Photoemission from the
first dynode caused by incident light from the magnetron gaugefilament has been re-
duced to values bel ow the x-ray photoemission by the use of alanthanum hexaboride
cathode which operates at only 675 °C. This|ow operating temperature reduces the
problem of gasreactionswith the filament. Radiation from gas molecul es excited by
electron impact in the magnetron gauge has been observed in the 10~° Torr pressure
range.

Cold-Cathode I onization Gauge for UHV

Peacock et al. (1991) [6-20] presented an article, “Comparison of hot cathode and
cold cathode ionization gauges,” where the performance of typical cold cathode
gaugesis described in detail.
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Abstract [6-20]: Relative sensitivities for different gases are not the same for
different HCGs or CCGs, or for HCGs compared to CCGs. Both types of gauge are
susceptible to contamination. Thefilament heating power of the HCG is sufficient to
causelocal outgassing of adsorbed material, and possibly large pressure errors. Each
has certain spurious effects. The lower limit of the HCG is set by x-ray photocurrent
and electron impact desorption. The CCG is subject to discontinuitiesin the current
versus pressure characteristic. Starting of the dischargein a CCG may be delayed at
ultrahigh vacuum (UHV). Pumping speeds of both types of gauge are of magnitude
10~2L /s, so that gauge pumping is usually negligible.

Cold Cathode I onization Gauge (CCG) [6-20]

Figure 6.21 is a drawing of an inverted magnetron CCG [1]. All CCGs utilize crossed
electric and magnetic fields to trap electrons. The high voltage ranges from 2 to 6kV, and
the magnetic field 1-2 kG. Starting from the first stray charged particle, a discharge slowly
builds by cumulative processes to the point where the entry of further electronsislimited by
space charge depression. At pressures below 10~ Torr the discharge is an almost pure elec-
tron plasma [2]. Figure 6.22 shows possible paths and events for electrons in the inverted
magnetron. They move in approximately cycloida jumps, circling about the anode. During
part of each jump the energy of electron is sufficient to cause ionization. When the energy
of electron “1” is reduced by an ionizing collision, it moves inward dlightly. Electron “2”
and an ion result from the collision. Upon striking the cathode, the ion frees electron “3.”
The trapping of the electrons is so efficient that at a pressure of 10~ Torr it can require
20min for the transit of an electron from the cathode to anode [2]. lons, because of their
greater mass, move in much larger jumps, and are quickly collected at the cathode.

to system port

envelope —\J

cathode — |

magnet

anode

guard electrode
50 mm

ceramic support

cothode current
feedthru to

Flg 6.21 Section of anin- electrometer
verted magnetron CCG show-

ing construction. This gauge high voltage
has separate feedthroughs for feedthru to

anode and cathode (Peacock anode (+4 kV)

et dl., 1991) [6-20]
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Fig. 6.22 Electron and ion magnetic field
trajectories in the CCG. The cathode into the page
ion production process is
described in the text (Peacock
etal., 1991) [6-20]
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Starting of the dischargein cold cathode gauge may be delayed at ultrahigh vacuum
(UHV), which is a problem to be solved. The problem of starting the cold cathode
gauge can be resolved by using a radioactive isotopes such as an americium source,
as presented by Welch et al. (1996) [6-21] and Kendall and Drubetsky (1996) [6-22].
A radioactive source also works well for starting a contaminated Penning gauge.

Schulz and Phel ps (1957) [6-23] presented an article, “lonization gaugesfor mea-
suring pressures up to the millimeter range”, in which the development of a unique
gauge, Schulz gauge, is described.

Abstract [6-23]: By designing an ionization gauge such that the electron paths
are short and well-defined and that the collection efficiency of the ion collector is
near unity, one can extend the range of ionization gauges to pressures of the order
of amillimeter of mercury. Several specific tube constructions are proposed and the
characteristics of the gauges are discussed.

Lichtman (1984) [6-24] presented an article, “Perspectives on residual gas
analysis.”

Magnetic Sector [6-24]

The magnetic sector employs the well known physical fact that moving, charged
particles, traversing a magnetic field, follow a circular path (see Fig. 6.23). The
radius (r) of the path is given by
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Fig. 6.23 Magnetic sector analyzer (Lichtman, 1984) [6-24]

r=mv/Bq. (6.16)

From Eq. (6.16) it is apparent that the magnetic sector PPA (partial pressure
analyzer) separates singly charged particles by momentum (mv) — not just mass.
For nonrelativistic velocities, Eq. (6.16) can be rearranged and written in a more
useful form as

M/q = r?B?/2Vo, (6.17)

whereVy =ion accelerating voltage. A double chargedion will follow the same path
as one that is singly charged having half the mass. Magnetic sector PPAs normally
deflect the ions through either 60°, 90°, or 180°. For monoenergetic ions in a per-
fectly uniform magnetic field the resolving power M/AM can be written as

M/AM %r/(51+32), (6.18)

where r is the radius of ion path, S; is the entrance dit width, and S, is the exit
dit width. Magnetic PPAs typically have a resolving power of approximately 100.
Sensitivity to a partial pressures of 10~'°Torr has been reported for instruments
using multiplier detectors.

The PPA mass spectrometers detect but one m / q ratio at a time; therefore a
method of sweeping, in some order, different m / q across the detector is required.
Thismay be accomplished by varying either the accel erating voltage or the magnetic
field Eq. (6.17).

The magnetic PPAs have the advantage that there exists alarge amount of useful
reference information on their operating characteristics. In addition, they requirethe
minimum of electronic equipment, all of whichisbasically dc or Slowly varying dc.
Generally, changesin resolution or sensitivity require removal of the analyzer from
its envelopeto adjust dlits.

Further information on the magnetic type of PPA may befoundin [1,2, 3, 4, 5, 6]
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Quadrupole Mass-Filter [6-24]

The quadrupole mass filter (QMF) is, by far, the most popular PPA in use today. It
was originally developed by Paul and co-workersin 1955 [7, 8, 9]. A schematic of
aQMFisshownin Fig. 6.24.

The analyzing region is basically a set of four cylindrical rods. Ideally, these
rods should have a hyperbolic cross-section. However, circular cross-section rods of
radiusr = 1.16r¢ work quite satisfactorily.

lons are formed in the ion source and injected at A, along the z axis of the
quadrupole (Fig. 6.24). The rods of the quadrupole are energized with a constant
dc potential U and a rf potential V coswt. In the quadrupole region the ions are
subjected to a potentia of the form

¢ = (U +V cosot) (x2 —y?) /r3. (6.19)
The equation of motion for the ions can then be written:

mX + 2g(U +V coswt)x /r§ =0,
my — 2q(U +V coswt)y /r§ =0,
mZ — 0. (6.20)
(Mathieu's differential equations)

The solution to the differential equation in z is trivial and fields z =constant.
Thus, the axial velocity of the ions does not change as the ions traverse the
guadrupole region. The solutions of the x and y equations are infinite series, of two
types: (1) the stable solutions for which x and y remain finite for all values of timet
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il QUADRUPOLE - — 0
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10N SOURCE

QUADRUPOLE CROSS SECTION
Fig. 6.24 Quadrupole mass filter (Lichtman, 1984) [6-24]
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and (2) the unstable solutions for which x and y become infinite ast — . The mass
separation characteristics of the QMF arise from the existence of these stable and
unstable solutions.

The solutionsfor which x andy remain finitewill be called the resonant solutions.
The conditions necessary for simultaneousx and y resonance are shown in Fig. 6.25.
Asshownfor fixedU, V, @, q, and rg there can be arange of masses for which there
exist resonant solutions. The value of B = U /V defines how wide that mass range
can be. At the apex of the resonant regions where 3 = 0.168 there exists only one
resonant mass value,

m = 5.65(Vq/rjon?). (6.21)

Under these operating conditions only those particles having a mass specified by
Eq. (6.21) will pass through the QMF; all other particles oscillate with increasing
amplitude in the x and y directions; thus, they eventually strike the filter rods and
are neutralized. It is important that the ions enter the QMF with a small enough
velocity so that the rf potential will act on them for at least several cycles during
their travel through the analyzer. The maximum allowable ion energieswill depend
on the particular instrument but will generally be in the range of 10's of eV.

Masses may be swept either by (1) varying the frequency while keeping the rf
and dc voltages constant, or by (2) varying the rf and dc voltage level (keeping their
ratio B constant) while maintaining a constant frequency. As shown in Eq. (6.21),
method (2) provides a linear mass sweep. This is the method currently used in all
commercia instruments.

Sincetherf to dc voltageratio 3 iskept constant in both methods of mass sweep-
ing, it can be shown that the resolving power R = M /AM is constant regardless of
mass. R depends only on 3. However, very few commercial QMFs operate with
constant resolving power. Because the mass sweep is linear (using voltage scan-
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Fig. 6.25 Stability diagram for quadrupole mass filter (Lichtman, 1984) [6-24]
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ning) it is convenient to have AM, the absolute resolution, remain constant; this
is accomplished by continuously varying 3 electronically in just the right fashion
while sweeping mass to establish constant AM. One should note that when operat-
ing in this mode, the sensitivity decreaseswith increasing M, thus making detection
of more massive ions difficult. This problem is handled by suitable calibration pro-
cedures.
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Mass Spectra Cracking Patterns

Weston (1980) [6-25] presented an article, “Measurement of ultrahigh vacuum.
Part 2. Partial pressure measurements.” Weston gave mass spectra cracking patterns
in the table.

Cracking Pattern [6-25]

The usefulness of spectra obtained from a residual gas analyzer depends on the
calibration. As mentioned in the introduction, ionization of a gas molecule pro-
duces singly and doubly charged ions of the molecules as well as fragment ions.
For example, carbon dioxide when bombarded by electrons will produce ions of
COj, CO™, COj*, OF, and C* in significant quantities as well as small quan-
tities of isotope ions, giving a characteristic spectrum with mass peaks at masses
44, 28, 22, 16 and 12, respectively. Fortunately, however, the relative abundance
of the various ions for any one gas is more or less constant and is known as
the cracking pattern of the gas. In general, these cracking patterns are indepen-
dent of pressure but they do depend on the electron energy and the gas tem-
perature and also on the mass discrimination. The temperature affects the dis-
sociation probability and thus more fragment ions are produced at high tem-
perature. The electron energy determines the ratio of singly to multiply ionized
molecules. The mass discrimination which depends on the type of spectrometer
and method of scanning, etc. will obvioudy affect the peak heights for the vari-
ous masses. Because of this latter effect, different types of mass spectrometer can
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exhibit significant differencesin cracking pattern for the same gas but instruments
of the same type tend to show only minor variations.

Cracking patterns for most gases have been investigated for the magnetic-sector
type instruments and can be found tabulated in any mass spectrometer data book.
Similar information is being built up for the quadrupole. Conventionally the largest
peak is scaled as 100, and is used as the base peak for sensitivity measurements, etc.
Table 6.2 gives some typical cracking pattern data in a magnetic-sector instrument
for the gases likely to be met in the vacuum systems. Knowing the cracking pattern
allows the spectrum to be analyzed. For example, if there is a mixture of CO, and
N2 present in the system, both will contribute to the peak at mass 28. However, by
measuring the peak at mass 44, which is uniqueto the CO,, the contribution of CO™
to the mass 28 peak can be deduced and thus the relative height of the NJ peak at
28 determined.

Outgassing from | onization Gauges with I ncandescent Filaments

Yoshimuraet al. (1991) [6-26] reported the outgassing from incandescent filaments
of the BAG and the EG in an article, “Outgassing characteristics of an electropol-
ished stainless-steel pipe with an operating extractor ionization gauge.”

Outgassing Characteristics [6-26]

The outgassing characteristics of a BAG (tungsten filament) and EG (iridium filament
coated with thorium oxide) were investigated in detail in an isolation test. The isolation
test was conducted for the EP SS304 pipe with a BAG (tungsten filament, glass-tube type,
1mA emission current), which was evacuated by a turbomolecular pump through an all-
meta valve. The experimental setup is shown in Fig. 6.26. The volume and surface area of
the pipe are 0.75L and 820cm?, respectively. The pipe has been in situ baked (150°C, a
few times) in the foregoing experiment [1].

The pipe was baked again in situ (150 °C, 20h), while the metal valve was baked at
about 100 °C, after exposure to air. The BAG was degassed by el ectron bombardment (21 W,
15min), and then operated with 1 mA emission current. On the next day, the pressure just
before the first isolation test was 3.6 x 10~ Pa (N, equivalent pressure). An isolation test
for 20 min was repeated eight times in sequence. The evacuation period between successive
isolation tests was about 30 seconds each. The base pressure just before each isolation test
increased as the isolation tests were repeated. The pressure-rise curves are presented in
Fig. 6.27.

The pressure-rise characteristics in Fig. 6.27 were surprising in that the pressure-rise
rate of curve “8” was two orders higher than that of curve “1.” And as seen from curves
“4" “5" and “6,” the rates increased with the pressure. This was believed to occur for the
following reasons:

(1) The outgassing rate of the operating BAG increased as the pressure increased.

(2) Gas molecules emitted from the BAG during the isolation period were accumulated
on the surface of the pipe wall, and as a result, the outgassing rate of the pipe wall
increased as the isolation tests were repeated.

(3) Gas molecules diffusing out of the pipe wall impinged on the wall surface at high
frequencies and were sorbed on thewall surface during theisolation period. Asaresult,
the outgassing rate of the pipe wall increased as the i solation tests were repeated.



Table 6.2 Mass spectra cracking patterns (Weston, 1980) [6-25]
Molecular weight / Formula

Mass 16 17 18 20 26 28 28 28 30 30 32 32 34 40 42 44 44 44 44 46 46 46 58 58
CH4 NH3 H,O Ne CyH; CoHs CO N CoHg NO CH4O0 O, HS A C3gHg C3Hg CO» NO CoH 0O CoHgO NO, CH20, C4Hig C3HgO

2 3.0 0.7 0.2

12 24 25 21 45 04 6.0 33

13 77 56 35 05 01 29

14 186 22 02 63 06 72 34 715 39 25 12.9 9.6

15 35875 46 24 59 39 0.1 53

16 100 80.0 1.1 0.9 15 114 85 50 223 52

17 12 100 230 171

18 0.4 100 19 55

19 0.1 2.3

20 0.3 100 10.7

21 0.3

22 9.9 12

24 56 37 16

25 20.1 117 4.2 0.7 4.8

26 100 62.3 23.0 113 76 9.1 8.3 63 83
27 28 6438 333 384 379 4.5 23.9 371 80
28 0.2 100 100 100 100 6.4 59.1 114 108 2.7 8.9 172 326

29 22 11 08 217 64.7 100 01 01 100 234 100 442 43
30 0.2 26.2 100 0.8 21 311 6.0 100 1.6

ove

sebres) wnnep 9



Table 6.2 (continued)

Mass 16 17 18 20 26 28 28 28 30

CHs NH3 H20 Ne CyH, CoHs CO N CoHg NO CH4 O O2

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

30 32

0.4 100
0.2 66.7
1.0

32 34 40 42

100 44.4
0.1 420
0.4 100
25
42 03

134

0.1 203

74.0

100 29.0

100

69.6

26.2

0.8

Molecular weight / Formula

4 44 44 44

04
31

16.2
2.8
12.4
51
22.3

13
04

0.1

100 45.7
0.7
0.2

39
9.2
26.7

16.5

46

100

29
7.6

46 46

10.0
47.6
37.0 60.9

58

125

27.8
12.2
100

58

HS A CgHg CaHg CO» N2O CoHsO CoHgO NO CHy0, CaHig CaHgO
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Fig. 6.26 Experimenta setup BAG

for an isolation test with a D

BAG. The BAG was later >

replaced by an EG inserted -—

in a water-cooled adapter ! JC I

for an isolation test with an
EG (Yoshimura et d., 1991)
[6-26]
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Reason (1) must be responsible for the phenomenon that the pressure-rise rate increased
with the pressure and that is attributed to the increasing temperature of the filament, result-
ing from the pressure rise.

The filament temperature of the operating BAG was measured over a wide pressure
range by using a radiation thermometer. The metal valve was closed at a base pressure
of 5.5x 10~7 Pa, and then the pressure gradually increased. The filament temperature vs.
pressure (N2 equivalent) characteristics of the BAG are presented in Fig. 6.28.

Asseenin Fig. 6.28, the filament temperature remained constant at 1575 °C up to 2.0 x
10~3 Pa, and then it rose gradually with the pressure rise. The temperature rise was as large
as 50°C for a one-order pressure rise above 4.0 x 10~°Pa. It can be said that the BAG
showed an increasing outgassing rate with the gradua pressure rise, due to the gradual
increase of the filament temperature.

The extractor ionization gauge (EG) has been reported to be a reliable vacuum gauge
for measuring ultrahigh vacuum (UHV) pressure [2]. The pressure-rise characteristics for

Fig. 6.27 Pressure-rise curves
for the isolated pipe which
had been in situ baked
(150°C, 20h). Pressures
were measured with the BAG.
(Yoshimura et al., 1991)
[6-26]
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Fig. 6.28 Filament temperature of the BAG, varying with the pressure (Yoshimura et al., 1991)
[6-26]

the closed pipe were repeated using an EG (iridium filament coated with thorium oxide,
nude type, 0.59 mA emission). In this case the EG was inserted into a water-cooled SS304
adapter.

The process of isolation testswith the EG was similar to that with the BAG. The resulting
pressure-rise curves are presented in Fig. 4.7 of Chap. 4.

The pressure-rise curves in Fig. 4.7 are quite different in form from those in Fig. 6.27.
The pressure-rise rates in this case were very low in comparison. The lower outgassing
of the EG must be due to its lower temperature in comparison with the tungsten filament.
Low outgassing may also be related to alower CO gas content in the filament or a smaller
value of the diffusivity of the gas in the filament material. Apparently, the filament tem-
perature of the EG remained almost constant during the pressure-rise periods of 60 or 90
minutes. Since the pressure-rise rate did increase as the isolation tests were repeated, the
foregoing reasons (2) and (3) were also contributing factors. That is, gas molecules evolved
from the pipe wall and the EG were accumulated on the wall surface during the isolation
period, resulting in the increased outgassing rate of the pipe wall in the following isolation
period.

Next, an isolation test was conducted on the same pipe evacuated for 2 h, following ex-
posure to air (15min), using the EG. The pressure just before the first isolation test was
5.0 x 10-%Pa (N, equivalent pressure). The isolation test was repeated four times in se-
quence. For the first two tests the valve was closed for 5min each, and for the last two
tests, the valve was closed for 10 min each. The evacuation period between each succes-
sive isolation test was 30 seconds each. The resulting pressure-rise curves are presented in
Fig. 6.29.

As seen in Fig. 6.29, the pressure-rise rates were fairly high. And, as seen from curves
“3" and “4,” the rates increased as the pressure increased. It was considered that when the
pressure rose above 5 x 104 Pa, the filament temperature of the EG gradually increased,
resulting in an increasing outgassing rate.
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Fig. 6.29 Pressure-rise curves 7~ ‘%'
for the isolated pipe evacu-

ated 2 h after exposure to air
(15 min). Pressures were mea-
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Gas Species Emitted from | onization Gauges
with Incandescent Filaments

Yoshimura et al. (1990) [6-27] reported the outgassing from a BAG (tungsten filament) and
a QMF (tungsten filament) in an article, “Outgassing characteristics and microstructure of
an electropolished stainless-steel surface’

Gas Species Emitted from Operating BAG and QM F [6-27]

The experimental setup is given in Fig. 6.30. The inner wall of the pipe (820cm? inner
surface area, 1L volume) had been electropolished to 0.7S. The pipe had already been
degassed afew times (100 °C, 5h of unit baking time) in a previous experiment.

MS
BAG
Fig. 6.30 Experimental A JC 1C 1K
setup for the isolation test. — -

The inner wall of the pipe
was electropolished (0.7 S)
(Yoshimura et al., 1990)
[6-27]
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After an in situ Bakeout [6-27]

The pipe and the quadrupole mass spectrometer (MS) were in situ bakeout (150 °C,
20h), while the metal valve was baked at about 100 °C. The MS with a W filament was
first operated at 5mA of emission current for 1h, and then operated at 0.5mA continu-
ousdly. The BAG (glass-tube type, W filament) was degassed by an electron bombardment
(30mA/700V, 20 min), and then operated at 1 mA.

Mass numbers of residual gases analyzed at 2.6 x 107 Pa of the base pressure after
about 50 h pumping following baking, were 2 (Hz), 18(H,0), 28 (CO and Ny), 44 (CO,),
and 16 (CHy), in order of concentration.

First, the metal valve was closed at 2.6 x 10~/ Pa, thus the outgassing molecules being
built-up inside the isolated pipe. The mass spectrum at 2.6 x 10~ Pa.in the isolation period
is presented in Fig. 6.31. This pattern was quite different from that analyzed under evacua-
tion. Most of the H,O molecules detected under evacuation must be evolved from the TMP
(blades and body walls), which had not been degassed at high temperature. Most of the
CO (28), CO; (44), C (12), and CH4 (16) molecules might be emitted from the operating
MS (0.5mA) and BAG (1 mA) through chemical changes by incandescent filaments[1] and
electron stimulated desorption (ESD) [2].

Next, partia pressure-rise characteristics for individual masses were measured. The
BAG was switched off at 2.6 x 107 Pajust before isolation, and again switched on 3min
after isolation. Building-up characteristics of masses 28 and 12 are presented in Fig. 6.32
(a), and those of masses 16, 2, 18, and 44 are presented in (b). The characteristics of masses
28 and 12in the earlier 3min after isolation are again presented in Fig. 6.32 (b) by chain
lines for comparison.

Comments on individual masses are as follows [6-27].

2 (H3). The peak rose steadily with time and jumped up appreciably when the BAG was
switched on. Then, it soon lowered in a short time, and again rose slowly. Most of the H,
mol ecules must be evolved from the EP pipe wall.

12 (C). The peak amplitude kept constant after isolation. The peak jumped up greatly
when the BAG was switched on, and then it rose steadily with further time. The C molecules
must be produced due to dissociation of CO, CO,, and CH4 in the MS and BAG with an
incandescent filament.

-1
i 28 1
-12p .
<‘ B J
o
o
-
-13F -
2 12
L 16 4
Fig. 6.31 Mass spectrum 14 27129
analyzed at 2.6 x 10~°Pain
the isolated pipe. The valve 18 44
was closed at 2.6 x 107 Pa 14 A |

(Yoshimuraet al., 1990)[6-27] ' Mass
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Fig. 6.32 Building-up characteristics of individual masses after the in situ bakeout (150 °C, 20 h).
(a) Masses 28 (mostly CO) and 12 (C); and (b) masses 16 (CH4), 2 (H2), 18 (H20), and 44 (CO5).
The BAG was switched on 3 min after isolation (Yoshimura et al., 1990) [6-27]

16 (CH,). The peak jumped up from 2.0 x 10~%° to 1.1 x 10~ 3 A when the metal valve
was closed. It rose slowly until the BAG was switched on, and then it was lowered at a
considerably high rate. CH4 molecules may be partly dissociated into C and H, molecules
in contact with an incandescent filament.

18 (H,0). The peak rose very slowly. The variation of the peak amplitude, occurring
when the BAG was switched on, was very small. The peak amplitude was kept almost
constant after that. The outgassing rate was negligibly low.

28 (mostly CO). The peak jumped up from 7.0 x 10715 to 2.5 x 1014 A when the
metal valve was closed, and then it rose steadily with time. It jumped up from 2.5 x 10~14
to 1.5x 10712 A when the BAG was switched on. The gas species must be mostly CO,
which isknown to be emitted through ESD [2]. Most of the CO molecules must be emitted
from the operating MS and BAG.

44 (CO,). The peak jumped up from 5.0 x 10~1° t0 3.5 x 10-1* A when the metal valve
was closed, and then it rose slowly. The peak jumped up to its double amplitude when the

BAG was switched on, and then its amplitude was kept almost constant.
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Nakao (1975) [6-28] presented an article, “ Simplified method for the calculation of
partial pressure using the relative ionization cross-section.”

Abstract [6-28]: Two simplified methods for the calculation of partial pressure
are discussed theoretically in conjunction with the ionization probability of pro-
ducing the most characteristic ion of molecules. lonization probabilities for twenty
molecules, usually encountered in many vacuum systems, are determined from the
relative ionization cross-section by using a correction factor. Partial pressure values
calculated from these methods are compared with those from the usual mass spectro-
metric method. The value can be evaluated within an accuracy of less than 10% for
many molecules. The method of calculation using the ionization gauge correction
factor is also developed. By these methods the partial pressure evaluation becomes
possible without doing troublesome calibrations of the residual gas analyzer.

New Gauges for Measuring Extreme High Vacuum

Watanabe (1987) [6-29] presented an article, “Point collector ionization gauge with
spherical grid for measuring pressures below 10~ Pa”

Abstract [6-29]: A new hot-filament ionization gauge using a point collector and
spherical grid (see Fig. 6.33) has been developed to reduce the low-pressurelimit. If
avery small paint collector could be used in an ionization gauge, without reducing
sensitivity, the small surface area of the collector could yield avery low x-ray limit.
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Fig. 6.33 Cutaway drawing of the point collector gauge with spherical grid and ring filament
(Watanabe, 1987) [6-29]
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In the present design a point collector is approximated using aneedletip ~ 0.03mm
in diameter and =~ 0.05mm long projected from a thin tapered deeve. A 26 mm-
diam spherical grid is formed by joining two hemispheres made of finely woven
molybdenum mesh. The collector is placed about 1.5mm inside the pole of the
spherical grid. A ring filament is stretched around the equator of the spherical grid.
The x-ray limit of the new gauge, calculated theoretically from geometric consider-
ations, is about 2.3 x 10-12Pa; and its experimental result is about 2.5 x 10~ 11Pa,
with a sensitivity factor of 0.4/Pa(53/Torr).

Watanabe (1992) [6-30] presented an article, “lon spectroscopy gauge: Total
pressure measurements down to 10~12Pa with discrimination against electron-
stimulated-desorptionions.”

Abstract [6-30]: A new hot-cathode total pressure gauge, called an ion spec-
troscopy gauge (see Fig. 6.34), which substantially avoids errors caused by ESD
ions down to 102 Pa, has been devel oped. Discrimination against ESD ionsis ac-
complished by combining three technical elements: (1) a spherical grid ion source;
(2) a spherical 180° ion energy analyzer; and (3) burying the ion source in an alu-
minum alloy flange. The ion source plays an important role in the generation of
a large kinetic energy difference between gas-phase ions and ESD ions, by using
electron space charge. The 180° analyzer, which has a high energy resolution, pro-
motes ion focusing and tends to reduce the x-ray limit. The performance of the
platinum-grid gauge was confirmed down to 2 x 1011 Pa, essentially free from er-
rors caused by ESD ions. The x-ray limits and sensitivities of the new gauges were:
below 2 x 10~ Pawith a sensitivity of 4.5 x 10~*A /Pafor the molybdenum grid
and 5.6 x 10~ 1?Pawith a sensitivity of 1.8 x 10~*A /Pafor the platinum grid.
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Fig. 6.34 Cutaway drawing of the ion spectroscopy gauge (Watanabe, 1992) [6-30]
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Watanabe (1993) [6-31] presented an article, “ Total pressure measurementsdown
to 10~ 12 Pawithout electron stimulated desorption ion errors.”

Abstract [6-31]: The most advanced ion spectroscopy gauge was constructed
with afine platinum alloy spherical grid ion source, immersed in acopper block with
stainless steel flanges (see Fig. 6.35). Gas phaseionswere effectively separated from
ESD ions by the actions of electron space charge in the grid and a hemispherical
180° ion energy analyzer. The x-ray limit of the advanced gauge was approximately
2.5 x 10~13Pa, and the outgassing rate of 2 x 10~°Pa. L /s (about 1/100 that of an
ordinary nude Bayard-Alpert gauge) was achieved.

Oshimaand Otuka (1994) [6-32] presented an article, “ Performance of an ioniza-
tion gauge with alarge-angleion deflector. |. Total pressure measurement in extreme
high vacuum.”

Abstract [6-32]: Performance of the ionization gauge with alarge-angle ion de-
flector (254.6°) (see Fig. 6.36) has been examined in extreme high vacuum. We
have estimated 4 x 10~ 3Pato be the lowest measurable limit of the gauge due to
soft x-ray noise (1 min period of measurement) and to be less 2 x 10~ 3 Pafor elec-
tron stimulated desorption ion noise. The sensitivity of the gauge was 0.018 /Pafor
hydrogen. By use of a channeltron multiplier for ion detection, the sensitivity of the
gauge is improved: hence, a pressure of ~ 3 x 10~ Pais easily measured at an
emission current < 0.1mA. Deviation from the linear relation of ion current versus
emission, allows outgassing from the gauge to be detected.

Akimichi et al. (1997) [6-33] determined the sensitivity factor of an axial sym-
metric transmission gauge (AT gauge) (see Fig. 6.37) by the conductance modula-
tion method (CMM) in the pressure range from 10~1° to 106 Pa.

Abstract [6-33]: The gauge has a Bessel-box type energy filter between a
Bayard-Alpert gauge type ionizer and an ion detector to eliminate the limiting fac-

Grid Filament Flange
(ICF 114)

Deflector Suppressor

Fig. 6.35 Schematic diagram of the copper ion spectroscopy gauge. Grid material is Pt (80%)-Ir
(20%) alloy. The copper body and stainless steel flanges were welded by el ectron beam (Watanabe,
1993) [6-31]
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Fig. 6.36 Schematic diagram
of the vacuum gauge with a
large-angle deflector. There
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tors of pressure measurement in extreme high vacuum such as the soft x-ray effect
and the electron stimulated desorption of ions. The lower limit of the pressure mea-
surement of the gauge is estimated to be about 10-1?Pa or lower. The sensitivity
factor showed a dlight pressure dependence caused mainly by outgassing from the
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Fig. 6.37 Schematics of the AT gauge. (a) Bessel-box type energy filter, (b) network used under
typical conditions (Akimichi et a. 1997) [6-33]
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gauge itself. The sensitivity factor of the AT gauge, which was further corrected for
the effect of outgassing by the CMM, isamost constant in the pressure range from
1071%t0 10-%Paand is (2.3+0.1) x 10~3/Pafor hydrogen.

Akimichi et al. (1999) [6-34] examined the long term characteristics of an axial
symmetric transmission gauge, such as the outgassing rate and sensitivity factor,
over aperiod of 3500h.

Abstract [6-34]: It was found that the outgassing rate and the gain of the
continuous-dynode-typeel ectron multiplier, which was used for ion detection, were
the main factors which determined the gauge characteristics. The lifetime of the
electron multiplier estimated from the decay rate of the sensitivity factor during the
acceleration test by hydrogen is about nine years for the operation of the gauge in
the 10-1°Paregion.

Takahashi et al. (2005) [6-35] reported the basic characteristics of the axial-
symmetric transmission gauge (AT gauge), that were modified for measurement
over awide pressure range.

Abstract [6-35]: A Faraday cup ion collector is used instead of a secondary elec-
tron multiplier to extend the measurable pressure range to 10~3Pa. The sensitivity
of the gauge was determined by a conductance modulation method, and by direct
comparison against an extractor gauge and a spinning rotor gauge as well. When
operating in O,, there was systematic disagreement between pressure readings with
the AT gauge and the extractor gauge. Thisis dueto the differencein the elimination
efficiency of the electron stimulated desorption (ESD) ion: (The schematic diagram
of the AT gaugeis shownin Fig. 6.38.).

Conclusion [6-35]

The ion energy spectra obtained by the Bessel-box-type energy anayzer show that the AT
gauge successfully eliminates the influence of the ESD ions. The lower limit of the pressure
measurement is determined by the fluctuations of the background current and gas phase sig-
nal intensity and is estimated to be 5 x 10~11 Pa. The sengitivity factor of the AT gauge, cal-
ibrated by the conductance modulation method, was almost constant in the pressure range
from 10710 to 106 Pa. The constant sensitivity factor of the gauge was also confirmed in
the pressure range from 10~° to 10~3 Pa by direct comparison with the extractor gauge and
the spinning rotor gauge.

The comparison of the pressure readings between the AT gauge and the extractor gauge
in oxygen showed that the difference of the readings between the two gaugesincreased with
the oxygen pressure. This difference was caused by the ESD ion current in the extractor
gauge. The disturbance caused by the ESD ion current in the extractor gauge is quantita-
tively estimated. The AT gauge, however, detects only the gas phase ion and is suitable for
the pressure measurement of high to ultrahigh vacuum including high ESD ion yield gases
such as oxygen, water vapor, carbon dioxide, etc.

Watanabe and Suemitsu (1999) [6-36] successfully separated the electron-
stimulated-desorption neutrals from outgassing originating from the grid surface of
emission-controlled gauges with the construction of a heated-grid (see Fig. 6.39),
whose grid temperature can be varied independent of the electron emission
Abstract [6-36]: In XHV, these two processes are both dominated by hydrogen
molecules, while their strengths depend strongly on the grid temperature and the
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Fig. 6.38 Schematic diagram of the AT gauge with a Faraday cup ion detector. The po-
tential applied to electrodes under typical condition is also shown (Takahashi et al., 2005)
[6-35]

grid material. At elevated temperatures, outgassing caused by the out-diffusion of
hydrogen atoms dissolved in the grid begin to dominate. This suggests use of a
material with low hydrogen solubility for XHV-compatible grid material.

Watanabe and Kasai (1995) [6-37] presented an article, “ Low outgassing residual
gas analyzer with a beryllium-copper-alloy-flangedion source.”

Abstract [6-37]: By using a newly developed beryllium-copper (BeCu)-aloy
ConFlat flange to house the hot-cathode ion source, a remarkable decrease in the
outgassing from a quadrupoleresidual gas analyzer (RGA) has been achieved. The
reduction in outgassing between the new BeCu-flanged RGA (see Fig. 6.40) and
an ordinary stainless-steel RGA of otherwise similar design was a factor of 60 or
more in the 10~° Patotal pressure range. From these results, the possibility of high
accuracy residual gas analysis below 10~° Pais introduced.

Satou and Oshima (1995) [6-38] presented an article, “Performance of an ion-
ization gauge with alarge-angleion deflector. I1. Mass analysis of residual gas and
electron stimulated desorption ions.”

Abstract [6-38]: Time of flight (TOF) mass analysis has been applied to residual
gas in extreme high vacuum. By a combination of energy analysis with TOF mea-
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Fig. 6.39 Schematic diagram of the heated-grid gauge. G: Pt-clad Mo spirdl grid, E: Spindt-type
field emitter array, TC: R-type thermocouple, H: grid-heating power supply, A: grid-bias power
supply, g: gate-bias power supply for emitter, B: emitter-bias power supply. All electrodes are
immersed in a beryllium-copper-alloy envelope (Watanabe and Suemitsu, 1999) [6-36]

surement through the detector, we have separated the molecul ar species of gas-phase
ions from the electron stimulated desorption (ESD) ions generated at the ioniza-
tion grid. Only H, molecules are detected for the gas-phase ions at 10~1°Pa, while
H*, HJ, O, and other molecules are observed for the ESD ions. The outgassing
from the instrument was negligible under the present experimental conditions. (A
schematic diagram of the time of flight techniqueis shownin Fig. 6.41.)

Dong and Myneni (1999) [6-39] presented attempts at using the Spindt-type
molybdenum field emitter arrays in the extractor gauges and a residual gas analyzer
[Fig. 6.42 (a), (b)].

Abstract [6-39]: The sensitivity of the field emitter gauge is as high as 11/Torr.
The departure from linearity of the pressure versus ion current measurements did
not exceed 10% over the pressure range of 10-1°-10-%Torr. Stable sensitivities
for nitrogen, helium, and hydrogen were achieved below 10~7 Torr with the field
emitter residual gas analyzer. The dightly reduced emission current and sensitivity,
after long-term operation, are of concern and need to be addressed. Residual gas
spectra indicate that when using field emitters, the electron stimulated desorption
ions (OT, F', and CI™) are reduced as compared to those made using a hot filament
source.
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Takahashi et al. (2001) [6-40] developed the quadrupole mass spectrometer
(QMS) with the Bessel-Box type energy analyzer (see Fig. 6.43)

Abstract [6-40]: The analyzer is placed between the ionizer and the quadrupole
mass filter for the separation of the gas phase ions and the electron stimulated
desorption (ESD) ions produced in the ionizer according to their kinetic energies.
Three important results have been obtained: First, the elimination of the ESD ions
gives the simple mass spectra of gas phase ions for the accurate analysis of the
spectra. Second, the signal intensity profiles of the peaks of parent ions and the frag-
ment ionswith same massto chargeratio (M / e) inthe mass spectraare obtained and
are discussed in relation to the mechanism of ion formation. Third, the sensitivity
of the QM S for the very small amount of impurities in the gases of higher pressure
(high vacuum region) is also improved down to afew tens of parts per billion of the
total pressure due to the reduction of background noise. The noiseis much reduced
by the geometrical structure of the energy analyzer which preventstheion collector,
a secondary electron multiplier, from the radiations of vacuum ultraviolet photons
and soft x rays generated in the ionizer.




lonization Gauges 255

f~ 37kHz
~~100v
1] L Channeltron
200ns
Pulse @»
Generator| | Grid
Mesh-.1,
Cathode:
1
‘\
\ -Vo
\
\
\\ +Vo
\“
“T7 Deflector
]
U | |
Constant
Trigger Function
—'__%g_.l—l Discriminator
Time to Digital[< »| List
Converter Sequencer
A
Histogram T
Memory Crate CAMAC
[ > Controller

Personal Computer
NEC 9801 UV

Fig. 6.41 A schematic diagram of the time of flight technique that is used to clarify molecular
speciesin XHV (Satou and Oshima, 1995) [6-38]

Watanabe (2002) [6-41] presented an article, “ Investigation and reduction of spu-
rious peaks caused by electron-stimulated desorption and outgassing by means of a
grid heating method in a hot-cathode quadrupoleresidual gas analyzer.”

Abstract [6-41]: Once the grid surface is thoroughly cleaned at over 900 °C
by ohmic heating or electron bombardment, the major ESD species observed for
both neutrals and ions dramatically changes to mainly a spurious H peak with a
yield of 10~ (species/electron, with neutral/ion = 2). When the operational grid
temperatureis then increased to 500 °C, the spurious H peak is decreased by over 3
orders of magnitude and the spectrum becomes mainly H, molecules, reflecting the
true pressure of the system; i.e., the relative error for the pressure is reduced to 8%
from 614%. The lower limit caused by outgassing in these instrumentsis due to the
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Fig. 6.42 Schematic arrangement of the (a) FEG and (b) FERGA (Dong and Myneni 1999) [6-39]

grid bulk content of hydrogen. Finding a lower-hydrogen solubility material for the
grid may becomethelast work required for lower-limit XHV gauge development. In
order to decrease the limits caused by ESD and outgassing in a hot-cathode gauge,
employing ion energy filters and cold-cathode field emittersis unnecessary.
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Fig. 6.43 Schematic view of the quadrupole mass spectrometer with the Bessel-Box type energy
analyzer (Takahashi et al., 2001) [6-40]

Wilfert and Edelmann (2004) [6-42] presented an article, “Miniturized vacuum
gauges”

Abstract [6-42]: Due to the rapid advancement in microsystem and microma-
chining technology in the past several years, the most important common pressure
measuring principles have been successfully applied in nimiturized vacuum sensors.
In addition to MicroPiranis®, microstructured gas friction gauges and miniaturized
capacitance manometers have been developed recently too, whose dimensions are
already in the millimeter and partly in the micrometer range. Exceptions in this
development are ionization gauges which, due to their basic measuring principle,
cannot be arbitrarily miniaturized without substantial restrictionsin their operating
performance. The article givesarough summary of the present level of development
of selected types of miniaturized vacuum gauges and points out limits and causes
for the restricted miniaturizability of certain total pressure vacuum gauges.

References

6-1. J. M. Lafferty, “Review of pressure measurement techniques for ultrahigh vacua’, J. Vac. Sci.
Technol. 9 (1), pp. 101-107 (1972).

Mechanical Gauges

6-2. N. G. Utterback and T. Griffith, Jr., “ Reliable submicron pressure readings with capacitance
manometer”, Rev. Sci. Instrum. 37 (7), pp. 866870 (1966).

Thermal Conductivity Gauges
6-3. J. H. Leck, “The high temperature Pirani gauge”, J. Sci. Instrum. 29, pp. 258-263 (1952).



258

6 Vacuum Gauges

Viscosity Gauges

6-4.

6-5.

6-6.

6-7.

6-8.

J. W. Beams, D. M. Spitzer, Jr., and J. P. Wade, Jr., “ Spinning rotor pressure gauge’, Rev. Sci.
Instrum. 33 (2), pp.151-155 (1962).

J. K. Fremerey, “High vacuum gas friction manometer”, J. Vac. Sci. Technol. 9 (1),
pp. 108-111 (1972).

P. Takasakul,J. A. Bentz, R. V. Tompson, and S. K. Loyalka, “The spinning rotor gauge: Mea-
surements of viscosity, velocity dip coefficients, and tangential momentum accommodation
coefficients”, J. Vac. Sci. Technol. A 14 (5), pp. 2946-2952 (1996).

K. Kokubun, M. Hirata, H. Murakami, Y. Toda, and M. Ono, “A bending and stretching mode
crystal oscillator as afriction vacuum gauge’, Vacuum 34 (8/9), pp. 731-735 (1984).

M. Ono, M. Hirata, K. Kokubun, H. Murakami, F. Tamura, H. Hojo, H. Kawashima, and H.
Kyogoku, “Design and performance of a qualtz oscillator vacuum gauge with a controller”,
J. Vac. Sci. Technol. A 3 (3), pp. 1746-1749 (1985).

lonization Gauges

6-9.

6-10.

6-11.

6-12.

6-13.

6-14.

6-15.

6-16.

6-17.

6-18.

6-19.

6-20.

6-21.

6-22.

6-23.

G. K. T. Conn and H. N. Daglish, “Cold cathode ionization gauges for the measurement of
low pressures’, Vacuum 3 (1), pp.24-34 (1953).

D. Alpert, “New developments in the production and measurement of ultra high vacuum”,
J. Appl. Phys. 24 (7), pp. 860-876 (1953).

J. H. Singleton, “Practical guide to the use of Bayard-Alpert ionization gauges’, J. Vac. Sci.
Technol. A 19 (4), pp. 1712-1719 (2001).

N. Yoshimura, H. Oikawa, and O. Mikami, “Measurement of outgassing rates from mate-
rials by differential pressure rise method”, Shinku (J. Vac. Soc. Japan) 13 (1), pp. 23-28
(2970) (in Japanese).

J. P. Hobson, “The pumping of nitrogen by a Bayard-Alpert ionization gauge in an ultra-
high-vacuum system”, Vacuum 11, pp.16-25 (1961).

G. F. Weston, “Measurement of ultra-high vacuum. Part |. Total pressure measurements’,
Vacuum 29 (8/9), pp. 277-291 (1979).

F. Nakao, “Determination of the ionization gauge sensitivity using the relative ionization
cross-section”, Vacuum 25 (9/10), pp. 431-435 (1975).

P. A. Redhead, “New hot-filament ionization gauge with low residual current”, J. Vac. Sci.
Technol. 3 (4), pp. 173-180 (1966).

U. Beeck and G. Reich, “Comparison of the pressure indication of a Bayard-Alpert and an
extractor gauge”, J. Vac. Sci. Technol. 9 (1), pp. 126-132 (1972).

J. M. Lafferty, “Hot-cathode magnetron ionization gauge for the measurement of ultrahigh
vacua’, J. Appl. Phys. 32, (3) pp. 424-434 (1961).

J. M. Lafferty, “Hot-cathode magnetron ionization gauge with an electron multiplier ion
detector for the measurement of extreme ultra-high vacua’, Rev. Sci. Instrum. 34 (5),
pp. 467-476 (1963).

R. N. Peacock, N. T. Peacock, and D. S. Hauschulz, “Comparison of hot cathode and cold
cathode ionization gauges’, J. Vac. Sci. Technol. A 9 (3), pp. 1977-1985 (1991).

K. M. Welch, L. A. Smart, and R. J. Todd, “Enhanced ignition of cold cathode gauges
through the use of radioactive Isotopes’, J. Vac. Sci. Technol. A 14 (3), pp. 1288-1291
(1996).

B. R. Kendall and E. Drubetsky, “ Starting delays in cold-cathode gauges at low pressures’,
J. Vac. Sci. Technol. A 14 (3), pp. 1292—1296 (1996).

G. J. Schulz and A. V. Phelps, “lonization gauges for measuring pressures up to the mil-
limeter range”, Rev. Sci. Instrum. 28 (12), pp. 1051-1054 (1957).

Partial Pressure Gauges

6-24.

D. Lichtman, “Perspectives on residua gas anaysis’, J. Vac. Sci. Technol. A 2 (2),
pp. 200205 (1984).



References 259

6-25.

6-26.

6-27.

6-28.

G. F. Weston, “Measurement of ultra-high vacuum. Part 2. Partial pressure measurements’,
Vacuum 30 (2), pp. 49-67 (1980).

N. Yoshimura, H. Hirano, K. Ohara, and |I. Ando, “QOutgassing characteristics of an elec-
tropolished stainless-steel pipe with an operating extractor ionization gauge”, J. Vac. Sci.
Technol. A 9 (4), pp. 2315-2318 (1991).

N. Yoshimura, T. Sato, S. Adachi, and T. Kanazawa, “Outgassing characteristics and mi-
crostructure of an electropolished stainless steel surface”, J. Vac. Sci. Technol. A 8 (2),
pp. 924-929 (1990).

F. Nakao, “ Simplified methods for the calculation of partia pressure using the relative ion-
ization cross-section”, Vacuum 25 (5), pp. 201209 (1975).

Development of New Gauges for XHV

6-29.

6-30.

6-31.

6-32.

6-33.

6-34.

6-35.

6-36.

6-37.

6-38.

6-39.

6-40.

6-41.

6-42.

F. Watanabe, “Point collector ionization gauge with spherical grid for measuring pressures
below 10~ Pa’, J. Vac. Sci. Technol. A 5 (2), pp. 242—248 (1987).

F. Watanabe, “lon spectroscopy gauge: Total pressure measurement down to 10~12 Pawith
discrimination against el ectron-stimulated-desorption ions’, J. Vac. Sci. Technol. A 10 (5),
pp. 3333-3339 (1992).

F. Watanabe, “Total pressure measurement down to 10~ 12 Pa without electron stimulated
desorptionion errors’, J. Vac. Sci. Technol. A 11 (4), pp. 1620-1626 (1993).

C. Ohshima and A. Otuka, “Performance of an ionization gauge with a large-angle ion
deflector. |. Total pressure measurement in extreme high vacuum”, J. Vac. Sci. Technol. A
12 (6), pp. 3233-3238 (1994).

H. Akimichi, T. Aral, K. Takeuchi, Y. Tuzi, and |. Arakawa, “Calibration of an axial sym-
metric transmission gauge in ultrahigh and extreme high vacuum”, J. Vac. Sci. Technol. A
15 (3), pp. 753-758 (1997).

H. Akimichi, K. Takeuchi, Y. Tuzi, and I. Arakawa, “Long term behavior of an axia-
symmetric transmission gauge”, J. Vac. Sci. Technol. A 17 (4), pp. 2021-2025 (1999).

N. Takahashi, J. Yuyama, Y. Tuzi, H. Akimichi, and |. Arakawa, “Axial-symmetric transmis-
sion gauge: Extension of its pressure measuring range and reduction of the electron stimu-
|ated desorption ion effect in ultrahigh vacuum”, J. Vac. Sci. Technol. A 23 (3), pp. 554-558
(2005).

F. Watanabe and M. Suemitsu, “ Separation of electron-stimulated-desorption neutrals from
outgassing originating from the grid surface of emission-controlled gauges: Studies with a
heated-grid gauge”, J. Vac. Sci. Technol. A 17 (6), pp. 3467-3472 (1999).

F. Watanabe and A. Kasai, “Low outgassing residua gas anayzer with a beryllium-copper-
aloy-flanged ion source”, J. Vac. Sci. Technol. A 13 (2), pp. 497-500 (1995).

T. Satou and C. Oshima, “ Performance of an ionization gauge with alarge-angle ion deflec-
tor. 1. Mass analysis of residual gas and electron stimulated desorption ions’, J. Vac. Sci.
Technol. A 13 (2), pp. 448-450 (1995).

C. Dong and G. R. Myneni, “Field emitter based extractor gauges and residua gas anayz-
ers’, J. Vac. Sci. Technol. A 17 (4), pp. 2026-2033 (1999).

N. Takahashi, T. Hayashi, H. Akimichi, and Y. Tuzi, " Development of the quadrupole mass
spectrometer with the Bessel-Box type energy analyzer: Function of the energy analyzer in
the partial pressure measurements”, J. Vac. Sci. Technol. A 19 (4), pp. 1688-1692 (2001).
F. Watanabe, “Investigation and reduction of spurious peaks caused by €l ectron-stimulated
desorption and outgassing by means of a grid heating method in a hot-cathode quadrupole
residual gas analyzer”, J. Vac. Sci. Technol. A 20 (4), pp. 12221229 (2002).

St. Wilfert and Chr. Edelmann, “Miniaturized vacuum gauges’, J. Vac. Sci. Technol. A 22
(2), pp. 309-320 (2004).



260 6 Vacuum Gauges

Other Articles

Mechanical Gauges

*6-1. J. Dimeff, J. W. Lane, and G. W. Coon, “New wid-range pressure transducer”, Rev. Sci.
Instrum. 33 (8), pp. 804811 (1962).

*6-2. G. C.Badwinand M. R. Gaerttner, “Thermal transpiration error in absol ute pressure mea-
surement with capacitance manometers’, J. Vac. Sci. Technol. 10(1), pp. 215-217 (1973).

Thermal Conductivity Gauges

*6-3. B. G. Dickins, “The effect of accommodation on heat conduction through gases’, Proc. R.
Soc. London, Ser. A 143, pp. 517-540 (1933).

*6-4. J. H. Leck and C. S. Martin, “A Pirani gauge for operation up to a pressure of 10 mm of
mercury”, J. Sci. Instrum. 33, May, pp. 181-183 (1956).

*6-5. J.-S. Shie, Bruce C. S. Chou, and Y.-M. Chen, “High performance Pirani vacuum gauge”,
J. Vac. Sci. Technol. A 13 (6), pp. 2972-2979 (1995).

*6-6. Vincent S. Smentkowski and John T. Yates, Jr., “Universal calibration of W5%Re vs.
W26%Re (type-C) thermocouples in the temperature range 32—2588 K", J. Vac. Sci. Tech-
nol. A 14 (1), pp. 260-265 (1996).

*6-7. W. J. Alvesteffer, D. C. Jacobs, and D. H. Baker, “Miniaturized thin film thermal vacuum
sensor”, J. Vac. Sci. Technol. A 13 (6), pp. 29802985 (1995).

*6-8. O. Paul, O. Brand, R. Lenggenhager, and H. Baltes, “Vacuum gauging with complemen-
tary metal-oxide-semiconductor microsensors’, J. Vac. Sci. Technol. A 13 (3), pp. 503-508
(1995).

*6-9. R.E. Ellefson and A. P. Miiller, “Recommended practice for calibrating vacuum gauges of
the thermal conductivity type”, J. Vac. Sci. Technol. A 18 (5), pp. 2568-2577 (2000).

Viscosity Gauges

*6-10. K. Kokubun, M. Hirata, M. Ono, H. Murakami, and Y. Toda, “Frequency dependence of a
qualtz oscillator on gas pressure”, J. Vac. Sci. Technol. A 3 (6), pp. 2184-2187 (1985).

*6-11. J. K. N. Sharma, P. Mohan, and D. R. Sharma, “Comparison of two primary pressure
standards using spinning rotor gauges’, J. Vac. Sci. Technol. A 8 (2), pp. 941-947 (1990).

*6-12. S.-H. Choi, Sharrill Dittmann, and Charles R. Tilford, “ Stabilization techniques for spin-
ning rotor gage residua drag”, J. Vac. Sci. Technol. A 8 (6), pp. 4079-4085 (1990).

*6-13. A. Chambers, A. D. Chew, and A. P. Troup, “Rotating disk gauge for absolute total pres-
sure measurement in high vacuum”, J. Vac. Sci. Technol. A 10 (4), pp. 2655-2660 (1992).

*6-14. W. Jitschin, K. Jousten, and D. Wandrey, “ Design and eval uation of aprimary high-vacuum
standard”, J. Vac. Sci. Technol. A 10 (5), pp. 3344-3351 (1992).

*6-15. S. K. Loyaka, “Theory of the spinning rotor gauge inthe dip regime”, J. Vac. Sci. Technol.
A 14 (5), pp. 2940-2945 (1996).

*6-16. P. D. Levine and J. R. Sweda, “A primary standard high vacuum calibration station for
industrial applications’, J. Vac. Sci. Technol. A 14 (3), pp. 1297-1302 (1996).

*6-17. C. Boffito, M. Moraja, and G. Pastore, “ Spinning rotor gauge in the range from 10-4Pato
atmospheric pressure’, J. Vac. Sci. Technol. A 15 (4), pp. 2391-2394 (1997).

*6-18. K. Jousten, A. R. Filippelli, C. R. Tilford, and F. J. Redgrave, “Comparison of the stan-
dards for high and ultrahigh vacuum at three national standards laboratories’, J. Vac. Sci.
Technol. A 15 (4), pp. 2395-2406 (1997).

*6-19. J. Setina, “Two point calibration scheme for the linearization of the spinning rotor gauge
at transition regime pressures’, J. Vac. Sci. Technol. A 17 (4), pp. 20862092 (1999).



Other Articles 261

|onization Gauges

*6-20.

*6-21.

*6-22.

*6-23.

*6-24.

*6-25.

*6-26.

*6-27.

*6-28.

*6-29.

*6-30.

*6-31.

*6-32.

*6-33.

*6-34.

*6-35.

*6-36.

*6-37.

*6-38.

*6-39.

*6-40.

*6-41.

*6-42.

*6-43.

P. A. Redhead, “Modulated Bayard-Alpert Gauge” Rev. Sci. Instrum. 31 (3), pp. 343-344
(1960).

J. P Hobson and P. A. Redhead, “ Operation of an inverted-magnetron gaugein the pressure
range 103102 mmHg”, Can. J. Phys. 36, pp. 271288 (1958).

P. A. Redhead, “Magnetron gauge: A cold-cathode vacuum gage’, Can. J. Phys. 37,
12601271 (1959).

N. Yoshimura, H. Oikawa, and O. Mikami, “Measurement of outgassing rates from mate-
rials by differential pressure rise method”, Shinku (J. Vac. Soc. Japan) 13 (1), pp. 23-28
(1970) (in Japanese).

W. Jitschin, “Accuracy of vacuum gauges’, J. Vac. Sci. Technol. A 8 (2), pp. 948-956
(1990).

S. Ruthberg, “Standards and vacuum measurement accuracy”, J. Vac. Sci. Technol. 9 (1),
pp. 186-195 (1972).

P. A. Redhead, “Errors in the measurement of pressure with ionization gauges’, 1960 7th
National Symposium on Vacuum Technology Transactions (Pergamon Press, 1961),
pp.108-111.

G. Barnes, “Erroneous readings of large magnitude in a Bayard-Alpert ionization gauge
and their probable cause’, Rev. Sci. Instrum. 31 (10), pp. 1121-1127 (1960).

T. E. Hartman, “Ultra-High vacuum use of Bayard-Alpert ionization gauges’, Rev. Sci.
Instrum. 34 (3), pp. 281-285 (1963).

T. E. Hartman, “Anomalous residua currentsin the ultrahigh vacuum use of Bayard-Alpert
ionization gauges’, Rev. Sci. Instrum. 34 (11), pp. 1190-1195 (1963).

P. A. Redhead, “The sensitivity of Bayard-Alpert gauges’, J. Vac. Sci. Technol. 6 (5),
pp. 848-854 (1969).

G. Comsa, “The behavior of ions in a BAG structure”, J. Vac. Sci. Technol. 8 (4),
pp. 582-589 (1971).

G. Comsa, “lon collection in Bayard-Alpert gauges’, J. Vac. Sci. Technol. 9 (1),
pp. 117-121 (1972).

J. R. Young, “Measuring hydrocarbon gas pressure with an ionization gauge”, J. Vac. Sci.
Technol. 10 (1), pp. 212-214 (1973).

R. Holanda, “Investigation of the sensitivity of ionization-type vacuum gauges’, J. Vac.
Sci. Technol. 10 (6), pp. 1133-1139 (1973).

J. E. Bartmess and R. M. Georgiadis, “Empirical methods for determination of ionization
gauge relative sensitivities for different gases’, Vacuum 33 (3), pp. 149-153 (1983).

C. R. Tilford, “Reliability of high vacuum measurements’, J. Vac. Sci. Technol. A 1 (2),
pp. 152-162 (1983).

D. G. Bills, P. C. Arnord, S. L. Dodgen, and C. B. Van Cleve, “New ionization gauge
geometries providing stable and reproducible sensitivities’, J. Vac. Sci. Technol. A 2 (2),
pp. 163-167 (1984).

P. C. Arnold and D. G. Bills, “Causes of unstable and nonreproducible sensitivities in
Bayard-Alpert ionization gauges’, J. Vac. Sci. Technol. A 2 (2), pp. 159-162 (1984).

H. Gentsch, J. Tewes, and G. Messer, “An improved ion gauge with gold coated el ectrodes
for reliable operation in reactive gases and for use as reference standard”, Vacuum 35 (3),
pp. 137-140 (1985).

N. T. Peacock, “Measurement of x-ray currentsin Bayard-Alpert type gauges’, J. Vac. Sci.
Technol. A 10 (4), pp. 2674-2678 (1992).

M. Saitoh, K. Shimura, T. Iwata, T. Momose, and H. Ishimaru, “Influence of vacuum
gauges on outgassing rate measurements”’, J. Vac. Sci. Technol. A 11 (5), pp. 2816-2821
(1993).

P. C. Arnold and S. C. Borichevsky, “Nonstable behavior of widely used ionization
gauges’, J. Vac. Sci. Technol. A 12 (2), pp. 568-573 (1994).

P.C. Arnold, D. G.Bills,M. D. Borenstein, and S. C. Borichevsky, “ Stable and reproducible
Bayard-Alpert ionization gauge’, J. Vac. Sci. Technol. A 12 (2), pp. 580-586 (1994).



262

*6-44.

*6-45.

*6-46.

*6-47.

*6-48.

*6-49.

*6-50.

*6-51.

*6-52.

*6-53.

*6-54.

*6-55.

*6-56.

*6-57.

*6-58.

*6-59.

*6-60.

*6-61.

*6-62.

*6-63.

*6-64.

*6-65.

*6-66.

*6-67.

*6-68.

6 Vacuum Gauges

D. G. Bills, “Causes of nonstability and nonreproducibility in widely used Bayard-Alpert
ionization gauges’, J. Vac. Sci. Technol. A 12 (2), pp. 574-579 (1994).

C. R. Tilford, A. R. Filippdlli, and P. J. Abbott, “Comments on the stability of Bayard-
Alpert ionization gages’, J. Vac. Sci. Technol. A 13 (2), pp. 485-487 (1995).

C. M. Spencer and D. Staheli, “High-stability controller for Bayard-Alpert ionization
gauges’, J. Vac. Sci. Technol. 5 (4), pp. 105-108 (1968).

A. R. Filippelli and P. J. Abbott, “Long-term stability of Bayard-Alpert gauge perfor-
mance: Results obtained from repeated calibrations against the Nationa Institute of
Standards and Technology primary vacuum standard”, J. Vac. Sci. Technol. A 13 (5),
pp. 2582—-2586 (1995).

A. R. Filippelli, “Influence of envelope geometry on the sensitivity of “nude” ionization
gauges’, J. Vac. Sci. Technol. A 14 (5), pp. 2953-2957 (1996).

B. R. F. Kendall and E. Drubetsky, “Stable cancellation of x-ray errors in Bayard-Alpert
gauges’, J. Vac. Sci. Technol. A 16 (3), pp. 1163-1168 (1998).

P A. Redhead and J. P. Hobson, “Total pressure measurements below 1010 Torr with
non-magnetic ionization gauges’, Brit. J. Appl. Phys. 16, pp. 1555-1566 (1965).

A. Van Oostrom, “Modulation of Bayard-Alpert ionization gauges with grid end-caps’, J.
Sci. Instrum. 44, pp. 927-930 (1967).

P. J. Szwemin, “Behavior of the Bayard-Alpert gauge with cage modul ator operating with-
out electron current”, J. Vac. Sci. Technol. 9 (1), pp. 122-125 (1972).

L. G. Pittaway, “Modulation of the desorbed ion current in Bayard-Alpert gauges’, J. Vac.
Sci. Technol. 10 (4), pp. 507-512 (1973).

A. Barz and P. Kacian, “Extractor gauge as a nude system”, J. Vac. Sci. Technol. 7 (1),
pp. 200-203 (1970).

D. Blechschmidt, “A miniature extractor gauge for the UHV”, J. Vac. Sci. Technol. 11 (6),
pp. 1160-1165 (1974).

H. Gentsch, “Inertes | oni sationsvakuummeter mit extrahierendem Kollektor (EXKOLL)",
Vakuum-Technik 36 (3), pp. 67—74 (1987).

L. T. Mélfi, Jr., “Buried collector gauge for measurements in the 10~ Torr pressure
range”, J. Vac. Sci. Technol. 6 (2), pp. 322325 (1969).

G. A. Beitd and C. M. Gossdlin, “Performance of a modified buried collector gauge”, J.
Vac. Sci. Technol. 7 (6), pp. 580-585 (1970).

J. H. Leck, “The measurement of total pressure in the range 10-8-10-12 Torr”, Vacuum 20
(9), pp. 369-372 (1970).

K. Close and J. Yarwood, “ The measurement of low gas pressures in termsof ion currents’,
Vacuum 20 (2), pp. 56-64 (1970).

D. Blechschmidt, “An ionization gauge using a channel electron multiplier for pressures
below 10~ Torr”, J. Vac. Sci. Technol. 10 (2), pp. 376-380 (1973).

T. Satoh and C. Ohshima, “Characteristic of electron emission and gas desorption from
the impregnated cathode of ionization gauge for an extremely high vacuum”, Shinku (J.
Vac. Soc. Japan) 37 (2), pp. 77-79 (1994).

N. Gotoh, T. Momose, H. Ishimaru, and R. Paitich, “Residual current of the modified
Lafferty gauge’, J. Vac. Sci. Technol. A 13 (5), pp. 2574-2578 (1995).

B. R. F. Kendall, “lonization gauge errors at low pressures’, J. Vac. Sci. Technol. A 17 (4),
pp. 2041-2049 (1999).

E. H. Chao, S. F. Paul, and R. C. Davidson, “Dynamics of them = 1 diocotron mode in the
electron diffusion gauge experiment”, J. Vac. Sci. Technol. A 17 (4), pp. 2034—2040 (1999).
J. S. Cleaver, “A new high pressure ionization gauge’, J. Sci. Instrum. 44, pp. 969-972
(1967).

P. S. Choumoff and B. lapteff, “High pressure ionization gauge for calibration in the
10-7-10~1Torr Range”, Proc. 6th Internl. Vacuum Congr. 1974, Japan. J. Appl. Phys.
Suppl. 2, Pt. 1, 1974, pp. 143-146.

N. Ohsako, “A new wide-range B-A gauge from UHV to 10~1 Torr”, J. Vac. Sci. Technol.
20 (4), pp. 1153-1155 (1982).



Other Articles 263

*6-69.

*6-70.

*6-71.

*6-72.

*6-73.

*6-74.

*6-75.

*6-76.

*6-77.

*6-78.

F. M. Penning and K. Nienhuis, “Construction and applications of a new design of the
philips vacuum gauge”, Philips Technical Review 11 (4), pp.116-122 (1949).

J. R. Young, “Pressure dependence of the axia ion current in a Penning discharge”, J. Vac.
Sci. Technol. 5 (4), pp. 102-104 (1968).

L. De Chernatony and D. J. Crawley, “UHV measurements by cold cathode gauges’, Vac-
uum 20 (9), pp. 389-391 (1970).

I. Bello, S. Bederka, and L. Haworth, “Optical method for low pressure measurements’,
J. Vac. Sci. Technol. A 13 (3), pp. 509-514 (1995).

M. G. Buehler, L. D. Bell, and M. H. Hecht, “Alpha-particle gas-pressure sensor”, J. Vac.
Sci. Technol. A 14 (3), pp. 1281-1287 (1996).

B. R. Kendall and E. Drubetsky, “Cold cathode gauges for ultrahigh vacuum measure-
ments’, J. Vac. Sci. Technol. A 15 (3), pp. 740-746 (1997).

M. Hirata, “Precise gauge calibration of means of comparison method using a personal
computer”, Shinku (J. Vac. Soc. Japan) 36 (4), pp. 420-423 (1993).

I. Arakawa, M. Kim, and Y. Tuji, “Unidirectional vacuum gauge by means of detecting
excited neutras’, J. Vac. Sci. Technol. A 2 (2), pp. 168-171 (1984).

H. Seeki, T. Magome, and Y. Shoji, “Performance of a hot-cathode-ionization-gauge
head with correcting electrode and shield tube, operated with an automated-pressure-
compensating circuit in a synchrotron radiation environment”, J. Vac. Sci. Technol. A 24
(4), pp. 1148-1150 (2006).

J. T. Tateand P. T. Smith, “The efficiencies of ionization and ionization potentials of vari-
ous gases under electron impact”, Phys. Rev. 39, pp. 270-276 (1932).

Residual Gas Analyzens

*6-79.

*6-80.

*6-81.

*6-82.

*6-83.

*6-84.

*6-85.

*6-86.

*6-87.

*6-88.

*6-89.

*6-90.

P. della Porta, “Present knowledge on residual gases in electron tubes’, Advances in Elec-
tron Tube Techniques 2, pp. 5569 (1962).

R. D. Craig and E. H. Harden, “The interpretation of mass spectra in vacuum measure-
ment”, Vacuum 16 (2), pp. 67—73 (1966).

H. Hoch, “Total- und Partialdruckmessungen bei Driicken zwischen 2 x 1010 und
102 Torr”, Vakuum-Technik 16 (1/2), pp. 8-13 (1967).

M. Kobayashi and Y. Tuzi, “Performance of a directional detector of molecular density”,
J. Vac. Sci. Technol. 16 (2), pp. 685-688 (1979).

K. F. Poulter, “Effect of gas composition on vacuum measurement”, J. Vac. Sci. Technol.
A 2(2), pp. 150158 (1984).

F. Watanabe and H. Ishimaru, “lon current modulation of aresidua gas analyzer”, J. Vac.
Sci. Technol. A 3 (6), pp. 2192—-2195 (1985).

W. K. Huber, N. Miller, and G. Rettinghaus, “Total and partial pressure measurement in
the low 10~ mbar range’, Vacuum 41 (7-9), pp. 2103-2105 (1990).

P. A. Redhead, “Measurement of residual currents in ionization gauges and residual gas
anayzers’, J. Vac. Sci. Technol. A 10 (4), pp. 2665-2673 (1992).

J. A. Basford, M. D. Boeckmann, R. E. Ellefson, A. R. Filippelli, D. H. Holkeboer, L.
Lieszkovszky, and C. M. Stupak, “Recommended practice for the calibration of mass
spectrometers for partial pressure analysis’, J. Vac. Sci. Technol. A 11 (3), pp. A22-A40
(1993).

R. J. Ferran and S. Boumsellek, “High-pressure effects in miniature arrays of quadrupole
analyzers for residual gas analysisfrom 10~° to 10~2 Torr”, J. Vac. Sci. Technol. A 14 (3),
pp. 12581265 (1996).

S, Watanabe, M. Aono, and S. Kato,"Reduction of outgassing rate from residual gas
anayzers for extreme high vacuum measurements’, J. Vac. Sci. Technol. A 14 (6),
pp. 3261-3266 (1996).

N. Nagayama, K. Araki, and H. Mima, “The difference of the pattern coefficient of the
guadrupole mass spectrometer”, Shinku (J. Vac. Soc. Japan) 40 (8), pp. 650-654 (1997).



Chapter 7
Microdischargesin High Vacuum

Theion microscopegenerally equipsthe electrostatic lens system using high voltage
electrodes, which often causes the problem concerning microdischargesin vacuum.
Also, high-voltage transmission el ectron microscopes may meet problems concern-
ing microdischargesin the electron beam accel eration tubes. When microdischarge,
even a very small one, occurs in observing electron-microscope images, it causes
inferior image quality.

Two kinds of microdischarge may occur, microdischarge over an insulator sur-
face and one between high-voltage electrodes.

Keywords

Triple junction (cathode side): Junction of cathode, insulator, and vacuum.
Anode-initiation model: Anode-initiated microparticles approach the cathode,
which becomes a trigger to initiate microdischarge.

Total voltage effect: In a multi-electrode high-voltage system, the breakdown
voltage is limited by the total voltage applied between the top electrode and the
bottom electrode rather than by the electric field in each electrode gap.
lon-exchange process: Microdischarge occurs due to the regenerative exchange
of positive ions and negative ions between the top electrode and the bottom
electrode.

Conditioning: Aging of high-voltage system with application of a high voltage.
After conditioning, a higher voltage could be applied without accompanying
microdischarge.

AGC (Argon-glow conditioning): An argon glow discharge treatment for elec-
trodes and insulators for aging. Typical conditions: 350 Vac, 180mA, 5 min in
about 10 Paof argon.

HV C (high-voltage conditioning): A voltage higher than the rated voltage is ap-
plied in high vacuum for aging.
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7A Microdischarges over Insulator Surfaces

Factors

Gleichauf (1951) [7A-1] presented an article, “ Electrical breakdown over insulators
in high vacuum.”

Abstract [7A-1]: The breakdown voltage of vacuum gaps depends on the elec-
trode material, but when the gap is bridged by an insulator it is independent of the
electrode material and varies with the kind of insulator. Some indication is found
that the breakdown voltage increases with increasing surface resistivity of the insu-
lator, but no apparent correlation is found between breakdown voltage and dielectric
constant, density, or vapor pressure. It is found that a roughening of the intervening
surface of theinsulator in the region adjacent to the cathode increases the breakdown
voltage. For electrode separations of 1 mm or greater the breakdown voltage does
not increase linearly with the length of the insulator. (The relationship Vg o< v/L
has been found, where L is the length of insulator and Vg is the breakdown volt-
age.) Experiments were made in which one of the electrodes was separated from
the insulator. It seems that the critical gradient at breakdown in the vacuum space
between the cathode and the insulator, calculated for the case of plane electrodes
from the ratio of dielectric constants, is not as large as would be required in gaps
without insulators. These gradients are almost the same for copper as for stainless
steel electrodes. The breakdown voltage over an insulator is raised when the edge of
the insulator close to either electrode is rounded. When a layer of glass, thin com-
pared with the separation of electrodes, is fused to the cathode, breakdowns occur
at lower voltages than for an identical vacuum gap.

Pillai and Hackam (1985) [ 7A-2] measured the surface flashover of Teflon, Plex-
iglas, quartz, Pyrex glass, Macor glass-ceramic, and sapphire solid insulators in
vacuum (~ 10~8Torr, ~ 10~®Pa) and in atmospheric air using dc, ac (60Hz), and
1.2/50 — psec lightning impul se voltages.

Abstract [7A-2]: The dependence of the flashover voltage on the following pa-
rameters is investigated: (1) spacer material, (2) diameter of the spacer, (3) spacer
length, (4) number of spacers stacked in series, (5) air pressure in the range 10~ to
10° Pa, (6) electrode material, (7) spark conditioning, and (8) the external resistance
in series with the gap. At a fixed insulator length the flashover voltage decreases
with increasing spacer diameter. The withstand voltage of spacers stacked in series
increases with increasing the number of spacers. The dc flashover voltage of dif-
ferent insulating materialsis theoretically calculated in vacuum as a function of the
length of the insulator and compared with the experimentally obtained results. Good
agreement is obtained.

Charging of Dielectric Surfaces

Tourreil and Srivastava (1973) [7A-3] presented an article, “Mechanism of surface
charging of high-voltage insulatorsin vacuum.
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Abstract [7A-3]: In vacuum, the surface of insulators becomes electrically
charged when subjected to high-voltage stresses. The charging mechanism is de-
scribed. A model simulating the charging shows that the surface charge densities
are proportional to the applied voltage and depend on the secondary electron emis-
sion of the dielectric surface. It is also time dependent. Surface charges are shown
to explain many results obtained in studies of insulator surface breakdown.

Sudarshan and Cross (1973) [ 7A-4] presented an article, “DC electric-field mod-
ifications produced by solid insulators bridging a uniform-field vacuum gap.”

Abstract [7A-4]: The results of measurements of the electric field near the sur-
face of stainless-steel electrodes in vacuum are described. It is found that the field
is modified by a solid insulator bridging the inter-electrode gap. The extrapolated
cathodefield is enhanced sufficiently to equal the value considered necessary to ini-
tiate breakdown in a plane vacuum gap. The measured fields are greater than the
applied field and consistent with the accumulation of positive surface charge on the
solid insulator. Analysis of the data suggests that the surface charge results from
bombardment of the surface by electrons emitted at the insulator-cathode junction.

The characteristics of junction-field vs. applied-field measured for alumina are
presented in Fig. 7A.1[7A-4].

Anderson and Brainard (1980) [7A-5] presented an article, “Mechanism of
pulsed surface flashover involving electron-stimulated desorption.”

Surface Flashover Model [7A-5]

Secondary Emission Avalanche [7A-5]:

A magnified view of the insulator surface early in the pre-breakdown time delay is shown
in Fig. 7A.2. The layers of avalanche electrons, neutras, and positive ions are identified,
and typical trajectories of each of these particles are indicated. Electrons drift toward the
anode through repeated secondary emission events of unity yield, as if hopping across the
insulator surface; neutrals drift away from the surface; and ions are accelerated away from
the surface and toward the cathode.

Observation of Avalanche Current [7A-5]:

Measurements of the current of electrons arriving at the anode electrode at the edge of
a 20 mm-long rectangular insulator (Fig. 7A.3) are consistent with the description of dis-
charge development summarized above. Electrons passing through a 1.5 mm-diam hole in
the anode el ectrode were collected by ashielded Faraday cup. A small needle on the cathode
electrode initiated a region of surface charging in line with the hole in the anode €l ectrode.
Typica simultaneous cathode voltage and Faraday-cup current waveforms obtained from an
alumina ceramic insulator are displayed in Fig. 7A.4. Results for polymethyl methacrylate
(Plexiglas) are similar.

The waveforms in Fig. 7A.4 indicate that after an initia burst of current corresponding
to a few tenths of an ampere per mm surface current, a smaller steady current persisted
until it grew rapidly immediately prior to the collapse of insulator impedance. As the sec-
ondary emission avalanche propagated across the insulator, some of the emitted electrons
apparently escaped the avalanche and were accelerated to the anode to be detected as the
initial burst of current (which may be seen in Fig. 7A.4 as a 1.5 ns-wide hump in the cur-
rent waveforms occurring soon after the cathode voltage attains its maximum value). The
steady current observed during the latent period prior to breakdown is roughly equal to the
predicted current due to the slow drift of avalanche electrons toward the anode.
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(Sudarshan and Cross, 1973) [7A-4]
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Fig. 7A.2 Layers and avalanche electrons, neutrals, and positive ions early in the prebreakdown
delay time. Typical trgjectories of each of these particles are indicated (Anderson and Brainard,
1980) [7A-5]
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Fig. 7A.3 Arrangement for cathode

measuring the prebreakdown
current. The hole in the anode
electrode is aligned with

a small needle attached to
the cathode electrode and in
contact with theinsulator. The

anode is at ground potential .
(Anderson and Brainard, Insu Iato r /
1980) [7A-5]
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Pillai and Hackam (1982) [ 7A-6] presented an article, “ Surface flashover of solid

dielectric in vacuum.”

Analysis of the Charging M echanism [7A-6]

The secondary €electron emission rate & from an insulator surface initially increases with
increasing impinging energy of the electrons until it reaches saturation and startsto decrease

at high energy. There are two energies at which 6 = 1[3].
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Fig. 7A.4 Simultaneous cathode voltage and Faraday-cup current waveforms, measured as in
Fig. 7A.3 (alumina ceramic insulator 20mm long). Collapse of impedance at breakdown is evi-
denced by the onset of inductive-capacitive ringing in the cathode voltage. The applied voltage
was 46% larger in (b) than in (a), which reduced the prebreakdown time delay by a factor of

approximately 2 (Anderson and Brainard, 1980) [7A-5]
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Intheinitial stage of charging, al the electrons striking the insulator’s surface are emit-
ted from the triple junction. The impinging energy is that gained from the inter-electrode
field, neglecting the energy of emission from the cathode [2]. The region on the insulator
surface struck by electronsyielding 6 > 1 becomes positively charged. Near the anode, the
surface becomes at first dightly negatively charged. When the surface-charge density of
the positively charged region becomes sufficiently high, many of the secondary electrons
emitted from the insulator surface will be attracted back onto the surface. The trgjectory
range of the electrons emitted from the insulator's surface will decrease as the surface-
charge density increases. The energy at impact will therefore decrease. It will do so un-
til the impact energy becomes equal to that corresponding to § = 1 which is the stable
operating point and any deviation from it is self-correcting. This also corresponds to the
electric field which is inclined at the critical angle with respect to the insulator surface
[1, 2]

An electron emitted from the surface with energy Ag and having a direction normal to
the insulator surface reaches height x

x=(Ao/eEL), (7A.1)

wherex iscm, ApineV and E; (in V/cm) isthefield normal to the surface of the insulator
resulting from the surface charge density.
The range of the trgjectory is

y = (4AoE, [eE?), (7A.2)

wherey isincmand E;, (in V/cm) is the field parallel to the surface of the insulator and
equal to the average applied field in the case of a solid cylindrical insulator. E :V/I,
where V is the applied voltage between the electrodes and | the gap spacing. Taking into
account the cosine-law distribution in the direction of emission, the average val ue of impact
energy Aj becomes[1]

Ai=Ao[1+2(E, /EL)?]. (7TA.3)

When the steady state of charging is reached at unity yield, the impinging energy is A;z. It
should be noted that the stability of the surface charge corresponding to the lower of the
two energies A1, at which the emission yield is unity, is sufficient to be considered [4]. The
relationship between thefield E,, and thefield E | is[9]

E/, = EL\/; [(A/A0) - 1]. (7A.4)

The height of the trajectory isvery small, afew micrometers, compared to the radius of
curvature of the surface of practical insulators, and therefore can be considered asaplane as
far as the trgjectory of the electron is concerned. The field produced by the positive charge
in the plane geometry is

EiL =0, /260, (7A.5)

where g is the permittivity of the free space (8.85 x 10~'* F/cm) and o, is the charge
density in C/cm?.

The critical angle for which the surface charge is at an equilibrium is given by tan6.
6 isthe angle between the electric field and the insulator surface. The value of tanf mainly
depends on the impact energy A;.

tan 0 = (EL/E//) = \/ZAO/(Al —Ao). (7A.6)

In general, the secondary-emission parameters Ag and A; for solid insulators are a few
eV and a few tens of eV, respectively. Using the data available on the secondary-electron
emission yield from insulators [3], the value of 6 obtained from Eq. (7A.6) isfound to vary



7A Microdischarges over Insulator Surfaces 271

from about 10°—-35°. The expression for positive surface charge density 6, can be written
in terms of the interelectrode field E

(o :2£0E//tan6. (7A7)

The current carried by the secondary emission aval anche depends on the density of neg-
ative space charge 6_ and the drift velocity of electrons in the avalanche. The density of
the electrons’ space-charge in the emitted secondary electron avalanche cannot exceed the
surface charge 6. in magnitude without causing el ectrons to be repelled from the insulator.
When the electrons drift towards the anode, the value of o_ diminishes, but at the same
time, the positive surface charge at the insulator-cathode junction enhances the field at the
cathode triple junction. The increased field emission maintains 6_ egual to 6. Hence in
our analysis, it is assumed that 6_ isequal to 6. The surface current carried by the sec-
ondary emission avalanche per centimeters can be written as

|// = 0_Ve, (7A8)

where |, isthe current per unit length of theinsulator surface (A/cm). The average velocity
Ve is used as an approximation for the drift velocity.

Ve = \/2A1 x 10* /me, (cis) (7A.9)

where me and e are the electron mass and charge, respectively. A; is expressed in joule.
From the above relation, the average velocity of an electron in the avalanche having an
energy A; eV is
Ve =5.94% 107. /Ay (7A.10)

The surface current expression becomes
l))=0_x5.94x 10" x \/A1. (Alcm) (7TA11)

The eectrons return to the insulator after traveling an average distance of s = Al/E//.

Thevalue of s is of the order of 10~4~10~3 cm, when o, is at a saturated steady state. The
current density perpendicular to theinsulator surface can be obtained as

Ji = (6_veE/; /A1). (Alcm?) (7TA.12)

The desorption rate from the insulator surface dependson J .

Electron-Impact Gas Desor ption and Discharge Formation [7A-6]

When electrons impinge on the surface of asolid insulator, the particles released, depending
ontheelectrons' energy, include neutral molecules, atoms, excited neutrals, and positive and
negativeions. Theratio of neutrals evolved isvery much higher than other particles. In most
cases, the electron-impact desorption cross-sections are smaller than the corresponding ion-
ization cross-section in the gas phase. Electron impact cross-sections vary with electron
energy in a similar fashion to gas-phase ionization cross-sections. The average desorption
cross-section is assumed to be 10~16cm? [6], as the major components of the desorbed
gases are carbon monoxide and hydrogen.

The electron-stimul ated desorption (ESD) efficiency can be found from experiments on
pre-breakdown currents by measuring the outgassing rates of gases[6, 7]. It isassumed that
the pre-breakdown current is due to secondary-emitted electrons hopping across the surface
of afully charged insulator. For CO, Hz, N2, H20, and other molecules which are known
to be adhered to the surface, the number of molecule per square centimeter on the surface
of the dielectric may be taken as the order 10610 /cm? [8, 9]. In order to estimate the
desorption probability, the results found in a study of the gas evolution from insulators
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subjected to an electric field in the direction parallel to the surface are considered [7]. The
rate of gas evolution depends on theinsulating material aswell asthe desorption probability.
A value of outgassing rate of the order of 2-5 x 10~ Torr - L/sfor different insulating mate-
rials (Plexiglass, Teflon, vinyl, ceramics) has been reported [7]. The desorption probability
corresponding to this outgassing rate is in the range 5-15 molecules per impinging elec-
tron calculated from pre-breakdown currents of 2-6 x 10~7 A observed in our (Pillai and
Hackam) experiments. A desorption probability of a few molecules per electron is consis-
tent with the product of an electron-stimulated desorption cross-section of asmall multiple
of 10~16¢cm? [6, 10] and the number of molecules per square centimeter on the surface
of 101107 [8, 9].

The rate of electron-impact gas desorption Jq depends on the electron-current den-
sty J; (Alem?), the desorption cross-section Qg (cm?) and the surface-charge density
64 (molecules/cm?). The expression for Jg is

Ja = (64QqJ. /e)(molecules-cm™2.s71). (7A.13)
In general the desorbed particle rate is written as
Jo= (VJL/e), (7A.14)

where y isthe desorption probability equal to 64Qq molecules/electron.

The electron stimulated desorption probability of gases from aclean and well-outgassed
insulator surface can be found by observing the pressure changes in the system housing it
during electron bombardment of the sample [10]. The variation in the desorption rate for
aparticular insulator depends among other things on the sample temperature, the el ectron-
impact energy and the electron-current density. The main components of the desorbed gases
are hydrogen, nitrogen, carbon monoxide, and water vapor. The relative amount of these
gases present depends on the structure, composition, and history of the insulator. The des-
orbed gases from materials like Teflon (polytetrafluoroethylene), Plexiglass (polymethyl
methacrylate), ceramics, alumina (Al,O3) contain a higher percentage of hydrogen and wa-
ter vapor particularly in the case of an unbaked vacuum system. In a well-baked system
the gases normally consist of at least 30-50% CO. In order to find the density of desorbed
gas, the velocity vg at which adesorbed neutral |eaves the insulator surface must be known.
However, only afew data are available on the value of vy. The average velocity of the gas
molecules may be assumed of the order of 1.5-2.0 x 10°cm/s [3, 11, 12] The density of the
desorbed molecules Ny can be estimated from the value of v and the gas-desorption rate

Ng = (Y1 /evo) (moleculesiem?®). (7A.15)

The amount of the desorbed gas M per square centimeter from the insulator surface due
to apre-discharge field current is given by the product of Ny and the length of theinsulator, |

M = (y3, /evo)l. (7A.16)

Flashover Breakdown Criteria[7A-6]

The electrical field is enhanced at the cathode end of the insulator due to the effect of
positive-charge accumulation, and consequently, the electron-emission current from the
cathode increases. Increasing the applied electric field leads to arise in the field-emission
current, and consequently, the amount of desorbed gas increases. The ionization rate in-
creases rapidly with increasing of the desorbed gas. When the pre-breakdown current is
low, the gas desorption is aso low. In this case, the condition for a self-sustained discharge
can only be satisfied at a very high field. There is obviously some critical current o, and
a corresponding critical desorbed amount of gas density M, at which the electron density
required for breakdown is reached [13].
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The breakdown field can be calculated from the value of M, corresponding to l¢y.
From Egs. (7A.5), (7A.6), (7TA.12), (7A.16) and assuming M = M, the critical value at
the onset of the surface flashover, the expression for thefield E/, required to cause flashover

can be written as
McrA1Voe
E, = (VI 7A.1
1 \/2£olyvetan6( cm) ( 7

Equation (7A.17) indicates the dependence of E,, on the secondary-€lectron impact en-
ergy, desorption probability and length of the insulator. It also gives a correct description of
the decrease in the dielectric strength of the surface with increasing insulator length.

The breakdown voltage can aso be calculated by using Eq. (7A.17). The breakdown
voltage is almost independent of the electrode material and strongly dependent on the insu-
lator material [7, 14]. The breakdown voltage Vg is

_ [ McrAgvoel
Vg =E, /I = ¢2€0We wang (V) (7A.18)

Equation (7A.18) shows that the flashover voltage across a solid insulator held between
two planar parallel electrodes increases in a nonlinear form with increasing length of the
insulator. The reported results of [14, 15, 16, 17, 18] are plotted in Fig. 7A.5 for various
insulating materials where it can be seen that a dependence of the flashover voltage on
length of the insulator to a power law of /I is suggested. The predicted dependence of
the flashover voltage given by Eq. (7A.18) on insulator length | is close to that observed
experimentally (Fig. 7A.5).
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Fig. 7A.5 FHashover voltage as a function of insulator length for different materials. (1) Pyrex
[17], (2) Alumina ceramic [18], (3) Polyethylene [16], (4) Teflon [16], (5) Plexiglass [16] (Pilla
and Hackam, 1982) [7A-6]
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Cross and Sudarshan (1974) [7A-7] experimentally investigated the effect of
a cuprous oxide coating upon the surface flashover of high-density alumina in
vacuum.

Abstract [7A-7]: It is shown that such coatings improve the impulse strength of
the system and eliminate the conditioning effect observed in the case of uncoated
specimens at dc and 60Hz voltages. An explanation of the observed behavior is
given in terms of a surface charging model. It is postulated that the improvement
in the insulation by the coatings is due to a reduction in the secondary electron
emission yield.

Sudarshan and Cross (1976) [7A-8] experimentaly investigated the effect of
chromium oxide coatings upon the surface flashover of high-density alumina in
vacuum.

Abstract [7A-8]: It isshown that such coatingsimprovethewithstand voltagefor
dc and 60 Hz, and impul se voltages by significant amounts. The coatings are simply
applied, effective, and durable. It is postulated that the improvement in insulation
is due to the elimination of positive surface charging by the use of a coating with
a secondary-electron emission coefficient less than unity for al incident electron
energies.
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Gas Moleculeson I nsulator Surfaces

Watanabe et a. (1987) [7A-9] experimentally examined microdischargeson an elec-
tron gun (Fig. 7A.6) operated at 100kV, by concentrating the greatest interest on gas
molecules on the insulator and electrode surfaces.

Experiment [7A-9]

Microdischarge depends on the concentration of electric field in the gun chamber. Equipo-
tentials around and on the electron gun, smulated by the finite-element method, are pre-
sented in Fig. 7A.6. The electric field is relatively high near the top and side of the Wehnelt
electrode.

The holes of the Wehnelt and anode el ectrodes through which an electron beam passes
are about 0.4mm and 6 mm in diameter, respectively. The surfaces of the electrodes and
chamber walls (304 stainless steel) are mirror-polished. The insulator isakind of porcelain
whose surface has been treated to be glassy. The junction of metal and insulator is covered
by a guard ring (304 stainless steel, mirror polished) in electrical and mechanical contact
with the Wehnelt electrode.

{mm)

Fig. 7A.6 Equipotentialsin a gun chamber with a 100kV electron gun, which were simulated by
the finite-element method (Watanabe et al., 1987) [7A-9]
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Fig. 7A.7 Microdischarges under about 10~4Paon “C-1” (1st day after cleaning) without AGC
(Ar-glow conditioning) during an earlier period of the elapsed time. Microdischarges can be iden-
tified as voltage spikes on the chart line (Watanabe et al., 1987) [7A-9]

Experiments were conducted using atypical DP evacuation system. —100kV is applied
to the Wehnelt electrode with the anode el ectrode being kept at ground potential.

Microdischarges occurred most frequently on C-1 (1st day after CH3CCl3 cleaning)
without AGC (Ar-glow conditioning), as presented in Fig. 7A.7, where microdischarges
are identified as voltage spikes on an oscilloscope and on a recorder line. Microdischarges
began to occur at about 2 h and occurred very frequently in the period from 2hto 3.5h.

We considered that microdischarges depending on the elapsed time must be related
to the outgassing of the electron gun heated by the tungsten-filament emitter. During
electron-beam extraction, the heat (about 10 W) from the filament emitter must be gradually
raising the temperature of the insulator, resulting in increased outgassing from the insul ator.

The outgassing from the insulator was examined by measuring pressure-increases
caused by the lighted filament emitter and by analyzing evolved gases, in an SIP (sputter
ion pump) evacuation system presented in Fig. 7A.8. Pressure-changes under various con-
ditions in the system continuously evacuated by a 160L/s SIP are presented in Fig. 7A.9.

Experimental results clearly show that the outgassing from the insulator on C-1 without
AGC isthelargest among those under al conditions.

The microdischarge characteristics depending on the elapsed time (Fig. 7A.7) areindeed
anal ogous to the outgassing characteristics from theinsulator depending on the elapsed time
after starting to heat the filament emitter on C-1 (Fig. 7A.9). Microdischarges are enhanced
by the outgassing from the insulator. The reason is that the insulator surface with a high
density of gas molecules causes high-yield secondary-electron emission, leading to positive
charging on the insulator surface.

Thermal degassing for the electrodes and insulators has a conditioning effect to reduce
microdischarges [7A-9].

Saito et al. (1994) [7A-10] investigated breakdown phenomenain aluminawin-
dows for high-power rf use. “Multipactor due to high yields of secondary-electron
emission causes F-center oxygen vacancies in the alumina, which induces surface
melting. High-purity alumina without micro-porosities or pre-existing F-centersis
durable under high-power rf operation. TiN coatings can effectively suppress the
multi pactor, when the thicknessis optimized so as to reduce secondary electronsand
to avoid any excessive heating due to rf loss. The surface discharge observed on the
TiN-coated surface during higher-power operation indicates the el ectron-trapping in
surface defects and the el ectron avalanche accompanied by luminescence.”
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Fig. 7A.8 Ultrahigh-vacuum system with a sputter ion pump. Metal gaskets are used in the high-
vacuum side, with the exception of a Viton O-ring for attaching the gun. RGA, residual gas ana
lyzer; MF, quadrupole mass filter; SIP, sputter ion pump (160L/s); BA, Bayard-Alpert ionization
gauge; Pi, Pirani gauge; CT, cold trap; FT, forelinetrap; DP, ail diffusion pump, and RP, mechanical
rotary pump (Watanabe et a., 1987) [7A-9]

Fig. 7A.9 Pressure-changes
inthe SIP system after heating
the filament emitter with
about 10W. The system was
continuously evacuated by the
SIP (160L/s). C-1, 1st day
after cleaning without AGC;
E-1, 1st day after exposing the
chamber to the atmosphere
without AGC (Watanabe

et al., 1987) [7TA-9]
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Triple Junction

Shannon et al. (1965) [7A-11] reported that the shape of the cathode triple junction
and so the electric field around the junction is very important to obtain the highest
insulating performance.

Flashover Strength of VariousInsulator Geometries [7A-11]

The high-voltage performances of typical insulator designs are summarized in Fig. 7A.10.
Both 7070 and 7740 Pyrex glasses were used. In each bar on the chart the thin horizontal
line indicates the voltage at which the first spark occurred. Higher up on the bar, a heavier
horizontal line indicates the level of insulating (5 min steady value) performance after ten
conditioning sparks. The top of the bar indicates the highest insulating voltage obtained.

In thiswork on the comparative performance of various insulator designs, it is essential
that the limitations recorded be due solely to insulator flashover. Therefore, as a prelim-
inary step, it was demonstrated experimentally that an open 25mm gap between the two
stainless-steel electrodes was capable of insulating 250kV with less than 5x10710 A of
inter-electrode current, and that 300kV could be reliably insulated without sparking. The
glass itself has a volume puncture strength in excess of 500 kV/cm. No signs of volume
puncture ever were detected in thiswork.

It was found that the first flashover voltage, as well as the behavior during the initial
phase of conditioning, was significant and deserved to be carefully observed, especialy
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Fig. 7A.10 Flashover strength of various insulator geometries in vacuum. On each bar, the light
horizontal line indicates the voltage at which the first flashover took place, the heavy horizontal
line the highest voltage which could be held for 5min after 10 conditioning sparks. The top of each
bar indicates the highest voltage which could be held for 5min after full conditioning (Shannon
etal., 1965) [7A-11]
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Fig. 7A.11 Number of sparks required to damage various different insulator geometries of 7070
Pyrex glass (Shannon et al., 1965) [7A-11]

since in practice many insulators cannot be conditioned by repeated flashover. The condi-
tioned performance after 30 or more sparks was, in most cases, satisfactorily reproducible.

The ability of an insulator to undergo repeated flashover without damage is of obvious
advantage in most applications. Moreover, this resistance to damage is related to its ability
to condition to a high insulating strength.

Figure 7A.11 displays the total number of sparks required to damage irreversibly the
various different insulator designs. A correlation appears to exist between good insulat-
ing performance after conditioning and the ability to experience repeated flashover without
damage.

Watson (1967) [7A-12] presented an article, “ Pulsed flashover in vacuum.”

Abstract [7A-12]: Experiments on the vacuum flashover of dielectric frusta sub-
jected to 35 and 75 ns pulses show the strong influence of cone angle on insulation
strength. A theory is presented to explain the formative process leading to flashover
for one polarity. It is proposed that positive surface charge grows by emission of hot
electrons during the application of the electric field. When the surfacefield intensity
is sufficient to draw other electrons into it, they will multiply by secondary emis-
sion until the critical breakdown condition is achieved. Flashover is thus initiated
by secondary emission, but the formative time lag is governed by thermionic emis-
sion of electrons. The experimental data are analyzed and interpreted in the light of
this theory.

Experimental results show the strong influence of cone angle on insulation
strength (Fig. 7A.12).

Yamamoto et a. (1996) [ 7A-13] examined the charging of an insulator with dou-
ble ribs or a recess by using a two dimensional Monte-Carlo simulation method
based on the secondary emission electron avalanche (SEEA) mechanism.
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Fig. 7A.12 The flashover strength of glass and Lexan (G.E. polycarbonate resin) as a function of
geometry. Tests were first made in the positive-angle configuration and the polarity was reversed
to obtain negative-angle data (Watson, 1967) [7A-12]

Abstract [7A-13]: The electric field distribution on a cathode around a triple
junction was analyzed taking the charge accumulation into account. Results were
compared to those obtained for a simple cylindrical insulator and also insulators
with a single rib. Flashover tests were also conducted by using dc voltage. The
results of these investigations imply that the number of ribs is unimportant, and
that the recess on an insulator is not so effective for the insulation of bridged vac-
uum gaps.

Surface Flashover in SFg Gas

Before the restriction on use of chlorofluorocarbons, high-voltage generator circuits
were assembled in a gas tank containing pressurized Freon 12 (CCl,F,) gas. After
that, they have been assembled in a gas tank containing pressurized SFg gas.

Nakanishi et al. (1982) [7A-14] presented an article, “ Surface flashovers along
insulators under non-uniform electric fieldsin Skg gas’. “Many breakdown-voltage
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characteristics, such as ac-voltage breakdown characteristics and dc-voltage break-
down characteristics, are presented for the two cases, one with a negative-voltage
protrudent el ectrode and the other with a positive-voltage protrudent electrode.”

Review

Hawley (1968) [7A-15] reviewed 26 articles on solid insulatorsin vacuum.

Abstract [7A-15]: After reviewing the pre-breakdown phenomena (leakage cur-
rents, outgassing and luminosity) that arise acrossa solid insulator held between two
electrodes in a vacuum gap, the factors that affect the magnitude of the breakdown
voltage (conditioning, electrode and insulator material and surface finish, insula-
tor length and shape, pressure, etc.), the phenomena occurring in the region of the
cathode-insulator junction and the hypotheses put forward to explain the breakdown
mechanism, are discussed.

Miller (1989) [7A-16] reviewed 99 articles on surface flashover of insulator.

Abstract [7A-16]: Surface flashover of insulators in vacuum generally is initi-
ated by the emission of electrons from the cathode triple junction (the region where
the electrode, insulator, and vacuum meet). These electrons then usually multiple as
they traverse the insulator surface, either as a surface secondary electron emission
avalanche, or as an electron cascade in a thin surface layer, causing desorption of
gas which has been adsorbed on theinsulator surface. This desorbed gasisthenion-
ized, which lead to surface flashover of the insulator. Some suggestions are made
regarding how to choose the material geometry, and processing when selecting an
insulator for a particular application.
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7B Microdischarges between High-Voltage Electrodes

Anode-I nitiation Mechanism

High-voltage breakdown across el ectrode gaps is explained by the anode-initiation
model for high-voltage, low electric-field systems with wide gaps.

Cranberg (1952) [7B-1] presented an article, “The initiation of electrical break-
down in vacuum.”

Hypothesis of Cranberg [7B-1]

The hypothesis is that the initiation of breakdown is due to detachment by electrostatic
repulsion of a clump of material loosely adhering to one electrode, but in electrical contact
with it; traversal by the clump of most or all of the high-voltage gap, and impingement on
an electrode at much lower, or at the lowest potential.

A quantitative formulation of thisinitiation hypothesis may be set down very simply as
follows. Assume that breakdown will occur when the energy per unit areaW delivered to the
target electrode exceeds avalue C’, a constant, characteristic of a given pair of electrodes.
This quantity W isjust the product of the gap voltageV by the charge density on the clump.
The latter is proportional to the field E at the electrode of origin so that the breakdown
criterion becomes simply

VE >C, (7B.1)

where C isa product of C’, some numerica factors, and possibly afield-intensifying factor
due to microscopic field inhomogeneities in the neighborhood of the clump during detach-
ment from its parent electrode. For the case of plane-parallel electrodes where E =V / d,

10,000 e —— T T r=—Tr-—TTTTTT]

Brechdown Voltage (kv)
?\
£

[ 100 e moec
High Veitage Gop {mm)
Fig. 7B.1 Plot of datafrom theliterature of breakdown voltage vs. distance from highest to lowest
potential electrode, for uniform-field and near-uniform-field geometry. Numbers on curvesindicate

sources as listed below (Cranberg, 1952) [7B-1]
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this criterion predicts at once that the voltage which a gap can sustain is proportional to the
square-root of the gap length for agiven pair of electrodes.

V o< v/Cd. (7B.2)

The prediction of thissimpleresult hasled to search of theliterature for pertinent
evidence, asummary of which isgivenin Fig. 7B.1 in the form of alog-log plot of
voltage vs. length of gap, for uniform and nearly uniform field conditions. The only
contradictory evidence is that provided by a three-point curve given by Gleichauf
[(P. Gleichauf, J. Appl. Phys. 22, 766, (1951)] for copper electrodes in the range
1-3mm, whereas all other data are consistent with this prediction.
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Chatterton et al. (1972) [7B-2] investigated the role of low-velocity micropar-
ticles (diameters< 100um; velocities ~ 10-50m/sec) in inducing breskdown in a
high-vacuum gap

Abstract [7B-2]: On the basis of a smple model, it is shown that as an anode
initiated microparticle approaches the cathode, fiel ds sufficient to cause appreciable
field emission (> 10° V/m) are possible at the cathode surface. The emission current
not only causes partial neutralization of theinitia charge on the microparticle, but
also raises the temperature (>2000K) of the particle surface. As a conseguence, a
significant increase in gas pressure (~ 100 Torr) in the microvolume between the
cathode and the particleis possible, resulting in a discharge between the two. Such
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adischarge could act as atrigger for the breakdown of the main gap. Other possible
processes that could arise due to the onset of melting or boiling of the bombarded
surface, and which may lead to breakdown of the entire gap, are also discussed.

Davies (1973) [7B-3] reviewed the recent investigations of prebreakdown con-
duction phenomenain vacuum both for steady and for step-function applied voltages.

Abstract [7B-3]: Theresults of these investigations have led to the formulation
of modelsto explain the initiation of the vacuum discharge by ionization of avapor
medium, the vapor being composed of atoms of one or both of the electrodes. A
detailed examination of the eventsleading to breakdown has allowed a more critical
evaluation of the merits and deficiencies of the various breakdown models.

Menon and Srivastava (1974) [ 7B-4] presented an article, “Microparticle-initiated
vacuum breakdown-Some possible mechanisms.”

Abstract [7B-4]: It isknown that micron- and submicron-sized metallic particles
arereleased from the el ectrode surfaces when avacuum gap is subjected to ahigh dc
stress. It is also well known that larger particles (> 10um) are generated within the
inter-electrode gap when a vacuum gap is subjected to conditioning or severe pre-
breakdown current flow. This paper examines the role of such particles in inducing
the breakdown of a vacuum gap. While the larger particles induce breakdown by
way of atrigger discharge, it is shown that the smaller particles (< 3um) caninitiate
breakdown because of effects associated with impact. The various effects associated
with the high-speed impact of a metallic microparticle on a target electrode, viz.,
cratering, production of metal vapor, and production of thermally generated plasma
and their relative significance on vacuum breakdown, are examined.

Davies and Biondi (1977) [7B-5] presented an article, “Emission of electrode
vapor resonance radiation at the onset of dc breakdown in vacuum.”

Abstract [7B-5]: Simultaneous time-resolved spectroscopic and current mea-
surements have been made during the early stages of current growth leading to
dc breakdown in vacuum between plane-parallel electrodes of dissimilar material.
These measurements show that resonance-radiation characteristic of anode material
is emitted prior to that of cathode material from all regions of the inter-electrode
gap. Further, the radiation is emitted first from the cathode region of the gap. The
resultsindicatethat theinitial current growth occursin anode vapor followed at later
times by the appearance of cathode vapor in the gap.

Allen et al. (1979) [7B-6] presented an article, “The source of high-p electron
emission sites on broad-area high-voltage alloy electrodes”

Abstract [7B-6]: Two recently developed techniques have been used sequen-
tially in an attempt to define the nature of high-B (B, field-increase factor) field-
emission sites on acommercial-all oy, broad-area, el ectrode surface. The techniques
involved were: (1) an in situ electron-optical method for locating and examining
the emission site; and (2) a high-resolution spectrometer for determining the energy
spectra of the electrons field emitted from this site. Furthermore, following these
measurements, the elemental composition of the emission area was determined by
electron microprobex-ray analysis. Observations, which cast further doubt upon the
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traditional concept of field-enhancing micro-projections, indicate that the sites are
non-metallic and probably consist of impurities located at cracks or grain bound-
ariesin the surface. Tentative hypotheses are proposed for the emission mechanism
and include provision for an unstable situation caused by the effects of adsorbed gas
atoms.

Diamond (1998) [ 7B-7] presented an article, “New perspectivesin vacuum high
voltage insulation. | . Thetransition to field emission.”

Abstract [7B-7]: Field emission is not present at all fields, but typically starts
after some process occurs at the cathode surface. Three effects have been identified
that produce the transition to field emission: work function changes; mechanical
changes produced by the strong electrical forces on the electrode surfaces; and gas
desorption from the anode with sufficient density to support an avalanche discharge.
Localized regions of low work function can be produced on the cathode by the trans-
fer of microparticlesfrom the anode and by stripping small areas of the cathode. The
regions of low work function then serve as the source of enhanced field emission,
leading to secondary effects which produce breakdown. Gas desorption is produced
at an unconditioned anode as the voltage is increased. None of these effects are
significant for a point cathode opposite a broad-areaanode, but account for much of
thelarge difference between microscopic and macroscopic breakdown fields[ 7B-7].

Diamond (1998) [7B-8] also presented an articletitled “New perspectivesin vac-
uum high voltage insulation. I1. Gas desorption.”

Abstract [7B-8]: An examination has been made of gas desorption from unbaked
electrodes of copper, niobium, aluminum, and titanium subjected to high voltage in
vacuum. A very significant observation was that the gas desorption was more depen-
dent on the total voltage between the electrodes than on the electric field. It was not
triggered by field-emitted electronsbut often led to field emission, especialy at large
gaps. The physical processes that lead to voltage-induced desorption are complex,
but there is strong evidence that the microdischarges are the result of an avalanche
discharge in a small volume of high-density vapor desorbed from the anode. The
source of the vapor may be water or alcohol stored as a fluid in the many small
imperfections of the polished metal surface. Microdischarges can then trigger field-
emitted electrons which, in turn, heat a small area of the anode. As the temperature
of this region of the anode reaches about 500 °C, some fraction of the desorption
products are ionized positively and accel erated to the cathode, producing secondary
electrons with ayield greater than unity per incident ion. The positive ions appear
to originate from the bulk of the metal rather than from surface ionization and the
yield increases exponentialy with temperature, rapidly producing a runaway con-
dition, i.e., electrical breakdown. These observations support a new perspective on
vacuum-high-voltageinsulation and produce new insight into vacuum outgassing of
metals.
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I on-Exchange Process and Total-Voltage Effect

Cranberg and Henshall (1959) [ 7B-9] investigated to determine the conditionsunder
which the voltage sustained by a 2ft length of ion-accelerator tube may be made
proportional to the length of the tube.

Abstract [7B-9]: It has been found that such linearity may be obtained if the
tube is segmented at 4% in. intervals by diaphragms which are so arranged that
no straight path is possible from one end of the tube to the other. No significant
deterioration in performance of the tube was observed when axial holes were made
in each diaphragm up to 3/4 in. in diameter. The voltage gradient realized on these
tests was 60 kV/cm.

Mansfield (1960) [7B-10] presented an article, “Pre-breakdown condition in
continuously-pumped vacuum systems.”

Abstract [7B-10]: Measurement have been made under impulse conditions of
the coefficients A’, the number of H* ions emitted per 250keV H~ ion, and B’,
the number of H™ ions emitted per 250keV H™ ion, for metal surfaces covered
with the contaminating layers likely to be formed in continuously pumped high-
voltage apparatus. The values obtained for A’ were 1.0, 1.1 and 0.54, and for B’
0.43, 0.24 and 0.44 for copper, aluminum and steel targets, respectively. The product
of these coefficients is such as to make very probable the hypothesis that pulse
discharge conduction in these system is due to the regenerative exchange of positive
and negative ions of hydrogen. The transient nature of this form of conduction is
thought to be due to the charging up of the insulating contaminant.

Powell and Chatterton (1970) [7B-11] examined the prebreakdown conduction
between stainless steel, copper, aluminum and tungsten electrodes at small gaps
(less than 1 cm) and in poor (10~ Torr, unbaked) and clean (3 x 10~° Torr, baked)
vacuum systems.

Abstract [7B-11]: Emphasis has been placed on means of distinguishing be-
tween the various types of conduction found to occur. These were identified as (1)
field emission and an associated current pulse structure, (2) field emission and acti-
vation/ignition effects, (3) microdischarges. Thisidentification was possible directly
asaresult of using afast response current measuring system. Equally, the determina-
tion of true field emission characteristics, especialy in the poor vacuum system, in
the presence of the pulse structure and activation/ignition effects was achieved only
by means of an ageing process and afast |-V plotter. Therole of surface contamina-
tion in determining apparent emission law characteristics has been recognized and
asimple, qualitative model proposed which can account for many of the observed
effects.

Prichard (1973) [7B-12] studied high-voltage (up to 400 000V) electrical dis-
charge mechanismsin a stainless-steel and alumina-ceramic vacuum system evacu-
ated by an orbitron getter-ion pump.

Abstract [7B-12]: Mass-spectrometer studies were made of ions emitted from
the terminal during discharges with positive and negative terminal polarities. lons
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gjected from the terminal by a beam of Nat ions were also examined. Results of
these and other studies led to the conclusion that the regularly spaced discharge
pulses were the result of an ion-exchange multiplication process. Measurements
demonstrate that the gas hinders this mechanism by stripping electrons from nega-
tiveions. Electronswere found to be only by-productsin the multiplication process.
In contrast to the whisker mechanism, the ion-exchange multiplication was found
to depend only on total voltage and not on electric-field strength. Experiments with
gaps smaller than 2in. supported the conclusions that the voltage is limited by field
emitting whiskers and the presence of gas which damages these whiskers.

Takaoka et a. (1982) [7B-13] presented an article, “Electron energy analysis of
vacuum discharge in high-voltage accelerator tube.”

Abstract [7B-13]: Measurement of electron energy spectrais useful for diag-
nosis of vacuum discharge in accelerator tubes. This gives the starting positions
of discharge electrons. One block of the accelerator tube of 3MV electron mi-
croscope was tested. Experiments confirm that the main process of discharge is
ion-exchange between the top and bottom plates. For three models of electrode
shapes, the possibility of secondary-electron multiplication in the 3MV tube was
discussed from the standpoints of both the measured energy spectra and the cal-
culated secondary-electron trajectories. The results were consistent with the actual
features of dischargein the 3MV tube.
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Energy Spectrain the Case of Secondary-lon Suppression [7B-13]

If the discharge process ision-exchange, it may be effective, as mentioned by Eastham et .,
[1] to suppress the secondary-ion emission due to ion bombardment at the top and bottom
plates. Retarding potentials for secondary ions were applied as shown in the right-hand
circuit of Fig. 7B.2. The potentia of the top electrode can be switched to three different
values which correspond to the different positions of the bleeder resistors. The bottom bias
voltage is applied to the lowest electrode as shown in Fig. 7B.2. The switch in the 8th gap
isusually closed.

Figure 7B.3 shows the relation between the threshold voltage and the bias voltages. In
thisfigure, the legend “normal”, “zero” or “inverse’ corresponds to the switch position for
the top plate as shown in Fig. 7B.2. The threshold voltage does not change for positive bias
on the bottom electrode which corresponds to aretarding field for positive secondary ions,
while it decreases greatly as the negative bias increases. The field inverse (field retarding
secondary ions) to the top plate hardly improves the threshold voltage at al but relaxes the
effect of the negative bottom bias as seen in Fig. 7B.3.

Figure 7B.4 shows the energy spectra corresponding to three different bias voltages
applied to the top plate for the case of a uniform gap voltage. As seen from Fig. 7B.2, the
odd-numbered electrodes are remote from the tube axis, compared to the even-numbered
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Fig. 7B.3 Threshold voltage as a function of the bias voltage at the top and bottom electrodes
(Takaoka et d., 1982) [7B-13]
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Fig. 7B.4 Electron-energy spectrain the case of uniform gap voltage; the top bias voltage is (a)
normal field, (b) zero field and (c) inverse field (Takaoka et al., 1982) [7B-13]

electrodes. Hence, odd-numbered peaks except for the first are not observed in the energy
spectra as seen in Fig. 7B.4; thefirst peak corresponds to the electrons from the top plate.
In the cases of the norma and zero fields, most of the electrons come from the top
electrode. This implies that the path predominantly used for ion-exchange would be path
“A” inFig. 7B.2, that is, the longest path. On the other hand, in the case of the inverse field,
the potential of thetop plateisthe same asthat of the 3rd electrode. Therefore, if an electron
comes from the top plate, it should be found on the same energy level as the 3rd electrode
in the energy spectrum. It is seen in Fig. 7B.4 (c) that the energy of the electron from the
top plate is drastically reduced. This implies that the secondary negative ion from the top
plate would be similarly suppressed by the retarding field. That is, in this case, the most
predominantly used path “A” of ion-exchange may disappear due to the retarding field.
Figure 7B.5 shows the energy spectra when a three-fold excess voltage is applied to
the 8th gap by the opening of the switch in Fig. 7B.2. The excess voltage would act as a
trigger for discharge. Here, the bias voltages are applied to both ends, whereas in the case
of Fig. 7B.4, only the top plate is biased. Figure 7B.5 (a) shows the energy spectrum when
the bias voltage for both ends is zero. The peak corresponding to the discharge at the 8th
gap is clearly observed, although the highest peak is at the highest energy. Figure 7B.5 (b)
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Fig. 7B.5 Electron-energy spectrain the case of excess voltage at the 8th gap; the top and bottom

bias voltage are (a) zero, (b) normal and —2kV and (c) inverse and +2kV, respectively (Takaoka
et al., 1982) [7B-13]

shows the energy spectrum in the case of the normal top bias and negative bottom bias; in
this case the secondary-ion emission is enhanced. The peak corresponding to the 8th gap is
scarcely observed, because the threshold voltage decreases to the same extent as the trigger
discharge in the 8th gap disappears. It is notable that the peak values at the highest energy
are one order higher than that of Fig. 7B.5 (a) and that the energy spectrum is more confined
to the highest energy than the casein Fig. 7B.4 (a). These features were commonly observed
when the applied voltage was lower than the conditioning voltage. When the retarding fields
for secondary ions are applied to both end plates, the peak value at the highest energy is
depressed, as shown in Fig. 7B.5 (c), by about one order as compared with Fig. 7B.5 (a).
The above results are consistent with the supposition that the main discharge process
occurring in the accelerator tube would be ion-exchange. If thisis assumed, the reason why
the threshold voltage did not increase in line with the retarding field as seen in Fig. 7B.3
can be explained also as follows. At firgt, in Fig. 7B.2 we (Takaoka et al.) consider some
paths for ion-exchange, for example, paths “A”, “B” and “C”. We may assume that theion-
exchange multiplication factors of these paths are unity during the conditioning process.
Indeed, if this factor for a certain path is more than unity, the electrode surfaces corre-
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sponding to this path would be selectively aged by the ion-exchange process until unity is
achieved. On the contrary, if the factor isless than unity, the corresponding surfaces would
not be aged and this factor would achieve unity as the conditioning voltage increased. Even
if theion-exchange for the longest path “A” disappeared due to the retarding field, another
path “C”, for example, would remain because the retarding field does not affect path “C”.
In this case, the threshold voltage is unaltered. Furthermore, it seems that the drastic reduc-
tion at the highest energy level in Fig. 7B.5 (c) corresponds to the reduction of surface area
contributing to ion-exchange; the surface area contributing to path “C” is much smaller than
that to path “A”.

Reference

1. D. A. Eastham and R. Thorn, J. Phys. D: Appl. Phys., 11, 1149 (1978)

Projection (Whisker) on Cathode

Peter (1984) [7B-14] presented an article, “ Vacuum breakdown and surface coating
of rf cavities.”

Abstract [7B-14]: Electrode surface coating may play an important part in over-
coming power limitationsin rf cavitiesfor voltages far above the electron multipact-
ing limit. In such cases, the principal use of the coating is not to reduce secondary
emission but to isolate el ectrode whiskers from the cavity chamber and to serveasa
trap for slow electrons. Restrictions on the layer thickness are derived theoretically,
and calculated for conventional accelerator cavities.

Miller (1984) [7B-15] presented an article, “Influence of gap length on the field
increase factor B of an electrode projection (whisker).”

Abstract [7B-15]: 3, the increase factor of the macroscopic electric field at the
tip of a projection, varies with the gap length. The sign and magnitude of this vari-
ation depends upon how the gap length is defined. If gap length is defined as x, the
distance from the projection tip to the opposing electrode, then 8 is a strong func-
tion of x and may be approximated by B(x) = B..x/(x+h) [h = projection height]
in the region where x /h > 10/B... If gap length is defined as d, the inter-electrode
distanceignoring the projection, then 3 isaweak function of d and may be set equal
to .. intheregiond /h > 2.

Gas Molecules on Electrode Surfaces

The breakdown voltage becomes higher after avoltage higher than the rated voltage
has been applied for awhile to a high-voltage el ectrode (thisis called “ high-voltage
conditioning”). A similar effect is achieved after the surfaces of high-voltage elec-
trodes have been bombarded with energetic ions and electrons. Baking of electrode
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and insulator surfaces also has a conditioning effect. So-called “conditioning” is
considered akind of degassing.

Yoshimura et al. (1987) [7B-16] examined the conditioning effect of Ar-glow
conditioning (AGC; 350Vac, 180mA, 5min in about 10Pa of Ar) for microdis-
charges between high-voltage electrodes.

Ar-Glow Conditioning

Effect of Ar-Glow Conditioning [7B-16]
The Wehnelt electrode and insulator of the electron gun (Fig. 7A.6) were first cleaned us-
ing CH3CCl3 solvent, and microdischarges were examined under high vacuum before and
after AGC. Experimental results, together with the experimental process, are presented in
Fig. 7B.6.

When —100kV was first applied to the Wehnelt electrode under a high vacuum in the

10~“Parange, microdischarges of about 10V (peak to peak) occurred immediately. On the
other hand, no microdischarge occurred after the gun had been treated with AGC. However,
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Fig. 7B.6 Microdischarges in the 10~4Pa range before and after AGC. (a) Electron beam (EB)
off, and (b) EB on (about 50uA, about 8h). Sensitivity and scanning speed of CRT are 1V/div.
and 10 gframe, respectively (Yoshimura et a., 1987) [7B-16]
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even after AGC, microdischarges again occurred under a high vacuum on the next day after
the gun had been held in the vacuum chamber isolated from the vacuum pump for one night
(see Fig. 7B.6 a@). Next, in another process, an electron beam (EB) of about 50uA was ex-
tracted from the filament emitter for about 8 h under about 10~4 Pafollowing AGC. In this
case, microdischarges did not occur on the next day (see Fig. 7B.6 b). The Wehnelt elec-
trode and the insulator (a kind of porcelain whose surface istreated to be glassy) had to be
thermally degassed by the heat (about 10 W) from the filament emitter. Thermal degassing
for the electrodes and insulators has a conditioning effect to reduce microdischarges be-
tween the electrode and over the insulator surface.

High-Voltage Conditioning (HVC)

Effect of High-Voltage Conditioning [7B-16]

High-voltage conditioning (HVC) in high vacuum is a well-known treatment for high-
voltage electrodes. Several kV ac superimposed on about 110kV dc is generally used in
HVC for an electron gun of 100kV. However, high-voltage ion bombardment sometimes
damages the electrode and the insulator. Also, the durability of the effect of HVC is rather
short.

Example data on the durability of the effect of HV C, applied to an electron gun of an old
electron microscope, are presented in Fig. 7B.7. The gun is similar in construction to the
one shown in Fig. 7A.4. These data were obtained after evacuating the electron microscope
for ashort time.

As seen in Fig. 7B.7, the durability is considerably short, so repeated HVC is gener-
ally necessary. The short durability is caused by the fact that only a limited small area
of the electrodes is bombarded with ions and electrons. Also, as is seen in Fig. 7B.8),

1 min 5 min

10 min 15 min

Fig. 7B.7 Durability of the effect of HVC applied to an el ectron-microscope gun. Sensitivity and
scanning speed of CRT are 1 V/div. and 10 s/frame, respectively (Yoshimura et a., 1987) [4B-16]
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Fig. 7B.8 Microdischarges between the electrodes in 10~ Parange before and after HVC. Sensi-

tivity and scanning speed of CRT are 1 V/div. and 10 s/frame, respectively (Yoshimuraet al., 1987)
[7B-16]

microdischarges diminish during electron beam extraction. It is considered that when an
electron beam is being extracted, the electric field at the vicinity of the hole of Wehnelt
el ectrode becomes low, diminishing microdischarges.

Kobayashi et a. (1996) [7B-17] investigated the effects of heating electrodes, and
diamond turning of electrode surfaces (oxygen-free copper) to amirror finish upon
electrical breakdown in a vacuum.

Abstract [7B-17]: It was found that the mirror finish obtained by diamond turn-
ing reduces the number of repetitive breakdowns to achieve higher hold-off volt-
ages. Heating treatment for the el ectrodes was effective in improving the breakdown
strength after the conditioning process. A higher heating temperature produced a
higher breakdown field. A breakdown field of about 250 MV/m was obtained for
electrodes heated at 700 °C in a vacuum and then finished by diamond turning. It
has been concluded that an improvement in the breakdown field by heating is due to
the reduction of the gas contents rather than recrystallization.

Conditioning Effect

There are the interesting views on the effect of conditioning, which were presented
by Hawley (1968) [7A-15] and Peter (1984) [7B-14], respectively.
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Hawley's View on Conditioning [7A-15]

Asin aplain vacuum gap, the phenomenon of conditioning takes place whereby the el ectri-
cal strength improves during successive breakdowns. Gleichauf [1] investigated the genera
behavior of the conditioning process, the part played by the electrodes and the part played
by the insulators on the conditioning process and he (Gleichauf) aso studied the effect on
conditioning of the circumstances under which the breakdown arc extinguished. He (Gle-
ichauf) found that with successive breakdowns the breakdown voltage followed a general
trend towards higher voltages, the rate of increase diminishing with time. When the voltage
was removed for a while, part of the conditioning was lost but the insulator subsequently
reconditioned at a faster rate. The degree of conditioning lost was dependent on the previ-
ous history of the insulator. As the time interval between the successive series of tests was
increased, theinitial breakdown voltage on resumption of testing decreased but was usually
of ahigher value than the very first breakdown voltage for the insulator. The same loss of
conditioning was found if the insulator was taken from the continuously pumped vacuum
chamber and exposed to the atmosphere, the length of exposure to the atmosphere being
immaterial.
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Peter’s View on Conditioning [7B-14]

An important factor in breakdown-voltage level s appears to be the extent of conditioning of
the electrode surfaces [1, 2, 3]. Conditioning isachieved by low-current glow discharges, re-
peated sparking, or gradual increases in the applied voltage. Aninteresting theory proposed
by Halbritter [4] suggests that the reduced electron emission from conditioning is due to
the polymerization of adsorbed hydrocarbons on the electrode surfaces. Such layers show
strong inelastic scattering for dow electrons, effectively reducing the secondary emission
and field emission out of excited states. Another theory is that conditioning is responsible
for blunting the micron-length whiskers that grow on metal surfaces when high voltages are
applied [3].

There is some evidence [4] that the polymerized hydrocarbon layers show strong in-
elastic scattering for slow electrons, thereby reducing emission out of this layer for both
field-emitted and secondary electrons. According to this theory, voltage thresholds may be
raised even higher by rinsing surfaces with hydrocarbon-based materias in a dust-free en-
vironment [4]. This decrease in emission by the application of a thin (<10 A) absorbing
medium for slow electrons is different from the use of a thick surface coating (about 1000
A) to isolate electrode whiskers from vacuum or to decrease secondary emission. In the
former case, for example, the actual yield of secondary emission is decreased; in the lat-
ter case, increased inelastic scattering suppresses secondary emission out of the material.
It is possible, therefore, to apply the hydrocarbon layer over the initial (carbon-coated or
dielectric) layer to further reduce the possihility of high-voltage discharge.
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3. D.W.Reidand R. A. Lohsen, Los Alamos Scientific Laboratory report LA-UR-82-2400,
October, 1982.
4. J. Habritter, J. Appl. Phys. 53, 6475 (1982).

Comment: Peter’sview, that the conditioning accompanied by discharge creates
the surfaces of electrode with low emission efficiency of secondary electrons, is
very interesting. As described in “5C Darkening in Secondary Electron Images’
secondary-electron emission from the area pre-irradiated with afine electron probe
is much reduced. Also, surfaces covered with polymerized thin films show lower
secondary-electron emission compared with the original surfaces.

Review

Oostrom and Augustus (1982) [ 7B-18] reviewed 46 articles on electrical breakdown
between stainless-steel electrodes in vacuum.

Abstract [7B-18]: Electrical breakdown in vacuum is reviewed, particularly for
the case of asmall gap (<2mm) between a pair of stainless-steel electrodes. Theo-
retical descriptions and experimental results are compared, and it is concluded that
field-emitting sites on the cathode are responsible for the electron bombardment
of the anode, the subsequent evaporation of anode material and the initiation of a
breakdown.
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Chapter 8
Emittersfor Fine Electron Probes

Modern electron microscopes are usually provided with afield emission (FE) elec-
tron gun (FEG) using a W <310> cold FE emitter or ZrO/W thermal FE emitter.
Also, an LaBg thermionic emitter is widely used for high-brightness electron guns
for electron beam instruments such as electron microscopes (EM) and Auger elec-
tron spectrometers (AES). The LaBg emitter can work well in ahigh vacuum of the
10~°Parange.

The ZrO/W emitter is classified as a Schottky emission type, although the emitter
is generally recognized as athermal FE emitter. The ZrO/W emitter can work in the
10~ 7 Parange, and the W < 310> emitter worksinthe 10~8 Parange. TheW <310>
emitter produces the smallest spot size among these emitters. The ZrO/W Schottky
emission (SE) emitter can emit a higher current than the W <310> emitter.

Keywords

Remolding: The W <310> plane builds up when anegative, intense electric field
isapplied to aW <310> tip during heating.

Oxygen build-up treatment: The W <100> plane builds up when a positive,
intense electric field isapplied to aW < 100> tip in ultrahigh vacuum containing
oxygen gas of the 10~/ Parange during heating.

Flashing: The filament with an emitter tip is flashed by running a current for
about 1 second in order to heat the tip to about 1900K.

Kim et al. (1994) [8B-7] compared a field emission (FE) cathode and Schottky
emission (SE) cathode as follows.

Comparisons [8B-7]

Schottky emission (SE) tips have been widely used as an electron source for microscopy
and electron beam lithography with high brightness, good emission stability, and long life-
time[1]. As shown in Fig. 8.1, the field emission (FE) of the cold emission tip occurs by
electron tunneling through the potential barrier near the Fermi level (E;. In the Schottky
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NANOMETERS

Fig. 8.1 Diagram of energy levels for the cold field emission (Fre) and Schottky emission (Fs).
Eo isthe field reduction of the work function for Schottky emission (Kim et al., 1994) [8B-7]

emission (SE) case, the work function is lower and electron transmission occurs primarily
over the top of the potential barrier with a smaller electric field Fs. The current densities
for the cold FE (Jte) and SE (Js¢ ) are given by

Jte = a(F2/0) exp(10.4 /612 exp(~bg 2 /F) (A /c?). (GEY
Jse = 120T 2exp|[— (¢ — 3.8FY2) kT] (A/cm?). (8.2)

wherea = 1.54 x 1076, b = 0.644, k = 8.617 x 10~%eV/K, T isthe tip temperature in K,
F isthe electric-field strength in V/A, and ¢ the emitter work function in eV. From these
equations, the SE (Schottky emission) is highly sensitive to the tip temperature, while both
equations depend strongly on the electric field and the emitter work function.

Table 8.1 shows the comparison between cold FE and SE sources. The cold FE cath-
odes typically used are single crystal <111> and <310> tungsten. Most cold FE cathodes
have a radius of about 100 nm after annealing. The SE cathode most commonly used is
a ZrO coated <100> oriented tungsten emitter. The ZrO reduces the work function of W
<100> from 4.5t0 2.7 eV. A disadvantage of an SE emitter isthat the tip operates at 1800 K
and requires a few watts of heating power. It also has alarger energy spread compared to
acold field emitter at a given angular emission-current density [2, 3]. However, SE emit-
ters have a much more stable emission current than the cold FE source due to the lower
electric fields and the larger and more stable emitting areas. Typically, it has less than 1%
of noise fluctuation over several hours. The SE emitter can be operated under poorer vac-
uum conditions than the cold FE source. The operating pressure range for the SE emitter is
10-8-10°Torr.
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Table 8.1 Comparison of cold FE source and SE source (Kim et al., 1994) [8B-7]

Property Cold FE source SE source
Cathode W single crystal <111>, <310> Zr/O/W
Radius <100 nm ~1pm
Temperature 300K 1800K

Work function 4.4eV 2.7¢V

Virtual source size About 5nm About 15nm
Emission current About 10pA About 100pA
Angular emission < 100pA /s > 100pA /s
Energy spread 0.3-0.8eV 0.6-1.2¢eV
Heating power none About 2W
Stability (noise) A few % < 1%
Vacuum pressure 10000 Torr 108 —-10°Torr
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2. M. G. R. Thomson, J. Vac. Sci. Technol. B 12, 3498 (1994).
3. A.E. Bél and L. W. Swanson, Phys. Rev. B 19, 3353 (1979).
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8A W FE Emitter

Crewe and coworkers [8A-1, 8A-2, 8A-3] must be pioneersin studying and devel-
oping an FE electron gun (FEG) for the electron microscope. Crewe et al. (1968)
[8A-2] built asimple scanning transmission electron microscope using afield emis-
sion electron source, a new electron gun, and one lens to produce a high-contrast
picture with 30A resolution. Crewe et al. (1969) [8A-3] built asimple SEM which
uses an FEG alone, without the aid of auxiliary lenses.

Characteristics

Creweet a. (1968) [8A-1] presented an article, “ Electron gun using afield emission
source” They studied almost all of W-FE emitter production techniques systemati-
caly.

Characteristics of the FE Tip [8A-1]

Dyke and Trolan [1] have used an average technique to define the current density in terms
of the emission current (1). Using this approach, they have measured continuous current
densities up to 106 A /cm2 compared to approximately 10A /cm2 for a hot filament tip [2].
This feature alone is interesting, but there is also the fact that the apparent source size is
much smaller than the actual tip size. If we consider atip with ahemispherical end and aso
assume that electrons will be emitted within a finite voltage range 0 to Vr, then one can
show that the apparent source radius (r) is approximately [3]

r=RyVr Vi, (8A.)

where R is the radius of the tip and V; is the potentia applied to the tip. This approxima-
tion is good for a spherical source only. Reasonable values to insert in this equation are
R =500A, Vs = 0.5V, andV; = 1kV, which leadtor = 11A.

The Fowler-Nordheim theory [4, 5, 6] for field emission gives the following eguation
for the current density:

; (8A.2)

1= aE%ep(-BoY?/E)

where J isthe current density in A/cmz, E istheelectric field applied at thetipin V/cm, @
isthe work function in eV, B isaconstant equal to 6.12 x 108 in the above units, and aisa
function of @(a=3.5x 10‘5A/V2 for tungsten with @ =~ 4.5€eV) [7]. Gomer [8] describes
how the tip radius or the metal work function can be found experimentally using the slope
of the Fowler-Nordheim eguation. Charbonnier and Martin [9] present a unique method
for obtaining information on tip geometry from the electrical data I(V ), the relationship
between field-emitted current and applied voltage.

An FE source has at least two advantages when it is considered for use in a scanning
electron microscope (SEM), namely, increased current density and very small spot size.

Making the Tip [8A-1]

We (Crewe et al.) fabricated our tips using the techniques outlined by Dyke et al. [10]. A
piece of 0.125mm diameter tungsten wire 1-3mm long is spot-welded onto a preformed
0.2mm diameter tungsten filament which is hairpin-shaped. The assembly is electropol-
ished, and the tip is etched by immersing it in a one-normal sodium hydroxide (NaOH)
solution and by applying 12V dc between the tip and a remote electrode in the solution
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Fig. 8A.1 Tip etching ar- ETCHING CURRENT
rangement (Crewe et a., DETECTOR
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(see Fig. 8A.1). The second electrode is removed some distance so that gas given off at
this electrode will not disturb the liquid surrounding the tip. It is important that the NaOH
solution be clean and that the etching assembly be mounted on a vibration-free platform. A
tip can be etched in about 3min and a significant change in etching current occurs just as
the unwanted part of thetip is etched off. An electronic sensing circuit is used to detect this
change and to turn off the applied voltage within about 1psec. If the voltage is|eft on much
longer than this, blunting of the tip will occur.

M

Tip operation [8A-1]

The etched tip is mounted in an enclosure which is evacuated to about 10~° Torr. The tip
is“formed” (rounded off) by sending a brief pulse of current through the filament. As the
magnitude of the current pulseisincreased, the filament beginsto glow red. By thistimethe
heat has usually driven off the contaminants so that the pressure no longer rises during the
flash. The tip is then tested to see whether cold field emission is occurring. After emission
is detected, a check is made to determine if the tip is properly formed by comparing an
experimental voltage-current curve with that predicted by the Fowler-Nordheim equation.
A typical Fowler-Nordheim plot for a tungsten tip having the plane with Miller indices
<310> perpendicular to the axis is shown in the next section. This crystal orientation was
selected because it produces intense emission along the axis [11].

The subsequent performance of the tip appears to be more dependent on the loca gas
pressure than on any other parameter. In general, the emission current at constant voltage
appears to be a curve similar to that of Fig. 8A.2 [12]. At firgt, there isa small declinein
emission current as the surface of the tip becomes coated with contaminants which increase
thework function. Thereafter the current rises until it becomes erratic, and the tip eventually
destroys itself by a vacuum arc [13, 14, 15]. The time scale for this process can vary from
seconds to thousands of hours depending on the pressure [12].

The stability of the emission current does not appear to have a severe dependence on
the magnitude of this current. The principal effect istherisein local pressure caused by the
production of gas molecules as the el ectron beam strikes the surface of thefirst anode. This
effect can be controlled by thoroughly preheating the anode. We have found that once the
anode has been outgassed, cycling up to atmospheric pressure has almost no adverse effects
aslong asthe system isnot |eft at this pressure for many hours.
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Fig. 8A.2 Typical depen-
dence of emission current
with time. As the tip becomes VACUUM ARC REGION
coated with contaminants, the
emission first of al drops, and
then begins a steady rise until

the emission becomes erratic

and the tip will eventually de-
stroy itself with avacuum arc
(Crewe et al., 1968) [8A-1]

STABLE REGION

TOTAL EMISSION CURRENT I

TIME

When the emission current becomes erratic, the performance of the tip can easily bere-
stored toitsorigina condition by providing a pulse of current through the filament to evap-
orate the contaminants. This “flashing” technique is used periodically and the frequency of
flashing depends on the time scale in Fig. 8A.2. We have operated a tip at a continuous
emission current of 1mA + 1.5% for over 70 h without flashing when the system was kept
below a pressure of 10~° Torr using a400 L/s ion pump. This contamination problem is not
severely limiting however, because the tip can be flashed with operating voltages |eft on,
and if the usable el ectron beam (beam contained within the limiting aperture) is confined to
relatively small angles (less than afew degrees) about the axis, the beam current within this
solid angle is reasonably independent of the stability of the total emission current shown in
Fig. 8A.2.

Remolding

Remolding the Tip [8A-1]

Field emission can be obtained by applying potentials of 2-5kV to atip with a radius of
1000 A. In our application it was desirable to obtain an emission current of approximately
0.1pA at apotential of 1-2KkV. If the tips are formed in the norma manner, the necessary
potential for the required emission current frequently reaches 3-5kV after they have been
formed by heating. In order to obtain the same emission current but at a lower applied
voltage (V1), weflash thetip with apulse of filament current equal in magnitude to that used
to form it and at the same time apply a positive dc voltage (Vr) to the tip with respect to
the anode [16]. Using this reverse bias technique, we have consistently reduced the potential
necessary to achieve agiven emission current. Figure 8A.3 illustrates this phenomenon asa
function of the reverse voltage (Vr) for several different tips. The curves are reproducible to
within 5%. We have also observed a threshold temperature (flashing current) below which
the remolding process does not occur even though the reverse voltage is applied. If the
remolded tip isflashed at the forming current with no reverse bias, the operating conditions
immediately return to those at the starting point (Vg = O for any given tip in Fig. 8A.3).
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Fig. 8A.3 Graphsillustrating

®
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Typica Fowler-Nordheim plots for the normal and remolded tip are shown in Fig. 8A.4
with the tip radii found using the slope method [8].

The remolding process, then, is a method of adjusting the required voltage (V1) to
achieve a given emission current (1). This variability of tip potential is important since
V; also affects the optical parameters of the electron gun. We have not yet examined the
effect of tip remolding on the apparent source size for this electron gun, but no change in
microscope resolution is observed when the tip is remolded.
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Fig. 8A.4 Typica Fowler- Nordheim plots for a normal tip and a remolded tip. The tip radii are
calculated from the slopes of the curves (Crewe et d., 1968) [8A-1]
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O N UM

Tamaki et a. (1976) [8A-4] remolded the <310>-oriented tungsten FE emitter
in situ in the field-ion microscope (FIM).

Abstract [8A-4]: The remolding was most successful when the electric field of
100 MV/cm was applied to the emitter kept at about 1620K. The micro-protrusion
was formed on the <100> plane if the remolding was carried out in high vacuum
(10-8Torr) and on the <310> planein ultrahigh vacuum (10~*°Torr). The dimen-
sions of the protrusion were 10 to 20 A both in hei ght and diameter. The micro-
miniature electron beam with the brightness higher than 101 A - cm—2 - rad~2 could
be extracted from the remolded emitter.

Tip Preparation [8A-4]

The tungsten wire several millimeters long is needed to obtain a tip by the conventiona
method of etching [1], so that it is not desirable for the expensive <310>-oriented tungsten.
Another disadvantage is that the shape of the tip apex is affected, to a great extent, by the
critical time at which the voltageis cut off in the final stage of etching. Therefore we made
alittle modification to the conventional method.

Asshown in Fig. 8A.5 (a) and (b), the thin layer of 5% NaOH aqg. solution was formed
within the ring of 0.3 mm diam. platinum wire. With AC 5 to 8 volts the <310>-tungsten
wirewas etched el ectrochemically in the layer, on both ends of which were spot-welded two
hair pinloops of 0.15mm diam. tungsten. The <310>- tungsten only 1 to 2 millimetersiong
was sufficient to obtain two tips. In the final stage the voltage was lowered to 2 to 3 volts
gradually and was cut off a the moment when the loop B in Fig. 8A.5 (a) dropped into the
holder. The etching solution should be changed as often as possible.

Figure 8A.5 (c) shows the optical micrograph of the tips thus obtained, in which the
magnification is 350. The tip of idea shape was made at a high rate of success by the
method of etching stated here.



8A W FE Emitter 309

L(A)

5~8V

w L(A)

NaOH/

J_l__l_l | L(B) )

H |
(a) (b) (c)

w (310) -Tungsten Wire
Pt Platinum Wire Ring

NaOH NaOH daq. Thin Layer
L Hair Pin Loop

H Holder

Fig. 8A.5 Method of tip preparation. <310>-tungsten wire was etched in thin layer of 5% NaOH
ag. solution ((a) and (b)). (c) istipsthus obtained (Tamaki et al., 1976) [8A-4]

Experimental Resultg8A-4]

Figure 8A.6 is the typical helium ion micrograph of the <310>-oriented tungsten tip
field-evaporated at 78 K. All the following experiments of remolding were carried out using
thetip of thisfigure.

Remolding in Ultrahigh Vacuum (10~1°Torr) [8A-4]

Figure 8A.7 shows the changes in the field emission micrograph and the emission current
with the remolding time for the <310>-oriented tungsten tip. The tip was cleaned by flash-
ing beforehand and the remolding was carried out in ultrahigh vacuum at about 10 ° Torr,
keeping the tip at about 1620K and applying an electric field of 100MV/cm. The vertica
axis is the emission current at the same tip voltage 3.0kV, and the value of V,, given with
each micrograph is the tip voltage at which the emission current reaches 0.15uA. After
a certain period from the beginning of the remolding (in this case after 50 seconds) pro-
trusions near the {310} family in the micrograph (d) gather together to make one spot in
several seconds. Theresult isshownin (€). In view of the lens aberration, the focused parax-
ial electron beam is most desirable for the electron microscope, so that the state (€) is the
best one for the electron source. In addition it takes only 10 seconds from (d) to (f) and the
best state (€) isrealized in a short period. In other words, the best tip shape is kept only for
ashort period at the above stated condition.
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Fig. 8A.6 Typical helium ion micrograph of <310>-tungsten tip. Mean radius of curvature is
about 520 A (Tamaki et al., 1976) [8A-4]

In order to observe atomically the protrusion that gives the <310> spot of Fig. 8A.7
(e), we utilized the FIM. The emission and the ion micrographs of the <310>-tungsten
tip remolded in situ in FIM are shown in Fig. 8A.8 (b) and (c) respectively, in which
the protrusion appears on the position of the <310> plane. Figure 8A.8 (d) is the en-
larged view of (c). It is interesting to note several atoms on the surface of the protru-
sion (Fig. 8A.8 (d)). By successive field-evaporation at 78K the ion image changed to
(e) and (f). Removing 5 atomic layers from (f) by field-evaporation (g) was obtained, in
which the low index planes <001>, <011> and <112> form flat faces. The field emis-
sion micrograph of the tip in (g) resembles that of the tip of field-evaporation endform at
78K (see (h)).

From these ion micrographs, it can be seen clearly that the greater part of the <310>
protrusion is removed by field-evaporation of about ten atomic layers. Since the interplaner
distance of the <310> planeisnearly 1A, the <310> protrusion proved to be about 10A
in height.

In addition, when the remolded tip in Fig. 8A.8 (b) to (d) was kept below the room
temperature in ultrahigh vacuum (1010 Torr) for severa days, any change did not appear
in the emission micrograph and the emission characteristics. This was aso the case when
the electron beam was extracted from such tip continuously for several hours. These facts
would suggest that the remolded tip can be used as a stable electron source if it iskept below
the room temperature in ultrahigh vacuum.
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Fig. 8A.7 Field emission current and field emission micrographs of <310>-tungsten tip during
remolding at about 1620 K and 100 MV/cm in ultrahigh vacuum (1010 Torr) (Tamaki et al., 1976)
[8A-4]
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(b)

(e) (f) (g)

Fig. 8A.8 Field-evaporation sequence of tungsten tip remolded at about 1620K and 100 MV/cm
in ultrahigh vacuum (10~1° Torr). (a); the field emission micrograph of the flashed tip before re-
molding and (b); after remolding. (c); the field-ion micrograph of (b). (d); the enlarged view of
(c). (e); after field-evaporation of 2 atomic layers from (d). (f); 3 atomic layers from (€). (g);
5 atomic layers from (f). (h); the field emission micrograph of the tip in (g) (Tamaki et al.,
1976) [8A-4]

Emission Noise

Yamamoto et al. (1976) [8A-5] measured the field emission current instability of
various planes of tungsten in the “ever-decreasing” current region.

Experiment [8A-5]

Figure 8A.9 showsthe local field emission current LFE (in nA) and peak to peak amplitude
Alp_p (in arbitrary unit) of the <310> plane taken by chart recorder and photo-recorder,
respectively. All data were taken after the flashing. Except for right after the flashing,
the LFE decreases with time, and this is the reason why this region is called the “ever-
decreasing” current region. The Alp_p, however, shows a maximum. The <100> plane
shown in Fig. 8A.10 also shows similar behavior, except that the maximum in Alp_p ap-
pears much earlier.

Comment: Asseen in thesefigures, the emission noise of W <310> and W <100>
planes becomes small soon after their flashing treatments.

Swann and Smith (1973) [8A-6] measured the short-term fluctuation, or noise, in
the emission current using a chart recorder.

Stability of Emission Current [8A-6]

The noise was measured as the fraction, (Inax — Imm)/lmean where Ima Was obtained by
graphically averaging the peak levels along a typical length of the recorded trace, and Imin
was obtained by similarly averaging the troughs.
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Fig. 8A.9 Change in time after flashing of local field emission (LFE) current and peak-to-peak
amplitude of instability obtained from W <310> (Yamamoto et al., 1976) [8A-5]

Using the photomultiplier technique, the results shown in Fig. 8A.11 were obtained.
Figure 8A.11 (a) and (b), which show the fluctuations in the emission from <111> and
<310> crystal faces respectively, were obtained by selecting the appropriate area by means
of amask containing a 6 mm diameter aperture. This defined a geometrical semi-angular
aperture at the emitter of about 3 x 10~2 radian although the corresponding semi-angle of
emission was somewhat larger because of curvature of the electron trajectories near the
emitter. Figure 8A.11 (c), showing the noise in the total emission current, was obtained by
observing the whole emission pattern. Considerable variation was experienced in the exper-
imental values measured under apparently similar conditions. The curves may therefore be
regarded asindicating general trends only. It appears from the results that the <310> orien-
tation generates lower noise levels than the <111> orientation at pressures in the region of
109 Torr. Generally as expected the noise increases with operating pressure and emission
current, although at relatively high pressures the curves start to fall. This effect is amost
certainly anomalous and may be connected with the nonlinear response of the recorder to
the high frequencies associated with higher pressures.

Todokoro et al. (1982) [8A-7] clarified therole of ion bombardment in field emis-
sion current instability experimentally by varying the emission current level and
pressure over awide range.
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Fig. 8A.10 Change in time after flashing of local field emission (LFE) current and peak-to-peak
amplitude of instability obtained from W <100> (Yamamoto et al., 1976) [8A-5]

Experiment [8A-7]

M easurements were carried out using two types of guns in a bakable stainless steel vacuum
chamber evacuated by a 160 L/sion pump (Fig. 8A.12). The lowest pressure in the chamber
was about 6 x 10~8Pa. To change the pressure, air could be introduced by opening a slow
leak valve. Theinitia current decrease and relative fluctuation were measured using an A-
type gun. A B-type gun was used to confirm the origin of the ions. The B-type gun had
two emitters arranged to face the same anode at the same distance of 1cm. The distance
between the two emitters was about 5 mm.
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Fig. 8A.11 Variations of emission noise, (Imax — Imin)/Imean. (@) Emission from <111> face.
(b) Emission from <310> face. (c) Total emission (Swann and Smith, 1973) [8A-6]

Relative Fluctuation [8A-7]

Relative fluctuation as a function of P x | was measured. The pressure was controlled
by the air leak. The relative fluctuation was proportional to the logarithm of P x | above
7 x 10712Pa. A, as shown in Fig. 8A.13. The result shows that a relative fluctuation in-
crease is caused by bombardment of ions generated by electron collisions with residual gas
molecules, because the relative fluctuation is a function of the product of P x I, not of 1.
Below 7 x 10 12Pa- A, relative fluctuation is constant at about 1%. This small fluctuation
could be caused by adsorbed gas molecules migrating on the emitter surface.
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Fig. 8A.12 Schematic diagram of the experimenta apparatus (Todokoro et al., 1982) [8A-7]

To confirm the origin of theions, a sophisticated experiment has been done. Two emitters
were operated at the same timein a B-type gun. Emitter | emitted a current in the range of
5 WA-250 pA, while emitter |1 was kept at a constant 5 pA current. The result is shown
in Fig. 8A.14. Emitter Il fluctuation did not change. The two emitters were so close that
they have a common ambient gas pressure. The number of ions coming from the anode is
the same for both emitters. This result shows that bombarding ions are produced closed to
the emitters, not at the anode. Otherwise, fluctuation in emitter 1| would increase with the

increase in emitter | current.
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Fig. 8A.13 Relative fluctuation as a function of the product of P and I.. (Todokoro et a., 1982)

[8A-7]
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Fig. 8A.14 Experimental results confirming the origin of ions. Two emitters operated at the same
time. Emitter || emitted a current in the range 5SuA—250uA, while emitter 11 was controlled to emit
aconstant 5pA current (Todokoro et al., 1982) [8A-7]

Build-up Treatment

Veneklasen and Siegel (1972) [8A-8] developed an oxygen-enhanced thermal-field
shaping method for obtaining high angular confinement of the electron emission
from a <100>-oriented tungsten tip.

Abstract [8A-8]: A sourceis obtained from which the beam is confined to a half-
angle of ~ 0.15rad. This strongly-forward-direction beam gives a source that can
be used to obtain beams with currents as high as 5 x 1078 A within an acceptance
angle of 5 x 10~3rad with a total emission curve of only 10 pA. The processed tip
is operated at 900 °C to give a source with long-term stability and reliability in a
moderate ultrahigh vacuum of ~ 10~° Torr. An interpretation of the shaping of the
tip based on field-induced thermal migration is given.

Tamura (1979) [8A-9] obtained a brightness level of ~ 108A -cm=2. s~ at
100kV by using aW <100> build-up field emitter.

Abstract [8A-9]: In the W <100> build-up, oxygen plays an important role.
This is provided by installing a silver tube oxygen leak device which permits the
penetration rate of oxygen into the vacuum chamber to be controlled by temperature
variation. With this device, the rate of W <100> build-up can be controlled
automatically.

Oxygen Introduction [8A-9]

To facilitate oxygen introduction, diffusion of oxygen through a silver tube [1] was inves-
tigated. The tube is surrounded by a spiral nichrome heater, and the penetration rate of
oxygen was controlled by varying the temperature of the silver tube. When the silver tube
was heated to about 500K, oxygen penetrated to the vacuum chamber. The total emission
current I; and the pressure were changed as shown in Fig. 8A.15, resulting in the completion
of the <100> build-up. Upon completion of the build-up, oxygen was no longer necessary
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Fig. 8A.15 W <100> build-up process using the silver tube device (Tamura, 1979) [8A-9]

and the heating of the silver tube was stopped. By installing this silver tube onto the vacuum
chamber, the <100> build-up processing became automatic.

Reference

1. N. R. Whetten and J. R. Young, “Use of a silver tube to admit oxygen to a vacuum
system”, Rev. Sci. Instrum. 30, 1959, 472-473.

FE-Initiated Vacuum Arc

Dyke et al. (1953) [8A-10] presented an article, “The field emission initiated vac-
uum arc |; Experiments on arc initiation.”

Abstract [8A-10]: The magnitude of the electric field, current density, and work
function at the cathode, obtained by use of pulse electronic techniques, were si-
multaneously determined prior to breakdown. From this investigation it has been

established that:
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(1) thevacuum arc wasinitiated at a critical value of thefield current density of the
order of 108A /cm?;

(2) breakdown was predictable and not random; in fact easily recognizable condi-
tions preceding arc formation have been established; at current densities just
below the critical value, an electron emission process was observed, which ap-
parently involved both high electric fields and high temperatures;

(3) arcformationdid not require cathode bombardment by material from the anode
or from residual gases;

(4) breakdown was independent of the applied microsecond voltage in the range
5 <V < 60kV, provided the critical current density was not exceeded;

(5) the current during arc exceeded the initial field current by a factor of at least
100.

Dolan et al. (1953) [8A-11] presented an article, “ The field emission initiated vac-
uum arc Il: Theresistively heated emitter.”

Abstract [8A-11]: Electrical breakdown between clean metal electrodesin high
vacuum was observed when the field current density at the single crystal tungsten
cathode exceeded acritical value of the order of 108A /cm?. At current densitiesjust
below the critical value, an electron emission process was observed which appar-
ently involved both high temperature and high electric field. The calculations show
that the resistive heating was sufficient to melt the emitter at the critical current den-
sity, assuming the accepted value of the physical constants for the polycrystalline
metal.

Dyke et a. (1953) [8A-12] presented an article, “The field emitter: fabrication,
electron microscopy, and electric-field calculations.”

Abstract [8A-12]: An investigation of several methods of fabrication revealed
that a smooth, simple, and relatively stable tungsten emitter geometry resulted
from a refinement of the methods of Benjamin and Jenkins [M. Benjamin and
R. O. Jenkins, Proc. Roy. Soc., (London) (A) 176, 262, 1940] which combines elec-
trolytic etch and smoothing action of surface migration. The electric field at any
point on an emitter surface was cal culated when the emitter geometry was precisely
fitted with one equipotential surface from the family surrounding a charged, isolated
sphere-on-orthogonal-cone. A theoretical surface distribution of current density for
a typical emitter was derived from the calculated field distribution and the wave-
mechanical field emission theory. From this result was calculated a value of the
emitting area which was in good agreement with experiment.

Dyke et al. (1960) [8A-13] presented an article, “Electrical stability and life of
the heated FE cathode.”

Abstract [8A-13]: Occurrence of avacuum ark is proposed as the cause of cath-
odefailure. Considerations based on this assumption lead to predictions concerning
the dependence of average cathode life on temperature, and to quantitative expres-
sionsfor the statistical distribution and average value of life for unbiased field cath-
odes operated at high temperatures.

Experimental results yielded by the operation of 85 cathodes show good agree-
ment with the theory. The heated cathode shows constant performance over along
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period after which cathode failure occurs abruptly, and the statistical nature of cath-
ode life is confirmed. The statistical distribution of cathode life and the measured
effect of various parameters on average life show good agreement with theoretical
predictions.

Morphological Changes of Tip

Nakamura and Kuroda (1973) [8A-14] investigated the effect of polarization on
the surface migration of metal atoms which is induced by a thermal-field during
remolding.

Abstract [8A-14]: Experimental results show that the end-form of the thermal-
field build-up of acrystal plane on tungsten and rhenium emitters is determined by
the isotropic feature of the free energy of the surface, which in turn isinfluenced by
the adsorption of gases and the polarization of surface metal atoms caused by the
remolding field.

Nichols and Mullins (1965) [8A-15] derived the partial differential equation de-
scribing morphological changes of a surface of revolution dueto capillarity-induced
surface diffusion under the assumption of isotropy of surface tension and surface
self-diffusion coefficient.

Abstract [8A-15]: Spheroidization of cylindrical rods, as well as field-emission
tips with taper below a certain critical value, is predicted; for tapers above the crit-
ical value, steady-state shapes are predicted and equations describing the blunting
and recession of the tips are presented. If the sintering results for spheres are rep-
resented by a plot of logx/a vs.logt, it is found that the inverse slop varies from
approximately 5.5 to approximately 6.5 for the range 0.05 < x/a < 0.3, in contrast
with the constant value of 7 found by Kuczynski [G. C. Kuczynski, Trans. AIME
185, 169 (1949)] from an order-of-magnitude analysis. At higher values of x/a, n
increases steadily and without bound.”

Sugata and Mun (1969) [8A-16] observed the morphological changes of a tung-
sten cathode by heating over a wide range of temperatures (1600—2800K) either
continuoudly or intermittently.

Abstract [8A-16]: It was found from the experimental results that the reced-
ing rate of the tip depended on the cone angle. Furthermore, the process of typical
changesin the shape of the tip was established, and why a neck formed in the range
near the tip could be explained.”

Pichaud et al. (1971) [8A-17] described a method to calculate the temperature
distribution along the tip.

Abstract [8A-17]: Typical numerical results are given for tips of tungsten and
some other metals at temperatures between 1000 and 2900K. Considered are con-
ical tips of different length (half cone angle between 0.5° and 6°) and some non-
conical tips. The temperature gradient near the apex (which influences the shape
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change by surface diffusion) has a maximum for a particular angle of the conical
tip. Very high gradients occur at tip constrictions.

Morikawa et al. (2001) [8A-18] studied the shape change of the tip-end of a
tungsten field emitter due to the treatment of flashing and build-up process using a
TEM and FE-SEM.

Abstract [8A-18]: A protrusion at every <111> pole has been obtained by an-
nealing at ~ 1500K of the W-tip which in advance had been flashed at ~ 2500K
and then kept in a vacuum for more than 4 hours. The <111> protrusion could be
shaped up to a very sharp emitter, hopefully a single-atom emitter, by so-called T-F
treatment using a positive high voltage. Some kind of surface contamination seems
to play avery important role on the build-up process of asharp <111> emitter.

FE-Related Technology

Morikawa and Goto (1988) [8A-19] improved the sharp-pointed tip preparation
method by ac polishing, by controlling the applied voltage, wave shape, phase an-
gle, frequency, and number of waves. Thiswas performed by designing a controller
in cooperation with a function generator and an audio amplifier.

Emons and Hagemans (1972) [8A-20] presented an article, “Use of a field-
electron emitter as a pressure indicator in ultrahigh vacuum.”

Abstract [8A-20]: Research has proved that for hydrogen which is the dominant
component of the residual gas in such systems, there is a linear relationship be-
tween the measured rate of adsorption and the pressure reading on a Bayard-Alpert
gauge. The highest pressure that can be determined by this method is limited by the
maximum measuring speed; the lowest by the necessity to have a certain number of
particles adsorbing on the small emitter surface within a reasonable course of time
so that adsorption can be measured with a certain accuracy. This method can be used
in the pressure range from 10~° to 10~ Torr.

Chernatony and Yarwood (1979) [8A-21] presented an article, “Problemsin the
production and measurement of very high vacuum, especially in applications, and a
new approach to measurement based on the use of field emission.”

Abstract [8A-21]: Opinions are expressed about the needsin the devel opment of
vacuum systemsin which avery high vacuumisto be created. Topics considered are
sealing materials, new pumps, especially for an oil-free vacuum environment, a new
type of gauge based on field el ectron emission able to indicate surface gas coverage
as well as extend downwards the partial pressure range of a mass spectrometer and
the further automation of industrial vacuum plant in which repetitive processes are
undertaken.

Chernatony (1979) [8A-22] presented an article, “ Problemsin the production and
measurement of atomically clean surface environmentsand their confirmation based
on the use of field emission.”
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Abstract [8A-22]: The superior performance obtained with highly pre-cleaned
titanium sublimation pumps generates conditions below the working region of most
mass spectrometers. For measurement in this region and to monitor surface con-
ditions a simple field electron emission microscope based technique is devel oped.
Changesin surface coverage are analyzed by color superposition techniquesand in
later development by computerized techniques.

Yamamoto et al. (1974) [8A-23] proposed a new semi-empirical model for pre-
dicting the work function of binary compounds.

Abstract [8A-23]: The model is a modification of the Gordy and Thomas rela-
tion (W. Gordy and W. Thomas, J. Chem. Phys. 24, 439, 1956) and is applicable
to binary compounds. The work functions of binary compounds, ¢ag are found
to be primarily determined by the properties of the element of low work func-
tion, A, perturbed by the other element of high work function, B, according to
Oag = 9a + (1.41/dn) [(20a — g5 — 0.34) /(¢ + 95 — 0.68)] . Experimental values
tabulated by Fomenko (V. Fomenko, Handbook of Thermionic Properties, Plenum,
New York, 1966) are compared with the predicted work functions, and the quanti-
tative agreement is good in spite of the simplicity of the model.

Yamamoto and Miyokawa (1998) [8A-24] measured and discussed the emission
characteristics of a conical field emission gun.

Abstract [8A-24]: The measured time dependent mean emission current was in-
terpreted as a weighted superposition of local field emission from the W<310>,
<100>, <110>, and <112> planes. This interpretation resulted in a mean work
function of 4.6eV in good agreement with the value determined from the FN plot.
For an accelerating voltage of 15keV and an emission current of 8 pA after flash-
ing, the dependence of the probe current on the extraction voltage was measured.
For vacc/vex =1, an angular current density of (41+4) uA/sr was found. Similar
measurements of the dependence of the probe current on the ratio Ve /Vex (acceler-
ating voltage/extraction voltage) made 3 h after flashing yielded (20+ 6) uA /sr for
Vace = Vex. The transfer efficiency defined as the ratio between probe current and
emission current was found to be 0.4%-0.3%.

Experiment [8A-24]

A W<310> single crystal rod 0.125mm in diameter was welded to a polycrystalline tung-
sten wire and sharpened by chemical etching to form an emitter. This emitter was installed
in an FEG chamber, and the chamber was baked at about 300 ° C for about 20 h. After bak-
ing, the chamber pressure was kept at |less than 2 x 10~8 Pa, and the emitter was cleaned by
flashing. The emitter cleaning (“flashing”) was done by heat conduction from the W wire
heated by direct current for about 1s. Figure 8A.16 shows a schematic diagram of a coni-
ca FEG. Here the extraction voltage Vex and the accelerating voltage V. are the voltages
between the emitting cathode and the first and second anodes, respectively. The distance
ds between the apex surface of the cathode and the virtual source position varies with the
voltage ratio Viace/NVex - If VaceVMex = 1, then the virtual source position is close to the emitter
apex but it moves upwards if VaecVex # 1. For Vaec/Vex = 0.1, the displacement amounts to
about 35mm.



8A W FE Emitter

Fig. 8A.16 Schematic di-
agram of the conical field
emission gun. The extraction
voltage Ve and accelerating
voltage V. are the voltage
applied between the cathode
(emitter) and the first and
second anodes, respectively
(Yamamoto and Miyokawa,
1998) [8A-24]

Time Variation of Emission Current [8A-24]
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For a constant extraction voltage Vex = 3.5kV and an initial emission current of 8 A, a
decrease of the emission current with timewas observed as shown in Fig. 8A.17. The curve
may be divided into three parts: After aslow decrease during the first six minutes (solid line)
afaster decay (broken line) follows for the next eight minutes, and then a“tail” represented
by a curved solid line. The decrease of the emission current is due to an increase of the
mean work function caused by the adsorption of gases such as Hy, CO, N3, and O, on the
W emitter surface.

We assume that the vertex of the emitter is composed of <310>, <100>, <110>,
<111>, and <112> planes and that the total emission current ko4 is aweighted superpo-
sition of thelocal field emission (LFES), i.e., thelocal current densities from these planes:

lotal = W(310) X Jz10 +W(110) x J110 +wW(100)J100 +W(111) X J111 +W(112) X J112. (8.3)

Here, J310, J100, J110, J111 @nd J112 are the current densities from the respective planes,
and the w(hkl) are the respective area having {hkl} directions. Applying the FN current

densities Jy = ko x exp (—kl(pfl{,z) from the FN equation,

J=BF2exp(— 6‘83X,1:°7¢3/2 , the following equation is obtained. B and F are assumed
to have the same value for each plane:

lotal = Ko x [W(310) exp(—k19312) +w(110) exp( k1 9/2)
+W(100) exp(—k10312)  +w(111) x exp(—ki9?)
+W(112) x exp(—k14;15)]- 84)
Here, ko = BF? and ky = 6.83 x 107 /F are constants, and ¢a10, $110, $100, $111, and

¢112 are the work functions for each plane. Their values for clean surfaces are given in
Table8A.1.
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Fig. 8A.17 Decay of the emission current with time from an initia value of 8 pA. The constant
extraction voltage equals 3.5kV Yamamoto and Miyokawa, 1998) [8A-24]

Review

Hainfeld (1977) [8A-25] presented a review, “Understanding and using field emis-
sion sources.”

Abstract [8A-25]: Field emission tips are growing in popularity due to their
high brightness, small source size, minimal energy spread and potentialy long life-
time. Disadvantages include the necessity of a moderate ultrahigh vacuum, beam
current that fluctuates 2-5% and additional maintenance of the source such as pro-
cessing or flashing. Several practical modes of operation have evolved including
cold (room temperature) operation, oxygen processing and thermal (heated) use.
Stability and lifetime depend on vacuum, tip current, first-anode outgassing and
temperature. Anyone using an instrument with a field emission source should be
aware of how field emission tips operate and how to optimize their performance.

Table 8A.1 Work function for crystallographic plane (Yamamoto and Miyokawa, 1998) [8A-24]

Crystal graphic plane <310 > <111 > <100 > <112 > <110 >
Work function (V) 4.25 4.47 4.65 4.76 5.25
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8B ZrO/W Emitter

Swanson and Martin (1975) [8B-1] presented an article, “Field electron cathode
stability studies: Zirconium/tungsten thermal-field cathode,” in which the charac-
teristics of the ZrO/W emitter are systematically described in detail. Swanson and
Martin must be pioneersfor developing a ZrO/W thermal-field emitter.

Abstract [8B-1]: The emission angular distribution, total energy distribution,
noise spectrum, and emitter life have been measured for the Zr/W thermal-field
cathode. The results give an emitter life in excess of 1000h at T =1350 to 1450K,
P > 2 x 10~8Torr, and a total current of ~ 100 pA. A low-noise, highly con-
fined beam along the <100> direction can be obtained. A source brightness of
10% A/(cm?sr) at 3kV and an energy spread of less than 0.9eV were measured
under operational conditions.

Characteristics

Factors Influencing FE Cathode Life and Stability [8B-1]

Two basic parameters control the time fluctuations of the FE current at constant applied
voltage: (1) the work function ¢ and (2) the surface geometry. This can be seen more clearly
by considering the relationship between current density J and applied field F as given by
the well-known Fowler-Nordheim equation:

1.54x 1076F2 < —6.83 x 107932y(y) ) )
= A/cm?), 8B.1
o) - (Ajem®), (@B
where F and ¢ arein V/cm and eV, respectively. Noting that the image-potential correction

terms t(y) ~ 1 and v(y) ~ 0.943 — 1.525 x 10~ 'F /¢ in the F and ¢ range of interest,
Eqg. (8B.1) becomes

1.54 x 107 6F2 10.4 —6.83 x 107932
J= Xd’ exp<¢1/2> X {a(p< XF ¢ )} (A/cmz). (8B.2)

In order to more clearly show the role of emitter geometry in Egs. (8B.1) and (8B.2), one
can further note that
F=pv, (8B.3)

whereV isthe diode voltage and
B=f(r,o,R). (8B.4)

The relationship between the emitter geometric factor B and the emitter radius r, emitter
cone half-angle o, and emitter-to-anode spacing R is complex but can be given for typical
emitter shapes by the following approximation [1]:

B~ 1.7/ro8 R3O (cm 1), (88.5)

This expression is valid in the range r = 10~ to 10*cm, R=0.1to 1cm, and 0. = 5 to
10°. A less accurate approximation is

B=1/5r. (8B.6)
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Thus, one can observe from the foregoing relationships that J is extremely sensitive to
variationsin ¢ and/or B. Ignoring the pre-exponential term variations, this can be put more
quantitatively by noting that

dl_68x 107932 dp

I F B (88.7)
10.2x 107932 d¢
~ . 8B.8
e (88.9)
According to the approximation given in Eq. (8B.6) one can further deduce that
7 5 3/2
dl ~ 6.8x 10'¢ dr. (8B.9)

| F r

In the case of the Zr/W cathode, where typically ¢ =2.5eV and F = 2 x 10’ V/cm,
Eq. (8B.9) becomes

dl 15397
| r

We shall now examine factors which cause time variationsin ¢ and 3.

(8B.10)

Adsorbed Surface Layers[8B-1]

The fluctuation in | due to variation in ¢ is primarily attributable to time variation of the
average adsorbate coverage ¢ and/or adsorbate dipole moment . This can be expressed by
the well-known Helmholtz equation:

A¢ = gruc, (8B.11)

where g isaconstant varying from 2 to 4 and A¢ isthe change ¢ — ¢o in work function from
the zero coverage value ¢p. There are two basic types of time variations of ¢ and 1 that are
of interest: One is a long-term change in the value of ¢ due to adsorption or desorption;
the other (which applies to both ¢ and ) pertains to higher-frequency (flicker) fluctuations
about an average value or between two or more values. Short-term fluctuation of ¢ can be
diffusion-controlled or, in the case of an equilibrium gas pressure, it can be controlled by
the adsorption-desorption rates. On the other hand, long-term variation in ¢ is primarily
controlled by adsorption or desorption due to ambient pressure change.

If P < 10710 Torr after initial emitter-surface cleaning, one has the desirable condition
that 6 ~ 0 and dc/dt ~ 0, at least for reasonably long time periods. For the case P >
10-° Torr then 6 # 0 and do/dt 5 0. After an equilibrium coverage Geq is established
(the time to reach equilibrium will increase with decreasing P) the value of ceq will be
determined by T, P, and the binding energy of the adsorbate. At T < 1500K and P <
108 Torr the value of & for most residual gases will be near zero.

Fortunately, the adsorbed zirconium, though becoming mobile at high temperature,
requires an excessively high temperature (T > 1800K) to become irreversibly desorbed.
Because of the large work function change due to zirconium adsorption it would be indeed
aserious problem for the long-term current stability if it slowly desorbed.

Surface Geometry

lon Bombar dment [8B-1]

According to Egs. (8B.7) and (8B.10) the time variation of the cathode surface geometry
can serioudly affect the current stability. There are two basic mechanisms that can ater the
macro and micro surface features:
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First, we consider microscopic surface roughness caused by ion bombardment of the
cathode surface. The formation of ions that “ sputter” or roughen the cathode surface arises
from gas-phase el ectron ionization and from electron-stimulated desorption from the anode
surface. Thelatter ions can be nearly eliminated from reaching the cathode by proper design
of the anode lens structure. The Zr/W <100> cathode is particularly helpful in this respect
since, aswill be shown in a succeeding section, the angular divergence of the el ectron beam
is 14° as opposed to 40° for an uncoated cathode.

The effect of thermal annealing of surface roughness caused by ion bombardment of a
tungsten FE cathode has shown that rapid surface annealing occurs at temperatures above
800K. Clearly, TF operation of a W field cathode above 1000K should rapidly annea
surface roughness caused by ion bombardment and allow relaxation of vacuum and anode
cleanliness requirements.

Thermal-Field Buildup [8B-1]
Heating an FE cathode in the absence of an applied field causes the emitter radiusto increase
according to [2]

7Y _ [1 25y00D000exp 5 (AgkTr®) ™", (88.12)
dt /o kT

where v is the surface tension (y = 2900 dyn/cm for W), €y is the volume per atom, Ag is
the surface area per atom, Dy is the diffusivity consgtant (Dg = 4 cm?/sec for W), and Eq is
the activation energy for surface diffusion(Eq = 3.14 eV for W). For clean W we obtain

(3:)0 - {2'6 x 10 oo ( _3$300)} (T%) 7 (em/s). (88.13)

According to Barbour et a. [2], in the presence of an applied field

dr rF2\ /dr
(a0).= (1= bmp) (&), 814

Hence, the theory predicts that the emitter dulling rate will decrease with dc ap-
plied fields of either polarity. It can be seen that dr/dt varies according to the following
conditions:

1/2
@ & >0,ifF < (%)

1/2
() §r = 0.if F = ()

112
© & <o,ifF> (%)™

Case (a) leads to emitter dulling and hence to a decrease in emitted current with time. Case
(b) ideally causes the emitter dulling due to surface tension forces to be balanced by the
electrostatic force opposing the dulling force. This case is difficult to realize over the total
emitting area due to the nonuniform field over the emitter surface. Case (c) does not lead to
emitter sharpening because of the difficulty of nucleating new atomic layersin certain crys-
tallographic directions. Consequently amore complex process called “field buildup” occurs
in which the current increases erratically and gradually assumes a polyhedral shape [3].
For clean W the condition for d r/dt ~ Oisgiven by

Fo=8.1x 10%,%2 (v/em), (8B.15)
where ry, and Ry are the values 2giving condition (b) above. The useful range of the current
)

densities (J = 10* to 108 A /cm*®) corresponds to fields in the 4 x 1078 x 107 V /cm range
for aclean W cathode. In view of Eq. (8B.15) the necessity to avoid buildup precludes dc
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TF operations of cathodes with r > 8 x 10~® cm, since such radii correspond to Fy values
lower than 4 x 107V /cm. Thus, for emitter radii in the 10-5-10~%cm range Fy is consid-
erably below that required for normal emission levels thereby eliminating the possibility of
stabilizing the smooth emitter shape during TF dc operation of smooth and clean W emit-
ters.

Fortunately, for the Zr/W cathode with ¢ ~ 2.6eV avalue of F = 2 x 10’V /cm gives
auseful current density of about 5.3 x 10°A /cm? and a value of 1, = 1.64 x 10-5cm. If
one assumes the emitting area is 7r? one obtains a total current of | = 443pA; since the
emitting area of the Zr/W <100> cathode is reduced by afactor about 0.1, amore realistic
value of | =~ 44pA should be realized.

It should be pointed out that the preceding analysis is based on thermodynamic argu-
ments and that the emitter temperature determines the rate at which geometric changes will
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Fig. 8B.1 Plot of emitter dulling rate dr/rdt vs. emitter radius for various emitter temperatures for
an emitter half-angle oo = 0.10rad (Swanson and Martin, 1975) [8B-1]
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occur. In other words, according to Egs. (8B.3), (8B.6), and (8B.15) a Zr/W cathode of
r = 1.64 x 10~°cm operated above 2000V will be unstable with respect to field-induced
geometric change. On the other hand, the rate of this change for clean W is controlled by
(8B.13). Strictly speaking Eqg. (8B.13) describes the dulling rate of a clean W surface; how-
ever, for the purpose of this discussion we assume that buildup is the reverse of dulling.
Figure 8B.1 shows aplot of Eq. (8B.13). Since dr/dt oc l/r3, therate of geometric change
is very sensitive to both temperature and radius. Clearly, if r or Eq is sufficiently large,
dr / dt can become negligible at a specific temperature. The rate of change of r is related
to the change in | via Eq. (8B.10) and if V exceeds 2000 V at r = 1.64 x 10~°cm and
T = 1400K, we can determine from Fig. 8B.1 and Eg. (8B.10) that

di
Idt

In practicedl/ldt is even smaller because of an increase in Eq due to the presence of Zr.
Making use of the fact that dr/rdt decreases rapidly with increasing r, it should also be

possible to operate 25000 A emitter under buildup conditionswithout incurring asignificant
rate of buildup. Not only would the rate of change of current be small, but the total emission
current would be much larger for these operating conditions.

=1.53x107%(sec™?) = 5.51%(h™1).
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Properties

Swanson (1975) [8B-2] measured angular distribution, total energy distribution, and
noise on both a zirconium coated and built-up W < 100> field cathode operating at
high temperature (1400-1800K).

Summary [8B-2]: This study showed that the Zr/W and built-up TF cathodes are
capableof longlife (~ 1000h) operation at 10 nTorr residual gaslevels. Total energy
distribution half-widths were less than 1.5eV and noise levels for P < 10nTorr did
not exceed several percent for small solid angles and over practical bandwidths.
The small angular divergence of the beam reduces the total current requirements
for a specified transmitted current compared with conventional field cathodes. In
addition, the smaller emitting area of the built-up cathode leads to a dlightly larger
noise level and current density for a specified current transmitted through a small
aperture. Based on the calculated emitting areas, brightness values of ~ 10%°A .
cm~2-sr~1 can be achieved by these cathodes at 2-3kV. Thus, it can be concluded
that these two TF cathodes are compatiblewith microprobe applicationswhere high-
brightness cathodes are required.

Wolfe (1979) [8B-3] presented an article “ Operational experience with zirconi-
ated T-F emitters”
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Abstract [8B-3]: The beam current stability is better than +-0.5% at pressuresin
the region of 10-8 Torr. The source brightness is 10°A - cm—2sr—1. The operating
point istypically 107V /cm electric field, 1800K and 10°A /cm?. Life tests havein-
dicated lifetimes of 5000 h or greater, which may be expected at the above operating
point and 10~8Torr vacuum. The virtual source size for our geometry and operat-
ing point and has been calculated and measured at about 100 A for an acceptance
half angle of 0.015 rad. The zirconiated cathode is also highly recommended for
thermionic and Schottky aided thermionic applications. It is more stable and longer
lived than LaBg.

Structure of the Electron Gun [8B-3]

The cathode structure is mounted in the electron gun as shown in Fig. 8B.2. A grid disk is
provided 0.25mm behind the tip of the cathode. Its sole function is to reduce the amount
of thermionic emission from the shank of the needle in order to reduce anode heating. The
anodeis placed 0.5 mm from thetip of the cathode. With this geometry and alum tip radius
one obtains 107 V /cm at the tip with 7500V applied [8B-3].

Danielson (1981) [8B-4] studied the properties of the ZrO-W <100> emitter
and the coadsorption of zirconium and carbon monoxide on W <100> by Auger
electron spectroscopy and work-function measurements.

Abstract [8B-4]: The thermionic work function of the Zr-O-W <100> emitter
from 1450t0 1800K is2.54 eV with apre-exponential valueof 4. Thefield-emission
retarding potential work function is 2.75-2.80eV. A Zr-O-W <100> emitter free
of bulk carbon possesses a longer lifetime than an emitter containing bulk carbon.
Heating the emitter in carbon monoxide causes diffusion of zirconium into the bulk,
and vacuum annealing restores the zirconium to the surface. The coadsorption of
zirconium and carbon monoxide on W <100> followed by vacuum annealing pro-
duces a minimum work function of 2.3eV. The adsorption sequence is important
and lower work functions correlate with higher carbon concentrations. The stability
of the2.3 eV surface under background gas adsorption and high-temperatureheating
is discussed.

Kang et al. (1983) [8B-5] presented an article, “A numerical analysis of the elec-
tric field and trgjectories with and without the effect of space charge for a field
electron source.”

Abstract [8B-5]: Calculations show that the emission properties of afield emis-
sion gun are very sensitive to a small change in emitter shape. Space charge effects
are examined numerically for various values of emitter radius and compared with
experimental results for a Zr/W field emitter. It is shown that the decrease in cath-
ode field due to space charge is the probable reason for the deviation of emission
current from theoretical values at high current density. The commonly used planar
diode approximation is shown to be inadequate for describing space charge effects
of field emitters. Trajectory analysis shows that contributions to the field emitter
virtual source size due to spherical aberration are similar for both a rounded and
faceted emitter shape.

Speidel et al. (1985) [8B-6] presented an article, “The Zr-O-W-field emitter in
the low temperature mode.”
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a i— 0.020"
Fig. 8B.2 The geometry used .
in the electron gun used for | ¢

this discussion (Wolfe, 1979) .
[8B-3] Electron Gun Design

Abstract [8B-6]: This paper describes accurately the production of the cathode.
The Zr-O-W-cathode emits 100nA of probe current in a 10mrad apertureat T =
1300K and po, = 10-°Pa. The DC-stability is less than 10% over 6 hours. The
FWHM of the total electron energy distribution is 1.5eV for 0.3mA/sr of angular
beam intensity.

Kim et al. (1994) [8B-7] evaluated Zr/O/W Schottky emission tips with mi-
crolenses for applications in scanning tunneling microscope aligned field emission
microcolumns.

Abstract [8B-7]: Operation of Zr/O/W <100> Schottky emission tipsat 1800 K
with an axial separation of 50-100um between the tip and a microlens has been
successfully tested. The microlens consists of an extraction electrode with a 5um
diameter hole in a 1um-thick silicon membrane. The preliminary results of this
study show that thermal field emission tips can be operated continuously in close
proximity to amicrolensover along period of time, and that good emission stability
of less than 1% noise fluctuation over 10 h is achieved with emission currents up to
at least 100um.

Kim et al. (1997) [8B-8] measured the emission stability and energy distributions
from a Zr/O/W Schottky emitter at atip temperature range from 1330 to 1800K.”

Abstract [8B-8]: The changes of emission properties have been observed at re-
duced tip temperature. Noise fluctuations of the probe current increase with de-
crease of the tip temperature at a constant extraction voltage. The work function of
the Schottky emitter increases with decrease of tip temperature. The energy width
at a given temperature increases with increasing angular emission current density.
The energy width also increases with decreasing tip temperature at a given angular
emission current density. The results indicate that the energy broadening is mainly
contributed by electron tunneling. A comparison of the measured energy width with
the theoretical predictionsis discussed.
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8C LaBg Emitter

The LaBg emitter is still widely used as a bright, thermionic electron emitter in
electron microscopes. It workswell in a high vacuum in the 10~°Parange.

Characteristics

Lafferty (1951) [8C-1] investigated the thermionic emission propertiesof the borides
of the alkaline-earth and rare-earth metals and thorium. Lafferty must be a pioneer
for developing a LaBg emitter.

Abstract [8C-1]: Thermionic emission measurements made on these materials
show the rare-earth metal borides to be superior to the others. The highest emis-
sion was obtained from lanthanum boride. Its emission constants for the Dushman
equation were ¢ = 2.66 voltsand A = 29amps- cm—2 - degK 2. Thisis higher than
the emission normally obtained from thoria. Lanthanum boride has arelatively low
evaporation rate corresponding to alatent heat of evaporation of 169 kilocalories per
mole. If the hexaboridesare operated at high temperature in contact with the refrac-
tory metals, boron diffuses into their metal lattices forming interstitial boron alloys
with them. When this occurs, the boron framework which holds the alkaline-earth
or rare-earth metal atoms collapses, permitting the latter to evaporate. However, the
hexaboride cathodes may be operated at high temperaturesin contact with tantalum
carbide or graphite.

Electron Emission Constants [8C-1]

The electron emission from the various borides was measured as a function of their tem-
perature with aconstant potential of 500V between cathode and collector. Richardson plots
were made from these data, using the thermionic emission equation

logyo | /T2 = logyy A — 11600¢ /2.303T, (8C.1)

where | is the current density in amperes per cm?, T the absol ute temperature in degrees
Kelvin, A is an empirical constant expressed in amperes per cm? per K2, and ¢ is the con-
ventional work function expressed in volts.

Figure 8C.1 shows a series of Richardson plots for the akaline-earth, rare-earth, and
thorium borides. Straight lines were obtained in al cases, showing ¢ to be substantialy in-
dependent of temperature. It will be noted that the rare-earth borides are better emittersthan
the alkaline-earth or thorium borides. Vaues of A and ¢ obtained are given in Table 8C.1.

Figure 8C.2 shows the emission obtained for some mixed borides of the rare-earth
metals. X-ray analysis of the crystal structure of these mixed borides shows that they form
solid solutions over the entire composition range. Misch metal, which is an dloy of al
the rare-earth metals, forms a solid solution of mixed borides with an electron emission
only dlightly less than that of LaBg. This is of commercia interest since misch metal is
considerably cheaper than lanthanum metal .

It is of interest to compare the emission from LaBg, the best boride emitter, with some
of the conventional cathode materials. Thisis shown in Fig. 8C.3. The emission from LaBg
is surpassed only by barium oxide at low temperatures. In the high current-density range,
LaBg is superior to any of the conventional materials now available.
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Fig. 8C.1 Richardson plots for the alkaline-earth, rare-earth, and thorium borides. The emission
constants are given in Table 8C.1 (Lafferty, 1951) [8C-1]

Mounting Methods

Nakagawa and Yanaka (1975) [8C-2] developed a LaBg-cathode electron gun to
obtain a highly stable electron probe.

Table 8C.1 Hexaboride emission constants as determined from the data in Figs. 8C.1 and 8C.2.
(Lafferty, 1951) [8C-1]

Boride AA-cm2.K=2) ¢ (V)
CaBg 2.6 2.86
SBg 0.14 2.67
BaBg 16 3.45
LaBg 29 2.66
CeBg 3.6 2.59
Misch metal boride 14 2.64

ThBg 0.5 2.92
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Fig. 8C.2 Richardson plots for some mixed borides of the rare-earth metals. Misch metal boride
is a hexaboride made from misch metal, an alloy of the rare-earth metals (Lafferty, 1951) [8C-1]

Electron Gun [8C-2]

Figure 8C.4 shows a cutaway drawing of the LaBg cathode electron gun assembly with the
cathode (sintered LaBg rod; tip curvature: 10um) sandwiched between two heating blocks
of pyrolytic graphite. These blocks are supported by stainless steel props, employing screws
built into their outer portions. Thus, the tip supports are symmetrical with regard to the tip
center, thereby preventing any lateral drift of the tip due to thermal expansion [8C-2].

The diameter of the hole on the top of the Wehnelt is 1.5mm (Fig. 8C.4), and the cath-
ode tip is set 0.2-0.6 mm deep in the Wehnelt. Moreover, this gun assembly can be easily
exchanged with a tungsten filament assembly. The anode can be adjusted for height and
centered from outside the gun chamber. Thus, optimum brightness is attainable even when
the accelerating voltage has been changed. Variable apertures and gun alignment coils are
provided beneath the gun anode.

Emission is obtained by heating the cathode with graphite blocks heated by direct cur-
rent (stability: < 1 x 10~4/min). The voltage can be varied from 2 kV to 35 kV (stability:
< 3x1078/min) and biasis of the sdlf-bias type (resistance: 1-64 MQ).

Crawford (1979) [8C-3] evaluated several LaBg mounting techniques which are
currently in widespread use for high brightness applications.

Mounting M ethods [8C-3]
Four methods of mounting boride cathodes (shown in Fig. 8C.5) are currently in widespread
use in scanning microscopes and similar high-brightness applications.
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Fig. 8C.3 Electron emission of some common cathode materials and lanthanum boride plotted as
afunction of the temperature (Lafferty, 1951) [8C-1]

The earliest high-brightness LaBg cathode developed for SEM use is the eectron-
bombardment-heated rod type shown in Fig. 8C.5 (a) [1, 2, 3, 4, 5, 6, 7]. Here the ma-
terial compatibility problem is avoided by having no material in contact with the hot LaBe.
One end of aLaBg rod is heated by el ectron bombardment, using an auxiliary tungsten coil
heater which surrounds the hot end of therod. The other end of therod isheld inasmall col-
let at low temperature, with the full temperature gradient along the rod. The advantages of
this method are first, the chemical reaction problem is solved in asimple elegant way. Sec-
ond, the cathode is inherently rigid. Third, since alarge quantity of LaBg is used, typically
0.1g for each cathode, there is considerable LaBg available to evaporate. Unfortunately the
disadvantages are also numerous. The design is unnecessarily complicated. An additional
power supply (floating at high voltage) is required to provide the electron bombardment
power, asisacompletely different and more complex electron gun, with an additional wire
in the high voltage cable.

Next, in development for high-brightness use is the carbon block mounted design as
shown in Fig. 8C.5 (b) [8, 9, 10]. Here, a small, carefully lapped piece of LaBg is me-
chanically clamped between two small blocks of carbon, and the resulting assembly heated
resistively by passing a current through all three pieces. Carbon is one of the few high tem-
perature materials which does not significantly react with hot LaBg (a carbon crucible can
be used to contain molten LaBg). The advantages of this method are first a much simpler
design. Porperly constructed, this design is aso quite rigid. On the negative side, the car-
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Fig. 8C.5 Major high-brightness mounting methods: (a) electron- bombardment-heated rod type;
(b) carbon block mounted; (c) carbon arch mounted; (d) refractory metal mounted. All of these
mounting methods are capable of high-brightness operation if properly implemented. Relative ad-
vantages differ according to the application. Note that the drawing scales are not equal (Crawford,
1979) [8C-3]
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bon block method requires a number of machined parts which must be accurately made
and carefully assembled. The clamps have a fairly high therma mass; and standard fila-
ment bases cannot be used. Some units have a stability problem apparently due to the large
heating current which passes through the carbon-lanthanum hexaboride interfaces.

The third mounting method is the carbon arch technique, which uses the compatibility
of carbon and LaBg in a different way. A carefully machined tiny block of LaBg is held
between two thin carbon strips bent into small arches, as shown in Fig. 8C.5 (c) [11, 12].
The resistive heating current passes through the arches only, and not through the LaBe.
The major advantage is that it can be made on standard filament bases which alow direct
replacement of tungsten in many instruments. It also runs at a current and voltage, which
are similar to those for tungsten, which means that the pre-existing filament supply need not
be changed. Installation is simple. Because of the stability of LaBg mounted on carbon, and
the fact the current does not pass directly through the LaBg, this design has a good over-
temperature tolerance. The worst drawback to this design isits fragility. The carbon arches
will immediately break if touched with fingers, or if the unit is dropped. Another problem
isthat the angle of the arch is determined by the carbon properties, and istoo shallow to fit
many existing Wehnelt caps. Lastly, thistype of cathode shares with the carbon block type,
having the need for very accurately made parts, and a so the same minor problem in that the
carbon must be protected from oxidation.

The fourth mounting method is the refractory metal mounting method typified in
Fig. 8C.5 (d) [13, 14]. Here, asmall piece of LaBg is mounted on a refractory metal hair-
pin; the hairpin typically having dimensions similar to a standard tungsten filament. The
LaBg is bonded to the refractory metal either by some type of brazing process, or by a
melting-welding type process. The major advantages here are simplicity, adaptability, and
alack of fragility. The cathodes mount on standard bases and take up no more room than
standard tungsten filaments; no special Wehnelt or other modifications need be made. Fi-
nally, their electrical impedance is easily adjusted and they have the potential of running at
the lowest power of any of the presently used types. The major disadvantage of thistypeis
the reintroduction of high-temperature reactions as amajor life-limiting mechanism. It has
been known for many years that the reaction rate of LaBg with two of the refractory metals,
rhenium and tantalum, isrelatively slow (rhenium isthe slowest), and that the reaction rates
are strongly temperature dependent. Hence if the temperature is carefully controlled, high
brightness and reasonable life can both be obtained. However the over-temperature toler-
ance is not as good as with the other mounting methods. The situation is similar in those
refractory-metal-mounted designs where an in-between material, such as a carbide or sili-
cide is used to braze or sinter the cathode to the wire. Here the limiting reaction may occur
between the wire and the braze rather than between the braze materia and the LaBg. At
the present time, from tests made in our laboratories, none of the refractory metal mounts
seem to have achieved the chemical stability of the carbon mounted cathodes. Nonetheless
this method is very attractive because of its other advantages; it aso probably has the best
potential for improvement. Variations on this method were among the earliest used, back
before scanning microscopes were invented. The other methods now in general use were all
proposed (separately) as ways of overcoming the chemical reaction problem.

Conclusions [8C-3]

The redesign of cathodes emphasizing smaller size and lower power should both improve
performance and ultimately lower costs. All of the presently used cathode types are capable
of some miniaturization; and even without miniaturization all could benefit from application
of hesat flow calculations.

The best design to miniaturize is probably the refractory-metal mounted type. The ma-
jor problem of thistype s, asit has always been, destructive chemical reactions and mate-
rial diffusion. However this problem is both less serious in the current designs, and more
tractable to better solutions with the advent of modern surface physics techniques.
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Material Loss

Sewell (1980) [8C-4] presented an article, “High brightness thermionic electron
guns for electron microscopes.”

Abstract [8C-4]: A consideration of the small area around the tip which is re-
sponsiblefor electron emission leads to the conclusion that further progresstowards
achieving predictable and reproducible performance with single crystal LaBg emit-
ters will depend on control of the microstructure around the cathode tip. Loss of
material from the emitter, by processes such as oxidation, evaporation and ion bom-
bardment, is a prime factor in limiting the useful life of the gun.

Evaporation and Oxidation [8C-4]

Figure 8C.6 shows the total loss of material from LaBg due to evaporation and oxidation.
In the absence of oxidation, the loss of evaporation alone is shown by the line A-B. Curves
above this line show the combined effect of evaporation and oxidation at various oxygen
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Fig. 8C.6 Data on material loss from LaBg due to evaporation and oxidation. Solid line A-B,
evaporation data from Verhoeven [1]. x — — — x, oxidation dataat 1 x 10> Torr. Other curves are
calculated losses due to evaporation and oxidation at the pressures indicated. For details see Sewell
and Ramachandran [2] (Sewell, 1980) [8C-4]

pressures. The open circle on each curve represents the condition where losses by evap-
oration and oxidation are equal. It is seen at low temperatures (1700K) which might be
used to achieve long filament life, significant oxidation occurs even at pressures as low as
3% 108 Torr. The gun performance will be particularly poor in pressures above 107 Torr.
Even with filaments operating at 1900K, the loss mechanism will be mainly oxidation
at pressures above 3 x 10~ 7 Torr. At temperatures above 2000K, gun pressures around
108 Torr might be tolerated as the evaporation of aconductive layer of LaBg predominates.
For general use, it is strongly recommended that the gun pressure be in the low 107 Torr
region. Much improved life and reliability will result when gun pressures are routinely in
the low 10~8 Torr range.
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Properties

Futamoto et al. (1980) [8C-5] presented an article, “ Thermionic emission properties
of asingle-crystal LaBg cathode.”

Abstract [8C-5]: A new type of LaBg cathode has been developed. It consists of
a <001> oriented LaBg single-crystal tip and a glassy carbon filament. The influ-
ence of gas pressure on the thermionic emission properties is investigated for O,
H>0, CH4, and H. Evaporation rates and surface composition of the LaBg cathode
are also examined. Thermionic emission current decreased in all gases examined
here, depending on cathode temperature and gas pressure. In O, and H,O gas atmo-
sphere, the cathode surface composition appearsto changeto LayO3 as gas pressure
isincreased. The evaporation rate of the LaBg single crystalsis represented by equa-

tionV = 4 x 10"exp (— 57°RXT1°3) um/h, for the temperature range between 1800
and 2200K.

Review

Hohn (1985) [8C-6] presented an article, “ Development and use of high brightness
lanthanum hexaboride electron guns,” reviewing 51 related papers.

Abstract [8C-6]: Important parameters such as crystal orientation, tip radius,
cone angle, tip facetting, orientation dependent work function, electron gun geome-
try, vacuum conditions, tip positioning, tip temperature and others, have been inves-
tigated and reported in the literature. Reviewing several studies, it becomes apparent
that a vacuum of better than 1 x 10-® Torr is required for best performance and long
lifetime. Preferable crystal orientations are the <100> and <346> rod axis which
result in practical brightness valuesin excess of 10°A -cm=2-sr—1, at 20kV accel-
eration voltage and 200 A emission current.

The emission pattern and cross-over intensity distribution of single crystal LaBg
cathodes are of high symmetry and depend strongly on the temperature and the
crystal orientation. Both can be related to the crystal lattice structure as derived
from the unit cell.
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8D Other FE Emitters

The emission characteristics of TiC FE cathodes have been investigated [8D-1,
8D-2]. A micro FE electron gun has been applied to a very small electron-beam
system [8D-3].

Adachi (1985) [8D-4] presented an article, “Approach to a stable field emission
electron source,” reviewing 96 related papers.

Abstract [8D-4]: New materials which have low work functions and high melt-
ing points are examined in the view of a stable field electron emitter, and it is shown
that carbides of transition metals have potential as a stable field emitter. Very stable
field emission has been reported for TiC single crystals. Operation in the thermal-
field emission mode is examined and it is shown that a ZrO/W <100> emitter
gives stable emission, whose fluctuation is less than 0.23% in the frequency interval
1-5000Hz. The only disadvantage of the ZrO/W thermal field emitter is its rather
high level of instability at very low frequencies.

| chinokawa (1984) [8D-5] described his experience on various kinds of electron
sources, cold FE sources, thermal FE sources, and thermionic electron sources (W
and LaBG).

Seiler (1983) [8D-6] presented a review, “ Secondary electron emission in the
scanning electron microscope.”

Abstract [8D-6]: The energy distribution, the angular distribution, and the yield
of secondary electronsfrom metalsand insulators are reviewed as well asthe escape
depth of the secondary electrons and the contribution of the backscattered el ectrons
to the secondary electron yield. The different detectors for secondary electrons in
the scanning electron microscope are described. The contrast mechanisms in the
scanning electron microscope, material, topography, voltage, magnetic, and crystal-
lographic orientation contrast based on secondary electron emission, as well as the
lateral resolution, depending among other things on the spatial distribution of the
emitted secondary electrons, are discussed.
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Abrading, 137
Absorbed gas layers, 130
Activation energies of desorption, 125
Activation energy for diffusion, 133
Ac-voltage breakdown characteristics, 281
Adlayer formation, 147
Cr oxide, 147
TiN, 147
Adsorbed surface layer, 185, 326
Adsorption foreline trap, 26
activated aluminaballs, 26
porous aluminaballs, 5
Adsorption theory, 182
AES depth profiles, 141-142, 143, 145
AES spectrum, 141-143
Ageing process, 286
Air bake-out, 146
Air pressure, 266
Aluminum alloys, 147-148, 173, 178
anodized film, 148, 149
anodizing aluminum surfaces, 148
particulate generation, 148
Alumite, 10, 11
Analogies, 102
Angular distribution of molecular flux, 118
Angular divergence of the electron beam, 327
Anode initiated microparticle, 265, 283
Anode-initiation model, 265, 282
Anodic oxidized film (layer) of duminum, 123
Apparent source size, 304, 307
Arc initiation, 318
Argon instability, 61-62
Ar-pumping speed, 66-68
Atomic hydrogen concentration, 145
Avalanche discharge, 285
Avalanche electrons, 267-268

Back diffusion, 14-15

Backscattered-electron images, 139

Backstreaming of DP oil vapor, 6, 7, 25

Backstreaming of RP oil vapor, 4, 5, 22

Backstreaming rate, 4, 5, 7, 8, 26

Bake-out, 127, 128, 146, 147

Basic concept, 87

“Basic” safety system, 23, 24, 25

Bayard-Alpert gauge (BAG), 150, 205, 221,

226, 228, 229, 230, 249, 321

Barkhausen-Kurtz oscillations, 224
discharge between the filament and grid, 223
electron bombardment outgassing, 222
glass-tube-type, 221, 225
Ohmic heating outgas, 222

BeCu-flanged RGA, 252

BEM micrograph, 140-141

Best fit equations, 118

Bias voltage, 287-290

Blunting and recession of the tips, 320

Boiler pressure, 40

Booster diffusion pump, 15, 16-17

Brightness, 301, 308, 317

Buffer tank, 12, 13, 21, 23

Build-up method, 10

Build-up treatment, 317

Built-up TF cathodes, 329

Buna-N, 153, 154

Butyl, 153, 154

By-pass valve, 4, 13

Calibration, 72, 158

relative calibration, 158
Capacitance manometer (gauge), 207-209, 257
Capillarity-induced surface diffusion, 320
Cascade DP system, 23-25
Cathode surface geometry, 326
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Cathode voltage, 267—269
C content in steel, 143
Characteristic values, 87-88, 89, 90, 97,
100-102
flow impedances, 88
free outgassing rate, 87, 88, 89
free sorption rate, 87, 88
net outgassing rate, 86, 87, 88, 90, 94, 95
Chemical interactions, 221
Chemical polishing (CP), 123
Chemical reactions, 222
Chemical treatment, 137
Chromium oxide coatings, 274
Chromium plated mild steel, 137
Circuit analysis code, 107
Circumference of the sink, 191
Clump of material, 282
Coadsorption of zirconium and carbon
monoxide, 330
Cold caps, 7
Cold trap, 7, 14, 15, 25
Compound molecular pump, 50
Compression ratios, 19, 38, 42, 44, 50
Computer program, 107
conductance of components, 107
conductance of each series component, 107
gas-flow calculations, 107
pressure of the pump, 107
system pumpdown, 107
transmission probability, 109-112
Concentration, 127, 131, 133, 134, 135, 145,
147, 176, 177
Concentration profiles, 134
Conditioning, 265
Argon-glow conditioning, 265
high-voltage conditioning, 265, 291, 293
polymerization of adsorbed hydrocar-
bons, 295
Conductance modul ation method, 158, 164
Cone angle, 320, 340
Conical field emission gun, 322, 323
accelerating voltage, 322, 323, 334
extraction voltage, 322-323, 331
virtual source position, 322
Contamination build-up rate, 182, 184, 198
current density, 185, 186, 188, 198
temperature, 183, 185, 187
Contamination cones, 187
Contamination layer, 195, 197
Contamination rings, 186
Conventional calculation of pressure, 85
Correlation in gas flow, 23
Corrosion resistance, 137
Cosine law distribution, 117, 270

Index

Cr,03 layer, 137
Craters, 188
deflecting force, 186
electric dipole, 186
electric field, 186
positive charge, 186
Crossover pressure, 9, 53
Cross-section for formation of across-link, 187
Cryopump, 47, 51-56
cryopanels, 52, 54
first-stage array, 55
second-stage array, 55
sorption panels, 51, 53
Crysta oscillator vacuum gauge, 207
bending and stretching mode crystal
oscillator, 214
impedance of the quartz oscillator, 215
pressure dependences of the impedance, 215
Cuprous oxide coating, 274
Current density, 186, 198, 271, 272, 302, 304
Current sources, 94, 95, 97, 102, 103

Darkening in secondary electron images, 175,
195, 296
Dc glow discharge, 192
air, 192
Apiezon C, 192
argon, 192
fluorocarbon-oxide pump fluid, 192
helium, 192
hydrogen, 192
oxygen, 192
PT.FE.-like deposit, 193
perfluoropolyether, 192, 193
Santovac-5, 192
Silicone 704, 192
DC-stahility, 331
Dc-voltage breskdown characteristics, 281
Decontamination, 198
carbon removal, 198, 199
cooling-down process of the ACD fins, 198
oxygen ions, 198
oxygen partial pressure, 198
vapor pressures of ice, 199
water-vapor pressure, 198
Decrease in secondary-electron emission, 197
Desorption energies, 135
Desorption probability, 271-273
Diameter of the spacer, 266
Diaphragm capacitance gauge, 205
Differential evacuation system, 23
Differential pressure-rise method, 158,
159, 168
Diffusion, 124
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Diffusion coefficient, 127, 131, 133, 145, 146,
187, 320

Diffusion limited analyses, 134
Diffusion limited outgassing, 135
Diffusion pump (DP), 38, 39

back-side pipe, 40
Diffusion pump (DP) system, 1-2, 6, 7, 8, 9,

13, 14, 15-16, 25-27

butterfly valves, 1, 12
Diffusion time constants, 126
Direct drive pump, 37
Discharge intensity, 57, 58-60, 70
Distribution pattern, 117
Dose in electrons per unit area, 187
Double-stage rotary pump, 42
DP1-BT-RP system, 12, 13
DP1-DP2-BT-RP system, 12
DPin series system, 14-22

cooling water, 16, 21, 24

heater power, 18, 40
Dry vacuum pump (DVP), 35, 41, 45-47

Effective gas source, 89-90
Effective pump, 50, 85, 89
Effective pumping speed, 2, 85, 106, 168
Effective resistance of the leak, 105
Efficiency of ionization, 227
Elapsed time after EBS trestment, 189, 190
Elastomer technology, 151
Electrical analogue, 103-105
capacitances, 102
electromotive force, 102
resistive sink, 102
Electrical-circuit analysis packages, 107
Electrochemica polishing, 143
Electrode geometry, 58
Electrode material, 266, 273
Electrode vapor resonance radiation, 284
anode vapor, 284
cathode vapor, 284
Electrolytic polishing (EP), 178
Electron/photon stimulated desorption,
176-181
Electron-beam shower (EBS), 182, 188
Electron bombardment, 184, 192, 222
Electron density, 185
Electron-energy spectra, 289, 290
Electron-impact desorption cross-sections, 271
Electron-impact gas desorption, 271, 272
Electron induced desorption coefficients,
176-178
316L+N stainless steel, 177
aluminum alloy, 176, 178
anticorodal Al, 177-178
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Inconel 600, 176, 179
Inconel 718, 176
OFHC copper, 176
titanium aloy, 176, 178
Electron stimulated desorption (ESD), 175,
179, 195, 205, 221, 224, 251-255, 267,
271, 327
Electropolishing (EP), 128, 137, 143, 144,
239, 244
Elemental features, 141, 142
Emission angular distribution, 325
Emission noise, 312, 313, 315
Emission properties of a field emission
gun, 330
Emitter dulling rate, 327, 328
Emitter geometric factor, 325
Emitter life, 325
Energetic-neutrals, 63
Energy spread, 303, 324, 325
Energy width, 331
Equipotentials, 275
Equivalent electric-resistor network, 91
Equivaent vacuum circuit, 97, 99-101
Etching, 305, 308
Evaporation, 175
“Ever-decreasing” current region, 312
tip temperature, 302, 331, 340
Exhaust characteristics method, 10
External resistance, 266
Extractor (ionization) gauge (EG), 205, 226,
228-230, 242, 243, 251, 253
iridium cathodes coated with thorium
oxide, 230

Falseion currents, 207

Faraday-cup current waveforms, 267, 269

Fick’'s Law of diffusion, 132

Field current density, 318

Field emission, 228, 271, 272, 283, 285, 295

Field emission current instability, 312, 313

Field emission initiated vacuum arc, 319

Field emission micrograph, 309

Field-emission sites, 330

Field emitter gauge, 253

Field emitter residual gas analyzer, 253

Field-emitting sites, 296

Field-evaporation, 310, 312

Field-ion micrograph, 312

Fine electron probe, 176, 182, 189, 195, 301

Fine electron-probe irradiation, 188

Finite-element models (method), 107

Flashing, 301, 306, 312, 313, 314, 321,
322,324

Flashover voltage, 266, 273, 278
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“Flat Talflat Ti” cathode pair, 65-67, 220

Fluorine-hydrocarbon molecules, 182

Fluoroelastomer, 148, 152, 153, 154

Forepressure tolerance, 6, 7, 39

Fore-vacuum conditions, 14

Forming defects after welding, 137

Fowler-Nordheim equation, 305, 325

Fowler-Nordheim plots, 305, 307

Free molecular gas flow conditions, 105

Freon 12 (CCl,F), 280

FWHM of the total electron energy
distribution, 331

Gas desorption, 271, 272, 285
auminum, 285
copper, 285, 286
niobium, 285
titanium, 285
Gas discharge amount of vacuum chamber, 9
Gas flow patterns, 117-118
Gas-flow rate, 7273, 74-76
Gas molecules on insulator surfaces, 275
Gauge sensitivity, 72, 221, 222, 223, 226, 228
Gaussian distribution, 134
Glass-bead shot blasting, 138
Glow discharge cleaning (GDC), 179
H> gas, 181
inert gases (Ar or He), 179
O, gas, 179
Green function matrix, 106

H, content, 143
Heated-grid gauge, 251, 253
beryllium-copper-aloy envelop, 252
beryllium-copper-aloy-flanged ion
source, 252
Heating, 137, 143, 146, 176, 192
Heat-treatment procedures, 137
Helium ion micrograph, 309-310
Helmholtz equation, 326
adsorbate coverage, 326
adsorbate dipole moment, 326
He speeds, 67
Heterogeneous layer, 125
Hexaboride emission constants, 333
High-$ (B, field-increase factor), 284
Higher-frequency (flicker) fluctuations, 326
High-speed impact of a metallic microparti-
cle, 284
High-temperature treatment, 131
High-vacuum valve, 2, 8-9
“Holed Taon flat Ti/flat Ti” pair, 65-66, 67
Hot cathode ionization gauge, 206, 228

Index

Hot-cathode magnetron ionization gauge,
231, 232
electron multiplier ion detector, 231
Hydrocarbon molecules, 182
Hydrogen content analysis, 146
Hydrogen outgassing, 132, 146
Hydrogen pumping, 147

Impulsive pressure, 53
Inclined vacuum channels, 118
Inclusions, 143-144
nonmetallic inclusions, 143-144
Incubation time, 190
Independent system, 23
Inert-gas pumping speed, 57
Influence of gas pressure, 340
CHy, 340
Hy, 340
H,0, 340
Lap0O3, 340
0., 331, 340
Insulator-cathode junction, 267, 271
Insulator material, 273, 281
Intermediate vacuum, 14, 16
Inverted magnetron cold-cathode ionization
gauge, 232-233
Inverted pressure distribution, 99, 100
vacuum box, 100
lon-beam sputtering, 175
lon bombardment, 137, 223, 288, 293, 313,
326, 327
lon current, 31, 57, 59, 66, 217-220, 222, 224
ESD ion current, 251
lon-exchange, 265, 286, 287, 288, 289,
290-291
lon-exchange multiplication factor, 290
lon-exchange multiplication process, 287
lonization cross-section, 199, 228
relative ionization cross-section, 228, 247
lonization cross-section, 228
lon spectroscopy gauge, 248
electron stimulated desorption ion
errors, 249
electron stimulated desorption ion noise, 249
large-angle ion deflector, 249, 252
spherica 180° ion energy analyzer, 248
spherical grid ion source, 248, 249
Iridium support, 222

Kalrez, 151, 152
KEL-F, 153, 154
Kirchhoff’s laws, 89
Knudsen gauge, 206
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LaBg Emitter, 332-333

Lanthanum boride, 332, 335

Leak-gas flow rate, 72

Liquid-air trap, 182, 183

Local field emission current LFE, 312—314

Long tube of constant circular cross-
section, 108

Low-conductance bypass, 9, 24

Low-energy anti-contamination electron
(LEACE) gun, 186

Low-velocity microparticles, 283

Luminescence, 276

Lumped element analogue, 105

Magnetic-bearing, 41, 42, 49
Magnetic field, 58, 62, 218-219, 222, 227,
233, 234-235
Magnetic-flux densities, 58-59
Magnetic gap, 62
M agneti c-sector-type mass spectrometer, 205
cracking patterns, 238-239, 240
resolving power, 235, 237
Material loss, 338, 339
evaporation, 332, 338
ion bombardment, 223, 326
oxidation, 338, 339
Materias to be Polymerized, 192-194
Matrix analysis (calculation), 94
elemental pipes, 94
outgassing pipe, 94-96
Maximum discharge pressure, 6
McLeod gauge, 206, 207-209, 211
mercury capillary wetting effects, 207
Mechanical bearing, 41, 42
Mechanical booster pump, 35-37, 38
“figure-of-eight” rotors, 37
heat exchanger, 38
hydrokinetic drive, 38
pressure relief by-pass, 38
Mechanical gauges, 205, 207
Mechanica vacuum pump, 35
Melting and boiling points, 156
Membrane pump, 44
Methane outgassing, 69
Methods for measuring outgassing rates,
157-168
Methods for measuring the pumping speeds, 70
Microdischarges between high-voltage
electrodes, 282283
Microdischarges over insulator surfaces,
266281
Micromachining technology, 257
MicroPiranis®, 257
Microstructure, 139
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Microstructured gas friction gauges, 257
Migration of organic molecules, 183
beam radius, 187
probe diameter, 185
Mild stedl, 137
Miniaturized capacitance manometers,
257-258
Misch-metal boride, 333
Mixed bearing systems, 42
Modulated Bayard-Alpert gauge, 226
Molecular drag stages, 42
Molecular-flow conductance, 108, 110,
111,112
Molecular-flow networks, 102
Molecular-flow network theory, 102, 106
capacitance of a condenser, 102
conductance of aflow route, 102
conductance of a pressure generator, 102
voltage, 102
Momentum gauges, 205
Monte Carlo techniques (method, calculation),
107, 109, 112, 118, 120, 121
Morphological changes, 320
Mounting methods, 333-337
carbon arch mounted, 336
carbon block mounted, 336
destructive chemica reactions, 337
el ectron-bombardment-heated rod type, 336
pyrolytic graphite, 334
refractory metal mounted, 336, 337
Multi-beam interference method, 192
Ag-In-gaskets, 193
charging, 186, 192
elastomers, 193
plastics, 193
prebaked Viton O-rings, 194
pump oil, 192, 193
rubber gaskets, 192
silicone grease, 192
silicone pump oil, 192
vacuum grease, 192, 193
vacuum wax, 192
Viton gaskets, 193
Multiholed tantalum pump, 64
Multipactor, 276

NaOH, 304-305, 309

Negative-voltage protrudent electrode, 281
Neoprene, 103, 153, 154

Neutrals, 268, 271

Nitrogen-equivalent pressure, 223

Noble pumps, 60-62

Noise fluctuations, 302, 331

Noise spectrum, 325
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Non-evaporable getter (NEG), 69, 70
activation temperature, 6970
St185, 70
St707 NEG, 69

Nonmetallic inclusions, 143-144

“Normal” safety system, 24
cooling water system, 24
DP heater, 18, 24
pneumatic air system, 24
power supply, 24

Nude extractor gauge, 230
thoria-coated tungsten, 229

Nude type, 221, 228, 243

Number of spacers stacked in series, 266

Ohm'’s law, 103
One-dimensional diffusion equation, 131
One-minute exhaust, 9, 10
One-point pressure method, 158,
167, 168
Orifice, 108
Orifice method, 65, 70, 136, 137
Origin of theions, 314, 316-317
O-rings (elastomer), 155
Outgassing barrier, 125
Outgassing from ionization gauges, 239
12 (C), 245
16 (CHy), 245, 246
18 (H20), 246
2 (Hy), 245, 246
28 (mostly CO), 246
44 (CO,), 245, 246
Outgassing from the insulator, 276
Outgassing of the pipe walls, 72
Outgassing rates, 123, 124-126, 127, 129, 131,
132,135
Outgassing rate with prior pumping time, 127
Outgassing rate with total elapsed time, 128
Overload in high-vacuum systems, 8
crossover, 9, 53, 54, 55
mass flow limit, 9
Oxide layer, 123, 124, 126, 134, 135,
143, 146
Oxygen build-up treatment, 301
diffusion of oxygen through a silver
tube, 317
field-induced thermal migration, 317
<100>-oriented tungsten tip, 317
Oxygen discharge, 180, 194
pressure, 180
process time, 180
rf power, 180
Oxygen-free copper, 148, 177

Index

Parallel system, 23
Particle contamination, 32
mirror-polished inner surfaces, 32
slow evacuation, 32
slow gas introduction, 32
Peak to peak amplitude, 312, 313-314
Penning discharge, 31, 57
Penning gauge, 205, 217, 234
mode of oscillation, 218
Perfluoroel astomer, 148, 152, 153
Permeabilities of hydrogen, 146
Permestion data, 152, 153-154
Permestion of atmospheric hydrogen, 144
Permeation through elastomer seals, 148
double O ring seals, 150
H>0 peaks, 151
O, peak, 151
Photo-electron current, 228
Photon stimulated desorption, 176-181
auminum surface, 176
oxygen free copper, 177
photon dose, 179
photon energy, 179
sample temperature, 179
Pirani gauge, 205, 209
Piston (type) dry pump, 48
Piston (type) rotary pump, 36, 37
Piston valve, 37
Point collector ionization gauge, 247
ring filament, 248
spherical grid, 247-248
Polyimide, 154
Polymerization, 175, 182-194
Polymerized contamination layer, 195
Polyphenylether, 1, 2, 7, 17, 26
Polyurethane, 153, 154
Positive-charge accumulation, 272
Positiveions, 226, 229, 265, 268
Positive-voltage protrudent electrode, 281
Postbake outgassing rate, 134, 136
Prebreakdown conduction, 284, 286
auminum, 286
copper, 286
stainless steel, 286
tungsten, 286
Prebreakdown conduction phenomena, 284
Pre-breakdown current, 271, 272
Pre-breakdown time delay, 267
Pre-discharge field current, 272
Pre-sputtered specimen, 195

Pressure generator, 87, 88, 89, 90-91, 97, 102
internal flow resistance, 87, 91
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internal pressure, 87, 89, 90, 91, 97,
100, 101
Pressure indicator, 220
Pressure ratio, 39
Pressure-rise curves, 128-129, 159, 239,
242244

Pressure-rise method, 91, 147, 159
Pressure simulation, 91, 102
Pressure sources, 94-95, 97
Probe current, 322, 331
Process of outgassing, 123-136
Protrusion, 308 309, 310, 321
Pulsed mol ecular-flow networks, 106
Pulsed surface flashover, 267
Pump configurations, 62
Pumping-down characteristics, 2
Pumping of hydrogen, 67

titanium anodes, 67

titanium shielding, 67
Pumping speed, 2-3,5, 6, 7, 9, 13, 14, 26, 27
Pumping speed of gauges, 163, 165, 166, 167

Quadrupole (mass filter), 205, 236-238, 239,
245, 252, 254
Bessel-Box type energy anayzer, 249,
254, 257
grid heating method, 255
Mathieu's differential equations, 236
stability diagram, 237

Radioactive isotopes, 234
americium source, 234
Radius of the electron probe, 185
Rare-earth magnetic material, 58
Rare-earth metal borides, 332
Ratio R, 63
R-C electrical circuit, 105
Receding rate of the tip, 320
Recombination coefficient, 134-136
Recombination limit, 134-136, 146
Recombination limited concentration, 134
Recombination-limited hydrogen out-
gassing, 146
Recombination limited outgassing, 134, 135
Refrigerator, 55
Regeneration, 53-54
Regeneration cycle, 53-54
Regeneration valve, 52, 54
Relative fluctuation, 314, 315-316
Relief valve, 54
Remolding, 301, 306-308, 309, 311, 312, 320
field emission micrograph, 311-312
micro-protrusion, 308
polarization of surface metal atoms, 320
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protrusion, 308, 309, 310, 321
thermal-field build-up, 327
tip voltage, 307, 309
voltage-current curve, 305
W<100> plane, 303
W< 310> plane, 303

Resistor networks, 102

Reversibly adsorbed phase, 135

Rf discharge using oxygen and/or hydro-

gen, 123

Rf power, 180

Ribs, 279

Richardson plots, 332-334

Ring-like contamination deposit, 186

Roots, 45, 46

Rotary piston type, 36

Rotary pump, 37

Rotary vane pump, 36, 37, 38

Rotation speed, 41

Safety system, 14, 23, 24-25
Scaling factors, 105
Schottky emission (SE) tips, 301
Schulz gauge, 234
Screw, 45, 46
Screw (type) pump, 46, 47
Scrall, 46, 50
Scroll (type) pump, 47
Secondary electron emission, 341
Secondary electron emission avalanche, 281
Secondary electron emission yield, 270, 274
Secondary-electron images (SEls), 139,
175, 190
Secondary-€electron multiplication, 287
Secondary emission avalanche, 267, 271
Secondary-ion emission, 288, 290
SEI observation, 189
Semi-angular aperture, 313
Semi-empirical formulas, 124
SEM micrograph, 140, 141, 144
SFg gas, 280
Sharp-pointed tip preparation method, 321
Short tube of constant circular cross-
section, 108

Silicone, 153, 154

silicone oil, 192
Silicone-hydrocarbon molecules, 182
Simulator circuit, 92-93

reconverting factor, 93

voltage generator, 94
Sine function, 134
Single DP system, 13, 17-22

therma cracking of the working fluid, 19
Single side outgassing rates, 145
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Slope of the log pressure versus log pumping
time, 127
“Slotted Taon flat Ti/flat Ti” pair, 65, 66-67

“Slotted Taon flat Ti/dotted Ti on flat Ti” pair,

65, 66, 67
Slotted cathode, 62, 65
Smoothing action of surface migration, 319
Sodium hydroxide (NaOH) solution, 304
Solubility of hydrogen, 146
Sorption capacity, 68
Sorption trap, 4, 5
Space charge effects, 330
Spacer length, 266
Spacer material, 266
aumina, 267, 268, 269, 272, 273, 274, 286
Macor glass-ceramic, 266
Plexiglas, 266
Pyrex glass, 266
Quartz, 266
Sapphire, 266
Teflon, 266
Spark conditioning, 266
Specimen, 188, 192
Specimen cartridge, 188
SPICE program, 107
Spindt-type molybdenum field emitter
array, 253
Spinning rotor gauge, 211, 214, 251
magnetic suspension, 212
Spiral-grooved turbobooster, 45, 49
Spurious currents, 207
Sputtering, 175
Sputter ion pump (SIP), 2, 27, 5660, 68,
205, 220
anode (cell) diameter, 57, 65
anode length, 57, 62
anode voltage, 57, 64
cathode materials, 57, 67
cell geometries, 57
Conflat® cupper gaskets, 2, 27, 148, 252
metal gaskets, 2
metal O-ring gaskets, 2
Stainless steel, 136-139, 143
belt-polished, 139, 140, 143
buff-polished, 139-143
electropolished (EP), 128, 143, 144
“Standby” safety system, 24, 25
safety vave, 24, 25
Starting the cold cathode gauge, 234
Statistical Monte Carlo type methods, 112
Steady-state evacuation, 3
Sticking coefficient, 68, 69
Surface charge density, 270-272
Surface charging, 266, 267, 274

Index

Surface diffusing contaminants, 187
Surface diffusion of molecules, 182
Surface self-diffusion coefficient, 320
SUS316L stainless stedls, 143
Switching pressure, 3, 4, 13, 22
Symmetric transmission gauge (AT gauge),
249, 251
Faraday cup ion collector, 251

Tapered Holweck vacuum pump, 51
Teflon, 153, 154, 155, 266, 272, 273
Temperature distribution along the tip, 320
Temperature of the filament, 242
Therma Conductivity Gauges, 206
Thermal-field build-up, 327
Thermal load, 55
Thermionic emission equation, 332
Thermistor gauge, 206, 209
Thermocouple gauge, 183
Thin-wall, 146
Thorium borides, 332, 333
graphite, 332, 334
interstitial boron alloys, 332
refractory metals, 332, 337
tantalum carbide, 332
Three-gauge method (pipe method), 71
Three-point-pressure method (3PP method),
72-76
leak rate, 61, 72, 73, 74-75
outgassing pipe, 72
Threshold voltage, 288, 290, 291
Throttling valve, 55
TiC FE cathodes, 341
TiCsingle crystals, 341
Ti evaporation, 69
Time fluctuations of the FE current, 325
Timeof flight (TOF), 252, 253
Time-temperature outgassing, 132
TiN coatings, 276
Tip-end of atungsten field emitter, 321
Titanium, 147, 149
Titanium sublimation pumps, 35, 68, 322
Tota energy distribution, 325, 329
Tota voltage effect, 265, 285
Transient and time-varying loads, 107
Transitional evacuation, 10, 13, 23, 24
Transition pressure, 58
Transmission probability, 109-111
chevron geometries, 114
cylinders, 109
cylindrical annulus, 110
cylindrical elbow, 109, 110

cylindrical pipe with restricted openings and

acentra blocking plate, 112



Index

louver geometries, 113
opague step plates, 108
orifice, 111, 118
small end of straight cylinder with one
restricted end and circular blocking
plate, 115
straight cylinder with two restricted ends and
circular blocking plate in diffusion-pump
system, 115
straight cylindrical pipe with restricted
openings and a plate, 109
Triode pump, 62, 64, 67
Triple junction, 265, 270, 271, 278, 280
Tungsten wire, 304, 308
Turbomolecular pumps (TMP), 4145
Turbo-molecular pump system, 2
gate-type valves, 2
Turbomolecular stages, 42, 43
Turn Around Time, 9
Two-point pressure method, 167, 168
leak rate, 167, 168
outgassing pipe, 167

UHV electron microscopes, 27-28, 41, 123
built-in trap, 27
ion leskage from SIP, 31
leakage flux from SIP, 31

Ultimate pressure, 39, 44

Ultrasonic cleaning, 123

Vacuum ark, 319

Vacuum bakeout, 92, 139, 155

Vacuum circuits, 87-118

Vacuum evaporation, 175

Vacuum-fired surface, 143-145

Vacuum outgassing of metal's, 285

Vacuum system with distributed pumps and
distributed loads, 107

Valve opening speed, 26

353

Vapor pressure data, 55, 156
melting points, 56
transition points, 56
Vapor sources, 91
Variable conductance method, 158, 161
Vibration absorption damper, 42
Virtual source size, 303, 322, 330
Viscosity gauges, 205, 211
Voltage-current curve, 305
Voltage-induced desorption, 285
Volume-evacuation equation, 2

W <310> cold FE emitter, 301
Water outgassing, 132
W FE emitter, 304-324
W filament, 245
Wheatstone bridge, 210
constant current bridge, 210
constant temperature bridge, 210
constant voltage bridge, 210
out-of balance current, 210
Work function, 302-303, 304, 305, 318, 322,
323, 324, 325-326
Work function of binary compounds, 322
Work function of the Schottky emitter, 331
Work hardening after machining, 137

X-ray effect, 221, 228

X-ray limit, 228, 247-249
X-ray photocurrent, 231, 233
Yttria-coated, 222, 223

Zirconiated cathode, 330
ZrO/W Emitter, 301, 325-327

<100> build-up processing, 318
<001> oriented LaBg single-crystal tip, 340



	Contents
	1. Designing of Evacuation Systems
	Selection of Pumping Speed
	Pumping-down Characteristics
	Steady-State Evacuation
	Roughing System

	Backstreaming of RP Oil Vapor
	Backstreaming of DP Oil Vapor
	Overload in High-Vacuum Evacuation Systems
	DP In-Series System
	UltrahighVacuum Electron Microscopes
	Know-how Technology in Designing UHV Evacuation Systems

	References

	2. Vacuum Pumps
	Mechanical Pumps
	Diffusion Pumps
	Turbomolecular Pumps
	Dry Vacuum Pumps
	Cryopumps
	Vapor Pressures for Gases
	Sputter Ion Pumps
	Noble Pumps for Inert Gases
	Getter Pumps
	Titanium-Sublimation Pumps
	Non-Evaporable Getter (NEG) Pumps

	Methods for Measuring Pumping Speeds
	Orifice Method
	Three-Gauge Method (Pipe Method)
	Three-Point Pressure Method (3PP Method)

	References

	3. Simulation of Pressures in High-Vacuum Systems
	Conventional Calculation of System Pressures
	3A Vacuum Circuits
	Basic Concept of Vacuum Circuits
	Designing of Vacuum Circuits
	Simulation of Pressures
	Resistor-Network Simulation Method
	Matrix Calculation of Pressures

	3B Molecular-Flow Conductance
	Conductance
	Transmission Probability

	3C Gas-Flow Patterns
	References

	4. Outgassing
	Process of Outgassing
	Diffusion
	Recombination-limited Outgassing

	Data of Outgassing
	Stainless Steel
	Electro-polishing and Vacuum Firing
	Aluminum Alloy, Copper and Titanium
	Permeation Through Elastomer Seals
	Evaporation

	Methods for Measuring Outgassing Rates
	Differential Pressure-rise Method [4-41]
	Variable Conductance Method [4-43]
	Conductance Modulation Method [4-44]
	Two-Point Pressure Method and One-Point Pressure Method [4-45]

	References

	5. Phenomena Induced by Electron Irradiation
	5A Electron/Photon Stimulated Desorption (ESD/PSD)
	5B Polymerization of Hydrocarbon Molecules
	Transport of Hydrocarbon Molecules in High Vacuum
	Transport of Hydrocarbon Molecules in Ultrahigh Vacuum
	Materials to be Polymerized by Electron Beam Irradiation

	5C Darkening in Secondary Electron Images in SEM
	5D Etching of Carbonaceous Specimens
	References

	6. Vacuum Gauges
	Mechanical Gauges
	Capacitance Manometer

	Thermal Conductivity Gauges
	Pirani Gauge

	Viscosity Gauges
	Spinning Rotor Gauge
	Crystal Oscillation Gauge

	Ionization Gauges
	Penning Gauge
	Sputter Ion Pump as a Pressure Indicator
	Bayard-Alpert Ionization Gauge
	Extractor Gauge
	Hot-Cathode Magnetron Ionization Gauge
	Cold-Cathode Ionization Gauge for UHV
	Magnetic Sector [6-24]
	Quadrupole Mass-Filter [6-24]
	Mass Spectra Cracking Patterns
	Outgassing from Ionization Gauges with Incandescent Filaments
	Gas Species Emitted from Ionization Gauges with Incandescent Filaments
	New Gauges for Measuring Extreme High Vacuum

	References

	7. Microdischarges in High Vacuum
	7A Microdischarges over Insulator Surfaces
	Factors
	Charging of Dielectric Surfaces
	Gas Molecules on Insulator Surfaces
	Triple Junction
	Surface Flashover in SF[sub(6)] Gas
	Review

	7B Microdischarges between High-Voltage Electrodes
	Anode-Initiation Mechanism
	Ion-Exchange Process and Total-Voltage Effect
	Projection (Whisker) on Cathode
	Gas Molecules on Electrode Surfaces
	Ar-Glow Conditioning
	High-Voltage Conditioning (HVC)
	Conditioning Effect
	Review

	References

	8. Emitters for Fine Electron Probes
	Keywords
	8A W FE Emitter
	Characteristics
	Remolding
	Emission Noise
	Build-up Treatment
	FE-Initiated Vacuum Arc
	Morphological Changes of Tip
	FE-Related Technology
	Review

	8B ZrO/W Emitter
	Characteristics
	Surface Geometry
	Properties

	8C LaB[sub(6)] Emitter
	Characteristics
	Mounting Methods
	Material Loss
	Properties
	Review

	8D Other FE Emitters
	References

	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


