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EXTREME HIGH VACUUM

P.A. Redhead
National Reseach Courxil
Ottawa, Canada

Abstract

Methods for producing and measuring extreme high vaauum (XHV, which
is the presaure range below 10%° Pa) and the limits on measurement and
production are examined. Tedhniques for reducing the outgassng rates of
the wall s and comporents of XHV systems, including the gauges or RGAs,
are described and some of the lowest measured ougassng rates tabulated.
The lowest preswures attained in the XHV range have remained
approximately constant for 35 yeas, explanations for this plateau in
ultimate presaure ae offered.

1. INTRODUCTION

Ultrahigh vacuum (UHV) is defined as the presaure range between 10° Pa (in Europe) or 107 Pa (in
the USA) and 10 Pa; extreme high vaauum (XHV) is defined as the range of presaure below 10*°Pa
(7.5 x 10" Torr or 10" mbar). Ultrahigh vacauum is routinely achieved with commercial equipment
aroundthe world; XHV is produced and measured with dfficulty in a few laboratories with spedal
equipment. The need for UHV is widespread; the need for XHV is limited at this moment to some
accéerator and storage ring fadliti es, to the smulation d interstellar space in the processng d
advanced semiconductor devices, and to a few other spedalised applicaions. Reseach in the
improvement of XHV methods, which is a the limits of vaauum science will almost certainly
improve the techniques used in the higher presaure ranges, as happened in the 1950 and 196 with
the development of UHV. Some of the gas phase parameters of XHV are shownin Table 1.

Table1
Gas phase parameters at XHV
Presare Moleaular Moleaular flux Moleaular mean M onolayer
(Pa) density at 298K N, at 295K free path A* time**
(molec cm? s?) N, at 295K
10" 2.5x 10°'cm® 2.9x 10 3.4x 10 km 44 chys
10" 25cm’® 2.9%x 10 3.4x 10km 120 yeas
10" 0.25m® 29 2.3%x 10 1.2x 10
interstell ar space astronamicd units yedas

* Mean freepath for eledronsis A, = 4424 , andforions A; =+/2A .
** Asaiming 10° sites per cm’and a sticking probability of 0.5.

The production of XHV in small glass ystems by cryogenic methods is not new. In the 193G
P.A. Anderson [1] was measuring the work function d barium and while working in Germany he
immersed his sded-off glasstubes in liquid hydogen, the presaure must have been in the XHV
range but it could na be measured. In the 195G and for many yeas theredter Gomer [2] immersed
his sded-off field emisson and field ion maaaoscopes, abou a litre in vdume, in liquid hydogen.
These aejust two examples of the ealy production d XHV withou measurement capabiliti es.

In 1950the invention d the Bayard-Alpert gauge [3] with its reduced X-ray limit made it
possble to measure presaures below 10°Pafor the first time. By the late 195Gs presures approadhing
the XHV range were being adhieved and measured. In 1958V enema and Bandringa [4] built a glass
system pumped by a mercury-diffusion punp which achieved a presaure of abou 10™ Pa, as
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measured by a Bayard-Alpert gauge with a 25 um diameter colledor wire (to reduceits X-ray limit).
Also in 1958Hobson and Redhead [5] constructed a Pyrex glass ystem having a Bayard-Alpert
gauge and an inverted-magnetron gauge [6] (IMG) which was pumped to abou 10° Pa and then
seded-off. A glassfinger extending from the system was immersed in liquid helium and the presaure
measured by the inverted-magnetron gauge was about 10% Pa or less Hobson hes noted [7] that a
1-2 litre volume system pumped to UHV presaures, seded-off, and then immersed in liquid helium
will drop to a presaure of about 10”° Paif the residual gas is helium, this estimate was based onan
extrapolation d the measured helium adsorption isotherm.

In 1962W.D. Davis [8] used a stainless $ed system containing a commercial sputter ion punp
(5 I/s), amagnetic sedor massspedrometer and a B-A gauge. With liquid nitrogen coding d some
of the comporents a total pressure of 4 x 10" Pa was observed. In 1964 Hobson [9] made
measurements on an alumino-sili cate glass ystem (used to minimise the permedion o atmospheric
helium throughthe glassenvelope) containing a moduated B-A gauge, an inverted-magnetron punp,
and a titanium getter. After pumpingto 7 x 10° Pa the system was sded-off and the presaure fell to 1
x 10" Pa & room temperature, when part of the system was immersed in liquid helium the presaure
was 10*Pa. Pressure measurements were made with the moduated B-A gauge. Thus by 1964it had
been established that XHV could be adieved in small glass ystems with the use of cryogenic pumps
athoughthe measurement of presaure was gill difficult.

In 1977 Thompson and Hanrahan [10] took a complex surface aaysis g/stem, made from
stainless $ed and containing a mass gedrometer, and pumped it to UHV. It was then totally
immersed in liquid helium at 4.2 K, the pressure dropped to 10* Pa & 30K as the system cooled and
then becane immeasurable. The metal surface & 4.2 K pumped all gases (including helium) while
permedion throughthe mld envelope was reduced to nea zero.

The problem now becane how to extend the techniques for prodwcing and measuring XHV,
developed for small systemswith very small gasloads, to larger systems with sizedle gas loads.

This paper addresses the problems of producing and measuring XHV, it is assumed that the
reader is familiar with the science and techndogy d the production and measurement of UHV.
Review articles concerned with XHV shoud be cnsulted for further details [11-15]. Information on
materials and hardware for XHV, which are not treaed in this paper can be foundin these reviews.

2. GENERAL CONSIDERATIONS

The problems in achieving XHV can be seen in agenera way by examining the mnservation d mass
equation for a vaauum system of volume V, pumped by a pump o speed Swith ale rate of L anda
total outgassngrate of Q. Thenif L, Q, and Sare mnstant and a sing e gas predominates

dp
Vo=L+Q-% .
" Q-3

Thetotal outgassng rate may be expressed as

Q+Qr +Q, +Qy +Qq )
Q. is the total thermal outgassng rate from the walls and comporents of the system (Q, = gAf; g, is
the outgasgng rate per unit area and f the surfaceroughressfador),
Q, isthe outgassng rate from heaed comporents,
Q, isthe diffusionrate throughenvelope (Q, = g Af),
Q, isthe desorptionrate caused by eledron,ion, a phaon stimulation.

When the ultimate presaure p., is readed then dp/dt = 0 and assuming that L = O (which is
essential for XHV)

% (QT"'Qd)Af +Q +Qq _ A3)

P = S
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In general the maximum pumping speed that can be gplied to a vaauum system of arbitrary
sizeis approximately propartional to the surface aea(S,, = kA), thisis true for all types of pump.
Thus the ultimate pressure with maximum pumping speed is approximately

Qn +Q«
A

p, = constqu +0y)f +—§ ) (4)

AlthoughEqg. (4) is approximate it indicaes the parameters that must be minimised to oltain
ultimate presaures in the XHV range. If Q, + Q, >> Q, + Q, then the ultimate pressure with maximum
pumping spedd isindependent of the system volume and surface aea

p. = const(gy = g4 )f . (5)

The adove guations are a onsiderable simplificaion since they are only strictly corred if the
gas density is uniform throughou the vacuum chamber; at very low presaures in the presence of
adsorbing surfaces or locdised pumps (e.g. cauges ading as pumps with limiti ng condwctance to the
chamber) this is nat necessarily the cae. In pradice most extended XHV systems tend to exhibit
nortuniform presaure distributions, particularly of the demicdly adive gases that are reaily
adsorbed in a system at room temperature. The problems of presaure non-uniformity at low presaires
have been considered to some extent by Da[16], Grigorev [17], and Haefer [18§].

3. PUMPS FOR XHV

We next consider the types of pumps slitable for XHV and their limitations. These pumps fall into
two categories, kinetic pumps that impart momentum to the gas moleaules and remove them from the
vaauum system, and capture pumps that trap gas molealles by ionic entrapment, condensation,
adsorption, a chemicd readion at a surfacewithin the vaauum system.

3.1 Kinetic pumps

Two types of kinetic pump are candidates for XHV, they are the diffusion pump and the
turbomoleaular pump (TMP). The alvantage of kinetic pumps is that they can maintain a low
presaure indefinitely and remove large quantiti es of gas permanently from the system, whereas most
cgpture pumps require some form of regeneration after they have pumped a spedfic quantity of gas
and do na remove the gas from the system.

Some of the ealy experiments to achieve XHV in the 195G used mercury or oil diffusion
pumps with liquid nitrogen traps to prevent the badk-streaming d pump fluid into the UHV chamber.
Diffusion pumps retain their pumping speed indefinitely as presaure is reduced and they are avail able
with H, pumping speeds from 0.1to over 3.5m’ s”, but the forepressure must be maintained as low as
possble because hydrogen in the forevaauum can badk-diff use to some extent throughthe vapour jets
thus reducing the dfedive hydrogen pumping speed. Uncontaminated presaure in the XHV range
canna be readed with a diffusion pump withou extremely careful trapping to prevent any badk-
streaming d the diffusion pump fluid or the rotary pump all. It has been claimed that with properly
trapped al diffusion pumps and a getter pump it is possble to achieve 10* Pa[19]. Diffusion pumps
are not now widely used for XHV, partly as aresult of difficulties in ensuring dependable, longterm
trapping.

Turbomoleaular pumps have wnsiderable alvantages for XHV since they can provide a
completely oil-freesystem and, urike diffusion pumps, most designs can be operated in any pasition.
Thisis possble because the TMP can be designed to operate ayainst a high badking presaure that can
be provided by an ail-free diaphragm pump, and the rotor can be magneticdly suspended to avoid
lubricated beaings. The predominant gas at XHV is hydrogen, thus gedal steps must be taken to
increase the low compresson ratio for hydrogen (about 10°) in the TMP, the mnventional TMP is
only capable of achieving about 10°Pa. In 1990a tandem TMP structure (with magnetic suspension)
consisting d two TMPs on the same shaft was developed [20], the upper sedion designed for a high
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compresgon ratio and the lower partion for high throughpu. This type of pump had aH compresson
ratio of 5 x 10° and a maximum badking presaure of 0.5 Torr, it achieved a pressure of 10 Pa. It was
shown [2]] in 1994that the eddy-current losses in the magnetic suspension can cause atemperature
increase in the rotor of 60°C resulting in ougassng. By coating the lower half of rotor and stator with
a high emissvity layer (SO, with emissvity of 0.9 the rotor temperature was reduced to 25°C
alowing a presaure of < 10* Pato be obtained. Choet al. [22] used a TMP with magnetic suspension
badked by a small moleaular drag pump followed by a dry diaphragm pump, after careful baking the
final pressure wasin the low 10" Parange.

3.2 Capture pumps

Capture pumps include ion, getter, and cryopumps (and combinations thereof), and have been
reviewed in some detail by Welch [23].

The main problem with a sputter-ion pump (SIP) at XHV isthat the pumping speed deaeases
with presaure [24] as the discharge intensity (current per unit presaure) deaeases. Re-emisson o
previously pumped rare gases is also a problem with SIPs. The main pupose of an ion punp in the
XHV range is to provide some pumping speeal for the gases that are not pumped by cetter pumps
(methane and the rare gases).

It was $hown in the ealy 196G that some speed was retained by an SIP at very low presaures,
Davis [8] in 1962achieved presaures in the 10™ Pa range with a commercial 5| s* SIP. The rate of
deaease of the pumping speed of an SIP at presaures in the UHV and XHV ranges is criticdly
dependent on magnetic field, anode voltage, and dmensions of the pumping cdl. Pumping sped is
propational to discharge intensity (i,/p); i/p increases with anode diameter and increasing the
magnetic field tendsto raisei /p at low presaures.

Getter pumps, bath evaporable and nonrevaporable, are widely used in XHV, hawever they do
nat pump the rare gases and their speeals for hydrocarbors are negligible. Evaporated titanium films at
room or liquid nitrogen temperatures have been used, in combi nation with other pumps neeled to
remove the rare gases and methane, down to presaures of 10" Pa and below. For chemicaly adive
gases (e.g. H,, H,O, CO, CO,, O,, and N,) a sticking pobablllty of abou 0.5is achieved onfreshly
evaporated metaJ fllms thus pumplng speads of abou 5 Is'cm? can be atieved. Renewal of the film
is necessary after abou a mondayer of gas has been adsorbed. For titanium a cgadty of abou one
pumped moleaule to ore evaporated titanium atom is possble. Freshly evaporated titanium films tend
to ougas methane unlessvery pure titanium is used o the film is baked at 100°C for a few hous.
Non-evaporable getters (NEG) are very effedive in the XHV range becaise of their high pumping
spedal to hydogen. NEGs are particularly useful in accéerators and storage rings snce they can be
placel very close to beam lines. Benvenuti [25] has adhieved pressures aslow as 5 x 10 Paina3 m
long sedion d an accéerator ring wing a 43.5m long Zr-V-Fe NEG strip, a sputter ion punp
(4001 s%), and atitanium sublimation pump.

Benvenuti has developed a method d coating the interior of a stainless $ed system with athin
film (~1um) of getter material deposited by sputtering [26]. Ti, Zr, V and their binary aloys have
been used. The wmating is transformed from a gas urce to a pump by an in situ bekeout at
temperatures of 250-300°C. Pressures as low as 10" Pa have been produced by this method.

Cryopumps used in the XHV range fall into two categories, a) cryo-condensation pumps
which physisorb more than 2-3 mondayers of gas on a smooth surfaceof relatively small areg and b
cryo-sorption pumps having a porous surface of very large dfedive aea with less than
2-3 mondayer of physisorbed ges.

For the cryo-condensation pump the limiti ng presaure is the vapour presaire of the alsorbed
gas at the temperature of the surface and the cgadty of the ayo-condensation pump is esentially
infinite, at least urtil the thicknessof the alsorbed layer causes problems. Condensation coefficients
of about 0.5 are typicd and hence maximum pumping speeds of abou 5 | s* cm? are possble;
however, such speals canna be obtained in most situations because the ayosurface must be
proteded from room temperature radiation by suitable baffles at an intermediate temperature, the
exceptions are when the complete wall of the vacuum system isa ayosurface(e.g. in the old bae of



an accéerator or storage ring with supercondwcting magnets). The low-presaure limit can in principle
be made infinitely low since desorption can be reduced to nea zero by lowering the temperature.
Table 2 shows the temperatures at which the vapou presaure of some common gases is equal to
1.3x 10°and 1.3x 10" Parespedively® it can be seen that only hydrogen, neonand helium may limit
the presaure in a ayo-concdensation pump at 10K to more than 10" Pa.

Table2
Temperatures (K) for two seleded vapour presaures of common geses

Gas Vapour Presaire Vapour Pressire
1.3x10°Pa 1.3x 10" Pa

H, 321 2.67
He 0.303 0.250
CH, 282 24.0
H,O 1300 1130

Ne 6.47 55

CO 237 205

N, 211 181

O, 252 218

Ar 237 20.3
CO, 684 595

Kr 327 279

Xe 451 385

Data mainly from R.E. Honig and H.O. Hook, RCA Review, 21, 360(1960.

For the cryo-sorption pump the limiting presaure is established by an appropriate isotherm
relating the eauilibrium presaure to the surface overage, for the XHV region the
Dubinin-Radushkevich isotherm has been foundappropriate for most gases [27]. A cryo-surfacewith
lessthan mondayer coverage a 4.2 K will pump all gasesto extremely low presaures.

In the preparation d highly porous surfaces for cryo-sorption punps at XHV it is necessary to
obtain goodthermal contad between the porous material and the underlying coded surfaceto achieve
rapid thermal equili brium. Figure 1 shows adsorption isotherms for hydrogen on several different
surfaces [28] at 4.3 K, the sudden drops at presaures in the 10”° Torr range ae probably due to the X-
ray limit of the extrador gauge used to measure presaure. It can be seen that the porous aluminium
oxide surface(anodsed aluminium with an oxde layer having small pores and a thickness of about
40 um) has a hydrogen adsorption cgpadty more than 10 times as grea as a smooth stainless sed
surface
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The doice of pump(s) for XHV depends on the gplicaion and the resources avail able. For
relatively small systems a good choice is the magneticaly suspended turbomoleaular pump baded
with a diaphragm pump combined with a getter pump. The use of liquid helium cryopumps, including
the posshility of complete immersion,iseconamicd whereliquid helium isrealily avail able.

For large systems the choice of pumpsis dominated by costs and frequently by the difficulty of
access to the vaauum chamber (as in acceerators and storage rings). Non-evaporable getters
combined with sputter-ion a cryopumps are afrequent choice Where supercondicting magnets are
used it is possble to use the wld bae of the beanm line & a ayo-pump, this has been dore in some
storage rings and acceerators.

4. PRESSURE MEASUREMENT AT XHV

4.1 lonisation gauges

The requirements for an XHV gauge is that the X-ray limit be sufficiently low and that the gauge
design permits the separation d ESD ions from gas-phase ions. Table 3 lists $x hat-cahode gauge
designs with X-ray limitsin the XHV range and which are &le to separate ESD ions from gas phase
ions. Only the extrador gauge is commercialy avail able & present.

Table3
Charaderistics of gauges suitable for XHV

Gauge Eledron P x* i Sensitivity | Reference
Emisson (Pa) (Pa) (A Pa?) s
(A)
Hot-cathode magnetron 1x10° 6x 10" 10" 7x10°[N] [36]
(Lafferty gauge)
Extrador 1.3% 10° 2x 107 10T 1x10°[N] [34]
(Leybold IE511)
90~ Bent-beam 3x10° <2x 10" 10" 1x 10°[N,)] [29]
(Helmer gauge)
180 Bent-bean* 5x10° | <25x10° | <107 | 4x10°[N] [30]
(lon spedroscopy cauge)
256.4 Bent-beam* 1x 10°* <6x10” | 4x10” | 1.8x10°[H]] [31]
Bes=l box* (A-T gauge) 3x10° 3.5x 10" 107 | 1.8x10'[N]] [37]

*  These gauges have dedron multipliers.
**  Presaure & which theion current equals the residual current (the X-ray limit).
*** Approximate lowest measurable presaure.

Separation d ESD ions from gas phase ions is possble becaise of their differing energies.
Eledron space targe, in the grid of an ionisation gauge or the ion source of an RGA, causes a
reduction d potential. Thus ESD ions released from the surfaceof the grid have ahigher energy than
gas phase ions generated within the grid.

Threeof these gauges have dedrostatic energy filters that separate the ESD and gas-phase ions
on the basis of their initial kinetic energy, and reduce the X-ray limit by shielding the ion coll ector
from the direa X-ray flux. These ae the 90°, 18C, and 256.4 bent-bean gauges which are shown
schematicdly in Fig. 2, the first two are dso known as the Helmer gauge [29] and the ion
spedroscopy cauge [30] respedively. All three gauges use dedron multipliers (SEMs) and the 90°
and 256.4 gauges have g/lindricd defledion eledrodes while the 180° gauge has hemisphericd
defledors. The 256.4 gauge [31] has been tested with a mld emitter [32] (afield emisson array) and
its operation as a T-O-F mass pedrometer [33] will be discussd later.



Figure 3 shows the other three gauges shematicdly. The extrador gauge [34] can measure to
lessthan 10" Pa with subtradion d the X-ray limit that can be eaily measured onthe operating
gauge [35] this gauge does not have an SEM. It has been shown that the extrador gauge is relatively
insensitive to ESD ions. The hot-cahode magnetron gauge is potentially cgpable of measuring to a
lower presaure than any ather if provided with an SEM. There is no separation d ESD and ggs phase
ionsin this gauge but the dedron current at the anode surfaceis  low that ESD effeds are small. Its
X-ray limit has been further reduced by the aldition o a suppresser eledrode in front of the wlledor
[36]. Like dl longeledron-path gaugesit is subjed to instabiliti es which are minimised by operation
at very low eledron currents. The Bessl box gauge [37] (A-T gauge) is an attradively simple design
providing separation d ESD and ggs phase ions.

A possble future method d measuring XHV presauresis the lifetime of charged particlesin a
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4.2 Processslimiting XHV measurements

The physicd and chemicd processs limiti ng the minimum measurable presaure of ionisation gauges
and massspedrometers (i.e RGAs and les detedors) in the XHV range include:

1. X-ray limit
2. Eledron-stimulated desorption (ESD) of pasitive and regative ions and reutrals
3. Effedsat hot cahodes

a) Increased ougasgng resulting from the heding o eledrodes and the envelope by
radiation from the hot cathocke.

b) Evaporation d neutrals andions from the cahode.

¢) Chemicd reacions of gas moleaules at the hot surfaceresultingin changesin gas
compasition.

4. Desorption from the gauge dedrodes and walls by soft X-rays produced by the ionising
eledrons.

These limitations are the same & in the UHV range and have been described in detail elsewhere (see
Ref. [14] and references contained therein). Here we shal only consider those dfeds that are
particularly troudesome & XHV. The separation d ESD ions from gas phase ions in XHV gauges
has been discussed above and Fig. 4 shows an example of the separation achieved in two types of
bent-bean gauges, the ion spedroscopy and the Bessel box gauges. However, the ESD of neutrals
from the grid of a gauge or RGA dominate the ESD problem at XHV [38]. Watanabe [39] has
demonstrated that this effed can be reduced by heding the grid to abou 55C°C to minimise the
surface overage of adsorbed gas, seeFig. 5.

Fig. 4 Demongtration d the separation  ESD and ggs Fig. 5 Presare, or extrador gauge ion current, vs. the
phase ions in two bent-bean gauges. Top, the ion redprocd of grid temperature. The aosss indicae the
spedroscopy cpuge [30]. Bottom, the Bessl box gauge presaure bursts after 30 minutes interruption o eledron
[39]. emisgon [39].



221

The outgassng resulting from a hat cathode, which is a particular problem at XHV, can be
minimised by three methods: &) Using a low work function cathode to reduce the heding paver
required; thoria or yttria catings on a refradory metal or a dispenser cathode [40] have been used
succesdully. b) Using a mld emitter such as an FEA, thoughthe reliability and ougassng d these
cahodes for use in vacuum gauges and RGAs is nat yet asaured. ¢) The metal envelope of the gauge
or RGA can be replacad with a material of low emisgvity and high condctivity to reduce the power
required to hed the cahode. OFHC copper is a suitable material, a gauge ewvelope made of this
material rather than stainless $ed reduced the outgassng rate by a fador of 10 for an ionisation
gauge [4]] andafador of 100for an RGA [42].

In spite of improvements in reducing the ESD of neutrals and the outgassng duwe to cathode
heaing the outgassng from the gauge or RGA appeas to be the limiting fador in attaining lower
presaures in the XHV range. Desorption caused by soft X-rays may also be alimiting fador but this
effed has nat yet been carefully studied.

4.3 Residual gasanalysers

In an RGA thereis no gradicd X-ray limit since any X-ray induced phdocurrent only adds to
the mass independent badkground current. However, ESD ions are produced by eledron
bombardment of material adsorbed onthe dedron colledor of the ion source the ESD ions most
frequently seen are; 1 (H'), 10and 11(B" when LaB, cahodes are used), 16 (O), 19(F), 23(Na), 28
(CO’), 35and 37(Cl"), and 39(K").

The massfilter adion d aquadrupde MSis very sensitive to the kinetic energy with which the
ions are injeded into the quadrupde structure. A complete separation d the two types of ions is
possble either by moduating the ion accéerating vdtage (typicdly at 125 Hz) and adjusting the
mean value of the ion acceerating vdtage while deteding the ion current with a lock-in amplifier
[43], or by pladng an eledrostatic energy analyser between the ion source and the quadrupde
structure [44], or between the quadrupde and the dedron multiplier [45]. A time-of-flight technique
has been applied to a quadrupde M S to separate ESD and gas phase ions [46]. By couding the output
of an ion-spedroscopy gauge to a quadrupde F. Watanabe has been able to completely separate the
spedraof ESD ions and has demonstrated that neutral spedes dominate ESD at low presaures. It may
be necessary to hea the grid (eledron colledor) of the ion source of an RGA to minimise the
outgassng d neutrals by ESD.

The 256.4 bent-beam gauge has been operated as a TOF mass pedrometer [33] giving
complete separation d ESD and gas phase ions, Fig. 6 shows the mass pedra obtained at a presaure
of 23x 10" Pa. Only alarge H, pe& is e in the gas phase spedrum, the ESD spedrum shows H’,
H,", O" and cher ions.

The problems of thermal outgassng from an RGA are the same & for ionisation gauges and the
same methods for reduction can be used. Methods to reduce the outgassng from quadrupde RGAs
have been examined by several experimenters[41, 47, 48. Cold emitters (FEAS), to reduce heaing o
the ion source, have been tested in quadrupdes succesully [46] but the problem of noise and long
term stability are not yet resolved.

5. LEAK DETECTION

It is necessary to reduce the le&k rate into an XHV system to as nea zero as passhble, this raises the
problem of the measurement of very small le& rates. The sensitivity of conventional helium ledk
detedorsis abou 10" Pam’s*, a higher sensitivity is desirable to test XHV systems. To adhieve this
increased sengitivity it is necessary to acawmulate the helium, that enters the system throughthe leék,
either in the gas or adsorbed phese.

The sensitivity of a helium lesk detedor can be increased by reducing the helium pumping
spedl to zero in a dosed system and all owing the helium to acaimulate in the gas phase, the pumping
spedl to adive gases can be kept high bythe use of nonevaporable getters or a ayopump operating
at abou 18K, neither of which will pump helium. The le& rate is determined, after cdibration, bythe



rate of rise of the helium ion current in the mass pedrometer (usually a quadrupde). A helium legk
detedor system using nonrevaporable getters and the rate of rise method[49] is claimed to routinely
deted le&s as snall as 10" Pam’s’.

Fig. 6 The T-O-F spedra obtained with the 256.4° Fig. 7 Outgassngrate of copper and aluminium
bent-beam gauge [33] at 2.3x10" Pa Top, gas asafunction o bakeout temperature [58)].
phaseions. Bottom, ESD ions.

Anather method has been developed [50] in which the helium is adsorbed ona metal plate &
9K or lessin a dosed system, the adive gases are alsorbed on surfaces at abou 20 K which may
have porous cabon a nonevaporable getter material on them. The temperature of the helium
adsorbing dateisraised to 10to 20K by an internal heaer and the presaure of the desorbed helium is
monitored with an RGA. This cycleisrepeaed with the plate maled to 9K or lessfor one minute and
then heaed to 1020 K for one minute. With a one minute acumulationtime & < 9 K a sensiti vity of
10°Pam’s” is claimed, with longer acaumulation times a sensitivity of 10*°Pam’s* is claimed.

A speda problem arisesin le&k detedion d long ppes maintained at temperatures nea 4.2 K
as in cryogenic beam lines of accéerators and storage rings. Hobson and Welch have developed a
theory to explain the delay in a pulse of helium gas moving davn a ld pipe to a helium le&
detedor [51] and the predictions of the theory have been confirmed experimentally [52]. The time for
aHe presaure front from a 7.6 x 10°Pam’s*lesk to propagate down a 75.3m longstainless sed tube
was 20 housat 1.9K , witha9.3x 10° Pam’s*lesk at 4.25K thetimewas 5 hous.

6. REDUCTION OF OUTGASSNG

Reduction d the outgassng rates of the materials used in the @nstruction d vaauum systems is
esentia if the XHV isto be adieved. In ametal system the residual gas is amost entirely hydrogen
at XHV. Outgassngrates can be reduced by

a) Loweringthetemperature of al or part of the system.
b) Hightemperature vacauum firingto reducethe anourt of disolved hydogen.
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c) Baking d the vaauum system to remove water (150to 45C0C). It is important to achieve &
uniform a temperature distribution as possble whil e baking.

d) Surface treament to reduce surface roughress and remove porous oxides. This includes
eledropdishing, surfacemachining undr spedal condtions, and dow-discharge deaning.

€) Surface treaments to crede oxide or other films on the surface that ad as a barrier to
diffusion d hydrogen from the bulk.

f) Depasition d films of low hydrogen permeability onametal substrate, e.g. titanium nitride or
boron ntride.

g) Choiceof material with alow solubility for hydrogen (e.g. copper).

The general problems of reducing ougassng have been described in severa texts (e.g. see
Ref. [14] and references therein), here we shall only comment on a few methods that have proven
useful for the extremely low rates necessary for XHV. A roughindication d the outgasgng rates per
unit areanecessary for XHV can be obtained by assuming that the maximum applied pumping speed
is propational to the surface aeaof the vaauum chamber. Then if the dfedive entrance aeaof the
pump(s) is A, (i.e. the aeaof a perfed pump where dl impinging moleailes are pumped) Eq. 3
beoomes

o D

q=kp.,— (6)
wherek = 4.4x 10 m*s* m’ for hydrogen at 295K, and A is the surface @eaof the vacuum chamber.
Table 5 shows the outgassng rates needed to achieve 10™°and 10" Pawith A/A = 0.1and 1,the latter
value being approachable when all surfaces are mvered with getter material or at cryo-pumping
temperatures. The outgassng rates of all the cmporents of the system, including gauges RGAs and
other adive devices must be mmmensurate to achieve these presaures.

Table4
Outgasdng rates required to reacn XHV

AJA p. q
(Pa) (Pams")
0.1 10" 4.4x%10°
0.1 10" 4.4x% 10"
1 10" 4.4% 10"
1 10" 4.4x% 10"

The oxidation d stainless sed, believed to form an oxide barrier to hydogen dffusion from
the bulk, has been shown by many experimenters to reduce the outgassng rate to the 10" Pam s*
range. Recant measurements by Bernadini [53] et al. have shown that firing stainless $ed in air at
abou 400°C drives out most of the hydrogen in the buk but the presence of the oxide layer does not
reduce outgassng.

An alternate method d reducing the amourt of hydrogen in stainless $ed is to vaaium fire &
96(C°C. This methodis more expensive than air firing andisliable to cause stresscorrosion cradking if
the sample is kept in the range 450to 850 C for too long. The outgasdng rates after vaauum firing
observed by different experimenters are in some disagreement. Marin [54] et a. found that the
outgassng rate gter vacuum firingwas 3 x 10"'Pam s* whereas the rate dter air firing the same type
of samplewas 1 x 10" Pam s*. Fremery onthe other hand has measured an outgassng rate of 1 x 10
“Pam s* after vacuum firing at 960°C.

Titanium nitride has been deposited oneledrolyticdly pdished stainless $ed using a hollow
cahode discharge [55] after vaauum firing twice d 43C0°C for 100 hand 500C for 100 h. The
outgassng rate & room temperature was lowered by afador 10 bythe TiN layer to 1x 10° Pams*
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Ishimaru [56] has described an aluminium al oy system where the chamber was machined in an
atmosphere of dry oxygen and argon (the EX procesg after bakeout at 150°C for 24 hous the
outgassng rate was abou 10*°Pam s?, an utimate pressure of 4x10" Pawas claimed.

Koyatsu [57] has measured an ougassng rate of 10*Pam s* from OFHC copper after baking
at 250°C (softening temperature 200°C), the same rate was obtained from chromium-copper (0.5%
Cr, 99.84Cu) after baking at 100°C (softening temperature 500°C).

Figure 7 shows the outgassng rates of copper and auminium as a function o the bakeout
temperature [58] demonstrating that higher bakeout temperatures are dfedive in lowering ougassng
rates. Table 5 lists some of the lowest measured ougassng rates at room temperature.

Table5
Some measured ougassng rates at room temperature suitable for XHV

M aterial Surfacetreatment Outgassngrate | Reference
(Pams?)
Stainless sed Glass bead basted + vacuum fired at | 1.6x 10"[H,] [59]
550°C /3 days + baked at 250°C/24 h.
Stainless sed (304L) | Air fired at 400°C/38h + baked at 1x 10%[H,] [54]
Air fired 390C/100 h + baked at
150°C.
Stainless sed Vaauum fired at 960°C/25 h +baked at 1x 10%[H,] [60]
180°C /6 h.
Aluminium Vaauum fired at 960°C/25 h +baked at 9x 10°[N,] [58]
18C¢°C /6.
Copper (OFHC) Vaauum fired at 550°C/3 days + baked 6 x 10[H,] [59
250°C/24 h
Copper (OFHC) Baked at 525°C 2x 10%[N,] [58]
TiNonstainless | Vaauum fired at 430°C/100 h and 1x 10%[H,] [61]
sted. 500°C/ 100 h.
Alumincsili cae glass | Baked at 500°C/18 h + 600°C/2 h + | 2.5% 10°[N,] [62]
700°C/2 W500°C/10 h.

7. CONCLUSIONS

Methods for producing and measuring XHV in bah small and large systems are well advanced
athoughmuch o the necessary equipment is gill not commercially avail able. The physicd processes
limiting the lowest achievable presaires are relatively well understood and methods to lower the
limits are & least predictable. Two exceptions are g the outgassng from gauges and RGAs due to the
ESD of neutrals, and b) desorption in ion gauges and RGAs due to soft X-rays, where some recent
work has outli ned the problems but more needs to be dore.

In 1964Hobson measured a presaure of 10** Pa in an aluminasili cate glass gstem, in the last
35 yeas there has been nosignificant improvement in the lowest measured presaure. Thisis smilar
to the presare plateau from 1916to 1950at 10° Pa & a result of the X-ray effed in ha-cahode
gauges. It is probable that the present plateau also results from effeds in gauges, namely the
outgassng produced bythe ESD of neutrals and bysoft X-rays.



22t

REFERENCES

[1]
[2]

3]
[4]
[3]
[6]
[7]
8]
[9]
[10]
[11]

[12]
[13]
[14]

[15]

[16]
[17]

[18]
[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]
[29)
[30)
[31]

P.A. Anderson, Phys. Rev., 47, 958(1935.

R. Gomer, Field Emission and Field lonisation, (Harvard University Press Cambridge, MA,
1961.Reprinted A.1.P., New York, 1993.

R.T. Bayard and D. Alpert, Rev. Sci. Instr., 32, 571(1950.

A. Venema and M. Bandringa, Phili ps Tedh. Rev., 20, 145(1958.
J.P. Hobsonand P.A. Redhead, Can. J. Phys., 36, 271(1958.

P.A. Redheda, Trans. Nat. Symp. Vac Technd., 5, 148(1958.

J.P. Hobson, J. Vac Sci. Technd., 3, 281(1966).

W.D. Davis, Trans. Nat. Symp. Vac Technd., 9, 363(1962

J.P. Hobson, J. Vac Sci. Technd.,, 1, 1(1964).

W. Thompson and S. Hanrachan, J. Vac Sci. Technd.,14, 643(1977).

C. Benvenuti, Production and Measurement of Extreme Vacua, Proc.7th Int.VacCong., p. 1
(Vienna,19779).

J.P. Hobson, Methods of Producing Utralow Vacuums and Measuring Ultralow Pressures,
Surf. and Coll. Sci., 11, 187(1979.

C. Benvenuti, Extreme Vacuua, Achievements and Expectations, Physica Scripta, T22, 48
(1988.

P.A. Redhed., Ultrahigh and Extreme High Vacuum, in Foundations of Vacuum Science and
Technology, p. 625.ed. JM. Lafferty (Wiley, New York, 1998

J.P. Hobson, Limits of Vacuum Production and Measurement, Proc. 9" Int. Vac Cong., p. 35
(Madrid, 1983.

D.Da ad X. Da, J. Vac Sci. Technd. A, 5, 2484(1987).

G.l. Grigorev, K.K. Tzazov, and |.N. Martev, Proc. 8h Int. Vaaium Congess (Cannes, 1980
vol. 2, p.291.

R.A. Hader, Vakuum Tech., 16, 149and 185(1967).
D.J. Santeler, J. Vac Sci. Technd., 8, 299(1971).

H. Enosawa, C. Urano, T. Kawashima, and M. Yamamoto, J. Vac Sci. Technd .A, 8, 2768
(2990.

H. Ishimaru and H. Hisamatsu, J. Vac Sci. Technd. A, 12, 1695(1994).

B.Cho, S.Leg and S.Chung,J. Vac Sci. Technd. A, 13, 2228(1995.

K.M. Welch, Capture Pumping Technology (Pergamon, Oxford 19917.

T.S. Chouand D. McCafferty, J. Vac Sci. Technd., 18, 1148(1981)).

C. Benvenuti and P. Chiggiato, Vaauum, 44,511(1993.

C. Benvenuti, P. Chiggiato, F. Cicoira and Y. Aminat, J. Vac Sci. Technd. A, 16, 148(1998.

C. Benvenuti, JM. Cazeaneuve, P. Chiggiato, F. Ciciora, A. Escudeiro Santana, V. Johanek,
V. Ruzinov, J. Fraxedas, Vaauum, 53, 219(1999.

J.P. Hobson, J. Phys. Chem., 73, 2720(1969.

M.G. Rao, P. Kneisel, and J. Susta, Cryogenics, 34, 377(1994.

J.C. Helmer and W.H. Hayward, Rev. Sci. Instrum., 37, 1652(1966.
F. Watanabe, J. Vac Sci. Technd. A, 11, 1620(1994).

C. Oshima and A. Otaku, J. Vac Sci. Technd. A, 12, 3233(1994).



[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39)
[40]
[41]
[42]
[43]
[44]
[435]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]
[57]
[58]

[59)
[60]
[61]
[62]

22¢€

C. Oshima, T. Satohand A. Otaku, Vaauum, 44, 595(1993.

T. Satouand C. Oshima, J. Vac Sci. Technd. A, 13, 448(1995.

P.A. Redhead, J. Vac Sci. Technd., 3, 173(1966.

F. Watanabe, J. Vac Sci. Technd. A, 9, 2744(1991).

J.Z. Chen, C.D. Suen and Y .H. Kuo, J. Vac Sci. Technd. A., 5, 2373(1987).
K. Akimichi, T. Tahaka, K. Takeuchi, Y. Tuzi and|. Arakawa, Vaauum, 46, 749(1995.
F. Watanabe, Vaaium, 52, 333(1999.

F. Watanabe, Vaauum, 53, 151(1999.

T. Satohand C. Oshima, J. Vac Soc. Jpn, 37, 77(1994.

F. Watanabe, J. Vac Sci. Technd. A, 11, 1620(1993.

F. Watanabe and A. Kasai, J. Vac Sci. Technd. A, 13, 497(1995.

F. Watanabe and H. Ishimaru, J. Vac Sci. Technd. A, 3, 2192(1985.

S. Watanabe, M. Aono,and S. Kato,Vaauum , 47, 587(1996.

S. Watanabe, H. Oyama, S. Kato, and M. Aono,Rev. Sci. Instrum., 70, 1880(1999.
N. Ogiwara, Y. Miyo andY. Ueda, Vaauum. 47, 575(1996.

S. Watanabe and M. Aono,J. Vac Sci. Technd. A, 14, 3261(1996.

F. Watanabe, J. Vac Sci. Technd. A, 8, 3890(1990.

L.E. Bergqust and Y.T. Sasaki, J. Vac Sci. Tedhnd. A, 10, 2650(1992).
G.R. Mynemi, US patent 5, 343, 74(Sept. 6. 1994.

J.P. Hobsonand K.M. Welch, 11, 1566(1993

E. Whallen, J. Vac Sci. Technd. A, 15, 2949(1997).

.M. ernadini et a., J. Vac Sci. Technd. A, 16, 188(1998.

P. Marin et a., Vaauum, 49, 309(1998.

S. Ichimura, K. Kokobun,M. Hirata, S. Tsukahara, K. Saito and Y. lkeda, Vaauum, 53, 294
(1999.

H. Ishimaru, J. Vac Sci. Technd. A, 7, 2439(1989.
Y. Koyatsu, H. Miki and F. Watanabe, Vaauum, 47, 709(1996.

Y. Ishikawa, Paper at IUVSTA Workshop onOutgassng Properties of Materials, Graftavallen,
Sweden 1997.

G. Grose and G. Messr, Proc 8" Int.Vaaium Cong. p. 399(Cannes, 1980.
JK. Fremery., Vaauum, 53, 197(1999..

S. Ichimura & a., Vaauum, 53, 291(1999.

J.P. Hobson, J. Vac Sci. Tedhnd., 1, 1 (1964.



