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INTRODUCTION

Cryopumping is of interest to both fusion reactors and par-
ticle accelerators since it can provide the following features:
(1) very high pumping speed ever a large pressure range; (2)
very low equilibrium pressure; (3) very large capacity; (4)
cleanliness; (3) ability to store ehe pumped species on the
cryosurface for later recovery; (6) neither high voltage nor mag-
netic field is required, which renders cryopumping ideally
suited to operate near strong magnetic field.

In fusion reactors, the major gas species Co be pumped are
hydrogen isotopes from neutral beam injectors, and mixture of hy-
drogen isotopes and helium from Torus. Multiampere neutral beam
injectors will require vacuum systems capable of pumping large
fluxes (>10 Torr*&*s~i) of deuterium and tritium while
maintaining a pressure in the 10*^ Torr range during neutral
beao pulses. The gas fluxes in the Torus will be lower than
those of neutral beam injectors. However, the necessity to main-
tain a lower equilibrium pressure of 10"^ Torr between the
burns requires a more complex vacuum system such as a compound
cryopump using cryocondensation and crysorption. In particle ac-
celerators and storage rings, a low equilibrium pressure is more
critical than the pumping speed and capacity. The residual gas
inside the beam vacuum system is mainly H2 or H2 and He if
superconducting magnets are used. A vacuum system with cryo-
sorption pump will pump these gases down to ^1CT11 Torr range.

*Work performed under the auspices of the U.S. Department of
Energy
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First we will summarize our results obtained in numerous
tests on small (^1000 &/S) and large (•''lÔ  V s ) cryopumps cooled
to 4.2°K by LHe or between 10 to 20°K by closed-cycle helium re-
frigerator. Then we will present our measurements of the com-
pound cryopump, designed to work on Tokomaks to handle the ex-
haust gases from the Torus. More detailed description of each
cryopump and measurements can be found in references 1 to 9.

CRYOCONDENSATION PUMPING OF H2, D 2 and T 2 (Refs. 3-7)

Cryopumps

Several cryopumps having cooled surfaces from ^lO2 cm2 to
•'"lm2 and pumping speed for Ho from ^lOOO&'s"1 to ̂ lO^'s" 1 have
been constructed and operated. These pumps all contain the
basic structure of (1) a LHe cooled polished metal surface
served as cryocondensation panel for hydrogen isotopes; and (2)
LN2 cooled radiation shielding and chevron baffle surrounding
the LHe reservior and cryopanel.

Measurements

Details of each measurement were given in Ref. 3-7. Basi-
cally, known amounts of gas or mixture of gases were fed into
the vacuum chamber and pumped by the cryopump. The partial pres-
sure of each gas species at the cryopump side was measured to de-
termine the pumping speed, surface coverage and equilibrium pres-
sure as well as other parameters.

Results

1. The Pumping Speed. The measured pumping speeds of the
LHe cooled surface for H2, D 2 and T? are about 11, 8 and
b.5^'3~l'aa~^ respectively, for cypical chevrons with a molecu-
' lar transmission coefficiency of,^25^. These.pumping speeds cor-
respond to an effective sticking coefficiency almost unity.
Within 10Z accuracy the pumping speeds for H2 and L

x
2 are indepen-

dent of surface coverage up to at least 45 Torr'&'cm""2 (1.5 x
102* molecules'cm"2 or 2 x 10^ monolayers or 0.56 nm thick
condensed film). The pumping speed is also independent of the
input gas flux up to 3 x 10~-> Torr*&*s~l*cm~2.

2. The Equilibrium Pressure. Pressures of approximately
1 x 10"*̂  and 5 x 10"*** Torr (H2 equivalent) are typical in our
vacuum chambers when H 2 and D2, respectively, are pumped and are
independent of surface coverage up to 1.5 x 102* molecules*cm~2.
After correcting for gauge sensitivity and thermal transpira-
tion, these pressures correspond to a real pressure of 5 x 10"'
Torr for H 2 and 2 x 10"^ Torr for D 2 on the 4K surface. The



vapor pressures of H2, D2 and T2 at 4.2°K are 5 x 1Q~7,
5 x 10~H and <1 x 10"^ Torr, respectively. This indicates
that the saturated vapor pressure is reached above the condensed
film of hydrogen. The contamination of hydrogen and helium
gives the higher equilibrium pressure over the deuterium con-
densate. The pressure during tritium pumping is dominated by
the presence of -*He which originates from the 6 decay of
tritium.

3. Radiation Effect and Thernoconductivity. Both the equi-
librium pressure and LHe boil-off rate show little change with
increasing film thickness up to J*0.5 mo which equals to J*12
wavelengths of the most intense infrared radiation from the 77°K
chevron and shield. Therefore the frozen H2 and O2 are transpar-
ent to the infrared radiation and will neither adversely effect
the emissivity of the cryopanel nor raise the LHe consumption.
The total thermal radiation adsorption of 0.5 mm thick H 2 or D2
film is estimated to be <5 x 10~* W»cm~2. The neutron flux
estimated for Tokamak will not exceed 1 0 ^ neutrons's"1*cm""-.
A thick deuterium film condensed on the 4K cryopanel was
bombarded with either slow neutrons GreV) or fast neutrons
GrMeV) with flux up to 5 x 109 sec'^cm"2 for up to 1 hr.7 So
increase in deuterium partial pressure (capable to measure down
to J*10~^2 Xorr) was observed, which indicates the desorption
caused by neutron or neutron induced radiation is immeasurable.

4. Trapping of He by H7 or D? and of H? by D̂ >. We have
measured the pumping behavior of mixtures of D2, H2, and He at
4K. The results are expressed as trapping ratio Qx/Qv, where Qx

is the minimum flux of trapping gas X (the lower vapor pressure
one), for which no trapped gas, Y (the higher vapor pressure
one), diffuses from the composite film after the gas flow has
been stopped. A value of J*9 for QD2^QH2 w a s stained. This in-
dicates that equilibrium pressure lower than 1 x 10~6 Torr is
reached when pumping a mixture of >90Z D 2 and <10% H2. The
trapping ratios QD2^^He an<* ^H2^^He °^ ̂  x ^ ^ indicate that
one cannot use hydrogen isotopes to trap He.

5. The Behavior of Tritium. Comparing with D2 and H2,
tritium behaves very differently chemically in our stainless
steel system. Tritium readily undergoes isotope exchange reac-
tion with the hydrogen of the physisorbed H2O molecules on the
stainless steel wall and forms HTO, which explains the disappear-
ance of T2 at room temperature and the presence of mass 20
(presumably HTO) in the vacuum system. At T 2 pressure of 10"^
Torr the ratio of HTO/H2O is J*0.5. Our results suggest that the
future cryopumps for fusion reactors must take the problem of
surface treatment of the pump into consideration.



CRYOSORPTION PUMPING (Refs. 1,2,8)

Cryopumps

Several cryosorpcion pumps have been constructed and
operated to study the pumping behavior of He at 4K and between
10 and 20 K. They are shown schematically in Figs. 1 and 2.
The 4K pumps consist of two chevrons and radiation shieldings,
the outer ones are LN2 cooled to about 80K, while the inner ones
are maintained at about 20K by the boil off from LHe reservior.
Both activated charcoal and molecular sieve (Linde 5A type) have
been used as adsorbent.

A closed-cycle He refrigerator is used to cool down the
cryosorpcion panel to 10-20K as shown in Fig. 2. Only charcoal
has been tested as the adsorbent at this temperature range. Al-
though most measurements are done with epoxy-bonded charcoal a
3.5% Ag-Sn alloy has been successfully used as bond. Charcoal
is mechanically embedded in melted alloy and formed into J*l/P"
thick plate. Metalized bonding has better thermal conductivity,
higher resistance to radiation damage, smaller thermal expan-
sivity and does not block the porous paths on the surface of
charcoal granules.

Measurements

The pumping speed and the capacity of the adsorbent are
very much dependent on the available active sites on the sur-
face. A thorough reactivation to remove some adsorbed gases,
notably water vapor, from these active sites is necessary to
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Fig. 1. Schematics of the Cryoscrption Pumps Cooled by LHe
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Fig. 2. Schematics of the Cryosorption Pumps Cooled by Closed-
Cycle He Refrigerator to 10-20K.

ensure Che proper operation of the cryosorption panel. To acti-
vate molecular sieve, a vacuum bake at 300°C for at least 24 hrs
is necessary. Charcoal can be fully activated with vacuum bake
at «rlOO°C for several hours. The procedures used in studying
the pumping behavior of He are similar to those described before
and will not be repeated.

Results

1. Pumping behavior of He by molecular sieve at 4K. The
measured pumping speed of J*4.5Ji*s'"1 is virtually independent of
surface coverage up to <rl Torr*£*cnT2 and flow race up to ̂  x
10~7 Torr#A»s""-'»cm~2. Beyond this, the pumping speed drops
slowly with increasing surface coverage and reaches ^lJl's"1 at
J*15 Torr'fc'cm"2. Ac flow rate higher than 1 x 10~5
Torr*4#s~**ctr~^, Che pressure increases slowly until thermal in-
stability occurs. The equilibrium pressure over the surface of
molecular sieve follows the adsorption isotherm predicted by the
theory of Dubinin and Radushkevich^ down to J*l x lO"1^ Torr and
J*l Torr*£'cm~2. We have also studied the adsorption of H2, equi-
librium pressure of S3 ac 10~12 Torr has been obtained at surface
coverage of </*2 Toir»&»cm"*2.

2. Pumping Behavior of He by Activated Charcoal at 4K and
10-20K. An initial pumping speed of J*4il«s~^*cm~^ for He is
achieved at temperature up to </*17qK and at flow rate up to
J*7 x 10""* Torr»J,#s~^cm~^. At 4K the pumping speed is indepen-



dent of surface coverage up to «/%8 Torr'il'cm"'2, and at higher tem-
perature it drops off more rapidly with increasing surface cover-
age. The adsorption capacity decreases with increasing tempera-
ture from «/*10 Torr*JL*cm~2 at 4K to «̂ 1 Torr^'cm"2 at 17°K. The
difference in pumping behavior at different temperatures can be
explained by the number of active sites available for the adsorp-
tion of He, which decrease wir.h increasing temperature. Less
than 30% decrease in p imping speed was observed at 4K when flow
rate was increased J*40 time from ^ x 10"^ to <fl x 10~*
Torr*i'<3"1cm""2, indicating chat the rate of diffusion of helium
from the surface of charcoal into the pores is reasonably fast
comparing with sticking probability. The equilibrium pressures
of He at 4K increase from J*l x 10~9 Torr to >n x 10"8 Torr for
surface coverage from 0 to «/*10 Torr*Jt*cm~2. The heat of adsorp-
tion derived from adsorption isosters decreases slowly with
increasing surface coverage from 940 cal'mole"* at 1.7 x 10"2
Torr#2.'cm~2 to 760 cal'mole"1 at 0.5 Torr*£*cm~2, which indicate
that some adsorption sites have higher heat of adsorption and
are occupied first. The low values of heat also indicate that
the heat load to Cryopanel from heat of adsorption is negligible
comparing with other sources like radiation and conduction.

The pumping behavior of the mixture of H2 and He was
also studied at 4K and 13.5°K. No significant change in He
pumping speed is observed when the fraction of H£ in the gas mix-
ture was small (<5Z). At higher percentage of H2, the pumping
speed of He dropped accordingly and the percentage of decrease
(comparing with pumping pure He) is more severe at higher temper-
ature. The combined adsorption capacity of He and H2 is very
close to the capacity of pure He. This suggests that H2 is
competing with He for active sites on charcoal surface but not
inhibiting the adsorption of He.

3. Comparison of Charcoal and Molecular Sieve as Adsorbent
for He. The pumping speed and capacity of He at 4K are compara-
ble for both adsorbents, which is not surprising since both of
them have comparable total surface area (>/*600 m2/gm for molecu-
lar sieve 5A and ^OOm^/go for charcoal). However, charcoal can
tolerate a flow race ^1000 time higher than molecular sieve, and
will make a much viable crysorption pump for fusion reactors
which generate a large flux of He between burns. Molecular
sieve can achieve a much lower equilibrium pressure (J*10~^*
Torr) than charcoal, and makes it a good candidate for particle
accelerators and storage rings where ultra high vacuum is re-
quired but Che gas load is low. The presence of H2 or other im-
purity gases has smaller effect on charcoal than on molecular
sieve. In molecular sieve, the uniform distribution of small
size pores (5A in diameter) prevents the bigger impurity mole-
cules like H2O to diffuse into the bulk. They condense on the
sieve surface and impede the diffusion of H2 or He onto the ad-



sorption sites. Therefore a thorough reactivation is necessary
to remove all these impurity gases. Charcoal has nonuniform
pores with size up to «/*20A, and the heat of adsorption is also
less (<10^ cal'mole""*), which give higher mobility to adsorbed
gases.

COMPOUND CRYOPUMP FOR EVACUATION OF FUSION TORUS

In order to pump plasma exhaust gases in fusion reactors a
special compound cryopump was developed and tested. The con-
struction details have been presented elsewhere.8>9

Cryosorption Puaping of Ke

The pumping speed of He as a function of flow rate and
surface coverage is shown in Fig. 3. Values of ̂ 20002.*s"^-
(32.s"1*cm"2) are obtained with flow rate ̂ 0.7 Torr'&'s"1

(J*l x 10""3 Torr*i#s"^*cm~2) and surface coverage up to >r5000
Torr'Jl (̂ 8 Torr#£»cm~2), which are consistent with our results
on the study of a smaller cryosorption pump. However, the
pumping speed at smaller flow rate is higher for the compound
cryopump (i.e. J*5000A*s""l at 0.1 Torr'JL's"*) and may be due to
the higher thermoconductivity of the metalized charcoal, which
enhances the diffusion rate of He from the surface of the char-
coal granules to inner bulk.
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Fig. 3. Helium Pumping Speed of the Compound Cryopump at
Various Flow Rate and Surface Coverage.



Cryopumping of a Mixture of He and H^

Test runs were made on a mixture of 80% H2 and 202 He.
The initial pumping speed for H2 was J*16000 J2,»s~*, as several
monolayers of H2 were condensed, the partial pressure of H2
increased to 4 x 10"^ Torr and made the pumping speed measure-
ments rather difficult. The pumping speeds for He as shown in
Fig. 3 were lower than those of pure He (>r30Z less), which might
be caused by 1) the large uncertainty in measuring the He par-
tial pressure when H2 partial pressure reached .rt x 10~6 Torr;
or 2) small amount of H2 condensate on the surface of charcoal
granules.

The idea of using compound cryopump as the heart of the
Torus vacuum system has been successfully demonstrated. The
needs to separate and recover the unburned tritium from helium
ashes make the combination of cryocondensation and cryosorpcion
panels necessary. These could be achieved by using separate LHe
reserviors, transfer lines and temperature control devices. The
activated charcoal has been proven to be a superior adsorbent
for cryosorpcion pumping of He in a complex environment. Unlike
molecular sieve, no high-temperature bake will be required to
recondition the charcoal, and the presence of hydrogen and other
impurities has little effect on the pumping speed and adsorption
capacity of charcoal.
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