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Design chamclcris(ics  ofacryopun~p  o~)ti\~]i~,d forxc]]on arc])rcscl)tcd. Sin.glc-stagc Gifford-McMahon hcliun~ cryoprrnrps
that])rovidc acryc)rcfrigcratiol)  capability of105Wat  50Ktochill coldplatcs arcuscd witioulbafflcsto cnablclargcpurnp
spedsonxcn on. Shrouds arcusti torducc ticthcrt]lal  loadtodlc  cold ]~latcto cnablc. gr~tcrxcl~onpun)p  spcrds, but it is
notrcquircd tooWratc thcshrouds at1,N2tct))pcra(  urcs,Ton ]axin]i~.cp ul])l)s lwtiorlx erlongascss uc.hasnitrogcn, neon and
helium can not be cryotrappcd with these pumps. q’t)ccryo1)u~~)psarc52ct~]  in length, 16cn~in  diarmtc.randwcigh  15.4
Kg, however the cold head assembly is only 29 cm long and 8,3 cm in diameter. The cryorcfrigcralors  can be mourr(cd using a
1 S-cm-dia  ftangc, and a 10-cm-dia through-hole in the vacuum c}]amber. Alternatively, the cnlirc. cryopump can be mounted
inside the vacuum chamber, although preliminary data indic.am that pump efficiency dccrcascs when the pumps arc operalcd in
vacuum. I’cst$ indicate that the full lhcorctical pump speed on xenon is achic.vcd, A pumping systcm  designed for the 1,000
hr NSTAR  validation test was opaatcd without shrouds or baffles. A poor] y controlled thermal radia[ion load 10 the
cryopancls  and uncxjxx%.xlly low cryopancl  cocfficicnl of thermal conductivity rcsrrllcd in pressure spikes and a drop in the
xenon pump speed. A cryopurnping  syslcm u[ilixing three cryorcfrigcrators wilh a chilled shroud but without baffles is being
used on (hc 8,000-hr NSTAR wear lest to bcticr control the thermal cnvironmcmt Each of [IICSC xenon cryopumps provides a
pump speed on xenon of approximately 15,000 1,/s. The, small si~.c of the pumps, coupled with their abil ity to he opcramd in
vacuum, provide the user with a grca[ deal of vcrsalili(y as far as locating ihe pumps with rcspca to thrus[crs, tank walls,
shrouds, CIC. The COS1 and comp]cxity of installing and operating these cryopumps is a fraclion of the. cost and complexity to
install and opera[c diffusion pumps or cryopumps thal deliver sitnilar pump spct.ds on xenon.

Onc of the most difficult problems in testing electric thrusters utilizing xenon as the propc.llant  is
simulating the space environment. For a number of reasons researchers desire the lowest possible
working pressure possible to reduce backflow of xenon into the thrusters, reduce  charge-exchange erosion
of thruster components, and reduce plasma densities in the vacuum chamber to measure thruster plume
effects on solar panels and science instruments.

Charge-exchange erosion of the downstream face of the accelerator grid limits the operating life of
an ion thruster; numerous works have reported the relationship between ion engine charge-exchange
erosion and vacuum tank pressure [1-3]. Best estimates present] y available indicate that a pump speed on
xenon of approximately 50,000 1./s is required to test a 30-cn~-dia  ion thruster at a charge-exchange
erosion rate that does not artificially reduce the opemting  life of an ion engine [4].

Backflow of xenon into the discharge chamber of ion thrusters and Ilall thrusters is a direet
function of tank pressure and must be considered in calculating thruster efficiency [5,6]. Backflow can be
estimated using a simple mathematical model based on discharge chamber area and tank pressure buf. the
uncertainty in the backflow estimate is considerable, given the unknowns in calculating the backflow [6].

Iiacility pressure effeets on the performance of Ilall electric thrusters have been reported [ 7.8]. In
tests performed on a 4.5 kW T-160 stationary plasma thruster, thruster efficiency decreased when the
thruster was operated in a vacuum chamber with a higher xenon pump speed [7]. References 7 and 9
report that fi~cility  pressure effects I Ian thruster plwne.  characteristics.
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Typically facilities achieve high vacuum using oil diffusion pumps or cryopumps to pump both
xenon and residual gases such as nitrogen, neon, hydrogen and helium. Diffusion pumps provide. a pump
speed on xenon of approximately 5,000-12,000 1./s per square meter of pump inlet area, depending upon
the number of flow restrictions such as elbows and baffles. For example, a large diffusion pump on
JPI.’s 2.4 m x 5.4 m vacuum facility with an inlet area of 0.9 square meters has a measured puJnp speed
on xenon of approxirnatel  y 10,000 1./s. ~’his diffusion pump is 2,6 meters in length and weighs over 455
kg. The cost for a similar pump [ 10], including installation, would be approximately $50,000 for a total
cost of $5 per 1./s of xenon pump speed.

Cryopumps have come into increasing use by rcsearc}~ers  studying and testing electric thrusters.
Cryocondensation  using helium cryopumps offers an attractive alternative to diffusion pumps. Advantages
include high pump speeds on water and nitrogen (the most common species in a vacuum chamber) and
elimination of backstrearning  of diffusion pump oil making it’s way into the vacuum chamber. Diffusion
pump oil contamination was cited as the likely cause, for deteriomtion  in the performance of SPT thrusters
tested in Russia [11]. Both Fake] [11] and JPI. [ 12] used cryopumps to perform wear tests of the SPT-
100.

Three-stage stage helium cryopumps  employ liquid nitrogen-chilled baffles and shrouds as the first
stage to cryotmp  water and to reduce the heat load to the cryopanels. The second stage of the cryopump
consists of a double-stage Gifford-McMahon  helium refrigerator that operates between 10-20 K and is
used to cool the cryopanel  that freezes nitrogen, oxygen, argon, xenon and most other gases. q’he third
stage of the cryopump  employs charcoal plates attached to the cold panel to cryosorb gases such as neon,
hydrogen and helium that do not freeze at 10-20 K [ 13].

~’he pump speed on xenon of a cryocondensation  pump is approximately 14,000 1./s per m2 of
pump inlet area, compared to up to 10,000 1./s per n~2 for a diffusion pump. ‘1’hree each, 1.2 m-dia helium
cryopumps were installed onto JPL’s 3 m x 10 m vacuum chamber to achieve a pump speed on xenon of
approximately 48,000 1./s, or 16,000 1./s per large cryopump. ‘l’his facility will be used to perform an
8,000-hour life test of the NSTAR ion engine, “1’he test specifications require a no-load pressure of 4 x
10-5 Pa (3 x 10-7 Torr) [ 14], and a pLnnp speed on xenon of approximate] y 90,000”  1./s to achieve a
pressure in the vacuum chamber with the ion engine on of 6.7 x 1()-4 Pa (5 x 10-6 Torr) [ 14].

It is difficult to achieve substantial pump speeds  on xenon using conventional three-stage
cryopumps that a~ not optimized to pLmIp xenon. For example, to install each 1.2-m-dia  cryopump
described above a hole 1.4 m in diameter was cL~t  into the vacuum chamber wall, and a spool piece 1.4 m
in diameter and 27 cm in length, with an inner open diameter of just over 1.38 m, was welded to the tank
walls. Following that a flange 7.6 cm thick and 1.5 m in dia was welded to the spool piece. Then a crane
was used to place each cryopump, weighing over 545 kg, onto it’s flange.

Fach cryopurnp  uses approximately 9.4 gallons of liquid nitrogen per hour, or 225 gallons of
liquid nitrogen per day, for a total daily LN2 cost of approximately $80.00. “lotal  cost for purc}lase and
installation of a 1.2 m-dia cryopump today is approximately $90,000. This comes to approximately $5.5
per 1./s of xenon pump speed, excluding 1.N2 costs 115-17].

JPI.’s  7.6 m x 25.8 m Space Simulator utilims 10 ea. 0.9-m-dia cryopumps to provide a pump
speed on xenon of approximately 150,000  1/s 11 8]. NASA IxRC’S Tank 5 contains 2.0 each O. fh-n-dia
diffusion pumps and a cryopanel  with 27 m2 of pLmlp inlet area, for a total facility pump speed on xenon
of approximate y 300,000 1/s [ 19]. PLImp and installation costs for these unique facilities approached
several million dollars each,

Six standard 1.2-nl-dia cryopumpsj occupying approximately 9 m2 of vacuum chamber area and
costing approximately $50(),000 would be required to provide a pump speed on xenon required for the
NSTAR program. 1.N2 costs for six 1.2-m-dia cryopumps, based on JP1 .’s experiences with the SPT
cyclic  endurmce  test and 1,()()()-hour wear test, would  be approximately $480.00 per day, or $200,000 for
the duration of the 8,000-hour wear test. The vacuum chamber space/volunle  requirements and 1.N2 costs
for six 1,2-m-dia  cryopumps were beyond the space limitations of the vacuum chamber and financial
resources of the NSTAR program.
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Several companies were approached about new pump designs that could provide increased pump
speed for the dollar, ‘l”he cost in dollars per 1./s of xenon pumps eed was decided as an appropriate figure
of merit for pump system evaluation. !?Designs included a 2.2 m pump to deliver a pump speed on xenon
of 33,000 1./s at a cost of $3.3 per 1./s of xenon pump speed [20], and a large helium refrigerator that
delivers 1,000 W at 50 K [21]. None of these options discussed above were within the arcalvolume
constraints of JPI.’s ion engine life test facility and the budgetary constmints  of the NSTAR program,

1.2-n~-dia cryopumps have a rated pump speed oJ~ xenon of approximately 27,000 1./s [22],
however that pump speed rating is measured based on an American Vacuum Society standard that places
the pressure measuring gauge inside a test dome with the pump. At JPI. the pump speed on xenon of a
1.2-nl-dia  cryopump was measured using ion gauges and flow meters calibrated on xenon, The ion gauge
was located in the vacuum chamber at a distance from the cryopump  of at least two meters. The measured
pump speed on xenon for a 1.2-n~-dia  cryopump is 16,000  1./s [23,24].

Radiation baffles which are effective in blocking radiant heat from reaching the cryopanel  have a
transparency of approximately 50%; of the atoms and molecules that enter the cryopump, 50% m
cryotrapped and 50% exit the pump. Therefore only 25% of the xenon that reaches the pump inlet is
cryotrapped, and the pump speed of the pump is substantially reduced relative to it’s theoretical maximum.
11 ydrogen,  helium and neon, which must be cryosorbed  by the third stage charcoal plates, have an even
more convoluted path to the charcoal and the effective pump speed for these gases is only approximately
10- 12% of the theoretical maximum. ~’he t we-stage GM cryorefrigemtors  used in 1.2-nwdia  cryopumps
have a cooling capacity of about 15-20 W at 20 K. Therefore it is not possible to increase the pump speed
of these pumps by using bdffles with a significantly greater open area fraction, because the increased
mdiant heat load to the cryopanel  would exceed the cryorefrigerator  capacity.

Xenon has a vapor pressure at 50 K of 10-8 “1’orr [25]; if a vacuum tank partial pressure on xenon
of 10-7 ~’orr is acceptable to the user, it is only necessary to chill the cryopanel  to a temperature of
approximate] y 54.2 K. Use of cryorefrigerators  designed to operate efficient y at a temperat  ure of 50 K
and elimination of radiation baffles are the key to reducing the cost of cryopumping  of xenon, reducing the
pump size and increasing of the pumping speed on xenon.

‘I%is paper presents the results of experiments with small cryopumps that operate at a temperature
of 50 K. Because of their small size these pumps can be mounted to vacuum chambers at a very low cost,
and in some instances the pumps can be mounted inside the vacuum chamber, thus eliminating the need for
any holes to be drilled. The pumps do not require liquid nitrogen to operate. ‘l’he cost and complexity of
installing and operating these cryopumps is a fraction of the cost and complexity to install and opemte
diffusion pumps or cryopumps that deliver similar pump speeds on xenon. ‘1’est data for various
cryopumping system designs, including pumping system data from the NSTAR 1,00(-hour validation test
and 8,000-hour wear test will be presented.

The theoretical pumping speed of a cryopane]  is, from page 72 of reference 24,

‘th ‘(%-)”[’ - NT (Eq. 1)

where

Sth = pump speed
Ti = tempemture  of the pumped gas

= molecular weight of the pumped gas
PC = vapor pressure of the pumped gas at temperature ‘1’c
Pi = vacuum chamber pressure
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TC = cryopanel  temperature

The pumping speed (in 1./s per cm2 of cryopanel  surface area) of any gas capable of condensation
becomes, from equation 8.9 of reference 24,

f T 1-E r P. [T )1/2
s th ““’”w 11- :(+) “ ’ ”2 )

For cryopumping  xenon
myopancl  surfidce  area)

() [1/2
s th = 3175 ‘i 1

the theoretical maximum pumping speed of a cryopanel  is (in 1./s per cm2 of

Pc ~ 1/2

( )
-——

6 Tc
(Eq. 3)

Normally the vapor pressure of the condcnsatcd  gas is much lower than the working vacuum tank
pressure and the term in brackets can be ignored, ‘l’he above equation means that the cryopumping  speed
is nearly independent of the vacuum tank pressure, until the working pressure approaches the vapor
pressure of the condensate gas.

In Fig. 1 the theoretical maximum pump speed of a cryopump  using a cryopanc] of area 1 m2 at 50
K is plotted as a function of xenon tempemture. Room-temperature xenon condensing on a 50 K
cryopanel  has a them-et ical pump speed of approximate cl y 55,000 1./s per square meter of cryopanel  area.
If the term in the brackets in Eq. 1 is included, then assuming a tank pressure of 7.5 x 10-9 Pa (10-6
Torr) the pump speed per square meter is reduced 53650 1./s. Pump speed decreases with temperature; for
example, if the xenon thermalized  completely with an 1.N2-cooled  mdiation  baffle and shroud at a
temperature of 80 K, the pump speed of the cryopump  would decrease to approximate] y 27,500 lJs per
square meter of cryopanel  surface area. A cryopanel  with a surfi~ce area of 0.2 Y112 will have a pump speed
on xenon of approximate] y 10,500 1./s if the xenon being cryot rapped is at room tempcrat  ure.

From page 242 of reference 26, the radiant heat flow bet wcen two concentric cylinders or spheres
is

(E’. 4)

where
c 1 = cryopancl  emissivit  y
T1 = cropanel  temperature, K
A 1 = cryopane] area, m2

In the case where the emissivities  of both the cryopump and the shroud or vacuum chamber are unity, Eq.
4 simplifies to

H

( )
–=(.J  T:-~4
A

(Eq. 5)

‘l”he heat load to a cryopane]  of area 1 m2, temperature 50 K and emissivity  of unity is plotted as a
function of shroud or vacuum chamber tcmpemture (emissivit  y = 1) in I;ig. 2. Prom Eq. 5, if both the
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cryopancl  and shroud (or vacuum chamber) have an ernissivity  of unity, the heat load radiated by a surface
at room temperature to a cryopanel  with a surface area of 1 n~2 is 460 W, ~’he heat load is reduced by
50% if the radiating surface temperature is reduced to 250 K, and increased by 37% if the radiating surface
tcnqxxature  is increased to 325 K,

~’he heat load to a cryopanel  of area 1 n)2, temperat ure 50 K and cmissivit  y of unity is plottwl as a
function of radiating surface temperature in l~ig. 3. In l~ig.  3 the cryopanel  area to radiating surface ma
ratio is varied from 0.01 to 1, and the radiating surface tempcmture is fixtxi at 300 K. The data indicate
that if the cryopanel  faces a surface at room temperature, the heat load to the cryopancl  can be reduced only
when the radiating surface emissivity  is less than 0.5 and the cryopanel  surface area is approximately equal
to the radiating surface area,

In the case where the cryopancl  surface area is much less than the radiator surface area Eq. 4
simplifies to

H—=
( )

CJFI  T: -~4
A

(Eq. 6)

In other words, the emissivity  of the vacuum chamber or shroud is not a contributing factor to the heat
load to the cryopancl;  what matters is the emissivity  of the cryopane]  and the temperatures of the cryopancl
and radiator surface. To decrease the heat load to the cryopanel  the radiating surface tempemture must be
decreased.

‘1’he vapor pressure of xenon is plotmd as a function of temperature in Fig 4. The data indicate
that the vapor pressure of xenon is 1.3x 10-5 Pa (1 O-7 Torr) at a cryopane]  temperature of 54.2 K. This
temperature and vapor pressure are a reasonable goal w})en designing a cryopumping  system to pump
xenon. If any part of the cryopanel  exceeds a temperature of approximately 54 K the pump speed of the
pump will decrease noticeably.

J{ JMUI, ”I’S ANI) DISCUSSION
A. Refrigerator Design Features

A schematic diagram of the refrigerator used in the cryopumping  experiments reported in this paper
is shown in Fig. 5. The refrigerator, called the A1.-2OO, consists of a compressor system and a single-
stagc helium clyopump utilizing a Gifford-McMahon  (GM) rcfrigemtion  cycle [27]. “l’he compressors
purchased by JPL are air-cooled and utilize 6 kW of 480V three-phase power. “Ile AI.-2OO is connected
to the compressor by high-pressure helium lines. The AI.-2O() is warmntied  for three years or 6,000 hours
of operation.

The AL-200 is 52 cm in length, 16 cm in diameter and weighs 13.6 Kg, however the cold head
assembly that must be placed inside the vacuum chamber for cryopumping  is only 29 cm long ancl 8,3 cm
in diameter. Another version of the AL-200 can be purchased with a cold head length from flange to heat
exchanger of almost 46 cm (18 in).

The pump is installed by mating the 15.9-cnwdia  flange to a mating flange and o-ring on the
vacuum chamber. A 9-cnl-dia  cleamnce  hole is required to allow the cold head assembly entry into the
vacuum chamber. Alternatively, the entire cryopump  can be mounted inside the vacuum chamber, but this
requires two welded pipes for connecting high- j)rcssure helium hoses and one 110 VAC electrical
connection. Preliminary indications are that pump efficiency decreases when the pumps are operated in
vacuum.

The pump can be mounted in any orientation with respect to the horizon;  the recommended
orientation is pump axis vertical with the heat exchanger down, The cryopancls  arc mounted to the Al>
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200 using six brass screws that screw into threaded holes in the heat exchanger (Fig. 5). lndium  washers
or low-temperature grease are placed between the heat exchanger and the cryopanel  to increase the thermal
conductivity the between these two parts of the cryopumping  system.

Cooling capacity of the AI.-2OO is plotted in Fig. 6 as a function of cold head temperature.. The
ccmling  capacity of the AL-2(IO increases with cold head temperature and provides a cryorefrigeration
capability of 105 W at 50 K [28] at the cold head, if the Al .-200 motor assembly is mounted in air at room
temperature. Five AL-200 pumps were received at JP1.. (holing capacity data measured at the factory for
one of the AL-200 pumps is also shown in Fig. 6. “l’he data indicate that the cooling capacities of the
pumps purchased by JPI. meet or exceed the manufacturer specificat  ions.

1). Cryopump  System Design Features

Tests were conducted in JPL’s 2.4 m x 5.4 m vacuum chamber which is pumped by one oil
diffusion pLmlp with an inlet area of 0.9 m2, and two tx~ch 0.8-m-dia diffusion pumps, An ion gauge
ca]ibmted on nitrogen was used to measure the no-load rdnk pressure, and an ion gauge calibrmd  on
xenon was used to determine the facility pressure with xenon flowing into the vacuum tank. Xenon was
flowed through a flow meter calibrated on xenon into the end of the vacuum chamber nearest to the large
diffusion pump and to the cryopump.  Solid-state diodes were placed at the center and edge of the
cryopanels  to measure cryopanel  temperature. A schematic diagrdm of the test set-up is shown in l:ig. 7.

Cryopanels  were Pdbricated  from high-purity Al.-1100 aluminum and attached to the heat
exchangers with brass screws. A low-temperature vacuum grease was applied between the cryopanels  and
heat exchangers to increase the thermal conductivity y bet ween these two components, The AI.- 100 was not
annealed or treated in any way to increase the thermal conductivity.

C. X e n o n  Cryopump  Ilxperimcnts

Tests were performed in a 2.4 m x 5.4 m vacuum facility utilizing three oil diffusion pumps. An
ion gauge calibrmd  on nitrogen was used to measure. the no-load tank pressure, and an ion gauge
calibmted  on xenon was used to measure tank pressure with xenon flow. Pump speed was calculated
from the formula in l;q. 7:

s = Q/(P - ]’0) (Eq. 7)

where
Q = gas throughput
P = working gas pressure (xe flow on)
PO = no-load chamber pressure

Pump speed of the diffusion pumps alone was measured first, then the total pump speed with both
diffusion pumps and cryopump in operation was measured. ‘1’he pump speed of the cryopump  was
determined by subtracting the pump speed of the diffusion pumps from the total pump speed. Cryopump
pumping speeds were then compared to the pump speeds calculated using Ilq. 3.

A cryopane]  with a diameter of 0.48 m (19 in) and surface area of 0.18 n~2 was attached to the heat
exchanger as shown in Fig. 7. Multi-layer insulation (MI.1) blankets were placed on the side of the
cryopanel  nearest to the chamber wall to reduce the heat load. Xenon was flowed into the vacuum
chamber and the tank pressure and flow mte were noted. 3 “he cryopump  was operated for 90 minutes
before data was taken. Results are shown in Table 1 under the heading of Test #l. 1 and 1.2.

Table. 1. Cryopurnp  Tests. All pLImp speeds are for xenon in 1./s. “1’heoretical  cryopump  speeds are
c~lculated  using the cryopanel  area and Eq. 3. Measured cryopump  speeds are calculated by
subtracting the diffusion pump speed from the total pump speed.
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Mcasurcxl
‘1’csl # Flow D-pump No-Load Pressure 3’otal Pump Cryopump  Cryopancl  Cryopump Speed Ccnlcr Edge

Rate Speed Pressure With Flow Speed Speed Area From Eq. 3 Diode Dioctc
(seem) (1,/s) (’I’err) (1’err) (’1’err) (Torr) (m2) (1./s) (K) (K)

1.1 13.4 1 4 , 2 0 0  4.&-7 7.4c-(i 24,400 10,200 ,18 10,000 38 42
1.2 12.8 nm 4.6e-7 7.Oe-6 24,900 10,700 .18 IO,ooo 38 42

2.1 10.1 9,200 9.OC-7 1 me-s 13,600 4,400 .13 7,200 26.5 26.5
2.2 10.1 9,700 1.lc-6 7.OC-6 21,700 12,000 .26 14,300 29.2 29.5

3.1 10.1 10,000 1 .8C-6 6.2c-6 29,000 19,000 .43 23,600 40.6 40.8
3,2 16.1 10,000 1 ,8C-6 9.4c-6 26,800 16,800 ,43 23,600 40.8 47.3

Mom Eq. 3 the theoretical maximum pump speed for a cryopanel  with a surface area of 0.18 n~2
and a xenon tempemture  of 300 K is 10,000 1./s. The test data from Test #1.1 and 1,2 indicate that the full
pump speed on xenon was achieved, It should be noted here that some cryorefrigeration  experts believe
that it is not possible to cryocondensate  xenon if the cryopanc]  is radiated by surfaces at 300 K; it is
theorimd  that once an ice layer of xenon builds up, direct room-tempemture  rddiation will cause xenon to
vaporize, resulting in pressure spikes [29]. No pressure spikes or decrease in pump speed over time were
observed in this test, The significance of this test is that xenon can be cryocondensated  nc.ar the
theoretical maximum rate of 55,000 L/s per square meter of cryopanel  surface area, provided a proper
thermal load to the cryopanel  is provided. This is a factor of four greater than the pump sped per 1./s per
m2 using conventional diffusion pumps or cryopumps.

The Al .-200 required 45 minutes to comp]ctely  chill  the cryopane]  to a temperature below 50 K.
Based on the AL-200 performance data shown in Fig. 6 the heat load to the cryopanel  was appmximate]y
65 W. Based cm Eq. 6 the heat load to a panel of area 0.18 m2 due to room-temperature radiation should
be 83 W; it is likely that in Test #1 the surface emissivity  of the cryopanel  was closer to 0.6.

Unfortunately the emissivity  of a cryopanel  will increase as water or xenon ice accumulates onto
the pump. Moore [30] demonstrated that water, carbon dioxide and nitrogen ice layers increase the surface
emissivity  of cryopanels  up to approximately 0.9 i .05. Caren et al. [ 31 ] showed that as little as ().02 mm
of water ice on the surface of a polished aluminum substrdte at 77 K causes the emissivity  to increase from
0.03 to 0.8. Therefore a cryopanel  with a surface area of 0.18 m2 will ultimately transfer a heat load of 83
W to the heat exchanger, If the thermal conductivity of the panel is too low a large tempcmture gradient
across the cryopanel  can develop, with a subsequent loss of pump speed. Long-term xenon c]yopump
operation requires a careful thermal analysis of the pump system, but for short-term operation aggressive
thermal strategies can be used to obtain large pump speeds. A discussion about the 1,(K)O-hour NSTAR
test, which used 0.48 -m-dia cryopanels without shrouds or baffles, will follow.

A cryopanel  with a diameter of 0.41 m(16 in) and surface area of (), 13 m2 was at[achcd to the heat
exchanger as shown in Fig. 8. An 1.N2 shroud was placed as shown in Fig. 8 to reduce the heat load
radiated to the cryopane].  The distance between the cryopancl  and shroud was approximate] y 12 cm, The
shroud tempcrat ure was approximate] y 120 K. An (M 1.1) blanket were placed on the side of the cryopane]
facing the vacuum c}~ambcr.  Results are shown in Table 1 under the heading of Tests #2.1 and 2.2.

Based on Eq. 3 the expected pump speed on xenon for this cryopump is 7,200 1./s; the measured
pump speed of this pump was approximately 4,400 1./s. The pump speed reduction may be due to: xenon
thermalizing  on the shroud surface resulting in a decrease in pump speed per Hq. 3, gcmmetric  dccre.ase  in
pump inlet area due to the location of the cryopanel,  and spacing between the cryopanel  and shroud ~~ Ile
pump speed reduction is approximately 40% for this test.
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The AL-200 required just 30 minutes to completely chill the cryopanel  to a temperature below 50
K. Based on the AL-200 performance data shown in Fig. 6 the heat load to the cryopanel  was just a few
W, With this configuration the AL-200 can be operated indefinitely without overheating the cryopump due
to radiation to the cryopanel.

Next, the MI.] blanket on the O. 13-m-dia cryopanel  was removed and the experiment was repeated.
Data are shown in Table 1 under the heading of ‘1’est  #2.2. Based on Ilq. 3 the expected pump speed on
xenon for this cryopump is 14,300 1./s; the measured pump speed of this pump was approximately 12,000
1./s. These data are consistent with a pump speed of 4,400 1./son the cryopanel  side facing the shroud and
7,600 1./s on the side facing the vacuum chamber. ‘l’he data imp] y that the full theoretical pump speed limit
of approximate y 55,000 L/s per m2 of cryopanel  area was achieved.

A cryopanel  with a total surface area of 0.43 m2 (0,5-nl or 20.6 in -dia) was installed as shown in
Fig, 8, except no ML1 blankets were attached to the cryopump.  “1’wo different flow rates were tested with
this pump configuration. Based on F!. 3 the expected pump speed on xenon for this cryopump is 23,600
1./s; the measured pump speed of this pump was approximate] y 18,000 1,/s. These data are consistent with
a pump speed of about 6,000 1./s on the cryopanel  side facing the shroud and 12,000 1./s on the side
facing the vacuum chamber. The data imply that the full theoretical pump speed limit of approximately
55,000 1./s per m2 of cryopane]  area was achieved,

The significance of this testis that this small cryopump,  using a small bathtub-shaped shroud, has
a pump speed on xenon similar to the pump speed of a 1.2-m-dia  cryopump.  In terms of xenon pumping
speed per 1./s per dollar, the AL-200” costs are approximately a factor of five lower compared to using large
cryopumps.

~’he pump was operated at or below 50 K for approximately two hours after xenon flow was
started, A layer of white xenon ice was visible on the side of the cryopanel  facing the vacuum chamber.
The data reported in Table 1 were taken after over two hours of operating time with the cryopump below
50 K and with xenon flow through into the vacuum chamber. A maximum radiation load to this pump of
approximately 100 W is estimated from Eq. 6. Ixmg-term operation using this configuration would be
determined by the heat conduction between the heat exchanger and cryopanels, and by the thermal
conductivity of the cryopanels.  Assuming a 0.53 -m-dia cryopanel  with a thermal conductivity of 1000 W/
mz and a temperature at the center of 50 K, a temperature at the edge of the cryopanc]  of 53.6 K is
calculated.

I). 1000 -IIour-NSTAR  Validation Test.

The NSTAR technology validation program inc]udes  several long-duration tests to identify
unexpected failure modes and validate design changes to the ion engine. Following a 2,000-hour test at
IERC a 1,000-hour test was conducted at JPI, to test and verify modifications made to the 30-cm-dia
NSI”AR  ion engine.

The 1,000-hour wear test was performed in a 3 m x 10 m stainless steel vacuum chamber pumped
by three each, 1.22 m-dia cryopumps with a pumping speed on xenon of about 48,000 1./s. ‘lie
validation test requirements specify a facility pump speed on xenon of approximately 90,000 1./s.

A cryopumping system consisting of four each, AI.-2OO cryorcfrigerators  with 0.48 m-dia (19 in)
aluminum cryopanels  was fabricated and installed into the vacuum chamber. ‘I he Al .-200 cold head
assemblies were inserted into the chamber through 9-cm-dia holes such that the heat exchangers were
positioned approximately three inches from the chamber walls. Ile cryopanel  sides facing the vacuum
chamber walls were covered in multi-layer insulation to reduce the heat load to this surfttce. Cryopumping
was performed on the sides of the panels fi~cing  the vacuum chamber interior. No shrouds or baffles were
used in the 1,000-hour validation test.

The cryopanels  were sized for a total thermal mdiation load of 84 W and a pump speed on xenon of
approximate] y 10,000 1./s eac}~, ‘l’he expected temperat  urc at the center of the cryopanels  based on the heat
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load and AL200  performance chamcteristics  was 44 K. } ]igh-purity  aluminum was used for the
cryopanels.

Thermal conductivity for aluminum at 50 K ranges  from a high of 1,000 W/m-K for high-purity
aluminum to a low of 150 W/m-K for moderately pure aluminum [32]. A thermal model was used to
predict the temperature gradient across the cryopanels  based on a temperature at the center of 44 K.
Cryopanel  edge temperature is plotted as a function of thermal conductivity in I;ig. 9. The model indicates
that the panels designed for the 1,000-hour NSTAR test should be adequate for a heat load of 84 W if the
coefficient of thermal conductivity y for the cryopancl is above 4(X) W/m-K,

Facility pump speed on xenon is plotted as a function of flow mte in Fig. 10, A pump speed of
approximately 90,000  1./s was achieved using three 1.2-m-dia helium cryopumps  and smaller cryopumps
using the AL-200 refrigerator. Ile pump speed of the four AL-200 pumps in the 1,000-hour test
configurate ion is estimated to be approximate] y 40,000 1./s, or 10,000 1./s per AL-200. Diode temperatures
at the beginning of the 1,000-hour test for the AI.-2OO pumps are shown in Table 2. No AL-200
cryopancl  temperature data after the wear test was started are available.

‘Jlb]e 2. Diode temperatures for the AI .-200 pumps.

Pump A Pump II Pump C Pump D
Center Edge Center Edge Center Edge Center Edge

(K) (K) (K) (K) (K) (K) (K) (K)

38 39 36 38 28 30 29 35
-

Pumping system performance data for the 1,000-hour test are shown in F’igs. 11-13. In l’ig. 11
the vacuum tank pressure is plotted vs. elapsed time after start of the wear test. ‘1’ank  pressure varied with
a period of approximate] y 24 hours. q’otal facility pump speed is plotted against wear test hours in Fig.
12. Pump speed initially decreased to approximately 70,000 1./s, then increased for reasons which will lx
discussed subsequently. An AL-200 pump failed at approximately 550 hours due an accidental electrical
short, and the pump speed decreased by about 10, 000 1./s. The test was continued with only three Ab
200 pumps operating. At 900 hours into the wear test the damaged Al .-200 was repaired without opening
the vacuum chamber and the pump speed increased back to about 90,000 1./s, Pressure spikes, defined as
when the vacuum tank pressure exceeded 5.5 x 10-5 Torr, are plotted in Fig. 13 as a function of wear test
hours. Over the course of the wear test there were approximately 12 computer-commanded shutdowns
due to pressure spikes that exceeded 8 x 10-6 Torr.

The cyclical variations in tank pressure, pressure spikes and decline in pump speed of the AI.-2OO
pumps are related to two causes: a poorly-controlled thermal environment and apparent low thermal
conductivity in the aluminum cryopane]s.

The aluminum cryopanels  were designed to operate with a tank wall temperature of 300 K, The
vacuum facility is located outdoors, and thermocouples placed on the tank walls measured wall
temperatures as high as 350 K. As illustrated in Fig. 2 even small changes in the environmental
temperature can have significant effects on the thermal load to the cryopanels.  Cyclical variations in tank
pressure shown in Fig. 11 are likely due to day/night heating ancl cooling of the vacuum tank walls. Since
the heat load to the cryopanels  was already near the maximum allowable, it is likely that the increased
radiation load to the panels due to hot tank walls resulted in increased cryopane]  temperatures, especially at
the edges.

The other design aspect that strongly affects panel temperature is themlal  conductivity. As shown
in FiE. 9, thermal conductivity has a si~nificant  effect on tcmpcmture gradients  across the cryopancls.
Hxpe~iments performed after ~he 1,000-hour
conductivity of the aluminum used to make

test was initiated” indicated” that the coefficient OF t!hermal
the cryopancls  was approximately 200 W/m-K. Such a
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thermal conductivity would result in large tcmpcrttturc  gradients across the cryopanel  and temperatures
near the edges that could exceed 65 K.

It. 8000-lIour-NSTAR  Validation Test

System description

lnititdly  a pump gas loading test was performed. The goal of this test was to quickly form a layer
of xenon ice on the cryopumps and determine pump performance chamcteristics  such as pressure spikes.
The pLImp  system was tested by flowing xenon into the vacuum chamber for 71 hours such that the tank
pressure ( 8 x 10-5 Torr) was approximately 20 times the nominal NSTAR tank. One 1.2-nl-dia
cryopump  and one AL-200 cryopump were used in this test; the other cryopumps were turned off. ‘lIc
shroud temperature was 120 K in the actively-cooled portion, and 230-270 K at the sidewalls.

Results from this test are shown in Fig. 14. Tank pressure during this period varied between 7-9.4
x 10-5 Torr. I.arge pressure variations during ptnnp  loading shown in Pig. 14 were due to variations in
the xenon flow rate. The xenon flow was stopped for 24 hours and then restarted at a flow rate resulting
in a tank pressure 150% of the nominal NSTAR working pressure of 4 x 10-6 Torr. There were no
pressure spikes observed for 2.5 days,

AL-20() cryopanel  temperatures after completion of the pLImp  loading experiment are shown in Fig.
15. The data indicate that cryopump temperatures are less than 56 K and are stable several days after pump
loading. The data imply that the NSTAR test can be performed for at least 700 hours bcfcm pump h>ading
will result in pressure spikes.

The pump speed on xenon of the 8,000-hour test configuration is plotted as a function of flow rate
in Fig. 16. “1’he data indicate that the pump speed of the three A1.-2OO cryopumps is approximately
95,000 1./s -48,000 L/s = 47,000 1./s, or 15,700 1./s pcr AI.-20O. Tank pressure and total facility pump
speed are plottal  vs. time in Figs. 17-18. No significant pressure spikes or changes in facility pump
speed have been observed with the 8,000-hour test pump configuration, even though the temperatures of
the shroud sidewalls at certain locations are nearly room temperature.

k’. J)iscussion

It has been demonstrated that cryorefrigerators  optimiml  at 50 K can provide large pump speeds
on xenon without the use of baffles and shrouds. I Iowever,  to make the most advantage of these pumps a
shroud is necessary to reduce the heat load to the cryopanels.  l:rom Fig. 2 the heat load radiated by a 170
K shroud to the cryopanels  is 60 W/ n12 of cryopancl  area, ‘1’hc shrouds used in tests of the A1.-2OO  all
operated at temperatures substantially higher than convent ional 1.N2 shrouds. The best wa y to do reduce
heat loading to the cryopanels  is to c}~ill a shroud using a powerful freon refrigerator. For example, a large
freon refrigerator offered by Pol ycold Systems, lnc, can provide 3.6 kW of cooling at a temperature of
170 K [33].

There are some disadvantages in using the particular type of cryopump  tested at JP1,. To design a
cryopumping  system that maximizes the pump speed on xenon, the Al .-2.00 can not be used for pumping
gases that require low temperatures such as neon, nitrogen and helium, Therefore the vacuum facility will
require separate pumps to remove light gases and maintain a good base vacuum. 1 lowever, most vacuum
facilities already have good pumps for removing these gases.

The AL-200 is quite noisy and transmits a strong vibration pulse when bolted to the vacuum tank.
Preliminary thrust stand data from the 8,000-hour NS”I’AR test indicate that the vibration generated by t}~e
AI .-200 does not deleteriously effect thrust measurements.

The noise problem can be mitigated by operating the Al .-200 in the vacuum chamber. ‘l’his was
performed at JPL by hanging the AL-2(K) pump assembly from the roof of the vacuum tank with cables.
‘I’he pumps can not be heard in this configuration, but preliminary data from these tests suggest that the
efficiency of the Al .-200 operated in vacuum decreased by over 60% relative to when the pump is operated
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in air. Additional tests will be performed (o verify these data and determine engineering solutions to the
pump efficiency problem.

Several other manufacturers now offer cryorefrigerators  that work efficiently at 50 K, Some of
these cryorefrigerators  drive the pump displacers using a different technique than the AL-2(IO that may
result in substantially reduced noise levels when the pumps are mounted to the vacuum chamber. Several
of these pumps will be investigated for performance, noise and vibration levels, and ease of installation.

NC.l,USICllW>

Single-stage Gifford-McMahon  helium cryopumps  that provide a cryorefrigeration  capability of
105 W at 50 K to chill cold plates were used without baffles to enable large pump speeds on xenon. I’he
cryopanels  do not require a surrounding shroud if the cryopanel  surface area is sized appropriately with the
thermal environment. Chilled shrouds reduce the thermal load to the cold plate to enable greater xenon
pump speeds, but it is not required to operate the shrouds at 1.N2 temperatures. If high-capacity
cryorefrigerators  are used shrouds can be chilled to temperatures of 150 K or more without thermal]y
overloading the cryopump.  To maximize pump speed on xenon gases such as nitrogen, neon and helium
can not be cryotrapped  with these pumps.

The cryorefrigerators are 52 cm in length, 16 cm in diameter and weigh 15.4 Kg, however the cold
head assembly is only 29 cm long and 8.3 cm in diameter. The cryorcfrigerators  can be mounted using a
1 S-cm-dia flange and a 10-cnl-dia  through-hole in the vacuum chamber. Alternatively, the entire

cryopump can be mounted inside the vacuum chamber, although preliminary data indicatate  that pump
efficiency decreases when the pumps are operated in vacuum. 3’csts indicate that the full theoretical pump
speed on xenon is achieved.

A pumping system designed for the 1,000-hr NS’1’AR validation test was operated without shrouds
or baffles. A poorly controlled thermal radiation load to the cryopanels  and unexpectedly low cryopanel
coefficient of thermal conductivity y resulted in pressure spikes and a drop in the xenon pump speed. A
cryopumping  system utilizing three cryorefrigerators  with a chilled shroud but without baffles is being
used on the 8,000-hr NSTAR wear test to better control the thermal environment. F.ach of these xenon
cryopumps  provides a pump speed on xenon of approximate] y 15,000 1./s.

The small size of the pumps, coupled with their ability to bc operated in vacuum, provide the user
with a great deal of versatility as far as heating the pumps with respect to thrusters, tank walls, shrouds,
etc. The cost and complexity of installing and opcrat  i ng these cryopumps is a fraction of the cost and
complexity to install and operate diffusion pLmlps  or cryopumps  that deliver similar pLImp  speeds on
xenon.
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