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INVESTIGATION OF HYDROGEN AND HELIUM PUMPING
BY SPUTTER ION PUMPS FOR THE
JUPITER AND OUTER PLANETS MASS SPECTROMETER

L. INTRODUCTION

The purpose of this study is to investigate the suitability of a small fon
pump for maintaining the vacuum of a mass spectrometer analyzer used as a
Jupiter Atmosphere probe. ‘

The most abundant gases on Jupiter are hydrogen and helium, The column
abundance of hydrogen has been deduced from ground-based gpectroscople obser-
vations, and helium has been detected by ultraviolet photometry on board
Pioneers 10 and 11. The helium/hydrogen ratio is expected to be about 16%,
but present knowledge is imprecise, so a measure of this would be very impor-
tant on the Jupiter probe. The next most prevalent gpecies comprises less
than 10~3 of the atmosphere. Below this level, there are many trace constit-
uents which are likely to be present at concentrations which are orders of
magnitude lower. The instrument requirements as established by Kennedyl,

et al, therefore, include a measure of the helium/hydrogen ratio to 1%
accuracy and trace constiltuent measurements with a dynamic range of 1:106
over the mass range 2-52 AMU. With sample enrichment in hydrogen and helium
by a factor of 102, at least some of the minor constituents in the atmogphere
may be measured in the low ppb (1:109) range2, The gases are measured as the
probe descends through the atmosphere during a time period of less than 30
minutes. Samples are taken at altitudes corresponding to 104 pa (0.1 bar) and
106 Pa (10 bars), with the first decade being traversed in approximately two
minutes.

The mission requirement can only be realized by the mass spectrometer analyzer
if the partial pressures in the ion source can be related in a known way to

the partial pressures in the atmosphere. Mixing ratios are more important than
absolute values. Aside from the helium/hydrogen ratio goal of 1% accuracy,
other accuracy goals depend on the ratio in question. In many cases a ratie
accuracy of 2-57 is required for useful information, and in other cases an
order of magnitude determination might prove very Interesting., To achieve these
accuracies we must limit all sources of sample modification. Sample modifica-
tion can, of course, occur anywhere in the stream from the atmosphere thirough
the sampling lines into the mass spectrometer leak, in the fon source and on
into the pump. The pump performance can be a strong influence once the sample |
is past the iInlet leak. - : ) )



Choosing the inlet line, leak, 1on source, apd pump involves various trade-offs
that may vary from one instrument to another, but certain guldelines have
become established. TFirst, since the source should contain only gas entering
through the leak, it is designed to have low conductance te the analyzer=pump
reglon. Other design considerations f£ix the total conductance of a single
electron beam aperture and fon beam object slit at about 40 ce/s for nitrogen,
A useful gample pressure in the source i1s about 10-4 torr, high enough to give
good sensitivity, yet still safely below the reglon where ion space charge
effects may modify the output signals. The sample flow is thus established

at around 4 x 10~9 torr cec/s referenced to nitrogen., The source sample can

be moddified by £low of residual gas from the analyzer-pump region back into
the source. To minimize this effect, the analyzer pressure should be kept

as low as possible by employing & large capacity pump. A useful parameter in
describing this effect is the differential pumping factor found by the ratio
of the pump speed to the source conductance.

Previous mass spectrometey analyzers have been found to rellably measure par-
tial pressures of common gas mixes to a precision of 1% when the differential
pumping factor was 100, implying a pump speed of four liter/second used with
the 40 ce per second source. These speeds and conductances refer strictly to
nitrogen but hold generally for air and many othey gases. Since the molecular
conductance of the source and pump are inversely proportional to the square
root of the sample molecclar weight, a 40 cc/s nitrogen conductance becomes
106 ce/s for helium and 150 ce/s for hydrogen., Further, a review of manu-
facturers specifications and literature reveals that most ion pumps pump
hellum at a speed less than 30% of that of nitrogen. Therefore, specifying

a2 pump which would maintain a differential pumping factor of 100 for heldium,
implies a pump with a nitrogen speed of 30 £/s. A pump with this capacity
would wedigh in excess of 12 kg as well as occupy an excessive volume for an
interplanetary mission. For this reason, it is appropriate to review the ion
pumping of hydrogen and helium, quantify the effect a practical pump would
have on sample modification, and explore alternatives to the brute force methoed -
of employing a large pump.

The pumpilng of hydrogen and helium with emphasis on short duration runs is an
area that has received relatively little attention in most ion pump studies
and theories., The emphasis is normally on steady state performance, and the
transient behaviour of the pump is carefully dgnored. In addition, most
theories consider helium and argon together as far as pumping mechanisms go.
Indeed, argon has received a great deal of attention in both theory and design
of the pump, but 1t is not obvious that hellum performance is optimized in the
same way as argon performance.

The study presented here, therefore, reviews the phenonéna of ilon pumping with
emphasis on the pumping mechan’sm for hydrogen and helium. The experimental
tests measure the performance of a small, flight proven ion pump which has a
nominal four liter/second pumping speed for air, The speed of this pump for -
hydrogen and helium, and for hydrogen/helium mixes 1s presented with parti-
“cular detail regarding the time dependence.
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The regults of the pump tests are then related to antiecipated performance of
the mass spectrometer by relating the pumplng speeds for the gases to the
partial pressure in the lon source. From thls analysis, the pump speclfica=-
tions are quantified In terms of mission goals and 1in terms of observed pump-
ing speeds for helium, hydrogen, helium/hydrogen mixes, various load levels,
and time periods.

In addition to pumplng speeds with heldium and hydrogen, the phenomenon of
pump memory will have important consequences on the mass spectrometer per-
formance. This d1s the phenomenon of gases being generated in the pump when

a load of sample gas is introduced. These gases can be elther previously
pumped gases which evolve from the pump, or they can be species formed in the
pump. Also, some gases come out of the pump even with no gas load. These
background gases lead to a background spectrum which can be subtracted. The
pump memory gages will have the same partial pressures in the source as in
the analyzer, so it 1g important to examine the extent they will limit mea-
surements of the minor constituents in the Jovian atmosphere. Therefore, the
second part of the experiments presented here 1s concerned with a measure of

partial pressures of every residual gas over the mass range 2-52, both with and

without sample gas loads. These memory guses are then compared with the antd-
cipated mixing ratios in the Jovian atmosphere and their effect on the mea-
gurements is discussed. .
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2. ION PUMP THEORY

2.1 THE GEOHMETRY AND THE ELECTRON CLOUD DENSITY

A crosns sectlonal view of a single cell don pump dis shown in Figure 2-1, Tt
consists of a cylindrical anode lecated betwieen a palr of cathode plates.
When voltage and magnetie field are applied, a cold cathode Penning dlscharge
can be maintained over a wide range of pressurés, Electrons in the discharge
are constrained by the magnetic field from proceeding directly to the ancde.
Electrons emitted from the cathodes (by positive lon bombardment, for example)
proceed to the anode by a series of ifonizing collisions with gas molecules.
The electrons produced from these collisions are also trapped in the magnetic
field, thus adding to the discharge. The overall geometry of the cell dla-
meter, d, length, and spacing is dictated by this requiremep: of trapping the
electrons. The cell diameter, in other words, must be large compared to the
electron orbit diameters for the voltage and magnetic field, B, used. Since
electron orbit dliameter is inversely proportional to magnetlc field, this
implies constant Bd product.

The number of electrons multiplies in the discharge until it significantly

alters the electric fields in the cathode~anode space. This charge density
then alters the trajectories of newly formed electrons from the cathode and
elsewhere, so that they cannot enter the discharge. The discharge 1s thus

space charge limited.

The density of the space charge is constant over several decades of pressure
below 10~% torr, since the electron density is orders of magnitude higher than
the ion density. Thus the number of ilons formed is proportional to the neutral
gas density. This means that the pumping speed is constant, independent of

‘pressure, providing that the lons formed have no effect on the processes by

which they are pumped.
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These conditlong have been verified experimentally over gus loads, pressures
and geometries that have been found useful for a mass spectrometer analyzer
pump. Exeeptions are encountered at high and low pressures, usually meaning
that the pumping speed drops off, These ¢ iditions, however, are of only
minimal interest in this study and so wile be ignored.

The amount of space charge that can be trapped in the eylindrical anode
structure can be shown to be limited to:3

Q = 1.11 x 10~12 VL eoulounbs
‘where V is the space charge depression, and L is the cell length

Thig follows from the divergence equation of the electric fleld in cylindrical
coordinates. This value is independent of anode diameter, which is governed

by the previous relation concerning the electron orbit radii. Since the

trapped charge 1s independent of anode diameter, increased pumping speed (more
electron charge) Ls obtained by increasing the number of cells instead of simply
increaging their size, This possibility ls discussed more Fully later in this
section.

Sinee the electron cloud density is constant, independent of pressure, the
discharge current, I, will depend only on the rate of ionization of the neutral
molecules. The current is thus proportional to pressure, P. ‘The constant of
proportionality is the discharge intensity; Ip

Ip e L/P amps—torr”l
A rough estimate for the discharge intensity can be derived from known cross
sections for ionization by electron impact. ESince the current is given by the
rate of formation, Ty of doms:

Te 1s also the average collision rate for electrons in the cloud. The mean
free path, A , between collisions is: -

_ 1
A= i cm
where ¢ = ionization cross section, cmz
N = 3.5x 1016 molecules cmﬂB - torr
. };.}
Te v
where v = electron velocity.
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Assuming 100 eV electrons and 3 x 10 em? donizaticn cross section, we Find

R l.6 x 10-10 torr/s

The discharge intensity for each anode cell is then

I . -2, . -3
3 o 6.94 x 10 ° VL amp/torr

Agsuming a typical geometry, voltage and magnetic field, the discharge intensity
is about 55 amp/torr for a 1/2 inch diameter, 0.8 inch loug eell with 3.5 kv
applied and a magnetic f£ield of 1100 pauss,

This is an unrealistically high figure, since a more detailed analysis would
find a distribution of charge that includes end effects and does not depress
the potential completely to the cathode potential. In addition, the electrons
will have a spread in energiles, thus modifying the velocity, mean free path,
apnd eross-section terms. In view of these approximationz, the agreement, how-
ever, is good, and the derivation serves to illustrate how the discharge inten-
sity depends on voltage, cell geometry, and lonilzation cross section,

The discharge intensity can be related to an ideal pumRing speed, 5, which
assumes all lons arg pumped. Since there are 3.5 x 10 ? molecules per torr/
liter, and 6.2 % 1018 fons per coulomb;

18
19

6.2 x 10
315 X 1.0

1iter—s tecell™t

o !‘..—_—'
§ = T 0.18
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From these relations, it 1s possible to look for methods of increasing the dis-—
charge intensity within a glven pump envelope size, i.e., by increasing voltage,
cell length, or number of cells. Cell length, magnetic fleld, and voltage, of
course, require trade-ofis in the overall pump, pump magnet, and power supply
combination. Without going inte these in detail we can assume that exlsting
Elight designs represent some kind of optimized trade-off of these parameters
and that there 1is not a great deal to be gained by further modificatlons. The
chodce of optimum cell diameter is more subtle.

The cell diameter has been found by Rutherford? to be an important parameter
which controls a low-pressure mode change, where the discharge intensity falls
off and pumping speed drops. Thils is apparently related to total path length
of the electrons, and their inability to form a Townsend avalanche at the

lower pressures. Llectrons then leave the cloud, reach the anode, and decrease
the probability of lonization. It is not clear from Rutherford's work how to
quantify this effect, and he does not experimentally investigate any diameters
less than 1/2 inch. It does appear, however, that the pumping speed at 100
torr can be increased by using more smaller cells in the same envelope. This
change would result in lower speeds at lower pressures. Lower pressures are
not important in the steady-state operation of the mass spectrometer, but there
may be problems in starting the pump. This is an area which can be usefully
investilgated.



2.2 PUMPING -PROCESSES

The foregoing discussion shows how the flons are formed in the discharge.
Pumping does not oceur until the dons penetrate the dinterior or are stably
absorbed on the surfaces of the pump parns. Many phenowena are oceurrdng
gsimultaneously in the pump, and 1t is impossible to separate the various
effects completely. The discussion presented here, is based on established
thinking awong ion pump resecarchers, with some modification based on recent
gputtering lavestigutions and don scattering investigations,

The following processes are invelved in the pumping of various gases by an
ion pump., Starting with the space charge limited electron ecloud in the
Penning discharge, neutrals entering the cloud are ionized by electron impact
and accelerated to the cathode., As they strike the cathode, they interact
energetically with the conduction electrons and with the labtice atoms.

This interaction can result in ejection of electrons, target atoms, pre-
viously pumped particles, or reflection of the ineident particle either ds

an ion or neutral, Tf reflected as & neutral, 1t is then free to strike

the anode or other surfaces and repeat the Lnergetiﬂ processes, TFumpdlng
depends on the vemoval of ions or neudtrals by burial {in the cathode or anode,
with or without chemical combination. Since gases differ in mass, ionization
eross section, and chemieal activity, they also differ in pumping speeds.

A few sample calculations will show the relative dmportance of these pro-
cesses for four gases: hydrogen, hellum, nitrogen and argon., Hydrogen and
helium are chosen because they are the subject of this veport, nitrogen
because it represents the dominant pumping process for wmost chemieally

active gases, and argon because Lt vepresents an Informative comparison for
helium. A pressure of 1073 torr is comsidered in each case, The cathode
material is assumed to be titanium. '

The caleulation of the varlous processes occcurring in the pump £ollows from
the eleckron cloud density caleculated in Section Z.1, and from the lonization
cross saectlon and the sputtering raie. To start, we will assume that the
various approximations leading to the charge dn the electron cloud over—

_estimates the fon production by a faector of 2, Trom there we can calculate

the discharge intensity, I/P, the ion flux, and the cathode erosion rate
for the four gases.

The ionization cross section in Table 2-1 is quite accurate, The sputter
yield should be regarded as an estimate extrapolated from the related
experimental data. The penetration depth is alsc an estimate bésed on
several different types of experiments., Both the sputter yield 'and pene-
tration depth are sufficiently accurate for an order of magnitude estimate
of the surface processes obeurring in the pump.

These sample calculations show the following important differences between
these four gases in the ion pump: hydrogen has an lonization cross-section
lower than nitrogen or argon and hence the rate of production of jfons is low.
Also, the sputter yield is low so the eroslon due to hydrogen is insignificant.
Un the other hand, hydrogen dons can penetrate quite deeply. Note that the
hydrogen penetrates to a mean depth that even argon would take several hours

to erode away. In addition, there is very likely to be a high ipitial pumping



of hydrogen right from the gas phase by absorption on fresh surfaces followed
by diffusion to the interior. Helium is notable because of its very low foni-
zatlon cross-section, and consequently low discharge intensity. It likewise
has negligible sputtering coeffielent and deep penetration. In the cases of
nltrogen and argon, we £ind a situation where the erosion rate is sueh that
the mean penetration depth is uncovered after several minutes of operation.
This situaecdon is most eritlcal dn ths case of argon wherwy the maximum erosion
rate 1s coupled with the lowest penetration.

TABLE 2-1

Tonization and Surface Processes Related to
Sputter Ton Pumping

H2 He N2 A
Tonization Gigss gections 0h9§‘ 0.35 2,70 3.25
Maximum (107" cm®)
Sputter Yield 1 keV Tons® 0.01 0.05 0.2 0.4
on Ti Target {atoms—ign"l)
Discharge Intensity 8.8 g 3.25 25 30
(amps—torr—1) '
Ton Flux at Cathode at 2.68 x 107 0.99 x 10* 7.61 x 101% 9.4 x 20
10~5 torr (Lons-em—2-s~1) '

2 2

Erosion Rate 016 x 107% .03 x 1072 .92 x 1072 2.2 x 10

(Atomice layer-s"l)

Penetration, mean range,7 200 ‘ 100 20 10
1 keV ions on Ti target,
(Atomic layers)

Now we arrive at the pumping mechanism. TFrom the above discussion, it is
apparent that cathode burial is a possible mechanism for hydrogen and helium
but not for argon and nitrogen., Nitrogen, and other active gases combine
chemically with titanium and so the continual plating of the titanium on the
other pump surfaces combining with the nitrogen is the most likely pumping
process, The rate of sputtered titanium atoms could account for a pumping
speed of 0.89 1iters-s~1-cell-1l in our model if each sputtered atom combined
with one nitrogen molecule. -
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Argon represents the greatest problem in formulating a theoretical model for
a pumping mechanism. It does not combine chemically, and it does not penetrate
decply. Much dttentlon has been given to the encrgetic backseattar theorys.
By this theory, the part of the bombarding ifon beam, which leaves the cathode
ag energetie neutrals, becomes buried in another surface, Sigmund? has
investigated the question of the energetic procésses which oecur at a surface
which is bomlarded by keV fons whose masses match the target atoms. He con-
cludes that only 2.5% 7 the energy 1s carried away from the surface. Corre-
lating this vesult with sputtering yields demonstrotes that most of the par-
tlcles leaving the surface, both sputtered and backscattered, must leave a
very low energy. There is evidence, however, that some small fraction of the
ineldent particles can leave with a significant fraction of thelr ineident
energy. The energetin backscatter theory is supported by che fact that
increased argon pump? g speeds are observed when one cathode is replaced by
tantalum, Tantalum is similar to titaniom, being in the adjacent column of
the perlodig table, except having a heavier atomic welght. Elastic scatter-
ing theoryl can be used to caleulate the maximum backscattered energy that a
particle can have after a single elagtic collision, This energy is:

E 74 MM, ]
g, 2t
b (M1 + M)
E0 = backscdttered enargy
“Ei =  inecldent ion energy
Ml = masy of incident particle
M2 = mass of target particle

Table 2-2 shows that in the case of argon, the tantalum cathode doeg allow
single scattering events resulting in energetic backscatter. In the case of
helium, the cathode materlal makes only a small difference.

TABLE 2-2

Fraction of Incldeat Energy Retainred by a Particle
After a Single Blastic Backsecutter Event

. H, (2 AMU) He (4 AMU) Ar (40 AMU)
T4 (48 AMU) 0.85 0.72 0,01
Ta (181 AMU) 0,96 0.92 0.41

It might be suggested that the true mass of an atom bound in a crystal lattice
would be different than the free mass of the atom. This problem has been
invzrtigated by various workers, and they conclude that for the energy rtange
bEIfY 10 ke, no "effective mass” is necessary to explain the observed phenom-
ena™"., Apparently the lattice binding forces are weak enough that the free



mass of the atom con be used. Also, the eollision time, lﬁ“lﬁm is short com-
pared to o lattice vibration. Indeed, there is ava?lable an analytical instru-
ment called an "ion scattering speetrometer’ which dnvestigates the composition
of solid surfaces based on this encrgy transfer equationl?,

We end up with a model for argon pumping in which 12 or legs of the incoming
atoms can leave as neutrals with a significant fraction of their incomlng
energy. This fraction, according to Sigmund, may be doubled and the maximum
energy increased by changing to a tantalum cathode. Using an overall figure
of 1~1/2% pumped atoms per fon, we can caleulate a pumping speed of 0.08 liter/
second from the results of Table 2-1, This model, however, is very quantita-
tdve, sinece only a small fraction of the ineldent energy would still represent
an energy considerably above thermal, enabling the argon atoms to penetrate a
few atomic layers in the ancde, and be retasined long enough to become burded
by subgequent gputteting,

The enérgetie neutrals hypothesis has alse been mentioned as a mechanism for
pumplng helium. However, in view of the above digcussien and the vesults of
Table 2-2, it appears that the scattering model docs not work well for this
combination, Experimental work by Andersonld et, al, indicates that less than
1% of the energy of a bombavding helium beuw is reflected, This is explained
by the deep penetratio, and the fact thot most of the energy 1s deposited far
below the sur::i.u Replacing one titanium cathode with tantalum would be
expected to '.vs wess effeck on helium punping than it does on arpgon becauge
the model for hellum-tantalun bombardment slse indicates negligible gputtering
ratios, and only slightly emaller penetration depths. The general conclugions
derdved from the helium-titanivm madel remain unehanged.

To summarize the pumping model for these four gases, we list in Tabl - 2-3, the
gcalculated speeds based on 100% buxrial of the iong formed in the case of hydro-
gen and helium, one nitrogen molecule combining with each sputtercd titanium
atom, and 1-1/2% of the argon atoms belng pumped by emergetic backsecatter
burial. Again the ion preductien rate 1s frem Table 2-1.

TABLE 2-3

Results of Theoretlcal Pumping Speed Caculutdions

Hy e Ny Ar
Theoretical Pump Speed 1.56 1. .59 .08
2/sk-ge11-1
Percent of Nitvogen 1752 657 100% 9%
Spead
Ultek D-I Pump Data® 180% 307 100% 242

Comparing this pumpiug model with manufacturers specifications shows a good
prediction of the hydrogen/nitrogen ratio. The helium walus Zs high and argon
is low. In view of the qualitative nature of the model, however, overall
agreement 1s good. ‘



Looking again at the model of hydrogen and helium pumping by penetration in
the cathode, we do see that hydrogen penetrates deeper, Furthermore, hydrogen
1s soluble in the metal and has a very high diffusion rate. Helium, while it
penetrates deeply does not further diffuse at normal temperatures, One would
antleipate that penetration would be more efficilent and complete for a fresh
metal surface, then, as the pumping proceeded the easily available sites would
become filled causing the pumping speed to drop, and previously pumped atoms
to be re~emitted. There 1s evidence that most of th@\helium leaving the sur-
face are atoms that have been "replaced" by incoming lonsl5, This experiment
is done by exposing the surface f£irst to Hed, then clidnging to He4, and moni-
toring the products with a mass spectrometer. Thus, miking adjustments for
these differences in hydrogen and helium, it appears that cathode burial is
the most likely pumping process. When the gas load consists entirely of

these light gases, there 1s no sipnificant sputtering, and the cathodes con-
tinue to take on the gases with a slower speed as the wost available sites get
filled. Speed and total loads for hydrogen are higher because of hydrogen's
high solubility and diffusion constant. This model shows very clearly that
the similarities between hydrogen and helium (light atoms) shed more light on
the pumping process than the similarities between helium and argon (inert
atoms) .

. Many pump modifications have been suggested for better pumping of argon with

incidental comments that these modifications would also improve helium pumping.
One of these is the triode pumplﬁ. In the triode pump, an additional screen
cathode is inserted in the space between the anode and the plane c¢athode. - The
explanation for the increased argon pumping speed for this geometry lies in
the fact that the impact at the screen cathode can be a glanecing incidence.
Such a scattering evenl has a higher cross sectlon and leaves the energetic

‘neutral with more energy. In view of the above model for helium pumping, it

does not appear likely that the triode pump will significantly dncrease the
pumping speed of holium. Instead, modifications to geometry and materials
should be directed toward making the helium act more like hydrogen, i.e.,
choosing a cathode matervial with deeper penetration and higher diffusion
constants.

Tf the surface processes can be modified to pump the helium ions as efficiently
as they pump the hydrogen ions, then the model summarized Zn Table 2-3 shows
that helium pumping speed could be as high as 30 percent of the hydrogen speed,
instead of 10 percent 2s in commercial pumps. Such a pump would be expected

- to be slower pumping the heavier gases, but these are of less importance in the

Jupilter mission, Pump modifications directed toward high helium speeds and
constant helium and hydrogen speeds are discussed in Section’,



3.  SPUTTER ION PUMP TESTS

3.1 TEST OBJECTIVES

The objectives of the sputter ion pump tests were to obtaln pumping speed
data on pure pases and mixes that can he used to guantify the pump influence
on a Juplter atmogphere probe mass spectrometer, test the proposed model for
pumping these gases, and indicate any modifications that may be required to
meet the misslon goals deséeribed dn Section L. The gases and mixes used in
the tests are hydrogen, helium, nitrogen, argon, and a 90¥ hydrogen and 10
helium mixtire,

Since 1t was anticipated  that hydrogen would pump ten times faster than helium,
a speclal objective of the tests on mixes was to determine if the presence of
hydrogen affected the speed of the pump for helium, Also, since the mission is
to last less than thirty minutes, the tests stressed the speeds as function of
time, and particularly the ratio of the speeds as function of time. Speeds
were measured as function of fon pump anode voltage and grs load, TFinally,
the background residual gas spectrum was measured with and without a gas load
in order to quantify the effect of the pump on trace gas measurements in the
Jovian atmosphere,

3.2 TEST PUMP AND APPARATUS

The test pump, Figure 3-1, was a speecial £light design, first developed for
the Skylab Metabolic Mass Spectrqmeterl7. Lt 48 an eight-cell diode pump with
one titanium and one tantalum cathode, having a nomilnal pumping speed of four
£/s. Total weight including the magnet is 1.5 kg. The magnetic field at the
gap center is 1100 gauss, and the operating voltage for the Skylab applica-
tion was 4800 V. The pump represents a good departure point for the bvicogen-—
helium pumping studies. R '

The pumping speed test appararus“is shown in Figure 3-2. It is of the two-
gauge calibrated conductance typelB. It is constructed entirely of 1-1/2"
bakable stainless components.

The mass spectrometer is a Varian quadrupole gas analyzer, Model 978-1000,
having a mass range 1-100 AMU with detectible limit of 0.05 x 10~ torr for
the partial pressure of any one peak. The auxiliary vacuum system consisted
of a 20 &/¢ lon pump with sorption roughing module for initial pump-down.
Design considerations of the test apparatus can be related most easily to a
" brief description of pump speed measuring procedure.
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To measure pumplng speed, the test gas is admitted at the leak valve Vg, with
valves Vi and V4 closed. The flow into the pump, Q, is then measured by the
pressure drop across the @plibrated conductance aperture,

Vi

Q = (P - P2)C = SBy

Where P; and Py are pressures on the high and low side of the leak regpectively,
and C 18 the aperture conductance. § is the pumping speed of the pump at the
pressure Pyp. Solving for 5,

§ = (P1/Py - 1)C

This relation illustrates that knowledge of the absolute pressure is not reces-
sary since pumpilng speed 1s a function of the pressure ratio only. The rela-
tion 18 quite simple, all that is required 1s two pressure gauge measurements,
and a measure of the calibrated conductance aperture, However, in practice
certain complications arise, and the pecullarities of hydrogen and helium tend
to emphasize some of the problems, Hydrogen, because 1t is pumped to a signi-
ficant extent by the ionilzation type pressure gauges, and helium because the
gauges are relatively insensitive to it, making pressure measurements less
accurate.

The problems become most critical when testing the pump on the 90% hydrogen,
10% helium mix, ZIn this case, with the helium pumping speed low by a large
factor, the gauges belng insensitive to helium by another factor, aund the
partial pressure of helium in the mix at only 10% of the total, the tests
become very insensitive to changes in the helium pumping behavior, In order

to extract the helium pumping speed from the data in the presence of hydrogen,
the relation S = (P1/P»-1)C must be used with the helium partial presures only.
The partial pressures in the pump could be found by calibrating the mass
spectrometer, but there was no way to obtain the partial pressures on the.”
high pressure side of the aperture without a second mass spectrometer, Several
possible ways of reducing the data were studied, and it was proved that without
a second mass spectrometer it is Impossible to obtain the helium pumping speed
independently, but only as a ratio to the hydrogen pumping speed. The data
reduction technique which is most sensitive to the helium speeds, described in -
Sectdon 3.3.3, utilizes the calibrated mass spectrometer and the known concen-
trations of the sample gas in the bottle. The gauges and calibrated conductance
are not required to reduce the data on mix pumping in this way.

Because of the complications of gauge pumping of hydrogen and low sensitivity
to helium, many of the tests had to be repeated with increased emphasis on the
mass spectrometer data before meaningful results could be ebtained.

The general basis of the mechanical design of the system follows the princi-
ples deseribed in reference 18, This means that the test pump is mounted on
a side tube so that the molecules passing through the aperture must make one

‘or more wall collisions before entering the pump. This arrangement is in con-

trast to those where the aperture is mounted on the mouth of the pump allowing
streaming into the pump and giving artifically high speeds. The conductance
of this side tube must be accounted for, but it is sufficiently large that
corrections are less than 3%.



The cholce of aperture size for the ealibrated conductance represented a com-
promise in order to satlsfy all of the poals of the experiment with one appa-
ratus and avoid disassembling between runs, Anticipating seven /s hydrogen
pumping speed, four %/s nitrogen pumping speed and 0.7 2/s hellum pumping
speed, an aperture was chosen with a helium speed of about 0.25 &/s. This
aperture results in a Pp/Py pressure ratio of approximately four for helium,
40 foir nitrogen and 20 for hydrogen. A smaller aperture would glve more
accurate helium speed data with pure gas but would limit the highest allowable
pump pressure for hydrogen speed tests to the middle of the 1072 torr range.
The aperture size is found from the desired conductance by the relationld;

¢ = 11.6 (28.720M2 A

where A is the aperture area in square centimeters.
For khe 0.039 in., hole used in these tests, the exact conductance is:
| ¢ = 0.338 /s for H,
0.239 &/s for He
0.0903 /s for Ny
0.108 /s for Ar
A small additional correction fadéor can be made when the plate containing the
hole is contained in a larger tube 19, For this apparatus this correectlon is

less than 1% and so is ignored.

3.3 TEST PROCEDURE

3.3.1 Pumping Speed Tests of Helium, Nitrogen and Arpon

Before measuring the pumping speeds of the pure gases, the system was baked
overnight at 250°C with the aperture bypass valve open, the test pump on, and
the auxiliary vacuum system open to test rvegilon. The gauges were then out-
gassed, with the auxiliary vacuum pump still open. Next, gauge tracking was
tested by c¢losing ‘the auxiliary vacuum pump and leaking the test gases in one
at a time, still with the aperture bypass valve open. The_gauges were found
to read the same within 3% over the pressure range 2 x 10-7 torr to 2 x 103
torr for each gas. The aperture bypass valve was then closed, and the test
gas introduced through the leak. Gauge pumping was chzcked by monitoring the .
test gas with the mass spectrometer and turning the gauges on and off. Mass
spectrometer pumping was likewise checked by monitoring with the gauges and
turning the mass spectrometer filament on and off. No perceptible pumping of
the mass spectrometer ot gauges could be observed for the helium, nitrogen,
or argon samples.

 The tests then proceeded by noting the background pressures and pump current
with the leak valve closed., Opening the leak valve, the two pressures and the -

pump current under load were recorded. The speed was calculated by the relation
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§ = (Pp/Py -1)C using the pressures corrected for background, and using the
appropriate value for the calibrated conductance for helium, nitrogen, and
argon. To relate the pump gas load pressure gauge reading, Py to the true
presgure in torr, the manufacturers gauge correction factor was used®;
CGauge Multiplier: 6.22 for helium

1.0 for nitrogen

0.84 for argon
This was the baslc procedure used. Tests were repeated with varlous gas loads,
times, voltages, and with different processing to the pump between loads. Pro-
cessing details and results are presented in Section 4,

3.3.,2 Pumping Speed Tests on Hydrogen, Gauge Pumping

When the test procedures, used for the other gases, were used for hydrogesn, it
was discovered that the gauges did pump hydrogen to a significant degree. It
was not possible to accurately measure the pumping speed; but indirect evidence
indicated hydrogen pumping speeds of 0.5 = 1.0 £/8 by the gauges.

Gauge pumping is a well known phenomenon. Dushman?l refers to several studies
indicating that much of the pumped gas in an dondization gauge 15 collected at
the walls in glasg pauge tubes. TFurthermore, the pumping 1s more efficilent 4if
there is a thin coat of metal on the glass walls. In the appaxatus used in

these tests of course, the gauges are nude and contained directly in the metal

system. Perhaps the metal walls are the reason that significant hydrogen pump- .

ing was observed In our system while none was observed in University of Michigan
studyl where glass gauges were used.

The gauge pumping is proportional to the emission current, so one method of
reducing it, is to reduce the emission to some low value, and recalibrate the
gauges accordingly. The emission was automatically reduced, and the calibra-
tion built in, on the Varian 971-1008 controller when the higher pressure
ranges were used. Manufacturers literature on the ¢0htroller specifies:

].0-'4 torr range 30 A emission current
107 torr range 300 pA
Lower ranges 4 mA

Checking gauge pumping on the 10-5 and 1C|"4 torr ranges disclosed that these
ranges did not pump to a measurable degree. TFurther tests showed that the mass
spectrometer did not pump hydrogen, so it was decided to calibrate the mass
spectrometéer hydrogen peak helght against the gauge pressure. Thus, the fol-
lowing procedure was adopted: the high pressure side of the conductance aper-
ture was measured on the gauge P;, keeping it on the 10'5 torr range. The low
pressure pump side of the aperture was measured with the gauge szoff, using
the calibrated mass spectrometer. Pressure data for the calibration utilized
the gauge factor from the Varian literature to convert apparent gauge readings
to pressure in torr20;

Gauge Multdiplier - 2.0 for hydrogen
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With the calibrated conductance, €, of 0.338 &/s for hydrogen, the pressures,
again corrected for background, are used in the relation § = (P/Py ~1)C to
find the hydrogen pumping speed for various loads, times, voltages, and after
various procesges, Data on the masg spectrometer calibration and pumping speed
results are presented in Sectdion 4.

Another method of dealing with the problem of gauge pumping is suggested by
Dushmanl?. Although not used in the present study, it is mentioned here for
completeness., Since the gauge can be very fast responding, compared to pump-
ing time constants of the apparatus, good pressure measurements can be made

by operating the gauge very briefly and noting the value before it hag o chance
to alter the pressure by its own pumping asction, To do this, the pauge fila-
ment must be continuously heated, and the gauge turned on and off by the tube
voltages. Without applied voltages, there 4s no f£ilament emission and hence

no donization,

3,3.3  Pumping Speed Tests on 907 Hydrogen and 107 Helium

The gauge pumping that was observed for pure hydrogen was also observed when
pumping the mix, The same method was used to resolve the problem, i.e., by

calibratdng the mass spectrometer, Since the gauge measuring the pump pres=
sute had to be off because of hydrogen pumping, the mass spectrometer was E
calibrated for helium partial pressures as well.

As mentioned previously, it is not possible to obtain the pumping speed of
helium in the presence of hydrogen without an additional mass spectrometer on
the high pressure side of the conductance aperture, Since this was not
available, two methods were used to deduce the ratio of the pumping speeds
from the available data. The first method used the following logiec:

a. From the mass spectrometer readings and the calibration data, the
true pressures at the pump were determined.

b. From the assumed pumping speed for hydrogen, and the known conduc-
tance, the parv¢ial pressure of hydropgen on the upstream side of the
aperture was caleculated, )

c. With the appropriate gauge correction"factors, the reading on
the high pressure side could be separated into its hydrogen and
haelium components.

d. With helium pressures on each side of the conductauce found in
this way, the helium pumping speed can be celeulated,

Applying this method to a few test runs demonstrated that it was very insensi-
tive to changes in the pumping of helium because of the low sensitivy of the
gauge to that gas. This method was therefore abandoned in favor of the one
desceribed below.
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Assuming the known ratdio of the gases in the sample bottle, the ratio of the
hydrogen flow QHZ to the helium flow Qu, 1s gilven by:

Q P ¢ ~H, S
Hy , P 2 S,
Y Ple Che que SHe

| Wﬁere CHy and Cye In thils case ave the conductances of the lesk valve. Assum—
: ing molecular £low, and using the manufacturers ratio of the pressures of the
gases in the bottle (9.53), we have:

g P i) P "2
He _ 1 _ 2 ) 2
5 /5 He 0.0742 He
H, 9.53 VI P, 2,

Note that the calibrated conductance 1s not used in this relation, the gauges
are not used, and the aperture bypass can be open or closed.




4. TEST RESULTS

4.1  MASS SPECTROMETER CALIBRATION

The results of calibrating the quadrupole masgss spectrometer peak against the
gauge reading for hydrogen and helium is shown in Filgure 4-1. By applying
the gauge multiplier, the true pressure is shown Eor each gas. The ratio

of the calibratdons is shown in Figure 4-2, for convenlence in measuring the
ratie of the pumping speeds.

4.2  PUMPING SPEEDS-STEADY STATE

Steady state pumping speeds for hydrogen, helium, nitrogen and argon are shown
in Table 4-1. Also shown are the experimental values for the discharge inten~
gity and the pumping efficiency in atoms pumped per ion in the discharge.

TABLE 4-1

Steady State Pumping Speeds, Discharge
Intensities, and Pumping Efficiencies

Parameter Hg He No Ar
Pumping Speed /s at 1076 torr 2.9 0.6 2.1 0.4
Discharge Intensity amp-torr—l 24,6 9.71 29.5 59.7
Pumping Efficlency Molecules 0.68 0.35 0.40 0.04

fon”

With the exception of helium, these results could be reproduced with the pump
after a 16 hour bake at 250°C with the pump operating and open to the auxiliary
vacuum system. They represent a steady state speed which is achieved after
20-30 minutes. Helium, as discussed below, was more dependent on pump treat-—
ment. Comparing these results with the pumping model presented in Section 2,
shows that there is a qualitative compdarison, with the ratlos of the various
speeds being somewhat as predicted. In the model, the discharge intensity was
exactly proportional to the maximum in the ionization cross sections. Here,
we find that Jischarge intensity does Follow the cross section trends, but

the ratios are somewhat different. The model, of course does not congider

the energy distribution of the electron cloud, and the integral of the loniza-
tion cross section across this distribution, as well as other factors such as
secondary electron production.

4m1
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‘e nitrogen pumping speed Lo lower than the four /s whieh had been achieved

by this pump design when it was used with the Skylab mass spectrometer., The
normal discharge intensity for nitrogen in the Skylab appliecation was 80
A=torr™* so the low discharge intensity observed in these tests is reflected

in the low pump speed. After proeessing the pump by bake dycles, argon punp-
ing, and higher voltages, the pumping speed for nitrogen did not Lnerease, and
1t was concluded that the most likely cause for the low pumping speeds was in
the magnet, The magnet was demounted and recharged, but the speed still did
not increuse. Nonunidformity may distort the electron cloud is some way. Since
the discharge dnteusity affects ion productlon in all four gases by the same
factor, the emphasis ig thercfore placed on pumping speeds normalized to the
nitrogen value., Reducing the discharge intensity and the measured pumping speead
to atoms pumped per don in the discharge on the last line of the table shows
again that the qualdtatdve predictions are verigfied, Hydrogen ls very
effictently pumped, but helium, with its higher masgs, lower penetratdon, and
negligible diffusion is not retained as well by the surfaces under bombard-
ment. Argon pumping is somewhat higher than the model prediets, but in view

of the lack of hard data on backscatter fractlon and backscattber energy, the
agreement 1y still quite good. The pumping efficiency results show again that
argon stands alone in being very dnefficiently pumped, because of it belng
inert and having only limited penetration in the cathode, resulting in the
lowest pumping speed in spite of having the highest fonlzation eross sectilon
and diseharge intensity. The low helium pumping speed, on the other hand is
due largely to its low donization cross section and low discharge intensity.
Once the dons are formed, they are removed dinto the pump surfaces approximately
the same as nltrogen and at about one-half the rate of hydrogen., The simi-
larities in hydrogen and heldium pumping processes are quite obvious by these
results.

The helium pumping speed shown in Table 4-5 was not conslstently reproduced.
Several tests were made after the 250°C 16 hour bake only to find the helium
pumping speed as much as a factor of 2 lower than the 0.6 &/s. The discharge
intensity was consistent within 10%, indicating that the problem is in the
purial efficiency at the cathodes. The surface conditions are likely to exert
a strong influence on the hellum ion penetrvation depth. Since the highest
pumping speeds arve assumed to be associated with elean, outgassed surfaces,
the pump treatments emphasized baking, loads of arpon to sputter the cathodes,
and overvoltages. Unfortunately, consistent results could not be achieved,
indicating that more work in this area could be useful,

4,3  HELIUM AND HYDROGEN PUMPING SPEEDS, LOAD AND TIME DEPENDENCE

The pumping speeds of both hydrogen and helium always started out at a rela-
tively high value and decreased as the test progressed. According to our
theoretdeal model, this is best explained by assuming that the most easily
available sites for pumping become filled, limiting the cathode penetration
for Further pumping. According to this, it would be reasonable to plot the
punping speed as a function of the total amount of gas previously pumped.
Hydrogen and helium pumping speeds for constant pump pressure are shown in
this way in Figure 4-3. The hellum data at two different pump pressures shows
that the rate of pumping, as well as the total gas pumped, influences the

b=4
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pumping speed. The hydrogen pumping speed did net show this effect within
the pressure range 5 x 107 torr - 1 x 10~6 torr. The higher diffusion
coefficiont of the hydrogen may cause thils difference by allowing the pumped
atoms to wove out of the way more easily, making the sites near the surface
repeatedly available. :

Of more importance to the mass spectromete. application, is the ratio of the
pumping speeds as a function of time, These tests zecelved the prime emphasis,
To inerease the data rate over what could be recorded by hand, 4 strip-chart
recorder was drdven by the mass spectrometer oubput, The mass spectromater was
sat to sweap from 2 AMU to 4 AMU each ten seconds. The recorder would then
record the peak helght vatios from the instant the test gas was admitted
through the leak valve. A typical record is shown in Figure 4-4. The ratlo

of the peak heights on this strdip chart, and the ratio of the quadrupele cali-
bration factors, Figure 4-2, were ugsed to caleculate the ratio of the helium to
hydrogen pumping speeds as a function of time.

The results, shown in Flguve 4-5 indicate a very marked change in the ratio

of the pumplng speeds particularly over the first 100 seconds. This translent
pumping speed 1s caused by the extremely high initial pumping of hydrogen.

This 4nitial pumping, as mentloned in Section 2, is probably not assgecciated
with any ifonizatcion of the gas in -the discharge, but instead is related to
direet absorption of hydrogen on the pump walls., Thls strong variation of speed
with time may cause a larger calibration problem for the mass spectrometer than
the low helium pumping speed,

4.4  PUMPING SPEED VARTATION WITH VOLTAGE .

The variacions of pumping speed with voltage on the hydrogen and helium test

g.ses proved to be very difficult measurements to make. At first, the pro-

cedure for this test was adopted exactly as described for the steady state

pumping measurements. A test of pumping speed at 3.5 kV would be wmade, then

the voltapge would be raised, leaving all of the other variables, such as the .
gas flow, constant. Values would be measured every 1000 V up to 9.5 kV, the Jl
gas flow would then be stopped, and the backgrounds at 9.5 kV noted. Observ-
ing that the high voltage background was different, the pump would be returned
to 3.5 kV, where it was found that the low voltage background changed as well,
Furthermore, rechecking the pumping speed at 3.5 kV disclosed that the pumping
speed had also changed.

To rasolve this difficulty, the testing procedure was medified to take back-
ground measurements at each voltage, as well as to measure the pumping speed
at 3.5 kV after each measurement at higher voltages. The measurements were
then normalized to the speed at 3.5 kV to separate the time effects.

As shown 1n Figure 4-6, the voltage cocfficient of pumping speed is less than
5% for hydrogen and helium when the voltzge is raised from 3 kV to 9 kV. The
speed for nitrogen increases by 25% for this same voltage change. The dis-
charge intensity did not vary with voltage for hydrogen and helium, so the
punping processes at the surface (pumjiing efficiency) are apparently constant.
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Sinece the model of the electron cloud, presented in Section 2, indicates that
the charge density and hence the discharge intensity should be proportional

to voltage, the results shown in Figure 4-6 do not appear to support the model.
Jepsen20, however has shown that when the magnetle field is low, the voltage
coefficlent is less, and for a sufficlently low magnetic £ield, the pumping
speed 1s independent of voltage., This effect is apparently related to the
inability of the eleectrons to sustain a Townsend avalanche without the con-
gtraining effect of the magnetic field. Since the cross sectlons for hydrogen
and helium are lower, the mean free path between collisions is longer, requir-
ing a higher magnetic field to achleve the Townsend avalanche for these gases.
Thus, the small variation with voltage for nitrogen and the lack of variation
for hydrogen and helium may again be related to the same magnet problem that
caused the low pumping speed.

4,5 RELATING PUMP PERFORMANCES TO MASS SPECTROMETER SOURCE PRESSURE

The goal of the tests presented in this report is to examine the influence of
pump performance on the mass spectrometer source pressu¥e. In Section 1 1t was
mentioned that the effect of the pump was reduced by the factor of the differen-
tial pumping ta. o, the pump speed divided by the source conductance, With

the two gased having different pump speeds and different source conductances,
the effect becomes more involved. Note that the components of the pump test
station, Figure 3-1, are completely analagous to the components of a mass
spectrometer analyzer with a differentially pumped source. The leak, V3, is
the sample leak, the region Py, 1s the source, the aperture is the source con-—
ductance and the test pump 1s the analyzer pump. Relating source pressures

to pumping speeds therefore involves the same type of calculations shown above
to determine pumping speeds.

The flow equation For helium and hydrogen from the sample gas to the pump is
given by:

H H H H
L 2 2 A 5 2
Q, = ¢Ci P =<P fP)c =P ° S
H2 H2 1 2 H2 - T2 HZ
_ b pHe _ f.He _He) 5 _  He
Qe = Oy F o (Pl ) > CHeﬁf Py She
where
QH2 = Flow of Hy torr cc/s
CE = Sample leak conductance for Hy, cc/s
2
i
P = Sample pressure of Hp, torr
5y
Pl = Source pressure of H2, torr
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P2 = Pump pregsure of Hz, torr

8, = Pump speed for H,, ce/s

2

QHe = Flow of He torr cefs

Cﬁe = Sample leak conductance for He, ce/s
He e _

P*" = Sample pressure of He, torr

P?e = Source pressure of He, torr

He =

P2 = Pump pressure of He, torr

Sye = Pump speed for He, ce/s

Solving For the ratio of the partial pressures in the source, and elimlnating
the pressure at the pump, we have

S
cH2

P2 ) o 5y
Plfe pie cfie
1 4 e

He

Where Cg and Cﬁz are source conductance for helium and hydrogen respectivaly.

Thus the ratio of the pressures in the source is the same as the ratio in the
sample gas, except corrected by the factor (L + C/8).

Assuming the source conductances for hydrogen and helium of 224 cc/s and 158
ce/s from the Skylab mass spectrometer source, the ratilo of these corrvection
factors is shown in Figure 4-7 for the range of pump speeds observed in the
tests. From this figure we see that for a 1% precise measurement in the hydro-
gen/helium ratio, the speed for both gases must remain constant,; or they must
move together. The typical situation observed in the tests was that the
helium speed would change more slowly, thus only partiully offsetting the
approximately 3% error caused by the hydrogen speed change from 5 &/s to

3 2/s. The hellum speed, however, as discussed in Section 4.3 was not very
repeatable from day to day. Without calibration, the uncertainty of helium
speed could cause a ratio error of 10%Z or more in the source.
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4,6  BACKGROUND GAS AND MEMORY EFTECTS

The background and memory measurements were performed after a 16 hour 300°C
bakeout. The bakeout temperature was limlted by the mass spectrometer analyzer
tube. With the auxiliary vaeuum system shut off, and the bypass valve closed,
the backgrovnd spectrum at the pump was recorded over the mass range 2-52 AMU,
Next, the hydrogen-helium sample mix was admitted to a pump current level of
100 wA and the entlre spectrum was recorded again. The results are shown in
Table 4-2.

Since the bakeout temperature was limlted by the mass spectrometer tube, the
ultimate pressure for these tests was 3.7 x 107 torr. Increased temperatures
and longer bakes would result in lower pressures, but these tests glve a good
measure of pump memory effects by comparing the spectra with and without gas
load. If a gas did not increase with sample gas load, it was assumed it was

a background gas assoclated wilth the system as a whole, and not necessarily
generated in the pump. Such gases could certainly limit the detection of some
of the trace constituents, but it is assumed that with dimproved pump processing,
these gases could be reduced to a low pressure, enabling sensitive measurements
to be made.

When a gas level increased with sample load, it was assumed that elther the- gas
wag being formed by interactions in the pump or it was being re-emltted, having
been buried during some previous pumping history. It was impossible to separate
these effects to know if additional pump processing could reduce the partial
pressures, The only indication we could go by was the degree to which the
partial pressures increased. IE they increased a great deal, it is assumed

that the sample gas 1s reacting in the pump or in the mass spectrometér source
and forming new gases, If the pas increased only slightly, it was assumed that
the gas is likely to be a memory of a previously pumped specie and that improved
processing will likely reduce the effect. Lo

Two gases stand alone as being definitely farmﬁd with the gas load. They are at
'3 AMU, H3, and 5 AMU. Under normal sample load the 3 AMU H% was evolved with a
partial pressure of 6 x 10~8 torr and the 5 AMU gas showed % x 10-9 torr, appro-
ximately 1000 and 100 times higher than background respectively. These pro-
ducts will cause an interference in measurements of the Jovian atmosphere at
about the 6 x 10~4 level and 2 x 10~3 level. The gas at 5 AMU is not mentioned
by Kennedyl as an lmportant species on Jupiter, but 3 AMU 1s expected, due to
He3 and HD, at a total mixing level of 10-4, With the pump product measured
here, this particular level on Jupiter will be difficult ox impossible to measure.
measure.

Other gases evolved by the pump to a significant degree are shown in Table 4-3.
They are classified as gases whose partial pressure increased by a factor of
10 or more when the sample gas was Introduced.

The gas found at 17 AMU is possibly NH4. This gas forms clouds at the 1 bar
level in the Jovian atmosphere. The level of the gas from the pump found in
these tests will cause a severe interference with this measurement. Since

28 AMU is a strong background due to testing the pump with nitrogen, it is
likely that the previously pumped nitrogen is influencing the formation of WH,.
One goal of future tests should be to determine if excluding nitrogen from the
pump from its initial fabrication would limit the formation of the gas at 17
M . - .
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Mass AMU

Total Pressure

TABLE 4-2

Background and Memory Spectra
Peak Height with 10% He,
Bzekground Peak Helght 90% He Gas Load at I=100upA

12 12

150 x 10° 7000 x 107 °° A
0.15 130.0
12,0 720.0
<0.03 5.0
0.03 0.03
1.0 2.0
0.15 1.5
32.0 35,0
2.0 20.0
4.0 40,0
3.0 35.0
6.5 52.0
0.4 3.0
6.0 - 10.0
0.12 0.2
0.03 0.15
0.1 0.45
0.7 3.0
2.0 7.0
400.0 400.0
5.0 50.0
1.0 2.0
7.0 5.0
<0.03 0.3
0.03 0.4
0.25 0.45
1.0 3.0
0.1 0.4
0.25 1.2
0.1 1.0
25.0 35.0
0.3 3.5
0.1 0.7
0.08 0.7
1.2 2.0
- 0.1
- . 0.1
3.4 x 10“7 tore 5 % 10'6 torr
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TABLE 4-3

Gases From the Loaded Pump With
Pressure x 10 Above Background

~ Mixing Ratio Anticipated Jupiter

AMU in Source Mixing Level

13 6 x 1070 -

15 1x 107 -

16 2 x 107 7 % 1074 (cH,)
17 1x 1074 7% 107 to 2 x 107% ()
29 2 x 107 -

34 2 % 1070 4% 1077 (PH,)
39 5 % 1070 -

41 1 x 1072 -

4.7  SUMMARY OF TEST RESULIS

The test results generally support the pumping model proposed in Section 2.
Both hydrogen and helium are apparently pumped primarily by cathode burial,
Hydrogen is pumped from five times to ten times faster than helium. A factor
of three is accounted for by the ionization cross section difference, and is
reflected in the discharge intensity. 7The rest of the difference is accounted
for by the mass ratio, chemlcal activity differences and diffusion constants,
Helium does not penetrate as deeply, combine chemically or diffuse farther in.

Some of the initially high hydrogen pumping can be explained by absorption
from the vapor phase, causing marked time dependence for a few hundred secconds
when admitting hydrogen to a fresh pump. Longer term decreases in pumping
speeds of both hydrogen and helium are apparently assoclated with a loading
of the cathodes within the volume that can be reached by the penetrating ions.

The argon model and pumping tests indlcate an entlrely different pumping
mechanism for that gas, indicating that modifications which improve argon per-
formance may have little effect on helium performance.

Even though the hydrogen pumping speed is high compared to nitrogen, the molec-
ular conductance of the source is also 3,7 times higher, 50 the differential
pumping factor is down. The large initial changes in hydrogen speeds are
therefore reflected in the source pressure changes of 2-3% over the first few
minutes of gample pumping.

The pump memory effects can be categorized as background gases which do not
change with load, and evolved gases which increase with sample load. The back-
ground gases may be reduced by processing, but the evolved gases represent a
serious source of error. Gases at 3 AMU and 17 AMU (H+ and NH?) were found to
be created in the pump or mass spectrometer source at 16vels well above the
anticipated mixing level in the Jovian atmosphere, Possibly excluding nitrogen
from ever being pumped by the test pump would reduce the 17 AMU peak.
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5. CONCLUSIONS AND RECOMMENDATIONS

The tests presented here demonstrate that the four liter per second flight
sputter don pump can be used to maintain the vacoum for the Jovian atmospherie
entry mass spectrometer probe. It will pump the gas loads required for the
mission without indication of instability or overloading. The special charec-
teristics of hydrogen and helium, however, would not allow the pump to achleve

a 100:1 differential pumping ratio which would be required to reduece the effects

of the test pump on the source partial pressure to below 1 percent, The
differential pumping ratic is affected by the high conductivity of the source
for the light molecules as well as the limited speed of the pump for helium.

If the pumping of hydrogen and helium is stable, constant, or predictable
even at a low speed, the instrument could still be calibrated fo¥ a 1 percent
measurement. However, the hydrogen punping speed showed short term changes
sufficient to cause 3 percent source pressure error, and the helium pumping
speed showed variations from one turn on to the next that would cause even
greater errors., Additional attention to processing and cleaning the pump
would very likely alleviate the helium pumping veriabllity to a great extent.
The short-term hydrogen changes, on the other hand, are apparently fundamental
to the pumping processes that occur when the gas is admitted to a fresh pump.
Tt is doubtful that either of these effects could be sufficiently predictable
that the helium/hydrogen ratio could be measured to 1 percent after a long
space Flight.

Background, memory, and formation of species in the pump have serious conse-
quences on the ability of the instrument to measure trace constituents on the
Jovian mission. The large number of gases found in the pump would likely only
be partially reduced by additional attentilon to processing,

One way to. achlieve many of the mission goals with a pump of this type is by
utilizing a calibration gas sample in f£light., 2y switching from a 90 percent
hydrogen~10 percent helium calibration gas to the Jovian atmosphere, several
advantages would be gained. First, the turn-~on helium speed could be deter-
mined, and the pump could be run long enough to get past the dinitial large
changes in hydrogen pumping speed. In addition, a baseline spectrum could be
determined, and used to subtract the memory and background gases., The test
results shown in Section 4 demonstrate that a gas load is necessary to obtain
a meaningful baseline spectrum., The no lead background is not sufficient.

Some o the higher level background and memory species would cause sérious
error .n the trace measurements even with a calibrating gas baseline measure-
ment. . To limit these, careful attention must be pald to pump fabrication and
procrising., One of the most serious memory gases, from the standpoint of
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mission gouls, is at 17 amu, possibly ommonio. If this gas 1s ammonia, 1t
could be reduced by Limiting the pump's total exposure bo nitrogen, High
temperature bokeout of the pump parts and the pump after fabrication should
reduce baekgrounds, but the final bake of the fabricated instrument will be
1imited by the electron multiplier und the voltage feedthroughs, Cholce of
components which allow a higher temperature £inal bakeout will be important
in the reduction of the background and memory effects.

Tn addition to the ealibration gus and pump and instrument fabriecation, some
improvement could be made by modifications to the pump and to the source.
First, the fon source should be designed with the lowest reasonable conduc-
tance, Assuming a factor can be gained there; we can turn to the pump design
for changes which can further increase the differential pumping. The pump
could be modified in its structure to achieve a higher discharge intensity,

and 1t could be modiffed in materials of construetion to achleve more efficient
pumping of the ifons, and to limit production of memory and background gases,

The geometry, as discussed in_Seetion 2, could be changed to increase pumping
speed in the 10-6 torr to 10~ torr rangs at the sacrifice of pumping at lower
pressures. This change would involve the use of more and smaller cells.
Combinations of large and small cells could alse be studied; te retain some
pumping at the lowest pressures, These changes, together with correcting the
mys st problom mentioned in Section 4, could increase the helium speed to

al .yl 1.5 liters per second.

Attention to pump materials should be focused principally om the pumping of
helium and on limiting the production of memory gases. Cathode materials
which enable the helium to penetrate and diffuse should be studied, but such
efforts might have only limited effect, since the present cathode materials
allow deep penetration of the helium. Other materials which allow deeper
penetration, such as carbon are unsultable for other reasons.

One form that cathodes might take would Le a thin metal coating on a glass or
ceramic substrate. The metal would be required to maintain the potentials,
‘but sufficiently thin so the helium atoms can penetrate into the glass where
they can be burled or diffused. '

Pump modifications directed at helium pumping speeds might deteriorate the
speed of the pump for hydrogen and active gases. For this reason, a supple—~
mental sublimation pump should be studied to retain the hydrogen performance.
Proper design could alse reduce or eliminate some of the pump memory by
continually furnishing new surfaces and burying these undesired products.,
With a supplemental pump to handle hydrogen and active gases, the 100:1 dif-
ferential pumping ratio could probably be achieved for all goses but helium.
A workable design might feature a small fion pump for the helium at the center
of a sublimation pump for the active gases.
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In conclusion, even with each of the suggestions for pump modifications
furnishing on improvement in the differential pumping ratio, the ratile will
not approach the desired 100:1 figure with fon pumping alone. Thercefore,
future efforts should be directed primarily at pedveing the wewory and back-
ground gas, than at improving the differential pumping ratio,: In=~flight
calibration gas runs will very likely be the only way to achleve a 1 percent
precise measurement of the hydrogen to hellum ratio, Sinee the pump speel-
fications depend in this way on the overall instrument, and the way in which
the experiment is performed, speclfic reconmendations for future studles are
not approprlate at the present time. When the misgion 1s further defined by
the Prineipal Investigator, the results presented here ean be used as the
basis for developing a practical pump for the mass spectrometer probe.
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