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WIND TUNNEL MASS SPECTROMETER DESIGN STUDY

By J. E. Hueser and P. Fowler
National Research Corporation

(A Subsidiary of Cabot Corporation)

SUMMARY

This study evaluates the design parameters of a
sampling probe which is to measure the free stream gas
composition in a hypersonic wind tunnel. Using a free ex-
pansion of the hypersonic continuum tunnel flow, a series of
sampling inlet-pumping stages are evaluated. Mass analysis
is ‘carried out with a quadrupole mass spectrometer employing
a crossed electron beam, molecular beam ion source and an
off-axis electron multiplier. The spatial distribution of
the sampled molecular flux and the pumping requirements are
evaluated for varying inlet conditions of gas density and flow
velocity. The signal-to-noise ratio of the molecular beam
formed by this series of coaxial inlets is also determined. It
is concluded that the signal-to-noise ratio of the unscattered
flux is sufficiently high (¥ 50) that an unambiguous determina-
tion of the beam composition and therefore, of the free stream
gas properties can be made. The magnitude of the detected
signal is sufficiently high that measurement of trace con-
stituents two orders of magnitude below the primary beam

signal can be made.

The pumping requirements and the performance characteris-
tics of titanium sublimation sources, using 77°K condensing

surfaces, are evaluated for use with the sampling probe. For



an assumed capture coefficient of 0.4 for hydrogen on
titanium,sublimation pumps can handle the gas load in the
expansion chambers of the compound (at least four stages)
inlet system except for Mach numbers greater than = 10.
The possibility and advantages of using compound pumping
systems consisting of LHe cryopumping and cryogettering,
considering a cryosubstrate temperature of 20°K, are also

discussed.

In conclusion, this analysis shows that the maximum
inlet density to the free-molecular inlet stage of the
sampling system is approximately 7.5 x 1015 cm™3 at a
temperature of 120°K ( ® 0.1 Torr). This upper limit
is imposed by both the minimum dimensions of the inlet and
the maximum pumping efficiency. The limitation in the total
sampling system performance is determined by the pumping

speed required in the continuum sampling stage.

1. INTRODUCTION

The purpose of this study is to investigate the design
of an instrument to measure the density and cbmposition in
the free stream flow of a hypersonic wind tunnel. The
diagnostic benefits of such a probe are twofold in that it
allows an optimization of source nozzle parameters and permits
a direct measurement of the free stream gas kinetic properties.
The large static pressure and mass flow rate both exclude the
possibility of using remote instrumentation tubulated into

the tunnel. The approach required is to introduce the sampler



probe and associated detector directly into the tunnel in
such a way that it perturbs the tunnel flow as little as
possible so that direct correlation is maintained between
the sampled gas flow and free stream gas flow. Shock
formation must be avoided since it would obliterate the
correlation between the sampled and free stream composition
due to dissociation or synthesis of molecules. The approach
to the problem is to choose the appropriate inlet and pumping
stages to reduce the hypersonic continuum flow, by means of
a series of expansion chambers, to supersonic free molecular
flow for subsequent mass spectrometer analysis of the
component gases. The general requirement of each successive
inlet stage is to choose the minimum geometrical dimensions
consistent with the preservation of hypersonic or supersonic
flow and provide for pumping the high molecular flux which
is stripped from the total flow and results in a molecular

beam formed by the series of coaxial inlets.

2. STATEMENT OF THE PROBLEM

The general requirement of the sampling system is to
extract a specimen of the high pressure'hypersonic tunnel
flow and by pumping the expanded portion of the flow while
admitting the central core of the flow into successive ex-
pansion chambers, inlet—pumping stages, to reduce the mole-
cular density in the resulting molecular beam to a level which

can be analyzed by means of a quadrupole mass spectrometer.



In order for the composition analysis derived from the mass
spectrometer measurements to retain a correlation with the
free stream composition, the pumping system in the expansion
chambers must reduce the background density to a negligible
level with respect to the molecular beam density. Since this
signal-to-noise ratio is a function of the flow velocity,

the analysis requires an evaluation of the sampled gas flux
distribution to estimate both the beam density and the
pumping efficiency of this non-equilibrium flow.

The requirement for high pumping capacity in a con-
strained geometry necessitates the maximum utilization of
the available sampler probe wall surface area. Because of
conductance limitations,attached or tubulated pumps such as
ion or diffusion pumps cannot compete with surface pumping,
either cryopumping or sorption pumping. Sirnce hydrogen is
one of the main constituents of the'combustion chamber
reactions, the cryosurface tempefature of an anticipated
cryopumped system must be maintained at the minimum practicable
limit to keep the background hydrogen partial pressure at a
reasonable level. Taking this limit to be 4.2°K, the tempera-
ture of free boiling liquid helium, the equilibrium hydrogen
vapor pressure would be approximately 4 x 10”7 Torr, which
is the same order of magnitude as the anticipated molecular
beam density at the ion source. Since this would result in
an unacceptable §S/N ratio, additional methods of pumping
the hydrogen must be evaluated, at least in the ion source

chamber. Sorption pumping, specifically cryogenic titanium



sublimation pumping, may be used for the removal of hydrogen

in the expansion stages of the compdund inlet system. Pumping
of other gases expected to be present, such as 'N,, O0,, CO,,
CO, and H,0 1is readily accomplished with this system although
the use of the probe in tunnels with a large methane component
may present difficulties due to the generally low capture
coefficient for that gas. Cryogenic getter pumping is the
primary pumping mechanism although the possibility of a
compound system consisting of both cryopumping in the higher
pressure stages together with cryogettering in the low pressure
stage may be more satisfactory.

A schematic representation of the sampling probe is
shown in Figure 1. The first stage inlet, a hypersonic
continuum inlet, has not been specifically evaluated. It
has however been assumed that the flow through this sampling
stage (either a single or compound stage) remains hypersonic
and that sufficient pumping is available to accomplish this.
In analogy to a skimmer sampling of a free jet expansion,
the next stage is a near free molecular sampling inlet.
Although the two are analogous in concept, they are not the
same since the free jet expansion is from a stagnation region
while the first stage in this case is an expansion of a sampled
hypersonic flow region. For this reason, neither the functional
dependence of the flow velocity (Mach number) nor the free
stream density with distance behind the inlet are known exactly.
However, it is safe to assume that the free stream density
is lower and the Mach number higher at the inlet to the

following stage. From the near free molecular flow inlet
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(the mean free path is equal to the inlet diameter), the
flow parameters are analyzed in detail using a range of
Mach numbers (6-15) and a maximum molecular density of

7.5 x 1015 em™3. From this parametric analysis, the
maximum inlet density at a given Mach number which can be
handled by the interstage pumping systems can be arrived at.
These results when coupled with the analysis of the flow
field behind the hypersonic inlet will permit an estimate

of the maximum tunnel density which can be handled by the

entire probe system.

3. GAS-SURFACE INTERACTION PARAMETERS

The evaluation of the sorption pumping mechanism re-
quires that values be assigned to the physical parameters
controlling the gas-surface interactions. In the case of
an effusive gas stream entering the pumping region, these
parameters have been experimentally determined for a variety
of gas-surface combinations and the assumption of complete
energy accommodation and a diffuse scattering distribution
is generally valid. On the other hand, the understanding
of the interaction of a supersonic beam with the pumping
surface is incomplete and the justification for an assumed
energy accommodation and scattered spatial distribution depends
on the gas—surface pair to be considered and the interaction
parameters involved. The choice of the hydrogen-titanium

system is appropriate to this investigation since H, will



be one of the predominant gases in the tunnel flow and will
also be one of the most difficult to pump. The results will
therefore, reflect this worst case choice. Titanium is
chosen as the sublimation material primarily because there
is more data available for it than others. This does not

rule out the use of other materials such as Mo or Ta.

A set of general gas surface interaction characteristics
which apply to supersonic beams (0 < E; < 20 eV) have been
discussed by Stickney (ref. l1). These interaction characteris-
tics, represented shcematically in Figure 2, help to specify
the average energy and the spatial distribution of reflected
molecules for é,given set of boundary conditions and are as
follows: | '

1. 3 ¢rmax/3 Tg > 0 if the molecular beam has a
Maxwellian velocity distribution. (If the beam is mono-
energetic, then the corresponding characteristic is

3 ¢rmax/8 Ui >0 or »3 ¢rﬁax/ 3 E; > 0).

2. 3 ¢ /3 T < 0 if the composition and structure
Imax s —

of the target surface do not vary with Tg.

3.8 ¢y /3 ¢, > 0.

4. 3 ¢rmax/8 mg < 0 when ¢rmax ¢; (i.e., subspecular
scattering), whereasA ) ¢rmax/8 mg > 0 when Srmax ¢4
(i.e., supraspecular scattering).* .

5. The dispersion or half-width of a scattering pattern

increases with the energy of adsorption and/or with mg, the

*
molecular mass.



=1

mg, Tg, a, K
mg = Gas Molecular Mass
m = Solid Surface Molecular Mass
Tg = Gas Temperature
Tg = Surface Temperature
u = Incident Gas Velocity
= Energy Accommodation Coefficient
= Capture Coefficient
¢i = Angle of Incidence
I = Angle of Reflection
¢rmax= Angle of Maximum Reflected Flux.

Figure 2

Representation of a Typical Gas-Surface Interaction



6. Supraspecular patterns (i.e., ¢y ¢;) are most

max
likely to occur when both of the following conditions are met:

(a) Tg > Ty and (b) by << 90°.

7. Nondiffuse or lobular scattering is most likely to
occur from target surfaces that are both smooth and free of

gross contamination.

8. The dispersion or half-width for nondiffuse scattering
is greater for the in-plane pattern than for the out-of-plane
pattern. (That is, the probability is low that molecules
will be scattered out of the plane defined by the incident
beam and the target normal).

In the computation of pumping performance, the followiﬁg

must be specified:

1. The energy and angular dependence of the accommodation

() and capture (k) coefficients

2. The dependence of o and «k on surface parameters

such as temperature, gas coverage, homogeniety and roughness

3. The effect of surface parameters on deposition rate,
diffusion rate, and pressure

Since the sorption process (pumping) is a combination of
physisorption, chemisorption, and bulk diffusion, the problem
of specifying the energy accommodation (potential scattering
of an incoming gas molecule with the crystal lattice) or the

capture coefficient (a combination of the adsorption-desorption

*Although it appears that the scattering pattern depends
both on mg and on the adsorption energy it is difficult to deter-
mine the effects of each individually because both change when we
select a different beam gas. Hence, characteristics 4 and 5 are
not as definite or as general as 1, 2 and 3.

10



processes) is difficult to accomplish theoretically and

since the necessay experimental data is not available, cer-
tain of the parameters must be inferred from the effusive
source data together with general characteristics of the
supersonic beam data. The parameters which are left un-
specified will be evaluated over a range of values of the
other parameters and conclusions can be drawn concerning the
validity of the results. For example, a parametric survey of
the inlet conditions (density, speed ratio, and gas temperature)
in terms of the required pressure drop from one inlet stage
to the next will require a certain capture coefficient for
the pumping surface. If the calculated value required for
the necessary pressure drop is greater than the experimental
value for an effusive source, then the inlet conditions are
excessive. In this manner, a set of inlet conditions (within
a range of uncertainty) which are maximized with respect to

plaqsible values of unknown parameters can be established.

The general interaction characteristics discussed above
together with the experimental data of Brown et al. (ref. 2)
and Caldwell et al. (ref. 3) indicate, for the conditions to
be met in this feasibility analysis, that the energy accommoda-
tion coefficient is nearly unity and therefore, the assumption
will be made that the flux scattered from the titanium pumping
surfaces is diffuse and distributed as a Maxwellian gas with
a temperature characteristic of the sublimation pump substrate

temperature. Additional support for this assumption is the

11



fact that titanium evaporated.onto a 77°K surface has a
poorly defined crystal structure indicating a rather rough
surface. With substrate temperatures of 77°K there will
also be formed cryodeposits of condensible gases such as

H,O0 and CO, which also produce a porous, rough surface.
As discussed in refs. 1, 2 and 3, these effects tend to pro-

duce diffuse reflected flux distributions.

The data of Clausing (ref. 4), Moody (ref. 5), Elsworth,
et al. (ref. 6) and Kindall (ref. 7), present the pertinent
variables controlling the capture coefficient of H, on
Ti. Although there are differences concerning the capture
coefficient as related to various film preparation and measure-
ment procedures, the data is consistent concerning the functional
dependence of the capture coefficient with temperature and gas
coverage. These data are presented in Table I and Figure 3.
None of these data are molecular beam measurements, although
Moody's data is a close approximation and is perhaps more
reliable since he makes an attempt to measure the flux directly
leaving the surfaces. It can also be concluded that during
continuous evaporation hydrogen is removed from the gas phase
on a one-to-one basis and therefore is probably chemisorbed
as TiH,, since the process is non-reversible upon warming
up the substrate. However, there is some discrepency con-
cerning the magnitude of the capture coefficient as a function
of temperature. As can be seen from Table I, the data dis-
agree by about a factor of 10. Since it is difficult to
correct the data for desorption processes (both from the

evaporator and the chamber) under continuous evaporation

12
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VARIATION OF H,

TABLE I

~

CAPTURE COEFFICIENT

Substrate Substrate
at Room Temperature at ¥ 77°K
Continuous Batch Continuous Batch
Evaporation | Evaporation | Evaporation| Evaporation Ref.
0.07 0.05 0.14 0.24 4
0.12 ———— - -——- 5
———- 0.011 -——- 0.23 6
——— 0.05 - 0.45 7

14




conditions, there remains some uncertainty in the value of
the capture coefficient. It can be assumed with confidence,
however, that the lower limit for the capture coefficient of
the diffuse scattered flus is greater than 0.1.

Other points of interest concerning the magntidue of
the capture coefficient of batch deposited films are: 1)
the value of «k increases with Ti deposition rate 2) «
is significantly higher (®0.8) when the Ti film is deposited
in the presence of a few microns of an inert gas (see ref.
4 and 7). If this increased capture coefficient results from
increased background density, then « will be higher for in-
creased gas incidence rates. 3) the pre-adsorption of certain
gases such as N, and O, have a poisoning effect on «
for H; 4) «x will undoubtedly be a function of the in-
cident velocity. However, the energy of the beams considered
in this study is < 1 eV and since it has been shown that
the accommodation coefficient is =z 1 in this case, it is
expected that the effective capture coefficient would not be

changed drastically.

Because the size of the sampling probe limits the avail-
able pumping area, the appropriate operating conditions for
the sorption pumps would be a continuously evaporated Ti
film on a 77°K substrate. The evaporators would be placed
such that the Ti deposition rate favors those areas where
the incident flux is highest (more will be said about this
is a later section). Care should be taken to minimize both
the heat flux from and the desorption rate of the evaporating
surfaces. Based on Moody's data, it will be assumed that the
capture coefficient is constant for molecular incidence ;ates
< Ti evaporation rates.

15



4. FLUX DISTRIBUTION AND PUMPING:- ANALYSIS

Since the exact conditions at the free molecular inlet
-are not known, general expressions for the flux distribution
of the supersonic flow must be developed. Using an equili-
brium gas analysis as a basis for comparison, a parametric
set of solutions with varying inlet conditiohs for the spatial
distribution of a supersonic inlet sampling system can be de-
rived. From these distributions, conclusions can be drawn
concerning the titanium sublimation pumping required to handle
the total gas molecular incidence rate as a function of flow
parameters in the various stages of the compound inlet, mole-
cular beam forming sampling probe. Provided that the signal-
to-noise ratio is high, information on the properties of the
gas in the free stream tunnel flow can be derived from measure-
ments of the beam of neutral molecules which pass directly
through the sampling probe. Scattering events, either with
other molecules or the wall, have two effects; they reduce
the signal and combine to produce noise. S/N ratio calcula-
tions at the ion source therefore, predict the efficiency of
the sampling process as well as the magnitude of the signal

presented to the mass spectrometer for composition analysis.

4.1 Equilibrium Gas Analysis

For comparison purposes, analysis of the sublimation
pumping of an equilibrium gas at room temperature may be in-

vestigated. Consider the following geometry

16



The flux (Fo) entering the spherical volume is

n, v, A
F, = 1 molecules/sec (4-1)
where
n, = Free molecular inlet density
50 = Average thermal molecular speed of the gas

outside the cavity

A = Inlet area.

If A, is considered a point source, the number of molecules
which pass through A, and collide with unit area (ds;)

in unit time are

17



A n, cos¢ dw - —
dv_ (ds;) = —> vi @ 2 av .
P v 3 n¥2
m 0
A, n, Go
= g cos¢ dw

A, ny v, ds;
am

92

’ ds;
dv_ (ds;) = F, . (4-2)
B T2 '

i

If the capture coefficient of ds; is «;, then the

number of molecules leaving ds; per unit time are

dFy = dvp (ds;) [1 - k1] . (4-3)

If it is assumed that the reflected flux (dF]) is diffuse,
then the number of molecules leaving ds; and impinging on
another element of area (ds,) per unit time is

dw1

dvg (dsp) = dF] cosB — (4-4)

where £ 1is the angle between the surface normal of ds;

and dml- This can also be written as

18



d52

dvg (dsp;) = dv, (ds;) (1 - «,)
P 2
e
dSl dSZ
= F (1 - x;) _— . (4-5)
m2 w2

However, the diffuse reflected flux incident on ds, can come
from any surface element of the spherical surface. Thus, the

total amount of once reflected flux incident on ds, is

ds; ds;
vg (dsy) = F (L - xy)
me2 me2
s
or
. d52
Vg (dsp) = F, (1 - k1) — . - (4-6)
X
1f the capture coefficient of ds, is «,, then the
flux leaving ds, and incident on dss3 1is
d53
dv, (ds3) = vy (dsy) (1 - xp) —-
me2
d52 dS3 ,
=F_, (1L - k) (1 - kp) — —— . (4-7)
° w2 w2

19



The integrated, twice reflected flux incident on dsi 1is

dS3
\)S (dS3) = FO (1 - Kl) (l - Kz) —_— . (4"8)
T2

However, the total scattered flux incident on ds; must also
include the singly reflected flux. Therefore, the total
scattered flux incident on ds; becomes

(vg) .. (dsj) v, (dsp) + v, (ds3)

T s

dS3 ’
FO (L - K‘l) — l\+ (1 - KZ) . (4-9)
: X ’

If this reasoning is continued, the total (up to n reflections)

scattered flux incident on unit area ds ' is

(vg), (ds) = F, (~;L-|<1)di2 1+ (1-kp) +

5T TR

(1 - k) (1 - k3) +——f+ (1 - «y)

—=m= (1= k) .V (4-10)

If it is assumed that the capture coefficient is independent

of the number of surface collisions, k] = Ky = -== =K and

n

20



S (ds) = F, 38 {(1 - «) + (1 - «)2 + —=o—n + (1 - )"

we2

(4-11)
Besides this multiply reflected flux incident on ds there
is also a component of primary flux. Therefore, the total
collision frequency on ds is
Vo (ds) = dvp (ds) + (\)S)T (ds)
- ds 2
= F, 1+ (1 - k) + (1 =-«k)2 + ——== +
mL?
(1 - K)“} . (4-12)
The infinite series converges
F 1-0" —» 2, (4-13)
n=o K
Therefore,
vy @s) = F, L& 2. (4-14)
2 K
ml

If the total incident flux on the spherical surface (Ag) is

desired, Vo (ds) can be integrated; the result being

21



£ a (4-15)

where v, 1is the flux collision frequency per unit area

on A .
[o]

If A, << A_, the molecular flux leaving the spherical

cavity can be neglected and

i 1, (=220 0, (4-16)

where n; and Gi are the molecular density and average
velocity inside the cavity. If the temperature of the gas

is the same inside and outside,

ng = —p— (4-17)

As an example, assume that the sphere is 6 inches in diameter
with a continuously operating sublimator evaporating titanium
onto Ag. Assume also that

n, = 1013 cm™? (approximately 3 x 10~“ Torr)
Ao = 4.9 x 107" cm? (4, = .025 cm)
A, = 7.3 x 10?2 cm?.

22



n, = 6.7 x 107 cm 3 (* 2 x 10”2 Torr) .

This is equivalent to a pumping speed

C (n, - ni) = 5, n,
or
. nO
S = C o (ni << no) (4-18)
i
However,
\70
C = T Ao (4~-19)
and
v A n G.
sp =222« (4-20)
1 .

which for H, at room temperature is
S) = 3.25 x 103 liters/sec.

The pumping speed per unit area is therefore

S
i 4.5 liters/sec - cm? (4-21)
S .

23



which is about % the value reported in the literature (for
example see refs. 6 and 8). If it is assumed that each

evaporated titanium atom can capture a gas molecule at the

surface (As), and since Vvp K = Vo ig, the evaporation rate

must be As

(o}
Ti atoms/sec | (4-22)

3.9 x 10'% atoms/sec

or

3.1 x 10°% gm/sec. (4-23)

E.
!

Ti

These results assume that both the molecular flux and the
evaporated titanium are distributed uniformly over Al. If «
is high (approaching 1) or the incident primary flux is not
uniformly distributed, one must take account of the flux dis-
tribution. This is, in fact, the situation for a supersonic
stream of molecules entering the cavity and is the case to be
considered below.

4.2 Supersonic Flow Analysis

Assume, as before, that the flux is entering a sphere
through a small orifice but that now it is a supersonic beam

traveling with directed velocity U. The interior of the

24



sphere is continuously coated with Ti and the value of

n; for various n, and U is to be established.

The flux density of molecules traveling at Vv within
dv into solid angle dw at an angle ¢ with respect to the

axis is

25



dF1 (v, ¢) 43
% =n v f (v) dv' cos¢ dw (4-24)
o (o]

where do = sin¢ d¢ d8 and v' is the relative velocity

of the molecules with respect to the sampling probe. A/

will again be treated as a point source. Since

v2
N -V
viE0+vand £(v) T —F— @ vy? i
m
and using the transformation variables
> o - 6
V=Y and 8= _—
v v
m m
the flux density can be expressed as
dF; (¢) n v cosé duw ®
A = v3 exp - [V2 - 2vs cos¢ + S2| av.
o 12
o)

(4-25)

After the V integration, this becomes

26



-s2 . -S25in2¢
(1 + S2 cos?2¢) + E}

o}

dF; (¢) n,ov cos¢ dw 63

A, , 2 73
3 )
/S cosp |5+ s2 cosz¢J 11 + erf (S cosé) . (4-26)
Now assuming S2 > 10 and recalling that v, = 153 v, eq.
(4-26) can be approximated as
- —a2ain2
dF; (¢) n_ v cos¢ dw S%sin®¢ 3
= 2 e S cos¢ [~ + 52 coszcb]-
A —_— : 2
o 4 /7
[1 + erf (S cos¢)} . (4-27)
For axial dw [dw = Qﬁ} this becomes
QZ

A, 27

dF;(0) n_v_ dw '
T 2s (%+SZ]

27



or

dF, (0) = F [i . sz] ds ; (4-28)
(o] 2 _"22

For non-zero ¢, it is clear that the 63-8281n2¢
term will dominate the flux distribution and therefore,the
majority of the flux will be concentrated along the axis.
If, as in the equilibrium situation, the collision frequency
on an elemental surface area is investigated, some insight
into the pumping problem can be gained. The primary flux

collision frequency at ds; can be expressed as

. - -stin2¢
dF; (¢) = dvp(dsl) =n, Ao U cos?3¢ e

dSl'

[1 + erf (s cos¢)] [% + 82 cosz¢] . (4-29)

21 R2

-S25in?¢ [

dvp(dsl) = n_ A U cos¢ e 1 + erf (s COS¢)]

dSl
= + 52 cos?¢ A : (4-30)
2m 22 ,
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’ dSl
dv_(dsi) = F_cos¢ { ® } (4-31)
P ° : 21 k2
where
-S25in2¢ 3
» = [1 + erf (S cos¢)] 5 + 8?2 cos?¢| -

If it is assumed that the capture coefficient of ds;
is «k;, then the flux leaving ds; 1is dF{ = dvp (1 - k).
The angular distribution of this scattered flux (dFi) is -
in some cases a rather strong function of the molecular in-
cidence angle (¢) and the speed ratio (S). However, based
on the discussion presented in section 3, together with the
fact that the majority of the primary flux (F;) is incident
near the axis and thus,nearly normal to the spherical sur-
face, the assumption will be made that the scattered flux
(dFi) is diffuse. However, since there is some uncertainty
concerning the dependence of the capture coefficient on the
incident velocity, it will be assumed that «; 1is less than
that for an equilibrium (S = 0) gas but that all other
collisions after the first experience of constant capture
coefficient equal to that of an S = 0 gas. The flux of

molecules leaving ds; will be

aF, = dv, (dsy) [1 - Kl] : (4-32)

29



30

The fraction of these molecules which are incident on dszf'having
left ds; at an angle B with respect to the surface normal
to ds;, is '

, duwjy
dF; cosB -

dv_ (ds;)

d82
dv, (ds;) (1 - k;) — . - (4-33)
T2 ‘




However, once scattered flux incident on ds, can come
from any ds on the surface and therefore dv, must be-

integrated over the entire surface. Therefore,

d52
vg (dsjy) = dvp (dsy) (1 - k) ——
me2

s

dSl d52

= | F, cosé & (1 - k) —— — (4-34)
21 22 g32
s

or

—stin2¢

)

2
n UA
v, (dsy) = =——2 (1 - K1)

cos?¢ sind [l + erf (S cos¢)] {% + Sécosz¢

dw, . '
cosB — d¢ de (4-35)
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where ¢ 1is the polar angle of the primary flux, 8 is
the azimuthal angle and dw; = sinf dB dn. The angle. B
is the angle between the surface normal of ds; and duw;,
and n is the azimuthal angle of the scattered flux dis-
tribution about the surface normal. The assumption of
diffuse reflection (or perhaps more correctly described
as accommodation and re-emission) allows separation of
the polar angles ¢ and B since they are independent
variables. This independence of ¢ and B8 1is a result
of two effects; one is the assumed diffuse (cosine) dis-
tribution and the other is the geometry. The combined
‘effects result in the scattered flux onto unit area, for
a given value of ¢, being a constant and therefore, in-
dependent of B (dF;/dsz is a function of ¢ but in-
dependent of RB8). Therefore, the integrated*, singly

reflected flux incident on dsz» becomes

*
The integrated results require the use of the assumption,

originally made, that S2 > 10. When this assumption is used
J J ¢ cos?¢ sind d¢ 4o = 2m .
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dw

Vg (ds,) = n_ U Ao (1 - k1) cosB - (4-36)
d52
o ! K1) 42 ( )

If the capture coefficient for twice scattered molecules
incident on unit area is k5, the number of twice scattered

molecules leaving ds, and incident on dsj; 1is

dS3
dVS (ng) = VS (dSZ) (l - Kz) ——;- (4—38)
mL :

and the integrated, twice scattered flux incident on dsgj
becomes

.dS3

Vg (ds3) = Fo (1 - x1) (1 - k») —z; . - (4-39)
. W '

Therefore, the total scattered flux (both once and twice

scattered molecules) incident on dsj; 1is

d53 dS3
(VS)T (dS3) = Fo (1 - Kl) ;;; + FO (1 - Kl) (1 - Kz) ;z;
dS3 J'
SF (1 - k) — 1+ (1 - ky)}b . (4-40)
° me2 l



If this reasoning is continued for n scattering events,

the total scattered collision frequency on unit surface

area ds becomes

(ds) = F_ (1 -«1) =2 {14 (1 -xq) + (1= ky)

Vs me2

T

(1 - k3) ===+ (1 - kp) (1 - k3) --- (1 - Kn)

(4-41)

However, it has already been reasoned that «k; # Ky for
; = k. Therefore, the total

2 <i<n but xky = k3 = ==--- K,
scattered collision fregquency becomes

(vg)  (ds) = F_ (1 -k ) EE 41+ 1 -x) + (1 -Kk2+
T o 1 me2

et -0 b (4-42)
The infinite series converges

Q-0 el

18
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Besides the scattered flux, there is also incident on ds
a component of primary flux. Therefore, the total flux in-

cident on unit surface area ds is

Vo (ds) = dvp (ds) + (\)S)T (ds) (4-43)
' (1 - ky)
vp (ds) = F_ cos¢ ¢ ds_ F, : ds | (4-44)
27142 K me2

Since this total collision frequency is a function of the
polar angle ¢ (also through the ¢ term), it is advan-
tageous to leave it in differential form. The specific
guestion which needs to be answered is whether the collision
frequency on an element ds 1is greater than can be pumped '
by continuous Ti evaporation on the same element of
surface area. (In the S=0 case, the question did not need
to be raised since the collision ffequency on ds was con-
stant.) It is therefore,advantagedus to solve the problem
in differential form (to map out the flux distribution),
since the problems will arise for small angles of ¢ off-
axis and the sublimators will have to be positioned such
that the deposition rates are maximized in these areas. If
Ky is very small or if the molecular flux is greater than

the evaporation rate, then the number density will quickly



equilibrate throughout the volume and, in this case, if

n, becomes large, gas-gas scattering of the beam will

be an important consideration. On the other hand, if «;

is of any magnitude at all, a substantial gquantity of the
total gas can be removed at the first collision (a specific

geometry where this is the case will be discussed later).

Knowledge of the integrated flux incident on Ay is
also desirable since it gives a comparison with the S=0
case for which experimental data exists. If v;(ds) is

integrated over Ag, the total collision frequency becomes

,. (l - K]_)
vp =Fg + Fg ————
K
or .
{1 - k1) -
vp =n_ UA 1+ . (4-45)
o K

If it is now assumed that «; < k < 1 (for example,
k; = 0.01 and «k = 0.1), the scattered flux is dominant

and,because of the complete accommodation of the primary
flux,the collision frequency density inside the cavity is
assumed to equilibrate to a constant rate over Ag and the
conditions closely approximate that of the stationary case.
In this instance, as shown in eq. (4-15)

o o
\)TAsw ”




or

which, for constant temperature, becomes

4n UA 2 /tn SA
(o] [o] (o]

K AS

~

(4-46)

For a particular example, let

1013 cm 3

ol
I

U=1.63 x 10° cm/sec

4.9 x 10~% cm?

bS]
o
il

Ag = 7.3 x 102 cm?

<l

[§%%}% = 3.15 x 10* cm/sec for H, at 300°K

0.1

A
i

Therefore,

N, % 1,39 x 102 cm~3 (4 x 1078 Torr)
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This is a direct comparison of the supersonic cavity density
with the previous equilibrium cavity density,whichifor the
same inlet density and « yieided 'n; = 6.7 x 107 cm™3,

The above n, of 1.39 x 10° cm™3 COrrésponds tQ a sur-

face pumping speed of

C (no - nl) = SZ ni

or,since n; << ng,
nO

52 = C ;1: . (4'47)

However,
C =10 AO . (4-48)
Therefore,
n Gi
S, = U A, o = ' AS K S (4-49)

which is the same conclusion arrived at in the equilibrium cal-
culation. This results from the assumed negligible value of‘
k1. The difference in the two cases is that now the cavity
density is higher because of the supersonic flux entering

through A . If the operating criterion of equal pressure
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drop across the inlets is imposed, either the inlet density
(no) has to be lowered, the pumping speed (directly related
to k) has to be increased, or «k; has to be increased.
The pumping speed is controlled by the average velocity of
the dominant flux, at fixed capture coefficient, so either
n, must be decreased or «; increased. Since one of the
goals is to maximize n,, some method must be devised for
increasing «;. If it is assumed that «; has the maximum
value of 1, then from eqg. (4-45) it can be seen that the
total collision frequency is that of the primary flux (there
is no scattered flux for a capture coefficient of 1). How-
ever, this concept has little meaning both because the
capture coefficient of the surface probably doesn't approach
unity (at least for H, pumping) and because eq. (4-45)
represents the integrated flux into the cavity, which must
be uniform if surface pumping speed is to be reasonably
interpreted. Therefore, the differential statement of the
flux must be used to correctly interpret the results. This

was presented as eq. (4-44), namely,

(1 - «ky) *
v, (ds) = F, ® cos¢ ds + F ds . (4-44a)

T 218, 2 o K g, 2

However, in this instance rather than a closed cavity, con-

sider two spherical chambers as shown in Figure 4. This

* .
Subscripts have been used to differentiate the various

sampling chambers.
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Figure 4

Schematic Representation of a Two-Stage Sampling System



arrangement closely approximates the actual case except
that spherical symmetry has been retained rather than the
more appropriate conical geometry simply because the
scattered flux can be more easily handled analytically with

the spherical geometry.

Eg. (4-44a) has been evaluated numerically for various
values of the variables and the results are best discussed
by considering the two components of the total collision
frequency separately; the first term representing the
differential primary flux and the second term representing
the total (in the sense that it is multiply scattered)

scattered flux on unit area.

The angular dependence of the primary flux is presented
in Figure 5 in two ways, as de/dw vs ¢ and as de/ds Vs
¢ so that both the spherical and later the actual geometries
can be considered. The two quantities are directly related
through the geometry; de/dw being independent of the
geometrical dimensions and de/ds being related to ;.

The proportionality constant between the two guantities is
2,2,

(4-50)

Ql@ﬂa
gl =
|
bS]

— N
Qu
n; =

In these expressions, dw is a thin hollow conical shell
coaxial with the sampler axis. The scattered flux distribution
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Angular Dependence of the Primary Flux
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per unit area is independent of ¢ and dFS/dw is

distributed as a ¢cosine function

(1 - x) dwy

dFs = Fo — cosRB - (4-51)

With expressions for the primary and scattered flux
on unit area, three of the important system parameters can
be evaluated (1) the effect of gas scattering of the primary
flux due to the scattered gas density in the cavity between
the inlets, (2) the signal-to-noise ratio (de/dFS), and
(3) the required titanium deposition rate to pump the im-

pinging total flux per unit area.

To calculate the scattered gas density, it must be re-
called that the assumption was made that the scattered flux
is distributed as a diffuse Maxwellian gas with a temperature
characteristic of the surface temperature (Tg). The flux

balance at any surface element ds can be expressed as

v% (ds) = vp (ds) [1 - kql (4-52)

where « is «k; 1if the flux is primary flux and Ko is

k 1f the flux is scattered. Since,'according to eqg. (4-43)

Vo (ds) = dvp (ds) + (\)S)T (ds),

the above expression becomes
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(1 - Kl)

K

ds ds . (4-53)

TT,Q,12

+ F
27TQ12 °

' pord w—
dFT = FO (1 Ky) @ cosé

The second term is unaltered since it represents the total
integrated scattered flux after n reflections incident
on ds. This total scattered flux is emitted as a cosine
distribution from ds with an average velocity (v) char-
acteristic of the surface temperature. Therefore, the den-
sity at any point in the cavity can be expressed as

dF! cosB duw,

dn (p,8) = — (4-54)

v dA m

where the geometry is as shown in Fiqgure 6. To investigate
the gas scattering attenuation, the integrated density along
%7 must be calculated. The total density at a point is
found by integrating véq. (4-54), and can be expressed in
integral form as |

m/2
Foo(1=x) -S2sin2¢
np(L) = = e 1 + erf (S cos¢)
v T
(o]
F (l - Kl)
34 g2 cos?¢| cos?¢ singd cosg a¢ y + —
2 p2 v g ok
(4-55)
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ds
212 coso P

dw

il
Q.
€

I

p2 = 42 + 212 sin2¢ - 22; 4 sin?$

d + &, sin?¢ - 2d sin2¢

(a2 + 2,2 sin?¢ - 28, d sin2¢)3?

Figure 6
Geometrical Parameters for the Scattered Flux
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where 8 has the functidnal dependence on ¢ as shown in
Figure 6 and the second term is a constant because it has
already been integrated in phase space and is therefore,in-
dependent of ¢ (it represents a constant density through-

out the cavity). The first term is, in general, not integrable
and has been solved using computer integration. A typical
density profile, based on the first term alone, is shown in
Figure 7. The total density profile based on eq. (4-55) is

also shown in Figure 7. Exact solutions for the first term of
eq. (4-55) were found for & = £,/2 and & =0 (d = 2,;), in
which case cosB/p?2 = 4/2;%2 and 1/%,2 cos¢ respectively.
The solutions for the integral in these two cases are 4/2;2
and 1/2;2, assuming that S2 >> 1.

With the shape of the density profile known, it is
now possible to establish the gas scattering attenuation of
the primary flux in passing through the space between the in-

lets. The flux which passes a distance £; through a gas

with a density n(f) can be expressed as
21
- [ n(g) o,42
F =F (4-56)
o o

where ¢ is the collision cross section for primary flux on

G
scattered gas and the total exponential term is the gas

scattering attenuation factor (GSAF). Since the exact
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functional form of n(2) is not known, GSAF was calculated
using a numerical approximation for the integral of the
density profile and the result for n_ = 7.5 x 105 cm” 3,

k; = 0.01, « =0.1, o,=5x 1075 cm?, and 2, = 15.3 cm
is that GSAF = .955. Since the cavity density profile is

a function of the Mach number (speed ratio), the GSAF was deter-
mined for various Mach numbers while holding the other para-
meters constant. These results are shown in Figure 8. Even
though the GSAF is approaching a level where it would be of
concern, for an increase (of the order of 2 or 3) in any of
the constants of the exponential term such as 2;, o or

G

n would cause drastic changes in the GSAF especially at

(o]
the higher Mach numbers, it must be remembered that these
calculations represent worst case conditions since the
maximum value of n, was used and pessimistic values for
both «; and «k were used. It is not anticipated that gas

scattering will be a significant problem.

The signal-to-noise ratio at the mass spectrometer

inlet (A;) can be expressed as

S (o) 7
o = PV GSAF
Nj, |aFg) T
Fo ® cos¢ ds GSAF
2
- —2mh, -, : (4-57)
(1 - ky) :
F ds g
8] K 2

TTQ,I
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Gas Scattering Attenuation Factor vs. Mach Number
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Since the primary flux making up the neutral molecular beam
is contained in a small solid angle on the axis, the S/N
ratio can be expressed, to a good approximation (see “
Appendix A) ,as |

%1
(3 + 2 82) k exp - og l n(f) 42

N

s|. (4-58)
SV (1 - ky) g

For a M = 6 flow and the following values for the parameters

S = 5.02
GSAF = .955
T, = 77°K

T = 120°K
g

the S/N ratio is found to be 0.458. This rather low value
for the §S/N ratio would ordinarily be of concern since

an unambiguous interpretation of the signal resulting from

the mass spectrometer analyses of the beam of combined primary
and scattered flux requires that the §S/N ratio be of the
order of 50 and at least 10, in which case there is a 10%

uncertainty in the composition analysis. There are two
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reasons why it is not. First of all,the §S/N ratio just
calculated represents the value at the mass spectrometer.
inlet which, as will be shown later, is appfokimately l/lOOth
of the value at the ion source some distancé %2, behind the
inlet. Secondly, the value of «; and k were chosen lower
than their probable values to evaluate where the real problems
would occur. For example, the almost negligible value chosen
for «k; (0.01) can be substantially increased by a more
appropriate arrangement of the geometry; one which is a
natural consequence of the anticipated conical geometry.
Consider the geometry represented schematically in Figure 9.
The separation of the inlets (£;) is the same as discussed
above so that the gas scattering term is not increased. How-
ever, in this instance some large fraction of the primary
flux (depending on the distribution ,which is a function of
the inlet conditions) passes through the annular opening
which is concentric but not necessarily coplaner with the
mass spectrometer inlet. If the region beyond the annular
inlet is such that the probability of return of the flux to
the inlet plane is small (if it acts as a molecular trap),
there results a geometrical enhancement of the §&/N ratio,
since the effective value of «; 1is increased. In fact,

the annular opening has an effective capture coefficient of
unity, if a negligible fraction of the molecules return to the
sampling volume. The fact that this annular volume has a

large length-to-diameter ratio partly accomplishes this, be-

cause each molecule experiences a series of collisions with a
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titanium surface before returning to the inlet plane. 1In
addition, if the walls are made up of axial fins rather than
flat surfaces, multiple reflections between adjacent fins
helps to increase the apparent capture coefficient over that
of a flat surface. Although the effect of this type of geo-
metry is difficult to handle analytically, this same type

of geometry has been used by JPL (ref. 9) in the design of
the molsink and it has been shown by them experimentally
that there is about an order of magnitude increase in the
effective captﬁre coefficient arising primarily from the
geometrical arrangement of the fins such that multiple re-
flections are caused to occur. A schematic drawing (the
section view indicated in Figure 9) of the pumping region

containing the finned surfaces is presented in Figure 10.

To improve the S/N ratio, the scattered flux must be
reduced since the primary flux per unit solid angle is a
function only of the inlet conditions except when gas
scattering occurs. Reducing the scattered primary flux has
the same effect on the S/N ratio as increasing the capture
coefficient (x;), since the two are directly related. To
evaluate the geometry discussed above, a value for the outer
diameter of the annulus was chosen which would allow 50% of
the primary flux to pass directly through the sampling chamber
(this has the effeét of.increasing the value of «k; to at
least 0.5,since the 50% that doesn't hit the wall is removed)
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and the inner diameter (A;) was chosen such that the beam
diameter at the ion source would be 1.0 cm. With this

set of conditions,the S/N ratio at the inlet to the mass
spectrometer stage was then evaluated for various values of
capture coefficient (k). These results_are shown in Figure
11. Also shown is the dependence of the S/N ratio on Mach
number. It can be seen that the S/N ratio in this first

free molecular expansion stage is directly related to the
capture coefficient (k) as was indicated in eqg. (4-58). It
is also seen that although the S/N ratio increases with Mach
number the relationship is non-linear because of the effect

of the GSAF. The results of these data also show that the

S/N ratio is not sufficient to allow an unambiguous determination
of the composition of the beam after only one stage in the
expansion process. Because of the differences in the angular
distribution of the two flux densities (scattered and primary)
incident at A,, a second expansion stage with A; as the
inlet results in an increase in the §S/N ratio and is the

analysis to be considered below.

The flux which passes through A, is made up of a surface
scattered component with a cosine distribution and a primary
component. Therefore, the S/N ratio will increase for dis-
tances beyond the plane of A,. However, the total flux
entering the second cavity will, after n collisions with
the wall, contribute to the noise at a-given distance past

A,;. It is this §S/N ratio which applies to the ion source.
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Consider the S/N ratio at A,, where A, might

represent the ion source, the inlet to another pumping

stage, or the inlet to an ion pump. For the primary flux,
the solid angle subtended by A, 1is the same as that of A;;
therefore, the signal will be the same (see Eq. (A-4) of
Appendix A)

F A
ar_ = =2 {% + 52] 2

P (0, + 2,02
F A,
- -° [% . sz] i . (4-59)
2,2
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The scattered flux per unit area in the second chamber

is a constant and egual to

(1 - K]) ' Al
dF = |F_ - ds | (4-60)
1T9,12 'TTQJZZ
Now letting
(1 - Kl) Al
FO ” = p' ' (4-61)
TT,Q.IZ ©
eq. (4-€0) becomes
ar = p' 98 (4-62)
s [s] 'TT,Q,22
which has the same form as eg. (4-2) and represents the
conditions for an equilibrium gas at 77°K. Therefore,
according to eq. (4-14),the total (n scattering events)
scattered flux on A, will be
Ay
drg = F!
° mRy2
(l - Kl) Al A2
=F : . (4-63)
° K2 ﬂllz 1T,Q,22
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In this instance, the primary flux passes directly through
the cavity without hitting the wall and does not contribute
to the scattered flux. The S/N ratio at A, is

- 3 2| 2 2 X
[§] v . Fp {2 * f] Tt Tl 2 (4-a)
N U dFS (1 - Kl) A2 Tg S /—TT .
K T 2,2
This is an improvement of —x in the §S/N ratio at
2

A;. If &, = 2, and the diameter of A, is taken to
be 1 cm, this factor is 94. Therefore, the signal-to-noise

ratio at the ion source (A,) 1is
[§] = .458 (94)

= 43 ‘ (4-65)

which is large enough to yield meaningful information on the

gas composition in. the beam even for minor components.

Discussion of the titanium deposition rate required to
pump the molecular flux will be delayed until section 6 in

which specific sublimation sources are considered.
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5. ION SOURCE PARAMETERS

There are two questions remaining concerning the
beam flux which passes through A,:
1. Can this flux be handled by a reasonable
~ pump? '
2. 1Is the beam density at A, sufficiently high
to be detected (the S/N ratio is now at an

acceptable level)?

The beam flux passing through A, was shown in eq.

(4-59) to be

3 Az
aF = F_ [5 + 52] 5 (4-59a)
P m (Q’l + 22)
Since F, = n_U A , the beam density at A, can be éxpressed
o o) o
as
n A [é + Sz}
o o |2
n = (5-1)
T (L, + 22)2
which, for an M = 6 flow, becomes
7.5 x 1015 (6.25 x 107 %) [% + 25.2]
ng =
4 (30.6)2
= 3.33 x 1010 cm” 3 . (5-2)
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which is equivalent to a beam pressure of 4.14 x 10”7 Torr.

If a crossed electron-molecular beam configuration is
used as the ion source, the ion current produced in the
ionization region for an assumed 0.1 cm wide electron
beam operating at an electron beam current density of
5 x 1073 A/cm? would be

I+ =i n_ o A (5-3)
where

5 x 10°° (.1) (1)

[
I

5 x 10°*% A for a 1 cm dia molecular beam

n, = 1.46 x 1019 cm™? (equivalent density at 273°K)

8.8 x 10717 cm? for H,

Q
il

>
i

.785 (Average path length for a - 1 cm dia circular

beam) .

Therefore,

1t = 5 x 107% (1.46 x 1010)(8.8 x 10”17)(.785) A

10

5.06 x 10~ A, (5-4)
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If this ion beam is deflected off—axis with an assumed
efficiency of 1% and focused into a qUadrﬁpole which has
an assumed transmission as low as 10%, fhe ion current at
the detector would be 5.06 x 107!3 A. If the gain of the
multiplier is 10°, the output of the spectrometer would
be 5.06 x 1078 A, There is still sufficient dynamic range
to detect components in the beam with concentrations 100 times
lower than the primary component. In fact, the S/N ratio
for components such as O, and H,0 will be much higher,

since the capture coefficient for these components is higher.

If the primary flux which passes through A; 1is now
assumed to stagnate, it is necessary that the density be
low enough to be handled by a small pump. The flux passing
through A, was shown in eq. (4-59) to be

|

A,
aF_ = =2 {% + sz) .
P (2,1 + 2,2)2

If the cavity walls are at a temperature (TC) of

273°K, the stagnation density becomes

4 n_ U Ao 3
_ 5 [E + Sz} (5-5)
v (2; + 25)

n A T 5
= 2 9 (3s + 283) {T&]
v T (941 + 22)2

3.91 x 10! cm™3 for a M = 6 beamn. (5-6)
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This is equivalent to a pressure of 1.1 x 107°

stagnation conditions, the flux leaving the cavity is equal

to the flux entering and the S/N noise ratio caused by the

stagnated flux scattering back into the ion source becomes

Ny 3.33 x 1010

s 3.91 x 10!!

7|

It

Since it is desired that the S/N ratio at the ion source
be at least 50, the pump in the stagnation cavity must be
capable of reducing the stagnation pressure by about a
factor of 600 and thus,hold the stagnation cavity pressure
at 1.9 x 1078 Torr. The throughput into (or out of) the

cavity is

Torr. Under

8.5 x 102 (5-7)

S — -—

2 Ay = 5 P_ (5-8)
where Py 1is the stagnation cavity pressure required to
provide a S/N ratio of 50 at the ion source. Therefore,

11 -16 %
5 = 3.91 x 10 8 (1.38 x 10 ) (273) il
(1.9 x 1078) 16 |w (1.67 x 1072%) (2) 3.54 x 1012
= 1.9 x 10% liters/sec. (5-9)
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This pumping speed is not realistically achieved with an

ion pump. Therefore, the stagnation stage must also have

a sublimation pump. Since the beam density at the ion

source was shown above to be 3.33 x 10!0 cm™3, it is re-
quired that the density of the flux returning to the ion
source from the stagnation pump be 6.67 x 108 cm™3 to

obtain the required S/N ratio of 50. If the same parameters
are used as in previous estimates of the sublimation pumping
performance, the distance that the supersonic flux travels
before striking the wall is the predominant‘factor controlling
the amount of flux which is scattered back into the ion source.
The total scattered flux passing back through the ion source
from the stagnation pump is related to the beam flux which

strikes the wall and can-be shown to be

F A3 F (l - Kl) A3 A2
;3 (L - x3) (% + sz] — + 2 (% +152} — I —
gz T K 22 | ng
. (5-10)

where & = %; + %, + 2; 2 being the distance that the beam
travels in the stagnation pump and A3 being the area over
which the beam is distributed. If this scattered flux
entering the ion source is equated to the amount which can
be tolerated for the desired S/N ratio, the value for 2

can be calculated.



FO 3 Ajg Fo 1 A
. (1 - x) [7 + SZ] — t+ = 1+ EJ — = 6.67 x 108 v A,
22 - w22
(5-11)
(
nSAl%+52}[1+%:] T )%
72 = 2 2 = (5-12)
JT 8 (2, + 2,02 (6.67 x 108) L ¢©
where T  is the temperature of the stagnation pumn wall,
taken to be 77°K. For an M = 6 beam and for «; = 0.01,
K = 0.1
Z %29 cm - (5-13)

This value of 2 1is a result of the low values assigned to
ky and k. If a finned cylindrical pumping surface is used,
the effective values of both «; and « can be increased,

thus reducing the value of 2.

6. TITANIUM EVAPORATION SOURCES

Ultimately, the design of the sublimation pumped
sampling stages will be chosen on the basis of the maximum
molecular flux which can be handled,since it is desirable
to operate the sampling probe at the maximum tunnel static

pressure possible. One of the basic limitations will be
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the maximum titanium deposition rate per unit area which

can be achieved. It is therefore, appropriate to investigate
the operating characteristics of various sublimation sources
with regards to evaporation rate, lifetime and power dissipa-
tion. The selected source, producing a given titanium flux
density at the cavity walls, can then be compared with the
computed gas flux density and the maximum inlet density can

be arrived at.

The two most commonly used evaporation sources are the
electron beam evaporator, generally referred to as a bulk
sublimator since the target is a rod or inget of titanium or
in some cases a spool of wire which can be fed into the focal
point of the electron gun, and the resistance heated filament
evaporator. There are advantages and disadvantages to each
type. For example, the bulk sublimator, in general, has a
longer life and a higher evaporation rate because the amount
of evaporable material is greater and can be run at a higher
temperature than the filament source. However, the size and
specified orientation do not lead to compatibility with the
present requirements. Since the puddle at the focus of the
electron beam is molten or nearly so, the source must be
located in a downward vertical position to avoid droplet

formation from the puddle.

Of the variety of filament evaporators in common use,
the two most often used are single wire filaments of either

pure titanium or titanium alloys and overwound, stranded
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spirals of titanium and some refractory metal on a refractory
wire core. There seems to be no distinct reason for selecting
a particular filament geometry based on evaporation rate
alone. The real basis for selecting a composite or an alloy
filament is on the grounds of realiability and repeatability
from filament to filament. Since the evaporators are normally
operated in the temperature range of 1700 - 2000°K, the
titanium readily alloys with the core material of composite
filaments and in some cases produces hot spots and subsequent
burn out of the filament. Based on the data of Lawson and
Woodward (ref. 10) and McCracken and Pashley (ref. 1l1l), the
preference for single wire alloy filaments in this application
is due primarily to (1) ease of fabrication, (2) reliability
and (3) mechanical strength. Presented in Figure 12 are

data for the evaporation rate as a function of temperature of
both the 85% Ti - 15% Mo alloy wire and pure titanium. It
can be seen that there is little difference. For this study,
the maximum rate obtainable consistent with a reasonable life-
time is desirable. Shown in Figure 13 are the data of Lawson
and Woodward for the effective lifetime of 1.6 mm dia., 85% Ti -
15¢ Mo wire as a function of temperature. Based on this data
and that of Figure 12, one can conclude that the maximum
evaporation rate, consistent with a reasonable lifetime (a

few hours), would be approximately 7 x 10! atoms/cm?-sec.
However, based on the data of McCracken and Pashley and in-
formation from NRC*, the lifetime of 2.1 mm dia., 85% Ti -

15% Mo wire when operated at a temperature such that the

*
Private communication of J. C. Maliakal on the performance

of the NRC Model 211 Ti getter pump.
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evaporation rate is approximately 2 x 10!7 atoms/cm2-sec

is around 10 hours. There is apparently some basis for -
optimization of the maximum evaporation rate with lifetime
but for the present it will be assumed that the maximum rate
is 2 x 10!7 atoms/cm? - sec. This rate corresponds to an

operating temperature of 1860°K.

The flux density of titanium deposited on the wall of
the pumping stage is dependent on the geometry or position of
the evaporator with respect to the wall but for the present
it will be assumed that the filament is positioned such that
a uniform deposit is placed on the wall. In this case, the
titanium deposition rate per unit area is equal to the evapora-
tion rate per unit area of filament times the ratio of the
filament area to the wall area. Therefore, the deposition

rate is apprcximately

~ A A
_ EBri B¢ -
Fri = & A (6-1)
£ s
17
_ 2 x 10 Af
7.3 x 102
ETi
e 1.81 x 10!% atoms/cm? - sec (6-2)

per unit length (in cm) of filament.

70



It has been postulated earlier that the titanium
deposition rate must equal the flux density in order for the
pump to operate. Presented in Figure 14 is the data for the
total molecular collision frequency as a function of various
values of Mach number. It is clear that for these conditions,
an unreasonable length of filament is required,especially for
the higher Mach number flows. It should be pointed out how-
ever, that the tails of the curves (at higher ¢ values),
representing the wall collision frequency due to scattered
flux, can be pumped in all cases with approximately 100 cm
of filament wire. 1In addition, as pointed out earlier, the
vélues of k; and «k which have been used up to this point
are pessimistic values and since the collision frequency is
directly related to «k; and «k, it is appropriate to choose
those values which are considered to be more probable than
the ones used for the data in Figure 14. A geometry has
already been presented (see Figure 9) for which 50% of the
primary flux is trapped; therefore, «; will be set at 0.5.
As discussed in Section 3 (see Table I), the minimum value for
k is 0.1 and the maximum value 0.45. Based on this data
and recent discussions with representatives of Temescal and
Aerovac, it is felt that a value of 0.4 1is a more realistic
but still a conservative value for «k. These adjﬁstments in
k3 an k reduce the scattered collision frequency by a
factor of = 8. Unfortunately, they have no effect on the
primary collision frequency and since the collision frequency
at the higher Mach numbers greatly exceeds the deposition

rate, the inlet density in these cases must be reduced. At
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the lower Mach numbers, the primary flux collision frequency
is within a factor of 10 of the value which could be handled
and since this flux is distributed over only a fraction of
the total pumping surface, the amount which isn't pumped on
the first collision will be distributed and added to the
scattered flux collision frequency in subsequent bounces.
Proper positioning of the evaporators so that the titanium
deposition rate is higher on the region where the primary
flux hits the wall will help to reduce this problem and since
the total evaporation rate is greater than the rate at which
molecules enter the sampling volume, it can be assumed that

the pump will operate without being overloaded.

A reasonable geometry for the two primary evaporators
is as presented in Figure 9. The interstage filament is a
.25 inch diameter spiral of 2.1 mm titanium alloy wire
formed into a circular evaporator with a mean diameter of
4 inches. For these dimensions, the total length of filament
is = 100 cm. Therefore, the cavity wall deposition rate
in the region where the beam hits the wall is greater than
2 x 1018 atoms/cm? - sec, which would be the value for an
evaporator positioned such that the deposition rate were
uniform. The filament used for the finned, molecular trap
region is a simple spiral with a mean diameter of 4 inches
and a winding spacing of 3.5 cm. The total filament length
is 138 cm, which corresponds to a total evaporation rate of
1.82 x 10!% atoms/sec. The corresponding surface deposition

rate is approximately 1.24 x 1018 atoms/cm?-sec.
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Two important topics concerning the operation of the
titanium evaporators require comment, namely the desorption
.or evolution of gas from the filament and the heat load on
the cryogenic substrate. The main concerns with respect to
the desorbed gas are whether the gas species is capable of
being pumped by the titanium substrate and whether the
rate adds substantially to the total gas load. The two gas
species of concern are hydrogen and methane since the rest
are effectively pumped. The question of hydrocarbon gas evolu-
tion (especially methane) during the evaporation of titanium
in the presence of a predominantly hydrogen atmosphere was
-ekperimentally evaluated by Holland (ref 14). The results
were interpreted in terms of the carbon and hydrogen impurities
in the titanium filaments. It was concluded that there exists
a direct relationship between the methane. concentration in
the vacuum space and the carbon and hydrogen impurities in
the titanium. It was further céncluded that the effective
pumping of hydrogen can only be accomplishea with "carbon free"
titanium wire; this results from the low capture coefficient
of methane. This conclusion is in general accord with the
results experienced while operating incandescent surfaces
in a vacuum system and has been separately concluded during
experiments on orbitron pumped vacuum systems. Since the gas
load is a rather strong function of the "history" effects of
the wire, it can only be concluded that the successful opera- -
tion of the pumps requires that the filament wire be as pure
as possible and that specific operational procedures be
developed, for example a predegassing cycle before a run is a

necessity.
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An estimate of the power density at the cryosurface,
including the energy dissipated by the supersonic gas, the
heat load from the filaments and the condensation of the
titanium,will indicate whether the heating of the pumping
surface is a problem. The region in which the supersonic
gas is incident on the pumping surface represents the area
where the power dissipation is the highest. The power den-

sity from these combined effects can be expressed as

~ N A

l 2 f,.+ ~ - _

= = = + T 6-3)
P, 2mUFa+scSAST +Ed{HV CA] (
where

PT = Total power density

mg = Molecular mass

F = Supersonic flux density

a = Energy accommodation coefficient

€ = Total normal emittance

o, = Stefan-Boltzmann constant

A¢ = Filament surface area

A, = Substrate surface area

Ed = Titanium deposition rate per unit area
H, = Heat of vaporization
c = Average specific heat.
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S -3
PT = 1.65 x 10

+ 1.85 + 2.14 x 1072 watts/cm?

The radiant heat is the predominant factor in the total
power dissipation. Assuming that the substrate is a liquid
nitrogen cooled copper surface with a thickness of approximately
.03 inches, the temperature gradient due to a total power

dissipation of 1.85 watts/cm? would be

>

X p (6-4)

AT-_—'k—T

where

Ax = Substrate thickness
k = Thermal conductivity
P, = Power density.,

AT = 3.5 x 10 2 °K.

Therefore, surface heating is not a problem unless as the
titanium deposit builds up its thermal conductivity becomes

so low that localized hot spots develop. However, the variation
of the capture coefficient with temperature is small and, in
addition, it would be unlikely that the effective conductivity

would be reduced by two to three orders of magnitude.
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7. DISCUSSION OF RESULTS AND CONCLUSIONS

The primary restriction on the use of the sampler under
consideration is the maximum molecular flux that may be
accepted without scattering which might lead to unacceptable
interference in the determination of the free stream molecular

composition.

A major requirement in attaining this condition of
negligible scattering is the provision for near free molecular
flow to occur between the sampler inlet and the mass spectrometer
ion source. This requires that the sampler inlet diameter be
no larger than the gas mean free path. In addition, to
prevent shock formation at the conical skimmer inlet,the
inlet lip radius must be as small as possible. However,
the fabrication of a conical skimmer with an exterior angle
of 45°, a lip radius of 0.025 mm, and a diameter less than
0.25 mm is difficult. Therefore, the molecular density
corresponding to a mean free path equal to that inlet dimen-
sion is approximately 7.5 x 10!% cm™3 and corresponds to an

inlet pressure of about 0.1 Torr.

Equally important in maintaining free molecular flow
conditions is the requirement that the inlet flux be handled
by the pumping capability provided. The considerations in
section 6 have shown that with state-of-the-art Ti sub-
limators, the flux corresponding to the above inlet density
can be handled for supersonic flow at Mach numbers up to about
ten as long as excessive outgassing of the Ti sublimators does

not occur. If the radial dimensions of the sampler
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could be increased, the pumping efficiency could be increased;
however, in order that the free stream tunnel flow not be
excessively disturbed, it is required that the sampler diameter
not exceed about 15 cm. Therefore, because of limitations

in both fabrication and in pumping of the molecular flux,the
maximum inlet pressure that may be handled is 0.1 Torr corre-
sponding to an inlet flux of about 4.8 x 10!7 molecules

per second for a Mach 6 flow.

Nominal conditions in a hypersonic flow tunnel in which
sampling is desired are Mach 6 flow at a static pressure of
¥ 50 Torr originating from a stagnation pressure of 7.5 x 10"
Torr and a stagnation temperature of 1940°K. Under these
conditions, the free stream temperature for an isentropic ex-
pansion of a diatomic gas is 270°K. It may be determined that
in order to arrive at the desired density at the sampler in-
let, the first (continuum) sampling stage must provide a
pressure ratio of at least 250 between the free stream and
the sampler inlet, depending on the temperature drop which

occurs in the expansion process.

If the expression for axial density given by Ashkenas
and Sherman (ref. 15) for a free jet expansion is considered,
a pressure ratio of 250 is arrived at about 10 inlet diameters
downstream. The inlet conditions in the present case are
hypersonic continuum flow as opposed to the inviscid, isentropic
free jet expansion considered by Ashkenas and Sherman but the
latter's theory should give a rough approximation of the axial

expansion process unless viscous effects dominate. For the
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free jet expansion, the axial pressure decreases approximately
in proportion to the square of the distance so that the
pressure drop at an axial distance of 100 hypersonic inlet
diameters (v 32 cm) would be about 10%. The assumption has
been made here that hypersonic flow without a detached shock
can be obtained through a 0.31 cm diameter sharp edged conical
inlet. For a free stream pressure of 50 Torr, the inlet
pressure would be reduced to about .005 Torr. This is more
than an order of magnitude less than the maximum pressure
allowable at the sampler inlet. With this large margin for
error,due to the assumption of free jet expansion rather than
expansion of hypersonic flow,it may be concluded that with
adeqguate pumping available in the hybersonic expansion stage,
sufficiently low density flow may be provided at the sampler

inlet for successful sampling of the free stream gas composition.

The pumping speed required to fulfill the conditions of
a free jet expansion can be estimated from the free stream
mass flow rate. The pumping speed so determined may be ex-

pressed as

1 !
s =1l T [Pst]

P, (7-1)

where

Tunnel static molecular density

n; =
mg = Molecular mass
U = Free stream velocity
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Hypersonic inlet area

o
1

Tunnel pitot-static pressure

0]
r
i

P, = Second stage inlet pressure

= Gas density,

Assuming that the static temperature is approximately
room temperature and that the average molecular weight is 29,

the pumping speed for a Mach 6, 1 psia tunnel flow becomes

2 -3 .
S, = 2.08 x 10> 7 i;l%él_ (6.45) (75) x 10 l;zirs
4.1 x 1073

5. = 3 x 10> liters/sec ' (7-2)

This very high pumping speed requirement, therefore,represents a
primary limitation. Depending on the pumping speed available
for the hypersonic sampling stage, the free stream molecular

density will have to be reduced accordingly.

Assuming that the hypersonic flow expansion does occur,’
the molecular beam density and signal-to-noise ratio were
calculated at various points in the inlet-pumping stage ex-
pansion process to determine the point in the expansion at
which the S/N ratio increased to 50:1. The ion
source 1is situated at that position and the beam
density, for the conditions considered, is equiva-

lent to a pressure of 4 x 1077 Torr. Since the analysis

80



was performed assuming that hydrogen was the dominant species,
the S/N ratio for other constituents of the molecular beam
will be higher because the capture coefficient for gases such
as Ny, Oy, CO, and CO 1is approximately 0.9. It is
estimated therefore, that minor constituents with densities

2 orders of magnitude below the primary beam density can be
detected.

The ion beam produced by an electron beam orthogonal to
the molecular beam is extracted off axis and focused on the
inlet of a quadrupole mass spectrometer. With reasonable
assumptions for the extraction efficiency, quadrupole trans-
mission, and multiplier gain; the ion current at the multiplier
output was calculated to be approximately 5 x 1078 A for a
primary H, beam density of 4 x 10”7 Torr. Therefore,
there is sufficient dynamic range to measure the low concen-
tration constituents. To avoid photon noise,it is advisable

to use an off-axis multiplier as the quadrupole detector.

L

The pumping efficiency of continuously operating titanium
sublimation sources condensed on a 77°K substrate were analyzed
and it is concluded that resistance heated, spiral wound
filaments can evaporate titanium at a rate equal to the
molecular incidence rate for the maximum inlet density of
7.5 x 1015 em™3 as long as the Mach number is below approxi-
mately 10. Under these operating conditions, the lifetime
of the filaments is approximately 10 hours. The total power
density dissipated at the pumping surface does not appear to

pose a problem as long as the thermal conductivity of the con-
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densed titanium deposit is within two orders of magnitude

of the copper substrate conductivity.

The use of LHe cooled cryosurfaces as pumps for the
expansion chambers is limited by t&b féctors (1) the heat
input due. to the condensation of the molecular flux (eétimated
to be approximately 14 watts/cmz) is greater than the maximum
to retain pool nucleation boiling (see ref. 16) in the con-
tinuum stage but is below the maximum in the other'stages
(2) the equilibrium vapor pressure of H, at 4.2°K 1is
approximately equal to the beam density at the ion source
and therefore, results in an unacceptable S/N ratio
for the analysis of high H, concentration flow. Therefore,
for the assumed conditions of this analysis, H, being a
predominant species, the most probable pumping mechanism is
concluded to be either cryogenic sublimation pumping in all
the free molecular expansion stages Or a combination of LHe
cryopumping and cryogenic sublimation pumping; the latter
being used at least in the ion source chamber. The possibility
of using LH, cryosurfaces for the sublimator substrate is
an attractive possibility, since the majority of the gases'
would be cryopumped efficiently (including methane) and the
capture coefficient for H, should be significantly improved
over that at 77°K. The primary limitation is, in the final
‘analysis, concluded to be the pumping speed required in the

continuum expansion stage.
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APPENDIX A

The expression for the differential primary flux was

presented in equation (4-31) as

dr = Fo ® cos ¢ ds (A-1)
P 27T2,12
where
"stinztb .
s = € [l + erf (S cos¢)j {% + 52 cos? ¢
and since dw = ds/f2cos¢, eq. (A-1l) can be re-written as
dr FO )
P .- _o© 2 -
aw T ¢ cos<d. - (A-2)

Since de vs ¢ 1is almost a constant for small values
of ¢ (see Fig. 5), the value of de/dw evaluated at ¢ = 0
will be a good approximation for the axial value of AdF for
small dw. Letting ¢ = 0 and remembering that $S2 > 10 and

therefore erf(S) -~ 1 reduces eq. (A-2) to

dr (o) Fo )
-—L—dw = 37 (3 + 282) (A-3)
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ar,

dr’

daF

APPENDIX B
LIST OF SYMBOLS
Nozzle Exit Area (cm?)
Nozzle Throat Area (cm?)
Free Molecular Inlet Area (cm?)
Mass Spectrometer Inlet Area (cm?)
Inlet Area to Probe.Stagnation Stage (cm?)

Distributed Area of the Beam in the Stagnation

Pump (cm2)

Hypersonic Inlet Area {(cm?2)
Sublimation Filament Area (cm?)
Sublimator Surface Area (cm?2)
Average Specific Heat (cal/gm-°K)
Aperture Conductance (liters/sec)

Differential Element of Primary Flux (molecules/sec)

Differential Scattered Flux (molecules/sec)

Differential Element of Scattered (n Scattering

Events) Flux (molecules/sec)
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ds Elemental Surface Area (cm?2)

dw Elemental Solid Angle of Primary Flux (sr)
dml Elemental Solid Angle of Scattered Flux (sr)
E, Beam Incidence Energy (ergs, eV)

%d Titanium Deposition Rate per Unit A;ea

(atoms/cm2-sec)

fxy

Titanium Evaporation Rate (atoms/sec)

Ti
Fo Total Flux Entering the Free Molecular Inlet
(molecules/sec)
P (1 - «y) Ay
o F (molecules/sec)
(o) K 121
LESE
FT Total Flux Incident on Elemental Area (molecules/sec)
F Flux Density (molecules/cmZ-sec)
GSAF Gas Scattering Attenuation Factor
H Heat of Vaporization (cal/gm)
I Ion Current (amps)
ie Electron Current (amps)
k Thermal Conductivity (cal/sec-cm-°K)
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Axial Distance (cm)

Filament Length (cm)

Mach Number

Gas Molecular Mass (gm)

Solid Molecular Mass (gm)

Titanium Mass Evaporation Rate (gm/sec)

Free Molecular Inlet or Outside Density (molecules/cm3)
Inlet Density at Mass Spectrometer Inlet(molecules/cm?)
Background Density at Ion Source (molecules/cm3)

Tunnel Static Molecular Density (molecules/cm3)
Molecular Beam Density (molecules/cm3)

Interior Cavity Density (molecules/cm3)

Probe Stagnation Density (molecules/cm3)

Free Molecular Inlet Pressure (psia, Torr)

Tunnel Stagnation Pressure (psia, Torr)

Tunnel Static Press (psia, Torr)

Stagnation Cavity Pressure (psia, Torr)

Tunnel Pitot-Static Pressure (psia, Torr)
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>

88

Total Power Density (watts/cm?2)

Vector Between the Inlet and Element of Surface

Area (cm)

U/vm Speed Ratio

Probe Stagnation Pump Speed (liters/sec)

Sublimator Pumping Speed for an Equilibrium Gas

(liters/sec)

Sublimator Pumping Speed for a Supersonic Gas

(liters/sec)

Pumping Speed at the Continuum Inlet (liters/sec)
Signal-to-Noise Ratio at the Ibn Source
Signal-to-Noise Ratio at Mass Séectrometer Inlet
Gas Temperature at the Free Molecular Inlet (°K)
Tunnel Stagnation Temperature (°K)

Tunnel Static Temperature (°K)

Stagnation Pump Substrate Temperature (°K)

Gas Temperature (°K)

Surface Temperature (°K)



Directed Gas Velocity (cm/sec)
Molecular Velocity in the Rest Frame (cm/sec)
Molecular Velocity Relative to the Inlet (cm/sec)

Average Molecular Speed (cm/sec)

Y

<

= Transformation Variable

|

m

Most Probable Molecular Speed (cm/sec)
Stagnation Pump Length (cm)

Energy Accommodation Coefficient

Polar Angle for Scattered Flux (rad, deg)
Total Normal Emittance

Azimuthal Angle of the Scattered Flux Distribution
(rad, deqg)

Azimuthal Angle of the Primary Flux Distribution

(rad, deg)

Capture Coefficient

Capture Coefficient on First Collision

Electron Path Length Through the Ion Source (cm)

Primary Flux Collision Frequency (molecules/cm?-sec)
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Scattered Flux Collision Frequency (molecules/cm?-sec)
Total Collision Frequency (molecules/cmZ-sec)

Total Scattered Flux Collision Frequency

(molecules/cm2-sec)

Vector Between Two Surface Elements {(cm)
Gas Density (gm/cm?)
Ionization Cross-Section (cm?)

Collision Cross-Section for Primary Flux on Scattered

Gas (cm?)

Stefan-Boltzmann Constant (ergs/cm?-°K“-sec)
Polar Angle of the Primary Flux (rad, deg)

e -8%?sin%¢ [1 + erf (scoso) | % + 82 cos? ¢}
Angle of Incidence (rad, deg)

Angle of Reflection (rad, deg)

Angle of Reflected Flux Maximum (rad, deg)
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