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ABSTRACT 

The effects of background pressure on reduction of molecular beam intensity are 
investigated. A theoretical model is developed which shows the background to be 
separable into two distinct components: one attributable to reflected jet particles and the 
other attributable to residual (unpumped) particles. An expression for the Fenn and 
Anderson correlation parameter is obtained. Comparisons of the data of several 
investigators are made with theoretically predicted values of intensity as a function of 
either separation distance or source pressure. The characteristic dip in the intensity versus 
source pressure curve has been related to scattering effects as well as to condensation 
effects. 

in 
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mi 



AEDC-TR-70-273 

SECTION I 
INTRODUCTION 

1.1  GENERAL 

Currently, there is extensive interest in investigation of the rarefied portions of 
highly expanded rocket exhaust plumes. In particular, parameters such as condensation, 
species concentrations, and species velocity' distributions are of fundamental importance. 
The molecular beam technology has been demonstrated to be exceptionally well suited to 
the measurement of these parameters. Studies made in molecular beam chambers and in 
the development of a mass-spectrometer sampling probe indicate that molecular scattering 
phenomena are a dominant factor in beam system design and data interpretation (Ref. 1). 
Hence, the desirability of establishing a theoretical model which may be employed to 
predict the magnitude of molecular scattering effects has become clearly evident. 

1.2 BACKGROUND 

The first high intensity molecular beam work was based on the principle postulated 
by Ashkenas and Sherman (Ref. 2) that the background had no effect on the portion of 
the flow field contained within the barrel shack structure. This conclusion was deduced 
from extensive theoretical studies using the method of characteristics to determine 
various flow field properties. As a result of this premise, they made additional studies to 
determine the location of the Mach disc, and hence, to define the maximum axial 
distance of undisturbed flow. These investigations led to an empirical expression for Mach 
disc position (Ref. 2). 

The problem of background interaction with rarefied jet expansion was first 
considered in depth by Fenn and Anderson (Ref. 3). They reasoned that such interaction 
could result when the shock structure became diffuse during extreme rarefaction. Their 
study showed that such an interaction did, in fact, exist and is characterized by scattering 
of the jet by the background gas. They concluded that the jet becomes porous to the 
background, and at sufficiently large nozzle-skimmer separations, the background 
concentration is the same inside and outside the jet. They also concluded that a critical 
distance from the source exists such that, at separations less than this value, the 
background is quickly attenuated leaving a region of undisturbed jet. Fenn and Anderson 
developed an empirical parameter from the classical scattering law to characterize the 
degree of interaction. They correlated their data as well as that of other investigators for 
beam attenuation using this parameter. 

A subsequent investigation by Brown and Heald (Ref. 4) using a cryogenically 
pumped test volume yielded data which are in poor agreement with the trends of Ref. 3. 
While some of this variation may be attributable to the test conditions, a recent study 
made by Benek and Powell (Ref. 1) indicates that some of this difference can be traced 
to the difference in the location of the background pressure measurement (Fig. 1, 
Appendix I). This implies that there is a variety of difficulties in the experimental 
determination of background effects. 
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Bossel (Ref. 5) conducted an extensive investigation of the dependence of measured 
jet flux on several parameters. He found that the skimmer-orifice, chamber-wall 
separation distance had an important effect on the jet flow. These results indicate the 
importance of wall effects, especially at high flow rates. 

A detailed study was conducted by Govers, et al (Ref. 6) who investigated 
parameters governing the location of the peaks of the intensity separation distance curves 
(Fig. 2a). Their results indicated that the skimmer geometry was also a factor governing 
the location of the maxima. 

A subsequent investigation into the means to eliminate skimmer flow-field 
interaction was made by Ruby (Ref. 7). It was found that a cryogenically cooled toroidal 
skimmer could reduce this interaction to insignificant values. Ruby's findings are 
discussed in detail in Section 3.3. 

Theoretical treatments of the scattering process have only recently appeared in the 
literature. An informative model has been presented by Muntz, et al (Ref. 8) where an 
expression is obtained for the correlation parameter suggested by Fenn and Anderson. 
However, this relation does not agree well with the available data. 

Shaw and Hick man (Ref. 9) have considered the penetration of background particles 
into a simulated rocket exhaust plume. By reasoning quite similar to that employed by 
Muntz, et al, these investigators were led to an expression for the loss of the jet flux due 
to interaction with the background gas. The form of this expression agrees with that in 
Ref. 8. 

The present analysis attempts to construct a model of the molecular scattering 
process which can be used to predict values of molecular flux measured by a given 
detector geometry under specified source and background conditions. The model and 
pertinent introductory material are discussed in the next section. 

SECTION II 
ANALYSIS 

2.1   FENN AND ANDERSON CORRELATION PARAMETER 

The typical effects of background scattering are illustrated in Fig. 2a. There is an 
exponential decrease in the measured intensity (i.e. density) with background pressure. 
This dependence is demonstrated in Fig. 2b which is a semilog cross-plot of the data in 
Fig. 2a. The linear variation indicates that the classical scattering law 

—  =  expi - ns o£ ?5 I 
■o 

applied  to a given jet could, in principle, describe the phenomenon. By  taking the 
scattering length  (E5) and cross-section (<7S

2) and the unscattered intensity (I0) to be 
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constant,  and employing the perfect gas equation of state per molecule, the linear 
dependence on background pressure becomes, 

(£7)-- gn =  _  pa (11_L!_) =   -  Pa (constant) 

This reasoning leads to the correlation parameter suggested by Fenn and Anderson 
(Ref. 3): 

.       fin  ——\\ =   [Constant] ,n ^M    Vie. (1) 
Oa = const 

Equation  (1)  corresponds  to  the. change  in  measured  intensity  per unit change of 
background pressure. 

Although not stated explicitly in the arguments leading to Eq. (1), there are several 
significant properties implied by its form. First, the background pressure does not appear 
in the correlation parameter. This indicates that any dependence on the magnitude of the 
background pressure must necessarily be of second order, at most. This point will be 
important in the discussion in Section IV. Second, a suitable definition for the scattering 
length (Es) is required because the flow is continuum or near continuum for several 
source diameters downstream of the orifice and background particles cannot penetrate 
this region of the expansion. Third, fls must be at least an indirect function of the source 
conditions since they determine the extent of the continuum region of the flow. 

2.2 PROPOSED MODEL 

An attempt has been made in the present formulation to keep the model of the 
scattering process as elementary as possible while retaining the essential properties of the 
phenomenon. In keeping with this philosophy, a spherical source of radius r* producing a 
spherically symmetric flow field has been chosen to represent the jet (Fig. 3). 

The background is assumed to be composed of two independent components. One 
of these results from scattered jet particles which are reflected back into the jet after 
collision with the wall. The other background component is a result of gases which are 
not removed by the pumping system. These components are assumed to be completely 
random, with a thermal velocity associated with the wall temperature and homogeneous 
in the absence of the jet. It is assumed that the skimmer (Fig. 1) is of infinitesimal 
diameter. This corresponds to replacing the skimmer with a flat wall and determining the 
value of the incident flux at a distance, d, from the wall (Fig. 3). Finally, the interactions 
of the background-jet and jet-background are assumed to be independent of each other. 

The general procedure to be followed is to calculate a background distribution in 
the absence of the jet expansion. This ideal background is then altered by collisions with 
an undisturbed jet and then the jet is scattered by interaction with the resultant 
background, distribution. 
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2.3 GOVERNING EQUATIONS AND DISCUSSION 

2.3.1 The Mathematical System 

The system of governing equations for the general model discussed in Section 2.2 is 
obtained from the following considerations: First, the source is assumed to be spherical 
with angular symmetry. Second, the density variation along a streamline is determined by 
the appropriate collision frequency, as defined in Section 2.4. Thus, consideration of 
continuity must include a "sink" or depletion term proportional to the collision 
frequency to account for the density change. This leads to 

Cs 77" = Zai (2) 

V) *2 d,    -    Zjs (3) 

where 

Cs = general scattering particle mean molecular velocity 

Vj = free-stream velocity of the jet 

ns = number density of scattering particles 

nj = number density of jet 

ZSj = scattering particle-jet collision frequency 

ZjS = jet-scattering particle collision frequency 

x = dummy separation variable 

The form of Eq. (2) results from an attempt to describe the randomness of the 
background; i.e., it has no perferred direction and in the absence of the jet gives a 
uniform distribution of the scattering number density (ng). Equation (3) results from the 
spherical geometry and, in the absence of scattering, gives the usual 1/x2 dependence of 
nj generally associated with the expansion process. 

2.3.2 The Nondimensional System 

A set of nondimensional variables signified by the bars are defined according to 

■j 
= 

11*' 
"s = 

n3 
■ce = 

c. 
V v  = 

V 

vT 
i 

"3 K 

2 

- 2 = 
*i2 

v - n*D3 
<•) Dz D2 ' 

X = 

1 

X 

r 
D 

^sj = 
Z.i v = '. Zl- 

n*2D2V.' 
J i*2 D2 \i 
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where n* is the sonic density, D is the source orifice diameter, and V) is the aerodynamic 
streaming velocity. Equations (2) and (3) can then be written in nondimensional form as 

-      da. 
=    T}   2sj 

s     j- dx 

d (x2n.) 

x2 dx" 
= fZj, 

(4) 

2.4 COLLISION FREQUENCY TERM 

The collision frequency terms required by the previous section were obtained from 
the kinetic theory. The general expression for the number of collisions per unit time per 
unit volume per particle between the hard sphere species A and B (ZAB) is given by 

n 
ZAB  = /    /    /    /,   HA"B °AB *A (ZJ fß (Cj) gAB sin \)J cos $ d^  df dV2 dVc 

where    nA, n% = respective number densities of species A and B 

fA» fß = respective velocity distributions 

gAB = relative collision velocity 

^, e = collision parameters defined in Fig. 4 

°AB = collision cross section 

dVc, dVz = respective volume elements in velocity space 

Because of the narrow distribution of velocities associated with an aerodynamically 
accelerated flow (Ref. 10), the distribution function fA for the jet molecules may be 
approximated by an impulse function, i.e. fA = I for velocities within dVj of Vj, and 
fA = 0. for velocities outside this range. Here Vj is the aerodynamic streaming velocity of 
the jet. 

The relative collision velocity between jet and background particles (gjS) is defined 
as 

gjs = IlCi - Vj)2 _ Cj - C|] 

or 

Hi 

Bj3    -   L.'2   ^   9f.V     .   V2P 

where 

gj9 = [C2 ♦ 2C,V. + V.2]» 

C* = Cx2 + C2
2 + C3 
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and  C is the magnitude of the random thermal velocity vector of the background 
particles. 

Since Vj is larger than the random velocity (C) and since the components of C are 
assumed to be of the same order as Cj the approximation 

gja - (C + Vj)' (6) 

is permitted. 

By assuming that the scattering particles are described by a Maxwellian distribution 
(fB), substitution of the approximation for fA, fB) and Eq. (6) into Eq. (5) and 
transformation into spherical'coordinates in velocity space give 

i 

/       \3/S' / \ 
Zi* " (^  4ffnin"ajs (iPrH   (c + vj> c* «P(- -^-C2jdVcsw^coHV>d^d«(7) 

Integration of Eq. (7) over the ranges, 

C   = 0 to oo, f =  0 to 2ff, and \p =  0 to tr/2 

yields 

[72kTA*2   vl * 

The first term in the brackets is recognized to be the mean speed <CS> which defines 

"]. =  <Cs> + Vi       . (8) 

where <CS> is the mean speed of scattering particles and Vj is approximately the mean 
speed of the jet particles. The approximate result for the jet-scattering particle collision 
frequency is 

Zjs  = HJ ns  «Tjs t-js (9a) 

Similarly, an expresssion for the scattering particle-jet collision frequency can be 
obtained, i.e., 

Z3j " ■• »i °il "aJ <9b> 

Note that 

v .   =   v.     =   v 
S) JS 
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2.5 WALL SCATTERING EFFECT 

The problem presented by gas surface interaction is an extremely complicated one 
and is far beyond the scope of this work. In order to introduce the gross effects of the 
chamber waJls while avoiding the complex mechanisms of the process, the following 
model is adopted: An infinite wall at a distance rw from a spherical source of radius T* 
captures incident molecules. After capture, the molecules are accommodated to the wall 
temperature, and a fraction (F) is readmitted into the incident jet with a thermal velocity 
CB corresponding to the wall temperature. The subscript B will be used to designate the 
wall scattering component of the' background. The model and associated coordinate 
system are shown in Fig. 3. 

By following the procedure outlined in Section 2.2, the undisturbed spacial 
distribution of reflected jet particles can be calculated if it is assumed that no collisions 
occur between the jet and background. As a first approximation, the wall in Fig. 3 was 
assumed to consist of a distribution of point sources. The strength of each source was 
assumed to be proportional to the incident number density at that point. The incident 
number density was determined from the relation quoted by French (Ref. 11) for the 
off-axis density in a free-jet expansion. This can be written in the form 

a. (rw-, s) = ~ cos2 (Be) 

where r^  is the distance from the origin of the spherical source to any point on the 
wall, 0 is the angle between the centerline and ri, and A and B are constants depending 
on the source conditions. In practice, B lies close to 1.0, and for the first approximation, 
the value B = 1.0 was used. The constant A was taken to be A = [(7 + l)/2]/f*2 where y 
is the ratio of specific heats in the source. 

The number density incident on an element of area is found to be proportional to 
cos30. This causes the distribution on the wall to be narrow with the maximum near the 
centerline and a rapid decrease away from it. This indicates that a further approximation 
might be made by assuming that a point source lies on the surface at the centerline with 
a strength such that the number density at the wall is 

i>Bw = FiT    = F '-*"2 (10) 
r (0 

where F is the fraction of incident molecules that are readmitted by the surface and fijw 

is the undisturbed number density evaluated at the wall. However, a source located on 
the surface of the wall introduces a singularity at x = rw such that 

lim       Hg 
X -7„ 

To avoid this problem and satisfy  the condition on the wall given by Eq. 10, it is 
convenient to assume that the background varies as 

F njv 

(1 +7W -7J2 (1 ^7W -H)2 ~»B -,; - —     *—   -,, dl) 
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which corresponds to locating the background source one jet source diameter behind the 
wall. Hence Eq. 11 will be adopted as an additional approximation.1 

The   background   spacial   distribution   resulting   from   the   interaction   with   the 
undisturbed jet is given by 

CB -jj- - "?nB n"j ffB. v (12) 

Substituting Eq. (11) into Eq. (12), replacing nj by (T*/x)2, and integrating subject 
to the boundary condition (Eq. 10) yield 

nB = F "jw I1 + ^1+17^  - irk? ^]\ 
c- -     -     ) 1 + rw - 2x 

" F "Jw rB in +~ ^2-n „- =T (13) 1(1 + rwJ* K (1 + rw - x) ' 

+   -J   tn I1"-"!* 
(1+TW)3 \        X j) 

where 

7            ^Bi^S rB   =    -  
CB 

The loss of molecules from the jet is governed by 

d(I*1j) -    -2    _ (14) 

Substituting Eq. (13) into Eq. (14) and integrating from T* to r give 

-rBc.    F ll   +  rBf- L=^r_ 2 u    I! (f _ r+) B    'w        \ B|_(l +TW)2TW (1  +7W)3 Jj 

As a check of this assumption, the procedure outlined in the remainder of this section was followed using the 
cos^fl wall distribution rather than Eq. 11. The procedure resulted in a system of integral« which had to be evaluated 
numerically. A detailed consideration of this system indicated that the form obtained in Eq. 16 accurately describes nie 
effect of the reflected particles on the jet. Therefore, the simplification represented by Eq. 11 is deemed justified. 
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*■ — r-    (1  + rw  - 1) «n U + ~w   -r) - 1) + Kfcir  -  1) 
d+Tw)3    L J 

_ _J  1(1 + -w . ■?*) (Wl  + -w _ T*) -  1)  + "?*  tfnT* - 1) I 
(l + r-w)

3    L J) 
(15) 

where 

ra - "»]U r 
-^ 

Evaluation of Eq. (15) shows that only the first teim in brackets significantly affects 
the value of fin I/I0 |w. This may be seen by noting that 

V  *  TV    *"w  > r  = I + 7 

where 3 is generally 50 or greater and all but the first term varies as fw"4. Thus Eq. (15) 
can be approximated by 

--r,Fi„ <'« 

Equation (16) represents the loss of jet molecules due to the reflection of molecules from 
the chamber walls. 

2.6  RESIDUAL GAS EFFECT 

The residual (i.e., unpumped) gas in the test- volume is considered to be completely 
random and homogeneous in the absence of the jet. The interaction between this 
background component, which will be designated by the subscript b, and the jet is 
modeled by placing the spherical source of Section 2.5 in an infinitely large chamber 
which has a base pressure of Pb«, and corresponding number density H\,m. The governing 
equations are of the form of Eq. (4). By following the procedure of Section 2.5, the 
background distribution in the undisturbed jet is given by 

lL_ =  e-V« (17) 
nh0 

where 

^ CTbj r*2 Ty 
rb   - 

The Joss of molecules from the jet due to collisions with the residual background is 
then 

.      I *T        /    "HA. 
(18) u i7  = ""b~ rt I exp (- T)** 
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where 

f],   =   v  öjl  q  and il ■ *>($ 
An evaluation of the integral is presented in Appendix IT. 

2.7 EXPRESSION FOR THE FENN AND ANDERSON CORRELATION PARAMETER 

At this point, an expression for the right hand side of the scattering parameter 
developed in Section 2.1 can be obtained. According to the present approach, Eq. (1) 
should be determined by the PbM component of background. Thus, Fenn and Anderson's 
parameter is given by 

By using the equation of state per molecule, the above may be rewritten as 

dp 

where 

**M)-£(-fT)* 
Tk«    - -       .- 

Tb« - -rr* nbea = Pb~/Tb«> 

are the residual background temperature normalized to the source sonic temperature and 
pressure. 

2.8 TOTAL SCATTERING LOSS 

The total reduction of the jet by the interactions with the wall and the residual 
components of the background can be expressed as 

or 

= £.-L + ^-L 

IO'IT '('IIJW ™ 
It is important to realize at this point that Eq. (20) describes the loss as measured 

from an ideal (x)"2 density variation in the jet. However, it has been observed that with 
sufficiently low background levels the measured intensity variation with Fcan exceed this 
limit, and in some cases nearly constant intensities have been measured (e.g. Ref. 4). 

10 
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Fenn and Anderson realized that this phenomenon could be related to the detection 
system configuration. They obtained the following expressions, based on the geometry of 
Fig. 5, for no background losses. 

If Tfs is small compared to skimmer orifice diameter (rsK.), 

I*  = lSK 
2n i-t*0en 

where 

f      = flux at the freezing surface 

MfS = Mach number at the freezing surface 

rifs    = distance from source to freezing surface 

ASK   
=  skimmer orifice area 

In addition, for x > 4 

M(B  =  1.23   8°-'  KnN-
0-4 

r
fs   = 

ff« 0.238 S0-6  Kny -0.6 

(2!) 

(22a) 

(22b) 

Here KnN is the nozzle Knudscn number based on the source orifice diameter and source 
mean free path and 6 is a factor less than one which accounts for the change in a 
molecular velocity due to a single collision. When Tfs < 4, it has been found that I* is 
given to a good approximation by taking FfS = 4 and Mfs by Eq. (22a). 

Forrfs >rSK, 

I* = 
Tfs2 

(r + r<j) 
exp 

yüii 

7fB
2 

~ * \ -* }. 
if 

Til < Dd2CFd  - T.)V47d
8 

the exponential term is taken as zero. Here Mfs andTfS are given by Eq. (22). 

(23) 
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Depending on the geometry of the test apparatus, either Eq. (21) or Eq. (23) will 
provide the basis from which to measure the scattering loss. The total reduction in the 
beam is taken to be 

-mm 
- 'ii.)(H) 

or 
(24) 

where (I/I0 |w) is the loss of jet particles due to reflected molecules from the chamber 
wall, (I/I0lb) is the loss of jet particles due to the residual background, and I* represents 
the effect of the detector geometry. 

A comparison of Eq. (24) with the data of several investigators will be made in the 
next section. 

SECTION III 
COMPARISON WITH EXPERIMENT 

3.1 Evaluation of Constants 

Equations (19) and (24) were evaluated for data of several investigators. The values 
of the ffßj and Obj were taken from Ref. 12 for viscous collision cross sections. In 
addition, öjß = 2<J~BJ and öjb = 2äbi were used for the jet-background interactions to 
account for the fact that even "glancing collisions" with background molecules can alter 
the trajectory of a jet particle sufficiently that it will npt reach the detector. The 
geometries of the test apparatus were obtained from Refs. 3, 13, and 14 for Fenn and 
Anderson data; from Ref. 6 for Govers data; and from personal communication with 
Messrs. Brown, Heald, Busby, and Ruby for the corresponding data. The value of 5 was 
somewhat arbitrarily taken to be 0.2 (subsequent calculations with fi = 0.1 and 0.3 show 
no significant difference). 

3.2 PREDICTION OF THE FENN AND ANDERSON PARAMETER 

The data of several investigators have been collected by Fenn and Anderson in Ref. 
3. A comparison of the predicted values as given by a numerical solution of Eq. (19) and 
these data are shown in Fig. 6. While a slight amount of scatter is observed, in general, 
the data are matched quite well. Figure 6 also compares the data of Govers et al (Ref. 6) 
with Eq. (19). The same generally good agreement is also observed. 

However, the background pressure effects observed by Brown and Heald (Ref. 4) are 
not adequately predicted by the theory. This is a result of the definition of Pb- 
employed by these investigators. The recorded values of background pressure were 
measured within the jet plume. Therefore, the assumption of a random Pb„ is not 
satisfied, and hence, close agreement should not be expected. 

12 
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3.3 PREDICTION OF TOTAL INTENSITY     , 

A comparison of Eq. (24) with the data of Fenn and Anderson (Ref. 3) for 
measurements of total intensity versus nozzle-skimmer separation distance is made in Fig. 
7. The data are predicted quite well for the range, of source diameters, source pressures, 
and background pressures given. The deviation observed near the data maxima results 
from the inability of the model to predict transition and continuum effects. 

The results of a comprehensive investigation of background effects were presented 
by Govers, et al, in Ref. 6, where intensities at various values of Pb„ and r were obtained. 
A comparison of theory with representative data from this reference is illustrated in Fig. 
8. The overall agreement is quite good. At larger values of background pressure and 
nozzle skimmer separation distance, an increasing mismatch is observed. Since the Mach 
disc tends to move upstream with increasing source pressure to background pressure ratio 
and since the Mach disc is expected to occur in the vicinity of the region under 
investigation for the higher values of Pt,-„ it is reasonable to expect that some of this 
mismatch is attributable to the onset of viscous effects in the vicinity of the skimmer. 

The prediction of total intensity as a function of source pressure for various source 
conditions is illustrated in Figs. 9, 10, and 11. The solid curves are calculated for Pbo„ = 
0. Corrections have been made for magnitude of residual background pressure using Eq. 
(18) where this information was available. The trends displayed by the data are well 
matched for the lower source pressures; however, at the higher pressures, a deviation 
from the data is evidenced. Correction for P^ remedies this situation for the Brown and 
Heald data (Fig. 9). (Note: For these data, P^ was not measured within the jet 
expansion.) 

The continued discrepancy observed in Fig. 10 and in the warm skimmer of Fig. 11 
may be attributed to the pumping system. The end wall of the test chamber js 
cryogenically pumping, in addition to the side walls as described in Ref. 4. The principle 
of cryogenic pumping is to remove gases from the chamber by "freezing" them on 
contact. Therefore, with extensive cryogenic pumping, it is reasonable to expect that only 
a few molecules will have multiple collisions with the chamber walls. This means that a 
randomly distributed background will not exist throughout the chamber and gage 
readings would be strongly dependent on location. 

An interesting point is brought to light by Fig. 12 which is a replot of Fig. 11 with 
higher mass numbers included. When the wall effects have been removed as for the case 
of the cryogenic skimmer, there is no dip in the intensity curve, and the theory predicts 
the data quite well. If the onset of condensation is connected in some way with this dip 
as is hypothesized in Refs. 15 and 16, the intensity of higher mass numbers should'also 
decrease. As seen in the figure, die relative peaks are higher although shifted slightly. In 
fact, it appears that reduction of the wall effects tends to increase the intensity and 
remove the dip, whereas the higher mass numbers peak at approximately the same place. 
Therefore, it appears that the dip is much more closely connected with scattering effects 
than with the onset of condensation. 

13 
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The unpublished results of a current investigation by Benek and Busby to verify the 
above hypothesis are shown in Figs. 13. 14, 15, and 16. These data were obtained for the 
ski miner-wall configurations shown in Fig. 17. The background pressure was measured at 
a point approximately midway between the source and skimmer by an ion gage which 
was shielded from the jet (Fig. 17). It was hoped that this procedure would yield the 
average pressure in the region surrounding the jet. 

The theory is seen to accurately predict these data. Since the theoretical values for 
zero background pressure are the same as those given in Fig. 11, the only difference 
between the corresponding warm skimmer and cold donut data is the magnitude of 
background pressure. The mismatch observed in Figs. 13 and 14 at P0 > 700 torr is 
attributed to the onset of continuum and transition effects. The discrepancy in Figs. 15 
and 16 beginning at approximately P0 > 900 to 1000 torr is attributed to high 
collimation section pressures (hence beam scattering). In fact, the collimation pressures 
for these deviations are within 11 to 30 percent of each other depending on the points 
taken for "signification deviation." The "dip" observed in the intensity-source pressure 
curve is reasonably well predicted by considering only the scattering phenomenon. Since 
the dip is generally associated with condensation effects, there may be a closer 
connection between these two phenomena than has previouly been suspected. 

SECTION IV 
COMPARISON WITH PREVIOUS THEORY 

As noted earlier an informative model of the scattering process has been proposed 
by Muntz et al (Ref. 8). The expression obtained for the correlation parameter, Eq. (1), 
including all corrections for a finite test volume is 

"   ^bM    \       J Tbee 
(25) 

where 

rp   ^ 

.   -,- a 

and 

0 < < < 1 

and accounts for uncertainty in the number of collisions to effectively stop a background 
particle. The effects of the wall are included in rc which is taken to be the distance from 
the source at which the background-background particle collision frequency is equal to 
the background jet particle collision frequency. This term was given to be 

_,-  2 _»2 
-2 v gBJ   r 

CB^BBE>>«, 

where 

Zi = A CB, 0 .< A < 1 
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and CB is the mean background particle velocity based on the effective wall temperature 
and aß B is the background-background coHison cross section. 

However, at this point it should be noted that Eq. (25) is not correct. The error 
results from neglecting the dependence of "?e on Pb. in the differentiation to obtain Eq. 
(23). The expression including this dependence is 

d 

IP y^)=-^Hi+^]/>(-^* » 
It can readily be seen that both Eqs. (25) and (26) have an intrinsic dependence on 

the magnitude of background pressure which is absent in the experimental data. Such a 
dependence should lead to poor agreement with the experimental data. In addition, it is 
to be expected that Eq, (26) will deviate more rapidly. 

Both of these equations have been evaluated for sample data of Ref. 3, for two 
values of background pressure. The agreement with the data is illustrated in Fig. 18. As 
expected Eq. (26) deviates more rapidly. However, it must be noted that the trends 
shown by the experimental evidence are followed. The present theory matches the data 
while avoiding the difficulties of dependence on magnitude of background pressure. 

SECTION V 
CONCLUSIONS AND RECOMMENDATIONS 

The comparison in the previous section of the predicted values of the Fenn and 
Anderson parameter and intensity as a function of either separation distance or source 
pressure with the data tends to confirm the validity of the proposed theory. Two 
important aspects of measurements made from free-jet expansions have been placed in 
perspective. First, the background consists of two separable components: (1) the jet 
particles reflected from the chamber walls, and (2) the residual unpumped gases in the 
chamber. Second, the dip in intensity versus source pressure curve can be closely 
associated with molecular scattering. 

It is recommended that future condensation studies be conducted with scattering 
effects in mind. In particular/the connection between these two phenomena at the "dip" 
should be given careful consideration since they both seem to become dominate in this 
region. 
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APPENDIX II 
EVALUATION OF THE SCATTERING INTEGRAL 

The integral / exp(^/x)dx may be integrated once by parts after substituting 

and 

where ä is a constant to obtain 

df = - ^- dx 

/ -^J— if = i ; £2 e-^ d f 
a 

Integration gives 

/exp(-4.)^.ä[ie»p(-i)+E,(-4.)] 

where Ei^/x) is the exponential integral and is a known tabulated function. 
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