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ABSTRACT 

Through the extensive use of cryopumping in the source, collima- 
tion, and test chambers of a molecular beam test facility, it has been 
possible to identify some of the factors affecting beam intensity in non- 
condensed and condensed flows.   For noncondensed flows, the position- 
ing of a warm conical skimmer in front of a cryopumped end wall does 
not appear to result in any significant skimmer interference effects on 
beam intensity.    However, the location of a warm annular surface with 
inner and outer diameters of 14. 5 and 23 cm, respectively, at the cryo- 
pumped end wall resulted in a significant attenuation of the incident 
beam intensity.    This indicates that end wall scattering is a significant 
factor in determining molecular beam performance.   With the onset of 
condensation, it has been shown that nonpumping skimmers and end 
walls reduce the incident beam intensity.   This attenuation results from 
condensed clusters impacting on the warm surfaces and the resultant 
debris reflecting into the incident beam. However, for beams with sig- 
nificant condensation, the total beam intensity is not affected as greatly. 
It is postulated that for source conditions where there is significant 
condensation, the incident beam attenuation will not be as great since 
the beam is composed of large clusters (possibly liquid droplets or 
crystals) that are not as easily scattered by the reflected cluster debris. 
Measurements of gas velocity in a condensed flow indicate that a non- 
pumping surface placed in the beam affects not only beam intensity but 
also the beam velocity. 

iii 
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SECTION I 
INTRODUCTION 

Over the past 15 years or so, a considerable theoretical and ex- 
perimental effort has been devoted to the problem of producing high- 
intensity molecular beams. These beams have been formed by skim- 
ming from the supersonic core of a free-jet expansion.    Many experi- 
mental studies have been devoted to determining the effect of the 
skimmer upon the molecular beam properties.   One of the more recent 
systematic studies of this type has been made by Bossel {Ref.  1).   This 
study summarizes the effects of a room temperature conical skimmer 
upon the characteristics of a molecular beam.   For certain beam 
source conditions« Bossel was able to reduce the effect of the skimmer 
to the point where the measured beam flux approaches the idealized 
theoretical value. 

For conventional nozzle-skimmer configurations used to produce 
molecular beams, there are at least two generally accepted beam 
scattering mechanisms:   (1)  When the skimmer is operated in the 
continuum flow regime, there is a reduction in the total beam intensity 
because of shock and viscous effects, resulting in a distortion of the 
molecular velocity distribution, and (2)   when the skimmer is placed 
downstream in the rarefied flow, there is scattering of the beam which 
occurs when the background pressure in the source chamber is high. 

Anderson et al. (Ref. 2) and Brown and Heald (Ref. 3) have shown 
that by replacing the conventional 300TC skimmer with a cryogenically 
cooled skimmer the beam intensity at high source pressures could be 
significantly increased.   Brown and Heald (Ref. 3) suggest, on the basis 
of the work of Mayer et al. (Ref. 4), that any viscous effects may be 
related to shock waves and boundary layers on the skimmer and are 
virtually eliminated when this surface is cryogenically cooled.   Brown 
and Heald (Ref. 3) have also shown that the background gas scattering 
problem was significantly reduced by lowering the background pressure 
in the source chamber.   This reduction in pressure was achieved by the 
extensive use of cryopumping in the source chamber.   The use of a 77*K 
skimmer pumping surface limited the gases that could be pumped with 
this system (Ref. 3).   Ruby (Ref.  5) improved the molecular beam sys- 
tem considerably by replacing the 77°K liquid-nitrogen-cooled skimmer 
with a 20°K gaseous-helium-cooled one.   With this skimmer configuration. 
Ruby was able to produce argon molecular beams having an intensity of 
1.0 x 1021 molecules/steradian/sec at source pressures of 2. 5 atm. 
This represents a factor of ten increase over that obtained with a con- 
ventional 300°K conical skimmer (Ref.  5). 
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At some point in the flow field of a free-jet expansion, flow condi- 
tions in the expansion and the surrounding gas are such that a normal 
shock (or Mach disk) is formed in the flow.    Upstream of the Mach disk, 
the flow is assumed to be isentropic.    To produce an intense molecular 
beam, it is necessary to position the skimmer upstream of the Mach 
disk.  Ji^has been shown that the location of the Mach disk is a function 
of source orifice diameter and the. ratio of source to background pres- 
sure in the source chamber.   In conventionally pumped molecular beam 
facilities, the background gas pressure is usually of such a magnitude 
that the Mach disk is located at less than 100 orifice diameters from 
the source.   This source chamber pumping limitation has limited the 
operation of the conventional 300°K conical skimmer to the near con- 
tinuum flow regime.   Also, the high pressures in the source chamber 
have resulted in significant attenuation of the beam as a result of back- 
ground gas scattering.   Ruby (Ref. 5) minimized the effect of back- 
ground scattering by using a surrounding 20°K cryoliner in the source 
chamber. 

A study of Ruby's work (Ref.  5) indicated that the effects of a SOOTC 
skimmer on argon beam intensity were dependent upon the degree of 
condensation that existed in the flow.    Prior to condensation, a 300*K 
conical skimmer, located approximately 600 orifice diameters from the 
source, produced almost identical values of beam intensity to that ob- 
tained with a 20°K skimmer.   At high source pressures (approximately 
10 atm), where considerable condensation was believed to exist, there' 
was little difference in the total beam intensity obtained with both types 
of skimmers.    In the intermediate source pressure range (0. 2 to 10 atm), 
considerable differences in beam intensity were observed.    At a source 
pressure of approximately 2 atm the 300°K skimmer attenuated the beam 
by a factor of 25.   Golomb et al, (Ref.  6) discuss the various interpreta- 
tions that have been made of the characteristic local maxima and minima 
that occur in curves of beam intensity plotted as a function of source 
pressure for a molecular beam formed with a 300°K conical skimmer. 

In the present investigation, some modifications were made to the 
chamber used by Ruby (Ref.  5) such that the effects of condensation on 
the properties of molecular beams formed with 20TK and 295°K skimmers 
could be determined. 

SECTION II 
APPARATUS 

The aerodynamic molecular beam chamber has been fully described 
in Ref.  3.   Several modifications have been made to the chamber to im- 
prove operational flexibility.    A schematic of the modified molecular 
beam system is given in Fig.  1, Appendix. 
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A schematic of the molecular beam source is shown in Fig. 2.    The 
test gas flows through the center tube which vents into a settling cham- 
ber before passing through the orifice.   The heating (or cooling) fluid is 
passed through two tubes concentric with the gas supply tube.   The 
source is over 1 m long, which together with the settling chamber 
should give the test gas sufficient time to accommodate to the tempera- 
ture of the circulating fluid.   The temperature of the source gas is mea- 
sured with a copper-constantan thermocouple located in the gas flow in 
the source settling chamber.   Temperatures in the range 180 to 430^ 
are achieved as follows:   (1)   For 180 to 250°K, liquid nitrogen is circu- 
lated through a reservoir containing Freon® MF; the nitrogen flow rate 
is adjusted until the desired temperature is achieved in the Freon, 
which is then pumped through the source tube.   (2)   For 280 to 300°K, 
water is pumped through the source tube.    (3)   For 350 to 430<K, 
gaseous nitrogen is passed through a resistance-heated stainless steel 
tube and then through the source tube.   Source orifices of various 
diameters were drilled in 0. 005-cm stainless steel shim stock silver- 
soldered to the orifice insert (Fig. 2).   These orifices were honed and 
polished until they were acceptably smooth and circular (Fig.  3).   In 
the present series of tests, four orifice diameters were used:   0. 0147, 
0.0343, 0.0386, and 0.1245 cm. 

Two skimmers were used in the present study.    One was a 1. 27-cm- 
diam circular opening in a 20°K gaseous-helium-cooled stainless steel 
plate.   This stainless steel plate was mounted directly to the 20°K 
gaseous-helium-cooled cryoliner mounted from the source chamber 
bulkhead.   The other was a 30015 conical skimmer mounted on a rotary 
arm (located 7. 5 cm upstream of the 20°K skimmer) such that it could 
be positioned on the beam centerline or moved completely out of the 
beam.   This skimmer had an inlet diameter of 0. 4 cm, a total internal 
angle of 60 deg, and a total external angle of 80 deg. 

A collimator consisting of a 0.4-cm circular opening in a 20*K 
gaseous-helium-cooled stainless steel plate was located 41 cm down- 
stream of the 20°K skimmer. 

A schematic of the modulated beam detection system is shown in 
Fig. 4 and a detailed description is given in Ref.  7.   It consists of 
(1)   a mechanical beam chopper, (2)   a quadrupole mass spectrometer 
(2 to 600 AMU), and (3)   a lock-in (narrow bandpass) amplifier.   Down- 
stream of the collimator the beam was further shaped by a 0. 16-by-0. 16- 
cm-square opening in a 0.005-cm stainless steel plate located in front of 
the chopping wheel. A photo-etching technique was used to make 20 equal- 
ly spaced 1.9-by-0. 16-cm slots in the 0.005-6m stainless steel wheel. 
The chopped molecular beam entered the ionization chamber of the mass 
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spectrometer.   The ionized molecules were deflected 90 deg and drawn 
through a circular hole at the entrance of the quadrupole section.   The 
ionizing energy and current (electron impact energy) was kept at 90 v 
and 0. 2 ma throughout the experiments; the extractor, focus, and ion 
energy voltages were kept at 10,  135, and 22 v, respectively.   The 
multiplier signal was fed directly into a field-effect-transistor (FET) 
source follower, which serves to match the high impedance of the elec- 
tron multiplier output to the coaxial cahle leading to the amplifier out- 
side the chamber.   The amplifier was a lock-in type, acting as a band- 
pass amplifier centered on the chopper frequency.   A light and photocell 
mounted at the chopper wheel provided the reference signal to the am- 
plifier. A 0.16-by-0.l6-cm-square collimator was mounted on a rotary 
arm 3. 7 cm upstream of the mass spectrometer ionizing section.   It 
could be positioned either on the molecular beam centerline or com- 
pletely out of the beam. 

A detailed description of the velocity detection system (Fig. 5) is 
contained in Ref. 5.   After passing through the chopper wheel, the 
molecules spread according to their velocity distribution.   The quad- 
rupole section of the mass spectrometer was tuned to the mass number 
of interest, and the resulting ion current was amplified by an electron 
multiplier.   This signal was then processed in a Princeton Applied 
Research Corporation Model TDH-9 waveform eductor, and the result- 
ing signal was displayed on an oscilloscope and photographed. 

The velocity corresponding to the time of maximum signal is the 
most accurately determined flow property because the flight distance 
and time can be measured directly.    For high speed ratio beams, this 
velocity is a good approximation to the mean velocity of the beam.   In 
the present investigation, the variation of this velocity with source 
diameter, pressure, and temperature was considered.   No attempt was 
made to determine the static temperature from the velocity profile. 
For both of the above systems, the mass spectrometer was mounted 
such that it could be rotated about the center of the ionizing region. 
Thus, measurements could be made with the axis of the quadrupole 
section normal to and parallel to the axis of the molecular beam. 

The total incident beam intensity was measured with two detection 
systems:   (1)   a miniature ionization gage was positioned on the beam 
centerlinej (2)   a modulated beam detector system which consisted of 
the ionizing section of the EAI mass spectrometer coupled directly to 
a magnetic strip electron multiplier (total beam velocity measurements 
were also made using this detector).. 
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SECTION III 
DISCUSSION OF EXPERIMENTAL RESULTS 

3.1   INDICATORS OF CONDENSATION IN A FREENET EXPANSION 

With the onset of condensation in a free-jet expansion, the follow- 
ing processes would be expected to occur as the source pressure is 
increased:   (1)  formation of molecular clusters, dinners,  and trimers; 
(2)   appearance of liquid droplets; and (3)  formation of crystals.   Audit 
(Ref.  8) has performed electron diffraction analyses of the particles 
existing in condensed supersonic molecular beams for various gases. 
In these studies, he reports on the identification of monomers, dimers, 
liquid droplets, and crystals.   The source pressures at which these 
phases are identified in an argon flow are shown in Fig.  6.   Also shown 
in Fig.  6 for similar source conditions are (1)  the results of measure- 
ments of total monomer, dimer, trimer, and tetramer beam intensity 
and monomer velocity obtained in the present investigation; (2)  total 
beam intensity measurements (Ref.  9); and (3)   characteristic cluster 
size measurements (Ref.  10).   In the present study, the pressure at 
which the monomer and total beam deviate and the monomer velocity 
increases are in reasonable agreement with Audit's observations. 

Ruby (Ref.  5) observed a velocity variation of the form shown in 
Fig.  6.   He suggested that this increase in velocity resulted from the 
addition of the heat of condensation to the flow.   Sherman (Ref.   11) has 
shown theoretically that an increase in gas velocity would be expected 
after condensation has occurred.    In the present study, it has been 
assumed that either of these characteristics (velocity increase or 
deviation of the total and monomer beams) is indicative of condensation 
in the flow. 

32   BEAM INTENSITY MEASUREMENTS 

Bossel (Refs.  1 and 12) has indicated that molecular beam intensity 
can be attenuated by scattering from the skimmer surface and by scat- 
tering from the end wall to which the skimmer is attached.    Of these 
two factors, scattering from the end wall appears to be the most signifi- 
cant.   The significance of end wall scattering has been confirmed by 
Campargue (Ref.   13) and Singh (Ref.  14). 

Total beam intensity measurements for some skimmer and end wall 
configurations obtained with a carbon dioxide beam are compared in 
Fig.  7.    Measurements have been made which show that the form of total 
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beam intensity variation with source pressure does not change signifi- 
cantly for 200 < Xg/d < 1000 for the present data, and 40 < xs/d < 120 
for Ref. 3.   Thus, it is reasonable to assume that a comparison of the 
present data with those of Ref. 3 can be made.   It is felt that the com- 
parison is not significantly affected by the differences in the source-to- 
skimmer separation distances of the two sets of data. 

For source pressures where there is no gross evidence of conden- 
sation in the flow (pQ < 150 torr, derived from the velocity variation, 
Fig.  7), there are differences in the total beam intensity levels for the 
configurations shown in Fig.  7.    A comparison of the present data 
obtained with a 20°K skimmer and a 295°K skimmer located in front of 
the 20°K skimmer suggests that over this source pressure range any 
scattering of incident beam molecules by molecules backscattered from 
the skimmer is negligible.   Thus, it seems reasonable to suggest that 
the observed beam attenuation for the other configurations is attribu- 
table to either end wall scattering or background gas scattering.   But 
because the dhamber pressure was low in both investigations 
(< 10~4 torr), it is suggested that background gas scattering had a 
negligible effect upon beam intensity.   Thus, scattering from the end 
wall appears to be the dominant process for attenuating these noncon- 
densed beams.   There is reason to suspect that the plate used to mount 
the 77°K cooled skimmer, used in the studies reported in Ref. 3, was 
not fully cooled to 77eK, which could have resulted in some end wall 
scattering effects. 

After the onset of condensation, the total beam intensity decreases 
to a minimum value and then increases rapidly with increasing source 
pressure for those configurations most affected by end wall scattering. 
Leckenby et al.  (Ref.  15) have suggested that when large condensed 
clusters strike a surface they are destroyed and there is a liberation 
of single molecules.   When large clusters strike a warm skimmer or 
end wall, regions of locally high monomer intensity will be formed 
which will scatter the light molecular species in the incident beam.   With 
increasing source pressure, the condensed clusters will grow to such a 
size that they are not significantly scattered by this monomer cloud.   At 
this point, the total beam intensity will increase with increasing source 
pressure.    These events are more clearly illustrated in the argon data 
shown in Fig.  8.   Before condensation, it can be seen that skimmer 
interaction is negligible and that beam attenuation results primarily 
from end wall interference.   To illustrate the magnitude of the end wall 
interference,  a 295°K ring having inner and outer diameters of 14. 5 and 
23 cm, respectively, was mounted concentric with the 20°K skimmer 
(configuration C,  Fig. 8).   It can be seen that scattering from this sur- 
face significantly attenuated the beam intensity.   The degree of attenuation 

6 
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is almost identical to that observed for the warm skimmer and end wall 
(configuration D).   The source pressure at which the minimum in total 
beam intensity occurs for the warm skimmer and/or end wall is approxi- 
mately the same for configurations B, C, and D.   Also, at the maximum 
source pressure of this study the total beam intensity for configurations 
B, C, and D have approached to within 40 to 50 percent of that of con- 
figuration A.   At these high source pressures, the molecular beam is 
comprised of such large particles that beam attenuation by skimmer and 
end wall interference is significantly reduced. 

Before condensation (p0 < 400 torr), the warm skimmer and end wall 
effects that have been discussed earlier with regard to total beam inten- 
sity (Figs.  7 and 8a) affect monomer beam intensity measurements in a 
similar manner (Pig. 8b).   The monomer intensities obtained with con- 
figurations A, B, and D were obtained with the mass spectrometer sys- 
tem shown in Fig. 4.   A comparison of these measurements indicates 
that the monomer intensity decreases rapidly with increase in end wall 
and skimmer interference effects.   These measurements support an 
earlier suggestion that end wall and skimmer interference effects would 
be very effective scatterers of incident beam monomers. 

The data obtained for configuration C do not appear to be consistent 
with those obtained for configurations A, B, and D.   There is good 
agreement between the total beam intensity measurements for configu- 
rations C and D, and for this reason a similarity in monomer beam 
intensity would be expected.   One significant difference in the experi- 
mental apparatus used with skimmer configuration C was that a new and 
more sensitive multiplier was used in the mass spectrometer.    Because 
of the improved sensitivity of the mass spectrometer, beam modulation 
was not considered necessary, and the chopper wheel was removed from 
the system.    The noted inconsistency in the monomer signal confirmed 
a growing suspicion that when condensation is present in the molecular 
beam, the chopper wheel may attenuate on the mass spectrometer 
signal. 

In order to further test this hypothesis, a 0.16-by-0.16-cm collim- 
ator (electroformed in stainless steel shim stock similar to the chopper 
wheel) was mounted on a remotely positionable arm such that it could 
be rotated into the beam and aligned precisely with an identical collim- 
ator orifice located at the chopper wheel.   In this position, it was 
3. 7 cm in front of the mass spectrometer ionizing section and 34. 3 cm 
from the chopper wheel.   A small degree of radial spreading would be 
expected as the beam pulse traverses the distance between these two 
collimators.    Therefore, if scattering from such surfaces located so 
far downstream is possible, then the large clusters in the beam will 
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impinge on the second collimator and result in a monomer cloud in 
front of this collimator.    Monomer and dimer intensity measurements 
are compared with the collimator in and out of the beam in Fig.  9.   It 
can be seen for conditions where there are large clusters that there is 
an attenuation of the beam when the second collimator is positioned in 
the beam.   This supports the earlier suggestion that scattering at the 
chopper wheel collimator entrance can attenuate the incident beam 
monomer intensity.   The degree of attenuation is likely to be greater 
at the entrance to the first collimator because the beam incident on 
this surface has a considerably larger cross section than that imping- 
ing on the second collimator.   Therefore, the monomer beam intensity 
obtained with configurations A, B, and D may have been attenuated by 
the chopper collimator. 

It is readily apparent from a consideration of Figs. 8b and 9 that 
dimer intensity measurements are affected by interference.   The vari- 
ation of dimer intensity with increasing source pressure is interference- 
dependent to such a degree that attempts to define the kinetics of dimer 
growth from such measurements are open to question (Refs.  16 and 17). 

Earlier studies of skimmer interaction effects on beam intensity 
have largely been confined to skimmer-source distances of less than 
200 source diameters.   In the present study, this distance has varied 
from 150 to 3500 source diameters. 

A comparison of total beam intensity for argon, carbon dioxide, 
and nitrogen flows for both warm and cold skimmers is made in 
Fig.   10.   The distance between the source and the total beam intensity 
detector was held constant for both skimmers.   It is evident from this 
comparison that the skimmer effect at source pressures where there 
is no condensation appears to be dependent upon the beam gas.    For 
argon, the present data and those of Ruby <Ref. 5) demonstrate that at 
low source pressures the warm skimmer does not result in a significant 
reduction in incident beam intensity.    For nitrogen and carbon dioxide, 
there is a 50-percent reduction in incident beam intensity with the warm 
skimmer.   At least two reasons can be given for the reduction in beam 
intensity:   (1)   real differences in the expansion characteristics of mon- 
atomic, diatomic, and triatomic gases; and (2)   a misalignment of the 
warm skimmer with the beam.   A strong argument against skimmer 
misalignment can be made by the fact that the reduced beam intensity 
was produced by just changing the gas specie.   Any attempt to increase 
the intensity of the CO2 and N2 beams by adjustment of the source and 
skimmer locations resulted in a further decrease in intensity, thus 
indicating that they were already located at their optimum positions. 
The results of tests with a small orifice at large source-skimmer 
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separation distances are shown in Pig.  11.   Rotating the warm skim- 
mer into the beam for a source-cold skimmer separation distance of 
Xg/d = 1730 indicates that before condensation there is a small reduc- 
tion in beam intensity of approximately 10 percent.   Before condensa- 
tion, there is a relatively small change in the form of the variation 
of beam intensity with source pressure indicating a negligible skimmer 
interaction effect.   When the separation distance is increased to 
Xg/d = 3460, there is a 60-percent reduction in beam intensity with no 
indication of a skimmer interaction effect (since the variation of beam 
intensity with source pressure is independent of type of skimmer used). 
It is apparent from a consideration of the carbon dioxide data shown 
in Figs.  10 and 11 that warm skimmer effects on beam intensity may be 
a function of source diameter and the source skimmer distance. 

There is a significant difference in the form of the total beam 
intensity variation with source pressure for the large source diameter 
(Fig.  12) and for the two smaller sources (Figs.   10 and 11).   A possible 
reason for this difference is a breakdown in the pumping efficiency of 
the 20°K skimmer because of too high an incident beam intensity at the 
skimmer surface.   Increasing the separation distance, xg/d, varies 
the incident beam flux at the skimmer, based on the assumption that 
beam intensity varies as (xs)~2. 

For the test conditions shown in Fig.  12, the incident beam flux at 
the skimmer changes by a factor of ten.   If the incident beam flux was 
so large that there was a breakdown in pumping at the skimmer, then 
increases in the incident beam flux would result in an increase in inten- 
sity of the backscattered molecules.    It has been shown (Fig.  8a) that 
any increase in the number of backscattered molecules results in a de- 
crease in the incident beam intensity.    For the present test conditions 
(Fig.   12) the form of the beam intensity variation with source pressure 
is essentially independent of incident beam flux at the skimmer, indicat- 
ing that there is not a breakdown in skimmer pumping.    To confirm that 
this was not a result of a breakdown in skimmer pumping, larger local 
beam intensities were produced at the skimmer surface by moving a 
0.0386-cm-diam orifice close to the skimmer, i. e., xs/d   < 200.   It 
was found that for these conditions beam intensity variations of the type 
shown in Fig.  10 were observed.   This supports the earlier suggestion 
that the changes in beam intensity shown in Fig.  12 are not a result of a 
breakdown in skimmer pumping. 

Similar trends have been observed with argon and nitrogen beams 
with the 0.1245-cm-diam orifice.   If, as has been suggested, there is no 
breakdown in the cold skimmer and cold end wall pumping, another source 
of backscattered molecules must be responsible for the effects shown in 
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Fig.  12.   Possibly these effects are orifice size dependent, since they 
have not been observed with the two smaller orifices»   A characteristic 
of a free-jet expansion is that the radial spread of the flow is dependent 
upon (1)  the ratio of source pressure to chamber background pressure 
and (2)   the absolute size of the orifice.   For all three orifices, there 
is not a significant difference in the pressure ratio which means that 
the nondimensional radial spread of the expansion should be approxi- 
mately the same.    However, .the radial spread of the expansion from 
the large orifice is such that it can impinge upon the side walls of the 
chamber.   The 20*K. cryoliners mounted from the sidewalls of the cham- 
ber have three openings which expose 295*K surfaces:   (1)   the window 
opening, (2)   a connecting pipe to the diffusion pump, and (3)   a mount- 
ing block for the warm skimmer.   The possibility exists that either one 
or all of these surfaces can attenuate the beam intensity in a similar 
manner to the warm end wall effect discussed earlier (Fig. 8).   Modi- 
fications have been made to the chamber such that these surfaces are 
now shielded from the beam by 20TC surfaces.   Thus, in the near future 
it should be possible to check the above hypothesis concerning scattering 
from warm side walls. 

3.3   BEAM VELOCITY MEASUREMENTS 

As has-been noted earlier (Fig.  7), there is an increase in beam 
velocity at source conditions where condensation has occurred in the 
expanding flow.   However, the data indicate that there are many factors 
which influence the velocity profile.    For example, in Fig.  7 the data 
show that the monomer velocity is affected by the type of skimmer used. 
A comparison of velocity measurements obtained with a 20°K skimmer 
and a room temperature skimmer and end wall (Refs.  18 and 19) is made 
in Fig.  13.   It is apparent from this comparison that scattering from 
the warm skimmer and end wall has a significant effect upon the mea- 
sured velocity both before and after condensation has occurred in the 
flow. 

It is of interest to note that the anomalous beam intensity values 
for the large orifice (Fig.   12) are associated with similar anomalies 
in the measured gas velocity (Figs.  12 and 14).   This indicates that 
side wall scattering in the source section of the beam generation system 
can affect the beam intensity and beam velocity.   Some beam velocity 
measurements obtained with room temperature CO2 for the two types 
of skimmers and two orifice-skimmer separation distances (Fig.  14) 
support this.   Since there seems to be a correlation between intensity 
attenuation and velocity profile distortion, and previous evidence indi- 
cates that the mechanical chopping wheel and associated collimator do 
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cause attenuation in beam intensity when condensation has occurred, 
then there is room for serious questions of absolute velocities mea- 
sured by mechanically chopping condensed beams. 

In addition to scattering in the source section and possible prob- 
lems with a mechanical chopper, Fig.  15 shows some effects of vary- 
ing the detector.   Measurements of monomer velocity appear to be 
consistent up to the point where condensation is expected.   Beyond 
this point the measured beam velocity depends on the mode of opera- 
tion of the mass spectrometer, i. e., side-on or end-on to the molecu- 
lar beam.   A third velocity profile was obtained using an ionizing head 
directly attached to an electron multiplier (i. e., no mass futer). 

It is felt that these effects can be qualitatively explained if one 
assumes that the condensed beam contains virgin monomers travel- 
ing at or above the theoretically calculated thermal velocity (excess 
velocity being caused by release of latent heat of condensation) and 
large clusters traveling at lower velocities.   When these large clusters 
collide with any element of the beam system (skimmers, side walls, 
collimators, and choppers) the resulting debris is an effective scatterer 
of incident beam monomers (Fig. 8a).   When fragmentation occurs in 
the ionizing region of the mass spectrometer, the resulting debris is 
composed of essentially monomers traveling at cluster velocity.   The 
net effect of these interactions will be to bias the velocity profile to the 
slower moving debris monomers.   Therefore, when interactions of this 
type occur the measured velocity will be less than the true beam velocity. 

SECTION IV 
CONCLUSIONS 

As a result of a limited study of cryogenically cooled skimmers, 
Singh (Ref.  14) concludes, "The results of the present study revive all 
the old fears about the value of using a skimmed molecular beam to 
probe the free jet. "   Certainly the results of this investigation support 
this conclusion as it relates to noncryopumped molecular beam cham- 
bers. 

1.     For condensation-free flows, it has been shown that 
for a completely cryopumped chamber, i. e., skim- 
mer, side wall, and end wall, beam velocity is not 
significantly affected by the positioning of a warm 
conical skimmer in front of the cryopumped end wall. 
However, small areas of nonpumping surface in the 
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cold end wall can attenuate the incident beam intensity 
significantly.    For the case discussed herein, a beam 
attenuation of 75 percent was observed when a non- 
pumping annular ring, having inner and outer diam- 
eters of 14. 5 and 23 cm, respectively, was mounted 
concentrically with the cryogenically cooled skimmer. 
This indicates that most skimmer studies to date have 
been dominated (as Bossel, Ref.  12, has noted) by 
end wall effects rather than by the skimmer alone, as 
has generally been assumed. 

2. With the onset of condensation, large clusters are 
formed in the beam, and some beam attenuation is ob- 
served when a warm conical skimmer is located in 
front of the cryogenically cooled end wall.   However, a 
nonpumping end wall has a more significant effect upon 
the attenuation of beam intensity.   In both cases the 
attenuation is thought to result from an interaction of 
the debris resulting from cluster impact on these warm 
surfaces with the incident beam.   With increasing source 
pressure, the clusters become so large and form such 
a large percentage of the total incident beam that the 
debris is no longer an effective incident beam attenuator. 

3. Experimental evidence has been obtained which indicates 
that when the free jet expanding from the largest orifice 
of the present study impinged on some relatively small 
areas of nonpumping surface on the chamber side walls,   . 
the incident beam intensity was attenuated and the beam 
velocity was affected. 

4. Monomer and dimer beam intensities have been shown to 
be affected by the impact of beam clusters on a warm 
collimator located in front of the mass spectrometer. 
Therefore, the possibility exists that the conventional 
mechanical beam modulating techniques in use in 
molecular beam systems may affect measurements of 
this type. 

5. Gas velocity measurements have also been shown to be 
affected by warm skimmers, end walls, and side walls. 

The data contained herein represent a summary of a developmental 
program to produce intense molecular beams in a wholly cryopumped 
chamber.   It is considered that the results provide for a better under- 
standing of the processes involved in the production of molecular beams 
than has been available to this time. 

12 



AEDC-TR-72-100 

REFERENCES 

1. Bossel, U.    "investigation of Skimmer Interaction Influences on 
the Production of Aerodynamically Intensified Beams. " 
College of Engineering, University of California, Berkeley, 
Report No. AS-68-6, August 1968. 

2. Anderson, J. B., Andres, R.  P., Fenn, J. B., and Maise, G. 
"Studies of Low Density Supersonic Jets. "   Proceedings of the 
Fifth International Rarefied Gas Dynamics Symposium, 
Vol. II.   Academic Press, New York,  1967, pp.  106-127. 

3. Brown, R. F. and Heald, J. H., Jr.  "Background Gas 
Scattering and Skimmer Interaction Studies Using a Cryo- 
genically Pumped Molecular Beam Generator. "   Proceedings 
of the Fifth International Rarefied Gas Dynamics Symposium, 
Vol. n.   Academic Press, New York, 1967, pp.  1407-1424. 

4. Mayer, E., Tracy, R., Collins, J. A., and Triplett, M. J. 
"Condensation of Rarefied Supersonic Flow Incident on a 
Cold Plate."   Proceedings of the Fourth International Rare- 
fied Gas Dynamics Symposium, Vol. IE.   Academic Press, 
New York,  1966, pp. 239-259. 

5. Ruby, E. C.   "An Experimental Study of the Velocity Distribution 
and Relative Abundances of Argon Molecular Clusters in the 
Condensation Regions of a Free-Jet. "   University of Tennessee 
Masters Thesis, December 1969. 

6. Golomb, D., Good, R. E., and Brown, R.  F.    "Dimers and 
Clusters in Free Jets in Argon and Nitric Oxide."   Journal of 
Chemical Physics, Vol. 52, No. 3, February 1970. 

7. Heald, J.  H., Jr.    "Performance of a Mass Spectrometric 
Modulated Beam Detector for Gas-Surface Interaction 
Measurements."   AEDC-TR-67-35 (AD648984), March 1967. 

8. Audit, Philippe.    "Liaisons Intermoleculaires dans les Jets 
Supersoniques Etude par Diffraction d'Electrons. "   Le Journal 
de Physique, Tome 30, Fevrier-Mars 1969, pp.  192-202. 

9. Bier, K., and Hagena, Otto.   "Optimum Conditions for Generating 
Supersonic Molecular Beams. "   Proceedings of the Fourth 
International Rarefied Gas Dynamics Symposium, Vol. II. 
Academic Press, New York,  1966,  pp. 250-278. 

13 



AEDC-TR-72-100 

10. Hagena, O.  F., Obert, W., and Wedel, H. V.   "Condensation in 
Supersonic Free Jets:   Experiments with Different Gases and 
Nozzle Geometries. "   Euromech 13 Meeting on the Aerody- 
namics of Rarefied Gas Flows, National Physical Laboratory, 
Teddington, Middlesex England, July 1969. 

11. Sherman,  P.  M.    "Condensation Augmented Velocity of a Super- 
sonic Stream. "   AIAA Journal, Vol. 9, No. 8,  1971, 
pp.   1628-1630. 

12. Bossel, U.   "On the Optimization of Skimmer Geometries. "   Ava- 
AbtefLung Raumfahrtderodynamik Gottingen, DLR FB 71-5, 
July 1971. 

13. Campargue, R.    "Dominant Factors of Degradation in the Pro- 
duction of Supersonic Molecular Beams."   Entropie No. 30, 
pp.   15-21,  1969. 

14. Singh, Raminder.    "Molecular Beam Studies of Relaxation Effects 
in Free Jets Using a Cryogenically Cooled Skimmer."   College 
of Engineering, University of California, Berkeley, 
Report No. AS-71-7, September 1971. 

15. Leckenby, R. E., Robbins, E. J., and Trevalion, P. A. 
"Condensation Embryos in an Expanding Gas Beam. " 
Proceedings of the Royal Society of London, 280 (Series A), 
March 1964,  pp.  409-429. 

16. Milne, Thomas A. and Greene, Frank T,    "Mass Spectrometric 
Observations of Argon Clusters in Nozzle Beams.   I.    General 
Behavior and Equilibrium Dimer Concentrations. "   Journal 
of Chemical Physics, Vol. 47, No.  10, November 1967. 

17. Milne, Thomas A., Vandegrift, A. Eugene, and Greene, Frank T. 
"Mass Spectrometric Observations of Argon Clusters in Nozzle 
Beams.    EL    The Kinetics of Dimer Growth. "   Journal of 
Chemical Physics, Vol.  52, No. 3, February 1970. 

18. Bier, K. and Hagena, O.    "influence of Shock Waves on the 
Generation of High-Iniiensity Molecular Beams by Nozzles." 
Proceedings of the Third International Rarefied Gas Dynamics 
Symposium.   Academic Press, New York,  1963, pp. 478-496. 

19. Hagena, O.  and Henkes, W.    "Untersuchung der Thermischen 
Relaxation bei Düsentrömungen Durch Analyse der Gaskinetischen 
Geschwmdigkeitsverteüung."   Z.  Natur for seh,  15a, pp.  851-858, 
1960. 

14 



AEDC-TR-72-100 

APPENDIX 
ILLUSTRATIONS 

15 



LN2 Out Gaseous Helium 
, Gaseous Helium Out       In    Out      Cold Collimator 

Source \ Heating | Fluid 
|n \Cooling | 

Gate Valve 

Chopper Wheel 

Gate Valve 

Source Gas 

Vacuum 
O-Ring Seal — Pump 

Thin-Wall Stainless Steel Bellows 

Cluster Detector 

EAI Mass Spectrometer 

Total Beam Flux Gage 

Gaseous 
Helium In 6 in. 10 in. 10 in. 

 I I 

Diffusion Pumps 

■ ■ i i 

0 12 3 

Feet 

Fig. 1   Schematic of the Molecular Beam Chamber 

> 
m 
a 
o • 
H 
JD 
I 
-vl 

• 



Test G« 

oo 

Healing-Cooling Fluid HtJtlng-CoolIng Fluid 

Vacuum Pump 

K 
a E3I 

"E 
TIE m 

Settling Chamber 

Orifice Insert- 

"W$^ 

=^^      /sacjfSZ^ 
Thermocouple - 

> 
m 
O o 

§ 

Fig. 2  Schematic of the Temperature Controlled Molecular Beam Source 



AEDC-TR-72-100 

r i 

^ 

%. - 

Magnification 80 

Magnification 320 

Fig. 3   Orifice Used in Present Investigation 

19 



AEDC-TR-72-100 

Collimator 

Chopper Wheel 

A Motor 

t— Light and Photocell 

Voltmeter 

Mass Spectrometer 
1 

lonization Region 
I 

Quadrupole Section 
I 

Electron Multiplier 

Fig. 4  Schematic of the Modulated-Beam Detection System Used to 
Measure Cluster Intensity 

20 



AEDC-TR-72-100 

Collimator 
Collimator 
Chopper Wheel 

Photocell 

Beam 

Light 

Motor 

Ion Source 

Quadrupole Section 

Electron Multiplier 
FET Emitter Follower 

Waveform Eductor 

i 
Oscilloscope 

Fig. 5 Schematic of the Modulated-Beam Detection System Used to 
Measure Gas Velocity 

21 



AEDC-TR-72-100 

103 

rf 

c 

2 
5 ioi 

(/> 

10° 

10" 

—,    ■ ■ i—~z—■   ■ ■-i 
^—— Present - 2frK Skimmer 

0.0147-cm Sontc Orifice 
 Ref. 9 - 300°K Skimmer 

0.015-cm Sonic Orifice 
 Ref. 10 - 30O°K Skimmer 

0.015-cm Sonic Orifice 

Characteristic Cluster Size 

Total- 

•Ref. 8 - 300°K Skimmer, 
Electron Diffraction. 
Argon Expansion from 
a 0. oe-cm Sonic Orifice. 
1. Monomers Only 
2. Oimers and Liquid Droplets 
3. First Indication of Crystals 

Dimer 

Argon 
T0= 30ff°K 

■ 

Monomer Velocity 

■L i ■      s 

rIO5 

-io*I 
O 

Lio1 

•560   E 

■     2 
-500  5 

ioi 102 103 

Source Pressure, torr 
10« 

Fig. 6  Indicators of Condensation in Free-Jet Expansions 

22 



AEDC-TR-72-100 

Present Data, 
d- 0.0386 cm 

p 20°K Skimmer 

Ü  xs/d-1000 

^295°K Skimmer 

D  20°K Skimmer 
B<< 

C 
S 
< 

I 

101 

Ref. 3, 
d-0.05 cm 

-4 
77°K End Wall 
and Skimmer 
xs/d - 40 

300°K End Wall 
and Skimmer 

xs/d - 40 

w 1 
•A 

102 

C > 

^"B 

D 

10» 

Carbon Dioxide 

T0 » 300°K 
.A 

10° ■"  *B 

i_l  

102 103 

Source Pressure, torr 

10* 

-.760 

- 720 

- 680 

- 640 

. 600 

E 

2 

Fig. 7   Effect of Skimmer and End Wall Temperature on Beam Intensity 
for Carbon Dioxide 

23 



AEDC-TR-72-100 

[] 20°K Skimmer 

295°K Skimmer 

^~l    | 20°K Skimmer 
7.5cm-J    l- 

"I 
[   20°K Skimmer 

20°K Surface III 295°K Surface 

295°K Skimmer 
D r=r   <t and End Wall 

4X102 

rf- 

c 

2r 

10] 

J5> 

10» 

2x10" 

r *        l      r 

101 

i 1    r 

T0 « 300°K 

0.0343 < d < 0.0386 cm 

■   ■ X 

102 103 

Source Pressure, torr 
10« 

a.  Total Beam intensity 
Fig. 8   Effect of Skimmer and End Wall Temperature on Beam Intensity for Argon 

24 



AEDC-TR-72-100 

102 

10J 

2 

Vfi - 

10 1 

10" 

i             i ■ 1   |             i             r       i 
- 

1     1                  '                  '  T 1  

^r 
\ß      y 

■ 

-                                  jfrr                         ^^^ c/ - 

y^&onomers         ,   \ ■ 

/ \D ■ 

• s 
V\A 

■ 

Dimers-.   £ c ^\ 
fc_                     ■ 

II 1 h 
^^^^^   - 

Argon             **"^ 
T0« 300°K 

%    - 

0.0343< d < 0.0386cm 

1 1     -1 1 

101 102 103 

Source Pressure, torr 

b.  Monomer and Dimer Intensity 
Fig. 8  Concluded 

10« 

25 



AEDC-TR-72-100 

10' 

10J 

Ul 

CD 

to 
C 
.51 

CO 

o 
T> 

■s 

10l 

10 -1 

10 -2 

T r~ i—r T 1 1—I ( 1 r 

 Two Collimators 

-   Argon 

T0 ~ 295°K 

d~ 0.0386 cm 

10J 102 103 

Source Pressure, torr 

10* 

Fig. 9   Effect of a Warm Collimator in Test Chamber on Beam Intensity 

26 



AEDC-TR-72-100 

4x10? 

102 

£ 101 c 

2 

1 s 

10" 

10' 

 1           1      1—1—1           1 

.     20PK Skimmer xs/d- 

1 1 

1000 

T                 III 

 Z95°K Skimmer xs/d -800 

7   T0-295°K 
/ 

d- 0.0386 cm / 
. w 

/ 
Argon / 

/ 

x>» ^N_. 
yV 

y^ ^f                                              ^ 

y^ rf Carbon 
Dioxide 

A _ 
A ^ 

A                   s^ *'  A                  / ^ 
/^                 / +* 

y^               x           * 
 «■» 

/             /       ' -Ar            /      * •• 

/ // 

Nitrogen 

/     * ■ 

**** —-*^»x 

- s      s                    / * +' \y 
' /       /   /' 

s                      s           ^' -/     / s - 

s       * 
/       * . 
/      * s      s /      s 

/      / 
/      / 
/     / S     s ~ 

s      / 
/ 

• .      .   ,  . 1 • i 

10 1 10* V? 104 

Source Pressure, torr 

Fig. 10  Effect of Skimmer Temperature on Beam Intensity for Various Gases 

27 



AEDC-TR-72-100 

vf 

E 

i_ o 

1 
Q 

101 

ioP 

10" 
101 

Carbon Dioxide 
T0= 297°K 

d -0.0147 cm 

295°K Skimmer- 

xs, cm x$/d 

25.4 1730 

^>£ 17.8 1210 
'50.8 3460 

43.2 2940 

Total Beam 
Monomer Beam 

Source Pressure, torr 

700 

»f! H 660   SB 

J620 

Fig. 11   Effect of Skimmer Separation Distance on Beam Intensity-Small Orifice 

28 



AEDC-TR-72-100 

2 

.5* 

xs, cm  xs/d 

102 '       ——— 

20°K Skimmer                   X, 17 8   143   ■ 

Z95K Skimmer            S   //56.0   450 
jf     ///48.3    390 

^00^^Z         // 76-° 610  " 
H> *• >r          Monomer /!/* 

/          ^ /1 
f 

Ay          N     /   / 

vfi 
■   ' ff 

r/^—^^           /     Carton Dioxide 

**                v*~*'        T0=297°K              : 
f\        d= 0.1245 cm 

' /V /   \ 
■ f'7 /      \ 
/*/ /       \ f*7 /        \ Y '          \ Dimer 

f*\            xs ■ 25.4cm 

lo-i 

- \^^^Velocity 
xs ■ 25.4 cm 

101 102 103 

Source Pressure, torr 

I 700   u 
t/> 

"E 
680    . 

- 660  1 
> 

J640  J 

104 

Fig. 12   Effect of Skimmer Separation Distance on Beam Intensity - Large Orifice 

29 



AEDC-TR-72-100 

700 

| 

|   600 

to 

500 

Syra dr cm Skimmer xs, cm 

y 0.1245 20°K 25.4 
0 0.03» 20°K 38 
o 0.0147 20°K 25.4 

0.03» 3Q0°K 31 

Beam 

Total 
Monomer, Total 
Monomer 
Monomer 

*<~* 

300°K Skimmer 
d-0.049 cm 

' xs -0.4 cm 
/ 

V^ ^'   Ref. 19 
-■—"^^      Total Beam 

Carbon Dioxide 
T0 = 300°K 

J- 

/ 

d •0.03cm 
x$ -0.3cm 

Ref. 18 
Total Beam 

_]  

2x10° 101 102 103 

Source Pressure, torr 

F4g. 13  Comparison of Carbon Dioxide Velocity Measurements 

4x10? 

30 



00 

f4U 

700 

660 

620 

i      i    .   , ■            i      i    i   | 1  

xs/d 

/—*\         s610 ■ 

\\        ^-^       ^ 204 

\ ^           -^-* 

\ „"'     Xl«    . 

,    .   i 

- 295°K Skimmer 

to 

8 

O 

Ca 
To 
d = 

rbon Dioxide 
= 295°K 

0.1245 cm 

10J 

Source Pressure, torr 

103 4X103 

Fig. 14  Effect of Skimmer Separation Distance on the Measured Gas Velocity o 
o 

o o 



AEDC-TR-72-100 

640 

■|    600 

& 

4> 
> 

O 

560   r 

T i        i     i I T | 

20°K Skimmer 
 295°K Skimmer 

1 Monomer - Side On Mass Spectrometer 

2 Monomer - End On Mass Spectrometer 

3 Total Beam - End On Multiplier 

Argon T0«295°K     d-0.0386 cm 
 . i ■    ■   I  

4x10' 102 10? 

Source Pressure, torr 

104 

640 

8 
Ü   600 

t/» 
CO 
O 

560 

-, ■—, , , . r- 

1 Dimer - Side On Mass Spectrometer 

2 Dimer - End On Mass Spectrometer 

■ J—L * 

4X101        102 104 103 

Source Pressure, torr 

Fig. 15   Effect of Skimmer Temperature on Monomers, Dimers, and Total Beam Velocity 

32 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA .R&D 
(Security ctmstlllcatton ol rllta. body of abstract and indexing aflnolalion nmst be infMirf whan the overall report li claiafJ/acTJ 

i    ORIGINATING ACTIVITY (Corporate author) 

Arnold Engineering Development Center 
Arnold Air Force Station, Tennessee  37389 

2a. HEPORT SECURITY   C L A Ml Fl C A TION 

UNCLASSIFIED 
lb. 'CROUP 

N/A 
1.   REPORT   TITLE 

EFFECT OF SKIMMER INTERACTION ON THE PROPERTIES OF PARTIALLY 
CONDENSED MOLECULAR BEAMS 

*   DESCRIPTIVE NOTE» (Type oI report and inclusive date») 

Final Report - August 19, 1971 to February 24, 1972 
s- »UTMORIII (Flrtr name, middle Initial, latt name) 

A. B. Bailey, M. R. Busby, and R. Dawbarn, ARO, Inc. 

a.   REPORT  DATE 

August 1972 
7a.   TOTAL  NO.  OF PASES 

38 
7b.  NO.  OF  REFS 

19 
■a.   CONTRACT  OR   5RANT NO. 

t. PROJECT NO.   7635  and 6687 

e.  Program Element  62101F 

•a.  ORIGINATOR'S REPORT  NUMBEAI» 

AEDC-TR-72-100 

06.  OTHER  REPORT NQ45» (Any othaf number*   that may  b» ttmniffnod 
this report) 

ARO-VKF-TR-72-59 
10    DISTRIBUTION  STATEMENT 

Approved for public release; distribution unlimited. 

II. SUPPLEMENTARY NOTES 

Available in DDC 

12.  SPONSORING MILITARY   ACTIVITY 

AFCRL, AFSC 
Bedford, Massachusetts 01730 

is ABSTRACT trough the extensive use of cryopumping in the source, collima- 
tion, and test chambers of a molecular beam test facility, it has been 
possible to identify some of the factors affecting beam intensity in non- 
condensed and condensed flows.  For noncondensed flows, the positioning 
of a warm conical skimmer in front of a cryopumped end wall does not ap- 
pear to result in any significant skimmer interference effects on beam 
intensity.  However, the location of a warm annular surface with inner 
and outer diameters of 14.5 and 23 cm, respectively, at the cryopumped 
end wall resulted in a significant attenuation of the incident beam in- 
tensity.  This indicates that end wall scattering is a significant factor 
in determining molecular beam performance. With the onset of condensa- 
tion, it has been shown that nonpumping skimmers and end walls reduce the 
incident beam intensity. This attenuation results from debris reflecting 
into the incident beam.  However, for beams with significant condensation 
the total beam intensity is not affected as greatly.  It is postulated 
that for source conditions where there is significant condensation, 
i.e., high source pressures, the incident beam attenuation will not be 
as great since the beam is composed of large, clusters (possibly liquid 
droplets or crystals) that are not as easily scattered by the reflect- 
ed cluster debris.  Measurements of gas velocity in a condensed flow 
indicate that a nonpumping surface placed in the beam affects not only 
beam intensity but also the beam velocity. 

DD,FN0ORV*.81473 UNCLASSIFIED 
Security Classification 



UNCLASSIFIED 
S*curity Classification 

14. 
kiv itOHD* 

N«lf 

LINK   B LINK   C 

HOLS 

molecular beams 

cryopumplng 

skimmers 

condensation 

argon 

nitrogen 

carbon dioxide 

performance 

vacuum chambers 

MMllAFITaa 

UNCLASSIFIED 
Security Classification 


