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ABSTRACT 

An aerodynamic molecular beam and phase-sensitive detection sys- 
tem were used to investigate the spatial distributions of argon atoms   • 
reflected from solid argon for incident energies of from 0. 30 (beam 
temperature of 1400°K) to 0.54 ev (beam temperature of 2500°K),  inci- 
dent angles from 0 to 70 deg,  and solid argon temperatures of 15°K. 
Both in-plane and out-of-plane spatial distribution measurements were 
made,  and highly nondiffuse supraspecular spatial flux distributions 
were observed for the noncondensing atoms.    The angle of maximum 
reflected intensity was independent of both beam incident angle and 
beam energy.    For incident angles (measured with respect to the sur- 
face normal) of 5 deg or less,   "backward" reflection lobes were ob- 
served,  and the magnitude of the reflected flux increased as the angle 
of incidence approached zero.    The beam capture coefficient was a 
function of the incident beam energy and the angle of incidence.    How- 
ever,  with a beam source temperature of 2500°K,  the capture coefficient 
was near unity for normal incidence. 

in 
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nj. Total gas flux leaving the surface, molecules /sec 
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SECTION I 
INTRODUCTION 

The atomic and molecular processes occurring at the gas-solid 
interface have been carefully studied both theoretically and experi- 
mentally during the past decade because of their importance in a variety 
of scientific and technical fields.    The fields of rarefied gas dynamics, 
vacuum technology,  and space simulation require a fundamental knowl- 
edge of gas-surface interaction phenomena. 

The current theoretical models for the interaction of gases with 
solid surfaces are based on classical and quantum mechanics.    The 
latter is the more general point of view,  and the question is whether it 
is necessary from practical considerations to go to this level of com- 
plexity.    Unfortunately,  the modern quantum theories are not yet able 
to describe a wide range of gas and surface conditions.    The majority 
of recent theoretical studies has been based on classical mechanics. 
Classical models which have successfully predicted energy accommo- 
dation and spatial distribution patterns for a variety of gas-surface 
combinations and conditions have been proposed by several authors 
(Refs.   1 through 5).   Nevertheless,  a completely satisfactory general 
theory of gas-surface interactions has yet to be established. 

Most of the recent experimental work has been done with high tem- 
perature,  single crystal surfaces and small gas-to-surface mass ratios 
(Refs.   6 and 7),  and it is for these conditions that many of the contem- 
porary theoretical models apply.   However,  a somewhat different and 
perhaps more fundamental experimental approach has been taken at 
AEDC.    The interaction of a rare gas with its own crystalline phase 
has been studied under steady-state conditions.    This approach offers 
two distinct advantages over previous experimental approaches: 

1. The interaction potential parameters (e. g., the well- 
depth and range parameters for Morse and Lennard- 
Jones potentials) for argon-argon interactions are 
known. 

2. The argon surface is clean because of continuous 
deposition by the incident beam.    However,  in the AEDC 
experiments the orientation and crystallographic struc- 
ture of the surface are unknown. 
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SECTION II 
EXPERIMENTAL APPARATUS 

2.1   AERODYNAMIC MOLECULAR BEAM CHAMBER 

The AEDC Aerodynamic Molecular Beam Chamber (Fig.   1, Appen- 
dix I) is a stainless steel cylinder,  3 ft in diameter by 6-1/2 ft long, 
which is divided into three sections (i. e., nozzle, collimation,  and test) 
by two removable bulkheads.    Vacuum conditions are produced and main- 
tained in the cell by oil diffusion pumps,  20°K gaseous-helium (GHe)- 
cooled cryoliners,  and 77°K liquid-nitrogen (LN2)-cooled cryoliners. 
The total pumping speed for air is in excess of 500, 000 liters/sec. 

This system is capable of producing a 4-mm-diam beam with a 
variable flux from 2. 0 x lO1^ to 4. 0 x 1016 molecules/sec while main- 
taining a background pressure of 3. 0 x 10~8 torr in the test section. 
During the experimental runs, the operating pressures were 4 x 10"^, 
2 x 10" ',   and 3 x 10~8 torr in the nozzle,  collimating,  and test sections 
of the chamber,  respectively.   A complete description of the beam sys- 
tem and its performance is given in Ref.  8. 

2.2 HIGH TEMPERATURE AERODYNAMIC BEAM SOURCE 

The high temperature beam source is a resistance-heated tantalum 
tube 4 in.  in length with 0. 25-in.  outside diameter and 0. 02-in.  wall 
thickness (Fig.  2).   A 0. 014-in. -diam hole is drilled through the wall 
at a position halfway between the ends of the tube.    The beam gas enters 
through both ends and is expanded through the small orifice.   Electrical 
power is supplied by copper electrodes attached near the tube ends.    A 
water-cooled copper heat shield is placed around the tantalum source to 
protect the cryopanels from the radiating heat load. 

2.3  TARGET SUBSTRATE 

The target substrate for these experiments is a hand-polished 
copper disk.    The disk is hollow so that GHe can be circulated through 
it.   The substrate temperatures in the range from 30 to 15°K are meas- 
ured by a hydrogen vapor pressure thermometer and in the range of 
from 68 to 30°K by Chromel®-constantan thermocouples. 
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2.4 DETECTION SYSTEMS 

One of the major problems in molecular beam experiments is to 
extract the signal caused by the reflected beam molecules from the 
background noise.    The 3. 0 x 10"8 torr background pressure during 
these experiments is equivalent to 10*2 molecules/sec-cm^ striking the 
detector.    The molecular intensity reflected from the target surface, 
however, is also on the order of 10^2 molecules/sec-cm2.   Therefore, 
it is necessary that the detection system be able to distinguish the beam 
signal from a background noise level of equal intensity.    To accomplish 
this, a modulated beam system is used,  which consists of (1) a mechan- 
ical chopper, (2) a quadrupole mass spectrometer,  and (3) a lock-in 
amplifier (Figs.  3 and 4).   This detection system has the capability of 
recovering beam intensity signals that are'three orders of magnitude 
less than the background gas intensity.   A complete description of the 
detector and its performance is given in Ref. 9. 

The total beam flux is measured by using a miniature ionization 
gage.    The gage is enclosed in the standard glass envelope,  but the 
normal 1-in. -diam opening was reduced to 6 mm in order to increase 
the directional sensitivity (Fig.  5). 

2.5  TARGET AND DETECTOR MOVEMENT MECHANISMS 

The target and detector are rotated by chain drives that are manu- 
ally controlled through mechanical feedthroughs in the test section of the 
chamber.   The target and detector can be positioned with an accuracy of 
±2 deg. 

SECTION III 
EXPERIMENTAL TECHNIQUE AND PROCEDURES 

The first steps in studying particle-surface interactions are to 
evaluate the basic parameters relating to the incident molecules and to 
define the surface conditions, if possible.   In this series of tests,  an 
aerodynamic molecular beam was used to provide the incident molecules. 
Therefore, the objective of the first experiments was to define the beam 
characteristics. 
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3.1 CHARACTERISTICS OF THE BEAM 

Aerodynamic beams differ from the classical oven beams in several 
areas:   (1) the intensity is greater, (2) the mean energy is higher, 
(3) the molecules in the beam can exist as single atoms or the beam 
molecules may form polymers held together by van der Waals 
forces (Ref.  10),  and (4) the velocity distribution is very narrow. 
For instance, at Mach 20, the velocity distribution of an aerody- 
namic beam is such that'80 percent of the beam molecules have a 
velocity that is within 5 percent of the mean velocity (Ref.  11). 

3.1.1 Total Beam Flux and Polymerization in the Beam 

A detailed description of the beam components and an analysis of 
the free jet expansion are given in Ref.  12, and typical beam perform- 
ance data are shown in Fig. 6. 

The data in Fig.   6 were obtained by lowering the miniature ioniza- 
tion gage into the beam and obtaining the gage reading as the source 
pressure was varied over the desired range. 

The source pressure,  PQ,  was varied by adjusting a needle valve 
in the source gas supply line.    Previous calibration with an oven beam 
source has shown that if the ionization pressure gage reading for argon 
is multiplied by 2. 5 x 10^0 the product is the total beam flux in molecules 
per second. 

The curves in Fig.  6 indicate the change in the total beam flux as 
the temperature varies from 1700 to 2500°K.    The drop in the beam flux 
at the higher source pressures is caused by polymerization in the beam 
and skimmer interaction.    Experimental data relating to the onset of 
polymerization in argon beams with high source pressures are presented 
in Ref.   10, and skimmer interactions are discussed in Ref.  13. 

Partial pressure measurements taken at source pressures from 
1000 to 3000 torr show that detectable amounts of polymerization begin 
to occur at the peak in the curve and increase rapidly with increasing 
source pressure.    The source pressure was maintained low enough to 
ensure that polymerization would not occur during these experiments. 
Therefore,  the data to be presented in this investigation are only for 
argon atoms. 

3.1.2 Intensity Cross Section of the Beam 

Measurements were made with an ionization gage to determine the 
intensity (molecules/sec-cm^) at various points across the beam.   A 
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plate jivith a 0. 014-in. -diam hole was placed over the ionization gage 
opening.    Readings were then taken at positions visually measured with 
a transit.    The beam intensity distribution has a uniform core as shown 
in Fig.  7. 

3.2  SURFACE PREPARATION 

During these experiments, the solid argon target surface was pre- 
pared by the partial capture of the impinging argon molecular beam on 
the cryogenically cooled copper substrate.    The surfaces were deposited 
by beams having various angles of incidence and at both constant and 
continuously decreasing substrate temperatures.   The incident strike 
rates were 3. 25 x 10^ and 1. 1 x 10l6 molecules/sec-cm.2.    The experi- 
mental data were not affected by any of these surface preparation condi- 
tions.    The argon cryodeposits appeared to be crystalline or glassy but 
the uniformity or orientation of the crystallographic structure is un- 
known.   Because of the difficulties associated with growing large crystals 
of argon (Ref.   14), the cryodepösit is probably polycrystalline argon. 
Thus,  during these experiments, the solid argon target surface is con- 
tinuously deposited and therefore "clean" but undefined in terms of 
macroscopic crystal structure. 

3.3   EXPERIMENTAL PROCEDURE 

To measure the signal from the reflected argon atoms,  an arrange- 
ment as shown in Fig.   3 was used.    The target could be rotated to change 
the angle of incidence.    To change the angle at which the reflected signal 
was being measured, the detector could be moved in an arc about the 
target.    When the detector was maintained in the plane defined by the 
incident beam and the normal to the target surface, the measurements 
made are called "in-plane" measurements.   Also,  a limited number of 
"out-of-plane" measurements were made by moving the detector along 
its arc track (Fig.  3). 

The specific experimental procedures were as follows:   The beam 
source temperature and pressure were adjusted to the desired values, 
and the target was positioned to provide the desired angle of incidence. 
The target was cooled to 36°K and the spatial distribution of the reflected 
beam molecules was determined.    These data provided a reference for 
the performance of the detector system as argon does not condense on a 
36°K surface and previous experiments have shown that the spatial distri- 
bution of the reflected beam molecules was cosine. 
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The target was then cooled to 15°K.    However,  at a target tempera- 
ture of approximately 30°K the beam molecules began to condense.    This 
phenomenon was not investigated in detail but the data indicated that at 
first the capture coefficient was near unity.    Then as the cryodeposit 
thickness increased to a few microns the capture coefficient decreased 
and finally a steady-state value was measured.   The data reported in 
this report were obtained after the capture coefficient had reached a 
steady-state value. 

Spatial distribution data for the molecules departing from the sur- 
face were taken as the detector was moved through increments of 2,  5, 
or 10 deg.   (The angles were measured with respect to the surface 
normal.)   However, because of the beam width and the size of the de- 
tector, data could not be taken within 20 deg of the beam. 

SECTION IV 
EXPERIMENTAL RESULTS AND DISCUSSION 

4.1   SPATIAL DISTRIBUTIONS OF HIGH TEMPERATURE ARGON BEAMS 

4.1.1 Introduction 

The spatial distribution data (Figs. 8 through 16) are presented as 
polar coordinate graphs to give a more realistic picture of the reflection 
patterns.    The distance along a ray is directly proportional to the signal 
strength.    Also,  it should be noted that both the incident and reflected 
angles are measured with respect to the surface normal. 

4.1.2 In-Plane Measurements 

The experimental data shown in Fig.   8 indicate that diffuse scatter- 
ing,  i. e.,  cosine reflection (T0 = 2500°K), occurs for 0. 54-ev argon 
striking a 36CK copper target at an incident angle of 60 deg.   Under 
these experimental conditions,  argon does not condense on a 36°K sur- 
face.   Nevertheless, the surface is contaminated to an unknown degree 
by condensation of residual gases such as water vapor (H2O) (Ref.   15). 
These data provide a check on the performance of the detector systems 
as previous experiments have shown that the spatial distribution of the 
reflected beam molecules is cosine (Ref.   12).    When the temperature 
of the copper substrate was lowered to 30°K,  condensation of the gaseous 
argon began on the surface,  and a visible argon cryodeposit formed on 
the copper target.    After several minutes, the number of reflected argon 
atoms reached a steady-state value,  and spatial distribution data for the 
argon molecules leaving the surface was obtained. 

6 
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The effect of argon beam energy for an incident angle of 60 deg im- 
pinging on a 15°K argon cryodeposit is shown in Fig.  9.    Supraspecular 
spatial distributions were observed for beams in the temperature range 
from 1400 to 2500°K.    The angle of maximum reflected intensity in the 
forward lobes was independent of the beam energy and was observed to 
be 78 ± 2 deg.   As the source gas temperature increases, the capture 
of the incident beam decreases.    Estimates of the capture coefficient 
are presented in Appendix II. 

For small angles of incidence and a beam energy of 0. 54 ev,  argon 
gas atoms are reflected in both the forward and backward directions 
from the argon cryosurface as shown in Figs.   10 and 11.    The magni- 
tude of the backward flux is a strong function of the angle of incidence 
and increased as 0i approached 0.    The angle of maximum reflected in- 
tensity in the forward lobes was once again 78 ± 2 deg,  indicating that 
this angle is also independent of the angle of incidence. 

Since the sublimation energy of solid argon (0. 08 ev) is consider- 
ably less than the mean energy of the beam used in these experiments, 
sputtering! of the argon cryodeposit is possible.   However,  when an 
argon beam at various angles of incidence (Fig.   12) and at various 
energies (Fig.   13) was directed on a carbon dioxide cryodeposit (sub- 
limation energy =0. 306 ev, Ref.   15) sputtering was not observed.   Also, 
a nitrogen cryodeposit (sublimation energy « 0. 06 ev) was not observed 
to be sputtered by a 0. 54-ev argon beam.   Nevertheless,  sputtering is 
still possible,  and a more definitive experiment i« being planned. 

4.1.3  Out-of-Plane Measurements 

Out-of-plane measurements of the spatial flux distribution of a 
0. 54-ev argon beam at incident angles of 60 and 5 deg are shown in 
Figs.  14 and 15.    The geometry for these experiments is shown in 
Fig.  16 for an out-of-plane angle,   #, of 45 deg.   As in the in-plane 
case, the angle of maximum reflected intensity is independent of the 
angle of incidence and occurs at 78 ± 2 deg.    For the estimation of the 
capture coefficient (Appendix II) for 60-deg angle of incidence,  symmetry 
about the ray corresponding to the maximum detector signal was assumed. 
This is supported by the fact that for a 0. 54-ev argon beam at 0^= 60 deg, 
the detector signal for the out-of-plane measurements was less than the 
corresponding in-plane signals and approximately equal to the value pre- 
dicted by the assumption of symmetry. 

Sputtering as used in this report refers to the ejection of surface 
atoms by the excess energy of the impinging beam atoms. 
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4.2 CAPTURE COEFFICIENT 

Using the technique described in Appendix II, it was determined that 
the capture coefficient of a 15°K argon frost for a 2500°K argon beam 
with normal incidence was 0. 99 ± 0. 01.    The implications of these data 
are not evident until the energies involved are considered.    The mean 
energy of the incident beam is 0. 54 ev (i. e.,  T0 = 2500°K) and the sub- 
limation energy of solid argon is approximately 0. 08 ev.    Therefore, 
when a 0. 54-ev argon atom strikes a surface and condenses, the amount 
of energy transferred to the surface is equivalent to the amount required 
to evaporate six surface atoms.    However, these data have shown that a 
0. 54-ev argon atom will condense on a 15°K surface and that the total 
reflected,  evaporated,  and sputtered molecular flux departing the sur- 
face is less than 1 percent of the incident beam flux.    Thus .any theo- 
retical model that adequately describes the hot gas-cold surface inter- 
action process for argon must allow for the rapid'transfer of energy 
from the colliding atom to the surface.    This implies that several sur- 
face atoms must be included in the argon-argon model and perhaps in a 
rigorous model of the general particle-surface interaction processes. 

Other parameters of prime importance in previous treatments of 
particle-surface interaction are the angle of incidence and the energy 
of the incident atoms (Ref. 16).    These present studies show that these 
same parameters are of prime importance during an argon-argon 
particle-surface interaction.    The capture coefficient is a strong 
function of incident beam energy (i. e.,  source temperature) and the 
angle of incidence.    However,  it should be stated that calculation of 
the capture coefficient for angles of incidence less than 90 deg as out- 
lined in Appendix II is not rigorous but the predicted trends are valid. 

4.3  DISCUSSION OF THE APPLICATION OF CONTEMPORARY THEORETICAL 
MODELS TO THE EXPERIMENTAL DATA 

The AEDC experimental data of the spatial distributions of argon 
gas-argon solid collisions are unique in that the mass ratio is unity and 
the surface is at cryogenic temperatures.    As stated in Section I,  most 
experimental and theoretical work has been done with high temperature, 
single crystal surfaces and small gas'-to-surface mass ratios.    For ex- 
ample, Stickney's "hard cube" model (Ref.   1) which has successfully 
predicted lobular spatial distributions for a variety of gas and surface 
conditions only applies for mass ratios of one-third or less and thus is 
not applicable to the present results.   Trilling's model (Ref.  2) also 
depends upon the assumption that the ratio of the masses of the gas and 
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surface atoms is small.   On the other hand, Goodman's n-D lattice 
model (Ref.   3) would perhaps be applicable if modified for unity mass 
ratio.   Also, his assumption that the thermal motion of the surface 
atoms can be neglected (i. e., the temperature of the solid is at 0°K) 
would be more justifiable since for the argon-argon interactions the 
solid was maintained at 15°K. 

Hurlbut,  usiing analog computation,  studied the interaction of argon 
on condensed argon by means of a simple cubic, two-dimensional, non- 
linear lattice model.   Although his complete results have not been pub- 
lished,  Hurlbut found that for 1. 04-ev argon incident at 60 deg on solid 
argon,  the angle of maximum reflected intensity was approximately 
70 deg (Ref.  4). 

Oman's computer model (Ref.  5) for the three-dimensional inter- 
actions of gas molecules with an ideal surface perhaps offers another 
suitable theoretical approach if modified for a mass ratio of unity.    Un- 
fortunately, the models of Goodman, Hurlbut,  and Oman require exten- 
sive electronic computation, and thus a direct comparison of the present 
data with these theories is not attempted. 

The experimental data for argon-argon collisions do exhibit some 
of the general characteristics for scattering patterns as presented by 
Stickney in his review (Ref.   16): 

d(A6) 
dTg ™" 

<9(A0) > 0 
«?TS 

<?0rmaj[ 
■ > 0 

d$i 

d(A8) 
>» n t 

3. 

4. ™ZL. > 0  when   A0> 0, Mp- <  0  when A$ <  0 

5. The dispersion of the scattering patterns increases with m„ 

6. Supraspecular patterns are most likely to occur when both 
Tg > Ts and $i « 90 deg 

7. Nondiffuse scattering is most likely to occur from target 
surfaces that are smooth and free of gross contamination 

8. The dispersion of nondiffuse scattering is greater for the 
in-plane pattern than for the out-of-plane pattern. 
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As shown in Fig,   17a, the data have characteristic (1) since A0 remains 
constant as the gas temperature increases,  i. e., (9A6/3Tff) = 0.   In the 
AEDC experiments the surface temperature was constant,  and thus char- 
acteristic (2) cannot be checked.    Figure 17b shows that for various 
angles of incidence 0rmax remains constant,  i. e.,  (^örniax/9öi) = 0, 
and thus the data have characteristic (3).   The first condition of char- 
acteristic (6) was applicable since supraspecular scattering patterns 
were observed for Tg > Ts.    However, the second condition,  i. e., 
0j « 90 deg,  was not applicable since supraspecular scattering was ob- 
served for 0j = 90 deg. 

SECTION. V 

SUMMARY AND CONCLUSIONS 

The results of a preliminary investigation of the spatial distribution 
of argon reflected from its own solid have been presented.    The supra- 
specular flux distributions were highly lobular for all angles of incidence 
when solid argon was used as the target surface.    It was observed that 
the angle of maximum reflected intensity was independent of both beam 
incident angle and beam energy.    For angles less than 5 deg of incidence, 
backward lobes were observed.    The capture coefficient was a function 
of both incident beam energy and beam angle of incidence.   For small 
angles of incidence and a beam temperature of 2500CK, the capture coef- 
ficient was near unity but decreased with increasing incident angle to an 
estimated value of approximately 0. 5 at a 60-deg incident angle. 

There have apparently been no previous experimental studies of the 
spatial distribution of a rare gas reflected from its own solid.    Lobular 
distributions similar to those in Fig.  9 have been reported for the 
scattering of inert gases from various metal surfaces (Ref.  16),  but 
there have been no distributions reported similar to those shown in 
Figs.   10 and 11 for nearly normal incidence. 

The current theoretical models which have been published either do 
not apply or must be modified in order to comply with the experimental 
conditions.    Future attempts to explain these data will be aided by the 
fact that the interaction parameters for argon-argon collisions are 
known (Ref.   17). 
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APPENDIXES 
I.  ILLUSTRATIONS 

II. AN ESTIMATION OF THE BEAM CAPTURE COEFFICIENT 
FOR ARGON GAS-ARGON CRYSTAL INTERACTIONS 

13 



Ui 

Glass 
Window 

_ 2 Gaseous 
Out „    «... He Out 

Miniature Ionization Gage 

Detector 

Target Surface 
(Cryogenically 
Cooled) 

N- Detect 

Gaseous He 
In To 16-in. 

Diffusion 
Pump 

LN2 He  To 10-in.  To 10-in. 
In  Out Diffusion Diffusion 

Pump      Pump 

Fig. 1   Aerodynamic Molecular Beam Chamber 

0   3   6   9   12 
UdJLuJd hUd I 

Inches 

or 
Feedthrough 

> 
m 

o 



AEDC-TR.69-196 

Tantalum 
Tube—v 

Gas   In-*- 

f Heat   Shield 

r Electrical Contact Gas I n 
Cooling 
Water 
Leads 

Cables 

Fig. 2   Photogroph of the High Temperature Beam Source 

16 



Helium Out 

Thermocouples 
Embedded in the 
Target Surface- 

Incident 
Beam 

Gaseous-Helium- 
Cooled Target (Rotates 
in Horizontal Plane) 

Helium In 

 T? S3 

"                       31 

Incident Beam 
Target 

- Mechanical 
IXJ    Chopper 

| Mass 
Spectrometer 

Mechanical 
Chopper Top View 

Mass Spectrometer 
Detector (Rotates 
in Horizontal and 
Vertical Planes) 

ipp0 

> 
m 
o 
n 

Fig. 3   Schematic of the Detection System Components 



Gage Mounting Collar 

CD 

Miniature Bayard-Alpert 
Type lonization Gage 

Thin Wall Orifice 
Diameter ■ 6 mm 

3-in. -diam Metal Disk 
Used to Deflect Beam 

Molecular Beam 
Diameter ~ 4 mm 

Fig. 5  Molecular Beam Detector 

> m 
o 
n 

o> 



AEDCTR.69-195 

6x10 16 

in 
"Si 

o 
E 

e 

10 16 

10 15 

T0,UK 

A 1700 
□ 2000 
0    2500 

' ' I ■    i   '   i i i i '       ' I    I   I   I I 
100 1000 10,000 

Fig. 6  Argon Beam Performance 

20 



AEDC-TR-69-195 

O  T 285°K, P0 -  2600  torr 

9.0 

8.0 

2      7.0 

o 

X 

e 
u 
o 
V 
in \ 
ai 
-H 
S 
u 
01 
iH 
O 
E 

6.0 

5.0 

4.0 

is 
■H 
m 
5   3.0 

+J 
c 

£   2.0 

1.0 

A Te - 2500°K,   P0 - 1000 torr 

0.1 0.1 

Beam Width,   in. 

Fig. 7   Intensity Cross Section of the Beam 

21 



> 
m 
o 
n 

to 
N3 

"\ S V 

Argon Beam 
Trt = 2500°K 6j = 60 deg 

Surface 

 7 7  
Beam Flux - 6.5 x 1015 

molecules/sec 

YzzzzzZzzzzzza 
J L 

4mv 

Fig. 8  Spatial Distribution of 2500°K Argon Reflected from a 36°K Copper Surface 



^\ ^—s—^—r 
Beam Flux - 6.5 x 1015 molecules/sec 

1 7 7 T -7 

to Argon Beam Qj = 60 deg 

Surface 

Y//////////7777, 

ToA 

o 2500 
a 2000 
o 1800 
D 1600 
v 1400 

Fig. 9   Spatial Distribution of High Temperature Argon Reflected from a 15°K Cryosurface > 
m 
O 
n 

•a 



> 
m 
o 
n 

•O 

<J| 

■^ 

to 

\—V i—i—;—7—7 

o  8j = 0 deg 
A  9j = 2.5 deg 

Argon Beam 
T0 = 2500°K 

T T 

Beam Flux ■ 1.1 x 1015 molecules/sec 

80 uv 

Fig. 10  Spatial Distribution of 2500°K Argon Reflected from a 15°K Cryosurface   at Several 

Angles of Incidence 



^ \       V T—\—I—T 
Surface Normal 

7 7 T ^ 

o Oj = 5 deg 

Cu Surface 
with Ar Frost 

_J I  

Argon Beam 
- 2500°K 

100 uv 

Fig. 11   Spatial Distribution of 2500°K Argon Reflected from a 15°K Cryosurface at 

5-deg Angle of Incidence > 
m 
O 
n 
■ 
-i 
70 

-o 
In 



DO 
OS 

T T 7 T 

\ 

Beam Flux ■ 1.1 x 10J 

molecules/sec 
K 

Argon Beam 
T0 ■ 2500°K 

D 

^     50 deg 
°- ^ 60 deg 

70 deg 

Cu Surface with CO2 Frost 
"■ £*~7^ s. 

A 

A 

> 
m 
o 
n 

Ul 

5 mv 

Fig. 12  Spatial Distribution of 2500°K Argon Reflected from a 68°K Carbon Dioxide 

Cryosurface for Various Incident Angles 



\ 

\ 

to 

T 

Argon Beam 

T 7 T 

T0.°K 

o 285 
A 1600 
D 2000 
0 2500 

/ 

8; = 70 deg 

Cu Surface 
with C02 Frost 

/ 

vzzzzzzzzzzzzzzzzzzzzzzzzzzzzz 
n 

Fig. 13   Spatial Distribution of Argon Reflected from a 68°K Carbon Dioxide Cryosurface 

for Various Beam Temperatures 
tit 



to 
oo 

\ 

Y T 

\ 

Argon Beam 
T0 ■ 2500°K 

T 7 7 

Beam Flux - 6.5 x lO1^ molecules/sec 

Qj = 60 deg 

YZZZZZZZZZZZBZZä 1.0 
Copper Target 

7 

/ 

/ 

1.5 mv 

Fig. 14  Out-of-Plane (0   -.  45 deg) Spatial Distribution of 2500°K Argon Reflected from a 15°K 

Cryosurfoce at 60-deg Angle of Incidence 

o. 
■o 

■o 
Ul 



\ T 7 7 

\ / 

Beam Flux - 1.1 x 10   molecules/sec 

\ 

to 
CD \ 

Argon Beam 
T0 ■ 2500°K 

/ 

9j = 5 deg 

7. 'A 
o- 

50,1V 
> 
m 
D 
O 

Copper Target 

Fig. 15   Out-of-Plane (tj>  -  45 deg) Spatial Distribution of 2500°K Argon Reflected from a 15°K 

Cryosurface at 5-deg Angle of Incidence 



AEDI-TR-69-195 

Target Normal 
A 

Detector Movement 
for In-Plane 
Measurements 

Detector Movement for 
Out-of-Plane Measurements 

Fig. 16   Geometry for Out-of-Plane Spatial Distribution Measurements 

30 



AEDC-TR-69-195 

A8, deg 

CL 

8j - 60 deg 

20 - 

r\ <~> 

Ts - 15°K 

0   ■ "U 

18 

16 

l/i _ i           i t 

1300      1500      1700       1900       2100      .2300      2500      2700 
To.°K 

a.   Variation of A(? for Various Source Temperatures 

30 40 

6j, deg 

b.   Variation of ÖR        for Various Angles of Incidence "max ■ 

Fig. 17   Characteristic Trends of the Experimental Data 

31 



AEDC-TR-69-195 

APPENDIX  II 

AN ESTIMATION OF THE BEAM CAPTURE COEFFICIENT FOR 

ARGON GAS-ARGON CRYSTAL INTERACTIONS 

The beam capture coefficient has been defined previously (Ref.   15) 
as 

Cb = 1 - ^~ 
ni 

where nr is the total reflected beam flux and n^ is the total incident 
beam flux.   If any gas is evaporating from the target surface, the mag- 
nitude of the evaporation flux can be determined by extinguishing the 
incident beam and recording the remaining detector signal.    The re- 
flected gas flux is 

•       ■       • 
nr  =  ni   —  nv 

where n^. is the total gas flux leaving the surface and nv is the evapora- 
tion flux.    For these experiments the surface temperature was 15°K for 
the argon-argon interactions and the evaporation flux was not detectable. 
Thus, the beam capture coefficient is 

Cb  =  1   -   
ni 

The phase-sensitive detection system responds to the number of 
particles per area per time and thus ri^ may be determined from the 
relation 

nt = /I(a,)8)dQ 
Q 

where I(a, ß) is the detector signal and dfi is the solid angle subtended by 
the detector. 

For large angles of incidence, the beam capture coefficient can be 
estimated by considering the geometry shown in Fig. II-1.    The angles a 
and ß are measured as shown in the figure.   Invariance of I with respect 
to j3 is assumed.   Such an assumption is perhaps justified based on the 
results of Section 4. 1. 3.    Also,  out-of-plane measurements of the 
spatial flux distributions of argon on heated platinum reveal symmetry 
in the ß direction (Ref.   18).    Thus, the total gas flux leaving the surface 
may be expressed as 

a„ 
nt =  2ffR2 /   I(«)sin (a0 -  a) ia 

o 

where R is the radial distance from the center of the target to the de- 
tector.   The total incident beam flux is determined in terms of detector 
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signal by considering the reflected spatial distribution of a noncondensing 
beam on the target surface.   The experimental data in Fig.  8 show a 
cosine spatial flux distribution for a noncondensing argon beam on a 36°K 
copper surface.    For such a case, 1(a) is given by A cos a and aQ = 0 deg. 
The value of nj is: 

77 
2 

it   =  2rrR* f A cos a sin a do =   ffRaA 
0 

Thus, the beam capture coefficient can be expressed by: 

Cb  =   1 r- /   Ko) sin (o0 -  a) da 
A    o 

The integral was approximated using Simpson's rule and the correspond- 
ing values of 1(a) for the various gas temperatures.    From Fig.  8 one 
finds that the value of A is 3. 4 mv.    Figure II-2 shows the variation of 
the argon-argon capture coefficient with beam stagnation temperature 
for 60-deg angle of incidence,  a 15°K surface temperature, and beam 
flux of 6.5 x 1015 molecules/sec. 

In order to estimate the beam capture coefficient for normal beam 
incidence,  consider the geometry shown in Fig. II-3 with a and ß meas- 
ured as shown.   The experimental data of Fig.  10 indicate symmetry 
in ß for 0£ = 0.    Thus, the total gas flux leaving the surface may be ex- 
pressed as 

n 

lit =  2ffRJ f2I(a)sin (a) da o 

The total incident beam flux is still 

di = »rR2A. 

Then the beam capture coefficient for normal incidence is 

n 

i Cb  =   1 7i /  I (a) sin da 
A1 Jo 

The integral was once again approximated using Simpson's rule and the 
corresponding values of 1(a).   The value of A is 5760 uv since the beam 
flux for this case was 1. 1 x 1016 molecules/sec.    One finds that the 
beam capture coefficient for normal beam incidence on the argon cryo- 
frost is 

Cb - 1 - 0.01 = 0.99 
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An estimation of C^ for other small angles of incidence is not possible 
since the spatial flux distributions do not exhibit the symmetry of the 
previously described cases. 

Only the results of a preliminary investigation of the beam capture 
coefficient have been presented here.    For a detailed analysis,  one 
must have more experimental data,  in particular out-of-plane and in- 
plane measurements of the spatial flux distributions for various angles 
of incidence and surface temperatures. 

As shown in Fig. II-2, the argon capture coefficient decreases as 
the stagnation temperature or beam energy increases for a 60-deg inci- 
dent angle,   15°K surface temperature, and a beam flux of 6. 5 x 10*5 
molecules/sec.    Its value varied from 0. 876 at 1400°K to 0. 520 at 
2500°K. 

The capture coefficient for normal incidence and a beam stagnation 
temperature of 250O°K was estimated to be 0. 99.    Goodman, using his 
n-D lattice model,  has given an approximate result for the capture coef- 
ficient as a function of gas temperature for rare gas-rare gas crystal 
interactions (Ref.  19).   He finds 

Cb(T) . 1 - (1 + X)e~x 

where X - -^—  ^—* and e is the Lennard-Jones well-depth param- 

eter.    For an argon-argon crystal interaction and a beam temperature 
of 300°K,  Goodman reports a capture coefficient of 0. 58.   If his formula 
is applied for a beam temperature of 2500°K,  one finds that 

Cb(2500°K) * 0.04 

Goodman has assumed an incident Maxwellian beam, whereas the beam 
in the experiment reported here was essentially monoenergetic.    On the 
other hand,  one-dimensional lattice models would predict capture coef- 
ficients for normal incidence to be greater than 0. 99 (Ref.  19).    Thus, 
it appears from these very limited experimental results that one- 
dimensional lattice models predict capture coefficients in the range 
estimated by this report. 
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