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INTRODUCTION AND SUMMARY 

T h i s  repor t  presents a summary of t h e  research on gas- 

surface in te rac t ions  conducted during t h e  period 11 August 1966 

through 11 October 1967 under Contract NASw-1461. Previous work 

i n  t h i s  area h a s  been reported i n  Refs. 1 through 9 A separate 

but c lose ly  r e l a t ed  research pro jec t  supported under Contract 

NAS 8-21090 i s  reported in Ref.10, exploring t h e  f e a s i b i l i t y  of 

conducting gas-surface in te rac t ion  experiments i n  a satel l i te .  

The major portion of the theo re t i ca l  work under t h i s  con- 

tract i s  described i n  Par t  I1 of t h i s  repor t ,  RE-306. Herein we 

discuss several  other  aspects of t h e  t heo re t i ca l  research, and 

describe the experimental work. 

J The experimental program included research on a high inten- 

s i t y  shock tube driven molecular beam f o r  use i n  surface i n t e r -  

ac t ion  experiments and t h e  development of two separate methods 

f o r  preparing and analyzing surfaces f o r  t a r g e t s  i n  these experi- 

ments. 
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THEORETICAL PROGRAM 

Most of t h e  t heo re t i ca l  e f f o r t  during t h i s  contract  h a s  been 

on the  appl icat ion of our computer methods t o  t h e  s ca t t e r ing  of 

noble gases from s ingle  c rys t a l  s i l v e r  surfaces,  as described i n  
d e t a i l  i n  P a r t  I1 of t h i s  f i n a l  report .  

t h a t  p a r t  of t h e  e f f o r t  because it offered the  p o s s i b i l i t y  of a 

meaningful t es t  of t h e  theory, and because an idea f o r  ex t rac t -  

ing spa t ia l  d i s t r i b u t i o n s  from reasonable numbers of t r a j e c t o r i e s  
showed promise. The r e s u l t s  of t h i s  e f f o r t  show enough agreement 

t o  be encouraging, and have pointed t h e  way t o  weak points t h a t  

need fur ther  work i n  both theory and experiment. 

W e  chose t o  emphasize 

The rest of our theore t ica l  e f f o r t  h a s  been done i n  two basic  

areas. The f i r s t  w a s  an attempt t o  develop an ana ly t i ca l  scatter- 
ing theory t o  pred ic t  (before t r a j ec to ry  computation o r  experimen- 

t a l  measurement) t h e  s p a t i a l  d i s t r ibu t ions  of f l u x  and other i m -  

por tant  proper t ies ;  t h e  second marked t h e  beginning of an e f f o r t  
t o  study recombination of atomic species a t  a surface. The scat- 
t e r i n g  theory work was c l o s e l y  r e l a t ed  t o  t h a t  described i n  P a r t  I1 

and t o  t h e  work of Erofeev (Ref. 11). I f  it continues t o  show prom- 
ise,  t h e  recombination study w i l l  comprise a s igni f icant  port ion of 

our e f f o r t  over the next year. 

Analytical  Scat ter ing Model 

The need i s  s t i l l  evident f o r  an ana ly t i ca l  s ca t t e r ing  model 

t o  be used w i t h  numerical scat ter ing r e s u l t s .  S t a r t i ng  w i t h  t h e  

theory of Erofeev (Ref. ll), w e  programmed t h e  numerical evalua- 

t i o n  of h i s  equations f o r  flux, adding simple correct ions t o  allow 

t h e  s i z e  of t h e  t a rge t  atoms t o  change w i t h  incident energy and t o  
g ive  f i r s t -o rde r  e f f e c t s  of la t t ice  r e s t r a in ing  forces.  

f o r  several cases app2ar generally similar t o  those Erofeev reported, 
The r e s u l t s  
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and f a i l  t o  show t h e  degree of sharpness o r  the mult iple  peaks 

t h a t  w e  and others  (e.g., Ref. 1 2 )  have found. We bel ieve t h a t  

a more de t a i l ed  representation of t h e  l a t t i c e  surface geometry 

w i l l  be required t o  show t h e  indicated behavior, which i s  d i s -  

appointing i n  view of t h e  mathematical complexity of Erofeev' s 

model. 

The d i f f i c u l t y  appears t o  be t h a t  w h i l e  Erofeev ca lcu la tes  

the f r ac t ion  shadowed and subtracts  i t  from t h e  d i f f e r e n t i a l  cross 

sect ion,  h e  does not take in to  account t h e  nonuniformity of t h e  

shadowing e f f e c t .  For example, t h e  par t ic les  sca t te red  near t h e  

specular d i r ec t ion  and closer t o  the surface tend t o  come from 

glancing c o l l i s i o n s ,  and shadowing correct ions t o  t h e  l o c a l  d i f -  

f e r e n t i a l  s ca t t e r ing  cross sections should be qu i t e  s m a l l  i n  

these regions. Backscattered p a r t i c l e s ,  on the other hand, come 

from c o l l i s i o n s  t h a t  a r e  c loser  t o  l i n e s  of centers  and these 

regions of t h e  surface a re  quite a p t  t o  be occluded by other sur- 

face atoms. 

forward way t o  describe t h e s e  e f f e c t s  i n  terms of the geometry of 

a real surface.  

Unfortunately there does not  appear t o  be a s t r a igh t -  

- Atomic Recombination a t  a Surface 

It has  been demonstrated repeatedly i n  our own work (e.g., 

Ref. 5) and i n  t h a t  of many o t h e r s  (e.g., Ref. 13) t h a t  adsorbed 

contaminants can have a very s ign i f i can t  e f f e c t  on gas-surface 

in te rac t ion .  W e  f ind  tha t  the l a rges t  unknown i n  t h e  predict ion 

of aerodynamic drags and torques, pa r t i cu la r ly  under o r b i t a l  con- 

d i t i ons ,  l i e s  i n  t h e  surface condition. 

I f  t h e  surface i s  clean, w e  can expect an in t e rac t ion  t h a t  

w i l l  g ive moderately broad, generally specularly d i rec ted ,  scat-  
t e r i n g  i n  which  t h e  c a p t u r e  of incident particles i s  l imited t o  
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atoms of oxygen 

energy exchange 

wi th  about a 0.30 s t ick ing  

of the remaining components 

probabi l i ty .  The 

would follow t h e  

fami l ia r  hard sphere  l a w ,  w i t h  correct ions of t h e  type given i n  

Ref. 3. 
(and high Debye temperature in some cases) would be he lpfu l  f o r  

surfaces  a t  low inc l ina t ion  t o  t h e  f r e e  stream or  facing a f t  and 

f o r  l i g h t  atoms facing forward. 

expect t h e  surface t o  be clean. 

which  case t i m e  and t h e  space environment can be expected t o  

produce a continuous change in gas-surface in te rac t ion  as t h e  

surface loses  species i n  t h e  order of increasing binding energy. 

T h i s  case must be analyzed by ad hoc methods. A more d i f f i c u l t  

problem arises when we study t h e  steady state case of space ex- 

posure, i n  which t h e  c r u c i a l  question centers  upon t h e  r e l a t i v e  

rates of adsorption and desorption of atomic oxygen. 

To reduce drag, heavy atomic weights i n  t h e  sur face  

But f o r  most cases w e  do not  

It may be launched d i r t y ,  i n  

Of a l l  t h e  species present i n  high concentration i n  t h e  

50 - 1000 km 

tant) . ,  t h e  one w i t h  t h e  highest p robabi l i ty  of s t icking t o  a sur- 
face i s  0. Since one 0 ’ atom i s  bound t o  another w i t h  a high 

binding energy and forms a roughly equivalent bond w i t h  many 

possible  surface atoms, t h e  poss ib i l i t y  of an important desorp- 

t2on mechanism l ies  i n  t h e  0 - 0 recombination. 

leased by t h e  formation of 

t o  desorb t h e  product molecule, which should have a much lower 

binding energy w i t h  most metall ic oxides. 

region (where aerodynamic e f f e c t s  a r e  most impor- 

The  energy re- 

O2 may or  may not  become ava i lab le  

I f  such a process i s  

not  l i ke ly ,  t h e  

shor t  t i m e .  I f  

low.  

Because w e  

one of t h e  most 

surface w i l l  become covered w i t h  0 i n  a very 

it i s  l i ke ly ,  t h e  surface coverage w i l l  be very 

bel ieve t h i s  assoc ia t ive  desorption might become 

important questions i n  gas-surface in te rac t ion ,  
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and since it i s  r e l a t e d  t o  possible fu tu re  extensions i n t o  t h e  

area of surface c a t a l y s i s ,  w e  have begun t o  study t h i s  process 

w i t h  our computer models. 

t i v e  state of our knowledge of interatomic poten t ia l s .  

construct  a cons is ten t  model f o r  t h e  po ten t i a l  surfaces  of t h r e e  
mutually in t e r f e r ing  atoms, the computation of representat ive 

in t e rac t ions  a t  t h e  sa te l l i t e  energy l e v e l  w i l l  not  present any 

new problems. 

must be ab le  t o  treat several rather d i f f e r e n t  po ten t i a l  models 

and display t h e  expected reaction mechanics f o r  each .  Confidence 

i n  t h e  f i n a l  outcome w i l l  depend g rea t ly  on how sens i t i ve  t h e  re- 
s u l t s  a r e  t o  d e t a i l s  of the poten t ia l  surfaces.  T h i s  i s  qui te  

d i f f e r e n t  from t h e  problems we have t r ea t ed  thus f a r ,  i n  which 

only t h e  gross fea tures  of the po ten t i a l s  have had important e f -  

f e c t s  on t h e  r e s u l t s .  

The pr inc ipa l  d i f f i c u l t y  i s  t h e  p r i m i -  

I f  w e  can 

For t h e  r e s u l t s  not t o  be misleading, however, w e  

About one-half t h e  programming f o r  t h i s  new phase of our work 

h a s  been completed. 

po ten t i a l  surface models has been done, but a grea t  dea l  more w i l l  

be required i n  t h e  coming year. 

A considerable amount of study of various 



MOLECULAR BEAM SYSTEM 

A shock tube driven molecular beam system h a s  been developed 

f o r  t h e  experimental study of gas-surface in te rac t ions  i n  t h e  epi-  

the rma l  range. 

i n  Ref. 6. 
beam system and associated instrumentation f o r  gas-surface i n t e r -  

act ion experiments on vapor deposited s i l v e r  surfaces.  

h a s  included ca l ib ra t ion  and i n s t a l l a t i o n  of an array of e ight  

e lec t ron  bombardment ionization gauges (through-flow type) f o r  

measuring densi ty  d is t r ibu t ions  sca t te red  from a surface;  de- 

velopment i n  our own lab of the Saltsburg-Smith technique f o r  

c rea t ing  e p i t a x i a l  surfaces by continuous deposit ion; X-ray d i f -  

f r ac t ion  of surfaces  so produced t o  confirm t h e i r  monocrystalline 

(111) 
and determine i t s  performance envelope. 

A complete descr ipt ion of the apparatus i s  given 

During t h i s  cantract  w e  have prepared t h e  molecular 

The work 

state;  and e f f o r t s  t o  improve t h e  beam's reproducibi l i ty  

The  ca l ibra t ions  of our through-flow detectors  indicate  t h a t  

t h e  transducers have suf f ic ien t  s e n s i t i v i t y  (5  x amp- 

molecule-'cm 3, and frequency response (15 kHz) f o r  t h e  mea- 
surement of re f lec ted  beam number dens i ty  and mean veloci ty .  The 

problem of reproducibi l i ty  took longest t o  solve, and w e  have not 

yet  determined performance l i m i t s .  

reproducible N2 beam w i t h  a measured t r ans l a t iona l  energy of 

0.4 e V .  Wi th  t h e  same shock tube conditions A r  should have much 

higher energy. 

t e r n a l  degrees of freedom becomes an increasing problem i n  

s ince w e  have t o  reduce operating pressures i n  t h e  shock tube t o  

produce faster shocks. Increased v ibra t iona l  exc i ta t ion  and de- 

creased relaxat ion r a t e s  f o r  a l l  modes conspire t o  reduce eff ic iency 

of conversion t o  t rans la t iona l  energy i n  the expansion. 

W e  have produced a sa t i s f ac to ry  

We f ind t h a t  f a i l u r e  t o  recover energy from in-  

N2 

W e  have 



a l s o  found t h a t  performance i s  l imited by t h e  s i z e  of our shock 

tube, pa r t i cu la r ly  i t s  inadequate diameter. 

Experiments now being performed a r e  designed t o  maximize the 

energy and in tens i ty  of these beams and t o  minimize t h e i r  cold 

gas entrainment (Ref. 6) 0 

Molecular Beam Density Variations 

I n  t h e  mode of operation w e  employed u n t i l  qu i te  recent ly ,  

the b a l l  valve nozzle a t  t h e  end of t h e  shock tube i s  opened j u s t  

p r i o r  t o  shock a r r iva l .  Test  gas  a t  room temperature then starts 
t o  flow through t h e  nozzle and beam forming elements t o  produce a 
thermal  energy (.os eV) molecular beam. The in te rac t ion  between 

t h e  high energy flow ( a f t e r  the shock r e f l e c t s  from end wall)  and 

t h e  cold flow y ie lds  a high energy beam t h a t  h a s  from 75 t o  85 
percent of t h e  maximum obtainable ve loc i ty  (based on stagnation 

enthalpy) and about 

obtained without cold flow. Unfortunately a la rge  var ia t ion  i n  

i n t e n s i t y  and energy leve ls  from one run t o  another i s  inherent 

i n  t h i s  mode of operation. 

pressed t h e  hope t h a t  these var ia t ions could be eliminated by 

more ca re fu l  control  of t h e  timing of t h e  nozzle opening r e l a t i v e  

t o  t h e  shock a r r iva l .  Recent f indings el iminate  t h a t  p o s s i b i l i t y  

s ince  t h e  var ia t ions continue under t h e  most ca re fu l ly  control led 

sequences. 
the  u t i l i t y  of t h e  beam in  a sca t te r ing  experiment, w e  have t r i e d  

t o  improve it by using a fixed nozzle w i t h  a conventional ce l lo-  

phane diaphragm. With the knowledge t h a t  t h i s  change reduces t h e  

var ia t ions  t o  an undetectable l eve l  (see below), and aided by in=  

ference from measurements w i t h  e lectron bombardment ionizat ion 

gauges, w e  can deduce t h a t  the nozzle s t a r t i n g  period extends 

5 times higher number densi ty  than could be 

I n  a previous report  (Ref. 9) w e  ex- 

Since reproducibi l i ty  of t h e  f l u x  grea t ly  increases 



through t h e  e n t i r e  t e s t  period f o r  t h e  mode i n  which t h e  nozzle 

i s  open before shock a r r i v a l .  The analysis  of such a s t a r t i n g  

t r ans i en t  i s  much more d i f f i c u l t  than t h a t  of t h e  conventional 

nozzle s t a r t i n g  problem (see S m i t h ,  Ref . 14) s ince t h e  ambient 

gas i s  expanding through t h e  nozzle before start.  The molecular 

beam operating i n  a t rans ien t  mode does not i n  i t s e l f  cause a 

problem, but t h e  resu l t ing  var ia t ions require  monitoring and 

cor rec t ion  as successive shots a r e  employed t o  complete a scat-  

t e r ing  pat tern.  

e l iminate  the trouble.  

We therefore  a l t e r ed  our operating mode t o  

Fixed Nozzle Operation 

The cold gas flow was eliminated by f ixing the nozzle i n  the 

f u l l  open posi t ion and inser t ing a cellophane diaphragm near t h e  

nozzle throat  t o  maintain vacuum conditions i n  t h e  test section. 

Shock a r r i v a l  a t  the nozzle location ruptures t h e  diaphragm and 

thereby i n i t i a t e s  a high energy flow tha t  i s  then collimated i n  
t h e  usua l  fashion. Several milliseconds later t h e  nozzle i s  ro- 

t a t e d  t o  t h e  closed posi t ion t o  prevent metal diaphragm p a r t i c l e s  

(used t o  generate t h e  shock) from enter ing t h e  test chamber and 
t o  prevent excessive chamber pressure increase.  

feared i t  would erode our skimmers and gauges, w e  have not  en- 

countered adverse e f f ec t s  from t h e  cellophane diaphragm. 

Although w e  

W e  have run extensively i n  t h i s  mode, using both h e a t  t r ans fe r  

gauges (which detect  energy flux) and through-f l o w  ionizat ion 

gauges (which measure loca l  instantaneous densi ty) .  The r e s u l t s  

are reproducible, but lead t o  a reduction i n  in t ens i ty  t o  about 

20 percent of the average value f o r  the former ro t a t ing  nozzle 

mode. The ionizat ion gauges, which w e  had never before been able  

t o  use successful ly  i n  t h e  incident beam, have been operated i n  a 
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low voltage mode t o  reduce breakdown. 

nonlinear a t  t h e  high densi t ies ,  t hey  reveal  a very in t e re s t ing  

fea ture  of t h e  s t a r t i n g  process. 

Although they become highly 

A s  Smith (Ref .  14) describes t h e  s t a r t i n g  process f o r  a f ixed 

nozzle, i f  a l l  of t h e  expansion from stagnation (Region 5 i n  shock 

tube notat ion)  t o  perfect  vacuum takes place unsteadi ly  and a t  

constant area,  it produces a l imit ing ve loc i ty  of 2a5/(y - 1) ; 
or  t h e  steady expansion value, on t h e  other  hand, i s  ( 2 / y  ~ l ) ~ a ~ ,  

about half  t h e  unsteady value for  The unsteady expansion 

flow i s  followed by a steady expansion, but t h a t  por t ion of the 

f l u i d  t h a t  undergoes unsteady expansion h a s  a very much lower f i n a l  

density.  We consis tent ly  observe on t h e  densi ty  gauges a precursor 

pulse which has  a time-of-flight about half  t h a t  f o r  t h e  steady- 

flow pu l se  t h a t  follows it. 

t e c t  t h i s  precursor because of i t s  very l o w  densi ty;  t h e  ioniza- 

t i o n  gauges see it  eas i ly .  

t h e  dens i ty  r a t i o  between t h e  precursor and the  steady pulses be- 

cause t h e  densi ty  gauge i s  swamped by t h e  steady pulse, a l l  indi-  

ca t ions  a re  t h a t  t h e  steady pulse i s  a t  about t h e  i n t ens i ty  pre- 

d ic ted  by an inviscid expansion analysis  using t h e  method of 

characteristics. 
mode (Ref .  9) gave s igna l  levels t h a t  were too high, but were of 
t h e  cor rec t  shape and scaled properly w i t h  changes i n  densi ty  and 

f l o w  area . 

1 

y = 1.4. 

We had never before been able  t o  de- 

Although w e  cannot accurately determine 

Previuus such comparisons w i t h  t h e  ro t a t ing  

Time of F l igh t  Measurements i n  t h e  Beam 

A seven-element heat t ransfer  rake was located i n  the test 

chamber w i t h  one of i t s  elements on t h e  op t i ca l  cen ter l ine  of t h e  

system. By maintaining constant shock tube source conditions and 

recording t h e  h e a t  t ransfer  data a t  two d i f f e ren t  locat ions (with 

9 



respect  t o  t h e  col l imator) ,  w e  obtained t h e  mean ve loc i ty  from 

which w e  calculated t h e  number density,  assuming t h e  gauge had 

an accommodation coef f ic ien t  of un i ty  ( i .e. ,  p =: 2q/u 3 ).  

Measured beam ve loc i t i e s  were 20 t o  30 percent lower than 

i d e a l  (depending on shock tube source pressure),  and t h e  calculated 

number dens i t i e s  were approximately 50 percent lower than m e a -  

sured values obtained by using a s ing le  skimmer. 

f e ren t  source conditions have been considered and t h e  nominal beam 

number densi ty  i n  t h e  t e s t  section i s  1 O I 2  molecules N2/cc w i t h  

beam energies up t o  

Several d i f -  

0.4 eV/molecule. 

These  measurements a r e  more accurate than those w e  made i n  

t h e  pas t  (Ref. 9) because w e  can now take advantage of t h e  repro- 

d u c i b i l i t y  of t h e  beam. Previous measurements could only resolve 

t h e  t i m e  d i f ference between shock a r r i v a l  a t  t h e  end of t h e  shock 

tube and beam a r r i v a l  a t  t h e  target .  

a constant beam veloci ty  between these events, ignoring s t a r t i n g  

t i m e s  and t h e  low ve loc i ty  region near t h e  nozzle throat .  These 

correct ions were noticeable and d i f fe red  a t  various energy leve ls .  

We g e t  s i m i l a r  r e s u l t s  from tandem mounting of ionizat ion gauges, 

but ,  as noted above, they become highly nonlinear a t  t h e  high beam 

d e n s i t i e s  w e  use.  

We were then forced t o  assume 

We have adequate t e s t  time, which i s  consis tent  w i t h  predic- 
t i o n s  using Mirel's i n t e r f ace  mixing shock tube theory. T h a t  is ,  

tes t  t i m e  i s  l imited by shock tube operating conditions;  f o r  our 

tube w e  expect an upper l i m i t  on beam energy of approximately 

1 eV/molecule w i t h  test t i m e  of approximately 0.1 millisecond. 

Higher beam energy can be obtained by increasing t h e  shock tube 

diameter . 
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SURFACE PREPARATION AND ANALYSIS 

We have been working f o r  some t i m e  on methods and equipment 

The apparatus em- f o r  preparing and analyzing c rys t a l  surfaces. 
ployed i n  most of t h i s  work i s  described i n  Refs. 4 and 7. We 

have been using a s ing le  c rys t a l  nickel  specimen, working w i t h  

t h e  (100) face,  and using i o n  bombardment and electron bombard- 

ment fo r  cleaning under ul t rahigh vacuum, and photoelectr ic  work 

function measurements t o  assess t h e  r e su l t i ng  changes i n  surface 

condition. Recently we have added t o  our program a second 
approach t o  surface preparation, namely, continuous deposition 

of e p i t a x i a l  films. 

Surface Treatment of Crystals  

Experiments now i n  progress should ind ica te  t h e  bes t  methods 

f o r  surface preparation i n  our s i t ua t ion ,  as w e l l  as t h e  qua l i t y  

of t h e  surfaces  produced. 

pu r i ty  of t h e  A r  

t h e  con t ro l  of t h e  f i n a l  l o w  temperature anneal are t h e  most i m -  

por tant  f ac to r s  i n  t h e  cleaning sequence. 

Preliminary work ind ica tes  t h a t  t h e  

i n  t h e  bombardment phase of t h e  process and 

The evolution of t h e  apparatus i n  which t h e s e  experiments 

are conducted h a s  taught us several  i n t e re s t ing  lessons. 

found t h a t  t h e  system (mostly g lass )  works bes t  without t r aps  

(both l i q u i d  N2 
two s tages  of t h e  o i l  dif fusion pump operating. 

and o t h e r  types of analysis  indicate  t h a t  t h e  system w i l l  not allow 
s i g n i f i c a n t  o i l  contamination of t h e  specimen f o r  times on t h e  

order  of 100 hours .  The o i l  used is Convalex 10, which a f t e r  

We have 

and z e o l i t e  have been discarded) and w i t h  only 

Mass spectrometer 
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aging has proved extremely satisfactory. 
feature that has now been eliminated was the presence of ceramic 
feedthroughs in the residual gas analyzer. 

Another troublesome 

A report describing the work in progress will be prepared in 
early 1968 at the completion of the present series of experiments. 
At that time we expect to be able to design the needed apparatus 
for preparing specimens in the molecular beam. 

Surface Deposition 

We have followed H. Saltsburg's instructions in duplicating 
his experiments on the deposition of silver (111) surfaces in 
a molecular beam. 
many silver surfaces on mica substrates. We had some initial 
difficulties with contamination from volatile materials in the 
shutter and shields, but these have been eliminated. 
faces were verified by X-ray diffraction to be 
problem we faced was shielding the silver system so that it did 
not excessively contaminate the entire molecular beam apparatus. 
The technique has been established in a small vacuum setup and 
is now ready for transfer to the molecular beam apparatus. 

We have used his crucible design and have made 

A few sur- 
(111). The main 
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