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Abstract. Heavy p a r t i c l e ,  e l ec t ron ,  and UV photon bombardment 
of s o l i d  surfaces has been r e c e n t l y  observed t o  r e s u l t  i n  the emission 
of i n f r a red ,  v i s i b l e ,  and u l t r a v i o l e t  r ad ia t ion .  Th i s  e f f e c t  occurs  
over a wide range of inc ident  p r o j e c t i l e  energies .  Line r a d i a t i o n  
a r i s i n g  from t r a n s i t i o n s  between d i s c r e t e  atomic or  molecular l e v e l s  
may be a t t r i b u t e d  t o  the decay of exc i t ed  p a r t i c l e s  which have been 
spu t t e red  or electronically/chemically desorbed from the sur face .  
Broadband continuum r a d i a t i o n ,  which is a l s o  observed, is bel ieved 
t o  arise e i t h e r  from f luorescence of t h e  near  su r face  bulk or  from 
the  r a d i a t i v e  decay of desorbed exc i t ed  clusters. The s p e c t r a l  
c h a r a c t e r i s t i c s  of t he  o p t i c a l  r a d i a t i o n  as wel l  as the e f f i c i e n c i e s  
f o r  producing it  may vary s u b s t a n t i a l l y  with the  i d e n t i t y ,  form 
and c l ean l ines s  of t he  su r face ,  and on t h e  i d e n t i t y  and energy of 
t he  bombarding p a r t i c l e .  Spacecraf t ,  i n  t h e  ambient near-Earth 
environment, are sub jec t  t o  such bombardment. The dynamics of ene rge t i c  
p a r t i c l e  and photon beam i n t e r a c t i o n s  w i t h  su r faces  which l ead  t o  
su r face  erosion and glow phenomena w i l l  be treated. I n  add i t ion ,  
projected experimental  and t h e o r e t i c a l  s tud ie s  of oxygen and n i t rogen  
beam-surface i n t e r a c t i o n s  on materials c h a r a c t e r i s t i c  of spacecraft 
surf aces w i l l  be discussed. 

In t roduct ion  

Exter ior  su r faces  of spacec ra f t  i n  near-Earth o r b i t  are bombarded 
by a formidable assortment of neu t r a l  and ionized atoms and molecules, 
i n  add i t ion  t o  e l ec t rons  and u l t r a v i o l e t  photons. Heavy particle 
bombardment arises l a r g e l y  from the motion of the veh ic l e  through 
the ambient environment. However, enhanced s o l a r  a c t i v i t y  and a r t i f i c i a l  
environments assoc ia ted  w i t h  d i s tu rbed  nuclear atmospheres and directed 
energy beams may increase  the  energy and i n t e n s i t y  of the bombardihg 
p a r t i c l e s .  

i n t e r a c t i o n s  wi th  su r faces  have been shown t o  r e s u l t  i n  the e f f i c i e n t  
desorpt ion of sur face  atoms and molecules. Many of these are desorbed 
i n  exc i t ed  states which subsequently emit characteristic in f r a red ,  
v i s i b l e ,  and u l t r a v i o l e t  r ad ia t ion .  We w i l l  review recent  work on 
t h i s  t o p i c  and d i scuss  f u t u r e  s t u d i e s  of ion-, e lectron- ,  and 
photon-induced eros ion  and glow phenomena. 

Over a wide range of bombarding energ ies ,  p a r t i c l e  and photon 
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Photon Emission from Ion and Neutral P a r t i c l e  Impact on Surfaces  

I n  the experimental observat ions t o  be t r e a t e d  below, three d i s t i n c t  

The first of these is l i n e  r a d i a t i o n  due t o  s p u t t e r i n g  wi th  simul- 
kinds of col l is ion-induced o p t i c a l  r a d i a t i o n  have been i d e n t i f i e d .  

taneous exc i t a t ion .  The i n t e r a c t i o n  of the impinging ion  or  neu t r a l  
beam w i t h  t h e  s u r f a c e  r e s u l t s  i n  the s p u t t e r i n g  of neu t r a l  atoms, 
neu t r a l  molecules, and ions  from the sur face .  A s i g n i f i c a n t  por t ion  
of t h e  spu t t e red  p a r t i c l e s  l eaves  the su r face  i n  exc i t ed  e l e c t r o n i c  
s ta tes  which then decays and g ives  rise t o  o p t i c a l  l i n e  r a d i a t i o n  
c h a r a c t e r i s t i c  of su r f ace  cons t i t uen t s  [Tolk e t  a l . ,  19771. 

The second kind of r a d i a t i o n  observed has a similar na ture  but 
arises from backscat tered exc i t ed  beam p a r t i c l e s  which have escaped 
the su r face  after having experienced c o l l i s i o n s  i n  the bulk material 
[Leung e t  al. ,  19781. To t h e  ex ten t  t h a t  the momentum-changing 
c o l l i s i o n s  do not e f f e c t  t he  f i n a l  exc i ted  s ta te  conf igura t ion  of 
the emerging p a r t i c l e s ,  t h i s  c l a s s  of phenomena is i d e n t i c a l  t o  
the beam f o i l  r a d i a t i o n  phenomemn. S tudies  of backsca t te r  r a d i a t i o n  
provide more complete information on f i n a l  states than conventional 
charge s ta te  measurements and g ive  important i n s i g h t s  i n t o  t h e  na tu re  
of t h e  i n t e r a c t i o n  of t h e  emerging p a r t i c l e  w i t h  t he  sur face .  

The f i n a l  and perhaps l e a s t  understood type of r a d i a t i o n  is the  
broad continuum of r a d i a t i o n  tha t  is observed from many of the  s o l i d  
ma te r i a l s  s tud ied .  I n  t h e  case  of metals,  f o r  a given beam p r o j e c t i l e  
a t  a given energy, the shape of the  continuum is observed not  t o  
change f o r  a v a r i e t y  of metal su r faces  [White e t  al . ,  19761. For 
i n s u l a t o r s ,  the  shape of t he  continuum as a func t ion  of wavelength 
i s  e n t i r e l y  c h a r a c t e r i s t i c  of t h e  material and independent of the  
beam p a r t i c l e  spec ie s .  An important conclusion from these s t u d i e s  
is that  the  c o l l i s i o n  p a r t i c i p a n t s ,  both the s o l i d  i tself  as well 
as the escaping atomic and molecular fragments,  i n  general  are i n  
exc i t ed  states following the  c o l l i s i o n  i n t e r a c t i o n .  The c o l l i s i o n  
p a r t i c i p a n t s  may then produce the observed photons by r a d i a t i v e  
decay o r  may undergo r a d i a t i o n l e s s  de-exci ta t ion processes such 
as Auger de-exci ta t ion.  

Met a1 1 i c Targets 

The s p e c t r a  of r a d i a t i o n  observed when Ar '  ions  a t  4000 eV impact 
on N i  and Cu t a r g e t s  are shown i n  Figure 1 .  Most of the prominent 
l i n e s  i n  these s p e c t r a l  scans have been i d e n t i f i e d  as a r i s i n g  from 
low-lying energy l e v e l s  of n e u t r a l  N i  and Cu, spu t t e red  off the  
surface i n  exc i t ed  s ta tes  by t h e  inc ident  i on  beam. I n  a d d i t i o n  
t o  s p e c t r a l  l i n e s  from t h e  s u r f a c e  t a r g e t  materials, r a d i a t i o n  is 
also o f t e n  observed which is c h a r a c t e r i s t i c  of sur face  contaminants 
[ T o l k  e t  a l . ,  19731. The molecular r a d i a t i o n  centered a t  4300 A 
and 3900 A has been i d e n t i f i e d  as a r i s i n g  from the  A 2 A  + X 2 1 1  and 
B2C - X 2 1 1  e l e c t r o n i c  t r a n s i t i o n s  of t h e  CH molecule. Th i s  r a d i a t i o n  
is bel ieved t o  o r i g i n a t e  from c o l l i s i o n a l  e x c i t a t i o n  of adsorbed 
hydrocarbon su r face  contamination. The prominent l i n e  which is 
o f t e n  observed a t  approximately 5900 R is the  NaD l i n e  doublet  which 
is assumed t o  arise from sodium contaminants deposi ted on the sur face .  
The surface can be cleaned t o  such an ex ten t  tha t  t h e  contaminant 
r a d i a t i o n  is  n e g l i g i b l e  by prolonged exposure (approximately 20 
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minutes) t o  a 3-keV argon ion  beam or by heat ing the t a r g e t .  

and ions (of the same spec ie s )  produce photons due t o  spu t t e r ing  
with equal e f f ic iency .  Low-velocity ions  with s u f f i c i e n t l y  l a r g e  
ion iza t ion  p o t e n t i a l  impacting on a metal sur face  are neu t r a l i zed  
by non-radiative processes  several angstroms i n  f r o n t  of t h e  su r face ,  
well before the spu t t e r ing  i n t e r a c t i o n  occurs. It  is reasonable 
then to  assume t h a t  the r a d i a t i o n  which results from t h e  s p u t t e r i n g  
i n t e r a c t i o n  should be the same f o r  beams of ions or n e u t r a l s  at 
the same veloc i ty .  This assumption has been v e r i f i e d  experimentally 
using a bolometer t o  independently measure the  n e u t r a l  "current  . I 1  

These r e s u l t s  consequently suggest a means of d i r e c t l y  measuring 
neu t r a l  beam f l u x  i n  the low-energy region. It follows from the  
above d iscuss ion  tha t  the r a t i o  of the i n t e n s i t y  of the o p t i c a l  
l i n e  r a d i a t i o n  produced when a m e t a l l i c  t a r g e t  is bombarded with 
n e u t r a l s  t o  that produced when the  same t a r g e t  is bombarded with 
ions  is equal t o  the r a t i o  of the  n e u t r a l  t o  ion  f luxes  thus leading 
t o  a d i r e c t  measurement of t h e  n e u t r a l  I n  p r i n c i p l e ,  
t h i s  technique could a l s o  be extended t o  non-metallic sur faces  using 
a more complicated c a l i b r a t i o n  scheme. 

Our measurements show t h a t  fo r  m e t a l l i c  t a r g e t s ,  beams of n e u t r a l s  

I nsul  a t  or Targe ts  

The spectral d i s t r i b u t i o n  of r a d i a t i o n  a r i s i n g  f r f m  exc i ted  spu t t e red  
p a r t i c l e s  due t o  the  impact of n i t rogen  molecules (N,) at  a beam 
energy of 3.5 keV on aluminum oxide ( A 1 2 0 3 ) ,  l i t h ium f l u o r i d e  ( L i F ) ,  
and quar tz  (Si02) i s  shown i n  Figure 2. Optical  scans taken using 
neu t r a l  beams of neon, argon, and other heavy par t ic les  g ive  similar 
r e s u l t s .  Neutral  beams rather than ion  beams are used f o r  t h e  bom- 
bardment of i n s u l a t o r s  i n  order  t o  avoid ion beam energy decrease 
and defocusing due t o  charge buildup on t h e  i n s u l a t o r  sur face .  
Ion beams may a l s o  be used, however, i f  t he  i n s u l a t o r  su r face  is 
bathed i n  e l ec t rons  emitted from a nearby heated f i lament .  I n  Figure 
2 ,  t h e  more in t ense  l i n e s  are i d e n t i f i e d  as a r i s i n g  from the  decay 
of exc i ted  states of neu t r a l  aluminum, l i t h ium,  s i l i c o n ,  and hydrogen. 
Because the l i n e  widths are found i n  these  experiments t o  be equal  
t o  the  instrumental  r e s o l u t i o n  (about 1 angstrom), w e  may assume 
that  the r a d i a t i o n  o r i g i n a t e s  from indiv idua l  atoms and molecules 
which have been spu t t e red  o f f  the  surface i n  exc i ted  states which 
subsequently decay by photon emission. The Balmer l i n e s  of n e u t r a l  
hydrogen are bel ieved t o  a r i s e ' f r o m  the spu t t e r ing  of sur face  contami- 
nants.  

o p t i c a l  r a d i a t i o n  has been observed due t o  s p u t t e r i n g  w i t h  simultaneous 
exc i t a t ion .  However, i n  the i n s u l a t o r  case,  the e x c i t a t i o n  e f f i c i ency  
is observed t o  be much l a r g e r  than f o r  metals. 
metals, t y p i c a l  prominent l i n e s  are estimated t o  have e x c i t a t i o n  
e f f i c i e n c i e s  of the order of l o e 5  (photons per inc ident  i on )  while 
i n  the in su la to r  case, the e x c i t a t i o n  e f f i c i e n c i e s  are measured 
t o  be two or three o rde r s  of magnitude higher [Tolk e t  al . ,  19771. 

For a l l  cases studied--metals, semiconductors and insulators--  

For t h e  case of 
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Optical  Radiat ion from E lec t ron ica l ly  Desorbed Particles 

For t h e  case of heavy-part ic le  induced s p u t t e r i n g  as discussed 
above, understanding the  inf luence  of sur face  parameters on the 
f i n a l  s ta te  of spu t t e red  particles is complicated by the fact  tha t  
the  e j e c t i o n  of atoms and molecules r e s u l t s  from both e l e c t r o n i c  
and momentum changing processes. 
desorpt ion of atoms and molecules, on the  other hand, involves  only 
e l e c t r o n i c  in t e rac t ions .  

Even though i t  is known tha t  the most abundant products of elec- 
t r o n i c a l l y  induced desorpt ion are n e u t r a l  atoms and molecules, most 
s t u d i e s  have involved desorbed ions.  
ease of de t ec t ion  of ions.  I n  only a few cases have n e u t r a l s  desorbed 
by e l e c t r o n  and photon impact been d i r e c t l y  s tud ied .  

induced desorpt ion as a three-s tage process: ( 1 )  t he  i n i t i a l  depos i t ion  
of e l ec t ron  energy by, f o r  example, t he  c rea t ion  of a hole ,  two 
holes, an exc i ton ,  or a de fec t ;  (2) a f a s t  e lectrmic rearrangement 
leav ing  a su r face  atom or group of atoms i n  a l o c a l i z e d  r epu l s ive  
or ene rge t i c  state;  and (3) f u r t h e r  par t ic le -sur f  ace e l e c t r o n i c  
i n t e r a c t i o n  as the atom, o r  molecule, or c l u s t e r  l eaves  t h e  sur face .  
Although not  treated here, recent  observat ions of s t rong  e l l i p t i c  
po la r i za t ion  of o p t i c a l  r a d i a t i o n  following grazing incidence of 
9-keV protons on crystal  sur faces  con t r ibu te  unique information 
on stage (3)  e l e c t r o n i c  processes [Tu l ly  et  a l . ,  19811. S tudies  
of these phenomena promise t o  provide new ins igh t  i n t o  t h e  e l e c t r o n i c  
aspec ts  of atomic c o l l i s i o n s  i n  s o l i d s  [Tolk e t  al . ,  1981bl. 
t h i s  paper we d iscuss  recent  measurements of e l e c t r o n i c a l l y  desorbed 
n e u t r a l s  obtained by observing o p t i c a l  r a d i a t i o n  which arises from 
n e u t r a l s  desorbed i n  exc i ted  s t a t e s .  

Electron- and UV photon-stimulated 

Th i s  is due p r i m a r i l y  t o  t he  

I t  is usefu l  t o  describe t h e  mechanisms of e l ec t ron  and photon- 

In 

Electron St imulated Desorption (ESD) of Excited P a r t i c l e s  

Although i t  is now genera l ly  accepted tha t  t h e  most abundant 
products of desorpt ion from sur faces  induced by e l e c t r o n i c  t r a n s i t i o n s ,  
s t imulated by ene rge t i c  e l ec t rons  o r  W/soft  x-ray photons, are 
neu t r a l  atoms and molecules, only a very few r e s u l t s  have been published 
about neu t r a l  desorption. These experiments confirm the leading  
r o l e  of n e u t r a l s  i n  the desorpt ion process. 

O u r  approach t o  t h e  de t ec t ion  of desorbed n e u t r a l s  is based on 
a n a l y s i s  of the opt ical  r a d i a t i o n  emitted by decays after desorpt ion 
[Tolk e t  a l . ,  1981al. The experimental equipment included an u l t r a h i g h  
vacuum chamber, a primary e x c i t a t i o n  source,  and an o p t i c a l  
de t ec t ion /ana lys i s  system with a monochromator and canputer-control led 
data processing. I n i t i a l l y ,  the  e x c i t a t i o n  source was an e l e c t r o n  
beam. Figure 3 shows spectra of atomic and molecular r a d i a t i o n  
emitted by desorbed atoms and molecules from NaC1,  NaF, and L i F  
su r f aces ,  p r i n c i p a l l y  from exc i t ed  a lkal is ,  hydrogen, OH, and an 
un iden t i f i ed  molecular species. 

I n  marked c o n t r a s t  t o  i o n  bombardment and gas discharges, the  
only sodium and l i th ium r a d i a t i o n  detected i n  these experiments 
are first resonance l i n e s .  This  i nd ica t e s  tha t  for  a lka l i  halides 
there e x i s t s  a s t r o n g  n o n s t a t i s t i c a l  s ta te  s e l e c t i o n  mechanism of an 
as-yet undetermined nature .  Energy-dependent measurements show 
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onse ts  co r re l a t ed  t o  core  hole  formation r e l a t i n g  t o  the i n i t i a l  
energy deposi t ion process. Electron-s t imulated e ros ion  of a lkal i  
halides is usua l ly  a t t r i b u t e d  t o  the c r e a t i o n  of defects which results 
i n  t h e  e j e c t i o n  of halogen atoms and l eaves  excess a lkal i  atoms 
t o  desorb thermally from the sur face .  This  does not appear t o  be 
adequate t o  expla in  t h e  emission of exc i t ed  neut ra l s .  
t ha t  t h i s  la t ter  process involves  the c rea t ion  of a long-lived l o c a l i z e d  
su r face  e x c i t a t i o n ,  perhaps an exc i ton ,  which r e s u l t s  i n  e j ec t ion  
of a surface atom and i n  add i t ion  suppl ies  the  exc i t ed  e l ec t ron .  

I t  is l i k e l y  

Photon St imulated Desorption (PSD) of Excited P a r t i c l e s  

Desorption of exc i t ed  p a r t i c l e s  was recen t ly  observed when UV 
photons from the Universi ty  of Wisconsin synchrotron s torage  r i n g ,  
wi th  energ ies  of 40-200 eV, were inc ident  on alkali-halide sur faces  
[ T o l k  e t  al . ,  19821. A s  shown i n  Figure 4 photon energy dependent 
measurements were taken of o p t i c a l  r a d i a t i o n  a r i s i n g  from the decay 
of desorbed exc i t ed  L i  atoms. These data are compared w i t h  PSD 
measurements of p o s i t i v e  ions from the same LiF  sample. Both measure- 
ments showed pronounced energy-dependent s t r u c t u r e  similar (though 
not  i d e n t i c a l )  t o  s o f t  x-ray absorpt ion c o e f f i c i e n t  measurements 
a l s o  presented i n  Figure 4. 
exc i t ed  n e u t r a l s  was measured t o  be a t  least  3 o rde r s  of magnitude 
greater than the corresponding y i e l d  of desorbed ions.  Similar 
t o  t h e  ESD case, only the  first resonance l e v e l  is observed. I n  
l i g h t  of these observat ions,  a p l aus ib l e  three-s tep desorp t ion  scheme 
f o r  exc i t ed  n e u t r a l s  may be hypothesized [Tolk e t  a l . ,  1983, 19841: 
(1) The incoming photon c r e a t e s  a core or  valence e x c i t a t i o n  near t h e  
su r face  which provides e l e c t r o n i c  energy t o  the system. ( 2 )  One or a 
s e r i e s  of secondary e l e c t r o n i c  processes occur, r e s u l t i n g  i n  a l o c a l i z e d  
valence exc i ton ic  state,  which l eaves  t h e  su r face  a lka l i  atom i n  a 
h ighly  ene rge t i c  or r epu l s ive  s t a t e .  
the lowest exc i t ed  s ta te  is p r e f e r e n t i a l l y  populated because it  is 
both a t  lower energy and more l o c a l i z e d  than t h e  higher exc i ted  states.  

I t  should be noted that t h e  y i e l d  of 

(3) A s  the  a l k a l i  atom depa r t s ,  

Laboratory S tud ie s  of Spacecraf t  G l o w  

A t  Vanderbi l t  Universi ty ,  we have i n i t i a t e d  s t u d i e s  of t he  dynamics 
of pa r t i c l e -  and photon-beam i n t e r a c t i o n s  which lead t o  su r face  e ros ion  
and glow phenomena, emphasizing ma te r i a l s  and su r face  condi t ions 
r e l evan t  t o  spacec ra f t  i n  t h e  near-Earth environment. Th i s  research 
uses fac i l i t i es  a v a i l a b l e  a t  Vanderbil t  and a t  t h e  Universi ty  of 
Wisconsin sychrotron storage r i n g  f o r  s tudying the i n t e r a c t i o n s  
of d i r ec t ed  beams of ions,  n e u t r a l s ,  e l ec t rons ,  and UV photons w i t h  
wel l -character ized surfaces under c a r e f u l l y  con t ro l l ed  vacuum condi t ions.  

Work is progressing toward t h e  development of a high-flux beam 
of ene rge t i c  n e u t r a l  oxygen and n i t rogen  atoms using an e x i s t i n g  
ion  source a t  Vanderbil t  t o  compare ion bombardment with corresponding 
neu t r a l  bombardment on r e l evan t  surfaces. Desorption experiments 
are a l s o  i n  progress  on metallic su r faces  wi th  con t ro l l ed  doses 
of re levant  adsorbates  (e.g., N2 and O,), t o  a s c e r t a i n  changes i n  
su r face  e l e c t r o n i c  and bonding p r o p e r t i e s  induced by contaminants. 
F ina l ly ,  experiments on possible s y n e r g i s t i c  effects--= i n  simultaneous 
ion-electron and ion-photon bombardment--are now feasible and w i l l  
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be carried out  i n  t h e  near f u t u r e .  

C onel us ions 

As discussed above, when p a r t i c l e s  impact on su r faces ,  many complex 
i n t e r r e l a t e d  processes occur as the  inc ident  energy is transformed 
i n t o  e l e c t r o n i c  and sometimes thermal exc i t a t ions .  Previous s t u d i e s  
of electronical ly- induced desorpt ion have shown much of the inc ident  
energy may be channeled i n t o  bond-breaking and desorpt ion processes 
lead ing  t o  e j e c t i o n  of surface atoms and molecules from metal oxides 
and in su la to r s .  Thus, e l e c t r o n i c ,  chemical, and thermal processes 
s t imula ted  by ene rge t i c  beams can p lay  a major r o l e  i n  su r face  modifi- 
ca t ion  and damage, through erosion,  changes i n  t r i b o l o g i c a l  p rope r t i e s ,  
and migrat ion of e lectronical ly- induced defec ts .  
is t o  understand t h e  fundamental mechanisms underlying these  processes.  
These s t u d i e s  w i l l  generate  an increas ingly  detai led microscopic 
view of t he  dominant modes through which inc ident  energy is absorbed, 
l oca l i zed ,  and r ed i r ec t ed  t o  desorption. This ,  i n  t u r n ,  leads t o  
a comprehensive macroscopic p i c t u r e  of mater ia l  e j ec t ion ,  e ros ion ,  
and a b l a t i o n  from sur faces  and of the  assoc ia ted  o p t i c a l  emissions. 

The primary e f f o r t  
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Fig. 2. Spectrum of radiation produced by the impact of N2 0 (3.5 
kiloelectron volts) on Al2O3, LiF, and Si02. Lines 
arising from excited states of neutral aluminum, lithium, 
and silicon are observed in this wavelength interval. 
The wavelength and electronic transition are indicated 
beside each line. 
H and H are observed on the Si02 scan. 

Two Balmer lines of neutral hydrogen, 

a 6'  
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Fig. 3.  Spect ra  of r ad ia t ion  produced by 1-keV e- impact of 
NaC1,  N a F ,  and LiF, obtained a t  approximately 90° t o  
t h e  su r face  normal. The i n s e t  shows t h e  l i n e a r  be- 
havior  o f  t h e  i n t e n s i t y  of  t h e  NaD l i n e  as a funct ion 
of inc iden t  e- cur ren t .  
drawn through the  da t a  points .  

A s t r a i g h t  l i n e  has been 
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ig. 4. Li (670.7 nm) optical emission 

on soft x-ray energy using a (100) s 
crystal LiF sample at room temperature. 
(b) Positive-ion yields as a function of 

energy using 
at about 250 OC. (c) Photon absorption 
coefficient measurements. 
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