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The author discusses a recent paper by Fortner and Garda in which these workers analyze thick-target x- 
ray yields and spectra and derive populations of projectile inner- and outer-shell vacancies, and concludes 
that some effects which were not considered should be taken into account in any such analysis. These include 
the generation of target x rays by recoiling target atoms, vacancy sharing, collisional quenching and the 
effect of differences in the wave functions of outer-shell electrons, x-ray energies, and transition rates in 
solids as compared with gases.

In 1971, D er e t  a l . 1 rep o r te d  on d iffe ren ce s  in 
in n e r- s h e ll  vacancy p roduction  fo r  A r-C  co llisions 
in gas v e rsu s  so lid  ta rg e ts .  It w as observed  that 
fo r  e n e rg e tic  A r  ions co llid ing  w ith CH4 gas, 
in n e r- s h e ll  vacanc ies w ere  produced  e sse n tia lly  
in the A r L  sh e ll. F o r Ar* ions incident on g rap h - 
ite , how ever, th e re  w as a  high p ro b ab ility  of 
p roducing  C í f - s h e l l  v acan c ies . They analyzed 
the d a ta  in te rm s  of the e lec tro n -p ro m o tio n  m odel 
of B a ra t and L ich ten2 and arg u ed  tha t in  so lid  
ta rg e ts ,  the high d eg re e  of ion ization  of the m oving 
ion would cause  the A r-2 p  leve l to be m ore  stro n g ly  
bound than  the C - ls  lev e l and th a t th is  in te rchange 
of lev e l energy , called  “sw apping ,” would cause 
p re fe re n tia l  exc ita tion  of the C .K’- s h e ll  e lec tro n s . 
T hey finally  p roposed  that th is  type of m e a su re -  
m ent could p rov ide a  m ethod fo r  c h a rg e -s ta te  
d e te rm in a tio n  fo r  ions m oving in  so lid s . B a ra t 
and L ich ten  have pointed out, how ever, that the 
d eg re e  of o u te r - s h e ll  ion ization  should have little  
e ffec t in the p rom otion  of in n e r- s h e ll  e lec tro n s  
(o u te r -sh e ll  ion ization  would have an  effec t in 
c a se s  in  w hich it opens c losed  ex it channels2).

R ecen tly , F o r tn e r  and G a rc ia 3’4 (FG) p re se n ted  
q u an tita tiv e  d a ta  fo r  A r L and C K  x - ra y  y ie lds 
and s p e c tr a  fo r  A r ions m oving in so lid  carbón. 
U sing th is  d a ta  and a num ber of a s su m p tio n s they 
d eriv e d  a  d is trib u tio n  of o u te r - s h e ll  vacanc ies 
fo r  the A r p ro je c tile s .

T he ques tion  of w hich is  the ch a rg e  com position  
of a to m ic  p a r t ic le s  m oving through so lid s  has 
b een  a  long-stand ing  p ro b lem  in the field  of a t ­
om ic co llis io n s . The ch a rg e  of an  ion m oving 
in a  so lid  is  not a s im p le  quantity  to define , a s  
it would be in the ca se  of f re e  p a r t ic le s . H ere  
the o u te r  e le c tro n s  of the m oving p a r tic le  in te ra c t 
con tinously  w ith a  nonuniform  env ironm ent and 
the p e r tu rb a tio n  d ie s  aw ay only upon em ergence  
of the ion fro m  the so lid . FG tr ie d  to d e riv e  these  
d is tr ib u tio n s  of charge  s ta te s  from  th e ir  p o ssib le

effec t on x - ra y  s p e c tra  and y ie ld s; it is  th e re fo re  
of im portance to d isc u ss  the a s su m p tio n s m ade 
in the in te rp re ta tio n  of th e se  data .

The b as ic  data  rep o rted  by FG a r e  x - ra y  sp e c tra  
fo r  A r-C  co llis io n s in  the energy  range  30-200 
keV. The sp e c tra  c o n s is ts  of one reg ión  below 
250 eV w hose shape is  independent of the incident 
energy  of the A r ions and which can  be in te rp re te d  
a s  a r is in g  from  the filling  of A r L  ho les, and a 
reg ión  from  ~250 to ~ 300 eV show ing a  peak n ea r  
280 eV w hich in c re a se s  in in tensity  (re la tiv e  to 
fe a tu re s  below 250 eV) w ith beam  energy . To 
s e p a ra te  the x - ra y  s p e c tra  into p ro je c tile  and 
ta rg e t con tribu tions, FG m ake the assu m p tio n  
tha t the s p e c tr a l  shape of the C K  x  ray s  em itted  
in th is  ca se  is  the sam e a s  tha t obtained u n d er 
p ro ton  bom bardm ent. T h is la t te r  x - ra y  p ro file  
is  su b trac te d  from  the data  and the rem ain ing  
x - ra y  in tensity  a ttr ib u te d  to the filling  of A r L 
ho les.

T h is  p ro ce d u re  is of dubious valid ity  fo r  two 
re a so n s . F ir s t ,  one m ust know how m uch A r 
L  x  ra y s  con tribu te  to the sp e c tru m  in the x - ra y  
energy  range of the C peak. Second, it is  very  
un likely  tha t the C x - ra y  p ro file  is the sam e fo r  
p ro to n  and A r bom bardm ent. In fac t, K am ada 
et  a l .5 have shown that Mn and Co L  x - ra y  p ro -  
f ile s  a r e  m uch b ro a d e r  fo r  Ne* and CT bo m b ard ­
m ent than fo r  e le c tró n  o r  H* bom bardm ent. F u r-  
th e rm o re , and m ore  re la te d  to th is  ca se , sp e c ­
t r a  of C K  x  ra y s  from  90 -1 8 0 -k eV  su lphu r ions 
on g rap h ite316 a r e  b ro a d e r  than fo r  90- keV  H* 
ions on g ra p h ite .1

Having se p a ra te d  the y ie lds of C K  and A r L  
x  ra y s , FG p ro ceed  to ana lyze them  using  the 
m ethod d esc rib ed  by G a rc ía .7 The p ro je c tile  and 
ta rg e t x - ra y  y ie ld s , a r e  w ritte n  in te rm s  of the 
f lu o re sc en ce  y ie ld s of the A r L  and of the C K  
sh e lls ; r ,  the life tim e  of an  A r L  hole; cr, the 
c ro s s  sec tio n  fo r  in n e r- s h e ll  exc ita tion  (assum ed
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to be equa l fo r  A r and fo r  C); f x and / 0, the f ra c -  
tions o í the p ro je c tile s  which have one and ze ro  
in n e r- s h e ll  v ac an c ie s  ( / 1+ /0 = 1) and a p a ra m e te r  
a ,  defined th rough  a f 0 which is  the fra c tio n  of 
p ro je c ti le s  having no L -s h e l l  vacancy but su ffic ien t 
d e g re e  of ion ization  to be ab le  to  ex c ite  the carbón  
K  s h e ll, but not the A r L sh e ll. In the an a ly s is , 
th is  fa c to r  a ,  a s  w e ll a s  the life tim e r  and the 
f lu o re sc e n c e  y ie ld s  a r e  assu m ed  to be independent 
of the velocity  of the p ro je c tile s .

Befo re  ana lyz ing  the assu m p tio n s m ade we would 
like to po in t out the d e fic ien c ie s  of th is trea tm e n t. 
F i r s t ,  no accoun t is given e i th e r  of the C K  x  ray s  
g en e ra te d  betw een  co llis io n s of rec c ilin g  C atom s 
w ith  the ta rg e t,  ñ o r of the influence of energy  
s trag g lin g  of the ion beam  on the y ie lds. T au lb - 
je rg  and Sigm und8 have analyzed  th ese  effects 
fo r  C .K’- s h e l l  ex c ita tio n  p roduced  by A r ions 
inc iden t in g rap h ite  using the d a ta  of D er et  al .9 
T h is  d a ta  w as la te r  shown to be in e r r o r . 4 
A lso  an o th er s e t  of d a ta 10 u sed  by T a u lb je rg  and 
Sigm und to e s tim a te  the con tribu tion  from  re c o ils  
t o C K  x - r a y  y ie ld s , w as rec en tly  show n11 to be 
too low by a  fa c to r  of 4. M aking u se  of the c o r -  
rec ted  d a ta  it can  be se en  tha t a  su b s ta n tia l con­
tr ib u tio n  fro m  re c o ils  is  p re se n t in the C K  x -  
ray  y ie ld , sp e c ia lly  a t  low en e rg ie s . In fac t, the 
y ield of C K  x  ra y s  a t 30 keV  w ill be m ain ly  given 
by C -C  co llis io n s .

Second, the co llis io n a l filling  of in n e r- s h e ll  
v acan c ie s  in the p ro je c tile  has been  neg lected  
by FG. T h ese  quenching p ro c e s s e s  could be a c -  
com m odated in th e  m odel by tak in g th e  life tim e  as 
t " 1 = r " 1 + (NaQ v ) ' 1, w h ere  r 0 is the life tim e in the 
ab sen ce  of c o llis io n s , A the ta rg e t-a to m  num ber 
d en sity , at  the quenching c ro s s  sec tio n , and v the 
velocity  of the ion. H ow ever, th is  w ill m ake t  

velo c ity  dependent s in ce  aa is  a function of v,  and 
the assu m p tio n  of a  constan t life tim e w ill be in- 
a p p ro p ria te . T h ese  quenching p ro c e s se s  should be 
qu ite  im p o rta n t s in c e  the binding e n e rg ie s  of C 
l s  e le c tro n s  and Ar(2p~l) 2p  e le c tro n s  a re  very  
n ea rly  the sam e.

L et u s co n s id e r  now the fa c to r  a  w hose u se  is 
based  on the assu m p tio n  tha t in n e r- s h e ll  ion ization  
in  the p ro je c tile  ca u se s  a sw apping in  the re la tiv e  
o rd e r  of the A r 2p  and C l s  o rb ita ls  in an  en e rg y - 
leve l d ia g ra m , i .e . ,  tha t the in c re a se  in binding 
energy  of the A r e le c tro n s  due to L -s h e ll  ion­
ization  is su ffic ien t to m ake th ese  L -s h e l l  e le c tro n s  
becom e m o re  tigh tly  bound than the C l s  e le c tro n s . 
T h is  sw apping would re su lt ,  in the next vio lent 
co llis io n , in ex c ita tio n  of C K  but not A r L e le c ­
tro n s . H ow ever the binding energy  of the C ls  
e le c tró n  re fe re n c e d  to the vacuum  leve l is ~289 
eV12*13 and n ea rly  the sam e as  the binding energy  
of the Ar(2p~l ) 2p  lev e l w hich is  about 40 eV la rg -

e r 14 than the valué of 245.2 eV fo r  n e u tra l A r ,12 
o r  about 285 eV (these v a lú es a r e  fo r  f re e  A r and 
we can expect a sh ift in the lev e ls  of a  few eV 
when A r is  in side a  so lid 15). A dditional o u te r-  
sh e ll ion ization  w ill cau se  the binding e n e rg ie s  of 
the A r e le c tro n s  to in c re a se  even m o re . How­
e v e r , as  s ta ted  b e fo re , a t the sm a ll in te rn u c le a r  
d is tan c es  w here  p rom otion  o c c u rs  (0 .2 -0 .4  Á), 
both  p a r tn e rs  sh a re  the sam e o u te r - s h e l l  en v iro n - 
m ent and so it m akes no d iffe ren ce  w h e th e r the 
p ro je c tile , o r  the ta rg e t ,  b rough t th e  o u te r-sh e ll  
vacancy to the co llis io n  in itia lly . T h e re fo re  it is  
rea so n ab le  to expect tha t o u te r - s h e l l  ion ization  
w ill cause  a  s tro n g e r  binding in C l s  and A r 2p  
e le c tro n s  by roughly the sam e am ount. T he r e ­
su lt is th a t th e re  is  no sh a rp  sw apping, the l s  
C and 2p  A r e le c tro n s  a r e  now n e a r-d e g e n e ra te  
in  en erg y , we can expect the p ro b ab ility  fo r  each  
of th e se  lev e ls  to be p rom oted  in the 3da  m o­
le c u la r  o rb ita l  to be n ea rly  the sa m e  (F ig . 1).

A d iffe ren t in te rp re ta tio n  of the p a ra m e te r  a  
is  p o ss ib le  in te rm s  of the p ro b ab ility  of C i f - s h e l l  
exc ita tion  by the p ro c e s s  of vacancy sh a r in g 16 but 
s in ce  th is  m echan ism  is ve lo c ity  dependent, a  
cannot be assu m ed  to be constan t.

A nother ques tionab le  assu m p tio n  m ade by FG 
is  th a t the c ro s s  se c tio n s  fo r  the p ro c e s s e s :

FIG. 1. Schematic argon-carbon correlatton diagram. 
a states, solid lines; 7r states, dashed Unes; 5 states, 
dotted line. The shaded región represents the unper- 
turbed valence band of carbón. Binding energies E  are 
referred to the vacuum level. For Ar(2p 4 )* C co lli­
sions, the binding energies of Ar 2p  and C l s  electrons 
differ by at most a few eV.
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(i) A r + C — Ar(2p~i ) and (ii) A r(2p"1) + C - C ( l s ‘ l ) 
a r e  equal to tha t fo r p ro c e s s  (iii) A r + CH4
— A r(2p '1). In fac t p ro c e s s e s  (i) and (iii) should 
not be expected  to have the sam e c ro s s  sec tio n  
s in ce  the o u te r - s h e ll  configuration  of m ethane 
and g rap h ite  a re  d iffe ren t, and in the la t te r  ca se , 
m ech an ism s such as  the one p roposed  by Jo y e s17 
fo r so lid  ta rg e ts ,  m ay be im p o rtan t. In co llis io n
(ii) the s itu a tio n  is m ore  b a s ic a lly  d iffe ren t.
Since in th is  ca se , as  s ta te d  above, the A r 2p  and 
C l s  s ta te s  a r e  n ea r  reso n a n t, we can  expect that 
in the co llis io n  the vacancy o rig in a lly  in the A r
2p  sh e ll m ay p ro ceed  in two w ays. F ir s t ,  it may 
follow the 2pn(2pa) o rb ita l, and if the co llision  
is  v io len t enough, t r a n s fe r  by ro ta tio n a l coupling 
to the 2pa(2pir) o rb ita l and then end in any of the 
two p a r tn e rs .  Second, it m ay follow the 3da  m o­
le c u la r  o rb ita l and be filled  by ra d ia l coupling 
w ith an  e le c tró n  from  the 3sct o r  3p<j m o le cu la r 
o rb ita ls  o r  by ro ta tio n a l coupling w ith an e le c tró n  
fro m  the 3/>tt o r  3dir m o le cu la r  o rb ita l. In th is 
c a se  the vacancy m ay end up in the 2p ,  3s, o r  
3p  lev e ls  of A r o r  in the valence o r  l s  lev e ls  of 
C. To th is com plicated  s itu a tio n  we m ust add the 
p o ss ib ility  of the p rom otion  and subsequen t ion- 
iza tio n  of the C l s  e le c tro n s . We m ust conclude, 
th e re fo re , that the a p r io r i  assu m p tio n  that c ro s s  
se c tio n s  fo r p ro c e s s e s  ( i) - ( i i i)  a r e  equal is  p ro b - 
ably in c o rre c t.

Section  B of FG is devoted to the a n a ly s is  of the 
A r x - ra y  sp e c tra . T h ese  s p e c tra  have b road , 
u n reso lv ed  fe a tu re s  w hich a r e  independent of the 
energy  of the p ro je c tile  (in the range 30 -200  
keV). T he sp e c tra  w as ana lyzed  by unfolding it 
in d is c re te  peaks u sing  line shapes de te rm in ed  
fro m  g a s - ta rg e t  sp e c tra , cen tro id  e n e rg ie s  fo r 
d iffe ren t m u ltip le t s ta te s  from  av e rag e  ad iaba tic  
H a r tre e -F o c k  ca lcu la tio n s , and flu o re sc en ce  y ie lds 
ob ta ined  by an  av erag in g  p ro c e d u re  o v er d iffe ren t 
a to m ic  s ta te s . T h is  p a r t  of the w ork is the one 
m o st su b je c t to c r it ic is m . F o r  ions moving in

so lid s the configuration  of th e ir  o u te r  sh e lls  w ill 
re su lt  from  a com petition  of ionizing and e lec tró n  
cap tu re  even ts and the dynam ic sc re en in g  of the 
ions by the valence e le c tro n s  of the so lid .18 T h is 
sc re en in g  ac tio n  o cc u rs  very  fa s t, in tim es  of 
the o rd e r  of ts = 2irN/(jJp, w here is the p la sm a  
frequency  and N  the a v e rag e  num ber of o sc illa tio n  
befo re  dam ping. F o r C ,19 ñup ^  20 eV, N ^1 .3  
and ts ^2.5  x 10‘ 16 se c . The ion w ill then move 
w ith a  cloud of sc re en in g  e le c tro n s , th is sc re en in g  
being  e sse n tia lly  velocity  independent fo r  v < v F, 
w hich is  the case  of FG’s w ork , w here  vF is the 
F e rm i velocity  of the e le c tro n s  in the so lid .18 
X ra y s  can then be em itted  as  the re s u lt  of e le c -  
tro n ic  tra n s itio n s  from  the e le c tró n  cloud of en- 
hanced density  around the ion and from  n o rm al 
s ta te s  of the valence band. T h is w ill give r is e  
to a b road  sp e c tru m  of x - ra y  en e rg ie s  as  found 
a lso  in m o re  rec en t w o rk .20 In su m m ary , except 
fo r  highly ionized A r, 3p,  M  and h igher leve ls  
w ill be im m ersed  in the C valence band and th e re ­
fo re  b roadened  and the concept of a tom ic s ta te s  
w ill be m ean ing less . In th is context, it is  im p o r­
tan t to notice tha t ex p e rim en ts  u sing  an  ex trem ely  
h ig h -re so lu tio n  x - ra y  c ry s ta l  sp e c tro m e te r  by 
Oona et  al . ,  a s  quoted by FG, failed  to show any 
s ig n ifican t s tru c tu re  in the sp e c tra .

In view of the com m ents m ade above, we m ust 
reg a rd  the a g re em e n t betw een valúes obtained 
by analyzing  the y ie lds and the shape of the sp e c tra  
a s  fo rtu ito u s. The fac t tha t the valúes of / t d e r i -  
ved by FG do not coincide w ith abso lu te  e x p e r i­
m ents m ade using  A uger e le c tro n s21 ño r w ith  the 
independence of f 1 on fo il th ickness in the range 
100-500  Á22 su p p o rts  o u r conclusions on the in- 
adequacy of F o rtn e r  and G a rc ia ’s  assu m p tio n s .
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