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X-RAYS INDUCED BY LIGHT IONS 

By 
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The main processes involved in energy loss of charged particles are briefly considered 
and compared to inner shell ionization. Some applieations of particle induced X-ray emission 
ate mentioned. The higher order corrections to the PWBA and SCA theories for the ionization 
cross seetion ate briefly sketched and compared to each other. 

Selected K-sheI1 cross section data (from the compiIation by GARDNER and GRAY, and 
from some recent publications) for projectiles from protons to oxygen ions on various targets 
are compared to eaeh other and to theories. I t i s  found that almost all the data lie between 60% 
above and 60% below the corrected PWBA theory by BRANDT et al, but that  there ate also 
systematic discrepancies between theory and experiments where the reduced velocity variable 
has about the values 0.2, 0.3, and 0.6. Possible reasons for these discrepancies are given. The 
SCA theory, as corrected by LAEGS6AARD et al, has a rather limited range of validity, but 
within this range, it agrees better with the data than the PWBA theory. 

1. Introduction 

I t  m a y  be  u se fu l  f i r s t  to  c o n s i d e r  w h a t  h a p p e n s  t o  a b e a t o  of  l i g h t  ions  

(e. g. 1 MeV p r o t o n s )  as i t  h i t s  a so l id .  L e t  us a s s u m e  t h a t  t h e r e  wi l l  b e  a b o u t  

1 i o n i z i n g  co l l i s ion  p e r  a t o m i c  t a r g e t  l a y e r  a n d  t h a t  e ach  i o n i z i n g  col l i s ion  

p r o d u c e s ,  as in  a gas ,  a n  e n e r g y  loss o f  a b o u t  30 eV. T h e n  we  e x p e c t  a r a n g e  

o f  a b o u t  3 X 104 a t o m i c  l a y e r s  or  6 # m  ( a s s u m i n g  ah  a v e r a g e  l a y e r  s p a c i n g  

o f  0,2 nm,  as for  Cu). I n d e e d ,  t h e  r a n g e  o f  1 MeV p r o t o n s  in  Cu is 7 Ftm [1]. 

I r  fo l lows t h a t  1 MeV p r o t o n s  a re  u s e f u l  to  i n v e s t i g a t e  t h i n  f i lms  or  nea r -  

su r f ace  l aye r s .  

A c t u a l l y ,  t h e  s t o p p i n g  is n o t  c o n s t a n t  as we h a v e  a s s u m e d  b u t  r e a c he s  

a m a x i m u m  a t  a b o u t  100 keV [1]. A t  t h i s  e n e r g y ,  t h e  p r o t o n  v e l o c i t y  is j u s t  

t w i c e  t he  B o h r  v e l o c i t y ,  v 0. H e n c e  i t  s e e m s  p l a u s i b l e  t h a t  t h e  s t o p p i n g  p o w e r  

has  i t s  m a x i m u m  w h e r e  t h e  p r o t o n  v e l o c i t y  is close to  t h e  o r b i t a l  v e l o c i t y  

o f  o u t e r  t a r g e t  e l e c t rons .  

C o m p a r e d  to  t h o s e  i o n i z i n g  co l l i s ions  w h i c h  a f fec t  m a i n l y  t h e  o u t e r -  

m o s t  e l ec t rons ,  K - s h e l l  i o n i z a t i o n  is a v e r y  r a r e  p rocess .  I n d e e d ,  s ince  t h e  

K - s h e l l  i o n i z a t i o n  cross  s ec t ion  for  1 MeV p r o t o n s  on  Cu is 17b,  t h e  p r o b a b i -  

l i t y  to  p r o d u c e  1 K - s h e l l  hole  t h r o u g h o u t  t h e  r a n g e ,  g iven  b y  t h e  cross  see tŸ 

t i m e s  t h e  n u m b e r  o f  t a r g e t  a t o m s  p e r  u n i r  su r face ,  is less  t h a n  10 -3. N e v e r -  

the le s s  th i s  p roce s s  is e a s i l y  d e t e c t e d  v Ÿ  t h e  s u b s e q u e n t  X - r a d i a t i o n .  
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In analogy to the  s topping power, we m a y  expect  the m a x i m u m  K-shell 
ionizat ion where the projecti le veloei ty  v 1 matches the orbi ta l  veloci ty  of 
ta rge t  K-shell electrons,  v2K, To express this expecta t ion also in terms of 
energy,  we in t roduce the variable ~K [2]: 

v~ m E 1 0 K T m 
Z]K . . . . . .  , (1) 

v2K M 1 Z~ K R 4 I K 

where Z2K =- Z 2 - -  0.3 corrects for inner  shielding, (9 K (0.6 ~< O K < 1) for 
outer  shielding. R ~ 13.6 eV is the R y d b e r g  energy, T m ~ 4 m E 1 / M  1 is the 
m a x i m u m  possible energy t ransfer  to a free electron (mass m )  at rest ,  E 1 is 
the  incident  project i le  energy, M i the  projecti le mass, I K  the  exper imenta l  
K-ionizat ion e ne rgy .The  indices 1 and 2 refer  to projectile and ta rge t ,  respect- 
ively.  

In these terms,  the max imum cross section is expected where ~?K ~ 1 
or where T m ~ 4 I  K.  On the other  hand,  a collision with an electron which is 
free except  t ha t  its binding energy must  be overcome, could never  lead to 
ionizat ion if T~ < IK" Or conversely,  it  is only the binding t h a t  makes 
ionizing collisions in the  low energy region possible [2]. Hence we expect  the 
low energy cross section to increase s t rongly  with increasing ~TK and to de- 
crease strongly wi th  increasing Z 2. This behaviour  of the cross section is clearly 
seen, e. g. in the f igures given by  BASBAS et al [3]. 

2. Applications 

The measurement  of particle induced X - r ay  emission ( P I X E )  is well 
suited to determine the  concent ra t ion  of m a n y  elements s imul taneously  in 
small samples, wi th  ppm sensit ivity.  Many  applications have  been described 
in the first  conference on this subject  [4], and more recent ly  in [5]. 

P I X E  measurements  may  also be used to determine the dep th  profile 
of a foreign element  in bulk material ,  due to  the strong var ia t ion  of  the cross 
section with energy.  I f  one assumes, e. g., t h a t  the foreign atoms oecupy 
a layer  of thickness b at  a mean  depth  a, wi th  a concentra t ion c, theu  these 
three  parameters  m a y  be determined by  measuring the X - r a y  yield of the 
sample at three different  energies, ir the  yield f o r a  thick layer  of  the pure 
foreign material  is also known [6]. This method,  a l though n o t a s  generally 
applicable as Ru the r fo rd  backscat ter ing,  should be useful for elements of 
similar Z, for low-Z foreign material  in high-Z bulk, and for foreign material  
of  low concentra t ion.  Another  recent  appl icat ion of this me thod  has been 
published by  VEGH et al [7]. 
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3. Theoretical deseription 

Clearly, the quan t i t a t ive  appl icat ion of P I X E  requires e i ther  cal ibrat ion 
measurements  on known samples, or a knowledge of the cross sections. Empiri-  
cal relations could be used here [8], bu t  it  is also of interest  to see how well 
the cross sections are described by  theoret ica l  approaches.  In  the following, 
we restrict  the discussion to K-shell ionizat ion by  light ions (Z~ < 0.3 Zz). 

Two basic approaches have recen t ly  been used with considerable suceess: 
the semi-classical approximat ion  (SCA) [9] and the P lane-Wave-Born-Appro-  
x imat ion  (PWBA) [2]. I t  has been shown th a t  both  approaches  must  lead to  
identical  results i f  the same electron wave functions are used [10]. The SCA 
approach can be easily visualized: the  projecti le passes the ta rge t  a tom at  
a distance b f rom the  nucleus, f lying in a s t ra ight  l i n e a t  cons tan t  speed, and 
it  ionizes the K-shell  th rough its rap id ly  vary ing  electric field. In tegra t ing  
over all impact  paramete rs  b yields the  to ta l  cross section, ~K" 

Both  approaches correspond to f i rs t  order pe r tu rba t ion ;  the cross 
section obta ined is therefore  propor t ional  to Z12 and depends on the projecti le 
energy only th rough  v 1 [11]. 

I t  is useful to know which impac t  pa ramete r  b cont r ibutes  most to the  
to ta l  aK, for a given vi. Here again, the simplest classical a rgument  leads 
to a correct  result :  the  collision t ime (of the oder b/v l )  should be comparable  
to the period of revolut ion,  1~co K.  Hence  the largest cont r ibut ion  comes from 
b = vJo9 K = rad, where raa is the so-called "ad iaba t ic  d i s tance"  [9]: 

rac t = vi~o) K = h V l q  K . (2) 

In  terms of rad, we may  define a reduced  veloci ty  ~ which bears a simple 
relat ion to ~TK: 

= raa/a2K = (2/Ox<)V~/K, (3) 

where a2K ~ a o / Z 2 K  is the screened hydrogenic  K-shell radius.  When proper ly  
normalized,  a K is a universal  funet ion of ~ [3]. Ahhough  the  basie features  
of the eross section are well deseribed by  bo th  theories, a detai led eomparison 
with exper iments  shows the neeessi ty of  addi t ional  eorrections:  

a. Inereased binding. At low vi, where ~ ~ 1, the projeet i le  passes well 
within the t a rge t  K-shell radius, thus  inereasing the binding energy IK and 
decreasing a K. The  simplest way to  eorreet  for this effeet [12] is to replaee 
Z2K2 by (Z2K ~- Z1)2, thus deereasing ~TK in Eq.  [1]. 

b. Polar isa t ion [3]. At  higher values vi, the  projecti le m a y  be t hough t  
of as passing outside the K-shell, deforming the wave funct ion  in such a way 
as to decrease IK (since the electron is, on the average, f a r the r  away f rom 
the nucleus). This increases a K. 
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c. Relat ivi ty .  Most calculations use (non-relativistic) hydrogenic  wave 
funct ions.  This cannot  be correct  for high-Z 2 targets  (and even for medium 
Z 2 if  the innermost  pa r t  of the  a tom is probed  by  slow projectiles).  St rongly 
bound  electrons m o r e  fast;  this increases T m (due to the relat ivist ic  mass 
increase) and hence ~K" BRA•DT and L•PICKt [13] have recen t ly  shown 
how this can be easily incorpora ted  into the P W B A  calculation. 

d. Coulomb deflection. For  low v 1, the projectile can no more be as- 
sumed to more  at  cons tan t  speed in a s t ra ight  line. The Coulomb force bo th  
deflects the projecti le and slows ir down, thus  decreasing ~?K" 

All these effects have been incorpora ted  into the P W B A  theory  [3, 
13]. The binding, re la t iv i ty  and Coulomb corrections are also conta ined in 
the  formulat ion of  the  SCA theory  given b y  LAEGSr et al [12]. Because 
of  the simple binding correct ion (see above),  the la t te r  is only good for small 
projecti le velocities (~ < 0.25). 

Since the Coulomb correction is much  different  f rom u n i t y  wherever  
the  re la t iv i ty  correct ion is [14] and since these two corrections t end  to cancel 
each other,  ir is no t  easy to separate t hem b y  exper iment .  

There  is, however ,  another  theoret ica l  approach which sheds light on 
the  binding/polar izat ion correction. FORD et al [15] have calculated K-shell 
ionizat ion by  protons  using second order  pe r tu rba t ion  theory  for tases where 
bo th  re la t iv i ty  and Coulomb corrections are not  impor tan t .  Comparing their  
second order to the i r  f irst  order  result  should gire  the same binding/polari-  

binding polarization correction for p--~Ti 

( 6 (2) 
0.9 FFR k 6--TT~ 

0.8 

0.7 

0.6 ~ LAL 

[I.5 

energy 

Fig. 1. The binding/polarization correction for protons on Ti according to three different theor- 
etical approaches: BBL [3], FFR [15], and LAL [12] 
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zation correction as is obtained by comparing the corrected to the uncorrected 
PWBA cross section. Fig. 1 shows tha t  there is indeed fairly good agreement 
between the two approaches. The SCA curve (labelled LAL) behaves quite 
differently, it is remarkable that  it does not agree with the PWBA curve 
(labelled BBL) in the limit of vanishing energy (where it should be best). 

4. Comparison of experimental and theoretical ionization cross-sections 

Since the compilation of K-shell ionization cross sections was recently 
published by GARDr~ER and GRAY [16], we have been trying to use the large 
amount of information from Table I of that  compilation to compare the 
experimental data both with each other and with the theories, using a com- 
puter program. First results have been presented before [17]. 

More recently, we have augmented the data base by new published 
data, and we have changed the program to normalize the data  through divi- 
sion by the PWBA theory with all corrections. Ideally, then, all the normalized 
cross section data should be close to unity;  in practice, we find almost all the 
data in the range (0.4, 1.6) and the great majority within (0.8, 1.2) i. e. the 
overall agreement with the corrected PWBA theory (for many different 
Z 1 - - Z  2 combinations) is good, although some experiments may have ex- 
cessive errors. By way of example, we present here a few representative 
graphs; the full comparison will be published elsewhere [20]. 

Fig. 2 shows relative cross sections for protons on Ne. The different 
symbols refer to different measurements identified by codes. Of this code, 
the first letter gives the type of measurement (X for X-ray, _A or I for Auger); 
the second letter gives the type of target (G for gas, N for thin solids, K for 
a thick solid); the remaining symbols define the publication (see TabIe I). 
Before plotting, the experimental X-ray or Auger data have been converted 
to ionization cross sections using the table of fluorescence coefficients by 
KRAUS~, [18]. Fig. 2 shows rather large discrepancies between different ex- 
periments at low energy. 

Fig. 3 (p on Cu) shows good agreement between many different authors, 
a n d a  few experimental discrepancies. Fig. 4 (p on Au) shows that  the high 
energy points now agree rather well with the corrected PWBA theory, due 
to the inelusion of the relativity correction [13], but that  the theory is too 
high for low energies. The corrected SCA theory is also plotted a sa  line ( •215215  
in the region ~ < 0.25, and + - + - +  in the region ~ > 0.25); it follows the 
data very well. 

In Fig. 5, cross section data are plotted for protons (E 1 < 15 MeV) on 
five different targets (47Ag -- 51Sb), versus the reduced velocity variable ~. A1- 
though the various corrections are not only functions of ~, ah approximately 
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u n i v e r s a l  b e h a v i o u r  is seen a t  low e n e r g y :  the  po in t s  b e n d  d o w n  sha r p l y  

a t  ~ ~ 0.2. The  h igh  p o i n t s  (p - +  49In) a te  due to  KL76 .  Fig.  6 (p on  Ag) 

shows t h a t  the  low e n e r g y  b e n d  is f o u n d  b y  th ree  d i f fe ren t  g roups :  BIR78, 

LA79,  a n d  BE79 .  Th i s  is s o m e w h a t  i n  c o n t r a d i c t i o n  to BRArr a n d  LAPICKI 

[13] who s ta te  t h a t  o n l y  A~HOLT'S d a t a  [14] are no t  i n  a g r e e m e n t  wi th  

t he i r  t heory .  The  r e a s o n  for these  d i f f e r en t  f i n d i n g s  m a y  be t he  s o m e w h a t  

d i f fe ren t  da t a  base .  
Table I 

References for experimental data 

AK74 
Al'q78 
BE73 

BE78 

BE79 
BD78 

BR78 
GR76A 

HO75A 

HO75B 

KA77 

KB76 

KH75 
KL76 

LA76 
LA79 

LE75 
LI73 

LO79B 
MD77A 

MI76 
MK76 
PE79 
RN76 

RS76 

SO76 

ST75 
TR77 
WL76 

WO74 

WO76 

R. AKSELSSON and T. B. JOHANSSON, Z. Physik, 266, 245, 1974. 
R. ANHOLT, Phys. Rey., A17, 983, 1978. 
R. C. BEARSE, J. _A. CLOSE, J. J. MALAI~IFY and C. J. Umbarger, Phys. Rey., A7, 
126, 1973. 
A. BERINDE, C. DEBERTH, I. ~qEAMU, C. PROTOP, N. SCI1NTEI, V. ZORAN, M. DOST, 
and S. RSHL, J. Phys., Bl l ,  2875, 1978. 
O. BENKA and M. GE•ETSCHLXGER, J. Phys. B. 13, 3223, 1980. 
T. BADICA, C. CIOI~TEA, A. PETaOVlCI and I. POVESCU, Rey. Roum. Phys., 23, 1019, 
1978. 
C. BAUER, R. MANN and W. RUDOLPH, Z. Physik, A287, 27, 1978. 
T. J. GRAY, 13. R]CHARD, R. L. KAUrFMAN, T. C. HOLLOWAY, R. 1~. GARDNER, 
G. M. LIGHT, J. GUERTIN, Phys. Rey., Al3, 1344, 1976. 
F. HOPKINS, R. BRENN, A. R. WItITTEMORE, 3- KARP and S. K. BHATTACHEBJEE, 
Phys. Rey., A l l ,  916, 1975. 
F. I-IoPKINS, R. BREI~N, A. R. WItITTEMORE, N. CUE and V. DUTKIEWICZ, Phys. Rey., 
Al l ,  1482, 1975. 
M. KAMIYA, K. 1SHII, K. SERA, S. MORITA and H. TAWARA, Phys. Rey., Al6, 2295, 
1977. 
1NI. KOBAYASHI, N. MADEA, H. Hora and M. S&KAISAKA, J. Phys. Soc. Japan, 40, 
1421, 1976. 
N. A. KHELIL and T. J. GRAY, Phys. Rey., Al l ,  893, 1975. 
E. KOLTAY, D. BERENYI, I. KISS, S. RICZ, G. HOCK and J. BASCO, Z. Physik, A278, 
299, 1976. 
A. LANGENBERG and J. VAN ECK, J. Phys., B9, 2421, 1976. 
~]. LAEGSGAARD, E. U. ANDERSEN and F. HOGEDAL, Nuel. Instr. & Meth., 169~ 
293, 1980. 
R. LEAI~ and T. J. GRAY, Phys. Rey., A8, 2469, 1973. 
R. B. LIEBERT, T. ZABEL, D. MILJANIC, H. LARSON, V. VALKOVIC and G. C. PHILLIPS, 
Phys. Rey., A8, 2336, 1973. 
J. S. LOPES, A. P. JESUS and S. C. RAMOS, Nucl. Instr. & Meth., 169, 311, 1980. 
F. D. McDANIEL, J. L. ~)UGGAN, P. D. MILLER and G. D. ALTON, Phys. Rev., Al5, 
846, 1977. 
M. MILAZZO and G. RICCOBONO, Phys. Rey., Al3, 578, 1976. 
R. H. McKmGHT and R. G. RAINS, Phys. Rey., A14, 1388, 1976. 
M. PONCET and Ch. ENGELMANN, ~NTucl. Instt. & Meth., 159, 455, 1979. 
R. 1:{. RANDALL, J. 2~k. BEDNAR, B. CURNUTTE and C. L. COCKE, Phys. Rey., A13, 
204, 1976. 
MD. I:{ASHIDUZZAMAN KHAN, D. CI~UMPTON and P. E. FRANCOIS, J. Phys., B9, 455, 
1976. 
C. G. SOAUES, R. D. LEAn, J. T. SANDERS and H. A. VAn RII'~SVELT, Phys. Rey., 
A13, 953, 1976. 
~. STOLTERFOHT and D. SCHNEIDER, Phys. Rev., Al1, 721, 1975. 
J. TRICOMI et al, Phys. Rey., A15, 2269, 1977. 
S. R. WILSON, 17. ]]). McDANIEL, J. R. ROWE and J. L. I)UGGAN, Phys. Rev., Al6, 
903, 1977. 
C. W. WOODS, R. L. KAUFFMAN, K. A. JAMISON, C. L. COCKE and P. RICHABD, 
J. Phys. B7, L474, 1974. 
C. W. WOODS, R. L. KAUFFMAN, K. A. JAMISON, ~q. STOLTERFOHT and P. RICHARD, 
Phys. Rey., Al3, 1358, 1976. 
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Fig. 2. E x p e r i m e n t a l  K-shel l  ionizat ion cross sec t ion  for p ro tons  on Ne versus  project i le  energy,  
d iv ided  by  the  fully cor rec ted  P W B A  theo ry  [3, 13]. The d i f ferent  symbo l s  cor respond to 
d i f fe rent  references  (see Table 1), the  f i r s t  two le t te rs  def ine  the  t y p e  of  m e a s u r e m e n t  and the  

type  of  t a rge t  (see tex t )  
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Fig. 3. Like Fig. 2, for p ro tons  on Cu. No te  t h a t  a few symbols  have  been  used twice 
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Fig. 4. Like Fig. 2, for protons on Au. The (normalized) SCA-theory [I2] is plot ted here a s a  line 
( x - x - x  for 1 > 0.25, + - - q - - - q -  for ~ > 0.25). I t  fits the data at low energies much better  

than the PWBA theory. Data ate due to KA77 (squares) and AN78 (diamonds) 
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Fig. 5. Experimental  K-shell ionization eross sections, normalized as in Fig. 2, plot ted versus 
the reduced velocity ~ (Eq. 3), for protons on Ag, Cd, In, Sn, and Sb. The different symbols 
correspond to different target  atomic numbers, as shown. Note the low energy bend at ~: ~ 0.2 
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Fig. 7 (protons on heavy  targets:  75Re --  92U, E 1 < 13 MeV) shows the 
same general behaviour .  The low energy bend  is again found by  three  groups: 
KA77, AN78, and LA79. 

Fig. 8 (alphas on targets  from 22Ti to 3oZn, E 1 < 10 MeV) shows ve ry  many  
points  within (0.8, 1.2), a few high points (KL76) and a few low points  (SO76). 
Here,  the bend at ~ ~ 0.2 is only based on measurements  by  one group (BE79). 
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There  may  also be an indication of a m a x i m u m  at ~ ~ 0.3. Fig. 9 (alphas 
on heavy  targets,  E 1 < 60 MeV) shows the  same general behaviour ;  the low 
energy points are here  only due to AN78. 

The remaining figures refer to sl ightly heavier  projectiles. Figs. 10 and 
11 (laN projectiles on targets  from 20Ca to 51Sb, E < 36 MeV) show a new 
feature:  a p ronounced  mŸ at ~ ~ 0.6. Whereas  Fig. 10 contains almost 
only  da ta  by  MD77A, Fig. 11 has da ta  by  four different  groups:  MD77A, 
BR78,  GR76A, TR77.  

Fig. 12 (160 on 2~Fe to 35Br, E < 91 MeV) shows the same min imum less 
clearly due to the somewhat  discrepant  data .  Fig 13 (160 on 37Rb to a2Sm, 
E < 56 MeV) m a y  again show the m a x i m u m  at  ~ ~ 0.3, though  not  ve ry  
clearly. Fig. 14 (180 on 67Ho to 9Y, E < 56 MeV) shows the bend  at  ~ ~ 0.2 
and the max imum at ~ ~ 0.3. 
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In  re t rospect ,  i t  can be noted t h a t  no t  only the  bend  a t  ~ ~ 0.2 bu t  
also the  features  a t  ~ A~ 0.3 and  ~ ~ 0.6 can  be seen (or guessed) f rom the 
Figures  for pro tons  and  alphas,  bu t  t h a t  t h e y  are less p ronounced  there  t h a n  

for the  heavier  project i les .  

5. Discussion 

Although these r emain ing  discrepancies be tween  the correc ted  P W B A  
t h e o r y  due to BRA~DT et al [3, 13] and  exper iments  are not  v e r y  large,  it 
would be in teres t ing to  f ind reasons. Clearly,  this will not  be  possible f rom 
our  comparisons  alone, bu t  will require theore t ica l  insight  also. 

Concerning the  bend  a t  ~ ~ 0.2, we m a y  assume,  following the work  
of  KOCBACH [19] and  A~nOLT i [14], t h a t  BRA~DT'S [3, 13] Coulomb correct ion 
fac tor  is n o t a s  di f ferent  f rom un i ty  as it  should be. 

Since electron cap tu re  b y  the project i le  is not  included in the  theories 
used, the  quest ion arises whether  the  m a x i m u m  at  ~ ~ 0.3 could be due to 
th is  effect. Tak ing  160 projecti les as an example ,  one would indeed expec t  

the  m a x i m u m  of K - c a p t u r e  to occur a round  E 1 ~ 26 MeV (where v i equals 
the  veloci ty  of  project i le  K-electrons) .  B u t  the corresponding values of  
would then  lie be tween  ~ : 0.17 (for U) and  ~ : 0.53 (for Rb),  whereas  the 
m a x i m u m  is empir ica l ly  found  a t a  f ixed  value  ~. 

Finally,  one m a y  ask whether  the  fea tures  a t  ~ ~ 0.3 and  0.6 are due 
to not  quite sa t i s f ac to ry  theoret ica l  correct ions.  Here  the b inding  correction 
would  be the mos t  l ikely candidate  since it  becomes more i m p o r t a n t  wi th  
increasing Z v For  14N projecti les,  e. g. i t  amoun t s  to abou t  0.16 for ~ : 0.6, 
whereas  the  o ther  correct ions ate close to uni ty .  Hence,  the  devia t ions  m a y  
well be due to the  b ind ing  correction.  

The  corrected SCA t heo ry  is not  wi th in  its range  of va l id i ty  (~ < 0.25) 
on mos t  graphs.  Where  it is valid,  however ,  ir follows the  da t a  be t t e r  t h a n  
the P W B A  theory .  
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