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Recent measurements for 0-, 1-, unci 2-elcctron ions chan­

neled in (111; Au suggest that the electronic stopping power, 

dli/dx, depends on the spatial distribution of charge on the 

projectile. We have investigated the effect of the projectile 

charge distribution on dD/dx using the Lindhard dielectric 

theory of stopping. The charge distribution contribution is 

demonstrated directly within the franevrarf: of thir; theory. Good 

agreement is obtained between experiment and tneory when higher 

order Z.-cffccts, which are of comparable magnitude ('• G-10'.), 

are included in a self-consistent phcnomenolonicul manner. 
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JNTKUH'Ci'ic:: 

The ur:o of beams of swift atonic projectiles tor the alter­
ation and study of the near surface reqion of solid tarijets lias 
leceLved considerable attention over the past several years. 
Knov.-lee'TC- of the stopping power, di:/d:-:f is important in such 
studios in order to characterize both the energy deposition and 
the ir;p]antod ion profiles. Recent theoretical work has 
show;: that for a point pro;",-tile '.:ith charge Z.e the electronic 
contribution to the Gtoppinj power can be written as 

-dK/dx = i: S c - N S o z\ (L Q + Zx I,x + z\ L2 + ...) (1) 

where U is thj turqet atomic donsitv and the fL.} arc functions 
i 

onJy of the i jrojucLilu -sp^^J., :, and p r o p e r t i e s of the t a r g e t 

mntor i t j l . The q u a n t i t y S in (1) i s oiven by 
o 

S = 4-..C4 n /(m v 2) (2) 
o a 

wioh n^ the number of electrons per target atom and n. the 
electron mass. Experimental measurements have verified the 
importance of the higher order terms in (1) and have confirmed 
that the theoretical predictions for L, and L„ are of the 
correct sign and order of magnitude. 

Equation (1) has also been used to describe the stopping 
power of projectiles which are not fully stripped of their 

8 9 electrons, and are therefore not point particles, with Z. * replaced by an effective value, Z , where 
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(VZl) = X - ^ ( - °" 9 5 '-'/Zl/3 0 • ' 
In (3) v is tl;e Bohr velocity, e /#. Evidence suggests that 
* Z. closely approximates the average charge on the projectiles 

at equilibrium. Values of L and I, for such projectiles 
extracted from experimental data through the use of Ec:s. 
(l)-(3) are in agreement with those obtained for point pro­
jectiles. This agreement must be viewed with some caution, 
however, since the dE/dx values represent an average property 
of the beam which has a distribution of projoctilo charge 
states. 

Recent measurements of dE/dx show that Ens. (1) and (2) 
cannot be used to describe the stopping power in the simple 
aoproximation in which Z, is renlacod bv the ne'' charge, 

ci = Z n - L , with Z the number of electrons carried by the J 1 e e J 

projectile. Results of these measurements for 0-, 1-, and 
2-electron projectiles with 1 _> Z _> 9, which were transmitted 
through the {111} channel of a gold target at a velocity of 
8.95 v r are collected in Table I. A portion ct che data are 
plotted in Fie. 1 to illustrate that the stopping power, S , 
is not constant for a fixed value of q. These data clearly 
show that the quantities {Z. L.} in Eq.. (1) must be replaced 
by functions which depend not only on the net charge, q, but 
also on its spatial distribution about the projectile charge 
center. 

12 Ashley and Ritchie have used a modified form of the Bohr 

theory to analyze the data of Table I, but they neglected higher-
order Z 1 effects. Careful examination of the data in the table 



shov; however that the higher order effects are important ('•' ICK) 
in determining dE/d:-:, and should be included in a proper analysis. 
In the present paper we reexamine these experimental data from 
the point of view of the Lindhard theory as discussed by 
Lindhard and Winther " and include both charge distribution and 

Let tiic quantities Z ' L. in (1) be replaced by functions 

G. so that 
1 

-dE/dx = N S (G + G. + G. + ...) . (4) 
o o l ^ 

Also, let the projectile consist of a positive point charge, 
z,e, with Z electrons havinn a spatial distribution ; (r) which 1 c e 
is not altered by passage through the target medium. Then, 

Lindhard theory yields 

s G = - ^ laf°" 5*. [ Z 2 - 2 Z . o o r J k L l 1 i) (k) + r^(k)l 

{r. (k,w) 1f Xkv 
wdw {- „~~ , - 1 \ , (5) 

kv 
where f*' (k) is the Fourier transform of p (r) . This expression 

has previously been used to examine the effects of charge 

capture on dE/dx at low projectile speeds. It shows that effec­

tive charge theory can be strictly applied to the first terra on 

the right of (4) only when p (k)+Z , which implies a delta-

function distribution at the projectile nucleus. Equations (4) 
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and (5) w i l l be used in the r.oy.t s ec t i on to .m.ily/e the data 

in Table 1. 

CALCULATION;; AMD DATA AHAL'/WIT; 

A. Daro t luclci 

The exper imental data in Tabic I for Z ~ 0 have been f i t * c 

by a leai i t r:C-̂ n ;.<oan square method to an c;u-:;t ir>n of the lorn 

of Erj. ( 1 ) , with r e s u l t a n t va lues 

S = 4.12 V,i + 0.1175 Z.3 - 0.0105 7,\ U O - 1 ^ oV-cn 2/atoi:i) . (f,) 

All the data in Table I were obtained for well-channeled ions, 

i.e., particles which did not war.der far frun the midpoint of 

the channel. For these particles the otopj-ir.-j r.ediu:p. i~ v.C-i 

approximated by a free electron gas. Under such conditions 

the first term on the riijht hand side? of (6), alony with K<i. 

(5), can be used to determine the electron density n(= n t;) 

in the channel center. The resultant value is n = 4.00 x 10 

electrons/ct.i which corresponds to 6.75 electrons per rjold atom. 

This is a reasonable result since a free gold atom has 11 

loosely bound electrons. The static screening length for this 
o 

n-value is * = 0.427 A. 
From this electron density and equation (6) the corresponding 

L.-values are L = 5.23, L, = 0.1B7, and L, = -0.0133. These i o ' 1 ' 2 
results for L and L_ are about twice the measured values for 

7 
the nonchanneled beam, while the value for L is about three tines 

http://war.de


-5-

that for the nonchanneled bean. This is expected since free 
electrons in the channel have a lar-jcr interaction cross 
section than do the bound electrons which .-sake a :-.iani f i cant 
contribution in the ncnchannelci case. 
li. 1- and 2-nicctron rrojectilcs 

Uc.kz, et al , have aryued that the electrons on the 1- and 
2-eJectron projectiles remain in the K-shell durin:; their 
passaje throu-h the target matci'ial. The charge distributions 
of these electrons thus correspond to ]s-like states for v.-hich 

f Sk) = zn kVdc? + k2!2 , C 
c e o o 

with k = 2/a, where a is the radius of the Is wave-function. 
For isolated projectiles a = a /Z ioi the 1-clcctron ions and 
a = a / {2 - 0.3125) for the 2-electron ions, where a is the 
Bohr radius of hydrogen. Due to the dielectric response of the 
medium these radii are expected to increase inside the target 
material. The increase will be a maximum at low projectile 
velocities, and thus an upper limit to the values for the radii 
can be obtained by minimizing the electric field energy plus the 
electron kinetic energy with respect to variations in a. This 
minimization has been carried out using the low velocity 
approximation to the Lindhard dielectric response function with 
the result that the radii are expected to expand by no more than 
55, from their isolated ion values. Since this amount of 
expansion affects the calculated stopping power values by less 



than 0.5?. this effect has been ignored in the calculations 

and tlia isolated atom values for a have boon used. 
2 i. E C (Modified Z. term) o o I 

Kq. (5) has been used to calculate the contribution of 

S G to (4). Lindhard's dielectric response function o o 
divides (k, r.;)-space into regions corresponding to "close" 
collisions and "distant," or resonant, collision:;. Kci. (7) 
was used to describe the electron charge distribution for the 
close collisions. For the distant collisions the projectile 
was assumed to be a point charge with effective charge q = 2. -
Calculated values for S C arc given in Table I. o o 3 

ii. G C n (i-IcdxfieU 2, tern; 
o 1 1 

1 3 
Ashleyi et al r have argued that the 2 -corrections to 

dE/dx come primarily from distant collisions. Correspondingly, 

with the net charge, q, to represent this contribution to Eq. 
(3). Calculated values for S C. are given in Table I. 

4 iii. S G~ (Modified Z1 term) o 2 1 
Values for A = -S G were obtained by subtracting the 

above contributions to S from the experimental data. These e 
values of A are listed in Table I. It was assumed that A 

could be separated into contributions from "close" and 

"distant" collisions by writing 



;. = 0.0105 [f z| + (1 - f) q 4] (3) 

whore f is the fraction of collisions which arc "close," i.e., 

collision:: in which the unshielded nucleus determines A. The 
4 constant 0.0105 characterizes the Z correction for point 

projectiles (sec Eu. [6]). h value for f is thus obtained for 
ecich experimental value of A, and these values arc plotted in 
Fifj, 2 as a function of the radius of the projectile electron 
cloud. 

This analysis of the /.-values is satisfying from a physical 
point of view. One can view the collisions between projectile 
and !_nrf.;ot electrons as divided into tv;o categories: (1) those 
collisions which occur inside the charge cicud radius, for which 
z 

cloud radius, for which Z.. = q. The larger the charge cloud 
radius, the more likely is a collision of type (1) and thus the 
fraction, f, of the collisions for which Z, = Z is expected to 
be an increasing function of the charge cloud radius. The agree­
ment of the f-values as a function of a for both the 1- and 2-
electron projectiles suggests that such a geometic argument is 
reasonable. 

CONCLUSIONS 
13 Lindhard theory has been used to study the projectile 

size dependence of the electronic contribution to the stopping 
2 power. An expression for the Z contribution to dE/dx, i.e., 

, - z., and (2) those collisions which occur outside the charge 
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the term S G in Eq. (4), has been presented which explicitly 
demonstrates the dependence of this term on the projectile 
charge distribution. The Z correction to dE/dx, i.e., the 
term S G. in Eq. (4), has been described by effective charge 
theory, since this term results primarily from "distant" 

collisions. The experimental data o£ DaLz, et al, have-
2 3 been analyzed using these descriptions of the Z and Z 

contributions to dE/dx, and experimental values for the 1 
4 correction have been extracted. It is shown that the Z 

term also is dependent on the spatial distribution of pro­

jectile charge, air hough e::plicit dependences are not 

mathematically represented here. 

The results of this analysis indicate that accurate 

theoretical representations of the stopping power for atomic 

projectiles which are incompletely stripped of their electron 

clouds must include a consideration of the spatial distribution 

of the electronic charge on the projectiles. 
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Table. I. Experimental and Theoretical Contributions to S^ 
for 0-, 1-, and 2- Electron Projectiles Channeled 
in (111) Au at v = 8.95 v . Units 1 0 ~ i b eV-ci:.2/atoi., 

= 0 

Z e 

s 
e x p t 

S G o o 
( C a l c . ) 

S G, o 1 
( C a l c . ) S (G +G,; o o 1 e x p t 

4 . 2 5 i 0 . 0 5 4 . 1 3 . 1 5 0 . 0 3 • 0 . 0 5 

1 7 . 5 i 0 . 2 1 6 . 5 1 . 2 0 . 2 ' 0 . 2 

4 0 . 0 1 0 . 3 3 7 . 2 4 . 0 1 . 2 • 0 . 3 
1 1 5 . 7 i 0 . 8 1 0 3 . 4 1 8 . 4 6 . 1 - 0 . 8 

1 6 6 . 4 :': 1 .1 1 4 8 . 3 3 1 . 9 1 4 . 3 ' 1 .1 

2 2 6 . 3 i 1 .5 2 0 2 . 6 5 0 . 6 2 6 . 9 .-. 1 .5 
2 9 5 . 4 i 1.9 2 6 4 . 6 7 5 . 5 4 4 . 7 - 1.9 

3 6 3 . 6 J 2 . 4 3 3 5 . 0 1 0 7 . 5 6 8 . 9 - 2 .4 

6 1 1 9 . 2 i 0 . 5 
7 1 7 2 . 8 :'- 0 . 7 
8 2 3 3 . 2 + 1.0 
9 3 0 4 . 6 t 1.3 

Z e = 2 

7 1 2 4 . 8 ± 0 . 5 
8 1 7 6 . 8 ± ' 0 . 8 
9 2 3 9 . 1 i.1.0 

1 1 1 . 2 1 8 . 4 1 0 . 4 ' 0 . 5 
1 5 6 . 7 3 1 . 9 1 5 . 8 - 0 . 7 
2 1 0 . 5 5 0 . 6 2 7 . 9 < 1.0 

2 7 2 . 4 7 5 . 5 4 3 . 3 .-. 1.3 

1 1 8 . 1 1 8 . 4 1 1 . 7 l 0 . 5 
1 6 3 . 6 3 1 . 9 1 8 . 7 .\ 0 . 8 

2 1 7 . 3 5 0 . 6 2 8 . 8 + 1.0 



FIGURE CAPTIONS 
Fiyure 1 Duj-'endence of stoppiny cross section, S , on not 

cuargc, c, and nuclear charye Z.. Dashed Unos 
drawn throuyh points to yuide the eye. (Af_er 
Datz, et nl, reference 11) 

Ficjure 2 Fraction, Z, of projectile-electron collisions 
4 

for which the rA -residual is produced by the 
unshielded nucleus versus projectile orbital radius-
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