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ARSTRICT

Recent measurcments for -, 1-, and 2-eclectron ions chan-
ncled in {111; Au suggest that the c¢lectronic stopping power,
dL/dxz, depends on the spatial distribution of charee on the
projectile. We have investigated the effect of the profectile
charge distribution on db/dx using the Lindhard dielcctric
theory of stopping. The charge distribution contribution is
demonstrated dircctly within the f{ramnwork of this theery.  Cond
agrecement 1s obtained between cxperirent and tneory when hidgher
order Z,~cffects, which arce of comparable magnitude (- 5-107),

1

are included in a self-consistent phenomenological manncr.
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INTRGHUCTICH

The use of beams of swift atomic projectiles tor the alter-—
wtion and study of the ncar surface region of solid targets has
receited considerable attention over the past sceveral years.
Frawleare of the stopping power, db/dx, 1s important in such
«ilceg in order to characterize both the cenergy deposition and
the irnlanted don profiles. Recent theoretical work1~6 has
shuwir Lhat fer a point preicctile with charge Zlo thr electronic

contribution Lo the stopi.ing power can be written as

e o 2 ) 2
~dB/dz = KOS, = NS By (Lg o+ %y Ly o+ 27 Ly 4+ ... (1)

where I is the target atomic density and the {Li} arc functions
onlv i the projeciile speced, v, and properties of the target
matericl.  The quartity So in (1) is given by

. = 4ue4 na/(m v2) (2)
wiich n, the number of clectrons per target atom and m4thev
alectron mass. Experimental measuremen:ts have verified the
importance of the higher order terms in (1) and have confirmed
that the theoretical predictions for Ll and L, are cf the
correct sign and order of magnitude.7

Equation (1) has also been used to describe the stopping

power of projectiles which are not fully stripped of their
electrons,a’9 and are therefore not point particles, with Zl

*
replaced by an effective value, 2 wvhere
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* 2 2/3
(“l/dl) =1 - cxp(— 0.95% v/&l Vo/ . ()

. . R 2 ; 10
In (2) Vo is tnie Bohr velocity, ez/h. Evidence suqgaests that

*
Zl closcly approximates Lhe average charge on the projecliles
at cquilibrium. Values of L, and L, for such projectiles

1
extracted from experimental data through the use of Egs.
(1)~(3) arc in agreement with those obtained for point pro-
joctiles.7 This agrecement nust be viewed with some caution,
however, since the dE/dxz valucs represent an average propertcy
of the beam which has a distribution of projectile charge
statcs.

Recent measurements of dE/dxll show that Ecs. (1) and (2)
cannot be used tc describe the stopping power in the simple
approximation in which Zl is renlaced by the net charuc,

g = Zl - de, with ZO the number of electrons carricd by the
projectile. Results of these measurements for 0-, 1-, and
2-electron projectiles with 1 > Zl > 9, which were transmitted
through the {111} channel of a gold target at a veclocity of
8.95 vgr are collected in Table I. A portion ¢t che data are
plotted in Fiec. 1 to illustrate that the stopping power, Se'
is not constant for a fixed value of ¢. These data clearly

show that the quantities {Zi+2Li} in Ea. (1) must be replaced

by functions which depend rot only on the net charge, g, but
also on its spatial distribution about the projectile charge
center.

Ashley and Ritchiel? have used a modified form of the Bohr
theory to analyze the data of Table I, but they neglected higher-

order Zl effects., Careful examination of the data in the table



show however that the higher order cffects are important (~ 10%)
in determining dE/dx, and saould be included in a proper analysis.
In the present paper we recexamine these experimental data frem
the point of view of the Lindhard thcoryl3 as discussed by

- R 14 Y s N s . .
Lindhard and Vinther and includc both charge distribution and

i+ . .
Let the guantities Zi 2 Lj ir (1) be replacecd by functions

G. so that
1

-dE/d» = N So(Gc + Gl + G2 + ...) . (4)

Also, let the projectile consist of a positive point charge,
Zlc, with ZC clcctrons having a spatial distribution ;e(r) which

is not altercd by passage through the target medium. Then,

Linchard thc:oryl3 yiclds
vsc—-ﬁznmﬁ[zz—zz »(k)+“2(")] x
P Bg T r ), X 1 1 Ve et ‘
fk\’ 1
wdw {;————— - l} B (5)
v c(k,w)

where p (k) is the Fourier transform of oe(r). This expression

15 .
to examine the effects of charge

has previously been used
capture on dE/dx at low projectile speeds. It shows that effec-
tive charge theory can be strictly applied to the first term on
the right of (4) only when pe(k)+ze, which implies a delta-

function distribution at the projectile nucleus. Eguations (4)
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and (5) will bhe uscd in the next section to cnalyze the dato

in Tuble 1.

CALCULATIONS AND DATH ANALYSLS
Al Barc Huclel

The exp.erimental data in Table I for ZC = 0 have been [it
by a least mean neon scuare methed to an crustion of the {orn

aof By, {1}, with resultant values

e, - r,
S, = 4.12 20 + 0.1475 zf - 0.0105 %] (10 15 cyeerP/atom . (6

All the @ata in Table 1 werce obtained for well-channclead ions,
i.¢., particles which did not wander far from the midpoint of
the channel. For these particies the stoppding medium Lo owzll
approximated by a free electron gas. Under such counditions
the first term on the right hand side of (6), along with Bq.
(5), can be uscd to determine the electron density ni= n, W)
in the channel center. The resultant value is n = 4.00 x lO23
electrons/cm3 which corresponds to 6.75 electrons per gold atom.
This is a reasonable result since a free gold atom has 11
loosely bound electrons. The static screening leng¢th for this
n-value is A = 0.427 R.

From this electron density and equation (6) the corresponding
Li—values are Lo = 5,23, Ll = 0,187, and L2 = ~0,0133. These

results for L., and L, are about twice the measured values for

1 2
the nonchanneled beam,7 while the value for Lo is about three times
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that for the nanchanneled beam.  This is expected since free
clecctrons in Lhe channel have a larger interaction cross
scetion than do the bound electrorne vhich make a zignificunt
contribution in the nonchannele. casc.
B. 1- and 2~Ilectron Projectiles
11 . .

Datz, et al, have axcued that the elecirons on the 1- and

2=clcclron proectiles romain in the H~shell during thoelir

throush the tarcet matcerial. The charge distributions

i these elcctrons thus correspond to ls-like states for which
R 4 2 L 2,2
;C(L) = I, ko/(k0 + k5T, (7)

with o= 2/a, where a is the radius of the 1ls wave~function.
]

Fer iswlated projectiles a = ao/zl for the l-clectron ions and

a = ao/(zl - 0.2125) for the 2-electron ions,16 where a, is the

Bohr radius of hydrogen. Duec to the dizlectric responsc 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 ke obtained by minimizing the electric field ernergy plus the
eleczron xinetic cnergy 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

5% from their isolated ion values. Since this amount of

expansion affects the calculated stopping power values by less
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than 0.,5% this cffect has heen ignored in the calculations
and the isolated atom values for a have been uscd.

i. £, Gledified 7] term)

Eqg. {5) has becen used to calculate the contribution of
SOGO to {4). Lindhard's diclectric responsc functionl
divides (k,u)~space into regicns correszponding ko "close”
collisions and "distant," or resonant, coilisions. Ea. (7)
was usced to describe the clectron charge distribution for the
closc collisions. For the distant collisions the projectile
was assumed to be a point charge with effective charge g = Zl -
Calculated values for SOG0 are given in Table I.

ii. SOGl {ficdified Zi
Ashley, et al,l have argued that the ZB-corrcctions to
dE/dx come primarily from distant collisions. Correspondingly,
we have used the value of Ll obtained for the barec nuclei along
with the net charge, g, to represent this contribution to BEg.

(3)., Calculated values for SOGl are given in Table I.

iii. 5.6, (Modified z] term)

Values for 4 = —SOG2 were obtained by subtracting the
above contributions to Se from the experimental data. These
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

%



L= 0.0105 (f z: + (1 - £) qu (8)

wherce f is the fraction of collisions which are “"close," i.e.,
cellisions in which the unshielded nucleus determines 4. The
constant 0.0105 characterizes the 24 correction for point

projoctiles (see By. [6]). A value for f is thus obtained for
cach oxperimental value of /4, and these values arc nlotted in

2 as a function of the radius of the projectile electron

=

i,
cloud,

This analysis of the rf-values is satisfying from a physical
point of view. One can view the collisions between proiectilc
and tazget eleccrons as divided intoc two categorics: (1) these

collisions which occur inside the charge clcud radius, for which

*
1

*
cloud radius, for which Zl = g. The larger the charge cloud

radius, the morc likely is a collision of type (1) and thus the

Z Zl' and (2) those collisions which occur outside the charge

fraction, £, of the collisions for which Z; = Zl is expected to
be an increasing function of the charge cloud radius. The agree-
nent of the f-values as @ function of a for both the 1~ and 2-
electron projectiles suggests that such a geometic argument is

reascnable.

CONCLUSIOHNS
. 1 .
Lindhard theory 3 has been used to studyv the projectile
size dependence of the electronic contribution to the stopping

power. An expression for the Z2 contribution to dE/dx, i.e.,



the term SOGo in Eg. (4), has been presented which explicitly
demonstrates the dependence of this term on the projectile
charge distribution. The 23 correction to dE/dx, i.e., the

term SoGl in E¢. (4), has been described by effective charge

theory, since this term results primarily from "distant"

C s 1 ; s - Lo 11
collisions. The ¢xperirental data of Datz, &h al, B3

been analyzed using these descriptions of the 22 and Z

contributions to dE/dx, and experimental values for the 24

correction have been extracted. It is shown that the Z4

term also is dependent on the spatial distribution of pro-
jectile charce, alrhouch e:xplicit depondences 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 Theorctical Contributions to Se
for 0-, l~, and 2- Elcctron Projectiles Channcled

in {111} Au at v = 8.95 v_. Units 10713 ev-crd/aton.

S G S.G;
El sexpt (Cglg.) (Cglc.) So(Go+Gl)_soxpt
Z, =0
1 4.25 £ 0.05 4,13 .15 0.02 * 0.05
2 17.5 1 0.2 16.5 1.2 L.2 v 0.2
3 40.0 ! 0.3 37.2 4.¢ 1.2 - 0.2
5 115.7 * 0.8 103.4 12.4 6.1 : 0.8
6 166.4 * 1.1 148.8 31.9 14.2 + 1.1
7 226.3 * 1.5 202.6 50.6 26.9 + 1.5
3 295.4 1 1.9 264.6 75.5 44.7 - 1.9
9 363.6 + 2.4 335.0 107.5 68.9 =+ 2.4
Z, =1
6 119.2 * 0.5 111.2 18.4 10.4 ' 0.5
7 172.8 & 0.7 156.7 31.9 15.8 =+ 0.7
8 233.2 *+ 1.0 210.5 50.% 27.9 i 1.0
9 304.6 ¢ 1.3 272.4 75.5 43.3 - 1.3
2, = 2
7 124.8 * 0. 118.1 18.4 11.7 ¢
8 176.8 £'0.8 163.6 31.9 18.7 0.

9 239.1 = 1.0 217.3 50.6 28.8 + 1.0
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CAPTIONS

1

2

Dependence of stopping cross scction, Se' on net
cuarge, <, and nuclear charge Zl. Daslied lincs
drawn through points to guide the eyec. (Afier

patz, et al, refecrence 11)

Fraction, I, of projectile-clectron collisions
. 4 : .
for which the % -residual is produccd by the

unshiclded nucleus versus projectile orbital radius.
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FRACTION OF ZA - CORRECTION FROM UNSHIELDED NUCLEUS
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