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Excitation States of Projectiles Moving Through Solids®

R. J. Fortner
Lawrence Livermore Laboratory, Livermore, CA Su550

J. D. Garcia’
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Abstract

X-ray spectral measurements of S, Cl, and Ar atoms moving in
solid carbon targets are used to extract the equililrium distribution
of vacancies in the valence and L-shells of the projectiles. It is
found that the state of excitation is mich higher than the mean charge
measured after the projectile has left the solid. A simple model is used
to deduce the expected final charge state distribution, and these are
compared to thin foil measurements. Our results support the Betz-
Grodzins model for ions moving in solids.

*Wark performed under the auspices of the U. S. Atamic Energy Cammission.
+s.|mcrtedinpa!'tbymnts from the NASA, ONR, and NSF.



In this paper x-ray spectral measurements of projectiles traversing a
solid are used to determine equilibrium distribution of vacancies in
the inner and valence shells of the projectile. Disparity between our
measurements and the measured emergent charge states is used to
support the Betz-Grodzins rnode'l.l for ions moving in solids. A simple
picture based on the Betz-Grodzins model is found to bring the two
measurements into agreement.

The relevant data used in this paper are presented in Figs. 1 and 2.
Figure 1 shows the spectral data’?®
a solid graphite target and an incident projectile energv of 90 keV.

for §, C1, Ar + C collisions using

The arrows in the figure indicate the positions of the normal (unshifted)
x-ray transitions. The data indicate that the majority of the x-rays
are L x-rays from the projectile; however, same carbon K x-rays are
observed. Identification of the x-ray transitions is discussed below.
Figure 2 shows the x-ray production cross sections for both target and
projectile in the Ar + C collision system as determined frun the x:-ray
spectral meastmammts.u

Multiple L~shell vacancies can be produced in the projectile due
multiple collisions in the solid within the lifetime of an imner shell
hole. The lifetime of a ground state sulphmr L-shell vacancy is

5

5x10'1usec. This can be ccmpared with the mean free time for pro-

ducing an L~shell vacancy, 1/Nov, where N is the mumber of carbon atoms
pepcna,uisﬂxebs}e]lvatmlcywodwtimcmsssecﬁm ﬁncmz)and

v is the velocity of the projectile in cn/sec. The cross secticn can be

6

estimated® to be 1077 c?. This leads to a mean free time for pro~

dtninganb-shﬂlvacancyhsnkevs“—Ccomsimsofamnlolusec.



Thus, each ion having an L-shell vacancy undergoes several collisions
of this type during the lifotime of the vacancy. L-shell vacancies

are not oxp d to be produced in the projectile when the 2p binding
cnergy of projectile exceeds the 15 binding energy of carbon. This

iz due to changes in the molecular arbital dia.gmm;7 which are normally
used to described these collisions. The changes result in the inner
shell les being produced in the carbon K shell rather than the

projectile. This results in a limitazion in the mumber of L-shell

vacancies of u, 2, and 1 for S, Cl, axd Ar, nspectivdy..
The general thecretical formulation of this prodblem is straight-

forward. Let f; be the fractional probability of bemm having i inner

shell vacancies and let q be the maximm rumber of vacancies determined

by the ciscussion above. Assuming thin targets and meglecting double electron

processes, the production and decay of inner shell vacancies in any thick-

ress dx of the solid is deterained by the following equations.

*y
*
Y
.
[}
.
-y
"
-

st4h¢ Q [0

af,

ho 2 fli\“l - ?'ﬂofo

af

1 N .
et 2 !-.‘:a.'a - ."llul1 . ’2/\": - lei
"“'o-l



where N is rumber of target atass per cubic centimeter, v is the velocity
of the projectile, T is the lifetime of the projectile having i inner
s)tuvacamiesan!ciisthecmsssectimfaritci*l:'.mu‘shell

vacancies. For q = 1 the solution of £g. (1) yield

£ = onl (1 - exp - Lt + Lo 3D 2
1° TR_vT; exp N .

For q > 1 soluticns of 5. (1) can be cbtained btut, the more relevant
quantities, the equilitrium fracticns can be determined sizply by setting
the derivaties equal to zevo. When this is done Eq. (1) yields

i X
£, = VT /[ G, vt
5 j’}; oy qvio) / ( P ;:Tl o 4v130 (»
or
L BASU R

Equations (2) and (3) can be used to estimate equilibrium fractions of
proisctile inner shell vacancies. Before this is done we must determine
the total ionization cross section and the inner shell lifetimes for the
appropriate states. Tharefore, we mist congider the effects of M-shell
vacancies usirg the observed x-ray spectra in Fig. 1.

The L x-ray dnergy shif’s cbserved can be understood from
the followirg: the projectile =oving in the graphite target suffers
¢ small-ispact-parameter coliision which produces the l-shell vacancy,
considerable M-shell excitation might also be expected. However, as
the proiectile with the inner shell vacancy continues to sove in the

z21id, other larger-ispact-parameter ccllisions will change the state



of the M=shell v 2 variety of provessen (d.4., shisge xchange, alestron
plekaup @), Uninmg 3 nonionl svour sestian of z-c'sf’ c:z for these pro-
m‘..e@l the mean free Time fov suah awvents i E'J"'s sce, Tz, on the
anrage, 50 cuch esents will take place fer ww sulphuy profentile
befove the Lowr steoll vacancy i3 filled. Wo conciude that the Meshall
of tha qoving ion will redum to an equilidric Qistyritution grior @
the Filling of the L~shell vacancy. Thus, the sbserved shifts in the
projectile x-ray spectra are charecreristic of an eguiiibrius distri-
bution of H-shell vacancies. liote that the particular cransitions
obsarved are only weakly affected by electyons in ! or higher shells.

In Table 1 the results of Hartree Fock (adiabatic) calculations®
of the enargy shift of the 3s < 2p L x-ray transition as 3 function of
H-shell excitation arc presentad. Also included in the table are theo-
retical values of the fluorescence vields?'19 for each configuration,
The chlorine values for energy shifts and flucrescence vield were

beained by excrapolation betueen the values for sulphur®? and argon.?"11

The direct calculations of sulghur flucrescence yields were compared with
those cbtained via statistical correctionst}2 to ground state fluorescence
yields and only ssall differences were found (less than 108). Additional
calculations were done to determine the effects of multiple inner shell
vacancies on x-ray ensition energies for the case of sulphur. The
results indicated that a positive shift of 125 aV ocams for each
additional 2p vacancy. Calculations alse indicated that for sulphur,
the position of a 3d - 2p transition is +25 eV higher thana 35 « 2p
transition with the came initial configuration.




Uoing e above calculations the analyzis of spectra in Fig, I is

srraightfeniand, In te s* - ¢ cata, for exrpie, the pedx

in 2he speztiwn (at 168 €¥) cocvespends 0 a 35 < 2p tansition in a su
Thiz peak
is enh } in the specTrum b cf a large flucrescence yield (1.0)

atom with one Ip vacancy and only ora 15 electron in the Mechell,

‘The othe: x-rays betwen 167 ¥ and 163 eV represent the same transition
byt with differing rrdess of M-2h6ll &lectvons, The L x-rays above 168 eV
are die to ruliipic {~shell vacannies (and possidly some 32 < 2p transi-
tions). In fact, in the sulpimur dats, x-rays corresponding to atoms with as
sary as 4 L-shell vacarcies are chrzerved. The photons at 277 eV are carbon
X x-pays; the acchiniz=s responsible for production of these x-rays was
discussed above. Sinilar cbeervations can be made fcr the C1, Ar - C
data. In the chlorine and argon case, x-rays due to 2 and 1 L-shell
vacancies, respectively, cin be seen.

‘The relative probability of the projectile having a given rumber of
M-shell vacancies can be calcuiate? from the Xeray spectra using the data
in Table 1. Some asmumption mst be made concerning the relative probabilities
of 3s and Jp vacancies (our calculaticns indicate that Coster-Kronig trans-
icions in the M-shell are anergetically not allowed in an atom with an Le-shell
vacancy), In our anklysis ue assuned seguential stripping, but the assumption
was teszed as indicated below. The x-ray spectrd are characteristic of thick
targets and thus standard thick target yield analysis is required; however,
this made Little Cifference in the results.

In Fig. 3 the results of our analysis arz presented. In the anilysis
of these spectya corrections for window ahsorp‘timm and crystal \:‘n-ctivzty“
were vade. Aspaprions other than cequential stripping (such as statistical


http://flucrescer.ee

distribution of the M-shel) vacancies amorg the M-sutehells) resulted in
enhancement of the higher states of Ksshell excitation. Thus, the sequential
stripping ascumptice results in a lower bound determination of tha mean
oumber of M-shell vacancies, which {5 larger than the maan emsrgent charge
staxe (see below),

Using the resuits presented in Fig. 3, we can determine the mean
value of fluorescence yield and the mean life time for the inner sheld
vancancy. This, in conjunction with Fig. 2 and Eq. 2, can be used to
datermine equilibteium fraction of argon ions with an inner shell vacancy.
The results of this analysis are presantsd in Table 2. We have included
in the tadle the parameter r 2 Nuom1 z \decay/Aproduction winre the A's
are the appropriate mean free paths for the inner shell vacancies. In
Table 3, the relative fraction of L shell vacanciss for & %0-keV sulphur
projectile detwmined from 1q. 3, using a cross section og + $z1 o whare
a, was estimated to be 1077 n?. be aloo asssumed the liferime for multi-
ple L-shell holes was the same as that for a single L~shell hole. As can
be seen from the table, large numbers of L-shel)l vacanciss are expected.

teasurements of the charge state poculations of Ar emerging from carbon
rommmmu.“ In ordear to compare our results for projectiles
within the solid with these results, some statemant concerning the
szate of the projectile as it lsaves the solid must be made, Using our
equilidrium dis% ibution for L- and M-shell vacancies in the pro-
Jectile, we asnume that (1) the missing M-shell el are carried
with the iun in higher shells; (2) whan the ion emerges from the solid
it loses (a) one electron for each infwr shell vacancy due

0 Augar processes, and (b) one electron for sach electron pair



in shells higher than the M-sheli due to autoionizing tvocesses. The
resultant distritusion labeiled 35 is shown in Tig. 4 together with the
(interpolated) data cf #velplund et al.td

These reculzs indicate thar analysis of x-may spectra can be used as
a practical tool for investigating equilibrium excitaticn states of ions
traversing A solid. They also provide strong surport Sor the model intro-
duced {4 Bets and Orodzins (BG) (see Ref. 1, p. 533) in compecticn witl
the dewsity effect. They proposed that ions moving in solids are
essentially neutral dut in a high state of excitation. This is in
contrast with the Bohr-Lindhard model (BL), in which the ion moves through
the solid essantially with its emergent mean charge state, and at soat,
one-electron excitation. In the present work, if the projectiles esrrged
without accompanying electrons and with the L~ and M-shell vacacy
distributions as observed, the asergent mean charge states would be the
disteibution labelled BL in Fig. 4. This predicts higler charge states
than those actually cbeesved. It should be kept in mind that the electrens
accompanying the ion in shells higher than the M-shell will have negligible
effects on the x-rey energies or rates. The fact that sisple assmptions,
shich are in agreement with the BG aodel, can correlate the final charge
STate meanuermnts and our reported vacancy distridutions provides the

first di exper: 1 evid ing the validity of either model.
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TAMLE T - Theoretical data for muitiply ionized S, C1, and Ar for
trensitions from the configurstion 152 282 2p° 35" 3P,

o a Sulplue Chlovine Acgon Sulpha Chlocine Argon
2 & - - » - - 1.9
2 s - » 2.9 - 1.9 2.7
2 » 2.9 7.0 1.9 28 sl
2 3 3.0 7.1 1.8 2.9 7 63
2 2 7.2 120 17w 5.5 88 Qw0
2 1 21 1.5 2.9 5.6 25.5  va.0
2 o0 177 2.0 30.8 7.4 2050 18,

1 s - - - - - 1.1
1 s - - - - .05 .6
10w - - - 3.0 165 2.8
13 - - - 1.7 2.0 w3
12 n.2 - - 3.9 6.6 0.9
11 15.4 - - w2 32,0 5.9
1 0 2.1 9.2 36.0 10* T

a) Hartree-Fock adiabatic calculations (Raf.8). The ensrgy shifts depend
peimarily on n ¢+ m.  In that part of the table for n 3 1, only sig-
. nifioant deviations from this rule are noted.

b) Ground state value; this is the reference point for the shifts.
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TASLE 2: Data on equiiilrium distribition of L-shell vacancies in an argon
bex: traversing a solid carbon target.

W r £, 00 ti_srve 7t
30 .20 .17 3R
us .33 .28 s8]
60 .58 .37 78 R
%0 .88 47 g0 R
130 1.24 .55 81 A

180 1.60 .62 82 R



n

TABLE 3: Estimated data on equilibrium distribution of L-shell vacancies
in a 90-keV sulphur bean traversing a solid carbon tarvet.

£, - .08
£, - 156
£, - 232
£y - .27
£, - 250
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Fig., 1. X-ray spectra for Ar = C (upper diagram} (i » C {middle diagram),
and S + C {iowar diagrss) collisions in solid {(grachite) targets,

Tre positions of the "normal™ (unshifted) L x-rays are indicated by labelled
arrawsas is the position of the C K x-ray line. The bambarding energy was
90 keV. In the iower diagram, the carbon K x-rays produce a secomd order
peak at about 140 keV. The dashed line shows the resultant spectrum when

the second order carbon line is subtracted, by using the first order profile,

Fig. 2. X-ray prosuction cross sections for Ary and Cy resulting fram
Ar + C collisions in solid (graphite) targets.

Fig. 3. Equilijbrium M-shell vacancy distriiution for 90 keV S (diamonds),
Cl (open circles) and Ar (triangles) ions traversing a carbon solia target.

Fig. 4, Charge state distributions for 90 keV Ar projectiles emerging
from a carbon foil, Diamonds denote the measurements of Hvelplund et al.;
circles and squares are the results of the present analysis (see text).
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