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Excitation States of Projectiles Moving Through Solids* 

R. J. Fortner 
Lawrence Livermore Laboratory, Livermore, CA 94550 

J. D. Garcia 
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X-ray spectral measurements of S, CI, and Ar atoms moving in 

solid carbon targets are used to extract the equilibrium distribution 

of vacancies in the valence and L-shells of the projectiles. It is 

found that the state of excitation is much higher than the mean charge 

measured after the projectile has left the solid. A sijiple 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. 

*Wbrk performed under the auspices of the U. S. Atomic Energy Commission. 
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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 model for ions moving in solids. A simple 

picture based on the Betz-Grodzins model is found to bring the two 

measurements into agreement. 

Hie relevant data used in this paper are presented in Figs. 1 and 2. 
2 3 

Figure .1 shows the spectral data * for S, CI, Ar -* C collisions using 

a solid graphite target and an incident projectile energy of 90 keV. 

The arrows in the figure indicate the positions of the normal (unshifted) 

x-ray transitions. Ihe data indicate that the majority of the x-rays 

are L x-rays from the projecti le; however, scene carbon K x-rays are 

observed. Identification of the x-ray transitions i s discussed below. 

Figure 2 shows the x-ray production cross sections for both target and 

projectile in the Ar -»• C collision system as determined fr\*n the x-ray 

spectral measurements. 

Multiple L-shell vacancies can be produced in the projectile due 

multiple collisions in the solid within the lifetime of an inner shell 

hole. The lifetime of a ground state sulphur L-shell vacancy i s 
-iu 5 

5 x 10 sec. This can be compared with the mean free time for pro­

ducing an L-shell vacancy, 1/Nuv, where N i s the number of carbon atoms 
3 2 

per cm , a i s the L-shell vacancy production cross section {•»« cm ) and 
v i s the velocity of the projectile in cm/sec. The cross secti<si can be 

e _T7 o 

estimated to be "i>10 cm . This leads to a mean free time for pro-

ducing an L-shell vacancy in 90 keV S - C collisions of about 10 sec. 
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Thus, each ion having an L-shcll vacancy undergoes several collisions 

of this type during the lifetime of the vacancy, h-shell vacancies 

are not expected to be produced in the projectile when the 2p binding 

energy of projectile exceeds the Is binding energy of carbon. This 
7 10 uuv; «.o chancer, in the molecular orbital diagrams which are normally 

used to described these collisions. The changes result in the inner 

shell vacancies being produced in the carbon K shell rather than the 

projectile. This results in a limitation in the number of L-shell 

vacancies of «, : , and 1 for S, CI, and Ar, respectively. 

The general theoretical formulation of this problem i s straight­

forward. Let t i be the fractional probability of bean having i inner 

shtll vacancies and let q be the Mxitum nuttier of vacancies detemined 

sy the biscussion above. Assuming thin targets and neglecting double electron 

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

ness dx of the solid i s dettraimd by the following equations. 

'* * -'l ! " * f q " » «> 

df, 

-£*•' "Vr<-» • W ' V"*" ! Vi>i 
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where U is nuaber of target atocs per cubic centiiaeter, v is the velocity 
of the projectile, T . is the lifetime of the projectile having i inner 
shell vacancies and c• is the cross secticn for i to i • 1 inner shell 
vacancies. For q = 1 the solution of Sq. (1) yield 

f l = I 7 ^ 7 U - ex? - C«k>0 • ̂ - > xl>. (2) 
o 1 1 

For q > 1 solutions of Eq. (1) can be obtained but, the core relevant 
quantities, the equilibrium fractions can be determined sisply by setting 
the derivatics equal to zero. When this is done Eq. (1) yields 

i a k 
f. = rx «*>, ,vt,) / a • y n (to VT.)J o) 

or 
f i ' Wi-l v ,i fi-l 

equations (2) and (3) can be used to estimate equilibrium fractions of 
projectile inner shell vacancies. Before this is done we aust determine 
the total ionization cross section and the inner shell lifetimes for the 
appropriate states. Therefore, we aust consider the effects of K-shell 
vacancies using the observed x-ray spectra in Fig. 1. 

The L x-ray energy shifts observed con be understood free 
the followirc: the projectile saving in the graphite target suffers 
a amll-iaejact-niniwttr collision which produces the L-shell vacancy, 
considerable K-shell excitation might also be expected. However, as 
the projectile with the inner shell vacancy continues to neve in the 
solid, other largep-ia|>act-paraneter collisions will change the state 
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OS she :5-3i»ell iv •* variety ei yrocMJes (e.f,., vihx'̂ e esci«B£«, flSwtron 

pick-up esc . ) . V.',£:tg a :w.£:ua itt>« s eps i s zi iS~~' e~." far these pro­

cesses the seen free siae fey a t h events is W s « . T>K5, en she 

average, 50 such events will take plAee fcr she sulphur projectile 

before the inner shell vacancy is f i l led. tfe csCTcfcaie that she B-sheU 

of th« aoving ion will return to on eejiilibrius distribution prior to 

the f i l l ing of the '—shell vacancy. Thus, the observes! shifts in the 

projectile x-ray spectra are characteristic of an •euiliin-iua distri­

bution of H-shell vacancies, .'tote that the particular transitions 

observed are only weakly affected by electrons in !i or higher shells. 

In Table 1 the results of Hirtree rock (adiabatie) calculations 

of the energy shift of the 3s * Jp I x-ray transition as a function of 

H-shell excitation are presented. Also included in the table are thee-

retical values of the fluorescence yields * for each configuration. 

The chlorine values for energy shifts and fluorescence yield were 

obtained by extrapolation between the values for sulphur ' and argon. 

The direct calculations of sulphur fluorescence yields were cospared with 

those obtained via statistical corrections to ground state fluorescence 

yields and only * M 1 1 differences were found (less than 30t). Additional 

calculations were done to determine the effects of Multiple inner shell 

vacancies on x-ray transition energies for the case of sulphur. The 

results indicated that a positive shift of \25 eV occurs for each 

additional 2p vacancy Calculations also indicated that for sulphur, 

the position of a 3d » Jp transition i s vjS eV hither than a 3s - Jp 

transition with the sane init ial configuration. 
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Vs£n$ she above calculations the analysis of spectra ir. rig. 1 i s 

sEvaightfenard. In s * J - C data, for cxasplc, ;he yea* 

if. the sj«tru3 (at 261 eV) ccrrespends to a 3s » 2? transition in a sulphur 

a:ce with one 2? vacancy and only one 3s electron in the K-s!wll. This peak 

i s enhanced in the spectra because of a large flucrescer.ee yield (1.0). 

The other x-rays btsr tn 1<I7 eV and 168 eV represent the saae transition 

but with differing meters of K-shtll electrons. The L x-rays above 168 eV 

are <is* to aultiplc Ss-sbcll vacancies (and possibly sene M - 2p transi­

tion*). In fact, in the sulphur data, x-rays corresponding to atcas with as 

tuany as " L-shell vacancies arc observed. The photons at 277 eV are carbon 

K x-rays; the ecehnisss responsible for production of these x-rays was 

discussed above. Similar observations can be aade fcr the CI, Ar - C 

data. In the chlorine and argon case, x-rays due to 2 and 1 L-shell 

vacancies, respectively, can be seen. 

The relative probability of the projectile having a given ranter of 

M-shell vacancies can be calculated free the x-ray spectra using the data 

in Table 1. Scat assumption aus; be aide concerning the relative probabilities 

of 3s and 3p vacancies (our calculations indicate that Goster-Krcnic trans­

itions in the H-shell are energetically not i ,lciierl in an atea with an b>shcll 

vacancy). In our analysis we assuasd sequential stripping, but the assumption 

was tested as indicated below. The x-ray spectra are characteristic of thick 

targets and thus standard thick target yield analysis i s required; however, 

this aade l i t t l e difference in the results. 

In Tig. 3 the results of our analysis art presented. In the analysis 

of these spectra corrections for window absorption and crystal reflectivity 

were ssade. Assumptions other than sequential stripping (such as statistical 

http://flucrescer.ee
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distribution of the M-shell vacancies wont the M-subshells) resulted in 
enhancement of the higher state* of KMSheU excitation. Thus, the sequential 
stripping assumption results in a lower* bound determination of the mean 
nunber of K-shell vacancies, uhich is larger than the nan emergent chart* 
state (see below). 

Using the results presented in Fig. 3, MC can determine the mean 
value of fluorescence yield and the man life time for the inner shell 
vancancy. This, in conjunction with Fig. 2 and tq. 2, can be used to 
determine equilibrium fraction of argon ions with an inner shell vacancy. 
The results of this analysis are presented in Table 2. We have included 
in the table the parameter r = H^vt̂  » xdecay/iproduction where the X's 
are the appropriate men free paths for the inner shell vacancies. Ir. 
Table 3, the relative fraction of U shell vacancies for a SO-kaV sulphur 
projectile determined from &j. 3. using a cross section oj » ^ p o c ***» 
« 0 wis estimted to be 10"1 cm2. We also asssumd the lifetime for sulti-
ple Ushell holes was the sane as that for a single t/-shell hole. As can 
be seen from the table, large renters of L-shtll vacancies are expected. 

Measurements of the charge state populations of Ar merging from carbon 
foils are available. In order to compare our results for projectiles 
within the solid with these results, some statement concerning the 
state of the projectile as it leaves the solid sust be aide. Using our 
equilibrium distribution for L- and H-shell vacancies in the pro­
jectile, we assume that (1) the missing H-shell electrons are carried 
with the ion in higher shells; (2) when the ion msign from the solid 
it loses (a) one electron for each inner shell vacancy due 
to Auger processes, and (b) one electron for each electron pair 
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in shells higher than the H-sheli due to autoionisinR excesses. The 
resultant distribution labelled 3S is shews in Fig. h together vith the 
(interpolated) data cf Hselplund et al. 

These results indicate that analysis of x-ray ssecrra can be used as 
a practical tool for investigating equilibrium excitation states of ions 
traversing a solid. The? also provide strong support for the aodel intro­
duced !'/ Bet: and Crodcins (EG) (see Kef. 1, p. 533} in connection with 
the denity effect. They proposed that ions saving in solids are 
essentially neutral but in a high state of excitation. This is in 
contrast with the Bchr-Lindhird oodel (BU, in which the ion aoves through 
the solid essentially with its oeergent aaan charge state, and at Boot, 
one-electron excitation. In the present uork, if the projectiles esrrged 
without acccapanying electrons and with the b- and K-shell vacancy 
distributions as observed, the atergent aaan charge states uould be the 
distribution labelled BL in Fig. <>. This predicts higher charge states 
than thoce actually observed. It should be Kept in aind that the electros 
accompanying the ion In shells higher than the K-shell will have negligible 
effects on the x-rey energies or nates. The fact that sixple assumptions, 
which arc in agwent with the BG nodel, can correlate the final charge 
state (Keasurcmnts and our reported vacancy distributions provides the 
first direct experisental evidence concerning the validity of either model. 



TAIUC X - Theoretical data for aultiply ionized S, CI, «nd Ar for 
transitions fro* the configuration Is 7* 2 2p 3s n 3p a. 

X-Sey Bterty Shift («V>* riuorsscenee Yield x 10* 
n a Sulphur Chlorine Anon Sulphur Chlorine Arjon 

2 6 - - if - - 1.9 
2 S - if 2.9 - 1.9 2.7 
2 t tf 2.9 7.0 1.9 2.9 < t . l 

2 3 3.0 7.1 11.1 2.9 ».7 6.9 
2 2 7.2 12.0 17.H S.S 9.9 i<t.O 
2 I 12.1 17.S 23.7 15.6 25.5 "0.0 
2 0 17.7 2*.0 30.9 77.11 10S.0 1SJ.. 
1 S - - - - - 1.1 
1 S - - - - 1.0S 1.6 
1 » - - - *.0 l.SS 2.5 
1 3 - - - 1.7 2.9 *.3 
1 2 11.2 - - 3.9 ( .9 10.9 
1 1 15.* - - 19.2 32.0 S3.9 
1 0 21.1 29.2 3S.0 10* 10H 10* 

a) HnU—-loc* adiabatic calculations (Ref.9). Iht entrey shifts depend 
primarily on n • •. In that part of the table for n » 1, only sig­
nificant deviations froa this rule are noted. 

b) Ground state value; this is the reference point for the shifts. 
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TASLE 2: Data on ecuii i iri in distribition of L-shell vacancies in an argon 

bears traversing a solid carbon target. 

E 
(keV) r fjttr) «to •1/VT,)" 1 

o 1 

3D .20 .17 73 & 

US .39 .28 75 & 

60 .58 .37 78 X 

90 .88 .17 80 A 

130 1.21 .56 o 81 A 

180 1.60 .62 82 X 
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TABU: 3: Estimated data on equilibrium distribution of Ushell vacancies 

in a 90-keV sulpiw bean traversing a solid carbon target. 

f 0 - ,086 

f a - .156 

f 2 - .232 

f 3 - .276 

f„ - .250 
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Fig. 1. X-ray spectra for Ar •* C lupper diagrss) CI •* C feiddle diagram), 

and S * C (lower diagr-55) collisions in solid (graphite) targets. 

The positions of the "nortal" (unshifted) L x-rays are indicated by labelled 

axrcwsas is the position of the C K x-ray line. The borcbarding energy was 

90 keV. In the lower diagran, the carbon K x-rays produce a second 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 projection cross sections for Ar^ and C. resulting from 
A T •* C collisions in solid (graphic-) targets. 

Fig. 3. Equilibrium H-shell vacancy distribution fee 90 keV S (diamonds), 
CI (open circles) and Ar (triangles) ions traversing a carter, solid s^rget. 

Fig. f. Charge state distributions for 90 keV Ar projectiles energing 
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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