
PHYSICAL REVIE% A VOLUME 22, NUMBER 2 AUGUST 1980

Spectra of Ko, I rays from 64-Mev sulfur ions traveling in solids
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Spectra of Ka x rays from 64-MeV sulfur ions incident on a wide range of thick elemental targets have

been measured with a plane crystal spectrometer. Various features of the spectra were found to be sensitive

to the atomic structure of the targets. In particular, the Ka satellite and hypersatellite intensity

distributions displayed oscillatory variations —14/o as a function of target atomic number. This behavior is

satisfactorily accounted for by the systematics of electron-capture cross sections. Considerable line

broadening was observed, and the Lorentzian component of the total linewidth was found to increase

linearly with the product of the target atomic number and the atomic concentration.

I. INTRODUCTION

Recently, it has been recognized that high-res-
olution investigations of K x rays emitted during
the passage of energetic heavy ions through ma-
terial media are capable of providing information
relating to the charge-state equilibration proc-
ess.' ' The competition between electron ioniza-
tion, excitation, capture, and decay quickly leads
to the establishment of an equilibrium distribution
of excited states in the moving projectile. Many of
these excited states have x ray decay branches and
hence their populations may be estimated from
measured x ray intensities. Bell et al.' and Schule
et al.' have utilized high-resolution measurements
of the spectra of K x rays emitted by sulfur and
neon ions to estimate the average projectile char-
ges inside target foils.

Owing to the complexity of the spectrum of x rays
emitted from a multielectron heavy ion, it is gen-
erally not possible to determine the population of
each of the many x-ray-emitting states available
to the projectile. Also some states are produced
which do not have x-ray decay branches. These
two problems greatly limit the applicability of x-
ray spectroscopy to the direct determination of
charge states. On the other hand, it is reasonable
to expect that the integrated intensities of Ko. x-.
ray satellites and hypersatellites from the various
states belonging to a particular K-L vacancy con-
figuration will give an approximate representation
of the relative contribution of that configuration to
the distribution of K-L vacancy configurations in
the beam. Thus it is possible that projectile x-ray
spectra could be quite useful for elaborating gen-
eral trends in the K- and L-shell ionization and
capture cross sections as a function of such para-
meters as target atomic number and projectile
velocity.

In the present investigation, the spectra of Kn
satellite and hypersatellite x rays emitted from

64-Mev (incident energy) sulfur ions moving in
solids have been measured for a wide range of
thick elemental targets. The primary objective of
this study was to ascertain the extent to which var-
ious features of the x-ray relative intensity dis-
tributions and peak widths could be understood in
terms of the systematics of cross sections for K-
and L-shell ionization, excitation, and capture.
This study is an extension of an earlier investiga-
tion of the Ko. hypersatellite to satellite yield ra-
tio as a function of target atomic number. "

II. EXPERIMENTAL METHODS

A beam of 64-MeV S ' ions was extracted from
the Texas A 5, M variable-energy cyclotron, dir-
ected through a 3-mm-diameter collimator loca-
ted 30 cm in front of the target position and fo-
cused on various targets positioned at 45 with re-
spect to the beam axis. The spectra of K x rays
emitted by the S ions were measured using a plane
crystal spectrometer which had been mounted on a
turntable, thus enabling it to be positioned at any
observation angle between 162 and 20' with respect
to the beam axis. In this study, most of the meas-
urements were performed at an observation angle
of 90', however, several spectra were also recor-
ded at an observation angle of 135' in order to de-
termine the average projectile energy for x-ray
emission inside the target by measuring x-ray
Doppler shifts. Details of the spectrometer align-
ment procedures will be given in a forthcoming
paper on x-ray energy shifts in solid targets. "

The spectra of sulfur Kn satellite and hypersat-
ellite x rays were measured for a wide range of
thick elemental targets using a Nacl crystal and
a flow proportional counter employing a 90%
argon-10%%up methane gas mixture. The spectro-
meter resolution at 2460 eV was 6.9 eV full width
at half maximum (FWHM) as determined from
spectra obtained using a thin (8 p, g/cm~) carbon
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foil. The counting time at each spectrometer po-
sition was regulated by monitoring the number of
particles scattered at 45 from a thin gold foil
(mounted over the collimator) into a surface bar-
rier detector. Spectra for several of the targets
were repeated using a germanium (111)crystal.
Since the ref lectivity of germanium is nearly con-
stant over the range of wavelengths spanned by the
sulfur Ke satellites and hypersatellites, ' com-
parison of the two sets of spectra enabled the de-
termination of ref lectivity corrections for the NaCl

crystal. B was found that the ref lectivity of the
NaCl crystal for 2620-eV x rays was a factor of
1.50 +0.12 lower than for 2460-eV x rays.

A comparison of spectra obtained with a number
of different targets using the NaCl crystal is shown
in Fig. 1. The energy scales in the figure have
been corrected for Doppler shift which at 90' cau-
ses the observed energies to be approximately 5
eV lower than the emitted energies. The most
prominent set of peaks on the left-hand side of each
spectrum includes, in order of increasing energy,
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FIG. 1. Spectra of Xn x-rays emitted in various thick solid targets by 64-MeV (incident energy) sulfur iona.
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the satellite groups resulting from Kn x-ray emis-
sion from initial states having a single K vacancy
and 3, 4, 5, 6, and 7 I- vacancies, respectively
(i. e., the KL', KL, KL', KI,', and KL' satellite
groups). The low-intensity set of peaks on the
right-hand side of each spectrum includes (in or-
der of increasing energy), the hypersatellite
groups resulting from Kn x-ray emission from
initial states having a double K vacancy and 4, 5,
6, and V L vacancies, respectively (i. e., the
K'L», K'L', K'L', and K'L' hypersatellite groups).
The highest intensity satellite and hypersatellite
peaks in the spectrum for a, Li target are, respec-
tively, the heliumlike sulfur 2'P -1'S transition
and the hydrogenlike sulfur 2 P -1'S transition.

The spectra were analyzed by means of a least-
sc(nares-fitting program employing Voigt functions.
In this way, integrated intensities were obtained
for each of the satellite and hypersatellite groups.
An example of how the x-ray structure was fitted
is shown in Fig. 2. Each x-ray group was repre-
sented by a single Voigt function, even though some
of the weaker lines of a given configuration lie in
the regions of the satellite groups on either side.
To some extent, these contributions tend to cancel
and the minor errors introduced by this approx-
imate representation of the group intensities are
not expected to have a, significant effect on the re-
sults presented here. The small peak between the
EJ-' and KI-' satellite groups in Fig. 2 approxi-
mately accounts for some high energy components
of KI.' and for the KI.' 'P -'S transition, which
in solid targets contributes very little intensity
because of its relatively long (metastable) radia-
tive lifetime. A detailed discussion of the multi-
plet structure comprising these spectra will be
presented elsewhere. "

As a,lready mentioned, measurements were also
performed at an observation angle of 135 to de-
termine the average projectile energy for x-ray
emission from the observed x-ray Doppler shift.
The average projectile energy loss in a carbon tar-
get (high stopping power, low x-ray absorption co-

efficient) was found to be 5.5 + 0.5 Me V while the
average energy loss in a silicon target (low stop-
ping power, high x ra-y absorption coefficient) was
found to be 4.2+0.5 MeV. Using the stopping
power tables of Northcliffe and Schilling, ' these
energy losses translate into average depths for
x-ray emission of 0.29 mg/cm' and 0.28 mg/cm2
in carbon and silicon, respectively. Based upon
these results, average depths for x-ray emission
were estimated for the other targets and used to cor-
rect the x-ray relative intensities for absorption.
These corrections gene rally changed the relative
intensities by less than 15/p and were rather insensi-
tive to errors in the estimated average x-ray emis-
sion depths. For example, the correction factor for
the observed ratio of the intensity of the K'L'('P) peak
to the intensity of the KL'('P) peak in a silicon target
was 0.93, assuming an effective thickness of 0.28
mg/cm' for both x-ray transitions (as indicated
above). This correction factor would change by
only 5% for a factor of 2 increase in the effective
thickness. The small differences in average x-
ray emission depths due to different thickness de-
pendences of the emission rates of the various x-
ray lines were neglected. Corrections were also
applied to the relative intensities for absorption in
the proportional counter window, for the efficiency
of the proportional counter, and for the reflectiv-
-ity of the crystal.

III. RESULTS AND DISCUSSION

A. The satellite and hypersatellite intensity distributions

It is evident in Fig. 1 that considerable variation
occurs in the distribution of L-shell vacancies pre-
sent at the time of E x-ray emission. This may be
shown more directly by using the satellite and hy-
persatellite relative intensities to calculate ap-
proximate average L.-vacancy fractions:

where n is the number of missing L electrons and
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FIG. 2. A sulfur-ion Ee x-ray spectrum, obtained with a thick carbon target, showing the results of a least-square
peak-fitting analysis. The filled circles are the data points and the open circles are the calculated points.
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FIG. 3. (a) The dependence of the approximate average
L-vacancy fraction pz on target atomic number. (b)
Cross sections for the capture of an electron from the X,
I, and M shell of the target to the L shell of a 60-MeV
sulfur ion. The solid curves were calculated using the
OBK formula of Nikolaev and the dashed curves were
calculated using the prescription of Lapicki and Losonsky.

f„is the relative intensity of the corresponding sa-
tellite or hypersatellite group. Since the fluores-
cence yield has not been taken into account in the
calculation of p~, this parameter will only be used
as a relative measure of the average number of L-
shell vacancies associated with each x-ray distrib-
ution.

A graph of P~ versus target atomic number is
presented in Fig. 3a for the satellite and the hy-
persatellite x-ray groups. It is seen that in both
cases, the relative degree of L-shell ionization ex-
hibits an oscillatory behavior with minima near
Z =6, 18, and 43. It is interesting to note that the
average of the K-binding energies for C and N (Z
=6 and 7) is 347 eV, the average of the L-binding
energies for Cl-K (Z =17-19) is 333 eV, and the
average of the M-binding energies for Nb-Ru (Z
=41-44) is 331 eV. Thus, the observed minima
all occur in regions where the average binding
energies of target K-, I -, or M-shell electrons

are nearly the same. The average L-binding ener-
gy of a neutral. .sulfur atom is about half of this
value while the average L-binding energy of a Li-
like sulfur ion (the most probable ion state as-
sociated with K x ray-emission} is approximately
twice this value.

The close correspondence of the P~ values for
the satellites with those of the hypersatellites is
rather remarkable, considering the multiplet
structure comprising the two distributions is quite
different. The satellite and hypersatellite distrib-
utions observed with thin targets, for example
(where most of the x-ray emission occurs outside
the target}, look very different because of the pre-
sence of additional intense peaks in the satellite
distribution resulting from metastable transitions.
The fact that the satellite and hypersatellite rela-
tive intensity distributions are essentially identi-
cal in thick targets indicates that the equilibrium
distribution of L-shell vacancies is independent
of the number of K-shell vacancies.

The influence of projectile energy loss on the
satellite and hypersatellite structure was checked
by measuring additional spectra for 32- and 105-
MeV sulfur ions in Li, B, Al, and Ca targets. It
was found that dP~/dE was nearly the same for all
of the materials, with an average value of 4.6
x 10 ' Me V '. Since the average energy loss in the
target also does not vary substantially among the
various targets, the p~ changes due to projectile
energy loss will not significantly alter the struc-
tural features disglayed in Fig. 3(a).

A similar oscillatory behavior has previously
been observed in the dependence of the equilibrium
K-vacancy bearing fractions of sulfur- and chlor-
ine-ion beams on target atomic number. "" These
effects have generally been ascribed to electron
capture from the target to the projectile K shell.
A qualitative explanation of the p~ oscillations may
be given in terms of the relativeimportance of el-
ectron capture in determining the equilibrium dis-
tribution of L-shell vacancies in the beam. %hen
electron capture is relatively more important, than
ionization, P~ should decrease whereas when elec-
tron capture is relatively less important than ion-
ization, P~ should increase. Since it is expected
that the I -shell ionization cross sections for sul-
fur ions will increase smoothly with increasing
-target atomic number, the observed minima in the

p~ curves should correspond to maxima in cross
sections for capture from different target shells
to the projectile I shell.

In order to test this hypothesis, cross sections
for electron capture to the L shell of sulfur have
been computed using the Oppenheimer-Brinkmann-
Kramer (OBK) formula as given by Nikolaev (in-
cluding screening}, "and using the prescription
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given recently by Lapicki and Losonsky. " The
calculated cross sections for capture to the I- shell
of the sulfur ion from the K shell of the target
(K-L'), the L shell of the rarget (L-'L ), and the
M shell of the target (M -L; OBK only) are shown
in Fig. 3(b). An average projectile energy of 60
MeV and an average sulfur L-shell binding energy
of 632 eV (estimated for Li-like sulfur ions) were
used in the calculations. A comparison of Figs. 3
(a) and 3(b) shows that the observed minima do in-
deed correlate with predicted maxima in the elec-
tron-capture cross sections. The maxima for the
OBK cross sections, however, appear to be shifted
up by about 4 atomic number units from the P~
minima, whereas the Lapicki-Losonsky cross sec-
tion maxima for K- and I--electron capture coin-
cide almost exactly with the p~ minima.

B. The intensity ratio of 2P to j P

The relative yields of sulfur ions having double
and single K vacancies may be examined by com-
paring the intensity of Kn x rays arising from the
'P -'S transition (K'L' peak) with the intensity of
Kn x rays arising from the 'P -'S transition (KL'
peak). Assuming the equilibrium distribution of
I--shell vacancies is established very quickly
(i. e., within the first few )),g/cm') and that this
distribution is independent of the number of K-
shell vacancies, the number of x rays from state
j of an electron configuration having k K-shell
vacancies and n L-shell vacancies, escaping
through the front surface of the target is given by

t
Nz N~ Gg-„o»Y~e "A"dx

where N~ is the number of incident ions; ~, the
fraction of ions having k K-shell vacancies; P„the
fraction of ions having n L-shell vacancies; G& the
probability that an ion having k K-shell vacancies
and n L-shell vacancies will be in state j; 0» the
cross section for radiative decay from state j,
(nvvz&)

' where n is the number of target atoms/
cm', v is the ion velocity, and 7» is the mean
lifetime for radiative decay; x the depth in target
in units of atoms/cm', e """the x-ray absorption
correction, where ex is the x-ray path length and
o„is the x-ray-absorption cross section; and t
the effective thickness for x-ray emission in a
thick target.

Since the average energy loss was found to be
fairly small (-5 MeV), the variation of P„,o'z&, and
~„with projectile velocity will be neglected. Fur-
thermore, because F, reaches its equilibrium val-
ue within approximately the first 150 p, g/cm', the
fraction of ions having k K-shell vacancies will be
treated as a constant. Applying the above approx-

2oo +10+02 +12+01 +12+02

1~ +20+01 +21+01 +21+02
(5)

In the above equation, the quantities o, &
are total

cross sections for producing j K vacancies in an
ion initially having i K vacancies. Since none of
the cross sections appearing in Eq. (5) has yet been
measured for the systems under consideration, it
is necessary to make further approximations;
namely, it will be assumed that o„ando» are ap-
proximately negligible,

Ol +I (E)y

1
+12 2 +01 )

+10 +Q(E) +D &

O21 2+10 &

where g«) is the cross section for K shell ioniza-
tion (excitation is neglected), oo, r) is the cross
section for capture to the K-shell, and oD is the
cross section for radiative decay. Under these
conditions

Y.-/Yi- = ooi/4o- ~ (6)

The final result is obtained by using statistical
population probabilities for G, and 62 and theoreti-
cal mean lifetimes for v, (1.49 )( 10 '~ sec) (Ref.
22) and ~, (2.44 )( 10 "sec) (Ref. 23),

R. .. -0.61o,(r)/(oo(~)+ov) . (f)

The experimental intensity ratios are shown in
Fig. 4 plotted versus target atomic number. As in
the case of the total hypersatellite to satellite yield
ratio, ' an oscillatory structure is observed. Ac-
cording to Eq. (V), the minima should correspond
to maxima in cross sections for electron capture

imations, Eq. (2) reduces to

N ) —= (NpG P„Y~/nv 7 „))T),
where

T, = (1/ca„)(1—e '&'),

I'~ is the equilibrium fraction of ions having k

K-shell vacancies. This last equation may then be
used to express the ratio of the intensities of the
'P/'P transitions. The result is

+2~(1~ 2 ) / ) 2 2 Rl 2w/ I R2 lw (4)

(Quantities subscripted by the number 2 refer to
the 2I' state while those subscripted by the number
1 refer to the 'P state. )

According to the three-component model for pre-
dicting the K-vacancy distribution of an ion beam, "
the ratio of the equilibrium double K-vacancy frac-
tion to the equilibrium single K-vacancy fraction is
given by"'"
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FIG. 5. A comparison of sulfur-ion Kn x-ray spectra,
obtained with an Fe and a Be target, showing the effect of
line broadening.

to the projectile K shell. The solid line in Fig. 4
shows the ratios calculated with Eg. (7) using K-
ionization cross sections obtained from the binary
encounter approximation (BEA)'4 and total K-cap-
ture cross sections calculated using the OBK form-
ula given by ¹ikolaev. " These latter cross sec-
tions were multiplied by a scaling factor of 0.34 as
indicated by the recent work of Chan and Eichler."
The cross section for decay was calculated using
an average K-vacancy lifetime of 1.5 x 10"sec
as measured by Betz et al. The dashed curve in
Fig. 4 was calculated in a similar manner except
that the total K-capture cross sections used were
those computed with the Lapicki-Losonsky" pre-
scription.

It is apparent that both calculated curves in Fig.
4 reproduce the main features of the measured
'P/'P intensity ratios rather well. The results
obtained using scaled OBK K-capture cross sec-
tions appear to give a better representation of the
data in the region around Z =20-30. In any case,
the close correspondence between the experimen-
tal and predicted ratios is deemed to be somewhat
remarkable in view of the number of simplifying
approximations and assumptions employed.

C. Line broadening

As a consequence of the multiple collisions suf-
fered by an ion as it moves in a solid and the large
cross sections associated with collisional excita-
tion and decay processes, a considerable amount
of line broadening is to be expected. Such broad-
ening effects have been observed previously for Ko.
x rays from 90-keV Ne and 1-MeV B projectiles, '
and 4-MeV Ne (Ref. 2V). In each of these cases,
however, the broadening was so severe that the
discrete satellite structure was no longer observ-
able and hence accurate values of individual line-
widths could not be obtained.

In the present study, the effects of line broaden-
ing did not totally obscure the Kn satellite struc-
ture even in the worst cases, as may be seen in
Fig. 5 where spectra obtained using Fe and Be tar-
gets are compared. It is readily apparent that the
structure in the Fe spectrum is much broader than
that in the Be spectrum, but the major peaks in the
satellite region are still discernable. As in the
previous cases mentioned above, Doppler broad-
ening accounts for only a small part of the total
peak width. The total peak width (FWHM) predic-
ted for the 'P peak in the Fe spectrum (Fig. 5)
by combining in quadrature the spectrometer res-
olution (6.9 eV), the Doppler broadening due to
projectile energy loss (0.7 eV), the Doppler
broadening due to the angular divergence of the
spectrometer soller slits (0.9 eV), and the esti-
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FIG. 6. (a) The total width (FTHM) of the P peak as a
function of target atomic number. The dashed line indi-
cates the spectrometer resolution. (b) The product of the
target atomic number and atomic concentration plotted
versus target atomic number.

mated Doppler broadening due to multiple scatter-
ing (=2.0 eV) is 7.3 eV. The measured total width
is 15.O eV.

The behavior of the total width of the 'P (KI.')
satellite peak as a function of target atomic number
is shown in Fig. 6(a). The dashed line indicates
the spectrometer resolution. Overall, the widths
increase steadily with increasing atomic number.
However, two regions stand out quite clearly where
the widths rise dramatically above the general
trend. The structural features in Fig. 6(a) are re-
markably similar to those displayed by the graph
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of Z times the atomic concentration n„versus Z
shown in Fig. 6(b).

A careful analysis of the 'P peak in each of the
spectra was performed using both Gaussian line
shapes and Voigt profiles (i. e., convoluted Gaus-
sian and Lorentzian functions), in an effort to dis-
tinguish between broadening associated with life-
time shortening effects and broadening arising

CHANNEL NUMBER

FIG. 7. A comparison of least-squares fits to the P
peak for a series of different targets. The left-hand side
of the figure shows the results of using a Gaussian peak
shape, while the right-hand side shows the fits obtained
with a Voigt function. The numbers labeled G and L are,
respectively, the Gaussian and Lorentzian widths (in
channels) at half maximum points.
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Experimentally, it was found that I = kZn„where
k is a proportionality constant (see Fig. 8). Com-
bining this result with Eg. (8) gives

o/Z =2k/@v (9)
5

D

c2
N
c
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from other sources (e. g., Doppler-shift effects).
A definite Lorentzian broadening component was
found, as is illustrated in Fig. 7. In Fig. 7, some
fits obtained for the 'I' peak using Gaussian line
shapes (left-hand side of the figure) are compared
with the fits obtained with Voigt line shapes (right-
hand side of the figure). The best Gaussian and
Lorentzian widths are given by the least-squares-
fitting procedure are listed in the lower left-hand
corner of each spectrum. The Gaussian fits dev-
iate significantly from the observed shapes in the
regions of the peak tails and maxima. Because
of the structural similarities displayed by Figs.
6(a) and 6(b), the dependence of the Lorentzian
width on Zn, was investigated. As shown in Fig.
8, the Lorentzian width was found to be directly
proportional to Zn, . The straight line shows the
best linear fit to the data points for an intercept
fixed at zero. The slope of this line is (2.17+0.08)
x10-" eV cm .

Baranger' has derived a result, which appears
to be of general applicability to the present prob-
lem, from a theoretical analysis of pressure
broadening in optical spectra. Pressure broaden-
ing is caused by the interactions (elastic and in-
elastic) of light emitting atoms, molecules, or
ions with the constituents of their environment
(usually a gas). The following formula gives the
energy width (FWHM) of an isolated line resulting
from the interactions with perturbers of density
n per unit volume,

I' = —,'5(nua)„. (8)

Here a is the total interaction cross section and v

is the perturber velocity, over which o must be
averaged. Presumably, in the present case, the
dominant contributions to o come from the cross
sections for capture and loss of I electrons.

IOO0 200

Zn, (l022/Cm~)

FIG. 8. The Lorentzian width (FWHM) of the P peak
as a function of the product of the target atomic number
and the atomic concentration. The solid line shows the
best linear fit to the data for an intercept fixed at zero.

and since v is, in this case, the projectile velocity,
Eq. (9) predicts that a/Z is a constant. Setting k

equal to the slope of the line in Fig. 8, yields the
value 3.47 && 10 "cm' for o/Z. The sum (o~&
+ o«r &+ o«~ &+ o«~ &)/Z, where oc is the OBK elec-
tron-capture cross section (multiplied by 0.34) and

or is the BEA ionization cross section, ranges
from 3.0 x 10-" cm' at Z =3 to 4.8 && 10-"cm' at Z
=50. Thus, the value of o/Z deduced from the ex-
perimental '& peak widths is of the order of mag-
nitude predicted for collisional broadening due to
E- and L-electron capture and ionization. The fact
that the theoretical cross sections overestimate
o/Z at high Z do not account for its linear depen-
dence on Zn, should not be regarded as particular-
ly significant since the theories on which they are
based are being applied far outside their expected
regions of validity.

IV. CONCLUSIONS

Various features of the spectrum of Ko x rays
emitted by 64-MeV sulfur ions moving in solids
have been found to undergo considerable change as
the target atomic number is varied. A detailed
examination of the Z dependence of the Ee satel-
lite and hypersatellite relative intensity distribu-
tions has shown that the observed structural chan-
ges are associated with electron capture to the
projectile L shell from near-lying levels of the
target. An analysis of the 'P/'P intensity ratio
using the three-component model for projectile K-
vacancy formation yielded surprisingly good agree-
ment with the experimental results. The broaden-
ing of the 'I' line was studied and it was found that
the Lorentzian width is directly proportional to the
product of the target atomic number and the atomic
concentration. This observation leads to the con-
clusion that the total cross section for depopulating
the 'I' state depends linearly on target Z. The
magnitude of this cross section supports the hy-
pothesis that collisional ionization and capture of
K- and L-electrons is the dominant broadening
mechanism.
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