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The energies and intensities of the 2 °P,—1'S,, and 2 'P,—1'S,, transitions in He-like sulfur ions, and of the
2?P—>12S transition in H-like sulfur ions have been studied as a function of the thickness and electron density of the
solid through which the ions travel. The thickness dependence of the x-ray intensities was analyzed in terms of a
three-component model description of K -shell vacancy production and decay. Cross sections for electron excitation
or ionization and capture deduced from this analysis were used to establish the energies of the x-ray peaks for
complete emission in vacuum (i.e., outside the target). Energy shifts were obtained by comparing the peak energies
for emission in thick targets to those for emission in vacuum. The results show that the energy shifts increase
"approximately linearly with the square root of the valence electron density of the target and are in good agreement

with theoretical expectations.

L. INTRODUCTION

The passage of a highly stripped ion through a
material medium causes a polarization of the
loosely bound electrons of the medium encountered
along its trajectory. In effect, these electrons
act to screen the ion potential, thereby causing
the core electron binding energies of the ion to
decrease. As a result of this “dynamic screening”
effect, the transition energies between electronic
states of the ion inside the medium differ from
those in vacuum.

Although such energy shifts have long been known
to exist in high-density plasmas,' the first mea-
surement in a solid was reported only recently by
Bell ef al? These investigators measured the
energy shift of the 2'P, - 115, transition in He-like
sulfur ions traveling at 95 MeV in Al targets and
obtained a value of -1.0+ 0.2 eV. Using a simple
perturbation argument, they showed that a shift
of this magnitude is consistent with a dynamic
screening constant given approximately by v/w P
where v is the projectile velocity and wj is the
plasma frequency of the target.

The concept of dynamic screening as it applies
to this phenomenon originally evolved from the
work of Lindhard® and Brandt? Since the mea-
surements of Bell et al.,? several theoretical works
relating to dynamic screening have been published.
Jakubassa® has calculated the screened potential
of an ion moving through a free-electron gas using
linear-response theory and estimated the resulting
decrease in the 2p-1s transition energies. Craw-
ford and Ritchie® have studied the electronic states
of swift channeled ions in terms of a time-depen-
dent effective~-Hamiltonian theory and calculated
energies for low-lying states of hydrogenic ions
channeled in Au. Tejada et al.” have examined the
energy shifts of two-electron states in swift ions
passing through solids in a self-energy formula-
tion.

Several aspects of this interesting problem
remain to be explored experimentally. In parti-
cular, the dependence of the dynamic screening
energy shift on the electron density of the target
medium has not yet been established. In addition,
the work of Jakubassa® indicates that the energy
shift should decrease as v™! whereas the results
of Crawford and Ritchie® predict a v dependence
for channeled ions.

In the present study, measurements of the energy
shifts for the 2'P, =115, transition in He-like
sulfur and for the 22P = 12S transition in H-like
sulfur were performed using a range of thick
elemental targets whose average electron densities
varied by about a factor of 20. A detailed examin-
ation of the target thickness dependence of the in-
tensities and energy shifts in carbon targets was
also carried out. This was necessitated by the
presence of unresolved components near the
transitions of interest.

II. EXPERIMENTAL METHODS

While in principle the problem of measuring
x-ray energy shifts for heavy ions is straightfor-
ward, in practice several complications arise.
First, in order to determine accurate absolute
energies for x rays emitted from fast moving ions,
Doppler-shift corrections must be applied. This
requires a precise knowledge of the spectrometer
observation angle. A second complication arises
from the fact that other x-ray transitions may
overlap with the ones of interest causing an appa-
rent energy shift. A previous study has indicated
that this is in fact the situation for 65-MeV sulfur
iong®

A beam of 65-MeV S** ions was extracted from
the Texas A&M variable energy cyclotron, directed
through a 3-mm-diameter collimator located 30
cm in front of the target position and focused on
the target positioned at 45° with respect to the
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beam axis. The beam alignment was established
by the upstream collimator and a ZnS phosphor
positioned 30 cm downstream from the target.

The spectra of Ko x rays emitted by the sulfur
ions over a 1-cm path length starting at the target
surface were measured with a plane crystal
spectrometer which had been mounted on a turn-
table, thus enabling it to be positioned at any
observationangle between 162° and 20° with respect
to the beam axis. The observation angle was
established by a set of entrance soller slits having
an angular divergence of 0.3°. The initial align-
ment of the system was accomplished by position-
ing the entrance soller slits perpendicular to the
beam axis with the aid of a laser, to an estimated
accuracy of +0.2°. Further details of thealignment
procedure are given in Ref. 8.

Separate measurements were performed using a
NaCl1l and a Ge Bragg crystal. The instrumental
resolution for 2460-eV x rays was 6.9 eV full
width at half maximum for the NaCl crystal and
10.2 eV FWHM for the Ge crystal. The spectro-
meter was calibrated during each run by measur-
ing the spectra of S and Cl Ko X rays from solid
elemental sulfur (Ss) and KCl1 pellets excited either
by 2.75-MeV protons or by 32-MeV oxygen ions.
The oxygen ion induced spectra had previously
been calibrated using the proton induced spectra.

As a check of the alignment, sulfur-ion spectra
were measured at several angles using both the
NaCl and Ge Bragg crystals. Measurements were
performed at an observation angle of 161.5°, where
the variation of the Doppler shift with angle is
fairly small (dE/d6~ 0.8 eV/deg), at 135.0° (where
dE/d9~1.8 eV/deg), and at 90.0° (where dE/d6 ~
2.8 eV/deg). The Ka x-ray energies determined
at all angles and with both crystals displayed an
average root-mean-square deviation of 0.36 eV.

Most of the targets employed were metallic foils
having thicknesses greater than the ranges of
65-MeV sulfur ions. Because of the uncertainties
associated with determining the average projectile
energies for x-ray emission in thick targets (see
Ref. 9), the energy shift measurements were
performed at an observation angle of 88.3° where
the Doppler shift becomes almost independent of
velocity in the energy range of 65-50 MeV.

Evidence for the existence of low-energy com-
ponents in the peaks containing the 2'P - 1S and
22p - 1S transitions was presented in Ref. 8.
These components are believed to arise from the
presence of a M-shell spectator electron. As a
result, the desired energy shifts cannot be deter-
mined by simply subtracting the measured thick
target peak energies from the theoretical energies
for the 2'P -~ 1!S and 22P~- 12S transitions in vacuum.
Instead, it is necessary to establish experimentally

the apparent energies these composite peaks
would have if they were observed in vacuum. This
was accomplished by studying the dependence of
the peak energies and intensities on target thick-
ness using carbon foils. The carbon foils were
self-supporting and were prepared by vacuum
evaporation. They ranged in thickness from 5 to
300 ug/cm? The thicknesses were determined
by measuring the energy losses of 5.486-MeV
alpha particles from an ?*!Am source on passing
through the foils. The x-ray peak intensities and
energies were obtained by fitting the spectra with
Voigt functions using the method of least squares.
An example of a typical fitted spectrum is given
in Ref. 8.

III. TARGET THICKNESS DEPENDENCE

The measured energy, E, of an x-ray peak con-
taining contributions from transitions taking place
while the ion is inside the target as well as con-
tributions from the same transitions occuring
after the ion has emerged from the target (i.e., in
vacuum) may be expressed in terms of the fraction
of x-rays originating from outside the target f,,
by

E=fE,+ (1-£f) B, 1)

where E, is the average peak for emission out-
side the target and E; is the average peak energy
for emission inside the target. Thus, an accurate
determination of E, requires a knowledge of f, as
a function of target thickness. (The energy E, is
obtained from a thick target measurement.)

A study of the thickness dependence of various
X-ray lines excited in carbon targets was con-
ducted for the purpose of deducing f, versus thick-
ness for 65-MeV sulfur ions. The lines chosen
for examination were the (1s2p)23P, ~ (1s?)11S,,
(1s2p)21P, ~ (1s?)11S,, and (2p)22%p ~(15)12S
transitions. (These transitions will hereafter be
referred to by their initial-state terms; °p, 'p,
and 2P.)

Spectra obtained for several carbon target
thickness with the NaCl crystal are shown in Fig.
1. In the spectrum obtained with a 15. ug/cm?
target, the highest intensity peak arises from the
P transition while the peak immediately to the
left arises from the ®P transition. The 2P transi-
tion produces the highest intensity peak in the
high-energy group around 2620 eV. (The energy
scale in Fig. 1 has been adjusted to approximately
remove the Doppler shift.) The rather dramatic
decrease in the 3P intensity as the target thickness
increases reflects the fact that the radiative life-
time of the P state is much longer than its col-
lisional lifetime. Therefore, only ®P states which
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FIG. 1. Spectra of Ka x rays from 65-MeV (incident
energy) sulfur ions traveling through carbon targets of
various thicknesses.

are populated near the back surface of the target
and hence decay outside the foil are observed.
Also, a considerable amount of line broadening
is evident in the spectrum obtained with a thick

target. This broadening was studied earlier and
attributed to collisional ionization and capture of
K and L electrons’®

A quantitative description of the target thickness
dependence of the fractions of the ion beam possess-
ing zero, one, or two K vacancies has been given by
Gardner et al!® This treatment was based on the
three-component model for the analysis of charge-
changing collisions of Hand He originally developed
by Allison!' Consider the fraction of the ion beam
Y,, having 2 K-shell vacancies. The rate of change
of this quantity with respect to depth in the target
x (in units of atoms/cm?), is expressed by the
differential equation

dy,
e 2 Y=Y 3 oy, (2)
i Fi .

where the o,,; are cross sections for changing from
k to j K-vacancies by ionization and excitation,

or by electron capture and decay. In the case
under consideration, =0, 1, or 2, and three
ionization plus excitation cross sections (0,,, 0,,
0,,) and three electron capture plus decay cross
sections (0,,, 0,, 0,,) are involved. The various
K-vacancy fractions are given by the following
general solution to the coupled set of three equa-
tions resulting from Eq. (1) (Ref. 11)

Yk(x) = Ykm _f(q3 kr x) e-O.SaTx (3)

where

Op = E Z Ors
F3

j*k

Yol =lim, .Y, (x) is the equilibrium vacancy
fraction and ¢ is the number of K vacancies in the
incident beam. The Y,, and f(q,k%,x) are compli-
cated expressions involving the various oy, given
in Ref. 11.

Extension of the above model to the description
of the intensities of x-rays arising from particular
excited states requires the following assumptions:
(a) that the L-shell vacancy distribution reaches
a statistical equilibrium much more quickly than
does the K-shell vacancy distribution, and (b)
that the L-shell vacancy distribution is independent
of the number of K vacancies. The first assump-
tion is quite reasonable in view of the large ioniza-
tion cross sections for L electrons at these
velocities. The second assumption is made plau-
sible by the fact that in thick targets the Ka x-ray

‘'satellite and hypersatellite relative intensity dis-

tributions are essentially identical’ Proceeding
on this basis then, the number of x rays per ion
that originate from multiplet state J (having » L
vacancies and & K vacancies) and escape through
the front surface together with those emitted
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after the ion has emerged from the foil may be
expressed as®'?

N;=w,;G ;P [(nmvT,) I+ D,F,], (4)

where w, is the fluorescence yield for state J
(outside foil) and G, is the probability that an ion
having & K-shell and n L-shell vacancies will be
in multiplet state J. P, is the fraction of ions
having n L-shell vacancies, n the number of target
atoms/cm?®, » the projectile velocity, 7, the mean
lifetime of state J and I,= [} Y,(x) e"%* dx

where Y,(x) is the fraction of beam having » K-
vacancies at depth x atoms/em? [given by Eq. (3)].
e~%b* ig the absorption correction; o, is the x-ray
absorption cross section and bx is the path length;
{ is the target thickness (atoms/cm?); and F,

= Yk(t)e_ Uakti

o[-l

where d is the path length for observing x-ray
emission beyond the foil. The first term in Eq.
(4) gives the contribution to the measured x-ray
yield from emission inside the foil while the se-
cond term gives the contribution from emission
outside the foil.

The object here is to use the measured thickness
dependence of the 2P to P x-ray intensity ratio
to deduce the set of cross sections required for
Eq. (3). Then, the desired values of f, may be
calculated from Eq. (4). Unfortunately, it is not
possible to obtain a unique set of cross sections
in this way without imposing certain restraints.
Therefore, it was required that

%02 _ (£>
Oo1 Y/ 05

0o = 3.3 X 1071 cm?,

The first condition is valid for single collisions
(i.e., in the limit of zero target thickness). The
second condition is based upon the cross section
for single K-vacancy decay (3.0 x 107 cm?) as
calculated from the average lifetime for decay
inside the foil (1.4 x 10-* sec)}® The contribution
to 0y, from electron capture was estimated to be
3 x107%° ¢cm? using the Oppenheimer-Brinkmann-
Kramer formula given by Nikolaev (including
screening)l* A reduction factor of 0.34, as in-
dicated by the work of Chan and Eichler,'® was
applied to obtain the above stated cross section.
This cross section is a factor of 10 less than the
contribution to o,, from decay and hence it is not
expected that error in the estimated electron-
capture contribution will have a significant effect
on the result.

Statistical population probabilities were used for

G,, and G,, and theoretical mean lifetimes for 7,,
(2.44%x1071* sec) (Ref. 16) and Typ (1.49%X 1072
sec)!” Since the 2P and !P states both have the
same L-vacancy configuration, the P, factors in
Eq. (4) cancel in the ratio. Additional starting
conditions were 0,,=3 0,, and o, =20,,. The best
fit to the experimental 2P to 'P intensity ratios
was obtained with the following set of cross sec-
tions:

0, =2.8 X 107° cm?
0,= 0.8 x10'° cm?,

03 =0.07 x 107° cm2,
0,5, = 6.0 X 107 cm?,
0,,=3.3 x10°!° cm?,

0,0=0.01 X 107*° cm?,

It should be noted that, in a previous study of
the yields of CuK x-rays produced by 64-MeV
sulfur ions, Hopkinsetfal.'®obtained Y, +2Y . =1,
whereas the set of cross sections deduced from
the present data lead to a value of 0.6 for this
quantity. The source of this discrepancy is not
readily apparent. One possibility is that the
estimated x-ray production cross section used by
Hopkins et all® in their analysis was too small.

‘Another possibility is that the G,, and G,, used in

the present analysis deviate from those expected
for a statistical population. In any case, calcula-
tions using a set of cross sections which satisfied
the condition Y, + 2Y,.,=1 (but did not give a good
fit to the 2P to P intensity ratio data) yielded f,
values which are not significantly different from
those obtained with the set of “best-fit” cross
sections given above.

The experimental thickness dependence of the
2P to 'P intensity ratio is compared with the re-
presentation obtained from Eq. (4) using the above
cross sections (solid curve) in Fig. 2(a).. The fit
is quite good for thicknesses below 300 pg/cm?,
but because the projectle energy dependence of
the cross sections has not been taken into con-
sideration, the calculation is not expected to give
a good representation of the data at large target
thicknesses. (The average beam energy in the
target was taken to be 60 MeV in the above calcu-
lation.) The measured thickness dependence of
the 3P to 1P intensity ratio is compared in Fig. 2(b)
to that predicted by Eq. (4) using the same set of
cross sections. As the thickness increases, the
calculated curve drops below the data points. This
is because the *P peak contains overlapping con-
tributions from several Li-like transitions which
cannot be subtracted because they are unresolved®
As the thickness increases, the Li-like transition
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FIG. 2. (a) The ratio of the intensity of the H-like 2p
transition to the intensity of the He-like 1P transition as
a function of carbon-foil thickness. (b) The ratio of the
intensity of the He-like 3p transition to the He-like !P
transition as a function of carbon-foil thickness. The
solid curves show the results of the three-component
model analysis.

intensities increase relative to the intensity of the
3P transition.

Having thus established values for the various
cross sections required in the three-component
model, it is now possible to calculate the relative
numbers of x rays per ion which originate from
inside and from outside the foil. The results of
calculations for the 2P, P, and ®P transitions are
shown in Fig. 3.

Returning now to the problem of determining
the energies of the !P and 2P peaks for total emis-
sion in vacuum, Fig. 4 shows the measured ab-
solute energies of these peaks as a function of the
carbon-foil thickness. The dashed line at the top
of each portion of Fig. 4 indicates the theoretical
energy for the pure transition taking place in
vacuum (2461.4 eV for the 2P ~11S transition'®
and 2621.7 eV for the 22P -~ 12S transition®®). The
dashed line at the bottom of each portion of Fig. 4
indicates the measured peak energy for a thick
carbon target in which all x-ray emission occurs
inside the target (2457.8+0.3 eV for the P peak
and 2617.4+ 0.5 eV for the 2P peak). Using the
energy values measured for a 20 ug/cm? carbon
target and the f, for this thickness as obtained
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FIG. 3. The calculated relative yields of sulfur Ko
X rays originating from H-like *P, and He-like !P and
3p initial states, produced inside and outside of carbon
targets as a result of the passage of 60-MeV sulfur ions.

from the three-component model calculation (Fig.
3), the average peak energies for emission in
vacuum were calculated to be 2460.4 eV for the
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show the expected energies for pure transitions taking
place in vacuum while the lower dashed lines show the
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component model analysis.

1P peak and 2621.0 eV for the 2P peak. The solid
curves in Fig. 4 show the calculated dependences
of these energies on target thickness.

IV. DEPENDENCE ON TARGET ELECTRON DENSITY

Having determined the energies of the 'P and 2P

peaks for total emission in vacuum E,, and mea-

sured their energies for total emission in solids
E,, using a variety of thick targets, it is now
possible to examine the dependence of the energy
shift (E, - E,) as a function of the electron density
of the target. The results of these measurements
are listed in Table I and shown in Fig. 5. In Fig.
5 the energy shifts for the 2!P-1!S and 22P-12S
transitions are plotted versus the square root of
the target valence electron density »n,. This
latter quantity was calculated from the relation-
ship

ny = Bllruz;_‘_/_ (electrons/em?®), (5)

where p is the mass density (g/cm?®), N, is Avo-
gadro’s number, V is the number of valence elec-
trons, and W is the atomic weight.

To first order, the modification of the Coulomb
potential acting on the core electrons of an ion
traveling in a material medium caused by the
polarization of the loosely bound electrons of the
medium may be approximated by an exponential
screening factor® such that

2
Z'e e-r/d
v

V= - ’ (6)
where Z’ is the effective nuclear charge of the
ion and d is a screening constant.characteristic
of the medium. The change in the bound-state
energy resulting from this additional screening is
approximately

ZIZ
AE~AV=V - ’=-——ye (1-er), (7)

which for small » reduced to?

Z'é

AE ~
d

(®)

Thus, for a H-like ion, the first-order effect of
the screening is to simply shift all energy levels
up by the same amount leaving the transition
energies between levels unchanged. For a He-like

TABLE I. Dynamic screening energy shifts for Ka x rays from 65-MeV H-like and He-like

sulfur ions.

Electron density AEi, AE2p

Target Valence electrons (10%/cm®) V) (eV)
Li 1 4.7 0.4+0.3 0.5+0.3
Sb 5 16.6 1.8+0.4 2.7+1.3
Al 3 18.1 1.8+0.8 2.9+1.0
Si 4 20.0 2.1+0.5 3.4+1.0
Be 2 24.2 1.5+0.3 1.7+0.3
Cr 6 50.0 3.1+1.0 3.7+0.8
C 4 70.7 2.6%+0.5 3.6+0.3
Co 9 82.0 3.6+1.0 4.6+1.0
Ni 10 91.4 3.1+£0.7 3.9+0.5
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FIG. 5. (a) The energy shift of the He-like sulfur 2p
transition as a function of the square root of the target
valence electron density. The dashed line shows the
shift given by Eq. (11). (b) The energy shift of the H-like
sulfur 2P transition as a function of the square root of
the target valence electron density. The dashed curve
shows the scaled results of Rogers et al. (Ref, 22) while
the solid curve shows the energy shifts predicted by the
results of Jakubassa (Ref. 5).

ion, a first-order shift arises because the effec-
tive charge Z’ is different for the initial and final

‘states. Using Slater’ s screening rules, Z{g2p=
Z -0.85 and z; »=Z - 0.30; hence
0.55¢% .
AE;, o= — 9)

If one uses a dynamic screening constant for d,

=20

ot (10)

where v is the projectile velocity and w, is the
plasma frequency of the target,® the energy shift
becomes
AE,, ,, = ﬂ’-gl@ (11)

in units of eV where #, is in cm™ and v is in
cm/sec. The dashed line in Fig. 5(a) shows the
energy shifts given by Eq. (11). The agreement
with the experimental data is quite remarkable.

Rogers et al?? have considered the problem of
calculating the energy levels of a hydrogenic atom

in a screened Coulomb potential of the form given
by Eq. (6). They obtained accurate numerical
solutions to the Schridinger equation for this
potential and listed the eigenstate energies as a
function of screening length. The dynamic screen-
ing energy shifts for hydrogenlike ions may there-
fore be estimated by taking the differences between
1s and 2p eigenstate energies for values of the
screening length calculated from the dynamic
screening constant Eq. (10). This procedure,
which was suggested by Jakubassa,® yields the
dashed curve in Fig. 5(b). It is apparent that these
estimates fall somewhat below the experimental
data.

Jakubassa® has calculated the energy shifts of
electronic transitions of hydrogenlike ions caused
by dynamic screening in the limit of high velocities
(i.e., v/v,>>1, where vy is the Fermi velocity)
using linear-response theory. A more compli-
cated potential function involving a semiclassical
expression for the dielectric constant is utilized
in this treatment. The energy shift is obtained
by first-order perturbation theory using un-
screened hydrogenic wave functions. The result
for transitions between the 2p(m =+1) and 1s
states is®

AE,, ,,~1(4.52x 10 2 (8.25—”— -3+ 8.17) ,
v Vg Ve
(12)

in units of eV where #, is in cm™ and v is in
cm/sec. The solid curve in Fig. 5(b) shows the
values of the energy shift given by Eq. (12). Con-
sidering the scatter of the experimental data, the
agreement is quite good.

V. CONCLUSIONS

The energy shifts of Ka x rays from 65-MeV
H- and He-like sulfur ions traveling in a variety
of solids have been determined for the purpose of
investigating the dependence of dynamic screening
on electron density. Because of the presence of
unresolved components near the transitions of
interest, it was necessary to carry out a detailed
examination of the target thickness dependence of
the 2P and 'P energies and intensities. A three-
component model description of the development
of K vacancies in the projectile as a function of
depth in the target was extended to the analysis
of the production and decay of specific excited
states involving K vacancies, and provided a good
representation of the observed intensity variations
of the ®P, P, and ?P transitions. The electron
excitation/ionization and capture cross sections
deduced from this analysis were used to estimate
the fractions of these x-ray intensities emitted
from inside and outside of the targets. This in-
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formation established the x-ray peak energies for
complete emission outside the target and enabled
the determination of energy shifts from absolute
energies measured for thick targets.

It was found that the energy shifts increase
approximately linearly with the square root of
the valence electron density of the solid. Theore-
tical estimates based on a simple exponential
screening approximation reproduced the data for
the 2!P~11S transition surprisingly well. A
more sophisticated treatment of the screening in
terms of linear-response theory yielded good

agreement with the data for the 22P - 12S transi-
tion.
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