
PHYSICAL REVIEW A VOLUME 42, NUMBER 3 1 AUGUST 1990

Foil-thickness dependence of projectile K-satellite x-ray yields
in the L-shell nonequilibrium region

T. Mizogawa, * Y. Awaya, T. Kambara, Y. Kanai, M. Kase, and H. Kumagai
The Institute ofPhysical and Chemical Research (RIKEX), WakoS, aitama 351 01,-Japan

P. H. Mokler
Gesellschaft fii r Sch tverionenforschung, 6100 Darmstadt, Federal Republic of Germany

K. Shima
Tandem Accelerator Center, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

(Received 14 March 1990}

We have studied projectile K x-ray satellite yields in collisions between 50-MeV Ar~ ions

(Q =4,6, 11,12, 13) and C foils with various thicknesses (2 —100 pg/cm'). For foil thicknesses below

about 10 pg/cm', Q dependence of the yields has been observed, reflecting the nonimmediate L-shell

equilibrium. For this region, it has been shown that the mean K-hole formation cross section also

varies with the target thickness and Q. The variation has been attributed to the varying chance of
K-to-L excitation with the increase or decrease of L holes in solid. The projectile charge fractions
after passage through the target have also been measured for the foil-thickness region 2 —20 pg/cm'
including the thicknesses for which charge-state equilibrium is not attained. By combining these

data, the K-hole formation cross section specifying the number of L holes at the initial stage of a
collision has been estimated. The results have been compared with theoretical predictions for cross
sections of K-to-continuum ionization and K-to-L excitation.

I. INTRODUCTION

Dynamic processes of swift heavy ions colliding with
solids have been widely investigated in these two de-
cades. ' ' A considerable part of these works has been
performed by detecting emitted K x-rays from either pro-
jectiles or targets. In this case, it is well known that the
K x-ray yields are not always proportional to the target
thickness, and the reasons are considered as follows.
First, the target-thickness dependence of the K x-ray
yield reflects the multico11isional effects concerning K-
shell processes. K-hole-bearing ions in solid may experi-
ence not only spontaneous decays, via Auger or x-ray
emission processes, but also collisional quenchings, such
as an electron capture. Thus the K x-ray yield does not
have a simple relation with a K-hole formation cross sec-
tion, even if the cross section is a well-defined constant.
Second, the target-thickness dependence of K x-ray yield
reflects nonimmediate outer-shell (especially L-shell)
equilibrium. The quantities concerning K-shell processes,
such as a K-hole formation cross section, actually depend
on an outer-shell configuration of the ion. For example, a
K-to-L excitation cross section is directly affected by the
number of L holes carried by the ion at the initial stage of
a collision. Thus the K-hole formation cross section
varies with the penetration depth through the develop-
ment of L-shell holes.

If one applies suitable models or analyzing schemes to
the analysis of the target-thickness dependence of K x-ray
yield, some physical quantities concerning the dynamic
processes of ions in solids can be estimated as described
below.

Betz et al. ' developed a model which treats the above-
mentioned multicollisional effects concerning K-shell pro-
cesses. In their model, the fraction of K-hole-bearing
ions in solid varies with the penetration depth according
to a rate equation containing several adjustable parame-
ters (a E-hole formation cross section, a cross section of
collisional quenching of K hole, and a K-hole lifetime).
The parameters are assumed to be constant and are deter-
mined by fitting the solution of the rate equation to the
experimental data of the x-ray yield. Similar procedures,
called two- or three-component mode1, were applied by
many groups.

The models, however, do not take into account the
above-mentioned effect of nonimmediate outer-shell equi-
librium which is prominent for thin targets. Shima and
co-workers' ' showed that the projectile K x-ray pro-
duction cross section and the energy shifts drastically
vary with the target thickness for the thin-target region
where the development of L holes takes place. They at-
tributed the observed thickness dependence to the
influence of varying magnitudes of K-to-L excitation
cross section and the mean fluorescence yield with the
penetration depth.

Rozet and Chetioui' presented a revised Betz model,
where the influence of nonimmediate L-she11 equilibrium
on the K x-ray yield is taken into account. They showed
that their model can extract a new information, e.g., an
information about ionization of the 2p~ molecular orbital
(MO), as well as the parameters dealt with in the Betz
model. Their model may be appropriate only for near-
symmetric collisions, for which MO processes are
predominant to create K holes.
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In a major part of the above-referred-to studies, they
used semiconductor detectors [usually Si(Li) detectors]
for x-ray detection. By using such detectors, one cannot
resolve the satellite peaks of Ka or KI3 x-rays. Each of
the satellites corresponds to a different outer-shell (espe-
cially L-shell) configuration, which results in a different
fluorescence yield and a different lifetime. For the thin-
target region, this complicates the thickness dependence
of K x-ray yields and violates the validity of the above-
mentioned two- or three-component model. By resolving
such a satellite peak, however, we can obtain the more
detailed information on the development of K-, L-, and
M-shell configurations of ions in solid. Thus the utiliza-
tion of a crystal spectrometer in foil-thickness-
dependence experiments is desirable to study the effects
of nonimmediate outer-shell equilibrium on K-hole devel-
opment in solid.

Several works on target-thickness dependence using a
crystal spectrometer were performed. ' They studied,
however, the collisions in the relatively thick-target re-
gion, where the equilibrium of an L shell has already been
attained. In this thickness region, existing two- or three-
component model can be applied to the analysis.

New experimental and analyzing procedures will be
necessary for further investigation of the effects of nonim-
mediate L-shell equilibrium, especially for asymmetric
systems. We report here the measurements of the yields
of projectile K x-ray satellites in collisions between 50-
MeV Ar~+ ions (Q=4, 6, 11, 12, and 13) and a C-foil
target with various thicknesses (2—100 pg/cm ) using a
broad-range crystal x-ray spectrometer. ' A preliminary
result has already been reported elsewhere. ' The present
collision system is far from symmetric, and the MO pro-
cess is not important.

Our main purpose is a quantitative assessment of the
role of K-to-L excitation cross sections of ions in solid,
which is influenced by nonimmediate L-shell equilibrium.
To analyze the obtained data, we do not adopt a version
of the parameter-fitting approach based on rate equa-
tions. A more straightforward method is adopted by util-
izing well-established literature values of relevant quanti-
ties and reasonable assumptions. Furthermore, the
charge-state distribution of the 50-MeV Ar ions after pas-
sage through C foils (2—20 pg/cm ) and the projectile K-
satellite yield for different impact energies (42 and 33.5
MeV) using a relatively thick target (20 pg/cm ) have
been also measured. The results are utilized for analyz-
ing the data of the above-mentioned x-ray thickness-
dependence measurements at 50 MeV.

II. EXPERIMENT

A. X-ray measurements

The present experimental setup is shown in Fig. 1 ~

Fifty-Me V Ar ions from the accelerator known as
RILAC (RIKEN linear accelerator), of which the charge
state and the energy are analyzed by an analyzing mag-
net, are focused on a C-foil target to about a 1-mm-diam
spot. The target is placed at the center of a vacuum
chamber of which the diameter is 1 m. Typical pressure
in the chamber is 1 X 10 Torr.

Vacu
cham

o H
b0

CQ

t
e Suppressor

Faraday Cup

FIG. 1. Experimental setup for the target-thickness-
dependence measurements of I(:-satellite yields.

Spectra of Ar K x rays emitted at the targets are mea-
sured by a broad-range crystal spectrometer, ' consisting
of a flat crystal and a position-sensitive proportional
counter (PSPC). A flat Ge(111) crystal (24X54 mm ) is
placed at the direction of 90' to the beam axis, with a
Bragg angle 26I=71' for the center of the crystal. The
distance from the target to the crystal is 15 cm, and the
one from the crystal to the PSPC is 14 cm. The window
of the PSPC is 1 X 10 cm with 300- or 500-pm-thick Be.
In the present measurements, the spectrometer covers an
energy range containing all the Ka satellites and most
part of the KP satellites at once. Energy scale is deter-
mined by detecting He-ion induced Ag-L, K-K, and Cl-K
x rays from Ag and KC1 targets under the same experi-
mental geometry.

The lifetime of an essential part of K-hole bearing
states is estimated to be shorter than 10 ' sec [an order
of magnitude of a theoretical value for a ( is)(2p )

configuration ), and their decay occurs most at a dis-
tance of a few microns from the target. Metastable states
which have much longer lifetimes are neglected in this
paper.

The target carbon-foil thickness ranges from -2 to
—100 pg/cm for Ar + ions, and from -2 to —20
JMg/cm for Ar +, Ar' +, and Ar' + ions. For Ar"+
ions, only one (2.6-pg/cm ) target is used.

The beam after passage through the target passes a
post stripper (20-pg/cm C foil) (see Fig. 1) to guarantee
the charge equilibration of the beam entering a Faraday
cup. Possible secondary electrons are repelled by a -1-kV
biased electron suppressor in front of the Faraday cup.
From the integrated current and the well-established data
of the equilibrium mean charge, ' the total number of in-
cident ions is determined for each run. A surface-barrier
detector I', SBD), located at 45 to the beam direction,



42 FOIL-THICKNESS DEPENDENCE OF PROJECTILE K-. . . 1277

monitors the number of recoil C to determine the target
thickness multiplied by the incoming ion number accord-
ing to the formula of Rutherford-scattering recoil cross
section. Thus the target thickness itself can be deter-
mined for each run.

A Si(Li) detector is placed outside the vacuum
chamber at 60' to the beam direction. The window of the
vacuum chamber is made of 50-pm-thick Be, and the dis-
tance between the Si(Li) and the window is l cm. This
detector is used to evaluate the absolute scale of the x-ray
production cross sections for each K satellite observed by
the crystal spectrometer, and to monitor the possible im-
purities in the target or the serious change in beam profile
near the target.

Typical spectrum obtained by the crystal spectrometer
is shown in Fig. 2, where KL" denotes a satellite line ori-
ginated from an initial state having n L holes and one K
hole. Yield of each satellite line is determined by a least-
squares fitting method.

Absolute experimental satellite x-ray production cross
sections are determined separately, as follows. The
correction factor due to reAectivity of the crystal is calcu-
lated for each satellite according to the "mosaic mod-
el." The correction factor for the absorption by the Be
window and the counter gas of the PSPC is also calculat-
ed for each satellite by using absorption coefficients in the

literature. These are done in a relative manner so that
the correction factors for the KL satellite are equal to 1.
The yield of each satellite line is multiplied by these rela-
tive correction factors. The sum of the corrected K-
satellite yields is normalized to the absolute K x-ray pro-
duction cross section measured by using the Si(Li) and
SBD detectors. Thus the obtained "overall efficiency" of
the crystal spectrometer is used to determine the indivi-
dual satellite x-ray production cross section absolutely.

During the irradiation of ion beam on C foil, we have
observed the increase of the foil thickness due to the
deposition of C in the residual gas. Therefore a run is
terminated when the increase of the thickness exceeds 0.5
pg/cm, for thin targets. The spectra obtained by several
foils of which thicknesses are approximately equal
(within +0.25 pg/cm difference) are added up to get the
better statistics.

Impurities in the foil, which can be monitored by the
elastic-recoil detection using the SBD, are mainly a few
tenth of pg/cm H, N, and O. Disturbance by them is
not serious, because the roles of N and 0 are similar to C,
and the Ar K-hole formation cross section by H impact is
small. Amounts of heavier elements are little, for scat-
tered Ar ions observed by the SBD are very few, and
there is little indication of impurities in the spectrum ob-
tained by the Si(Li).

X RAY ENERGY (keV)

10
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Ka Satellites

Ar (50MeV)

—~ C(12.7pg/crn )
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10
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FIG. 2. Typical spectrum of Ar E x rays obtained by the broad-range crystal spectrometer.
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FIG. 3. Experimental setup for the measurements o g-f char e-state distributions.

B. Charge-state distribution measurements

The charge-state distributions of 50-MeV Ar ions after
passage through thin C foils have also been measured as a
function of C-foil thickness. Incident charge states are
4+ d 12+ and the ranges of thickness are 2-20 andan, a

4+ 12+2 —10 /cm for incident Ar and Ar, respectively.
The experimental arrangement is shown in 'g.

pg cm

charge states after the passage through a foil are analyzed
by a sector magnet and a position-sensitive parallel-plate

avalanche counter (PPAC). The specification of the mag-
net and the PPAC are given elsewhere. Typical charge
spectrum is shown in Fig. 4. T e c g

~ ~

har e states 4+ to
16+ are covered by six measurements with six different
field strengths. Any two measurements with adjacent
fi ld t ths cover at least one common charge state,e s reng
for the purpose of normalization. Throug ou e
charge-state distribution measurement, no visible change
in target profile is observed.
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III. RESULTS AND DISCUSSION

A. Results for Ka satellites
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FIG. 4. Typical charge spectrum.
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The experimental KaL" x-ray production cross sec-
tion, i.e., the yield of the satellite per incident ion divided
by target atomic thickness (atoms per unit area), is denot-
ed as o „(n). The results of cr„(n) for the incidences Ar +

and Ar' + are shown in Figs. 5 and 6, respectively, as a
function of the target thickness.

The results for the projectile Ar + show essentially the
same feature of target-thickness dependence as for Ar +.
That is, the magnitude of 0„(n) for n ~5 tends to in-
crease wi e'th the thickness up to near 10 pg/cm and de-
crease slowly above -20 pg/cm, and V„(n or n e-

creases rapidly up to near 5 pg/cm and remains approxi-
mately constant above there. The value of o'„(4 shows
slow decrease with an increase to the target thickness.

The results for the projectile Ar' + are similar to those
for Ar' +, but the values o„(n) of the former are general-
ly higher than those of the latter, especially for high n.
In both sets of the data, the values monotonously de-
crease with increasing the thickness.

Incident-charge dependence of o „(n) appears to diinin-
isn at aroun pg
'

h d 20 /cm within the experimental error as
5f A'+ ts ownhown in Figs. 5 and 6. As shown in Fig. 5 for Ar, t e

o (n) for any n in this region tends to decrease slow y1

with increasing target thickness. This can be interpreted
part y as e mu i1 th lt collisional effect which has been treat-

1 —14ed with the two- or three-component model and part-
ly as the effect of energy loss of ions in solid.
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FIG. 7. Energy dependence of mean Ar E x-ray satellite
cross sections.

FIG. 5. Mean Ar Ea x-ray satellite cross section as a func-

tion of C-foil thickness. The projectile is 50-MeV Ar"+. Solid
lines are drawn only to guide the eye. Dashed lines are the
curves after correction for the effect of yield decrease due to the
projectile energy loss in the target (see text. ).

To estimate the overall effects of energy loss, we have
performed a subsidiary measurement of the energy
dependence of o„(n) using a 20-pg/cm -thick C target
and 33.5, 42, and 50 MeV Ar ions. The results are shown
in Fig. 7. At this thickness, we can neglect the influence
of the L-shell nonequilibrium in the first-order approxi-

mation. Therefore, using the obtained energy depen-
dence, we can correct the o „(n) for thick ( ~ 20 pg/cm )

targets in the thickness-dependence measurements to esti-
mate the o „(n) which will be expected when the energy
loss does not take place. The results of such a "correc-
tion" are shown in Fig. 5 by dashed curves. The remain-

ing decreasing feature of o„(n) versus the target thick-
ness can be attributed to the effect of collisional quench-
ing of K holes, which has been dealt with by the usual
two- or three-component model. In the present paper, we
do not discuss more about this region. We focus on the
thinner-target region, where the efFect of nonimmediate
L-shell equilibrium has a vital importance.

At' B. Results for KP/Xa ratios: M-electron number in solid
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FIG. 6. Same as Fig. 5, except that the projectile is Ar"

The observed trend of target-, thickness dependence for
Kp satellites is very similar to that for Ka. Figure 8

shows the target-thickness dependence of KpL "/KaL"
ratios for the projectile Ar +. The ratios remain approxi-
mately constant with the change of target thickness.
This is a remarkable observation, for the usual (total
Kp)/(total Ka) ratio obtained by using a Si(LI) detector
varies with the target thickness in this thickness region.
Such a total ratio is usually regarded as a measure of a ra-
tio of M-shell electron population and L-shell population
and is considered to vary with the L- and M-she11 popula-
tion. In the present case, however, we are considering
the Kp/Ka ratio with specifying the initial L-hole num-
ber n. Therefore the ratio is a measure of M-she11 elec-
tron population only. The above-mentioned observation
is an evidence for the immediate equilibration of the M
shell.

From these KpL "/KaL" ratios, we can estimate the
number of M electrons at the moment of the K x-ray
emission by comparing them with theoretical values
specifying L- and M-shell configurations. Figure 9
displays the experimental KpL "/KaL" ratios for n ~4
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FIG. 8. KPL "/KaL" ratios as a function of the target thick-
ness for Ar +-C collisions.

together with theoretical curves calculated by using
Bhalla's transition rates. Here, for di6'erent initial L-
shell configurations with the same L-hole number, the
transition rates are averaged assuming that the electrons
are randomly distributed over the 2s and 2p orbitals. We
can see that the experimental ratios are several times
below the theoretical curve for the case where only one

10 15

3p electron exists.
From these data, we conclude that the average number

of M electrons is much less than unity. By considering
the immediate equilibration of M shell, this conclusion
may be valid for Ar ions traversing the target without
carrying K holes.

C. Results for charge-state distribution measurements

The results of charge-state distribution of 50-MeV Ar
ions are given in Figs. 10 and 11 for the incident charge-

Target Thickness (pg/cm2)

FIG. 10. The charge-state distributions of Ar ions as a func-
tion of the C-foil target thickness. Ar + is the incident ion.

I I I I

0.3—
100

Ar'2+~ C

10—
=—10+

P~ 0.2—
hC'.

r
CL

hC

Theory

t
Expt.

Number of L holes

~ Increase
of (3p)

I electrons

I
I
I

I I I I I I

0 2 4 6 8

O
~ H
+

C$ 1

0.01—

0.001
0

I

10

15+

16+

8+

I

15

FIG. 9. Comparison between theoretical Kp/Ka ratios
specifying L- and M-shell configurations and the experimental
data of KPL "/KaL" shown in Fig. 8.
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FIG. 11. Same as Fig. 10, except that the incident ion is
A 12+
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states 4+ and 12+, respectively, as a function of the tar-
get thickness. The figures suggest that the charge-state
distribution reaches its equilibrium around 10 pg/cm .
The nonimmediate L-shell equilibrium below about 10
pg/cm affects the cross section of E-hole formation and
causes the thickness and projectile charge dependence of
the K-satellite yields shown in Figs. 5 and 6, which will
be discussed later.

D. E-hole formation

In this section, we adopt a reasonable assumption that
the fraction of K-hole-bearing ions in solid is small com-
pared with unity, and the fraction of double K-hole-
bearing ions is negligibly small. Validity of this will be
quantitatively discussed later.

To extract the information about K-hole formation
from the present data of cr„(n), we first consider the fol-
lowing equation exhibiting the balance of total K-hole
formation events and total K-hole filling events,

0' =0 +0

where o, is the effective K-hole formation cross section,
i.e., the total K-hole formation events per ion divided by
the target atomic thickness (atoms per unit area), cr, is
the mean spontaneous K-hole decay cross section, i.e., the
total number of Auger and radiative K-hole decay per ion
divided by the target atomic thickness, and o, is the
mean cross section for the collisional K-hole quenching,
i.e., the total number of collisional K-hole quenching per
ion divided by the target atomic thickness. The 0, is
defined by

where no is the number of L holes carried by incident
ions before entering the target. The goal of this section is
to evaluate the o, (no), which can be directly compared
with theoretical predictions. This will be performed
through the analysis of o., using a simple model and the
charge-state distribution data.

Figure 12 shows the value cr, obtained from o, (n)
values and Eq. (3) as a function of the target thickness.
Here the mean fluorescence yields cu„are calculated using
Bhalla's transition rates, by the same manner as the cal-
culation of KPL "/KaL" in Sec. III B. For relatively
thick targets, the incident-charge dependence of o., is not
seen; meanwhile, gradually decreasing behavior of 0., is
observed with the increase of the target thickness. This is
due to the effects of the projectile energy loss and the col-
lisional quenching, as mentioned previously. The approx-
imate behavior of 0., "corrected" for energy-loss effect is
also shown in Fig. 12 by a dashed curve.

On the other hand, in the region d ~ 10 pg/cm, the
value cr, drastically varies with the target thickness and
the incident charge state. For the projectiles Ar and
Ar +, it increases, and, for the projectiles Ar' + and
Ar' +, it decreases with the increase of the target thick-
ness. This incident charge-state dependence of 0., may
be more impressive when cr, for extremely thin targets
(-2.6 pg/cm ) is plotted against the incident charge
state of Ar ions (Fig. 13). It can be seen that the values
for Ar + and Ar + are approximately same, whereas
those for Ar"+, Ar' +, and Ar' + show roughly linear-
increasing behavior with increasing charge. The bend is
located at around 8+, which corresponds to the state of

o', =—f g rr, (n) Yo„(x)dx,—=1 d

n

(2)

where d is the target atomic thickness, e„(n) is the K
hole formation cross section for the ions having n L holes
and no K hole at the initial stage of a collision, and
Yo„(x) is the fraction of ions having n L holes and no K
hole at the depth x. The 0., is the quantity that can be
deduced from the experimental o „(n) as follows.

9

I

C)

8—

o Ar4~C
Ars+~ C

0 Art1'~ C
&Ar ~C

Ar
+

cr„(n)
aa

Ct) n

(3)

where ~„ is the mean fluorescence yield for each KaL"
satellite. The 0., is defined by

o., =— a, Y, (x)dx, (4)

where o, is the collisional K-hole quenching cross sec-
tion, and Y, (x) is the fraction of K-hole-bearing ions at
the depth x.

Considering that cr, Y, (x) approaches to zero for small

x, its average over x, o.„also approaches to zero for
small d. Therefore we obtain an approximation for o., :

~a -~t
d 0

It will be also noteworthy that the zero-thickness limit
of o, becomes equal to o., (no) according to Eq. (2),

l I 1

40 20

0
0

l

50 100

TARGET THICKNESS (p 9/cm )

FIG. 12. "Mean spontaneous K-hole decay cross section" o,
as a function of C-foil thickness (see text). Open circle, Ar
solid circle, Ar +; diamond, Ar"+; open triangle, Ar'; solid
triangle, Ar"+

~ A solid line is to guide the eye. A dashed line
shows the curve after correction for the effect of yield decrease
due to the projectile energy loss in the target (see text).
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where nL(x) is the mean number of L holes carried by the
ions having no K hole at the depth x. If the value nL is
known from the charge-state distribution data, the values
o I and S, can be deduced from the experimental data of
cr, in the region where the target thickness is thin enough
to neglect the contribution of the collisional quenching of
a K hole. The mean number of L holes is obtained by

nL(x) =q(x) —nMq',

I I I I I I I I I I I I I I

5 40

CHARGE STATE

FIG. 13. Comparison among experimental and theoretical
cross sections for K-hole formation specifying initial L-hole
number. Open circle, experimental "mean spontaneous K-hole
decay cross section" for thin targets (see text). A thin dashed
line is drawn to guide the eye. A thin solid line indicates the ex-
perimental K-hole formation cross section based on a model de-
scribed in the text. Vertical width of hatched area indicates the
statistica1 error. The thick solid line indicates the theoretical
cross sections of K-shell ionization based on PWBA-BCPR (see
text). Dot-dashed line is the sum of the theoretical cross sec-
tions for the K-shell ionization (PWBA-BCPR) and the K-to-L
excitation (PWBA).

Ar ions with a fully occupied L shell.
This observation clearly indicates that the o „(n) in Eq.

(2), the K-hole formation cross section specifying the L
hole number at the initial stage of a collision, really de-
pends on n, because the zero-thickness limit of o, gives
cr „(n) as mentioned before.

A quantitative evaluation of this zero-thickness limit is
considered in the following. We assume the presence of
the following simple relation:

o, (n) =o r+nS, , (6)

where oi is a part of cr, (n) independent on the initial L
hole number n, and the second term is another part of
cr„(n) which increases with n The S, .is a constant. The
O. r can be interpreted as a K-to-continuum ionization
cross section for the ions having no L hole at the initial
stage of a collision. For the ions initially having some L
holes, however, the ionization cross section will decrease
with increasing n because of the increase of K-shell bind-
ing energy. The second term includes such an n depen-
dence, as well as the contribution of K-to-L excitation
cross section.

After averaging over the penetration depth x and the
L-hole number n, we get the relation

where nMq' is the number of M holes in equilibrium, un-

der the assumption that the M shell reaches its equilibri-
um at the depth smaller than the thickness of the thinnest
target used in the present measurements, and q(x) is the
mean charge for the given depth x. From the KP/Ka ra-
tio we have found that the average M-electron number is
much less than unity. Here we adopt the M-hole number
with a rather conservative error limit, as follows.

n "q'=7.4+0.4 .

We have assumed that the value q(x) in solid is equal to
the mean charge obtained in the charge-state distribution
measurements for the target thickness x, because of the
following reason. Since the residual M-electron number
at the exit surface has been shown to be a few tenth of
unity from the KP/Ka data (see Fig. 9), the effect of
post-foil charge increase due to LMM Auger and LLM
Coster-Kronig processes can be neglected. A predom-
inant process of M-electron deexcitation is a radiative
transition to an L hole (if exists), which does not cause
charge increase.

In Fig. 14, values of nL are plotted against x. Interpo-
lating these data including the given zero-thickness value
(nI =0 and 4 for Ar + and Ar' +, respectively) by
straight lines, integration of Eq. (7b) is performed. Thus,
obtained nl values are also plotted in Fig. 14. The O. r
and S, values can be evaluated as follows.

o, [12+]=cr) +S,nr [12+],
o, [4+ ]=o I +S,nL [4+],

(loa)

(10b)

nI [4+ ]o „[12+] nL [12+]o—, [4+ ]ar=
nl[4+] —nl[12+]

o, [4+ ]—cr, [12+]
S, =

nl [4+] nl [12+]—

(11a)

(11b)

We limit our discussion to an extremely thin target
( -2.6 pg/cm ). Then we obtain the following values for

and S

where o, [Q+] and ni [Q+] indicate the o, and nl
values obtained for incident Ar~+ ions. By solving these
equations,



42 FOIL-THICKNESS DEPENDENCE OF PROJECTILE K-. . . 1283

I
x3

not available. Here Z2K is Z2 —0.3=17.7, and IH is the
hydrogen ionization potential (13.6 eV).

Among the corrections, the former two are found
predominant and result the reduction by a factor 2-4
from the simple PWBA. The latter two contribute by
only a few percent.

For the cross section of K-to-L excitation, no available
theory containing a correction scheme for the distortion-
like "binding" and "polarization" effects seems to exist.
Here we calculate it based on a simple PWBA. For the
collisions of a bare nucleus, of which the atomic number
is Z, and a hydrogenlike target, of which the atomic

30number is Z2, a well-known scaling law is available.

Z1 U
2

0'; ( U, Z ),Z2 ) = CT;, 1, 1

Z2 Z2

50

Depth {pg/cm2)

15

FIG. 14. Average Ar-ion L-hole number in the C-foil (see
text).

where U is the projectile velocity, i indicates the relevant
excitation channel, and 0;(u, 1, 1) is the cross section for
proton-hydrogen collisions. ' We replace Z2 with

Z2x =Z2 —0.3 and multiply by 2 (K-electron number)
for heliumlike targets. To obtain the total K-to-L excita-
tion cross section for the targets having n initial L holes,
the cross sections for 1s-2s and 1s-2p excitations are
summed and multiplied by n /8.

0 I =(4.4+0.4) X 10 cm

S, = (0.87+0.09 ) X 10 cm

(12a)

(12b)

The uncertainty above contains only errors originated
from statistical errors of raw spectrum data. Another er-
ror source is the uncertainty of nM'"', which causes +8%
error. The error caused by the neglect of the collisional
quenching of K hole is small for a thin target and tends to
cancel in Eq. (11). We discuss this problem later.

Finally we obtain from Eqs. (6) and (12),

0„(n)=(4.4+0. 87n ) X(1+0.1)X 10 cm

This result is also shown in Fig. 13.

(13)

E. Comparison to theory

Theoretical calculations for K-to-continuum ionization
and K-to-L excitation cross sections are made as follows.

6+The present collision system is regarded as C impact
on Ar ion targets. The ionization cross section of an Ar
ion specifying the initial L-hole number is calculated by
the plain-wave Born approximation with the correc-
tions for "increased binding energy, " "polariza-
tjon, " "Coulomb deflectjon, " ' and "relatjvjstic
effect. " We refer to this approximation as PWBA-
BCPR. In this calculation, the "outer-shell screening pa-
rameter" eK,

IKeK=
Z2KIH

(14)

where I is a E-shell ionization potential of the target (anK
29Ar ion), is evaluated by using a theoretical I~, because

precise experimental values for highly ionized Ar ions are

no, (n)=2
4

Z2K
+1s —2s 11

2K

F. Collisional quenching of K hole

In the above discussion, we have neglected the
jnAuence of the collisional quenching of K hole. Here, we
show that this is roughly justified by estimating the col-

++1s —2p
1 1 . (16)

2K

Thus calculated theoretical results are also shown in
Fig. 13.

The PWBA-BCPR for ionization cross sections are
known to agree with experimental results within a
discrepancy of a few tens of percent for the collisions
similar to the present (e.g. , 4—38-MeV B ion bomba-rd-
ment on targets K, Ca, etc. '). Such an agreement is
found again in Fig. 13, for the Ar ion charge state below
8+ (no L hole). For the charge state above 8+, there
can be also seen remarkable agreement between the ex-
perimental o „(n) and the sum of the theoretical cross sec-
tions. The theoretical K-to-L excitation cross section is,
however, based on a simple PWBA, and the distortion
effect is not taken into account. There are two possible
interpretations. First, both the present theoretical cross
sections may be trustworthy. In this case, we can con-
clude that the distortion effect is not important for the
K-to-L excitation. Second, both the theoretical cross sec-
tions may contain significant errors which tend to cancel
each other. In this case, the above agreement is fortui-
tous, and the further refinement of theories for ionization
and excitation of highly ionized ion targets is necessary.
The present experimental and analysis procedure offers a
good tool for testing their validity.
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lisional quenching cross section from the experimental
data. First, for the incidences of Ar' +—or Ar' +, the
0., values are almost independent on the penetration
depth, because the L-hole number at the entrance of solid
is nearly equal to that of the equilibrated beam [see Eq.
(7)]. Therefore the left-hand side of Eq. (1) is approxi-
mately constant for these projectiles. The first term of
the right-hand side in Eq. (1) has been evaluated experi-
mentally. Thus the second term, i.e., the contribution of
the collisional quenching, can be estimated by a subtrac-
tion of 0., from o „,although the energy-loss effect should
be corrected for the thick targets as described before.

Furthermore, according to the well-known two-
component model, ' we can easily show that

(17)
d 0

Thus the quenching cross section itself can be deduced
from the slope of cr, near the zero thickness. The uncer-
tainty depends on how accurately the slope can be read
from the data.

In the present measurement, only the estimate of the
order of magnitude can be possible. We conclude
o, =(5+3)X10 ' cm from the data shown in Fig. 12.
Thus the contribution of the second term in Eq. (1) for
the extremely thin targets (-2.6 pg/cm ) is less than
10%, of which the influence on the above-evaluated
0 „(n) is a few percent.

G. Fraction of E-hole-bearing ions, Y, (x)

In above discussion we have consistently assumed
Y, (x) ((1. Validity of this can be shown as follows. The
fraction of ions which experiences a K-hole formation in
solid is =O.,d. For the 10-pg/cm target, this is only 5/o
of total projectiles at most. A considerable part of this
may experience the K hole filling in solid. Thus the
Y, (x) never exceeds 5%.

with a crystal x-ray spectrometer. The influence of
nonimmediate L-shell equilibrium has been clearly ob-
served in the resulted mean E-satellite x-ray production
cross sections. With the aid of theoretical fluorescence
yields specifying the number of L holes at K-hole decay,
it has been shown that the mean K-hole formation cross
section itself varies with the target thickness and the
charge state of incident ions. This has been attributed to
the varying contribution of the K-to-L excitation cross
section. By combining the results of charge-state distri-
bution measurements with those of the above x-ray mea-
surements, and adopting a simple model, the K-hole for-
mation cross sections specifying the L-hole number at the
initial stage of a collision have been evaluated for zero
target-thickness limit. The results are in good agreement
with the sum of a theoretical E-to-continuum ionization
cross section (PWBA-BCPR) and a theoretical K to Lex---
citation cross section (PWBA). The necessity of further
refinement of theoretical approximation has been pointed
out.

In the present analysis, several approximations and/or
assumptions have been adopted, but their validity and the
ambiguity of the results can be easily assessed from the
experimental data. This is one of the merits of a pro-
cedure without parameter fitting.

This is the first work in which a crystal x-ray spec-
trometer is adopted to investigate the influence of nonim-
mediate L-shell equilibrium on K-hole formation in solid.
The experimental technique and the analyzing scheme
outlined above have been successfully applied to the
present collision system, Ar~+ on C at 1.25 MeV/amu.
We have suffered, however, from the instability of the
thin targets. We suggest that more high-Z projectiles
with higher incident energy will yield further fruitful re-
sults by application of the present technique, because of
the higher L-shell equilibration thickness.
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