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The development of projectile K vacancies in heavy ions passing through solids has recently been studied
using both target and projectile x-ray yields. The analysis of these results implies that the post-foil charge-
state fractions will exhibit a target thickness dependence which is related to the vacancy production and
quenching processes for the K shell of the projectile as it moves in the solid. We report experimental results
for the charge-state fractions of 54-MeV S ions on thin foils of C, Al, Ti, and Ni. We propose a model
which accounts for both the target thickness and the target-atomic-number dependences of the individual

charge-state fractions.

I. INTRODUCTION

The description of nondeviable components ob-
served in the study of canal rays was formulated
by Wien® in 1908. His interpretation of the ex-
perimental observations assigned the origin of
these components to ions which have undergone
neutralizing collisions with the surrounding atomic
systems. The system was analyzed using differen-
tial equations which described the ion-atom inter-
actions in terms of the mean free path per electron
for charge-changing collisions. In the following
years a large number of results by many workers
ensued. In 1958, Allison? summarized the state
of knowledge for H and He charge-changing col-
lisions in gases and solids. Allison presents a
system of rate equations appropriate to the des-
cription of two- and three-component systems.
These equations form the basis upon which such
simple systems have been studied and analyzed.

With the availability of higher-energy particle
accelerators and heavier ions, a natural extension
of the studies of charge-changing collisions to
more complex systems has evolved. In 1972,
Betz® summarized the state of such studies for
heavy ions moving in target media ranging from
dilute gases to solids. In the case of dilute gases
he set forth a system of rate equations which are
an extension of the description previously given
by Allison.? Specifically, the differential equation
describing the rate of change in the charge fraction
Y, with respect to the the target thickness X, mea-
sured in appropriate units, is

cg{,, =§,[U(q, ¢V -0ld’, 0)Y,], o

where o(g, ¢’) and o(g’, q) are the cross sections
associated with charge-changing collisions in
which ¢’ goes to g and g goes to ¢’, respectively.
In practice there have been three basic restrictions
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on the use of Eq. (1): (i) The cross sections des-
cribe charge-changing collisions only, and hence
elastic scattering collisions and collisions in which
excitations occur are excluded; (ii) the target sys-
tem is dilute enough so that the collision frequency
can be neglected, i.e., all ions are assumed to be
in their ground states at the time of a charge-
changing collision; and (iii) the influence of cas-
cade transitions leading to rearrangement of the
charge-state fractions are not included. These
three restrictions are intimately related and are

a result of the exclusion of excitations for the ion
species Y,. Indeed, a large collection of data for
charge-changing collisions studied under single-
collision conditions has resulted (see Ref. 3).

In his review article, Betz also addresses the
question of ions undergoing changes in charge state
while penetrating solid targets. The three restric-
tions listed above are violated for ions moving in
solids. Previous descriptions for the charge states
of ions moving in solids at high velocities have
been presented by Bohr and Lindhard* (BL) and
Betz and Grodzins® (BG). Their two models at-
temp to resolve the differences observed in
charge-state fractions for ions moving in dilute
gases and in solids. The basis for both models
is the incorporation of a high degree of excitation
in the ion as it moves through the solid. In the
BL model it is assumed that the excitations re-
sult in the loss of loosely bound electrons, thus
causing a shift in the average charge state to a
larger value than is found for charge-changing
collisions in dilute gases. The BG model assumes
that the interactions in the solid lead to a charge
fraction system which exists in a state of high ex-
citation, and hence cascading processes outside
the solid lead to the higher observed average
charge states. The basic question raised by these
two points of view is found in whether the outer
electrons are still loosely bound to the ion when
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it exits the foil or have they been lost in the con-
tinuum while inside the solid. These two models
have been the subject of study and controversy.
There has been to date a lack of definitive evidence
upon which a delineation between the two models
can be based. It is worthwhile tonote thatboththe
BL and BG models are based upon excitation of the
ionic system as it progresses through the solid.
However, the explicit dependence of the individual
charge-state fractions on the fundamental ion-
atom interactions is not developed in either model.

There have been two basic types of experimental
results reported recently which establish the im-
portance of inner-shell excitations in the ion as it
traverses a solid target:

(a) Betz ef al.’ employed a two-component model
to describe the development of a K vacancy in an
ion moving through a solid in order to develop a
method of determining the lifetimes of excited
states associated with the filling of that vacancy.
In this model, the K-vacancy-bearing fraction of
the beam, Y,(X), is given by

Y,(X) = (0y/0)(1 - ™), (2)

where o, is the vacancy production cross section
for the K shell of the projectile, ¢ is the total
cross section for the K shell of the projectile,i.e.,
o=0,+ 0, where o, represents the interactions
leading to the filling of the K vacancy, and X is

the target thickness in appropriate units. Cocke

et al.” have used this result to describe metastable
K-vacancy-bearing fractions in beams of Si, S, and
Cl emerging from thin solid targets of C, Al, Ti,
and Ni. Bell et al.® have also used this approach
to describe the equilibrium populations of multiplet
states for S ions passing through thin solids.

(b) The two-component model has also been used
in the analysis of target K-shell x-ray production
for heavy ions incident on solids. Hopkins® studied
the changes of K-shell vacancy populations for Cl
ions moving in C. He used a thin layer of Cu on
the C foils to detect the changes in K-vacancy pop-
ulations taking place in the C foils. Groeneveld
et al.*® and Feldman et al.'' have reported results
for heavy ions incident on solid Al targets. Gray
et al.'? extended these types of measurements for
Cl on solid Cu targets of varying thickness by
studying the behavior of the target x-ray produc-
tion cross sections for incident ions with and with-
out K-shell vacancies. Gardner et al.'® extended
these results to include the development of a three-
component model in which ions with 0, 1, and 2 K-
shell vacancies are treated. Schiebel et al.'* have
applied the results of Ref. 12 to target x-ray pro-
duction for the L shell in the case of F ions inci-
dent upon solid Ag targets. .

Both techniques rest upon the same basis. The

measurements of target x-ray production for heavy
ions has provided further evidence that the consid-
eration of excitations in the projectile system are
very important. The creation and annihilation of

K -shell vacancies in the projectile and the coupling
of those vacancies to the target shell of interest
through the electron-transfer channel rests on the

‘basic assumptions inherent in the description of

the projectile inner-shell vacancy populations. In
the case of studies of projectile xrays, the K vacan-
cies are observed through the radiative channels.
Observations of target radiation reflect the role
of projectile K vacancies through measured target
thickness dependences of the target radiation.

The analysis of data'® for target x-ray production
for S ions incident on Cu foils has shown that there
is a strong dependence of the K-vacancy-bearing
fractions of the beam on target thickness and in-
itial condition of the incident ion. It was observed
that the equilibration distance in Cu for the S K
shell is approximately 60 ug/cm?.

In those cases where catastrophic rearrangement
of the vacancy populations does not occur upon exit
of the ion from the foil into the vacuum, the infor-
mation about the K-vacancy population of the ion
beam is impressed upon the charge-state fractions
observed downstream. We propose a model for
the charge-state fractions of a heavy-ion beam
that has passed through a solid target of thickness
X which is based upon a two-component description
of the K-vacancy states of the projectile. We in-
clude the effects of cascading in modifying the ob-
served charge-state fractions by the use of a sim-
ple approximation. Previous work has shown that
the charge-state fractions depend upon the foil
thickness.!® Our work will show that the charge-
state fractions of heavy ions depend upon the solid
target thickness and the microscopic ion-atom in-
teractions which govern the K-shell populations of
the projectile. We present experimental results
for 54-MeV S ions incident upon C foils and on
targets of Al, Ti, and Ni. The results of this
work establish the need to view the individual
charge-state fractions of a heavy-ion beam moving
in a solid in terms of the fundamental interactions
which govern the inner-shell populations of the
ion.

II. EXPERIMENTAL

The measurements of charge-state fractions for
S ions moving in thin self-supporting C foils were
made using a 54-MeV S®* ion beam obtained from
the model EN tandem Van de Graaff accelerator at
Kansas State University. The experimental ar-
rangement is as shown in Fig. 1. The ion beam
was passed through carbon prestripping foils of
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10- to 20-ug/cm? thickness which were placed in
the drift tube between the exit of the accelerator
and the 90° analyzing magnet. Adjustable slits
were placed infront of the prestripping foil in order
to define the beam geometry. The target foils were
placed in the drift space between the 90° analyzing
magnet and the switching magnet. The switching
magnet was used to select the charge state of in-
terest after the interaction region.

The target foils were obtained from the Arizona
Carbon Foil Co. and were mounted on target
frames having a 0.32-cm-diam aperture for the
passage of the ion beams. Blank target frames
were used to investigate contributions to the
charge-state fractions in the beam associated with
scattering from the edges of the target frames. No
measurable charge-state fractions were observed
for other than the incident beam. The beam optics
were established at the detection region with a
blank target frame in the target position. No ad-
justments were made in the beam geometry during
a set of measurements. Additionally, equilibration
charge-state fractions were measured for self-
supporting foils of Al (135 ug/cm?), Ti (240 ug/
cm?), and Ni(180 ug/cm?).

The ions were charge state analyzed by the sec-
ond magnet and allowed to impinge upon Au scat-
tering foils of ~300-600 ug/cm? thickness. A
Rutherford scattering detector was placed on an
adjustable mount in the front-scattering hemisphere
to detect the scattered ions. During a given set
of charge-state fraction measurements, the sec-
ond magnet was scanned and the number of ions
in each charge state was recorded against a mon-
itor which was associated with the number of ions
incident upon the target. Two different monitor
methods were employed during the experiment.

Carbon
90°Analyzing presmppmg Ouodrupole
magnet lens
LDef#mng Z HVEC EN
slits tandem

Target foil ——y accelerator

O )
M- X-ray monitor
counter

LChcrge analysis
magnet

a——Au scattering foil

i surface
barrier detector

%

LFcraday cup

FIG. 1. A diagrammatic representation of the experi-
mental arrangement.

The target current was monitored for each target.
In addition, a gas flow proportional counter was
employed to monitor the beam x rays arising from
the passage of the S beam through the target ma-
terial. The targets were mounted so that only x
rays from the transmitted beam were observed.
Both monitor systems worked quite well with a
reproducibility of order 5-10%.

A typical set of measurements for the charge-
state fractions was made by placing a target of
thickness X in the beam. The 90° analyzing mag-
net was used to select a 54-MeV sulfur beam in
either charge state 11* or 15*. The intensities of
the charge states leaving the target foil were mea-
sured relative to the monitor system, and the
charge-state fractions were determined by normal-
ization of each intensity to the total intensity for
all states detected. Charge states from 9* to 16*
were abserved with the 16* ions having an intensity
of <10™ times the maximum in the charge-state
distribution.

The use of a scattering foil to detect the ions
after charge-state selection by the second magnet
was chosen because of the small currents associ-
ated with the 9* and 15* charge states. Also the
use of a scattering foil facilitated the coverage
of a dynamic range in ion intensity which covered
more than three orders of magnitude. Direct de-
tection of the ions was investigated but was aban-
doned from considerations of count rate and ac-
celerator stability. Studies of the scattering-foil—
detector geometry were made by scanning the an-
alyzed ions in a given charge state over a small
range of changes in the magnetic field of the final
analyzing magnet. A distribution of detected ions
having a Gaussian shape was observed. For each
measurement of the number of ions in a particular
charge state, the magnet was adjusted to the max-
imum intensity in the distribution. An intensity
was recarded, the magnet was once again max-
imized, and a second intensity was recorded. The
reproducibility resulting from this procedure was
typically within the statistics of the measurement.
A Hall probe was used in the final analyzing mag-
net to monitor the approximate relative magnetic
field for each charge state that was analyzed.

Care had to be exercised to assure the purity
of the ion beam which was analyzed by the 90°
magnet. In the case of $'°*, a number of beams
having different energies were observed to be
passed through both magnets. However, the use
of the scattering foil as a detector allowed the
identification of the beam component of interest
through the energy selection obtained from the Si
detector. It is noted that the use of the Faraday
cup would not have allowed for the energy discrim-
ination obtained by the scattering-foil technique.
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IIl. MODEL

We propose a model for the charge-state dis-
tributions based on factorization of K-shell and
higher-shell processes. Consider an ion beam
moving in a solid at some energy E,. The K shell
of the ion may exist in one of two states describ-
able in terms of Y, and Y, i.e., the fraction with
no or one K-shell vacancy, respectively. The
double K vacancy is neglected in this model at
present. Work by Gardner ef al.'® shows that the
double K-vacancy fraction is small (i.e., <3%) for
54-MeV S ions moving in Cu. The ion may be ex-
cited and have ¢ electrons in states other than the
K shell. The quantity g; is defined as the probabil-
ity that there are ¢ electrons outside of the K shell
after the ion emerges from the target foil. The
g;’s are determined by collisional processes with-
in the foil, exit-surface interactions, and post-
foil relaxation. In order to obtain a tractable mod-
el, we assume that the distribution of electrons in
shells higher than the K shell is not dependent upon
the state of the K shell. We further assume that
relaxation of excitations resident in these shells
does not depend on whether K vacancies are pres-
ent in the ion, These assumptions must be only
approximately correct, but lead to a rather simple
model capable of describing the major features of
our data. The g,’s are assumed to be equilibrated
for foil thicknesses of 25 ug/cm? for a material
like carbon. This assumption is based upon geo-
metrical scaling of the scale length for K-shell
procesées observed in the work of others and on
measured cross sections for charge-changing
processes in the L shell.!® The charge-state frac-
tions ¢;, where j is the total number of electrons
in the ionized atom, are then proposed to be

$.=Y,80,

$,=Y 8+ Y18,

_ (3)
$3=Y 8, +Y,8,,

ee e

)
O;=Y 80+ Y184 -

The fractions Y, and Y, are determined by the
relationships )

4 - 6,7, - 0¥, () | @)

and
YO(X) =1 YI(X) s

where o, is the vacancy production cross section
for the K shell of the projectile and o, is the cross
section for quenching the projectile K-shell vacan-
cies. These equations have the familiar solution

Y,(X)=(0,/0)(1 - e" %)+ Ae™oX , ®)

where 0=0,+0, and A is determined by the initial
condition of the incident beam, i.e., A=1 for an
ion with charge Z, -1 and A =0 for ions with in-
cident charges below Z, — 2. The heliumlike beam
contains a small but unknown fraction of (1s2s3S))
metastables and hence is excluded from the ex-
periment and analysis.

The expressions for the charge-state fractions
as given in Egs. (3) describe the ion at the target
foil. The ions are detected after charge-changing
relaxation downstream associated with the filling
of K vacancies. In order to bring in considerations
of such cascade effects, it is assumed that only
nearest-neighbor cascades are important. This
is very simple assumption but it allows cascading
to be included, if only in the lowest order of ap-
proximation. In including cascading in this ap-
proximation one then has to account for the radia-
tive decay and Auger decay of the various compon-
ents contained in the charge-state fractions given
by Egs. (3). The measured charge-state fractions
are thus

®,=Y, 80w, + Y, 8,(1 - w,),
=Yg+ Y, 8,w,+ Y, 8,(1 - wy),
By=Y,8,+Y,8,w3+ Y, 85(1 - w,), (6)

)
®,=Y, gt Y 8,00;+ Y, 8,(1=-wy,,),

where w; is the K fluorescence yield for the ion
with j electrons. These equations can be rewrit-
ten in a general form

q’j(X) =842t [Uv/o"' (A- o'v/o')e-ux](ﬁj "gj-z) (7
by using Eq. (5). It is noted that g,=0 for j<O.
The quantity 8; is .

By Egj-le+gj(1 - qu-l) (8)

and it contains the effects of cascade transitions
for the ion. If a more complex assumption of cas-
cading is included, the expression for g; will be
modified to include the additional considerations.
However, the form of Eq. (7) will remain intact.
The limiting cases for &,(X) are given below:

Casel: A=0; X-0,

(9)
ébj(X)-'gjﬁ;
CaseIl: A=1; X-0, (10)
‘I>1(X) "gj-le"'gj(l - wj+1);
Case III: A=0, 1; X"°°, (11)

®,(X) =g+ (GV/G)[gj-lw!

+g1(1 - wiu) "gj-z] .
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The &, are quite sensitive to the presence of K va-
cancies in the beam. IncaselIllthe saturationvalue

depends upon o, /0, which is a function of Z, as
well as Z,. It is shown later in this work that the
equilibrium charge-state fractions for S ions de-
pend on Z,.

In summary, the two-component model that is
proposed for the description of charge-state frac-
tions arising from collisions in a solid target pre-
dicts the following: (i) There is a dependence on
target thickness for all charge-state fractions of
an ion beam moving in a solid. This dependence
will become negligible for ¢, /0< 1. (ii) The value
of &, for vanishingly thin targets is a measure of
the equilibrated g;_, for incident ions that do not
have K-shell vacancies. (iii) The equilibration
value for &, depends upon 0,,/0 and hence upon Z,
and Z,.

The present model applies to those ion-target
combinations where o, /o is not negligible. For
very heavy ions incident upon light foil materials
at relatively low velocities, e.g., 30-MeV U on C,
the influence of K-shell ionization in the projectile
is of little importance. However, considerations
similar to those advanced in the proposed model
which addresses the effects of K-shell vacancies
on charge-state distributions may be appropriate
for the description of charge-state distributions
for the L shell, M shell, etc. Indeed, the data of
Ref. 15 show effects for L-shell vacancies which
may be correlated to the basic foundations of the
present work for S ions on thin solid targets.

IV. RESULTS AND DISCUSSION

The measured charge-state fractions for 54-
MeV S ions on carbon foils ranging in thickness
from 4- to 120-ug/cm? are given in Fig. 2. The
charge-state fractions, &, through &,, exhibit a
thickness dependence which has been fitted with
Eq. (7) using the method of least squares. The
incident charge states were chosen as 11* and 15*

in order to determine the thickness dependence
for ions which had initial conditions of A =0 and

A =1, respectively. The values of the parameters
g3 By, (o), and (o) extracted from the model cal-
culations are given in Table I. The intercepts for
incident charge state 11* were used to determine *
the values of g, through g,.'” The values of {(5,)
and (o) were determined by taking the average of
the values of these cross sections which had been
obtained by fitting each individual set of data for
a given incident charge-state and final charge-state
fraction. The variations in o, taken about the av-
erage (o,) were s+10% over six different sets of
data. The fits shown in Fig. 2 were made using
the common values of (o,,) and (o).

The values of g; given in Table I are derived in
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FIG. 2. Experimental results for the measured charge-
state fractions &, through &; for 54-MeV S ions inci-

‘dent upon carbon foils of varying thickness. The solid

and dashed curves are calculated from Eq. (7).

two ways. The quantities g} represent calculations
of the effects of cascading on the &, using Eq. (8).

The fluorescence yields used in these calculations
were deduced from K x-ray production data for Cl
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TABLE I. Values of parameters used in calculating
the charge-state fractions @, for j=1-6, as a function
of the foil thickness. All cross sections are given in
units of 1071% cm?.

J w;® & 8f Bf

0 1 0.027 cen cee

1 1 0.22 0.027 0.027°
2 1 0.34 0.31 0.32

3 0.7 0.27 0.38 0.40
4 0.4 0.093 0.22 0.18

5 0.26 0.016 0.041 0.037
6 0.2 “ee cee cee

(o) =2.3, (0)=7.3

%w; are from Ref. 18.
8, =g, as taken from Eq. (8).

ions incident upon H, by Macdonald.!® Variations
in B§ were investigated by arbitrarily decreasing
the values of w; by 50%. The changes in B; were
<30% using this procedure. The g;’s were taken
from the measured intercepts of the S'!* data of
the present work. The quantities B§ represent the
values of these parameters which were obtained
from the fitting procedure. The agreement be-
tween the ﬁf and the g5 suggests that the simple
approximation of the nearest-neighbor cascades is
appropriate for the charge states investigated. It
is expected that this simple approximation may not
be adequate for systems with large numbers of

54 MeV SonC
e ——— w a
i
—— w
j
00 . S'%* incident
s ° S'"™ incident
b,
[on
102 | | | | ]

FIG. 3. An evaluation of the model calculation for
®, to assess the effects of cascading on the observed
charge-state fractions. Cascading is excluded by set-
tingw;=1. The value of w} is taken from Table I.
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FIG. 4. Experimental results for the equilibration
values of &, through & 5 as a function of Z, for 54-MeV
sulfur ions on targets of C, Al, Ti, and Ni. The solid
curves are calculated from Eq. (11).

electrons. However, over the range of present
measurements the data support the approach that
has been taken.

The model predictions for both incident charge
states and all charge-state fractions recorded are
in excellent agreement with the experimental data.
The thickness dependences are reproduced by Eq.
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(7) using a single set of projectile K-vacancy and
quenching cross sections. Further {o,) and (o) are
in agreement with o, and o as reported by Cocke et
al.” for 50-MeV S ions incident on carbon foils. .

In order to investigate the importance of the cas-
cading, calculations of the thickness dependence
of the charge-state fractions were also performed
setting w,=1, (j=1,...,6), thus effectively re-
moving the cascading.’ The values of {(¢,), (o), and
g; were taken from Table I in these calculations;
i.e., the data were not refitted to determine new
values of these parameters. As the intercepts for
the case A=0 determine the g;’s, independent of
the w,’s, and the data for &, determine o and oy,
we do not expect a refitting procedure to change
these parameters significantly. The results of
eliminating the cascading are shown for ¢, in Fig.
3. Similar results are obtained for the other
charge states. The effects of cascading as in-
cluded in Eq. (7) are in agreement with the data.
Elimination of the cascade contributions is not
supported by the experimental results. This re-
sult agrees with the work of Bell et al.®

Equation (11), case HI, gives the equilibrium
values &,(<). The role of the target foil material
enters into the determination of &,(~) through the
cross sections o, and o. Targets of C, Al, Ti,
and Ni were used to obtain equilibration charge-
state fractions for 54-MeV S ions. The results of
the measurements for &,(<) as a function of target
atomic number are given in Fig. 4. The model
calculations made using Eq. (11), with the (a)-mod-
el values of o, and o from Ref. 7, are in excellent
agreement with the data from the present work.
The depression of the equilibrium K-vacancy frac-
tions near matching target-projectile Z observed
in the metastable yields of Ref. 7 appears here
as a shift of the charge-state fractions to lower
charge for Z,~20. This effect is due to the large
K-vacancy quenching cross section characterizing
electron transfer between target and projectile K
shell for matching Z.

In performing the calculations for Fig. 4, it was
assumed that the g,’s were independent of Z,. It
is possible that the outer shells may achieve a
statistical equilibrium which is not strongly de-
pendent upon the structure of the host material.
The assumption that the g,’s are independent
of Z, is an area that is in need of further
investigation. We observe a sharp break in the
data for the ®,’s for 54-MeV S ions incident on
carbon foils having thicknesses less than 5 pyg/cm?.
This characteristic of the data suggests that there
is a rapid exponential decay in the thickness de-
pendence which may be associated with the devel-

opment of the g,’s. As the transfer of electrons
from the target surface should be independent of
the foil thickness for continuous foils, the rapid
variation of &, for X <5 pug/cm?® is considered not
to be a surface effect such as recently discussed
by Veje.!* The determination of g; for differing
target materials and vanishingly thin targets is
complicated by carbon surface contaminants, sur-
face oxidation, and foil continuity problems. It is
probable that the techniques employed in ultrahigh
vacuum surface studies will have to be employed
before a definitive investigation into the properties
of the g,’s can result.

V. CONCLUSIONS

The results of the present work establish the
role of the ion-target interactions in determining
the target thickness dependence of the charge-state
fractions for heavy ions moving at high velocities
in solid targets. The model presented is success-
ful in predicting the salient features of the data
for the charge-state fractions as a function of foil
thickness and target atomic number. The role of
K-shell vacancies in the projectile in determining
the post-foil charge-state fractionsisclearly illus-
trated.

Qur results tend to support the BG model to the
extent that it is necessary to include post-foil
charge-changing processes to explain the data.
However, our model is somewhat more specific
in that it speaks to the question of describing the
individual charge-state fractions in terms of the
K-vacancy populations at any distance X within a
thin solid target. The individual characteristics
of each charge-state fraction are thus defined once
the relevant cross sections o, and o, the outer-
shell probabilities g;, andthe cascading parameters
have been determined. Instead of addressing the
question of mean charge state g or the width of the
charge-state distribution Aq for ions after moving
in solids, the model provides information on the
individual charge-state fractions. Having the &;
allows one to calculate g and Aq after the ion has
penetrated through a given thickness of a solid
foil. The charge-state fractions for an ion passing
through the target medium depend critically on the
initial K-vacancy population of the incident ion.
The overall consistency of the physical parameters
derived from beam-foil results, target x-ray in-
vestigations, and the present measurements give
us confidence that our picture of the development
of K vacancies for ions moving in solids is cor-
rect.
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