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Charge-state changing processes for Ne ions passing through thin carbon foils

A. Blažević, H. G. Bohlen, and W. von Oertzen*
Hahn-Meitner-Institut GmbH, Glienicker Straße 100, D-14109 Berlin, Germany

~Received 25 August 1999; published 15 February 2000!

We report on a method to measure charge-changing cross sections for ions passing through matterin
nonequilibrium conditions. The charge states of an initial distribution are separated by applying a high voltage
before they penetrate thin carbon foils; the charge states after those foils are identified using a high resolution
magnetic spectrometer. Thus the full matrix of cross sectionss(qi ,qf) and energy lossesDE(qi ,qf) is
obtained. The data are compared to calculated charge-state distributions based on microscopic cross sections
for charge-changing processes in individual interaction steps and with a Monte Carlo simulation.

PACS number~s!: 34.50.Bw, 79.20.Rf
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I. INTRODUCTION

The proper understanding and calculation of the proce
occuring when ions pass through matter have been the
ject of intensive studies since the early work of Bethe@1# and
Bohr @2#. In their investigations, the energy transferred in
atomic collision, and the specific energy loss for ion energ
where the electronic energy loss dominates, were calcul
by assuming a certain charge state of the ion. In genera
effective charge stateqe f f has been introduced in order t
describe the energy loss of ions in matter. The effect
charge is a semiempirical quantity, which takes into acco
that an ensemble of ions develops a charge-state distribu
during the passage through matter. It represents a weig
average over the various charge-dependent energy losse
practice,qe f f

2 is used as a scale factor for the well know
stopping power of protons at the same energy@4#. But it
becomes a useful quantity only after several charge-chan
collisions—at the charge equilibrium conditions. Various
finements of the well known Bethe-Bloch formula@3# for the
specific energy lossdE/dx have been made over recent d
cades@4,5#, usually by introducing correction terms, as, e.
by Lindhard @6#. Essential ingredients in these approach
are the individual charge-changing collisions contributing
the final energy loss. The semiempirical approach for
specific energy loss of Ziegleret al. @4# gives a good descrip
tion in the case of equilibrium charge states; however, it
its limits, e.g., for rather thin layers, where charge-chang
collisions are not in equilibrium.

Another important aspect, which was apparent in the e
work, is the strong variation of the electron-capture a
electron-ionization probabilities for given electronic config
rations in atoms as a function of the relative velocities.
energies higher than 1–2 MeV/u the ions are ionized in
higher shells and change their charge state rather quic
Under these conditions equilibrium is reached for mate
layers up to 50mg/cm2 thickness.

The analysis of thin~10–100 nm! layer samples with
ERDA ~elastic recoil detection analysis! using a high resolu-
tion magnetic spectrometer has reached depth resolution
its of about 1 nm@7,8#. In these thin layers the incident ion

*Also Fachbereich Physik, Freie Universita¨t Berlin.
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usually have not yet reached the equilibrium charge-s
distribution with a mean charge stateqeq , and hence suffer a
smaller or higher energy loss, depending on whether the
tial charge state is lower or higher thanqeq . For these appli-
cations it is of importance to have a detailed knowledge
the charge-changing processes in the first layers of the
terial studied. These are also of general interest for und
standing of the passage of ions through matter. In the pre
work we report on a method to measure charge-chang
processes and energy losses of ions in dependence o
initial and final charge states. These quantities are meas
for various thicknesses of target foils, which will define va
ous situations, nonequilibrium and the transition to equil
rium conditions. The results will serve to model microscop
theories in order to calculate the specific energy lossdE/dx
of ions in very thin layers.

II. EXPERIMENTAL METHOD

In our measurements we use the high resolution magn
spectrometer Q3D@9#, which we have been using for the thi
layer ERDA method at the Ion Beam Laboratory~ISL! at the
Hahn-Meitner-Institut. The principle of the method presen
in the present work is based on the production of acharge-
state distributionof the incoming ions by a first, thin scat
tering foil and aseparation of the incoming charge statesi
by applying a potential differenceU between this foil and a
second target foil as shown in Fig. 1. The transmission foi
used to study the processes of interest; the ions penetra
the foil lose energy and change their charge state with h
probability. Energy analysis of the transmitted ions is o
tained by a position-sensitive detector in the focal plane
the spectrometer, which selects one outgoing charge s
qf .

With this setup an intrinsic energy resolution ofDE/E
5431024 was obtained. For this particularqf , we observe
several peaks in the focal plane spectrum, which are se
rated by the energy differenceDEU5Dq3U, corresponding
to different initial charge statesqi , as shown in Figs. 1, 3
and 4 below. The intensities of the relevant lines, with va
ing qi and fixedqf , give the charge-changing cross section
the whole matrix ofs(qi ,qf) is obtained by selecting the
corresponding magnetic fields for the differentqf values. In
addition to the charge-state distribution, the energy l
©2000 The American Physical Society01-1
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DE(qi ,qf) can be determined for the same parameter sp
qi and qf . In the setup we used a thin layer of N
(8 mg/cm2) evaporated on a carbon backing (6mg/cm2) as
scattering foil. This foil produces a charge-state distribut
from the incident beam from the accelerator, which usua
has a charge state far from equilibrium. It has to be a v
thin and homogeneous foil so as to preserve the good en
resolution of the primary beam. The scattering angle is se
such a way that the count rate in the focal plane of the sp
trometer is kept below a few kHz. By varying the thicknesd
of the transmission foil, the measurement allows the de
mination of two important quantities: the charge-chang
cross section for each pair ofqi andqf , s(qi ,qf), and the
energy lossDE(qi ,qf ,d) with the same selection of charg
statesqi andqf , as a function of foil thicknessd.

III. THE EXPERIMENT: Ne IONS IN C FOILS

The present study was performed with a22Ne beam at an
energy of 2 MeV/u, accelerated in a charge state ofq513
in the cyclotron at ISL. At this energy the equilibrium char
state in the carbon medium is approximately given byq̄
'8.5. The beam was scattered on a 8-mg/cm2-thick Nb
layer evaporated on a self-supporting C foil of 6mg/cm2

thickness. The measured charge-state distribution after
scattering foil is plotted in Fig. 2. It serves as the init
charge-state distribution for the transmission foil. The d
tance between the two foils was about 30 cm, long eno
for all ions that left the scattering foil in an excited state
decay before they reached the transmission foil.

In Fig. 3 and Fig. 4 we show two examples of measu
spectra for final charge statesqf516 and qf5110. The
spectra are normalized to the same integrated current a
incident beam~normalization factorN0). For two givenqf
values ~16 and 110! the yields for individualqi charge

FIG. 1. The principle of the method to investigate charg
changing processes and energy loss as a function of the inco
(qi) and outgoing (qf) charge states of the projectile. A potenti
differenceU is applied, which allows energetic separation of io
with different initial charge statesqi in front of and the same fina
charge stateqf behind the transmission foil.
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states are shown for foils varying in thickness between 0
18 mg/cm2 . The individual peaks for each charge stateqi
are well separated with an applied potential difference ofU
580 kV. The upper diagram shows the single line witho
the transmission foil. The subsequent graphs show the s
tra in the focal plane of the magnetic spectrometer Q3D w
increasing energy loss due to the increasing foil thicknesd,
as indicated. Five lines can be identified, fromqi516 on
the left side up toqi5110 on the right side. We observe
broadening of the individual peaks with increasing targ
thickness due to straggling effects and a shift due to
energy lossDE(qi ,qf ,d). By unfolding the observed peak
we are able to extract the peak position~for the energy loss!

-
ing

FIG. 2. Charge-state distribution of22Ne at 2 MeV/u after the
scattering foil.

FIG. 3. Energy spectra of22Ne ions with an energy of 2 MeV/u
and final charge stateqf516, normalized to the same integrate
current as the incident beam, after passage through a12C transmis-
sion foil with varying thickness as indicated. The peaks for differe
qi are shifted due to the potential differenceU as explained in
Fig. 1.
1-2
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CHARGE-STATE CHANGING PROCESSES FOR Ne IONS . . . PHYSICAL REVIEW A 61 032901
and its integral~for the charge distribution! for each foil
thickness and for eachqi . The information obtained from
this procedure is the energy loss as well as the charge-
changing cross section as a function of target thickness
initial charge state, which allows us to study the evoluti
toward equilibrium for eachqi . The result is compiled in
Fig. 5 for the charge statesqi516, 17, 18, 19, and110,
where the fractions~percentages! of each charge stateqf are
shown as a function of the target thickness. The plotted e
bars represent the statistical errors. The evolution of
charge-state distribution with increasing foil thickness can
clearly seen in the spectra. The equilibrium distribution
d550 mg/cm2, which is known from other work@10#, has
also been verified in a separate measurement.

IV. ANALYSIS OF THE CHARGE DISTRIBUTIONS

For the interpretation of these results, model calculati
can be done in two ways:~1! by solving the coupled-channe
rate equations for the individual charge-state probabili
@11#, or, ~2! by a Monte Carlo calculation, following the
history of each ion on its way through the foil with the com
plete set of cross sections for different electronic configu
tions at each interaction step@8#. In this study both ap-
proaches have been pursued@8#. First we discuss briefly the
results of the model of Rozetet al. @11#, which are actually
shown as full lines in Fig. 5.

A. Description of the charge-state distributions by solving the
rate equations

For calculation of the charge-state distribution, whe
rates of charge-changing processes enter, the cross sec

FIG. 4. The same as Fig. 3, but forqf5110.
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for all interaction processes and for each possible electro
configuration of the penetrating ion must be entered. Th
cross sections are electron capturesc ~radiative and radia-
tionless!, ionization from a shell,s ion , excitation from one
shell with quantum numberni to a higher shellnf , sex ~for
shells withnf<3, for excitation tonf>4, sex is added to
s ion by estimatingsex for nf54 and using a 1/n3 scaling
law for higher shells!, and Auger and radiative decay. W
used the codeETACHA @11# to calculate these cross sectio
for hydrogenlike configurations and then to scale them
the proper ionic charge, taking into account the screen
effects of the residual electrons@11,12#. The data are very

FIG. 5. Charge-state distributions for22Ne at 2 MeV/u for dif-
ferent initial charge statesqi ~16 to 110!. The symbols show the
measured values, the lines represent results for the charge-
fractions from the solution of the rate equations with the cross s
tions given in Table I.
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sensitive to the values of the cross sections, in particula
those cases where a fast change of the charge yield is
served in the thinnest layer of 3.9mg/cm2 . In a first attempt
we got a quite good description of the data for lowqi ~16
and 17!, indicating that the ionization and excitation cro
sections were correct, but there were obvious discrepan
for qi5110, where only electron capture contributes in t
first steps. We concluded that the calculated capture c
sections have to be improved. Rozetet al. @11# use the eiko-
nal approximation for relativistic projectiles suggested
Eichler @13# for the capture calculations. The predictions
this approximation agree well at high energies with those
the continuum distorted wave approximation~CDWA!, but
give too small cross sections for an intermediate energy
MeV/u. So we have used the values from the CDWA@14#
and got satisfactory agreement with the data in Fig. 5.
would like to point out that there is no fitting parameter
this description. The cross sections we used to calculate
curves shown in Fig. 5 are compiled in Table I. From the
cross sections and from Fig. 5 we can identify the proces
that contribute most to a change of the charge states.~1! sc ,
the capture cross sections forqi519 and 110, are large
into electronic states that are velocity matched for 2 MeV
~mostly transitions into 1s and 2p). ~2! s ion , ionization
cross sections from the higher shells~in particular from
2p,3s, and higher states!, are large.~3! sex , the dipole tran-

TABLE I. Calculated cross sections (10220 cm2) for the atomic
processes of Ne projectiles in their respective charge states in
ground state or with one electron in a higher shell~marked with *!
passing through carbon.

s 16 17 18 19 110

sc(1s) 115 221
sc(2s) 46.7 106 135 160
sc(2p) 152 174 197 251 298
sc(3s) 11.0 19.1 30.5 48.8 72.0
sc(3p) 18.5 32.1 51.4 81.9 121
sc(3d) 7.3 12.8 20.4 32.5 48.0
s ion(1s) 143 135 126 50.1
s ion(2s) 2370 1060 907* 757*
s ion(2p) 1370* 1200* 1000* 838*
s ion(3s) 3150* 2890* 2620* 2330*
s ion(3p) 3260* 3000* 2720* 2430*
s ion(3d) 3300* 2980* 2700* 2450*
sex(1s→2s) 6.9 13.5 6.1
sex(1s→2p) 75.5 72.0 68.4 28.3
sex(1s→3s) 2.9 2.8 2.8 1.3
sex(1s→3p) 14.4 13.7 12.9 5.3
sex(1s→3d) 1.4 1.3 1.3 0.5
sex(2s→2p) 2070 1030 1030* 1030*
sex(2s→3s) 151 72 66* 56*
sex(2s→3p) 206 99 93* 81*
sex(2s→3d) 598 279 253* 210*
sex(2p→3s) 40* 35* 30* 26*
sex(2p→3p) 92* 85* 77* 81*
sex(2p→3d) 362* 343* 317* 210*
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sitions (1s→2p,2s→2p), are comparable tos ion and are
mostly followed by the ionization of the excited electron.

B. Monte Carlo simulation of the charge-state distributions

The second way to describe the charge-state distribut
is a Monte Carlo simulation~MCS!. We used the same rou
tines as in ETACHA to calculate the cross sections for th
processes listed before for all possible electronic configu
tions, distributed over theK, L, andM shells. Starting from
a given configuration, namely, the ground state configura
for the incident charge states, we calculated the cross
tions and the rates mentioned above. With the random g
eratorRANLUX @15# we determined for each step of the pa
sage through the foil with a step size of 0.1mg/cm2, whether
a charge exchange occurred or not, and, if yes, for wh
process~capture, ionization, excitation, or decay!. In the case
that a transition had occurred, a new set of cross sect
according to the new electronic configuration was calcula
for the next step. The number of steps varied from 39 for
thinnest foil to 185 for the thickest one. Smaller step siz
have been tested, but have not led to different results.
simulated charge-state distributions obtained in this w
agree well with the data as well as with the distributio
from the rate equations. However, in this description of
processes we get additional information about the passag
the ion through the foil. Figure 6 shows as an example
details of the MCS for a Ne ion with an initial charge sta
qi5110 passing through a carbon foil of 3.8mg/cm2 thick-
ness. Starting with a given number of particles on the
side, an upward branch shows the number of ions that h
captured an electron. A horizontal branch points to the nu
ber of projectiles passing the foil without further charg
changing reaction, and a branch downward indicates h
many ions have lost an electron. At the very right side,
final charge states after 39 interaction steps are plotte
angular brackets. We can see that out of 1 million incid
particles, 183 302 traverse the foil in a frozen charge st
that is, about 43% of all the ions with the final charge st
qf5110. Of the 816 698 particles that have captured
electron, 327 036 lost it again, but only half of them cross
the foil without any further charge exchange. The other h
captured another electron. 32 957 of these ions were ion
once more and left the foil again withqf5110 ~7.0%!.
29 380 particles captured two electrons before they lost th
again ~7.8%!. With this detailed picture a detailed asses
ment of the energy loss as a function of charge states in
foils also becomes possible.

C. Charge-state-dependent energy loss

Detailed knowledge of the charge-changing proces
during the transition of ions through matter is an importa
aspect of the energy loss of the ions. In the following disc
sion we consider as an example the energy loss for the t
sition qi5110 andqf5110. As long as the22Ne ions are
in a charge state lower than110, they have a smaller stop
ping power, and so they will modify the finite value of th
energy lossDE(qi5110,qf5110) of ions without charge
exchange~frozen charge state!. Our measured results for th

he
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charge dependence of the energy lossDE(qi ,qf ,d) are
shown in Fig. 7, where from our complete matrix only t
energy losses forqi5qf are shown. In order to estimate th
influence on theDE values of those ions that had som
charge-state fluctuations before they left the foil withqf , we
have to take a look at the cross sections of Table I. For
charge state110 we see that most electrons are captured
the 2p shell ~32%!, followed by the 1s shell ~24%! and the
2s shell ~17%!. The electrons in the 2p shell are ionized
with high probability@s ion(2p,19)5838310220 cm2# and
those in the 2s shell also @s ion(2s,19)5757
310220 cm2#. For the 2s shell there is another very hig
cross section leading to the depopulation of the 2s configu-
ration: the excitation to the 2p shell @sex(2s→2p,19)
51030310220 cm2#. Those large cross sections especia
lead to small mean free path valuesl@l(2s)50.9 mg/cm2,
l(2p)51.7 mg/cm2], whereas the ground state configur
tion is much more stable@l(1s)523.1mg/cm2#. Conse-
quently, the particles that left the foil withqf5110 but
which were temporarily in the charge state19, where the
electron was captured into a higher shell (2s or 2p), will not
influence the DE(qi5110,qf5110) value too much.

FIG. 6. Monte Carlo simulation of the passage of a22Ne ion at
2 MeV/u and an initial charge stateqi5110 through a 3.8mg/cm2

thick carbon foil. The branching for each interaction step is
plained in the upper left. The values in parentheses indicate
percentage of ions with respect to the total number of ions in
final charge stateqf5110 ~bold numbers!. The final charge state
at the exit from the foil,̂ qf&, are indicated on the right side.
03290
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However, those ions~24%! that captured an electron in th
1s shell will change the measured value the most.

In Table II we give a compilation of quantities of this typ
for understanding the energy lossDE(qi5qf). We have
listed the percentage values as in Fig. 6 for all measuredqi .
A ‘‘c’’ symbolizes an electron capture; ‘‘l’’ is for the ioniza-
tion process. According to the argument given above we
conclude that the measured values ofDE for the thinnest foil
in Fig. 7 and for the charge statesqi518 to 110 corre-
spond mainly to the frozen charge states, whereas the va
for qi517 and 16 were generated mostly by the char
state18. Hence, the fractional stopping powers cannot
determined directly from the slopes of the curves in Fig.
because the contributions toDE from the charge-state fluc
tuations increase with the foil thickness, so that theDE val-
ues for the thicker foils differ from the frozen charge-sta
energy losses.

V. CONCLUSIONS AND OUTLOOK

With the method presented here it is possible to inve
gate efficiently the charge-state distributions and ene

FIG. 7. Measured energy loss of 2 MeV/u22Ne for different
charge statesqi5qf as a function of the thickness of the carbo
foils. The solid line represents the energy loss calculated in
conventional way using the values for the charge-state equilibri
the dashed lines are drawn to guide the eye. For illustration we h
marked by arrows the energy loss error and thus the foil thickn
differenceDX between theDE value represented by the full line
and our measurement forqi517 andqi5110, respectively.

TABLE II. Percentage of22Ne ions withqi5qf that have suf-
fered charge-changing fluctuations in a carbon foil of 3.8mg/cm2

thickness. c, electron capture; l, electron loss.

Process 110 19 18 17 16

no 43.3 46.5 52.9 13.5 2.9
c-l 38.0 34.4 29.3 12.7 3.5
l-c 2.8 5.5 40.2 30.5
c-c-l-l 7.0 5.1 3.1 1.5 0.4
c-l-c-l 7.8 6.2 4.4 3.4 1.1
c-l-l-c 0.8 1.1 6.0 4.5
l-c-c-l 0.5 0.8 5.3 4.6
l-c-l-c 0.5 0.8 8.0 12.1
l-l-c-c 0.1 2.2 21.0
6 and more 3.9 3.2 2.0 7.2 19.5
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losses of ions in thin foils as a function of initial and fin
charge state. These quantities were measured for Ne io
an energy of 2 MeV/u penetrating carbon foils of varyi
thicknesses (3.8–50mg/cm2). The measured charge-sta
evolutions for different initial charge states~16 to 110! can
be described by solving the rate equations; the needed c
sections were calculated. We got satisfying agreement w
the measured data without any fitting parameter. With th
cross sections a Monte Carlo simulation code was written
investigate the charge-changing history of the ions dur
their passage through the foil. In connection with the m
sured energy losses for ions that enter and leave the foil
the same charge state,qi5qf , we were able to estimate th
contributions of those ions that suffered several charge-s
fluctuations to the energy loss of those ions that passed
foil in a frozen charge state. This investigation led to t
conclusion that the stopping power for frozen charge sta
could not be extracted from the slopes of the measured
ergy loss data. This point will be the subject of a futu
study.

An interesting quantity that will be analyzed in more d
tail in further work is the energy loss and its dependence
the initial and final charge states. Such measurements
been reported previously also using magnetic spectrome
@7,16,17# by selecting initial charge states of ions from t
c

h-
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accelerator. Those measurements have estimated only th
ergy losses forqi5qf . Our method allows us to measure th
energy losses for all combinations of incident and fin
charge states. These data can now be put into a quantit
relation to the elementary processes by using the full ma
of s(qi ,qf) and DE(qi ,qf). The aim is to eliminate the
contributions to the measured energy losses of those ions
have undergone charge-changing fluctuations, and to ex
frozen-charge-state stopping powers. Finally, it should
possible to estimate the energy loss of ions with high pre
sion, even in very thin layers, where charge-state equilibri
is not yet reached. This will give a reliable basis for app
cations of ion beams using ERDA for the analysis of ve
thin films in the nanometer range as discussed by Dollin
et al. @7,18#. In addition to this, the technique described he
will give experimental access to detailed data on the p
cesses governing the passage of ions in matter.
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