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Charge-state dependence of energy loss in random solids

B. Rosner,* S. Datz, W. Wu,† N. L. Jones, D. R. Schultz, and C. O. Reinhold
Physics Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831-6377

~Received 14 August 1997!

We measured the energy loss of 10-, 16-, and 25-MeV oxygen ions in a thin (7.5mg/cm2) carbon foil as a
function of input charge state (q54 – 8). At this thickness, charge-state equilibrium is nearly attained, but the
energy losses accumulated over the ion’s trajectory are a function of its initial charge state. Using a set of
pertinent microscopic atomic collision cross sections computed using the classical trajectory Monte Carlo
method, we link these parameters to the observed charge-state dependence on energy loss through a classical
transport simulation. This simulation also leads to a prediction of charge-state equilibrium fractions.
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I. INTRODUCTION

It has been shown previously that under the conditions
ion channeling, where ion charges (q) are maintained~‘‘fro-
zen’’! throughout their passage, the energy loss for bare
is strictly proportional toq2 @1,2#. For channeled ions bear
ing one or two electrons at;2 MeV/u, the effective charge
for energy lossqeff is reduced by about 0.9 units per electr
~imperfect screening! @1#. A number of studies on the effec
of charge state on stopping power and effective screenin
bound electrons in random solids have been carried
These have been limited to systems in which only a f
charge-changing collisions occur@3# and to cases where onl
two charge states are involved@4#. In these cases, the da
may be adequately treated on the basis of a two-state mo
Recently, Sigmund has developed expressions for the m
energy loss penetrating solids specified into entrance and
charge states@5#. Sigmund points out that with a prope
theory ‘‘information on charge-changing cross sections,
well as the dependence of stopping power on charge s
may be gained’’ and that ‘‘to the author’s~Sigmund! knowl-
edge, no general formalism has been provided in the exis
literature that would explicitly link these intercepts to per
nent atomic parameters.’’ A program now exists calledSRIM

@6# that includes theTRIM and STOP codes. This is a usefu
code using principally fittings, but there is no fullab initio
theory used@7#. In this paper, we link the pertinent atom
parameters directly to experimental data. We choose a m
complex system and measure energy loss as a functio
charge state and impact energy at a target thickness
gives very close to charge-state equilibrium. We then take
array of computed atomic collision cross sections~i.e., for
excitation, ionization, and charge transfer! and charge-state
dependent stopping powers and, using a classical trans
simulation, derive integrated energy losses as a function
input charge state and calculate the equilibrium charge
tribution.

*Present address: Department of Physics, Technion, Israel I
tute of Technology, 32000 Haifa, Israel.
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II. EXPERIMENTAL METHOD

The experiment was performed at the EN Tandem faci
at Oak Ridge National Laboratory. The experimental ap
ratus is shown in Fig. 1. Oxygen beams with the energies
10, 16, and 25 MeV were obtained from the EN Tandem V
de Graaff. Five charge states ranging fromq54 to 8 for
oxygen ions were formed by stripping the high-energy ne
tively charged oxygen ions in a carbon foil at the hig
energy terminal of the accelerator. The final ions energ
and their charge states were defined by a set of two
analyzing and switching magnets and two sets of narrow s
beyond the magnets. The beam intensity was lowered by
two pairs of slits to a few hundred ions per second and
rected toward a thin 7.5-mg/cm2 carbon foil target positioned

ti-

n

FIG. 1. Schematic diagram of the apparatus. The beam exi
the EN Tandem is analyzed by the first 90° magnet~BM! and is
post stripped by a carbon foil~PS!. The second BM selects th
appropriate charge state. Fine energy selection is obtained by
S(1), S(2), andS(3) and the energy loss is measured followin
the Elbek magnet on a position-sensitive detector~PSD! formed
from a multichannel plate.
2737 © 1998 The American Physical Society
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2738 57ROSNER, DATZ, WU, JONES, SCHULTZ, AND REINHOLD
at the entrance port of a high-resolution Elbek magne
spectrograph@8#. The carbon foil thickness was estimated
measuring the energy loss of 2-MeV protons through it.
20-mm position-sensitive microchannel plate~MCP! detector
was mounted on the high-energy side of the focal plane

TABLE I. Energy loss of O1q ions in a 7.5-mg/cm2 carbon foil
as a function of their energy and entering (qi) and exiting (q0)
charge states. The quoted errors inDE are based on a 1-mm pos
tion resolution. They are probably much smaller.

Energy
qi ,q0 10 MeV

DE ~keV!
16 MeV 25 MeV

41 87.661.0 72.261.6
51 87.561.0 58.962.5
61 89.861.0 74.261.6 60.862.5
71 98.261.0 82.661.6 66.762.5
81 113.861.0 94.261.6 76.962.5
c

of

the spectrograph where its energy dispersion is the highe
determine exactly the energy of the impinging ions.

The MCP detector was calibrated by two equivalent me
ods. The magnetic field of the spectrograph was set so
the high-energy ion beam will hit the detector at its far en
The magnetic field was then increased a little until the be
moved to the near end of the detector. Using the well-kno
dispersion formula of the spectrograph, an almost linear
ergy calibration for the small detector was easily obtain
The calibration was confirmed by a second measuremen
which the magnetic field was kept constant, by measur
the decrease in the beam energy needed to move the b
from the far end of the MCP detector to its near end.

The energy loss (DE) of the high-energy (E) ions in the
carbon foil was determined as follows. With the carbon t
get in the ‘‘out’’ position, the magnetic field of the spec
trograph was adjusted so that the preselected ion charge
will hit the MCP detector close to its high-energy end. Fro
the location and the width of the beam spot on the detec
5
ial and
TABLE II. Relevant mean free paths~in mg/cm2! for oxygen ions colliding with carbon at 10, 16, and 2
MeV, computed as described in the text. The description of the reactions is given by denoting the init
final states of the projectile ion as (q,n1 ,n2 ,n3 ,n4), whereq is the ion charge andni ( i 51,2,3,4) is then
level of each of the~up to! four electrons tracked.„For example,~4,1,1,2,2!→~5,1,1,2,0! stands for
O41(1s2@n52#2→O51(1s2@n52#1).… Also, numbers in brackets represent powers of 10.

Reaction 10 MeV 16 MeV 25 MeV

~4,1,1,2,2!→~5,1,1,2,0! 2.6915@21# 3.1760@21# 3.9387@21#

~5,1,1,2,0!→~4,1,1,2,2! 2.6574 5.9303 1.1728@1#

~5,1,1,2,0!→~6,1,1,0,0! 8.1686@21# 1.0497 1.2496
~5,1,1,2,0!→~6,1,2,0,0! 3.7690@1# 1.7068@1# 9.7643
~6,1,1,0,0!→~5,1,1,2,0! 1.8255 3.7622 7.4709
~6,1,2,0,0!→~5,1,1,2,0! 9.0100 4.1244 2.6574
~6,1,1,0,0!→~6,1,2,0,0! 3.0514@1# 2.7442@1# 1.8415@1#

~6,1,1,0,0!→~6,1,3,0,0! 1.8913@2# 1.1049@2# 8.9333@1#

~6,1,2,0,0!→~6,1,1,0,0! 8.3973@1# 7.8333@1# 6.3043@1#

~6,1,2,0,0!→~6,1,3,0,0! 1.5324 1.8744@1# 2.0382
~6,1,3,0,0!→~6,1,1,0,0! 8.8207@2# 1.1794@3# 7.7466@2#

~6,1,3,0,0!→~6,1,2,0,0! 3.3217 3.6766 3.9535
~6,1,1,0,0!→~7,1,0,0,0! 2.8179@1# 1.3121@1# 7.8042
~6,1,2,0,0!→~7,1,0,0,0! 8.3973@21# 1.0291 1.3632
~6,1,3,0,0!→~7,1,0,0,0! 2.6144@21# 3.0381@21# 3.7826@21#

~7,1,0,0,0!→~6,1,1,0,0! 2.8679 4.1653 9.8100
~7,1,0,0,0!→~6,1,2,0,0! 1.5904 2.7696 5.5246
~7,1,0,0,0!→~6,1,3,0,0! 3.3751 7.6063 1.6530@1#

~7,2,0,0,0!→~6,1,2,0,0! 1.4379 2.0785 4.9050
~7,3,0,0,0!→~6,1,3,0,0! 1.4379 2.0785 4.9050
~7,1,0,0,0!→~7,2,0,0,0! 4.0528@1# 3.6447@1# 3.4815@1#

~7,1,0,0,0!→~7,3,0,0,0! 2.5354@2# 1.8913@2# 1.7943@2#

~7,2,0,0,0!→~7,1,0,0,0! 5.7833@1# 4.9050@1# 4.4954@1#

~7,2,0,0,0!→~7,3,0,0,0! 2.1313 2.1035 2.6811
~7,3,0,0,0!→~7,2,0,0,0! 3.5283 3.8379 4.2844
~7,1,0,0,0!→~8,0,0,0,0! 5.7674@1# 2.6880@1# 1.7641@1#

~7,2,0,0,0!→~8,0,0,0,0! 1.0142 1.3121 1.6530
~7,3,0,0,0!→~8,0,0,0,0! 7.1895@21# 3.7488@21# 4.4011@21#

~8,0,0,0,0!→~7,1,0,0,0! 1.4889 2.1400 4.2497
~8,0,0,0,0!→~7,2,0,0,0! 1.1599 1.9085 3.7622
~8,0,0,0,0!→~7,3,0,0,0! 2.3910 5.9136 1.1794@1#
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the total-energy resolution of the system was determined
DE5331024E. The carbon target was then lowered to
‘‘in’’ position and the new location of the same charge-sta
ions on the MCP detector was determined without the n
for any changes in the spectrograph magnetic field. From
difference in the position signals obtained between the
and in runs, the energy loss of the ions in the carbon foil w
readily evaluated and is given in Table I.

The accuracy of the method is based on the fact that b
measurements could be done without the need to change
spectrograph’s field, thus avoiding any hysteresis effe
This gives, of course, an upper limit (;10mg/cm2) to the
target thickness that can be used in the experiment. Howe
this is not a severe limitation even for heavier projectiles.
the other hand, such an accurate energy-loss measure
can be only done with a single outgoing charge state, the
that is identical to the incoming charge.

III. SIMULATION AND DISCUSSION

By simulating collisions of ions with foils, we can tes
and extend our understanding of the processes leading to
observed experimental results. For example, quantities s
as the ion charge state and stopping power as a functio
foil thickness can be examined. Such simulations also rep
sent a significant challenge in that a wide range of atom
collision cross sections must be computed in order to tr
the most important reactions that impinging ions suffer
their passage through the foil. These reactions determine
time-dependent charge state of the ion and therefore its
cumulated energy loss.

In particular, the collision of an ion with a solid can b
simulated by utilizing a classical transport approach. Fi
we have calculated the reaction cross sections, using the

FIG. 2. Projectile charge-state fraction as a function of impa
ing ion energy for O5281 ions passing through thick carbon foils
The results of the present simulation are shown by symbols and
experimental results compiled by Shima, Mikumo, and Tawara@11#
are shown by the curves.
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sical trajectory Monte Carlo~CTMC! method@9# as applied
to binary ion-atomic collisions. The choice of this method
motivated by the fact that a wide range of reactions must
treated~i.e., state-selective charge transfer from both tar
K andL shells and state-selective projectile stripping for 1
16-, and 25-MeV O42811C collisions!. Therefore, the theo-
retical method must be applicable to treating this many s
tems and channels quickly and reliably. The validity of t
CTMC method is well established for this range of energ
and collision partners, specifically, collisions involving pri
cipally one-electron processes such thatq/v;1, v being the
collision velocity.

The choice of reactions to include is simply based
judging which have large cross sectionssa such that the
corresponding mean free pathsla5san ~where n is the
number density of foil atoms anda labels the reaction chan
nel! are of the order of the foil thickness. We also negle
correlated ~i.e., nonindependent! two-electron processes
Table II lists all the reactions~and their computed mean fre
paths! that we include. The reactions tabulated include su
mation over subshell contributions. Specifically, for tran
tions where the charge stateq→q21, we include electron
capture from both theL andK shells of carbon. At collision
energies greater than 20 MeV capture from theK shell is
dominant, but near 10 MeV, both shells’ contributions a
comparable. Forq→q11 transitions, we include direct ion
ization of the projectile ion by the screened target nuclei a
target electrons@10#. Since the projectile electrons in O5271

are tightly bound, the former dominates. Capture can oc
into ground or excited states and collisions with target el
trons and nuclei can lead to excitation rather than ionizati
Projectile excitation to levels greater thann54 were added
to the ionization cross section since such levels would
quickly stripped by the lattice.

To calculate the stopping powers we assume that the t
evolution of the charge state of the ion is a stochastic proc
governed by these binary collision cross sections. The pr
ability distribution of a given reaction after a given pa
length x follows the Poisson distribution, i.e.,Pa(x)
5la

21ex/la. Thus we perform a simulation in which tens o
thousands of projectile trajectories are followed throu
steps determined by Monte Carlo sampling of the Pois
distributions for each reaction channel. Following a reacti
the next transition to occur is determined from the small
sampled path among the open reaction channels. The re
ing charge-state distributions as a function of collision e
ergy are shown in Fig. 2 for a thick foil (50mg/cm2). Our
results are in good agreement with the compilation of m
surements made by Shima, Mikumo, and Tawara@11#. This
indicates that the atomic collision cross sections and
simulation are reasonable.

Next the energy lossDE of a given ion is

DE5(
i

f ~qi !DEH , ~1!

where the sum extends over the local values of the charg
the ion in between two charge-changing collisions. The
ergy loss for a given charge is extrapolated from the ene
loss of protonsDEH in carbon foils @6# using the factors
f (qi). We ignore energy straggling. The experimental e
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FIG. 3. Calculated differential energy-loss spectrum of 10-, 1
and 25- O5281 ions passing through a 7.5-mg/cm2 carbon foil. The
different spectra for a given impinging energy correspond to i
that have the same exit charge as they possessed when incide
the foil.

FIG. 4. ~a! Charge-state fraction and~b! stopping power as a
function of foil thickness for 16-MeV O5281 ions passing through
carbon computed from the present simulation~curves!. Also shown
are the compiled charge-state fraction data of Shima, Mikumo,
Tawara@11# ~solid squares! and present stopping power measu
ments~open triangles!.
ergy loss corresponds to the average ofDE over a large
ensemble of ion trajectories. We estimate that even the m
mum energy loss from charge-changing collisions is ne
gible compared to the energy loss from excitation and i
ization.

For fully stripped ions, the conventional approximatio
~the first Born approximation! is to scale the proton-impac
data by the charge squared~i.e., q2!. However, several ef-
fects modify this scaling.~i! Incomplete screening by boun
electrons enhances the stopping@1,4#. That is, electrons par
tially screen the nuclear charge by a variable amount a
function of the distance to the nucleus, leading to enhan
ionization @12#. ~ii ! It is well known that thisq2 scaling
breaks down for sufficiently highly charged ions~depending
on v/q due to saturation!. For highly charged ions the ion
ization probability approaches unity at small impact para
eters and thus an increase of ion charge cannot lead to
creased reaction probability.~iii ! Finally, these effects~i! and
~ii ! would, in a full treatment, have to be recast into a re
istic dynamic response of the solid, e.g., the full nonline
wake, an open problem of current interest@13#. For instance,
the saturation of the stopping becomes equivalent to the n
linear response of the medium. For simplicity, in this wor
we assume that theq2 law is valid for fully stripped ions and
we correct for the atomic screening by electrons in the ion
calculating the ratio of the partially stripped to fully strippin
stopping in binary ion-atom collisions using the CTM
method, i.e.,f (q)5c(q)q2, c(q) being the correction factor
c(q) is of the order of 1.3 for O51 and 1.06 for O71.

Thus coupling our simulation of the time-evolving char
state with the accumulation of energy loss using the app
priately scaled proton-impact stopping power data, we h
obtained results for the energy losses anticipated in this

-,

s
t on

d
-

FIG. 5. Energy loss of 10-, 16-, and 25-MeV O5281 ions pass-
ing through a 7.5-mg/cm2 carbon foil. Solid symbols indicate the
present experimental results and the curves give the result of
present simulation. Note that the experiment and simulation res
are determined for ions that have the same exit charge as
possessed when incident on the foil.
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57 2741CHARGE-STATE DEPENDENCE OF ENERGY LOSS IN . . .
periment. Figure 3 shows the calculated energy distributi
of the emergent ions, illustrating the typical width due
charge-changing collisions~which is not measurable in th
experiment because of the intrinsic beam width!. Especially
for the highest energy, the nearly discontinuous shape of
distributions near their peaks provides an indication t
charge-state equilibration has not been reached.

In Fig. 4 we display the charge-state fraction and the st
ping as a function of foil thickness for 16-MeV Oq1 inci-
dence. The upper curve shows the decay of a fixed~100%!
charge state towards its equilibrium value, illustrating t
thickness necessary to reach equilibrium. To this end,
cross sections have been kept constant, i.e., they do
change as the ions slow down. The charge-state fract
reach their equilibrium values for foils thicker than abo
10– 15mg/cm2. However, even though the stopping powe
tend towards a common value, owing to the larger accum
lated energy loss for the higher charged ions, they do
completely converge even for a very thick foil. Clearly, t
present foil (7.5mg/cm2) is a good candidate to observe si
natures of pre-equilibrium energy loss.

Figure 5 shows the energy loss as a function of io
charge state for various oxygen ions impinging on the t
carbon foil for three incident energies. The departure from
constant value of the stopping power reflects the fact that
foil thickness is comparable to the equilibration distanc
Our calculations show that equilibration is reached afte
few mg/cm2 and therefore the rise for high-charge states
due to differences in energy loss accumulated over the
nd

rn
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length prior to equilibration. These results can be contras
with previous experiments at lower energies, which ha
shown that charge-state equilibration may be reached wi
one or very few atomic layers@14#. That is, in the presen
work the charge-transfer~filling ! rates are enormously lowe
than those for slow collision and equilibration requir
longer path lengths in the solid. The satisfactory agreem
between the simulation and experiment indicates that
large quantity of atomic collision cross sections and the ba
assumptions of scaled proton-carbon stopping powers
reasonable models for this case.

The agreement between theory and experiment for O51

relies on the enhancement of the stopping power due to
complete screening by bound electrons. We have also
formed measurements for impinging 30-MeV Cl ions, a
our calculations indicate that the incomplete atomic scre
ing effect accounts for the significant enhancement of Cl io
over O ions of equal ionic charge. Due to the large num
of electrons in Cl, we find that, for example, the experime
tal energy loss of Cl81 is a factor of 2 larger than that fo
O81.
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