JC

e Fermilab FERMILAB-FN-0835-APC November 2009

Modeling Heavy lon lonization Energy Loss at Low
and Intermediate Energies

[.L. Rakhno
Fermilab, P.O. Box 500, Batavia, 11linois 60510

November 17, 2009

Abstract

The needs of contemporary accelerator and space projddts sgynificant efforts
made to include description of heavy ion interactions wititter in general-purpose
Monte Carlo codes. This paper deals with an updated modetaifyhion ionization
energy loss developed previously for the MARS code. The mnagleees well with
experimental data for various projectiles and targetsuatioly super-heavy ions in
low-Z media.

1 Introduction

The MARS code is developed for detailed Monte Carlo modetihgadronic and elec-
tromagnetic cascades in realistic geometry for variouslacator, shielding, detector and
space applications. The recent needs of the Relativistavy4éon Collider, Facility for
Rare Isotope Beams, Large Hadron Collider and NASA projsetsed as an incentive
to implement heavy-ion collision and transport physice itite MARS15 code [1]. The
present paper describes the following updates to our puslyiadeveloped model of ion-
ization energy loss [2]: (i) a modified Thomas-Fermi expi@s$or ion effective charge,
Zei £, based on that by Pierce and Blann [3]; (ii) taking into actavailable information
on probabilities of different ion charge states for fewetllen heavy ions at intermediate
energies [4]. When developing the modified expression foreffective charge, our pur-
pose was both keeping the simplicity of the expression bycBiand Blann and taking into
account the experimentally observed dependencfon target material [5]. Compar-
isons with experimental data are presented as well.
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2 Updated Model of lonization Energy Loss

lonization loss of a heavy ion is usually represented as dymtoof proton ionization loss
and the ion effective charg@&ess. Such an approach is based on results of various au-
thors who studied correlations between experimental dapeaton and heavy ion stopping
power (seege.g., [3], [5] and [6] and references therein). For super-heansj however,
validity of the approach is still questionable.

At energies above 1 MeV/nucleon, ion effective charge isaligulescribed with an
expression either by Pierce and Blann [3] or by Huleedl. [5], while at lower energies
the formalism by J. Ziegleat al. is preferable [7]. Recently another dataset was introduced
[8] that describes effective charges from 1 keV/nucleonaup@00 MeV/nucleon for ions
from sLi up to 1gAr. In our model, three energy regions are used in order tortesthe
heavy ion effective charge: (i) at energies below 1 MeV/aanlthe formalism by J. Ziegler
[7] is used; (i) we modified the expression by Pierce and BIE] in order to take into
account dependence of the effective charge on target mkgnd the modified expression
is used at energies above 3 MeV/nucleon; (iii) an interpatais performed for energies
between 1 and 3 MeV/nucleon. As an extra option, at enerdieseal00 MeV/nucleon
a distribution of ion charge states can be used instead déftbetive charge and such a
replacement leads to a better description of experimeatal oh stopping power of heavy
ions at energies 100-300 MeV/nucleon [4].

Having defined the ion effective charge that serves, in @adr, as a multiplicative
factor to be applied to proton stopping power, one uses tl@xfimg algorithm in order to
describe a heavy ion stopping power:

1. At energies below 10 MeV/nucleon, tabular data on protopgng power from [9]
and [7] is used.

2. Atenergies between 30 and 80 MeV/nucleon, a weightecgedretween two com-
ponents is used. The first component is proton stopping peweording to the
Bethe-Bloch formalism with appropriate corrections cidted for theproton. The
second component is the same proton stopping power acgaalihe Bethe-Bloch
formalism but with the corrections calculated for tba usingZes .

3. At enetgies between 10 and 30 MeV/nucleon, an interoldtetween 1.) and 2.) is
performed.

4. Atenergies above 80 MeV/nucleon, proton stopping posveaiculated according to
the Bethe-Bloch formalism with appropriate correctionkekted for theon using

Zeft.

The corrections mentioned above are calculated accordifii-[11] and include the
following: shell, Barkas, and Lindhard-Sgrensen coroedi The latter describes correc-
tions to the first Born approximation which the Bethe-Bloleldry is based on.



2.1 Modified expression for ion effective charge

The expression for the ion effective charge from [3] was leté using experimental data
for 5-90-MeV beams o12S, 3°Cl, 7®Br, and'?’| as well as data for similar ions published
by other authors, so that ions heavier th4fh were not taken into account. The expression
did not include any dependence on target material:

Zeft _q_ exp(—0.95v;), 1)
Z1

where the reduced velocity is v/(vto/?’), Z, is projectile atomic numbey, is projectile
velocity, andvp = € /h.

At the same time, experimental data made available appaigigntwo decades later
clearly demonstrated some dependence of the ion effedtimge on target material, and
the effect is the most pronounced for super-heavy ions likeium [5]. In order to fit the
experimental data, the authors introduced an expresstbrsixiparameters and did include
a dependence on target material. From a numerical startgbowever, that number of
parameters can be considered as a drawback because oflaljpp$siget the same value
of the fitting function for various combinations of parameterlhe latter can give rise to an
irregular behavior of the predicted effective chaxgerojectile or target atomic number.
This statement may be confirmed by the fact that the authiialiynprovided a set of the
six fitted parameters for nine target materials, from Be ufaipbut later they reduced the
amount of such target materials to two (Be and C) and intredsome smoothing in their
fitting procedure [12].

We made an attempt to keep the simplicity of the expressipmaridl introduce a de-
pendence on target material atomic numlZer,in it, so that we consider the following
expression:

Zell _ 1 exp(—0.95 fc), )
Z;

where the correction functiorf¢(Z2), for projectiles withZ; lower than 35 is assumed to
be equal to 1. We performed a fitting using the latter expoesand experimental data
collected in [5] and [12] for various ions (O, Ar, K¥*?Xe, 298pPb, 238U ) and for a number
of target materials. The result of the fitting is presentedriopp 1. Such a dependence
reproduces the experimentally observed reduction of fleetafe charge with target atomic
number [5]. Comparisons with experimental data on stoppmger for various ions are
givenin Sec. 3.1.

2.2 Distributions of few-electron ion charge states

Using an ion effective charge in ionization loss theory at-nelativistic energies repre-
sents, in particular, an approximation when a realisticdbarge-state distribution is re-
placed with araveraged ion charge. At present, detailed information on such distrons



for various projectile-target combinations in a wide eei@nge hardly exists. At ion en-
ergies of a few hundred MeV/nucleon, however, the ions atdully stripped and keep
only a few electrons. For this energy range there are seweraputer codes, based on
pre-calculated atomic interactions cross sections, ff@tv as to predict such charge-state
distributions [13]. Using the information, ionization &gg loss of a heavy ion can be
presented in the following form:

=y, ©

wherep; is a probability of finding the ion in charge stajeand %—E(qi) is corresponding

stopping power. We implemented the possibility of usingrghsstate distributions into
the MARS code and for this purpose the distributions pravidéeh the code CHARGE

were used. Detailed comparisons with experimental datéompsg powers in this energy
region are given in Sec. 3.2.

3 Comparison with Experimental Data

3.1 Low energy region

First of all, we present a comparison between experimeatal @d our model for the case
of super-heavy ions in loviZ- media that demonstrates the accuracy of description of ion
effective charge. In Fig. 2 one can see that in these casaginésticated formalism from

[5] has no advantage over our model.
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Figure 1: Calculated correction function for the expresg).
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Figure 2: Comparisons between experimental data [5] orpgtgpower o%Pb ions and
the model predictions for the case of different expression®n effective charge.

Comparisons between experimental data on ion stoppingnscavel our model for a
number of heavy ions and for light, medium and heavy targetenat energies from a
fraction of MeV/nucleon up to 100 MeV/nucleon are given igs:i3 thru 5.



The overall agreement is good. Noticeable discrepanceslagserved only at energies 1
MeV/nucleon and below. In order to partially resolve theljpeon at such low energies and
down to 1 keV/nucleon, one plans to replace the effectivegehdescription from [7] with

the formalism from [8].
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Figure 3: Comparisons between experimental data [5] (syshlad our model (lines) on
stopping power ot80 and*°Ar ions in various targets.



86 .
60 Kr ions i
o)
£
5 40
>
[¢D)
2
X
S
Yook
0
10
Kinetic energy (GeV/A)
~ 132 .
/N Xe 1on
100 - /R S
£ * Be
=
o
>
S
< 50
S
L
©
0l S Y
10 10° 10° 10* 10° 10"

Kinetic energy (GeV/A)

Figure 4: Comparisons between experimental data [5] (syshlbod our model (lines) on
stopping power of®Kr and132Xe ions in various targets.
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Figure 5: Comparisons between experimental data [5] (syshlbod our model (lines) on
stopping power of%Pb and?3U ions in various targets.



3.2 Few-electron heavy ions

Comparisons between experimental data and model preakadio stopping power of super
heavy ions at energies between 100 and 1000 MeV/nucleortigittibutions of ion charge
states taken into account according to the expressioné3hawn in Fig. 6.
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Figure 6: Comparisons between experimental data [4] ancehprddictions on stopping
power of2%8Pp and?%°Bi ions in various targets. Black symbols—code ATIMA [143dr

symbols—present model.



The overall agreement of our model with the experimenta ttaiks good. The worst
disagreement is observed fPb ions on tantalum and it is about 3%. The code ATIMA
agrees with the experiment for such a projectile-targetmnation better. For all the other
presented cases the code has no advantage over the presentdd
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