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Abstract

We have modified an analytical model of induced light production by energetic ions interacting in scintillating

materials. The original model is based on the distribution of energy deposited by secondary electrons produced along

the ion’s track. The range of scattered electrons, and thus the energy distribution, depends on a classical impact pa-

rameter between the electron and the ion’s track. The only adjustable parameter of the model is the quenching density

qq. The modification here presented, consists in proposing a quantum impact parameter that leads to a better fit of the
model to the experimental data at low incident ion energies. The light output response of CsI(Tl) detectors to low

energy ions (<3 MeV/A) is fitted with the modified model and comparison is made to the original model.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

An analytical model of induced light produc-
tion by energetic ions in scintillating materials,
proposed by Michaelian and Menchaca (M–M)
[1], closely fits the data from luminescent detector
materials within a large range of energies of the
incident ions (10–100 MeV/A). However, at lower

energies, i.e. below 10 MeV/A [2], the experimental
deviations from the predictions of the M–M
model, indicate that there might be certain physi-
cal effects, important at low energy, that are not
dealt with in the original model.
The M–M model is based on the distribution of

energy deposited by secondary electrons produced
through ionization along the ion track. In this
model, the electrons initial energy x0 is found
using an impulse approximation for the momen-
tum transfer of the incident ion to electron. It is
therefore assumed, that the collisions between the
incident ion and the electrons of the medium last
for a such a short time with respect to the classical
atomic orbital period, that an impulse is given to
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the electron without changing its position during
the collision time. The electron is therefore con-
strained to move perpendicular to the trajectory of
the ion. In this model, the electrons initial energy
was shown to be [1]

x0 ¼
2

me

z�e2

bminv2

� �2
; ð1Þ

where z� is the effective charge of the ion [3] and v
its velocity, me is the electron mass and e its charge.
The impact parameter, bmin, is the minimum dis-
tance of approach between the electron and the ion
track. A classical approximation for this impact
parameter gives [1]

bmin ¼
z�e2

mev2
: ð2Þ

During its motion away from the ion’s track,
the electron deposits its energy radially according
to its specific energy loss, dE=dr. Integration of an
expression for the electron specific energy loss
given by Linhard et al. [4] gives a power law re-
lation between the practical range R and the initial
electron energy x0 of form

R ¼ axn
0: ð3Þ

This relation has been verified by experiment
[5], a is a constant which depends on the effective
atomic mass and charge of the compound material
and n takes the value of 5=3 [6].
By using a number of justifiable approxima-

tions, and including contributions from the back-
scattered electrons, the M–M model arrives at a
general expression for the electron energy deposi-
tion density per unit path length, qðrÞ, of the in-
cident ion as a function of the its effective charge
z�, its velocity v, the effective charge of the medium
Zeff , and the radial distance r from the trajectory of
the ion [1],

qðrÞ ¼ e4

nme

z�
2

v2
1

r2
@ 1
�

� r
Rmax

�dþ1=n
; ð4Þ

where d ¼ 0:045Zeff , the number of electrons per
unit volume of the material is @ and the maximum
range of electron is Rmax � að2meÞnv2n [1]. Here a is
the constant and n is the power exponent defined
in the electron range-energy relation (Eq. (3)).

To obtain a light output estimation from the
energy deposition profile qðrÞ, the M–M model
considers two basic assumptions; first, that the
regional density of electron–hole pairs (e–h) or
excited molecular structures (defined in the M–M
theory as energy carriers) created in the scintillator
material is, in the absence of quenching effects,
proportional to qðrÞ, i.e. the energy deposition
density; second, that the specific luminescence (per
unit path length) of the ion dL=dx is proportional
to the energy carrier density dNe=dx, where Ne is
the number of energy carriers.
Quenching effects, characteristic to each mate-

rial, are introduced in the model by assuming that
there is a maximum energy deposition density,
greater than which there is recombination of the e–
h pairs and the energy carrier density remains at a
maximum constant value. This, in effect, is at-
tained by assuming a limiting maximum energy
carrier density qq which is an inherent constant of
the scintillator material and the only free param-
eter of the model. Therefore, corresponding to that
particular value of qq there is a distance rq, from
the incident ion track, at which qðrÞ ¼ qq for
r < rq. The value of qq is determined by obtaining
the best fit of the model generated L versus E0
curve (where E0 is the incident ion energy) with the
equivalent experimental curve, while varying qq.
The second assumption, namely that the specific

luminescence of the ion is proportional to the en-
ergy carrier density, implies that

dL
dx

¼ C
dNe
dx

¼ k pr2qqq

2
64 þ

Z Rmax

rq

2pqðrÞrdr

3
75; ð5Þ

where C and k are overall normalization constants.
The integral is separated into two parts, the

quenched (06 r < rq) and the unquenched (rq6
r6Rmax) where rq is obtained from Eq. (4) with
qðrÞ ¼ qq.
In the present work, we have modified the M–

M model by incorporating a quantum mechanical
expression for the impact parameter (Eq. (2)) to
obtain a better fit to the experimental data in the
low energy region. In the following section we will
briefly mention some of the factors that may affect
the electron energy deposition density per unit
path length qðrÞ at low energies. Some of these
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factors appear to be adequately dealt with the
M–M approach while others do not. Comparison
of the new approach to published experimental
data is given in Section 3.

2. Modification of the M–M model

In principle, the M–Mmodel justifiably neglects
phenomena that are not important for ions trav-
eling at intermediate energies such as: the polar-
ization of the target material, and the nuclear
interactions (nuclear stopping) between the inci-
dent ion and the material nuclei (excitations and
reactions). The first is observed when, in the lu-
minescent material, several atoms of the solid in-
teract simultaneously with the ion. The collective
effect of these on the energy deposition is consid-
ered macroscopically as the result of the dielectric
polarization of the medium by their electric
charge. However, for non-relativistic ions, polar-
ization effects have only a small influence on the
deposition of energy [7].
The total stopping cross-section of ions in

matter can be divided into two parts: the interac-
tion of the ion with target atom electrons (elec-
tronic stopping) and with the target nuclei (nuclear
stopping). The nuclear stopping component is very
small at ion energies above 0.2 MeV/A, for ex-
ample, 1% of electronic stopping [8]. Since by far
the main component of the light produced by the
ions of interest in this work results from ion en-
ergies above 0.2 MeV/A, nuclear stopping will be
ignored.
Additionally, as the incident ion traverses the

medium and slows down to the order of the Bohr
velocity, it begins to pickup electrons from the
medium and hence reduces its effective charge. The
value of this effective charge is adequately taken
into account in the expression (4) by Montenegro’s
effective z�. For very low velocities (when the ion
has charge 	 1) the real charge presents marked
discontinuities and the effective charge expression
is no longer adequate. Fortunately, this effect is
only important for energies below 0.2 MeV/A,
therefore this effect is also be neglected in the
present work. The expression for z� is valid for ion
energies above 0.2 MeV/A [3].

We suggest that the deviations of the M–M
predictions from the experimental values at lower
energies, lie, for the most part, in the classical
approach of the M–M model to the impact pa-
rameter. The model considers that in an elastic
classical collision there exists a minimum classical
impact parameter given by Eq. (2) and this is de-
termined considering the incoming ion as a clas-
sical particle. However, in a rigorous description, a
particle has to be considered as a wave packet
propagating in space with a group velocity equal
to the particle velocity. The width, Dx, of this wave
packet and the spread of the linear momentum,
Dp, of its wave train components, are related
through the Heisenberg uncertainty principle.
Quantum mechanics thus gives a new limit for the
minimum impact parameter bmin since an electron
can only be localized with respect to the ion, with
an accuracy that coincides with its De Broglie
wavelength, that is bminq ¼ �h=p.
In the present work bmin is modified using the

energy deposition expression determined by Bethe
[7] and the de Broglie wavelength to obtain a new
quantum impact parameter bminq . This slight
modification of the M–M model produces, as will
be shown, a better fit to the low energy experi-
mental data.
The minimum impact parameter, bminq , using

the De Broglie wavelength of the electron is

bminq ¼
�h
p
¼ �h

mvc
; ð6Þ

here c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

q
, with b ¼ v=c. Since b � 0 and

c � 1 for low energies, bminq ¼ �h=mv is the quan-
tum impact parameter that will substitute, in the
M–M model, the classical impact parameter.

3. Results

Fig. 1 shows the experimental data of Mart�ıınez-
D�aavalos et al. [2], for the light output response (in
arbitrary units) of a CsI(Tl) detector as a function
of the incident energy for 1H, 4He and 12C ion
beams in the energy range of 1–3 MeV/A. The
dotted lines correspond to the results of the orig-
inal M–M model described in [1], using an optimal
quenching energy density of 2:3
 108 erg/g and
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the expression for the impact parameter as given
by Eq. (2). The solid lines represent the predictions
of the present work using an optimal quenching
density of 8
 108 erg/g and the quantum impact
parameter of Eq. (6).
Table 1 compares the v2 per degree of freedom

values of the model fit to the data with both the
classical and quantum impact parameters. In the
quantum case, the value of v2 is significantly re-
duced for all ions.

In conclusion, we have considered the effect of
various phenomena which may have important
consequences to the light production, within the
frame work of the M–Mmodel, at low incident ion
energy. The most important appears to be use of a
quantum minimum impact parameter bminq , since
an electron can be localized with respect to the ion
with an accuracy that coincides with its De Broglie
wavelength. We have modified the M–M model in
this respect and have shown that this simple cor-
rection improves significantly the v2 comparison of
the model with the experimental data at low en-
ergies.
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Fig. 1. Light-output response of the CsI(Tl) detector for 1H,
4He and 12C ion beams [2]. The solid lines represent the pre-

dictions with the quantum impact parameter. The dotted lines

represent the predictions with the classical impact parameter.

Table 1

Results for the v2 per degree of freedom comparison of original
and modified models with the experimental data for the ion

beams used in the 1–3 MeV/A range

Z v2 ðbmin classicalÞ v2 ðbminq quantumÞ
1 4.67 2.52

2 33.97 0.76

6 19.97 4.71
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