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b CEA, LIST, Laboratoire Capteurs et Architectures Electroniques, F-91191 Gif-sur-Yvette Cedex, France
c LPC, CNRS/IN2P3, ENSICAEN, Université de Caen, F-14050 Caen Cedex, France
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Current pulses induced in a silicon detector by 10 different heavy ion species at known energies around

10 A MeV have been sampled in time at high frequency. Their individual average shapes are quite well

reproduced by a fit procedure based on our recent charge carrier collection treatment which considers

the progressive extraction of the electrons and holes from the high carrier density zone along the

ionizing particle track. This region is assumed to present a supplementary dielectric polarization and

consequently a disturbed electric field. The influence of the nature of the heavy ion on the values of the

three fit parameters is analyzed.

& 2011 Published by Elsevier B.V.
1. Introduction

Nuclear reactions at intermediate energies lead to the emis-
sion of several fragments [1]. Their complete identification
(atomic number Z, mass number A and energy E) in a compact
and large solid angle detection geometry becomes mandatory for
studies of isospin effects with the help of exotic beams [2]. The
signals generated by heavy ions in silicon detectors have a longer
duration as compared to those corresponding to the light particles
like protons, due to a slower charge carrier collection. Known as
the plasma delay, this phenomenon was alternatively assigned to
Elsevier B.V.
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the screening of the electric field in a ‘‘conductor’’ scenario due to
the plasma created in the silicon semiconductor [3–10] or more
recently, to the diminution of the electric field due to the
dielectric polarization of this region suddenly enriched in quasi-
free carriers in a ‘‘dielectric’’ image [11,12]. The dependence of the
shape of the current or charge signal on the nature (Z, A, E) of
the incident ion via the carrier density created along its path in
the detector may become one of the runways usable for the
particle identification [12–16]. Important technical progress in
this direction has been done in the framework of the FAZIA
Collaboration [17]. It concerns the selection of highly resistivity-
homogeneous neutron transmutation doped (n-TD) silicon detec-
tors [18,19], the avoidance of the ion channeling by optimum
orientation of the impinging ions relative to the crystal axes and
plans [20], the amelioration of the preamplifiers meant to disturb
as little as possible and in any case in a controlled manner
the signal delivered by the detectors [14], the development of
(2011), doi:10.1016/j.nima.2011.03.053
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Fig. 1. Individual and mean experimental current signals induced by 80 MeV 12C

(left panel). Mean current signals induced by different ions with energies around

9.5 MeV per nucleon (right panel). All the signals were collected from the

200 mm2 and 310 mm thick detector overbiased at 190 V with ions impinging
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performant acquisition systems allowing a high frequency sam-
pling in time [21].

Based on our simple description of the current signal [12] or of
its integral, the charge signal, we go in this paper a step further on
the simulation side by exploiting experimental data got by means
of different ions selected by the LISE facility [22] at GANIL
accelerator in Caen, France. The goal is to develop a tool, based
on physical hypothesis, in order to simulate the mean shape of
the signals induced by heavy ions at various energies. This tool
may also be used afterwards to fully identify nuclear reaction
products. After a description of the experimental conditions and
of the formalism in Sections 2 and 3, respectively, a detailed
analysis of the model parameter dependence on relevant physical
quantities is performed in Section 4, while the conclusions and
prospects are given in Section 5.
on the rear side.

Fig. 2. Mean experimental current signals induced by 80 MeV 12C impinging on

the rear side of silicon detectors of 310 mm thickness. The pulses were obtained

with detectors biased at 190 V and having different areas: 200 mm2 (solid curve),

600 mm2 (dashed-dotted curve) and 1700 mm2 (dotted curve) in the left panel;

with a detector of 200 mm2 biased at 190 V (solid curve) or at 140 V (dotted curve)

in the right panel.

Table 1
Energy E, range l and mean value of the linear density of carrier pairs /N0S (at

t¼0) for the studied ions. Our fit procedure of the current signal involves three

parameters l, Nth and k (see text for explanations). The number f of parameters let

free during the simulations was 3 or only 1, namely l.

Ion E (MeV) l (nm) /N0S (pairs/nm) f

8Li 33.40 1.48 �105 6.27 �101 3, 1
12C 58.53 8.2 �104 1.99 �102 3, 1
12C 70.25 1.07 �105 1.82 �102 3, 1
12C 80 1.31 �105 1.70 �102 3, 1
12C 96.74 1.77 �105 1.52 �102 3, 1
12C 123.30 1.93 �105 1.31�102 3, 1
13N 125.80 2.15 �105 1.81 �102 3, 1
15O 141.80 1.69 �105 1.82 �102 3, 1
31Si 344.10 1.72 �105 5.56 �102 3, 1
33P 304.90 1.26 �105 6.70 �102 1
34S 375.90 1.52 �105 6.89 �102 1
36Cl 317.60 1.07 �105 8.22 �102 3, 1
37Ar 388.30 1.28 �105 8.44 �102 1
53Cr 747.00 1.77 �105 1.17 �103 1
2. Experimental details of heavy ion production and detection

A 86Kr primary beam accelerated at 41.8 MeV per nucleon by
GANIL impinged on a 10 mg/cm2 carbon target placed before the
doubly achromatic spectrometer LISE [22]. Secondary ions with
atomic numbers in the ranges 3–8, 13–18 and 22–26 produced by
projectile fragmentation were selected. The first section of LISE,
composed of one dipole, D1, and of four quadrupoles is used to
select the nuclei produced in the target according to their
magnetic rigidity Br, in which B(T) is the magnetic field in the
dipole and r (m) is the average curvature radius of the trajectories
in D1. The reaction products emitted around zero degree, within
the angular acceptance, are dispersed as A/q in the focal plane of
D1. The second section of LISE is composed of a second dipole, D2,
and of six quadrupoles Q5–Q10. Its first part (D2,Q5 and Q6)
compensates the dispersion of the first section and insures a
double achromatism, in angle and position. The quadrupole lenses
Q7–Q10 are used to focus the selected ions at the final focal point
where they are detected and identified. A degrader located in the
focal plane of D1 referred to as ‘‘Wedge selection’’ [23] is also used
to optimize the selection of the different ranges of ion atomic
numbers. A thin silicon detector, 56 mm thick labelled ‘‘DE’’, which
measures an energy loss was placed in front of the movable three
‘‘E’’ silicon detectors used for the present studies. Finally the
different ions were identified in Z and A using a double DE - Time
Of Flight (TOF) and DE�E selection. TOF measurement was realized
using the DE as start and the radio frequency from CSS GANIL
cyclotrons [24] as stop. Aluminum degraders could be placed in
front of the DE detector to reduce the ion energies.

The ‘‘E’’ n-TD silicon detectors used in this work are of the
passivated implanted planar silicon (PIPS) type [25] with an over
depleted abrupt p–n junction: a 310 mm n-type bulk, thick
enough to stop all the studied ions and an extremely thin (50–
100 nm) p-type zone. Detectors with a resistivity of 2500 O cm
(depletion bias: 128 V) and different surface areas were used. The
charge and current preamplifiers and their response function are
detailed in Refs. [14,15]. Mean current pulses (averaged over
about a 1000) digitized at 2 Gsamples/s-8 bits (ACQIRIS digitizer)
gave access to the shape of the current signals induced by the ions
impinging the detector on the n-type rear side. Fig. 1 (left panel)
shows the dispersion of individual pulses around the mean
current pulse for 80 MeV 12C. The right panel illustrates the
shapes of mean current pulses produced by various ions having
the same velocity (within 1.5%). The large differences observed
may be therefore used as a discriminating pulse shape method.

Examples of experimental mean current signals induced by 12C
of 80 MeV are also given in Fig. 2. The left panel shows the
influence of the capacitance of the detector on the shape of the
signal. The three detectors, identically overbiased at 190 V and
Please cite this article as: H. Hamrita, et al., Nucl. Instr. and Meth. A
having the same thickness but different areas, namely 200, 600
and 1700 mm2 have different capacitances. As expected, the
fastest signal is obtained with the smallest capacitance; we also
note that the shape of the signal is strongly affected for the
longest one, which may prevent any identification using pulse
shape analysis. The right panel concerns the detector of 200 mm2

area, at 140 V bias voltage, for the slowest signal, or at 190 V for
the fastest one. Once again an important variation of the signal
shape is observed in relation with the applied electric field. This
latter detector, overbiased at 190 V, was used afterwards to
perform the present study for the ions listed in Table 1.
(2011), doi:10.1016/j.nima.2011.03.053
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3. Brief review of the formalism

In order to exploit these data, we had to model in a simple
manner the current signal, as described in detail in Ref. [12],
where a three parameters chisquare fit procedure is used. All
along this paper we will keep the notations introduced in Ref.
[12], which supposes that electrons and holes (h) created along
the track of the ionizing ion are living for a while as exciton-like
couples oriented by the electric field reigning in the detector.
These couples have small electric moments eb0 given by the
product of the charge of the electron e and the mean relative
distance (or the arm) b0 between the two charges. Multiplied by
their volume concentration, these moments lead to a supplemen-
tary dielectric bulk polarization and consequently to a modified
permittivity. This scenario has as basic assumption the dissocia-
tion of the charge carrier pairs with a constant probability l per
unit of time, according to the equation:

�
1

Nðx,tÞ

dNðx,tÞ

dt
¼ l ð1Þ

the local linear density of carriers N(x,t) depending on both the
coordinate x along the ion track and the time t. At t ¼ 0, its value in
an infinitesimal slice dx is N0ðxÞ ¼Nðx,t¼ 0Þ ¼ ð1=wÞjdE=dxj, where
w ¼ 3.62 eV is the energy per e–h pair creation and jdE=dxj is the
local electronic energy loss provided by Ref. [28]. For t40, N(x,t)
decreases according to Eq. (1) as long as N0ZNðx,tÞ4Nth. Once this
threshold value Nth is reached, all the remaining carriers with linear
density N(x,t) ¼ Nth are allowed to drift towards the appropriate
electrode. They are no more contributing to the supplementary bulk
polarization and the nominal permittivity is restored. Thus, the
dissociated carriers, driven with appropriate mobilities [26,27] by
the electric field towards the electrodes, will contribute to the
electric current during their motion [29,30]. The distortion of the
electric field is simply taken into account via the modification, inside
the ion range l, of the relative permittivity e0rðx,tÞ according to the
equation:

e0rðx,tÞ

er
¼ 1þkNðx,tÞ ð2Þ

which relates it to the linear density of carriers by means of the
coefficient k [12]; er ¼ 11:7 is the ordinary silicon relative permit-
tivity. The ratio e0rðx,tÞ=er has been considered as a function of N(x,t).
It was expressed by a Maclaurin series expansion, from which we
kept only the zero and the first-order terms. By making use of the
above two equations and the three free parameters: l, Nth and k, we
could individually fit each current signal induced by the ions marked
3 in column 5 of Table 1. Their energy, range and initial linear carrier
density averaged over the range /N0S are also given in Table 1.
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Fig. 3. Values taken by the parameter k from Eq. (2) (symbols) versus the average

linear density of carriers /N0S at t¼0. The curves correspond to the results got

from the fit with two different functions: the derivative of a heaviside function (as

suggested by the integral
R
ðk�k1Þd/N0S shown in the inset) plus a constant term

fixed at the value k1 � 5� 10�4 nm (solid curve) and the ratio of a monomial and a

quadratic polynomial raised to a real power (dashed curve).
4. Current pulse simulation results

4.1. Analysis of the free fit parameters

Since each ion has a given energy, it has a specific stopping
power variation and a corresponding range in silicon. Conse-
quently it evolves in a specific detector region characterized by a
variation of local instantaneous values of the linear density of
carriers N(x,t) and of the electric field Fin(x,t) [12], governed by the
Eqs. (1) and (2). It turns out that the values taken by each of the
three parameters vary from one case to another. We now examine
and comment the dependence of the values of the parameters on
these two quantities averaged at t ¼ 0 over the range of each ion:
the average linear carrier density /N0S and the average disturbed
electric field /FinS. Since /FinS is much influenced by the value of
the undisturbed electric field, we will also show the dependence
Please cite this article as: H. Hamrita, et al., Nucl. Instr. and Meth. A
of one of the fit parameters on this quantity /FS averaged over
the range.

The value of Nth (orders of magnitude lower than /N0S) is not
essential for the quality of the simulation and we do not illustrate
it here; this parameter allowed to find the moment when the
controlled extraction of carriers for each signal is ending.

The values taken by k show no evident dependence on the
electric field strength. Conversely, they seem to be greatly influenced
by the initial density of charge carriers /N0S. This fact is shown in
Fig. 3, namely: a rapid increase followed by a decrease towards a
plateau at k1 � 5� 10�4 nm. This behaviour indicates that the higher
order terms of the development of the ratio e0rðx,tÞ=er in carrier linear
concentration power series have in fact a non-negligible contribution
which is inevitably included in the values taken by the parameter k.
We have assigned the value k1 to the coefficient of the first order
term. The quantity k � k1 represents, up to the multiplicative factor
N(x,t), the sum of the reminder, higher order terms. By studying this
quantity, we got the solid curve in Fig. 3, which is quite flat above
500 pairs/nm. This curve is the graphical transcription of the first
derivative of a generalised logistic function (as suggested by the
integral of the same quantity shown in the inset) plus the constant
k1. The alternative could be the dashed curve, crossing the above
mentioned plateau. It was obtained by means of the ratio of a
monomial and a quadratic polynomial raised to a real power. Further
investigations keeping higher order terms in the development of the
right term of Eq. (2) will be necessary. Although the two curves from
Fig. 3 seem to be quite alike, they induce very different trends of the
modified relative permittivity e0r and of the modified dielectric sus-
ceptibility w0 ¼ e0r�1 which relates the dielectric polarization vector ~P

0

to the electric field strength ~Fin : ~P
0
¼ w0e0

~F in.We plot as symbols in
Fig. 4 the relative increase of a physical quantity, namely the dielectric
susceptibility: /Dw=wS¼/ðw0�wÞ=wS, averaged at t ¼ 0 over the
range l, accompanied by the corresponding curves resulting from the
fits realized in the previous figure:

Dw
w

� �
¼
er

w
k/N0S ð3Þ

where w¼ er�1 is equal to 10.7. Note that the points around the
maxima of the two curves in Fig. 3, which exhibit a rather large
(2011), doi:10.1016/j.nima.2011.03.053

dx.doi.org/10.1016/j.nima.2011.03.053
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Fig. 4. The relative increase of the dielectric polarization (symbols) averaged over

the range of the ion versus the average linear density of carriers, both of them at

t¼0. The curves correspond to those in Fig. 3. The straight line simply assumes

k¼k1 (see text for explanations).
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Fig. 5. The dissociation time constant versus the ratio of the linear carrier density

to the electric field, both of them averaged over the range of the incident ion, at

t¼0. The full symbols correspond to the disturbed electric field /FinS, while the

open ones to the standard field /FS. The straight lines are provided by a linear fit

(see text for explanations).
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Fig. 6. The dissociation time constant versus the ratio of the linear carrier density

to the electric field, both of them averaged over the range of the incident ion, at

t¼0. The full symbols correspond to the disturbed electric field /FinS while the

open symbols to the standard one /FS. The other two parameters k and Nth of our

simulation were held fixed. The curves are provided by a parabolic fit (see the text

for explanations).
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dispersion, are nicely following the rising part of the curves in Fig. 4.
The straight line simply assumes k ¼ k1. The curves are suggesting
quite different trends towards high values of the initial average linear
carrier density. Conversely, both curves show a rising part with the
increase of the density of the electron-hole dipoles. However, when
this concentration becomes very high, the distances between different
dipoles may become shorter than the mean dipole arm b0 and their
contribution to the bulk dielectric polarization P0 will suddenly
diminish. The dielectric susceptibility versus the carrier concentration
shown in Fig. 4 will thus present such a behaviour. Both curves show
a maximum value around /N0S¼ 250 pairs/nm, which corresponds
to an almost doubling of the dielectric susceptibility. It may indicate
the region where this eventual ‘‘giant’’ dielectric polarization phe-
nomenon [12] has to be searched via direct measurements. Such a
huge dielectric constant, induced for a few tens of nanoseconds, could
also imply a change of the refraction index or of the birefringence of
single crystals biased at a few tens or hundreds volts and subject to
ionizing ion bursts or to laser pulses. Similar changes induced at
much higher voltages in materials with permanent polar constituents
are used as light modulators. A more complete description would
require the consideration of dipole volume concentration and that
exceeds the present discussion.

The most important parameter of our recipe is l, the probability
of carrier extraction per unit of time. The associated time constant
t¼ 1=l is presented in a synthetic manner in Fig. 5 versus the ratio
of the averaged initial linear carrier density to the averaged initial
field /FelS, disturbed /FinS, or not /FS. There is a very eloquent
increasing linear dependence (stressed by the fit): the current signal
is slower when the charge carriers have a higher linear density and
evolve in a weaker electric field. This is a meaningful finding
because we already knew that, at a carrier density induced by a
given ion, the probability per unit time of dissociation of the e–h
couples, l, increases with the electric field strength [12]: a direct
consequence is observed in Fig. 2 (right). It is not surprising that l
decreases when the electrons and holes reach higher densities and
thus become closer: the mutual interaction between the carriers is
hence stronger and their dissociation is slower (see Fig. 1-right). This
behaviour of the extraction probability should be taken into account
in further investigations. The correspondence between the two lines
may be found at similar values of the ordinate t: as the modified
field /FinS is lower than the standard one /FS, the corresponding
abscissa (the ratio of the carrier density and the field) is pushed to
the right, towards higher values.
Please cite this article as: H. Hamrita, et al., Nucl. Instr. and Meth. A
4.2. Measured and simulated current pulses

Given the practical purpose of the present investigation, to
parametrize in the simplest manner the time dependence of the
signals induced by heavy ions in silicon detectors, we realized fits
in which we fixed two parameters: Nth ¼ 0 and k ¼ k1. We let
only vary the essential parameter of our simulation, l, the
extraction probability per unit of time. All the ions in Table 1
are concerned; they were marked 1 in the column 5 of this table.
Since the parameter k is not allowed to vary, the modified
dielectric susceptibility will always be proportional to the carrier
concentration. Its values, averaged over range, will forcibly lie on
the straight line in Fig. 4, leading to a much reduced dielectric
polarization at lower carrier densities as compared to that
commented in the previous subsection.
(2011), doi:10.1016/j.nima.2011.03.053

dx.doi.org/10.1016/j.nima.2011.03.053
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The values of the parameter l are rather close to those obtained
when k and Nth were also free. The dependence of the associated
time constant t on the ratio /N0S=/FelS is shown in Fig. 6 (here
also /FelS equals /FinS or /FS). The domain covered on the
abscissa by the studied signals is larger than in the previous case
because of the new heavier ions included. The corresponding carrier
densities being higher, the probability of recombination increases,
otherwise leading to a pulse height defect [31]. This additional
process, which is not taken here into account, increases the rate of
disappearance of the charge carriers [32] and hence shortens their
life time constant. This fact may explain the distributions of the
points in Fig. 6, fitted with parabolas rather than with straight lines
as it was possible in Fig. 5. The chisquare values are one order of
magnitude worse than in the previous case. Pulse height defect
should be included in further simulations.

The signals simulated by holding two fit parameters fixed were
confronted for each case to the mean experimental ones as shown
in Fig. 7. The rising part and the amplitude are quite well
reproduced. The collection time is generally 10% longer when
Nth is set to zero. In spite of the experimental fluctuations around
the mean, the simulated signals are always placed in the main
zone of the individual experimental ones [15]. The quality of
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explanations).

Please cite this article as: H. Hamrita, et al., Nucl. Instr. and Meth. A
the results was not substantially depreciated in comparison with
the case in which all parameters were let free. This fact is salutary
because it may allow a simplified parametrization of the quan-
tities l,Nth and k entering in our current pulse description
procedure.
5. Conclusions and prospects

The taped current pulses induced by a specified ion depend on
several factors: the capacitance of the detector, the strength of the
electric field inside it, the characteristics of the preamplifier. We
presented the experimental mean current pulses induced by
heavy ions having different atomic numbers (3–24) and energies
per nucleon (3–15 A MeV). They were obtained by digitizing the
current provided by a silicon junction, impinged on the rear side,
and a current preamplifier of known transfer function. For a given
detector and bias voltage, the experimental pattern is sensitive to
the nature of the particle via the specific rate of energy loss. This
fact gives hope to exploit it in the future for nuclear fragment
identification. The shape of the signal was satisfactorily described
by making use of a simple, previously developed formalism,
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which assumes a supplementary dielectric polarization on the ion
track due to the presence of the created e–h couples, as
well as their progressive dissociation. Our recipe is based on a
chisquare fit procedure with three parameters. The analysis of the
values taken by these latter quantities has revealed the depen-
dence of two of them on the rate of energy loss of the impinging
ion. It suggests possible ways to take them into account in further
simulations.

The evolution of the calculated local relative permittivity e0r or
dielectric susceptibility w0, which almost doubles, has circumscribed
the domain of linear carrier density where one should search the
direct experimental evidences of the ‘‘giant’’ dielectric polarisation
suggested by our description [12]. In analogy with the Kerr’s effect
in liquids and the Pockel’s effect in crystals, this phenomenon is
susceptible to lead to applications in electro-optics.

The aim of the present work being to quantitatively reproduce
the time dependence of the current pulses, it is important to have
a database and an efficient operational formalism to be employed
for their simulation. As the mechanism is quite complex, a simple
model such as that used here has the merit to point out the main
physical quantities and to allow their easy handling and, by
synthetizing their behaviour, to understand the essential features
of the process. By holding fixed two of the three fit parametres,
we got a simplified recipe without substantial worsening of the
quality of the pulse shape description. Based on this simple
model, eventually improved, and on stopping powers, we intend
to develop an automatic procedure for reaction product identifi-
cation. For the moment, our simulation leads to different values of
the fit parameters for each studied ion and this would be a big
handicap for such a procedure. We have, however, identified
physical quantities (like the linear carrier density and its ratio to
the electric field) on which depend the parameters. In particular, a
non-linear connection between the modified dielectric constant
and the carrier concentration seems revealed. It would be of the
highest interest to include the observed characteristics in the
driving equations in order to get expressions depending on
constant coefficients, independent of the nature and energy of
the ions. They would be obtained afterwards by means of a global
fit procedure, simultaneously applied to a large number of
different ions and energies. This is the direction in which we will
focus our future efforts.
Please cite this article as: H. Hamrita, et al., Nucl. Instr. and Meth. A
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