INTERNATIONAL JOURNAL OF ADAPTIVE CONTROL AND SIGNAL PROCESSING
Int. J. Adapt. Control Signal Process. 2007; 21:375-390
Published online 18 October 2006 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/acs.927

Detection and clustering of light charged particles via
system-identification techniques

F. Previdi1’4’*’T, Sergio M. Savaresi’, P. Guazzoni>* and L. Zetta>*

" Dipartimento di Ingegneria Gestionale e dell' Informazione, Universitd degli Studi di Bergamo, Italy
“ Dipartimento di Elettronica ed Informazione, Politecnico di Milano, Italy
3 Dipartimento di Fisica, Universitd degli Studi di Milano, Italy
4 Istituto Nazionale di Fisica Nucleare, Milano, Italy

SUMMARY

The problem considered in this work is the classification of the particles produced by the collision of a
heavy ion beam on a target. Each particle is captured by a detector and results in a signal (which is the
impulse response of a dynamic linear system), which is measured by a digital acquisition system. The
assumption made herein is that the shape of the impulse-response contains complete information on
the particle, and the classification can be done by pulse-shape, analysis.

In this work, a complete procedure for the particle identification is proposed. The main idea is to use the
cascade of a state-space identification algorithm and a parametric non-linear map using the model
parameters as input regressors. The algorithm has been tested on a large set of impulse-responses and
provides a fully automatic accurate classification of the isotopes.

This work focuses on isotopic identification of the most energetic light charged particles (LCP). All the
experiments are made with the large detector array CHIMERA (Charge Heavy lons Mass and Energy
Resolving Array). Copyright © 2006 John Wiley & Sons, Ltd.
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1. INTRODUCTION AND PROBLEM STATEMENT

The topic of this paper is a classical problem in nuclear physics: the classification of the particles
produced by the nucleus—nucleus collision.
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376 F. PREVIDI ET AL.

The standard investigation approach in heavy ion reaction physics is the measurement and
analysis of the collision effects of a heavy ion beam over a target. The nuclear reactions induced
by the nucleus—nucleus collision produce a large number of fragments with different energy,
charge and mass values. These fragments move away from the collision point in 4n directions
(i.e. in all directions), and are captured by large detector arrays [1].

The specific detector considered in this work is the large detector array CHIMERA (charge
heavy ions mass and energy resolving array). Each detection cell of CHIMERA contains two main
elements: a thin Si detector and a thick CsI(Tl) scintillation counter read out by a photodiode. The
Si detector is a semiconductor device in which the impact of a charged particle produces a charge
displacement, which is detected as a current by means of an applied voltage. The CsI(TI)
scintillator is a solid-state detector, which generates a light pulse when hit by a charged particle.

The detection path of CHIMERA is concisely described in Figure 1. When a reaction product
hits the detector, it loses a fraction of its energy (AE) in the Si detector and the remaining part
(E) in the CsI(TI) scintillator. The energy released in the scintillator is transformed into a light
pulse collected by a photodiode. Then, the output of the photodiode is fed into a
preamplification stage and a signal v(¢) is generated. Similarly, the output of the Si detector is
fed into a preamplifier and a signal u(¢) is generated, from which the energy loss AE can be
measured. The residual energy E can be measured using v(z).

Starting from these measurements, the problem is to correctly classify the corresponding
particle.

The classical method for the classification of the fragments produced by nuclear reactions at
intermediate energy is generally based on manual or semi-automatic procedures [2]. In Figure 2
a zoom of a typical E-AF scatter plot is displayed, for a set of elements ranging from hydrogen
(charge Z = 1) to beryllium (charge Z = 4). It is easy to see that good isotopic identification is
obtained for heavy charged particles (HCPs, Z > 3) in the E~AF scatter plot, whereas in the case
of light charged particles (LCPs, Z<3) a good isotopic identification is possible only for less
energetic products.

The classification of LCP henceforth requires the inspection of the complete impulse CsI(TI)
response v(f), which is the most informative measurement. This technique is known in literature
as pulse-shape analysis, and it is grounded on the idea that different particles interact with the
detector in different ways, and the shape of the pulse response represents a complete signature
(mass, charge and energy) of the particle. In Figure 3 an example of measured impulse response
w(t) is displayed.

Pulse-shape analysis is described in the literature, and it has been widely adopted [3—14]. It
usually consists in a rough estimation of two parameters (which are somehow related to the two
main time constants of the impulse response—see, e.g. [4,6,14] and an analysis of their value for
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Figure 2. Example of a E-AE scatter plot for a beam of *°Ne at 21 MeV per nucleon on a '>C target. This
picture is a zoom of the whole plot and it concerns only the lighter fragments.
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Figure 3. An example of measured CsI(Tl) impulse response v(¢).

particle classification. The objective of this work is to develop a complete, more accurate, and
fully automatic analysis of the impulse response, using system-identification tools. More
specifically, the method proposed herein is based on a two-step algorithm:

® a subspace identification method is used to estimate the four parameters of a discrete-time
linear model from the sampled impulse response [15-18];
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® a parametric non-linear map is identified; its output is the particle classification; its input
regressor vector is the set of parameters of the estimated dynamic linear model [19].

The tuning and the validation of the algorithm have been performed using a set of pulses
produced by known particles, in an experiment where a beam of *’Ne at 21 MeV per nucleon
bombards a '*C target.

The development of the proposed classification method has been made possible by the
introduction of the new digital electronic equipment, recently developed using CHIMERA
detectors, which allow fast digital sampling of the measured pulses [20].

The paper is organized as follows: in Section 2 the experimental set-up is outlined. In Section
3 the state-space identification of dynamic models from impulse response is described, and the
experimental results are outlined. In Section 4 the particle classification is presented and
discussed.

2. EXPERIMENTAL SET-UP

The experimental device used for this work is the 47 multidetector array CHIMERA installed at
Laboratori Nazionali del Sud (Catania, Italy), which is specifically designed for the study of
heavy ion reactions at intermediate energy (up to 100 MeV/nucleon). Its aim is the detection of
the products of a nuclear reaction between heavy ions. In this context, detection means the
measurement of the energy, mass and charge of each fragment. The 4z attribute means that the
detector is composed of many detection modules which almost completely cover the solid angle.
CHIMERA is able to intercept almost all the fragments produced in a nuclear reaction,
whatever is their direction of arrival. CHIMERA is specifically designed to investigate
fundamental heavy ion nuclear physics at intermediate energies, including, as a possible result of
nuclear reactions, the nuclear matter equation of state, the liquid—vapour phase transitions, the
hot nuclei instability, the ion—ion collision dynamics and the multifragmentation (which is the
phenomenon this work focuses on).

During CHIMERA standard operating conditions, a beam of accelerated nuclei delivered by
a superconducting cyclotron is shot over a thin target placed inside a vacuum chamber. When
an accelerated nucleus collides over a target nucleus, the hot and compressed system formed in
the early stage of the collision can de-excite, leading to the generation of many fragments with
different charge, mass and energy, ranging from a single proton to the beam element and
moving away from the collision point in 4n directions. The fragments are distributed on a wide
energy range, whose extreme values depend on the incident beam energy and the occurred
reaction.

CHIMERA is constituted by a set of 1192 detection cells arranged in 35 rings with cylindrical
geometry around the beam axis (Figure 4). The rings are divided into two blocks. The first block
is a set of 18 rings, composed of 688 detectors, arranged with a cylindrical geometry. They are
placed at a distance from the target along the beam direction variable from 3.5 to 1.0 m, with
increasing angle. This first block covers the polar angle between 1° and 30°. The second block is
a set of 17 rings, composed of 504 detectors, placed around the target with a 0.4 m radius
spherical geometry inside the reaction vacuum chamber. They cover the polar angle ranging
between 30° and 176°. Using this set-up, about 94% of 4 is covered.
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Figure 4. An image (top) and a schematic representation (bottom) of CHIMERA.

Each detection cell is a telescope composed of a CsI(TI) scintillation crystal with a thin Si
detector in front of it. After the beam collision over the target, the particles produced by the
reaction move towards the detection cells. When a particle enters a telescope, it travels through
the Si detector, releasing a fraction AFE of its energy, which is measured by the detector; then, it
goes forward inside the scintillator, which is supposed to be thick enough so that the particle
comes to a complete stop and releases the remaining part E of its initial energy.
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Table I. Description of the data set.

Isotope Atomic Atomic mass Number of
number (Z) number (A4) available pulses
'"H (protons) 1 1 921
’H (deuterons) 1 2 981
3H (tritons) 1 3 992
*He 2 3 988
“He 2 4 977
°Li 3 6 992
"Li 3 7 900
"Be 4 7 512
°Be 4 9 530
Heavy ions =5 =10 991

In the scintillation counter, the energy delivered by the particle is converted into a light pulse
[21,22]. The scintillator is coupled to a photodiode, which collects the emitted light and produces
a current output, strictly proportional to the light intensity. The current is transformed into a
measurable voltage signal v(¢) by means of a charge preamplifier. The voltage pulse is sampled
with 10 ns sampling time and 14-bit resolution. For each pulse, 2048 samples are measured and
stored in the system memory. A full description of the digital measurement set-up can be found
in [3].

The data set used in this work has been collected during an experimental session involving a
beam of *°Ne at 21 MeV per nucleon on a '’C target and concerns only the pulses from the
CsI(Tl) scintillators. The data set consists of 8784 pulses, each composed of 2048 samples
measured with a 10 ns sampling time and about 20 ps long. After the elimination of the baseline,
each pulse is composed of about 1600 samples. The data set is described in Table I. Note that
the pulses have been preliminarily classified using the standard two-gate method [20]. The two-
gate method is based on the comparison between the so-called fast and slow components of the
light pulse. The estimates of the two components are obtained by integrating, over two time
intervals A¢, and At,, the output of the shaping amplifier at two proper time ¢, and %,.

3. SYSTEM IDENTIFICATION FROM IMPULSE RESPONSES

For each particle from the CsI(Tl), a 16 uslong impulse response v(7) is measured. The basic idea
of the method proposed in this work is to consider the measured signal v(¢) as the impulse
response of a SISO (single input single output) linear time-invariant dynamic system and
to solve a system-identification problem. The estimated parameters of the dynamic system are
then used as input regressors of a parametric non-linear map which performs the particle
classification.

More specifically, it is assumed that v(¢) is the impulse response of a third-order linear system,
and that its Laplace transform V(s) has the following form (see Figure 5):

1 2 K
V(s) = s 1
(s) 1+STm(1+STs+]+STf M
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Figure 5. Sketch of the model and the measurement process.

As a matter of fact, it is assumed that [4-6,14,20]:

® the dynamics of the particle interaction with the detector can be modelled as a four-
parameter second-order strictly proper (single-zero) linear system with a fast pole (time
constant 7¢) and a slow pole (time constant t);

® the dynamic effect of the charge preamplifier can be modelled as a unitary-gain first-order
low-pass filter (time constant z,,).

Since the data acquisition is made with a digital system, the measurement device is
complemented with an A/D converter (sampling time 10ns, 14-bit resolution). Moreover, the
signal is assumed to be affected by a stationary zero-mean additive noise, namely,

WkAT) = w(kAT) + e(kAT), k=1,2,3,4,...,N 2)
where:

® AT is the sampling time, k is the discrete-time index and N is the available number of data
(N = 1600);

® (kAT) is the measured (noisy) impulse response;

® y(kAT) is the noise-free impulse response;

® ¢(kAT) is the measurement noise (which also embeds the un-modelled dynamics);

(in the rest of the paper the notation will be simplified by dropping the term AT).

When impulse response measurements are available, it is possible to give a state-space
realization of the system by resorting to the Ho—Kalman framework [23—-26]. The method is now
briefly recalled.

Consider the following state-space representation of a strictly proper discrete-time SISO
linear system:

x(k + 1) = Ax(k) + Bu(k)

(3)
(1) = Cx(k)
where x(7) € R", u(f) € R and p(¢r) € R are the system state, input and output, respectively.
Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2007; 21:375-390
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Suppose that N noisy measurements of the impulse response (Markov parameters) of the
system are available

(k) =v(k)+e(tk), k=1,2,...,N 4)
The identification problem is to find the set of matrices {4, B, C} which represents a minimum-

order realization of the system.
This problem can be solved with the following five-step procedure [15-18, 22, 24, 26].

e Using the impulse response measurements, build the following Hankel matrix with i rows
and j columns:

'17(1) ‘7(2) \7(]) 1
52)  ¥3) - - WG+ D)

FI!‘/: (5)
L@ vi+1) - o Wi+ — 1)

where i, j are user-defined parameters such that i +j — 1 = N (usually, 7,7 > n—see [27] for
a discussion on the issue of selecting these parameters).
® Compute the SVD of H;; [28]:

H;=USV" (6)
where U = [uy,...,u;] € R>*and V = [vi,...,v]e WY are two orthogonal matrices, being
{w})y. ;and {v/},, _; the column vectors of U and V, respectively; S = diag(ai,...,0,) €

R, with p = min{i,;}, and 6, =>0,> --- =0,>0.
e Compute the reduced-order Hankel matrix. Choose a value for n (the order of the system,
so that n<p), and partition the matrices U, S, V as follows:

S 0
U=[Us Uy], S= . V=[Vs Vnl

0 Sy
Us = [u1,...,u) € R, Uy = [tps1, . .., u;] € R
VS = [V], trt Vﬂ] € iRjX77’ VN = [VI’H-I, ] V/] € C‘R‘/XU‘?”)

Sg = diag(ay, . ..,0,) € ", Sy e R
By using the partitioned matrices, it is possible to write
Hy=USV" = UsSsVE + UnSy VY (7

The matrix H;;, = UsSsV? is the reduced-order Hankel matrix of order n. The choice of
the order n of the system can be performed by inspecting the magnitude of the singular
values of the matrix S. In fact, it is usually possible to separate the set of the singular values
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into two subsets: the ‘system’ singular values and the ‘noise’ singular values. The elements
of the first subset are expected to be significantly greater than the elements of the second
subset. The cardinality of the first subset provides an estimate of n.

® Compute the matrices I = U SSI/ >and Q = Sé/ ? VY. These are estimates of the extended
observability matrix and the extended reachability matrix, respectively

Compute the estimates of the system matrices as follows: 4 = (I’ T)TF |, where I't and T
are obtained from I' deleting, respectlvely, the first row and last row; the symbol f indicates

the matrix pseudoinverse operation; B is the first column of Q; C is the first row of I,

Once the estimated matrices {A, B, CA} areAavailable, the five parameters {u, i, Ts, T, Tm  Can be
straightforwardly computed from {4, B, C}.

The above identification procedure has been applied to each of the 8784 pulse responses
available. The identification results are described in Figures 6-8.

In Figure 6, an example of estimated singular values (for one of the 8784 pulse responses) is
displayed (very similar results are obtained for the other impulse responses). From Figure 6 one
can clearly note that the order of the estimated dynamic system is 7 = 3. As a matter of fact the
three ‘signal’ singular values are very clearly separated from the remaining ‘noise’ singular
values. This confirms that the choice of model (1) is adequate.

In Figure 7 an example of measured and estimated impulse response is depicted. The
fitting is extremely accurate (the two lines are almost indistinguishable). Again, this confirms
that the selected model structure is adequate, and that the identification procedure works
correctly.

Finally, in Figure 8 the whole set of the estimated values of the four parameters {u, ir, s, 7r}
is displayed. It is interesting to see that the estimates of 7y and the estimates of 7, are in very good
agreement with the values reported in the literature [4,6,14]. Also note that the parameter 7.,

obviously does not depend on the type of particle; henceforth it is useless for particle
classification; its estimated value is 1, = 35.87 ps.
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Figure 6. An example of singular values, estimated from impulse responses.
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Note that—since we know in advance the type of isotope which has produced the impulse
response—in Figure 8 the estimated parameters have been grouped according to the type of
particle. This allows a direct understanding of the possibility to cluster the particles using the
estimated parameters of the dynamic model.

By carefully inspecting Figure 8, it is apparent that, for each particle type, the spread of each
estimated parameter is quite large. Moreover, for each parameter, the overlap of the estimated
values for two different particles is quite large. This fact shows that a single parameter is not
enough for a clear particle classification. The signature of a particle henceforth must be searched
as a non-trivial non-linear combination of the four estimated parameters. The particle
classification from the estimated parameters {u, u¢, s, 7r} Will be the topic of the next section.

4. LIGHT CHARGED PARTICLE CLASSIFICATION

As is well known, any isotope is univocally identified by its charge, given by its atomic number
Z, and its mass, given by its atomic mass number A. The pair {4, Z} € 9> hence completely
defines an isotope. LCP classification (the topic of this work) refers to low-charge and low-mass
isotopes (Z<4 and A <9; particles which are out of this range will be simply classified as heavy
ions).

The basic goal of this work is to classify the isotopes, starting from the measured (noisy)
impulse responses detected by CHIMERA. The overall identification (classification) procedure
hence can be viewed as an identification problem of the map from the whole impulse response
{30)} 12,1600 € R'* to the pair {4, Z} e 9.

The key idea of this work is to split this mapping into three main intermediate steps (see
Figure 9, where the whole classification flow is described):

e The first step R'?’ - R* is performed via the state-space system identification of a
second-order linear system characterized by four parameters {u, t, ts, 7r} from its impulse
response; this step reduces the vector space R ({#(k)} k=12...1600 € R0 to the vector
Space g{4 ({:us7 K> Ts, Tf} € s‘R4)

® The second step R* — R is performed via the supervised training of a standard non-linear
parametric map; more specifically, a classical feed-forward multilayer perceptron neural
network (NN) is used [25,29,30]; this step reduces the vector space R* ({tgs Up> T, Te} € R
to the vector space R ({1, >} € R?). Note that {g,q>} € R* is simply the real-valued
approximation of {4, Z} € W,

e The third step R> — 9t* is performed via a simple classification (threshold-based) map; this
map is completely defined in Table II; this step reduces the vector space R> ({¢1,¢>} € R?)
into the classification set ({4,Z} € ‘Jiz).

In?zuls;e response Estimated parameters Estimated parameters Estimated particle
vk, r . .
Me=1.2. 1600 STATE-SPACE s p TouTp FEEDFORWARD {aaat THRESHOLD {azt
SYSTEM NEURAL CLASSIFIER | >
IDENTIFICATION NETWORK
1600 4 2 2
R R R N

Figure 9. Classification flow.
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Table II. Classification table.

Threshold on ¢y, ¢>

Classification 4, Z (isotope)

<15 ¢p<15 A=1,Z=1(p)
1.5<q1<2.5,¢<1.5 A=2,Z=1(d)
q1>25,¢<1.5 A:3,Z:1(t)
¢1<3.5,1.5<¢x<2.5 A=3,Z=2(He)
q1>3.515<¢<25 A:4,Z:2(a)
¢1<6.5,2.5<¢qx<3.5 A:6,Z:3(L1)
q1>6.525<¢<3.5 A:7,Z:3(L1)
q1<8,3.5<q<4.5 A=17,Z=4(Be)
g1 >8,3.5<¢<4.5 A=9,Z=4("Be)
q1>9.5,¢,>4.5 A>9,7 >4 (heavy ions)
q1>9.5,¢,<4.5 Not classified

The first step (state-space system identification) has been extensively described in the previous
section.

The feed-forward multilayer perceptron NN used in the second step is described by the
following function:

ny nj
i=1 j=1

where the network output g;, /=1,2 is the real-valued approximation of 4 and Z; 0,
J=1,...,n; with n; = 4 are the parameters estimated in the first step; oy, B, 7, i = 1,...,np,
[=1,2,j=1,...,n; are the network parameters. The hidden layer is composed by n; = 10
neurons. The training of the NN has been performed using a Levenberg—Marquardt
minimization algorithm; this approach is very standard, well documented, and many off-
the-shelf software packages can be used to this purpose.

The threshold-based classification table (Table II) is very simple: it reduces the real-valued
NN output into an integer.

The whole identification and classification procedure has been applied to a subset of 7784
pulse responses. One thousand pulse responses, 100 for each isotope, have been kept out of the
training set for validation purposes. The results of the whole classification procedure are
condensed in Figures 10—12 and Table III. These results are obviously referred to the validation
data set only.

Figure 10 shows the estimate of the atomic number Z provided by the NN (see also Table III,
first column). Notice that the charge classification is very precise: only two beryllium particles
are misclassified: one is classified as a heavy ion, one as a lithium ion.

A similar plot is shown in Figure 11 for the atomic mass number A4 (see also Table I1I, second
column). Also in this case the classification is very precise, even if it is slightly worse than that of
Z (in general, it is known that the charge estimation is easier than mass estimation).

In Figure 12 the above results are condensed on the (A, Z) plane for a complete particle
classification (see also Table III, third column). Note that the overall particle classification is
extremely precise.
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Table III. Condensed classification results on the validation data set.

Isotope Correct estimation Correct estimation Correct classification
of Z (%) of A (%) of the particle (%)
'H (protons) 100 99 99
’H (deuterons) 100 96 96
*H (tritons) 100 100 100
*He 100 99 99
“He 100 99 99
°Li 100 96 96
Li 100 97 97
"Be 99 100 99
°Be 99 98 97
Heavy ions 100 100 100

5. CONCLUSIONS

In this work, a complete procedure for the identification of light charged particles is proposed.
The identification procedure is based on the analysis of the shape of the light pulses produced by
nuclear isotopes during their interaction with the material of a scintillation detector. The main
idea is to use the cascade of a state-space identification algorithm and a parametric non-linear
map. The parametric non-linear map is fed with the parameters of the dynamic model.

The algorithm has been tested on a large set of impulse-responses.
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The whole procedure provides a very precise classification of the isotopes; moreover, it is fully
automatic, i.e. there is no need for human operation in particle classification. This represents a
significant advantage with respect to more classical classification techniques.

It is worth observing that the state-space algorithm provides an accurate estimation of the fast
and the slow time constants of the impulse-responses, which are usually only roughly
approximated. This is achieved by explicitly taking into account the preamplifier dynamics
during the identification procedure.

Finally, notice that the present algorithm can be applied to any particle detection system
based on scintillation detector light responses, provided that an adequate tuning procedure is
performed to take into account the specific features of the considered detector.
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