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Abstract In several experiments, a system composed by
two surface barrier detectors, one thin and one thicker, is
used to identify the charge of a nucleus that is detected in
this system. The nucleus loses part of its energy (AE) in
the thin detector and the remaining part (E) is left in the
thick one. Since the energy loss depends on the charge, this
process allows the identification of the nuclear charge. The
energy loss also depends on the mass of the particle, but with
a lower degree of sensitivity. Therefore, the identification of
the nuclear mass is much more difficult. In this paper, we
present a method to treat the data in order to optimize the
mass discrimination of particles detected in A E—E systems.

1 Introduction

The identification of charge, mass and energy of a nucleus
is important in a large number of experiments and practi-
cal applications of nuclear physics. Different experimental
devices can be used to determine each of these quantities indi-
vidually. Other systems can be adopted for measurements of
two or even three of these physical variables simultaneously.

AE-E detection systems are largely used in nuclear
physics experiments to determine charge and energy of par-
ticles. There are different types of these systems. The basic
principle of operation is the following. The nucleus first
passes through a sufficiently thin detector, in which it loses
only a fraction AFE of its kinetic energy. Then it leaves the
remaining energy (E) in the subsequent (thick) detector. The
energy loss AE of the nucleus mainly depends on its energy
and charge (for areview see e.g. [1,2]). Thus, the charge can
be easily deduced from the AE and E measurements. AE
also depends on the nuclear mass, but with much less sensi-
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tivity. Therefore, it is rather difficult to identify the mass of
the nucleus from this type of measurement.

In gas-filled detectors, the energy loss is related to the
interaction of the charged particle with the gas, while the
remaining energy is measured by a thick detector placed at
the end of the device [3—6]. Different types of gas detectors,
such as ionization chambers, multiwire proportional cham-
bers [7] and drift chambers [8] are available to fulfill particu-
lar experimental requirements. They offer some advantages
such as flexibility in thickness, that can be varied accord-
ing to the pressure of the gas, uniformity in the path length
(related to the loss of energy resolution), immunity to radia-
tion damage, etc. Most important, they present good energy
loss resolution for heavy ions in the energy range of a few
MeV/nucleon. However, in many situations, for improving
the mass resolution of heavy charged particles, it is necessary
to increase substantially the pressure of the gas. A possible
gas leak may cause severe problems in the accelerator during
an experiment. To avoid this problem, thick windows should
be used to separate the gas recipient from the high vacuum
of the scattering chamber. The straggling in the window may
worse the resolution of the total energy of the particles. An
important disadvantage of this kind of system lies in the fact
that most of the gaseous detectors presents a design that occu-
pies a large volume, which can be a drawback in experiments
where simultaneous measurements are performed for several
angles (requiring several detector systems).

In order to improve the mass resolution, time-of-flight
(TOF) measurements are often performed in experiments
with heavy ions [9, 10]. The corresponding technique is based
on the determination of two quantities: energy of the particle
and time interval spent by the particle to travel a certain path
length. Usually, the stopping time signal is given by the same
detector used to measure the energy. Concerning the starting
time signal, there are basically two types of TOF systems: (i)
it is related to the frequency of a pulsed beam of the accel-
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erator; (ii) it is obtained using a foil or a detector placed
at the beginning of the path. Not all accelerator facilities
have the capability of producing pulsed beams. In general,
foils or detectors used to generate the starting signal cause
some spread of the energy resolution. The mass resolution is
related to the traveling time of the particle, which depends on
the path length. Therefore, to achieve a good mass resolution,
this kind of device normally occupies a large space, which
might result in a similar issue of having a setup constructed
with gaseous detectors.

In contrast with gas-filled detectors and TOF devices, tele-
scopes where both AE and E signals are obtained with semi-
conductor detectors can be quite compact. For this reason,
modern arrays consisting of many of these (or segmented)
A E-FE telescopes are frequently used to investigate angular
distributions of heavy ion reactions (see e.g. [11]).

In the present work, we deal with telescopes in which
both signals, AE and E, arise from silicon surface barrier
semiconductor detectors. As commented above, it is rather
difficult to identify the mass of the nucleus from this type
of measurement. Therefore, we have developed a method of
data treatment to optimize the mass discrimination of parti-
cles identified in A E—E surface barrier telescopes, which is
described in the present paper.

2 The experiment

The experiment was carried out at the Open Laboratory of
Nuclear Physics (LAFN, acronym in Portuguese) of the Uni-
versity of Sdo Paulo. Making use of the Pelletron SMV
accelerator, we obtained beams of several nuclei: °Li, 7Li,
12¢ 160, 195 285 35C], at different energies. Since in this
work the lithium isotopes are chosen as example to illus-
trate the method for mass discrimination, measurements were
performed in steps of 1 MeV in the energy range from
Erap. = 19.4 MeV to 28.4 MeV for °Li, and from 20.0
MeV to 28.0 MeV for "Li. The projectiles were scattered by
a quite thin (about 7 pg/cm?) 97 Au target evaporated on a
~ 10 pg/cm? carbon backing. The products of the collisions
were detected in a AE—F telescope placed at 61, = 60°.
Our analyzes are focused on the elastic scattering of the
projectiles on 17 Au. Therefore, the kinetic energy of the
detected projectile is well known since it is determined by
kinematics. Although small, the (average) energy loss of the
projectiles in the target has been taken into account in our cal-
culations. In addition, as a complement to the experiment, we
have also used an alpha source, composed of 230Th, A1 Am
and 2**Cm, placed in front of the A E-E telescope (without
target), in order to obtain measurements of 4He at different
energies.

A schematic view of the detection system is presented
in Fig. 1. The nucleus with total kinetic energy E7 passes
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Fig. 1 (Color online) Schematic view of the detection system. A
nucleus with total kinetic energy E7 is detected in the telescope, which
produces the AE and E signals. The sensitive thickness of the AE
detector is €. One of the coverage layers of the detectors is indicated
with an arrow in the figure

through the first (thin) detector, that provides the AE sig-
nal, and stops in the second (thick) detector (E signal). The
AE detector used in our experiment is from ORTEC, has an
active area of 50 mm? and thickness of ¢ = 14.6 wm. The
E detector is from CANBERRA, has an active area of 150
mm? and thickness of ¢ = 500 pwm. Both detectors have thin
coverage layers (see Fig. 1). According to the specifications,
the electrode thickness of the AE detector corresponds to
40.4 pg/em? of gold placed in one side, and 40.6 pwg/cm? of
aluminum on the other side, while the E detector has a quite
thin entrance window with thickness of about 0.05 wm equiv-
alent silicon. Since the energy resolution is quite important
in the experiment, the average energy loss of the nuclei in
the coverage layers of the detectors was taken into account
in our analyzes.

We took great care to perform quite accurate calibrations
of both detectors. In order to calibrate detector E, part of
the experiment was performed without mounting the AE
detector on the telescope. With this, the energy of the nucleus
hitting the detector E is determined by the kinematics (with a
small correction due to the small energy loss in the target and
in the detector entrance layer). Therefore, it is known with
high precision. Figure 2 shows the results for the calibration
of detector E obtained with different projectiles, including
those from the alpha source.

The calibration of detector AE was performed by scat-
tering beams corresponding to the heaviest projectiles of our
experiment: '°F, 28Si and 3°Cl. Due to their large charge,
these projectiles do not pass through detector A E, but actu-
ally stop at this detector. With this, the corresponding energy
supplied to the detector is very well known, which allows
accurate calibration. The alpha source emits particles at (a
few) discrete energies, which do not stop at the AE detec-
tor. These alpha particles lose little energy in the detector
AE, and thus allow accurate determination of the slope of
the calibration when considered in conjunction with the data
of the heaviest projectiles. Therefore, data obtained with the
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Fig. 2 (Color online) Energy versus channel obtained with different
beams in the process of calibration of detector E. The continuous line
represents the linear fit of the collected data
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Fig. 3 (Color online) Energy versus channel obtained with different
beams in the process of calibration of detector AE. The closed and
open circles represent the energy of the nucleus, with and without cor-
rection due to the energy loss (in the target and entrance coverage layer),
respectively. The data from alpha source are not presented in the figure

alpha source were also used in the calibration of detector
AE. In this process, as the total kinetic energies of the alpha
particles are known, the energy loss in detector AE was
obtained considering the remaining energy in detector E
(through its calibration), and assuming calculated energy loss
in the outer layers of detector AE. In Fig. 3, we present the
high energy part of the AE detector calibration. The closed
and open circle symbols in this figure represent the energy
of the elastically scattered projectile, with and without cor-
rection corresponding to the energy loss (in the target and
in the AE detector entrance coverage layer), respectively.
We emphasize that the correction due to the energy loss
(in the target and coverage layer) is important (and should
be taken into account) especially in cases involving heavy
nuclei.
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Fig. 4 (Color online) a Single-channel energy spectrum obtained with
the alpha source incident directly on the detector E. The arrows indicate
different energies of the alpha particles (see text for details). b Projection
of the AE-E7 spectrum of Fig. 5b on the total kinetic energy axis,
resulting in a single-channel spectrum of the type: count versus E7

Figure 4a shows a single-channel spectrum (counting as
a function of energy, displayed in channel unit) obtained
with the alpha source directly facing the detector E (obtained
without mounting the detector A E)). We can observe several
peaks corresponding to different energies of alpha particles
that come from the isotopes present in the source: 230Th,
241 Am and 2**Cm. The energy resolution of this detector is
quite good (% ~ 0.7%) and allows clear identification
of the two peaks from 230Th separated by only about 60 keV
(see Fig. 4a)

Figure 5a shows a AE-E spectrum obtained with the
alpha source directly incident on the complete telescope. The
AE and E axes are displayed in MeV units, obtained with
the respective calibrations. Figure 5b shows the same data,
but now in the form of a AE—E7 spectrum, where the total
kinetic energy E7 was obtained by summing the energy loss
AE with the residual energy E.

The window drawn with black lines in Fig. 5a delimits a
region of events that correspond to alphas coming only from
230Th present in the source. The red line shown in this figure
represents the function: AE + E = E7 = constant, where
the constant 4.67 MeV is the weighted average value of the
two energies of the alpha particles emitted by 23°Th.
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Fig. 5 (Color online) a AE-E and b A E—E7 spectra obtained with
the alpha source. The scales of colors at the right side of the figure are
related to the number of events detected

There are many events detected along this line with some
dispersion in relation to the axis of energy loss. This is an
expected behavior since the energy loss of the particles in
the AE detector is a random process with statistical disper-
sion. As the mass identification obtained with A E—F mea-
surements is related to the energy loss, the mass resolution
depends strongly on the dispersion of the A E signal. There-
fore, we have investigated this dispersion in detail, as follows.

In order to check whether the observed experimental AE
dispersion is consistent with theoretical models of energy
loss, we performed Monte Carlo calculations using the TRIM
code [2,12-14], concerning to energy loss of alpha particles
that pass through the detector AE. In these calculations, we
considered alpha particles with total kinetic energies of 4.620
MeV (23.5% of events) and 4.687 MeV (76.5%), thus sim-
ulating alphas coming from 23°Th, and adopted the detector
specifications as described above. The results of these cal-
culations are presented in Fig. 6, where the blue line repre-
sents the distribution of probability (in arbitrary units) for
the energy loss. With the purpose of comparison, the his-
togram in this figure corresponds to the experimental results
obtained with the projection of events that are inside the win-
dow shown in Fig. 5a on the AE axis. As shown in Fig. 6,
the experimental dispersion is about three times larger than
the theoretical prediction. One reason for this difference may
be related to small variations of the thickness of the detec-
tor AE. To illustrate this, we performed other Monte Carlo
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Fig. 6 (Color online) The histogram in the figure represents the pro-
jection of events that are inside the window shown in Fig. 5a on the
AE axis. The lines represent theoretical probability distributions (in
arbitrary units) for the energy loss of alpha particles passing through
the detector A E, considering different thicknesses for this detector

simulations, increasing and decreasing the detector thick-
ness by about 5%. The corresponding results are shown by
green and red lines in Fig. 6. Clearly, a 5% variation in the
detector thickness would reproduce the experimental disper-
sion observed for AE. Note that part of this effect may be
related to the intrinsic variation of thickness of the detec-
tor, and part could originate from the angular aperture of
the collimator system, since small differences in the angle
of incidence on the detector result in different path lengths
of the particles inside the detector. Therefore, the angular
collimator system has significant influence on the mass reso-
lution that is obtained in this type of experiment. The present
measurements were performed with an angular aperture of
A6 ~ *1.7°, corresponding to a dispersion of about 3% in
the path length.

InFig. 4b, we present a projection of the A E—E7 spectrum
of Fig. 5b on the E7 axis of the total kinetic energy. It is clear
that the resolution in this case is worse than that presented in
Fig. 4a, although both represent energy results for the same
alpha source. In fact, in one case Er is obtained from the
composition of the results of two (E and A E') detectors (and
electronics), while in the other case E7 is measured directly
by only one (E) detector. Thus, the presence of the detector
AFE in the telescope allows to obtain information about the
nuclear charge (and mass), but worsens the resolution related
to the total kinetic energy.

3 A method to treat the data

In Fig. 7a, we present a A E—E7 spectrum that involves the
sum of all the results obtained with different projectiles and
bombarding energies of our experiments. The vast majority
of these events come from the elastic scattering of the pro-
jectiles on the !°7 Au target, since the bombarding energies of
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Fig. 7 (Color online) a AE-E spectrum involving the sum of all
results obtained with different projectiles and bombarding energies from
our experiments. The lines represent theoretical calculations for energy
loss of each projectile in detector A E. b The same spectrum of part (a),
but now expanded to show the region of the lithium isotopes

the experiments are well below the Coulomb barrier for these
systems. The lines in the figure represent theoretical calcula-
tions of (average) energy loss for each projectile (indicated
by different colors in the figure) in the detector AE, as a
function of the total energy (at the entrance of this detector).
These numerical calculations were performed according to
the code reported in [15]. The line indicated with a blue
arrow represents the function AE = Er, in which case the
nucleus would stop inside the detector A E. Figure 7b shows
the same spectrum, but this time expanded in the region of
the lithium isotopes and helium. It is interesting to note that
many events detected in the “*He region did not arise from
the alpha source, but they actually came from nuclear reac-
tions originated through other projectiles interacting with the
target. Also some events of ®Li and ’Li arise from nuclear
reactions involving other projectiles.

Clearly, as shown in Fig. 7a, the identification of the
nuclear charge with this experimental arrangement is an easy
task. The same can not be said for the nuclear mass, since
the energy loss does not depend strongly on it (see the ®7Li
region in Fig. 7b). Thus, it is desirable to have a method of
data processing that optimizes mass discrimination.

The correct quantum-mechanical calculation for the mean
energy loss per distance of charged particles passing through
matter was first performed by Hans Bethe [16]. For low ener-

gies (which s the case of the present work), the Bethe formula

reduces to:

dEr net Z°*M dmoET
dx — 2mel Ermg MI )’

ey

where 7 is the electron density of the material, mq is the mass
of the electron, Z is the number of protons of the particle, M
is its mass and E7 its energy. The I parameter in Eq. (1) rep-
resents the mean excitation potential, for which Felix Bloch
[17] proposed that:

I ~zx1leV, (2)

where z is the atomic number of the material. If one neglects
the slow variation (with E7/M) of the logarithm term in
Eq. (1), the mean loss of energy of a particle in a given mate-
rial (*3Si in our case) of thickness ¢ is given by:

MZz?

AE ~C , 3
€&, 3

where C is approximately constant. To obtain (3), we used
dx — ¢ in Eq. (1) and, therefore, ¢ should not be large. If
Eq. (3) were applicable, a A E-E7 spectrum could be easily
transformed into a mass-E7 spectrum, by association of the
mass with the energy loss through:

Er

T Z2Ce
However, this equation is a too crude approximation and is
not appropriate to be applied (with precision) in the lineariza-
tion of spectra like that presented in Fig. 7.

In order to illustrate the last statement, in Fig. 8a we
present the same data of Fig. 7b, but now the ordinate axis
represents the product AE x Er (instead of AE in Fig. 7).
According to Eq. (4), the quantity A E x E7 should be propor-
tional to the mass of the particle. The black line in Fig. 8b rep-
resents a projection of the events inside the rectangle drawn
in Fig. 8a over the AE x E7 axis. The events in this rect-
angle correspond to °Li and “Li nuclei. The histogram of
Fig. 8b does not indicate any separation between these two
mass numbers.

Since we have used different beams in our experiment,
we can separate the contributions of °Li and "Li. The green
and red lines in Fig. 8b represents the contribution of these
isotopes. With this, we can provide a quantitative evaluation
of the mass resolution, through the figure of merit M:

_ IC1 — Gyl

~ FWHM; + FWHM,’
where C; and C; represent the centroids of both peaks,
FWHM; and FWHM), are the corresponding full widths at
half maximum. According to [18], M > 2 indicates quite
good resolution, while M < 0.5 indicates that there is no

separation between the peaks. In the case commented above,
we obtained M = 0.38.

AE. (€]

(&)
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Fig. 8 (Color online) a The same as Fig. 7b, but now the ordinate
axis corresponds to AE x E7 values. b The histogram in black line
represents the number of events contained inside the rectangle of part
(a), as a function of the AE x E7 value. The green and red lines are
the contributions of each isotope

The red and yellow lines in Fig. 8a represent realistic cal-
culations of loss of energy as a function of the total energy for
®Li and "Li. Clearly, the trend of these lines is not orthogonal
tothe AE x Er axis, meaning that AE x E7 is not constant
(proportional to the mass) as indicated by Eq. (4) (or (3)). In
fact, Eq. (3) is appropriate to describe the energy loss only
in a region of total energy much higher than that involved in
the present experiment.

In this work, we propose a method to process the data with
the aim of optimizing the mass discrimination in this kind of
A E—E experiment. In our procedure, we do not adopt Eq. (4),
but we still suppose that the loss of energy is approximately
proportional to the mass. As an example, we apply the method
in the present case for the lithium isotopes. The black line in
Fig. 7b represents the average value for the mean energy loss
of the two lithium isotopes, as a function of the total energy.
The idea is to use these theoretical results for the average
energy loss in order to linearize the data obtained for ®Li and
7Li, and project them over a “mass” axis, according to the
following procedure:

1. For each detected event, we know the corresponding
energy loss and total energy obtained making use of the
calibration of the detectors. We call these as the experi-
mental AE and Ep values.

@ Springer
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Fig. 9 (Color online) Mass-E7 spectrum obtained with our data
according to the procedure described in the text

2. With the experimental E7 value, we obtain the respective
theoretical average energy loss (A E') through the (numer-
ical) function represented by the black line in Fig. 7b.

3. Then we obtain the “mass channel”, which we define as:

AE
mass = K x ——, (6)
(AE)

where K is a constant that represents the average mass
of the isotopes. In the present case K = 6.5.

4. Considering the complete set of events, we then are capa-
ble to obtain a mass-E7 spectrum, as that presented in
Fig. 9. In this controlled experiment, we know what
events are associated to each lithium isotope. Thus, we
have indicated by arrows in Fig. 9 the regions that corre-
spond to °Li and "Li. Of course, in a practical application
this identification could not be done a priori.

As a result of the method explained above, we linearized
the data shown in Fig. 7b in relation to the mass axis,
as can be observed in Fig. 9. Events corresponding to the
lithium isotopes (which are the ones chosen as example) are
approximately positioned on a line perpendicular to the mass
axis (ordinate). The assumption used for linearization corre-
sponds to Eq. (6), where the theoretical energy loss (AE)
should be calculated with realistic models. With this, the
method is quite general and can be applied in different exper-
imental conditions (energy range, thickness of the detector,
etc).

As a final step of our method, we project the mass-Er
spectrum on the mass axis, as illustrated in Fig. 10a. In part
(b) of this figure, we show contributions of each isotope sep-
arately (through different colors). The figure of merit has
improved significantly: M = 0.75. In practical applications,
where the separation of isotopes could not be done a priori,
the analysis of a spectrum like that of Fig. 10a would provide
the contributions corresponding to each isotope. In addition,
the study could also be performed as a function of the energy.
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Fig. 10 (Color online) a Projection on the mass axis of the mass-Er
spectrum presented in Fig. 9. b Contributions of ®Li and 7Li

For instance, we could make a projection on the mass axis
of events contained only inside a window drawn in Fig. 9. In
this case, we would discriminate mass for events contained
within a limited range of total energy.

4 Conclusion

The mass resolution obtained in experiments involving A E—
E measurements depends on several features of the experi-
mental apparatus: the energy resolution of the detector E, the
average thickness of the detector A E, the intrinsic variation
of the thickness of the detector A E, the angular aperture of
the collimator system, etc. In this type of experiment, it is
important to treat the data as well as possible in order to opti-
mize the mass resolution. In the present paper, we presented
a method with this purpose. The method demands previous
realistic calculations of energy loss in the detector AE as a
function of the total kinetic energy of the particles. These
theoretical results are used with the purpose of linearizing
the data, obtaining a mass-Er spectrum. The projection of
the data, with or without windows limiting the energy range,
provides a form to estimate the contribution of different iso-
topes. A comparison between the results presented in Figs. 8b

and 10a clearly illustrates the great improvement in mass dis-
crimination obtained with the present proposed procedure in
relation to other usual methods.
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