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Abstract. The PRISMA spectrometer’s response function was successfully applied to match three angular
and magnetic settings over a wide angular range for measurements of quasi-elastic reactions in “° Ar+2%Pb,
The absolute scale of cross sections has been obtained by using the Rutherford cross section at the forward
angles and the information from the energy distributions measured with the spectrometer without and
with coincidences with the CLARA ~-array. The semi-classical model GRAZING has been used to test the
unfolding procedure and for comparison with the corrected cross sections.

PACS. 29.30.Aj Magnetic Spectrometers — 25.70.Hi Transfer reactions

1 Introduction

Magnetic spectrometers, with the possibility to completely
identify reaction products in nuclear charge, mass and
Q-value, always played an important role in the study
of transfer reactions (see e.g. Refs. [1,2] and references
therein). A significant improvement in such studies has
been achieved in the last decade with the advent of a
new generation of large acceptance magnetic spectrom-
eters (PRISMA [3-6], VAMOS [7] and MAGNEX [8)]),
with solid angles as large as ~100 msr. Unlike conventional
spectrometers where complex magnetic elements are used
to focus ions of specific rigidity to a selected position in
the focal plane, large solid angle spectrometers are based
on simple magnetic elements and complex detection sys-
tems, with the identification of the reaction products made
through the reconstruction of the ion trajectories.

One of the main observables relating experiment with
reaction theory is the absolute value of the cross section,
whose knowledge is mandatory to study the importance
of the different degrees of freedom acting in the reaction
mechanism. In fact one can quantitatively assess the prop-
erties of these degrees of freedom only when experimen-
tal data are compared with theory incorporating nuclear
structure and dynamics informations, which is able to pre-
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dict absolute cross sections for the different reaction chan-
nels [2,9-13].

In this work we show how one can construct differential
cross sections for different angular and magnetic settings
over a wide angular range by using the large acceptance
spectrometer PRISMA. The adopted procedure is based
on the evaluation of the spectrometer’s response function,
whose reliability has been also tested by a comparison with
GRAZING calculations [14-16]. We took as a test case
the 40Ar+298Pb system, measured at a beam energy of
~6.4 MeV /nucleon, near the Coulomb barrier. The kinetic
energy of the scattered Ar-like ions ensure good detection
resolution while the mass asymmetry of the reaction limits
the kinematical broadening thus simplifying our study.

Transfer reactions are usually characterized by a rather
wide angular and energy distribution of the reaction prod-
ucts, with cross sections for the different transfer channels
spanning several orders of magnitude. Since even in large
solid angle spectrometers ions are transmitted within a
limited range of angles and momenta, in order to cover
the broad distributions of transfer products different spec-
trometer settings were used. We measured three angular
regions, where, for each case, the magnetic fields were ad-
justed to have the maximal yield of the elastically scat-
tered Ar ions in the center of the focal plane. In each case
the transmission of PRISMA was evaluated by using a
Monte Carlo simulation of the ion trajectories. This simu-
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lation incorporates the kinematics of the reaction and the
geometry of the magnetic elements and detectors. The im-
portance of the precise determination of ion transmission
was already demonstrated in other studies [5,17,18]. In
order to obtain the absolute scale of cross sections, quasi-
elastic events were normalized to the Rutherford cross sec-
tion at the forward angles. Additional information was ob-
tained by employing the PRISMA spectrometer coupled
to the CLARA ~-array [4,19,20].

2 The PRISMA response function for the
40Ar+4-298Ppb reaction

2.1 The PRISMA spectrometer

In the following we briefly recall the main characteris-
tics of PRISMA relevant for the trajectory reconstruc-
tion and the analysis of the response function [4-6]. The
PRISMA spectrometer has been designed for the identi-
fication of nuclei produced in heavy-ion binary reactions
at energies Ej,p,=3-20 MeV /A that are produced with the
TANDEM-ALPI-PIAVE accelerator complex of Legnaro
National Laboratories. The spectrometer is composed of
two ion optical elements, a quadrupole singlet and a dipole
magnet, withstanding a maximum rigidity of Bp = 1.2
Tm. Its main characteristics are the large solid angle of ~
100 msr, which corresponds to an acceptance of 0),;, = +6°
in the dispersion (horizontal) plane and ¢, = +11° in
the vertical plane, wide momentum (+10%) acceptance
and dispersion of Ap/p = 4 cm/%.

The complete identification of reaction products is achi-
eved via an event-by-event ion trajectory reconstruction
[4] using the position, time of flight and energy loss in-
formation provided by high resolution entrance and focal
plane detectors. The entrance detector is a position sen-
sitive Micro-Channel Plate [21], while the focal plane is
an array of Multi-Wire Parallel Plate Avalanche Counters
(MWPPAC) [22]. Both of them provide bi-dimensional po-
sition information with 1 mm resolution and timing sig-
nals for time of flight with sub-nanosecond resolution. The
MWPPAC is followed by a multi-parametric transverse
field Tonization Chamber (IC) for energy loss and total
energy measurements. Since trajectories are different for
various products with different p/q ratio, by choosing ap-
propriate magnetic fields it is possible to adjust the system
to record a specific range of nuclear products. A schematic
layout of PRISMA is depicted in Fig. 1.

The coupling of PRISMA with large v arrays, CLARA
[20] and AGATA demonstrator [23], allowed to perform
fragment--y coincidences, thus studying not only reaction
mechanism [4, 19, 24], but also nuclear structure of popu-
lated transfer products [25-35]. In this work fragment-v
information employing CLARA was used to derive pure
elastic scattering.

2.2 The PRISMA response function

The evaluation of the PRISMA response function is based
on a Monte Carlo simulation code that includes the com-
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Fig. 1. Schematic layout of the PRISMA spectrometer.
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Fig. 2. Comparison of the experimental (top) and simulated
(bottom) atomic charge state distributions for “°Ar ions along
the optical axis (left) and out of the optical axis (right), as a
function of the focal plane position (xppac), for PRISMA set
at 46°.

plete description of ion optical elements, magnetic fields
and detector geometry. The ion trajectories are calculated
on the basis of the detailed knowledge of the magnetic
fields. The procedure employs a ray-tracing code, which
uses numerical integrators to determine the trajectories
of individual rays through the magnetic fields, the latter
being calculated by means of the Finite Element Method.
This procedure has been successfully employed for the
48Ca+54Ni reaction [5,19,36] for one PRISMA angular
setting. In this work we applied the same procedure for
the 10 Ar+208Ph reaction [37-39], but by matching three
angular settings.

The reliability of the simulation strongly depends on
the detailed knowledge of the magnetic fields and the good
matching of the simulated and experimental ones [36]. The
first step is, setting the due magnetic fields, to compute
the force that acts on the ion moving through the spec-
trometer. The matching of the experimental and simulated
magnetic fields is based on the assumption that, by fixing
the ion momentum, each ion charge state will reach the
same simulated and experimental focal plane position. In
the simulation, the precise setting of the magnetic fields
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proceeds in two steps, one magnetic element at a time.
A small number of events with an isotropic distribution
are created with a fixed kinetic energy. The ions emerge
from the target with different charge states whose proba-
bility distribution follows the semi-empirical formula [40].
The same ion with the same kinetic energy is then se-
lected from the data set, so a direct comparison of the
two distributions can be made. By comparing the pro-
jections of the simulated and experimental distributions
around the center of the MCP (the quadrupole field van-
ishes along the optical axis) one can study the dipole field
effects only. After the dipole field is set, the same proce-
dure is applied out of the optical axis to tune the value
of the quadrupole field. Adjustments are needed to match
the simulated and experimental charge state distributions,
mainly due to the approximations made in the reconstruc-
tion of the trajectories which are assumed to be planar
after the quadrupole and with the magnetic elements con-
sidered as ideal [4,36]. As an example, Fig. 2 shows the
experimental and simulated atomic charge state distribu-
tions for 4°Ar ions along and out of the optical axis. One
obtains a quite good agreement, in particular in the fo-
cal plane position of the dominant atomic charge states.
This procedure is repeated for all measured angular and
magnetic settings and at selected kinetic energies, result-
ing in a similar agreement between the experiment and
simulation.

To calculate the response function a simulation of the
experimental conditions is needed. The energy losses in
the different mylar windows of the MWPPAC and IC de-
tectors are taken into account and the energy loss in the
IC is treated in the conventional approximation of the
motion of a charged particle in a gas. A 100% intrinsic
detection efficiency was assumed over the whole angular
range. Two million events of *°Ar ions have been randomly
generated with uniform kinetic energy (Ey,) distribution
and isotropic angular distribution from a point-like source
placed at the target position. The Ey,, starting from 250
MeV, has been varied down to 100 MeV, corresponding to
the lower momentum acceptance limit. Events have been
generated with spherical geometry, with an angular range
slightly larger than the entrance of the quadrupole. In this
way, the generated events completely cover maximal an-
gular and momentum acceptance of PRISMA.

The response function (R) has been defined as the ra-
tio between the transported and input event distributions,
and is a function of Ey,, 6iap and ¢1ap. The inverse of
R, defined as the correction function f(Eyin, Oiab, 1ab), 18
applied to the transported events. We stress that correc-
tions are made simultaneously on Ey;, and 6., (due to
azimuthal symmetry the ¢, variable can be integrated).
Errors induced by the response function can be estimated
by building a set of response functions and calculating
their average values by using different smoothing proce-
dures [41]. Figure 3 shows transported distributions for
different atomic charge states for “°Ar. One sees their
non-uniformity, with a shape strongly dependent on the
atomic charge state. Figure 4 displays as an example the
projections of the correction function on 6y}, for different
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Fig. 3. Transported 61.p — ¢1a1, matrices for different atomic
charge states for **Ar integrated over the whole kinetic energy
range. Oi.p and ¢1a, are the laboratory azimuthal and polar
angles, respectively, with respect to the beam axis (the geo-
metrical acceptance is fiap = £6° and ¢rap, = £11°). Please
notice the symmetry in ¢, where ¢ra, = 0° corresponds to
the in plane events.
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Fig. 4. The correction function projected on 6y, for “°Ar av-
eraged over the labelled kinetic energy intervals.
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Fig. 5. Transported 61.p-¢1ap matrices for OAr for different
(labelled) kinetic energy intervals.
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kinetic energy intervals. Figure 5 shows the correspond-
ing transported 0,5 — ¢1ap matrices for the same energy
ranges. As expected, for all energy intervals the largest
corrections are at the borders of the angular acceptance,
with large differences in absolute values depending on the
kinetic energy of the incoming ion, being the correction
factor largest for the lowest energy range. The described
procedure has been applied for the different ions detected
in the studied reaction.

We tested the correctness of the response function pro-
cedure by using the initial energy and angular distribu-
tions calculated with the semi-classical model GRAZING
[14-16]. The model well reproduces the transfer cross sec-
tions in absolute values, as well as the shapes of angular
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Fig. 6. Angular (left) and kinetic energy (right) distributions
for the (+1n) and (—1p) channels. The histograms are the
GRAZING input distributions, the blue empty points corre-
spond to the transported distributions at the focal plane and
the red full points to the events after the correction function
has been applied.

and total kinetic energy loss distributions [2], in particular
the one nucleon transfer channels, (+1n) and (—1p). The
GRAZING distributions have been transported through
PRISMA and then corrected by using the correction func-
tion. The corresponding angular and kinetic energy distri-
butions are displayed in Fig. 6 for the (+1n) and (—1p)
channels in the range close to the grazing angle and de-
fined by the spectrometer’s acceptance. The excellent agree-
ment between the calculated and corrected event distribu-
tions demonstrates the validity of the applied unfolding
procedure.

3 Absolute cross sections

3.1 Differential cross section for the entrance channel
mass partition

The obtained results give us confidence that we can now
apply the unfolding procedure to the measured distribu-
tions in order to obtain the cross sections for the differ-
ent channels. The adopted procedure has been applied to
40 Ar4-298Ph in the wide angular range obtained by match-
ing the three angular spectrometer’s settings and covering
an interval of ~20°. For the most forward measured an-
gles the Rutherford cross section has been used for the
normalization, thus obtaining the absolute scale in mb/sr
for all reaction channels.

We made use of the total kinetic energy loss (TKEL),
constructed assuming a binary process and imposing the
conservation of momentum. Examples of TKEL spectra
for 0Ar detected in PRISMA are shown in Fig. 7 for some
selected angles. At more forward angles they are char-
acterized by narrow distributions centered around zero
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Fig. 7. TKEL spectra for the entrance channel mass partition,
with *°Ar detected at the indicated angles, integrated over one
01 degree.
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Fig. 8. TKEL spectra for “°Ar integrated over one 6.1, degree.
Black full line corresponds to the TKEL spectrum without co-
incidence with ~ rays, while the red one is with additional re-
quest of at least one = ray detected in CLARA. The spectrum
without y coincidences (PRISMA) has been scaled and normal-
ized to the spectrum with =y coincidences (PRISMA+CLARA)
in the tail region (above ~ 6 MeV). The red shaded histogram
is the spectrum obtained by subtraction.

TKEL, representing mainly the elastic components, with
tails extending towards larger energy losses. At backward
angles the elastic components rapidly drop off and are
no more the dominant part of the TKEL. The differen-
tial cross sections were extracted by integrating the peak
around the zero TKEL (up to the excitation energy of
~ 5 MeV). For completeness, a complementary analysis
was carried out by employing fragment--y coincidences ob-
tained from the coupling of PRISMA to CLARA, which
allows us to attribute to each specific reaction product its
characteristic v rays and offers the possibility of separat-
ing, at least to some extent, the elastic events. [4,19]. As
an example, we plot in Fig. 8 the TKEL spectra for 49Ar
at 01,5 =52° detected in PRISMA (black full line) and ob-
tained by requiring a coincidence between PRISMA and
at least one CLARA ~-ray (red line). The spectra, with
and without v coincidences, are normalized to each other
in the tail region, thus obtaining the spectrum by their
subtraction (red shaded histogram). One has to keep in
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Fig. 9. Experimental (points) and GRAZING (line) calcu-
lated differential cross section for the entrance channel mass
partition o(6) plotted as ratio to the Rutherford cross section
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mind that this technique depends in a complex way on
the energy distribution of the involved v transitions, their
detection efficiency and the multiplicity response of the ~
array. The yield of these peaks differ from those previously
derived by PRISMA alone by an amount compatible with
the uncertainties (up to 20%) including also the subtrac-
tion and integration procedures.

The differential cross section derived for each 6, in
the measured angular range by using PRISMA and cor-
rected by the response function is shown in Fig. 9 as a ra-
tio to the Rutherford cross section (points). One sees the
smooth behaviour of the angular distribution, which re-
flects the correct matching of the three analyzed PRISMA
angular settings. In the same Figure, a comparison is made
with GRAZING calculations [14-16] (line), which repro-
duce the experimental data quite well.

3.2 Differential cross sections for the selected transfer
channels

The differential cross sections for 'Ar (+1n) and 3°Cl
(—1p) channels are shown, as selected examples, in Fig.
10. The three different PRISMA angular settings, cen-
tered at 46°, 54°, and 59°, allowed to cover most of the
total transfer flux. The directly measured distributions
are plotted as blue empty circles while the ones corrected
for the response function are shown as red full circles. It
is important to notice that only after the distributions
were corrected for the transmission, smooth differential
cross sections were obtained. The comparison between the
measured and corrected angular distributions also shows
how the spectrometer mostly affects the borders of each
PRISMA angular range.

The GRAZING calculations are also plotted in the
same Fig. 10 (lines). As already discussed in previously
studied cases [2,42], the theory gives a good prediction
of the grazing angle and describes well the forward part
of the angular distributions, indicating the quite good ge-
ometry and size of the employed potential and the correct
treatment of the surface degrees of freedom. At backward
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Fig. 10. Experimental angular distributions for (4+1n) and
(—1p) channels for all three PRISMA settings (46°, 54°, and
59°) joined together. Directly measured distributions are plot-
ted as blue empty circles while the ones corrected for the re-
sponse function are shown as red full circles. Errors include
statistics and systematic errors as in Fig. 9. Black lines are
GRAZING calculations.

angles GRAZING displays a sharper fall off of the differ-
ential cross sections but we must keep in mind that the
behaviour in this region depends on the details of the cou-
pling to the reaction channels. The good obtained agree-
ment, both in shape and magnitude, for the (+1n) and
(—1p) channels, is important as they are the main build-
ing blocks for computing the more complex channels that
are described via a multistep mechanism.

4 Summary

The 40 Ar+4-298Pb reaction was measured with the PRISMA
magnetic spectrometer at an energy close to the Coulomb
barrier. We measured at three angular and magnetic set-
tings, which were successfully joined, thus spanning an an-
gular range of ~20° and covering most of the total transfer
flux. Accurate simulation of the spectrometer’s response
function and the extraction of the correction function al-
lowed to obtain these wide angular distributions for the
different reaction channels. The reliability of the unfold-
ing procedure was tested with the semi-classical model
GRAZING, which well reproduces the transfer cross sec-
tions. The response function study was proven to be an
essential step in the determination of the absolute differ-
ential cross sections.
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