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Abstract. The response function of the magnetic spectrometer PRISMA is studied via a Monte Carlo
simulation that employs a ray tracing code to determine the trajectories of individual rays through the
electromagnetic fields. The calculated response is tested on angular and energy distributions provided by
theoretical calculations for the 48Ca + 64Ni multinucleon transfer reaction and applied to the corresponding
experimental data.

1 Introduction

Magnetic spectrometers, for both light- and heavy-ion re-
actions, have been built and operated since many decades
with solid angles in the range 3–10msr. More recently, a
new generation of magnetic spectrometers has been devel-
oped, reaching solid angles of ≃ 100msr [1–3]. With this
very large acceptance, it becomes unfeasible to use com-
plex magnetic elements to correct for the ion optical aber-
rations. These corrections are very relevant in the study
of grazing collisions where several nuclei are produced in
a wide energy and angular range and with cross sections
spanning orders of magnitude.

To overcome the above difficulties, the adopted solu-
tion is to simplify the magnetic element configuration and
to apply the concept of trajectory reconstruction. This can
be done by using a detector system which, besides nuclear
charge, energy and timing, provides the necessary posi-
tion information along the ion path. These ideas, “sim-
ple” magnetic configuration and an event-by-event recon-
struction of the ion trajectory, have been adopted for the
large solid-angle spectrometer PRISMA of Legnaro Na-
tional Laboratory of INFN (Italy) [1].

PRISMA is one of the largest acceptance magnetic
spectrometer currently operating. It has been coupled to
the large gamma array CLARA [4], and it is now used in
the first phase of measurements with the European array
AGATA [5], which is among the most advanced array for
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gamma spectroscopy. As a consequence, a detailed knowl-
edge of the performances of PRISMA, both in terms of
transmission and trajectory reconstruction, is important
for reaction and nuclear-structure studies.

The understanding of the reaction mechanism depends
strongly on the knowledge of absolute cross sections which
requires a correct treatment of the measured yields that
may be strongly affected by the transmission, especially
at the edge of the spectrometer. Therefore, the response
of the spectrometer has to be extracted via a simulation
of ion trajectories, taking into account the kinematics of
the reaction and the geometry of the magnetic elements
and detectors [6].

In this paper we present a study of the response of
PRISMA via a Monte Carlo simulation of the ion tra-
jectories. The validity of the extracted response has been
tested by using differential cross sections provided by the
semiclassical model GRAZING [7] and by the analysis of
the angular distribution of the elastic scattering and one-
particle transfer channels in the 48Ca on 64Ni reaction at
≈ 6MeV/A [8,9]. In addition, the quality of the trajectory
reconstruction has been confirmed by the Doppler correc-
tion of γ-rays measured in coincidence with PRISMA by
the γ array CLARA [4].

2 The PRISMA spectrometer

The configuration of the PRISMA spectrometer and its
detector system have been described in refs. [1,10,11].
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Fig. 1. Schematic view of the PRISMA magnetic spectrometer. The shaded regions indicate the quadrupole and dipole magnetic
elements. The various reference frames relevant for the simulation calculation of the ion transport discussed in sect. 3 are also
given.

Here we briefly remind the most important parameters,
relevant for the reconstruction of ion trajectories.

The main characteristics of PRISMA are its solid an-
gle of ≃ 80msr (corresponding to a geometrical acceptance
of ±6◦ in the horizontal and ±11◦ in the vertical direc-
tions), a momentum acceptance of ±10% and a disper-
sion of ≃ 4 cm per percent in momentum. The magnetic
elements are a quadrupole singlet (Q), placed at ≃ 50 cm
from the target, and a dipole (D) with 60◦ bending angle
and 1.2m curvature radius. The entrance effective field
boundary of the dipole, placed 60 cm downstream of the
quadrupole, forms an angle of −20◦ and +5◦ at its en-
trance and exit, respectively. A schematic view is given in
fig. 1, where we also show the reference frames used in the
simulation of the trajectories.

Because of its large acceptance and its minimum num-
ber of magnetic elements PRISMA does not have a well-
defined focus and the mass and charge identification
are obtained after the reconstruction of the trajectory.
For this purpose one needs a detection system providing
two-dimensional position information at the entrance and
exit of the spectrometer and time-of-flight (TOF).

The entrance detector is based on a two-dimensional
position-sensitive micro-channel plate (MCP), giving a
start signal for TOF (with subnanosecond resolution) and
XMCP , YMCP signals (with 1mm resolutions) [10]. Ions
pass through the optical elements of the spectrometer and
after a path of ≃ 6.5m, enter the focal plane detector [11].
This consists of an array of parallel plates of multiwire-

type (MWPPAC), providing a stop signal for TOF and
XFOC , YFOC position signals (with 1mm resolutions) fol-
lowed by an array of transverse field multiparametric ion-
ization chambers (IC), giving ∆E and total energy E
signals.

3 Monte Carlo simulation of the PRISMA

response

For the simulation of the PRISMA response, described in
this section, we remind that the motion of a particle of
charge q and mass m in the spectrometer is determined
by the Newtonian equation

d

dt
mv = qv × (BQ + BD) (1)

being v the velocity of the ion and BQ and BD the mag-
netic fields of the quadrupole and dipole, respectively. The
above equation is reduced to a system of first-order dif-
ferential equations whose solution is obtained by using a
Runge-Kutta algorithm of the fourth order with an adap-
tive step size to keep the desired accuracy. In the simula-
tion the energy loss in the different parts of the focal plane
detectors (mylar windows and gas of the MWPPAC and
IC) is also taken into account [12].

Since we do not have the three-dimensional maps of
the dipole and quadrupole magnetic fields we had to cal-
culate them. The dipole magnetic field, in the entrance
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Fig. 2. Dipole and quadrupole field profiles. The dipole field profile (BZ) is shown as a function of the transverse coordinate
(Y ) at the entrance and exit windows, in the fringing field region. Y = 0 corresponds to the entrance and exit windows of the
magnet (see also fig. 1). The quadrupole field profile (BZ) is shown at various distances from the central axis. The dotted lines
at X = ±250 mm correspond to the entrance and exit windows. What look like full lines are the fields as measured by the
DANFYSIK scaled for the present setting. They cover our calculated profiles.

and exit fringing field region, has been calculated from
the map provided by the DANFYSIK [13] on the medium
plane, by using the Maxwell equations and by expanding
the field up to the fourth-order term. To calculate the field
of the quadrupole element we introduced a magnetic po-
tential that satisfies the Laplace equation. This equation
has been solved by using an over-relaxation algorithm, on
a three-dimensional lattice, of 1 cm size in all three di-
rections, that is big enough to contain the full magnet.
The three components of the magnetic field on the mag-
net poles have been calculated from the expression of the
magnetic potential for a perfect quadrupole. The calcu-
lated z-component of the magnetic field has been found
to agree very well with the map provided by the DAN-
FYSIK on the medium plane. We use these calculated
magnetic fields to estimate, via a linear interpolation, the
force that at time t and position r(t) acts on the ion that
is moving through the spectrometer. Figure 2 shows on
the left (right) the dipole (quadrupole) field profiles cor-
responding to the magnetic settings used in the 48Ca on
64Ni reaction, lately discussed.

To calculate the response function of the spectrometer
we simulate a real experiment where the initial distribu-
tion of scattered events is known. The procedure employs
a ray tracing code which uses numerical integrators to
determine the trajectories of individual rays through the
electromagnetic fields. With our ray tracing code we pro-
duce a data file containing all the parameters detected
with PRISMA; this file is then sorted with the same code
used to analyze the experimental data. In the sorting code
the trajectory is considered to be planar and developing
in the medium plane. The trajectory, in the sorting algo-
rithm, consists of several segments, these are linear outside
the magnetic elements, hyperbolic inside the quadrupole
and circular inside the dipole, the parameters defining the
different segments are fitted to provide a continuous (with
its first derivative) line thus allowing an estimation of the
distance covered by the ion. This approximation has been
carefully checked in the simulation and gives at most a
2% error in the evaluation of the length of the trajectory

allowing a sufficient resolution in mass and velocity of
the ion.

The calculations are done for the reaction 48Ca + 64Ni
at Elab = 270MeV, which has been recently performed for
the study of elastic, inelastic and transfer reactions [8,9].
In this reaction most of the transfer yield is close to the
grazing angle θlab = 20◦, where PRISMA was set. At this
scattering angle the elastically scattered 48Ca ions have
an energy of ∼ 250MeV and the transfer products span
an energy range of about 50MeV.

The calculation of the response function starts by
generating a distribution that is uniform in energy and
isotropic in angle, covering the energy range between 150
and 400MeV and the angular range θlab = 10◦–40◦ and
φlab = −40◦–40◦ (see fig. 3(a)). This distribution is then
transported to the focal plane by the ray tracing code out-
lined above, using the magnetic-field settings of the exper-
iment (i.e., Bmax = 0.75063T and 0.569T for the dipole
and quadrupole magnet, respectively). The angular range
is slightly larger than the acceptance of PRISMA which is
defined by the entrance area of the quadrupole. The en-
ergy range corresponds to the momentum acceptance of
the spectrometer for 48Ca ions, wider than the one covered
by the reaction.

The ions emerge from the target with different charge
states whose probability distribution follows the semi-
empirical formula given in refs. [14,15]. By using in the
simulation the experimental values of the quadrupole and
dipole magnetic fields, we obtain the charge state distri-
butions depicted in fig. 4 (upper panel) as a function of
XMCP and XFOC horizontal coordinates of the entrance
and focal plane detectors. To have as a reference those
events which are not affected by the quadrupole field we
cut the two-dimensional matrix along the central coordi-
nate XMCP = 0. This cut is shown on the lower panel
of fig. 4. The comparison with the experiment (shown in
the same figure) has to be intended as only qualitative
since the calculated charge state distribution is obtained
by using a uniform distribution in energy and angle. We
have to warn the reader that the charge state distribution
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Fig. 3. MCP detector image of the initial distribution for 48Ca
ions (a), and the transported distribution obtained with the
condition that the incoming ions have reached the focal plane
(b). The coincidence requirement results in approximately a
factor of two reduction of the statistics and in an inhomoge-
neous distribution. Here θlab and φlab are the azimuthal and
polar angles, in the laboratory frame, with respect to the beam
axis.

of the fragments is kept unmodified after the target. The
C-foil of the MCP detector is not taken into account, we
estimated that it leads to minor changes at the energies
here considered. A complete modelling of the evolution
of the charge distribution (involving a correct treatment
of the isomeric states) is beyond the scope of this contri-
bution since it is very complex and is system and energy
dependent.

The effect of the transmission in the spectrometer can
be seen in panel b) of fig. 3, where we show the simulated
MCP event distribution requiring the transport of the ions
up to the focal plane. It results in a non-uniform distribu-
tion of events, more marked at the edge of the acceptance
region.

The transmitted yields (integrated over the azimuthal
angle φlab) are shown in fig. 5 for the charged states
Q = 16+, 18+, 19+ (panels a), b), c)) and for the to-
tal distribution (panel d)), as a function of the scattering
angle (θlab) and kinetic energy (EK). For each charge state
a non-uniform transport is obtained, although the input
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Fig. 4. Upper panel: simulated distribution of charge states of
48Ca with kinetic energy EK = 244MeV, as a function of the
horizontal coordinate of the entrance and focal plane detectors
of PRISMA. Lower panel: focal plane distribution of the charge
states for XMCP = 0 (see text).

distributions were generated uniform both in energy and
angle.

The two-dimensional total distribution enables us to
calculate the response function of PRISMA, defined, for
each value of energy and angle, as the ratio of the trans-
ported events over the initial one. Its inverse provides di-
rectly the factor f(EK , θlab), shown in fig. 6, needed to
correct the experimentally measured yield. As pointed out
before, the major corrections are found at the edge of the
angular acceptance, with a clear dependence on the kinetic
energy of the transported ions.

4 Test of the PRISMA response with

calculated cross sections

The effectiveness on the PRISMA response calculated via
the illustrated Monte Carlo simulation has been tested by
using different initial distributions, but for convenience we
decided to use an input distribution corresponding to the
differential cross sections calculated with the semiclassical
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Fig. 5. The transmitted yields for 48Ca ions are shown, as a function of (EK , θlab). Panels a), b) and c) refer to the transport
of events for each individual charge states Q = 16+, 18+, 19+, while panel d) gives the transport of the total charge state
distribution (constructed by using five millions events). The momentum scale is given on the right vertical axis.

Fig. 6. The correction factor f(EK , θlab) for 48Ca ions is shown
on the left panel, with the momentum scale on the right vertical
axis. Energy cuts of the correction factor are shown on the
right.

model GRAZING [7]. This model, from the knowledge of
the intrinsic structure of the colliding ions, is able to cal-
culate mass, charge, energy and angular distributions for
multinucleon transfer reactions and it has been applied
for the analysis of several heavy-ion reactions [16]. The
model computes the evolution of the reaction by taking
into account, besides the relative motion variables, the in-
trinsic degrees of freedom of projectile and target. These
are the isoscalar surface modes and the single-nucleon
transfer channels. The multinucleon transfer channels are
described via a multistep mechanism. The relative mo-
tion of the system is calculated in a nuclear plus Coulomb

field where for the nuclear part the empirical potential
of ref. [17] has been used. The excitation of the intrin-
sic degrees of freedom is obtained by employing the well-
known form factors for the collective surface vibrations
and the one-particle transfer channels [18,19]. The model
takes into account in a simple way the effect of neutron
evaporation.

With GRAZING we have generated double differen-
tial cross sections (in angle and energy) for the most
prominent final states of the 48Ca on 64Ni reaction at
Elab = 270MeV (full line of fig. 7). These inital distri-
butions have been transported to the focal plane of the
spectrometer using the ray tracing code outlined above.
Integrating in angles or in energy one obtains the energy
spectra and the inclusive angular distributions represented
by open dots in fig. 7. By applying to the transported
events (in the EK and θlab plane) the correction factors
previously calculated (see fig. 6) one obtains the distri-
butions represented with full dots in the same figure. The
corrected distributions agree reasonably well with the ones
calculated by GRAZING that have been used as input in
our attempt to validate the response function of PRISMA.
The fluctuations that are seen in the kinetic energy spectra
for some nuclei are due to statistical fluctuations present in
the matrix of the correction factor. This matrix has been
constructed by using five million events and by adopt-
ing a step of 0.1MeV for the energy and of 0.2 degrees
for the scattering angle. In this work we did not imple-
ment any smoothing procedure, for instance by adopting
a randomization in the bin occupancies, however after a
preliminary analysis we could conclude that the statisti-
cal fluctuations are important mainly at the edge of the
spectrometer where they induce errors of at most 20%.

The above result gives us confidence that we can now
correct the measured distributions for the transmission
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Fig. 7. Kinetic energy (left) and dispersion angle θlab (right)
distributions of the ±1n, ±1p ±2n channels of the reaction
48Ca on 64Ni at Elab = 270 MeV, as calculated by the GRAZ-
ING model [7] (solid lines). The open circles give the corre-
sponding simulated distributions obtained at the focal plane
of the PRISMA spectrometer, while the full circles represent
the same distributions corrected by the factors f(EK , θlab),
shown in fig. 6 (see text for details).

and thus obtain the actual cross sections for the differ-
ent final channels. As an example we corrected for the
PRISMA transmission the measured angular distributions
for the pure elastic and one-neutron stripping channel,
shown in fig. 8 in comparison with the semiclassical cal-
culations. The absolute scale of the cross sections has
been determined from the elastic scattering as described
in ref. [20]. It is found that the reconstructed experimental
distributions describe quite well the corresponding distri-
butions of elastic scattering and one-neutron stripping, as
a demonstration of the validity of the present method for
the analysis of experimental data.

To further illustrate and test the procedure employed
for the particle identification that imply the trajectory re-
construction, we have generated with the code GRAZING
an initial distribution of events (in energy, angle and mass)
for several Ca-like nuclei that are populated in the reac-
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tion. These events are then transported to the focal plane
to simulate the experiment. Using the sorting program of
the data analysis we obtained the mass spectra shown in
fig. 9 in comparison with the experimental ones. In both
cases a good mass resolution is obtained (∼ 1/150 and
∼ 1/260 for experiment and simulation, respectively), the
simulated spectra having a narrower width mostly due to
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a smaller energy spread and to the fact that one has ne-
glected the finite dimension of the beam spot. The reduc-
tion in intensity observed in the simulated two-nucleons
transfer channels is a consequence of the underestimate of
these channels by the input model.

The fact that the sorting program is able to recon-
struct the trajectory with good accurancy is also seen by
the experimental γ-ray energy spectra measured by the
CLARA array in coincidence with the ions identified with
PRISMA. This is visible in fig. 10 where we show the
γ-spectra Doppler corrected on event-by-event basis us-
ing the velocity and angles provided by the reconstructing
sorting code. Even with the rather high velocity of 48Ca
ions (v/c ≈ 0.1), the energy resolution of the 2+

→ 0+

transition at 3.832MeV is ≈ 34 keV, which is consistent
with the energy uncertainty given by the opening angle of
the CLARA Ge crystals.

5 Conclusion

The response function of the PRISMA magnetic spectrom-
eter to the transport of medium mass ions has been stud-
ied by a Monte Carlo simulation. The procedure employs
a ray tracing code which uses numerical integrators to
determine the trajectories of individual rays through the
electromagnetic fields. Through the calculated response a
non-uniform transmission is found, which is mostly severe
at the edge of the angular acceptance of the spectrom-
eter. A test of the calculated response on known input
distributions of incoming ions, obtained by a semiclassical
model, demonstrates the validity of the present unfolding
procedure, which has also been successfully applied to the
analysis of experimental data for the same mass region.
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