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TRACE Si detector setup will be described.

variety of physics topics will be addressed during this campaign, aiming to investigate both neutron
and proton-rich nuclei. The setup has been designed to be coupled with the large-acceptance magnetic-
spectrometer PRISMA. Therefore, the in-beam prompt v rays detected with AGATA will be measured in
coincidence with the products of multinucleon-transfer and deep-inelastic reactions measured by
PRISMA. Moreover, the setup is versatile enough to host ancillary detectors, including the heavy-ion
detector DANTE, the y-ray detector array HELENA, the Cologne plunger for lifetime measurements and
the Si-pad telescope TRACE. In this paper the design, characteristics and performance figures of the

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The first implementation of the AGATA array [1-4] will
operate at the INFN-Laboratori Nazionali di Legnaro (LNL). The
installation at LNL has two main goals, to validate the y-tracking
concept and to perform an experimental campaign with the
stable beams delivered by the Tandem-ALPI and the PIAVE-ALPI
accelerator complex [5,6]. After the commissioning period, the
experimental campaign will use five triple clusters of AGATA [7]
(from now on referred as AGATA sub-array) coupled to the
PRISMA [8] magnetic spectrometer. The AGATA sub-array
replaces the previous y-ray detector array CLARA [9]. The setup
has been mainly designed to perform structure studies of mod-
erately neutron-rich nuclei populated by grazing reactions as
multi-nucleon transfer or deep-inelastic collisions. However, the
AGATA sub-array can be used with other reactions, like for
example Coulomb excitation, direct and fusion-evaporation reac-
tions, and can be coupled to other complementary detectors. As it
was mentioned above the AGATA sub-array installation at LNL
has a double aim: an experimental campaign and the evaluation
of the AGATA performance figures. However, the latter one is a
challenging process that requires detailed analysis and, therefore,
deserves dedicated publications. The first commissioning that
evaluates the position resolution of the array has been published
by Soderstrom and collaborators [10], other preliminary results
can be found in Refs. [11-14]. The present manuscript will
concentrate on a full description of the infrastructures associated
with the AGATA sub-array at LNL including the complementary
devices as well as the simulations to show the performance of the
AGATA sub-array.

2. Nuclear structure studies using grazing reactions

High-resolution spectroscopy of neutron-rich nuclear species
plays a major role for the understanding of nuclear structure at
large isospin values. Topics of special interest for the present
campaign are the evolution of the nuclear effective interaction in
the monopole and multipole terms, the quenching of the known
shell gaps and the development of new ones, the evolution of the
nuclear collectivity and the shape phase transitions at large
isospin values. Experimentally, these questions can be studied
by exploring the nuclear spectrum up to medium-high-angular
momentum and by direct measurement of transition probabil-
ities. These topics represent an important part of the scientific
programs of present and next generation radioactive beam facil-
ities that will open new possibilities by going further away from
the valley of stability. Nevertheless, moderately neutron-rich
nuclei can be populated at medium- or high-angular momentum
by transferring nucleons (neutron-pickup and proton-stripping
being the projectile-like the nuclei of interest) in grazing reac-
tions. Multi-nucleon transfer reactions and deep-inelastic colli-
sions have been used with success in the last years to study the
structure in the neutron-rich side of the nuclear chart. In the
1980’s, Guidry and coworkers [15] suggested the possibility to

populate high spin states in transfer reactions induced by heavy
projectiles and in the 1990’s Broda and collaborators performed
pioneering work with large y-detector arrays [16,17]. These early
techniques were purely based on the measurement of y—vy
coincidences between unknown transitions of the neutron-rich
nucleus and known ones of the reaction partner. In recent years,
the first dedicated setup for spectroscopy based on grazing
reactions, in particular for medium mass or heavy neutron-rich
nuclei, was developed, consisting on the CLARA array coupled to
the PRISMA magnetic spectrometer [9]. This setup, as well as the
present AGATA implementation coupled to PRISMA, aims at
measuring in-beam prompt y-rays detected with the Ge array in
coincidence with the reaction product seen by the PRISMA
spectrometer. This enables transitions to be assigned to the
emitting nucleus by measuring the mass A and atomic number
Z of the reaction products. The experimental activity at the
CLARA-PRISMA setup has provided relevant spectroscopic infor-
mation in various regions of the neutron-rich side of the Segre
Chart, that span from N=24 [18,19], N=32 [20], N=40 [21-23],
up to N=50 [24]. In addition, a method for lifetime measure-
ments, the Recoil Distance Doppler-Shift (RDDS), was developed
for nuclei produced in multinucleon-transfer reactions in combi-
nation with a magnetic spectrometer [25-27]. This method will
greatly benefit from the implementation of the AGATA sub-array,
as it will be discussed later in this manuscript. The AGATA sub-
array has now replaced CLARA at the target position of the
PRISMA spectrometer; the higher efficiency and sensitivity of
the new array with respect to CLARA will extend the studies of
neutron-rich nuclei to more exotic species, giving the possibility
of contributing to the understanding of the nuclear force at even
larger isospin values.

3. The AGATA sub-array setup coupled to the PRISMA
spectrometer

The setup at LNL includes two basic instruments, the AGATA
sub-array and the PRISMA spectrometers. The design of the
infrastructures and instrumentation has been largely conditioned
by the coupling of these two instruments. In the next section a
brief description of the AGATA sub-array and the PRISMA spectro-
meter will be given.

3.1. The first implementation of the AGATA spectrometer

The Advanced GAmma Tracking Array (AGATA) [1-4] is based
on the novel concepts of pulse shape analysis [28-31] and y-ray
tracking [32-34] with highly segmented Ge semiconductor detec-
tors. The AGATA sub-array being installed at LNL consists of five
triple cluster elements, see Fig. 1. Given the number of elements,
the optimal geometry of the array for the experimental activity
foreseen at LNL is the compact distribution of the 15 Ge crystals
arranged in the mentioned five triple clusters. This sub-array of
AGATA is placed symmetrically along the optical axis of the
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Fig. 1. Schematic view of the AGATA sub-array showing the five triple clusters
(color online).

PRISMA spectrometer at approximately 180°. This is the optimal
position to minimize the Doppler broadening. The full AGATA 47
geometry is based on 180 detectors, i.e. 60 AGATA triple clusters.
The present AGATA sub-array is only 1/12 of the total and, as a
consequence of the limited solid-angle coverage, other target-to-
detector distances (referred from the target position to the sur-
face of the detector), closer than the nominal 235 mm AGATA
inner radius, can be also used. The effect of this reduced target-to-
detector distance from the y-ray emitting source translates into a
larger efficiency (a factor of 2 for 145 mm) without significant
losses in the resolution and peak-to-total performance [35], for
reactions with low 7y-ray multiplicity, in particular the already
mentioned multi-nucleon transfer processes. More details on the
performance figures of the array coupled to PRISMA will be given
in Section 6.1.

3.2. The PRISMA magnetic spectrometer

PRISMA is a large-acceptance magnetic spectrometer designed
to work with grazing reactions with the heavy-ion beams pro-
vided by the LNL accelerator complex. The basic characteristics of
PRISMA are described in Ref. [8]. For the following discussion it is
relevant to mention that PRISMA uses ion-tracking position-
sensitive detectors to achieve the mass resolution. The tracking
detectors provide the basic information to obtain the trajectory
and velocity of the reaction products. According to the Monte
Carlo simulations, up to velocities of approximately v/c=10%, the
intrinsic AGATA detector resolution is almost fully recovered if
the recoil velocity is measured with a relative precision better
than 1%, and if the recoil velocity direction is measured with an
angular precision better than 1°. These values are actually well
within the capabilities of PRISMA. A more detail discussion will be
given in the Monte-Carlo simulation (Section 6.1).

4. Description of the setup installation

The sub-array of AGATA coupled to the PRISMA spectrometer
is placed onto a platform that rotates from 0° to 117° with respect
to the beam direction. Both devices are fixed on the platform and
are located face-to-face in such a way that independently of the
spectrometer angle selected for an experiment, the recoils that
enter into the PRISMA spectrometer will have a trajectory of
approximately 180° with respect to the central axis of the AGATA
sub-array. The rotation and translation of AGATA produces tight

constraints on the mechanical support, beam line and reaction
chamber as well as to the liquid nitrogen cryogenic distribution
lines. In this section the different mechanical aspects that char-
acterize the AGATA and PRISMA setup will be discussed. The
mechanical constraints of the setup limit further the use of the
angular range mentioned above and therefore a final subsection
will provide the angles available for the experiments.

4.1. Mechanical support

A stringent requirement of AGATA design is that the triple
cluster elements should be mounted with a separation distance
between them of 0.5 mm. Therefore, the use of bespoke designed
AGATA structural flanges is compulsory. A subset of 15 flanges
covering 17 sr has been used to allow the mounting of up to 15
AGATA triple clusters as well as other complementary y-ray
detectors. The main mechanical support, see Fig. 2, has been
designed to enable the positioning of the AGATA flanges at the
target position of the PRISMA spectrometer. The full structure is
mounted on a translating frame to set the target-to-detector
distance as well as allowing access to the area of the reaction
chamber. This frame is placed on a rotating platform solidly
linked to the PRISMA spectrometer. Therefore, the described
mechanical structure allows the rotation and translation of the
AGATA sub-array.

4.2. Beam line and reaction chamber

The beam line has been constructed in such a way that it can
be held at two positions, see Fig. 3. The beam line retracts in order
to rotate the array without any obstacle, from the AGATA support
or the detectors. Once PRISMA and the AGATA sub-array have
been placed at the desired angle, the beam line is extended to
couple to the reaction chamber.

The beam line is formed of two concentric cylinders of
different diameters that slide one within the other. The contact
between the two cylinders is made with Teflon in order to have
less mechanical stress between them. The high vacuum is ensured
via an O-ring seal. The coupling of the beam line and the reaction
chamber is made via a bellows with KF25 standard flanges. The
design and construction of the reaction chamber has been
motivated by the following bench marks: low y-ray absorption,
coupling to the existing PRISMA support, PRISMA rotation angle
from 0° to 117°, versatility for positioning detectors inside the

LN2 MANIFOLD]
SUPPORT

MAIN SUPPORT]

INTERMEDIATE]
SUPPORT FOR

DECOUPLING TOWER

SUPPORT FOR]
TRANSLATION

Fig. 2. A design drawing and a photograph of the mechanical support for AGATA
at LNL, where a subset of 15 flanges covering 17 sr is shown. The interface
between the lower and intermediate support allows the translation of the main
support.
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chamber and the necessity of a beam dump to decrease the y-ray
background directed toward the unshielded AGATA detectors. The
result has been a 2 mm-thick spherical aluminum reaction
chamber coupled directly to the chamber hosting the PRISMA
Micro Channel Plate (MCP) entrance detector [36] with an angular
range coverage from 0° to 117° and with an extended heavily
shielded triangle-shaped chamber that can be used as beam
dump as well as a versatile chamber to place detectors, feed-
throughs, etc. The chamber presents three main parts (see Fig. 4):
the main spherical body with an inner radius of 12 cm, the
extended beam dump chamber and three spherical shells that
all fit together form a vacuum seal for the chamber to operate at a
ranges of rotation angles. The reaction chamber can host the
DANTE detector, see Section 5.1, the TRACE detector Si-array, see
Section 5.4, as well as the Cologne differential plunger, see Section
5.3. Moreover, the chamber is versatile enough to include a range
of other complementary detectors.

4.3. Cryogenic basic infrastructures
The liquid nitrogen (LN;) distribution system at the AGATA-

PRISMA setup consists of the incoming vacuum isolated LN, line,
the distribution and collector manifolds and the exhaust line for

Fig. 3. Telescopic beam line for the AGATA-PRISMA setup. The beam line can be
retracted back as well as extend to the nominal position to be coupled to the
reaction chamber.

< (

L Towards Prwsma///)\\

the liquid nitrogen and gas. Fig. 2 shows the LN, system and all its
parts as mentioned above. The incoming line, used previously
during the CLARA project, accommodates the rotation and trans-
lation of the array through specially designed Johnston joints. The
distribution manifold is vacuum isolated and allows the connec-
tion of up to 15 AGATA triple clusters. The manifold collector,
rigidly connected to the support structure of the array, was
designed in order to comply with the safety regulations whereby
the surplus (gaseous and liquid nitrogen) produced during the
filling cycle are evacuated outside the building.

The manifold collector is connected to the exhaust line via a
flexible vacuum hose running through a dedicated flexible cable
tray (cable chain) used by AGATA and PRISMA cabling infrastruc-
ture. The presence of the exhaust line required the installation of
non-return cryogenic valves in the out-gassing line of each single
AGATA triple cluster.

4.4. Available range for grazing angles

The reaction chamber itself is planned to allow the rotation of
PRISMA in a broad angular range from 0° to 117°. Nevertheless,
because of the mechanical support of AGATA and the beam line
configuration there are some restrictions in the available angular
range. The 0° configuration can only be used for an AGATA
germanium to target distance of at least 243 mm. The AGATA
nominal distance from the target is 230 mm, which is 235 mm
from the germanium crystals. On the other hand, because of the
radius of the reaction chamber, the closest possible AGATA sub-
array to target distance is 140 mm, i.e. 145 mm from the germa-
nium crystals. The thickness of the central pentagonal flange of
the main mechanical structure prevents the use of grazing angles
below 15° for the nominal distance. Due to the possible clashes
between the beam line bellows and the AGATA clusters, the use of
a grazing angle from 14° to 22° (closer target-AGATA distance:
from 15° to 31°) requires that both flanges nos. 3 and 4 (see Fig. 5)
must be empty while in the case of a grazing angle between 22°
and 29° (closer target-AGATA detector distance: 32°) only flange
no. 3 must be empty. Due to the thickness of flange no. 3, grazing
angles between 29° and 37° (closer target-AGATA distance: 33°
and 41°) are not available. Finally all angles between 37° and 117°
(closer target-AGATA distance: 41° and 117°) are available with
the five clusters of the AGATA placed in the five inner flanges of
the mechanical support and with the beam dump placed on one
of the planned supports inside the reaction chamber.

Table 1 summarises the angular ranges.

Expansian Chamber

TARGET

=

Beam monitor

0° AGATA A\

Fig. 4. Schematic side view (left) of the AGATA reaction chamber and the heavily shielded extended triangular-shaped chamber to be used as beam dump as well as a
versatile chamber to place detectors. Horizontal cut (right) of the reaction chamber showing simultaneously different beam-input configurations.
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Fig. 5. Schematic view of the AGATA detector flanges with the numbering scheme,
see text for more details.

Table 1

Angular ranges available for the nominal distance (235 mm) and the closest
possible distance (145 mm). The distance is referred from the center of the array
up to the germanium crystal. The 0° angle is only possible at 243 mm from the
germanium crystals. See text for details.

Distance Angular ranges
(mm)
Not Available® Available® Not Available®
available? available?
235 0-14° 14-22° 22-29° 29-37° 37-117°
145 0-15° 15-31° 32° 33-41° 41-117°

2 Due to the thickness of central pentagon.
P If flanges 3 and 4 are empty.

€ If flange 3 is empty.

9 Due to the thickness of flange 3.

€ Five AGATA triple clusters mounted.

5. The AGATA sub-array complementary instrumentation

Additionally to the PRISMA spectrometer, a number of com-
plementary detectors can be used with the AGATA sub-array at
LNL to perform the physics campaign. Two of them are considered
to be an integral part of the setup, the heavy-ion position-
sensitive detector array DANTE and the y-ray multiplicity filter
HELENA. In addition, a differential plunger for lifetime measure-
ments, designed at Cologne University specifically for use at the
grazing angle, and modules of the TRACE Si-PAD detector array,
will be available for the physics campaign. In the following a brief
description of these complementary devices will be given.

5.1. The heavy-ion detector DANTE

DANTE is a general purpose heavy-ion position-sensitive
detector array based on MCP [37,38] that can be installed in the
reaction chamber of the AGATA-PRISMA setup. The configuration
of the single elements of DANTE is very similar to that of the start
detector of the PRISMA spectrometer [36] and of the CORSET-type
detector [39].

Fig. 6. Mechanical setup for the different angles of the DANTE array. The angles
quoted in the figure refer to the nominal central position of the DANTE detectors
with respect to the beam axis.

Each detector consists of a Mylar foil, at the entrance, for
electron production, followed by two Micro-Channel-Plates
(MCP), of dimensions 40 x 60 mm?, mounted in Chevron config-
uration. This detector allows the coverage of a large surface
approximately 40 x 60 mm? and provides three parameters, X, Y
and time. The position and time resolution of DANTE is 1 mm and
around 130 ps, respectively.

The final design of the DANTE array aims at maximizing the
detection efficiency for the reaction products in combination with
the y-rays measured with the AGATA sub-array. As a conse-
quence, the MCP detectors will be placed around the grazing
angle, where the reaction cross-section is largest. Fig. 6 shows the
different DANTE configurations for the various angles. The
arrangement of the detectors in the array is flexible in order to
place them at the grazing angle of the various reactions of
interest.

5.2. The vy-ray detector array HELENA

HELENA is a detector array built out of 27 scintillation
detectors based on 3in.x 3 in. hexagonal BaF, crystals. These
detectors are placed at 150 mm from the target, in five groups of
eight, eight, four, four and three detectors each, to cover the
maximum available space between AGATA and the PRISMA
spectrometer, see Fig. 7. The solid-angle coverage is approxi-
mately 25% of 4 = with an overall full energy peak efficiency of
16% at 500 keV. The HELENA array is used both as a time
reference and a multiplicity filter for y-rays. The fast component
of this scintillator gives to the HELENA array an excellent time
resolution of around 600 ps. This allows for an essentially perfect
separation between neutrons and y-rays. Moreover, the depen-
dence of the relative intensities of the two scintillation compo-
nents of the BaF, (220 and 320 nm) on the type of interaction
permits a discrimination against the internal radioactivity by
analysis of the pulse shape. The pulse shape analysis is also an
useful additional veto against pile up events. The multiplicity
filter information will be used at first to disentangle direct
reactions with low y-ray multiplicity from the fusion-evaporation
ones, with higher y-ray multiplicity. A measurement of the total
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Fig. 7. Schematic view of the HELENA multiplicity filter within the AGATA
flanges frame.

energy deposited may also be performed. See Refs. [40,41] for
more detailed information. The HELENA mechanical support,
attached to the main frame of the AGATA array, has been
designed to allow for the maximum detection efficiency in the
various detector configurations to ensure that individual HELENA
detector groups can be extracted to leave space for additional
AGATA triple clusters. One of the upper groups can be mounted in
two possible locations to be compatible with the target-holder
positions necessary for the use of the different DANTE detector
angular configurations. Due to the fact that the AGATA sub-array
may be used in any position between the nominal inner radius of
235 mm and the minimum inner radius of 145 mm, the HELENA
individual supports include translation sliders that allow the
HELENA detectors to be correctly centered around the target.

5.3. The Cologne plunger for grazing reactions

To open the possibility of Recoil Distance Doppler-Shift mea-
surements, following the population of nuclear excited states in
multi-nucleon transfer and deep-inelastic reactions at grazing
angles, a dedicated differential plunger device [42] has been
designed and built at the University of Cologne. In multi-nucleon
transfer and deep-inelastic reactions the recoiling nuclei of inter-
est leave the target in a direction which is normally different from
the direction of the incident beam. The plunger device has to be
oriented parallel to the recoil axis that means that the degrader
foil of the plunger has to be moved along this axis. This fact
requires a design that enables a rotation of the device with
respect to the beam axis. Thereby the target center is kept fixed
on the beam axis. The recoil axis coincides with the entrance axis
of the PRISMA spectrometer which has the consequence that
the plunger device follows exactly any rotation of the PRISMA
spectrometer.

These considerations led to the design that is schematically
shown in Fig. 8. All vital device components like the motor, a
piezo-crystal used for a feed-back system and two inductive
transducers for measuring the target-degrader separation have
to be housed inside the target chamber. This is different from the
concept followed for the standard Cologne-coincidence-plunger
[43] where most of these components are located in a separate
housing up-stream of the target chamber in order to minimize the
amount of material by which the gamma radiation of interest
could be absorbed on its way from the target to the surrounding
germanium detectors. A compromise made whereby the neces-
sary components were placed in a plane below the target and

Fig. 8. Drawing of the plunger device and its supporting structure to be used in
the AGATA reaction chamber.

Table 2
Specifications of the Cologne differential plunger for the use in grazing reactions.

Target-degrader separation 0-10 mm
Precision of the target-degrader
separation setting (motor) 0.1 pm

Inductive transducer resolution 0.01 um (0—40 pm range),
0.1 pm (0—200 pm range),
1 pum (0-5 mm range)

Maximum rotation respect to the beam axis 60°°

2 The maximum angle can be increased to 70° by using different degrader
cones and holding structures.

degrader holding structures in such a way that the solid angles
covered by the PRISMA entrance acceptance and the AGATA
spectrometer are kept free. The complete plunger device can be
dismounted as a single unit from the target scattering chamber. A
dedicated mechanical structure fixed inside the target chamber
guarantees a precise positioning of the target in the pivot point of
the experimental setup. In addition this structure allows for
defined rotations with an angular accuracy of 0.5°. Some technical
details are given in Table 2.

Like other Cologne plunger devices, this plunger setup is
equipped with an active separation stabilizing system [44], which
ensures a separation accuracy of about 1% between the target and
degrader. The plunger device has been successfully used in a
lifetime measurement performed at GANIL, France [45] in combi-
nation with the VAMOS [46] spectrometer and the EXOGAM [47]
Ge detector array.

5.4. TRACE: the highly segmented Si-pad telescope detector modules

The TRACE detector has been recently designed for the
discrimination of light charged particles both in fusion-evapora-
tion and direct reactions with high detection efficiency
(~ 100 msr of solid-angle coverage), high counting rate and high
energy resolution. The modularity and high granularity provide
the capability of being suitable for various purposes, like the
identification of heavier ions up to carbon and oxygen. A detailed
description can be found in Ref. [48].

Every single element of the TRACE detector consists of a
double Si layer of 60 pads to form a AE—E telescope. The two
layers are 200 pm- and 1 mm-thick, respectively, AC coupled with
a resistivity higher than 10 kQ/cm. The single pad has a pitch of
4 x 4 mm? covering an active area of about 20 x 50 mm?, which is
surrounded by a series of guard rings to limit the surface leakage
current. The overall dark current is tens of nA in the case of the AE
and few pA in the case of the E detector.

A limited number of telescope modules, up to two, can
presently be installed in the AGATA-PRISMA chamber with an
appropriate mechanical support, as can be seen in Fig. 9. The
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Fig. 9. Schematic view of two elements of the TRACE detector inside the AGATA reaction chamber. Front view (left) and top view (right).

detector can be cooled to minus tens of degrees and spans over a
contained angular range with respect to the beam direction, from
8° to 26°. The angular range can be varied via a micrometer
device. The angular resolution is ~ 1° when the cooling system is
absent and ~ 3° otherwise.

6. Estimation of the performance figures of the setup by
Monte-Carlo simulations

The AGATA sub-array installed at LNL is the first implementation
of AGATA consisting of the first five triple clusters. The full array
will consist of 60 triple cluster in a 47 geometry [2,3]. Therefore, the
solid-angle coverage for the AGATA at LNL is 1z sr. In order to
increase its efficiency it is possible to operate the array a distances
closer than the nominal 235 mm. Consequently, its performance
figures will depend in a critical way on its location relative to the
target position. Detailed information on the AGATA Monte-Carlo
simulations and the foreseen performance figures, for the sub-array
of AGATA and the full AGATA, are published in Ref. [35]. In this
section the simulations of the performance of the AGATA sub-array
coupled to the PRISMA spectrometer will be discussed.

6.1. Simulation of the AGATA sub-array coupled to the PRISMA
spectrometer

In this section, the Doppler correction capabilities of the
AGATA detectors when coupled to the PRISMA spectrometer will
be evaluated in a way as realistic as possible. As mentioned in
Section 3.2, the configuration of PRISMA is a magnetic quadrupole
followed by a magnetic dipole. The trajectories of individual ions
entering the spectrometer are software reconstructed on an
event-by-event basis by exploiting the information provided by
position-sensitive detectors located close to the target position
and at the focal plane. Rather than implementing the geometry of
PRISMA within the main simulation code for AGATA, a stand-
alone simulation was developed [49,50,51].

A detailed map of the magnetic field inside the quadrupole
was calculated through finite elements methods. The over-relaxa-
tion method [52] has been applied on a rectangular three-
dimensional lattice, big enough to contain the whole magnet
(whose inner dimensions are 32 x 32 x 50 cm?®) and the mirror
plate. This lattice was 100 x 100 cm? large, at the base, and
150 cm deep, and was subdivided in a cubic mesh made of
1x1x1cm? cells, to which were associated the values of the
magnetic potential U,,. The relaxation method has been applied to

the inner part of the magnet as well as in the fringing regions. The
calculated field profile was found to be in excellent agreement
with the measured field provided by the manufacturer.

Concerning the magnetic field inside the dipole, the vertical
component B,(0) of the field inside the dipole was assumed to be
constant on the median plane, where B,=B,=0. The field outside
the median plane could be determined in terms of B,(0) by solving
the Maxwell equations. In order to treat the fringing field, the
experimental values of the vertical component B, of the fringing
field were fitted with a Fermi-like function. Measurements of the
vertical component B, of the fringing field were available at the
entrance and exit of the magnet on the median plane and at two
planes, located 5 cm above and below the median plane, with
2 cm steps for the mapping. Again, B, and B,, could be expressed in
terms of B,(0) by solving the Maxwell equations.

Given the magnetic fields, it is possible to calculate, step-by-
step, the trajectory of the ions from the target position up to the
focal plane. At a distance of 50 cm after the dipole, it is assumed
that the magnetic field is negligible and a straight trajectory is
followed. Energy loss in the passive elements (foils, windows of
the gas detectors) is evaluated through stopping power calcula-
tions based on the Ziegler subroutines [53]. The distribution of
charge states after the target is calculated following the model
described in Ref. [54].

The simulation codes for AGATA and PRISMA can both decode
the same input event file. The output of the two programs can be
combined into a single data file, based on the event number. This
process closely mimics the behavior of the actual AGA-
TA+PRISMA data acquisition system.

The example presented here considers a very schematic event
generation, namely °°Zr with an average energy of 350 MeV, i.e. v/
c=9.1%, and a Gaussian energy dispersion with FWHM =70 MeV.
In this simulation each °°Zr emits a single 1 MeV photon. The data
analysis, however, has been performed with the same techniques
as used with real data.

It is clear that, in order to perform the Doppler correction, the
sole information on the direction of the ions is not sufficient and
the full PRISMA information should be used. This is clearly proven
by the plot shown in Fig. 10 (top panel), where the same
simulated dataset, considering the sub-array of AGATA at the
closest distance of 145 mm from the target is analyzed in
different ways. Discarding completely the information from
PRISMA, that is using an average value for both velocity direction
and modulus, the peak FWHM is 9.7 keV. A value of 7.4 keV is
obtained when the direction is deduced from the PRISMA data on
an event-by-event basis and finally a value of 2.9 keV, very close
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Fig. 10. Simulated data for the AGATA sub-array+PRISMA setup for ®°Zr recoils
with an average energy of 350 MeV (v/c =9.1%) and a Gaussian energy dispersion
with FWHM =70 MeV. Recoiling nuclei emitting a single 1.0 MeV photon has been
simulated. In the upper panel, the simulation has been performed with the AGATA
detectors placed at 145 mm from the target, the Doppler correction was
performed by assuming an average recoil vector velocity modulus and taking
the direction from the start detector of PRISMA (MCP detector only), or by using
the full information provided by PRISMA. In the lower panel a comparison
between the AGATA sub-array and the CLARA escape-suppressed array is shown.
For the CLARA simulation the Doppler corrected spectra has been done with and
without the 90° ring, which was the configuration for lifetimes measurements. For
the AGATA sub-array simulation the Doppler correction was performed by using
the full information provided by PRISMA at two target-detector distances, i.e. the
nominal 235 mm and the closest 145 mm.

to the intrinsic detector resolution, is obtained by considering the
full information provided by PRISMA.

The simulated performance of the AGATA sub-array and of the
CLARA escape-suppressed array [9] are compared in Fig. 10
(bottom panel). The peak FWHM obtained with CLARA, consider-
ing the full information provided by PRISMA, is 6.2 keV when
considering the full array and 4.9 keV when the detectors posi-
tioned at 90° with respect to the entrance of PRISMA are not
considered. The value obtained with the AGATA sub-array at the
“nominal” distance (235 mm from the target) is 2.7 keV, while, as
discussed earlier, moving the detectors around 10 cm closer to
the target position the FWHM is 2.9 keV. The slight loss in quality
of the spectra is, however, compensated by the increase in
photopeak efficiency of almost a factor 2.

6.2. Monte-Carlo simulations of the setup for RDDS measurements
with grazing reactions

Recently it has been proven [25-27,45,55] that differential
RDDS measurements in a setup coupling a y-ray Ge array and a
magnetic spectrometer allow to measure lifetimes of neutron-rich

nuclei populated via multi-nucleon transfer or deep-inelastic
reactions, which were up to now inaccessible by the conventional
reactions with stable beams. The simulation of the RDDS techni-
que for the AGATA sub-array and PRISMA setup requires an event
generator capable to produce realistic events for the above
mentioned experimental conditions. Those events are processed
separately by the AGATA and PRISMA simulations and the results
merged together on an event-number basis to be further ana-
lyzed. A comparison between experimental data from “2Ca
(310 MeV) on 2°Pb reaction [25] and simulated data for the
same reaction can be found in Ref. [26].

The events are generated randomizing the exponential law
governing the de-excitation of the levels and considering the
lifetime as an input parameter. For a randomly extracted time of
emission, the velocity vector, together with the energy of the y
transition are written into a file, to be used as input of the AGATA
simulation. For the same event the velocity vector after the
degrader is written into another file to be used as well as input
of the PRISMA simulation. To speed up the Monte-Carlo simula-
tion, the energy loss is calculated and stored in the initialization
phase. This is possible when the energy loss per unitary path is
constant and the energy is well above the Bragg peak.

The generator considers that the cross-section of the reaction
products is constant within the angular acceptance of PRISMA,
centered at the grazing angle of the reaction. The velocity
distribution of the ions, before the degrader, is deduced from
the experimental distribution, obtained by the PRISMA magnetic
spectrometer, when accounting for the stopping power in the
degrader material using the Ziegler [53] expression for the energy
loss. The energy shift between the centroids of the distributions
before and after the degrader is a consequence of the energy loss
of the ions in the degrader itself, which leads to a different
Doppler shift for the y-rays emitted before or after the degrader.
The centroid shift determines the effective degrader thickness and
represents an independent check for the angle of rotation of the
plunger device with respect to PRISMA.

For each experiment the thickness of the degrader is calculated
such that the energy shift between peaks, originating from the
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Fig. 11. Comparison of the RDDS simulations for the *°Ca nucleus for various
distances with the AGATA sub-array and the CLARA setup coupled to the PRISMA
spectrometer.
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emission before and after the degrader, is larger than the energy
resolution of the peak of interest as detected by the AGATA sub-array.

In addition, a realistic velocity distribution is important to
determine the relative shape of the y transitions, which could
lead to an asymmetric peak with a prominent tail [27]. This can
be relevant to extend the sensitivity, via the use of reliable
simulations, of the RDDS technique in the measurement of life-
times in the range below 1 ps.

An overall comparison between simulated data sets, produced
from the same input files but processed considering the AGATA
sub-array and the CLARA array alternatively, is shown in Fig. 11.
From the comparison at around 1 MeV, the efficiency of the
AGATA sub-array is a factor 4.7 larger than CLARA and the
resolution is a factor 1.4 better.

7. Summary

The installation of the AGATA y-ray spectrometer, consisting of
an array of five triple clusters, coupled to the PRISMA magnetic
spectrometer has been concluded at INFN - Laboratori Nazionali di
Legnaro (LNL). The AGATA sub-array and the PRISMA setup is
ideally suited for studies of moderately neutron-rich nuclei,
populated in multi-nucleon transfer and deep-inelastic reactions.
In addition, RDDS lifetime measurements with the IKP-University
of Cologne Plunger, will open important new perspectives for the
measurement of lifetimes in neutron-rich nuclei, which were up
to now inaccessible by standard experimental techniques in stable
beam facilities. A number of complementary detectors, such as
the heavy-ion DANTE detector, the y-ray detector array HELENA
and the highly segmented Si-pad telescope TRACE, will permit the
use of AGATA for a broad range of experimental topics at LNL.
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