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a b s t r a c t

The CALIFA calorimeter is an advanced detector for gamma rays and light charged particles, accordingly
optimized for the demanding requirements of the physics programme proposed for the R3B facility at
FAIR. The multipurpose character of CALIFA is required to fulfil challenging demands in energy resolution
(5–6% at 1 MeV for gamma rays) and efficiency. Charged particles, e.g. protons of energies up to 320 MeV
in the Barrel section, should also be identified with an energy resolution better to 1%.

CALIFA is divided into two well-separated sections: a “Forward EndCap” and a cylindrical “Barrel”
covering an angular range from 43.21 to 140.31. The Barrel section, based on long CsI(Tl) pyramidal
frustum crystals coupled to large area avalanche photodiodes (LAAPDs), attains the requested high
efficiency for calorimetric purposes. The construction of the CALIFA Demonstrator, comprising 20% of the
total detector, has already been initiated, and commissioning experiments are expected for 2014.

The assessment of the capabilities and expected performance of the detector elements is a crucial
step in their design, along with the prototypes evaluation. For this purpose, the Barrel geometry has
been carefully implemented in the simulation package R3BRoot, including easily variable thicknesses of
crystal wrapping and carbon fibre supports. A complete characterization of the calorimeter response
(including efficiency, resolution, evaluation of energy and reconstruction losses) under different working
conditions, with several physics cases selected to probe the detector performance over a wide range of
applications, has been undertaken. Prototypes of different sections of the CALIFA Barrel have been
modeled and their responses have been evaluated and compared with the experimental results. The
present paper summarizes the outcome of the simulation campaign for the entire Barrel section and for
the corresponding prototypes tested at different European installations.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

With the advent of the new facility FAIR [1], a constellation of
reaction experiments at relativistic energies, exploring the most exotic

nuclei ever identified, opens for the NuSTAR (NUclear STructure,
Astrophysics and Reactions) community [2]. At these energies, the
use of thick targets and a large solid angle coverage of the outgoing
particles allow the study of the participants' structure and the under-
lying reaction mechanisms over a wide range of reaction channels.

The R3B [3] (Reactions with Relativistic Radioactive Beams)
experiment at FAIR will provide the capability for kinematically
complete measurements of reactions with relativistic beams of
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exotic nuclei far from stability, up to around 1 A GeV. The experi-
mental setup currently under construction has been designed by
the international R3B collaboration based on more than 20 years of
experience with the LAND/ALADIN reaction setup, overcoming its
limitations and improving the global performances. It will provide
sufficiently high resolution to enable a comprehensive experi-
mental investigation of fundamental questions relating to nuclear
structure, astrophysics, and reactions with extreme isospin-asym-
metric nuclei.

One of the key detectors in the R3B setup is the CALIFA calori-
meter (CALorimeter for the In Flight detection of gamma rays and
light charged pArticles) that will surround the reaction target. It will
serve as a high-resolution gamma ray spectrometer as well as a high
efficiency calorimeter, identifying high-energy charged particles
simultaneously. This multipurpose character is an essential function-
ality for the success of the broad experimental programme of R3B.
The CALIFA detector is divided into two separate sections: a “Forward
EndCap” for forward polar angles below 431 and a cylindrical “Barrel”
covering an angular range from 43.21 to 140.31.

The present work studies the response of the Barrel to gamma and
proton detection, in terms of its efficiency, energy resolution, the
evaluation of the impact of the passive matter in the detector and the
ability to extract the underlying reaction properties under different
working conditions, including several selected physics cases of interest
for the R3B program. Section 2 contains a description of the CALIFA
Barrel characteristics and specifications. In Section 3 the tools for the
simulation and event reconstruction are thoroughly described. The
simulated response is described in Sections 4 and 5 for gammas and
protons, respectively. Finally, a simulation set of selected physical cases
has been analyzed in Section 6, before the section Summary and
conclusions.

2. Description of the CALIFA barrel

The detection units of the Barrel part of the CALIFA detector are
made of long CsI(Tl) pyramidal frustum crystals with a rectangular
base, coupled to large area avalanche photodiodes (Hamamatsu
S12102 LAAPD, with two 10�10 mm2 sensors) [4]. The particular
design of the detector has been developed to fulfill the challenging
demands for energy resolution and efficiency, the requirements
are detailed in Table 1. The fast projectile kinematics suffer a large
Lorentz broadening; even if the energy were perfectly determined,
a limited polar angle resolution would contribute to the uncer-
tainty after the Doppler correction. The chosen granularity is a
trade-off between energy resolution and Doppler broadening [5,6].

Charged particles, e.g. protons of energies up to 320MeV, should
be identified with an energy resolution better to 1%. Both features can
be satisfied simultaneously by a careful design based on carbon fibre
alveolar support structures with a minimum of interposed matter [7]
(see Fig. 1). The crystals are shaped according to the required gran-
ularity, focusing on the reduction of empty space and passive mate-
rials, to minimize the gamma ray fraction escaping through spaces

among the active bulk. A reduced set of different crystals was selected.
The length of the crystals is determined according to the detection
efficiency required at the energy corresponding to each angular region,
matching the expected gamma energy modification driven by the Lor-
entz boost. The selection of the scintillator material and the photo-
sensors is the result of a long R&D period investigating the optimiza-
tion of the wavelength and the optical matching, light transmission,
wrapping materials and the associated electronics response [4,8–11].

The Barrel is composed of 1952 crystals in six different geometries.
Crystals are arranged in the carbon fibre alveoli in sets of four, each set
consisting of two chiral pairs. The last alveolus type, covering the most
backward angles, is filled with a single crystal. The inner radius is
around 30 cm, with an approximate crystal volume and weight of
285 l and 1300 kg, respectively.

Several prototypes have been constructed and tested to probe
the competence of the concept to reach the required specifica-
tions, each corresponding to different kinematical regions of the
CALIFA detector [12]. The construction of the CALIFA Demonstra-
tor, which comprises 20% of the total detector, has already been
initiated, and commissioning experiments are expected for 2014. A
particular effort has been devoted to the development and analysis
of simulations driving the design of the calorimeter. The unprece-
dented requirements for proton and particle detection perfor-
mance necessitated a dedicated simulation study accompanying
an in-depth investigation encompassing the major modern devel-
opments in detector technology.

3. The Barrel implementation in the R3BRoot code

The reconstruction capabilities of the CALIFA detector may be
obtained from the thorough analysis of a complete and detailed
simulation. Event generators establish the initial point for the
simulation of the physical cases of interest, as well as providing the
source of different particles for the evaluation of the detector. These
particles are tracked in the setup, interacting with the matter and
depositing some energy in the sensitive volume of the detectors,
which has to be properly reconstructed according to the individual
crystal characteristics.

The R3BRoot code [13,14] is an instance of the FAIRRoot frame-
work developed for the description, simulation and data analysis of
the R3B setup and experiments. The FAIRRoot framework [15] is
based on the ROOT [16] code. The user can create simulated data and
perform analysis within the same framework. Moreover, Geant3 and
Geant4 [17] transport engines are supported; however, the user code
that creates simulated data does not depend on a particular Monte
Carlo engine. The framework delivers base classes which enable the

Table 1
Nominal specifications of the CALIFA calorimeter (valid for incoming fragments
with β¼0.82). These parameters are defined by the physics program outlined in the
R3B Technical Proposal [3]. Δ stands for energy resolution measured in terms
of FWHM.

Intrinsic photopeak efficiency 40% (at Eγ¼15 MeV projectile frame)
γ Sum energy resolution ΔðEsumÞ=〈Esum〉 o10% for 5 γ rays of 3 MeV
γ Energy resolution 5–6% ΔE/E for 1 MeV γ rays
Calorimeter for high energy Up to 320 MeV in lab. system
light charged particles (LCP)
LCP energy resolution ΔEp=Epo1%
Proton-γ separation For 1–30 MeV

Fig. 1. Artistic view of the Barrel carbon fibre structure containing the crystals.
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users to construct their detectors and analysis tasks in a simple way.
The R3BRoot code derives from the general classes of FAIRRoot, add-
ing and specifying the geometrical, physical description and response
of the detectors of the R3B setup, magnetic field maps, event gen-
erators for the reactions of interest and analysis and event visualiza-
tion tools. It expands the framework behavior by including a
dedicated physics list for low energy neutrons, gamma interactions
and nuclear fragment transport while supporting database connec-
tivity to handle multiple experimental setups.

The CALIFA Barrel is comprehensively detailed inside the R3BRoot
simulation and data analysis code. The geometrical description of the
CALIFA detector includes the CsI(Tl) crystals corresponding to precise
manufacturing specifications, the wrapping of the crystals with a
variable thickness parameter for probing their influence on the event
reconstruction and the carbon fibre alveoli that provide a support
structure for the crystals, also with variable thickness. Additionally,
most of the relevant elements or detectors relating to the passage of
matter between the production vertex and the calorimeter elements
are defined, including a vacuum chamber, the inner silicon tracker
detectors and the reaction target.

The energy deposited per event in each crystal by all interact-
ing particles is added and stored. The response of the detector is
expected to be proportional to the total energy deposited. Effects
exist that cause a deviation from this behavior, such as non-
linearity in the light output-energy correlation and the light
output non-uniformity (LONU) due to the dependence on the
gamma ray interaction position. This last effect has been taken into
account by introducing a variable, step-like function, smearing the
detector response.

Two different data structures have been developed to account
for the expected response of the crystals and the calorimeter. First,
for each crystal where energy has been deposited, a Crystal Hit
structure is filled, containing the total energy, the time of the first
interaction in the crystal and the crystal identifier. Second, as a
result of the analysis of the event topology, a second data structure
named Calorimeter Hit is filled containing the “clusters” or groups
of Crystal Hits which are expected to correspond to the same
nuclear emission.

The presence of the EndCap detector influences significantly the
evaluation of the response of the Barrel detector. First, it should be
included for the physical cases where the reconstruction requires a
detector for forwardly emitted light charged particles, as for the case
of the quasi-free scattering (QFS). Second, even in those cases where
it is not essential for the reconstruction, as for spectroscopic studies,
it represents a considerable source of radiation scattering to be
detected in the Barrel part and a detection element for part of the
radiation that escapes from the Barrel in the forward direction.
Presently as the final design is still far from completion, a preliminary
version of a EndCap candidate detector based on similar construction
principles to the Barrel was included in the simulations.

3.1. Event generators

The evaluation of the performance of the CALIFA Barrel under
different physics scenarios requires the construction of appropri-
ate event generators. Several event generators have been devel-
oped, ranging from trivial gamma ray and particle distributions for
testing the characteristics of the detector, to complex experimental
events, to evaluate the reconstruction capabilities.

A flexible code producing distributions of gammas or charged
particles is integrated within the R3BRoot event generators. The
generator allows the selection of the particle type, angular emis-
sion (both in polar and azimuthal angles or angular region), the
momentum (or momentum range), multiplicity and position of the
emitted particles. Additional functions allow the generation of a
flat distribution on the cosine of the polar angle for an isotropic

angular emission, the random location of the vertex inside a
volume which simulates an interaction within the target and the
addition of the Lorentz boost for gammas, with selectable projec-
tile velocity. This trivial generator has been used for the study of
the core characteristics of the CALIFA Barrel described in this work.

For nuclear spectroscopy and the study of Giant and Pygmy
resonances, a gamma cascade generator has been built. The input
for the generator is an ASCII text file in which the user can set the
speed of the projectile (β, for generating the Lorentz boost), its
uncertainty due to the thickness of the target, and the main
characteristics of the de-excitation pattern. The latter includes
the position of a Giant Dipole Resonance (GDR), a Pygmy Dipole
Resonance (PDR) if applicable, their respective widths, the prob-
ability to populate each of the resonances in the reaction, the
position of all the spectroscopic levels, the probability to populate
each level in the reaction, and finally, a branching ratio matrix
which connects all the different levels and the resonances.

Fig. 2 shows an example of level scheme, branching ratios and
population distribution that one might generate. The level at
9.5 MeV is a broad resonance as one can see in the left spectrum
(population) of the figure.

The output of the event generator, which is in fact the input for
the simulation, can be seen in Fig. 3. In the left pad, the gamma ray
spectrum in the projectile frame (PF) is shown. These gammas are
emitted isotropically in the PF frame. The right pad represents the
same gamma ray spectrum once the Lorentz boost is applied
(β¼0.5 in this case), therefore in the Laboratory frame (Lab). In the
laboratory frame each energy peak is spread between a minimum
and a maximum energy which depends on the emission angle and
the projectile velocity. The emission of the gamma rays in the Lab
frame is not isotropic anymore but focused forward by the Lorentz
boost. In the particular case shown here, gamma cascades of
multiplicity up to five have been generated.

The gamma cascade generator can be used to generate events
with low multiplicity and low energy gamma rays instead of GDR
examples, simply by setting the probability to populate the reso-
nance equal to zero and defining a simple level scheme containing
a few low energy levels.

Other event generators are available for specific reactions of
interest. In particular, a kinematical quasi-free scattering (QFS)
code based upon the Goldhaber model [18], where the energy of
the projectile nucleus is shared between the scattered protons in a
way that is determined by their scattering angle, and hence the
binding energy or internal momentum of the proton removed
from the nucleus. The QFS 12C(p,2p)11B has been studied in this

Fig. 2. Example of a generated decay scheme of a Giant Dipole Resonance. The
energy, in MeV, is written on the right side of each level while the population
probability, in percent, on the left side and in the left graph. For the transitions, the
energy and the branching ratio in italics (normalized to the strongest transition)
are shown.
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way, merging the proton distributions with Lorentz boosted gam-
ma ray events emitted from the 11B excited states decay.

3.2. Event reconstruction

Depending on the reaction under study, one or more particles
are expected to be detected simultaneously by CALIFA. In addition,
low-energy background produced via bremsstrahlung in the target
or other reaction mechanisms will contaminate the energy spec-
tra. Thus, the development of intelligent reconstruction algorithms
for both gamma rays and protons becomes mandatory in order to
maximize the detection efficiency and resolution and optimize the
individual reconstruction of the incident particles and the identi-
fication of possible contributions in the low-energy background
dominated region.

The most basic approach consists of summing up (add back) the
energy of all the crystals in a selected angular region. Two different
options were adopted when considering the angular region for add-
back purposes: a circular window, with just one parameter Δϑ
defining the solid angle covered by the window; and a square one
in the space defined by the two parameters Δθ and Δϕ, the polar
and azimuthal angles. The crystal hit with the maximum energy in
each event is chosen as the first cluster centre. All hits falling into
the angular region around this centre, as defined by either of the
two approaches, are assigned to the cluster. Next, the crystal with
the highest energy not included in the previous cluster is chosen as

the next cluster centre, and the procedure is repeated until all hits
above the detection threshold have been assigned to a cluster. The
incoming angle is assigned by the angle of the cluster centre. The
performances of the two different definitions for the angular win-
dow were found to produce very similar results.

Simulations were performed considering photons of several ener-
gies (ranging from 0.1 to 10MeV in the rest frame of their emitter)
under conditions equivalent to those expected in R3B, emitted from a
source at rest or moving at a velocity β¼0.82. The emission angles
were distributed isotropically within the Barrel solid angle. For a single
gamma ray per event, of energy Eγ , the efficiency corresponds to the
number of entries under the photopeak normalized to the total
number of gamma rays emitted into the solid angle covered by the
Barrel. Thus, the calculated efficiency considers the intrinsic efficiency
of the barrel, but does not include the geometric acceptance.

In order to evaluate the performance of the reconstruction
algorithms, the angular window parameters were varied, analyz-
ing the cases of a source at rest and moving at β¼0.82. The results
of simulations with multiplicity one are shown in Fig. 4, where the
obtained photopeak efficiency is presented as a function of the
angular parameter at several energies.

From both figures we observe that, independent of the velocity
of the source emitting the gamma rays, there is a certain angular
window for which the algorithm saturates. This angular region
shows a clear dependence on the energy of the photons, implying
that the angular window should take into account the amount of

Fig. 3. Left: gamma ray energy spectrum in the projectile frame (PF), corresponding to the decay represented in Fig. 2. Right: the same gamma ray energy spectrum but in
the laboratory frame, where all the individual peaks smeared due to the Lorentz boost.

Fig. 4. Dependence of the efficiency of the clustering algorithm on the solid angle for add-back (circular window) for various energies (from top to bottom: 0.2, 0.5, 1, 2, 3, 4,
5, 8 and 10 MeV) and multiplicity one. Left: the source emitting the photons was at rest, i.e. β¼0. Right: the velocity of the source was set to β¼0.82.
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energy detected. The implementation of the energy dependence of
the angular reconstruction parameter is an on-going work, which
will improve the overall efficiency of the algorithm.

The shape of the efficiency curve for a given photon energy has
been also studied for various multiplicities. Fig. 5 presents the
photopeak efficiency for gamma rays of 1 MeV with multiplicities
ranging from 1 to 7. In this way, the effect of the decrease of
photopeak efficiency due to intermixing of hits stemming from
different photons becomes evident and is directly represented by
the loss of efficiency for higher multiplicities. The saturation effect
observed for multiplicity one is due to the reaching of the
maximum spread of the interactions in the scintillating material.
For higher multiplicities this effect is combined with the mixing of
crystal hits stemming from separate gamma rays which leads to an
erroneous determination of the initial gamma ray energy.

The performed studies also show the limited capability of this
simple reconstruction algorithm. Thus, ongoing work focuses on
the development of additional methods that would improve the
performance of CALIFA in the reconstruction of the correct energy
when more than one photon enters the detector. A promising
option for photon recovery lies in the use of artificial neural
networks (ANN) [19]. For each event, the ANN takes a number of
parameters to best select the method for event reconstruction.
Such parameters could include the crystal-fold distribution, the
maximum energy recorded by a single crystal, the total energy, the
angle of the gamma rays and the probability of interaction type
within the crystal. The refinement of this method is reliant upon
the R3BRoot simulation framework, while rigorous experimental
verification of ANN methods will be possible with the aforemen-
tioned CALIFA Demonstrator. Development is ongoing (but not
used in this paper) and should provide a highly flexible and
sophisticated method for reconstruction [20].

4. Response to gamma rays

Within this section, the response of the CALIFA Barrel to gamma
rays emitted from a fast projectile will be explored. The R3BRoot
analysis framework interfaces with the Geant4 tracking engine,
using electromagnetic standard physics: all the inner detectors and
support structures were defined, including a plastic target (CH2) of
1 cm radius and 0.1 cm thickness, the multilayer silicon tracker
detector and the reaction chamber. Gammas have been emitted
isotropically from a cubic box with 72 mm length for each axis
around the origin, located in the centre of the target volume. A
Lorentz boost with β¼0.82, corresponding to a projectile energy of

700 A MeV, has been applied to the emitted gamma rays. As a
result, the laboratory energy distribution is flat, varying between
approximately 0.4 and 3 times the original energy, the angular dist-
ribution peaking at a polar angle of approximately 201.

The crystal intrinsic non-uniformity has been included by
simulating a 1% maximum random deviation from the original
energy deposited in the scintillator material. A Gaussian smearing
of 4%, 5% and 6% at the energy of 1 MeV, scaling with the square
root of the energy, has been used to represent the experimental
resolution. “Perfect” detectors, with no energy smearing, have
been additionally simulated to represent the geometrical contri-
bution to the total resolution.

The reconstruction algorithm with an optimized "square win-
dow" of �151, described in the previous section, provides the
candidate gamma rays from the clusters. The cluster crystals
energy deposition is summed if exceeding an energy threshold.
The stability of the results has been tested against different values
of the energy threshold, namely 20, 50 and 100 keV; a value of
50 keV has been used in the results here included. The polar angle,
needed for the Doppler correction, is taken from the centres of
both the target and the crystal with largest energy in the cluster.

The CALIFA Barrel and the complete calorimeter have been tested
using gamma rays emitted with energies between 200 keV and
15 MeV in the projectile frame. The upper pad of Fig. 6 shows the
dependence on the gamma energy in the projectile frame of the

Fig. 5. Efficiency versus cluster window size for different multiplicities of the
simulated event (from top to bottom: multiplicity 1, 2, 3, 5, 7) and a gamma ray
energy of 1 MeV.
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Fig. 6. Upper pad: mean number of crystals with signal vs. the emitted gamma rays
energy, in the projectile frame (moving at β¼0.82). Results are displayed separately
for the Barrel (open circles over the dashed line) and the EndCap (solid circles over
the solid line), while those in between are obtained for the complete CALIFA, and
normalized with respect to the total number of emitted gamma rays (open
triangles over dashed line) or the total number in the calorimeter geometrical
aperture (filled triangles and line). Lower pad: dependence of the mean number of
clusters with the emitted gamma ray energy in projectile frame in Barrel (open
circles over the dashed line) and EndCap (solid circles and line) regions.
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mean number of crystals with signal above threshold for the separate
Barrel (open circles over the dashed line) and EndCap (filled circles)
sections. This number is obtained by dividing the number of crystals
with signal above threshold by the total number of emitted gamma
rays in the geometrical acceptance of each detector section. In
between, the mean number of crystals for the whole calorimeter is
quoted, normalized to the total number of emitted gamma rays
(open triangles) or to the total number of gamma rays only in the
calorimeter geometrical aperture (filled triangles). The lower pad
shows the number of clusters (or Calorimeter Hits) obtained when
the reconstruction algorithm is applied, separately for the Barrel
(open circles over the dashed line) and EndCap (solid circles and line)
regions. Here, the total number of reconstructed clusters is divided
by the total number of emitted gamma rays in the geometrical acce-
ptance of each element.

The number of crystal hits (or crystal-fold) is only around one for
the lower energies studied. At energies around 1 MeV, the mean
number of crystal hits is already above two, the crystal-fold in the
EndCap region being much larger than in the Barrel, due to the
characteristics of the Lorentz boost. The mean number of crystal
hits increases at high energy, reaching values above 4 for projectile
frame energies of 10 MeV in the Barrel region, and close to 8 in the
EndCap volume. Nevertheless, the crystal-fold distribution is quite
broad, with around 10% of 1 MeV gammas depositing energy over
three or more crystals in the Barrel, while in the detection of
gammas at 10 MeV, events with crystal-fold above 10 are still quite
probable (close to 1% of the cases for the Barrel).

The lower pad of Fig. 6 displays the dependence of the mean
number of clusters (Calorimeter Hits) with the emitted gamma ray
energy in the projectile frame. The mean cluster-fold is around one
at low energy. This number is slightly below one for the Barrel, due
to the inefficiency factors (gamma rays lost in the inactive volume
or stopped in the matter before the active volume). At high energy,
the mean cluster-fold is well above one, indicating that the
algorithm with a single window is not able to collect in a unique
cluster all the crystals with signal. These crystals could be located
over quite a distance due to the predominant interaction processes
(Compton and pair production). As in the case of the crystal hits,
the lower pad of Fig. 6 displays mean values. The complete cluster-
fold distribution shows a non-negligible probability of two clusters
at low energy and, for the highest energy tested, 5% of the gamma
rays produce more than five clusters.

4.1. Energy resolution

The energy resolution is one of the most relevant parameters to
evaluate the capabilities of CALIFA to perform the R3B Physics program.
To a large extent, the energy resolution is given by the scintillator and
the readout properties. However, the particular characteristics of the
gamma ray kinematics make calorimeter design and granularity imp-
ortant elements in the energy resolution assessment.

The energy resolution is defined as

R¼ FWHM
Eγ

¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2 ln 2
p

σ
Eγ

� 2:355 σ
Eγ

ð1Þ

where σ and Eγ are obtained from the Gaussian fit to the
photopeak. This definition works correctly at low and intermediate
energy, but at higher energies there is a deviation of the gamma
ray full energy peak reconstruction from the Gaussian shape, with
the emergence of a low energy tail on the peak.

The top pad of Fig. 7 shows the dependence of the resolution with
the emitted gamma ray energy in the projectile frame for the full
calorimeter. The different curves (solid lines and circles) correspond to
different values of the crystals energy resolution: from the top to the
bottom results for an experimental intrinsic resolution of 6, 5 and 4%

at 1 MeV (scaling with the square root of the energy) are displayed,
while the lower curve (open markers) corresponds to ideal detectors,
where the sole contribution to the resolution is the Lorentz broad-
ening. The additional set of square markers (dashed lines) represents
the case where a sum over all crystals was employed. They differ only
at high energy, 5 MeV and above, where the resolution is better when
all the crystals energy is added. This difference is another indication
that, for the most energetic gamma rays, part of the energy could
escape to large distances from the initial interaction point, complicat-
ing the reconstruction of clusters. Selecting a larger angular window
would include this portion of the energy, conversely decreasing the
efficiency for events with larger multiplicity.

At low energies, the energy resolution is dominated by the
intrinsic crystal resolution. At larger energies, above 2 MeV in the
projectile frame, the granularity of the detector dominates, with the
Lorentz broadening becoming the larger contribution to the energy
resolution as the energy increases. It is worth noting that the
granularity has been chosen to reduce the geometrical contribution
to the energy resolution to approximately 4%.

It is important to remember that the energies quoted in the
abscissa in Fig. 7 (and others in this section) correspond to energy
emitted in the projectile frame. In the laboratory frame, a single
energy values transforms into a value from 0.7 to 3 times the
projectile frame energy over the range of the polar angles covered
by the Calorimeter. The laboratory frame energies at the Barrel
region being smaller than in the EndCap, resulting in a different set
of curves for the efficiency and the resolution (see the lower pad of
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Fig. 7. Upper pad: full calorimeter dependence of the resolution with the emitted
gamma ray energy in the projectile frame. From the top to the bottom, in solid
circles and lines, results for intrinsic resolution of 6, 5 and 4% at 1 MeV (scaling
with the square root of the energy) are displayed. The lower curve (open markers)
corresponds to ideal detectors. The squares represent the same set of curves with
add-back in all the calorimeter crystals. Lower pad: dependence of the resolution
with the emitted gamma ray energy in projectile frame for the Barrel. The meaning
of the different markers is the same as for the top pad. In both cases β¼0.82.
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Fig. 7). Only gamma rays entering in the geometrical acceptance of
the Barrel have been considered for the evaluation of the Barrel
properties. The meaning of the different curves and markers corr-
esponds to that in the top pad. The resolution at low energy is
slightly worse than in the full setup, while at large energies the
resolution improves slightly. Both effects are caused by the Lorentz
boost in the polar angles covered by the Barrel; as these angles are
larger, the gamma ray energies are lower, decreasing even from the
original energy in the projectile frame.

4.2. Efficiency

The efficiency of the CALIFA Barrel has been one of its key
requirements and a huge effort has been dedicated to improve this
feature in the calorimeter concept and design. This subsection
involves a detailed evaluation of the results for the detection of a
single gamma ray and also for events of multiplicity 3. The pho-
topeak or full absorption efficiency is the key parameter in this
evaluation. It is defined as the ratio between the number of gam-
ma rays which are reconstructed with their complete energy and
the total number of emitted gamma rays. The definition depends
on what “complete energy reconstruction” is considered. In this
section, the energies included within a window in the interval
[�2 σ, 2σ] of the Gaussian function fit of the photopeak have been
taken. This criterion is quite conservative at low energies, discard-
ing entries in the tails of the peak which could be considered as
well reconstructed. But it is useful to avoid the inclusion of
reconstructed gamma energies in the left part of the photopeak
for the largest energies, where the photopeak shape deviates from
a Gaussian distribution.

The top pad of Fig. 8 represents the photopeak efficiency for the
entire calorimeter. The photopeak efficiency could be normalized
to the total number of emitted gamma rays, independently of their
direction (geometrically uncorrected) or to the number of gamma
rays that are emitted in the geometrical acceptance of the part of
the detector under consideration (geometrically corrected). The
data shown in the figure correspond to the latter definition. The
difference between the two cases amounts to � 5%, due to und-
etected particles directed to regions not covered by the calori-
meter elements (beam line pipe, backward angles aperture).

The two data sets shown in the top pad of Fig. 8 correspond to
the results for different settings of the angular window in the
reconstruction algorithm: a sum over all crystals in the case of the
triangular markers, and the optimized angular window repre-
sented by stars (around 151). At low energy both algorithm
parameters return a similar result, while in the mid-high energy
region, above projectile frame energies of 1 MeV, the efficiency
drops by around 10% when the add-back is limited to a set of
crystals and not to the full calorimeter, indicating that part of the
energy is deposited in crystals which could be quite far away, as it
was previously concluded from the study of the mean number of
clusters.

Efficiency at low energies varies between 70 and 80%, and is
continuously dropping at larger energies. It is worth mentioning
that at the largest gamma ray energies tested, the total calorimeter
efficiency still remains quite high (around 40% at 15 MeV). Direct
comparison with other devices is complex: CALIFA has been des-
igned for the particular kinematics of the particle emission from
fast projectiles at approximately the velocity of the beam. The
capability to correct for the Doppler broadening makes CALIFA a
unique instrument for the analysis of particles emitted in react-
ions at these energies.

The efficiency of the Barrel section is shown in the lower pad of
Fig. 8. Here, both the geometrical acceptance uncorrected (circle
markers) and corrected (square markers) photopeak efficiencies are
shown; the first curve indicates the efficiency combining intrinsic and

acceptance effects, while the second is corrected by the geometrical
acceptance of the Barrel. In both cases the algorithm uses a optimized
angular window to cope with multiplicities larger than one.

The evaluation of where the undetected energy has been
stopped is very important to improve the calorimeter design. Part
of the Compton scattered or the backscattering gamma rays could
escape the detector through the backward angles aperture, not
covered by crystals. Another part, mainly at the highest energies,
could escape after passing through the detector Barrel crystals. A
specific simulation for testing where the energy escapes has been
performed, measuring the number of detections and the energy
spectra (i) in the crystals, (ii) in the backward region not covered
by the crystals, (iii) around the Barrel section and (iv) in the
passive material (the wrapping and carbon fibre alveoli).

To perform a realistic evaluation, the simulation considers
gamma rays emitted at different energies in the projectile frame
and, therefore, the energies at the Barrel vary with the polar angle.
The angular range of the emitted particles have been constrained
to the geometrical aperture of the Barrel section. Fig. 9 shows the
energy spectra emitted and absorbed in the calorimeter elements,
when gamma rays of 1 MeV (upper pad) and 10 MeV (lower pad)
in the projectile frame are emitted, again boosted at a velocity
β¼0.82. The energy spectra correspond to detection of gamma
rays at laboratory energies and, therefore, the spectra are
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Fig. 8. Upper pad: dependence of the photopeak efficiency with the emitted
projectile frame gamma ray energy for the entire calorimeter. The star markers
represent the results for an optimized angular window in the reconstruction
algorithm, while triangular markers stand for the sum of the energy in all crystals.
Lower pad: dependence of the photopeak efficiency with the emitted projectile
frame gamma ray energy for the Barrel. The square markers represent the
photopeak efficiency normalized to the number of gamma rays emitted in the
CALIFA Barrel geometrical acceptance, while the circles correspond to the total
emitted gamma rays, independently of their direction.
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influenced by the kinematics of the Lorentz boost; this result is
evident in the emitted gamma rays spectrum (line a), with a flat
energy distribution ranging from around 0.7 to 1.8 times the
projectile frame energy. Immediately below, the next histogram
(line b) corresponds to the energy spectrum in the crystals, that is,
the detected energy. Below, in lines c and e, the energy which
escapes beyond the Barrel outer surface and through backward

angle aperture are displayed, respectively. The last histogram, line
d, corresponds to the energy spectrum which is not detected in
any of the previous elements, that is, the energy absorbed by the
inactive matter between the emission point and the end of the
gamma ray life.

A more comprehensive evaluation at different energies can be
done using Table 2, which contains the percentage of multiplicity
one events (upper table) and the percentage of the total energy
(lower table) deposited in the CALIFA crystals, the passive matter,
dispersed in the backwards angle aperture and traversing through
the crystals to escape behind the Barrel volume. The percentage of
events with energy deposited in the crystal is divided into two
parts: interaction in the Barrel crystals and a small contribution of
interaction in the EndCap crystals, arising from scattered gamma
rays, despite the fact that the angular range of the emitted
particles have been selected to lie in the geometrical aperture of
the Barrel section. Note that the percentage of events sums more
than 100% due to the possibility of losing part of the energy in two
or more different elements.

The percentage of energy (lower table in Table 2) is calculated
from the integral of each energy spectra, normalized to the total
energy emitted. The sum of the contributions in the different
elements is 100%, once the escape through the forward beam pipe
hole, in the order of 0.3%, is computed.

In the backward region (line e in Fig. 9), the spectrum is dom-
inated by the Compton (at low emission energies) and eþ �e�

annihilation gamma rays (at high emission energies), with the
511 keV peak visible in the left side of the spectrum. Only a small
fraction (below 4% even at the higher energies) of the gamma rays
lost part of their energy in this region, with a total energy perce-
ntage of less than 0.1%. Escaping outside the Barrel section (line c),
the energy spectrum spreads till the higher energies. The cases with
some energy lost after crossing the Barrel account from 0.4% at
0.2 MeV to 30% of the total gamma rays at 15 MeV, but the energy
portion escaping is in the order of 7% or below.

The passive matter considered in this simulation includes the
crystals wrapping and the carbon fibre alveoli supporting the crystals.
The number of gamma rays depositing part of the total energy in this
passive material could be obtained from the analysis of Fig. 10, which
represents the detected fraction of the emitted energy in two different
media: in the calorimeter crystals alone (dashed histogram) or in a
combination of the crystals, the space behind them and the space
above the maximum angular coverage of 140.31 (the filled histogram).
The upper pad displays the normalized multiplicity one events for
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Fig. 9. Upper pad: energy spectra in the different regions and escaping zones for
emitted gamma rays of 1 MeV in projectile frame. The line labeled a corresponds to
the emitted energy spectrum, line b is the sum energy spectrum in the crystals and
below, lines c and e correspond to the energy which escape beyond the Barrel outer
surface and through the backward angle aperture, respectively. Line d corresponds
to the energy spectrum absorbed by the passive matter. Lower pad: energy spectra
in the different regions and escaping zones for emitted gamma rays of 10 MeV in
projectile frame. Labels are equivalent to those of the top pad.

Table 2
Percentage of multiplicity one events (upper table) and of the emitted energy (lower table) deposited in the CALIFA crystals, in the passive matter, escaping after passing
through the Barrel region and escaping through the backwards angles aperture. The energy in the first column corresponds to the emitted projectile frame gamma ray
energies. See the text for further explanation.

Energy (Mev) Crystals (Barrel þ EndCap) (%) Passive matter (%) Barrel outer surface (%) Backwards angle aperture(%)

Percentage of events with energy deposited in (or escaping through)
0.2 99.2þ1.2 7.4 0.4 0.3
0.5 98.6þ3.0 12.0 2.2 0.4
1 96.5þ4.0 15.3 7.6 0.4
2 93.7þ5.4 23.1 14.6 0.7
5 92.9þ9.7 34.1 18.7 1.7

10 94.8þ16.3 50.9 23.4 3.0
15 96.1þ21.3 63.7 30.0 3.9

Percentage of energy deposited in (or escaping through)
0.2 97.1 2.3 0.4 0.1
0.5 93.9 4.0 1.8 0.1
1 88.6 6.0 5.0 0.1
2 83.6 8.2 7.7 0.1
5 84.0 8.0 7.6 0.1

10 84.4 8.5 6.5 0.1
15 85.6 8.0 6.0 0.1
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emitted gamma rays of 1 MeV (PF), while the lower pad for 10MeV
(PF). As the abscissa represents the ratio of the detected energy to the
emitted laboratory energies, the full reconstructed gamma rays corr-
espond to the peak shown in solid black. From the integral of the
patterned and filled histograms, it is possible to obtain the percentage
of gamma rays with some energy lost in the passive matter, as quoted
in the third column of Table 2 (upper). The total energy lost in the
passive material could be obtained from the integral of its energy
spectrum, shown as line d in Fig 9, and specified in the third column of
Table 2 (lower). The impressively low amount of energy deposited in
the passive matter confirms the minimum incidence of the support
structures and crystal wrapping in the gamma ray detection, despite
the high granularity of the detector.

CALIFA should also work in many experiments as an efficient
calorimeter, obtaining the individual energy for each emitted gamma
ray in events with multiplicity above one. To check the efficiency of
the CALIFA complete calorimeter under these conditions, several
gamma rays of a given energy have been simultaneously emitted isotr-
opically within the Barrel geometrical aperture. The reconstruction
algorithm works to obtain the individual gamma rays, and their ene-
rgy is summed to get the calorimetric properties of the detector.

An example of the outcome of this procedure, for multiplicity
three, is shown in the upper pad of Fig. 11, where the peak at
3 MeV corresponds to the complete reconstruction and the sum of
the energies of three gamma rays of 1 MeV each one, while the

small peak at 2 MeV represents events where only two gamma
rays are reconstructed and the other does not deposit any energy.
Other possibilities, such as the case that one of the particles is not
completely reconstructed, or more than three clusters are found
by the algorithm, return an incorrect sum energy, and therefore
will contribute to the background as observed.

It is important to note that to obtain any calorimetric property it
is mandatory to find the individual gamma ray energies and polar
angles of each gamma ray emitted. Adding the energies deposited
in the crystals without the proper identification of the individual
gamma rays will not work due to the required transformation to the
projectile frame, which requires both the energy and the angle.

The lower pad of Fig. 11 displays with circular symbols the total
absorption efficiency in the reconstruction of the events of multi-
plicity three, where the three gamma rays are emitted with the
same energy shown in the plot abscissa. The curve represents the
efficiency results for the correct three-fold cluster detection with
the proper sum energy. Note that for the typical spectroscopic
energies below or around 1 MeV, the efficiency reconstructing the
full cascade is quite high, close to 50%. In the same plot but marked
with squares, the results when events with multiplicity five are
considered, on condition that three of these gamma rays enter in
the geometrical acceptance of the Barrel (as the previous case)
while the other two are isotropically distributed and Doppler
boosted (outside the Barrel geometrical acceptance). The gamma
rays entering into the EndCap region are considered as fully
detected. As before, the curve represents the efficiency when all
the five gamma rays have been properly recorded and therefore
the total energy is centred in the proper energy value, being the
abscissa the projectile frame energy of each emitted gamma ray
(and not the sum energy).
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Fig. 10. Upper pad: fraction of multiplicity one events depositing energy in the
calorimeter crystals (dashed histogram) and in the crystals and the escaping
surfaces (patterned area and filled peak for the full reconstructed events), for
emitted gamma rays of 1 MeV in projectile frame. The integral of the patterned area
corresponds to the events with energy lost in the passive matter. The abscissa
represents the ratio of the deposited energy to the emitted laboratory energies.
Lower pad: same ratio for emitted gamma rays of 10 MeV in projectile frame. See
the text for further explanation.
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Fig. 11. Upper pad: energy spectrum of the reconstructed events with multiplicity
three (that is, three gamma rays emitted with 1 MeV each one) in the Barrel. Lower
pad: total absorption efficiency with respect to the emitted projectile frame gamma
ray energy in events with multiplicity three in the Barrel acceptance (circles) or
multiplicity five, with three gammas in the Barrel acceptance (squares). The energy
of the peak where the efficiency is evaluated corresponds to three (five in the
second case) times the energy in the abscissa.
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Note that the efficiency could be improved by identifying and
adding the energy of separate clusters with 511 keV that are
erroneously taken as an independent gamma ray emitted from
the target region. This is even more important in the EndCap
region where the energy, and so the cluster-fold, is larger than the
Barrel region, as shown in Fig. 6. The present algorithm does not
perform this correction, therefore underestimating the efficiency
that the calorimeter could achieve.

5. Response to protons

We have calculated the total absorption efficiency of the CALIFA
Barrel for monoenergetic protons emitted within the angular
coverage of the Barrel. In fact, for the highest energies we have
focused on the furthest forward angles as they are of particular
importance for the planned study of (p,2p) reactions. Due to the
particular kinematics of these reactions, in most of the cases we
will have one proton in the direction of the forward EndCap and
the other (with expected energies up to 320 MeV) directed tow-
ards the furthest forward rings of the Barrel.

With the aim of testing the performance of the Barrel in this
situation we have generated monoenergetic protons of energies
between 50 MeV and 200 MeV emitted isotropically within the
angular acceptance of the Barrel, and monoenergetic protons of
energies between 260 MeV and 320 MeV emitted in the most
forward angles covered by the Barrel, i.e. between 43.5 and 48.51.
The energy deposited in the crystals has been collected and summed.
The intrinsic scintillator energy resolution has been adjusted to 5% at
1 MeV, following the procedures described in Section 4.

In the top pad of Fig. 12, the energy spectrum for protons of
260 MeV is represented. The low energy tail of the peak is mainly
due to the energy lost by the protons in the wrapping at the
entrance window or between crystals. A correction has been
applied to the spectrum by identifying events of crystal multi-
plicity two and three (the number of crystals fired) and adding an
average energy loss due to the wrapping.

The bottom panel of Fig. 12 shows the total absorption
efficiency of the Barrel for protons as a function of the energy.
The two different curves correspond to the efficiency obtained
according to two different criteria. The lower curve (circle sym-
bols) represents the efficiency calculated by integrating the area
below the total absorption peak within a window in the interval
[�2σ, 2σ]. The upper curve (square symbols) represents the
efficiency calculated by integrating the peak from the point at
90% of the nominal energy. The former definition applies more to
spectroscopic applications in which the energy resolution is the
most important parameter, whereas the latter applies more to
calorimetric purposes in which the efficiency is the most impor-
tant parameter and we just need to be sure that we have measured
at least 90% of the energy of the incoming proton. In fact, an
optimization of the algorithm correcting the proton energy
according to the multiplicity would increase the efficiency defined
by the former definition, leading to very similar results.

The high crystal granularity, necessary to correct for the Doppler
effects in the gamma reconstruction, instigates problems in the
detection of protons. The energy lost in the passive matter correspond-
ing to the crystals wrapping cannot be recovered and the energy
defect depends on the trajectory of the protons crossing the calori-
meter and the number of traversed crystals (crystal-fold).

In order to determine the effect of the wrapping in the detection
of protons, simulations have been performed with different proto-
type crystals of the Barrel detector [21]. The results from the
simulation reproduces well the experimental results [12]. Analysis
of the simulated events shows that the missing energy can be
attributed to protons traversing the material between elements.

Fig. 12. Upper pad: energy spectrum of protons of 260 MeV corrected according to
multiplicity (see text). Lower pad: total absorption efficiency for monoenergetic
protons emitted within the angular coverage of the CALIFA Barrel, obtained
integrating the area below the peak (two sigma criteria, lower curve with circle
symbols) or integrating the area below the peak from 90% of the nominal energy
(upper curve with square symbols).

Fig. 13. Percentage of lost events which can be recovered by ideal add-back (filled
squares) and those lost to inelastic process (filled triangles), calculated for a crystal
of the CALIFA geometry. Data: open circles [22] and open triangles [21]. The line is
drawn to guide the eye through calculated points. Taken from [21].
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This effect was further confirmed by adding the energy lost in the
foils to the energy deposited in the detector material. An important
issue is also the maximum number of events that can be recovered
using add-back. This number is limited by inelastic processes.

Fig. 13 shows the results of these calculations. The number of
events lost due to inelastic processes was estimated from those
falling outside of the full energy peak for an infinite detector block
surrounding the target position. Subtracting the number of multi-
plicity one events that fall outside of the full energy peak for the
central crystal in the simulated prototype from this number yields
the ideal add-back factor. As an example, at an energy of 180 MeV
the simulations predict that 21% of the events are lost to inelastic
processes leading to a maximum full energy peak efficiency of 79%.
Of these events 32% are recovered via add-back. The experimental
value for irradiation through a single crystal is also given for
comparison in the figure. One can note the excellent agreement
between experiment and simulation. It was also deduced that an
additional uncertainty of � 7% is due to protons scattering out of
the back or front surfaces of the crystal. At low energies the fraction
of inelastic events is small. However, at higher energies, e.g.
300 MeV, no protons deposit their full energy in a single crystal.
In this case 60% of the events can be recovered via add-back.

6. Simulation of selected physical cases

We have evaluated the performance of the CALIFA Barrel under
different physics scenarios. We have focused in two different cases
of great interest for the R3B community where the CALIFA Barrel
plays an important role: the spectroscopy of 22O as an example of
CALIFA acting as a high-resolution spectrometer and the 132Sn
deexcitation, where the decay of several dipole resonances is
observed, as an example of CALIFA acting as a event calorimeter.

6.1. CALIFA as a high-resolution spectrometer

In this subsection the spectroscopy of 22O is studied using a
knockout reaction on 23O, where CALIFA acts as a spectrometer
detecting relatively low-energy gammas with low gamma ray
multiplicity. This case exemplifies the performance of CALIFA as
a high-resolution spectrometer.

The 23O nucleus, with a neutron separation energy of 2.7 MeV,
lies very close to the dripline and has no bound excited states
below 4 MeV [23]. In the nuclide chart, it is surrounded by 22O
(A-1 core-fragment), with a first excited 2þ level at 3.17 MeV and
24O (dripline) with no bound states [23]. Both neighbors seem to
be double magic nuclei, indicating a persistence of the proton-
magic number at Z¼8 and (sub-)shell closures at N¼14 and
N¼16. First experiments focusing on this nucleus yielded contra-
dictory results concerning spin and parity assignment for the
ground state of 23O [24,25], which motivated a deeper investiga-
tion of this nucleus by using the neutron-knockout technique at
relativistic energies (939 MeV/nucleon) at the FRS-GSI [26].

This experiment allowed the measurement of the core-
fragment momentum distribution and gamma rays in coincidence,
performed with a very basic array of 32 NaI(Tl).1 Fig. 14 shows the
energy spectrum of gamma rays recorded in coincidence with the
22O fragments. This gamma ray spectrum was used to determine
the exclusive cross-section for different final core-fragment states.
The broad peak observed at higher energy is assumed to be due to
the 3.1 MeV and the 2.6 MeV transitions that the NaI(Tl) detectors
could not resolve. The exclusive momentum distributions were

extracted assuming that all 22O excited levels decay through the
first excited state at 3.1 MeV. This peak was, therefore, used to gate
the longitudinal momentum distribution in order to obtain the
exclusive momentum distribution of the 22O ground state that
finally enabled a conclusion that the ground-state spin of 23O is
Iπ ¼ 1=2þ , which brought the experimental controversy to an end.

In order to demonstrate the resolution of the CALIFA Barrel in a
spectroscopic experiment, the level scheme shown in Fig. 14 has
been simulated in the CALIFA-R3BRoot code. The total number of
entries has been selected to obtain a similar number to that of the
experimental spectrum, while the population of the different levels
has been adjusted to the experimental values. There is no attempt to
reproduce any background or noise distribution over the simulated
data; the experimental conditions were quite clear due to the time
window which allow the separation of different contributions from
the target interaction in the gamma ray detectors. The result of the
simulation is shown in Fig. 15. The two gammas at 2.6 and 3.1 MeV
are now perfectly separated, with energy resolutions of � 5% (5.6%
and 4.7% from a Gaussian fit, respectively), while the peak at 1.3 MeV
presents a resolution of � 8% (7.7% from the fit).

6.2. CALIFA as an event calorimeter

To demonstrate the calorimetric capabilities of CALIFA in a
physics case with low gamma ray multiplicity per event we have
used as an input for the simulation the GDR event generator (see
Section 3.1) adapted to the 132Sn case, where a high energy
(16.1 MeV) GDR is combined with a lower energy (9.8 MeV) PDR,
as it has been observed in experiments at the present LAND setup
[27]. In Fig. 16 the simulated level scheme is presented.

The relative strengths of the PDR and the GDR Coulomb
excitation cross-sections have been set to mimic the experimental
results, but only photon decay was allowed. In addition a series of
six discrete levels are included at lower energy. Their total

Fig. 14. Spectrum of gamma rays in coincidence with 22O fragments after one-
neutron removal from 23O in a carbon target. The spectrum shown here has been
obtained from the measured gamma ray spectrum after Doppler correction. The
experimental spectrum (dots) is compared with the result of a GEANT3 simulation
(line) adopting the level scheme shown above. Adapted from [26].

1 Hexagons of 5 cm side and 20 cm thickness place 80 cm behind the knock-
out target in a wall configuration.
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excitation probability (the probability of being populated as the
first level) is 2.5% compared to the higher energy region. In this
simulation the favorite decay channel of the giant and pygmy
resonance is chosen to be the decay directly to the ground state,
i.e. the probability to decay in a cascade via low-lying excited
states is quite low compared to a single transition. The average
multiplicity of the decay is thus low, with 60% of the events having
multiplicity one. The probability of having an event with multi-
plicity two, three and four is 20%, 10% and 10%, respectively.

The excitation probability as produced in the event generator is
shown in Fig. 17 (labeled simulation's input). The GDR at 16.1 MeV

and PDR at 9.6 MeV are shown together with the discrete levels at
lower energy. The events are generated according to this excitation
probability.

The laboratory energies of the individual gamma rays in each
event are reconstructed from the data collected by the calorimeter

Fig. 16. Simulated level scheme for the pygmy dipole resonance physics case. The giant resonance at 16.1 MeV is combined with a pygmy resonance at 9.6 MeV, following the
case of 132Sn [27]. Only photon decays were allowed, i.e. no particles were emitted in the decay. The preferred decay channel is from the GDR directly to the ground state,
which produces events with only one high-energy gamma ray emitted. The decay from the first excited state, fed from the higher levels, to the ground state produces a
strong low energy transition in relation to multiplicity two or three events.

Fig. 17. Energy spectrum of the singles gamma rays (top) and sum energy per event
(bottom). In both cases the spectrum used as an input for the simulation is shown
together with the reconstructed one. The calorimetric sum spectrum is the total
energy deposited in the calorimeter event by event.

Fig. 15. Energy spectrum in CALIFA, after the analysis and Doppler correction of
gammas emitted according to the level scheme shown in the previous figure. See
the text for further explanation.
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and transformed separately to the projectile frame, moving at a
velocity β¼0.82. In order to exclude the effect of the EndCap from
the performances of CALIFA's barrel, the gamma rays emitted in its
direction are analyzed without experimental uncertainties, i.e. they
are ideally reconstructed. In 86% of the events the barrel contrib-
uted to the detection of the emitted gamma rays and only these
events were taken into account in the analysis. In the analysis the
clustering algorithm as described in Section 3.2 is used to determine
photon energy and angle in order to perform the proper Doppler
correction. The reconstructed photon energies are summed for
every event, to determine the total excitation energy. The result is
presented in Fig. 17 (labeled reconstructed). The difference between
the input spectrum and the reconstructed one thus illustrates the
detector response of CALIFA for this particular case.

In the reconstructed spectrum the PDR and GDR are reproduced
and well separated. The distortion compared to the original input is
mainly due to two effects: (i) due to their high energy, the gamma rays
can escape the calorimeter without depositing their whole energy and
(ii) in case of multiplicity higher than one, one of the gamma rays can
escape the calorimeter. However, the realistic reproduction of the
original features of the input distribution shows the excellent cap-
abilities of CALIFA to act as a calorimeter in PDR studies.

The current case demonstrates the capabilities of CALIFA as a
gamma ray spectrometer and as a calorimeter, providing excellent
results in its performance.

7. Summary and conclusions

This evaluation of the performance of the CALIFA Barrel allows
the assessment of the main features of the calorimeter, including
its energy resolution, efficiency, passive vs. active matter balance
and high multiplicity reconstruction capabilities. These character-
istics were evaluated systematically over a broad energy and
angular emission range, for the species that the calorimeter is
sensitive to, namely gamma rays and protons, and also for key
physical cases of interest for the R3B collaboration. The evaluation
constitutes an accurate estimate of the final capabilities of the
CALIFA Barrel before its construction and justifies the selected
design, confirming that it achieves the required capabilities. It also
aids in the design of ancillary and complementary detectors for
the setup.

A set of computing tools have been developed for the evalua-
tion: the R3BRoot program has been developed containing the
simulation and evaluation components, including the complete
CALIFA geometrical and physical response description, a set of
event generators, methods for event reconstruction and analysis
macros. Particular effort must be paid to the reconstruction with
add-back, when data comes from several crystals, as a result of the
high crystal multiplicity design for constraining Doppler broad-
ening effects.

The evaluation of the Barrel efficiency and resolution in gamma
rays offers a high commendation of the detector capabilities. The
efficiency runs from close to 80% at low energies to 40% at 15 MeV
while the resolution is limited by the scintillator intrinsic resolution
at low energies and by the difficulties recovering all the energy
from several crystals and the add-back procedure. The high value of
the efficiency reflects the careful design, where passive matter is
reduced to a minimum. This allows an efficient reconstruction of
high multiplicity events, mandatory to the use of CALIFA for calo-
rimetric purposes. The detection of high energy protons has been
also studied, the efficiency found to be limited by inelastic processes
at the highest energies expected for their angular coverage.

Finally, the study of some physical cases relevant for the R3B
program have demonstrated the excellent characteristics of the
CALIFA Barrel working as a high-resolution spectrometer and as an

event calorimeter in the particular experimental conditions envi-
saged for the detector.
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