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GANIL. Additionally, it benefits from a large palette of ancillary detectors and spectrometers to address in-beam
y-ray spectroscopy of exotic nuclei. The set-up has been designed to couple AGATA with a magnetic
spectrometer, charged-particle and neutron detectors, scintillators for the detection of high-energy y rays and
other devices such as a plunger to measure nuclear lifetimes. In this paper, the design and the mechanical
characteristics of the set-up are described. Based on simulations, expected performances of the AGATA 1x array

1. Introduction

High-resolution y-ray spectroscopy plays a major role in nuclear
structure, nuclear astrophysics and nuclear-reaction mechanism stu-
dies. Continuous progress in detector technology and data analysis
leads to improved sensitivity giving access to more exotic nuclei and
detailed nuclear spectroscopic information such as transition rates or
electromagnetic moments. In recent years, dedicated set-ups coupling
large high-purity Ge arrays with ancillary detectors, such as magnetic
spectrometers or separators, scintillators for high energy y-ray detec-
tion or fast-timing measurements, or particle detectors, have been
developed in large scale heavy-ion facilities. Thanks to these improve-
ments, high resolution y-ray spectroscopy of exotic nuclei was
performed with unprecedented sensitivity over the nuclear chart, from
light to heavy nuclei, and from the proton to the neutron drip-lines.

Moderately neutron-rich as well as proton-rich exotic nuclei can be
populated by multi-nucleon transfer or deep-inelastic collision [1,2].
The use of a magnetic spectrometer, such as the S800 spectrograph [3],
the PRISMA [4] or the VAMOS++ spectrometers [5], placed at an angle
covering the grazing angle of the reaction, coupled to large y-arrays,
such as the SeGA [6], the GRETINA [7,8], the CLARA [9] or the
EXOGAM [10] arrays, allows in-beam y-ray spectroscopy of these
exotic nuclei. More specifically, at GANIL, the use of heavy ion beams
such as Pb or U elements brings a significant gain in sensitivity in the
laboratory frame thanks to the inverse kinematic. Another efficient
reaction mechanism for the production of neutron-rich nuclei is fusion-
fission using heavy ion beams and light targets in which the fission
fragments are identified with the spectrometer placed at the folding
angle of the fission cone [11]. Prompt y-ray spectroscopy of very
neutron-deficient isotopes is performed at stable ion beam facilities
using fusion-evaporation reactions at energies around the Coulomb
barrier. The recoil products are identified either by the evaporated
particles using charged-particle and neutron detectors or by their
unique a or proton decay at the focal plane of a fragment separator
like RITU [12] or the Fragment Mass Analyzer [13]. At GANIL, the use
of the DIAMANT [14] and the NWALL [15] arrays coupled to the
EXOGAM array led to a prolific detailed spectroscopy along the N=Z
line in the vicinity of 1°°Sn [16-20]. The development of the gas-filled
mode of the VAMOS++ spectrometer will open new opportunities in
the prompt spectroscopy of heavy and super-heavy elements [21,22].
Finally, in-beam y-ray spectroscopy with post-accelerated radioactive
beams from ISOL facilities like SPIRAL1 at GANIL, using nucleon
transfer reactions in inverse kinematic or safe Coulomb excitation, are
known to provide information of paramount importance for the
understanding of these exotic beams. These techniques as used at
GANIL will greatly benefit from the improved resolving power of a
tracking array such as the AGATA 1 array [23].

The AGATA array was first implemented and operated at the INFN-
Laboratori Nazionali di Legnaro (LNL) [24] and then at the final focal
plane of the FRagment Separator (FRS) at the GSI facility [25-27]. The
third implementation is at the GANIL facility, Caen -France, offering
unique opportunities for high resolution in-beam y-ray spectroscopy.
The requirement of the installation of AGATA at GANIL was to be able
to perform experiments covering a broad physics program, coupled to
different ancillary detectors such as the VAMOS++ spectrometer

[5,21], the EXOGAM [10], PARIS [28] and FATIMA [29,30] y-ray
spectrometers, the NWALL and NEDA neutron detectors [15,31-33],
the DIAMANT [14] and GASPARD [34] charged-particle detectors as
well as other detectors and devices which could be placed around the
target position. The AGATA system at GANIL will consist of up to 45
capsules installed in 15 AGATA Triple Clusters (TC), later referred as
the AGATA 17 array. In the present paper, we describe the conceptual
design and installation of the AGATA 1x array at GANIL and detail
several simulations showing the expected performances of the set-up in
different configurations. The GANIL installation benefited from a
major effort to commission the system and its performance will be
detailed in a separated paper [35,36].

2. The AGATA 1x array installed at GANIL

The AGATA 17 array installed at GANIL consists of triple (TC) and
possibly double (DC) clusters organized in a compact geometry of
packed detectors to optimize the performance of the tracking array.
The AGATA clusters are grouped at the most backward angles,
symmetrically around the optical axis of to the VAMOS++ spectro-
meter. The general layout is presented in Fig. 1. This arrangement
maximizes the peak-to-total ratio, the Doppler effect correction and the
efficiency used for lifetime measurement. Indeed, thanks to the
performances of both the Pulse Shape Analysis [24] and the Tracking
algorithms [37,38], the whole solid angle covered by the AGATA
clusters can be used for lifetime measurements based on the analysis
of Doppler shifts. With respect to the LNL and GSI campaigns, the
number of clusters was increased from 5 (7) clusters in the LNL (GSI)
campaign respectively, to 15 clusters at GANIL. This increase of the
number of channels led to the production of additional modules of the
Detectors Support System [23] and the development of a second
generation of Front-End and Back-End preprocessing electronics. In
addition to the phase 1 electronics using the ATCA format described in
Ref. [23], an advanced phase 1 electronics was designed. Following an
important effort of integration, new digitizers (DIG-OPT12) were
designed and produced [39]. These new digitizers have identical
specifications with respect to the phase 1 digitizers while being three

VAMOS electronics

AGATA LVPS
LN2 autofill

Beam line

Fig. 1. (Color online) The AGATA 1x array at GANIL general layout in the G1
experimental hall.
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times more compact and with a reduced power consumption. They use
the same input signal cables and output optical links as the first
generation of electronics, developed for the AGATA Demonstrator. The
digital output is connected to a new pre-processing board (GGP)
embedded in the AGATA servers, outside the experimental hall [40].
The GGP PCle cards perform the data processing similarly to the ATCA
carrier boards and is directly connected to the GTS tree [23], extended
to cover the number of additional channels. The integration and
validation of the coupling of both electronics phases were performed
during the GANIL campaign. The advanced phase 1 electronics will
complete the existing phase 1 up to 45 capsules at GANIL. The data
acquisition infrastructure has also been upgraded with a new disk
server using the CEPH technology [41] and a new network infrastruc-
ture with higher rate capabilities. A new distributed data acquisition
system, DCOD, has also been implemented. This upgrade is a natural
evolution of the NARVAL system [23,42] as a direct consequence of the
array size increase.

3. Mechanical configuration and infrastructure

The AGATA 1 array is implemented in the G1 experimental hall at
GANIL and placed at the target position of the VAMOS++ spectro-
meter. The Detectors Support System and the front-end electronics are
installed close to the array (Fig. 1). On the bottom of the figure, two
racks host the liquid nitrogen distribution and the electronics for the
ancillary detectors installed at the target position. On the top part of
the figure, the AGATA digitizers, the Low Voltage Power Supplies
(LVPS) and the Liquid Nitrogen autofill systems are installed on a
dedicated platform. Particular care was taken regarding the electro-
magnetic compatibility between the different platforms and the AGATA
detector structure. Several measurements at different positions aiming
to avoid grounding issues were performed during the mechanical
assembly and shown results within the specifications. Cable trays for
the signal cables from the detectors to the digitizers and for the optical
links from the digitizers to the pre-processing electronics are visible
next to the VAMOS++ electronics racks.

The AGATA 17 array holding structure (Figs. 2 and 3) and the
VAMOS++ spectrometer are supported on a common platform which
can rotate around a vertical axis perpendicular to the beam axis at the
target position up to 45°. For the reaction products this makes the
AGATA detectors angular position independent from the rotation of
VAMOS++. The holding structure (Fig. 2) allows two additional
degrees of freedom. The different axes are defined in the Fig. 4. The
beam axis follows the 7 axis. First, the structure can be rotated by
+/-90° around the beam axis in the (X', 3) plane. This rotation is used
for the installation of the AGATA cluster detectors which are always
loaded in a unique horizontal position. Secondly, the distance between
the target and the AGATA detectors can be adjusted within a millimetre
precision. From the so-called nominal configuration (target to the front
of the cryostat distance equal to 230 mm), the whole AGATA array can
be translated towards the target by 100 mm and drawn back by
400 mm (see Fig. 5). The AGATA detectors positions (flanges) are
organized as presented in Fig. 4. The beam axis, or the VAMOS++
spectrometer optical axis when used, is following the 7" axis. The labels
indicate the flange number in the laboratory reference frame for the
AGATA detectors and are identical to the LNL configuration [24]. The
mechanical structure was re-assembled after the transfer from the GSI
host laboratory. The convergence of the flanges, i.e. the projection on
the (¥, ) target plane of a line passing through the centre of each
flange defining the common focal point of the flanges at the target
position was accurately measured using laser trackers. The result of
this projection for each flange is shown in Fig. 6. The first circle
represents a tolerance of 100 um, as the others are respectively
300 um, 600 pm and 900 um. All flanges are within 700 um with
respect to the centre, well below the specifications.

Even if the flanges are labelled as in the LNL campaign, we
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designed a rotation of —33.9° around the 7 axis, to allow the incoming
beam line to pass through flange 1(8) for a platform rotation of nearly
20°(45°) respectively. An accurate measurement using laser trackers
was performed after assembly in the experimental hall. The results are
presented in Table 1 and Fig. 7. In the second column of Table 1, we
indicate for each flange of Fig. 4 the polar angle (6) with respect to the
VAMOS++ spectrometer axis. The mechanical agreement is within
3x1072 degrees according to the specifications. Similarly in the third
column, the azimuthal angle (¢), in the (X', ) plane, is presented. An
offset of —33.9°, consistent with the mechanical design of the present
set-up, is found.

Thanks to the high precision of the laser tracked measurement, a
detailed analysis can be done, providing valuable information for y-ray
tracking to obtain even more accurate positions. In Fig. 7, the
difference in 6 (top-black) and ¢ (bottom-black) between the AGATA
specifications and the measurements is presented as a function of the
flange number. The accuracy on the distance measurement using the
laser tracker is 0.1 mm. A systematic offset in 6 can be observed as a
result of a wrong estimate along the 7" direction of the target point. In
addition, a systematic geometrical de-orientation is revealed by the
oscillation of the difference in both 6 and ¢ angles as a function of the
flange number. Corrections in the 7 direction of +315 um and two
rotations of —0.144 mrad in the (¥, ) plane around the ¥ axis and of
+0.158 mrad in the (3, Z) plane around the X axis give a better
consistency as shown by the red points distributions in both plots.

Making use of the laser-tracker pre-installation in the experimental
hall, allowing an accurate determination of the set-up geometry, each
detector position was measured and aligned along the theoretical
cluster axis defined by the central axis of each flange. The result is
presented in Table 2. For each flange and each crystal type (A,B,C) [23],
the distance from the target to the front of the cryostat end-cap is
measured for AGATA placed at the nominal configuration (230 mm).
The average measured distance is 231 mm with an average dispersion
of 0.4 mm. It means that an offset of -1 mm should be applied in
software in the data analysis. This accurate determination of the set-up
geometry is motivated by the optimization of the Doppler correction.
The Doppler broadening is today dominated by the position resolution
of the tracking arrays (5 mm FWHM) and not by either the mechanical
installation or the recoils momentum measurement in VAMOS++ as
shown in [44]. As already mentioned, a compact configuration is
possible by translating the complete structure by 100 mm toward the
target. Fig. 5 presents the two configurations.

As the AGATA detectors are placed at the backward angles with
respect to the VAMOS++ spectrometer optical axis, some angular range
coverage and target to detectors distances are not possible due to
mechanical interference between the detectors, or their support, and

Fig. 2. The AGATA holding structure produced for the installation at GANIL.
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Fig. 3. Side view of the target position. The beam comes from the left. The AGATA 17
array is placed at the backward angles with respect to the beam direction. The AGATA
holding structure is in nominal configuration (see text) coupled to EXOGAM clover
detectors at 90° and the VAMOS++ spectrometer. The 62° target loader is used (see text)
to allow the installation of the 8 EXOGAM clover detectors.

Fig. 4. The AGATA detector mechanical support at GANIL. The double clusters can be
installed in positions 9, 10 and 11. The beam propagation is following the 7" axis. The ¢
angle is defined from the X" axis, clockwise.

the incoming beam tube. The available combinations of angles and
distances are summarized in Tables 3, 4. The first column indicates the
angle between the beam and the VAMOS++ axis, and the second and
third columns indicate the closest and largest available distances
respectively with respect to the nominal configuration (230 mm). At
0°, all distances up to the compact configuration are available. Between
1° and 9° and between 33° and 40°, there is a mechanical incompat-
ibility with the beam tube. For angles between 10° and 18°, and angles
between 41° and 45°, no detector can be placed in flange 1 and 8
respectively due to the presence of the beam pipe. In the remaining
ranges, the most compact configuration is determined before mechan-
ical interference between the beam tube and the flange or the detector

Nominal
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Fig. 6. (Color online) Projection on the target plane of the focusing point of each flange.
(see text).

Table 1
Measured 6 and ¢ angles in degrees of the AGATA flanges at GANIL.

Flange Ormeas Pmeas

0 158.032(6) 10.01(1)
1 158.046(6) 82.01(1)
2 158.058(6) 154.02(1)
3 158.033(6) 226.01(1)
4 158.031(6) 298.00(1)
5 134.715(6) -16.21(1)
6 131.674(6) 20.92(1)
7 134.720(6) 55.78(1)
8 131.682(6) 92.92(1)
9 134.734(6) 127.79(1)
10 131.695(6) 164.92(1)
11 134.726(6) 199.79(1)
12 131.677(6) 236.93(1)
13 134.709(6) 271.78(1)
14 131.668(6) 308.92(1)

cryostat.

3.1. Target loader and reaction chamber

Specific target chambers and loader were designed to cover most of
the physics cases including the use of fragile thin targets and lifetime
measurements using a plunger device. In the latter case, the target

Fig. 5. Left: AGATA in the nominal configuration coupled to the EXOGAM detector. Right: AGATA in the compact configuration without ancillary detectors in the 90° ring.
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Fig. 7. (Color online) Top: Difference in 6 angle between the theoretical position [43]
and the measurement in degrees, before (black) and after (red) corrections. Bottom:
Same for the ¢ angle.

Table 2
Target to-front-of-cryostat distance in millimetre for each AGATA detector present in the
array at the time of the measurement.

FO-A 231.6(1) FO-B 231.5(1) FO-C 231.3(1)
F2-A 230.3(1) F2-B 230.6(1) F2-C 230.8(1)
F3-A 230.3(1) F3-B 230.6(1) F3-C 230.7(1)
F4-A 230.6(1) F4-B 230.6(1) F4-C 230.5(1)
F10-A 231.9(1) F10-B 231.9(1) F10-C 231.2(1)
F11-A 231.3(1) F11-B 230.6(1) F11-C 230.6(1)
F12-A 231.0(1) F12-B 231.0(1) F12-C 230.5(1)
F13-A 231.0(1) F13-B 231.0(1) F13-C 231.2(1)
Average 230.9 Ave. Dev. 0.4
Table 3

Available ranges for the AGATA translation along the 7’ axis relative to the nominal
configuration (0 mm), as a function of the AGATA-VAMOS angle with respect to the
incoming beam tube. Negative (positive) values correspond to AGATA translation
towards (away from) VAMOS++. The AGATA translation for the minimum (maximum)
available target-AGATA distance is given in column 2 (3). A positive value in column 2
indicates that the closest distance is larger than the nominal. On the contrary a negative
value in column 3 indicates that the largest distance is closer than the nominal. Angles
are expressed in degrees while distances are expressed in millimetres.

Translation for
maximum target-

Angle  Translation for Comment

minimum target-

AGATA distance AGATA distance

0 -100 360 Nominal to compact
available

1-2 - - Interference with
detector in F2

3-9 - - Interference with the
Honeycomb

10 345 360 F1 empty. Nominal
unavailable

11 230 360 ”

12 135 360 ”

13 100 360 7

14 75 360 7

15 50 360 ”

16 35 360 ”

17 20 360 7

18 5 360 ”

19 -10 360 F1 empty. Nominal
available

20 -20 360 ”

21 -30 360 ”

22 -40 345 7

23 -50 260 7

24 -57 210 ”

25 -65 165 7

26 =70 125 7

Nuclear Instruments and Methods in Physics Research A 855 (2017) 1-12

Table 4
Same as Table 3 for larger angles.

translation for Comment
maximum target-

AGATA distance

Angle translation for
minimum target-
AGATA distance

27 -76 85 7

28 -84 48 ”

29 -88 5 7

30 -93 -30 F1 empty. Nominal
unavailable

31 -98 -65 7

32 -100 -100 7

33 220 360 F8 empty. Nominal
unavailable

34 180 360 ”

35 150 360 ”

36 120 360 ”

37 90 360 ”

38 65 360 ”

39 36 360 ”

40 10 360 ”

41 -15 340 F8 empty. Nominal
available

42 -36 315 ”

43 -60 290 ”

44 -80 265 ”

45 -100 240 ”

loader is excluded. The target chamber is connected to the VAMOS++
spectrometer and to the accelerator beam line by a narrow beam tube
(42.3 mm diameter) passing through empty AGATA detector positions.
The chamber is large enough to host a plunger device [45,46] and to
cope with the compact configuration. A first target chamber is
presented with the target loader in Fig. 8 and with the Cologne plunger
[45] in Fig. 9 for the use of VAMOS++ in vacuum mode. The chamber
consists of three independent pieces: the central piece is constituted by
a cylindrical part and a conical part, allowing the connection to the
VAMOS++ vacuum chamber, while two independent hemispheres, at
the top and the bottom, close the chamber. These hemispheres can be
adapted to any configuration. Two full hemispheres were produced to
close the chamber when the plunger is used and two hemispheres with
a hole at 90° and 62° with respect to the VAMOS++ optical axis were
produced to connect different target loaders. A second specific target
chamber, 2 mm Al thick, was produced for the coupling of AGATA with
the NEDA/NWALL and DIAMANT arrays. It includes also the possi-
bility to use a plunger device coupled to the DIAMANT array and the
target loader.

The remotely controlled target loader hosts five targets and consists
of an independent vacuum chamber (top part in Fig. 8) which can be
connected to or disconnected from the target chamber, without
pumping down the vacuum in the latter. The independent chamber
allows the mounting of fragile targets in a protected atmosphere. This
target holder can be adapted to any target chamber design for AGATA
at GANIL.

4. Local infrastructure

Particular attention was paid to the permanent supply of liquid
nitrogen (LN2) and the corresponding monitoring. The AGATA
clusters must remain at the liquid nitrogen temperature without any
interruption over the whole AGATA campaign. At GANIL, the auto-
matic refill and control is performed through the AGATA DSS system
[23] whereas the liquid nitrogen delivery and distribution is provided
by the GANIL local infrastructure. An intermediate buffer tank of 220
liters of liquid nitrogen is equipped with a manifold feeding up to eight
AGATA clusters. For the complete AGATA 1 array, two independent
systems with two buffer tanks have been installed. The monitoring of
the temperature is performed without interruption via an automatic
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Fig. 8. Left: View of the standard AGATA-VAMOS target chamber with its target loader in an independent vacuum chamber. The large plate connects the chamber to the VAMOS++

first quadrupole chamber.Right: Zoom on the chamber containing five targets.

Fig. 9. View of the standard AGATA-VAMOS target chamber with the Cologne plunger.

system allowing emergency refills and the automatic shut-down of non-
vital elements of the AGATA clusters, keeping as highest priority the
permanent supply of liquid nitrogen. The automatic filling system,
based on the MUSCADE product [47], can be accessed through a VPN
connection by a team in charge of its monitoring. In addition, an alarm
system generates a text message with error report in case of a problem.
The power distribution for the front-end electronics and the pre-
amplifiers is provided by the AGATA DSS system integrating the
detector survey [23] through the secured GANIL facility power plant.
The cooling of the front-end electronics is ensured by cold water at
18.5° at a pressure of 5 bars with a flow of 11 m®/h.

5. Ancillary detectors

As stated in the introduction, the AGATA campaign aims at
benefiting from the large palette of stable and radioactive beams
delivered by the GANIL facility but also from a large set of spectro-
meters and particle detectors. The AGATA 17 array can be coupled to

the VAMOS++ magnetic spectrometer in vacuum mode [5,44] or in its
future gas-filled mode [21]. As shown in Fig. 5, mechanical structures
can be inserted between the VAMOS++ entrance and AGATA placed in
the nominal configuration. In this figure, the EXOGAM frames are
installed allowing the coupling with EXOGAM clover detectors or with
other y-ray spectrometers such as the FATIMA [29,30] or PARIS [28]
LaBrs scintillators.

The VAMOS++ spectrometer can also be translated away by 1.1 m
allowing the possibility of inserting a larger system such as the NEDA
[31-33] and NWALL [15] neutron detectors as presented in Fig. 10.
AGATA is shown in compact configuration in the figure. The coupling
of AGATA with neutron and charged-particle detectors such as
DIAMANT [14] or GASPARD [34], or large scintillator detectors for
y-rays, will be part of the AGATA campaign at GANIL.

One of the critical issues when coupling the data flow of AGATA
with complementary instrumentation is the synchronization of both
electronics. The electronics coupling is done by the time-stamp and the
trigger decision distributed by the GTS system [48] via the VME
AGAVA board [23] or directly integrated in the EXOGAM2, NEDA/

Al D LA~ )

Fig. 10. (Color online) AGATA coupled to the NEDA and NWALL detectors with the
VAMOS spectrometer translated by 1.1 m downstream.



E. Clément et al.

NWALL and DIAMANT back-end electronics. A fully integrated data-
flow management between the ancillary detectors and the AGATA
Narval-DCOD data-flow [42] is provided and presented in Fig. 11. The
ancillary detectors use the GANIL Narval data flow (GANIL Narval
Topology in Fig. 11). These data are simultaneously stored on the local
GANIL disk infrastructure and sent by TCP/IP to a dedicated work-
station connected both to the GANIL and AGATA networks. The
MFM2ADF Narval actors in the AGATA system collect the GANIL
buffers in the MultiFrame Metaformat (MFM) [49], ensure a conver-
sion to the AGATA Data Flow (ADF) format [23] and write the GTS
time-stamp in the event header to ensure a proper event merging. The
clock distribution is ensured by the AGATA GTS-ROOT mezzanine
board and the trigger decision by the AGATA Trigger Processor
[23,48]. The GANIL Run Control Core (RCC) [50] manages the
ancillaries readout as well as the GANIL Narval actors for data
collection and writing, and AGATA local and global level processing
Narval actors [23]. The RCC manages experiment and run identifica-
tions for both AGATA and GANIL systems. The connection between the
GANIL and AGATA environments is ensured by the Global Control
Core (GCC) software bridge. A ROOT-based [51] data-analysis package
handling both AGATA and GANIL data has been produced [23,52].

6. AGATA simulations

The expected performance of the AGATA 1z array have been
simulated using the AGATA Geant4 package [43]. Photo-peak efficien-
cies and peak-to-total ratios as a function of the y-ray energy have been
investigated. The AGATA Geant4 modelling has been continuously
improved. Constrained from source measurements have been taken
into account and new ancillary detectors and a realistic target chamber
description are included using the gdml extension of Geant4 [53].
Comparison of simulated and measured efficiencies of the AGATA
array installed at GSI was published in [27]. It shows reasonable
discrepancies between measurement and simulation. At GANIL, the
absolute photopeak efficiency on the total projection of the core energy,
for the 1.408 MeV y-ray from the '>?Eu source and for 24 capsules (8
Triple Cluster during the 2015 run) at the nominal position, was
measured to 2.34(1)%. The simulated value is 2.64% with a similar
agreement to the measurement as [27]. In the present paper, the
simulations were performed with AGATA placed at both the nominal
and compact position for a complete 17 array. Efficiencies were
calculated using the core energy and the calorimetric energy (sum of
all energies deposited in AGATA), and after tracking using the MGT
code with standard parameters [37]. Interaction points from the
simulation are not determined by the Pulse Shape Analysis using the
adaptive grid search as done from detector signals but packed within
5 mm. The photo-peak efficiency can be estimated analytically as a
function of the y-ray energy using the formula:

4
¢/(B) = e( Y, Rn(E)))
4 2 6

where E is the y-ray energy in keV and the P; parameters are given for
each configuration.

Fig. 12 presents the photo-peak efficiency of AGATA 1z as a
function of the y-ray energy for both nominal and compact configura-
tions. The photo-peak efficiency at 1.3 MeV of the %°Co source,
simulated at multiplicity equal 1, is 8.3% (15.3%) in nominal (compact)
position respectively using the calorimetric energy. The P; parameters
are given in Table 5 for each configuration.

Fig. 13 presents the photo-peak efficiency of AGATA 1z as a
function of the y-ray energy after tracking for both nominal and
compact configurations. The photo-peak efficiency at 1.3 MeV of the
%0Co source is 8.1% (14.8%) in nominal (compact) position, respec-
tively. The P; parameters are given in Table 6.

The impact on the Doppler broadening in the compact configura-
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tion with respect to the nominal configuration was also investigated in
the range of the typical velocities for recoils produced using deep
inelastic collisions, fusion-fission and fusion-evaporation reactions.
Fig. 14 presents the relative resolution as a function of the recoil
velocity for both the nominal and the compact configurations. At 15%
speed of light, an increase of 25% and 60% of the FWHM is predicted
by the simulation with respect to a y-ray emitted at rest in the nominal
and the compact configuration respectively. The uncertainties on the
recoil momentum are not taken into account in this evaluation. The
Doppler broadening obtained in in-beam commissioning for recoil
having v/c ~10% shown in [44,35] is therefore slightly above the
simulated values. One should take care in the case of a lifetime
measurement that the Doppler shift between the slow and fast
component remains sufficient over the whole solid angle and is not
dominated by the Doppler broadening.

Simulations were performed when the NWALL [15] and the
DIAMANT [14] arrays are placed in the set-up. The NEDA array
geometry detailed in Ref. [31-33] is not yet fully implemented in the
standard package. The DIAMANT array, placed around the target in a
dedicated vacuum chamber (Section 3.1), will impact the AGATA 1z
photo-peak efficiency and the peak-to-total ratio due to the absorption
and the Compton scattering in the CsI cells. On the contrary, the
NWALL array placed in the forward direction will not influence the
AGATA photo-peak efficiency. However, since the AGATA detectors are
not collimated, it will still decrease the peak-to-total ratio due to
mutual Compton backscattering between the two arrays. As the NEDA
and NWALL arrays are covering a similar solid angle [31-33] and are
using the same liquid scintillator for the neutron detection, the present
simulation remains a reasonable assumption. The following simula-
tions present the different configurations with related efficiencies and
peak-to-total ratio. The peak-to-total ratio is calculated with a low
energy threshold of 20 keV in the AGATA crystal.

First, we present in Fig. 15 the photo-peak efficiency and the peak-
to-total ratio, using the calorimetric energy, of the AGATA 1 array as a
function of the y-ray energy in the compact configuration when

| AGATA Trigger Processor |

T
1

| AGATA GT5-Root |

AR
____________,,!__‘s.\________..
| @Q R S |
I c’\o 4 \\\ 1
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Fig. 11. AGATA data-flow topology combining both AGATA and GANIL Narval actors,
Global Control Core (GCC) and Run Control Core (RCC) sub-systems.
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Fig. 12. (Color online) Simulated photo-peak efficiency of AGATA 1 as a function of the
y-ray energy. The full (open) symbols correspond to AGATA placed in nominal (compact)
position, respectively. The full black squares correspond to the sum of the core without
target chamber. The full black triangles correspond to the calorimetric energy efficiency
without target chamber. The full red circles include the target chamber. The open black
circles correspond to the calorimetric energy efficiency in compact configuration
including the target chamber. The open red squares include the Lorentz boost originating
from an in-flight emission with =0.1.

DIAMANT is placed or not at the target position. The reduced efficiency
for low energy y-ray, arising from the absorption in the DIAMANT CsI
cells, is clearly visible. The photo-peak efficiency at the 121 keV '*?Eu
source line is reduced by 60% and by 10% at 1.3 MeV %°Co source y-ray
energies. The P; parameters are given in Table 7. Similarly, the peak-to-
total ratio is reduced with the use of the DIAMANT array, in particular
for low energy y-rays.

Secondly, the photo-peak efficiency and peak-to-total ratio, in the
nominal configuration, using the calorimetric energy and calculated
after y-ray tracking (MGT) are presented in Fig. 16 for the low energy
part, where the effect of DIAMANT CslI cells is the most significant.
Similarly, a reduced efficiency is obtained at low energy when
DIAMANT is used. One can notice that the photo-peak efficiency and
peak-to-total ratio between the calorimetric energy and after the y-ray
tracking are relatively independent from the use of DIAMANT or not in
the set-up. A better peak-to-total ratio is consistently obtained after
y-ray tracking with respect to the calorimetric energy spectrum. The
corresponding P; parameters are given in Table 8.

In order to detail the contribution to the Compton scattering
background originating from the different complementary detectors,
the y-ray spectrum is further analysed in Fig. 17 for a 460 keV y-ray
transition and in Fig. 18 for a 1332 keV y-ray transition. The black
spectrum is the total projection. The photo-peak, the Compton edge
and the backscattering peaks are visible. The red spectrum corresponds
to events in which no y-ray was detected in both the NWALL and the
DIAMANT arrays. These events represent 85% of the total events in the
AGATA array. Both the Compton edge and the backscattering peaks are
significantly reduced. The yellow spectrum, representing 6% of the
events, is the AGATA y-ray spectrum in coincidence with at least one y-
ray scattering in the NWALL covering the 1z forward solid angle. The
spectrum is dominated by the Compton edge and the backscattering
peaks. They correspond either to a backscattering from AGATA to the
NWALL or vice-versa. The blue spectrum, representing also 6% of the
AGATA events, is the AGATA y-ray spectrum in coincidence with at

Table 5
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Fig. 13. (Color online) Simulated photo-peak efficiency of AGATA 1 as a function of the
y-ray energy after tracking (MGT). The full (open) symbols correspond to AGATA placed
in nominal (compact) configuration respectively. The full black squares correspond to the
efficiency after tracking without target chamber. The full red triangles show the efficiency
including the target chamber. The open black circles correspond to the compact
configuration with the target chamber. The open red squares include the boost
originating from an in-flight emission with $=0.1.

Table 6

Parameters associated to the simulated AGATA (1.7) photo-peak efficiency curves: (A) In
nominal configuration after tracking (MGT) without the target chamber. (B) Same as (A)
with the target chamber. (C) Same as (B) in compact configuration. (D) Same as (C) with
a f=0.1 boost.

Parameter A B C D
pO 7.43304 2.18729 -14.545 -15.0357
pl -1.58216 1.16825 10.7319 10.9954
p2 0.128429 -0.435597 -2.40663 -2.46268
p3 0.00835408 0.0604216 0.240487 0.244599
p4 -0.00135935 -0.00315858 -0.00931915 -0.0093787
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Fig. 14. (Color online) Simulated relative resolution after tracking and Doppler
correction for the nominal (compact) position in full red (open black) symbols,
respectively, as a function of the recoil velocity v/c.

least one y-ray scattering in the DIAMANT array surrounding the
target. As DIAMANT is nearly a 4r array, the spectrum covers a large
range in energy lower than the photo-peak and is slightly shifted
towards higher energies, with respect to standard partial absorption
spectra, as the first interaction occurs in DIAMANT before interaction

Parameters associated to the simulated AGATA (1) photo-peak efficiency curves: (A) In nominal configuration, sum of the core energy, without the target chamber. (B) Same as (A) with
the calorimetric energy. (C) Same as (B) with a realistic target chamber. (D) Same as (C) in compact configuration. (E) Same as (D) with a =0.1 boost.

Parameter A B C D E

pO —29.5054 —-2.76666 -2.24011 -0.896561 -1.27209

pl 20.8338 3.56035 3.11882 2.76527 2.89501

p2 —4.8688 —-0.786507 —-0.695035 -0.622822 —-0.645484
p3 0.492352 0.0741596 0.0670646 0.0598514 0.0615096
p4 —-0.0186652 —-0.00282175 —-0.00264335 -0.00236008 -0.00239715
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Fig. 15. (Color online) a) Simulated photo-peak efficiency of the AGATA 1 array in the
compact configuration as a function of the y-ray energy for the NWALL/DIAMANT set-
up using the calorimetric energy. The black (red) symbol corresponds to the results
without (with) the DIAMANT array at the centre, respectively. b) Similar results for the
peak-to-total ratio.

Table 7

Parameters associated to the AGATA (1x) photo-peak efficiency curves: (A) In the
compact configuration without target chamber using the calorimetric energy. (B) Same as
(A) with the DIAMANT array at the target position.

Parameter A B
pO -1.23426 -65.8794
pl 3.05212 38.2521
p2 -0.686427 -7.87019
p3 0.0654242 0.714594
p4 -0.00253284 -0.0244152
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Fig. 16. (Color online) Top: Simulated photo-peak efficiency of AGATA 1 array in the
nominal configuration as a function of the y-ray energy for the NWALL/DIAMANT set-
up. The full symbols correspond to a configuration including the NWALL and the
DIAMANT arrays. The open symbols correspond to configuration without ancillary
detectors. The black and red symbols correspond to the results with respectively the
calorimetric energy and after tracking. Bottom: Same for the peak-to-total ratio.

Table 8

Parameters associated to the simulated AGATA (1.1) photo-peak efficiency curves: (A) In
the nominal configuration without the DIAMANT array and using the calorimetric
energy. (B) Same as (A) after tracking (MGT). (C) Same as (A) with the DIAMANT array.
(D) Same as (C) after tracking (MGT).

Parameter A B C D

pO -2.27055 0.165478 -12.5339 8.90561
pl 2.94882 1.17116 4.33303 -10.5715
p2 -0.577703 -0.127785 0.170537 3.9884

p3 0.0449852 -0.00342125 -0.136784 -0.565892
p4 -0.00135621 0.000533228 0.00953563 0.0274318
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Fig. 17. (Color online) Simulated detailed contribution to the Compton background in
AGATA 1z in the nominal configuration for a 460 keV y-ray transition using the
calorimetric energy. Black: total projection. Red: anti-coincidence with the NWALL
and the DIAMANT arrays. Yellow: anti-coincidence with the DIAMANT array and in
coincidence with a y-ray event in the NWALL array. Blue: anti-coincidence with the
NWALL array and in coincidence with a y-ray event in the DIAMANT array. Filled black:
triple coincidence between the AGATA, NWALL and DIAMANT arrays.
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Fig. 18. (Color online) Same as Fig. 17 for 1332 keV y-ray transition.

with the AGATA Ge crystals. The filled black spectrum corresponds to a
triple coincidence between AGATA, the NWALL and the DIAMANT
arrays and represents less than 1% of the events.

The impact of the DIAMANT and the NWALL arrays on the AGATA
1z array photo-peak efficiency and peak-to-total is clearly demon-
strated in Figs. 15 and 16. We propose to evaluate the impact on the
tracking efficiency itself as a function of the y-ray energy and source
multiplicity. Events at different y-ray energies between 200 keV and
2 MeV are generated in a cascade of 1, 5 or 10 simultaneous
transitions. Simulations are performed in the nominal and the compact
configurations. First, an efficiency using the calorimetric energy is
determined for each y-ray energy for both distances and in source
multiplicity equal to 1, with and without the DIAMANT and NWALL
arrays. These efficiency values are used as individual responses of the
array, hence including the absorption in the DIAMANT cells when
used. Then, for each point in Fig. 19, the photo-peak efficiency after
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Fig. 19. (Color online) Simulated tracking efficiency of AGATA 1x in the nominal
configuration as a function of the y-ray source multiplicity and energy, for a configuration
without ancillary detectors (black) and coupled to the DIAMANT and NWALL arrays
(red). The open symbols correspond to the compact configuration.
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tracking (MGT) is determined and normalised to the individual
response. The black points are calculated without ancillary detectors
whereas the NWALL and the DIAMANT arrays are used for the red
points. At multiplicity 1 (M, = 1), the tracking efficiency is ~95% as a
function of the y-ray energy, independently if DTAMANT is used or not.

By increasing the source multiplicity up to 10 (M, = 10), the
tracking efficiency decreases as expected and is further reduced in
the compact configuration (open symbols). A negligible effect is visible
when DIAMANT is used or not, within the simulation error, at higher
multiplicity in both compact and nominal configurations. As a conclu-
sion, the DIAMANT array, surrounding the target, does not affect the
tracking algorithm efficiency in the energy range considered in the
present simulation. This effect is consistent with the fact that the
Rayleigh scattering cross section through the DIAMANT array is
negligible for y-rays energies above ~100 keV thanks to the relatively
small thickness of the CsI cells.

7. Conclusion

The AGATA 1 array is currently being implemented at the GANIL
SPIRAL2 facility. All the infrastructure, electronics and DAQ items are
installed for up to 45 crystals (Iz of the solid angle) and working
according to specifications. The number of AGATA capsules available
for experiments is regularly increasing as a function of delivery. The
physics campaign started in 2015 and will continue to at least until end
of 2019 with AGATA coupled to other detectors like NEDA/NWALL
and DIAMANT, LaBr; scintillator (PARIS, FATIMA), VAMOS gas-filled
mode and charged particle detector like MUGAST. The scientific
campaign offers large opportunities using the stable and radioactive
beams from the GANIL facility. The conceptual design was done in
such a way that from a unique integration a very broad physics
program associated to the use of a large variety of ancillary detectors
and spectrometers can be performed. The GANIL installation offers a
large flexibility with complete software and hardware integration. The
mechanical and infrastructure installations were accurately controlled
and fit the expectations. Mechanical constraints have been clearly
identified and the present article describes the opportunities offered to
a large user community.
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