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The main objective of the Advanced GAmma Tracking Array (AGATA) is the investigation of the
structure of exotic nuclei at the new generation of RIB facilities. As part of the preparatory phase for
FAIR-NUSTAR, AGATA is going to be installed at the FRS fragmentation facility of the GSI centre for an
experimental campaign to be performed in 2012 and 2013. Owing to its y-ray tracking capabilities and
the envisaged enhancement in resolving power, a series of in-flight y-ray spectroscopy experiments are
being planned. The present work describes the conceptual design of this first implementation of AGATA
at GSI-FRS, and provides information about the expected performance figures. According to the
characteristics of each particular experiment, it is foreseen that the target-array distance is adjusted
in order to achieve the optimum compromise between detection efficiency and energy resolution, or to
cover an specific angular range of the emitted electromagnetic radiation. Thus, a comprehensive Monte
Carlo study of the detection sensitivity in terms of photopeak efficiency, resolution and peak-to-total
ratio, as a function of the target-array distance is presented. Several configurations have been
investigated, and MC-calculations indicate that a remarkable enhancement in resolving power can be
achieved when double-cluster AGATA detectors are developed and implemented. Several experimental
effects are also investigated. This concerns the impact of passive materials between the target and the
array, the angular distribution of the detection efficiency and the influence of target thickness effects
and transition lifetimes in the attainable detection sensitivity. A short overview on half-life measure-
ments via lineshape effects utilizing AGATA is also presented.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

HERA [3] or TESSA3 [4]. Remarkable results were, for example, the
measurement of superdeformed nuclei with very high-angular-

The study of nuclear structure far-off stability benefits from
advances in both, acceleration techniques, as well as in detection
systems. Since their invention in 1960, semiconductor germanium
detectors represent key instruments in the field of high-resolution
y-ray spectroscopy. The unsurpassed energy resolution of germa-
nium detectors has led to the discovery of new features and
astounding properties of the atomic nucleus. Developments such
as Ge-arrays like EUROBALL [1] and GAMMASPHERE [2] led to about
two orders of magnitude improvement in resolving power when
compared to the first generation of Compton-suppression arrays like
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momentum states [5-7], thus revealing nuclear rotating systems
with moments of inertia larger than 80 #2 MeV ™.

At present, the hot topics of nuclear structure with Radioactive
Ion Beams (RIBs) concern the evolution of shell gaps and the
related changes in magic numbers far-off stability; breakdown of
isospin symmetry and its interplay with nuclear shape evolution
and shape coexistence phenomena; determination of the drip-line
border of the nuclei chart and its link to open quantum systems,
that in turn allow for understanding the coupling between bound
states and the continuum; collectivity phenomena and electric
and magnetic strength in nuclei, including also the investigation
of giant resonances, as well as the fine structure in the Pygmy
Dipole Resonance [8]. A deeper understanding of these scientific
themes will become possible in the near future thanks to the
combination of more exotic RIBs with state-of-the-art y-ray
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detection systems. The latter concern the concept of y-ray
tracking. Owing to this novel approach, new generation arrays
of 2D-segmented 3D-position sensitive detectors, such as the
Advanced GAmma Tracking Array (AGATA) in Europe [9] and the
Gamma-Ray Energy Tracking Array (GRETA) in USA [10] are being
developed and early implementations are already used for in-
beam 7y-ray spectroscopy experiments.

Following a research and development phase including Monte
Carlo simulations and design studies [11-17], detector character-
ization [18-25], technical developments [26,27,9], as well as a
commissioning and in-beam test of the system [28-36], the first
sub-array of AGATA, the so-called AGATA Demonstrator, has been
successfully set-up in operation at the stable ion beam facility of
Laboratori Nazionali di Legnaro LNL-INFN (Italy) [37].

In order to exploit the complementarity offered by the
different facilities in Europe, AGATA has been conceived as a
peripatetic apparatus, travelling from one facility to another.
Thus, the next experimental campaign of the next AGATA con-
struction phase will be carried out, during 2012 and 2013, at the
GSI centre for heavy ion research (Germany) in the framework of
PreSPEC [38], which represents the preparatory phase for HISPEC/
DESPEC at FAIR. HISPEC and DESPEC, which stand, respectively,
for High-resolution In-flight SPECtroscopy and DEcay SPECtro-
scopy experiments, will be part of the NUSTAR (NUclear STruc-
ture, Astrophysics and Reactions) collaboration, the major next
generation in-flight RIB facility in Europe. Similar to the existing
site at GSI, FAIR-NUSTAR will be based on the production of
fragments from 0.4 to 1 GeV/u beams and their separation in the
Super-FRS [39,40]. The forthcoming installation of AGATA at GSI-
FRS will benefit from improvements in the beam intensities,
which are a consequence of present accelerator developments
towards FAIR. However, there are a number of relevant differ-
ences in the experimental conditions of GSI-FRS when compared
to the previous host, INFN-LNL, which need to be taken into
account. Such particularities concern mainly the relativistic
momentum (typically f~0.43) and the spatial distribution
(FwnMmy ~ 6 cm) of the RIB at GSI-FRS, when compared to the
narrow (FWHMy ~ 2 mm) stable beams, commonly used at INFN-
LNL with lower beam velocities (e.g. f <0.1). Thus, in order to
optimize its 7y-ray efficiency and high intrinsic energy- and
spatial-resolution, the configuration of the AGATA detectors
needs to be designed according to the characteristics of the ion
beam at the final focal plane of the GSI fragment separator (FRS).
With this purpose, systematic Monte Carlo (MC) simulations have
been performed and their results are reported in this paper.
Section 2 summarizes the general features of the fragmentation
facility at GSI, and the typical experimental conditions for in-
flight y-ray spectroscopy experiments using relativistic beams,
with particular emphasis on the main differences in the experi-
mental conditions with respect to the previous AGATA campaign,
hosted at LNL-INFN.

The original design of AGATA [14] is based on n-type HPGe
crystals, which have a tapered hexagonal geometry with an asym-
metric shape to fit into the 47 180 detector geometry. Such a
geometry is realized by means of three different shapes, with a
triplet of crystals arranged in identical triple cryostats. However,
MC-simulations reported in Section 3 illustrate the need for devel-
oping additional cluster detectors with only two crystals inside one
cryostat. In the following, they will be referred to as AGATA double-
cluster (ADC) detectors. Such development should allow for an
optimal use of AGATA for in-flight measurements using the RIBs
available at GSI-FRS, as well as for the HISPEC experiment in the
future FAIR-NUSTAR facility. Section 4 describes the attainable y-ray
detection sensitivity for such hybrid AGATA-shell geometries, with a
variable number of double- and triple-cluster detectors. This seems
convenient because of the non-proportionality between efficiency

and number of capsules. Also, results reported in Section 4 demon-
strate the potential to pick-up expected efficiency, resolution and
peak-to-total (P/T) ratios, according to the number of cluster
detectors available for the array at the time of each particular
experiment. The performance of several combinations of double-
and triple-cluster detectors, from 10 up to 40 capsules is displayed
and tabulated. Photopeak efficiency, energy resolution and P/T ratios
are represented as a function of the target-array distance, which can
be adjusted for each particular experiment in order to find the best
compromise according to the characteristics of the measurement.

The detection efficiency of AGATA varies with the y-ray
energy, which is also affected by the Lorentz boost. This depen-
dency is reported in Section 5 for y-quanta in the energy range
from 500 keV up to 5 MeV and for several AGATA configurations.
The Lorentz boost of the relativistic RIBs commonly used at GSI-
FRS determines also, to a large extent, the angular distribution of
the vy-ray detection efficiency. This relationship becomes of
particular interest for a number of experiments (see e.g. [41]),
as well as for the determination of reduced transition probabil-
ities of excited states (see Section 9). Thus, Section 6 shows the
angular variation of the photopeak efficiency for two AGATA
configurations and for several target-array distances.

In the past campaigns with EUROBALL cluster detectors at GSI-
FRS, a thin shielding made of lead was commonly utilized for
reducing atomic backgrounds. The impact of such additional
passive materials on the detection efficiency of AGATA is pre-
sented in Section 7.

The impact of the half-life of the nuclear transition in combi-
nation with target thickness effects is reported in Section 8.
A short overview on half-life measurement via lineshape effects
is described in Section 9.

2. The GSI fragmentation facility and experimental conditions

The production of RIBs at the GSI-FRS facility starts with a high
intensity stable beam delivered by the UNILAC linear accelerator,
and accelerated to relativistic energies by the SIS18 synchrotron.
This primary beam impinges on a target at a high energy, typically
between 400 MeV/u and 1 GeV/u. This way, a broad spectrum of
radioactive species is produced by means of fragmentation or
induced fission reactions. The production target is in most cases
a Be- or a Pb-layer with a thickness between 2 and 4 g/cm?. The
fragments of interest are selected and transmitted through the
fragment separator (FRS) using the Bp—AE—Bp method. A sche-
matic layout of the experimental set-up is shown in Fig. 1. lons
are tracked through the FRS on an event-by-event basis. The
mass-over-charge (A/Q) ratio is determined from the time-of-
flight measured using two scintillators (Scintillator 1 and Scintil-
lator 2 in Fig. 1). The charge of the ions is determined from their
energy loss across two ionization chambers (MUSIC1 and
MUSIC2). Two time-projection chambers (TPC1 and TPC2) are
used to measure the position and the angle of the fragments
arriving at the final focal plane of the FRS. A detailed description
about the FRS can be found in Ref. [42].

The spatial profile of the fragments beam at the final focal
plane of the FRS depends on several parameters, such as the beam
energy and achromaticity. For energies of 100 MeV/u the beam
shows a width of <6 cm rwnwm in the dispersive horizontal plane
X and about 4 cm rwHM on the vertical axis Y (see Fig. 2).

A secondary target, typically with a size of 62.5 x 62.5 mm?, is
placed at the final FRS focal plane for inducing the reactions of
interest in the impinging RIB. The target material is usually gold
or lead for Coulomb excitation and beryllium for secondary
fragmentation or particle knockout reactions. Thanks to the high
secondary beam energy (~ 100 MeV/u) rather thick targets of
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Fig. 2. Transversal spatial distribution of the RIB at the final FRS focal plane for an
energy of ~100 MeV/u.

200-500 mg/cm? can be used, which allow one to enhance the
reaction rate, while keeping the angular straggling of the reaction
products within reasonable values of 5-10 mrad. For many cases,
such an enhancement on the reaction yield becomes of pivotal
importance in order to access very exotic species, which are
produced only in very small amounts (Fig. 3).

Because of the high reaction-product velocity  the measured
y-ray energy E, appears shifted with respect to the y-quantum
energy at rest Ey . This effect can be corrected by applying the
Doppler formula

1—p cos 0y 1)
\J1-p2

where 0, is the angle between the emitted y-ray and the
trajectory of the fragment in the laboratory frame. Thus, the
accuracy with which the original y-ray energy can be determined
is dominated by the uncertainty in the determination of the angle
0, and the uncertainty in the measurement of the fragment
velocity f at the moment of y-ray emission. In theory, three
positions are needed in order to derive the value of the angle 0y:
the position of the reaction product at the time of de-excitation,
the relative position downstream from the target, and the loca-
tion of the first y-ray hit in AGATA. In practice, however, the
reaction-product position at de-excitation time can be measured
only in an approximate way. Indeed, the two transversal (x,y)

Eyo=E,

Scintillator 2 —
TPC2
MUSIC2 — B \

' Scintillator 3

LYCCA DSSDs
Va LYCCA CslI

Fig. 3. Large (a) and short (b) AGATA configurations for optimizing resolution and
efficiency, respectively.



300 C. Domingo-Pardo et al. / Nuclear Instruments and Methods in Physics Research A 694 (2012) 297-312

coordinates of the fragment are determined, approximately,
utilizing a double-sided silicon-strip detector (DSSD) placed close
to the secondary target. At present, there is no technique to
measure the z-position downstream of the reaction product at de-
excitation time. For long half-life reaction products such uncer-
tainty dominates the width of the Doppler corrected y-ray
spectrum (see Section 8). The trajectory of the reaction products
downstream from the target is determined by using the Lund-
York-Cologne CAlorimeter (LYCCA) [43]. A third plastic scintillator
(Scintillator 3 in Fig. 1) enables the measurement of the velocity
of the fragments or reaction products after the target f3,.. Note
that, in general, due to the energy loss in the target this quantity
can be smaller than the velocity ff at emission time, i.e. §,, < f§, an
effect which also has an impact in the attainable resolution (see
Section 8). Finally, the 3D position sensitivity of AGATA, with an
average fFwHM ~4 mm, provides the remaining information
needed for the Doppler reconstruction of the y-ray spectra.
Further details about y-ray spectroscopy experiments with RIB
at GSI-FRS using the RISING array of EUROBALL cluster detectors
can be found in Ref. [44].

3. Reference case for the conceptual design The AGATA double
cluster detectors

A simplified, although representative, physics case has been
simulated in order to evaluate several possible geometrical
detector configurations and determine the array design best
suited for experiments at GSI-FRS. The evaluation of the array
performance is based on the attainable y-ray photopeak effi-
ciency, peak-to-total (P/T) ratio and energy resolution. The MC-
code used for this purpose is described in Ref. [14], with minor
modifications in order to include the specific spatial x,y-profile of
the RIB at the final focus of the FRS (see Fig. 2). Also the event
generator of Ref. [14] was used to emit y-rays with an energy at
rest of Ey,, =1MeV emitted from a nucleus at a velocity of
p=0.43, equivalent to ~ 100 MeV/u commonly used for Cou-
lomb excitation and particle knockout experiments at GSI-FRS.

In the conceptual design part of the present work, the effects
related to the target thickness and half-life of the nuclear transi-
tion have been explicitly left aside. Such simplifications are
convenient in order to tackle the problem in a systematic way.
A negligible target thickness ensures no energy loss across the
target, which implies a well defined velocity at de-excitation time
(p=0.43). Further, a prompt de-excitation (half-life t;,, =0)
ensures a well defined emission angle 6,. The impact of the target
details in the Doppler reconstructed spectra is reported later in
detail in Section 8. The interplay between the value of the half-life
and the target thickness is described in Section 9. These effects
are expected to influence the performance of the array approxi-
mately in the same direction for all configurations and therefore,
such assumptions are not expected to affect the conclusions of
this section.

Another simplification concerns the y-ray multiplicity, which
has been assumed to be M, =1 in all cases. Apart from the atomic
background radiation, My =1 is a reasonable assumption for both
Coulomb excitation experiments M?’”’e" =1-2 and particle
knockout reactions MX"*! =34,

In order to set-up a versatile y-ray detection system with a
limited number of capsules available, it is foreseen that the
target-array distance is adjusted according to the characteristics
of each particular experiment. Thus, large (short) target-array
distances can be set-up in order to optimize detection resolution
(efficiency). This feature is reasonable when the array consists of a
relatively small amount of 30-40 capsules. A larger number of
detectors covering a solid angle of 27 or more would show

approximately a constant variation of the efficiency with the
target-array distance. An intermediate distance can be also
chosen in order to settle a compromise between efficiency and
resolution. The so-called “large” distance corresponds to 23.5 cm,
which represents the centre of the spherical shell defined by the
front surface of the AGATA capsules. The “short” distance corre-
sponds to a target-array distance of 8.5 cm.

Thus, the evaluation of each configuration is based on MC
simulations for six different target-array distances of 23.5, 18.5,
15.5, 13.5, 11.5 and 8.5 cm, each case containing 5 x 10° events,
which yields a negligible statistical uncertainty for all quoted
results.

y-ray tracking has been implemented for the reconstruction of
the simulated events with the MGT-code [45]. MGT is used with
both packing and smearing distances equal to 5 mm and intrinsic
energy resolution for HPGe of 1.9 keV rwnm at Ey = 1.33 MeV with
a noise component of 1KkeV. All the results presented in the
following have been obtained by properly processing the raw
simulated data with MGT.

The first aspect to be considered for the installation of AGATA
at GSI is related to constraints arising from the size of the RIB at
the final focal plane of the FRS. This also holds true for future
implementations of AGATA for HISPEC experiments at FAIR-
NUSTAR. On one hand, as shown in Fig. 2, because of the spatial
spread of the RIB a beam-pipe with a diameter of >80 mm is
required in order to avoid excessive interactions of the outgoing
reaction products with the beam-pipe itself and other structural
materials. Calculations of the ion-beam optics through the current
design of the Super-FRS [46] indicate that the size of the beam at
its final focal plane should be comparable to the one shown in
Fig. 2. On the other hand, the geometrical design of AGATA aims
to maximize the solid angle coverage, thus reducing to the
minimum the size of the pentagonal holes [14]. The latter turn
out to be sufficiently large for the beam output at LNL-INFN, but
they are too small for the beam at GSI-FRS. The most straightfor-
ward solution would consist of removing two of the central triple
clusters of the 1w AGATA configuration, and rotate slightly the
array around the vertical axis, as it is shown in Fig. 4, top.
Nevertheless, this option shows two strong drawbacks. First, it

a

Fig. 4. (a) Shell geometry with 13 triple cluster detectors. (b) Hybrid shell
geometry with 5 double- and 10-triple cluster detectors.
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breaks the symmetry of the array, thus making difficult the
distribution of the detectors and lending to an irregular growth
and solid angle coverage of the array. Second, the irregular and
relatively large insensitive area at forward angles is the most
relevant region in terms of efficiency, due to the effect of the
Lorentz boost.

One possibility to improve this situation consists of developing
and implementing AGATA double cluster detectors (ADC detec-
tors). The original conceptual design of AGATA [14] comprises an
array of 180 irregular hexagons, using only three crystal shapes.
The tree different geometries are assigned a letter and a colour: A
- red, B - green and C - blue. Each AGATA triple cluster (ATC) is
made from the three crystal shapes A, B and C sharing the same
cryostat. The ADC detectors proposed here can be built from
crystals of types B and C. This way, the removal of the five
capsules of A type positioned around the pentagonal hole in the
beam axis is done by using an inner ring of five ADC detectors.
Thus, this AGATA implementation will be an hybrid configuration
of ADC and ATC detectors, still in a 17w symmetric AGATA set-up
(see Fig. 4b). This geometry optimizes the large solid angle
coverage at forward angles, while leaving enough space for
the RIB passing downstream towards LYCCA. Such approach
yields a remarkable enhancement in performance when com-
pared with any other possibility based only on ATC detectors. This
is shown in Fig. 5, where the photopeak efficiency, energy
resolution and P/T ratio are displayed as a function of the distance
between the secondary target and the AGATA array. In this case,
the geometry based on ATC detectors contains 13 of them, 39
capsules, as shown in Fig. 4, top. The new hybrid geometry is
based on an outer ring of 10 ATCs, supplemented with an inner
ring of 5 ADC detectors (40 capsules), as shown in Fig. 4b. Thus, an
enhancement of up to 20% in efficiency can be achieved, whereas
the resolution and P/T ratios remain essentially the same. The
tracking efficiency of MGT typically varies between 60% and 80%
for short (8.5 cm) and large (23.5 cm) target-array distances,
respectively.

The evolution of the detection sensitivity with decreasing
target-array distances reflects both, the effect of the larger
solid-angle and the Lorentz boost at velocities of ~ 0.43. When
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Fig. 5. Photopeak efficiency (top), resolution (middle), and P/T ratio (bottom) for
two AGATA configurations: 13 triple clusters (circles) shown in Fig. 4, top, and
5 double-plus 10 triple-cluster detectors (squares) as shown in Fig. 4b.
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Fig. 6. Photopeak efficiency (top), resolution (middle), and P/T ratio (bottom) for
the 10 ATC + 5 ADC AGATA configuration, at relativistic projectile energy ff = 0.43
(solid symbols) and at rest (open symbols).

compared to an isotropic y-ray emission distribution, the Lorentz
boost represents an advantage in terms of detection efficiency
particularly for large target-array distances. This effect is illu-
strated in the top panel of Fig. 6, where the performance of the 10
T+5 D geometry is shown for a projectile having a velocity of
f=0.43 and at rest f=0.

Other configurations investigated were based on compact
cylindrical geometries, where the ATC detectors were separated
from each other, and arranged around the target chamber for
maximizing the solid angle coverage. This approach had the
disadvantage that y-ray tracking could be only applied within
each ATC detector, thus reducing the overall performance of the
array in terms of efficiency and P/T ratio, and notably limiting the
scalability of the array on a long term basis. This issue of
scalability is explored further in Section 4.

In summary, the MC performance figures indicate that an
hybrid shell-geometry, based on an inner ring of 5 ADCs, and an
outer ring of ATC detectors (as many as available) represents the
best approach for nuclear structure studies using relativistic RIBs
at the GSI-FRS facility and at the future FAIR-NUSTAR site.

4. Performance of the hybrid shell geometry

The non-proportionality of the efficiency with the number of
capsules in the array, due to the tracking concept, makes it worth
quantifying the performance of the hybrid array as a function of
the number of ADC and ATC detectors available. Using the
reference case described in the above section the expected
performance in terms of y-ray photopeak efficiency, resolution
and P/T-ratio is shown in Table 1 (Table 2) for 5 ADCs (ATCs) and a
variable number of ATCs (ADCs). For the sake of clarity, these
values are shown in Fig. 7 only for configurations consisting of n
ATC and 5 ADC detectors (n T+5 D), with n being a representative
number of ATC detectors between O and 10. Fig. 8 shows the
performance for 5 ATCs and a variable number of ADCs (5 T+n D),
with n from 0 up to 5 ADC detectors. In the latter figure, also the
combination 0 T+5 D is shown. It is worth emphasizing the
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Table 1

Performance of the AGATA array as a function of the number of ATC detectors,
assuming always an inner ring of 5 ADCs. For each configuration indicated on the
left-hand side of the table, the three rows represent the efficiency, resolution and
P/T ratio, respectively.

No. of Distance target-array (cm)

ATC  ADC 235 18.5 15.5 13.5 11.5 8.5

10 5 110 135 151 161 169 171 & (%)
61 75 83 90 97 109 rwnm (keV)

400 405 407 411 412 408  P/T(%)

9 5 100 124 139 149 156 160 & (%)
61 74 83 89 97 108  rwum(keV)

396 400 404 405 404 401  P/T(%)

8 5 90 112 127 135 141 147 & (%)
60 73 83 89 97 109  rwum (keV)

391 397 400 397 397 392  P[T(%)

7 5 80 100 114 123 131 138 & (%)
59 73 82 89 98 110  rwum (keV)
383 385 390 389 391 388 PT(%)

6 5 6.9 8.8 10.1 10.8 11.6 124 &, (%)
5.8 7.2 8.1 8.8 9.7 111 FwHM (keV)
36.9 37.6 37.8 37.6 380 376 P/T (%)

5 5 6.0 7.6 8.9 9.7 104 113 & (%)
5.7 7.1 8.0 8.8 9.7 111 FwHM (keV)
358 363 367 369 367 365 P/T(%)

4 5 5.0 6.4 7.6 8.3 9.1 100 & (%)
5.5 6.9 7.9 8.8 9.6 111 FwHM (keV)
346 351 353 353 355 352  P/T(%)

3 5 4.1 5.4 6.4 7.1 7.9 9.0 &y (%)

53 6.8 7.8 8.7 9.6 113 FwHM (keV)
32.7 33.0 335 33.7 338 338 P/T (%)
2 5 3.2 4.2 5.2 5.8 6.7 79 &y (%)
49 6.4 7.6 8.5 9.5 115 FwHM (keV)
315 315 32.2 32.0 323 329 P/T (%)
1 5 2.7 3.6 4.4 5.0 5.7 6.8 &y (%)
4.9 6.3 7.6 8.6 9.6 114 rwam (keV)
31.2 31.2 316 317 31.7 31.8 P/T (%)

0 5 2.0 2.7 33 3.8 4.3 5.2 &y (%)
4.8 6.4 7.5 8.4 9.7 114 rwam (keV)
29.6 29.9 303 30.0 304 304 P/T (%)

Table 2

Performance of the AGATA array for five ATCs and a variable number of ADC
detectors. For each configuration indicated on the left-hand side of the table, the
three rows represent the efficiency, resolution and P/T ratio, respectively.

No. of Distance target-array (cm)

ATC  ADC 235 18.5 15.5 13.5 11.5 8.5

5 4 55 70 79 85 91 97 & (%)
59 74 84 93 102 121  rwam (keV)

357 362 365 362 363 361 P/T(%)

5 3 54 66 73 78 84 86 & (%)
6.1 75 86 94 103 118  rwnm (keV)

378 377 376 378 381 375 P/T(%)

5 2 50 60 67 71 73 74 & (%)
63 77 87 94 102 118  rwim (keV)

386 389 394 392 393 391 PT(%)

5 1 45 54 59 61 62 61 & (%)
65 78 88 96 104 114  rwnm (keV)
385 391 395 391 390 387 PT(%)

5 0 40 47 50 51 51 48 & (%)
69 83 91 96 102 109  rwum (keV)
383 387 389 389 382 378 PT(%)
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similarity in the performance between the 0 T+5 D and the
5 T+0 D cases at short target-array distances. This illustrates,
once more, the relevance of developing ADC detectors for experi-
ments at GSI. Indeed, 10 capsules arranged in a ring of 5 ADCs
show at short target-array distances, the same performance as 15
capsules arranged in a half-ring of 5 ATCs detectors. In this
respect, it is also important to remark the non-linear dependence
of the detection efficiency on the number of capsules, as a con-
sequence of y-ray tracking. For example, at 11.5 cm, the 5 T+0D
case corresponds to an intrinsic photopeak efficiency of 0.34% per
capsule. On the other hand, the 5 T+5 D configuration shows an
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efficiency of 0.45% per capsule, which indicates a relative en-
hancement of the detection efficiency per capsule of 32%.

For the first experiments with AGATA at GS], it is expected that
at least 5 ATCs and 5 ADCs are available. Therefore, for nuclear
transitions of 1 MeV emitting at § = 0.43, photopeak efficiencies
in the range of 6 to 11% and energy resolutions of 6 to 11 keV
should be attainable (depending on the distance target-array)
with a P/T ratio of about 36%. The asymmetry in the spatial
distribution of the beam, which is larger in the dispersive plane x
than in the vertical direction y, has been found to have a
negligible impact in the efficiency of the 5 D+5 T configuration.
When the 5 ATCs are placed together the efficiency does not
depend on their position around the inner ring of ADCs. Further-
more, it is worth noting that the outer ring of ATCs is actually
composed of two sub-rings. One of them subtends slightly lower
forward angles (Fig. 9b) than the other one (Fig. 9¢). Thus, one
might think of distributing the five ATCs semi-consecutively, as it
is shown in the two bottom configurations displayed in Fig. 9.
This option, however, shows an slightly reduced efficiency. The
efficiency of 6% obtained with the geometry shown in Fig. 9a for
the nominal distance of 23.5 cm, is reduced to 5.9% and 5.8% for
the configurations shown in Fig. 9b and c, respectively. This can
be ascribed to the larger open surface exposed by the ATCs and
the corresponding decrease in the performance of the tracking
algorithm.

The efficiency will increase gradually further when additional
ATCs are installed in the set-up, thus reaching for a configuration
with 5 ADC and 10 ATC detectors up to 11-17% photopeak
efficiency, 6-11 keV rwHM energy resolution and ~ 40% P/T-ratio.

a

Fig. 9. Possible configurations of AGATA with 5 D+5 T, ordered from top to
bottom by decreasing efficiency.

It is worth noting that, at least in terms of efficiency, there is an
optimal target-array distance. However, the latter depends on the
number and type of cluster detectors available. Thus, for a
relatively small amount of clusters, there is a substantial
enhancement in the efficiency when going from an intermediate
distance as 11.5cm to the shortest one of 85cm, eg. 9%
enhancement for 5 ATC + 5 ADC detectors. However, such
improvement is of only 1% for the 10 ATC + 5 ADC configuration.

The chosen y-ray energy of Ey o =1 MeV corresponds only to
an average representative value, which is close to many experi-
ments of interest for nuclear structure. Values for another y-ray
energies are reported in Section 5.

5. Dependence of the performance on the y-ray energy

The complex dependency of the detection efficiency on the y-ray
transition energy using relativistic RIBs requires a MC simulation
study. On one hand, the Lorentz boost concentrates a large amount
of y-quanta in the forward direction, thus enhancing the detection
probability for small values of the angle 0., mostly in the region
covered by the ADC detectors. But on the other hand, this effect is
counter-balanced to some extent by the Doppler shift in energy,
which increases the y-ray energy at the same forward angles, thus
reducing the detection efficiency correspondingly. In order to
quantify the impact of these effects in the performance of the
tracking array, MC simulated values for efficiency, resolution and
P/T-ratio, are tabulated and displayed in this section for a range of
v-ray energies from 500 keV up to 5 MeV. Results are reported for
three reference hybrid-shell AGATA geometries, namely 10 ATC+5
ADC (Fig. 10, Table 3), 7 ATC+5 ADC (Fig. 11, Table 4) and 5 ATC+5
ADC (Fig. 12, Table 5).

6. Angular distribution of the efficiency

Angular distribution measurements of y-rays emitted by
oriented nuclei have been a fundamental tool to investigate their
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Fig. 10. Photopeak efficiency (top), resolution (middle) and P/T ratio (bottom) for

10 ATC + 5 ADC detectors. Each curve corresponds to one y-ray energy (see label).
In all cases §=0.43.
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Table 3 Table 4
10ATC+5ADC AGATA configuration, efficiency and energy resolution values as a 7ATC+5ADC AGATA configuration, efficiency, energy resolution and P/T-ratio
function of the y-ray energy at rest E, , and f=0.43. values as a function of the y-ray energy at rest E, - and #=0.43.
Eyo Distance target-array (cm) Ey o Distance target-array (cm)
(MeV) (MeV)
235 18.5 15.5 13.5 115 8.5 235 18.5 15.5 135 115 8.5
0.5 143 17.6 19.6 20.8 215 21.6 &y (%) 0.5 10.5 13.2 15.0 16.1 17.0 17.7 ey (%)
4.1 5.0 5.7 6.2 6.9 7.9 FwhM (keV) 3.9 4.9 5.6 6.1 6.8 8.0 FwhM (keV)
48.4 49.2 49.2 49.5 49.2 48.6 P/T (%) 46.3 47.0 47.6 47.5 47.2 46.7 P/T (%)
1 10.9 135 15.1 16.1 16.7 17.0 &y (%) 1 8.0 10.1 114 123 13.0 13.7 &y (%)
6.1 7.5 8.5 9.3 10.1 11.7 FwHM (keV) 5.9 7.3 8.4 9.2 10.1 11.8 FwHM (keV)
39.9 40.5 40.9 40.9 41.0 40.6 P/T (%) 38.0 38.7 38.8 391 38.9 38.7 P/T (%)
1.5 9.1 111 12.5 133 14.0 143 &y (%) 1.5 6.6 8.2 9.4 10.1 10.7 114 &y (%)
8.3 103 11.6 12.6 13.8 154 FwHM (keV) 8.1 10.0 115 125 13.7 16.0 FwhM (keV)
34.8 35.2 35.7 35.9 36.3 36.0 P/T (%) 329 334 33.8 33.9 34.0 34.0 P/T (%)
2 7.7 9.6 10.7 114 12.0 12.6 ey (%) 2 5.6 7.0 8.0 8.6 9.2 9.8 ey (%)
10.8 13.2 14.7 15.9 171 191 FwHM (keV) 103 12.8 14.7 16.1 17.7 203 FwHM (keV)
30.8 315 31.8 31.9 324 32.6 P/T (%) 29.0 295 299 30.1 303 304 P/T (%)
2.5 6.8 8.4 9.3 10.1 10.7 11.0 &y (%) 2.5 5.0 6.1 6.9 7.6 8.0 8.6 &y (%)
13.2 16.2 183 19.9 21.7 245 FwHM (keV) 12.7 15.7 18.2 20.2 21.7 25.0 FwHM (keV)
274 28.2 285 29.0 29.5 294 P/T (%) 26.1 26.5 26.6 27.0 271 273 P/T (%)
3 6.1 7.5 8.5 9.1 9.5 9.9 &y (%) 3 4.3 5.4 6.2 6.6 7.2 7.7 &y (%)
15.9 19.7 22.0 24.0 26.0 293 FwHM (keV) 154 19.2 219 23.9 26.0 30.0 FwHM (keV)
251 25.7 263 26.6 26.7 26.9 P/T (%) 23.2 238 24.2 241 248 248 P/T (%)
3.5 5.5 6.8 7.6 8.2 8.6 9.1 &y (%) 3.5 3.9 4.9 5.7 6.0 6.5 7.0 &y (%)
18.9 23.2 26.0 284 30.6 344 FwHM (keV) 18.1 229 25.8 281 30.9 351 FwHM (keV)
22.8 234 23.9 243 244 248 P/T (%) 21.2 215 22.2 223 225 22.8 P/T (%)
4 5.0 6.2 7.0 7.5 8.0 8.4 &y (%) 4 3.5 4.4 5.1 5.5 5.9 6.4 &y (%)
22.0 27.0 30.5 32.8 353 393 FwHM (keV) 213 26.8 299 32.9 35.9 401 FwHM (keV)
21.0 21.7 22.0 222 22.8 23.0 P/T (%) 19.2 19.8 20.2 204 20.7 20.9 P/T (%)
4.5 4.6 5.7 6.5 6.9 7.3 7.7 &y (%) 4.5 33 4.1 4.7 5.0 5.4 5.8 &y (%)
254 313 34.9 37.3 39.8 44.2 FwHM (keV) 24.8 30.8 34.6 374 40.5 44.9 FwHM (keV)
19.2 20.0 20.5 20.7 21.0 214 P/T (%) 17.7 18.1 18.6 18.6 19.0 19.2 P/T (%)
5 43 5.3 6.0 6.5 6.8 7.2 &y (%) 5 3.0 38 43 4.7 5.1 5.5 &y (%)
28.9 34.9 39.0 42.2 44.9 493 FwHM (keV) 28.0 34.8 39.5 42.2 45.4 50.3 FwHM (keV)
18.0 18.6 19.0 19.3 19.5 20.0 P/T (%) 16.4 16.8 17.0 17.5 17.8 18.0 P/T (%)
18 £ 7T + 5D 16 £ 5T + 5D
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Fig. 11. Photopeak efficiency (top), resolution (middle) and P/T ratio (bottom) for Fig. 12. Photopeak efficiency (top), resolution (middle) and P/T ratio (bottom) for
7 ATC + 5 ADC detectors. Each curve corresponds to one y-ray energy (see figure 5 ATC+5 ADC detectors. Each curve corresponds to one y-ray energy (see figure
label). In all cases #=0.43. label). In all cases f# =0.43.
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Table 5
5ATC+5ADC AGATA configuration, efficiency and resolution values as a function
of the y-ray energy at rest E; -, and f#=0.43.

Eyo Distance target-array (cm)
(MeV)

235 18.5 15.5 135 115 8.5

05 80 102 118 129 139 149 & (%)
3.8 47 55 6.0 6.8 80  rwhm (keV)

441 450 452 454 454 448  P/T(%)

1 6.1 76 8.8 96 104 112 & (%)
5.7 7.1 8.2 91 102 118  rwim (keV)

361 364 365 366 366 364  PIT(%)

15 49 6.3 72 79 85 93 & (%)
7.7 97 113 124 138 162  rwum (keV)

309 314 317 317 317 318  PT(%)

2 42 54 6.1 6.6 72 80 & (%)
99 125 143 159 179 208  rwim (keV)

272 278 277 278 280 282  PIT(%)

2.5 3.6 4.6 5.4 5.8 6.3 7.0 &y (%)
12.2 154 17.7 19.6 21.8 254 FwHM (keV)
23.7 244 24.8 24.8 25.0 253 P/T (%)

3 3.2 4.1 4.7 5.1 5.6 6.2 &y (%)
149 18.7 214 23.7 26.2 30.7 FwHM (keV)
21.7 21.8 22.1 22.1 22.6 22.8 P/T (%)

3.5 29 3.7 4.2 4.6 5.0 5.6 &y (%)
17.7 218 255 28.2 30.6 355 FwHM (keV)
19.6 19.8 20.1 20.2 203 20.6 P/T (%)

4 25 33 3.8 4.2 4.6 5.1 &y (%)

20.5 258 29.4 329 359 40.9 FwHM (keV)
17.2 18.0 18.2 18.3 18.8 19.0 P/T (%)

4.5 23 3.0 3.5 3.8 4.2 4.7 &y (%)
238 30.1 337 379 41.0 46.3 FwHM (keV)
15.7 16.4 16.5 16.7 17.2 17.6 P/T (%)

5 2.1 2.8 32 35 3.8 43 &y (%)
26.8 335 38.9 41.8 453 51.9 FwHM (keV)
14.4 15.0 153 15.5 15.7 16.2 P/T (%)

multipolarity and electromagnetic character (see e.g. [47]). In
addition, the angular distribution of the prompt y-rays emitted
after the Coulomb excitation allows one to distinguish between
the electromagnetic and the nuclear contributions to the excited
states. Such studies were performed in the past at GSI using an
array of EUROBALL cluster detectors [48,41]. The high granularity
of AGATA in conjunction with the large angular range represents a
substantial advantage in order to study angular distributions in
detail. The broad angular coverage arises not only from the
number of germanium crystals available, but also from the
possibility to shift the secondary target downstream by 15 cm.
This is illustrated in Fig. 13, where the y-ray efficiency for
Ey o =1 MeV emitted from a nucleus at =043 is displayed as
a function of the angle 0, in intervals of Af, = 4+ 5°. Note that the
integral of the curves seen in Fig. 13 will return the matching
efficiency values presented in the tables and figures of the
preceding section.

Thus, in the AGATA configuration of 10 ATC and 5 ADC
detectors, angles between 15° and 90° can be covered with
angular efficiencies larger than 1% over A0 =10°. Note that at
relativistic beam energies (f~0.43), the largest differences
between the electromagnetic and the nuclear interactions are
obtained at 0y ~ 25° and at 0, ~ 60°. At these angles, the proposed
geometry allows one to achieve efficiencies of more than 2.5%
over an interval of A0y = +5°.

The angular distribution of the first interaction reflects the
contribution in efficiency of both, the inner ring of ADC and the
outer ring of ATC detectors, even if they are not independent.
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Fig. 13. Efficiency as a function of the y-ray detection angle 0, for E; -, =1 MeV
emitted at f=0.43. (a) A simulation with 10 ATC and 5 ADC detectors and (b) 5
ATC and 5 ADC detectors.

These two contributions are most visible in the “short” distance
configuration (d=8.5 cm), where two maxima can be observed at
~55° and at ~75° (see Fig. 13a). Comparing the angular
distribution of 10 T+5 D (Fig. 13a) against that of 5 T+5 D
(Fig. 13b), one can indeed observe a reduction in the efficiency
due to the lowering of the second maximum, i.e. the contribution
of the outer ring of only five ATC detectors.

7. Impact of passive materials

At the final stage of the GSI-FRS the main source of y-ray
background is due to the slowing-down of ions and light-charged
particles, flying through layers of materials such as the energy-
degrader, the secondary target, the tracking detectors and other
structural materials like the beam-pipe and holding structures.
Experimental y-ray spectra with such background measured with
RISING have been shown in the previous publications [41,49].
A description of this background at the lower beam-energies used
in decay-spectroscopy experiments is reported in Ref. [50]. In
order to suppress effectively the contribution of the bremsstrah-
lung’s radiation to this background, a lead layer was installed
around the EUROBALL cluster detectors in the RISING campaigns.
In a similar way, it might be convenient to put a lead shielding
around the reaction chamber to reduce the background in AGATA.
This is a possibility which will be investigated during the
commissioning of AGATA at GSI, because due to the complexity
of this background, simulations are unlikely to predict it accu-
rately enough. Nevertheless, the effect of such a lead layer with
different thicknesses around the target chamber to shield the
AGATA detectors can be simulated and is illustrated in Fig. 14,
which shows the result of a MC simulation for E;, =1 MeV
emitted at ff=0.43. Three configurations have been considered
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Fig. 14. Biggest symbols represent values without lead absorber, the empty
symbols with decreasing size show the deterioration of the efficiency (top panel)
and P/T ratio (bottom) due to a layer of lead in-front of the detectors. See legend
for proper interpretation of the absorber thickness. MC simulation performed for
Eyo =1MeV emitted at f=0.43.

in the simulation, (i) 10 ATC+5 ADC, (ii) 5 ATC+5 ADC and (iii)
5 ADC detectors. Indeed, the impact of a lead layer, both in the
efficiency and in the P/T ratio, becomes larger for the ATCs than
for the ADCs, and also for the short target-array distance of
8.5 cm than for the nominal distance (see Fig. 14). This reflects the
energy shift due to the large Doppler effect at relativistic velo-
cities, which yields smaller energies (larger absorption) at the
larger angles subtended by the ATCs, when compared to the small
angles (larger energy) subtended by the ADCs. The resolution (not
shown in Fig. 14) remains practically unaffected.

8. Interplay between target thickness and half-life of the
nuclear transition

The impact of the target characteristics and the excited state
lifetime on the shape of Doppler corrected y-ray spectra has been
thoroughly investigated in Ref. [51] for in-beam +y-ray experi-
ments at relativistic energies using the RISING array. A similar
study for AGATA is presented in this section.

The convoluted effect of the excited state lifetime and the
energy loss across the target thickness is due to the fact that the
target is a passive element, and therefore, both the reaction-
product velocity and position at de-excitation time, in general,
remain unknown. In practice, only the measurement of the
reaction-product velocity after the target, f5,;, becomes feasible.
If the lifetime is sufficiently short, so that the average de-
excitation path is shorter than the target thickness, most of the
transitions still occur inside the target, where no kinematics
information is available, i.e. the velocity at de-excitation time f
is unknown and larger than the velocity measured after the target
Pac with LYCCA (see Section 2). On the other hand, nuclei with
relatively long half-lives de-excite predominantly beyond the
secondary target, and the velocity at de-excitation time f§ coin-
cides with the velocity measured after the target ;. In the latter
case, the Doppler correction becomes precise in terms of velocity.

However, the position downstream along the beam axis z at de-
excitation time remains still unknown and the true y-ray emis-
sion angle 0, is larger than the one commonly assumed, which
corresponds to de-excitations at the centre of the target. This
feature introduces an exponential tail towards low energy in the
Doppler corrected photopeak, which is larger the longer is the
lifetime. In general, the shape of the Doppler reconstructed
spectrum reflects the contribution of these two effects, whose
relative influence depends sensitively on the beam and target
characteristics, as well as on the precise value of the transition
lifetime. In order to illustrate this, a series of MC simulations have
been carried out, with an AGATA configuration consisting of 10
ATC and 5 ADC, with secondary targets of Au and Be, with
thicknesses of 250 and 500 mg/cm? and target-array distances
of 8.5 and 23.5 cm. These are the most extreme scenarios in terms
of optimizing detection efficiency, resolution or reaction yield
(see Sections 2 and 3). For each case, transition half-lives between
0 ps and 100 ps have been simulated.

The physics case corresponds to a medium-heavy nucleus
(Z=29, A=75) impinging at a velocity of # =0.43 in the second-
ary target, and undergoing a one-proton knockout reaction. The
spatial distribution along the beam direction z assumed for the
generation of the primary events in the simulation corresponds to
a constant excitation cross-section across the path of the nucleus
through the target. The event generator is the one described in
Ref. [51] with only minor updates to interface with the standard
AGATA-code [14]. A transition energy of E,,o =1 MeV is assumed
in all cases.

8.1. Light secondary target

The Doppler corrected spectra for beryllium targets of 250 and
500 mg/cm? are shown in Figs. 15 and 16, respectively. Also the
spectrum corresponding to an ideally thin target is shown in
those figures for comparison.
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Fig. 15. Effect of the lifetime and the energy loss across a 250 mg/cm? thick
beryllium target. The velocity after the target has been taken for the Doppler
reconstruction. Simulation for target-array distance of 23.5 cm (a) and 8.5 cm (b).
The thin-solid line (labelled as f#=0.43) corresponds to an ideal target of
negligible thickness and prompt de-excitations (t;,, =0 ps). See text for details.



C. Domingo-Pardo et al. / Nuclear Instruments and Methods in Physics Research A 694 (2012) 297-312 307

a soco d=23.5cm,B
r p=043
- t,,=0ps

" muj ....... t,=1ps
£ L t,,=10ps
=1 ’_ —1t,,=50ps
8 mu- t,,=100ps .

2000 .

920 940 960 980 1000 1020 1040
Etvrac!led (keV)

b 7000

6000

SMU;
2 E
C 40001
= E
8 3000—

2000;

10000

£ —y

- R s T
920 940 960 980 1000 1020 1040
Etvral:!led (kEV)

Fig. 16. Same as Fig. 15, but for a 500 mg/cm? thick Be-target.

Table 6

Estimated y-ray energy resolution simulated for de-excitations from a reaction on
a beryllium target for several assumptions of the target thickness and the half-life
of the transition.

ti2 RESOLUTION rwhm [FwTM] (keV)
(ps)

250 mg/cm? 500 mg/cm?

d=23.5cm d=8.5cm d=23.5cm d=8.5cm
0 17 [32] 17 [34] 37 [61] 23 [54]
1 16 [30] 16 [31] 35 [62] 20 [56]
10 8 [23] 15 [32] 8 [36] 14 [38]
50 13 [36] 25 [76] 12 [32] 24 [67]
100 17 [60] 41 [150] 16 [50] 34 [120]

For the Doppler correction the (measurable) reaction-product
velocity after the target, ., has been considered and the y-ray
emission angle in the laboratory system, 0y, has been calculated
assuming a de-excitation position along the beam axis at z=0 cm,
i.e., at the centre of the target.

The width of the photopeak reconstructed via MGT is reported
in Table 6. Note that in some cases the shape of the reconstructed
photopeak is rather asymmetric, and in those situations the value
of the FwHM is not very representative. Therefore, the value of the
full width at 10th maximum rwtwm is also given in Table 6.

As previously mentioned, the main deviations from the ideal
target case arise from two experimental effects. On one hand, for
transitions where ty, is small the width of the reconstructed peak
is dominated by energy loss effects inside the target and the
corresponding uncertainty on f§ at de-excitation time. As shown
for the 500 mg/cm? target in Fig. 16a, this effect is particularly
prominent for half-lives around t;,, <1 ps. The tail towards high
y-ray energy is due to the assumption f§ ~ ;.. Actually, the fact
that f> f, introduces a shift in the value of the Doppler
reconstructed energy towards high energy (see Eq. (1)). On the
other hand, for transitions with large half-lives (t;,, 2 50 ps) the
width of the reconstructed peak is dominated by the uncertainty
on the de-excitation position z along the beam axis. Assuming a
de-excitation at z=0 leads to an emission angle 0, smaller than

the true angle downstream z >0, an effect that goes in the
opposite direction than the aforementioned f~ f§,, approxima-
tion, shifting the value of the reconstructed energy towards low
energy. One can quantify the strength of these two effects by
means of the ratio rwhm/Fwm. This quantity is displayed in Fig. 17
for all cases reported in Table 6. For an ideal Gaussian distribution
the ratio rwam/FwT™ is equal to 0.549. As it can be observed in
Fig. 17, Gaussian photopeak distributions are obtained mostly for
short half-lives of t;, < 1 ps, except for the thick beryllium target
at short target-array distances, where Fwam/Fwt™m < 0.4. Thus, for
t1,2 <1 ps rather symmetric peaks and resolutions of 16-17 keV
FwHM can be expected for measurements with the thin beryllium
target, and 20-23 keV rwum for the thick target at the short
distance. The thick target at the large distance yields rather broad
distributions with Fwrm > 35 keV. For t1,, > 10 ps the ratio FwHm/
FwTM becomes substantially smaller than 0.549, thus indicating
the existence of tails in the reconstructed photopeak distribution,
either towards higher or lower y-ray energies. Therefore, this set-
up is well suited for measuring half-lives of the order of few ps.
Interestingly, the small value for FwHm/Fwt™m at 10 ps for the thick
Be-target at the large distance reflects the prominent tail towards
high y-ray energy, which in combination with its small width of
8 keV rwhHMm (see Table 6) represents an ideal case for half-life
measurement (see Section 9).

A remarkable improvement in the width of the reconstructed
photopeak can be obtained if the value of the transition half-life is
known, particularly for transitions with short lifetimes. Indeed, in
these cases one can calculate the mean value for both, the
reaction-product velocity and the z-position at de-excitation time,
and use them for the Doppler correction. In order to illustrate this
we choose the example of the 500 mg/cm? Be-target at 8.5 cm
(see Fig. 16b). Table 7 shows the mean values of § and z at de-
excitation time obtained from the MC-simulation.

As shown in Fig. 18, when instead of f,; and z=0, the mean
values of Table 7 are used for the Doppler correction, one obtains
rather symmetric distributions (at least for t;,, <50 ps), as well
as an improvement in the width of the Doppler corrected
photopeak ( <20 keV rwhm for all transitions with t;,, <50 ps).
On the other hand, when the value of the half-life is unknown,
one can apply a multiple Doppler correction, assuming different
values for the lifetime, and implementing in each case the
corresponding mean position and velocity values. This might lead
to an improved Doppler corrected spectrum, as well as to an
estimate of the transition lifetime. More precise methods for the
measurement of the lifetime are reported in Section 9.

1
- Beryllium target
i - d=23.5 cm; 250 mg/cm?
= 0.8 - -B- d=8.5 cm; 250 mg/cm?
= - A d=23.5 cm; 500 mg/cm?
E 0.6 IS -0- d=8.5 cm; 500 mg/cm?
s A
I L
FS I
L o044
.0 -
=
I3 r .
(14 L R
0.2
0 | Ll Ll Ll Ll

102 10" 1 10 102
Halflife t1/2 (ps)

Fig. 17. Ratio between rwHm and FwtMm as a function of the transition half-life for
the different cases simulated with a beryllium target. The broad horizontal line
indicates the ratio FwHm/Fwtm for a Gaussian distribution.
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Table 7
Mean f and z values at de-excitation time for the
500 mg/cm? thick Be-target.

7 (ps) By <z) (mm)
0 0.401 0.0
1 0.397 0.2
10 0.380 18
50 0.371 8.8
100 0.369 17,5

7000 E_ d=8.5 cm, <>, <z>
6000 - ——p=043
E """"""" t1/2 =0 ps
5000 — _._._. t1/2 =1ps
2 F ——t,=10ps
E 4000 F € = 50 ps
Q o
© 3000 t,, =100 ps
2000 ‘ i
E L
100 E : 5 1\_*
0 E e I O
980

920 940 960 1000 1020 1040
tracked

E"**’ (keV)

Fig. 18. Same as Fig. 16b, but assuming that the transition half-life is known,
which allows one to use the mean velocity <> and the mean position {z) values
at de-excitation time for the Doppler correction of the spectrum.

8.2. Heavy secondary target

For secondary samples made of gold, the intrinsic stopping
power is higher than for beryllium, but the distance which the
reaction product needs to travel in order to cross the sample is a
factor of 10 smaller. For gold targets one obtains the spectra
shown in Fig. 19 and in Fig. 20, for thicknesses of 250 mg/cm? and
500 mg/cm?, respectively. The values for the energy resolution are
listed in Table 8. For half-lives between 1 ps and 10 ps, for both
target thicknesses most of the decays happen after traversing the
target, thus yielding in both cases a rather thin distribution,
which is only 1-4 keV broader than the ideally thin target case.
This applies for both target-array distances of 23.5cm and
8.5 cm. For shorter (ty,, <1 ps) or larger (t;,, > 10 ps) half-lives,
the width of the reconstructed peak increases by a factor of two,
or more, owing to the aforementioned effects of larger uncertain-
ties on f§ and on z-position at de-excitation time, respectively.

The ratio between rwHm and FwtwM is represented in Fig. 21 for
the gold target. All transitions with t;,, ~ 10 ps, regardless of
target thickness and position, show both a rather Gaussian shape
with Fwam/FwaTM ~ 0.5 and a narrow width of 7-14 keV rwHM.
For t1,, =1 ps the narrow width of 7 keV rwnm obtained for the
500 mg/cm? Be-target at 23.5 cm in combination with the small
ratio Fwam/FwatM ~ 0.2 indicates that this set-up is well suited
for measuring half-lives of ~ ps.

In summary, the attainable resolution at 1 MeV ranges
between 7 keV and = 20 keV. The precise value depends sensi-
tively on the projectile kinematics and characteristics (its atomic
and mass numbers), target thickness and material, the target-
array distance and the lifetime of the expected nuclear transition.
In this respect, for the successful plan of in-flight experiments at
GSI-FRS, it becomes useful to perform dedicated MC simulations
in advance of the experimental work, which include all these
ingredients in a realistic way. This should allow one to optimize
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QO |
- t,=0ps I
6000— ___ t =1ps
1] r ke 3 FI\!
£ | —-te=1ps i
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2000;
N . "—’/.,r' ‘ b o Lo |
920 940 960 980 1000 1020 1040
E;mcked (keV)
b 7000; d=8.5 cm,p_
6000/— p=0.43
F oo t,,,=0ps
" SOCIDE— - t,=1ps
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=1 r —t,=50ps
8 3000/ t,,, = 100 ps
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AT S .
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Fig. 19. Same as Fig. 15, but for a gold target with a thickness of 250 mg/cm?.
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Fig. 20. Same as Fig. 19, but for a gold target with a thickness of 500 mg/cm?.

the experimental set-up, and also select the secondary ion beam
and the kinematics, which are best suited for the aim of each
particular measurement.

9. Lifetime measurement

As described in Ref. [51], there are essentially two effects that
can be exploited in order to evaluate the effective transition
lifetime from the shape of the corresponding peak. The first one
makes use of the dependence of the emission point along the
beam axis z with the transition half-life. The second one uses the



C. Domingo-Pardo et al. / Nuclear Instruments and Methods in Physics Research A 694 (2012) 297-312 309

Table 8

Estimated y-ray energy resolution simulated for de-excitations from a reaction on
a gold target for several assumptions of the target thickness and the half-life of the
transition.

t1/2 (ps) RESOLUTION rwhMm [Fwrm] (keV)
250 mg/cm? 500 mg/cm?
d=23.5cm d=8.5cm d=23.5cm d=8.5cm
0 19 [35] 18 [37] 42 [78] 28 [77]
1 8 [19] 12 [25] 7 [34] 12 [32]
10 8 [17] 14 [29] 7 14] 13 [25]
50 12 [33] 27 [73] 10 [26] 21 [57]
100 17 [56] 42 [151] 14 [42] 34 [104]
1
+ Gold target
[ - d=23.5 cm; 250 mg/cm?
0.8 -B- d=8.5 cm; 250 mg/cm?
E [ - d=23.5 cm; 500 mg/cm?
< I -0- d=8.5 cm; 500 mg/cm?
L 06
=
T L
E L
o 0.4 O
=
= L
e |
0.2 - A
102 10" 1 10 102

Halflife t1/2 (ps)

Fig. 21. Ratio between rwum and FwtMm as a function of the transition half-life for
the different cases simulated with a gold target. The broad horizontal line
indicates the ratio rwum/Fwr™m for a Gaussian distribution.

emission during the slow-down process. In this case, the asym-
metry of the reconstructed peak is larger at small angles.

The high position resolution, together with the possibility to
work at target-array distance of 8.5-23.5 cm, makes AGATA
particularly well suited for both methods.

9.1. Large lifetimes via centroid-shift at large angles

As described above in Section 8, this effect arises from the
dependence of the average distance from reaction to de-
excitation on the value of the lifetime. Whereas for short lifetimes
(t12 < 1 ps) the excited nucleus de-excites inside the target and,
in good approximation, the mean de-excitation position along the
beam axis corresponds to z~ 0, for large lifetimes (~ 100 ps) this
value is shifted towards higher distances z ~ cm, thus being the
real emission angle larger than the one obtained from the z=0
assumption used for the Doppler reconstruction, and shifting the
centroid of the y-ray peak towards lower energy. Since the
velocity of the products at §~ 0.4 is of the order of 0.1-0.2 mm/
ps, this effect is more evident for lifetime values of few tens to
hundreds of ps. The best angular range to exploit this effect
corresponds to angles, such that cos(0,) = [51]. Thus, for the
typical relativistic beam velocities of GSI-FRS =0.43, 0, ~65°
and, as shown in Fig. 13, the optimal AGATA configurations for
covering such angles are those for target-array distances of 8.5-
13.5 cm. The peak centroid-shift effects e.g. for a 250 mg/cm? Be
target at 8.5 cm become evident in the spectra shown in Fig. 15b.
The systematics of this shift with the half-life are shown in

Fig. 22, which demonstrates that half-lives in the range of 10-
100 ps can be derived via this method.

The shape of these spectra (Fig. 15b) is dominated by the
centroid-shift (z> 0) effect because of the subtended angle and
the range of half-lives. However, a component towards high
energy is still noticeable for short half-lives t;,, <1 ps. The high
angular resolution of AGATA can be utilized here in order to
disentangle the z> 0 effect of interest (which shifts the peak
centroid towards lower values) from the effect of de-excitation
during deceleration (which shifts the peak centroid towards
higher values). This is achieved by applying an angular cut at
64° < 0, <66°, resulting in the distributions shown in Fig. 23,
which are fully dominated by the z > 0 effect.
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Fig. 22. Systematics of the peak centroid shift for a 250 mg/cm? Be-target at
8.5 cm from the array (see text for details).
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Fig. 23. Line shape reconstructed for the 250 mg/cm? Be-target at 8.5 cm applying
an angular cut of 65+ 1°.

I --t,=15ps
10° F ~tp,=1ps
Eoooo e t,,=0.75 ps
@ S il -ty f 0.5 ps
< [ —t,,=0.25ps
g L
i}
o L
=
10* |
: 1 PR n n PR - 1
0.47 0.48 0.49 0.5 0.51

p

Fig. 24. [-Value at de-excitation time of the reaction product in a gold target
500 mg/cm? thick for an initial beam energy of 150 MeV/u.
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9.2. Small lifetimes via doppler shift attenuation method

For lifetimes of few ps the Doppler-reconstructed photopeak
typically shows two components. One of them is centred at the
proper energy E, ., and arises from de-excitations happening
shortly after the target, where the velocity remains constant and
can be measured. The second contribution extends towards
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Fig. 25. Doppler reconstructed spectra for several angular slices. Half-lives
between 0.25 and 1.5 ps have been simulated. See text for details.

E,>E, o, and is due to de-excitations inside the target, where
p > P4 This tail towards high energy becomes more prominent at
small angles (see Eq. (1)). Indeed, at small angles 0, the shape of
the Doppler corrected spectrum reflects the pattern of the
velocity distribution at de-excitation time. This effect is illu-
strated in Fig. 24 for the example described in Section 8, now
assuming half-life values between 0.25 ps and 1.5 ps, a gold target
of 500 mg/cm? and a secondary beam energy of 150 MeV/u. The
signature of the lifetime in the value of f at the moment of de-
excitation is further reflected in the Doppler reconstructed spec-
tra, as it can be appreciated in Fig. 25. The latter shows the
photopeak distributions for several angular slices (A0, =4°) at
forward angles between 22° and 42°.

Thus, the fine angular resolution of AGATA allows one to
measure accurately the angular evolution of the Doppler cor-
rected photopeak. By comparing the systematics of this trend
versus detailed MC-simulations one can determine the lifetime
value for rather fast nuclear transitions, between approximately
200 fs and 2 ps.

10. Summary and conclusions

The R&D and the final conceptual design of AGATA for experi-
ments at GSI-FRS has been presented. The solution proposed
requires the development of AGATA double cluster detectors, thus
aiming at a full optimization of the tracking array for in-beam
y-ray spectroscopy experiments at this facility. A systematic
study based on Monte Carlo simulations is reported, which
comprises several parameters such as the target-array distance,
number of detectors available, energy of the y-ray transition and
influence of passive elements. Thus, for relativistic beams with
B =0.43, using an AGATA configuration of 5 double- and 5 triple-
cluster detectors, photopeak efficiencies between 6% and 11% can
be obtained for Ey, =1 MeV (energy at rest), and target-array
distances of 23.5cm and 8.5 cm, respectively. These values
become 11% and 17%, respectively, when five additional triple
cluster detectors are added. The energy resolution attainable in
Doppler corrected spectra depends on the particular experiment
details and it seems to be, in most cases, dominated by energy
loss effects in the secondary target and by the half-life of the
expected transition. In this respect, it is recommended to carry
out dedicated simulations in order to obtain realistic values for
each particular experiment. As follow-up of a previous publica-
tion [51], the application of lineshape effects measurable with
AGATA for the determination of transition half-lives has been
investigated. Using the AGATA response at large angles 6 ~ 65°,
and at short angles 0 ~20—-30°, our simulation shows that it is
possible to determine the value of half-lives of 10-100 ps, and
0.1-1 ps, respectively.
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