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Abstract Multi-Nucleon Transfer (MNT) reactions have
been used for decades as a reaction mechanism, in order
to populate excited states in nuclei far from stability and to
perform nuclear structure studies. Nevertheless, the develop-
ment of set-ups involving high acceptance tracking magnetic
spectrometers (mainly existing in Europe), coupled with the
Advanced GAmma Tracking Array (AGATA) opens new
possibilities, especially if they are used in conjunction with
high-intensity stable beams or ISOL RIBs. In this article, we
will discuss the capabilities of such set-ups aiming at differ-
ent goals, including complete information in high-resolution
spectroscopy as well as lifetime measurements.

1 Introduction

Multi-nucleon transfer reactions are generally defined as
reactions transferring one or more nucleons when using
“heavy” nuclei (Z > 2) as projectiles and targets. The MNT
reactions, in both quasi-elastic (QE) and deep-inelastic col-
lision (DIC) regimes, were broadly used in the late 60’s
and the 70’s for the production of new isotopes. Already
in this period, the capability of these reactions to produce
neutron-rich nuclei was discussed [1]. It was also suggested
the “Charge equilibration” mechanism, a very relevant aspect
in connection with the role of MNT reactions in nuclear
structure studies [2]. Experimental works involving γ -ray

a e-mail: gadea@ific.uv.es (corresponding author)

detection, following MNT in both aforementioned regimes,
initially focused on evaluating the degree of spin polarisa-
tion/alignment in the reaction products (e.g. [3–5]). Early
nuclear structure studies used MNT reactions as a produc-
tion method, performing decay spectroscopy studies follow-
ing mass separation (e.g. [6–8]). The advent of the set-ups
with multiple Ge detectors in the early 90’s opened the pos-
sibility to perform in-beam nuclear structure studies using
MNT reactions and a thick target, i.e. stopping the reac-
tion products (e.g. Refs. [9–13]). In such experiments, the
absence of the reaction product identification requires previ-
ous knowledge of γ -ray transitions in the nucleus of interest,
for example from spectroscopy following β-decay, to be able
to build the nuclear level scheme. A relevant landmark, in the
use of MNT reactions in nuclear structure studies, arrived
in the early 2000’s with the construction of large accep-
tance tracking magnetic spectrometers VAMOS++ [14–16]
at the GANIL laboratory in France and PRISMA [17,18]
at the INFN LNL in Italy, and the early coupling of them
with Ge detector arrays: EXOGAM [19] with VAMOS++,
CLARA [20] with PRISMA, the AGATA Demonstrator [21]
with PRISMA and implementations of AGATA with both
VAMOS++ [22] and PRISMA [23]. The direct measurement
of the de-exciting γ rays in coincidence with the reaction
products, identified in A and Z by the spectrometers and
with the information on the trajectory, is fundamental for
the assignment of the structure information to the nucleus of
interest and to perform Doppler correction for the emitted γ
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rays. The coupling of the large Ge arrays with VAMOS++
and PRISMA also opened the possibility to perform lifetime
measurements, using Doppler techniques, since the trajectory
and velocity of the reaction products are reconstructed from
the information provided by the entrance and focal plane
detectors of the spectrometers, e.g. Ref. [24], with the differ-
ential Recoil Distance Doppler shift (RDDS) technique. In
the following sections, the advancements and potential use of
MNT reactions for nuclear structure studies will be reported,
together with descriptions and examples of the experimental
techniques and instrumentation developed.

2 Multi-nucleon transfer reactions with stable and
radioactive beams as a mechanism to investigate the
structure of moderately neutron- and proton-rich
nuclei

MNT reactions between heavy ions at energies close to the
Coulomb barrier are characterised by the exchange of many
nucleons between the target and the projectile and represent
the largest part of the total reaction cross section [25,26].
They provide the main mechanism for the energy dissipation
from the relative motion to the intrinsic excitation. Typically,
a population of relatively low excitation energy and relatively
high spins is observed in the final reaction products [25–28].

In heavy-ion-induced transfer reactions, the exchange of
the mass, charge, energy, and angular momentum between
reaction partners is mediated by the single-particle (fermion)
and surface vibration (boson) properties of the two colliding
ions [25]. One thus expects that the same degrees of freedom
will play an important role in the description of the states
populated in these transfer reactions. In fact, the states pop-
ulated in transfer channels show the direct population of the
states of single-particle character, as well as the population
of states that involve combinations of a single particle or hole
with a collective boson [29–32]. In the case of the fermion-
boson coupling, the transfer mechanism will not populate
all components of the expected multiplet uniformly, but will
always favour the more stretched configurations, as the trans-
fer probability will have a maximum at the largest angular
momentum transfer. This in turn is connected to the require-
ment of the smooth matching of the entrance and exit channel
trajectories [33]. The same mechanism is at the origin of a
strong population of the yrast and near-yrast states [34–37].

The expected population of neutron-rich nuclei is based on
the results of state-of-the-art calculations developed by the
theoretical group at the Niels Bohr Institute [38]. Recently,
other theoretical approaches, using different mechanisms,
supported this idea [39–46], though not necessarily providing
the same neutron richness, emitting angles, and energies of
the fragments. To understand how to approach this neutron-
rich region, one has to keep in mind that transfer processes

are mainly governed by reaction dynamics and by the spec-
troscopic information of colliding nuclei (form factors), and
by the balance of the internal and binding energy in the phase
space of the colliding systems (optimum Q-value consider-
ations) [25].

Due to the characteristic behavior of the binding energy
in the nuclear chart, the process is essentially governed by
the lighter partner of the reaction. In general, the use of
lighter stable projectiles on heavy targets results in activat-
ing only proton-stripping and neutron-pick-up channels (the
terms pick-up and stripping are conventionally referred to the
lighter partner of the reaction), thus, populating moderately
neutron-rich mid-mass nuclei. With neutron-rich projectiles,
proton-pick-up and neutron-stripping channels also open up,
leading to the population of the neutron-rich heavy fragments
[47–52].

As an example, Fig. 1 shows the total experimental cross
sections for 40Ar (the most neutron-rich stable Ar isotope),
40Ca (closed-shell nucleus), and 58Ni (open-shell nucleus)
induced reactions on a 208Pb target, together with the cor-
responding theoretical prediction [50,53–55]. The measured
cross sections clearly illustrate that the dominant channels
are neutron pick-up and proton stripping ones. Only in the
case where the most neutron-rich stable isotope is used, the
proton pick-up and neutron stripping channels develop, and
for the very neutron-rich (unstable) projectiles these channels
become dominant [38]. This path, relevant for the population
of neutron-rich heavy partner, is illustrated in Fig. 2, where
the total cross sections for Pb isotopes in the 40Ar+208Pb and
94Rb+208Pb collisions are displayed [50,52,56]. Heavy frag-
ments were identified via their characteristic electromagnetic
transitions. The reactions with radioactive beams, like in the
case of the 94Rb+208Pb system measured with MINIBALL
[57] coupled to an annular position sensitive silicon detec-
tor, demonstrate that MNT are in fact suitable mechanisms
to reach neutron-rich nuclei close to the N = 126.

Valuable insight into the role of the pair (neutron and/or
proton) transfer in the MNT reactions was obtained by cou-
pling the large solid angle magnetic spectrometers and γ

arrays which allowed to investigate nucleon–nucleon corre-
lations induced by the pairing interaction in more details.
In this respect, AGATA (up to 2π ) is fundamental to mea-
sure the distribution of the total transfer cross section over
different states [58–60].

When more and more nucleons are transferred, the tran-
sition from a regime of quasi-elastic to the more damped
regime of deep inelastic occurs. While the quasi-elastic reac-
tions show the characteristics of the direct reactions (the bell
shape angular distribution with a maximum close to the graz-
ing angle), the deep-inelastic processes are characterised by
a massive transfer of nucleons (toward the charge equilibra-
tion, namely the N/Z ratio of the compound nucleus) and
very large energy losses [25,61–64]. In measurements where
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Fig. 1 Total experimental cross sections for 40Ar, 40Ca, and 58Ni
induced reactions on the 208Pb target, at beam energies Elab = 6.4,
6.2, and 6 MeV/u, respectively (points), and the GRAZING calcula-

tions with (solid line) and without (dashed line) neutron evaporation (as
published in Ref. [50] with data from Refs. [50,54,55])
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Fig. 2 Total cross section for Pb isotopes in 40Ar +208 Pb and 94Rb +
208Pb collisions. In the 94Rb +208 Pb reaction, the measured cross sec-
tions obtained with the γ -ray measurement are indicated as lower limits,
while those which include the estimated values for the ground states are
indicated with full points. In the case of the 40Ar +208 Pb, the fragment
cross sections obtained with the γ -ray measurement are indicated as
lower limits, while the total cross sections (measured in PRISMA) are
indicated with full points. The histograms are the GRAZING predic-
tions. Data taken from Refs. [50,52,56]

the transfer products have been identified close to the graz-
ing angle, the observed final nuclei do not reach the N/Z
ratio of the compound nucleus, due to the dominance of a
direct mechanism [25]. On the other hand, A and Z distribu-

tions closer to the charge equilibration have been observed in
measurements that integrate all scattering angles, and conse-
quently the whole range of energy losses, for example in the
thick target measurements [61,65].

The transition from the quasi-elastic to deep-inelastic
regimes has been the subject of very large amount of stud-
ies (see for example Ref. [62]), but the understanding of
their details still faces significant experimental and theoret-
ical challenges. In particular, it will be important to under-
stand how the scattering angle of the quasi-elastic and deep-
inelastic components develop as a function of the charge and
the mass of the reaction fragments. While for the lighter sys-
tems, it is expected that the large energy losses will occur at
the more forward angles connected with the smaller impact
parameters, for the heavier systems where the Coulomb
repulsion dominates, the quasi-elastic and deep-inelastic
components scatter at an almost same angle in a quite energy
loss independent way. Finally, with the very strong Coulomb
field, a monotonic increase of the scattering angle for increas-
ing kinetic energy was observed [62]. It would be important
to test these findings in higher resolution measurements (see
for example Refs. [50,66,67]).

In recent measurements, reactions induced by lighter ions
(with A = 10–24) on medium-mass or heavy targets turn
out to be very effective for the production and spectroscopic
studies of light exotic nuclei [68–71], as well, even employ-
ing radioactive ion beams [72]. In these processes, in spite of
the rather low masses of projectile-like fragments, the large
energy losses have been measured. The experimental data,
which are rather limited for these light fragments, are well
reproduced by the model based on Langevin-type equations
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Fig. 3 Comparison between data (red symbol) and calculations
with the deep inelastic models (NNCLE+NEV [76,77] and
DIT+GEMINI++ [63,78]) for selected nuclei obtained from a high-
intensity 18O beam (at 8.5 MeV/u) on a 238U target (1 mg/cm2 thick).
The experimental measurement, at 0◦, was performed at GANIL with
the LISE spectrometer [74]

of motion [73]. In addition, in the reaction of 18O impinging
on a 238U target [74] measured using the LISE achromatic
spectrometer of GANIL [75], cross sections were extracted
at zero degrees. Sizable cross sections were found for the pro-
duction of exotic species connected with the neutron pick-up
and proton stripping channels, as illustrated in Fig. 3.

Deep-inelastic reaction product cross sections at zero
degree were as well studied, though at much higher ener-
gies (Fermi energies) and in general with heavier beams,
by Souliotis, Veselsky and collaborators (see e.g. in Refs.
[79,80]), with the MARS [81] and MAGNEX [82,83] spec-
trometers. These studies aimed to define optimal projectile-
target combination and beam energies for the production of
exotic species, suggesting that, with the determined cross
sections, these reactions could be a competitive mechanism
for radioactive ion beam production.

In reactions where large energy losses are present, sec-
ondary processes, such as neutron evaporation, may sig-
nificantly influence the final isotopic distributions. They
generally shift the mass distributions toward lower val-
ues. Very few measurements have been performed so far
with the extracted cross sections of both binary fragments
[47,48,51,52,84]. Even if the results demonstrate that the
most neutron-rich final isotopes are produced through col-
lisions involving small kinetic energy losses [47,51], it is
essential to establish the best experimental conditions for
the largest survival probability of the neutron-rich nuclei. In
spite of the unavoidable lowering of the final yield due to the
onset of secondary processes, the measured rates are suit-
able for spectroscopic studies with the existing (and possibly
upgraded) γ -ray detector arrays and fragment spectrome-

ters [14,15,18,19,21,27,85,86], especially in the light of the
future radioactive facilities such as SPIRAL2 at GANIL and
SPES at LNL [87,88].

3 High-acceptance tracking magnetic spectrometers:
status and outlook

The study of nuclear structure and reaction dynamics by
means of MNT reactions requires the use of large-acceptance
detectors with high mass and charge resolution to unambigu-
ously identify the different isotopes populated in the reac-
tion. This has been achieved, in the last two decades, through
the development of large solid angle (∼100 msr) magnetic
spectrometers, like PRISMA [17,18] installed at INFN-LNL,
Italy, VAMOS++ [14–16] at GANIL, France and MAGNEX
[82,83] at INFN-LNS, Italy.

Magnetic spectrometers select the incoming ions accord-
ing to their magnetic rigidity Bρ, which is equal to the
momentum-over-charge ratio, p/q. The mass identification
is performed on an event-by-event basis by measuring the
Time-of-Flight (ToF) of the ions in the spectrometer and
reconstructing their trajectories in the magnetic elements.
The nuclear charge is measured via the �E − E method in
a segmented Ionisation Chamber (IC), placed at the end of
the spectrometer, where the ions of interest are stopped. To
ensure mass separation, while dealing with heavier and heav-
ier ions, position information becomes crucial. The presently
adopted solution for large solid angle spectrometers is the
simplified magnetic element configuration and the use of the
concept of trajectory reconstruction. The detector system in
these spectrometers, besides nuclear charge, energy, and tim-
ing, provides the necessary position information along the ion
path.

In these new-generation spectrometers, unequivocal iden-
tification has been successfully demonstrated for ions up to
mass number A ∼ 130 and atomic number Z ∼ 60. An
example using PRISMA is shown in Fig. 4. Mass identifi-
cation up to A ∼ 200 was achieved in Ref. [89], without
Z determination and with a gate on a narrow portion of the
focal plane, and by an indirect method, in even heavier ele-
ments, using the full identification of the light partner and
the corresponding two-body kinematics [47,90].

One of the future challenges for MNT reactions and
the corresponding prompt spectroscopy is to explore the
unknown area of exotic nuclei with N = 126 as far as possi-
ble from the doubly-magic 208Pb nucleus. To reach this goal
the existing magnetic spectrometers, in particular, PRISMA
and VAMOS++, are being upgraded to extend the ion iden-
tification to higher A and Z . The measurement of additional
observables, such as ion velocity vector before and after the
magnetic elements, ion tracks in the IC, improved trajectory
reconstruction via software with the use of transport matrices
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Fig. 4 (Left) Nuclear charge
identification in PRISMA in the
MNT reaction 118Sn+206Pb at
5.8 MeV/u in inverse kinematics
at θlab = 25◦. The most intense
band represents the elastic and
quasi-elastic components of
target-like (Sn) particles. (Right)
Mass vs Q value matrix for the
-2p transfer channel (Cd
isotopes) in the same reaction at
θlab = 35◦. Both figures are
taken from Ref. [67]

and the correction of optical aberrations, and the kinematic
coincidence between light and heavy reaction partners are
important ingredients in this context.

As an example, in order to obtain direct information on the
behavior of the heavy reaction partner after the transfer pro-
cess, the 197Au+130Te reaction at 1.07 GeV was studied, cou-
pling PRISMA to a second arm consisting of an MWPPAC
detector followed by an axial ionisation chamber [91]. The
detection of the target-like Te fragments (TLF) in PRISMA
with high resolution and of the projectile-like Au fragments
(BLF) in the second arm allowed to construct a mass-mass
correlation matrix and to follow the evolution of the centroid
and width of the heavy partner mass distribution as a func-
tion of the number of transferred neutrons [51]. The align-
ment of the A/q loci, as a function of the ion position at the
entrance and focal-plane detectors, via a recursive software
procedure, was essential to reach a sufficient mass resolution
to unambiguously identify the different transfer channels, as
also shown in Refs. [48,67].

The VAMOS++ detection system was upgraded during the
last decade to reach a unique identification of heavy and slow
fission fragments [15] (see also the Advancements of γ -ray
spectroscopy of isotopically identified fission fragments with
AGATA and VAMOS++ in this topical issue).

Several developments were also started to achieve the
identification of isotopes in the N = 126 region, in partic-
ular by constraining the velocity and scattering angle of the
heavy partner as the projectile-like fragment is fully iden-
tified (Z , A) in VAMOS++. Typical experiments are per-
formed with the 136Xe beam and heavy targets such as W,
Os, Pt, Pb, or U. The TLF identification is obtained from its
measured velocities and kinematics and the full particle iden-
tification of the BLF. The two-body kinematics will result in
a mass determination of the TLF before neutron evaporation
and excitation energy of the system. This is achieved by a
second arm detection system called CATLIFE composed of
a set of two PPACs at 55 degrees with respect to the beam,
measuring positions, and ToF [16]. Finally, EXOGAM [19]
clover detectors are placed after the second PPAC for isomer
tagging.

It is worth mentioning that such heavy-ion detection sys-
tems require a sizeable fraction of solid angle to be efficient
and, nevertheless, are compatible with the early version (up
to 2π ) of the AGATA array [21–23]. On the contrary, cou-
pling a 3π solid angle and beyond of AGATA with a unique
identification of the heavy ions produced in these reactions
requires novel approaches to be explored. Finally, such reac-
tions are performed at very high counting rates at the target
position. Due to the high resolving power and the high count-
ing rate capabilities of AGATA, the prompt spectroscopy of
the produced isotopes can be achieved.

At the other extreme of the nuclear chart, the identification
of light ions (A < 30) in magnetic spectrometers can open
possibilities for new physics, as discussed in Sect. 5.3. Here
the main issue is represented by the low ionisation induced
by light particles, which reflects in a lower efficiency of the
tracking detectors of the spectrometer, and by the high accep-
tance in momentum required to accommodate most of the
charge state distribution of these light ions. Moreover, when
mass and element identification is not an issue, as for light
systems, reaching more exotic systems will require higher
beam intensity and therefore more counting rate in the mag-
netic spectrometer. The use of fully digital electronics and of
a dedicated focal plane detection systems will improve the
resolving power under these conditions.

4 Angular distribution and polarisation measurements
in quasi-elastic and deep inelastic multi-nucleon
transfer reactions

It is well known that nuclear reactions, populating states
with angular momentum different from 0, leave the resid-
ual nucleus with a non-random alignment [92,93]. Early
experimental works on fragment angular momentum orien-
tation following deep-inelastic scattering (at grazing angles)
[3,4,94–96], concluded that there is alignment in the direc-
tion perpendicular to the reaction plane, i.e., in the direction
(kb × kp), with kb and kp being the momenta of the beam
and reaction product, respectively. Nevertheless, it is claimed
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that it was difficult to predict the degree of alignment of the
reaction product for several reasons, including the effect of
evaporation. In these works it is pointed out that, when the
reaction product direction is detected, it is necessary to resort
to the particle-gamma angular correlation formalism given
by Rybicki, Tamura, and Satchler [92,94], to determine the
angular distribution as follows:

W (θγ , φγ ) =
∑

K ,Q
Keven

AK ,QBKYK ,Q(θγ , φγ )

where YK ,Q are spherical harmonics, BK the attenuation
coefficient due to the detector finite resolution and AK ,Q

the angular distribution coefficients [92–94]. It is relevant to
notice that the terms that will be contributing to the angular
distribution depend on the choice of the coordinate system
[92,93].

In order to understand the capabilities of measurements
involving angular information, it is interesting to explore
results obtained in experiments with large Ge-detector arrays
performing angular distribution and linear polarisation mea-
surements of γ rays emitted following MNT and DIC. In gen-
eral, angular distribution results have been used for the deter-
mination of the transition multipolarities and linear polar-
isation measurements (together with the angular distribu-
tion information) allow one to determine the character of
the transition. In this section we will mainly discuss exam-
ples performed with previous arrays to AGATA. The first
one work was published by Bucurescu and collaborators [97]
and reports on two experiments performed with the CLARA-
PRISMA set-up [20] and GASP [98]. The latter, using a thick
target, does not detect the trajectory of the reaction prod-
ucts. Such measurements, integrating all possible reaction
angles, allow to recover the cylindrical symmetry necessary
for the conventional angular distribution analysis [92,99].
The authors have determined that an alignment of about
σ/J ≈ 0.3 (where σ is the width of the angular momen-
tum (J ) Gaussian distribution, as in Ref. [100]) is achieved
for the Rb and Y isotopes populated with transfers of up to
10 nucleons and multipolarities have been determined for the
corresponding transitions using conventional techniques of
angular distribution ratios with the available angles in GASP.

The second example was reported in a publication by
Montanari, Leoni, and collaborators [101] and Sahin and col-
laborators [102], investigating the structure on neutron-rich
nuclei in the vicinity of 48Ca and 82Se, respectively, with the
nuclei of interest populated in MNT reaction. The experimen-
tal set-up was the already mentioned CLARA-PRISMA [27]
and, therefore, the γ -ray data are measured in coincidence
with the magnetic spectrometer PRISMA, positioned at the
grazing angle. In reference [101], following the transfer of
few nucleons (usually up to two), the authors find alignments
of the order of σ/J ≈ 0.4. With a determined trajectory of the

reaction product, it was possible to do angular distributions
in both the polar θ and azimuth φ angles as well as to per-
form linear polarisation measurements using the capability
of the Clover detectors of CLARA (see for example figures
6, 7 and 8 in reference [101]). Regarding the angular distri-
butions on θ , Ge arrays with large solid angle coverage as
CLARA, or AGATA in the configuration with sufficient solid
angle coverage, it is possible to recover the cylindrical sym-
metry by integrating the detected γ rays over the azimuthal
angle, taking the z-axis along the momentum direction of the
reaction product being detected by the spectrometer. Again
this technique allows angular distribution and angular dis-
tribution ratios to be performed in the conventional manner
quoted before. Similarly, in reference [102], alignments of
the order of σ/J ≈ 0.6 have been determined for the Se iso-
topes and, taking advantage of the symmetry of CLARA on
the azimuthal angle, employing angular distribution ratios
(ADO Ratios), multipolarities were determined for transi-
tions in the N=50 83As, 82Ge, and 81Ga nuclei (see figures
3 and 5 in reference [102]). Moreover, as mentioned, using
spectrometers as PRISMA or VAMOS++ it is possible to
have a well-defined direction for the ejectile emitting the γ

rays, therefore, it is possible to resort as well to the angular
distributions in the azimuthal angle φ. Figure 5, adapted from
Fig. 6 of reference [101], displays the calculated angular dis-
tribution for a quadrupole stretched transition together with
the measured one using the detectors with θ ≈ 90◦ of the
CLARA array.

Regarding the AGATA array, the early configurations
implemented with PRISMA and VAMOS++ were covering
solid angles below 1π sr at nominal distances, therefore very
limited experimental results are available [103]. The main
goal of this section was to conclude that both angular distri-
bution and linear polarisation measurements for the emittedγ

rays in MNT reactions can be measured, recovering the cylin-
drical symmetry or taking into account the azimuthal angle
dependency. The performance of AGATA in both angular dis-
tribution and linear polarisation measurements is discussed
in other contributions to this issue [104].

5 Lifetime measurement techniques for MNT
experiments

The capability to produce difficult-to-reach nuclei and how
the states in these nuclei are populated (see Sect. 2) has
triggered an increasing interest to perform lifetime mea-
surements using MNT reactions. Being directly related to
reduced transition probabilities, lifetimes can provide mean-
ingful information on the structure of the nucleus and in par-
ticular on the nature of its states. With the increase in angular
coverage of the γ -ray detector arrays, it is nowadays possible
to have sufficient sensitivity to perform precise lifetime mea-
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Fig. 5 Experimental vs calculated angular distribution as a function of
the azimuthal angle φ and with θ ≈ 90o for an E2 transition 2+ −→ 0+
in 50Ca, adapted from Ref. [101]. For θ ≈ 90o the odd Q terms of the
general angular distribution equation vanish and the expression takes the

form of W (θγ = 90o, φγ ) = 1 − 1
2 A2,0 +

√
9
6 A2,2cos(2φγ )+ · · · (see

Refs. [92,93]). The blue line in the figure corresponds to the calculated
value W (θγ = 90o, φγ ) normalised to the relative values obtained in
the experiment. The response of the CLARA detectors BK has not been
included in the calculation

surements using Doppler-shift-based techniques such as the
RDDS method [105] employing the plunger, for lifetimes
in the range from few to hundreds of picosecond, and the
Doppler Shift Attenuation Method (DSAM) [106], for life-
times in the range of femtoseconds.

These two techniques rely on a precise Doppler correction
that can be ensured by the angular resolution of the AGATA
array coupled to a large acceptance magnetic spectrometer,
such as VAMOS++ and PRISMA, providing an accurate
kinematic reconstruction of the detected recoil. In fact, by
measuring the emitting nuclei with such spectrometers, it is
possible not only to identify and select the reaction product
of interest but also to perform an event-by-event Doppler cor-
rection. In addition, by taking advantage of the Total Kinetic
Energy Loss (TKEL) measurement, it is also possible to both
reduce and control the contribution from the feeding transi-
tions, that usually are major sources of systematic errors if
not taken into consideration.

5.1 RDDS technique with differential plungers

The RDDS technique is a well-established method for the
determination of lifetimes in the range of few picoseconds to
hundreds of picoseconds [105]. In MNT reaction studies with
set-ups including magnetic spectrometers, the standard tech-
nique using a stopper after the target is replaced by the one
using a degrader (differential plunger). The degrader slows
down the reaction products yielding two components in the
γ -ray spectrum due to the different velocities (before and
after the degrader) of the emitting nuclei, still with the energy

Fig. 6 Schematic view of the experimental set-up and description of
the recoil distance doppler-shift method

sufficient for the identification in the magnetic spectrometers
(Fig. 6).

This allows the Doppler correction of the γ rays emitted
after the ions pass the degrader and its peaks appear at the
correct energy (unshifted, Iu). For MNT reaction set-ups the
γ rays are observed at backward angles, thus the peak of
the γ ray emitted before the degrader is lowered in energy
(shifted, Is) due to the different velocity. This is schemati-
cally illustrated in Fig. 6. The ratio of the intensities of the two
components Is and Iu as a function of the target-to-degrader
distance d is directly related to the lifetime of the excited state
that one wants to determine. Due to the precise determina-
tion of the ion velocity vector in magnetic spectrometers,
such as PRISMA and VAMOS++, and the identification of
the first interaction point of the γ rays inside the AGATA
array, the Doppler correction can be performed on an event-
by-event basis. The superior Doppler correction provided by
the AGATA position sensitivity is of paramount importance
in these kinds of measurements, in which the requirements
of the magnetic spectrometer for the reaction product identi-
fication, limit the difference between the velocity before and
after the degrader.

The consideration of level-feeding in the analysis is crucial
for the reliable determination of the lifetime. The advantage
of using a spectrometer is that it permits to control partially
the feeding (direct or from higher states) by means of a selec-
tion in the TKEL [107,108]. In this way, it is possible to limit
or reduce the effect of indirect feeding in the lifetime mea-
surement of the state of interest.

As an example, lifetimes of several states in 90Zr, 92Mo
and 94Ru were measured with the RDDS technique for the
first time at GANIL with AGATA and VAMOS++, in order
to study the seniority conservation in the proton g9/2 orbital
for the semi magic N = 50 isotones [109]. In this exper-
iment, the MNT reaction, broadly used to produce moder-
ately neutron-rich nuclei, was unconventionally adopted to
populate the states of interest below the isomers in neutron-
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deficient nuclei. The N = 50 isotopes were produced in the
collision of a 92Mo beam at an energy of 717 MeV on a
0.775 mg/cm2 92Mo target. The target was mounted on the
IKP Cologne plunger [105], while a 1.9 mg/cm2 thick 24Mg
foil was used to degrade the energy of the reaction prod-
ucts. This experiment was performed during the phase I of
AGATA having 23 operational detectors. In this scenario,
the condition in the detected ion TKEL could be applied to
limit or reduce the contribution of the indirect feeding to
the state of interest. Figure 7 illustrates the correspondence
between the TKEL selection values and the population of
the excited states in the 92Mo nucleus. For clarity due to high
statistics, the inelastic channel of the reaction is shown as
an example, nevertheless, the TKEL condition was applied
also to the MNT channels of the same reaction [110]. The
upper panel a) shows the Doppler corrected γ -ray spectrum
for 92Mo and the populated states without any TKEL con-
dition. For low values of the TKEL the population of the
higher states is reduced. With this condition in panel b) the
6+ → 4+ and 5− → 4+ transitions have vanished. In panel
c), where the condition is further lowered, practically only
the 2+ → 0+ transition remains. A high condition on the
TKEL enhances the intensities of the higher excited lev-
els. This is demonstrated in panel d), where transitions that
were not discernible in the first panel become visible. This is
clearly appreciated in the intensity variation of the two com-
ponents of the 2+ → 0+ transition, which is a short-lived
transition (0.35(2)ps [111]). Low TKEL values enhance the
shifted component, while high TKEL values tend to increase
the unshifted component due to the extra contribution from
the feeders. More details on the determination and effects on
the lifetime of a TKEL condition can be found in Ref. [107]

Other works involving lifetime measurements with the dif-
ferential plunger using AGATA coupled to large acceptance
magnetic spectrometers together with the use of the MNT
mechanism to populate the excited states on the nuclei of
interest, can be found in Refs. [112–120].

5.2 DSAM technique

The DSAM technique, illustrated in Fig. 8, allows for the
investigation of lifetimes of excited states in the range of
femtoseconds. The standard method requires a thin target
deposited on a second thicker layer of a different material
that acts as a stopper or as a degrader.

In the present case, in order to identify the MNT reac-
tion products in the magnetic spectrometer, it is necessary
to employ only thicknesses that will act as degraders. The
information provided by the recoil is crucial for the identi-
fication of the nuclei in mass and atomic number but also
for the kinematic reconstruction of the decaying nuclei, nec-
essary for a Doppler correction on an event-by-event basis.
In the energy range of a typical MNT reaction, states with

Fig. 7 Example of different TKEL conditions for 92Mo using the short-
est target-to-degrader distance. a Doppler-corrected spectrum without
a TKEL condition. b Condition on the low part of the TKEL. c More
restrictive condition on the low part of the TKEL. d Condition on the
high part of the TKEL. Adapted from Ref. [110]

Fig. 8 Schematic view of the experimental set-up and description
of the Doppler Shift Attenuation Method. The velocity used for the
Doppler correction is the one measured by the magnetic spectrometer
(β4)

lifetimes below the femtosecond (τ1 in Fig. 8) and picosec-
ond (τ4) range mainly decay within the target and after the
degrader, respectively. These lifetimes are outside the range
of sensitivity of the technique. Instead, γ rays emitted from
the decay of states in the correct range, from tens to hundreds
of femtoseconds (τ2 and τ3, respectively, in Fig. 8) will be
emitted by a decelerating ion within the degrader. The mea-
sured Doppler shift depends on the probability of emission
at a specific velocity that, in turn, depends on the stopping
power of the degrader and the amount of material crossed
since the reaction point. The result is the presence in the γ -
ray energy spectrum of a lineshape that is strongly correlated
with the lifetime. The analysis and the inference of the life-
time rely on multiple Geant4 Monte Carlo simulations using
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the AGATA Geant4 code [121] performed in a sensible range
of lifetimes and energy of the γ -ray transition. The complete
geometry of the apparatus and the experimental details, such
as the intrinsic energy and position resolution, are optimised
and included in the simulation, in order to reduce the sources
of systematic error. The lifetime is then extracted by com-
paring the experimental response to the parametrised simu-
lations by means of a least χ2 or best likelihood [122] fitting.
With respect to conventional γ -ray detector arrays, tracking
arrays such as AGATA allow the continuous-angle analysis
[123] and a better angular resolution. This is possible due
to the AGATA position sensitivity resulting from a combina-
tion of contact segmentation, sampling of traces, Pulse Shape
Analysis (PSA), and finally the application of tracking algo-
rithms. The increased angular resolution allows one to access
shorter lifetimes and also reduces the uncertainty of the life-
time measurement.

An example of this technique applied to MNT reaction is a
recent experiment aimed at measuring the lifetimes of excited
states around the N = 20 isotonic line. The experiment has
been performed at LNL using PRISMA coupled to AGATA
phase II, with 34 encapsulated detectors (12 ATC). A 230-
MeV beam of 36S impinged on a 1 mg/cm2-thick 208Pb target,
populating the neutron-rich region of the nuclear chart. The
experiment was performed to further understand the transi-
tion probabilities of key states close to the so-called island of
inversion, in particular in the 34Si and 35P nuclei, by means of
DSAM. Although yrast states are the most favourably popu-
lated in MNT reactions, low-lying non-yrast states, suitable
for DSAM measurements [124–127], were also observed.
For this experiment, a 4 mg/cm2 thick degrader of natPd was
chosen to be sensitive to the expected lifetimes and to be
able to detect the out-going ions in PRISMA. During the
experiment, the region close to N = 20, Z = 16 has been
successfully populated. From the preliminary analysis, it was
observed that many transitions belonging to 36,37S, 35P and
34Si nuclei show the expected lineshape, indicating that the
states they decayed from can be expected to have a lifetime
in the range suitable for DSAM. An example can be seen in
Fig. 9, where the 2+

1 → 0+
g.s. transition of 3290 keV of 36S

is presented. A simulation performed assuming a lifetime of
0.12 ps [128] was performed and compared with the exper-
imental data. The previously measured lifetime is supported
by observed lineshape ( Fig. 9) and will allow us to calibrate
the technique for the unknown lifetimes to be determined
in this experiment. However, the analysis is still preliminary
and the simulation needs to be optimised in order to fit exper-
imental data and reduce the sources of systematical errors.

For lifetimes studies of the excited states of nuclei in the
same region with ranges going from the sub-picoseconds
to several tens of picoseconds a slight modification can be
done in the target to combine the DSAM method and the
RDDS technique (see Sect. 5.1). For example, an experiment

3150 3200 3250 3300 3350 3400

Energy [keV]

40

60
80

100

120
140
160

180
200
220

C
ou

nt
s 

/ 2
 k

eV Data

3150 3200 3250 3300 3350 3400

Energy [keV]

0
20
40
60
80

100
120
140
160
180
200
220

C
ou

nt
s 

/ 2
 k

eV Simulation

Fig. 9 Comparison between experimental (top) and simulated (bot-
tom) lineshape of the 2+

1 → 0+
g.s. of 3290 keV of 36S. The simulation

was performed using a lifetime of 0.12 ps, as measured in Ref. [128]

exploiting the combination of the two methods with AGATA
coupled to PRISMA will be performed at LNL, during the
phase II of AGATA, aiming to measure lifetimes around 48Ca
[129]. The nuclei of interest will be populated with the MNT
reaction using a beam of 48Ca at 300 MeV and a target of
238U. The target of 1 mg/cm2 thickness with a 3 mg/cm2 Nb
support layer (for DSAM) will be mounted together with the
degrader of 4 mg/cm2 of Nb (for RDDS) in a new compact
plunger device [130]. Figure 10 illustrates the combination
of the two techniques in 50Ca with as GEANT4 simulation
using the aforementioned Nb foils thicknesses for the sup-
port of the target and degrader. The 4+ → 2+ transition,
3488 keV, in 50Ca was simulated varying the lifetime in the
range of hundreds of femtoseconds. Due to the short lifetime
simulated for the 4+, the state decays before the degrader
and appears at a shifted energy after the Doppler correction
using the velocity detected in PRISMA, but still is possible to
appreciate the change in the line-shape for the DSAM tech-
nique (top panel in Fig. 10). The presence of the support layer
in the target for DSAM (3 mg/cm2 of Nb) does not influence
the RDDS peak separation for the lifetime of 66.5 ps of the
2+ state in 50Ca [131] (bottom panel in Fig. 10).

5.3 DSAM technique with thick targets: lifetime
measurements in light exotic nuclei

The use of the deep inelastic reactions opens the possibility
to investigate excited states in neutron-rich nuclei in the sd-
shell, such as B, C, N, O, and F nuclei, by employing, e.g.
an 18O beam on a heavy target (198Pt or 238U). For these
nuclei the lifetimes of the excited states can be used as a
testing ground for various theory approaches. For example,
in the case of ab initio calculations a strong sensitivity of
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Fig. 10 Simulated Doppler corrected γ -ray spectra using the velocity
from PRISMA (after the degrader) for 50Ca showing the DSAM and
RDDS techniques. Top, DSAM: line-shapes of the 4+ → 2+ transition
varying the half-life. Bottom, RDDS: components before and after the
degrader of the 2+ → 0+ transition for two distances using a half-life
of 66.5 ps

the electromagnetic transition probabilities to the details of
the nucleon–nucleon interactions, especially in connection
with the role played by the three-body (NNN) forces, was
predicted [132,133].

Among the most interesting cases are 16C and 18C, for
which ab initio calculations without and with the inclusion
of the NNN term predict B(E2) and B(M1) of the second
2+ states varying by a factor of 2 to 5. For example, for
16C, the calculated lifetime of the second 2+ state, with two-
body (NN) forces only, is equal to 230 fs versus 80 fs with
NN + NNN forces included. Similar calculations for 18C
provide a lifetime of ∼ 2 ps versus ∼ 1 ps considering
NN or NN + NNN, respectively. Therefore, precise mea-
surements of the lifetimes of the second 2+ states in these
systems, which require techniques able to extract lifetimes
in the range of tens femtoseconds to few picoseconds, are
needed.
A measurement has been performed at GANIL, using a set-
up with AGATA coupled to VAMOS++ and PARIS [134],
employing an 18O beam at 7 MeV/u impinging on a thick
181Ta target. A novel DSAM was developed which allows
to assess tens-to-hundreds femtoseconds lifetimes of excited
states in products of deep inelastic reactions [71,135] using
relatively thick target. With a thick target (several mg/cm2),
the velocity of the reaction product, measured with a mag-
netic spectrometer, does not correspond to the initial veloc-
ity in the exit channel, but it is the convolution of the com-
plex structure of the product velocity distribution (caused by

large energy dissipation) and the slowing down process in
the thick target material. It follows that standard DSAM can-
not be directly employed. In such a case (thick target and
deep inelastic processes), the procedure presented in Ref.
[135] allows to reconstruct, via a Monte Carlo simulation, the
reaction-product velocity distribution at the reaction instant,
starting from the velocity measured by the magnetic spec-
trometer. The reconstructed velocity is then used to produce
simulated Doppler-broadened γ -ray line shapes, to be com-
pared with the experimental data. One has to stress that the
quality of the results depends strongly on the Doppler-shift
correction capabilities of the experimental set-up, namely the
precision in the identification of the γ -ray interaction point
in the HPGe crystal, and in the detection angle of the reaction
products. With set-ups such as AGATA coupled to a magnetic
spectrometer the angle between the fragment velocity at the
de-excitation point and the γ -ray direction can be determined
with an accuracy of about 1.5◦, resulting in excellent sensi-
tivity in γ -ray lineshape studies (see Fig. 22 and 23 of Ref.
[135]).

The method of Ref. [135] was applied to extract the life-
time of the second 2+ state in 20O [71], and can be further
employed to investigate the previously mentioned second 2+
states in 16C and 18C, for example with AGATA + PRISMA
at LNL, where the number of Ge crystals will provide much
better conditions for reaching exotic species. Of great impor-
tance will be, in particular, the coverage of the angular range
around 90◦ (between the reaction product velocity and γ ray
emission directions), which will guarantee a precise γ -ray
energy determination, not being Doppler affected. For this
experiment, a thick target of 198Pt (∼10 mg/cm2) could be
used, and the magnetic spectrometer should be placed at the
most forward possible angles, between 30◦ and 40◦, to take
advantage of the enhanced cross sections of deep-inelastic
processes with respect to the grazing angle, as discussed in
Sect. 2. The evaluation of the expected reaction cross section
for 16C and 18C based on Deep Inelastic Transport (DIT)
model calculations (see Fig. 3), gives ∼1 mb/sr for 16C, and
∼0.01 mb/sr for 18C ions, at 30 – 40◦.

To extend the measurement to lifetime ranges up to a few
ps, a futher development of the DSAM method of Ciemala
et al. [71,135] could be considered. For this purpose, a thick
degrader will be needed, at very close distance from the tar-
get. Figure 11 shows the expected lineshape of the 2217-keV
2+

2 → 2+
1 γ -ray of 16C, as a function of the 2+

2 state lifetime.
These lineshapes are obtained from Geant4 simulations tak-
ing into account the reaction product velocities, the energy
loss in the target and degrader, and the AGATA geometry. The
simulation shows that a thick-target + thick-degrader config-
uration will result in a sensitivity for lifetime measurements
from 80 fs to a few ps. It is worth noticing that, in such an
experiment, a validation of the lifetime determination proce-
dure, over the entire sensitivity range, could be obtained by
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Fig. 11 Simulated Doppler corrected line-shapes of the 2217-keV γ

ray, deexciting the second 2+
2 state in 16C, assuming lifetime values from

80 fs to 4 ps. The exotic 16C nucleus is produced by a deep inelastic
process induced by a 18O beam (at 7 MeV/u) impinging on a 198Pt target
followed by a degrader (at 15 μm distance), both about 10 mg/cm2 thick

using known level lifetimes in nearby nuclei, populated with
similar deep inelastic reaction mechanisms. This is the case,
for example, of the 1/2+ and 7/2+ states in the 19O nucleus,
with known lifetimes of 92 fs and 1.3 ps, respectively [131].

5.4 Geometrical DSAM technique

An additional method, to extend the range of lifetimes that
can be measured with AGATA with Doppler techniques, is
the so-called geometrical DSAM (geoDSAM) [123]. This
technique is typically used to access lifetimes in the range
from tens of picoseconds to few nanoseconds and it is suitable
for reactions in which the velocity of the emitting fragments
is between 0.3 < β < 0.8 such as fragmentation. How-
ever, it can be used in reactions with lower velocities to mea-
sure longer lifetimes. This technique, illustrated in Fig. 12, is
based on the Doppler shift due to the differences between the
angle of emission and the angle use for the Doppler correc-
tion. States with short lifetimes decay in the proximity of the
target and the angle θ1 is similar to the one that is assumed for
the Doppler correction, corresponding to the center of the tar-
get. States with longer lifetimes, instead, decay at a distance d
from the target position. If the lifetime is sufficiently long, i.e.
longer than tens of picoseconds, the difference between the
real angle of emission θ2 and the angle used for the Doppler
correction generates a characteristic lineshape that depends
on the β of the reaction product and on the lifetime of the
excited states.

Lifetime measurements by means of geoDSAM have been
performed in the past using the AGATA array to study the
neutron-rich Mo isotopes via fragmentation reactions [136].
The measured values covered a range from a few to hundreds
of picoseconds. The velocity involved in MNT reactions is
typically around β ≈ 0.1, hence the accessible lifetimes,
using geoDSAM, are expected to be in a longer range. In the

Fig. 12 Schematic view of the experimental set-up and description of
the geometrical doppler shift attenuation method

experiment described in Ref. [109], several states populated
presented the characteristic lineshape of the geoDSAM. This
indicated that the γ -ray emission was produced at a long dis-
tance after the target due to the lifetime being sufficiently
long. As a consequence, the angle θ between the ion direc-
tion and the emitted γ ray is increased compared with the
angle of γ -ray emission at the target position for a given first
interaction position in AGATA. In the inelastic channel of
the reaction described in Ref. [109], corresponding to 92Mo,
the 6+ state, with a lifetime of 1.53(4) ns [131], de-excites
to the 4+ state with a γ ray of 329 keV. The experimen-
tal Doppler corrected spectrum for the 6+ → 4+ transition
is shown with black circles in the top panel of Fig. 13. A
full Monte-Carlo simulation with the corresponding AGATA
configuration, reaction product velocity and with a half-life
of 1.53 ns [131] is also presented in the Fig. 13 top panel,
showing similar line-shape. The inelastic channel has been
chosen to illustrate the technique due to the high statistics
available, but this procedure is equivalent for the MNT chan-
nels. The bottom panel in the Fig. 13, shows the simulation
of the geoDSAM effect that would be observed taking into
account different half-lives for a γ -ray de-excitation around
300 keV. Even at this low energy the effect is visible and can
be used to calculate lifetimes down to 500 ps.

5.5 Reversed plunger RDDS measurements

The isotope identification provided by PRISMA can be
exploited to perform spectroscopic studies not only of the
isotope directly detected by the spectrometer. In fact, in the
case of a binary reaction, the kinematics of the undetected iso-
tope can be reconstructed on the basis of the angle of entrance
and the velocity measured by PRISMA. This, in turn, allows
performing a Doppler correction on an event-by-event basis.
This technique has been successfully exploited in the past
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Fig. 13 Top: comparison between experimental (black circles) and
simulated (blue line) lineshape for the 6+ → 4+ transition in 92Mo.
The simulation was performed using a lifetime of 1.53 ns [131]. Bot-
tom: Simulated Doppler corrected line-shapes of a γ -ray de-excitation
at 329 keV with variable half-life from 50 ps to 5ns

and allowed the first measurement of γ rays linked to excited
states of 196Os and 200Pt [137,138].

A plunger device, in its standard configuration mentioned
in Sect. 5.1 (i.e., a target followed by a degraded), is an excel-
lent tool for measuring lifetimes of nuclear-excited states
for a large number of nuclei with mass in the region where
the PRISMA spectrometer has good atomic charge resolu-
tion (�Z/Z�1/60). Presently, for nuclei with large Z and
relatively small energy, unequivocal identification in the
spectrometer becomes difficult. However, it is possible to
extend the RDDS technique to heavier elements by using the
plunger in the so-called “reversed configuration” identifying
the lighter reaction product in the spectrometer and employ-
ing the binary-partner reconstruction. A schematic represen-
tation of this set-up configuration coupled to AGATA and the
PRISMA spectrometer is shown in Fig. 14.

In this plunger configuration the degrader faces the beam,
therefore, the beam passes through the degrader losing a part
of its energy and then interacts with the target. The projectile-
like fragment enters the spectrometer after crossing the target
material with the shortest path, thus losing a minimal amount
of energy that benefits its identification in the magnetic spec-
trometer. Meanwhile, the target-like fragment moves towards
the degrader foil where it will be stopped. Consequently, one
ends up in the same conditions as with the non-differential
configuration of the plunger, with the ions of interest trav-
eling between the target and the degrader at a given veloc-
ity. The γ rays will be emitted in flight or stopped, with a
probability that depends on the lifetime of the state. If the
lifetime of the state of interest is in the hundreds of picosec-

Fig. 14 Schematic representation of the plunger device in the reversed
configuration coupled to AGATA and PRISMA

onds to nanoseconds range, the events will accumulate in two
loci, when representing the γ -ray energy as a function of the
angle between the emitting ion and the photon. Thanks to
the position sensitivity of AGATA, the shifted and stopped
components can be distributed in a continuous angular range.
Performing measurements in several distances, the intensi-
ties of the shifted and the unshifted components of the peaks
will allow the determination of the lifetime of the state of
interest.

In the binary partner method, the detection of an isotope is
not necessarily associated with a unique isotope as a binary
partner, since the evaporation of several nucleons is a pro-
cess that is more likely to occur after the transfer process. A
condition on the total system excitation has proved to be suc-
cessful, for the reduction of the contamination caused by the
evaporation channels, in the spectroscopy measurement of
196Os [137]. Additionally, gates in the TKEL also allow the
substantial reduction of side feeding of higher-lying states in
lifetime experiments.

In order to illustrate the technique, Geant4 simulations of
the set-up were performed and are shown in Fig. 15. The
energy of the simulated γ rays, corresponding to 92Zr, pop-
ulated via MNT reaction 93Nb(34S,35Cl)92Zr, are plotted as
a function of the angle between the reconstructed direction,
as a binary partner, of the emitting 92Zr fragments and the
photon. The kinematics and thus the angle of emission of the
target-like fragment, 92Zr, depends on the angle of emission
of its binary partner ion detected by PRISMA. It is possible
to see in the figure that the in-flight and the stopped compo-
nents are both present, and their separation is dependent on
the relative angle, with an overlap that corresponds to 90◦.

This technique has been successfully commissioned dur-
ing the first campaign of AGATA phase II at LNL. The aim
was to perform a measurement of the lifetime of the 4+ state
of 92Zr. The state of interest was populated via MNT reac-
tion. A beam of 34S impinged in a 93Nb target. Projectile-like
particles, 35Cl, were detected by PRISMA placed at the graz-
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Fig. 15 (Left) Partial level scheme of 92Zr. (Right) Geant4 simulations
for reversed plunger measurement. Gamma rays of 92Zr, populated via
MNT reaction 93Nb(34S,35Cl)92Zr, are plotted as a function of the rel-
ative angle between the γ -ray and the ion. Simulations were performed
for a plunger distance of 200 μm

Fig. 16 The experimental γ -ray spectrum of 92Zr measured from
AGATA (from 0 to 60 degrees ring) in coincidence with PRISMA for
different distances between the target and the degrader. The stopped
component of the 4+ → 2+ 561-keV transition of 92Zr is indicated
with the red line

ing angle at 40◦, meanwhile, target-like particles stopped in
a 3 mg/cm2 -thick Ta stopper foil. Gamma rays are mea-
sured with AGATA composed of 32 encapsulated detectors.
The experimental γ -ray spectrum of 92Zr measured from
AGATA array (from 0 to 60 degrees ring), in coincidence
with PRISMA for different distances between the target and
the degrader is shown in Fig. 16. The stopped component,
the 561-keV peak (4+ → 2+ transition of 92Zr) is indicated
with a red line. As can be seen, the intensity of the Doppler-
shifted peak rises as increasing the distance. The analysis of
the data from this experiment is still in progress but the pre-
liminary spectrum, shown in the latter figure, demonstrates
that the two γ -ray components in the spectrum emerging
from the decay of the nucleus in flight or stopped can be sep-
arated by using the plunger in such configuration. The use
of this technique creates new possibilities for lifetime mea-
surements of nuclear-excited states in heavy ions produced
in MNT reactions that can not be well identified in the mag-
netic spectrometer, allowing one to reach nuclei in regions
of the nuclear chart yet to be explored.

6 Summary outlook and conclusions

This work discusses the capabilities of set-ups including
AGATA, coupled with large acceptance magnetic spectrom-
eters as PRISMA and VAMOS++, for the experimental
research in nuclear structure employing multi-nucleon trans-
fer reactions in quasi-elastic and deep-inelastic regimes. Par-
ticularly relevant is the possibility to perform lifetime mea-
surements with Doppler techniques, in neutron-deficient and
well as neutron-rich nuclei, limiting the contribution of the
side-feeding with conditions in the TKEL measured by the
spectrometers. The mechanism of the MNT reactions and
the expectations of reaching even further away from stability
using unstable beams provided by re-accelerated ISOL facil-
ities is a relevant aspect to be considered in future campaigns
of AGATA coupled with PRISMA and VAMOS++. AGATA
opens new possibilities of precision measurements in nuclear
structure providing a wealth of experimental information.

Recently, there is an increasing interest on the MNT mech-
anism suggesting its use to approach the 100Sn region [139],
to study the heavy neutron-rich nuclei associated with the
nucleosynthesis [140] as well as to populate very heavy
and superheavy nuclei [141,142]. With MNT one could take
advantage of the reconstruction of the reaction Q value and
the typical low recoil velocity (v/c ∼ 10%) to perform high-
resolution γ spectroscopy and lifetime measurements below
the low-lying isomers, that are present in many nuclei in these
regions.

While these ideas are mostly based on theoretical calcu-
lations that require experimental confirmation and represent
experimental challenges, nevertheless, they suggest exten-
sion of conventional experimental activity in regions that
might become accessible with the increasing efficiency of our
state-of-the-art instrumentation together with high-intensity
stable and radioactive ion beams.
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