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Abstract An experiment on multi-nucleon transfer (MNT)
reactions was performed at the FRS Ion Catcher at GSI-FAIR,
where an energy-degraded 23U beam reacted with a 2%°Bi
target inside the Cryogenic Stopping Cell (CSC). Target-like
fragments (TLF) produced in the CSC were extracted and
identified using a Multiple-Reflection Time-of-Flight Mass
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Spectrometer (MR-TOF-MS). The yields of eight mass-
identified A = 210 and A = 211 nuclei were analyzed as a
function of degrader thickness, which determines the incom-
ing 238U beam energy, by comparing their dependence on
degrader thickness with that of elastic-scattering products.
The results indicated that they are produced in MNT reac-
tions. This experiment is the first in which a broad range of
MNT fragments was observed in an ion catcher following
beam energy degradation from the relativistic realm to the
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MNT range, just above the Coulomb barrier. It sets the stage
for further MNT experiments that are planned at the FRS
Ion Catcher with different targets and unstable secondary
ion beams.

1 Introduction

One important area of development at radioactive ion beam
(RIB) facilities is the search for a production mechanism
for exotic, heavy (mass number A = 170-260) neutron-rich
(n-rich) isotopes [1]. Fission is the preferred production reac-
tion of the medium-heavy n-rich (A = 70-170) region [2,3].
Fragmentation provides significant contributions for heav-
ier n-rich nuclei with A < 230 [4]. However, the production
cross sections for heavier n-rich isotopes fall off steeply when
moving towards neutron-rich nuclei. Multi-nucleon transfer
(MNT) reactions are a promising mechanism for the genera-
tion of neutron-rich RIBs in the A = 170-260 region. An
experimental comparison a decade ago demonstrated that
MNT isotope production cross sections in this region are
higher by several orders of magnitude than those of frag-
mentation [5].

MNT reactions occur in deep-inelastic binary reactions
at energies close to the Coulomb barrier, where projectile
and target nuclei come into contact and form a transient,
molecule-like dinuclear system (DNS) [6]. Within this con-
figuration, the nuclei remain partially distinct while exchang-
ing nucleons, energy, and angular momentum over a short
interaction time on the order of 10721-10720 s, The reaction
dynamics is governed primarily by the relative motion of
the interacting nuclei and the transfer of mass and charge
between them, along with additional degrees of freedom
such as nuclear deformation and orientation. These deter-
mine whether the system evolves toward the formation of
a compound nucleus (CN) or decays before full equili-
bration, producing two fragments after substantial nucleon
exchange. During this interaction, multiple protons and neu-
trons can be transferred between the reaction partners, lead-
ing to projectile-like (PLF) and target-like (TLF) fragments
with masses significantly different from the entrance chan-
nel. The primary fragments are typically produced in excited
states and subsequently de-excite via particle emission and
y decay, resulting in the final nuclei observed [7].

Realizing this cross-section advantage in practice requires
addressing several experimental challenges that remain for
RIB facilities employing MNT reactions. The main issues are
low extraction efficiency due to smaller acceptance caused
by the MNT-specific wide emission angle, restricted isotope
production when laser ionization is used to extract the reac-
tion products, and gas cell extraction based on gas flow, forc-
ing acompromise between fast extraction time (small gas vol-
ume) and high extraction efficiency (large gas volume). The
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impact of these issues can be seen in existing MNT-driven
RIB facilities, such as KISS at RIKEN [8,9] and IGISOL
at Jyviskyld [10]. In the present work these challenges are
addressed by performing MNT reactions with a heavy-ion
beam that is initially produced and transported at relativistic
energies and subsequently slowed down to the MNT regime
just above the Coulomb barrier.

We report progress on a research program on MNT-driven
secondary beams initiated with the FRS Ton Catcher (FRS-
IC, see Fig. 1) at GSI [11], that will be continued with the
Super-FRS Ion Catcher at FAIR [12] to address the short-
comings mentioned above [13—15]. A special configuration
of the cryogenic stopping cell (CSC) in the FRS-IC has been
developed for MNT reactions [16], and early measurements
demonstrated its potential [17,18]. The ultimate goal of the
program, utilizing the next-generation CSC at the Super-FRS
[12,19], is to use n-rich secondary beams to induce MNT
reactions and generate highly exotic tertiary beams. We note
that the KISS facility is engaged in a staged upgrade that will
implement similar technologies in the next few years [20],
and that another similar setup, the N = 126 Factory, is being
developed at Argonne National Laboratory (USA) [21].

Along with the main objective to demonstrate the feasi-
bility of using the MNT reactions inside the gas cell to pro-
duce RIBs at the FRS-IC, the experiment also addressed sev-
eral important challenges. First, the mitigation of the space-
charge effects inside the gas cell, which disrupts ion motion.
A novel beam collection method has shown a large improve-
ment in ion extraction efficiency and transport time of the
reaction products inside the gas cell. The INCREASE (IN-
Cell REAction SystEm) special configuration of the CSC
was implemented [16], as previously described in [15]. This
configuration is equipped with a primary space-charge con-
tainment system formed by a beam dump and a mini-cage
placed at different electric potentials.

Here, we present results from the analysis of the first
exploratory experiment of the MNT program at the FRS-
IC. The identification and counting processes for the product
ions in the Multiple-Reflection Time-of-Flight Mass Spec-
trometer (MR-TOF-MS) [22] are described. In addition, we
investigated the evolution of the number of counts as a func-
tion of the thickness of the degrader placed in front of the
MNT production target, and thus the reaction energy.

2 Experiment

The experiment used a 238U beam delivered by the SIS18
accelerator at 500 MeV/u and with an intensity around 103
ions/spill with a typical beam-on time of 10s and a beam-off
time of 4s. This mimics the conditions expected in future
secondary beam experiments. The FRS was used in trans-
mission mode, with a minimum amount of matter. The main
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Fig. 1 The main components
of the experimental setup: (1)
beam stripping foil; (2)
monochromatic beam degrader;
(3) variable beam degrader; (4)

CSC with INCREASE setup
[16]; (5) RFQ beamline; (6)
MR-TOF-MS

components seen by the 233U beam, shown schematically in
Fig. 1, are a 90 mg/cm? Cu stripping foil, a 737 mg/cm?
monochromatic Al degrader, an air section at the mid-focal
and final focal plane (FFP) plane, and a variable Al degrader
with a thickness around 1700 mg/cm? at the FFP. The beam
energy on the MNT target was tuned by adjusting the thick-
ness of the variable degrader at the FFP. After entering the
gas cell, the beam traversed a 540 mg/cm? Al plate before
hitting the 2°Bi MNT production target, which has a thick-
ness of 49 mg/cm? with a polyester back holder upstream of
it with 17.3 mg/cm?. This final beam slowdown was done
close to the target to minimize angular straggling.

The challenge is to slow down the relativistic beam at the
entrance of the FRS to a narrow energy range. This range lies
a few MeV/u above the Coulomb barrier, where MNT reac-
tions produce the maximum number of transferred nucleons
[15]. This capability is also required for future experiments
with secondary beams impinging on the MNT target, as these
beams will be produced at similar high energies and thus need
to be slowed down as well. At the same time, the incoming
beam must be focused on the >~ 1 cm (diameter) INCREASE
MNT production target, over a distance of about 530 cm from
the last FRS quadrupole. For comparison, experiments with
the standard CSC configuration only require focusing the
beam on 20x 10cm? windows over a similar distance.

Dedicated tests were performed to demonstrate the
required beam energy range and transverse profile on the
MNT target. These tests included beam spot identification
directly in front of the gas cell using a fluorescence screen,
evaluation of the ionization current on the INCREASE beam
dump, and optimization of the beam range with stopped beam
ions.

The reaction products and elastically scattered ions from
the MNT production target are stopped in the gas cell
filled with He at 3mg/cm® (corresponding to a pressure
of 130 mbar and a temperature of 102 K). They are then
transported by DC fields to the RF Carpet, where they are
guided to a nozzle for extraction by gas flow [23]. A Radio-
Frequency Quadrupole (RFQ) beamline is used to apply a
coarse mass filter and transport the filtered ions to the MR-
TOF-MS [24,25]. Finally, the MR-TOF-MS [26] is used to
identify by mass and to count the ions that reach this stage. In
the experiment presented here, this configuration was shown
to work at beam intensities of 10° ions/s, which are expected

76 m
Fragment Separator (FRS)

4m

for the secondary beams available for MNT experiments at
the Super-FRS [27].

For each event, the corresponding Time-Of-Flight (TOF)
was recorded using a MagneTOF [28] detector and a FAST
ComTec TDC (MCS6A) [29]. The spectra were obtained
and processed using the TOFControl software [30], which
included Time-Resolved Calibration to correct for temporal
drifts [31].

3 Results

The analysis is based on seven consecutive measurements
performed under practically identical FRS-IC settings, the
only parameter that varied between the measurements being
the thickness of the variable degrader at the FFP.

To identify potential MNT fragments, we measured the
mass range of TLF with A = 205—213. The mass numbers
A = 208 and 212 were dominated by decay products from
the 228Th «-recoil source located within the CSC for cal-
ibration purpose and A = 209 by the elastically-scattered
target nuclei (**’Bi). The long tails of these relatively abun-
dant peaks prevented confident identification and counting
of MNT products at these mass numbers.

The mass numbers A = 205 and 213 lie at the edges of the
transmitted mass range, where the spectrum is distorted and
reliable identification is not possible. The mass numbers A =
206 and 207 have low count rates even at the optimal beam
energy. These mass numbers were therefore excluded from
further consideration, and the remaining analysis focused on
the MNT products identified at A = 210 and 211.

The time-of-flight spectrum shown in Fig. 2, compiled
from measurements with several degrader thicknesses, cov-
ers this remaining mass range. Isotopes of Po, At, Rn, and
Fr were identified. The successful observation of Fr nuclides,
corresponding to 4-proton transfer and 2—3-neutron loss from
the 2 Bi target, demonstrates the capability to transfer many
nucleons. Based on this, A = 210, 211 nuclides of Bi, Pb,
and TI are expected. However, a high level of contamina-
tion was present in the stopping gas in the CSC throughout
the measurement, due to an air leak. These highly reactive
nuclides underwent chemical reactions in the CSC, which
reduced their quantity to below the detection and identifica-
tion limit.

@ Springer
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Fig. 2 Time-of-flight spectrum accumulated over several degrader set-
tings during a total measurement time of 4 h. The most abundant peaks
originate from the elastic channel (**Bi) and from daughter nuclei of
the 228Th a-recoil source located inside the CSC. Upper panel: Full
counts scale, highlighting the dominant peaks. Lower panel: Low count
scale, revealing low-statistics areas where MNT fragments, indicated
by red dashed lines, are expected based on their literature mass values

In order to prove that ions at A = 210 and 211 shown
in Fig. 2 are produced via the MNT reaction, the number
of counts was analyzed as a function of the FFP degrader
thickness, which defines the incoming beam energy. Based
on MOCADI simulations [33], the degrader thickness scan
corresponds to beam energies on the target, ranging from
a few up to about 25 MeV /u. The Coulomb barrier energy
for the 238U + 20%Bi interaction is approximately 6.8 MeV /u
in the laboratory frame [34-36], setting the lower energy
threshold below which MINT reactions are suppressed. The
dominant peaks shown in Fig. 2 were used to define the width
of the region of interest. The full width at half maximum
(FWHM) of the dominant peaks was determined to be 30 ns
by fitting a Gaussian function to the data. See Fig. 3 for a
detailed view of the peak shape. The integration range for
each species is £30 ns around the literature mass.

The measurement was set for 449 isochronous turns (it),
corresponding to the center of the mass analyzer at A = 207.
Since the revolution period scales with the square root of the
mass-to-charge ratio, the turn numbers for the neighboring
isobars are scaled by the square root of their mass ratios,
corresponding to 446 turns for A = 210 and 445 turns for
A = 211 (see the captions of Figs. 2 and 4). The flight time
of ions through the MR-TOF-MS for a given number of turns
can be expressed as:

trotal = Ifs + Nie - tig + To, (1

where fiotq1 1S the total TOF, Nj; is the number of isochronous
turns completed by the species of interest in the analyzer, ty =
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(Time of Flight-20,010 ps)/ps

[32]. Shaded areas correspond to background estimation regions (see
text for details). The horizontal axis is labeled Time of Flight — 20,010
(ms) to reflect that the plot describes the full flight time of the ions in the
MR-TOF-MS. Note that ions of each mass number shown in the figure
traveled a different number of turns in the MR-TOF-MS, from 448 for
A =208 to 444 for A =212

0.355 s is an electronic signal delay, and #; = 42.43 s
is the TOF between the opening of the exit mirror and the
ion detection in the MagneTOF, measured during a zero-turn
calibration. The term #; is the TOF per turn in the analyzer,
calibrated using '33Cs ions, yielding #;; = 35.7 ps.

Using the relationm /Am = TOF/(2- ATOF) [31], where
m is the ion mass, Am is the smallest resolvable mass differ-
ence, and ATOF is the corresponding peak width (FWHM),
a mass resolving power (MRP) of &~ 330,000 was achieved
with the measured ATOF at FWHM of 0.03 ws, providing
an optimal mode of operation for a wide mass range mea-
surement and robust isotope identification. The mass spectra
zoomed for the MNT candidates are shown in Fig. 4. Note, the
peaks of 21'Po and ! At have overlapping regions of interest.
The ions of interest were detected as singly charged species.
Molecular ions with the same nominal mass-to-charge ratio
constitute the background, which is estimated and subtracted
as described below.

An investigation of the background regions outside the
regions of interest revealed that the background increased as
the degrader thickness decreased. At the thickest degrader
settings, a few elastically scattered 238U jons are still
detected. Besides elastically scattered targets and projectiles,
lighter fragments produced during the slowing-down process
can have ranges too large to be stopped in the beam dump;
they generate ionization of the stopping gas in the CSC. The
resulting ionization leads to the formation of a variety of
unknown molecular ion species. These molecular ions appear
in the mass spectrum clustered around integer mass numbers,
coinciding with the positions where our ions of interest are
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Fig. 3 Time-of-flight spectrum
around 2%Bi. Events within the
predefined 60 ns integration
range are shown in orange and
labeled “Measurement window,”
while those outside this range
are shown in blue and labeled
“Background region”. The
vertical dashed line marks the
position of 2%Bi based on its
literature mass value [32]
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expected. The events in the shaded regions in Fig. 2 are also
due to these molecular ions.

The molecular ion background in the CSC has two contri-
butions: a baseline component present throughout the spec-
trum, and a beam-induced component that increases with the
beam energy deposited in the CSC. The baseline component
arises from contamination due to residual gas impurities and
an air leak in the CSC during the measurements. The beam-
induced ionization elevates the molecular ion background
broadly across the spectrum; however, since molecular ion
formation produces species whose combined mass sums to
near-integer values, this enhancement is most pronounced at
integer mass positions, precisely where our ions of interest
appear. We assumed that their amount is proportional to the
number of elastically scattered ions in the spectrum.

To estimate the baseline component, we sampled the inter-
mass regions of the spectrum, indicated by the shaded areas
in Fig. 2. These regions fall between integer mass positions
where no nuclides are expected. For each shaded region, the
number of observed counts N,z was divided by the width
of the region At and scaled to the width of the integration

Mass-to-charge ratio / (u/e)

window used for the ions of interest. This yields a per-region
estimate of the baseline component expected under one inte-
gration window:

Npg

B =
(%

) 2 (FWHM) @

where (FWHM) is the mean peak width determined from
the dominant peaks in the same measurement. The estimates
of five sampled regions were averaged to obtain a single
measurement-specific baseline component (B);, where the
index i denotes the measurement corresponding to a specific
degrader thickness. Its uncertainty was obtained by propa-
gating the Poisson statistical uncertainties of the individual
region estimates.

The baseline component (B); captures the molecular ion
contribution sampled between mass positions, but does not
account for the beam-induced enhancement at integer mass
positions. To correct for this, a mass-position-specific cor-
rection factor «; is derived from the reference measurement,
taken at the thickest degrader setting (1730.5 mg/cm?). In

@ Springer
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Fig. 5 Normalized rates of nuclides with mass numbers A = 210 the relative yields. Each data point represents the summed contributions

(blue circles) and A = 211 (orange triangles) as a function of degrader
thickness. A common normalization is applied using the maximum rate
observed in the A = 210 distribution, allowing a direct comparison of

this setting, the beam barely begins to exit the target and,
therefore, the extraction of MNT TLFs is expected to be neg-
ligible. Any counts observed at nuclide j’s mass position in
the reference measurement therefore originate purely from
background, and the correction factor is defined as:

Nj ret
(B>ref

3

a; =

where N; et is the number of counts at nuclide j’s positionin
the reference measurement, and (B )r.r is the baseline compo-
nent of the reference measurement. The rescaled background
for nuclide j in measurement i is then:

(B)rs,ji = o (B); 4

This correction was applied to all identified nuclides using
the same procedure. For the A = 211 species, counts were
observed at their mass positions in the reference measure-
ment, yielding well-defined values of «; > 1, indicating a
measurable beam-induced enhancement above the baseline.
For the A = 210 species, no counts were observed at their
positions in the reference measurement, consistent with no
significant beam-induced enhancement at those mass posi-
tions; accordingly, o; = 1 was adopted and the baseline
component (B); was used directly.

For each nuclide j and measurement i, the rate R;; is
determined by subtracting the rescaled background from the
observed counts and normalizing by the acquisition time 7;
and beam intensity /:

Nji—wj(B)s,ji
T 1

Rj; = (5)
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of the isotopes shown in Fig. 4. Connecting lines between points are
included for visual guidance and do not represent interpolated values
between data points

Where w; is a window multiplicity factor accounting for
cases where the integration windows of adjacent nuclides
overlap. For all species w; = 1, except for 211pg and 211 At,
whose 60 ns integration windows are centered 40 ns apart and
therefore partially overlap. These two windows are treated as
a single combined window of 100 ns, giving w; ~ 1.67, and
their counts are taken as a single joint contribution >!'Po
+ 211At. The beam intensity / was measured by the SEc-
ondary Electron TR Ansmission Monitor (SEETRAM) in the
FRS [37]. The uncertainty in R;; was estimated by propa-
gating the statistical uncertainties of N;; and B; ;, while the
uncertainties in 7; and / were neglected.

The total MNT rate is obtained by summing R; ; over the
identified species shown in Fig. 4, with 2! Po and >!! At enter-
ing as a single combined contribution: 2!%Po, 210At, 210Rn,
2105y, (211po 4211 At), 211Rn, and 2! 'Fr.

Since MNT production peaks at a few MeV/u above
the Coulomb barrier [38], Fig. 5 serves to demonstrate this
behavior by showing the rates of A = 210 and A = 211 as
a function of degrader thickness. Both distributions exhibit
a broad maximum in a similar thickness region, highlighting
their clear dependence on the beam energy. With increas-
ing degrader thickness, incident beam energy is reduced and
eventually falls below the Coulomb barrier, leading to sup-
pression of the MNT channel [18]. The fact that both plots
follow the same trend provides strong evidence that these
groups are produced by the same mechanism. The individ-
ual isotopes within each mass group follow the same trend
as their summed distribution, with minor differences in the
degrader thickness at which their rates peak.

To ensure that the trend observed in Fig. 5 is not an arti-
fact of our experimental system and is unique to MNT pro-
cesses, we investigated the rate of the primary >%U beam
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and the elastically-scattered 2%°Bi, shown in Fig. 6 alongside
the MNT yields. The MNT and 2%’Bi normalized rates were
extracted from the same experimental measurements. In con-
trast, the 238U rate was obtained from separate measurements
of the PLF spectrum, using slightly different degrader thick-
nesses. In these measurements, the average FWHM of the
integration window was determined from six natural Xenon
isotope peaks (128:129:130.131,132, 1340y hresent in the spec-
trum, following the same procedure described above for the
TLF case [39]. These xenon peaks served only to define the
integration window and are not reaction products; their mea-
sured FWHM of 14-16 ns set the integration range for the
2380 analysis. The TLF and the PLF measurements differed
in beam intensity, by nearly two orders of magnitude, and in
beam time structure (beam-on and beam-off periods). Since
the rates in Fig. 6 are normalized to their respective max-
ima, these differences do not affect the comparison of their
dependence on degrader thickness.

Stopping models estimate a minimum beam energy to pen-
etrate the target around 9 MeV/u (specifically, SRIM [40]
gives 8.4 MeV/u and ATIMA [41] gives 9.6 MeV/u), which
corresponds to the degrader thickness around 1730 mg/cm?
in Fig. 6, where the 233U beam ions and 2%°Bi elastically
scattered ions start to escape from the target into the gas. The
dependence of their stopping rates on the degrader thick-
ness reflects the wide angular distribution of the beam and
target ions stopped inside the ion catcher, driven by multi-
ple elastic scattering inside the target and the setup angular
acceptance [15]. Finally, the higher beam energies observed
for the MNT rates are due to the need to additionally over-
come the Coulomb barrier and compensate for the reaction
energy and final state evaporation.

The main background source for the TLFs identified in
Fig. 4 could come from beam fragmentation inside the vari-
able degrader. LISE++ simulations [42] show that these iso-
topes would arrive at the 2Bi target with a mean energy
higher than the 233U beam by 20-25 MeV/u. Hence, their
stopping inside the ion catcher requires a thicker degrader,
corresponding to these higher energies, and would appear in

T T
1710 1720 1730

— —— L
1680 1690 1700
Degrader Thickness (ng/cm?)

Fig. 6 to the right of the 233U peak. Another argument against
this possible source comes from the fragmentation cross sec-
tions. Estimates with the EPAX 3 model [4] give a strong iso-
topic decrease Fr:Rn:At:Po = 9.41:3.72:0.96:0.17 mb. Such
a rate variation by a factor more than 50 is not supported by
the rates in Fig. 4, which are approximately constant. The
only element-dependent efficiency in our setup is the chem-
ical efficiency, but it is not expected to vary so strongly over
four charge units.

The statistical significance of the measured counts rela-
tive to the background was evaluated using the Zg; method,
following [43]. In this approach, the problem is formulated
as a test of the background-only hypothesis in the presence of
background uncertainty. By conditioning on the total num-
ber of counts, the Poisson counting problem is reduced to a
binomial distribution, from which the probability Pg; is cal-
culated for the background to produce a fluctuation equal to
or larger than the measured counts. This probability is then
expressed as a Z-value:

ZBi V2erfc™! (2Pgj) (6)

The significance was calculated using the total counts
obtained by summing all nuclides that contribute to the MNT
yield, as shown in Fig. 4. The corresponding background
and its uncertainty were obtained by summing the individual
background contributions of the same nuclides. The uncer-
tainty in Zp; was estimated via standard error propagation.

Figure 6b presents the resulting significance as a function
of degrader thickness. In the thickest degrader setting, the
observed yields are consistent with background, resultingin a
significance compatible with zero. As the degrader thickness
is varied in the region where MNT production is observed,
the significance increases, reaching values of Zg; ~ 4.5, 4.4
and up to 5.4, indicating a clear excess of counts above the
background. For thinner degrader settings, the significance
decreases again, consistent with the reduction of the MNT
yield outside the optimal energy range. This behavior follows
the expected threshold and energy dependence of the MNT
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process and supports the identification of the observed signal
as originating from MNT reactions.

4 Summary and conclusions

A 238U beam was bombarded on a 2%Bi target inside the
CSC at the FRS Ion Catcher at GSI, with beam energies
just above the Coulomb barrier that enable MNT reactions
using the INCREASE device [16]. The resulting fragments
were extracted and identified using an MR-TOF-MS. Results
from the analysis of data focused on TLFs at the mass region
A =210 and 211 are presented. The data analysis procedure
included time-resolved calibration, mass calibration, normal-
ization to beam intensities, mass identification, and back-
ground characterization. The data analyzed here included
seven measurements with similar conditions except for vari-
ation of the FFP degrader, which altered the incoming beam
energy.

The rate of MNT candidates was found to be centered
at significantly lower degrader thicknesses (namely, higher
beam energy) than those of elastically scattered 23U and
209Bi ions. This proves that these candidates are indeed prod-
ucts of MNT reactions. The statistical significance of the
MNT yields was found to be more than 4 standard devia-
tions above background, ensuring that they are not a result
of background statistical fluctuations.

The analysis of the data in this work sets the stage for a
detailed analysis of the entire data set from this experiment.
The subsequent analysis will include the identification of
more MNT fragments. Furthermore, in order to extract MNT
production cross sections we will follow an approach similar
to that used for isotopic fission yield measurements at the FRS
Ton Catcher [44]. Additional MNT experiments at the FRS
Ion Catcher include a measurement with a secondary 230U
beam, which has already been performed and is currently
under analysis. A second experiment, using a ¥U primary
beam on a 238U target, is scheduled to take place in the near
future.
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