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We demonstrate a new technique for obtaining fission data for nuclei away from S-stability. These
types of data are pertinent to the astrophysical r-process, crucial to a complete understanding of the
origin of the heavy elements, and for developing a predictive model of fission. These data are also
important considerations for terrestrial applications related to power generation and safeguarding.
Experimentally, such data are scarce due to the difficulties in producing the actinide targets of
interest. The solenoidal-spectrometer technique, commonly used to study nucleon-transfer reactions
in inverse kinematics, has been applied to the case of transfer-induced fission as a means to deduce the
fission-barrier height, among other variables. The fission-barrier height of 23U has been determined
via the 238U(d,p f) reaction in inverse kinematics, the results of which are consistent with existing
neutron-induced fission data indicating the validity of the technique.

The majority of heavy nuclei, including those im-
portant in both terrestrial and astrophysical settings,
have no available nuclear data from neutron-induced fis-
sion [1]. For example, the astrophysical r-process is
thought to account for the creation of approximately half
of the heavy elements beyond iron. Alongside other in-
gredients, fission data such as barrier height and mass
and charge yields are crucial inputs in performing accu-
rate abundance calculations for high-Z nuclides [2—4]. In
particular, the so-called fission recycling mechanism de-
fines the upper mass limit in the r-process, and channels
mass to lower regions of the nuclear chart, thus contribut-
ing to the abundances of medium mass nuclei. Moreover,
in the era of multi-messenger astronomy, fission data are
critical for a deeper understanding of results which sug-
gest that fission is significant in the process of nucleosyn-
thesis in neutron-star mergers [3]. For example, the fis-
sion product ?°Sr has recently been observed in the rem-
nants of such an event [5].

Current benchmarking of fission models is performed
indirectly, for example by comparing the limits of the
neutron capture process in nuclear explosions to those
predicted in calculations [6]. Validating these models for
the case of nuclei with short half-lives is not feasible due
to the impracticability of producing fixed targets. For
direct validation, alternative methods are required, for
example by using the fissioning system as a beam to ob-
tain experimental data. Furthermore the benchmarking
of fission models [6-8] and collection of fission data for

short-lived actinides, including fission barriers and mass
and charge yields, are key quantities for future terrestrial
power and safeguarding applications [9, 10].

Any reaction where the @) value can be accurately de-
termined and that produces the excited compound sys-
tem of interest can be used to probe the fission barrier.
Direct reactions can, for example, be used to populate
single-particle doorway states leading to compound nu-
cleus formation. In the (d,p) reaction, the neutron trans-
ferred from the deuteron to the target nucleus acts as
a proxy for the neutron-induced reaction. By studying
the (d,pf) reaction, information can be obtained about
the fission-barrier height. The probability of fission and
the neutron-induced fission cross section can also be de-
duced, assuming that the fission cross section 0;4 can be
factorised into a compound nucleus formation cross sec-

tion aéﬂf ! and fission decay probability PfAH:
A _ A+l A+1
of = ooy X PO (1)

The technique was first demonstrated in normal kinemat-
ics by Northrop et al. [11] and by Cramer and Britt [12],
where the fixed target was the actinide species of interest.

There are numerous examples of reaction-induced fis-
sion experiments from which the fission-barrier height,
fission probability, and other properties such as mass
split have been accurately deduced. In normal kinemat-
ics, examples include: (d,pf) [13, 14], (t,pf) [12, 14],
(3He,af) [15], and in inverse kinematics: (°Be,®Be f) [16,
17] and multinucleon transfer [17-19]. A review of the
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To-scale schematic of the experimental setup with example particle trajectories for 238U(d,pf) events. Example

proton trajectories for reactions populating the ground state in *°U (orange curves) and states at 7 MeV close to the fission
barrier (purple curves) are shown for a range of c.m. proton angles. Example fission fragment trajectories are also shown for
fragments with A = 138 (red curves) and A = 100 (blue curves), for a range of emission angles. The equally spaced circular
detector apertures have radius 8 cm, and are centred 18 cm from the beam axis. The axial distance between the target and

detector apertures is 70 cm.

technique can be found in Ref. [20], where questions
around the degree to which direct reactions can act as
true “surrogates” for neutron-induced compound reac-
tions are also discussed. For example, in near-barrier
fission, the low level density leads to a strong sensitivity
of the fission probability to the spin-parity distribution of
states populated in the transfer reaction, which are plau-
sibly very different to those of neutron-induced reactions
[21, 22]. In general however, results compare remarkably
well with neutron-induced data.

In this work, we present a study of the transfer-induced
fission of 23U in inverse kinematics with the (d,pf) reac-
tion using the solenoidal-spectrometer technique. This is
presented as an an exploratory case where there are exist-
ing fission data, and constitutes the first direct measure-
ment of a fission-barrier height using a light-ion transfer
reaction in inverse kinematics. Experiments performed
in such a way, using unstable species as a beam, clearly
permit studies of a large number of nuclei that are not
accessible in fixed-target experiments in normal kinemat-
ics, nor by using multinucleon transfer on stable beams
in inverse kinematics. There exist three solenoidal spec-
trometers used for transfer reaction studies: HELIOS at
Argonne National Laboratory (ANL) [23], the ISOLDE
Solenoidal Spectrometer at CERN [24], and SOLARIS at
FRIB [25]. There are many available radioactive beams
of sufficient intensity at the facilities hosting such devices
to which the method presented in this paper may be ap-
plied. In the longer term, it is envisaged that more exotic,
neutron-rich isotopes will become available with develop-

ments at these facilities, for example ReA (FRIB) [26],
and the LISA project in Europe (ISOLDE) [27].

The experiment was carried out using HELIOS at
ANL. The geometry is shown in Fig. 1, along with the
calculated trajectories of reaction products. Light ions
emitted following reactions of the beam with a deuterated
polyethylene (CD5) target are transported to a four-sided
position-sensitive silicon array situated upstream of the
target surrounding the beam axis, which is itself collinear
with a solenoidal magnetic field. The Si array is used to
measure the laboratory energy of light ejectiles and their
return distance to the beam axis. The 350-mm long Si
array was positioned such that the end was 55 mm up-
stream of the target. In this configuration protons from
(d,p) reactions populating states at an excitation energy
of 7 MeV emitted at angles from approximately 10° to
30° in the center-of-mass frame (c.m.) hit the array. The
Si array was calibrated in energy using a particles from
a 2?8Th source. Downstream of the target, a Faraday
cup (not shown in Fig. 1) was used to measure beam
current, and an annular silicon detector was used to de-
tect elastically scattered deuterons for a narrow range of
c.am. angles between 29° and 29.3°. The latter allows
an absolute normalisation of measured yields to generate
absolute cross sections.

A set of gas-filled heavy-ion detectors was used down-
stream of the target to study the subset of residual
239U nuclei that fission. In inverse kinematics, the
fission-fragment angular distribution is strongly forward
peaked in the laboratory as indicated by the example



trajectories shown in Fig. 1. With a beam energy of
8.6 MeV /nucleon, light and heavy fragments from the
fission of actinide nuclei form two cones at laboratory
angles of approximately 15° and 10° respectively. An alu-
minium charge-reset foil with a thickness of 100 ug/cm?
was positioned 70 mm downstream of the target in order
to minimise the spread of charge states of fission frag-
ments emitted at different depths inside the CDs tar-
get. Four fission detection arms were positioned around
1 m downstream of the target, two at 15° to the beam
axis and two at 10° to maximise the acceptance of light
and heavy fragments. Each of the arms had a position-
sensitive multi-wire proportional counter (MWPC) fol-
lowed by a gaseous axially-segmented Bragg detector. On
an event-by-event basis, the Bragg detector yielded the
total and specific energy-loss of any detected fragments,
and the MWPCs gave their position at the entrance to
the Bragg detectors. The position was internally cali-
brated using the o particles from the 228Th source. The
MWPCs were also used to generate a precise timing sig-
nal used to correlate fission fragments to Si array events.
The intrinsic efficiency was close to 100%. The geometric
efficiency was ~10% for the detection of one or more fis-
sion fragments, and ~1% for the coincident detection of
light and heavy fragments (more details below). The en-
ergy loss for typical light on the efficiency considerations
for the fission fragment detectors. On an event-by-event
basis, the information yielded by the fission detectors is
sufficient to deduce the fission mass split and c.m. fis-
sion axis orientation, through kinematic reconstruction,
and the atomic number of each fragment using Bragg-
peak spectroscopy [28]. These capabilities allow for the
simultaneous measurement of fission yields with excita-
tion energy and fission probability, and will be reported
in a future publication.

Placing the Si array upstream of the target and fis-
sion fragment detectors downstream leads to precise se-
lection of transfer-induced fission events. With this ar-
rangement, background events such as fission preceded
by the evaporation of light charged particles from com-
pound systems is suppressed. To travel into the back-
wards hemisphere, evaporated particles must possess a
large c.m. energy at least as large as the c.m. energy of
the beam, around 10 MeV /nucleon here.

A beam of 238U%* at an energy of 2.05 GeV
(8.6 MeV /nucleon) was delivered by the ATLAS accel-
erator. The average beam intensity was ~ 10° pps, with
a total integrated beam dose of around 5.5 x10'! ions.
In this time, around 3.5 x10° (d,p) events were detected
with the Si array, and around 1000 (d,pf) events were
recorded. Due to target damage from the heavy beam, 11
CD,, targets were used during the experiment with thick-
nesses between 410 and 590 pg/cm?. Data were also col-
lected with a pure "**C target (thickness 584 ug/cm?) to
evaluate backgrounds arising from multinucleon transfer-
induced fission reactions on carbon in the CD, target [19].

A 2.5-T magnetic field was used, and the digital data ac-
quisition was triggered either by signals in the Si array
or any of the MWPCs.
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FIG. 2. (a) Excitation-energy spectra associated with all
events for Si array data taken with both CD; and C targets
where the C data has been scaled onto the CD4 data, and for
the carbon subtracted CD» data. (b) Same as for (a), but
for events in which > 1 fission fragments are detected with
the MWPCs of the fission array. The vertical solid line de-
notes the known fission-barrier height [30]. The carbon target
spectra were scaled by x1.92 and x1.76 for the singles and
fission-gated data, respectively.

Q-value spectra were generated with the measurements
of the charged particles detected in the Si array. The @
value was deduced by calculating the c.m. energy of the
light ejectile, which itself depends linearly on the labora-
tory energy and axial return distance to the beam axis
[29]. Coincidence events between the Si array and fis-
sion detectors were generated by applying a 250-ns wide
gate on array-MWPC timing signals. @-value spectra are
shown in Fig. 2. The position of the Si array and a lower
energy threshold of 0.5 MeV restricted the measurement
to residual nuclei with excitation energy less than around
9.6 MeV. The @Q-value resolution was around 250 keV
(FWHM). An unresolved multiplet of excited states in
239U around 1 MeV is visible, beyond which there is a
continuum. The carbon content of the CDy target led to
a significant background in both the singles and fission-



gated spectra. It is likely that this background is due
to multinucleon transfer-induced fission reactions where
light ejectiles intercept the Si array. This background was
addressed by evaluating its shape using the data taken
with the pure C target. The resulting carbon spectra
were scaled to match the spectra obtained with the CDq
target in the region below the ground state, and sub-
tracted as shown in Fig. 2. Although it might be expected
that the carbon target scaling factor for array singles
and fission-gated data are similar, the scaling was done
separately for each case as the respective factors were
found to be different. This suggests the presence of an
additional contribution to the array singles data beyond
(d,p) reactions, most likely deuteron breakup (see discus-
sion below). For array singles, the data were scaled by
normalising over the region —3 < F, < —0.5 MeV, and
for the fission-gated data between —3 < E, < 2 MeV.
The background of time-random Si array-MWPC coin-
cidences was constant with excitation energy, and con-
stitutes 0.43% of the coincident events within the 250-ns
time window.

The fission-barrier height was deduced by constructing
the fission probability as a function of excitation energy.
The probability P; for the residual nucleus of excitation
energy F, to decay via fission was determined by the
ratio

Pf(E:L’) _ Ndxpf(Ew)

 Nap(E.) - €5 @

where Ng,f(E;) is the number of (d,p) events in co-
incidence with the detection >1 fission fragments and
Ngp(E;) is the total number of (d,p) events. The ef-
ficiency for the detection of protons from (d,p) events
cancels in the ratio, but the fission detection efficiency
ey must be taken into account for a proper normalisa-
tion. This was derived from a simulation accounting for
the reaction kinematics, geometry, ion transport in the
solenoidal magnetic field, and average charge state distri-
butions of the fission fragments. Fission-fragment A and
Z yields and average kinetic energy distributions were
taken from GEF [31], and the fission axis was assumed
to be oriented isotropically in the c.m. frame.

The deduced fission probability is shown in Figure 3.
The data taken with both target materials were statis-
tically limited, however an increase in the fission proba-
bility between 6 and 7 MeV corresponding to the region
around the known fission barrier (By = 6.46 MeV [30])
is unambiguous and is consistent with the fission bar-
rier deduced from neutron-induced fission data evalu-
ations, also illustrated in Figure 3. This is corrobo-
rated with a fit of a Hill-Wheeler function of the form
Pi(E;) = Ax {1+ exp(2[By — E,])}~!. The param-
eter A represents the fission probability above the bar-
rier, hw is the diffuseness of the barrier and By is the
height of the fission barrier. For the fit to our data,
the diffuseness was fixed taking the value from Ref. [30]
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FIG. 3. (a) Experimental fission probability, as defined in

Equation 2 compared to a GEF simulation [31] (the GEF
result has been normalised to our data) and empirical Hill-
Wheeler fit with x24 = 0.57. The vertical line denotes the
known fission-barrier height. (b) Experimental fission prob-
ability in the region around the fission barrier compared to
probabilities deduced from evaluated nuclear data libraries
(JEFF-3.3 [32], ENDF/B-VIIL0 [33], JENDL-4.0 [34]). In
the bottom panel, the experimental data have been increased
by 30% as explained in the main text. The error bars repre-
sent the statistical uncertainty.

(hw = 0.8 MeV), due to a lack of data points defin-
ing the region around the barrier. The barrier height
in this fitting procedure is, however, largely independent
of the diffuseness. The fit gave values of A = 0.123(15)
and By = 6.42(12) MeV, consistent with the value of
By = 6.46 MeV from Ref. [30]. The shape of the mea-
sured fission probability is consistent with the fission
probability from GEF [31] as well as data evaluations
[32-34]. The absolute magnitude of the fission proba-
bility above the barrier is found to be lower than data
evaluations by around 30%. This effect, at the same or-
der of magnitude, has been observed in similar studies
in normal kinematics [13] and is attributed to deuteron
breakup. Protons from breakup reactions lead to a sur-
plus of Si array events and, if not accounted for, are in-
terpreted as being (d,p) events. This leads to an under-
estimation of the fission probability. The magnitude of



this effect cannot be experimentally determined; theo-
retical calculations are required to obtain correction fac-
tors, see for example Ref. [13]. A further effect, on the
level of a few percent, is the angular anisotropy of the
fission axis in the c.m. frame which in principle affects
the fission-fragment detection efficiency ¢y, see for exam-
ple Ref. [35]. Both corrections, deuteron breakup and
fission anisotropy, are not required to extract a value for
the fission-barrier height reported in this work. The (d,p)
and (d,pf) cross sections are available as Supplemental
Material [36].

In conclusion, a fission-barrier height has for the
first time been determined using a light-ion transfer
reaction in inverse kinematics, in this work for the case
of 239U using the solenoidal spectrometer technique,
thus unambiguously demonstrating the validity of a
technique that can be applied to other cases of interest.
By performing similar experiments at the radioactive
ion beam facilities with solenoidal spectrometers, this
technique could be used to address the scarcity of fission
data for a range of short-lived nuclei. Such data are
required to benchmark and assess the validity of fission
models pertinent to the astrophysical r-process and, in
particular, the so-called fission recycling mechanism. It
is envisaged that studies of this nature are therefore of
fundamental importance to a complete understanding
of the origins of the heavy elements, as well as being
a powerful tool for gathering nuclear data relevant to
terrestrial applications.
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