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We demonstrate a new technique for obtaining fission data for nuclei away from β 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 239U has been determined via the 238Uðd; pfÞ reaction in inverse
kinematics, the results of which are consistent with existing neutron-induced fission data indicating the
validity of the technique.
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The majority of heavy nuclei, including those important
in both terrestrial and astrophysical settings, have no
available nuclear data from neutron-induced fission [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 ingredients, fission
data such as barrier height and mass and charge yields are
crucial inputs in performing accurate abundance calcula-
tions for high-Z nuclides [2–4]. In particular, the so-called
fission recycling mechanism defines the upper mass limit in
the r process, and channels mass to lower regions of the
nuclear chart, thus contributing to the abundances of
medium mass nuclei. Moreover, in the era of multimes-
senger astronomy, fission data are critical for a deeper
understanding of results which suggest that fission is
significant in the process of nucleosynthesis in neutron-
star mergers [3]. For example, the fission product 90Sr

has recently been observed in the remnants 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 obtain experi-
mental 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 Q value can be accurately

determined and that produces the excited compound system
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 nucleus
formation. In the ðd; pÞ reaction, the neutron transferred
from the deuteron to the target nucleus acts as a proxy for
the neutron-induced reaction. By studying the ðd; pfÞ reac-
tion, information can be obtained about the fission-barrier
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height. The probability of fission and the neutron-induced
fission cross section can also be deduced, assuming that the
fission cross section σAf can be factorized into a compound

nucleus formation cross section σAþ1
CN and fission decay

probability PAþ1
f :

σAf ¼ σAþ1
CN × PAþ1

f : ð1Þ

The technique was first demonstrated in normal kinematics
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 kinematics, ex-
amples include ðd; pfÞ [13,14], ðt; pfÞ [12,14], ð3He; αfÞ
[15], and in inverse kinematics: ð9Be; 8Be fÞ [16,17] and
multinucleon transfer [17–19]. A review of the 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 reactions are also dis-
cussed. For example, in near-barrier fission, the low level
density leads to a strong sensitivity of the fission pro-
bability to the spin-parity distribution of states populated
in the transfer reaction, which are plausibly very different
from those of neutron-induced reactions [21,22]. In gene-
ral however, the results compare remarkably well with
neutron-induced data.
In this Letter, we present a study of the transfer-induced

fission of 239U in inverse kinematics with the ðd; pfÞ
reaction using the solenoidal-spectrometer technique.
This is presented as an exploratory case where there are

existing fission data, and constitutes the first direct meas-
urement 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 kinematics, nor by using
multinucleon transfer on stable beams in inverse kinemat-
ics. There exist three solenoidal spectrometers used for
transfer reaction studies: HELIOS at Argonne National
Laboratory (ANL) [23], the ISOLDE Solenoidal Spectro-
meter at CERN [24], and SOLARIS at Facility for Rare
Isotope Beams (FRIB) [25]. There are many available
radioactive beams of sufficient intensity at the facilities
hosting such devices to which the method presented in this
Letter may be applied. In the longer term, it is envisaged
that more exotic, neutron-rich isotopes will become avail-
able with developments at these facilities, for example the
re-accelerator (ReA) at FRIB [26], and the Laser Ionisation
and Spectroscopy of Actinides (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 follow-
ing reactions of the beam with a deuterated polyethylene
(CD2) 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 upstream of the
target. In this configuration protons from ðd; pÞ reactions

FIG. 1. To-scale schematic of the experimental setup with example particle trajectories for 238Uðd; pfÞ events. Example proton
trajectories for reactions populating the ground state in 239U (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 ¼ 138
(red curves) and A ¼ 100 (blue curves), for a range of emission angles. The equally spaced circular detector apertures have radius 8 cm,
and are centered 18 cm from the beam axis. The axial distance between the target and detector apertures is 70 cm.
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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 α particles from a 228Th 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 detect elastically scattered
deuterons for a narrow range of c.m. angles between 29°
and 29.3°. The latter allows an absolute normalization 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 approxi-
mately 15° and 10° respectively. An aluminium charge-
reset foil with a thickness of 100 μg=cm2 was positioned
70 mm downstream of the target in order to minimize the
spread of charge states of fission fragments emitted at
different depths inside the CD2 target. Four fission detec-
tion arms were positioned around 1 m downstream of the
target, two at 15° to the beam axis and two at 10° to
maximize the acceptance of light and heavy fragments.
Each of the arms had a position-sensitive multiwire propor-
tional counter (MWPC) followed 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 calibrated using the α particles from the
228Th source. The MWPCs were also used to generate a
precise timing signal 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 fission fragments, and ∼1% for the coincident
detection of light and heavy fragments (more details
below). The energy loss for typical light and heavy fission
fragments in the CD2 targets varies by less than around
0.5% and 1.5%, respectively. This has negligible impact on
the fission-fragment trajectories and thus 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. fission 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 excitation energy and fission probability, and will be
reported in a future publication.
Placing the Si array upstream of the target and fission

fragment detectors downstream leads to a precise selection
of transfer-induced fission events. With this arrangement,

background events such as fission preceded by the evapo-
ration of light charged particles from compound systems is
suppressed. To travel into the backwards 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 238U47þ at an energy of 2.05 GeV

(8.6 MeV=nucleon) was delivered by the ATLAS accel-
erator. The average beam intensity was ∼106 pps, with a
total integrated beam dose of around 5.5 × 1011 ions. In this
time, around 3.5 × 105 ðd; pÞ events were detected with the
Si array, and around 1000 ðd; pfÞ events were recorded.
Owing to target damage from the heavy beam, 11 CD2

targets were used during the experiment with thicknesses
between 410 and 590 μg=cm2. Data were also collected
with a pure natC target (thickness 584 μg=cm2) to evaluate
backgrounds arising from multinucleon transfer-induced
fission reactions on carbon in the CD2 target [19]. A 2.5-T
magnetic field was used, and the digital data acquisition
was triggered either by signals in the Si array or any of
the MWPCs.
Q-value spectra were generated with the measurements

of the charged particles detected in the Si array. The Q
value was deduced by calculating the c.m. energy of the
light ejectile, which itself depends linearly on the labo-
ratory energy and axial return distance to the beam axis
[29]. Coincidence events between the Si array and fission
detectors were generated by applying a 250-ns wide gate on
array-MWPC timing signals. Q-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 CD2 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 CD2 target in
the region below the ground state, and subtracted 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 ðd; pÞ reactions, most likely
deuteron breakup (see discussion below). For array singles,
the data were scaled by normalizing over the region
−3 ≤ Ex ≤ −0.5 MeV, and for the fission-gated data
between −3 ≤ Ex ≤ 2 MeV. The background of time-
random Si array-MWPC coincidences was constant with
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excitation energy, and constitutes 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 Pf for the residual nucleus of excitation
energy Ex to decay via fission was determined by the ratio

PfðExÞ ¼
Nd;pfðExÞ

Nd;pðExÞ · ϵf
ð2Þ

where Nd;pfðExÞ is the number of (d,p) events in coinci-
dence with the detection ≥ 1 fission fragments and
Nd;pðExÞ is the total number of ðd; pÞ events. The effi-
ciency for the detection of protons from ðd; pÞ events
cancels in the ratio, but the fission detection efficiency ϵf
must be taken into account for a proper normalization. This
was derived from a simulation accounting for the reaction
kinematics, geometry, ion transport in the solenoidal
magnetic field, and average charge state distributions of
the fission fragments. Fission-fragment A and Z yields and
average kinetic energy distributions were taken from the

GEneral description of Fission observables (GEF) model
code [31], and the fission axis was assumed to be oriented
isotropically in the c.m. frame.
The deduced fission probability is shown in Fig. 3. The

data taken with both target materials were statistically
limited; however an increase in the fission probability
between 6 and 7 MeV corresponding to the region around
the known fission barrier (Bf ¼ 6.46 MeV [30]) is un-
ambiguous and is consistent with the fission barrier
deduced from neutron-induced fission data evaluations,
also illustrated in Fig. 3. This is corroborated with a fit
of a Hill-Wheeler function of the form PfðExÞ ¼ A×
f1þ exp½ð2π=ℏωÞðBf − ExÞ�g−1. The parameter A repre-
sents the fission probability above the barrier, ℏω is the
diffuseness of the barrier, and Bf is the height of the fission
barrier. For the fit to our data, the diffuseness was fixed
taking the value from Ref. [30] (ℏω ¼ 0.8 MeV), due to a
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FIG. 2. (a) Excitation-energy spectra associated with all events
for Si array data taken with both CD2 and C targets where the C
data have been scaled onto the CD2 data, and for the carbon
subtracted CD2 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 denotes the known fission-barrier
height [30]. The carbon target spectra were scaled by ×1.92 and
×1.76 for the singles and fission-gated data, respectively.
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FIG. 3. (a) Experimental fission probability, as defined in
Eq. (2) compared with a GEF simulation [31] (the GEF result
has been normalized to our data) and empirical Hill-Wheeler fit
with χ2red ¼ 0.57. The vertical line denotes the known fission-
barrier height. (b) Experimental fission probability in the region
around the fission barrier compared to probabilities deduced from
evaluated nuclear data libraries (JEFF-3.3 [32], ENDF/B-VIII.0
[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 represent the statistical uncertainty.
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lack of data points defining 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 ¼ 0.123ð15Þ and Bf ¼ 6.42ð12Þ MeV, consistent
with the value of Bf ¼ 6.46 MeV from Ref. [30]. The
shape of the measured fission probability is consistent with
the fission probability from GEF [31] as well as data
evaluations [32–34]. The absolute magnitude of the fission
probability above the barrier is found to be lower than data
evaluations by around 30%. This effect, at the same order 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 surplus of Si
array events and, if not accounted for, are interpreted as
being ðd; pÞ events. This leads to an underestimation of the
fission probability. The magnitude of this effect cannot be
experimentally determined; theoretical calculations are
required to obtain correction factors; 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 ϵf; see for example Ref. [35].
Neither correction, deuteron breakup nor fission
anisotropy, is required to extract a value for the fission-
barrier height reported in this work. The ðd; pÞ and ðd; pfÞ
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 under-
standing of the origins of the heavy elements, as well as
being a powerful tool for gathering nuclear data relevant to
terrestrial applications.

The supporting data for this Letter are openly available
from Ref. [37].

This work was supported by the UK Science and
Technology Facilities Council under Grants No. ST/
P004598/1 and No. ST/V001027/1 (Liverpool), No. ST/
P004423/1 and No. ST/V001116/1 (Manchester), No. ST/
R004056/1 (Gaffney), No. ST/T004797/1 (Sharp), No. ST/
N00244X/1 (UK Nuclear Data Network); by the Knut and
Alice Wallenberg Foundation Dnr. KAW 2020.0076; and

by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics, under Contract No. DE-AC02-
06CH11357. This research used resources of ANL’s
ATLAS facility, which is a DOE Office of Science User
Facility. The authors would like to acknowledge the
support of the ATLAS operations team in the development
and delivery of the beam.

*To whom all correspondence (inquiry) should be addressed.
david.sharp@manchester.ac.uk

†Present address: Department of Physics, Florida State
University, Tallahassee, Florida 32306, USA.

[1] K.-H. Schmidt and B. Jurado, Review on the progress in
nuclear fission—experimental methods and theoretical de-
scriptions, Rep. Prog. Phys. 81, 106301 (2018).

[2] S. A. Giuliani, G. Martínez-Pinedo, M.-R. Wu, and L. M.
Robledo, Fission and the r-process nucleosynthesis of
translead nuclei in neutron star mergers, Phys. Rev. C
102, 045804 (2020).

[3] S. Goriely, The fundamental role of fission during r-process
nucleosynthesis in neutron star mergers, Eur. Phys. J. A 51,
22 (2015).

[4] M. Mumpower, R. Surman, G. C. McLaughlin, and A.
Aprahamian, The impact of individual nuclear properties on
r-process nucleosynthesis, Prog. Part. Nucl. Phys. 86, 86
(2016).

[5] D. Watson, C. J. Hansen, J. Selsing, A. Koch, D. B.
Malesani, A. C. Andersen, J. P. U. Fynbo, A. Arcones,
A. Bauswein, S. Covino, A. Grado, K. E. Heintz, L.
Hunt, C. Kouveliotou, G. Leloudas, A. J. Levan, P.
Mazzali, and E. Pian, Identification of strontium in the
merger of two neutron stars, Nature (London) 574, 497
(2019).

[6] P. Möller, A. J. Sierk, T. Ichikawa, A. Iwamoto, and M.
Mumpower, Fission barriers at the end of the chart of the
nuclides, Phys. Rev. C 91, 024310 (2015).

[7] P. Möller, A. J. Sierk, T. Ichikawa, A. Iwamoto, R.
Bengtsson, H. Uhrenholt, S. Åberg, and H. E. F Barriers,
Heavy-element fission barriers, Phys. Rev. C 79, 064304
(2009).

[8] J. Erler, K. Langanke, H. P. Loens, G. Martínez-Pinedo, and
P.-G. Reinhard, Fission properties for r-process nuclei,
Phys. Rev. C 85, 025802 (2012).

[9] K. Kolos, V. Sobes, R. Vogt, C. E. Romano, M. S. Smith,
L. A. Bernstein, D. A. Brown, M. T. Burkey, Y. Danon, and
M. A. Elsawi, Current nuclear data needs for applications,
Phys. Rev. Res. 4, 021001 (2022).

[10] F. Farget, M. Caamaño, D. Ramos, C. Rodríguez-Tajes,
K.-H. Schmidt, L. Audouin, J. Benlliure, E. Casarejos, E.
Clément, and D. Cortina, Transfer-induced fission in inverse
kinematics: Impact on experimental and evaluated nuclear
data bases, Eur. Phys. J. A 51, 175 (2015).

[11] J. A. Northrop, R. H. Stokes, and K. Boyer, Measurement of
the fission thresholds of 239Pu, 233U, 235U, and 238U using the
ðd; pÞ reaction, Phys. Rev. 115, 1277 (1959).

[12] J. D. Cramer and H. C. Britt, Fission studies of thorium,
uranium, and plutonium isotopes with ðt; pfÞ reactions,
Phys. Rev. C 2, 2350 (1970).

PHYSICAL REVIEW LETTERS 130, 202501 (2023)

202501-5

https://doi.org/10.1088/1361-6633/aacfa7
https://doi.org/10.1103/PhysRevC.102.045804
https://doi.org/10.1103/PhysRevC.102.045804
https://doi.org/10.1140/epja/i2015-15022-3
https://doi.org/10.1140/epja/i2015-15022-3
https://doi.org/10.1016/j.ppnp.2015.09.001
https://doi.org/10.1016/j.ppnp.2015.09.001
https://doi.org/10.1038/s41586-019-1676-3
https://doi.org/10.1038/s41586-019-1676-3
https://doi.org/10.1103/PhysRevC.91.024310
https://doi.org/10.1103/PhysRevC.79.064304
https://doi.org/10.1103/PhysRevC.79.064304
https://doi.org/10.1103/PhysRevC.85.025802
https://doi.org/10.1103/PhysRevResearch.4.021001
https://doi.org/10.1140/epja/i2015-15175-y
https://doi.org/10.1103/PhysRev.115.1277
https://doi.org/10.1103/PhysRevC.2.2350


[13] Q. Ducasse et al., Investigation of the 238Uðd; pÞ surrogate
reaction via the simultaneous measurement of γ-decay and
fission probabilities, Phys. Rev. C 94, 024614 (2016).

[14] H. C. Britt and J. D. Cramer, Fission of odd-A uranium and
plutonium isotopes excited by ðd; pÞ, ðt; dÞ, and ðt; pÞ
reactions, Phys. Rev. C 2, 1758 (1970).

[15] G. Kessedjian et al., Neutron-induced fission cross sections
of short-lived actinides with the surrogate reaction method,
Phys. Lett. B 692, 297 (2010).

[16] D. Ramos et al., First Direct Measurement of Isotopic
Fission-Fragment Yields of 239U, Phys. Rev. Lett. 123,
092503 (2019).

[17] C. Rodríguez-Tajes et al., Transfer reactions in inverse
kinematics: An experimental approach for fission inves-
tigations, Phys. Rev. C 89, 024614 (2014).
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