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3Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
(Dated: March 6, 2020)

Experimental studies of fission induced in relativistic nuclear collisions show a systematic en-
hancement of the excitation energy of the primary fragments by a factor of ∼ 2, before their decay
by fission and other secondary fragments. Although it is widely accepted that by doubling the en-
ergies of the single-particle states may yield a better agreement with fission data, it does not prove
fully successful, since it is not able to explain yields for light and intermediate mass fragments.
State-of-the-art calculations are successful to describe the overall shape of the mass distribution of
fragments, but fail within a factor of 2-10 for a large number of individual yields. Here, we present
a novel approach that provides an account of the additional excitation of primary fragments due
to final state interaction with the target. Our method is applied to the 238U + 208Pb reaction at
1 GeV/nucleon (and is applicable to other energies), an archetype case of fission studies with rela-
tivistic heavy ions, where we find that the large probability of energy absorption through final state
excitation of giant resonances in the fragments can substantially modify the isotopic distribution
of final fragments in a better agreement with data. Finally, we demonstrate that large angular
momentum transfers to the projectile and to the primary fragments via the same mechanism imply
the need of more elaborate theoretical methods than the presently existing ones.

Introduction. Nuclear fission is the outcome of a rear-
rangement leading to a “run-away” dynamics involving
large-amplitude nuclear motion. Large energies are in-
volved in fission which can be explained with liquid drop
models, but experimental observables such as fragment
mass yields and their energies are strongly influenced by
shell and pairing effects. Fission studies are usually based
on stable or long-lived fissile targets irradiated by neu-
trons, photons, light-charged particles [1, 2], or multinu-
cleon transfer induced by heavy ions (see Ref [3] and ref-
erences therein). However, observables obtained at low
energies provide a limited understanding of the influence
of several physical variables as well as the path of the pro-
cess passing by the saddle point to fission. Additional in-
formation has been obtained with radioactive beams, of-
fering a plethora of new experimental advantages [4]. Ra-
dioactive nuclei scattered off stable targets allows one to
vary nucleon and isospin content of the fissioning nucleus
over wide ranges. First fission studies with relativistic ra-
dioactive beams (above 100 MeV/nucleon) and in inverse
kinematics provided insight into dissipative properties of
nuclear matter [5] and allowed to map the transition from
asymmetric fission in the actinides to symmetric fission
in pre-actinide nuclei [4, 6–9].

We propose a novel approach to compute isotopic dis-
tribution of fission fragments in relativistic heavy ion
collisions. Using a combination of systematical reac-
tion models, we explain simultaneously the production
of heavy, intermediate and light fragments, as well as
the fission yields. We consider fragment excitation and
re-orientation after the production of primary fragments
and their role on the isotopic distribution of fission prod-
ucts. Our predictions can pave the way to use post-
excitation of primary fragments as a new technique to

study the difficult subject of fission times of excited nu-
clei [10].

Theoretical framework. The excitation amplitude
Aα (z, b) of relativistic projectiles undergoing fission in-
flight is obtained from the coupled-channels equations
[11]

i~v
∂Aα(z, b)

∂z
=
∑
α′

〈
α
∣∣M(E/N)L

∣∣α′〉
× Aα′(z, b)e−(Eα′−Eα)z/~v, (1)

where b is the impact parameter, v denotes the projectile
and fragment velocities, assumed to be nearly constant,
and z is the projectile position along the beam direction.
MEL is the electromagnetic (EM) operator for electric
dipole (E1) and quadrupole (E2) transitions, and MNL

is the nuclear transition operator for the multipolarity L
connecting states α and α′ and satisfying angular mo-
mentum and parity selection rules.

It suffices to consider the excitation of the isovector gi-
ant dipole (IVGDR), isoscalar giant quadrupole (ISGQR)
and isovector giant quadrupole (IVGQR) resonances and
the double giant dipole resonance (DGDR), with main
decay channels leading to the emission of neutrons and
fission fragments. Later we will discuss the role of ro-
tational states. Inclusion of relativistic effects in the
nucleus-nucleus dynamics follows Ref. [11]. The main
contribution to nuclear excitation arises from the excita-
tion of the ISGQR with a matrix element [12]

〈α|MN2m|α′〉 = − δ2√
5
〈Jα′Mα′ |Y2m|JαMα〉

× Y2m(r̂)
dU(r)

dr
, (2)
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where δ2 is the deformation length, U(r) is the scalar
Lorentz-boosted nucleus-nucleus potential [11]. The
cross sections for the projectile in the final state |α〉 are
obtained by integration over impact parameters.

At large impact parameters only EM excitation occurs,
while at “grazing” impact parameters (b ∼ Rp + RT ),
both EM and nuclear excitation are possible. Below graz-
ing impact parameters, much stronger reactions occur
where nucleons can be removed (abrasion) due to binary
nucleon-nucleon collisions. In the Glauber model [13],
the production cross section of a primary fragment with
charge and neutron number (ZF , NF ) for a projectile nu-
cleus with charge and neutron number (ZP , NP ) is

σ(ZF , NF ) =

(
ZP
ZF

)(
NP
NF

)∫
d2b [1− Pp(b)]ZP−ZF

× PZFp (b) [1− Pn(b)]
NP−NF PNFn (b), (3)

where the binomial coefficients account for all possible
ways that ZF protons can be removed from the ZP ini-
tial protons of the projectile. A similar counting is made
for the neutrons. Pp (Pn) are the probabilities for the sur-
vival of a single proton (neutron) of the projectile and the
factors containing (1− P ) account for the removal prob-
ability of the other protons (neutrons). The probability
Pp is

Pp(b) =

∫
dzd2sρPp (s, z) exp

[
−σppZT

∫
d2sρTp (b− s, z)

− σpnNT

∫
d2sρTn (b− s, z)

]
, (4)

where the charge and neutron number of the target is de-
noted by (ZT , NT ), and ρp (ρn) is the proton (neutron)
density of projectile and target, normalized to unity. σnp
and σpp are the neutron-proton and proton-proton (with-
out Coulomb) total cross sections, taken from a fit to the
experimental data [14]. A similar expression is used for
Pn with the reversed roles of the neutron and proton
quantities. Neutron and proton single-particle densities
are obtained with a deformed Woods-Saxon potential as-
suming that mean-field rearrangements do not have time
to occur until long after the abrasion stage.

The primary fragment excitation energy is calculated
from the particle-hole energies of the configuration rel-
ative to its ground state. The density of excited states
ρ(Ex, ZF , AF ) results from the counting of all combina-
tions of holes consistent with the charge and mass num-
bers of the fragment, yielding excitation cross sections
dσ/dEx = ρ(Ex, ZF , AF )σ(ZF , NF ) [13, 15, 16]. The
de-excitation process (ablation) leading to emission of
nucleons, light-charged particles, photons, intermediate-
mass fragments (IMFs), and fission products, is obtained
using the Ewing-Weisskopf model, incorporated in the
ABLA07 code [17]. Separation energies and emission
barriers for charged particles are accounted for using the
2016 atomic mass evaluation [18] and the Bass potential

[19], respectively. Fission yields are calculated following
the dynamical picture reported in Refs. [20, 21] which
has been benchmarked in several works by comparison
with isotopic distributions of fission fragments measured
in spallation and fragmentation reactions with relativis-
tic nuclei.

The central idea of the present work is that all rele-
vant cross sections can be reliably calculated with exist-
ing reaction formalisms, but with the additional inclusion
of post-excitation and decay of the primary fragments
missing in previously published models. The reorienta-
tion of fragments due to the final state interaction with
the Coulomb field of the target and the sudden removal
of nucleons also leads to an alignment and modification
of the angular momentum of the fragments before scis-
sion. Reorientation refers to multiple Coulomb excitation
changing magnetic substates and also changing total an-
gular momentum [22].

Application to the 238U + 208Pb reaction. The 238U +
208Pb reaction at 1 GeV/nucleon yielding fission frag-
ments has been studied experimentally [23]. Projec-
tile singe-particle states were generated with a deformed
Woods-Saxon model [24] with deformation parameter
β = 0.29, radius R0 = 6.8 fm, and diffuseness a = 0.6 fm.
The potential depths were adjusted to yield the last oc-
cupied nucleon orbital with binding energy equal to the
nucleon separation energy. The lead target density was
taken from electron scattering experiments [25], assumed
to be the same for protons and neutrons. Abrasion prob-
abilities were calculated using Eq. (4) with radial and
angular wave functions building up single-particle densi-
ties for each state and adding the contributions from all
occupied states [16]. An average over the orientation of
the projectile was also performed. For simplicity, only
three orientations have been used; one with the major
axis along the beam and the other two perpendicular
to it. A total abrasion cross section of 8.06 b was ob-
tained using Eq. (3) and adding up all fragments. This
cross section is independent of the second stage (abla-
tion) because it includes all possible decay channels. If
deformation is neglected, setting β = 0, the cross section
reduces to 7.89 b. Another reduction of the cross section
occurs if instead of densities from individual contribu-
tions of single-particle states in Eq. (3), one uses 238U
total densities from electron scattering data [25]. We ob-
tain an abrasion cross section of 7.65 b, which highlights
that details of the shell structure can be responsible for
modifications of about 5% of the abrasion cross sections.

The excitation of giant resonances (GR) by the nuclear
and Coulomb interactions will also lead to large cross
sections. Recent progress in microscopic calculations
has been made using time-dependent density-functional
theories leading to fission an other decay channels [26–
30]. Here we adopt a simpler picture and assume an
IVGDR located at EIV GDR = 31.2A−1/3 + 20.6A−1/6

MeV and the DGDR located at twice the IVGDR energy
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FIG. 1. Average excitation energies of a few uranium frag-
ments due to abrasion (open circles) and when the average
electromagnetic excitation energy of the outgoing fragments
is added to them (triangles). Inset: Cross sections for pro-
duction of primary uranium fragments due to abrasion.

[7, 31, 32]. The ISGQR and IVGQR states are located
at EISGQR = 62A−1/3 MeV and EIV GQR = 130A−1/3

MeV, respectively. The resonances are assumed to fully
exhaust the isoscalar and isovector operator sum-rules
[12, 32] and the DGDR is assumed to have the same
strength for the E1 excitation GDR→ DGDR. The opti-
cal potential in Eq. (2) is generated from the tρρ approx-
imation [32] and a deformation parameter δ2 = 0.438 fm
was used. The excitation probabilities from the solution
of the coupled equations (1) yield cross sections equal to
408.2 mb for the ISGQR, 531.0 mb for the IVGQR, 4183
mb for the IVGDR and 227.3 mb for the DGDR. The nu-
clear excitation contribution to the ISGQR is 18.72 mb
(using Eq. 2), much smaller than those stemming from
EM excitation. The abrasion, EM and nuclear excita-
tion processes are added separately and altogether they
produce primary fragments with a total cross section of
13.41 b.

Ablation with EM post-excitation. In the abrasion
stage, each fragment acquires an excitation energy ob-
tained by subtracting the single particle energies for each
fragment from those of the 238U projectile. The vacant
single particle (s.p.) energies are weighted with the cor-
responding nucleon removal probabilities for a given im-
pact parameter. Without meaningful loss of accuracy,
we use the deformation parameter β = 0 to generate the
s.p. states of all fragments. For collective EM and nu-
clear excitation, the energy deposited in the projectile is
obtained by multiplying the energies of each resonance α
with the probabilities |Aα(z =∞, b)|2 from Eq. (1). The
excitation energies of the primary fragments are inputs
for the ablation stage [33].

We introduce a new mechanism to account for the ex-
citation energy of the fragments. It has been known for

Ablation fission

EM fission
EM fission

238U + 208Pb
1 GeV/nucleon

FIG. 2. Mass distribution of projectile fragments. The blue
diamonds correspond to the yields obtained with the abrasion-
ablation model without fission, while the red circles include
fission decays. The black squares include the electromagnetic
excitation leading to particle evaporation and fission prod-
ucts.

a long time that in the fragmentation of relativistic nu-
clei, such as 132Sn [34], 136Xe [35], 197Au [36, 37], 208Pb
[38], and 238U [9], the energy deposited in the nucleus is
not enough to explain the fragment yields. This is an old
problem discovered in early calculations where agreement
with experimental data was surprisingly good [15, 39] if
the excitation energy in the original abrasion-ablation
model was multiplied by a factor two to three. We show
that this multiplication factor is not necessary at least
for reactions involving heavy nuclear targets. The idea
simply relates to the large EM excitation probabilities,
close to unity, for the abraded fragments on their way
out from the strong interaction region.

Using Eq. (1) we have calculated the probabilities of
EM excitation of fragments on the outgoing part of their
trajectories and weighted with the giant resonance ener-
gies, adding the result to the fragment abrasion energy.
Figure 1 shows the average excitation energies of a few
uranium fragments due to abrasion (open circles) and
when the average electromagnetic excitation energy of
the outgoing fragments is included (triangles). The ad-
ditional EM energy is nearly constant (11.1− 12.5 MeV)
for the uranium fragments displayed. This effect will
have the largest impact on the heaviest uranium isotopes
because their production cross sections are largest, as
displayed in the smaller frame in Fig. 1. Similar results
were found for protactinium, thorium, actinium, radium,
and other heavy element isotopic chains. This has a visi-
ble impact on their decay to secondary fragments during
the ablation stage.

The cross sections for mass distribution of each frag-
ment calculated according to the evaporation model af-
ter ablasion and EM excitation are displayed in Fig. 2.
The blue diamonds (red circles) show the results without
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FIG. 3. Isotopic distribution of niobium (upper panel) and
ruthenium (lower panel) fragments. Data (open circles) are
from Ref. [23]. The solid (dashed) lines correspond to calcu-
lations with (without) inclusion of final state electromagnetic
excitation of abraded fragments. The arrows point to the
region (shaded area) of increasing contribution of fragments
decaying by fission.

(with) inclusion of fission channels. The black squares in-
clude large impact parameters with only EM excitation.
It is clear that fission products after the abrasion origi-
nate from primary fragments with mass A & 170. Not
shown in the figure are cross sections for primary frag-
ments with mass A = 235− 237 of about 196− 726 mb,
contributing mostly to fission fragments. About 23% of
the primary fragments yield fission products after abla-
tion. These are seen as a clear bump in the plot, peaked
around mass A = 110. On the other hand, the fission
yields originating from EM excitation of the 238U pro-
jectile is responsible for the double hump structure in
the figure, characteristic of fission, peaked around masses
A = 100 and A = 140. Fission products correspond to
about 18% of the EM excitation of 238U at large impact
parameters.

Figure 3 displays the isotopic distribution of niobium
(upper panel) and ruthenium (lower panel) fragments.
Data (open circles) are from Ref. [23]. The solid
(dashed) lines correspond to fragmentation calculations
with (without) inclusion of final state EM excitation
of abraded fragments. The arrows point to the region
(shaded area) of increasing contribution of fragments de-
caying by fission. The overall agreement with the exper-
imental data is reasonable and differences in particular
cases are estimated to be within a factor of two to ten.
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FIG. 4. Transverse, J⊥, and longitudinal, J‖, angular momen-
tum transfer (see text for definitions) to primary fragments
due to nucleon abrasion as a function of the fragment mass
number.

But other clear trends, also obtained in our calculations
for other isotopic chains, are that: (a) Evidently, the ad-
dition of final state EM excitation of primary fragments
leads to an enhancement of the average yields across the
isotopic chains. (b) The yields of lighter fragments be-
come larger when the final state EM excitations are ac-
counted for. This post-excitation effect, so far neglected
in previous works is probably not going to provide an ac-
curate description of the experimental data, but is clearly
important to extract useful information about fission dy-
namics in relativistic heavy ion collisions.

The post-excitation of primary fragments could be-
come a useful tool to determine low limits for fission times
by observing their impact on isotopic distribution of sec-
ondary fragments. Typical EM collision times during
post-excitation of fragments are ∆t ∼ 100 fm/c ∼ 10−21

s. A few excited primary abrasion fragments are expected
to decay by fission before they can be excited again thus
having an impact on their fission yields. For example,
fission rates of 235U are expected to have transient and
saddle-to-scission times also of the order of 10−21 [10].
The changes in fission yields could be small but quan-
tifiable as the experimental techniques and theoretical
models become more advanced.
Fragment reorientation. Large cross sections are also

obtained for EM excitation of rotational states in de-
formed projectiles and of abrasion products. Although
the energy transfer to rotational states, a few 100 keV,
has little influence on the average EM excitation energy
of GRs and in the abrasion products, they could affect
considerably the angular momentum transfer to the pri-
mary fragments. Using Eq. (1) for a symmetric rigid
rotor, one can write the EM operator as

ME2m =
e

2
Q2Y2m(θ, φ), (5)
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where Q2, the intrinsic quadrupole moment, is related to
the reduced matrix elements by

Q2
2 =

16π

5c2
B(E2; 0+ → 2+). (6)

For the quadrupole moment of 238U we use Q2 = 11×103

fm2 [40]. We consider the excitation of states in the
ground state rotational band, starting from the rota-
tion angular momentum I = 0 of the ground state. We
obtain cross sections of 3.21 b for excitation of I = 2
and only 41.7 mb for the I = 4 rotational states. Since
the probability for EM excitation of GRs is nearly one
at grazing collisions, a large cross section also emerges
for the excitation of rotational states on top of the
IVGDR, ISGQR and IVGQR. Total cross sections of
1.24 b for the

∣∣IV GDR〉⊗∣∣I = 2
〉
rot

and 35.5 mb for∣∣IV GDR〉⊗∣∣I = 4
〉
rot

were obtained, which are the
largest cross sections for rotational states built on GRs.
Thus, at least three extra units of angular momentum,
J = 3~, are expected to build up on the projectile be-
fore its decay. This angular momentum transfer has a
small [41], but non-negligible consequence for the effec-
tive potential energies and their dependence on the neck
formation radius along the fission path. The same con-
clusion applies to EM reorientation of primary fragments
after the abrasion process.

Because of the sudden removal of nucleons in close col-
lisions, angular momentum is also transferred to the frag-
ments during abrasion. A simple estimate can be done
by using the model described in Ref. [42] for the average
momentum transfer, ∆p, together with the Newtonian
estimate J = ∆pR for the average angular momentum
transfer, where R is the projectile radius. Our results
are shown in Fig. 4, were J‖ (J⊥) is the angular mo-
mentum transfer associated to the longitudinal (trans-
verse) linear momentum transfer to the projectile when
nucleons are abraded. In collisions at high energies, the
transverse momentum transfer is always larger than the
longitudinal one. The total average angular momentum

transfer can be inferred from J =
√
J2
‖ + J2

⊥. Only a

moderate amount (J ∼ 3− 5~) of angular momentum is
transferred to large mass fragments due to abrasion, such
as 237U, but as the fragment mass decreases the angular
momentum deposited will lead to a large modification of
the effective potential energies at the scission point and
the ensuing fission yields. This effect has been overseen
in previous works. But it also means that a better de-
scription of the decay of the primary fragments needs
to be done, beyond the simplified Ewing-Weisskopf ap-
proach which neglects angular momentum effects in the
decay process. The Newtonian estimate is not reasonable
when many nucleons are abraded and we have avoided to
show results for light fragments, which probably can be
better described using intranuclear cascade (INC) mod-
els [43, 44]. INC models can also handle pion production
and propagation, which changes the excitation energy.

Summary and conclusions. We propose a new method
to compute fission and fragmentation cross sections in
relativistic heavy ion collisions. Our method links the
isotopic distribution of fragments with the physics of nu-
cleon removal in the binary nucleon-nucleon collisions
and electromagnetic excitation of giant resonances. We
add to this scenario the hitherto neglected physics of frag-
ment excitation and reorientation in the final state. We
believe we have uncovered these unappreciated reaction
mechanisms previously buried in the standard two step
mechanism of primary fragment production followed by
particle evaporation and fission. The reaction mecha-
nism we propose is independent of other effects already
accounted for. It may be needed to reach the fragment
excitation energies required to explain known differences
between theory and experiment, at least for heavy nu-
clear targets. We demonstrate that it also plays a role in
the build up of angular momentum of fragments prior to
their decay to be studied in future experiments [45].

The design of new detectors and increase of relativis-
tic radioactive beam intensities provides a unique oppor-
tunity to study the important physics of fission of nu-
merous radioactive nuclides, beyond the reach of fixed
target experiments. Undoubtedly, previous studies have
shown the usefulness of the method and the complemen-
tary role it plays in understanding the dynamics of fission
[1, 2, 4, 6–9]. We noticed that improvements can be done
in presently adopted theories without which an accurate
description of the experimental data at the level required
for the study of fission dynamics is not possible.
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[44] J. L. Rodŕıguez-Sánchez, J.-C. David, D. Mancusi,
A. Boudard, J. Cugnon, and S. Leray, Phys. Rev. C
96, 054602 (2017).

[45] Radomira Lozeva et al., work in progress
.

http://dx.doi.org/ https://doi.org/10.1016/S0375-9474(99)00384-X
http://dx.doi.org/10.1103/PhysRevC.94.061601
http://dx.doi.org/ https://doi.org/10.1016/0370-2693(94)90017-5
http://dx.doi.org/ 10.1007/BF01298903
http://dx.doi.org/ 10.1007/BF01298903
http://dx.doi.org/ 10.1007/BF02769684
http://dx.doi.org/ 10.1007/BF02769684
http://dx.doi.org/ https://doi.org/10.1016/S0375-9474(97)00607-6
http://dx.doi.org/https://doi.org/10.1016/j.ppnp.2008.10.001
http://dx.doi.org/https://doi.org/10.1016/j.ppnp.2008.10.001
http://dx.doi.org/10.1103/PhysRevLett.94.072701
http://dx.doi.org/https://doi.org/10.1016/0375-9474(87)90208-9
http://dx.doi.org/10.1103/PhysRevC.12.1888
http://dx.doi.org/10.1103/PhysRevC.12.1888
http://dx.doi.org/10.1103/PhysRevC.81.064603
http://dx.doi.org/10.1103/PhysRevC.81.064603
http://dx.doi.org/https://doi.org/10.1016/0375-9474(91)90748-U
http://dx.doi.org/https://doi.org/10.1016/0375-9474(91)90748-U
http://dx.doi.org/10.1103/PhysRevC.51.252
http://arxiv.org/abs/0906.4193
http://dx.doi.org/10.1063/1.2914343
http://dx.doi.org/https://doi.org/10.1016/S0370-2693(02)03234-3
http://dx.doi.org/https://doi.org/10.1016/S0370-2693(02)03234-3
http://dx.doi.org/ https://doi.org/10.1016/j.nuclphysa.2004.09.123
http://dx.doi.org/ 10.1103/RevModPhys.28.432
http://dx.doi.org/ https://doi.org/10.1016/S0375-9474(99)00299-7
http://dx.doi.org/https://doi.org/10.1016/0010-4655(85)90018-9
http://dx.doi.org/https://doi.org/10.1016/0010-4655(85)90018-9
http://dx.doi.org/https://doi.org/10.1016/0092-640X(87)90013-1
http://dx.doi.org/https://doi.org/10.1016/0092-640X(87)90013-1
http://dx.doi.org/10.1103/PhysRevC.84.051309
http://dx.doi.org/10.1103/PhysRevC.89.031601
http://dx.doi.org/10.1103/PhysRevC.89.031601
http://dx.doi.org/10.1103/PhysRevLett.116.122504
http://dx.doi.org/10.1103/PhysRevLett.114.012701
http://dx.doi.org/10.1103/PhysRevLett.118.152501
http://dx.doi.org/10.1103/PhysRevLett.118.152501
http://dx.doi.org/https://doi.org/10.1016/0370-1573(88)90142-1
http://dx.doi.org/https://doi.org/10.1016/0370-1573(88)90142-1
http://dx.doi.org/ https://doi.org/10.1016/S0370-1573(99)00038-1
http://dx.doi.org/ https://doi.org/10.1016/S0370-1573(99)00038-1
http://dx.doi.org/10.1103/PhysRev.57.472
http://dx.doi.org/10.1103/PhysRev.57.472
http://dx.doi.org/ https://doi.org/10.1016/j.physletb.2011.08.037
http://dx.doi.org/10.1103/PhysRevC.78.054605
http://dx.doi.org/10.1103/PhysRevC.78.054605
http://dx.doi.org/ https://doi.org/10.1016/S0375-9474(99)00386-3
http://dx.doi.org/ https://doi.org/10.1016/0375-9474(92)90264-K
http://dx.doi.org/ https://doi.org/10.1016/0375-9474(92)90264-K
http://dx.doi.org/10.1103/PhysRevC.89.024616
http://dx.doi.org/10.1103/PhysRevC.89.024616
http://dx.doi.org/ 10.1007/BF01289819
http://dx.doi.org/ 10.1007/BF01289819
http://dx.doi.org/ https://doi.org/10.1016/0092-640X(87)90016-7
http://dx.doi.org/ https://doi.org/10.1016/0092-640X(87)90016-7
http://dx.doi.org/10.1007/BF01545975
http://dx.doi.org/10.1007/BF01545975
http://dx.doi.org/ 10.1103/PhysRevC.91.034602
http://dx.doi.org/ 10.1103/PhysRevC.96.054602
http://dx.doi.org/ 10.1103/PhysRevC.96.054602

	Fission of relativistic nuclei with fragment excitation and reorientation
	Abstract
	References


