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Abstract. Nuclear fission is still one of the most complex physical processes due to the interplay between
macroscopic and microscopic nuclear properties that decide the output. An example of this coupling is the
presence of nuclear dissipation as an important ingredient that contributes to drive the dynamics and has a clear
impact on the time of the process. However, different theoretical interpretations and scarce experimental data
make it poorly understood. At low excitation energy, the relative yields of fragments even and odd atomic
numbers show a clear difference, which can be quantified with the so-called even-odd effect. This seemingly
mundane property can be used to obtain information about the energy dissipated during the process and the role
of structure in its dynamics.

In this paper, the study of the even-odd effect for elastic- and transfer-induced fission data is discussed. A
clear connection with particular fragment shells and the dissipation energy is found, as detailed in Ref. [1]. In
addition, preliminary results from quasi-fission data show the formation of a relatively large even-odd effect,
which suggests a process with low dissipation mainly consisting in the exchange of nucleon pairs.

1 Introduction normal modes (E*“°"), and the intrinsic excitation energy

(E*I"Y), stored in the form of single-particle excitations.
One of the challenges that the study of nuclear fission still And, within E*™, the energy dissipated between saddle

faces is the complete determination of the energy balance and scission (E*9) is added to the initial excitation en-
between the fragments and the different components. The ergy above the barrier (E*Bf). Figure 1 shows a simplified
mass of the fissioning system and the initial excitation en- graphical representation of these components.

ergy is transformed into the final kinetic and excitation
energies of the fragments. The excitation energy is re-
leased in neutron and y emission as the fragments evolve
towards their ground states, which makes it a potential
experimental observable. However, relevant information
on the process between the saddle and scission points is
contained and mixed within the fragments excitation en-
ergy: the total excitation energy (T XE) is the sum of the
energy used in collective degrees of freedom as the de-
formation of the fragments (E*%t) and the excitation of

The actual distribution of these energy components re-
flects properties of the fission process. For instance, the
sum of TXE and E*%f would give a still image of the
potential landscape at the scission stage, while E*4 is
closely link to the diabatic character of the process and
to the time of the evolution from the saddle configuration
to the moment of scission [2—7], although the specific role
and impact are still to be fully understood.

In this paper, a method to obtain the dissipation energy
E*9S from the even-odd staggering in isotopic fragment
*e-mail: manuel.fresco@usc.es yields is presented. The results show a clear dependence of

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1. Schematic description of the energy components of
the fission process. A fissioning system with a mass Mgs and an
initial excitation energy Efq elongates towards the saddle point
overcoming a fission barrier with a By. In its descent to the scis-
sion point, the difference in potential energy is converted in col-
lective normal modes E*“* and dissipation energy E*%*, which
is added to the excitation energy above the barrier E*5. Once the
fragments split at the scission point, they fly apart with a total ki-
netic energy TKE, while the intrinsic excitation energy E*™, and
the collective and deformation energy E*%f gained in the process
form the total excitation energy TXE of the fragments, which is
released as neutron and y evaporation. Other components, like
pre-scission kinetic energy, are not displayed for simplicity.

E*dis with particular proton numbers, which suggests dif-
ferent fission times for different fragment configurations.
A detailed discussion of this study can be found in [1]. In
addition, a preliminary study of the even-odd staggering
and its relation with dissipation in quasi-fission reactions
is discussed.

2 Proton even-odd staggering, intrinsic
excitations, and proton shells

As soon as experimental data on isotopic fragment yields
were available (i.e. the production of fragments according
their atomic number Z) it was readily evident that even-Z
fragments were more produced than odd-Z ones [8]. In-
deed, the observation of odd-Z fragments produced from
low-energy, even-Z fissioning systems indicates that pro-
ton pairs are broken along the fission process and is also
a proof of a form of dissipation in the path from saddle to
scission.

The amplitude of this even-odd staggering in
the isotopic yields can be evaluated as the nor-
malised difference between even- and odd-Z yields:
0 = (2 Yeven — 2, Yoda)/ 2, Y. Measurements of ¢ as a func-
tion of the initial Efg revealed a close connection be-
tween the even-odd effect and intrinsic excitation en-
ergy [9, 10], suggesting that ¢ can be used as an observ-
able for the amount of E*I" produced in the process, al-
lowing a separation between collective and intrinsic com-
ponents in TXE. In particular, the relation between &
and E*B includes the pairing gap A and an offset &p:
E*Bf — A ~ —G[In(6) — In(6p)].

Upon close inspection, it is not difficult to realise that
the amplitude of the even-odd staggering is not constant
for all fragment splits. In order to explore this dependence,
it is not unusual to use formulas to deduce the local even-
odd effect ¢, which give an average value of the even-odd
effect in a reduced region of fragment Z. One of the most
widely used formulas was proposed in Ref. [11], which
estimates an average ¢z in four consecutive Z assuming an
underlying Gaussian distribution.

The study of 67 has revealed the role of level den-
sity in the rearrangement of single protons among the pre-
fragments, which, in turn, drive the resulting ¢;. In short,
single protons are drawn to higher level densities, which
results in an increase of §; as a function of the asymme-
try of the split, and in the fact that odd-Z fissioning sys-
tems display a negative ¢ in the heavy fragment side [12].
This mechanism adds to the underlying probability of pair
breaking that depends on the available energy [13, 14].

2.1 Experimental data from VAMOS

For a number of years already, the large-acceptance VA-
MOS spectrometer at GANIL (France) hosts a research
line on fission [1, 15-23]. So far, actinides and sub-lead
fissioning systems were studied at low and high excitation
energies with inelastic-, transfer- and fusion-induced reac-
tions. The advantages of this setup include a precise deter-
mination of the initial £}y, a complete fragment identifica-
tion in mass and atomic numbers, and the measurement of
their velocity vectors in the c.m. of the fissioning system.

In one of these experiments, 6 was measured for a set
of fissioning systems at different E*B!. Figure 2 shows the
collection of §7(Z, E*B!) for 238U, 239Np, and **°Pu (data
from [1, 24, 25]). Some observations can be drawn from
these measurements: a) an increase of |0z| with the asym-
metry of the split appears for all systems and all E*Bf;
b) the odd-Z system >*Np displays a negative ¢, in the
heavy fragment; and c) there is a clear positive §; peak
around Z=>50 for all systems, including >**Np.

While the first two observations are expected from pre-
vious measurements, the existence of a positive peak at
Z=50 reveals a new feature around the spherical shell at
the barrier: irrespective of the even- or odd-Z character
of the fissioning system, Z=50 is preferably formed com-
pletely paired and, only after, the level density modifies
the strength of the peak in the descent towards the scission
point.

This section summarises some of the methods and con-
clusions of Ref. [1], where further details can be found.

2.2 Dissipation energy from even-odd effect
measurements

Assuming that the dissipation energy E*% has a weak de-
pendence on the initial Er, the relation between 6, and
E*Bf can be rewritten as

*

FS°

E*,diS(Z) + [E*,Bf — A] = G(Z) ln(|52|)’ (1)

when E*Bf > A. For E*Bf < A, 6, is observed to remain
constant [9, 10, 13].
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Figure 2. Local even-odd effect 6, as a function of the heavy-fragment Z for 28U (left), 2’ Np (middle) with data from [24] (dashed
line with empty symbols), and *°Pu (right) with data from [25] (dashed line with empty symbols). Each line and color correspond to

the average E*B' listed in the figures. Figure from Ref. [1].
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Figure 3. Evolution of 67 as a function of the average E*B' for each split in 233U (blue dots), 2’ Np (green triangles), and >*°Pu (red
squares). In the case of 2°Np, —d; is plotted. Solid symbols are measured data and lines are fits to Eq. 1 folded with the experimental
resolution. Empty symbols are data from [24, 25]. Red dashed lines show fits when data from [25] are included. Figure from Ref. [1].

Experimentally, the dissipation energy can be esti-
mated by extrapolating the behaviour of ¢, towards the
barrier: E*% = G In(|62|)|g-5_,5. The parameter G(Z) can
be seen as the "sensitivity" of §z with respect to changes
in E*,int.

Figure 3 shows the evolution of dz as a function of
E*Bf for each fragment Z, fitted to Eq. 1, while Figure 4
shows the resulting E*9 as a function of the fragment Z.
Similar features can be observed in the three systems:

Around Z=50, the dissipation seems to be very small.
This is consistent with a reduced neutron evaporation, and
a high TKE and short neck at the scission point [18]. A
small dissipation also suggests a short fission time [3, 4, 6].

Around Z=52 there is a clear maximum, which is con-
sistent with several level crossings and dissipation through
Landau-Zener excitations in the way to produce the oc-
tupole shell [26], suggesting a longer saddle-to-scission
time. This is a remarkable observation when considering
that Z=52 is one of the main shells in the fragment yield
distributions in actinides. Interestingly enough, the fission
process in these systems favours slow and dissipative paths

to form octupole-deformed fragments instead of faster and
almost "friction-less" paths to produce spherical ones.

There is a sudden increase for very asymmetric splits
towards Z=>59 that might be explained with a fission time
longer than the time to transfer protons from one pre-
fragment to the other. The transfer time is expected to de-
pend on the temperature difference of the pre-fragments.
For a sufficiently big asymmetry, this transfer time is short
enough for the system to move all single protons from the
light to the heavy pre-fragment. In these conditions, ¢z
loses its sensitivity to the dissipation process but, in turn,
it signals a point where the fission time could be deduced
from the transfer time [27].

3 Proton even-odd staggering in
quasi-fission

The onset of quasi-fission (QF) reactions was also recently
explored in VAMOS with reactions induced from a 233U
beam at 5.9A MeV on a >’ Al target [28, 29]. The same re-
action was reported previously in Refs. [30, 31], in which
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Figure 4. Deduced E*%* (top) and G (bottom) as a function of
the heavy-fragment Z for >**U (blue dots and line), 2°Np (green
triangles and line), and 2*°Pu (red squares and line). Red dashed
lines show the results of >*°Pu when including data from [25].
Figure from Ref. [1].

the authors achieved complete mass-angular distributions,
also in inverse kinematics. These data show a clear cor-
relation between the c.m. angle and the fragment mass,
which was interpreted as an indication of the production
of QF reactions along with complete fusion-induced fis-
sion (FF). The data measured in VAMOS improves on the
previous one but only in some aspects: On the one hand,
the new data include the element identification of the frag-
ments, as well as the masses and velocities in c.m. On
the other hand, the angular acceptance in c.m. covers only
from ~35° to ~62°.

Figure 5 shows the fragment Z distribution for fission
and QF induced in 23U+?7Al collisions. The figure also
shows the prediction from GEF [32] for a 265D fission-
ing system with the same conditions expected in the ex-
perimental one: an initial energy of Ej =61.2 MeV and
an angular momentum of Lgrys=27%. The comparison of
the experimental data with the FF results from GEF shows
a clear excess of yield for heavy fragments. This is also
evident when comparing heavy-fragment yields with their
light counterparts, as the figure demonstrates with a mir-
rored image of the measured data around symmetric splits.

This yield excess is a direct consequence of measuring
QF and FF events in the same data set. In QF, a strong cor-
relation between the fragments emission angle and their
mass is observed (see Ref. [33] for an extensive review
on this and other properties of QF). Therefore, the event-
by-event counterparts of the heavy fragments produced in
QF reactions measured between ~35° and ~62° in c.m.
are emitted between ~145° to ~118°, which is outside the
VAMOS acceptance and thus they are not measured. Since
the Z distribution from fission fragments is insensitive to
the emission angle, the heavy-fragment side of the distri-
bution is a mirrored image of the light-fragment one.

This different character of FF and QF can be used
to estimate the QF yield contained in the data. The
measured yield for any element Z is the sum of FF
and QF yields: Yo (Z) = Ygr(Z) + Yor(Z2). In FF reac-
tions, the yields of complementary fragments are equal:
Yre(Z) = Yrr(Zgs — Z), with Zgs=105 as the atomic num-

Fragment Z

Figure 5. The figure shows the elemental yields from 233U+27 Al
collisions, measured between ~35° to ~62° in c.m. (black line
and dots), compared to GEF [32] calculations for fusion-fission
from the corresponding 2%>Db compound system (red line). The
black dashed line is a mirrored image around the symmetry
(Z=52.5) of the experimental data.

ber of the fissioning system. Therefore, after subtracting
the measured light-fragment yields from the complemen-
tary heavy-fragment ones, only QF yields survive:

Yexp(Z) - Yexp(ZFS -Z)= YQF(Z) - YQF(ZFS -Z) (2

Assuming that the QF yield distribution in this window
of c.m. angle can be approximated by a Gaussian function
G for, the difference between yields of Eq. 2 can be fitted
to obtain the underlying G fqE:

Yexp(z) - Yexp(ZFS - Z) = GfQF(Z) - GfQF(]()S - Z) (3)

Figure 6 shows the difference Yexp(Z) — Yexp(105 — Z)
and the resulting fit to G for. The main position of the QF
component is Z~63.5, with a width of ~5.3. The amount
of QF can be also estimated from the fit, resulting in ~15%
of the total FF+QF events.

Despite the relatively large error bars, a clear even-
odd staggering is observed. In order to estimate its am-

: —e— ©eXp.
_1sf Gfoe(2) — Gloe(105-2)
E F —— Gl
e [
e -
S L
> L
| L
ﬁ L
~—= 0.5
2 L
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Fragment Z
Figure 6. Difference between complementary experimental

yields Yoy (Z)—Yexp(Zps —Z) (black line and dots). The red dashed
line shows the G fqr function associated with the QF yields, while
the red solid line is the difference between the G for function
evaluated at complementary fragments, which is fitted to the ex-
perimental data (see text).
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Figure 7. Local even-odd effect 6o deduced for the QF distri-
bution obtained in Fig. 6 (black line and dots). The dashed red
line shows the local even-odd effect ¢, calculated with GEF for
Db at Ejg=7 MeV. Error bars show statistical uncertainty.

plitude, the prescription of Ref. [11] is again applied. The
resulting local even-odd effect for QF, o, is displayed in
Fig. 7. Concerning the uncertainties, these are obtained
from classical error propagation of statistical uncertainties
in the formula of Ref. [11]. The results show an aver-
age 0gr~—0.1, and reaching even below in the region with
higher yield and statistical significance, where the prob-
ability of 6qr=>0 is less than 7%, according to the uncer-
tainty.

0gr~—0.1 is a remarkable value for an odd-Z system.
As a means of comparison, the same figure shows the GEF
calculation for a 2°>Db fissioning system at Ej =7 MeV.
Such initial energy is close to the barrier and thus would
maximise 6z but, even in these conditions, g is signifi-
cantly larger than the one expected for FF reactions.

3.1 Toy model for proton even-odd staggering in
quasi-fission

In order to interpret the large amplitude of doF, we propose
a simplified model to describe the movement of single pro-
tons and proton pairs within the quasi-compound system.
The dynamics of the model are largely based on Ref. [34],
where the time evolution of the mass and isospin asymme-
try of the pre-fragments is calculated.

According to Ref. [34], QF pre-fragments attain
isospin equilibration in a very short time after they get in
contact and the transfer of nucleons begins. In the case of
238U+27 Al, this implies a quick transfer of a neutron pair
from 238U to ?’Al and of the unpaired proton from 2’ Al to
238U, who, in less than 2 zs, becomes 2*’Np. From then
on, the mass drift towards equilibration dominates.

The toy model begins at the point of isospin equilibra-
tion, and proceeds in steps. Each step implies the transfer
of a proton or a proton pair from the heavy pre-fragment
to the light one.! As initial assumption, proton pairs and
single protons are considered on an equal footing and hav-
ing the same probability of being transferred. Although

! Although the transfer back from the light to the heavy pre-fragment
might be possible, the probability is comparably very small, as FF data
and models suggest; thus is not considered here for simplicity.

Figure 8. Evolution of heavy-fragment Z according to the mass
and isospin equilibration described in [34] (black line). The red
dot shows the time where the equilibration reaches the average
heavy-fragment Z obtained in the experimental data, which sig-
nals the scission point for the QF reactions.

this might not be the case: as Ref. [34] points out "the
least bound nucleons (close to the Fermi surface) are usu-
ally more freely transferred".> This would imply a larger
probability for single protons than for proton pairs. In this
regard, this toy model works as an upper limit for the ex-
pected even-odd effect and dissipation.

If the initial 2>’ Np has no broken proton pairs, in the
first step, the model has one single proton Ny, = 1 and
Npp = (93 — N,,)/2 = 46 proton pairs to chose from. In
the case of one broken pair, N, = 3 and N,, = 45,
etc. The probability of transferring a single proton is
Py, = Ny, /(N,, + Ny,,), while that of a pair is the comple-
mentary probability P,, = 1 — Pg,.

The model performs a chain of steps until reaching
the mass equilibration. In each step, an entity (a single
proton or a pair) is randomly selected according to their
probabilities. In order to obtain the amplitude of dqF, the
model simulates a large number of chains, and computes
the relative difference between even- and odd-Z heavy pre-
fragments, as well as the average Z, for each step.

In this form, the toy model lacks any dynamics; the
steps work simply as an ordering parameter and their ac-
tual duration in time is not computed. Here is where we
refer to the model of Ref. [34]: each step is associated with
the time needed to reach its average Z, following the evolu-
tion of the isospin and mass equilibration. Figure 8 shows
the Z equilibration after the model of Ref. [34]. The time
to reach the measured average Z=63.5, and thus splitting
the system, is ~12.4 zs.

Figure 9 shows the time evolution of dgr computed
with this toy model assuming N,,=1, 3, and 5 initial single
protons, which can be directly related with initial intrinsic
excitation energy in the heavy pre-fragment. A completely
paired system would reach the measured Z with 6qr~0.35;
however, a system with some initial energy spent in break-
ing proton pairs would arrive with dgr~0. In order to reach
the measured gr~0.1, the system would need to break be-
tween one and two pairs midway. Figure 9 shows some

2A further dependence on the pre-fragment relative sizes and level
densities may be at play although is not included.
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Figure 9. Evolution of dqr as a function of time computed by
the present toy model. The lines show the evolution Ny,=1, 3,
and 5 (solid blue, dashed green, and short-dashed yellow lines,
respectively). Green squares show the moment where a pair is
broken and N,,=1 increases to N,,=3, whereas the yellow trian-
gle signals the breaking of another pair and the transition from
N,,=3 to N,,=5. The long-dashed red lines and circle show the
moment where the system reaches the average dor measured and
the QF scission point.

possible combinations: a completely paired system breaks
one proton pair at ~8 zs, or, if the pair is broken slightly
later, further pairs need to be broken before the scission
point at 12.4 zs.3

This simple model shows that, even in QF reactions
with long sticking times as the present one, very few pairs
are broken. Therefore, the energy dissipated in single par-
ticle excitations must be of the order of the pairing gap A.
In addition, A would correspond to that of the system at
the moment the pair is broken. According to Fig. 9, this
is around Z~75, and therefore A~0.8 MeV [13]. This en-
ergy is much lower than the one expected in low-excitation
fission reactions, in which the amplitude of 6, is maxi-
mum. A possible reason is that quasi-compound systems
in QF reactions do not need to overcome a fission barrier
and thus they experience a smaller drop in potential en-
ergy. Since the dissipation energy and the pair breaking are
fed from this drop, it seems reasonable to expect a smaller
amount of both in QF reactions.

Ref. [34] also demonstrates that the energy dissipated
from the slowing down of the two nuclei once they are
in contact is used in the exchange of nucleons while they
reach the isospin equilibration. The present data suggests
that these equilibration and dissipation stages involve the
exchange of completely paired nucleons.

In addition, the fact that only few pairs are broken after
the dissipation of the initial kinetic energy suggests that
the fragments maintain small deformations, with few level
crossings that would increase the number of broken pairs
and the dissipation in the latter stage of the QF process.

Despite the reduced angular coverage, this work shows
that the measurement of dgr can reveal details of the dis-
sipation as a function of time in QF reactions. Further

3 Again, since the toy model treats single protons and proton pairs with
the same probability of being transferred, the number of broken pairs is
likely to be smaller.

experiments with larger angular coverage would be able
to track the amount of energy dissipated in pair breaking
along the path of the quasi-compound system in the po-
tential landscape. These experimental data could help to
include pairing correlations, as well as dynamical descrip-
tions, in models aiming for a complete understanding of
QF reactions.

4 Summary

The study of the even-odd staggering in isotopic yields of
fission and quasi-fission fragments is a promising tool to
obtain information about the dynamics of the fission and
quasi-fission processes and its relation with energy dissi-
pation, nuclear structure, and time.

Concerning fission, the systematic measurement of 6,
as a function of the initial energy, summarised here and
detailed in [1], shows a clear correlation between the en-
ergy dissipated along the process and nuclear shells in the
fragments, suggesting a dependence of the fission time on
the fragment split.

In the case of quasi-fission reactions, preliminary data
shows a 6z amplitude larger than that of fission in similar
conditions. Such amplitude can be explained with a very
low dissipation in the quasi-compound system, largely
generated with the exchange of nucleon pairs. The com-
parison between both reactions suggest that in fission most
of the dissipation and the breaking of nucleon pairs is pro-
duced close to the barrier.
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