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Transfer-induced fission in inverse kinematics  
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•  10 actinides produced 
•  E* distribution 
•  Full resolution in (Z,A) of fragments 
•  TKE 
•  Détermination of scission fragments 

238U +12C @ 6.1 MeV/u 

Can’t choose your actinide 
Can’t choose your E* See talk of D. Ramos 



The strength of inverse kinematics for fission  

Isotopic fission yields 

Neutron excess M. Caamaño et al., PRC 88 (2013) 024605 

240Pu E*~10MeV 



The strength of inverse kinematics for fission  

Isotopic fission yields 

Neutron excess M. Caamaño et al., PRC 88 (2013) 024605 

A

70 80 90 100 110 120 130 140 150 160

Y
(Z
,A
)

-410

-3
10

-210

250Cf E*~45MeV 



Assets of the experimental set-up: 
Reconstruction of kinematical properties 
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Vfiss 

M. Caamaño, F. Farget et al. PRC 92, 034606 (2015)  



Average velocity of fission fragments 
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slowing-down of the fission fragments into the target has
been taken into account, whereas it was considered as
negligible previously. For each isotope, the velocity mea-
sured in the laboratory is then corrected for the energy-
loss following the prescription of [9], in which the di↵er-
ent parameters are adjusted by means of LISE++ sim-
ulations [10]. In addition, the velocity distributions of
each fragment have been corrected for transmission cuts
(angle and ionic charge states) that modified slightly the
mean value of the distribution. The resulting velocity
vectors are transformed into the reference frame of the
fissioning system. The resolution on the resulting fission
velocities is depending on the resolution on the velocity
and the angle in the laboratory reference frame, and the
beam-energy straggling. Considering a resolution of 0.4%
on the velocity measurement and an angular resolution
of 5 mrad [], the resolution on the resulting fission ve-
locity was estimated better than 2%. The resulting first
and second momentum of the fission velocity distribution
V (A,Z) and �V (A,Z) are displayed for each fragment
isotopicaly identified, in figures 1 and 2, for 240Pu and
250Cf fissioning systems , respectively.

The average velocity < V > (Z) for each atomic num-
ber Z and its average standard deviation are defined as:

< V > (Z) =
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They are displayed in figure 3 and 4 for both sys-
tems. The average velocity < V > (Z) is compared to
the liquid-drop model prediction of the fission kinemat-
ics [11], with constant deformation and neck parameters.
Following this prescription, the total kinetic energy TKE
at scission is given by:

TKE = 1.44
Z1Z2

D
(2)

where D is the distance between the charged centroids
of both fragments A⇤

1 and A⇤
2, and may be written as a

function of the fragment deformation parameters �1 and
�2 and d the distance between them:

D = r0(A
⇤
1
1/3(1 +

2

3
�1) +A⇤

2
1/3(1 +

2

3
�2)) + d, (3)

where r0 is the nucleon radius. The velocity of one frag-
ment is deduced from the mass and momentum conser-
vation. The average mass of both fragments at scission,
before neutron evaporation, obtained experimentatly as
described in the following section, is considered. For a
better agreement of the Wilkins prescription with the
present data, the neck parameter d needed to be in-
creased from 2 to 2.7 fm for 250Cf fission and 2.5 fm
for 240Pu fission. This increase could be a result of the
reaction mechanism used in the present work, inducing
higher angular momentum than in the proton-induced or
spontaneous fission considered by Wilkins. With respect
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FIG. 1. Mean values of the fission velocity spectra as a func-
tion of the neutron number of the isotopes produced in the
fission of 240Pu, for each atomic number. The error bars show
the second momentum of the velocity spectra.

to previous work [5], a better agreement with the theo-
retical expectation is reached, as the correction for the
energy loss in the target is now taken into account. In
figure 3, some deviations around Z ⇠ 52 and Z ⇠ 42 with
respect to the liquid-drop model can be observed. They
are the signature of the presence of shell e↵ects in the
deformation configuration, as will be discussed further.

The observed standard deviation is the quadratic sum
of the experimental error, the physical distribution of
scission configurations (resulting from an ensemble of dif-
ferent neck or deformations for the same split), and ve-
locity spread due to neutron evaporation. In both sys-
tems the standard deviation �V of the velocity is decreas-
ing with increasing Z, showing that the di↵erent fluctu-
ations in the scission configuration and subsequent neu-
tron evaporation are less and less influencing the strag-
gling on the fragment momentum as the fission mass
increasses. However, the standard deviation observed

M. Caamaño, F. Farget et al. PRC 92, 034606 (2015)  
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Recovering scission masses from fragment velocities 
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Momentum conservation 
Mass conservation 
Isotropic evaporation 



Average neutron excess @ scission 
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Average neutron multiplicities @ scission 



Determination of TKE(Z) 
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KE(Z1) = 1/2<A1
*>(Z1)<V1>2 

TKE(Z1) = KE(Z1) +KE(Zc-Z1) 



Determination of TXE 
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Sharing of TXE 
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Considering statistical equilibrium at scission 

And the Fermi level density 

The statistical weight of each fission channel : 

TXE shares following the level density parameters 



Standard level density parameter 
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a0=A/8   
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Evolution of level density parameter with isospin ? 
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2 arguments :  

S. I. Al-Quraishi et al., PRC 63, 065803  

Approaching the drip-line,  
the quasi-continuum is reached at much 
lower energy : 
Life-time of states is smaller than the time 
to reach an equilibrium : 
Fermi gas is expression is not valid 
anymore 

1 

2 Number of accessible states must obey the 
Isospin  conservation and scales from |N-Z| to |N+Z| 
If N>>Z, number of states is reduced 



Evolution of level density parameter with isospin ? 
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D. Durand, in preparation, 2016 
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Evolution of level density parameter with isospin ? 
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D. Durand, in preparation, 2016 
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CONCLUSIONS 

•  Inverse kinematics is a powerful method 
–  Broad range of actinides produced 
–  Isotopic distribution 
–  Kinematical properties 
–  Access to the scission point !! 

•  Neutron evaporation multiplicity 
•  Neutron and proton sharing 

–  Evidence for (strong) charge polarisation at scission, 
 even at moderate (high) excitation energy 
–  Polarisation is a new and very sensitive observable to the 

description of fission 
•  Effect of isospin on level density 
•  Other property of the deformed scission nuclei ? 
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Scission point model:  
minimization of the total potential energy 

250Cf E*=45 MeV :  
only liquid-drop terms play a role (shell effects disapeared) 

VLD(Z, N, β) = aa A – as A2/3(1 + 0.4 α2)
     - 1.78 I2(aa A  – as A2/3(1 + 0.4 α2))
    + Z2((0.705/A1/3)(1- 0.2 α2) -1.15/A)

W.D. Myers, and W.J. Swiatecki, Ark. Fys., 36, 343, (1967) 



Scission point model: influence of different mass terms 

aI*0.67

as*0.1 Ec*1.4



Diminution of symmetry energy with deformation ? 

GAIDAROV, ANTONOV, SARRIGUREN, AND DE GUERRA PHYSICAL REVIEW C 85, 064319 (2012)

These increases are only slightly dependent on whether an
oblate or a prolate shape is considered. A similar behavior has
been obtained from Gogny-D1S-HFB calculations performed
in Ref. [50]. A satisfactory agreement with the experimental
isotope shifts is observed in Fig. 1(c) that provides a good
starting point to study further quantities such as the symmetry
energy and related characteristics of deformed nuclei within
our theoretical method.

Next, an illustration of a possible correlation of the neutron
skin thickness !R with the s and p0 parameters, extracted from
the density dependence of the symmetry energy around the
saturation density for the Kr isotopic chain, is given in Fig. 2.
The symmetry energy and the pressure are calculated within
the CDFM according to Eqs. (10) and (11) by using the weight
functions (9) calculated from the self-consistent densities in
Eq. (21). The differences between the neutron and proton rms
radii of these isotopes [Eq. (29)] are obtained from HF + BCS
calculations using four different Skyrme forces, SLy4, SGII,
Sk3, and LNS. It can be seen from Fig. 2 that there exists an
approximate linear correlation between !R and s for the even-
even Kr isotopes with A = 82–96. Similarly to the behavior of
!R vs s dependence for the cases of Ni and Sn isotopes [24],
we observe a smooth growth of the symmetry energy up to the
semimagic nucleus 86Kr (N = 50) and then a linear decrease
of s while the neutron skin thickness of the isotopes increases.
This linear tendency expressed for Kr isotopes with A > 86
is similar for the cases of both oblate and prolate deformed
shapes. We note that all Skyrme parametrizations used in the
calculations reveal similar behavior; in particular, the average
slope of !R for various forces is almost the same.

In addition, one can see from Fig. 2 a stronger deviation
between the results for oblate and prolate shape of Kr isotopes
in the case of SGII parametrization when displaying the
correlation between !R and s. This is valid also for the
correlation between !R and p0, where more distinguishable
results for both types of deformation are present. The neutron
skin thickness !R for Kr isotopes correlates with p0 almost
linearly, as in the symmetry-energy case, with an inflection-
point transition at the semimagic 86Kr nucleus. In addition,
one can see also from Fig. 2 that the calculated values for
p0 are smaller in the case of LNS and SLy4 forces than for
the other two Skyrme parameter sets. In general, we would
like to note that the behavior of deformed Kr isotopes shown
in Fig. 2 is comparable with the one found for the spherical
Ni and Sn isotopes having a magic proton number that we
discussed in Ref. [24]. The small differences just indicate that
stability patterns are less regular within isotopic chains with a
nonmagic proton number.

For more complete study, we also consider in our work the
extremely neutron-rich Kr isotopes (A = 96–120). The results
for the symmetry energy s as a function of the mass number A
for the whole Kr isotopic chain (A = 82–120) are presented
in Fig. 3. We observe peaks of the symmetry energy at specific
Kr isotopes, namely at semimagic 86Kr (N = 50) and 118Kr
(N = 82) nuclei. In addition, a flat area is found surrounded by
transitional regions A = 88–96 and A = 110–116. Also, the
SGII and Sk3 forces yield values of s comparable with each
other that lie between the corresponding symmetry energy
values when using SLy4 and LNS sets. The specific nature

FIG. 3. (Color online) The symmetry energies s for Kr isotopes
(A = 82–120) calculated with SLy4, SGII, Sk3, and LNS forces.

of the LNS force [48] (not being fitted to finite nuclei) leads
to larger values of s (and to a larger size of the neutron skin
thickness, as is seen from Fig. 2) with respect to the results with
other three forces. Although the values of s slightly vary within
the Kr isotopic chain when using different Skyrme forces, the
curves presented in Fig. 3 exhibit the same trend.

The results shown in Fig. 3 are closely related to the evolu-
tion of the quadrupole parameter β =

√
π/5 Q/(A⟨r2⟩1/2) (Q

being the mass quadrupole moment and ⟨r2⟩1/2 the nucleus
rms radius) as a function of the mass number A that is
presented in Fig. 4. First, one can see from Fig. 4 that the
semimagic A = 86 and A = 118 Kr isotopes are spherical,
while the open-shell Kr isotopes within this chain possess
two equilibrium shapes, oblate and prolate. In the case of
open-shell isotopes, the oblate and prolate minima are very
close in energy and the energy difference is always less than
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FIG. 4. (Color online) The quadrupole parameter β as a function
of the mass number A for the even-even Kr isotopes (A = 82–120)
in the case of the SLy4 force.
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A diminution of 10% is predicted when deformation increases  
From 0 to 0.4 
⇒ What happens at scission deformation ?? 
⇒  Effect of density ?? 



Other explanation: Remaining of shell effects in BE 

Z=50 

BE = BE + SE + SEdef 
SE = 3*exp(-(Z-50)2/(2*32))*4*exp(-(N-82)2/(2*3.52))
SEdef = 3*exp(-(Z-54)2/(2*32))*4*exp(-(N-90)2/(2*3.52))

Z=50 BE
 (M

eV
/A

)
BE

 (M
eV

/A
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Scission-point model with shell effects 

SE(E=45)=0.5SE(E=0)
SEdef(E=45)=0.95 SEdef(E=0)

Shell effects remain quite strong, even at E*=45 MeV ?? 


