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 Fission in inverse kinematics: kinematical boost for a 
direct identification of the fission fragments 
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We will see in the following slides 
 
That inverse kinematics brings 
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•  10 actinides produced 
•  E* distribution 
•  Full resolution in (Z,A) of fragments 
•  Kinematic properties 
•  Détermination of scission  
fragments 
250Cf, E*=45 MeV 
240Pu, E*=10MeV 

238U +12C @ 6.1 MeV/u 



Transfer-induced fission in inverse kinematics 
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Isotopic distributions of fission fragments induced in 
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Transfer-induced fission in inverse kinematics 
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Assets of the experimental set-up: 
Reconstruction of kinematical properties 
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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) =

P
A

Y (A,Z)V (Z,A)P
A

Y (A,Z)

< �V > (Z) =

P
A

Y (A,Z)�V (Z,A)P
A

Y (A,Z)

(1)

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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Reconstruction of the scission fragment masses A* 
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FIG. 2. Average fission velocities as a function of the masses
of the di↵erent isotopes produced in the fission of 250Cf, for
each atomic number.

before neutron evaporation, obtained experimentatly as
described below, is considered in the estimation of the fis-
sion velocities from the liquid-drop model. For a better
agreement of the prescription of Wilkins with the present
data, a neck parameter of 2.5 fm needs to be considered.
With respect to previous work [1], a better agreement
with the theoretical estimation is reached, as the correc-
tion for the energy loss in the target has been taken into
account.

The increase of the neck parameter with respect to
Wilkins prescription could be a result of the reaction
mechanism, inducing higher angular momentum than in
the proton-induced or spontaneous fission considered by
Wilkins. In figure 3, some deviations with respect to the
liquid-drop model can be observed. They are the signa-
ture of the presence of shell e↵ects as will be discussed
further.

In both systems the standard deviation is decreasing
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FIG. 3. Average fission velocities < V > (Z) as a function
of the fragment atomic number Z produced in the fission of
240Pu. It is compared to the Wilkins prescription of the fis-
sion kinematics (red line). The neck parameter d has been
increased from 2 to 2.5 fm.The average standard deviation is
displayed in the bottom panel. See equation 1 and text for
details.

with increasing Z, showing that the di↵erent fluctua-
tions in the scission configuration and subsequent neu-
tron evaporation are less and less influencing straggling
on the fragment momentum as the fission mass incre-
asses. The standard deviation for the Cf fissioning sys-
tem is larger, reflecting a higher excitation energy. some

arguments?

RECONSTRUCTION OF THE SCISSION
FRAGMENT MASS

The velocity is reflecting important properties of the
scission configuration, such as deformation and masses
of the nascent fragments. Due to the momentum conser-
vation, the ratio of the velocities is equal to the reverse
ratio of the initial masses:

V1

V2
=

A⇤
2

A⇤
1

(2)

In the present experiment, only one velocity is measured,
however the complete fragment production is covered, as
demonstrated in the preceeding section. In both inves-
tigated systems the excitation energy is not enough to
allow for proton evaporation, therefore for one fission-
ing system of definite atomic number ZFS one fragment
atomic number Z1 is associated to the complementary
atomic number Z2 = ZFS � Z1. In the case of 240Pu

Charge conservation 
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FIG. 4. Average fission velocities < V > (Z) as a function
of the fragment atomic number Z produced in the fission of
250Cf. It is compared to the Wilkins prescription of the fis-
sion kinematics (red line). The neck parameter d has been
increased from 2 to 2.5 fm for a better agreement with the
data.The average standard deviation is displayed in the bot-
tom panel. See equation 1 and text for details.

fissioning system, with an average excitation energy of 9
MeV, no pre-scission neutron evaporation is considered.
In the case of 250Cf, the neutron evaporation leads to a
fissioning system of average mass AFS = 249.8, as given
from GEF [8] predictions. Indeed, from this simulation
code, the first chance fission is supposed to happen in
more than 80% of the cases. It is then possible to asso-
ciate to both fission-fragment atomic number the average
fission velocities< V1 > and< V2 > from equation 1, and
deduce the average initial masses < A⇤ >1 and < A⇤ >2

using the momentum and mass conservation:

< A⇤ >1= AFS
<V2>
<V1>

< A⇤ >2= AFS� < A⇤ >1
(3)

The resulting average neutron excess of the scission
fragments are displayed in blue in figures 5 and 6. The

neutron excess defined as <A>(Z)�Z
Z =< N > /Z is cho-

sen, as it shows a more emphasized structure compared
to the simple < A > (Z) mass information, which is
increasing steadily with Z. It is compared to the post-
evaporation average neutron-excess deduced from the av-
erage post-evaporation mass measured in the experiment:

< A > (Z) =

P
A A ⇤ Y (A,Z)P

A Y (A,Z)
(4)

The results are also compared to the GEFsimulation
estimation [8] displayed with open symbols.
The neutron excess of the scission fragments of 240Pu

show a step behaviour, with a sudden increase around
Z = 50. The step is maintened up to Z = 54 and above.
The neutron excess of the scission fragments of 250Cf

show a more regular steady increase with increasing Z, as
predicted by the liquid-drop model following Wilkins [7]
and Myers[? ] prescription, displayed as a red dashed
line in figure 6. The origin of the di↵erence between the
liquid drop model and GEF is not clear. Is it possible

that GEF uses some di↵erent parameters for the liquid

drop ? I will discuss this later.

The post-evaporation fragments of 250Cf show no po-
larisation, which is not properly reproduced by the GEF
code. In contrast, the shell structures appearing in the
neutron excess of the 240Pu are conserved after the neu-
tron evaporation, and the structure of the neutron excess
of the final fragments is well reproduced by the GEF
code.
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FIG. 5. Average neutron excess < N > /Z as a function of the
fragment atomic number Z produced in the fission of 240Pu,
pre and post-neutron evaporation, in blue and black symbols,
respectively. It is compared to the estimation of GEF with
the same color code and open circle symbols

POST-SCISSION NEUTRON EVAPORATION

The di↵erence between the measured mass at the focal
plane of the spectrometer and the scission mass deduced
from the velocity properties gives access to the average
neutron multiplicity evaporated by the fragments:

< ⌫ > (Z) =< A > (Z)� < A⇤ > (Z) (5)

The resulting average neutron multiplicities are com-
pared in figure 7 and 8 to the estimation of the GEF
model. In the case of 240Pu, the saw-tooth behaviour of

Neutron excess of the fragments at scission 

240Pu 250Cf 
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Similar trend in direct neutron observation 

250Cf E*= 45 MeV 
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FIG. 6. Average neutron excess < N > /Z as a function
of the fragment atomic number Z produced in the fission of
250Cf, pre and post-neutron evaporation, in blue and black
symbols, respectively. It is compared to the estimation of
GEF with the same color code and open circle symbols, and
the liquid-drop model estimation in red dashed line.

the neutron multipicity can be guessed, eventhough large
fluctuations arise in the light fragments parts. These fluc-
tuations arise from statistical limitations, and are not
seen in the 250Cf which showed a factor 20 in statistics.
I don’t have idea to improve the data. In the case of
250Cf a steady increase of the neutron multiplicity with
Z is observed, in agreement with direct measurements of
neutron multiplicity [9]. The GEF simulation is showing
a similar increase, though with a less steep slope. The
di↵erence with the data is arising from the description of
the scission fragment, and the subsequent neutron evap-
oration by both fragments.
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FIG. 7. Average neutron evaporation multiplicity < ⌫ > (Z)
for 240Pu. It is compared to the estimation of GEF in open
circle symbols.
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FIG. 8. Average neutron evaporation multiplicity < ⌫ > (Z)
for 250Cf. It is compared to the estimation of GEF in open
circle symbols.

LIQUID-DROP DESCRIPTION OF THE
SCISSION POINT

The scission-point model [7] describes the scission
point as the configuration that minimizes the total en-
ergy, being composed of the two deformed fragments and
their Coulomb interaction. For the mass of the deformed
fragments, the prescription of Myers and Swiatecki is
considered [? ]. This model is in good agreement with
the Cf data, describing the velocities with a good accu-
racy, as is displayed in figure 4, and a fair agreement
with the neutron excess of the fragments at scission, as
displayed in figure 6. Concerning this last property, the
liquid drop model of [? ]and the GEF simulation code
give slightly di↵erent results. May be the reason is dif-
ferent parameterization in both calculations.
The liquid drop parameters can be changed in order to

fit better the data. An example is given in figure 9, with
di↵erent parameterisation of the influence of the nuclei
deformation on their binding energy. It is clear that the
knowledge of the neutron excess of the scission fragments
can bring much information on the scission configuta-
tion and the nucleus properties.some idea to deepen the

point..?

TOTAL KINETIC ENERGY

The experiment total kinetic energy of scission frag-
ments is defined as follow:

TKE(Z) =
1

2
< A⇤

1 >< V1 >2 +
1

2
< A⇤

2 >< V2 >2 (6)

It is compared to the Wilkins prescriptions in fig-
ures ??. An overal good agreement is observed with the
data, depsite the Cf fragments show a total kinetic en-
ergy flatter than expected. The total kinetic energy of

4

barely strip the incoming beam with ionic charge-state of
58. Consequently, the di↵erent parameterizations show
an important discrepancy with the experimental results
as they consider the ionic charge-state distributions after
a layer su�cient to reach the equilibrium charge-state,
which is not the case with such thin layers. In panels (b)
and (d) , layers thick enough to reach the equilibrium
charge-state have been used, and the experimental data
show a stronger stripping e↵ect, the average charge-state
being increased from 58 in front of the target to 76 and
79 behind the Al and Be target, respectively. A much
better agreement is observed with the di↵erent param-
eterizations. The Leon prescription [11] gives excellent
results after the thick Al layer, whereas it is significantly
too high in the case of Be target. In both cases, the
Schiwietz and Grande parameterization [12] gives a fair
prediction of the average charge state, while the width of
the distribution is too wide.
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FIG. 5: (Color online) Primary-beam ionic charge-state dis-
tributions measured behind di↵erent materials. a) 40µg/cm2

C; b) 3mg/cm2 Al, c)15µg/cm2 Mylar foil and 20µg/cm2

Al; d) 1.5mg/cm2 Be. They are compared to di↵erent pa-
rameterizations for charge-state distributions: Schiwietz and
Grande [12] (solid blue line), Leon [11] (dotted-dashed red
line), Winger [13](black dashed line).

III. RECONSTRUCTION OF THE
FISSION-FRAGMENT YIELDS

The spectrometer induced cuts in the angular distribu-
tion of the fission fragments, as well as in their momen-
tum distribution. The angle-aperture is ±1�, and the
magnetic rigidity acceptance ±0.8% around the nomi-
nal magnetic rigidity value. The fragment production
was measured for several values of the nominal magnetic
rigidity in order to cover the fragment momentum distri-
bution. Due to the limited beam-time, only four di↵erent
values of the nominal rigidities could be measured, and
in order to cover as much as possible of the fragment mo-
mentum distribution, the nominal values were separated

by about 5 %. To estimate the losses, a simulation of the
kinematics of the fission fragments was performed, based
on the assumption that in the reference frame of the fis-
sioning system, the total kinetic energy TKE is shared
between the two fragments:

TKE =
1

2
A

h

v

h

2 +
1

2
A

l

v

l

2
, (4)

where the indexes
h

and
l

refer to the heavy and light
fragment, respectively, and that the total kinetic energy
can be expressed in MeV following [14]:

TKE = 1.44
Z

h

Z

l

r0(A
1/3
h

(1 + 2
3�h

) +A

1/3
l

(1 + 2
3�l

)) + d

.

(5)
The radius of the nucleon r0 was assumed to be 1.16 fm,
the parameters �

h

and �

l

, referring to the deformation
of the heavy and light fission-fragments at the scission
point have been taken equal to 0.625, and the tip dis-
tance between the two fragments d equal to 2 fm, as pro-
posed in [14] and confirmed in [15]. For each fragment
split, the total kinetic energy was calculated assuming
no neutron evaporation. The kinematic characteristics
of each fragment were then transferred into the labora-
tory reference frame, assuming a random position along
the target thickness for the reaction to take place, induc-
ing a wide distribution of the fissioning-nucleus velocity.
The ionic charge-state distribution of the fragments was
estimated according to the Schiwietz and Grande param-
eterization [12]. To reproduce the data scaling factors of
1.025 and 1.3 were applied to the mean charge-state and
the width of the ionic charge-state distribution, respec-
tively. Finally, the angular cuts of the spectrometer were
applied to the kinematics simulation. Figure 6 shows a
comparison between the experimental charge-state dis-
tribution measured for the ensemble of the spectrometer
settings during the experiment and the results of the sim-
ulation, for di↵erent ions. The good agreement between
the simulated and measured ionic charge-state distribu-
tion gives confidence in the correct simulation of the kine-
matics and the charge state distribution.
The simulated magnetic-rigidity distributions for dif-

ferent fission fragments are displayed in figure 7, where
the angular transmission of 3±1� has been applied. Only
fission fragments emitted in the direction of the beam
(forward fission) are considered in the figure. For each
isotope, the width of the magnetic rigidity distribution is
the convolution of the ionic charge-state distribution and
the velocity distribution. The velocity-distribution width
results from the fission kinematics convoluted with the
large energy straggling in the target, which is the most
important factor in the magnetic rigidity spread. In the
simulation, a flat random distribution in the atomic and
mass numbers of the fission fragments was used, and for
each isotope the correction factor f

acc

(Z,A) for the an-
gular and magnetic-rigidity cuts was defined as the ra-
tio of the number of fragments generated and the num-
ber of fragments transmitted in the angular acceptance

Deformation at scission  !! 



Very complete information!! 
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Conclusions 

•  Fission experiments based on inverse kinematics at Coulomb 
energy allow for  
–  A comprehensive measure of the fission product yields 
–  A precise measure of the kinematic properties 
–  An original and powerful insight into the fission process with 

the reconstruction of some scission point properties : 
•  Deformation, TXE, charge polarization…. 

•  As a perspective, the impact of excitation energy will be studied 
•  New actinides produced in other transfer reactions will be 

investigated 
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