
Transfer-induced fission in inverse kinematics:  
Impact on experimental and evaluated nuclear data bases 

F. Farget, O. Delaune, X. Derkx, C. Golabek, 
T. Roger,  A. Navin, M. Rejmund, C. Rodriguez-Tajes, C. Schmitt     GANIL, France  
K.-H. Schmidt, B. Jurado           CENBG, France 
D. Doré, M. Delphine de Salsac          SPhN, France 
J. Benlliure, M. Caamaño, E. Casarejos, D. Cortina,  
B. Fernandez-Dominguez, D. Ramos         USC, Spain 
L. Audouin, C.-O. Bacri,            IPNO, France 
L. Gaudefroy, J. Taieb            CEA DIF, France 
A. Heinz              Chalmers U., Sweden 

F. Farget et al., GANIL 



Why inverse kinematics for fission ? 
Isotopic fission yields 

Exfor 

O. Delaune PhD 



Fission yields in direct kinematics 

FF1 

FF2 

Mass distribution: OK 
Isotopic distribution: 
prompt or β-delayed spectroscopy 
Limited by the  
-lifetime of the FF 
-unknown level scheme of FF 
 

A. Bail PRC 84(2011)  J.P. Unik, IAEA –SM-174/209 



 Fission in inverse kinematics: kinematical boost for a direct 
identification of the fission fragments 

Zf 1'
Af 1F1

Zf 2
Af 2F2

We will see in the following slides 
That inverse kinematics 
Bring more than isotopic distribution 
 
With some price to pay 



Transfer-induced fission in inverse kinematics @ GANIL 
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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* 



Transfer-induced fission in inverse kinematics 

SPIDER 

VAMOS 

ΔE-E,θ 
Bρ-ToF-ΔE-E 

S. Pullanhiotan et al., NIM 593 (2008) 343 
M. Rejmund et al., NIMA 646 (2011) 184 

EXOGAM 



Transfer-induced fission in inverse kinematics 

SPIDER 
C. Rodriguez-Tajes et al., PRC (2014) 024614 

ΔE-E,θ 



Towards an extended use of surrogate reactions :  
excitation of the outgoing particle needs to be considered 

In 10-15% of the transfer reactions,  
few MeV of E* 
are taken away by the transfer partner 
(Only first states have been observed) 

γ 

C. Rodriguez-Tajes et al., PRC (2014) 024614 



Fission probabilities 

Agreement with previous data : plateau and positions of the thresholds 
Difference  in slope and structure at the threshold (reaction mechanism) 



Transfer-induced fission in inverse kinematics 



Isotopic distribution of fission fragments 

M. Caamaño et al., PRC 88 (2013) 024605 
C. Schmitt et al, NPA430 (1984) A. Bail, PRC84 (2011)  

Excellent control of the spectrometer transmission 



Evolution of yields with fissioning system 

D. Ramos, USC PhD 



Evolution of yields with E* 

D. Ramos, USC PhD 



Neutron excess of fission fragments 

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

Charge polarization 

240Pu E*~9MeV 250Cf E*~45MeV 
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Kinematics properties of fission fragments 

250Cf (θ=φ=0) VFS= reaction kinematics 
240Pu(θ,φVFS) measured in SPIDER assuming a direct (two-body) reaction. 
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Reconstruction of the vecolity vector in the reference frame 
of the fissioning system 
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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

V(Z,A) Y(Z,A) 
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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
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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⇤
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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
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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
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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-
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better agreement of the Wilkins prescription with the
present data, the neck parameter d needed to be in-
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reaction mechanism used in the present work, inducing
higher angular momentum than in the proton-induced or
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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

d=2.5 fm for 240Pu (2p transfer, E*=9 MeV) 
d=2.7 fm for 250Cf (fusion, E*=45 MeV) 
Β1=β2=0.6  



Scission fragment neutron excess !! 
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FIG. 2. Mean values of the fission velocity spectra as a func-
tion of the neutron number of the di↵erent isotopes produced
in the fission of 250Cf, for each atomic number. The error bars
show the second momentum of the velocity spectra.

in the fission of Cf is larger, reflecting a higher excita-
tion energy of the compound nucleus, and therefore a
larger number of evaporated neutrons as a larger ensem-
ble of scission configurations. The standard deviations
observed in the fission of Pu show fluctuations, revealing
the low statistics observed mainly in the symmetric split.

III. RECONSTRUCTION OF THE SCISSION
FRAGMENT MASS

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

V1

V2
=

A⇤
2

A⇤
1

(4)
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FIG. 3. (Color online) Upper panel: 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 fission kinematics (red line). The
neck parameter d has been increased from 2 to 2.5 fm. Bottom
panel: the average standard deviation of the fission-velocity
spectra. See equation 1 and text for details.
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FIG. 4. (Color online) Upper panel: 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 fission kinematics (red line). Bottom panel:
average standard deviation of the fission-velocity spectra. See
equation 1 and text for details.
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In the present experiment, the velocity of only one frag-
ment is measured, however over the complete fragment
production, as demonstrated in the preceeding section.
In both investigated systems the excitation energy is not
enough to allow for proton evaporation, therefore for one
fissioning system of definite atomic number ZFS one frag-
ment atomic number Z1 is associated to the complemen-
tary atomic number Z2 = ZFS � Z1. In the case of
240Pu fissioning system, with an average excitation en-
ergy of 9 MeV, no pre-scission neutron evaporation is
considered. In the case of 250Cf, the excitation energy is
su�cient to allow for neutron evaporation before fission-
ing. The neutron-evaporation probability depends on the
angular momentum induced in the reaction. In similar
reaction with 16O beam on 238U, angular anisotropy has
been used to determine the root-mean-squared angular
momentum induced in the reaction at an energy close to
the Coulomb barrier [12]. A value of 24h̄ was determined
for this reaction. Calculations based on the Bass modeli-
sation [13] of which the parameter are slightly adjusted
to reproduce the experimental data of [12], an estimation
of 20h̄ is done in the case of the present experiment. This
angular momentum and excitation energy lead to an av-
erage fissioning system of mass AFS = 249.5, considering
the di↵erent fission probabilities obtained from GEF [14]
predictions. Indeed, from this simulation code, the first
chance fission is supposed to happen in more than 64% of
the cases. The error estimated on the fissioning nucleus
average mass is restricted to 0.3 mass units, considering
the small possible variations on angular momentum and
the limited excitation energy. 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 >
(5)

The resulting average neutron excess of the scission
fragments is displayed in blue open circles in figures 5
and 6 for both fissioning systems. The neutron excess
defined as <A>(Z)�Z

Z =< N > /Z, or charge polarisation
of the fission fragments, is chosen, as it shows a more
emphasized structure compared to the simple < A >
(Z) mass information, which is increasing steadily with
Z. The error bars displayed comprise the uncertainty on
the fission velocity measurement and on the fissioning-
nucleus mass, as the statistical source of uncertainty. It
is compared to the post-evaporation neutron-excess of
the fragments, displayed in black full circles, deduced
from the average post-evaporation mass measured in the
experiment:

< A > (Z) =

P
A AY (A,Z)P
A Y (A,Z)

(6)

The neutron excess of the scission fragments of 240Pu

(open circles) show a step behaviour, with a sudden in-
crease around Z = 50. The step is maintened up to
Z = 54 and above. The subsequent neutron evapora-
tion does not attenuate the step structure, which is also
observed for the post neutron-evaporation fragments.
In contrary, the neutron excess of the scission frag-

ments of 250Cf shows a smooth behaviour and a steady in-
crease with increasing Z, while neutron evaporation mod-
ifies significantly the trend. The fragments observed af-
ter neutron-evaporation show a constant neutron-excess,
with no charge polarisation.
The larger error bars observed in the fragments of

240Pu reflect the lower statistics in the population of this
fissioning system, due to the lower transfer cross section
compared to the fusion cross section, by about a factor
50 [8, 15].
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FIG. 5. (Color online) Average neutron excess < N > /Z of
the fragments produced in the fission of 240Pu as a function of
their atomic number Z, pre and post-neutron evaporation, in
blue open and black full circles, respectively. It is compared
to the estimation of GEF code with the same color code,
open and full triangles for pre and post-neutron evaporation
fragments. The red dashed-line corresponds to the predictions
of the liquid-drop scission-point model.

These experimental results are compared to GEF cal-
culations [14], displayed in both figures as open and full
triangles, for the neutron excess of scission and final frag-
ments, respectively. The structures appearing in the neu-
tron excess of the 240Pu scission and final fragments are
well reproduced by the GEF code. In contrast, more de-
viations with respect to the experimental data appear
for the calculation of the fragments of 250Cf. This com-
pound nucleus is populated at an excitation energy of
45 MeV, and therefore it is expected that the contribu-
tions of the single-particle structure of the nucleus have
disapeared [16]. Indeed, GEF calculations show a simi-
lar steady increase of the neutron excess with the atomic
number of the scission fragments, with a slight di↵erent
slope that will be discussed in section VI. However, these
calculations cannot reproduce the experimental constant
value of the neutron excess of the final fragments as a
function of their atomic number. Indeed, the light fis-
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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 and mass conservation 

Average velocity not modified by post-scission evaporation 



Scission configuration investigation: 240Pu E*=9MeV 

Scission point model: minimisation of the total energy 
 

Liquid-drop energy  Myers & Swiatecki, Lysekil, Ark. Phys. 36 (1967) 343 



Scission configuration investigation: 250Cf E*=45MeV 
Scission point model: minimisation of the total energy 
 

Liquid-drop energy  
Myers & Swiatecki, Lysekil, Ark. Phys. 36 (1967) 343 

*0.4 

*0.95 

Persistence of SE at E*=45 MeV !! 



Post-scission neutron evaporation 
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Total Kinetic Energy  
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Deformation at scission !! 

240Pu E*~9MeV 250Cf E*~45MeV 

M. Caamaño, F. Farget et al., 

V(Z1)  ó V(Z2) = V(ZFS-Z1) 



Summary and outlook 

  Transfer-induced fission in inverse kinematics coupled to the spectrometer VAMOS 
allows to  

–  Investigate a ten of fissioning actinides, heavier than 238U 
–  With E* ranging from few MeV above the fission barrier to 45 MeV 
–  Isotopic fission-fragment distributions are available for each system 
–  With kinematics properties of the fission fragments it is possible to reconstruct 

the properties of the fragments at scission 
•  Their TKE 
•  Their average neutron excess <N>/Z 
•  Deduce the prompt neutron multiplicity <ν>(Z) 

–  The present results show the importance to consider polarisation in the 
emergence of the fragments 

–  Further developments in the description of the scission fragments (evolution 
of binding energy with E* and deformation, sharing of E*) are needed !! 

–  Impact on evaluated fission yield will be decisive in the next decade 



Message to the data-evaluation community 

•  These type of experiments are held in laboratories meant for 
« fundamental nuclear physics » 

•  They rely on the use of expensive state-of-the art spectrometers and 
heavy-ion beam facilities 

•  It is difficult for us (experimentalists) to defend our goals 
–  Too much applied (not interesting) 
–  Not really applied (Fission Yields not in the HPRL, actinides not 

the good ones for applications, energy range not adapted…) 

•  If there exists an interest in this type of data it is important to find a 
way to defend at a high level of strategy and funding decision 
–  The sustainability of U beams 
–  The adequate  human resources to pursue these programmes 


