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1. Introduction

High-energy secondary-beam facilities such as GSI, RIA, and RIBF provide the technical equipment
for a new kind of fission experiment [SchO1]. Fission properties of short-lived nuclei can be investi-
gated in inverse kinematics. A new model of fast analytical calculation of fission fragment transmis-
sion through a fragment separator has been developed in the framework of the code LISE++.

The reaction mechanism determines the excitation energy, deformation and angular momentum of the
fissioning system. Here is an attempt to classify fission reaction mechanisms:

spontaneous fission;
photofission;

1
2
3. Coulomb (electro-magnetic) and electron fission;
4. fusion-fission (fast fission, quasifission);

5

fission induced by nuclear reactions (proton-induced, spallation and etc).

However from the point of view of the LISE++ code only the following fission reactions are interest-
ing to simulate fragment transmission through a fragment-separator:

1. Coulomb (electro-magnetic) fission;
2. fusion-fission;
3. abrasion-fission (spallation in inverse kinematics).
This version devoted to the new reaction mechanism “Coulomb Fission” has been developed in

LISE++ mainly based on GSI experience. The two other fission mechanisms will also be developed
soon in LISE++.

In the development of this new reaction mechanism in the LISE++ framework it is possible to distin-
guish the following principal directions:

e Kinematics of reaction products;
e Production cross-section of fragments

e Spectrometer tuning to the fragment of interest to produce maximal rate (or purification).

The next three chapters are devoted to these questions. The kinematics of fission products was realized
in two different ways: Monte Carlo method’ and LISE “classical”’method®.

The following assumptions were made for Coulomb fission:

e The angular momentum of the fissile nucleus is equal to 0;
e The spatial distribution of fragments is isotropic as a consequence of the previous assumption;
e Fission takes place without preliminary emission of light particles from the projectile;

e The primary beam energy is high enough to assume that tg(6)=0, where 0 is the angle between
beam and fragment directions in the case of DistrMethod.

¥ MCmethod — Monte Carlo method of fission fragment kinematics.
' DistrMethod — analytical distribution solution using transport integral theory.
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2. Fission fragment kinematics at intermediate and high energies

2.1. Kinematical description

The kinematics of the fission process is characterized
by the fact that the velocity vectors of the fission resi-
dues populate a narrow shell of a sphere in the frame
of the fissioning nucleus. The radius of this sphere Vyis
defined by the Coulomb repulsion between both fission
fragments. In the case of reactions induced by relativis-
tic heavy ions, the transformation into the laboratory
frame leads to an ellipsoidal distribution which will
characterize the angular distribution of fission residues
[Ben02, Amb96].

An example of the velocity spectrum is shown in
Fig.1b [Ber03]. Two narrow asymmetric peaks are ob-
served roughly equidistant from velocity zero, i.e. the
projectile velocity. Velocities are defined in reference to
the beam direction i.e. forwardly and backwardly emitted
fragments have positive and negative velocities, respec-
tively. Velocity vectors of a specific isotope populate a
thin spherical shell in the fissioning system. The sphere is
pictured in Fig.1a [Ber03] by a circle, the cut of the sphere
by a plane which contains the beam. Only forward and
backward cups of the sphere, defined by the angular ac-
ceptance « of the Fragment Recoil Separator, are trans-
mitted, and the longitudinal projections of their velocity
distributions are shaping the two peaks (Fig.1 b).

Two different methods for fission fragment kinematics
are available in LISE++: MCmethod and DistrMethod.

DistrMethod is the fast analytical method applied to
calculate the fragment transmission through all optical
blocks of the spectrometer. MCmethod has been devel-
oped for a qualitative analysis of fission fragment
kinematics and utilized in the Kinematics calculator.

dn(V) / dV

V (cm/ns)

Fig.1. a) Schematic view of the experimental pa-
rameters shaping the measured velocity spectrum in
the frame of the fissioning system. Vf the fission-
fragment velocity, o is the angular acceptance of the
FRS, and o, its variance. ¢"* are the corresponding
emission angles of fission fragments in the fissioning
system in forward and backward directions, respec-
tively. b) Velocity spectrum of "**Te in the frame of
the fissioning system. The velocity V = 0 refers to the
projectile frame [Ber03].

Note: The user is setting the excited fission fragment then the code calculates expected final fragment in the case
of MCmethod, but the situation is opposite in the case of DistrMethod: the user is setting the final fragment in
ground state and then find out expected excited fragment as result of splitting the projectile nucleus.

2.2. Monte Carlo simulation of fission fragment angular and energy transmissions

To get Monte Carlo simulation of fission fragment transmission it is necessary to click on the button
“2D fragment plot” from the “Kinematics calculator” dialog (see Fig.2) in the mode “BREAKUP (FIS-
SION)”. Q-value of the reaction should be positive, else this button is disabled.
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Fig.3. The “2D fragment plot” dialog (version 6.6).

There are twelve different 2D plots that can be done. Nine of them are in the laboratory frame, and the
three other are in the center-of-mass system. All reaction settings and excitation energies can be en-

tered in the “Kinematics calculator” dialog.

Note: A positive value of the energy variation before reaction reduces the calculation speed because
the code needs to recalculate all initial kinematics angular and energy distributions for each fission
event. Otherwise initial distributions are calculated only once at the beginning of calculations.

"It has been done It was made by analogy to work of M.Bernas et all.[Ber03], but actually an angular acceptance is con-
stant value, and the idem variations can be explained by the initial angular emittance of a beam, and angular straggling of

the beam and the fragment in the target.

-6-




An example of the Monte Carlo simulation plot of fission fragment transmission is shown in Fig.4. In
the right gray box it is possible to see an angular and energy acceptance transmission result. The pro-
jection of the plot in Fig.4 on the horizontal axis (Vz) is shown in Fig.5.
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Fig.4. Monte Carlo simulation: 2d-identification plot V, versus V, in the laboratory frame.
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Fig.5. The projection of the plot (Fig.4) onto the Vz horizontal axis.



2.2.1. 2D fragment plot (Monte Carlo) — version 7.1

The old MCmethod (v.6.6) calculates the transmission of an excited fragment through a dipole after
projectile fission in a target of zero thickness which physically is not correct. Fragment excitation en-

ergies were set manually in the Kinematics Calculator. In the new version of dialog the following op-
tions are now available (see Fig.6):

1. Taking into account a target thickness;

2. Only fragments in the ground state can be used for transmission calculations;

3. Fragment excitation energies can be taken from systematics in view of the initial excitation en-
ergy of the fissioning particle;

4. Broadening of the spatial distributions due to emission of light particles.

=101
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Fig.6. The “2D fragment plot” dialog (version 7.1). Initial excitation energy of fissioning nucleus “*U is equal to 50 MeV

There is the calculation algorithm for a nonzero target thickness and excitation energies taken from
systematics:

1 Initial settings: £0 (beam energy), Ex(A*) (excitation energy), ax=0, ocy=0.

2. Choosing an initial emittance d(oax1), d(ayl): E0 ® dE =EI,

3. Choosing a place X of reaction in the target (0 < X < 7, with the target thickness 7).

4

Calculation of projectile energy loss in the target dE2 (thickness X) and drawing an energy
straggling d(dE3): E1 — (dE2®d(dE3))=FE4. Angular straggling d(ax2), d(ay2);

5. Calculation of excitation energy of fragments Ex(C*) and Ex(D*) using initial excitation en-
ergy, and the energy dissipation systematic.

6.  Construction of Relativistic Kinematics class with input parameters:
o A* C* D* (A —input, C, D — output, the sign “*” means excited);
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e E4 — energy of the fissioning projectile at the time of reaction;

e Excitation energies: Ex(A*), Ex(C*), Ex(D¥*).

Choosing angles of emission of fragment C* in the centre-of-mass system (CMS).
Transformation of angles and energy from the CMS to the lab system: E5, ax3; oy4;
Calculation of the final fragments C¢& Ds in their ground states.

10. Calculation of broadening values caused by the emission of light particles dE6, d(ox6), d(ay6),
E5S®dE6=E7.

11. Calculation of fragment (Cs) energy loss dES in the remaining target thickness 7-X and choos-
ing an energy straggling d(dE9): E7 — (dES®A(dEY))=E10. Angular straggling d(ox7), d(ay8).

12. Drawing fragment direction of fragment ox3 ® [d(ox/),d(ox2),d(ox6),d(ox7)] = oxi2,
ay3 ® [d(ay]),d(o2),d(oy6),d(ay7)] = oy l2.

13. Analysis of energy and angular transmission with ax/2, ay12, E10.

where the expression “A®B” denotes drawing value with mean value A and standard deviation B.

2.2.2. Using target thickness

Two 2D-plots of Ax (horizontal component of the angle in the laboratory frame) versus energy per
nucleon of **Sn final fragment after 2**U(600 MeV/u) fission are shown in Fig.7. Acceptances settings
are given in Fig.6. The left picture represents case of a Pb target with 4 mm thickness; the right plot
was created for a zero target thickness. The initial excitation energy of the fissioning nucleus ***U is
equal to 50 MeV. Transmissions are equal to 63% and 73%, respectively, in the case of the 4 mm tar-
get and zero thickness. The projections of the 2D plots from Fig.7 on horizontal and vertical axes are
shown in Fig.8.
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Fig.7. 2D-plots Ax(horizontal component of the angle in the laboratory frame) versus Energy per nucleon of "’Sn final
fragment after *U(600MeV/u) fission. Acceptances settings are shown in Fig.6. The left picture represents case of using a
Pb target thickness of 4mm, the right plot was obtained for the case of a zero thickness target. Initial excitation energy of
fissioning nucleus ***U is equal to 50 MeV.
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Fig.8. Projections of 2D plots from Fig.7 on the horizontal and vertical axes.

2.2.2.1. MCmethod calculation speed

The Monte Carlo method gives a very qualitative analysis, but the basic problem is the amount of time
spent for the calculations. For comparison some estimations of the MC calculation speed were done.
MCmethod can be applied for single estimations, but for fast results for simulations with many nuclei

it may be preferable to use the analytical methods (see table).

Method Rates (events per second) Time to calculate transmission
of one nucleus
MCmethod.: ~40 000 To get the right plot in Fig.7
with zero thickness target (for 100% transmission) ~ 10 minutes
MCmethod: ~2 000 To get the left plot in Fig.7
take into account thickness target (for 100% transmission) ~ 2 hours

For NP=16: 0.15 sec

he same conditions
DistrMethod Jor 1 For NP=32: 0.22 scc
M
as for MC method test above For NP=64: 035 sec

Note: increase the number of pixels for one event for the Monte Carlo plot in the “Plot options” dialog
to get more “intense” MC plot faster.
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2.2.3. Excitation energies

If the option “take from systematic” is set in the “Excitation energy” box of the “2D-fragment plot”
dialog (see Fig.6), then the excitation energy of the fragments is taken as the sum of the excitation en-
ergy above the barrier and intrinsic excitation energy E ;s [Ben98].

TXE =E, (C*)+E (D*)=E (4*)-B, +E, /1/

where Byis the height of the fission barrier, and Ey; is parameterized in the following way [Wil86]:
E, =3.53(22, ) Aqy —34.25). 12/

The final excitation energy is attributed to the fission proportionally to their level density parameters basing
on thermal equilibrium as one approaches scission [Bis70], or in other words, the nuclear temperatures of
C* & D* fragments are equal 7(C*) = T(D*). We refer to this TXE method as “dissipated energy”” method.

The user can select the second alternative definition of the total excitation energy (“Qvalue” method)
by H.R.Faust [Fau02] in the “Fission properties” dialog:

TXE = E (4%)+ (ac. +ayp)-(F-O) /3/

where ac+ and ap+ are the level density parameters for the excited fragment C* and D*, Q is the reac-
tion Q-value, and f is the constant connecting fragment excitation and Q-value. The value for f was

estimated to be equal to 0.0045 [Fau02].

2.2.4. Expected final fragment

Expected final fragments (Cpna and Dying) are calculated by the “LisFus” evaporation model in the fast
mode. The fast mode of the “LisFus” model assumes the following features:
e Number points in evaporation distributions depends from excitation energy of the fragment:

16 if E"<10MeV
NPevap =48 if 10< E* <100 MeV
4  if ET>100MeV

e There are only four decay modes: n,2n,p,a.

e If the probability to get a daughter nucleus is less than 0.001 then this nucleus is excluded from
the subsequent calculations.

The code finds the most probable final fragment and the average number of emitted nucleons which
are shown in the “2D-fragment plot” dialog (see Fig.6).

Use of the “LisFus” method to define the number of post-scission nucleons is a big advantage of he
LISE++ code which allows to observe shell effects in the TKE distribution, and enables the user to
estimate qualitatively the final fission fragment faster instead of using post-scission neutron emission
systematic which does not work well in a wide region of excitation energy for different fragment mass.

2.2.5. Total kinetic energy of fission fragments
A plot of total kinetic energy of fission fragments is available in the “2D fragment plot (Monte Carlo)”

dialog. The sum of the kinetic energy of two fragments in their final states is calculated assuming an
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unchanged charge density of the fissile nucleus to get a fragment neutron number (see Fig.9). By anal-
ogy with work [Sch00] LISE’s TKE calculations are compared in Fig.9 with a prediction of the liquid-
drop-model without taking shell effects into account [Wil76]:

Z-Z,-é

TKE = with 4/

D=ry-AP(1+28)+r, A (1+24,)+d, /5/

where the quadrupole deformation is 4 = = 0.625, and the tip distance is d = 2 fm. Average number
of evaporated post-scission nucleons and the distribution of excitation energy in the fragments also are
shown in Fig.9. Descriptions of other possibilities to plot total kinetic energy distributions (<TKE>
and TKE versus various observables in 1D- and 2D-formats) can be viewed in chapter 4.3.

e B initial excitation energy: 50.0 MWe
TKE and <d_ll> of flSSlOlllIlg nucleus: BSU* assuming unchanged charge density to get a fagrment neutron number

no shells and pairing corections for TKEMWikins); no fission deexcitation channel

T T T T T ¥ |— TKE systematics (iilkinz) [4] 52k 4 4 i * R H— <d_nz - from light fra gmer
—— TKE from calculations [B] : L — <d_n= - fram heavy fragment
---- Excitation Energy (Light) from [B] K H ----2d pr-aim
— - Pt : F S
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_ 3 o] nyh
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= 2 3zt Y )
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™ @ /
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< 1.6
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Fig.9. Plots of the total kinetic energy and the average number of evaporated post-scission nucleons versus the atomic number of
one fragment for the fissioning nucleus “**U (Ex=50 MeV). The “Dissipated energy” TXE method (#0) was used for the calcula-
tions.

2.2.6. Fragment distribution to plot

There are two possibilities to choose when plotting a fragment distribution: final fragment in ground state
or excited fragment before emission of nucleons. The excited fragment mode is not compatible with “us-
ing target thickness” mode. The code automatically sets the target option into “no target” mode.

2.2.7. Broadening due to particle emission

Angular and energy broadening values due to evaporation of nucleons from the excited fragment are
shown in the dialog box in the “final fragment to plot” mode.

-12 -



2.3. Fission kinematics used by the LISE “distribution” method (DistrMethod)

In order to calculate the kinematics of the final fission fragment by LISE’s “distribution” approach the
code is looking for the most probable excited fragment for a given final fragment (see chapter 4.2.1.).
LISE++ estimates the excitation energies of both fragments and then uses classes of the Relativistic
Kinematics Calculator to fill matrices and distributions of the “MatrixKinematics” class.

This chapter describes in details the class “MatrixKinematics”, and how to use debug plots. It is rec-
ommended for beginning users to skip this chapter and to proceed to chapter 2.4.

2.3.1. Class “MatrixKinematics”: fission kinematics by LISE “distribution” method

The class “MatrixKinematics” has been developed to calculate fission kinematics transmission by
means of the LISE’s “distribution” approach. The Monte Carlo transmission simulation supports two
angular acceptance shapes (ellipse and rectangle) whereas “MatrixKinematics” uses only a rectangle
shape.

Let’s define 6x = x” = AX, where O0x — is the horizontal component of an angle 6 between the fragment
direction and the beam axis in the laboratory frame which is calculated as Ox = atan(tan(6) cos())
(0 < ¢ <m). At intermediate and high energies it is possible to assume 0x = 6 cos(¢) to simplify Jaco-
bian matrix for the transformation from d*c/(dQ) to d*c/(dx dOy).

2.3.1.1. AX&AY matrices

The base of the “MatrixKinematics” class is four AX&AY matrices of size (NP+1)x(NP+1), where NP
is the current dimension of LISE’s distributions which can be changed in the “Preferences” dialog. For
the fission fragment transmission it is recommended to use 32 or 64, because is more time consuming
than projectile fragmentation transmission calculations.

Horizontal (Vertical) axis i-value is equal to AXmax (2i / NP-1), where AXmax (AYmax) is the maximal
possible value of angle 0x (By), and i = [0,1...,NP]. The first two matrices are “intensity” matrices in “For-
ward” and “Backward” directions. The matrix value corresponds to the differential cross-section
d’c/(d0x dBy) which is calculated assuming isotropic spatial distribution in the center of mass. The sum of
both “intensity” matrices is identical to the plot “Ax&Ay” in the Laboratory system in Monte Carlo simu-
lations (see Fig.3). The other two matrices are “energy” matrices in “Forward” and “Backward” directions.
The matrix value corresponds to the energy of a fragment emitted at angles (6x, Oy) in the Laboratory
frame. The division into forward and backward matrices was made because each pair (0x, 6y) correspond

two meanings of energy.

Ax&Ay matrices can be viewed through the dialog “BI” after the transmission calculations done in the
debug mode. Matrices will be saved as files in the directory “\spectres” if the “Debugging mode” option
in the “Preferences” has been turned on dialog and after executing the code to calculate fission fragment
transmission. After every cutting of angular distributions several files will be created. For example after
first cutting into the horizontal acceptance component (£12mrad) the following files will be created:

“minten00.spa” forward “intensity” matrix
“minten_b01.spa” backward “intensity” matrix
“menergy02.spa” forward “energy” matrix
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“menergy b03.spa” backward “energy” matrix
The next file for vertical acceptance is “minten05.spa”. Matrices are saved in the NSCL ASCII two-
dimensional spectrum and can be viewed in the dialog “BI”.

It is better to plot the “Intensity” matrices in logarithmic scale (default), and “Energy” matrices in the
linear scale. To plot the matrix in linear scale it is necessary to turn off the logarithmic scale using Eg
and set the initial values of the linear scale mode using the icon I: Forward “intensity” and “energy”
matrices are shown in Fig.10and Fig.11. For example in the case of forward “energy” matrix in the file
“CoulombFissionExample.lpp” the parameters were: minimal value=994 and step=5 (see Fig.11).

lise pp 7spectres'minten00.spa

AY Hsize=BS  YWsize=B6S

Fig.10. The forward “intensity”
matrix after cutting by a horizontal
rectangle shape acceptance equal

(8] to 12 mrad.
L
L1
N
=20 [ ]
-12 0 mrad AX
WHise pp 7'spectres'menergv02.8pa .. i.o-es  voize=ss
AY T [

Fig.11. The forward
“energy” matrix.




2.3.1.2. “Base” and “Acquired” distributions

Two sets of three one-dimensional distributions are used to get information from the “MatrixKinemat-
ics” class to the LISE transmission calculation subroutines. The first set, named “Base”, is created as a
result of integration using matrices AX&AY. There are two “angular” (4disX and AdisY) and one “en-
ergy” (disE) distributions which represent cross-section distributions correspondingly (do/d6x);-Aex,
(do/dBy) Agy, and (do/dE) -Ag . It 1s possible to express the i-th value of AdisX distribution in the fol-
low terms:

+AYmax AX;+Ay dzo_ dzo_
adisx, = [ | (—] + [—j d6,deo,, /6/
deX dey Sforward dex dey backward

—-AYmax AX;

(dz_aj S(E~ fE0,.60,) s+
Sorward

+AYmax +AXmax Ei+Ag deX dey

disE, = [ | ] dEd6,.d0,, /1

—AYmax -AXmax Ei dZO'
P a— -o\E - fEO, ,0
( d@X dHY jbackward ( ( o )baCkWWd )_

where d’c/(d0x dfy) values are taken from “intensity” matrices, and fE(0x , Oy) values are taken from “en-
ergy’”’ matrices.

The second set of distributions is called “acquired” and serves to take into account the following components:

e angular and energy straggling in the target and in materials;

¢ initial energy and angular emittance;

e energy broadening in the target due to different energy loss of the projectile and the fragment;
e energy broadening in the target due to different initial energy in the reaction kinematics.

Note: More detailed description of the given distributions, and also explanation on how angular and
power selection works will be given in the next chapter.

2.3.2. Fission kinematics debug distributions

Debugging distribution plots are enabled with the menu “1D-plot

e . . Debug plot mode x|
— Debug distributions”. Actually “debugging” distributions were

done to show how the class “DF4” is working. For example, a ~ Choose absciss axis
“real” momentum distribution (which the user can see in the mo- " P [MeVic)
mentum plot is “1D-plot - Momentum distributions”) is the result ™ E [MeViu)
of three distributions “I(P)”, “-dP(P)”, “+dP(P)” from the “debug- (= ¥-space (mm)
ging distributions” plot. But this topic is not devoted to the class (" Y-space (mm)
“DF4”, and fission fragment debugging distributions will be con-

sidered here. Fission kinematics distribution can be seen in the
reaction mode “CoulombFission* through the menu “1D-plot —
Debug distributions”, but the option “Fission mode” has to be cho- W 0K X Cuit |
sen first in the “Debug plot mode” dialog (see Fig.12).

Fig.12. The “Debug plot” dialog.
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Fig.14. Fission debug distributions after the First dipole (the same settings as in Fig.13).
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Fission kinematics debug distributions after the stripper and the first dipole are shown in Fig.13 and
Fig.14 for initial settings of the file “CoulombFissionExample.lpp” (NP=128 for plots). Plot designa-

tions in these figures are next:

Letter | Alternative signature in plot Distribution
A MK-base disE (from class “MatrixKinematics”)
B MK-acquired acquiredE (from class “MatrixKinematics”)
C MK -real disE & acquiredE
D DF-energy I(E) of DF debugging plot (mode “E” in Fig.12)
K AdisX AdisX (from class “MatrixKinematics”)
L AdisY AdisY (from class “MatrixKinematics”)

The blue color rectangle marked by “E” indicates the region where “MatrixKinematics” can not repro-

duce the energy distribution well due to “edge” effects at values where the intensity is maximal (see
Fig.10). With increased dimension of the distributions (NP) this effect becomes less. However this
problem has been solved by the “filter” method incorporated into the code.

How it works?

1.Angular acceptance subroutine creates the special “gate” distribution based on:

6.

e Rectangle shape angular acceptance with (6/0)" coefficient (global) of the previous optics
block (or “1” if there are not optical blocks before);

e Acquired angular distribution (from class “MatrixKinematics™);
e Components (6/X)-X and (6/P)-P.

This “gate” distribution is applied to both “intensity” matrices (it is possible to see the result of “in-
tensity” matrix cut by the gate distribution in Fig.10).

. Creation of new “base” distributions AdisX, AdisY, disE (see Fig.14)

Calculation of new distribution “C”. (Let’s call it “Cjey”).

The code creates the filter distribution Filter(i)=C,,,(i)/C,, (i) . Edge effects are washed out in

the new “filter” distribution. It is clear that 0 < Filter(/) <1 for each i-point.

The “filter” distribution is applied to I(E) distribution of the DF distributions (left top plot).

Fission kinematics debug distributions after the stripper and the first dipole for thicker target (15 mm
instead 1mm in Fig.13 and Fig.14) for comparison are shown in Fig.15 and Fig.16.
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Fig.15. Fission debug distributions after the stripper. Target thickness is equal to 15 mm.
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Fig.16. Fission debug distributions after the First dipole (the same settings as in Fig.15).
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Fig.17 demonstrates the influence of an initial angular emittance on the shape of angular distributions
and the “base” energy distribution after cutting by the first dipole. The thin target (0.1mg/cm2) was

used in calculations shown in this figure.
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Fig.17. Fission debug distributions after the First dipole in the case of the thin target and a zero initial angular emittance.

2.4. Comparison of calculations using the Monte
Carlo method and the “MatrixKinematics” class

The Monte Carlo method is a powerful tool for modeling, but
sometimes the amount of time spent to get enough statistics
makes it more beneficial to use fast analytical methods. How-
ever for the analytical solution it is necessary to make some
assumptions (simplifications), and also to develop new meth-
ods (algorithms) and to confirm them by experimental results.
In these cases Monte Carlo method plays an irreplaceable role
to check assumptions. The transmission results of a fission
fragment for calculations corresponding to Fig.17 are shown in
Fig.18. It is possible to see from the figure that the transmis-
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| statistics 130Te

130Te Stable (Z=52, N=78)
01(D1) 52
0z (D2) 52
03 (D3) 52
04 (D4) 52
Production Rate {pps) 4.31e+0
Sum of charge states (pps) 4.31e+0
C3 in the target (k) 1e40
Total transmission (%) 10.313
Target {%) 100
Unreacted in mater. (%) 100
F - o . ¥
M
¥ angular transwisn. (%) 57.37
51 =lits (%) 50.53
X space transwission (%) S50.53
M1l (%) 98.59
Unreacted in mater. (%) 95.59
Unstopped in mater. (%) 100

D2 (%) 82.95

Fig.18. Statistics window corresponding to
calculations shown in Fig.17.



sion through dipole D1 is 33,44 percent. Monte Carlo simulations for the same settings as in Fig.17 for
the rectangle shape acceptance are shown in Fig.19. Transmission in the case of Monte Carlo method
is equal to 33,3% (see figure). Projections on the horizontal and vertical axis are given in Fig.20 and
Fig.21. The energy distribution plot created by the Monte Carlo method in Fig.20 corresponds to the
top middle plot in Fig.17 (MK-base), and accordingly the X-angular distribution plot in Fig.21 corre-
sponds to the top right plot (AdisX).
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Fig.20. Energy distribution as result of the projection of  Fig.21. X-Angular distribution as result of the projection of
the two-dimensional plot on the horizontal axis in Fig.19. the two-dimensional plot on the vertical axis in Fig.19.

-20 -



2.5. Angular distribution cut by the momentum slits

In the previous chapters we have considered energy distribution cuts by the angular acceptance. But it
is necessary to discuss the opposite case: cutting angular distribution by means of the momentum slits.
It could be very important for the case of a relatively large angular acceptance and small momentum
acceptance. It is also important for transmission calculation to avoid a cut of an already truncated re-
gion that could lead to an underestimation of the transmission.

0.085 ¥iSpace ol S1pslits
Fission properties ners '
0065
Angular distribution cut by the momenbum slits e
1=
™ Do not use & ooas
g e e . E 0.03s5
™ Use just for "Mati=Kinematics" class =
0025
% ilse for all &ngular Distibutions [default R
o.o0s
-140 -1o00 -0 -z20 20 &0 10n 140
X {mm)
Fig.22. The “Fission properties” dialog fragment. Fig.23. Fission fragment horizontal spatial distribution in the

block “S1 _slits”. Momentum slits are shown by the green band.

A method of cutting the angular distribution by momentum slits can be selected in the “Fission proper-
ties” dialog (see Fig.22) which is available for reaction “CoulombFission” through the “Production
mechanism” dialog. All of these three options will be shown in examples using the file
http://groups.nscl.msu.edu/lise/7_1/examples/CoulombFissionEnergyCutting.lpp. The spectrometer is

set to the mean value of the fission fragment momentum distribution, but slits “S1” were set out to
(0+30) mm (see Fig.23).

2.5.1. Angular distribution cut by the momentum slits: option “Do not use”
S1 slits-DebugFission

DF-ener; o 0.17 [ME-base

034 [o diex

- . ooz,

B70 g90 Tio TI0 = rro re0 810 830 &vo 590 T T30 Ta0 wro rep 810 830 -F5 -25 =15 -5 5 15 25 35
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rK - real MEK-acquired 0.3 [n Hisy

o.01 1 0.0z

S0 ES0 FI0 7a0 7sD  Feh  7en  8i0 830 25 -18 0.5 05 15 25 35 I 15 3 = 15 25 35
B+ [Houseroke_pp 7 1L e EM@EORE (e A v ra Energy (MeVu) Angle (mrad)

Fig.24. Fission debugging distributions after the “Slits_S1” block. No cuts are observed for angular distributions.
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Fission debugging distributions after the “Slits S1”

block for the mode “DO NOT USE” are shown in

Fig.24. No cuts are observed for angular distributions and as consequence the “energy” filter in the left

bottom plot has not been changed after this block. /¢
matrix area is positive. The forward “intensity”
Fig.25. Projections on axes of forward and rear “inte

is necessary to note that the backward “intensity”
matrix after the block “Dipole D2” is shown in
nsity” matrices sum are shown in Fig.26.
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[mrad]

mintenU4d.s

204

33

FaXalE-F.d

D2-DebugFission »7

o.o1

=35 -15 -5 5 15 z5 e
Angle (mrad)

O.055
o.05

A sy

0045

o .0<

0.035

O.0zrs

0.0z

o.o1s

o.o1

0.0o0s

15 0 1

AX [mrad]

Fig.25. The forward ’intensity” matrix after the block “Dipole
D2”. Projections on axes of forward and backward “intensity”

matrices sum are shown in Fig.26.
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Fig.27. The forward "intensity” matrix after the slits “* S1”.
22

-24 -2 -15 -5 5 e

angle (mrad)

Fig.26. AdisX & AdisY angular debug distribu-
tions after the block “Dipole D2

15 25

]

2.5.2. Angular distribution cut by the momen-

tum slits: option “Use for MatrixKinematics

class”
The first cut by the spectrometer takes place at the
momentum slits “S1”. The second cut occurs by
the angular acceptance of the dipole “D2”. The
backward “intensity” matrix area is equal to 0 due
to the settings of the spectrometer (in middle of
the fission fragment momentum distribution) and
slits (0 + 30 mm). The forward “intensity” matri-
ces after the slits “ S1” and the dipole “D2” are
shown in Fig.27 and Fig.29 correspondingly.

Fission debugging distributions after the slits “S1”
and the dipole “D2” for the mode “Use for Ma-
trixKinematic class” are shown in Fig.28 and
Fig.30.
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Fig.28. Fission debugging distributions after the “Slits_S1” block. (Compare with Fig.24 to see difference).
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Fig.29. The forward “intensity” matrix after the dipole “D2”. Pro- Fig.30. AdisX & AdisY angular debug distribu-
Jections on axes of this matrix are shown in Fig.30. tions after the block “Dipole D2 .

-23 .



2.5.3. Angular distribution cut by the momentum slits: option “Use for All distributions”

Angular distributions before/after the slits “S1” in the mode “Use for All distributions” are shown in
Fig.31. For other modes (see Fig.22) output distributions are identical to input distributions.
S51_slits- Angle

T
Rinput 0.0z6 pRooutput

015 !0y O i

0.02z

o.oig

o.oia

Yield {pps/mrad)
=
2

Yield {ppsmrad)

-100 -60 -0 0 &0 -an -ro -50 =20 -10 10 20 &0 o an
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1.7 k5
input output
[pramp 0.26 . P
15 o .
0.22
13
] =
E 11 g 018
2 @
= =
s Z o4
3 =
2 =
- o7 =
04
(1K
0.05
0.3
[N} 0.0z
DA 115 B 2 E 6 0 0 T = = = =
LIS E-++ HWse roule 0o TF ILESCOnomEF ks o Eve o ol (mirad) Angle (mrad})

Fig.31. “Input”/“Output” angular distributions before/after the slits “S1” for the mode “Use for All distributions”. The
output distributions are identical to input distributions for other modes of option “Angular distribution cut by the momen-
tum slits”.

The “Use for All distributions” mode is recommended to use in calculations. The “Angular distribution
cut by the momentum slits” option is used for the debug purposes, and also for demonstrating the in-
fluences of energy cutting for angular distributions and how it apparently reflects on the transmission
of the fragment through the spectrometer. Transmission values for '*°Zr fragment" are presented in the
following table for different modes of the “Angular distribution cut by the momentum slits” option:

Mode After “Slits1” [%] After fragment separator, [%]
Do not use 12.28 1.821
Use for “MatrixKinematics” class 12.28 0.696
Use for All distributions 12.28 0.696

" file http://groups.nscl.msu.edw/lise/7_1/examples/CoulombFissionEnergyCutting.lpp. Energy distribution cutting de-

scends due to Slits1.
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3. Coulomb fission fragment production cross-sections

3.1. Electromagnetic fission cross-section
A well-known review of the processes generated by the electromagnetic interaction in relativistic nu-
clear, and atomic collisions, by C.Bertulani and G.Baur [Ber88] has been used to obtain the excitation

energy function for fission.

3.1.1. Electromagnetic excitation
The differential cross-section for electromagnetic excitation is given by [Ber88, equation 2.7.11]:

dE, E, ' E,

Y Y

do n n
e N oy M2 (5824 522 /8/

with ng;, ngy being the number of equivalent photons for electric dipole and quadrupole excitations
respectively. o', o,” are the photon absorption cross-sections for giant E1 and E2 excitations, where

for E2 excitations i=1 denotes isoscalar and ;=2 denotes isovector giant quadrupole resonances. Multi-
ple excitations of the quadrupole resonances are neglected.

Electromagnetic excitation
238 B00.0 Meviu) + Ph Total EM excitation cross section: 5571 barn
Fission == C5: 15256 mhb <E= 15.4 Mev sigmalEl 4.2 Mey’ Barier@33L0: 5.1 Me
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Fig.32. Top left: Differential cross-sections of GDR (red solid curve), GOR(IS) (blue dashed curve), and GOR(IV) (black
dot curve) excitations in **U as calculated from the equivalent photon spectrum representing a ***Pb projectile nucleus at
600 MeV/u. The green dot-dashed curve is obtained by summing-up the different contributions. Bottom left: Equivalent
photon number per unit projectile charge, for E1, M1, and E2 radiation. Top right: Deexcitation channels for ***U nuclei
at 600 MeV/u excited by a lead target. The solid red curve represents fission decay. The blue dashed line represents In-
decay channel, black dotted and green dot-dashed curves respectively 2n- and 3n-decay channels. Bottom right: The same
as the top right but for the probabilities.
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3.1.1.1. Equivalent photon spectrum

The probability for a certain electromagnetic process in a relativistic nuclear collision to occur, in
terms of the cross-sections for the same process generated by an equivalent pulse of real photons, is

given as

P(b)=[1(w,b) o, (hw) d(he) = [ n(e,b) 7. ()

where b is the impact parameter, o, (w) is

the photo cross-section for the photon energy
E, =hw, and the integral runs over all the

frequency spectrum of the virtual radiation.
The quantities n(@,b) can be interpreted as
the number of equivalent photons incident on
the target per unit area. The equivalent pho-
ton numbers are obtained from expressions
2.5.5 a-c in [Ber88] and can be plotted” by
LISE++ (see left bottom plot in Fig.32) from
the “Fission properties” dialog. (see Fig.33).
The “Fission properties” dialog is available
through the menu “Options — Production
mechanism” if the mode “Coulomb Fission”
is set.

3.1.1.2. Giant dipole resonance

The parameterization from work [I1j92] for
giant E1 excitation in equation /8/ has been
used:
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Fig.33. The “Fission properties” dialog.

/10/

where the empirical parameters of the giant dipole resonance have the values 0¢p=2.54 (in mb),

T%=0.3Eg, and Ez=40.3-4"7 (in MeV).

3.1.1.3. Giant quadrupole resonance

For quadrupole excitation, the isoscalar as well as the isovector giant quadrupole resonances are calcu-

lated following [Gre97, Sch00]:
2
E2 EY

o2(5,)=—>

al+(E-g, N/ (E, 1) s

V¥ the button “EM excitation plots (fixed proj.energy)”
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with i=1,2 denoting isoscalar and isovector mode, respectively. g, represents the sum rule for E2-

absorbtion:
E2

> = [ dE=2210" 74"

7 mb/ MeV .

/12/

The parameters in equation /11/ are chosen to be
w1 = Z/A,

Elmax = 64.7-4"7 MeV,
= 17.5-4""° MeV,

Wy = N/A,
Ermax = 130-4"° MeV,
= 10.5-0.073-47%-0.00174-4*> MeV.

Differential cross-sections of GDR and GQR excitations in **U as calculated from the equivalent pho-
ton spectrum representing a “**Pb nucleus at 600 MeV/u are shown in Fig.32 (top left plot).

3.1.2. Fission deexcitation channel

Excitations exceeding the fission barrier may lead to fission. The code using the “LisFus” evaporation
model calculates a fission probability to get the differential fission cross-section do'/dE to use in the
following fission fragment production cross-sections. Deexcitation channels for ***U nuclei at 600
MeV/u excited by a lead target are shown in right plots of Fig.32. The following settings are used in
the “LisFus” model automatically to calculate fission differential cross-section:

State Density: “C”

Mode (manual/auto): manual

Mode (

Dimension of evaporation distri-

qualitatively/fast): qualitatively
4, if
_ 8, if
butions ]
16, if

Tunneling: Yes
Use unstable: Yes
Decay modes: n, p, ., fission, y
E* - B:>30
8 <E*-B;<30
E*-B;<8

3.1.3. Dependences of average excitation energy and EM fission cross-section from beam energy

The user can plot distributions of the average excitation energy and EM fission cross-section from the
projectile energy using the “EM cross-section versus proj.energy’ button in the “Fission properties” dia-
log. Fig.34 represents the case *>°*U+Pb. In Fig.34 the linear dependences of cross-sections and average

value <E*> are observed at the projectile energy above 200 MeV/u.

cross sections |
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) 4 Ph
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Fig.34. Left plot: calculated total electromagnetic and fission electromagnetic cross-sections from the **U projectile en-
ergy in the case of a lead target. Right plot: Average value and standard deviation distributions of differential fission elec-
tromagnetic cross-section from the **U projectile energy in the case of a lead target.

3.2. A semi-empirical model of the fission-fragment properties

Fission, especially at low excitation energy, is a very complicated process which is far from being fully
understood [Ben97]. The influence of nuclear structure on the fission process is manifested in the ob-
served mass distributions. Models for the description of nuclear fission which are able to reproduce
measured fission fragment distributions with considerable success. Some models use parameters which
are individually adjusted to the experimental distributions of each system.

The LISE++ code uses a semi-empirical model of J.Benlliure [Ben97] based on a version of the abra-
sion-ablation model which describes the formation of excited prefragment due to the nuclear collisions
and their consecutive decay. The competition between evaporation of different light particles and fis-
sion is computed with the “LisFus” evaporation model.

The semi-empirical description of the fission process presented in Benlliure’s model has some similari-
ties with previously published approaches, e.g. [1tk86, 1tk88], but in contrast to those, B.’s model de-
scribes the fission properties of a large number of fissioning nuclei on a wide range of excitation ener-
gies.

For a given excitation energy E, the yield Y(E,N) of fission fragments with neutron number N is calcu-
lated by the statistical weight of transition states above the conditional potential barrier:
E-V(N)
J- Py (U)dU
Y(E.N)=5—5m : /13/
I Py (U)dU

N=0 0

where V(N) is the height of the conditional potential barrier for a given mass-asymmetric deformation,

e W0 : .
0 Potential energy at fission barrier for 23U ) pn 1s the level density for an energy U above

dallet NEZ dUs2EOMeY | 205 L0 WiV this potential and N¢y is the neutron number of

shell~2; N=00; dU=830Mey; | 20=0.18 MeV

the fissioning nucleus.
3.2.1. Potential energy at the fission barrier

The total potential energy at the fission barrier is
given by the sum of five contributions:
V(N)=V, (N)+
+ Vvh,l(N)+ Vsh,l(NCN - N)
+ Vsh,2(N)+ Vsh,z(Nc _N)

/14/

4 where V.. is the symmetric component defined

AP—— by the liquid-drop description by means of a

Fig.35. Potential energy at the fission barrier for ***U, as a parabolic function. This parabola is modulated
function of mass asymmetry expressed by the neutron number.
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by two neutron shells, located at mass asymmetries corresponding to the neutron shells Vg, and Vo
in the daughter fragments.

The macroscopic part of the potential energy at the fission barrier as a function of the mass-asymmetry
degree of freedom has been taken by J.B. from experiment [Itk88]. Parameters for shell structures can
be modified in LISE++ in the “Fission properties” dialog (see Fig.33). The code takes default (initial)
values for shell description from [Ben98]. A dependence of potential energy at the fission barrier from
the neutron number can be plotted from the “Fission properties” dialog (see Fig.35).

3.2.2. Pairing corrections

Pairing (or odd-even) corrections have been done in the code in accordance with [Ben98]. Odd-even
corrections can be turned off in the “Fission properties” dialog. Using the “Fission cross-section plot
(summary)” button the cross-section distributions versus the fragment neutron number, atomic number
and mass for different excitation energies can be plotted (see Fig.36 and Fig.37). Left top plots in both
figures represent cross-section distributions without odd-even corrections and post-scission nucleon
emission. Cross-section in Fig.36 were normalized to 1 mb, whereas they were normalized to the EM
fission excitation function in Fig.37.
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Fig.36. Calculated fission fragment production cross-sections for different excitation energies. Cross-sections were nor-
malized to 1 mb. Left top plot: Initial distributions (without odd-even corrections and post-scission nucleon emission)
versus the fragment neutron number. Left bottom: Final (after using odd-even corrections and post-scission nucleon emis-
sion) cross-section distributions versus the fragment neutron number. Right top: Final cross-section distributions versus
the fragment atomic number. Right top: Final cross-section distributions versus the fragment mass.

Partial cross-section distributions of isotones N=82, isotopes Z=50 and isobars 4=132 for different excita-
tion energies can be plotted using the “’Fission cross-section (partial)” button (see Fig.38 and Fig.39).
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3.2.3. Post-scission nucleon emission

The part of post-scission nucleon® emission due to the deformation of the fission products and its evo-
lution with the excitation energy was taken into account. But in contrast with [Ben98] where the mean
post-scission neutron number V(A) due to deformation was obtained as a parameterization of data the
LISE++ code uses the “LisFus” model (fast version) to calculate the

final fragment in ground state. Excitation functions plok (fis:

Setting fragment I 1325n

The excitation energy of the fragment after scission is defined by way
as it was already described in chapter 2.2.3. The following settings = [
automatically are used in the “LisFus” model to calculate post-

. . . . pluz intemediate results without odd-even
SC1SS101n l’lucleon cemission: corections and neutrons evaporation
State Density: “C» — MNumber of lsotope:
MOde (manual/auto): manual " all isotopes of given element
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Fig.41. Excitation functions of the final fragment °Sn for the combination **U(600 MeV/u)+Pb. The blue curve repre-
sents the excitation function without pairing corrections and post-scission nucleon emission. The black curve shows pair-
ing corrections, and the green line correspondingly shows contribution of nucleon emission. The red curve includes pair-
ing corrections and nucleon evaporation. After 15 MeV the red curve coincides with the green one, and the blue curve
coincides with the black one. Left plot: total fission cross-section was normalized to 1 mb. Right plot: normalization has
been done on the electromagnetic fission channel.

* LISE++ calculates also alpha and proton emission for high excitation energies how (will be shown lately). This is the
reason why the expression “nucleon emission” is used in this work instead “neutron emission”.
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Pairing corrections and post-scission nucleon emission can be turned off in the “Fission properties”
dialog to see the contribution of these processes. Pairing corrections play the relevant role close to the
fission barrier as can be seen in Fig.36-39, whereas the contribution of nucleon emission is necessary
considering at excitation energies of several tens MeV, as is shown in figures of excitation function of
tin isotopes (see Fig.41-43). Excitation function plot of fission fragment is available through the “Fis-
sion properties” dialog using the “Fiss.fragment excit.function” button which allows the user to get the
“Excitation functions plot (fission)” dialog (see Fig.40) where the user can chose options for a excita-
tion function plot.
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s Fig.42. Excitation functions of
B tin isotopes for the combina-
o tion U (600 MeV/u) + Pb.
uw . .

o Total fission cross-section was
© normalized to 1 mb.
0.003
0.onz
f.ood £

fripf . e
.'r,r}, ,"f Fissile nucleus: % Setting fragment: 13%Sn = o ST
-~ Tuotal fission cross section is normalizedto Tmb . ¢ —oEgh
o I5_normal
10 20 30 Excitation energy (MeV) ‘o 80
0.9 Esn
- / *,
/ y 2B (BO0.0 Me'/u) + Ph
/ Fisiile nucleus: 228U Setting fragment: 135350

0.7 Maormalized to fission deexcitation channel of EW excitation

!

=

- Fig.43. The same as Fig.42
= but normalization has been
= done on the electromagnetic
? fission channel.

£

0.3

0.2

0.1

0

-32-



3.3. How it works in LISE++?

Before the explanation how fission fragment production cross-sections are calculated in the code it is
necessary to give some definitions, including the fission cross-section matrix (FCSM).

3.3.1. Fission cross-section matrix (FCSM).
The fission cross-section matrix represents an array of float values (32 bits) of dimension
(ZmaxxNmax) where Zmax is the maximum Z possible to be used in the code (130) and Nmax is the
maximum number of neutrons in an element possible in the code (200). The class “FissionCS” respon-
sible for fission fragment production cross-sections has 6 FCSM which are kept in the memory.
These matrices contain the following values for each isotope:

1. Final fragment pro- v

duction cross-sections, —> — — .

2. Excited fragment pro- .
duction cross-sections, o 4

o Y

P
dA_out, @
dA in . ° Oy
" o
dN out,

dN in. °

AN

Fig.44. Coulomb fission schematic.

Coulomb fission schematic is shown in Fig.44, where 4" is the excited fragment, and A’ the final frag-
ment in ground state. Then d4 = 4" - A" is the number of emitted nucleons, and dN is the number of
emitted neutrons from the excited nucleus. Let’s define dA_in, dA_out as:

Table 1. dA_in & dA_out definitions.

1. dA _in is the value used only for the fi- ( . f)
nal fragment and equal to average num- ZG Ay, = Ay )-ddy,
ber on nucleons emitted by excited dA_in(4])=- ( T A )
fragments to get the final fragment ZO- 3j
J
2. dA out is the value used only for the ( . /.)
excited fragment and equal to average Zo- Ay > 4, )-ddy,
number on nucleons emitted by the dA_out(A4;) =~ n 7
excited fragment Z/_:O-(A3 4 )

3.3.2. Fission fragment cross-section for transmission calculations

1. The program assumes that the reaction takes place in middle of the target. In connection with that
the EM cross-section depends on the primary beam energy. Therefore the first step is the calcula-
tion of the primary beam energy in the middle of the target.

2. Total fission cross-section and average excitation energy:

a. Calculation of differential electromagnetic cross-section (chapter 3.1.1.).
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b. Deexcitation fission function ddf/d(E*) (chapter 3.1.2.).

c. Calculation of statistical parameters of the deexcitation fission function: mean value <E*>, and
f
area o .

3. Calculation of an initial fission cross-section matrix (CSinift) of production cross—sections excited
fragments using the semi-empirical model [Ben98] (see chapter 3.2.). The code takes into account
unbound nuclei as well for this stage of the calculations. The single criterion is that the Q-value
of the reaction reaction should be positive*!

4. Post-scission nucleon emission: The code calculates the final 5 FCSM matrices based on equations
/1,2/ using the CSinit matrix. If a final production cross section of a fragment is less than the sup-

pression value then the final fragment is excluded from matrices. AS [Bljecile 200092 fiss
1243

400 Mevifiu 400 kA
) ] ; [Elragment 1325050+ =py
operating memory and are being used for the next calculations. The F5 ;.. et |

explained previously, fission fragment cross sections are kept in the

number of calculated cross sections can be seen in the “Setup” win-

dow (see Fig.45). Fig.45.

All four stages together take no more than 5 seconds. But if some of the initial settings have been
changed in the program then the code recalculates the cross section again (see chapter 3.3.4.). Final
cross sections can be visualized as 1D- or 2D-plots (see chapter 4.)

Fission cross seckion suppress'f 5[

3.3.3. Suppression values for fission production cross-

sections fiEaEs sUppresions
To exclude low-probability events and therefore to reduce vales
the time of transmission calculation the user can set a ta keep in memary 1e-3
threshold for fragment production cross-sections. The frag- just for TKE plots Te6 |
ment cross section is excluded from FCSM matrices if the
fragment production cross-section is less than the product of  Ifthe fragment praduction cross section less than product of

the total fission cross section and the suppresion value then

the total fission cross-section and the suppression value. The  the fragment is excluded from calculations.
Large suppreszsion values decrease crozs section

threshold can be changed in the “Fission cross section sup-  ealeulation ime. [D<values<1. default Te-10]
pression values” (see Fig.46) which is accessible through the
X Cancel |

“Fission properties” dialog (see Fig.33). B e
Fig.46. The “Fission cross-section

3.3.4. Recalculation of fission fragment cross-sections

The matrixes are automatically recalculated, if at least one of suppression values” dialog.
the following program settings is changed:

Projectile Mass or Atomic number (4, Z)

Primary beam energy has been changed by 10%

Target Mass or Atomic number (4, Z)

Target thickness has been changed by 10%

Fission options Post-scission nucleon emission: on/off

* ME(fissile nucleus)+ E* > ME(A3*)+ME(A4%) (see Fig.44)
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Pairing correction - on/off

Suppression value for fission cross-sections

Shells characteristics (chapter 3.2.1.)

Excitation energy method and parameter f (chapter 2.2.3.)

General

Mass formula

Evaporation options

Parameter “BarFac”

Evaporation Odd-Even Delta parameter

Fission Odd-Even Delta parameter

3.3.5. File of fission fragment cross-sections

The code has been modified to support reading/writing of fission fragment production cross-sections
into/from the cross section file. Using the “Cross section file” dialog (the menu “Options”, see Fig.47)
it is possible to copy calculated fission cross section to the “User memory” (frame #1 in Fig.47) array
to be saved after in the file. The “User memory” cross sections can be plotted (see Fig.48) through the
“Cross section file” dialog (frame #2 in Fig.47). The cross section file can be used to avoid a recalcula-
tion of the fission cross section by the code or to load experimental cross sections into the code.

Cross section file

Crozz zection file = Browse i CS dialog |

| - file - I

[ iy @é Save As |

— Load crozs sections from file — Dperations with Uzer [memary] CS

{E]
it Load C5 to memary | 2

LY

" Append to existing C5

ﬂ-’ﬂ Copy &4 [LisFus,Fiss) CS to memary

i Ovenwrite existing C5
&8 Femave all CS from memony |

Murnber of Uzer C5 = I 1254

¥ Show ser C5 in Cross section plots

— Method to keep User C5

 Attached C5 file
Calculate and show Chi2 between

% |rzide LISE++ file 2 User and Calculated CS

— Cross section file format

I~ Make default The C5 file i in ASCH format. Comment strings begin with "1
v Ok There are four columng: "2, "M", "C5 value", "C5 emor"',
where Z iz atomic number, M is number of neutronz. CS value emor is

equal to 0 if fourth column is absent. Columns can be separated by
zpace, tabulation sign, or comma.

X Cancel

?  Help

where CS - cross sections; “User iz identical to "memory C5";
Caleulated C5: A4 [“Abrasion-Ablation”], Fusion-Evap.["LisFus"].
Coulomb Fission

i

Fig.47. The “Cross-section file” dialog.

Protons (£}

kid

45 3 [ Neutrons {N) 8 9
Fig.48. Two-dimensional plot of “User memory” cross-
sections created by the “Cross section file dialog for the

reaction “*U(400 MeV/u)+Be(12 mg/cm?’).

3.3.6. Simulation of “abrasion-fission” (nuclear fission)

It is possible to set manually the excitation energy to use in cross section calculations and fission frag-
ment kinematics. The user can roughly simulate “abrasion-fission” fragment kinematics if the option
“manually” in the “Excitation energy” frame of the “Fission properties” dialog is set and 60-80 MeV
as an excitation energy of the projectile is used. But in any case the total fission cross section can be
calculated from the EM fission excitation function. It is necessary to remember and make normaliza-

tion of the fragment rate later.
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4. Plots for “Coulomb fission” mode (menu 1D-plot)

4.1. Cross-sections

To see the fission fragment production cross sec-
tion distribution plot it is necessary to load the
“Fission cross-section plot options” dialog (see
Fig.49) which is available in the menu "1D-
plots = Cross-section distributions" of the "Cou-
lomb fission" reaction mode. The “Fission cross
section plot options” dialog gives two options to
plot cross sections distributions depending on exci-
tation energy.

“EM fission cross-section”: the code takes two
average excitation energies and fission cross-
section values calculated assuming the Coulomb
fission mechanism from the initial reaction pa-
rameters set in the code: primary beam (4, Z, E)
and target (4, Z, thickness). In this case the user

Fission cross section plot

— Cross sections & Excitation energy
% EM fizsion crogs

" Differential cross

Fission barrier I E.0E (=
Average EM fizsion l_
excitation enengy 1544 MeY

EM figsion CS |152E.‘I mb

gections [calculation]

gections [manually]

E xcitation energy I 20 ey
User Diff.C5
[dICS)4dE ] 1 mb/Mey

Conesponding EM
oL | BE mb/Mey

~ Modes
— Plot type

T |sotopes, Z=const

|sobares, A=const

Dimenzion of the plot

" ONE -dimersional

Ol

|sctones, N=const
lzozpin, M-Z =const
lgogpin, M-Z2=cornst
M2

zumfC5):; Z=caonst

zum|C5); A=conszt

e Nie Nia Nis Nin Nie

zum[C5):; M=congt

Hmin=| 1

Mmax =| 200

= Al
 0dd
" Ewven

x Cancel

PE

Fig.49. The “Fission cross section plot options” dialog.

can plot fission fragment production cross-sections used by the code in transmission calculations.

“Differential cross-sections”: it is possible to input manually differential fission cross-section and
excitation energy values. In this case the code gives a hint to user as to what the differential EM fission

cross-section corresponds to the input excitation energy.

4.1.1. “EM fission cross-
section” option 25

Calculated production cross-
sections for the reaction
280U(600 MeV/u) + Pb(lg/em?) .
are presented in Fig.50. The
excitation energy for CS cal-

culations has been calculated

Protons (£}

as the mean value of the dif-
ferential EM fission cross

]
o

section and is equal to
15.4 MeV. Post-scission nu-
cleon emission has been
taken into account.

Cross sections (Coulomb fission)
280 (B00.0 Mev/y) + Pb (1 gfom?) -> N=1-200

. EM fission C3: 1825, 1mb;  Average Ex.Energy: 15.4Me,  Fission Barrier: B.1MeV
Flgures 51-53 have been cre- 5 Figsion == Odd-Even corrections: Yes; | Post-scission emission: Yes;,  Mumber of DE points: 1
10 30 50 Neutrens (N) 90 10 130

ated using 1D-dimensial plot
types “sum(CS);N=const”,

“sum(CS);A=const”, and suppression value was set to 1e-9.
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Fig.50. Calculated production cross-sections for the reaction BEU600MeV/u)+
Pb(1g/cm?®). Default shell settings (chapter 3.2.1.) were applied. The cross section



“sum(CS),;Z=const”, for different initial conditions (Position of the second shell, Post-scission nucleon
emission) and saving calculated cross-section distributions into files.
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Fig.51. Calculated production cross-sections
for the reaction “*U(600MeV/u)+ Pb(lg/cm’)
versus fragment neutron number.

Default shell settings (chapter 3.2.1.) were
applied. The cross section suppression value
was set to 1e-9.

Red (blue) curves correspond to the position
of the second shell at N,=90 (86).

Solid (dot-dashed) curves correspond to
calculations without (with) taking into ac-
count post-scission nucleon emission.

Fig.52. The same as Fig.51 but versus the
fragment mass number.

Fig.53. The same as Fig.51 but versus the
fragment atomic number.



4.1.2. “Differential cross-section” option
Calculated fission fragment differential cross sections for the fissile nucleus ***U for different excita-

tion energies (6.5, 12, 30, and 80 MeV) are shown in Fig.54 and Fig.55.
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The total fission cross section in Fig.54 is normalized to the EM fission deexcitation function of the
reaction >*U(600MeV/u)+ Pb(1g/cm?®), and in Fig.55 correspondingly normalized to 10 mb. Z-scale
for all plots in the figures was set the same (1e-15 + 1e+01 with the logarithm step equal to 10 between
colors). LISE++ default fission properties setting was used for these calculations.
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Fission TKE & poskt-scission emitted nucleur';:s

4.2. Total kinetic energy and post-
scission nucleon emission plots

— Choose item to plat

Total kinetic energy and post-scission nucleon KE[TKE] & Kinetic energy in CMS

emission plots are available from the menu "1D- | |- tagetFINAL fragment rfmm EXCITED hragment
plots = Velocity after reaction / TKE (for fis- dhin € R G A e T © dhout
. . . . dM in MHumber of evaporated neutrons " dM out
sion)” in the "Coulomb fission" reaction mode. - — -
Zin | Charge change due to p.a-emission  dE_out

The “Fission TKE & post-scission emitted nucle-

ons plots options” dialog (see Fig.56) has two
principal modes:

—One or Twa fragments? Excitation energy mode

from EM fission ™ € manually

Just one
. . . . fragment _
1) Kinetic cnergy m CMS (TKE)a Figzion barrier I EOE  MeV Ezi';?;ym
. Sum of bath .
2) Number of evaporated nucleons (dA4 in, el aaments *’-“;f;gfign""eﬂsef;”| 1544 Mev [ o0
dN in, dZ in, dA_out, dN out, dZ out). See the
definitions dA_in and d4_out in chapter 3.3.1. [ Hodes
- - — Plat type Dimenzian of the plat

The “Excitation energy modes” frame in the plot € lsotopes, Z=corist " ONE-dimensional
options is identical to the “Fission cross sections ® lsce, Areardd @ TwO-dmensional

. s q- .  |sotones, M=const
plot options” dialog from the previous chapter. £ oo

zogpin, M-Z =const (N-2Z )i = |1_

“One or Two fragments?”: it is possible to plot @ lsospin, N2Z=canst | e[ 200]
values corresponding to one fragment (kinetic 5 T s
energy in CMS or number of evaporated nucle- € <TKE>: A=const :: Al

) . . Odd
ons), or in the sum of this fragment with the con- £ <TKE>: N=const  Even
jugate fragment. In the case of 7TKE and dX in
the code is looking for a conjugate final fragment, s 0K ¥ Carcel

in the case of dA_out correspondingly the code is

Fig.56. The “Fission TKE & post-scission emitted nucleons

looking for an excited fragment:
plots options” dialog.

Table 2.
mode “Just for one fragment” “Sum of both fragments”
dA in dA_in(A]) dA_in(A])+ dA_in(A4])
dA out dA_out (4;) dA_out(A4;)+ dA_out(A4;)

4.2.1. Calculation of conjugate final fragment

For the plots in mode “Sum of both fragments” it is necessary to find a conjugate final fragment. The
code is looking for an expected conjugate final fragment making the next steps with use of 4 FCSM
matrices (dA_out, dA_in, dN_out, dN_in)*:

Initial FCSM matrices Result (more probable)
1 A% dA_in(A%) & dN_in(A%) = A’
2 N Fissile nucleus = A’
3 A"y dA out(A"s) & dN_out(A",) = A%y

* See chapter 3.3.1.
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4.3. Kinetic energy plots

Two-dimensional calculated kinetic energy plots for different excitation energies are shown in Fig.57
(E*=15.4 MeV) and Fig.58 (E" = 80 MeV). Calculations of kinetic energies for Fig.58 were done with
and without taking into account post-scission nucleon emission. To avoid the contribution of fragments
with low-probability production it is possible to set the threshold for TKE plots in the dialog “Fission

cross section suppression values” dialog (see Fig.46).

84
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"
18 Kinetic Energy of fragment(s)

---- just OME fragrnent - 2381 (B00.0 Meviu) + Pb (1 gfom?) -> MN=1-200
Exication Energy: 15.4 Wev';  Fission Barrier: 6.1 Met/
5 Fisgion == Odd-Even corrections: Yes;  Post-scission evaporation Yes
10 a0 ] Neutrons (N) --final - 110 130
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B4 T I
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w | ]
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o
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—-- sum of BOTH fragments —- 38|J (B00.0 Mebiu) + Ph (1 gfcmd) -= N=1-200

Exication Erergy: 15.4 Mev';  Fission Barrier: B.1 Mey'

5 Fission == Odd-Even corrections: Yes;,  Fost-scission evaporation Yes

10 30 a0 Neutrons (N) --final -- 110 130
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Fig.57. Calculated kinetic
energies of one final fragment
(top plot) and both final frag-
ments (bottom plot) for the
Sfissile nucleus ***U with excita-
tion energy equal to 15.4 MeV
that corresponds to the aver-
age energy of the EM fission
deexcitation function for the
reaction BUG00MeV/u)+
Ph(1g/em’).

LISE++ default shell settings
for fission were applied and
post-scission nucleon evapora-
tion has been taken into ac-
count. Z-scales for both plots
are the same (0 + 192 with the
linear step equal to 12 between
colors).

Suppression values used for
these calculations:

“Keep in memory” le-10
“For TKE plot” le-7

TKE plot suppression value
can be changed in the “Fission
cross  section  suppression
values” dialog (see Fig.46).
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Calculated mean kinetic energies as a function of the fission-fragment neutron number in fission of the

excited nucleus 2*U are shown in Fig.59 (£ =15.4 MeV) and Fig.60 (E" =80 MeV). Fig.59 and

Fig.60 have been created using 1D-dimensial plot types “sum(CS);Z

const”.
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U (E_= 15.4 MeV)
B /7

Fig.59. Calculated mean kinetic
energies as a function of the fission-
fragment neutron number in fission
of the excited nucleus *U with
excitation energy equal to 15.4 MeV.
The red curves represent the sum of
kinetic energies of both final frag-
ments (TKE), the blue curves corre-
spondingly kinetic energy of one
final fragment. The dot-dashed
curves were done for the position of
second shell at N,=90 whereas the
solid lines were done assuming
N2:86.

Y
Qo
o

—_
[2]
o

Kinetic energy, MeV

TN, =90, Both fragments : Wilkins’s model [Wil76] is shown by
60 | ——N,, =86, Both fragments U black solid curve (fi=£=0.625;
}: —+=N, ,=90, One fragment ! d=2fm)
i ——N,, =86, One fragment 17
40 i" ',.!‘ —— Wilking systematics, Both fragments 4 The “Dissipated energy ” TXE
N ]
A o e e TR vl method (#0) was used for calcula-
30 40 50 Atomic number (Z2) .
— 77—
[ 238 S | . o
180 - U (Ex = 80 MeV) /—-//_\_’,___,.ﬁ__,.aﬂ\----\ _ Flg.6q. Calculatec.i mean km.etzc
e AN energies as a function of the fission-

fragment neutron number in fission
of the excited nucleus **U with
excitation energy equal to 80 MeV.
The red curves represent the sum of

o kinetic energies of both final frag-
A’ \N | ments (TKE), the blue curves corre-
// \\\ spondingly kinetic energy of one
V4 \\'\ final fragment. The dot-dashed
(solid) curves were done with (with-
Y out) taking into account post-
- scission nucleon emission.

1 Wilkins’s model is shown by black
1 solid curve (f,=0,=0.625; d=2fm).

The “Dissipated energy” TXE
method (0) was used for calculations.

—_
[o2]
o

Kinetic energy, MeV

— == gvaporation=Yes, Both fragments
evaporation=No, Both fragments
— »— evaporation=Yes, One fragment

. —— evaporation=No, One fragment
40 — Wilkins systematics, Both fragments
1 1 ' s 1 | L 1 L 1 1

30 40 50 Atomic

)]
o

nulmbler .(\Z)I
4.4. Plot of evaporated nucleon yields

Calculated number of emitted nucleons (dA4), number of emitted neutrons (dN), and charge change (dZ)
for | from one | both final | excited fragment(s) for the fissile nucleus ***U with the excitation energies
equal to 15.4 and 80 MeV are shown in Fig.61-63. LISE++ default shell settings for fission were ap-
plied for these calculations. CS suppression value was equal to 1e-10.

In the case of the excitation energy equal to 15.4 MeV (Fig.61) the number of evaporated nucleons is
equal to the number of evaporated neutrons or in other words the charge change is absent in this low-
energy region.
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Number of evaporated nucleons

<Number of evaporated nucleons>
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Fig.64.

Red solid curve: calculated
mean number of evaporated
nucleons as a function of the
excited fission-fragment atomic
number in fission of the excited
nucleus **U with excitation
energy equal to 15.4 MeV.

Red dot-dashed curve: calcu-
lated mean number of evapo-
rated neutrons as a function of
the excited fission-fragment
atomic number in fission of the
excited nucleus **U with exci-
tation energy equal to 80 MeV.

Blue dot-dashed curve: calcu-
lated charge change as a func-
tion of the excited fission-
fragment atomic number in
fission of the excited nucleus
P8U with excitation energy
equal to 80 MeV.

Fig.65. Calculated number of
evaporated neutrons for/from
final/excited fission tin frag-
ment and calculated charge
change as a function of the
fission-fragment mass number
in fission of the excited nucleus
P8U with  excitation energy
equal to 80 MeV.

The “Dissipated energy” TXE
method (0) was used for calcu-
lations.



Preferences

5- Spectrometer Setti ngs in the Starting configuration at loading the: program I A1900_PACZ7 lcn i
case Of f|SSion Starting options file at loading the program I A1900_PACZ7. lopt @é Brawse
Display 1 IProduction Fate  [pps) j Cross Section

5.1. Fission fragment momen- Display 2 [Total wansmission () = { FC G e {3 C5FleSeting |

tum dIStrlbUt’on and Spectrome- I ET EEEIEIEE alculate spectrometer settings using

tel’ Settings e Ilectangle j masimal 7 mean

Methad Iiacobian: srt[awa) j walue of the momentum distibution
left peak 0% right peak

In the case of a thin target the energy

Mumber points far

Calculation threshold 'Optimal target’ plot F sound

distribution of the fission fragment has

Charge States——
. . I 1.0e-10 I 50 -
a rectangle shape. Without cutting by IVNDG' ¢ ves | T 3DBalls Animaion
1t 1 —Di i [ distribution [HF V¥ Mavigati
angular acceptance it is reasonable to ETFED EF LMD U7 menied avigation map
1 calculation WITHOUT I ﬁ' v Spectrameter scheme
assume the SpeCtrometer 18 Set tO the chargs states = B r uze the contribution of zecondary reactions for
1Stri 1 i f ¢ output calculations | ded f
center of the energy distribution of the i R s o lssmenn )
i 1 i Hold angles of an inclination of
fragment as was done previously in the S e |15 =] 18 mf
case of fusion-evaporation and projec- wedge calculstion [16 =] 1§ I Piiraty beam scattering in 2 target
I idd a delta-peak inta an angular distribution

tlle fragmentatlon- ¥ Savitzky-Galay smoothing filker

t#i Flot options | Scheme options | for 'Optimal target' plot

However, if the angular distribution of ™ Debuaging Mode [file ‘distib. tat]
[ Make default

« 0K | X Cancel

I Check LIZ-file consistency [Configurations)
I Check LIZ-file consistency [Dptions]

the fragments exceeds the size of an-
gular acceptance, then the resulting
energy distribution can have a two

? Help

. . Fig.66. The “Preferences” dialog.
peaked shape. In this case tuning of

the spectrometer on the centre of energy distribution can gives the minimal fragment output. Therefore
it is necessary to consider additional possibilities of spectrometer tuning. The two new settings mode
(“left peak™ and “right peak™) have been developed for the case of fission reactions (see Fig.66). The
default method to tune the spectrometer in the fission case is “right peak™ (as on more intense peak).

Understanding how the program searches for these peaks is very important, so that user can confi-
dently choose the tuning mode for a concrete case:

1. Ax&Ay matrices and distributions of “MatrixKinematics™ class are calculated after the stripper.

2. The code is looking for minimal values of production w=Acc-(6/0)" in horizontal and vertical di-
rections, where Acc is the angular acceptance of the optic block in given direction, (6/0) is angu-
lar magnification coefficient from the “global” matrix of the previous optic block (or it is equal to
1 if there are not optical blocks before).

3. The special “gate” distribution is the convolution of energy “acquired” distribution after stripper

and rectangle distribution with the width equal to w;

4. The next steps are identical to “filter” method steps 2-6 to get I(E) of DF distribution (see chap-
ter 2.3.2.).

5. The code searches position of the right and left peaks of I(E) of DF distribution.

The “CoulombFissionExample.lpp” demonstration file for “CoulombFission” reaction mechanism has
been created and is located in the directory “\Files\Examples”. The following discussion and examples
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are based on this file. Fig.67 shows the horizontal spatial selection of fission fragments by slits the S1,
and the two-dimensional identification plot of fission fragments is presented in Fig.68.

a0l S1 slits-X|space: output before slits
2381000 0 Meriu + Be (1 mm);, Setings on 130Te; Config: DSWWRDRMMNWS DS DRMRRRR S AR
dp/p=3.09% | Wedges: 0,4 (2 mm), &l{50000 mgicmz2); BraofTm): 14.5281, 14 4476, 14,1400, 14 0964
420 without charge states
aso|
\.

240 \ \

-E- \

E

(2]

(=9

=

=

2

=
180 |
140} A &s
100 | \

.\k
20
=220 -180 -140 -100 X (mm) -20 20 60
Fig.67. Horizontal spatial selection of fission fragments by the slits S1.
The spectrometer is set to the right peak of *’Te momentum distribution.
TKE-X Continue
3B 10000 MeViu + Be (1 mm);, Setings on 130Te; Config: DSWMDMMEWS DR SDMMRWRBS MY
dp/p=3.09% : Wedges: 0, A (2 mm), &1 (50000 mgfcm?2); Brho{Tm): 14 5381, 14 4476, 141400, 14 0964
H-detector: MWW21 " 1-st TKE detector: Exit_window wiithout charge states
1.32e+5

1.2e+5

S
59.615e+06
Speed
0 pps

286+5 |

26e+5

Total energy (MeV) /before Exit_window/

240+5 e |
: | 3 |
22e+5
1.2e+5
15
[ 1|
1.18e+5
L |
1.16e+5 1|

-100 -60 -20 20 50

X-position {(mm)

Fig.68. Two-dimensional identification plot “X&TKE”. Spectrometer configuration and detector used for identification
are shown on the picture.

- 49 -



5.2. Secondary reactions in the target

A subroutine of secondary reactions in target calculations has been adapted for Coulomb fission reac-
tions. There are some relevant differences in case of secondary reactions for the “fragmentation” and
“fission” reaction modes. Some of them we would like to point out:

1. For fragmentation, the cross- o Cross sections (Coulomb fission)

section of any isotope with neu- 81) (B00.0 Mev/u) + b (1 gfern) > N=1-200
a8 1

equal to) than correspondent :

numbers of the projectile is not ! )
‘@
- 2 * |

equal to zero. Whereas in the
l...-l-
o
'

nal fragment iS located in 2-3 EM fission CS: 1526.1mb;  Awerage Ex.Energy: 15.4Me%;  Fission Barrier: B.1MeV
5 Figsion =» Odd-Even corrections: Yes; | Post-scizsion emission Yes,  Murmber of DE points: 1

nucleons up on the line “projec- G 70 5 Neutrons (N) 40 70 ED

tile-final fragment”, whereas if Fig.69. Calculated production  cross-sections for the reaction
. 238
for a final fragment in the re- ~ U(600MeVi)+ Ph(iglem’).

gion #3 for the fission case a
maximum secondary parent nucleus is located in the region #2 in Fig.69.

tron or atomic numbers less (or

Coulomb fission case cross-

Protons (Z)

sections are equal to zero in re-
gions 1 & 3 shown in Fig.69.

w
o
=

2. For fragmentation a “secon-

25
dary” parent nucleus given a 3

maximum contribution in the fi- ¢

238

Reactions to get maximum rate for the =" U(600MeV/u) projectile on a lead target are given in Table 3.

Table 3. Reactions to get maximum rate for the “**U(600MeV/u) projectile on a lead target (without taking into account the
abrasion-fission reaction). Regions are denoted in Fig.69.

Region For thin target For thick target
#1 fragmentation 1% step: fragmentation, 2™ step: fragmentation
#2 EM fission EM fission
#3 fragmentation 1¥ step: EM fission, 2™ step: fragmentation

In order to apply the secondary reactions contribution, the code uses a coefficient to the primary pro-
duction cross-section. However, as was already mentioned the initial cross sections in region #3 are
equal to 0 in the Coulomb fission case. This disadvantage should be overcome in the next version. As a
temporary solution it is possible to set very low suppression value for fission cross-sections that in-
creases calculation time. As well as secondary reactions, the calculation procedure should be opti-
mized for speed. This it is very important in the case of a projectile as heavy as Uranium.
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5.3. Optimal thickness target calculations

The fission-fragment production cross section depends
upon the projectile energy. If a target thickness has
changed by at least 10 percent then the cross-sections will
be recalculated. The user can switch off the option of
cross-section recalculation in the case of the optimum
target thickness calculation. It is assumed in this case that
the reaction takes place in the beginning of the target.

Dependences of "°Ni fragment rate from the Pb-target
thickness in EM fission of **U (400MeV/u) are shown in

Choose Fragment

A

i~ Charge states

Element 2

50+ 1

&

Beta- decay

=l

— Crozs sections

i Fixed

= Energy dependent

¢ Ok | anncell

use the contribution of
~ zecondary reactions

Fig.70. The “Choose fragment” dialog for opti-
mum target thickness calculations.

Fig.71. In the case of energy dependent calculations the maximum of "*Ni fragment distribution with

energy dependent cross-sections calculations is given on the left and its amplitude is less than for con-

stant cross-section calculations. The plot of a cross-section versus a target thickness is created (see
Fig.72) if the “Cross section energy dependent” option is selected in the “Choose fragment” dialog

(see Fig.70).

L e e AN AL L S RN R B B B B B S S B N B B B B R B

233

|
V'

25000

T

20000

S Rate (pps)
g

with cross sections
constant
dependent on energy

5000

| 1 | |

. . . L1
1000 2000 3000

Thickness (mg/cmz)

Cross section (mb)

o

Transmission for optimal target plot
=3 (400.0 Meiu) + Pb
Settings on "Bnli; Config: DDSWDDNS

dpfp=5.07 % ; Wedges: u]

s00 1500 2500 3500 4500

Thickness (mg/cm2)
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Fig.71. "*Ni fission-fragment rates in the final
focal plane of a fragment-separator from EM
fission of “PU (400MeV/u) versus a target
thickness. The red dot-dashed (blue solid) line
has been calculated assuming fission-
fragment production cross-section being con-
stant (dependent) from the projectile beam.
200 thickness values for the optimal target
thickness calculations were used. The dimen-
sion of transmission distributions was set to
64. Savitzky-Golay smoothing filter was ap-
plied for both curves.

Fig.72. °Ni fragment-fission production
cross-section in  EM fission of *FU
(400MeV/u) in the middle of the target versus
a target thickness. The “teeth” structure of the
curve is explained by the fact that cross-
sections are recalculated after 10% change of
the target thickness.



6. Comparisons of LISE calculations with experimental data and the MOCADI code

6.1. Kinematics calculation in the case of thick targets

Calculation comparisons of DistrMethod and MCmethod methods of the LISE++ program and the
MOCADI [Wei04] program were made depending on energy of a primary beam and target thickness.
The MOCADI calculations were done by Dr.H.Weick (GSI). In this chapter the comparison will be
presented for the case of a thick Pb target (5g/cm?) and primary beam ***U with energy 920 MeV/u for
the final fragment '°°Zr. Two-dimension plots created by the LISE++ code (MCmethod) are shown in
Fig.73 for 100% angular transmission, and for angular acceptances H=120 & V=120 mrad in Fig.74.

S0 ' : : 938 =>1007r + 138Te (PrOJectll-e Enargy “g2000 Mevm)
e 1007y fragment kinematics
- e e
3
30
Fig.73. LISE++ MCmethod
—_ calculations. 2D-plot “En-
k ergy-6x” of the fission-frag-
E ment '"Zr in the reaction
S, 28U(920MeV/u)+Pb(5g/cm?)
= .
Angular transmission of the
fragment is 100%.
SLIM
-30 3.0082+05
Speed
0 pps
- - l-\:_..._ ...\_.'
Targetthickness: 5 gfcm2,  Qreaction: 189,84 MeV (Excitations 0.0=>0.0+0.0}
_80 Rectangle Angular Acceptance {(mrad) H =100 00{0.50%; % = 100.00{0.50)
560 600 640 £80 E [Lab-MeV/u] 800 840 880
=0 1007y fragment kinematics
238 == 100Z2r + 138Te (Projectile Energy - 92000 MaViu)
Targetthickness: 5 g/cm2;  Q reaction: 189 .84 Mel (Excitations 0.0==0.0+0.0)
Rectangle Angular Acceptance (mrad). H =20.00{0.00}), % = 20.00{0.00})
30
_— _ Fig.74. LISE++ MCmethod
g - calculations. 2D-plot “En-
= L .
£ ergy-6y” of the fission-
E ’ fragment ' Zr in the reaction
5‘ - P8U(920MeV/u)+Pb(5g/cm?)
% : Angular acceptances:
-10 i H=%20& V== 20 mrad.
iﬂg Angular transmission of the
T - fragment is 33.6%.
-30
S
7.883e+05
Speed
0 pps
-50

560 600 540 620 E [Lab-MeV/u] 300 340 380

-52.-



MOCADTI’s calculations corresponded to the same conditions as were done for Fig.73 and Fig.74 are

shown accordingly in Fig.75 and Fig.76.

Fig.75. MOCADI calcula-
tions. The same conditions

Fig.76. MOCADI calcula-
tions. The same conditions
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Horizontal projections of Fig.73-76 are shown correspondingly in Fig.77-80. Calculated energy distri-
butions by LISE++ DistrMethod are shown in Fig.81 (without angular acceptance) and Fig.82 (for

+20 mrad). Transmission coefficients in the case of limited angular

+20 & V=

acceptances are almost the same for all three methods (about 34%).

angular acceptances H
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1007} fragment kinematics
A48%3 E [LabMeViL] window prajection — 236U => 1002+ 138Te (Projectle Energy © 920.00 MeViu)
Target thickness: 5 gfcm?,  Qreaction: 189.84 MeV (Excitations 0.0=>0.0+0.0)
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Fig.77. LISE++ MCmethod.
Projection of Fig.73 on the horizontal axis.
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Fig.79. MOCADI. Projection of Fig.75 on the horizontal axis.
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Fig.78. LISE++ MCmethod.
Projection of Fig.74 on the horizontal axis.

Fig.80. MOCADI. Projection of Fig.76 on the horizontal axis.
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Fig.81. Calculated energy distribution by LISE++
DistrMethod of '"Zr in the EM fission reaction
B8U920MeV/u)+ Pb(5g/cm’) Angular transmission of the
fragment is 100%.
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Fig.82. Calculated energy distribution by LISE++
DistrMethod of '"Zr in the EM fission reaction
B8U920MeV/iu)+  Pb(5g/cm’).  Angular — acceptances:

H=#20 & V=420 mrad. Angular transmission of the frag-
ment is 34.1%.
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6.2. Fission-fragment production cross-sections

Experimental production cross-section of cesium isotopes (black squares) with a uranium beam
(1GeV/u) on a lead target [Enq99] and calculations done by the LISE++ code using different TXE
methods are shown in Fig.83. Experimental cross-sections are available in the cross-section file
“238U Pb 1AgeV fission.cs” in the “\CrossSections\PublishedData” directory. Integrated experimen-
tal and calculated fission-fragment production cross-sections for the same reaction are shown in
Fig.84.
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Fig.83. Experimental production cross-section of cesium isotopes (black squares) with a uranium beam (1GeV/u) in a lead
target [Eng99]. Cross sections calculated with the TXE method set to 0 (“Dissipated energy”) are shown in left plot, and
with the TXE method to set 1 (“Qvalue”) correspondingly on right plot. See details on plots. Fragmentation parameteriza-
tion EPAX2.15 is shown on both plots by blue dotted-dash line.
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Fig.84. Experimental (black solid squares) integrated nuclear-charge (left plot) and neutron number (vight plot) cross-
sections for EM fission of **U(1GeV/u) in a lead target [Eng99]. See details for calculation curves in plots. The “Dissi-
pated energy” TXE method (0) was used for calculations.
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It is possible to make the following conclusions from the comparisonof calculations and experimental
data in Fig.83 and Fig.84:

1.

2.

LISE uses only the average excitation energy of the EM fission excitation function
(<E,>=16 MeV for Fig.83) for cross section calculations. In this context the experimental cross
sections are well described by the calculations only at small excitation energies (neutron-rich
isotopes). In the next version, cross-sections will be calculated from several excitation energy
points of the EM fission excitation function (for example see right plot in Fig.41).

Left plot in Fig.84: it is necessary to incorporate in the code the new 6Z-development of GSI’s
group to reproduce more accurately nuclear charge odd-even effects.

Experimental cross-section of cesium isotopes (Fig.83) can be reproduced just partially by cal-
culations with different excitation energies but with the constant total fission cross-sections. In
order to reproduce experimental integrated cross-sections (Fig.84) the total EM fission cross-
section was increased, that points out a significant “abrasion-fission” contribution in fission-
fragment production cross-sections.

6.3. TKE comparisons

The total kinetic energy fission fragment spectra as a function of the nuclear charge corresponding to
fission of **U at 420 MeV/u [Sch00] are shown in Fig.85 (lead target) and Fig.86 (plastic target). Cal-
culations for the excitation energy equal to 13.1 MeV (corresponds to the average energy of the EM
fission excitation function in the reaction **>U(420 MeV/u)+Pb) are shown in Fig.85. TKE calculations
using the TXE method #1 (“Qvalue”) with the f~parameter equal to 0.0035 depending on the excitation

energy of the

23U fissile nucleus are shown in the left plot of Fig.86, and TKE calculations with exci-

tation energy equal to 70 MeV for different models are shown in right plot of Fig.86.
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Fig.85. The total kinetic energy
as a function of the nuclear
charge of the fission fragments.
Experimental  (black  circles)
values of every element corre-
spond to fission of U having
passed the lead target at 420
MeV/u  [Sch00]. Calculations
were done the excitation energy
equal to 13.1 MeV what corre-
X sponds to the average energy of
@ | the EM fission excitation func-
tion in the reaction
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Fig.86. The total kinetic energy as a function of the nuclear charge of the fission fragments. The experimental spectrum
(black circles) corresponds to fission of U induced by nuclear interactions with a plastic target [Sch00]. TKE calcula-
tions using the TXE method #1 (“Qvalue”) with the f~parameter equal to 0.0035 depending on excitation energy are shown
in left plot. TKE calculations with excitation energy equal to 70 MeV depending on different models are shown in right
plot. See details for calculation curves in plots.

It is possible to make the following conclusions from comparisons between calculations and experi-
mental data in Fig.85 and Fig.86:

1. Calculation with the shell position Ngne2 equal to 86 better describes experimental data than 88
and 90 the case of low excitation energies of U fissile nucleus (see Fig.85).

2. The best agreement with data is observed for calculations done with the TXE model set to 1
(“Qvalue”) with the f~parameter equal to 0.0035 and assuming Nghen2 €qual to 86 (see Fig.85).

3. A difference between experimental data and the calculated curve (TXE method #1 with
£=0.0035) for elements Z=45-47 in Fig.85 can be explained by the “abrasion-fission” contribu-
tion.

4. An influence of the Ngen2 shell location is washed out at high excitation energies (right plot in
Fig.86).

5. A good agreement with experimental data is achieved for calculations with the TXE model #1 for
the f-parameter equal to 0.0035 at an excitation energy equal to 70 MeV (left plot in Fig.86).

6. For excitation energy equal to 70 MeV the best normalization for different TXE models is ob-
served for the model #1 with the f-parameter equal to 0.0035 (right plot in Fig.86).

7. There is discrepancy between calculations and experimental data in the edges of distribution
(Z<34 and Z>68) in the “abrasion-fission” reaction. One reason could be an inaccurate mass ex-
cess calculation for unbound super neutron-rich isotopes. The new masses (AME2003) will be
incorporated in the next version of the code, as well as mass model parameters will be reconsid-
ered.
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7. Other

7.1. Projection on an axis in Monte Carlo plots

In all Monte Carlo two-dimensional plots beginning from the version 6.5.5 the user can create a pro-
jection on horizontal or vertical axes using the icon $&} in the plot toolbar. The plot projections in hori-

zontal and vertical axes are shown in Fig.8.

7.2. Equilibrium thickness calculation methods in the Production dialog

In the previous version of the code the equilibrium thickness in the Physical calculator was calculated
using the “Charge” code algorithm. In the new version the user can select a method of equilibrium
thickness calculation for the “Physical calculator” in the “Charge States” frame of the “Production
mechanism” dialog. The default calculation method is the “Global” code algorithm.

7.3. Navigation map: projectile & fragment

In case of the fragmentation reaction the “setting fragment” is
found “close to” the primary beam. However, in case of fission the
projectile is found in top of the table of nuclides, whereas the frag-
ment uses to locate in middle of the table. For fast navigating (and
also precise) in the new version, to be moved cross the table of

isotopes, two buttons “projectile” and “fragment” have been incor-
porated in the navigation window (see Fig.87.

T0I background x| )
Fig.87. The mouse cursor changes at

~ L'Ijse I:Tabledu:uf |sotopes" an intake of the mouse to these buttons.
ACKgraLn
7.4. "Table of nuclides” background
I change “Table of nuclides” background is available
7 0K X Cancel now for 2D cross-section (and several other)
plots (for example Fig.57). Using the icon #
Fio 88 in the plot toolbar the user can load the “TOI
ig.88.

background options” where it is possible to
change the background color or turn off this option (see Fig.88).

7.5. New configuration files

The new LISE++ configuration files have been added to the installation
package:

Directory Config-file Thanks to
GANIL Alpha A.Lopez,
GANIL Alpha-D2 (see Fig.89) B.Jacquot
NSCL A1900 2004A A.Stolz

The “Alpha-D2” scheme options are next: initial angle = 0; width =3,
height = 6, margins =30 (Fig.89). Fig.89. The “Alpha-D2”
configuration file.
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7.6. Charge state suppression values

Suppression values can be set to increase the calculation speed for transmission of ions with different
charge values. In the previous version some constant coefficients were also used, but the new version
gives to the user a possibility to change these suppression values from the “Charge state suppression

values” dialog (Fig.90). This dialog is available through the Charge states” frame of the “Production
_ -

Charge state suppression ¥alues

mechanism” dialog. Let assume there is a spectrometer

with n dipoles and before every dipole a material with Charge state cutofs - for
. . Fragrernt Primary beam
non-zero thickness is located. The code calculates charge
.. . . . Individual Te-3 1e-B
state transmission # times through this spectrometer if the ! !
« . 9 . . . . Global | 1e-d I 1
charge state calculation” option is turn on. The ion will

If the charge state probability [range O - 1] after a material and
befare an optical block iz less than the suppression value then
the: ioh iz excluded from transmizzion caloulations

be excluded from transmission calculations if one of con-
ditions is true:

[~ Make default

1. if 3 i that é < Sindividua[, where i [l,n] X Cancel

n
2' Hé:t < Sglabal
i=1

Fig.90. The “charge state
suppression values” dialog.

where & is the charge state probability after n-material, and S; are the suppression coefficients (see
Fig.90).

E3 Microsoft Excel - RIA_IntensityCalculator

Fragment Projectile
7.7. Rate Calculator Y | TR E—
Element Cd Intensity 400.0 K
oqe . z 48
A utility for the fast calculation of o = aefieient 175
production rates has been developed Target
i A 20719
using MS Excel and the LISE code e
dynamical libraries. It was named ot 08 et
Rate Calculator and represents 7MB T e e o "
. . Bean Lhickness in;::_“;.itz‘ Intensity Fission CS Hat:
Excel file. To use the intensity calcu- 10ca P S
4o . 86Kr 26601 1 737e+13
lator lt IS necessary' 1128n 1809.6 1 5.58e+13 1.47e+09
1248n 2003.4 0.8 4.03e+13 3.14e+08
1 1011 1 124Xe 1722.4 1 5.048+13 7.07e+08
1. Set the security priority in Excel J21xe 17 ! Sutes rece
c 2 ¢ 3 ’ 2380 1203.8 0.5 1.318+13 2.32e+07
to “low” or “medium” for the 1
use of LISE’s macros (the menu }
“Tools—>Macros—Security”). }
CF 1203.8 1 2.63e+13 1400.0 7.7Be+05
< 2 AF 1203.8 1 2.63e+13 700.0 1.06e+08
2. Load the “LISE.xIs” file from — e
hearm 1245n

the LISE root directory.

The “RateCalculator.xls” file can be
downloaded from the following di-
rectories of the LISE-ftp sites:

only cells of this background can be editted |1

Coulomb Fission: Excitation energy 16 e
Abrasion - Fission: Excitation energy 70 Me

Frtat ficaton (R novmilred i Pk

144w Jrl S MAIN {PIbt £ 48Ca £ B6Kr 4 11250 £ 12450 4 1248 4 208Ph 4 238U 4CF £ AF

]

Fig.91. The “MAIN” sheet of the “RateCalculator.xls” file.

ftp://dnr080.] inr.ru/lise/different/” and ftp://ftp.nscl.msu.edu/pub/lise/different/.

" Dubna's ftp-server doesn't support Netscape's orders. Sorry.
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The Rate Calculator file contains 11 sheets but the user can make changes (input data) only* in several
cells (marked by special color) in the “MAIN” sheet (see Fig.91). A plot in the “PLOT” sheet (Fig.92)
is automatically recalculated if the setting fragment has been changed in the “MAIN” sheet. Press the
“Rescale plot” button to adapt new boundaries for the horizontal axis. Nine other sheets contain data
bases of different reactions: fragmentation of 48Ca, 86Kr, MZSn, 124Sn, 124Xe, 208Pb, 38y projectiles and
fission of 2**U nucleus with excitation energies equal to 16 and 70 MeV that correspond to average
excitation energies of Coulomb fission (CF) and abrasion-fission (AF) respectively.

| Rescale plot | l
Cd-isofopes (Z£=48)
1.0E+11
1 0E+09 "(ﬁ‘““ —
> L
1.0E+07 . S <><>O = £ Py i “‘0 oo Plot Area | ——43Ca
% H
e Y it
| — —BEKr
1 0E+05 ate -
i 112Sn
) ; . | W
o 1.0E+03 g N : PR —--—- 1245n
= i N A, a
D oErn A S AN s | 2438
- ; Y =
o ’ P \ °o N — 708Pb
" &
1 0E-01 N EE— N il
< | >
1.0E-03 ' . - CF
B B °
° | 1 o . AF
1 0E-05 |
1.0E-07 i -
i
1 0E-09 . ‘ . ' . . .
91 101 111 121 131 141 151
Mass number (&)
.
Ak M \MA¥ .‘:Plotf 4;5,{ S6kr £ 1125n 4 12450 £ 124¥e £ 208Pb £ 238U £CF £ AF / |{|

Fig.92. The “Plot” sheet of the “RateCalculator.xls” file.

Fragment production cross-section are automatically recalculated if the atomic or mass numbers of the
target are changed for fragmentation reactions. Fission-fragment cross-sections were deduced from the
LISE code and normalized to the total fission cross-section equal to Imb. The user has to set manually
total fission cross-section if the target is changed. EM total fission cross section can be taken from
LISE++ calculations (see Fig.32). For example the total EM fission cross-section in the reaction
28U(400MeV/u)+Pb is equal to 1320 mb.

The effective target thickness is equal to the product of Coefficient uiciiange) and the range of the projec-
tile in the target material. The target and the projectile energy are set by the user in the “MAIN” sheet.
An intensity is set in KW and then it transformed to the particle per second dimension (for every pro-
jectile with taking into account the private intensity coefficient”) (see Fig.91). Using the beam inten-
sity [pps], the target thickness [mg/cm?], and the production cross-section [mb] MS Excel calculates
the rate of the fragment. The transmission coefficient is unique for all fragments and entered by the
user manually.

" Actually the user can unprotect sheets without a password using the menu “Tools — Protection — Unprotect sheet”.
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7.8. 2D-plot “Range-X”

Dutput it plots Al charge state distibutions. [ -

ED:;T d::;base A new 2D-plot “Range-X” can be plotted in S O,
Plat TKE-TOF the new version of the code through the Threshold for two-dimensional plots | 1510 pps
feeae  “2D-plot” menu (see Fig93). The X-  CelwiDwmmeSecior g L
porce coordinate is taken from “X-space” detector, D et o [Sihs_FP = ¢
E:EE IEE? and the “Range” detector is assu'med to be X space detector [12_PPACT r
Plok TOR-% the same as the TKE-detector (Fig.94). Ex- %2 space detsctor |FP_PPACT = L
E:zt ;_Cff'" amples of “Range-X” plot are shown in ¥ space detectar |FF_PRACT [ -
Plat -2 Fig.95 (in case of 2nd achromatic wedge) dE - detector |FP_PIN =
et and Fig.96 (in case of 2nd monochromatic dE2_detector_[FP PRAC] =
Plot Options wedge) for “A1900-gas cell” configuration Fange s 17750 ﬂ)
Fig.93. file. The vertical green line shows the thick- At Crart of TAE [Frarares =
ness of the range detector. Fig.94. Fragment of the “Plot options” dialog.
i Range-X

3BAr (140.0 MeV/u) + Be (376 mg/em?); Settings on 32P; Config: DDSWDSDD DD DWMSMMMM
dp/p=4.66% ; Wedges: Al (600 mgfem?), 060 Si26BINa3AI (1500 pm); Brho(Tm): 3.5103, 3.5103, 3.1589, 3.1589
X-detector: Be-window "" Range-detector: Be-window

2nd wedge is achromatic

Fig.95. “Range-X" plot calcu-
lated for the “A1900-gas_cell”
material thickness set in the code conﬁgumtion ﬁle in the case Of
2" achromatic wedge.

02}

0 ;
30 X-position (mm)
Range-X
0.64 AP (140.0 Meviis) + Be (36 myom?); Settings on¥2P; Corfig: DDSWDSODDDD DWMSLL
dp/ =4 BB % | Wedges Al (ann mgice?), DBOSIZBEINA3AI (1500 pr); Brho(Tr): 35103, 3.5103, 3 1588, 3.1588
06 : . Yedetictor, Be-window ** Hange- detector. Be- wmdow
0.56
z
z Fig.96. “Range-X" plot calcu-
z v ”
& lated for the “A1900-gas cell
E configuration file in the case of
E 2" monochromatic wedge.
>
c
]
o
0.36
0.3z
028 . : B L . — .
2nd wedge is monochromatic

70 -50 30 X-position (mm) a0 50
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Range-X

=160 -120 -80 -40 1] 40 80 X-position (mrm)

Fig.97.“Range-X" plot for the A1900 configuration file with
Al-wedge (200micron) in I2. X-coordinate is take from
PPAC in intermediate dispersive focal plane. The “Range’

detector is a scintillator in the final focal plane.

“Ar(140.0 Me\/u} + Be (500 um); Settings on %S; Config: DDSVWMDDMSMMM
5.07% ; Wedges: Al (200 um); Brho(Tm): 34821, 34821, 34550, 3.4550

400

C:mser\cllise_pp_7\spectres‘range.spa

1316131

Corir
sm 21
na @

<¥e ABE
R R
a1 156
oV 5452

300 3

Fig.98. The 2D-plot reproduced by the “Bl” dialog from

the file saved by MC plot package for Fig.97.
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Fig.101. LISE++ analytical
calculation of the *Si fragment
spatial  distribution  (compare
with Fig.99).



8. Bug and remark report

No messages, no Brho recalculations in the case of
very thick target

A.Stolz (NSCL)

Brho-value of the first optical block now is set to 0 in
the case of very thick target. The user will get a mes-
sage. Fixed.

Zero transmission of the primary beam through the
spectrometer in the case of a zero thickness target.

M.Mocko (NSCL)

The code does not calculate charge state production
for primary beam, fragment production and etc. in the
case of a zero thickness target by analogy with ex-
periment. Fixed.

1. Curved profile wedge corrections then slits a little
bit more than spatial distribution in the block.

2. Problem with charge state calculations. All of them fixed.
3. Logarithm error for very small argument.
T.Bauman (NSCL)
Program crash in the case of continuous decreasing | Fixed
the main window to zero size
Ask to make: the “Physical Calculator” is not hiding | Done

together with LISE main window
A.Miller(NSCL)

Equilibrium thickness in the Physical calculator
W.Lynch (NSCL)

See chapter 7.2.

Small angular acceptance problems for fission frag-
ment kinematics.

H.Weik (GSI)

Fixed. It was also corrected for ‘“fragmentation”
case.

9. Next steps development

Short-term plans for Coulomb fission

1. Reconsider the secondary reactions calculation mechanism in the target in case of Coulomb fis-

sion;

2. Use more points (now just one point) for the EM fission excitation function in the fission-

fragment production cross-sections;

3. Incorporate the new model of fission-fragment yields prediction of V.A.Rubcheya &
J.Aysto [Rub03] as alternative to the model of [Ben98].

Long-term plans

1. Development of the abrasion-fission (nuclear fission) mechanism in the code;

2. Incorporation of Atomic Mass Evaluation (AME2003) database for more precise mass calcula-

tions;

3. Develop a procedure to take into account secondary reactions in a wedge.
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