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1. Introduction

Fission observed after the collision of Uranium projec-
tiles with target nuclei is due to both electro-magnetic
and to nuclear processes. At large impact parameters, the
long-range Coulomb force dominates (Coulomb fission).
The projectile is excited mostly to the region of giant
resonance by exchange of virtual photons; the system
then decays by neutron emission or by fission (see Fig.1).
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Fig.1. Coulomb fission scheme.

Abrasion-Fission : fission of a heavy projectile after abrasion by a target heavier than Be

At smaller impact parameters, peripheral nuclear colli-
sions take place, and the fissile projectile is left abraded
and excited. After de-excitation by nucleon emission, it
can undergo fission with a finite probability [Hes96] as
well as of break-up. Three de-excitation channels
should be taken into account after abrasion: fis-
sion (Fig.2), break-up (Fig.3), and evaporation of light
particles (Fig.4).
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Fig.3. Abrasion-Break-up scheme.
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Fig.2. Abrasion-fission scheme.
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Fig.4. Abrasion-Evaporation scheme.
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In the case of fission of an incident projectile in N

result of collisions with a light target nucleus (see
Fig.5) we will be using the term “INC® fission” in
this documentation.

®
INC fission
A3+ A4'< 238

Fig.5. INC fission scheme.
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INC fission : fission of a heavy projectile on light targets (p,d,3He,a).

A new model based on the fast analytical calculation of ABRASION-FISSION fragment transmission
through a fragment separator has been developed in the framework of the code LISE++.

Before discussing Abrasion-Fission it is necessary to explain a number of changes and new develop-

ments in the program that were included to provide all of the important components to analyze the
Abrasion-Fission fragment production, such as dissipation effects in fission, break-up de-excitation
channels, secondary reactions in the target, and a reexamination of fission barriers.

* Intra-Nuclear Cascade




2. De-excitation process

The decay of highly excited nucl

processes, which have great practical importance [Sch02]
such as fission, spallation, fragmentation and others. The
compound-nucleus mechanism dominating at low excitation
energies changes into simultaneous decay into many frag-

ments with increasing energy. In
tively the de-excitation process

there are three principal approaches pursued in the new

version of the code. They are avai

ration options” dialog (in the case of fusion or fission reac-
tions set in the code, see Fig.6) or from the “Prefragment
search and Evaporation option” dialog (in the case of pro-

jectile fragmentation) (see Fig.7):

Dissipative effects in fission (frames “A”),

ei takes place via various = ,
File Settings

28(e] g

E LISE ++ [MNoname]

Cptions  Calculabions  Ukilities  10-Plot 20-Plot

Preferences
Production Mechanism

Ernjecﬁle

order to describe qualita-
of highly excited nuclei

140 Met'n

ragment

Targ

E LISE ++ [Noname]

File Settings | Options Calculations  Litilities  1D-Plot

Prefragment Search and Evaporation options

Cross Seckions

Cross Seckion File
Isokopes

o r,@l @.;l {g Preferences
lable through the EVapO- = = A Produckion "'IEEEEEN&ED_)
Ernjectile‘ Ewaporation options
140 MeviL Excitation energy of prefragment
[Flragment  cross sections
Targ Cross Section File
Isokopes

[ J
e Break-up channel (frames “B”),
e Fission barrier reexaminati

on (frame “C”).

Fig.6. The “Options” menu

These new features were implemented to achieve better agreement between LISE calculations and data
from GSI experimental and theoretical approaches. In this chapter we will explain the nature of these

new effects. The influence of these parameters on the models in the final Abrasion-Fission fragment
production will be presented in chapter 5. Abrasion-Fission.

— Evaporation optionz

Dimenzion of evaporation

Decay modes

distributions [32] | ¥ M nl 2] 1o | 2 | apha] d | ¢
Wersion of Cross-Section Iﬁ

evaporahion file brief i ™ r F r F r r

Carrection dR for the deduced
effective Coulomb barrier for the 7
TLMMELLIMG mnde [fm] Mads — For "daughter' nucleus exctitation energy distribution apply; ———
Fizgion Barmier —= @ manual S . ) . .
[ f* energy distribution of the emitted light particle [qualitatively]
Model = “FisRot" - RLDM[Cohen] £ . .
; " average energy of the emitted light particle [fast)
zeltifgs |
BarFac =| 1 {&} settings | =
— State denzity — Dizzipative effects in fizzion

v Take into account unbound nuclsi
[~ Create cross-sections file

[~ Create Parent-Daughter references file

" Uze Ablation in Abrazion-dblation
calculations [for platz)

State dengity & T plots

N |

v Tunnelling for charge particle evaparation

 [A]- Equidistant model
" [B] - as [4] + pailing corections

' [C] - az [B] + shell comections

[~ uszeKr
v

uze Gamma_f(t] as
a step function

Reduced dizzipaton
coefficient "bets"
o21)/s

beta = I 2

amers factor

— Ddd-Even Delta parameters
default

Evaporation = I 12 12
Fizzion = I 14 14

. Probatilty & width plats |

The limitirg

Oi

reak-up paramelers

based on bwo points for masses 40 & 200

Tie=0a0=[ & gp
Tig=200)= | 45 45

temperature calculated from the line

defaullt

B

ffuseness = I 0.05 0.05

[ Make default

o 0K X Cancel

? Help

Fig.7. The “Evaporation option” dialog.
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2.1. The break-up channel in the evaporation cascade

It is suggested that the “break-up channel” is a simultaneous decay of a highly excited nucleus into

many fragments. Abrasion-breakup is break-up of the projectile residue after abrasion by a target

when the nuclear temperature of the fragment exceeds the limiting temperature.

The code doesn’t calculate mass and element distributions of fragments after break-up™! The prin-

cipal aim of this version is calculation of Abrasion-Fission products. This is the reason why break-up

events are excluded from the following calculations. Future plans are to make an analysis of the prod-

ucts from Abrasion-Breakup with sequential decay as was done for Abrasion-Evaporation and Abra-
sion-Fission channels in the current version of LISE++.

2.1.1. The limiting temperature as a function of mass

number

The limiting temperature is calculated as a function of the
mass between 4=40 and 4=200 (see Fig.7, frame “B”).
The default values are taken from the paper [De96] (see
Fig.8). If you prefer the limiting temperature to be con- 5.0
stant for all masses as in [Sch02] just set the same value
for both masses in the dialog. To avoid a jump in the 45k
widths calculation of de-excitation channels, the break-up l " i : .
channel shape is represented by a Fermi distribution

Ty (MeV)

40 120 200
A

p(T)=1- 1/(1 + exp[(T —Tim )/d]) , where d is the diffuse- Fig.8. The limiting temerature Ty, as a function
ness (default value is equal to 0.05), which can be modi- ¢/ mass number on the [-stability line [De96].

fied in the “Evaporation options” dialog (see
Fig.7, frame “B”).

By clicking the “Probability & Widths plots”
button in the “Evaporation options” dialog it is
possible to match the probabilities of different
de-excitation channels as a function of excita-
tion energy (see Fig.9).

Note: Comparison between Abrasion-Ablation
calculations with the break-up option and ex-
perimental values of fragment production cross-
sections in fragmentation of intermediate beams
(Z=16-28) indicates that the limiting tempera-
ture should be larger for fragments with masses
less than 40 was predicted in [De96]. Conse-
quently we propose increasing the limiting tem-
perature for this case for low masses or turning
off the break-up channel, since its contribution
should be insignificant.

2 48Ca - evaporation channels: Wi/ Wtotal

Gafnma 1n
E

Wi / Wtotal

o

Fig

1e-3

40 80 120 160 200 240 280
Excitation energy [MeV]

Fig.9. ®*Ca de-excitation channel probabilities as a function of
the excitation energy. The break-up is taken into account and
begins to dominate at energies above 240 MeV.

*as it was done in [Sch02]. In order to simulate the production of residues in the fragmentation of **U projectiles with
LISE++ you have to turn off the break-up channel and use the “triangle” excitation function. See chapter 4.6 “Excitation
energy of Prefragment” of the documentation for version 6.4 (http://groups.nscl.msu.edu/lise/6_4/lise++ 6_4.pdf).
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2.1.1.1. The crucial role of the break-up channel in heavy projectile fragmentation

The crucial role of break-up channel contributions in the fragment production in reactions with heavy

projectiles at relativistic energies is demonstrated well in Fig.10 and Fig.11.

No break-up

Fission channel cross-sections

M) +Be

= w
& o

Protons (Z)

bl

Protons (Z)

w
=]

20

With break-up channel

Fission channel cross-sections

=8 4 Be

] a0 1] a0 00 F (T

Neutrons (N)

Final Evaporation Residue cross-sections
= U + Be

Protons (2)

&

a0 60 ] 100 120 140

Neutrons (M)

20 40 B0 Neutrons (N) 100 120 140

Final Evaporation Residue cross-sections

281 + Ba

0 40 50 Neutrons (N) 100 120 740

Fig.10. Fission channel cross-sections resulting from “*U(1AGeV) abrasion by a Be target (top panel). The bottom pic-
tures show the final evaporation residue cross-sections in the same reaction. Calculations shown on the left plots were
done without the Break-up channel, whereas for the plots on the right side the break-up channel was taken into account.

T T T T T T
— — - Final Abrasion-Evaporation Residues
102 b - - - - Break-up deexcitation channel
E Fission deexcitation channel
Ke}
S .
< 10"
K=l
°
Q
» .
s .
(723
8 10° 3
. L 238
107 . U+Be
T T T T T T
20 40 60
Protons

Fig.11. Nuclear charge yields for different de-
excitation channels after P8U(14GeV) abrasion on
a Be-target.

Notes: Several cross-sections shown in Fig.10
are outside the LISE nuclide table due to fact
that unbound nuclei are taken into account for
the fission de-excitation channel. In the case
of evaporation residues, only particle-bound
nuclei can be produced. The code calculates
separation energies from LISE LDM?2 using
AME2003 data, but the LISE nuclide table is
based on old measurements and can be modi-
fied manually by the user.



2.2. Dissipation effects in fission

Dissipation is a fundamental process in nuclei that determines the time an excited nucleus needs to
populate the available space and to reach equilibrium [Jur02]. The concept of dissipation was already
introduced by Kramers [Kra40] more than sixty years ago, but the success of the transition-state model
of Bohr and Wheeler [Boh39] prevented his idea from being established [Jur02,Jur03]. However, it
was shown by different groups in the 80’s that measured pre-scission neutron multiplicities were much
larger than the predictions of the transition-state model. This discrepancy was interpreted as an indica-
tion that the de-excitation process of a highly excited heavy nucleus is a dynamical process.

Recently at GSI an analysis of dissipative effects in nuclear fission observed in the fragmentation of
28U projectiles was performed by A.Ingatyuk et al [Ign95], and new signatures of dissipation in fission
induced by relativistic heavy-ion collisions were obtained by B.Jurado et al. [Jur02,Jur03]. Using re-
sults of these studies, the dissipation effects in fission were implemented in the LISE++ code.

In the quasi-stationary approximation Kramers obtained the following equation for the fission width:
K BW
Iy =K-I; N/

where Ff " is the fission-decay width given by the transition-state model, and X is the factor:

K=\Jl+y’ -y 12/
with
7 =20, /3/
where fis the reduced dissipation coefficient, and @, is the frequency of the harmonic-oscillator po-

tential that osculates the fission barrier at the saddle point. LISE fixed this potential equal to
ha, =1MeV for the fission width calculations.

The fission process requires a finite time. The dependence of this transient time 7z on the dissipation
coefficient for the underdamped and the overdamped regions is the following:

—11 108, for f>2 14/
T =—In —, for f>2w
under ﬂ T

p . 108,
T = In , for f<2w /5/
over 2 2 T f

The transient times defined in following Equations /4,5/ are shown in Fig.12* together with numerical
solutions of the Fokker-Planck equation [Bha86].

Taking into account the transient time, the ratio of the widths for fission and neutron emission can be

written as
r. re”
f(ﬂ) :K(ﬂ)f—exp —@ /6/
L+, +T, L,+0,+1, T

where 7, = h/ (Fn +0, + Fa) is the mean life-time against neutron, proton and alpha-particle emission.

* it was taken from [Ign95].



@) / 102

0 1 2 3 4 5

B / 1075

Fig.12. Calculated transient times 7(f3) for the overdamped and
underdamped regimes (Eqs./4,5/ with By=4 MeV, T =1 MeV,
w=1.3110"" s') [Bha86]. The dashed line corresponds to
overdamped motion: the transient time increases with increas-
ing viscosity. The dotted curve shows the case of underdamped
motion, which leads to an increase in the transient time when
the viscosity becomes very small and the energy is slowly dissi-
pated into collective motion. The solid curve is calculated from
a numerical solution of the Fokker-Planck equation.

The transient time 1s defined as r(ﬂ ) = max(rlm der’Tnver) in LISE. The factor K is set to 1 in Equation /6/

to calculate the fission-width if “Use Kramers factor” is turned off in the “Evaporation options” dialog

(see Fig.7, frame “A”). The user can modify the reduced dissipation coefficient £ and turn on/off the
dissipation effects for fission based on Equation /6/.

10

fission ] d E*

do

01

! I ' 1 ! I

[ ho dissipation =146 mb
A B=0510"s" o= 974mb
| p=1.0°10"s" o _=1094mb
: “B=2.0-10"s" o =1102mb
[ p=40°10"s" o = 822mb

" experiment [Amb96] o = 1030110 mb

T

“®U(1AGeV)+Be -> fission

| ' 1 '

100 200 300

400 500

Excitation energy of fissile nuclei (MeV)

Fig.13. Fission summary exci-
tation functions with different
reduced dissipation  coeffi-
cients and without dissipation
effects for fissile nuclei pro-
duced in  the  reaction
BU(14GeV)+Be.

The following parameters for
the Abrasion-Ablation model
were used to produce these
calculations:
Excitation energy:
Method #2
Ex=133dA
o=9.6(dA4)"

Channels:
p.n,2n, q, fission, break-up

Break-up:
T(40)=6.0, T(200)=4.5

NP = 16, SE: DB0+Cal2;
Kramers factor: YES
BarFac=1,; Mode: auto

Fission summary excitation functions without dissipation effects and with different reduced dissipation

coefficients for fissile nuclei produced in the reaction ***U(1AGeV)+Be are shown in Fig.13 to demon-
strate how total nuclear fission cross-section and the shape of the fission excitation functions can de-
pend on the dissipation effects. A more detailed analysis of the dissipation effects in the fission sum-

mary excitation function and comparisons with experimental data will be presented in chapter “5.4.4.

Dissipation effects in fission”.
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2.3. Evaporation calculator modifications

Some modifications were made in the Evaporation calculator related to the introduction of a new decay
channel (see Fig.14, frame “A”). The initial® abrasion cross-section, the summed cross-sections of
residues production, the cross-sections for fission and break-up de-excitation channels are given in
frame “B” in Fig.14. The initial cross-section consists of residue (Abrasion-evaporation) cross-
sections, fission and break-up channels.

Evaporation calculator oy ] 4
— Initial nucleus 20-plots C
Excitation energy window———————————— Fragmentation of beam
it | = on-Ablat " Final Evap.Residue C5 Temperature
Iritial nuclews Lower = l— MeV € gaussian [&brazion-Ablation) tl, I{l S Eookis
l 238U Upper =| MeV & rectangle " Excited nucleus evaporation h Fission channel C3 I&- Fission
1!1 Break o Ics Excitation Energy
reak-up channel
Initial nucleus production cross-section = I mkx
make calculations down o Z= I a7 ALCULA
¢ e | f&} Evaporation settings |
- Final nuclews i Average values — |
A Element 2 Final fragment production cross-zection l 1.37e-5 mh  Minimum separation energy [SE] l J73 Med . w
I I .. SEME= .
208 | Ac 83 Initial praduction CS of Final fragment Im b Minimum sum of [ SE + deduced Bad Moy Ee——
l [Far fragmentation) : s effective Coulomb barier] ' c <Tx=| 381
Alpha decay
i l 1.14e+0 issi i = I 7.45 jgx = || 289.52
¢ Tableof Crozs section from EP& 215 e+l mhb Fizzion barier at L=0 G <En_figx
/ Muclides
I PAREMT 4 3e4 2 3Meh Teh "4.833-4 2098
ajz = A
(,':I M I:> Decay modes Tn 1p alpha Fizzion JBreak-up I E max
 Bwitgion | [DAUGHTER | 2224 15264 1.07e-4 3e3 [384e5 | 35123 | 2078
energy plot ¢
e : e A
M of all c 1 90es3 28 el 1 53641 Initial ~ Residues  Fission  Break-up
caloulated nuclei | 218 “m eET e SR B 162e+3 £28e+2 989e+2 1642

Dutput cross-section fle [ [23892_00904.lcs Eé‘ Browse | EE  Show | -
Hel |

Ouput file of parent - By nove ] o |
Hoaaite [23892_00904 1pd Y Browse | B8l Show —
Fiszion C5 ouput file [ r23892_00904.|fl33 Eé Browse EE]l Show |

Fig.14. The Evaporation calculator. New modifications are marked by red rectangles.

The Evaporation calculator allows one to visualize the dynamics of the de-excitation of the nucleus,
and the history of excitation. The input parent excitation channels for the ***Ac nucleus in
Z8U(1AGeV)+Be are shown in Fig.15, the corresponding de-excitation channels in Fig.16. From
Fig.15 it is possible to conclude that the more intense component of the excitation function corre-
sponds to the initial abrasion (blue curve), but the main channel producing the final fragment ***Ac in
the ground state (Abrasion-Evaporation) is the 1n-channel (low energy part of the excitation function
between zero and the minimum separation energy marked by the green vertical line). The sum domi-
nating de-excitation channel is fission, but it is easy to see from Fig.16 that the break-up channel be-
gins to prevail at energies above 520 MeV. Parameters of these calculations are given in the break-up
channel 2D-plot in Fig.17. Fission channel and final evaporation residue cross-section 2D-plots with
and without break-up channel were already shown in Fig.10.

* The sum of cross-sections from the initial nucleus down to an element Z (see Fig.14), down to which calculations were
done.
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Fig.15. Input parent and
initial abrasion contributions
to the excitation function of
ge  in the  reaction
P8U(14GeV)+Be.

Fig.16. De-excitation chan-
nels of *Ac in the reaction
P8U(14GeV)+Be.

Fig.17. 2D-plot of break-up
de-excitation channel cross-
sections  for PU(14GeV)
abrasion on a Be-target.



3. Fission barriers
The LISE code needs fission barriers for:

e Calculation of fission de-excitation channels for the estimation of the total cross-sections of
Coulomb and Abrasion fission as well as abrasion-evaporation residues. For the next version,
plans are to develop the model to calculate fusion-fission production cross-sections in the low
excitation energy region where the fission barrier plays a crucial role®.

e (alculation of decay widths in the post-scission nucleon emission procedure.

The Cohen-Plasil-Swiatecki rotating liquid drop fission barrier [Coh74] without shell and odd-even
corrections was used in the previous version of LISE. A large fission yield was found close to the pro-
ton shell Z=82 during the development of the Abrasion-Fission model in the LISE code. This high
yield contradicted experimental data. It was explained by the small height of the fission barrier, which
is expected to grow near shell closures. In this context it was a necessity to introduce shell corrections
and odd-even effects. Other fission barrier models and the possibility to use experimental values for
the fission barrier were implemented in the code.

3.1. The Fission barrier dialog

The “Fission barrier” dialog (see Fig.18) can be reached by clicking on the “Settings” button of the
“Fission barrier” frame in the “Evaporation option” dialog (see Fig.7, frame “C”).

x
- S jer i T —F dels #0.1.2
4 Element 7 Sierk barrier information or models
I_ B arrier vanishes at = I 74 hbar factor to multiply
I 233 I u 3z |=:> Barfac = I 1 the: fiszion barrier
= [default walue 1)
l Stable - - .
15;;_, Fission Barrier Plat | W Usze LISE shell camections for LOM
[+ Usze odd-even carections far LDM
. Fission Barrier | Fission Barmier | .S, Energy Odd-Even Delta parameters ————
Useinthe cade atl=0 | atle=[ 10 | aiLx(MeV) default
far Prat ] 9.0 Mew
© 0-"Barfit’ - A.J. Sierk, PRC33(1986)2039 [ 503 [ a8 [ o0& S °
for Neutrons 25 2.5 Mev
& 1 -"FisRol" - 5.Cohen et al An P 82(1374) | B.0E | 53 | 03r
72 LDM - Mpers W Swiakecki NPET(196E) I 524 S e SR
™ 3.FILE: & Mamdouh et al MPAB7I[2001)337 IT in if FILE data are absent thet use LDM model #
ot ==y
" 4 - FILE: Experimental barriers IT % mas fin.out) 1-"FisRot" - 5.Cohen ot al AnF 82(1374) j
o Ok X Cancel ?  Help | [ Make default

Fig.18. The “Fission barrier” dialog.

The user can choose from five options available in the code: three models (Sierk [Sie86], Cohen
[Coh74], Myers[Mye66]) to calculate a fission barrier or extract it from files (Mamdout [MamO1] and
experimental data [Smi93]). If the selected option is “take data from the file” (model #3,4) and inter-
ested data are absent in the corresponding data-file then the code uses one of three calculation models
which is set in the dialog (right bottom frame in the Fission barrier dialog).

* As well as to take into account an angular momentum of the compound nucleus for fission barrier calculation and subse-
quent fission fragment production cross-section calculations.
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3.2. ETFSI and experimental fission barriers

The file “fis-barrier-etfsi.dat” in the directory “\bin” contains calculated fission barriers by the ET-
FSIY method [MamO1]. The file “fis-barrier-user.dat” contains information about experimental fis-
sion barrier values extracted from the site http://wwwndc.tokai.jaeri.go.jp/~fukahori/RIPL-2/.

File format:
The separation between values can be by tab, comma, or space.
If one of the barriers (“Bin” or “Bout”) is absent then substitute any letter (We used “X”)
“#”-char in the beginning of line denotes comments.

The line contains four values: Z, A, Bin, Bout
for example: 90, 230, 6.1, 6.8

Using one of three buttons “In”,”Out”,”Max(in,out)” the user can define which kind of fission barrier
will be used in the code for models #3 and #4.

3.3. Calculation models (#0,1,2)

The fission barrier used in the code is equal to the sum of the calculated value in the selected model at
L=0 plus shell and odd-even corrections:

Bfﬁnal = Bfiinit(atLZO) b+ Aspent T Avdd-even 5 /71

where b (Barfac) is the factor to multiply the fission barrier. The default value is b=1. This factor can
be changed by user in the Fission barrier dialog (right bottom frame in Fig.18).

3.3.1. Shell corrections
For shell corrections the code takes the difference between LISE LDM#2 with shell corrections and LISE
LDM#2 without shell corrections using the new compilation of Atomic Mass Evaluation 2003 (Chapter
7. Masses. AME2003). For details about shell corrections see chapter “5. Improved mass formula with
shell crossing corrections” in the LISE v.6 documentation http://groups.nscl.msu.edu/lise/6_1/liset++ 6.pdf.

Fig.19 and Fig.20 show the fission barriers of Polonium isotopes (Z=84) without and with shell corrections.

3.3.2. Odd-Even corrections
Odd-even corrections are calculated in the following way:
Aodd-even = ((N202) -V + (2262) - V7) / sqri(N+2) 18/

where N is the number of neutrons in the nucleus, Z is the number of protons, Vy is the value for neu-
trons (from LISE fit* is equal to 2.5 MeV), V7 is the value for protons (from LISE fit is equal to 9.0
MeV).

Fig.21 and Fig.22 show fission barriers of Uranium isotopes (Z=92) without and with odd-even correc-
tions. The grey curve corresponds to experimental data.

¥ Predictions of the fission barriers and saddle point deformations obtained within the Extended Thomas-Fermi plus Stru-
tinsky Integral (ETFSI) method for 2301 nuclei with 78 <= Z <= 120 [Mam98, Mam01, Smi93]

* Calculated fission barriers (Sierk and Choen) with shell corrections and ALL (Z=80-96) experimental data (file “fis-
barrier-user.dat”) were fitted to get factors for odd-even corrections.
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Choose a Plot Type

Select a data set to plot

3.4. Fission barrier plot

Some LISE fission barrier plots have already been 9 pliteadis s

. . .. . " difference between data sets
shown in the previous chapter. Use the “Fission barrier
plot” button from the “Fission barrier” dialog (see

0 - "Barfit" - A.J Sierk, PRC331386)2039 ﬂ

- "Barfit" - &.). Sierk, PRC33(1386)2039
- "FizRat" - 5.Cohen et al_An P 82[1974)

- FILE: &.Mamdouk et al NPAB?S[2001)337
- FILE: Experimental barriers

1}

. . .. . . 1
Fig.18) to build the “Fission barrier plot” dialog (see 2-LDM -/ Myers & W/ Swiatecki NPB1 (1966)

3

4

Fig.23).
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 Tw/O-dimensional |sobares, A=const
Values: " lsotones, N=const
. . [l i, M-2 = t
e One and two dimensional plots Znin=[ 52 SRR e e
. — ™ |zozpin, M-2Z=const
e Differences between models mas=] <2
e ALL models together in one plot (see Fig.23). o]
. . / oK x Cancel € Odd
But it works only if £ Evor

o one-dimensional plot mode is selected

. . Fig.23. The “Fissi ] " di .
o plot one data set is selected (not differ- ig.23. The “Fission barrier plot” dialog

ence between data sets)

0 Xmin = Xmax
If one of these requirements is not met then the “All methods™ string disappears in the drop-
down list box.

An example of a 2D fission barrier plot is given in Fig.24 and an example of a plot of the difference
between methods in Fig.25.

Fission barrier
"2 <3 FILE: A Mamdouh et al, NPAS73(2001)337>
M=1-200 I
Mode="max"
108

Protons (Z)

o
(o]

a3

a4 5.000

SDP

120 130 140 Neutrons (N) 160 170

Fig.24. Example of the 2D fission barrier plot for the fission barrier model #3 (A.Mamdouh et al.)
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d_Fission barrier, MeV

Fission barrier

M=130-180

Difference between: <3- FILE: A Marndooh et al NPABTIZ001)337 = and. <0 - "Barfit” -- A J Sierk:=
Barfac=1.00 Corrections [Odd-Even: "yes" Shell: "yes"] Mode="max" sigms=2812 Npoints=375

Fig.25. Example of the
fission barrier plot of the
difference between models
#3 (A.Mamdouh et al)
and #0 (A.Sierk).

84

42 a6 e 100

104 108

3.5. Influence of corrections for fission barriers on abrasion-fission cross-sections

Fission summary excitation functions with and without shell corrections for fission barriers of fissile

nuclei produced in the reaction

238

U(1AGeV)+Be are shown in Fig.26. The insert on the figure shows

channel cross-sections. It can be seen that shell corrections for fission barriers increase residue produc-
tion by 40% and decrease the fission channel probability. Abrasion-ablation model parameters used
were used the same as shown in Fig.13 except Kramers’ factor was turned off and the reduced dissipa-
tion coefficient p was set to 1.5-10%" s™.

do,__ /dE* (mb/MeV)

—_
<

Cross-sections [harn]

— with shell corrections

————— without shell corrections

Excitation energy (MeV)
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3 ! | L 1 1 1 1 1 =
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Fig.26. Fission summary excita-
tion functions with/without shell
corrections for fission barriers of
fissile nuclei produced in the
reaction **U(14GeV)+Be.



4. Secondary reactions in target

4.1. Reexamination of secondary reactions calculation procedure

The secondary reactions (SR) calculation procedure has undergone some cardinal changes due to the
following causes:

0 The dependence on the dimension value (NP.,,,) of SR distributions. The previous algorithm of
calculations was valid, when the target (T - thickness) was divided into NP, slices, the condition
T- a/ NP, — 0 is true. In other words there should not be a difference at the end of the target be-

evap

tween calculations if different values of NP,,,, are used.

O A zero primary fragment cross-section. The code multiplied a coefficient by the primary frag-
ment cross-section output to include a SR contribution: Y., = Coefsecondary* Yprimary -

This is correct for EPAX where a non-zero production cross-section exists for each nucleus if its
neutron and proton numbers do not exceed the neutron and proton numbers of the primary beam
correspondingly. But in the case of Abrasion-Ablation or fission induced reactions there are a lot of
nuclei produced just due to secondary reactions with a zero primary production cross-section.

o The new reaction mechanism: Abrasion-fission. In this case the first-step reaction is assumed to
always correspond to the reaction mechanism set in the code, but for the second and the following
steps the projectile fragmentation mechanism is assumed, and just the EPAX parameterization is
used to calculate secondary cross-sections to make it faster.

a The calculation speed is a very important factor in the case of heavy projectiles like 28y,

4.1.1. Dependence on the distribution dimension (NP,,,,)

To expedite the evaluation of the analytical formulas for two-step reactions, and in order to include all
multi-step processes, the program LISE++ uses numerical integration. At each target slice dx the yield
of each fragment i produced by secondary reactions (i.e. other than the direct—one-step—fragmentation)
is calculated using the formula:

rhombus

dN, = ZG_/_)[dex—O'iNidx, 9/
j

with initial conditions N; = 0 and Np = 1, where P stands for the projectile and i for the fragments. The
summation in Eq./9/ is limited to a rhombus domain which includes the projectile and the fragment, in
order to exclude contributions from negligible secondary reactions. The contribution from secondary
reactions is then added to the total yield of each fragment before the next iteration. The number of it-
erations can be varied and as already was said in the case of thick slices (dx=1/NP.,,,) this method is
not correct.

The new procedure to calculate SR contributions constitutes an iteration method with a complicated
analytical solution based on equations (5-11) of the LISE paper [Baz02].

After this reexamination of secondary reactions, it is recommended not to use large dimensions of SR
distributions in the case of calculation of SR coefficients for all fragments (mode #1 in the “Secondary
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reactions in target™ dialog in Fig.28). The default value is 16 and the user can make sure himself there
is not a huge difference in SR coefficients with the use of NP,,,,= 16 or NP, = 128. In the mode #1
the code uses SR calculations just at the end of the target, but a large value of NP,,,, is required for the
optimal thickness target procedure where the code needs to get the SR coefficient at any point in the
target. In this case the code automatically increases the NP,,,, value up to 128 just temporarily.

E LISE ++ [C:\Program Files'LISE" files' fragmentation_3

4 1 2 The Hsecondary reactions " dialog mOdification File Settings | Options [Calculations  Ukilities  1D-Plot  20-Flak
r.@l E‘.‘l {E Preferences
In the new version all operations with secondary reactions =18l 2 production Mecharism
. . Prefragment Search and Evaporation opkions
were moved from the “Preferences” dialog to the “Secon- E':’ég;::;i Excitation energy of prefragmen:
dary reactions in target” dialog (see Fig.28), which is |Elragment cross sections
available from the “Options” menu (see Fig.27). If you onfl

want to set SR calculations then use the checkbox in the
upper part of the dialog.

Fig.27. The “Options” menu.

Where are secondary reactions used in LISE?

#0 - Optimum target thickness calculations. The SR coefficient is needed just for the fragment of inter-
est, but the coefficient should be calculated at different thickness values.

#1. Produce secondary reaction coefficients for all fragments transmitted through a spectrometer to
calculate final rates of fragments. It is necessary to use SR coefficients only at the end of the target.

#2. Secondary reactions contribution x
analysis il'l the “Secondary Reactions” e use the: contribution of secondary reactions for fragment
. . output calculations [recommended for relativistic energies)
dlalog' USC the COITeSpOHdlng button 16 - Dirmension of secondary reaction contribution distributions [default 16)
(see Fig.28).

|§ Calculate down ta Z=1 I lﬂ_\_ SR "Memory" values and Reduced CS plots |

Note: Don’t forget to click the “Apply” BE e NN I B3, save Reduoed C5

values in memary

button to accept changes for any calcula-
tions in this dialog. If the user clicks the [ #essiertion fiters §L_ FPAGHENTATIONmoce )

Clear SR memory |

. — Corner Rectangle Filter
“Ok” button, then he leaves the dialog . — o
--------------- ‘. region bottam top! I T
and all Changes done by hlm Wlll be parameter be-----e-e-eee cloze to fragment cloze to projectile ] _
automatically accepted. setat [ BE s
deltaZ [ [5 ] dena 2

4.1.2.1. Secondary reactions
analysis plots

— Diagonal Filter

How many izotopes to take into account for calculations IT
from the line connecting Projectile to Fragment

There are very convenient tools to ana-
lyze the dependence of the output of

For these procedures uze the nest filkers

secondary reactions on target thickness

#0 - Optirmwmn target thickness calculation IEomer rectangle or Diagonal filkers j

(Fig.29), to get information on what in-
#1 - To produce all secondary reactons coefficients to

termediate fragments giVe the largest be uzed in transmizzion calculations [zhould be Fast] IEomer rectangle or Diagonal filters j

contribution Of Secondary rCaCtiOHS to # 2 - Secondary reactions plots from this dialag |Eomer rectangle or Diagonal filtkers j
the final output of the nucleus of interest [, seconday Reactions Anaiysi Piats | I Make defaul
(Fig.30), and to see if the filter was ef- < oK X concd | 2 2ot | 7 b |

fectively chosen.
Fig.28. The “Secondary reactions in target” dialog.

-19-



Fig.29.  Probability
(per one particle of
the primary beam)
from Be-target thick-
ness value to produce
the **Ne nucleus in
the fragmentation of
“Ca  beam, taking
into account secon-
dary reactions in the
target. See Table 1
for  definitions  of

curves.

1e-13}

1e-14 |

1e-15 |

Fragments output from a target

#5Ca (1000.0 MeWiu] + Be (20 mm) -= ¥Ne  {NPsec=256)

1e-15 Ranges of €Ca & ¥Me with energy 10000 MeViu'in Be are 4. 772404 &1.372405 mygicm2
Murnber of nuclei in secondary reactions calculations: 60 Square: 72

Probability to produce the setting fragment

1e-17

200 600 1000 400 Thickness, mgicm? 2600 3000 3400

Table 1. Definitions of curves in Fig.29.

Value Definition

Sum of primary output (**Ca—**Ne) and secondary contributions (**Ca—**—**Ne)
Total output taking into account the loss of fragments of interest and primary beam particles due to
reactions with atoms of the target.

primary output (*Ca—>*Ne) taking into account losses of fragment of interest and

Primary fragmen . . ; .
ary fragment output primary beam particles due to reactions with atoms of the target.

secondary contributions (**Ca—**—**Ne) taking into account the loss of fragment of

Secondary output interest and primary beam particles due to reactions with atoms of the target.

Loss of **Ne fragments in a target slice (produced in primary reactions as well as in

Lost fragments secondary reactions) due to reactions with target atoms.

No secondary reactions, no reactions of produced **Ne fragments with the target. This

Output without corrections is valid for very thin targets.

Fig.29 shows the probability to produce the fragment of interest (**Ne) per one particle of the primary
*Ca beam. It can be seen that at the Be-target thickness equal to 1g/cm?, the secondary reactions con-
tribution begins to dominate over the primary fragment output.

Fig.30 shows the probability to produce the final fragment through intermediate nuclei. It is possible to
see from the figure that isotones N=24 (**Mg, *’Al, **Si) are the most probable intermediate nuclei to
produce **Ne in secondary reactions.

4.1.3. Determination of the region of nuclei for secondary reactions calculations

It is possible to load the procedure to calculate secondary reaction coefficients in two ways: from the
SR dialog (the “Calculate down to Z=1" button in Fig.28) and by clicking on the isotope of interest
(Z:, N;) with the right mouse button. In the previous version in the second case, the code calculated SR
coefficients just for nuclei in a rectangle (Z;, N;, Z,, N,) determined by the projectile (Z,, N,) and the
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:E:Parent nuclei: multistep production probability - |E| 5'

Parent nuclei: multistep production probability
#Ca (10000 Mevil) (1 pnd)+ Be (20 mm) - e (NPsec=255)
e fragment output =>  Tatal: 5.208-13  Primary: 914214 Secondary: 42813
Total # Primary: 5.69e+00 Lost fragrments: 1.83e-14 Without corrections: 1.32e-13

pntour and Projectile
ection tools

Fig.30. Two-dimen-
sional plot of the prob-
ability to produce the
"Ne  nucleus  through

IR -

) intermediate nuclei
H .
s . fron}lg fragmentation of
2 the *°Ca beam on a Be-
target (20mm).

13

11

s} Final fragment

23 24 28 26 27 28 29

e [‘:Jiﬁ:gzm Flks L ISE s dragme yiston_Z5U_brg_TE1LEe] Neutrons(N)

fragment clicked. But if the user clicked the next left isotope or the next lower isotone the code began
to recalculate SR coefficients again, for the new rectangle (Z;, N-1, Z,, N,) for example.

In the new version if the user clicks on the isotope in the table

of nuclides, with mode secondary reactions turned on, then the | Secondary reactions
code asks the user to choose a range for nuclei (see Fig.31). ~ Caleulate

There are three possibilities to define the user’s region for cal- Al nuclei

culations. After 5 seconds if the user did not choose something @ downtoZ=[ & N=-10
in this dialog then the dialog will be closed, selecting the mode r ﬁ:ﬁe'?{f:gﬁm'ig;g CETTpAElD
“All nuclei”. | §Calculate|
The user can press the "Escape" key to break secondary reac-

| after B zeconds thiz dialog

tions calculations. X Cancel will close automatically

4.1.4. Revision of optimal target thickness calculations for T ig.3,{. The “_Choosf a range for calcula-
SR mode tions” dialog in the “secondary reactions in

target” mode.
There are two principal changes done in the new version:
o Plot of the secondary reaction coefficient versus target thickness;
o Consideration of the situation when a fragment primary production cross-section is equal to zero.
The code plots the distribution (pink curve in Fig.32) of the SR coefficient from the target thickness in

the “Transmission for optimal target plot” if SR mode is turned on. If a fragment primary production
cross-section is equal to zero then the SR coefficient is always equal to 1.

Fig.33 and Fig.34 show LISE++ calculation examples of optimal thickness target plots for cases with
non-zero and with zero primary production cross-sections respectively.
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Fig.32. Transmission coefficients ver-
sus target thickness for production of
the “’Na nucleus in the reaction
#Ca(140AMeV)+ Be with the A1900
fragment separator. The secondary
reaction coefficient (pink color) is al-
ways more or equal to 1.

Fig.33. Rates of Al fragments pro-
duced in  fragmentation of the
P8U(14GeV) for different Be-target
thickness with SR contribution (black
curve) and without SR contribution (red
curve).

Fig.34. Rates of '"Sn fragments pro-
duced in induced fission of the
BU(14GeV) beam for different Pb-
target thicknesses with SR contribution.
The primary cross-section to produce
1%4Sn is equal to zero.



4.2. Calculation of secondary reaction contributions to fragments with zero primary
production cross-section

As was already mentioned before, the code in the previous version used a coefficient multiplied with
the primary fragment cross-section output to include a SR contribution: Y, = Coefsecondary * Yprimary-
This means it was not possible to calculate the SR contribution to a nucleus’ rate if the primary pro-

duction cross-section was equal to 0.

In order to use the SR contribution for nuclei with zero primary production cross-sections the follow-
ing assumptions have been implemented in the code:

a If the primary production cross-section is equal to zero in the user cross-section file or in the
calculations when the SR mode is turned on, then the code sets the primary production cross-
section (Gprimary) €qual to 1e-99 mb.

0 The code calculates the SR coefficient (tsg) relative to the new primary production cross-

o The code calculates the reduced production cross-section of the fragment, which will be used
for the next step in the calculations of the fragment rate.

Oreduced = cS*primary * TSR /10/
Note: A reduced cross-section is a function of the target thickness!
o Then LISE++ sets tsg equal to 1. In this case, if you click on the isotope in the table of nu-
clides, you will get the statistics window with the message “Zero cross-section has been
changed due to secondary reactions” (see left plot in Fig.35) and with the reduced cross-

section value. In the case of fragments with non-zero primary cross-section the code shows the
primary production cross-section value and the un-modified SR coefficient (see right plot in

Fig.35).
|5 statistics 1345n |5 statistics 1335n
1343n Beta— decay (I=50, N=&4) 1333n Beta- decay (IZ=50, N=33)
Q1(D1) S0 Q1(D1) 50
Q2 {Dz) 50 Qz (D2) s0
o3 (D3} =0 03 (D3 =0
4 (D4) S0 Q3 (D4) 50
Zero cross section has been changed due to secondary reactions! Production Rate (ppSs) 1.65e—1
- . Reaction AF low
Production Rate (pps) 1.1e-3 Sum of reactions Ipps) 1.65=-1
Reaction _ AF_law €S in the target {wib ) 3. 41e-5
St threa:“c‘n: ‘ﬁsl i'§§'37 - reduced Total transmission (%) 4z .627
tn the targs ni) e ¥} cross-section Target (%) 1.03e+2
T T — i mme .
Target (%) 99.23 X space transm:.Lss:f.on %) 100
X X . T space transmission (%) 100
X space transmission (%) 100 A
. . . Unreacted in mater. %) 99,23
T space transmission (%) 100

Unreacted in mater. (%) 99,23 Unstod ed ;n ma’?er' :::-s] 3 iogq y
. N econdary Reactions coe .
in mater (%] 100 - setto 1

‘Secondary Reactions [coef) 1 ]

Fig.35. Statistics windows for transmission of "*Sn and '*Sn fragments produced in induced fission of **U(14GeV) beam
using a Be target (0.2 mm thickness).

Fig.36 shows the production rates of fragments produced in the abrasion-evaporation of a Z*U (1 AGeV)
beam just after the Be-target (10 mm). The left (right) plot shows production rates without(with) SR con-

-23 .



tributions. The calculations were done with the primary production cross-sections calculated by LISE’s
Abrasion-Ablation model taking into account fission and break-up de-excitation channels.

“f [0] Production Rate  (pps) o F [0] Production Rate  (pps) H
. . mgm . 85 .
N without secondary reactions WITH secondary reactions .
78 :.lf
7“ P o .
o 85
WO
50 <
»e’ —_
_ & g
) oS 2
g & 3
3 && &
= <
1'3‘0 ]

= i after REEXAMINATION

20 40 60 Neutrons (N) 100 120 10 30 a0 Neutrons (N) 80 110

Fig.36. Production rates of fragments just after the 10 mm Be-target produced in Abrasion — Residues reaction with a
P8U(14GeV) beam without (left) and with (right) SR contribution.

4.2.1. Secondary Reactions plots: SR coefficients & reduced cross-sections

It 1s possible to visualize the results of the SR coefficients calculations using the “SR memory plot”
button in the “Secondary reactions in target” dialog (see Fig.28).

Fig.37 shows the SR coefficients for fragments with non-zero primary cross-sections produced in the
fragmentation of a “*Kr(400AMeV) beam on a Lithium target (10 mm). Primary cross-sections were
calculated with the EPAX parameterization. From this plot it is visible for which nuclei it is possible to
gain in final fragment output due to the contribution of secondary reactions.

| Secondary reactions coefficients
for transmission calculations
)¢y (400.0 Meviu) + Li (10 mm)

Fig.37. Secondary reactions coefficients
for fragments produced in fragmenta-
tion (EPAX 2.15) of a **Kr(400AMeV)
beam on a Lithium target (10 mm).

a2

[N
Y

Reduced cross-sections can be
saved (see Fig.28) in the user
cross-section file with extension
“cs2” and then the user can load
them as “user” cross-sections
through the ‘“cross-section file

Protons(Z)

dialog”.

Coefficierts for fragrmerts with MONZERO primary production cross section

10 20 Neutrons(N) 40 a0

Fig.38 shows the reduced cross-sections for fragments produced in the fragmentation (EPAX 2.15) of a
Kr(400AMeV) beam on a Lithium target (10 mm). Reduced cross-sections are calculated using
Eq./10/ and provide very important information in the case of zero-primary cross-sections. Using this
plot and the new tool of projection onto an axis for two-dimensional plots (see 9.4.1.1. Window and
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contour projections on an axis for 2D Cross-section plot) the user can extract data to a projection 1D-
plot to compare with primary cross-sections as shown in Fig.39 for isotones with N=28.

. T T T T T T T T T
1| Reduced cross sections or 1
814y (40,0 Meiu) + Li (10 mrm) r 1
10 F .
kY] F 3
] 3
10° | 1
b !- ';
o 10°F 1
1 E r 1
o § F X
g g I 1
g $ 10 r ¥
o ) E 3
[ 7] 3 L
S w0 1
r 1
12 10-13 é’ o _!:
W F Kr(400AMeV)+Li(10mm) -> N=28 ¢
g 10 !' '!
a E —o—EPAX 2.15 1
‘ 107 F reduced cross-sections (Sec.Reactions)| 1
F== L T T T T T T T T T T T
0 10 15 20 25 30 35

i 10 20 Neutrons{N) [
Atomic number, Z

Fig.38. Reduced cross-sections for fragments produced in  Fig.39. Reduced cross-sections (black curve) and EPAX calcu-
the fragmentation (EPAX 2.15) of a %Kr(400AMeV) beam lations (red curve) for isotones with N=28 produced in the
on a Lithium target (10 mm). fragmentation of a **Kr(400AMeV) beam on a Lithium target.

The SR calculation procedure in the case of Abrasion — Fission has several peculiarities which will be
described later on in chapter 5.5. Secondary reactions for Abrasion-Fission.

4.3. SR calculation speed

SR calculation speed becomes a very important characteristic with increasing projectile mass. In the
case of light projectiles (**Ar, **Ca), the elapsed time to calculate all SR coefficients is about several
seconds, whereas for projectile fragmentation of a 2**U beam (NPevap=16) it increases to 224 seconds!
To calculate all SR coefficients, the code takes from the table of nuclides the most left (N,,), right
(Nmax), top (Zmay) and bottom (Z,,;,) nuclei to create an initial rectangle of calculations. This means the
rectangle is defined by the projectile and proton (0,1,Npeam Zbeam) and the number of isotopes participat-
ing in SR calculations is equal to (Npeamt1)Zpeam. The code calculates final SR coefficients only for
existing nuclei in the table of nuclides. As a result there are 2536 nuclei used to calculate SR coeffi-

cients for the projectile fragmentation of >**U beam and 194 nuclei for the **Ar beam respectively.

One of the possibilities was already mentioned above in chapter 4.1.3., “Determination of the region of
nuclei for secondary reactions calculations”, to avoid SR calculations for elements with low atomic
number (Z), if not needed by the user.

After reexamination of the SR calculations procedure (see chapter 4.1.1. Dependence on the distribu-
tion dimension (NPevap)) it is recommended to the use smallest value of the SR distribution dimen-
sion, which is 16. The quality of the calculations does not undergo crucial changes when increasing the
calculation speed. Table 2 demonstrates that an increase of the SR distribution dimension by a factor of
16 corresponds to an increase of the elapsed time by a factor of 17 and a decrease of in calculation
quality of about 6 percent.
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Table 2. Results of the "Ni SR coefficient calculations produced in the fragmentation of a ***U(14GeV) beam on a Beryl-
lium target (11 g/em?) as a function of the SR distribution dimension. Calculations were done without acceleration filters
using mode #2 (Secondary reactions contribution analysis). EPAX parameterization was used to calculate the primary
production cross-sections.

. . 1. T8N e
D;\I};’e;s;gn, Time elapsed, sec "Ni SR coefficient To;aelr% f:;gﬁ??ig%gﬁg%‘;zm}h
16 82 59.6 4.58e-17
32 170 61.5 5.10e-17
64 354 62.4 5.27e-17
128 715 62.8 5.46e-17
256 1380 63.0 5.52e-17

4.3.1. Acceleration filters for secondary reactions calculations

To significantly decrease SR calculation time in the case of heavy projectiles, the “acceleration filters”
have been developed and incorporated into the code. The main idea of the acceleration filters is to de-
crease the number of intermediate parent nuclei. The filters exclude intermediate nuclei with small SR
contribution to the final nucleus. There are two kinds of filters “corner rectangle” and “diagonal” based
on methods to truncate regions.

Note: 1t is recommended for a new combination of beam & target to run the SR calculations procedure
without filters to clarify from the “Parent nuclei: multi-step production probability” plot what kind of
filters and parameters are needed.

4.3.1.1. Corner rectangle filter

Results of the multi-step production probability of "®Ni fragment SR calculations produced in a frag-
mentation of a 2*U (1AGeV) beam on a Beryllium target (11 g/cm?) are shown in Fig.40. The EPAX
parameterization has been used to calculate the primary production cross-sections.

aof Parent nuclei; multistep production probability
238U(1AGeV/uy+Be(1 Tg/em2) -> 78N
i Lo
Fig.40. The “Parent nu-
70} clei: multi-step production
probability” plot for "*Ni
N T fragments from the frag-
2] 3e-19 mentation of **U(14GeV)
2 on a Be target (thickness
o 11g/em®). No filters were
applied for calculation of
this plot.
40 i
ERREmE
H
a0 [as
50 B0 70 50 90 Neutrons (N) 110 20 T30 20
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Projections of the 2D-plot in Fig.40 on the horizontal and the vertical axis are shown in Fig.41. Blue
rectangles on both plots of Fig.41 indicate regions with insignificant production contribution to "*Ni
final output. More intense parent nuclei are located close to the final fragment and projectile. In order to
increase the SR calculations speed it is necessary to cut the regions with insignificant production contri-
bution or in other words just to select regions close to the final fragment and the projectile. To exclude
nuclei with small contributions, the rectangle filter has been incorporated into the code for SR calcula-
tions.

Parent nuclei: multistep production probability

- Parent nuclei: multistep production probability
Meutrons(M): window projection -- S0 (10000 MaWi) (1 pad)+ Be (10 giem?) .o T 3

Peotonz(I) window projection - ¥9L1 (1000.0 Me'vitg (1 pra)e Be (10 glem) -> T

= Events <
o B e

A4 N
~— A f

T [T] I B0 [ o 10 iE) 130 (]
Nautrons(N): window projection

30 40 50 Pretens(Z): window projection a0 a0

Fig.41. Projections of the 2D-plot in Fig.40 on horizontal (corresponds to neutrons) and vertical (corresponds to proton) axis.

The rectangle filter can be applied for all three modes using :
secondary reactions (see the “Secondary reactions in target” :
dialog in Fig.28). The rectangle filter has four parameters (two
deltaN and two deltaZ), which determine the sizes of two rec-
tangles (top and bottom) to cut the necessary regions. How the
filter works and what the parameters mean is easy to under-
stand from Fig.42, which shows the same plot as Fig.40 but I
with the rectangle filter applied.

delta N

=" delta Z

Fig.42. The same plot as Fig.40 but the
rectangle filter has been applied.

Table 3 shows the elapsed time and SR coefficient values de-
pending on the parameters of the rectangle filter to estimate the
SR contribution for "*Ni fragments produced in the fragmentation of a **U (1AGeV) beam on a Beryl-
lium target (11 g/cm?).

Table 3. Results of the *Ni SR coefficient calculations produced in fragmentation of a ***U (14GeV) beam on a Beryllium
target (11 g/em’) depending on the parameters for the rectangle filter. Calculations were done for SR distribution dimen-

sion 16 (except the last row where NP,,,,=128) using mode #2 (Secondary reactions contribution analysis). The EPAX
parameterization was used to calculate the primary production cross-sections.

Rectangle filter Time "Ni Total probability to

bottom top elapsed SR produce "*Ni per

deltaN deltaZ deltaN deltaZ (sec) coefficient one beam particle
No filter No filter No filter No filter 84 59.6 4.58e-17
35 35 20 20 21.5 53.9 4.14e-17
25 25 10 10 6.5 50.9 3.91e-17
20 15 8 8 1.32 49.2 3.79e-17
15 12 4 4 <0.3 47.7 3.67e-17
15 12 4 4 4.69 =129 48.3 4.19e-17
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4.3.1.2. Diagonal filter

Parent nuclei: multistep production probability

#Ca (1000.0 Mevru) (1 pnA)+ Be (@0 mm) -= 2e

(MNP sec=256)

g fragment output => Total: 79906 Primary: 714806 Secondary. 85207

Total f Primary: 1.12e400 Lost fragrments: 1 0e06 Wi

thout corrections: 1.071e06

Results of multi-step production probabilities
of **Ne fragment SR calculations produced in
the fragmentation of a **Ca (1AGeV) beam on
a Beryllium target (20 mm) are shown in
Fig.43. The EPAX parameterization has been
used to calculate the primary production cross-
sections.

il

Protons(Z}) -

i)

Projections of the 2D-plot in Fig.43 on hori-
zontal and vertical axes are presented in
Fig.44. It is possible to see that in this case the
difference between the maximum values and

-. ]

[
E=2
B

values in the center (N=22 and Z=16) is less B

18 21 Neutrons (N} 5

27 23

than one order of magnitude, whereas in the Fig-43. The “Parent nuclei: multi-step production probability”

case of "®Ni fragment SR calculations pro-
duced in the fragmentation of a ***U (1AGeV)

plot for *°Ne fragment in the fragmentation of a **Ca(14GeV) on
Be target (thickness 10 mm). No filters were applied for this plot.

beam on a Beryllium target (11 g/cmz) shown in Fig.40 this difference is more than 4 orders of magni-

tude. More intense parent nuclei are located close to the line connecting the final fragment and the pro-
jectile. In order to increase the SR calculation speed in this case it is necessary to select a region close
to this line. This line looks like the diagonal of a rectangle; this is the reason why the new filter has been

named “diagonal”.

| ~ :
| N\

Parent nuclei: multistep production probability
Meutrorsi): window projection - “£Ca ({0000 MeV) (1 pra)+ Be (20 mr) -> e (NPseo=255)
X g fragment output =>  Total: 7.9%.06  Primary: 7.14806  Secondary B52e07
5| Total { Primary: 1122400 Lost fragments: 1 M0e06  Without corrections 1.01e06

15 17 18 Hl 7 % 7 29
Neutrons(N): window projection

Parent nuclei: multistep production probability
Protons(Z), window projection - #Ca [1000.0 Mewfu) (1 prid)+ Se 20 mrm) <> 2Ne  ([NPsac=255)
g fragment outpul => Total: 7.99e-06  Primary: 714606 Secondary 652607

Total / Primary: 1126400 | Lost fragrents: 1.20e.05

‘Without corractions: 1.01e-05

10

12 14 16
Protons(Z): window projection

18 0

Fig.44. Projections of the 2D-plot in Fig.43 on horizontal (corresponds to neutrons) and vertical (corresponds to proton) axes.

The diagonal filter has just one parameter which is the “stripe width” of the cut. How the filter works

and the parameter meaning is easy to understand
from Fig.45, which shows the same plot as Fig.43
but with the diagonal filter applied.

Table 4 shows the elapsed time and SR coefficient
values depending on the parameter of the diagonal
filter to estimate the SR contribution for **Ne frag-
ments produced in the fragmentation of a
*Ca (1AGeV) beam on a Beryllium target (108 mm).

-28 -

Fig.45. The same
plot as Fig.43 but
the diagonal filter
has been applied.
The “stripe width”
parameter is equal
to 3.



Table 4. Results of the “°Ne SR coefficient calculations for fragmentation of a **Ca (14GeV) beam on a Beryllium target
(20 g/em’ or 108 mm) depending on the parameter of the diagonal filter. Calculations were done for SR distribution di-
mension equal to 512 using mode #2 (Secondary reactions contribution analysis). The EPAX parameterization was used to
calculate the primary production cross-sections.

. A - 26
D;irgi?:el:a\lzvtig:}elr. Time elapsed, sec *Ne SR coefficient Total pr?ai)iitey;? tﬁreo‘s::; Ne per

No filter 16.6 1.80 1.51e-5

8 15.7 1.80 1.51e-5

6 134 1.80 1.51e-5

5 10.9 1.80 1.51e-5

4 7.9 1.79 1.50e-5

3 52 1.72 1.44e-5

2 2.3 1.53 1.29¢-5

1 <0.5 1.21 1.02e-5

4.3.1.3. Application of acceleration filters

EPRX AF low
90 1845y fagment output == Tatal: 2. 1407 90 | (236U° Ex=28MeV, CS=400mb)

1098 n fragment output =>  Total: 1.71e09

55 55 75 a5 Neutrons (N) 115 135 135 Neutrons{N) 115 135 135

AA:fast

{with break-up & fission de-excitation channels)

AF high
a0 | (219A¢ Ex=242MeV, CS=500mb)
45 fragment output == Total: 2.78e08 10345 fragment output ==  Total: 4.4Ge-02

55 65 78 S Neutrons(N) 118 125 135 45 55 55 75 a5 Neutrons (N) 15 T35 135
Fig.46. Multi-step production probabilities to produce '"*Sn from the primary reaction *U(14GeV)+Be(l1g/cm’®) using

different reaction mechanisms. Left top. fragmentation (EPAX), Left bottom: fragmentation (Abrasion-Ablation, fast mode),
Right top: Abrasion-Fission “low” (Ex=28 MeV), Right bottom: Abrasion-Fission "high” (E.=242 MeV).
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The selection of the filter type is determined by the mode of SR calculation (see Fig.28) and the type
of reaction mechanism (see Fig.46). Based on this picture we can conclude:
o For fission reactions we do not need diagonal and top rectangle filter, but the bottom rectangle
filter should have a large size;

o For fragmentation reaction we need the diagonal filter as well as both rectangle filters.

The code has two sets of filters: fragmentation and fission, and automatically uses the fragmentation set if
the reaction mechanism is set to fragmentation. The fission filter set is used for all other reactions. If you
want to edit the fission filter set you have to be sure that you are not working under fragmentation condi-
tions. The current filter mode is shown in the middle of the “Secondary reactions” dialog (see Fig.28).
Initially both these sets use acceleration filters and their default values are shown in Table 5.

Table 5. Initial values of filters sets.

. Filters set
Filter - —
Fragmentation Fission
dN 6 25
bottom
dz 6 20
Corner rectangle
0 dN 5 0
P dz 5 0
Diagonal Parameter 4 -
Procedure mode
#0 - optimal target thickness
#1 — to produce all secondary reactions coefficients to be used Combined Rectanele
in transmission calculations (Corner+ Rectangle) g
#2 - secondary reaction plots from this dialog

238

Fig.47and Fig.48 demonstrate the use of different filter sets in the reaction ~°U (1AGeV) + Be (1g/em’) to

produce “**Pt assuming the fragmentation mechanism, and the '**Sn isotope using AF reaction mechanism.

o - Parent nuclei: multistep production probability 5
) (500 Meviu) + Be (1 glom?)-» Pt (NPec=18) ..... i o Parent nuclei: multistep production probability
38 122 —
o | .. U (750.0 Mevdu) + Be (1 gicmd) > 13280 (NP sec=16)
‘.... 86 131 fragment output == Total: 7 70e-06  Primary: 7.67e-08  Secondary: 3.23e-08
. .. . Tatal / Primary: 1.00e+00 Last fragments: 8.24e-07 Without carrections: 9.66e-08
] g2
n 78
&7 n [
= u g
) £
§ 5
t L] | | | | o
* L] BE|| « v ramsrianaman
52
81
"
AREEN EPAX it
= | HHEEE 9 :
H . -
= ] = fission
FPifragmentoutput== Total: 4.75e-08 FPrimary: 4.70e-08 Secondary: 4.91e-10 50
EEd Total/ Primang: 1.01e+00  Lostfragments: 6.24e-08  Without corrections: 6.05e-08
124 128 132 Neutrons(N) 140 144 85 95 105 Neutrons(N) 125 135 145

Fig.47. Multi-step production probabilities to produce a  Fig.48. Multi-step production probabilities to produce
22pt fragment from the primary reaction “*U (14GeV)+ *Sn  from the primary reaction U (14GeV)+
Be (1g/em?) [fragmentation] using the fragmentation filters  Be (1g/cm’) [Abrasion-Fission] using the fission filters
set (see Table 5). set (see Table 5).
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5. Abrasion-Fission

The basic complexity in the case of Abrasion-Fission is the fact that there are more than 1000 fissile
nuclei (see right top plot in Fig.10.) after abrasion of a fast heavy projectile by a target compared to
only one fissile nucleus in the case of Coulomb fission. To overcome this problem, a model with three-
excitation energy regions has been recently developed in the framework of LISE for calculations of

Abrasion-Fission fragment production.

5.1. Three excitation energy regions AF model

The model suggests just three fissile nuclei for different excitation energy regions, which are calcu-
lated by using LISE++ Abrasion-Ablation model. The excitation region is determined by three parame-
ters: excitation energy, cross-section, and fissile nucleus. A two-excitation energy region model has

been proposed by M. Bernas et al. [Ber03]. For nu-
clear fission from **U+p at 1AGeV they concluded
that experimental results are compatible with two
mean primary fissioning nuclei: for the asymmetric
mode ***U and for the symmetric mode **'Th, with 6
post-scission neutrons added. We began also by de-
veloping a two-excitation-energy-region model for
analytical fast calculation of AF products, but a drop
in isotope cross-sections took place (see Fig.49). To
eliminate this discrepancy the third (Middle) excita-

.. Cross Section {mb)

tion energy region has been incorporated into the

2 (500 Meh) +Be (90 my/em) -» £=38

238U E=TEMey C5=500mb

Low pxcitation energy region

D0Rr™ Ex=500Mey CS=500mb

High excitation energy region

=

82 86

90 Mass humber (&) 98 102

model. It certainly has complicated the program and Fig.49. Mass distribution of Strontium fission fragments

takes more time for calculation.

energy region model.

5.1.1. Abrasion-Fission dialog

The Abrasion-Fission dialog (see Fig.50) allows the
modification of three EER model settings (see “5.6.2.

for *SU(80AMeV)+Be calculated by the two-excitation

Abrasion-Fission settings” for how to load this dialog — —

i e o ) Excitation Fissile | Ex.energy, Cross
alternatively). LISE initializes three excitation regions, region | nucleus MeV | section, mb
. . 237

regardless of target material and primary beam energy, Low .Y 25 300
. . 238 . Middle Th 100 1000
in the following way for the ~""U primary beam: .
g way primary High 2Ra 250 800
Abrasion-Fission . x|
I 2380 [1000.0 Mev/u) + Be *L\éS;H/;:::::\ibIatlon :Ialculatlons (5] esllm::a:;zl‘:\tionn:r\:::'rnej;o;s Fig. 50. The “Abrasion-
~ Energy region defirition 1967, Ay initi
L — [ow [wooE [wen | | B e e WAL o | Fission” dialog. 4" m ’”‘?l
GmseopmEyEstn | g - - [T LOw [ MIDDLE [ HIGH | EM fission State Of the dlalog IA)
LISE++ hint for the fissile .
Perform transmission calculations [ I~ ird nucleus from excitation energy [ I ShOWn,' no Calculatlons

for this ensigy region

[
Excitation energy [MeV] | |
[

Choose FISSILE nucleus 237U 232Th 226Ra Cross section [mb] |

usE i code ”l use i code | UsE i code. |

o
Excitation energy (MeV] 25 100 250
Cross section [mb] 300 1000 |00

180

. Fizsion barier < LOW < 40 Boundary energies for mean walues of prefragment
Riestore previous seltings Cross sections sum (mb] | 2100 [ a5 <MIDDLE < excitation energy distributions ta spit low, middle and

high energy regions. Recommendation: 2.3 * dEx , where

180 < HIGH dEx is excitation energy per sbraded nuclson. Default
& r i | ,\/Tl [ Make defanit walugs are equal to 40 & 180 MeY
IE5l0n properies
cosfforZb=| 0.8 071 < coef < 0.9 recommendation: 0.75
iy Evaporation settings | X Cancel Ea‘nﬂl;ﬁﬁ_ - determine lovw Z [element number] where Abiasion-Ablation stops. Zstop = coef * Zbeam
e Al in code

. Apply = Low-sxcitation Abrasion-Fission and

85 Frefiagment excit energy | F Help | Plat - takes about 0.5 -1 minute EM fiation resule wil be e together
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were found.

You can define parameters
of EERs manually or use
hints from LISE Abrasion-
Ablation calculations.



5.1.2. Fission excitation function

By clicking the “Calculate” button in the Abrasion-Fission dialog, you start Abrasion-Ablation calcu-
lations for nuclei from the projectile down to “coef for Zb”x Zb, where Zb is the atomic number of
the projectile, and coef for Zb is the value defined in the dialog (default 0.75). There is no necessity to
calculate cross-sections for more light elements because break-up channel dominates.

The code temporarily sets the following parameters to calculate the fission de-excitation function:

NPevap: | 16 Tunneling: | Yes

Mode (Auto/Manual): | Manual State density: | [C] (pairing + shell corrections)

Daughter excitation energy distribution calculate: | qualitatively

Take into account unbound nuclei: | Yes

De-excitation channels: | n, 2n, p, o, fission, break-up

After AA calculations, the code restores the previous parameters. Statistics parameters (mean value,
standard deviation, and area) of the de-excitation fission function (see Fig.16) of each isotope are
saved in the operating memory. Based on the boundaries of excitation regions and the mean values of
de-excitation fission functions, the code sorts nuclei by regions. The next step is summing de-
excitation fission functions by region and calculating the most probable fissile nucleus, assuming for
simplicity that de-excitation fission functions have a Gaussian distribution.

It is necessary to remember about Coulomb fission! In the case of a heavy target and relativistic energy
of primary beam, its contribution is very significant. Electro-magnetic fission and Low excitation en-
ergy AF will result if you click the “use in code” button for Low EER. LISE AA calculation results are
shown in the AF dialog (Fig.51) and can be plotted.

Abrasion-Fission x|

I 2380 [1000.0 Mevi/u) + Be — LISE++ Abrasion-&blation calculations to estimate excitation energy regions
5 Calculate *
i~ Energy region definition:
Exoitation energy izgion [~ L0w | MIDDLE | HIGH P | use "L hints in code |
Ehoose 3 ity eaction o L L LISE++ hint for the fiszile I Y I ns I i I M fesior
Perform transmission calculations = v v nucleus from excitation energy I 236U I 231Th I 2174 I 2381 . .
s iy el Excitationenergy (Mev) [ 236 | 97 | 2663 | 68 Fig.51. The “Abrasion-
Choose FISSILE nucleus 2380 | 2317k | 217 | Crosssecton(mb) | 166 | &3 | 4z | 8 Fission” dialog after
Ewcitation energy Mev) | 234 [ &7 K] ‘ ITI;?;T L+T12+4|-‘:+§M uze in code **| uze in code | uge in code | AF Settings calcula-
Cross section (mb] | 3235 | 5733 | 3442 tions.
oot | o o [T || U0 W S e e,

high energy regions. Recommendation: 2.3 * dEx , where
180 < HIGH dEx iz excitation energy per abraded nucleon. Default
I Make defait values are equal to 40 & 180 MeV

Figsion properties | (] |
{9} v coef for Zb = I 0.8 01 < coef < 0.8;  recommendation: 0.75

{g} E vaporation settings | X Cancel i Lalculate determing low Z [element number] where Abrasion-Ablation stops.  Zstop = coef * Zheam
g Use "&ll" in code
il . ** - Low-excitation Abrasion-Fission and
{g} Frefragment excit.energy | ? Help | i Plot - ltakes about 0.5 - 1 minute [ Sy s i i

Fig.52 and Fig.53 show calculated fission excitation functions in the reaction >**U(80AMeV)+Be and
BU(1AGeV)+Pb respectively. It is possible to see from the inserts in these figures that EM fission
dominates in the case of the lead target at relativistic energies. Fig.54 shows a 2D-plot of fission de-
excitation channels after the abrasion of 2**U(1AGeV) by a lead target. Locations of the most probable
fissile nuclei in the excitation energy regions are shown in the figure.
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Fig.52. Calculated excitation
distribution of fissile nuclei pro-
duced in the reaction
U(804AMeV)+Be. Parameters
of excitation energy regions are
shown in the insert.

Fig.53. Calculated excitation
distribution of fissile nuclei pro-
duced in the reaction
B8U(14GeV)+Pb. Parameters of
excitation energy regions are
shown in the insert.

Fig.54. Calculated fission de-
excitation channels after the
abrasion of **U(14GeV) by a
lead target. The most probable
fissile nuclei in the excitation
energy regions are shown in the

figure.

2ITh is the primary fissile nu-
cleus for asymmetric fission from
(“3U+p) at IAGeV [Ber03].



5.1.3. Calculation of final fission fragment production

To calculate AF fission production for each excitation energy region the code uses the approach devel-

oped in the previous version for Coulomb fission [LISE71]:

o Calculation of the initial fission cross-section matrix (CSinit) of production cross—sections for ex-
cited fragments uses the semi-empirical model [Ben98], but the charge distribution was modified
in the new version (see chapter 5.1.3.1. Width of charge distribution).

o Post-scission nucleon emission. Based on the “LisFus” method [Tar03], the code calculates final

cross-section matrices using the CSinit matrix, but in the new version the cascade procedure has
been optimized for faster calculations (see 5.1.3.2. Modification of evaporation cascade subroutines).

Each of three excitation energy regions is considered
as a separate reaction mechanism. But for cross-
section, TKE, and nucleon emission plots, the calcu-
lation results of final production cross-section for
each EER can be used together (see Fig.55).

Calculation of fission final cross-section production
takes about one and a half minutes with the fission
cross-section suppression value set equal to 1e-9 mb.

5.1.3.1. Width of charge distribution

The width in proton number for fixed neutron number
ozn in the semi-empirical model is calculated by us-
ing the following formula [Ben98 -Eq.24]:

. E.E.N) .,

Oy =—"m7—=—"—"+k’0,,
"2 Jac, °

result

.- Middle EER
-~ -- High EER

Cross-section, mb
=
T

*%U(80MeV/u) + Be -> AF

e S Y Y U IR I
0 20 30 40 s e 70 80

Fig.55. Calculated charge distributions of fission resi-
dues from the reaction ***U(1AGeV)+Be. Parameters of

excitation energy regions are shown in the insert of
Fig.52.

/11/

where the term o, = 0.4 *. The curvature C v defined in [Ben98] may be close to zero for some com-

binations of Z and N if using binding energy values from the AME2003 database. In this case LDM
calculations without shell and pairing corrections are used for curvature calculations. The coefficient &
initially being equal to 1 [Ben98] was set in the code to be equal to the ratio Acn/ Nen following after
relations [Sch00]: Z o(N) [z=const] = N 6(Z) [N=const] = A S(Z) [a=const] -

5.1.3.2. Modification of evaporation cascade subroutines

The code temporarily sets the following parameters to calculate emission of light particles by excited

fission fragments:

NPevap: | 4

Tunneling: | Yes

Mode (Auto/Manual): | Manual

State density: | [C] (pairing + shell corrections)

De-excitation channels | n, p, a Acceleration Filter: | Yes

* in the paper [Ben98] it was mistakenly indicated o, = 0.4 instead O g = 0.4 . This value was extracted from isobaric

charge distributions (i.e 6(Z) [a=const)) [Lan80].
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Daughter excitation energy distribution calculate: | Qualitatively
Take into account unbound nuclei: | Yes

It was necessary to optimize the process of cal-  guple 6. Statistical characteristics of the sum (three EER)

culation in the case of Abrasion-Fission. be- neutron distribution of fission residues from the reaction
2 . . .
8U(80AMeV)+Be depending on the dimension of evapora-

cause excitation energy is equal to several hun-  tion distribution and use of the acceleration filter.
dred MeV for the High EER, which takes sig-

nificantly more time than in the case of Cou- NPevap filter <N on Elt?r%s: !
lomb-Fission where the excitation energy is 4 yes 64.97 12.77 80 sec

about 15-20 MeV. For this purpose an accelera- 8 yes 65.07 | 12.75 | 140 sec
tion filter was developed to be used only for 16 yes 6435 | 1280 | 15min
calculations of light particle emission by excited 4 no 64.66 12.79 11 min
fission fragments. You can see from Table 6 that 8 no 64.90 12.67 | 35min
calculations without this filter take more than 16 no 64.43 1284 | > 1 hour

one hour!

How does the acceleration filter work? The new parameter o, has been added in the evaporation

subroutine. At the beginning of the cascade this parameter is set equal to 0.01 o, (initial production

cross-section value from the CSinit matrix). The following constraints are checked:

o If 0y, > 1e6 Opqu (final fragment cross-section of residual nucleus), then this final fragment is not

. . . _ i .
included in the final matrices, and 0.4 = Okited T O Residual 5

k

i-decay (K decay channel of 7 excited intermediate nucleus), then the code cancels calcula-

e Ifc, >100

k .
i-decay

tion in the & decay direction, and o,y = Oxiea T O

k
i-decay >

o If o (total production cross-section of i excited intermediate nucleus) > 50 o then the

1-sum

k
i-decay *

code cancels calculation in the & decay direction, and oy.y = Oxiped T O

To show how and what the filter cuts, take from the CSinit matrix for example the '°Zr nucleus
(E"=114 MeV, 6 = 4.8 mb) produced in High EER fission (fissile nucleus *’Rn*, E'=232 MeV, oy

sion= 476 mb). Fig.56 shows 1007, evaporation residues calculated with and without the filter.

This filter acts first of all against emission of alpha-particles and protons by low-excited nuclei in the
neutron-rich region. In the process of calculating light particle emission from excited fission frag-

ments, it is possible to see in the left bottom corner of the code a state line with the current status of the
L X 2 Il

calculation: | Calculating Z=70 NumN=14  Kiled=143% The “NumN’ parameter denotes the number of isotopes

in the CSinit matrix for the currently calculating element, and the “Killed” parameter gives the average
. for this element. The filter cuts about 0-2 % for the Low EER, 1-5 % for Middle, and

5-16% for the High EER respectively.

ratio O/ O
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EVAPORATION - Compound nucleus "7y Exeit Erergy: 113.0-1140 Mg, Fus.C5: 4.8 mb; EVAPORATION - Compound nucleus 1007 Excit Energy 113.0-1140 Ms, Fus.CS: 4.8 mb;
: | | EEEEm u
[ | " NEEN
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Fig.56. '"Zr (E"= 113 MeV, o= 4.8 mb) evaporation residues calculated by the Evaporation calculator without/with the
acceleration filter are shown in the left/right plot.

Fission properties 1'

— Fragment excitation [T=E] depends an

‘e Diszipated energy  [WP2A E28(1338)548]
T<E = E* - B Edis

+

5.1.4. Additional settings

— Cross sectiohs

Tools to modify fission characteristics (Shell

¥ {lse Odd-Even corections for fragments

¥ Include post-scission [n.p.a) evaporation

structures, TXE, angular distribution etc.)
were moved from the Coulomb fission dialog
to the separate dialog “Fission properties” (see
Fig.57), which is accessible from the Abra-
sion-Fission and Coulomb Fission dialogs (see
Fig.50).

It is possible from the Abrasion-Fission dialog
to modify the settings of mechanisms in-
volved in the production of the final fragment
distribution:

Table 7.

— Parameters for shell structures ==

Shell position  Strength Curvature
[N sh.i] [dUi) (M) [2C sh.i) [Met]

1 | 82 | 25 | 1.4

2| a0 | 55 | ois

11’:‘» Fatential energy plot |

ﬂ»ﬂ Put ariginal values ** |

= J.Benliure et al.. NPAE23{1398)458

IS Reaction @-walue [EPhpslal4[2002]459]
THE = [al +a2) [FOQ "2 + E*

f=| 0.0045  jdefault 0.0045]

—Angular distribution cut by the rmomentum slits
" Do not use
" Usze just for "MatrisKinematics" class
% Uge for all Angular Distibutions [default)

—&ngular distribution shape

|sotropic. % = Arizotiopic
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Fig.57. The “Fission properties” dialog.
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5.2. Kinematics

In order to calculate kinematics of Abrasion-Fission fragments, the code uses algorithms developed for
the Coulomb version [LISE71]. Both MCmethod and DistrMethod can be used for these aims. We re-
mind the reader that DistrMethod is the fast analytical method applied to calculate the fragment trans-
mission through all optical blocks of the spectrometer. MCmethod has been developed for a qualitative
analysis of fission fragment kinematics and is utilized in the Kinematics calculator.

We shall show some examples of AF fragment kinematics calculation by both methods for different
excitation energy regions, and also depending on angular acceptance and target thickness.

5.2.1.Production of "’ Zr

Let’s again take the reaction 8(80AMeV)+Be with EERs defined in the insert of Fig.52. Initial
emittances are 0, = 0, = 3.3mrad and 5P=0.07%. Set the target thickness equal to Img/cm’, and set the
desired fragment to '°°Zr, because this fragment may be produced by each EER:

Table 8. Calculated production of "’ Zr fission residues produced in the reaction ***U(80AMeV)+Be.

. - Most probable excited | Excitation energy (E*) | '®Zr production
Fissile E . .
EER nucleus MeV fission fragment to of most probable ex- cross-section,

produce '“°Zr cited fragment mb
Low >y 28 \%Zr 27.7 10.7
Middle >'Th 92 "Zr 55.3 3.07
High oAt 242 107y 124.4 1.34

1007 fragment kinematics (expected final)

Z\QA‘ = ‘DDZV’(‘DEZV’*] + HERh*
1001 (Projectile Energy : 50.00 Me'viu)

107y fragment kinemati
2043 Ax |Labereead| wirdow peojection A 0 T 1y
Q reaction: 17218 Mev (Ewxcit abions 38 0=

Q reaction: 135,69 MeY (Excit ations 242 0=>124.4+130.7) (expected final) oo

T2

Ax [Lab-mrad]

I )

] T an E T2
Ax [Lab-mrad]; window projection

Fig.60. The projection of the 2D-plot in Fig.58 onto
the Ax vertical axis.

Stripper-Angle: x'output

230 (B0 0 MeVis) + Be (1 maiem?). Sethngs on 1007y

-100

7 o6 70 71 78 52 %6 B0 B4 £
E [Lab-MeViu]

Fig.58. MCmethod (Monte Carlo) 2D-plot Ax(horizontal compo-
nent of the angle in the laboratory frame) versus Energy per
nucleon of '"Zr final fragments produced in fission of the
20 AH(E"=242MeV) nucleus.

Low

Yield [pps/mrad)

Middile

Fig.59. Angular distributions of '"’Zr fragments after the target vz v High
calculated by the DistrMethod (analytical solution) for the reac- /
tion 238U(80AM€V)+Be(1mg/cm2). mE] ) =) Angle (mrad) a0 E] ]
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Fig.58 shows a kinematic Monte Carlo calculation of '"Zr final fragments produced in fission of the
Y At(E"=242MeV) nucleus that corresponds to the High EER settings calculated for the AF reaction

28U(80 MeV/u) + Be(1 mg/cm?).

Fig.59 shows angular distributions of '®Zr fragments after the target, calculated for all of three EERs
by the DistrMethod (analytical solution) for the reaction ***U(80AMeV)+Be(1mg/cm?). This plot is the
regular LISE plot developed to show transmission distributions through spectrometer blocks.

Fig.60 shows the projection of the 2D-plot (Fig.58) onto its vertical axis. Projections onto energy and
angular axes of the 2D-plot of '"°Zr fragment kinematics for different excited fragments done in this
way are used to compare DistrMethod and MCmethod (see Fig.61). MCmethod’s angular and energy
distributions produced by 2D-plot projections onto axes were normalized for Fig.61.

————— ] —_—— 1
MCmethcn.d LISE (DistrMethod) F MCmerhqd LISE (DistrMethod)
10° | =y (28MeV) — LowEER = 10° b U’ (28MeV) | — LowEER i
F ' Th'(92MeV) Middle EER E E Z'7h'(92MeV) |-+ -Middle EER E
At (242MeV) == - High EER #5pf (242MeV) == -HighEER
- 3
© 3 10tk 3
£ 2 / \
(7] B ]
o w p
o o .
" S R L L LT LT T L .
5 . 8 0L i ' _
Y. % © I
o ', \‘,_ & J ,1
§ 1
10° | 4 \ = [ !
| o g 1] : 9)(80MeV/u)+Be - (AF) » "*Z
! U(80MeV/u)+Be — (AF) —» ®zr ! ] 0 F (80MeV/u)+Be — (AF) —» —Zr
l, ‘I
| Y |'| | ISR I T T SR N SR S SR RN SR S S | |‘\. P | 'l | | | , | N | , | | | , | , | 1
120 80 -40 0 40 80 120 65 70 75 8 8 90 95 100

Angle,, mrad Energy, MeV/u

Fig.61. Matching of angular(left) and energy(right) distributions calculated by DistrMethod and MCmethod for the '"Zr
final fragment produced by different excited fission fragments (or EERs).

1007 fragment kinematics (expected final
5’2°2’ Angular acceptance 100 WTh =5 'ﬂﬂag(‘wr*)wﬂsﬂ* (F‘mje[:l\la(EnerIg)y 80,00 Metv/u) )

( reaction: 16268 MeY (Excitations 92.0=553+457.7)
Rectangle Angular Acceptance (mrad): H = 60.00(1.000; v = 60.00(1.00)

Set the angular acceptances of the first optical
block after the target to £ 60 mrad in both direc- =
tions and repeat the same calculation procedure
as in the previous chapter.

Ax [Lab-mrad]

Fig.62 shows a kinematics Monte Carlo calcula-
tion of '"Zr final fragments produced in fission
of the *'Th (E"=92MeV) nucleus that corre-
sponds to the Middle EER settings calculated

for the reaction **U(80 MeV/u) + Be(1 mg/cm?).

Table 9 shows, calculated by MCmethod and woom T EleMen
DistrMethod, angular transmissions of 107 Fig.62. MCmethod (Monte Carlo) 2D-plot Ax(horizontal com-

fragments produced by different EERs in the ponent of the angle in the laboratory frame) versus Energy per
nucleon of '"Zr final fragments produced in fission of the

: 238
reaction " U(80AMeV)+Be. BITh (E" = 92 MeV). Angular acceptances of the first optical
block after the target are equal to + 60 mrad in both directions.
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Table 9. Calculated by MCmethod and DistrMethod, transmis- T ;Cm;md' T T LI;E :ol-sm;mo.;a' '
sion of '"Zr fragments produced by different EERs in the reac- 10° ' (28Mev) T LowEER 3
tion *U (80AMeV)+Be. Angular acceptances of the first opti- i ml?{ffz".“\f:ﬁ] |~ _ High EeR ]
cal block afier the target are equal to +60 mrad in both direc- 2| " " —_
. =10 *U(80MeV/u)+Be — (AF) —» zr E
tions. § ; X Angular acceptances: a== +50mrad / .. ;
% Fol e =N b B - ]
§ 0E L v S
MCmethod | DistrMethod| = | | | \_‘_\ : ]
Fissile E* |Monte Carlo LISE 2 ! v !
EER . . AT ol S P , | 4
nucleus | MeV |[transmission,| transmis- | " ! 1 E
% sion, % \ K
10" E 1 \‘ " P 3
Low | U 28 22.9 23.0 ! \ , i
Middle | *'Th 92 26.0 25.2 B o oW % 100
Energy, MeV/u
High 2Ot 242 36.5 33.6 Fig.63. Comparison of energy distributions calculated by

5.2.3. Thick target

Let’s set the target thickness to 150 mg/cm” instead of
the previous value of lmg/cm” and repeat the same
calculation procedure as in the previous chapter.

Fig.64 shows Monte Carlo kinematics of '"Zr final
fragments, Table 10 shows transmission statistics, and
Fig.65 shows comparable @ MCmethod and
DistrMethod energy distributions of '“Zr fragments
produced by different EERs in the reaction
8U(80AMeV)+ Be(150 mg/em?). It is possible to see
in Fig.65 a large discrepancy between angular distri-
butions calculated by the MCmethod and DistrMethod
models, because in the case of the DistrMethod the
code assumes that the reaction takes place in the mid-
dle of the target.

DistrMethod and MCmethod for the ' Zr final fragments
produced by different excited fission fragments (or EERs).

Ay [Lab-mrad]

<100

1007,

fragment Kinematics (expected final)
d (Projectile Energy - 8000 Meviu)
ion 135 69 MV [Excitations 242 0=3124 4+130.7)

5

3% [T]

E [Lab-MeV/u]

65 75 85

Fig.64. Kinematics of """ Zr final fragments produced in
Sfission of '°At (E" = 242 MeV). Angular acceptances of
the first optical block after the target are equal to
#60 mrad in both directions. Thickness of the Be-target
is equal to 150 mg/cnr’.

—T T T T T T T T T T "~ T T "~ T1°
8 (80MeV/u)+Be(150mgicm®) — (AF) — °zr
Table 10. Calculated by MCmethod and DistrMethod, 6000 1 Angular acceptances: 8.6 = 260mrad i
transmissions of '"’Zr fragments produced by different O 2eMev) LISE (DistiMethod) ]
EERs in the reaction “*U(80AMeV)+Be (150 mg/cm’). 5000 1 :;;:-(quzzn.:vd TLoweeR |
Angular acceptances of the first optical block afier the target g (EAENeN) - - -High EER
are equal to +60 mrad in both directions. 2 o0 | i
]
a
DistrMethod| ; 3000 - 4
. . MCmethod 2
Fissile E LISE ke
EER MC trans- . 2000 | |
nucleus | MeV .., | transmis-
mission, %| .
sion, %
1000 |- i
236 A e TN 0 i, ]
Low U 28 17.9 14.9 AT T SN S S N L
] 1 30 35 40 45 50 55 B0 65 70 75 80 85
Middle Th 92 20.3 16.4 Energy, MaV/u
Fig.65. Matching of energy distributions in the case of a
High | *"At 242 27.6 21.2 thick target.

-390 .-



5.3. Abrasion-Fission plots

Cross-section and TKE plot 0 newoptio
. :Sh For th ' itati . [~ Choose item to plot
dlalogs for the "Coulomb flf show forthe nest excation energy egon KE(TKE] " Kinatic:energyin CMS (final fragments])
. . > | 238U Ex=17 Me¥ CS5=2280mb (% Excitation energy of fragment(s
fission" reaction have been | "™ : i . (€ Ectsn ey et

. . tiddle 23 Th* Ex=98 Me¥ CS=747 mb - to get FINAL fragment fram EXCITED fragment

mOdlﬁed for the AbraSlon- r High I 216P0" Ex=28E Me¥ L5=561 mb dé_in Mumber of evaporated nucleons  db_out
: 5 Abrasion-Fission dh_in Muraber of evaparated neutians £ dN_out
FISSIon mOde and tl’le}l are C Low + Middle + High feature &Z_in Charge change due to p.a-emission © dZ_out
: : "
available in the menu "1D- Fr===== . — : :

" . . . ~ One or Two fragments ow fior the nest excitation energy region
pIOtS ° The CompleXIty Of the Falrf}‘:lr deexcitation) o . l[gglfaolre light particle emission] ¢ dustone & Low | 2907 Ex17MeV (52280 mb
AF case lies in that AF i1s a fragment  Midde[ 231Th* Ex-98MeV C3=747 b

0  Mode — ¢ Sumoftoh C Hioh [Z15Po Ex-2E6Hey C3-561mb
result Of three excitation en- - Flat type Dimension of the plot fecments  average weighted [Low + Middle + High)
. r . £ ONE-dimensi
ergy I‘eglons, Where eaCh Of . |sotopes, Z=const OME du.'nenm.onal Abraszgn-Ficeinn __/r
] . |sobares, A=const & TwiO-dimensional Hhiafare - Dimension of the plot
them is an independent reac- @ Isotanes, N=const  Isclspes, Z-sond ONE dnersiond
tion mode for the program. It (‘: fsospin, 12 =const Mein= [ 1 € lboon ot || WD drersiond
. | z0zpin, M-Z2=const Nrmas = W o rlq.zf t
would be desirable to see C Nz o B E o Zrin=] 50
s0spin, M-Z7=const
" sum(CS); Z=canst - Znan=] 50
them both separately and iRk £meons & Al
. . " sum(CS): A=const © <THE>; Z=const
together. In connection with  sunfCS]): Neconst € 0dd ® T Al
thi th ti d v € <T<E»: Necorst £
1S, € Cross-section an ) C Even
TKE dialogs were revamped o oK | X cence T o | % oo

(see Fig.66 and Fig.67). See
examples of 2D cross-section Fig.66. The “Abrasion-Fission cross-  Fig.67. The “Fission TKE & post-

plots in Fig.68. section plot” dialog. scission emitted nucleons plot” dialog.
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Fig.68. 2D fission fragment production cross-section plot for Low, Middle, High EERs and their sum (right bottom) for the
reaction **U (14GeV)+Be (90 mg/cm?). Projections on the vertical axis (Z) are shown in Fig.55.
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5.3.1. New plot options

New options to plot fission fragment distributions have been developed in the new version (see Fig.66
and Fig.67). These new options are also available in the Coulomb fission mode.

5.3.1.1. Final (after de-excitation) and initial cross-section plots

In the new version the user can plot not only fission fragment cross-section distributions, when the
fragments are already in a ground state, but also distributions immediately after fission before emission
of light particles to release excitation energy. The ***U(750AMeV)+Be reaction was used to illustrate
this new possibility. The LISE parameters and a link with corresponding LISE++ file are given in
chapter “5.9.4. 238U(750AMeV) + Be”. Fig.69 shows the initial distribution of zirconium isotopes
before and after emission of light particles. The experimental data [Ber97] are shown for comparison.

Fig.70 shows the mean quantity of nucleons emitted by exited Zirconium isotopes (d4_out), and also
the quantity of nucleons emitted before reaching a final fragment (d4_in).

- A LA N L R B AL B N T frrrtr*frrrrrrrrrr1r 1]

10° E ““U(750AMeV) + Be - fission — Z=40 (initial P%J(750AMeV) + Be —» fission —» Z=40 (final) 4 10°

10" g + 10

10° | 4 10°
= 10 4 - 10 o
.§. r 8
= 107 410° &
=2 £ ]
5] £
& 107 + 107 %-
a E s
o a [ =
(3 10™ E - 10 ._..é:.

10° | 4 10°

10° | o 107

7 F T
10 El 1 1 1 1 1 1 1 i 1 1 1 3 10
85 90 95 100 105 110 85 =v] 95 100 105 110
Mass number Mass number

Fig.69. Initial (left plot) and final (right plot) Zirconium fission fragment distributions for different EERs in reaction
8 (750AMeV)+Be reaction.
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Fig.70. Left plot: Mean quantity of nucleons emitted by exited Zirconium fission fragments (dA_out) produced in
8U(750AMeV)+Be reaction. Right plot: Quantity of evaporated nucleons emitted before reaching a final fragment (dA_in).

-41 -



5.3.1.2. Excitation energy plot N I 7 VP PV L P A I I
The excitation energy plot is available through the dia- E ] S I B o
log “Fission TKE & post-scission emitted nucleons ?100- Eé:m |
plot” (Fig.67). The excitation energy plot of Zirconium 5 [ E——
isotopes produced in fission of Z**U(750AMeV) on a Be § i — ]
target is shown in Fig.71. The LISE parameters and a ¢ P A T
link with the corresponding LISE++ file are given in g “r ]
chapter “5.9.4. 238U(750AMeV) + Be”. N e ot SR DRORE sath
90 a5 100 105 110

Fig.72 shows average isobar excitation energy plots of Mass number

fission fragment for different EERs in the Fig.71. Excitation energy of Zirconium isotopes
238 . produced in fission of *U(750AMeV) on a Be target.
U(750AMeV)+Be reaction.

| — T T T T

| #U(750AMeV) + Be - fission |

250 [- ] ] 250
F | =Low | T 1
200 [ | eecnee Middle | | One fragment T Two fra ménts 1 200
2 - High | gme|
= [ I ; 5 ]
w150 Ef Zote | L : i PEmetios# | {150
w (= |
V L S P
100 [ I e . 100
50 |- -+ — 150
L 1 i i i " 1 i L i i 1 M i i 1 i T i " i L 1 i i M i L L i i i L M i " " 1
50 100 150 200 50 100 150 200
Mass number Mass number

Fig.72. Average isobar excitation energy of one (left plot) and two (right plot) fission fragment(s) for different EERs in the
8U(7504MeV)+Be reaction.

5.4. Abrasion-Fission settings discussions

In this chapter we would like to show by example where e e i

and how Abrasion-Fission settings influence the final [
calculation results. Abrasion-Fission settings and where ob
to access them are given in Table 7. .
g 10'F E
5.4.1. Excitation energy of fission fragment (TXE) g 0L
Two models of fragment excitation energy (TXE) are % ok A -
included in LISE (see the “Fission properties” dialog in § » / I W virdon 3
Fig.57). In the calculations for the TXE model based on , : '
Reaction Q-value (TXE #1), we will use two values, [ sV vBe > A

0.0035 and 0.0045, for the f parameter. Calculated mass- 10" by
distributions of fission fragments from ***U(750MeV/u)+Be A

for different EERs are shown in Fig.73. Fig.73. Calculated mass distribution of fission

fragments in  Z*U(750MeV/u)+Be (TXE #I,
f=0.0045).
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Fig.74. Excitation energy of Zirconium fragments depend-
ing on an excitation energy method. Fragments are pro-
duced in fission of excited nuclei **°U (Ex=23.5MeV) in top
plot,  *°Th (E=100MeV) in  middle plot, and
*Ra (E,=250MeV) in bottom plot. These excited nuclei
correspond to EERs for the calculation of fission fragment
production in the reaction **U (750MeV/u)+Be.
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Fig.75. Average weighted excitation energy of fragments
depending on an excitation energy method. Fragments are
produced in fission of excited nuclei *°U (E,=23.5MeV) in
top plot, *°Th (E.=100MeV) in middle plot, and
2Ra(E,=250MeV) in bottom plot. These excited nuclei
correspond to EERs for the calculation of fission fragment
production in the reaction **U (750MeV/u)+Be.
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Fig.76. Average kinetic energy of a fission fragment in the reaction “**U(750MeV/u)+Be. Left (TXE #0), middle (TXE #I,
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Fig.77. Average ki-
netic energy of a fis-
sion fragment in the
reaction “*U+Be. The
left plot corresponds to
the low EER [PU
(E=23.5MeV)],  the
right plot is the aver-
age weighted result of
three EERSs.

Fig.78. Calculated
average number of
evaporated nucleons
for/from a final /ex-
cited fragment pro-
duced by fission of the
excited nucleus *°U
(E;=23.5MeV).

Fig.79. Calculated
average number of
evaporated nucleons
for/from a final / ex-
cited fission fragment
produced in the reac-
tion **U+Be.



Fig.74 shows excitation energy of Zirconium fragments and Fig.75 shows average weighted excitation
energy of all fission fragments depending on the excitation energy method. Calculations were done for
three different excited nuclei which correspond to EERs for the calculation of fission fragment produc-
tion in reaction 2**U (750MeV/u)+Be.

Fig.76 and Fig.77 show the average kinetic energy of a fission fragment in the reaction
281 (750MeV/u)+Be depending on the excitation energy method.

Fig.78 and Fig.79 show the calculated average number of evaporated nucleons for / from a final /excited
fragment produced by fission of the excited nucleus **°U (E,=23.5MeV) and in the reaction ***U+Be.

It 1s possible to conclude from figures given above, that excitation energy values calculated by TXE
method #1 (f=0.0045) and method #0 are very close to each other if compared with method #1
(f=0.0035). We recommend the use of method #1 (f=0.0045).

5.4.2. Excitation energy region (EER) boundaries

To see how boundary settings e
influence final fission fragment EYRA
production, we chose four sets of % 30-150
boundaries to calculate EER
characteristics (see Table 11). It ™| -
is possible to visualize fissile — _ .

. . N
nuclei for each boundary setting 2 .
in Fig.80. E -,

Fig.80. Fission de-excitation chan- s .

nel cross-sections calculated by the 2D e e

LISE Abrasion-Ablation model for 72 o ooo o

the reaction “*U+Be. AA settings L : . in i

are shown in the figure. Circles 200100 AR Y .

correspond to the fissile nuclei of % o " . Pission thamtel tdeS—sectldlts

. . Modes 1M1 1000 110 ABRASION-ABLATION - 23BU +Be
EERs given in Table 11 ' ) “Exci! Ene;g¥ Method:< 2 >; <E'>:13.3 A MeV sigma:9.60
64 NP=16; SE ™ DEIU+CaI2 Density:"auto” Geom.Corr:"On" Tunlg:"auto” Fls_Bar-1 Fac=1.00
100 105 0 115 Neutrons (N) 10 1% 140 14

Table 11.

Boundaries Low Middle High

Left Right | A, Z N | E* o A, Z, N E* o A, Z, N E* c
25 75 | S U,s | 204 | 2417 | %iPa,, | 497 | 2993 | 5 Fr, | 1912 | 688.0

28 220 | BJU,s | 204 | 2417 | % Ac,, | 1040 | 7482 | % Poy, | 2884 | 239.0

50 150 | 25U, | 283 | 409.7 | % Th,, | 923 | 3925 | At | 2423 | 426.6

60 250 | 25U, | 317 | 461.1 | 5 Ra,, | 1424 | 6082 | % Po,, | 3148 | 159.6
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Fig.81. Partial and total mass distributions of Strontium (left plots) and Praseodymium (vight plots) fission fragments
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- 46 -

| IR S S S | - 1

130 135 140 145 150 155

7 — T
3 ot E
[ o ]
E S E
Eo& ]
- 4
- “)(80MeV/u)+Be -> AF -> Z=53 4
o boundaries 50 & 150 A 3
C1 1 1 1 1 ]
130 135 140 145 150 155

A

T — T3
E L 3
[ ! ]
E 1 3
F 3
Ei 3
EV E
. ; : .
L & ®U(80MeV//u)+Be -> AF -> Z=59 ]
boundaries 60 & 250 E
[1 1 1 1 1 1 ]
130 135 140 145 150 156

in



Fig.81 shows partial and total mass distributions of Strontium and Praseodymium fission fragments in
the reaction 2**U(80MeV/u)+Be calculated for different sets of EER boundaries. Fig.82 shows total
mass distributions of Strontium and Praseodymium fission fragments in the reaction
28U(80MeV/u)+Be calculated for different sets of EER boundaries given in Table 11.
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Fig.82. Total (sum of all regions) mass distributions of Strontium (left plot) and Praseodymium (right plot) fission frag-
ments in the reaction “**U(80MeV/u)+Be calculated for different sets of EER boundaries.
Based on Fig.81 and Fig.82 it is possible to make these three principal conclusions:

1. High left boundary (50 MeV in the third set and 60 MeV in the fourth set) leads to underestimation
of super neutron-rich isotopes.

2. Low right boundary (75 MeV in the first set and even 150 MeV in the third set for Strontium iso-
topes) leads to LARGE underestimation of proton-rich isotopes (see left plot in Fig.82).

3. Large distance between boundaries (28 & 220 MeV in the second set and 60 & 250 MeV in the fourth)
leads to a hole between High and Middle isotope cross-section distributions (see right plot in Fig.82).

Based on these conclusions we recommend the following boundaries”: Left 30-40 MeV, Right 180-
200 MeV. Fig.83 demonstrates the significant difference in N/Z ratio and element integrated distribu-
tions between boundary sets for elements with Z<25 and Z >60.
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Fig.83. N/Z ratio (left plot) and element integrated (right plot) distributions of fission fragments from (***U+Be).

¥ Boundary positions depend on excitation energy per abraded nucleon, which is used by the Abrasion-Ablation model to
define EER characteristics. In above examples the excitation energy was equal to 13.3 MeV/dA.
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5.4.3. Excitation energy per abraded nucleon for Abrasion-Ablation

To calculate the fission de-excitation function after abrasion of a heavy projectile by a target in previ-
ous examples, the excitation energy value 13.3 MeV per abraded nucleon was used. This value is set
by default in the code. What decay channel will follow after an abrasion is determined first of all by
the value of excitation energy (see Fig.9). The analysis of excitation energy is the subject of very com-
plicated theoretical and experimental research, and is not a subject of this chapter, where we only want
to show the influence of the excitation energy value on fission fragment production. Excitation energy
depends on the target material and projectile energy®, as well as the reaction mechanism involved in
fragment production, for example abrasion or INC (chapter 5.8. INC fission). We speak about the abra-
sion of a projectile and suggest simplistically that the excitation energy is proportional to the number
of abraded nucleons without any dependence on the target material or projectile energy.

Table 12. EER characteristics as a function of excitation energy per abraded nucleon

per abr.nucleon| y5 | boundaries Low Middle High

s

E" |sigma| Mmb | Left | Right | A, Z N | E* o AZN | E*X| o | A ZN | E* o

9 | 5 | 965| 30 | 150 | U, |17.7]| 280.9 | & Ac,y, | 78.0|489.3 | *iBiy,, |244.8|189.6

236 231 217
133 | 9.6 [1228| 30 | 180 | %eU,, [23.5| 3128 | %5iTh,, |96.7|576.1 | %l At,,, |263.5|334.6

27 | 19 [1361| 45 | 200 | 5 U, |387| 2924 | *5iPa,, |1145| 5732 | %5 Fra, |320.8 | 489.9

236 234 228
40 | 28 [1251| 50 | 200 | U, |49.4| 1835 | %Pa,, |108.8| 608.4 | “m Ac,s |301.9 | 448.6

Table 12 shows EER characteristics calculated with different excitation energy values per abraded
nucleon ( £,,), which will be used for the following analysis of the influence of the excitation energy

on fission fragment production. It is necessary to notice that with increasing E,, fissile nuclei become

heavier. For example for Middle EER the masses of fissile nuclei are equal to 228, 231, 234, 234 for
E;A values of 9, 13.3, 27, 40 respectively, and for the High EER the masses are equal to 210, 217, 225,

228. It is explained that more abraded projectiles in the case of higher excitation energy proceed by the

break-up channel. The following decay parameters 1400 ] ' ' /;___‘_' ‘ ' ]

were used for calculations: /' \"\ -

Channels:  p,n,2n,q, fission, break-up £ 1200 ] . "

Break-up: T(40)=6.0, T(200)=4.5 2

Dissipation:  “Kramers’ factor”=NO and beta=1 ¢ ]

BarFac=1 & mode: auto. g o 1
. . o . 8

Fig.84 shows the fission de-excitation cross-section as a B

function of E,. A reduced experimental cross-section #07 )

value of 1.16£0.10 barn [Rub96] corresponds to an

excitation energy equal to 13 MeV/dA. We talk a little T 15 20 2 % 35 40

bit more about total cross-sections in chapter “5.9. Excitation energy per abraded nucleon, MeV

Comparison with experiment”. Fig.84. Fission de-excitation channel cross-section

for U (80MeV/u)+Be as a function of excitation
energy per abraded nucleon.

* it is planned to make this analysis within the LISE development framework soon.
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do / dE (mb/MeV)

Fig.85. Fission de-excitation function for the reaction
“8U+Be as a function of the excitation energy per abraded
nucleon.
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Fig.86. Elemental fission cross-sections for the reaction

U (804MeV) + Be as a function of E,,.
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Fig.87. Total (sum of all regions) mass distributions of Strontium (left plot) and Praseodymium (vight plot) fission frag-
ments in the reaction >*U(80MeV/u)+Be calculated for different values of excitation energy per abraded nucleon.

Fig.85-87 demonstrate the influence of the
excitation energy value in abrasion on fission

de-excitation functions,

elemental

fission

cross-sections, and mass distributions of Stron-

tium and Praseodymium fission fragments in
the reaction 2**U (80MeV/u)+Be.

Fig.88 shows partial and total mass distribu-

tions of Praseodymium fission fragments in the
reaction *U (80MeV/u)+Be calculated for
E,, =27 MeV/dA.
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Fig.88. Calculated mass distributions of Praseodymium

fission fragments in the reaction >*U(80MeV/u)+Be.
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5.4.4. Dissipation effects in fission

The influence of dissipation effects on the fission
de-excitation functions has already been considered
in chapter “2.2. Dissipation effects in fission”,
where Fig.13 demonstrates how the total nuclear
fission cross-section and the shape of the fission
excitation functions can depend on the dissipation
effects.

Here we would like to notice a correlation between
the reduced dissipation parameter, Kramers’ factor,
and the total fission cross-section. Recall that pa-
rameters for dissipation effects are in the “Evapora-
tion options” dialog (see Fig.7, frame “A”).

Fig.89 and Fig.90 show fission cross-section and
excitation energy of the High EER fissile nucleus in
the reaction **U(80MeV/u)+Be as a function of
reduced dissipation coefficient. These calculations
were done for the 2-EER model. The boundary be-

Krammer's factor - Yes
——Sum
-=#--Low
--# - High

Krammer's factor - NO
—s—Sum
---Low
-- o= High

238,

U+Be -> AF

b nodissipation _  _  _ __ __._._.._ p

1400 E

Reduced dissipation coefficient p, (10°s)

Fig.89. Fission cross-section in the reaction
B8U(80MeV/u)+Be as a function of reduced dissipation
coefficient. Calculations were done for the 2-EER model.
The boundary between Low and High regions was set to
30 MeV.

tween Low and High regions was set to 30 MeV. In the case of excitation energy per abraded nucleon
equal to 13.3 MeV/dA it is recommended to use a reduced dissipation coefficient equal to 1-10*'/s and
turn off Kramers’ factor to exclude dissipation effects at low-excitation energies.

5.4.5.Break-up de-excitation channel

The crucial role of the break-up channel has been al-
ready demonstrated in chapter 2.1.1.1. The dependence
of break-up parameters (limiting temperature, diffuse-
ness) on de-excitation channel cross-sections it is pos-
sible to see in Fig.91, based on calculation results given
in Table 13. These calculations were done for the 3-
EER model with boundaries 40 and 180 MeV. The ex-
citation energy per abraded nucleon was set to 13.3 L  — ]
MeV/dA. It is possible to conclude for the limiting tem-

perature “working” region (4-7 MeV) that:

o If we take dissipation effects into account, then
the fission cross-sections do not depend on the
limiting temperature. There is competition be-

T T T — T T T T T T T T T T T

200 - no dissipation T

High EER: excitation energy, MeV

—— Krammer's factor - NO 238
—a— Krammer's factor - Yos

0.1 1 a 10
Reduced dissipation coefficient p, (10° /s)

Fig.90. Excitation energy of the High EER fissile nu-
cleus in the reaction **U(80MeV/u)+Be as a function
of reduced dissipation coefficient. Calculations were

done for the 2-EER model. The boundary between Low
and High regions was set to 30 MeV.

tween break-up channels and light particle evaporation.

o If we do not take dissipation effects into account then light particle evaporation cross-sections do

not depend on the limiting temperature. There is competition between break-up and fission de-

excitation channels.
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Table 13. Channel cross-sections as a function of the limiting temperature.

Do High AF cross-sections, Evaporation calculator
Break-up parameters Dissipation :
Use Step ERR [mb] cross-section [barn]
T T Diffuse- . Excit. High Sum of . .
tio -
A=40 | A=200 ness Junction energy EER EERS Residues | Fission | Break-up
4.5 6 0.05 Yes 263.5 334.6 1223.5 0.904 1.18 0.604
4.5 6 0.5 Yes 256.4 275.6 1150.7 0.784 1.14 0.694
4.5 6 0.05 No 305.7 487.5 1464.2 0.721 1.44 0.603
3 3 0.05 Yes 200.1 127.3 1014.8 0.7 1.01 1.01
4 4 0.05 Yes 249 307.7 1196.6 0.838 1.16 0.702
5 5 0.05 Yes 282.4 362.4 1251.2 0.967 1.20 0.519
6 6 0.05 Yes 294.7 385.0 1273.9 1.09 1.22 0.372
7 7 0.05 Yes 294.9 387.1 1276.0 1.2 1.22 0.258
3 3 0.05 No 203.1 163.5 1079.9 0.658 1.09 1.01
4 4 0.05 No 263.8 473.1 1381.1 0.707 1.36 0.7
5 5 0.05 No 326 646.5 1554.5 0.728 1.53 0.517
6 6 0.05 No 359.5 798.4 1706.4 0.731 1.67 0.37
7 7 0.05 No 360.7 914.9 1822.9 0.733 1.79 0.257
I ' | ! | ! | ! |
" | Dissipation - Yes “®U+Be -> AF
1.8 || 4R} Residues - -1
L | ={F]-Fission P
1.6 || B Break-up -
14 - Fig.91. Fission cross-section
- in the reaction
< 12 B8U(80MeV/u)+Be as a func-
@ - tion of reduced dissipation
Qﬂ 1.0 + coefficient. Calculations
© - were done for the 2-EER
08 |- model. The boundary be-
| tween Low and High regions
06 | L was set to 30 MeV.
| Dissipation-no | 7™ R
0.4 H {7~ Residues T
L | —[f} Fission \a
0.2 || b Break-up
| L | 1 1 L | 1 |
3 4 5 6 7

5.4.6. Fission barrier

T, limiting temperature (MeV)

Correlation between the fission barrier and the fission de-excitation function has already been consid-
ered in chapter “3.5. Influence of corrections for fission barriers on abrasion-fission cross-sections”.

Increasing fission barrier height leads to a decrease of fission cross-sections and increasing light parti-

cle evaporation production.
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5.4.7. Cross-section suppression coefficient

The cross-section suppression coefficient is applied to the initial fission cross-section matrix (CSinit)
of production cross-sections for excited fragments before the calculation of light particle emission.
This coefficient is set by default to le-10mb. Using this coefficient decreases calculation time for
cross-sections and frees the operating memory. With the coefficient equal to le-10 mb the code uses

90 seconds whereas for values le-15, 1e-20, and 10T T ' ' &
1e-30 mb respectively, it uses 121, 142, and 206 10°F 1
seconds. It is necessary to note two moments: 10°r 1
. . . 10 1
e Decreasing the suppression coefficient does 8
e . 10°} ]
not lead similarly to low cross-sections for ¢ | Limit 1e-10
. ) S 10°t ]
proton-rich fragments, because in the first g o
] ® r Limit 1e-15 & ]
place the acceleration filter (see “5.1.3.2. @ . e
Modification of evaporation cascade subrou- © 1 Ospmt
- e-10m ¢ -
tines”’) works against low cross-section pro- - - fed5mb Limit 1e-20 \
- —&—1e-20m E
duction after reaching the maximum of the 10 ——1e30mb
final fragment distribution (see Fig.56). o P + Bo o (AF) > Z250 Uit tog0 |
o 1 1 1 1 1 - 1 1 1 1 1
Secondary reactions contribution is very im = - P o %

portant in the case of Abrasion-Fission, and

Fig.92. Calculated Tin fission fragment cross-sections for

we recommend always using the SR option. ,,oquction in the reaction **U+Be.

As you will see in the next chapter, there is

no difference between reduced cross-sections calcu-
lated with different cross-section limit values if the
target is not very thin.

Fig.92 shows Tin fission fragment cross-sections for pro-
duction in the reaction ***U+Be calculated for different
cross-section suppression values.

5.4.8. Restore previous AF settings

If the user is working in the Abrasion-Fission reaction
mode and changes the parameters of the target or the pri-
mary beam, then the program automatically

o initiates the AF EER settings,

o sends a message to the user (see Fig.93),

o shows AF settings by red colors in the Set-up win-
dow (see Fig.99).

If the user wants to go back to previous AF settings, it is
necessary to open the “AF settings” dialog (for more details
about it look at “5.6.2. Abrasion-Fission settings”) and
click the “Restore previous settings” button to load the dia-
log of the same name, which shows the previous settings
and prompts the user either to accept them or to refuse.
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Fig.94. The “Restore previous AF settings” dialog.



5.5. Secondary reactions for Abrasion-Fission

Secondary reactions are a very important component for fragments produced in fission with a low
cross-section even in the case of a thin target. As it was already mentioned We recommend using the
rectangle filter (bottom rectangle deltas are 30&30, top rectangle 0&0) for SR calculations and not
setting the cross-section suppression coefficient very low, as you will see from the figures in this chapter.

Let’s suggest that Middle EER is set as the primary reaction in the code. Then the reduced cross-
section is calculated using Equation /10/, where c*primary is equal to the production cross-section
corresponding to the Middle EER. Total reduced cross-section is defined by the formula:

*
Gtotal_reduced = O Middle * TSR T O Low T O High 112/

The reduced cross-section plot utility (4.2.1. Secondary Reactions plots: SR coefficients & reduced
cross-sections) shows namely the total reduced cross-section values calculated based on Equation /12/.

Fig.95 shows in the left plot fission production cross-sections (sum of all three EER) in the reaction
#¥U(80MeV/u)+Be calculated for cross-section suppression equal to le-10 mb and presents in the
right plot total reduced cross-sections for the Be-target thickness equal to 1 mg/cm’.

Cross sections (Abrasion-Fission (Low+Mid dle+ILigh)) i Reduced cross sections

85| 2381 @00.0 Meviu) + Be (1 mgfom?) -> N=1-200 AbrasionFission (Low-+hiddie+High) g5 | 2 (B00.0 My + Be (1 mylerm?) > T30 [(NPsec=18)

@
5

Pretons{Z)

[ e

20 40 60 Neutrons (N) 100 120 140 1] 20 40 60 Neutrens (N) 100 120

Fig.95. Left plot: Fission production cross-sections (sum of all three EER) in the reaction “*U(80MeV/u)+Be calculated
for cross-section suppression equal to 1e-10 mb. Right plot: the same as the left plot but with SR contribution for the Be-
target thickness equal to 1 mg/cnr’.

10°F T T T T T3 102 e T T T T ™
10°F ] 10" ]
- 107+ 1 107} ]
=)
g 10°f 1 E 10t 1
< c
% 10°F 1 £ 10° 1
o o
@ 10°f 1 @ 10°F ]
- !
2 107 PN J § 10 v
5] CS limit = 1-10 mb N 5 10T CS limit = 1e-30 mb ]
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Fig.96. Total reduced production cross-sections of Tin fission fragments produced in the reaction **U+Be as a function of
the target thickness. Left plot corresponds to calculations with the cross-section suppression limit equal to le-10 mb, right
plot similarly for a value 1e-30 mb.
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Fig.96 demonstrates how total reduced cross- 120 ' ' ,./:« W'
sections of Tin fission fragments produced in the [ el ]
reaction ~**U+Be depend on the target thickness. & 10¢] ]
5 ]
Fig.97 shows total reduced production cross- § :za
sections of Tin fission fragments for two differ- 2 o[ ]
ent suppression values in the case of a thin target ;é 107 ‘ Cs limit 1
(1 pg/cm?). The small difference is observed just E ‘° [ ~resoms ]
for two neutron-rich isotopes. With increasing :Z
target thickness (at least up to 1 mg/cmz) this  ,g=[ %) + Be (16-6 glom?) > (AF) » SecReact » Z=50 ]
discrepancy disappears. = = NPr— = =

Let’s assume that we have a primary beam of Fig.97. Total reduced production cross-sections of Tin fission
238 “dead” fragments produced in the reaction “*U+Be (1 ug/cm’) as a
function of the suppression limit.

U with very high energy to exclude
layer of the target from calculations. Is there a

limit for target thickness or, taking into account the contribution of secondary reactions, is the frag-
ment production always continuously increasing in value? If this limit exists then where is it located?
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Fig.98. A(top plots)- & B(bottom plots)- reduced (see text for details) production cross-sections of Zinc (left plots) and Tin
(right plots) fission fragments produced in the reaction “**U(104GeV)+p as a function of the target thickness.
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Fig.98 shows A- & B-reduced production cross-sections of Zinc and Tin fission fragments produced in
the reaction ***U(10AGeV) + p as a function of the target thickness. AF EERs settings used for calcula-
tions are presented in chapter “5.9.5. **U(1AGeV) + p”. The A-reduced cross-section is equivalent to
Giotal reduced from Equation /12/. The B-reduced cross-section is defined by the formula:

o’ :L, /13/

reduced N
target £ beam

where R is the yield of fragment of interest after the target [1/s], Niger in the number of atoms in the
target [1/cm?], and Ijeqy is the primary beam intensity [1/s]. The principal difference between “A” &
“B” reduced cross-sections is contained in the reaction coefficient of losses, which exists in the B-

: B A
reduced cross-section: O, ... = O reiuced * € reaction -

It is possible to see that the A-reduced cross-section increases with increased target thickness for Zinc
isotopes as well as Tin isotopes due to secondary reactions contributions, and the largest gain is
achieved for proton rich isotopes.

In the case of B-reduced cross-section it is possible to see that increasing target thickness in four times
from 5 g/cm” up to 20g/cm’ decreases reduced cross-sections by 3-4 orders of magnitude. It is possible
to conclude that the optimal target thickness to produce the maximum rate of fragments for the reaction
8U(10AGeV) + p is about 1-3 g/em’.

5.6. Setting up LISE to calculate yield of AF products through the spectrometer

Let’s start to acquaint ourselves with LISE settings for the Abrasion-Fission (AF) mechanism by an
example. Assume we need to produce a *'Zn secondary beam using a primary beam of **U*" ions
with energy 80 MeV/u at the NSCL/MSU.

5.6.1. Experiment settings

Let’s assume in the beginning the simple case without charge states, without a wedge, using just one
target, without secondary reactions, and with nonzero primary cross-sections. The first two steps are
the same as for the case with other reaction mechanisms.

5.6.1.1. Spectrometer choice

Since we plan to use the A1900 fragment separator, we need to first configure LISE++ for this device.
This is done as follows:
a. Start the program LISE++

b. Select the menu File — Configuration — Load
c. Choose the file “A1900 2005A.lcn” in the NSCL directory

5.6.1.2. Primary beam, target, selected fragment
a. Set the projectile characteristics (*°U, E=80 MeV/u, Q=86+) by clicking on the letter “P” of
the label “Projectile” or alternatively selecting the menu Settings — Projectile.

b. Set the desired fragment (*'Zn) too if it hasn’t been done already by clicking on the “F” letter
of the label “Fragment” or alternatively selecting the menu Settings — Fragment.

c. The target (Be, 0.1 mm) can be entered directly by clicking on the “T” letter of the label “Tar-
get” or alternatively selecting the menu Settings — Target.
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5.6.2. Abrasion-Fission settings

a.

Set the reaction mechanism (Abrasion-Fission) by clicking on the "‘-: icon or alternatively se-
lecting the menu Options — Production Mechanism. After that you can see the AF frame
where three fissile nuclei and their excitation energies are shown (see Fig.99).

You need to recalculate the excitation regions parameters according to
the beam and target characteristics. In order to make these changes you
have to open the “Abrasion-Fission” dialog (see Fig.50) by clicking on
the AF frame in the Set-up window (see Fig.100) or alternatively se-
lecting the “Abrasion-Fission settings” button in the “Production
mechanism” dialog through the menu Options — Production Mecha-
nism.

[Plrojectile 238186+
S0 MebViu 1 pnd

LowEx: 25 hieh'

MiclEx: 100 ke

HighE:: 250 b

ragment

817,)30+30+

é_..-—-

Fig.99. The Abrasion-Fission

frame showing excitation regions.

[Elrojectile 23886+
80 MeViu 1 pnA

LowEx: 25 Mev

c. Make sure, that the break-up and fission de-excitation channels in
the “Evaporation settings” are turned on. You can find more detailed
information in the chapters about the “Abrasion-Fission” dialog, de-
excitation, and fission default parameters. Now just click the multi-
purpose button “Calculate, Use ‘All’ in the code, Apply, Plot” (see
Fig.50) to calculate Abrasion-Fission settings for this beam-target combination to use in the
following fragment yield calculations. It is recommended to set “Middle excitation energy re-
gion” as a primary reaction (see Fig.51). Click the “Ok” button to leave the dialog. Now you
might see several changes in the Set-up window (see Fig.101).

selected

HighEx: 250 MeW
ragment

Fig.100. The Abrasion-Fission
frame is selected by the mouse.

817,30+

5.07%

Fig.101. Parts of the Set-up window
after AF settings calculations were
done. Excitation energy strings color
has been changed after modifications
of AF settings. The initial color is red
(see Fig.99).

[Plrojectile 23886+
30 Me\iu 1 pnA

LowEx: 28Mev 236 F
MidEx: 82 Me 'Th @n
= N

HighEx: 242 MeWV =
NSCL

[Elragment  31Zn30+
) Abrasicn-Fizsion (Mid Ex) )

5.6.3. Spectrometer tuning for the fragment of interest

e Set maximum possible momentum acceptance (5.07%) of the spectrometer using the “I2_slits”
block settings dialog through the Set-up window.

e Set the “Right peak” option in the “Calculate spectrometer settings using....” in the “Preferences”

Calculate the fragment separator settings by clicking on =+ or selecting the menu Calculations — Cal-
culate the spectrometer for setting ion. The code calculates spectrometer settings based on fragment
kinematics of the primary reaction (AF-middle) you set. Therefore the code initially has to calculate
AF-middle final fragment and excited fragment production cross-sections, which should be used in
kinematics calculations. Kinematics of fission fragment calculations and spectrometer tuning are based
on the same procedures as in the case of Coulomb fission. After the code runs, it will set the spec-
trometer and you can see in the Set-up window the number of AF-middle cross-sections

tile & target combination, fission properties, and de-excitation properties have been not changed by the

pjectile 23892+
30 Mediu 1 pnd

. These cross-sections will be kept in the memory al long as the projec-

USCr.
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5.6.4. Yield calculation

. ) ) . P 23692+ AF I

Calculate the yield of ®'Zn for these settings by double right clicking Er;éemf:;lﬁ 1 pnA” P

on the corresponding nucleus in the table of nuclei. The code calcu- || e 28 uey ’”‘?FBE'

lates consecutively the yields for all of three excitation energy re- | MdEs S2hiey AF hi

3 . K . HighEx: 242 ke G226
gions (EER). Each EER represents a separate reaction mechanism in [Elragment  #zn3o+

the code. This means the code first calculates rates for Middle EER, ‘

then changes the primary reaction to Low EER, calculates rates for Zg!xﬁazﬁi ffgtﬁg’;é}}j;ﬁﬁ‘zgi:fg;
this region, then High EER and finally comes back to Middle EER. of non-zero cross-sections for each EER.
Each EER has its own cross-section matrices, because the code

checks cross-section matrices existence before yield calculations. If the matrices are absent for this
reaction mechanism or the projectile and target combination or fission and de-excitation properties
have been changed then the code calculates fission fragment production cross-sections for these new
projectile-target-fission settings. The number of nonzero cross-sections for each EER kept in the mem-
ory is shown in the Set-up window (see in Fig.102).

Fig.103 shows statistics of ®'Zn fragment production.
Under the production line in the new version you can Q1 (p1)

. . . Q2 (D2)
see two new lines: reaction mechanism name and sum Q3 (D3)

04 (D4) 30
9

of reactions. It is visible, that the *'Zn fragments have = Froauction rate (pws) T7e-6
. . . Reaction AF mid
been produced in Middle and Low EER reactions. The = sur oz zeactions (zes 1.5t
81 . . . . CS in the target (ol ) 4,3%e-8 g.01
Zn production cross-section for High EER is equal t0  1orai cransmission (%) 2.879  2.7s8
Target (%) 99,66 99,66
Zero.

Fig.103. The statistics window of ¥ Zn fragment production.
The “Sum of reactions” result value has been included

just in the new version and it is equal to the sum of the “Sum of charge states” values. The “Sum of
charge states” values are the sum of all charge states produced for one fragment in ONE reaction.

In total we have received a *'Zn fragment production rate equal to 1.8e-4 pps for 0.1 mm Be-target at
the focal plane of the spectrometer.

5.6.5. Optimum target

Let’s optimize the target thickness to produce the maximum production rate of *'Zn fragments by selecting
the menu “Calculations — Optimum target’. Results of calculations are shown in Fig.104. The target
thickness corresponding to maximum production rate (total: 9.32e-4, Middle ERR: 5.2e-5) is equal to 0.52
mm.

Fig.105 shows the spatial distribution of *'Zn fission fragments in the dispersive focal plane after the
first dipole. You can see the selection of the “Right” peak (corresponding to higher energy) of the
fragment momentum distribution by the spectrometer.

Note: 1t is recommended to set such EER as the primary reaction that which contributes most to the
fragment production rate. In the case of the reaction 28U(80MeV/u) + Be — (AF) — *'Zn it is the Low
EER (see Fig.103). In this case the spectrometer will be set following the kinematics of this reaction
mechanism, and the secondary reaction coefficient is applied to the reaction mechanism with most
intense production, which gives the most correct estimation of the secondary reactions’ contribution.
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Fig.104. *'Zn fission fragment production rate in the reac- Fig.105. Spatial distribution of*' Zn fission fragments in the
tion 2*3U(80AMeV)+Be as a function of the target thickness.  dispersive focal plane after the first dipole.

5.6.6. Secondary reactions

Let’s turn on the secondary reactions contribution in the “SR”
dialog by selecting the menu “Options — Secondary reaction in
target”. Set the Corner rectangle filter for all three procedures in
the dialog. Use parameters deltaN=30 and deltaZ=25 for the bot-
tom rectangle and 0 & O for the top rectangle of the corner filter in
the case of fission (see 4.3.1.3. Application of acceleration filters).
The SR contribution gives gain about four times even for this not
so high energy of the primary beam (Fig.106).

i statistics 812n

B81Zn Beta- decay (2=30, HN=51]

01 (D1} 30 30

Q2 (D2} 30 30

03 (D3} 30 30

04 (D4} 30 30
Production Rate (ppS) 5.36e-5 3.5e-3
Reaction AF_mid AF_low
Sum of reactions (pps) 3.55e-3  3.55e-3
€3 in the target (xib) 4.39e-8  8.01=-7
Total transmission (%) 5.032 10.87
Target (%) 98.25 3.78e+2
¥ space transmission (%) 100 100
¥ space transmission (%) 100 100
Unreacted in mater. [£3] 98.25 895.25
Unstopped in mater. (%) 100 100

macon Ly Necctions  (COSL)

1

.55

]

Fig.106. The statistics window of *'Zn frag-
ment production with taking into account the

SR contribution.

Fig.107 shows the multi-step production probabilities to produce ®'Zn from the primary reaction

28U(80MeV/u)+ Be(96mg/cm?) —AF. The corner rectangle filter is shown in the figure.

Parent nuclei: multistep production probability
1) (3.0 Meviu) + B (963 mg/or®) > F1Zn (NPsac= 18)

#17 fragment outpt =>  Totak 228e11  Primary G09e12  Secondary: 167e-11

Total / Primary: 3.74e+00  Lost fragments: 7.28e-14  Without corrections: B.21e-12

238U projectile

-
=]

Protons(Z)

| 1
__—— corner rectangle filter

=5 (80 0 Me\fu} + Be (169 5 mg/cm)
dpip=5.07% _
= Events : 0.000794; Optimum : Be 169.5 mg/cm® (316 pm}

Wedges: 0. Brho(Tm):|3.1903. 3.1903. 3.1903, 3.1903

Settings on £'Zn. Config: DOSWDDMSMMM

20 60
812n - fragment of interest

50 6D 70 80 80 NeutronsiN) 110 120 130 140

Fig.107. Multi-step production probabilities to produce *'Zn
for the primary reaction 38U (80MeV/u)+ Be(96mg/em’) — AF.

100 Thickness (mg/em2) 220

260

Fig.108. ¥ Zn fission fragment production rate for the reaction
B5U(80AMeV)+Be as a function of the target thickness taking
into account the SR contribution. The Low EER was set as the
primary reaction to calculate * Zn fission fragment production.

Fig.108 shows the optimum target thickness plot where the SR contribution was taken into account in the
calculations. In the case of using SR contributions the target becomes significantly thicker (0.91 mm).
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Note: It is necessary to notice that yield
calculations become less precise when the
amount of stopped fragments in the target
exceeds 50 percent due to the analytical
LISE fission approach. For example in the
reaction ~*U(80AMeV)+Be this happens
at thickness 330 mg/cm” (1.8 mm).

5.6.7. Cleaning

We need to think about purification of
the secondary beam from background
fragment production, because in a sin-
gle run there are at once more than
1700 fragments (from different EERs)
produced with a total yield of
3.7e4 pps. This is about 107 times
more than the intensity of the *'Zn
secondary beam (see Fig.109).

Let’s set a wedge-profile achromatic
Be-degrader (60 mg/cm?) in the inter-
mediate dispersive focal plane 12
(I2_wedge), while decreasing the tar-
get thickness down to 80 mg/cm’ and
setting the final slits FP slits to
+ 4 mm. Using the wedge we could
decrease the total yield down to
630 pps (see Fig.110).
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Fig.109. Two dimensional
identification  plot  for
fission fragments obtained
in 80 MeViu U+
Be(160mg/cm’)  at  the
magnetic rigidity 3.303 Tm.
These statistics correspond
to 2 seconds of acquisition.
The intensity of the primary
beam is equal to 1 pna.

Fig.110. Two dimensional
identification  plot  for
fission fragments obtained
in  80MeV/u U+
Be (80mg/cm?®)  using an
achromatic Be-wedge
(60mg/em?®) in the disper-
sive  intermediate  focal
plane 2. This statistics
corresponds to 4.5 hours of
acquisition.

If we slightly increase the magnetic rigidity, it is possible to decrease background rates further without
losing intensity of the fragment of interest, because the main background contribution is coming from
low-energy intense isotopes (Fig.111 and Fig.112).
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Fig.111. 2D-plot of fission fragments. Abscissa axis:

T4

horizontal coordinate from PPAC in the final focal
plane (FP_PPACI), ordinate axis: horizontal coor-
dinate from PPAC in the intermediate dispersive

focal plane (I2_PPACI).

SLITS

I2 slits-Xspace: output before slits
=R

R (50.0 MeV/u) + Be (80 maicm?);  Settings on 51Zn; Config DDSVWDDMSMMM
F=5.07% ; Wedges: Be (60 myicm?); BrholTm): 35561, 3.6561, 3.5505, 35505

11— |

1400 1500 ¥ (mm}

Fig.112. Horizontal spatial distribution plot of fission fragments in
the reaction ***U(80MeV/u)+Be(80mg/cm’) using an achromatic
Be-wedge (60mg/cm’) in the intermediate dispersive focal plane

(the dispersion is negative).
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Let’s decrease the momentum accep-
tance down to 1% and slightly increase
the magnetic rigidity by 0.5% to get a
2D-plot with unambiguous identifica-
tion in Fig.113.

Modifying wedge and target thicknesses
as well as slits sizes at Image2 and the
focal plane (FP) it is possible to more

Energy loss (MeV) JFP_PIN/

easily distinguish the secondary beam

) (B0.0 MeV
e 51% ;
Start: Target;

intensity and the better ratio between
the fragment of interest and back-

Cantour
Sum 232
Max 4
i 2886
8815
4% 05033
dv 4084
SUM
44406408
Spesd
0pps

Fig.113. Two
dimensional identi-
fication plot  for
fission  fragments
using an achro-
matic ~ Be-wedge
(60mg/cn’). *'Zn is
selected by a red
contour.

1) +Be (B0 mgiem?); Settings on 317n; - Configg DOSWMDDMSHIM
‘Wedges: Be (50 mg/crn®); Brho(Tr): 3.6700, 36700, 3,663, 3.6653
Stop: FP_SCI, ACQ_start: Detector ™ dE: FP_PIN - 5i (470 pm)

ground.

5.6.8. Charge states

For the previous calculations, we guessed that all
the fragments were completely charge stripped.
But in reality the problem of charge states is im-
portant at this energy (80MeV/u) of a primary
beam. In the case of the transmission calculation
for charge states, we recommend limiting calcula-
tions to only a small region of isotopes using '*.{?’
where the fragments are expected; otherwise, in the
case of transmission calculation of all isotopes ,
the calcualtion can take more than one hour. Let’s
turn on the charge state option in the “Preferences”
dialog. Let’s assume the spectrometer is tuned to

fully stripped ions (81 7,30+ 30+ 30+ 30)‘

288 82 Time of flight (ns) 300 304
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Fig.114. Two-dimensional dE-ToF identification plot for fission

fragments obtained in the reaction 238U(80MeV/u)+Be(80mg/cm2)

using a Be-wedge (60mg/cm’). Charge states and Secondary reac-
tions options are turned on.

Fig.114 shows a two-dimensional dE-ToF identification plot for fission fragments obtained in the reac-

. 238
tion

U(80OMeV/u) + Be(80mg/cm2) using a Be-wedge (60 mg/cm?®). Charge states and Secondary

reactions options are turned on. If compared with Fig.113 you can see in the upper right corner the new
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group of heavy ions corresponding to
elements with Z=47-52. The charge state
of these fragments has been changed by

v
S o reactians

the wedge material from Q;, =Z-2 to
034=2-3 or from Q;,=2-1to Q34=2-2.
Using this 2D-plot it is impossible now
already to make an unambiguous identi-
fication because as you can see the
817" and "*Zn*" ions positions in the

plot are overlapping (see also Fig.115). It

7T 79 El Energy (Meviu) 85 S7

is possible to make off-line separation

Fig.115. Zinc ion energy distributions in the final focal plane of the

spectrometer.
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using a third measured value, the total kinetic energy of the fragment (7KE).

5.6.9. Go to more exotic case of **Zn

Let’s set the **Zn*"" ion as the setting fragment. The
peculiarity of this fragment is the fact that the pri-
mary fission production cross-section is equal to
zero® for the fission fragment cross-section limit set
to le-10 mb.

Fig.116 shows the optimum target thickness plot for
37Zr where the SR contribution and charge states
distribution were taken into account in the calcula-
tions. No primary yield for **Zn is shown in the plot
because the
primary fission

[statistics 832n

83In Beta- decay (Z=30, N=53)
Q1(D1) 30
Qz (D2) 30
Q3 (D3] 30
Q4 (4] 30
Zero cross section has been changed due to secondary reactions!

Production Rate 1.32e-5

1.32e-5

(pps)
Sum of charge states (pps)

oo ond react
=70 Al states & reactions + Second react

>
@

Rate (pps)

Optimal target plot
TE (B0.0 Mevru) + Be (133 mofom?), Ssttings on BEn T T T+ T Config: DDSYWMDDMSIMM
dpip=051% ; Wedges: Be (60 mgich?®);, Brho(Tm) 35103, 3.5103, 3.35874, 33874
Events : 0, Optimum : Be 133.0 mg/om? (719 pm)

20 &0 100 Thickness (mgicm2) 220 260

Fig.116. ¥Zn fission fragment production rate as a
function of target thickness. *Zn primary fission pro-
duction cross-section is equal to zero.

fragment production cross-section is equal to zero (compare
this with the optimum target thickness plot for *'Zn in Fig.108).

gi:':éffmt,m (pps) ?TE;ZYE ke . 2 days statistics for 1pna current
€S in the target (1] 1.778=7 ?@' dPiP=0.5% (maximum 5%)
Total transmission (%) 0.135 g 14 events of 83Zn30+
% charge states
Fig.117. The statistics window of 87n frag- 1.05e+3 @ A T
ment production with the SR contribution. = C -
| O o
83 : S| R e Y
The *Zn production rate for a half-percent | - &= ’—W .
momentum acceptance is 1.3e-5 pps, suggest- # = Ef)}{:}
. . . . =] _ﬂ: R < 4
ing that the reduced production cross-section i1s £ & < =
equal to 1.8e-7 mb (see Fig.117). e W o
Fig.118 demonstrates production and identifi- ™ _
Cation Of 83ZH fragment. See inserts in the plOt 6L (80.0 MeVis) + Be (133 mgieni); Settings on 532n 30+ 0+ 30+ 0+ Conflg: DDSWMDDMSMMM “_1:.1-:;0,
dpp=051"% : Wedges: Be (50 mgim’): Brho{Tm): 25100, 25100, 3.3871,3.3871 | 0Opps

for details.

5.6.10. Examples

296 300 304 Time of fight (ns) 316 320 324

Fig.118. dE-ToF identification plot. See inserts in the plot for details.

All the previous examples of calculations are available as LISE files on the LISE-web site using the

address: http://groups.nscl.msu.edu/lise/7_S/examples/

Calculation step Corresponding figure file
Target 0.1 mm Fig.103 fission_example
Target 0.52 mm Fig.104 fission_example 052mm
SR on Fig.106 fission_example SR
Calculation of All fragments Fig.109 fission_example SR _All
Wedge on Fig.110 fission_example wedge
Small acceptance Fig.113 fission_example wedge2
Charge states on Fig.114 fission_example wedge charge 81Zn
83Zn — setting of fragment Fig.116 fission_example wedge charge 83Zn

¥ If we decrease the cross-section limit to 1e-20 mb we can get a ©*Zn cross-section equal to 1.31e-11 mb.

-61 -


http://groups.nscl.msu.edu/lise/7_5/examples/

5.7. LISE’s options modifications connected with the AF mechanism

5.7.1. New transmission parameter ""Sum of reactions"’ ~
vefs 2k
Abrasion-Fission is an especial case, because the products of the wulREEERE g8 g
a ol - e ] oo HAAOoO -
three excitation energy regions are all at once separated by the Lok b
spectrometer. Each EER represents an independent reaction. But seld S Edneggde
the user needs to receive a final summary answer. Therefore the wal b
new parameter “Sum of reactions” has been incorporated in the list ceRikEYEeg. 2
of parameters. =oloha
. o 132q.. . LA L] BB R
Fig.119 shows statistics for ““Sn ions transmitted through two- SR R
dipoles of the system. As you can see there are 6 charge states for ik, &g
ot [ = o S R | B}
each EER fragment. The “Sum of reactions” parameter represents N A e R
the sum of all charge states for all reaction mechanisms. The “Sum sifpbhe o
Ll a0 O&N OO ™o
of charge states” parameter represents the sum of charge states for 0 D A R
just ONE reaction mechanism. 2aEEksE, 7.
_______________ E P = i e R - i
455 In the case of transmission calcu- ool ol
) gafEeks  r.
lated for the fragment produced in a eelZ IR 7858578
reaction which is not set as primary, otk 2
. ] L] 1R
T then the program draws a white == | e - e
charge Isomer ,
state small square in the left bottom cor- Tkl L.
bom|E oo [
ner of an isotope cell in the table of 2elasmal 288648
(1] (1] . . .
. user nuclides (see Fig.120). Information YR e
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Sometimes we need to see the dynamics of spatial or energy distributions just for one ion produced by
the primary set reaction, but sometimes we are interested just in the sum distribution of all charge
states and all reactions at the end of the spectrometer. For this purpose in the “Plot options” dialog, the
possibility to define the mode for drawing the charge states and reaction mechanisms has been imple-
mented.

Fig.121 demonstrates the “Plot
options” dialog where the red rec- i
tangle shows methods for plotting ¢ Iy tazsnlow
distributions from charge state and

reaction settings. There are three

.

modes for charge states as well as
for reaction mechanism: One (set 1328n mid
by wuser), All(separate), All

(summed). This means there are 9

Yield (pps/(MeV/u))

7
&

possible combinations, which are
shown in Fig.124. Fig.122 shows
energy distributions of **Sn ions
for the same experimental condi- |
tions as Fig.124 in the mode % = % 52 % Energy (MeVi) 7 & % ®

“Charge states: All(Summed) and Fig.122. "’Sn fragment energy distribution afier the second dipole. Distribu-
Reactions: All(separate)” tions are shown in the mode “Charge states: All(Summed) & Reactions:
' ' All(separate)”.

le-4

Some modifications connected

with incorporation of the new pa- EEEEEEEEEEITE =Ici

Choose a BLOCK .

rameter were done also to the A Element 2 [T i B
< .. T . |132 I &n W = Losteventsl 12003 pps
Transmission statistics” dialog

I Beta- decay —AFTER this BLOCK, ——————————————— Lost charge states I 2.266e-2  pps
(See Flg. 1 23). Productionrate [ 43531 pps Lost reaction events I 2282  pps

< Table of
~ Nuclides

= Sum of charge states I 8.216e+]  pps Tatal transmissionl 9972
NOTE: The “All (Summed)” mode g N Eg ( Sum of reactions | 8.268e+0  pps ’ ¥ gpace hansmission

1 fat Total transmission | 1.05
cannot be applied for Debug distri- [ragms——— staltrarsmission

4

[T

' space tranzmission IT b4
[

4

%
Sat Spatlaltransmlssmnl 100 % % angular transmiszion

butions, Transmission characteris- |—; = Angula tansission | 1881 % Y anguiar wansmisson [ 8873
tics plots, and 2D-plots. If distribu- o | Unesstedinnate [T8577 2
tion’s plot mode is set in the dialo [Aoason i Lowz] || R T

p g 3 [charge] ratio I 5,28 &
as “All (Summed)” then the COde x Quit | Secondary Reactions 100 %
will use the “All (separate)” mode
plot to draw the distributions. Fig.123. The “Transmission statistics” dialog.

NOTE: The envelope plot is created only in the “One (set by user)” mode.

NOTE: The new version of the code does not support calculations done in the old-version code. The
code asks the user for permission to recalculate. Also, the old-version code does not support the new
format due to the new parameter “Sum of reactions”. Please pay attention.
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5.7.2. User cross-section file

As for other reactions the LISE++ code can support user cross-sections which can be loaded through
the “Cross-section file” dialog (menu “Options”), but it is necessary to remember that an experimen-
tal cross-section value is the sum of all possible fissile nuclei.

Important: This means that you have to turn off two EERs

from calculations and leave just one EER! It is better to use | T Rl

the Low EER if you are working in a neutron rich region (see | Eneiaregian defions
Fig.125), or the High EER in the proton rich case. If you do Fockabon creraytogn | LOW” | MIDDLE | HIEH

Chaose a primary reaction ‘ol ‘e I

not turn Off the Other two EERS as a I‘esult y0u Wlll get the Perfarm transmission calculations = - r

for thiz energy region

final production cross-section equal to the sum of an user and
Chaoose FISSILE nucleus 237U | 231 Th | 21858 I

two EERs cross-section values. Exciation erergy (Me¥) [ 232 | oo | e

Crozs section [mb) I 3442

Restore previous settings | Cross sections sum [mb] I 3442

Even when you use the user cross-section file the code calcu-

lates cross-sections which should be used for kinematics cal-

culations to find an parent excited fragment. Also calculated
Fig.125. The fragment of the AF dialog in the

case of work in the neutron rich region and
tions contribution from fragments whose cross-sections are using cross-section values from the file.

absent in the user cross-section file.

cross-sections will be used to calculate the secondary reac-

Note: Do not forget that the new format of the cross-section file requires the reaction field: information
about production reaction is keeping in file (for details see chapter “9.1. User cross-section file”).

5.7.3. Transmission result file

Two new columns

. Bl \useryclise_pp_7' files'\ AF, 238U° AF_Z38U_p.res 4 —1al x|
have been incorpo- Al
Transmission and Rate calculations B
F21 1570 BB V01X O TR 1 s LS (<1111 S N Y =
| &Z [0l |02 |03 |0t)|Re| | Rate |Totalx| ©S | SecReact |51_s1|51-de |HW11 (D2 |MW21 |Scint [MU2
1 o | | | | | |0 (pp=s) |Trans¥| (mb) coef “ans | tpans|trans|trans|trans|trans|trans|trans|tra
transmission file due || |__|__|_}|_| | AR JURCGRN N P~ e i B |frems trans trans brans e e
IlBZSnI SU} SUI SUI 5 IAHI .94E—U3I5 24?2I1 lde-07 .55}41. 26I99 2UI99
M 1325n| 50| 50| 50| SN|&4M|d6.90=+00]5.6502]3. 08=-05 L9635, 26099.20199
tO Creatlon Of the IlBZSnI SU} SUI SUI 5 |ALI .UlE+U3I5 3123I1 7Tde-01 .55}31. 26I99 2UI99
1325n|—-|-—|-—|—}Sun| 3. 02e+03 | ———| - — - | | —— | — [ —— | — [ | ——— | | —
1 - 1 1 - |131In| 49| 49| 49| 4)|&H|4. ?5e-05]6.8903|1.22e-09 62|29, .27]99.21]99
AbraSIOn FISSIOH re |131In| 49| 49| 49| 4§|&M|9.53e-01]4.3943|2.682-07 .52z, .27]99.21]99
. . |131In| 49| 49| 49| 41AL|Y 15e+02]3.2951|1.07=-02 L2420 .27]99.21]99
action mechanism. 113l —l——l—I—Jsun|§ 1oer02| )yl I e o e e
The first new column ﬂLMOST : 3.1s403 ppe

shows to what reac-
tion this calculation
result belongs (see
frames “A” in Fig.126).

Time of flight, Energy after stripper

f TOF = Target Stop of TOF = Exit_window
start = Detector Length = 73 86 m _
The second new col-
| & Z |01 [Q2 |03 |Q4 TOF | dTOF | Energy | dEnergy |
umn ShOWS the secon- I I } I ! (ns) } (ns) I [HeVru) } (MeVon) I
- |1325n| 50| 50| 50 280.82 | 1.04 | 988.37 | 26.23 |
dary reaction coeffi- |1325a] 0| S0 50| S0 | 10| Gt | 2s |
. . I1325nI EU} SUI SUI 280.76 } 1.05 I 988.76 } 32.25 I
131In| 49| 49| 49 281 .56 1.05 988 .46 25,66
Clent' It 18 necessary |131In| 49| 49| 49] 281.54 | 1.05 | 988.86 | 29.39 |
[131In| 49| 49| 49] 281.52 | 1.05 | 989.14 | 32.07 |
to note that the total ;
d| | H s

transmission  coeffi-
cient in the result file Fig.126. The fragment of the transmission result file listing.
is different from the statistics window results due to a reduction by the secondary reaction coefficients

to avoid values exceeding 100%.
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5.8. INC fission

The application of the Abrasion-Ablation model to calculate EERs for induced fission of relativistic
heavy projectiles by a light target requires an especial analysis. The use of AA is correct in the case of
large impact parameters, but in the case when, geometrically speaking, the light target is completely
overlapped by the incident projectile (see Fig.127), we assume another reac-

tion mechanism, INC. The excitation energy of a fissile nucleus (or an ex- 238U

cited prefragment in the case of evaporation) is higher in the case of INC, @e
compared with Abrasion.

Special corrections were implemented for the geometrical AA model in the INC AF
code to avoid a sharp fall in cross-sections (see Fig.128) and also to keep the Fig.127.  Schematic ~ repre-
sum of partial abrasion cross-sections equal to the geometrical cross-section; $¢@/ion of INC and Abrasion

from the impact parameter.
Aproj-1

_ corrected ( )
Ggeom - z O ubrasion 4). /14/
A=1
- . . —— Sum(Z) with LISE o I B
1esafe - 238U+ H..... Geometrical cross section s s 238+ H _x:I:ULU‘tSESCEsz;f;SDnS
; 8
"I Abrasion
o
: 5
s &
3 g INC
a £ 5 T
2 I e
& 2
G 4
-
2 P
E e
3 ’/
J/
2 //J’
1 //

. . . 90 110 130 150 A 170 120 210 230
Fig.128. Prefragment production cross-sections as the result of

abrasion of a **U projectile by a proton target as a function of e
the prefragment mass. The blue(red) line shows LISE calcula- impact parameter in the reaction ~“Utp. The
tions without(with) LISE geometrical corrections. The black blue(red) line shows LISE calculations without(with)
line shows the production cross-section of the most probable LISE geometrical cross-sections.

isotope using LISE geometrical corrections.

Fig.129. Correlation of the prefragment mass and the

We shall show in this chapter that it is possible to use the Abrasion-Fission model, with slight correc-
tions, for light targets as well, assuming in this case that there is a combination of two processes: Abra-
sion (non-corrected) and INC (see Fig.129):

Aproj—1

- ted
Ugeom — zo_mm correcte (A)+ O e /15/

abrasion
A=1

Fig.130 shows how the LISE geometrical corrections are mirrored in the fission excitation function.
The geometrical corrections considerably increase the high energy excitation contribution in fission.
However, even these could not predict experimental fission cross-sections with light targets (Fig.131),
which is probably explained by the following reasons:
0 Prefragments with the same mass are more excited in the INC case compared with Abrasion (cor-
rected);
0 AA (corrected) and INC distributions of prefragment production cross-sections have different shapes.
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Fig.130. Left (Right) plot: fission excitation function calculated for the reaction “**U(14GeV) + p without (with) LISE++
geometrical corrections.
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Fig.131. Calculated total abrasion and summed abrasion-fission (with and without geometrical corrections for different
excitation energies per abraded nucleon) cross-sections and experimental fission cross-sections (without EM component)
as a function of the target mass for the projectile **U(14GeV). The right plot is the same as the left plot but with another
abscissa axis scale to detail the light target region. Experimental data are taken from the works [Arm96,Rub96,Per04]. It
is possible to see large disagreement between AF calculations and experimental data for proton and deuterium targets on
the right plot that can be explained by the involvement of the other reaction mechanism (INC).
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Fig.132. Calculated total abrasion and de-excitation channels cross-sections (with and without geometrical corrections for
the excitation energy per abraded nucleon equal to 13.3 MeV/dA) and experimental fission (without EM component) and

evaporation cross-sections as a function of the target mass for the projectile **U (14GeV).
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Fig.133. Calculated total abrasion and de-excitation channels cross-sections (with and without geometrical corrections for
the excitation energy per abraded nucleon equal to 27 MeV/dA) and experimental fission (without EM component) and
evaporation cross-sections as a function of the target mass for the projectile “*U(14GeV).

Fig.132 and Fig.133 show experimental fission (without Coulomb fission contribution) and evapora-
tion cross-sections and de-excitation channels after abrasion of 2**U(1AGeV) by the target calculated
with and without geometrical corrections. Calculations for Fig.132 and Fig.133 correspond to excita-
tion energies per abraded nucleon of 13.3 and 27 MeV/dA respectively. It is possible to conclude that
there is good agreement between fission experimental results and AF calculations with
Ey=13.3 MeV/dA for targets heavier than Beryllium, and between evaporation experimental results
and calculations with Eo*=13.3 MeV/dA.

o It is possible to conclude in the case of E0*=13.3 MeV/dA that the INC cross-section is shared be-

tween break-up and fission channels in the case of p and d targets. There is no contribution into the
evaporation channel from the INC mechanism.
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Using Fig.134 and Fig.135 it is possible to conclude, by depending on excitation energies per abraded
nucleon, how many nucleons it is necessary to tear from the ***U projectile to make the break-up chan-
nel dominate over fission.

Fig.136 shows the maximum number of abraded nucleons from a ***

target mass calculated by the LISE++ Abrasion-Ablation model.

AN B S B B S B B B B RN S E AL A S S B B B B B R B R R

U projectile as a function of the

Fig.136. Maximum  number of
abraded nucleons from a **U projec-
tile as a function of the target mass
calculated with the LISE++ geomet-
rical abrasion-ablation model with-
out LISE geometrical corrections.
Two horizontal dash-dot lines corre-
sponding to the two excitation ener-
gies (13 & 27 MeV/dA) denote re-
gions where the break-up channel
begins to dominate (see Fig.134 and
Fig.135).
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The number of abraded nucleons can be calculated by a fast analytical method using the expression for
excitation energy E* = a-T, limz’ where for masses A=200-220 the parameter a is about 27 MeV"l, and
the limiting temperature is about 4.4 MeV. Therefore the excitation energy corresponding to the limit-
ing temperature in this mass region is about 530 MeV. The excitation energy of prefragments in the
Abrasion-Ablation model is proportional to the number of abraded nucleons and the E, parameter.
Therefore for E()* = 13.3MeV/dA we get dA4 = 39, and for E0*=27 MeV/dA similarly dA4 = 19.
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Fig.137. INC cross-section as a function of target mass. Experimental fission cross-sections [Per04,Arm96,Rub96] are
shown after subtraction of AF calculations without geometrical corrections. The phase line denotes a boundary above
which only the break-up takes place (Fig.136). The left plot shows calculations done with E,"=13.3 MeV/dA, and the right
plot similarly with E)"=27 MeV/dA.
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Fig.137 shows the INC cross-section as a function of target mass. Using experimental points (after
subtraction of the AF calculations without geometrical corrections) and phase lines we were trying to
determine the fission component in the INC cross-section. It is possible to conclude the following:

e For E, =133 MeV/dA (left plot in Fig.137), it is possible to connect the reduced experimental
points and the phase line. For p and d targets, de-excitation in the INC reaction mechanism goes
through the fission channel; whereas in the case of Be-target and heavier it goes through the break-
up de-excitation channel.

e For E) =27 MeV/dA (right plot in Fig.137) the reduced experimental value for a Be-target is not
consistent with systematic error and can not be explained by the INC reaction mechanism.

e Experimental fission cross-sections for He and Li targets could considerably help with the fur-
ther development of the model.

e A target of light mass, to which corresponds the lowest experimental fission cross-section, can
serve as a test to estimate an excitation energy of the prefragment after abrasion (see Fig.136).

5.8.1. Recommended EER parameters for light targets in the LISE++ Abrasion-Fission model

Based on conclusions of the previous chapter we recommend using excitation energy of the prefrag-
ment after abrasion of E, =13.3 MeV/dA. Keeping values for Low and Middle EERs calculated by AA
without LISE geometrical corrections, we are taking High EER from AA with these cross-sections. The
next step is modification of the High EER cross-section assuming contributions from the INC process.

The code does not calculate AA+INC parameters. You can load already existing files, or enter EER pa-
rameters manually based on principles described below.

5.8.1.1. Hydrogen target

Fig.138 shows fission excitation functions and their EER components calculated by different methods
for the reaction **U(1AGeV)+p. The EER parameters are given in Table 14. For the final summed
fission cross-section of the AA+INC method we used the experimental value of 1530 mb [Ber03]. The
Coulomb fission cross-section of a Hydrogen target for 2**U(1000AGeV) is less Imb.

There is not a sharp boundary between low and middle excitation energy regions. In Bernas’ experi-
ment [Ber03] the asymmetrical fission cross-section was measured to be equal to 105+10mb. To re-
produce this value in the code we have to set the low-energy boundary to 20 MeV, and the Low EER
has the following parameters: .U, ,;, E*=18.2MeV, 6=157 mb.

Table 14. EERs for the reaction “*U(1AGeV)+p calculated by different methods. Region boundaries were set to 40 & 180
MeV.

2o, Low Middle High
mb A Z N | E* | omb | A Z N E*¥ | ogmb| A Z N E* o, mb

Method

AA without corrections | 591.3 | 25U ,,, | 23.8 | 331.5 | 5/ Pa,, | 574 | 259.7

AA with corrections | 845.1 | 25U, | 23.5 | 323.8 | 5eThy, | 75.7 | 352.1 | %; Poyy, | 289.9 | 169.2

236 234
AA +INC 15305 | 55U, | 238 | 3315 | tPay, | 574 | 259.7 289.9 | 939.3
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Fig.139 shows fission excitation functions calculated by different methods for the reaction
¥ (1AGeV) + p. Compare the AA+INC excitation function with Fig.140. Fig.140 was modified to
show qualitatively where break-up and evaporation de-excitation channels are located based on expected
shapes and experimental cross-section values. Fission and total cross-sections were measured correspond-
ingly 1530£150 and 1990+170 mb [Ber03], whereas in the reaction p (1.2 GeV) + ***U, reaction cross-
section was measured to be 2200+130 mb [Gol96]. The geometrical cross-section is about 2.3 barn.

The file “examples/afission/AF 238U p.lpp” with AA+INC settings is provided by the LISE installation package.

] T T T T | I T I T I —
10 LA —— AA+INC =
e\ -==-= AAwithout corrections [ ]
----------- AA with corrections ]
-+ -+ Sum of Gaussians =
100 Evaporation =
9 — =
2 3 :
o - 3 -

E 1 % Fission
m g 10 =
5 — Break-up 3
LIJ —
o -
238 '8 .

0.1 i . U+p "L\ 1
F : E;=13.3 MeV/dA o\
1 . 1 : 1 : 1 . L ]
100 200 300 400 500 0 500 1000
Excitation function (MeV) Excitation function (MeV)

Fig.139. Fission excitation functions calculated by differ-  Fig.140. Total reaction cross-section as a function of the
ent methods for the reaction “*U (14GeV) + p. Compare  excitation energy induced right after the collision, before an
the AA+INC excitation function with the dashed line in  eventual pre-equilibrium or break-up process and the con-
Fig.140. secutive sequential decay®

* The dashed line corresponds to the reaction p (1.2 GeV) + U (61eae=2200£130 mb) measured in the work [Gol96].
The figure was imported from [Jur04] and then was updated.
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5.8.1.2. Deuterium target T T T T T T —r—T——

Targets
. | p (AF+INC: gaussians)
Table 15 shows fission EER parameters ¢, | d (BF+INC: gaussians)

calculated by different methods for the Y T (e
reaction 238U(lAGeV)er. For the final L = S
summed fission cross-section of the
AA+INC method we took 1700 mb in or-

der not to exceed the geometrical cross-

—_
o
T

section when adding the evaporation

cross-section:

do/dE (mb/MeV)

Experiment o,mb |s(c),mb| Ref o g
Fission 2000 | 220 |[Per04] - 238U (1AGeV) \
Evaporation | 700 | 130 [[CasOl]| o4 L E,~13.3 MeVigA
Total 2700 | 350 |[Per04] S T R T S S
Geom (calc) | 2427 100 200 300 400 500

Excitation function (MeV)

Table 15. EERs for the reaction “*U(1AGeV)+d Fig.141. Fission excitation functions in the reaction of
calculated by different methods. Region bounda- B8 (14GeV) with different targets.
ries were set to 40 & 180 MeV.

2o, Low Middle High
mb E* o, mb A Z, N E* o, mb E* o, mb

Method

. . 236 232
AA without corrections | 745.3 | U, | 23.5 | 319.9 solhy, | 746 | 4254

AA with corrections | 912.5 | 25U, | 23.5 | 3193 | *5iThy,, | 79.0 | 427.0 | %2 Poy, | 290.2 | 166.2

AA +INC 1700 | 25U, | 23.5 | 319.9 | %iThy,, | 74.6 | 4254 | %2 Poyy, | 290.2 | 954.7

The file “examples/afission/AF 238U _d.lpp” with AA+INC settings is provided by the LISE installation package.

5.8.1.3. Targets with Z > 2
We recommend EER settings for light targets with Z >2 based on systematics in the right plot of
Fig.132 and the left plot of Fig.137.

o He and Li targets: fission cross-sections should be about 1300 mb, and the INC fission contri-
bution will be about 50% of the total INC cross-section.

o For targets with Z > 4 it is not necessary to apply the INC fission contribution because, as it is
possible to see in Fig.132, there is a good agreement between experimental values and calcula-
tions done with geometrical corrections for the excitation energy of the prefragment after abra-
sion E0*=l3.3 MeV/dA.

Fig.141 shows fission excitation functions in the reaction 28y (1AGeV) on different targets.
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5.9. Comparison with experimental data

Default AF settings (evaporation, fission, and excitation energy of prefragment) were used for com-

parisons with experimental data summed in Table 16.

Table 16. Experimental works used for comparisons with LISE AF calculations.

. Energy, Giis Cfis Greaction
Ref. Reaction AM eg\}; CEM m; par;l i Ot;ers TKE

Ber94 | Pb(**U.fis) 750 yes
Aum95 | AL Cu,Pb(**U,xn) 600,950 yes yes

Arm96 | Pb,Be(**U, fis) 750 yes yes yes yes

Hes96 | Pb,Cu,Al(**U, fis) 750 yes yes

Rub96 |Be,C,Al,Cu,In,Au,U (**U,fis) 600, 1000 | yes yes

Ber97 |B,Pb(**U, fis) 750 yes yes

End01 |'H("Pb,fis) 1000 yes yes yes yes
End02 |*H(***Pb,fis) 1000 yes yes yes yes
Ben01 |'H(""Au,fis) 800 yes yes yes
Ben02 |'H(*"Au,fis) 800 yes

Ber03 | 'H(**U.fis) 1000 yes yes yes yes
Tai03 |'H(***U,evapor) 1000 yes yes

Arm04 | p(**U,spallation) 1000

Analysis of experimental data (total nuclear fission cross-sections) on induced fission in reactions of
relativistic 2**U projectiles with light targets has already been done in chapter “5.8. INC fission”.

5.9.1. Total fission cross-sections of

238

U at relativistic energies

Fig.142 shows the extracted experimental [Rub96 and references therein] total fission cross-sections as a

function of the atomic number of the target at 0.6 and 1 GeV per nucleon. LISE calculations were done

for two prefragment excitation energy values, 13.3 and 27 MeV/dA. The observed strong increase with
Ziarger 15 due to the electromagnetic contribution.

o,(b)

LI LU, LS, L S, L A B N B e B B L B N B B B S B

E,,., = 0.6 GeViu

B experiment [Rub96]
| - LISE++: E = 13.3 MeV/dA
——LISE++: E' = 27.0 MeV/dA

E,, =10 GeViu
@ experiment [Rub98]

] ===-- LISE++: E = 13.3 MeV/dA
——LISE++: E = 27.0 Me\V/dA

10 20 30 40 50 60

70 80 Z
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target

Fig.142. Total fission cross-sections of *°U
at energies between 0.6 and 1 GeV per
nucleon. See inset in the figure for details.
LISE calculations were done for two
prefragment excitation energy values. 13.3
and 27 MeV/dA.



5.9.2.2%Pb(14GeV) + p,d

The aim in the present analysis is to find parameters of the LISE AF model to describe experimental
fission fragment production cross-sections in the reactions ***Pb(1AGeV) + p,d [Enq01,Enq02], and
thus to show that the program can be used for calculation of fission fragment yields in similar reac-
tions. Table 17 shows parameters characterizing the fission process of the **Pb(1AGeV)+p [Enq01] and
2%pb(1AGeV)+d [Enq02].

Table 17. Parameters characterizing the fission process of the “Pb(14GeV)+p [Enq01] and **Pb(14GeV)+d [Enq02] sys-
tems.

Reaction Oriss (MD) A VA G4 Gy E, wn (MeV) Ofiag (D)
208pp + 157+26% [ 90.7+1.0 [39.6+0.5|16.1+08 |6.6+03| 64+4 1.91+£024°
2%pp + p 169+31" [ 89.6+1.1[39.0+0.7|174+1.0|73+05| 58+5 1.68+£0.22°¢

* For elements from titanium (Z=22) to tellurium (Z=52).
® For elements from cesium (Z=52) to lead
¢ For elements from promethium (Z=61) to lead

The Abrasion-Ablation model cannot help us to get hints for the EER parameters; as it was developed
for Abrasion-Fission in the case of uranium beams:

a The high fission barrier (= 20 MeV) of nuclei with Z<82 makes it possible to exclude low excita-
tion energy fission from calculations. Break-up energy in the region Z<82 is about 500 MeV from
Fig.8.

o The maximum numbers of abraded nucleons from the geometrical AA model are equal to 7 for a
proton target and 9 for a deuterium target. Without geometrical corrections, the AA model predicts
very small fission cross-sections, 4.5 mb for a “H-target (see Table 18) and 0.2 mb for a 'H-target
(see Table 19).

o The AA model with geometrical correction shows that we can use just ONE excitation energy
region with excitation energy about 300 MeV.

It is possible to conclude that the Abrasion-Fission cross-section is negligible in these reactions and
that all fission events are due to the INC process.

Table 18. Calculated and recommended EERs for the reaction 28pp(14GeV)+ d. The region boundaries were set to 40 & 180 MeV.
2o, Middle High
mb A Z N E* omb| A Z N E* o, mb

Method

AA without corrections | 4.5 wlgs | 1273 | 45

AA with corrections | 563 | s Hg,,, | 147.6 | 6.6 | SiRe | 3053 | 49.7

Recommended: experiment| 200 20 AU, | 350 200

Table 19. Calculated and recommended EERs for the reaction ***Pb(14GeV)+ p. The region boundaries were set to 40 & 180 MeV.

2o, Middle High
mb A Z N E* omb| A Z N E* o, mb

Method

AA without corrections | 0.2 | ¢ Hg, s | 96 0.2

AA with corrections | 50.5 | ‘e Hg,,, | 154.7| 4.8 |'5iRe,y, | 304.4 | 50.5

Recommended: experiment| 175 | ¢ Hg s | 300 | 175
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Fig.143. Calculated "**Hg fission parameters as a function of excitation energy. The mean value of the mass and elemental
distributions, <A> and <Z>, and their standard deviations, o, and oz, are given in the two top rows. Arrows show ex-
perimental results on p- & d-targets [Enq01,Enq02].

<dA_out> and <dZ_out> plots show the mean values of emitted nucleons and protons respectively from both excited frag-
ments before reaching their final states.

Bottom row: calculated mass and charge of the fissile nucleus using experimental values of <A> and <Z> [Enq01,Eng02]
and the calculated number of emitted nucleons and protons. Blue circles show values which give the best agreement with
experimental results.
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Fig.146. Experimental [Enq01] integrated distributions  Fig.147. Isotopic production cross-sections for spallation-
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with E,=300 MeV. Middle plot: no corrections were done by LISE AF, assuming the fissile nucleus '*Hg with
for absent experimental results (compare with Fig.159). E.=300 MeV.
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50-100 MeV higher than in _the Fig.148. Measured and calculated by LISE fission-fragment mean kinetic
case of a hydrogen target. USing energies as a function of their proton number for the data of [Eng01 ,Eng02]

the bottom pictures in Fig.143 it is (“"Pb(14GeV)+pd).

possible to assume that fissile nu-

clei are found in the region A=196-200 and Z=79-80. The comparison with experimental data has
shown, that the best agreement is reached for '**Hg with £,=300 MeV in the case of a hydrogen target
and for '’ Au with E.=350 MeV in the case of a deuterium target.

Fig.144 and Fig.146 show experimental integrated distributions from spallation-fission reactions in
*%ph(1AGeV) + °H, 'H and calculated by LISE AF. Fig.145 and Fig.147 show isotopic production
cross-sections of spallation-fission products (Z=23,32,45) from the reaction 2%Pb(1AGeV) + *H, 'H ob-
tained in work and calculated by LISE AF.

Fig.148 shows measured and calculated by LISE fission-fragment mean kinetic energies as a function
of their proton number for the data of 2%pp(1AGeV) + p,d.

LISE++ files “AF 208Pb_p.lpp” and “AF 208Pb_d.lpp” contain experimental cross-section data
for the reactions “*Pb(1AGeV)+p,d [Enq01,Enq02] and can be loaded from the site
http://groups.nscl.msu.edu/lise/7_5/examples/ or from the “\files\examples\afission\” directory.

Note. All this analysis of experimental fission fragment production cross-sections in the reactions
2%ph(1AGeV) + p,d was done using the previous version of the code without the first item in Equa-
tion /11/. We recommend repeating Fig.143 procedures to get new excitation energy regions. The new
results probably will be slightly different from whose given here.

238

Experimental data with the “°"U beam were analyzed using with the “full” version of Equation /11/.
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5.9.3. 7 U(14GeV) + Pb

To compare LISE calculations with experimental data for the reaction **U+Pb we used the work
[Eng99]. The experiment was performed at the GSI fragment separator. The primary beam of >**U with
an energy of |AGeV impinged on a 50.5 mg/cm’ lead target. A secondary reaction contribution for this
thin target (1.45¢+20 atoms/cm®) is negligible. Reactions of U-projectiles on a lead target at this en-

ergy are characterized by a large contribution from Coulomb fission.

Table 20. EERs calculated by LISE and actually used for fission fragment yield calculations in the reaction
8U(14GeV)+Pb. Excitation energy of the prefragment after abrasion was set to E,” =13.3 MeV/dA.

2o, Low Middle High
Method
mb A Z N | E* o, mb A Z, N E* omb| A Z N E* o, mb
Abrasion-Ablation | 3587.7 | U, | 17.3 | 22799 | *0Thy,, | 97.5 | 746.8 | *a3 Pos, | 286.1 | 561.1
Actually used for AF 238 230 214
o bulations 4080.0 | U 4 | 173 | 2280 | *50Thy,, | 100 | 500 | % Pos, | 300 | 1300
Calculated EER parameters for the reaction wf' ~~ "~~~ "0 T Tt

¥U(1AGeV)+Pb are shown in Table 20. The file
“AF 238U Pb.lpp” containing experimental cross-
section data [Eng99] can be loaded from the site
http://groups.nscl.msu.edu/lise/7_5/examples/.

Neutron shells for the semi-empirical fission model
[Ben98] were changed in LISE for this analysis
according to [Sch00]: N;=83, dU,;=-2.65, C,=0.7,
and N,=90, dU,=-3.8, C,=0.15 (see Fig.149).

Comparison results between LISE calculation and
experimental data [Enq99] are shown in Fig.150
(neutron fission cross-section), Fig.151 (N/Z ratio
as a function of fragment proton number).
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Fig.150. Measured [Enq99] and calculated by LISE neu-
tron  fission cross-sections  for  the  reaction
8U(14GeV)+Pb.
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Fig.149. Experimental [Eng99] and calculated by LISE ele-
mental  fission  cross-sections  for  the  reaction
5U(14GeV)+Pb. LISE calculations were done with different
parameters of the neutron shells of the fission model [Ben98].
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Fig.152. Measured [Enq99] and calculated by LISE ele-
mental  fission  cross-sections  for  the reaction
P8U(14GeV)+Pb. Contributions from different EERs are
shown in the plot also.
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Fig.153. Experimental [Eng99] and calculated by LISE
mass fission fragment cross-sections for the reaction
8U(14GeV)+Pb.
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Fig.154. Isotopic production cross-sections for fission products (Z=35,40,43,48,50,55) from the reaction “*U(1AGeV)+Pb ob-
tained in work [Enq99] and calculated by the LISE AF model for the excitation energy of the prefragment after abrasion

E, =13.3 MeV/dA. Load the “AF 238U Pb.lpp” file for details.

Fig.152 (Fig.153) shows experimental and calculated by LISE elemental (mass) fission cross-sections

. 238
for the reaction

U(1AGeV)+Pb. Contributions from different EERs are shown in the plots also.

Fig.154 shows isotopic production cross-sections for fission products (Z = 35, 40, 43, 48, 50, 55) from the
reaction ~"U(1AGeV)+Pb obtained in work [Enq99] and calculated by the LISE AF model.
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5.9.4. P%U(750AMeV) + Be h

44

To compare LISE calculations with experimental mmEE -
data for the reaction **U+Be we used the work
[Ber97]. The experiment was performed at the GSI
fragment separator. The primary beam of ***U with
an energy of 750AMeV impinged on a 1 g/cm® be-
ryllium target. A secondary reaction contribution in

w
L

Protons (Z)

~
@

calculated cross-sections was not included for com- x .

parison with experimental data. o

20 | R
30 35 40 45 a0

Neutrons (N) 65 70

Table 21. EERs calculated by LISE and actually used for
fission fragment yield calculations for the reaction
8U(750 AMeV)+Be. The region boundaries were set to 40 &

Fig.155. LISE two-dimensional plot of the experimental
isotopic cross-sections for fission-fragments obtained in

180 MeV. B, =13.3 MeV/dA.

7504MeV “**U+Be (Ber97).

2o, Low Middle High
Method
mb A Z N | E* o, mb A Z, N E* omb| A Z N E* o, mb
Abrasion-Ablation 236 231 218
calculations 1207.5 | o, U144 234 | 3232 90Th141 97.0 | 573.4 | s Al‘133 249 310.9
Actually used for AF 236 226 220
caleulations 1050.0 | "5, U144 23.5 200 90Th136 100 500 - Ra132 250 350

EER parameters (AA calculated and actually used in fission production calculations) for the reaction
>%U(750AMeV)+Be are shown in Table 21. The LISE file “AF 238U _Be.lpp” with corresponding set-
tings, which contains experimental cross-section data [Ber97], can be loaded from the site
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Fig.156. Isotopic production cross-sections for fission products (Z=23,25,30,35,40,43) from the reaction “**U(750AMeV)+Be ob-
tained in work [Ber97] and calculated by the LISE AF model for the excitation energy of the prefragment after abrasion
Eo =13.3 MeV/dA. Load the “AF 238U Be.lpp” file for details.
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http://groups.nscl.msu.edu/lise/7_5/examples/. As in the previous chapter, neutron shells for the semi-
empirical fission model were set in LISE for this analysis according to [Sch00]: N;=83, dU;=-2.65,
C1:0.7, and N2:90, dU2:-3.8, C2:0.15.

The experiment [Ber97] was devoted to the study of the neutron-rich side of the table of nuclides
(see Fig.155). More than a hundred new nuclear species were identified including "*Ni, for which a
cross-section of 300 pb was measured. Values of 120+40 mb were found for the cross-section of
281 low excitation fission on Be. The total fission was measured cross-section to be 1.03 barn for

the U/Be system [Hes96].

Fig.156 shows isotopic production cross-sections for fission products (Z=23,25,30,35,40,43) from
the reaction >**U(750AMeV)+Be obtained in work [Ber97] and calculated by the LISE AF model.

5.9.5. PU(14GeV) +p

To compare LISE calculations with experimental data for the reaction ***

U+p we used the work
[Ber03]. The experiment was performed at the GSI fragment separator. The primary beam of ***U
with an energy of 1AGeV impinged on a 87.2 mg/cm’® liquid hydrogen target. The secondary reac-

tion contribution in calculated cross-sections is shown for comparison with experimental data.

Table 22. EERs calculated by LISE and actually used for fission fragment yield calculations for the reaction
385U(1 AGeV)+p. The region boundaries were set to 40 & 180 MeV. E," =13.3 MeV/dA.

20, . .
Method : Low Middle High
m

A Z N | E* o, mb A Z, N E* omb| A Z N E* o, mb

Abrasion-Ablation 237
calculations 891.4 92 U145

AF + INC fission
(5.8.1.1. Hydrogen target)

Actually used for AF
calculations

235 | 343.6 | “Th,, | 753 | 373.9 | %2 Poy, | 290 | 1732

1530.5 | 25U, | 23.8 | 3315 | *otPay,, | 574 | 259.7 | %2 Poysy, | 289.9 | 939.3

1550.0 | 55U, | 23 | 150 | %3Th., | 75 | 550 | % Ac,;, | 180 | 850

EER parameters (AA calculated and actually used in fission production calculations) for the reaction
8U(1AGeV) + p are shown in Table 22. The LISE file “AF 238U p.lpp” with corresponding set-
tings, which contains experimental cross-section data [Ber03], can be loaded from the site
http://groups.nscl.msu.edu/lise/7_5/examples/. As in the previous chapter (except dUI parameter),
neutron shells for the semi-empirical fission model were set in LISE: N;=83, dU,;=-2.0, C,=0.7, and
N,=90, dU,=-3.8, C,=0.15.

To get better agreement with experimental results we have made two global changes in EERs of
“AF+INC” method: transfer Ac=200 mb from the Low EER to the Middle EER and change to more
proton rich Middle and High fissile nuclei, from 24pa (N/Z=1.57) to ***Th (N/Z=1.51) and from
25Po(N/Z=1.56) to **°Ac (N/Z=1.48) accordingly. It is probably that these changes can be explained
by increasing the excitation energy per abraded nucleon ad as well as increasing dissipation influ-
ence through beta parameter (see Fig.13).
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Fig.157. Measured [Ber03] and LISE calculated elemental
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fission cross-sections for the reaction ***U(14GeV)+p. The
dash-dot line represents calculated data filtered to existing
experimental data (Z=28-64).

140

; MMM MMM B T
100 |- e
I:H- jemas et al. NPA725 (2003)213
L B - LISE AF calculations
’ TN Average weighted
. r Bl Bkl 4 - Low EER
% 80 - IS R S - Middle EER
= L Rk High EER
= !
> L ]
2
5 L . ]
O B0 - 5 ) *., 7
o | U(1AGeV) + p — fission el ]
r— LISA A secctings %
= F AZ  E*,MeV o,mb “’%’ .
40 - Lo U 23 150 \ *I_ i
| Mid “Th 75 550 o 1
High ““ac 180 850
[ P AT AT A A A A AU A A AT A A A | A A A A | I AT A A Lo v v 010y J
20 30 40 50 60 Z
Fig.161. Measured and LISE calculated fission-fragment

mean kinetic energies as a function of their proton for the
data [Ber03] (*U(14GeV)+p).
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Comparisons of results from LISE calculation
and experimental data [Ber03] are shown in
Fig.157 (elemental fission cross-section),
Fig.158 (N/Z ratio as a function of fragment
proton number), Fig.159 (mass fission cross-
section), Fig.160 (neutron fission cross-section),
and Fig.161 (fragment kinetic energy).

Fig.162 shows isotopic production cross-
sections for fission products (Z = 30, 35, 40, 43, 47,
50, 54,59, 64) from the reaction **U(1AGeV)+p
obtained in work [Ber03] and calculated by the
LISE AF model.
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Fig.162. Isotopic production cross-sections for fission products (2=30,35,40,43,47,50,54,59,64) from the reaction mU(]AGeV)-Fp
obtained in work [Ber03] and calculated by the LISE AF model. Load the “AF 238U p.lpp” file for details.

Six example files devoted to Abrasion-Fission are included in the LISE installation package:
AF 208Pb_d.Ipp AF 208Pb_p.lpp
AF 238U p.lpp AF 238U d.Ipp
AF 238U Be.lpp AF 238U Pb.lpp

The user can load them from the “files\examples\afission\” directory.

-84 -



6. New utilities

6.1. User cross-section analysis using Abrasion-Ablation model

User Cross-Section analysis using Abrasion-Ablaki

The purpose of the new utility is to find parameters for the

This utility can be used if ~Local line to analyze ——
prefragment excitation energy distribution (mean value and | pu.ie ragnenstort ssston meds s sefctec =7
. . . . 2 Abrasion-Ablation is the selected cross-section method —
deviation) which best correspond to experimental data. The 3 Thereae noethan 2user erss sectons: n menar fo M chang
. . eqe 4. "File" cross section option is set ta "'on"!
“user cross-section analysis” can be loaded from the “Utili- Cakulate donntoZ = | 24
. 99 . — Parameter variation:
tles menu (See Flg'l63)' Parameter MinWalue  Maxalue Ngmff
The analysis might be run if the following four conditions | &2 ceisteneneaper e [ ® [ @
are Satlsﬁed: sigma [standard deviation in MeY] I 4 I 10 I 13
1. The “Projectile fragmentation” reaction mode is selected; ~ ["™m==e oo
halysis acal oDl
. . . . . Walue i LoD Chi2 LaD v C:r;eciljifnolgt::enumber of
2. Abrasion-ablation is the selected production cross-section L sesEEaEE
I’nethOd; Analpsis Lag-fle (38ni_be_net.fit ,w
3. There are more than two user cross-sections in memory; it e [T B3 Browse
4. The “File” cross-section option is set to “on” in the “Op- § ey | % cooo | s

Press"Escape' to interupt analpsiz

tions” dialog.

If one of these conditions is not fulfilled then an error mes- 5"5'1-1 63. The “User cross-sections analysis”
sage will appear in the bottom of the dialog instead of the 1ios:
line “Press Escape to interrupt analysis” (see Fig.163).

Before running the analysis the user has to define the following parameters:

1. “Local line to analyze” - click the corresponding button to define the set of data important
for you (for example the neutron removal line). It may be Z, N, 4, or N-Z lines. The code
compares experimental data and calculated values separately for the global set of data and
for the local line defined by the user (see for details chapter “3.2. User CS in plots”
http://groups.nscl.msu.edu/lise/6_4/lise++_6_4.pdf).

2. “Calculate down to Z” - initially is set to 1, but if you want to
make the analysis faster and you do not need light elements’ Be patient, I'm working ....
cross-sections then it may be increased. Obviously it is better it remains 00:40:92

to set this parameter greater than or equal to the lowest charge INEEE

value of experimental data. Tonbko cnokoitcTeve...
Bcé bypet npocto 3ameyatenkHo!

3. Minimal and maximal values of excitation energy and its de- e el Tarr v e

viation as well as the number of calculated points (N<g+- and

Nsigma) for both cases. Fig.164.

4. “Weights of analysis value” — determines contribution of each of the four calculated values in
the final result:

Final = w; -Loy2 1ocat + W2 - LOD 19ca1 + W3 - LOY2 total + Wa - LOD to1a) /16/

where Loy2= In(y*) and LoD = Z,ﬁl‘logIO(yexp )— log10(y,,. )|/ N .

If the “Correct for the number of data points used” checkbox is set to “on” then the code calculates the
Loy?2 value in the following way: Loy2= In(*/N), where N is the number of points used for the analysis.
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The program will run the Abrasion-Ablation model N<gs= X Ngioma times after the user clicks the “Make
analysis” button. During the calculation process the information window shows approximately how
much time is remaining (see Fig.164).

* Fit plot: Chi2 Local - *I" it plot: Chi2 Total ::._:. L

ABRASION-ABLATION - #Ni +Be ABRASION-ABLATION - %%Ni +Be

Local "Z=27"  “eights: 1.00 3.00 2.00 B0 Correction: No &
= - - 2 =
]
-
. Spge
-

sigma (MeV)

1 <E™> (MeV)

Fit plot: LogDif local
ABRASION-ABLATION - 55Ni + Be
Local "Z=27"  Weights: 1.00 3.00 2.00 B.00

<E™> (Me¥)

Fit plot: LogDif Total

ABRASION-ABLATION - 88N + Be

sigma {MeV)
sigma (MeV)

10 T4 <E (MeV)
Fit plot: Combine
Lo 27 g 180 30250 510 Fig.165. Comparisons of experimental data [Bla94] and
Abrasion-Ablation calculations for the “*Ni(650AMeV)+Be
reaction. Left top and left middle plots represent compari-
sons for a Local line, which was set to Z=27. Right plots
are done for the global data set. The left bottom plot shows
the sum of all four models, using coefficients 1,3,2,6 (see

insertions in plots).

<E~> (MeY)

Using this analysis it is possible to conclude that the best
parameters to use in the AA model to describe these ex-
perimental data are <E*>=13 and sigma=4 MeV.

14 <E*> (MeY) 22

After calculations are completed the program creates five two-dimensional plots (see Fig.165), four of

them correspond to Loy 2 1ocal » LOD 1ocal 5 LOY2 total » LOD to1a1 Values and one represents the final result
based on Equation /16/. The code also creates two text files, a statistics file and a log file, for each cal-
culation. An analysis log-file shows calculated values for each combination “Energy-Sigma”; hereafter
this file can be used by other programs (for example Excel or Origin) to determine optimum weights of
models. The statistics file gives minimum values and their coordinates (energy, sigma) for each of the
five models:
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model minimum Energy Sigma maximum

Chi2 L 3.111e-01 12.61 2.00 7.787e+00
LD L 4.384e-01 12.25 6.06 4.698e+00
Chi2 T 1.425e+01 5.72 2.81 2.535e+01
LD T 2.611e+00 12.25 3.22 1.141e+01
comb T 2.153e+01 12.97 3.62 4.741e+01

Note: The code automatically uses a linear scale for two-dimensional plots using the minimum and
maximum calculated values. It is recommended to decrease the step in the “Linear scale” dialog manu-
ally to get a more detailed picture as was shown in Fig.165.

6.1.1. AA parameters corresponding to EPAX

There was a question: what parameters should be set in the AA model in order for its calculation re-

sults to corresponded to EPAX calculations for different combinations of primary beam and production

target?

In order to conduct this analysis using the new utility it is necessary to do the following steps:

o Seta very thin target thickness;
o Set the EPAX2.15 parameterization as the model for fragmentation production cross-sections
in the “Production mechanism” dialog;
o Calculate reduced cross-sections and save them in a user CS file (extension *.cs2) using the
“Secondary reactions” dialog;
o Load the obtained file into the operating memory through the “User CS file” dialog;
o Open the “User cross-sections analysis using Abrasion-Ablation model” (see Fig.163) dialog
and begin the analysis.
Table 23. AA parameters obtained to match EPAX results for different projectile & beam combinations.
. . . Minimum mass .
Boam  Target  E,td(E) omd(0n) putimmiie SO comutpendng o 7008
124gn Be 25.9 26 13.5 34 101 Z=7b-4 =46 91 v
128 Be 12316 7414 90 Z=7b-4 =46 91
125, Ta 11.8 10 7.4 09 4 7 =7b-4 = 46 91
8Ky Be 19.7 07 10.0 '8 66 Z=27b-6=30 55 v
8Kr Be 17.908 13.0 06 66 Z=7b-2=34 64
8Ky Ta 20.6 31 10.8 29 1 Z=27b-6=30 55
8Ky Be 14207 9.812 58 Z=27b-6=30 55
8Ky Ta 12413 8.6 12 1 Z=7b-6 =30 55
4N Be 11.6 12 7013 45 Z=7b6=22 39
N Be 11,7 12 6.0'3 39 Z=7b-6=22 39
®Ca Be 13.2 14 9310 30 Z=7b-6=14 22 v
®Ca Be 10215 10.3 13 30 Z=7b-2=18 31
“Ca Be 97 4417 23 Z=7b-6=14 22
“OAr Be 6.115 3319 23 Z=7b-6=12 20
BAr Be 8.9 07 4817 19 Z=7b6=12 20

AA parameters obtained to match EPAX results for 36’40Ar, 40’48Ca, 58’(’4Ni, 78’86Kr, 12,1248, projectiles
on Be and Ta targets are shown in Table 23.
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The following options and parameters of the AA model were kept in the analysis:

Dimension of evaporation: 32 Geom. corrections: No
Decay Modes:  1n,2n,1p,2p,a. BarFac: 1
State density: C Masses: Database0 + LDM2
Take into account Excitation energy: Method “C” without LISE
unbound nuclei: Yes geometrical corrections

The parameters of User CS matching by the AA model were used:

Excitation energy (Ey): 5-35 MeV, 70 points Weights:  1,2,3,6
Sigma of E, distribution 2-25 MeV, 70 points Corrections for the number of data points:  Yes
Local line to analyze Z=Zb-6 (*) Calculate downto Z Zb-6 (*)

* where Zb is the atomic number of the projectile. There are several combinations where Z=Zb-4 and Zb-2 were used for
the analysis (Table 23).

Fig.166 and Fig.167 show calculated cross-sections of Silicon isotopes and isotones N=24 produced in
*Ca fragmentation on a Be target. Parameters E,=13.2 and sigma=9.3, according to Table 23, were
used for AA calculations. Fig.168 shows four combined plots resultant from matching AA and EPAX
calculations for reactions 64NiJrBe, 124SnJrBe:, 112Sn+Be, Ta. Fit by double gaussian function was used
to define E, and sigma positions as well as to obtain their standard deviations.

Terdr

T 2=

% Cross Section (mb) = =

Cross sections (Fragmentation)
MCa + Be- M

&Y sigmad T
sBar=1 Far=100 Modes=1111 1000 000 - NP=I SE-DS0+Cal Density: aute” Geom. Cor 0
1e

sgnad |
sBar=1 Facs100 Modess1111 1000 000

te13f;  NP=3 SEDBO+CaR

H w k0 40 2 4 46 [T}

3 M ]
0 Mass number (&) el Mass number (A}

Fig.166. Calculated cross-sections of Silicon isotopes pro- Fig.167. Calculated cross-sections of isotones N=24 pro-
duced in **Ca fragmentation on a Be target. Parameters duced in **Ca fragmentation on a Be target. Parameters
Ex=13.2 and sigma=9.3, according to Table 23, were used Ex=13.2 and sigma=9.3, according to Table 23, were used
for AA calculations. for AA calculations.

The “Minimum prefragment mass” column represents the minimum mass of excited prefragment
which can be obtained from the projectile due to abrasion by the target nucleus.

The special case mark shows cases when the minimum of prefragment mass number is more than 7
units greater than the minimum mass number corresponding to the local line. These cases correspond
to light (Be) target and neutron-rich beams (**Ca, **Kr, '**Sn). For these cases the AA model (periph-
eral process) is not valid, because it is impossible to reproduce light masses without additional LISE
geometrical corrections or a significant increase of the excitation energy to reproduce EPAX calcula-
tions. For example the INC (central collisions) model should be used to describe these data.

Data shown in Table 23 are plotted in Fig.169 as excitation energy versus width of excitation energy
distribution and in Fig.170 as excitation energy as a function of projectile element number. From these
figures it is possible to select out two data sets, “Regular” and “Neutron-rich”.
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Fit plot: Combined Fit plot: Combined
ABRASIOH-ABLATION - BN+ B ABRASION-ABLATION - 12951 + Be
Waights 100 1.00 300 300  Corecton Yes Local "Z=46"  ‘Weights: 1.00 200 3.00 00  Correction: Yes
NP=32; SE:"DB0+Cal2" Density:"auto” Geom. Corr:"Off" Tunlg:"auto” FisBar=1 Fac=1.00 Modes=1111 1000 000

Local ‘Z=22"
NP=32. 5E "DB0+Call" Density "auto” Geom Corr "Of" Tunlg "aute" FisBar=1 Fac=1.00

slgma (MeV]

1z <E% (MeV) MW g (MeV)
Fit plot: Combined Fit plot: Combined
ABRASION-ABLATION - 1135n+ Be ABRASION-ABLATION - M2Sn + Ta
Local "Z=46~ WWeights: 100 200 300 600 Comecion Yes Local 'Z=45" Weights: 1,00 200 3.00 600 Comecion: Yes

NFP=32; SEDB+Cal2" Density "auto” Geom Com O Tunig "aute” FisBar=1 Fac=1 00

NP=22; SE"DB0+Cal2” Density "aute” Geom Corr"Off" Tunla:"aute” FisBar=1 Fac=1.00
20 -

o

sigma [MeV]

] 16 <E*> {MeV) 24 28 g 12 <E% (MeV) 24 F3
Fig.168. The Combined plots resultant from matching AA and EPAX calculations for reactions **Ni+Be (left top plot),
124Sn+Be (right top plot), "’Sn+Be (left bottom plot), and ''>Sn+Ta (right bottom plot). White circles show approximately
the data regions which were fitted by the double gaussian function.

. 25 [ P

i ] 20 [ 7 -

10 | L e ]

3 [ ]
E - 1 L <4
2 - E 15 |- o _
d i ]

1
Excitation energy per abraded nucleon [MeV]

10 -
i 1 A Regular (®CAr,“Ca,®*Ni."°Kr, *Sn)
36,40, 40 5864, [+ 78 12, -
e e ™0 | 1 : o Netron s (e "
i NP T T .- L]
5 10 15 20 o5 20 25 30 35 40 45 50
Excitation energy per abraded nucleon [MeV] Z of projectile

Fig.169. Widths versus mean values of excitation energy Fig.170. Excitation energies per abraded nucleon from
distributions from Table 23 obtained by matching EPAX Table 23 versus projectile element number obtained by
values with the A4 model. matching EPAX values with the A4 model.

Black solid and dashed red lines are linear fits of “regular” and “neutron rich” datasets respectively. Fit parameters are
shown in Table 24.
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Table 24. Results of the linear fit (Y = A*X +B) of data sets in Fig.169 and Fig.170.

Plot Data set A dA B dB R SD
Slope value |standard error| Intercept value |standard error| Correlation | Standard devia-
coefficient tion of the fit
Fig.169| Neutron rich 0.474 0.059 2.289 2.050 0.97 1.52
Fig.169 Regular 0.171 0.061 5.861 1.903 0.75 1.80
Fig.170| Neutron rich 0.199 0.116 7.585 2.157 0.65 1.45
Fig.170 Regular 0.817 0.126 -2.458 1.404 0.94 0.84

6.2. Optimum charge state combination
A Element Z

To which charge state combination is it necessary to set the [z [fn [ | U — :p X o |
spectrometer to produce the maximum fragment rate at the | | Urknonn =l L=
end of the spectrometer? In order to find a solution the user [ Chage state combination
must determine the average ion charge state of the fragment | S T T [
after each “material & dispersive block” combination (for | bes pedun o2 8685 [24+ D1 |
example blocks “Target” and “Dipole D1”). Try to find a § e | Accemt |

combination for the example file “charge state optimum.lpp”

(the file can be found in http:/groups.nscl.msu.edulise/7_S/examples/). Fig-171. The “Optimum charge state combina-

This example was made especially so that before each of

tion” dialog (from the “Calculations” menu).
Calculations were done for the example file

four dipoles the setting fragment passes through materials “charge state optimum.ipp”.
with different atomic number.

The new utility “Optimum charge state combination” (see Fig.171), which can help to the user to solve

this problem, has been incorporated into the code and is available in the “Calculations” menu. This

utility is especially relevant for calculation of optimum target thickness, because the charge state com-
bination is a function of target thickness. In the next chapters we will demonstrate the capabilities of
the new utility for other utilities.

After loading the dialog it is necessary to choose the isotope of interest and click the “Calculate” but-
ton. How does the code look for the best combination?

1. It saves all settings of optical blocks;
2. The charge state option is turned on (if initially it was turned off);
3. The code sorts out all possible charge state combinations. The spectrometer is tuned for each com-
bination;
4. The program finds a charge state combination giving maximum output and displays the result in
the dialog (see Fig.171).
If the user clicks the “Cancel” button then all previous settings are =
restored. To set the new settings based on these calculations it is @  Charge state option has been

necessary to click the “Accept” button. If the user has decided to t e
accept these values, and the charge state option was initially turned
off in the program, the program remains in the “charge state on”
mode, and the user receives a message on it (see Fig.172). v x
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6.3. Charge state combination calculation for the optimal target thickness utility

The utility to determine the optimum charge state combi-
nation (see the previous chapter) has been incorporated
into the subroutine for optimal target thickness calcula-
tions. In order to use this option the user has to select the
corresponding checkbox in the “Choose fragment” dialog
of the optimal target thickness utility (see Fig.173).

We will demonstrate this new possibility using the exam-
ple “optimum_target and charge states.lpp” (the file can
be found in http://groups.nscl.msu.edu/lise/7_5/examples/).

Choose Fragment ﬂll
— Charge states
& Element Z /' TNabITdof st
uclides
I 232 I Rn 86 =N I =Y IEE+ D1 j
I Urknown & il = caloulate a charge
[V state combination for

the magirmum rate
T arget optimization options |

‘Cross sections
' Fized
(= Erergy dependent

¥ use the contribution of secondary raactions

X Cancel

Fig.173. The “Choose fragment” dialog for
optimal target thickness utility.

the

Why do we need this utility? Suppose
that we do not know what is the best

700}

charge state combination to get the
maximum rate, and we take the fully
stripped fragment because the target is
“light” (Lithium) and the primary beam
energy is high enough (400MeV/u).
Running the optimal target thickness
utility in the regular mode we get that
the optimum thickness is about to
600 mg/cm” (see Fig.174). We expect
only about 20 events per second of the

Rate {pps) §

w
=1
=

00

100

0

p—
—— TR All states & reactions
—— ZERNFHIH + Second react.

——T2Rn All states & reactions+ Secon

d.react]

8 (400.0 Meviu) + L (5839 my/cmd), Settings on 22Rn 28+ 8+ Canfig: DSEWDS

dpfp=1 B0% ; Wedges: Pb (04 gicr®); Brho(Tr): 7 6543, 7 5785
Events : 19.4; Optimur : Li 5339 modcr? (10935 pr)

200 600

setting fragment for the given charge
state combination.

1000 Thickness (mg/cm2) 2200 2600

232Rn86+86+ ion

Fig.174. Rate of **’Rn ions as a function of the target thickness. The
spectrometer was tuned on the

Determination of the optimal target
thickness with searching the charge
state combinations consists of three
steps.

22e+3 ]

First step: Calculation of target thick-
ness without charge states (see Fig.175).
Usually the code uses the dependence of
fragment rate on target thickness to de-

Rate (pps) f ChargeStateSigma

fine the optimum thickness; in this case
the fragment rate is decreased by the
standard deviation (Gcharge) Of the charge
state distribution, which is calculated

200}

p—
nd.i

act

Optimal target plot -- Charge state optimization: 1-st step ==t~

181 (400.0 Meviu) HL (10128 mgierd); Settings on #2Rn; Config: DESWOS
dpip="1 88% ;[Wedges: Pt (04 wiom?); Brho(Tm)- 73338, 69578

Everts : 2.19e+0G; Optimurn : Li 1012.8 mg/em® (18957 pm)

00 600

for various average fragment energies
after the target (stripper). If Gcharge 1S
less 0.5 then the value 0.5 is used in-
stead Gcharge-
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1000 Thickness (mg/em2) 2200 2600

Fig.175. Optimal target thickness & Charge state optimization.
Step 1: calculation of reduced fragment yield without charge states.


http://groups.nscl.msu.edu/lise/7_5/examples/

Second step: The program calculates an optimum
charge state combination for the target thickness
(1.01 g/cm®) obtained on the first step. Using the “2nd
step optimization” dialog (see Fig.176) the user can

click one of the following buttons:

o Cancel: leave the dialog and restore previous

settings;

o Accept: accept the charge state combination (af-
terwards, leave the dialog or continue calcula-

tions);

o 3" step: Accept the charge state combination

and repeat optimum target calculations.

If no option is selected within 5 seconds, then the
program automatically starts the third step of calcula-

tions.

Third step: The program calculates
an optimum target thickness for the
charge state combination (84+
84+) obtained on the second step.
The final thickness is equal to
1.285 g/cm’, which corresponds to
342 events per second of the
B2Rn**"™®*** jons without secondary

reactions contribution (see
Fig.177).

Actually the yield difference for
thicknesses 1.01 and 1.28 g/em®
obtained respectively on the first
and third steps is insignificant (see
Fig.177), and moreover if we take

the sum of all charge states then

2nd step: optimum charge state combi

Feaction | 23801400.0 MetdAu) + Li

Fragment of interest I 232Rn

Optirnurn barget thickness I 1.0Me+03  mglom?

t amimurm rate I 340e+02  pps

* - for the final charge
state combination

— Charge state combination

Current |88+ 86+

Calculated for
best production I84+ &

g 3id step: Accept & Repeat
optimumn target calculations

o  Accept | X uit |

after 5 seconds this dialog will be closed automatically

Fig.176. Optimal target thickness & Charge state opti-
mization.

Step 2: calculation of optimum charge state combination
for the target thickness obtained on the first step.

le+3 |

@
=
=

Rate {pps)

200}

1]

Optimal target plot
Charge state optimization

3rd step

8| {400.0 Meviy) + Li (1284)9 mogfomi); Settings on 222Rn 8 % Conf)
dp/p=1.88% ; Wedpes: Pb (0.4 g/om?); Brho(Tm): 7.1191, 67488

JE— T
——TXRn All states & reactions
——TRRREHE + Second. react.
——TXRn All states & reactions + Second react

Events : 342, [Optimum : Li 12849 magéem? (24052 prri)

200 G00

1000 Thickness (mg/cm2) 2200 2600

Fig.177. Optimal target thickness & Charge state optimization.
Step 3. calculation of fragment yield with charge states combination obtained

on the second step.

the value 1.1g/cm? is preferable. Due to this fact the user can skip the third step, using only the first
two steps as was done for the “Rate & transmission calculation batch mode™ utility (see the next chap-

ter).

6.3.1. Target optimization options

Several items connected with target optimization were moved from the “Preferences” dialog (the “Op-
tions” menu) into the new “Target optimization options” dialog (see Fig.178). This dialog is available

in a few different places:

o The “Preferences” dialog (menu “Options”);
a The “Choose nucleus for Target optimization” dialog (see Fig.173) (menu “Calculations™);
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Target optimization options x|

o The “Rate & transmission calculation: batch mode” dialog (see
Fig.180) (menu “Utilities). Nurber poits for Dptinalarge ot |50

The new parameter “Method to search optimal target” has been incor-
porated into the code and can be changed in the “Target optimization

Parameter to find the optimum target

(" [a] One charge state & one reaction

options” dialog. The next chapter is devoted to this new parameter. ) Sl e e e
" [e]~ [a] + Secondary Reactions
@ [d]~ [b] + Secondary Reactions

6.3.2. Optimal target searching methods

2 S avitzky-Golay smaonthing filker

The plot of calculated yields as a function of target thickness is the i
result of the target optimization process. This plot contains four curves
when taking into account secondary reactions’ contributions in yield
calculations. The new version allows the user to choose what curve
will be used to define the optimal target. Fig.179 shows calculated .

. . . ] . Fig.178. The “Target optimization
target yields as a function of target thickness. Vertical lines show . ion" dialog.
maximum values of distributions. Depending on the choice of search-
ing mode in the “Target optimization options” dialog (see Fig.178) the final answer can be any one of

these four maxima.

[~ Make default
anncell ? Helpl

JE— T
—— 1350 All states & reactions

—— 135N + Second. react

—— 135 All states & oti + Second.react.

Fig.179. Calculated target
yields as a function of target
thickness for the production of
12380 from fission of a *U
beam on a Be target. Short
vertical lines show the maxi-
mum of each of the curves.

AlHSecR

Optimal target plot

K 232 (1000.0 Mevyu) + Be (1516 my/cm?), Settings on '35
dpip=1.86% ; Wedges: 0, Al {2 mrm), Al (50000 mgicrm?);

Searching Mode : AII+SECR)Evems - 1.25e+05, Optimum : Be 1518.0 mgfcm® (8203 pm)

0 2000 4000 Thickness {mgicm2) Te+d 1 2e+4

6.4. Rate & transmission calculation batch mode

The new utility “Rate & transmission batch mode” available via the “Utilities” menu has been incorpo-
rated into the code to run a long-term calculation task with different options. Using this utility, the user
can obtain a text file with calculated parameters (optimum target thickness, best charge state combina-
tion, yield, transmission and secondary reactions contribution coefficients) for each fragment of a nu-
clide rectangle set in the “Rate & transmission batch mode” dialog (see Fig.180).

Before running the LISE++ code in the batch-mode it is necessary to:

1. set a nuclide rectangle choosing two opposite corners (see the “Calculation rectangle” frame in Fig.180);
2. choose options which will be applied in the calculation process for each fragment of the nuclide rectangle;

3. set the name of the file where information will be saved.
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Fig.181. Top plot: Calculated rates of Tin isotopes produced
in the fission of “*U(1AGeV, Ipnd) on a Be-target taking
into account secondary reactions’ contributions. Calcula-
tions were done for target thickness equal to 1 g/cnt’,
2 g/em®, and for optimal thickness calculated to obtain the
maximum yield of given isotope (see the middle plot).

Bottom plot: Calculated AF and reduced cross-sections (as-
suming the thickness 2 g/cm’) of Tin isotopes produced in the
fission of *U(14GeV, 1pnA) on a Be-target.

Rate & transmission calculation : bat

— Calculation Rectangle

first corner => 100 min| 40 [ B0
second comer = 150Md max | B0 ] a0

— Options: for each fragment of the rectangle to
Target optimization option |

IV calculate an optimumn target thickness

v calculate a charge state combination
far the maximum rate

| calculate & wedae anale

¥ calculate trarsmizsion and rate

Er o
R, Result file : Browse

| AF_238U_Be_optimum_batch. bt

£ Calculate I X Cancel

Fig.180. The “Rate & transmission calculation:
batch mode” dialog.

This new utility allows one to calculate the opti-
mal target thicknesses for a large region of nu-
clides, which would be tiresome if done manu-
ally using the “Optimal target” utility from the
“Calculations” menu. Thus using the batch mode
utility, the top and middle plots in Fig.181 have
been created. An unexpected result was obtained
for optimal target thicknesses to produce Tin
isotopes in the fission of 8U(1AGeV) on a Be-
target (see the middle plot in Fig.181). For Tin
isotopes with masses 119-133 the optimal target
thickness is about 2 g/cm®, whereas for lighter
and heavier isotopes the optimal target becomes
considerably thicker. It is possible to explain this
by looking at the bottom plot in Fig.181, which
shows calculated AF and reduced cross-sections
(assuming a thickness 2 g/cm?) of Tin isotopes
produced in the fission of ***U(1AGeV) on a Be-
target. The secondary reactions contribution
dominates for the proton-rich side from mass
about 117, and for the neutron-rich side from the
mass about 135. If production of isotopes hap-
pens mostly from secondary reactions’ contribu-
tions, then certainly we need to increase the tar-

get thickness, whereas increasing target thickness in the case of masses 119-133 leads to decreasing
transmission. The example file “AF 238U Be_batch_mode for Tin_isotopes.lpp” was used to pre-

pare the plots in Fig.181.
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http://groups.nscl.msu.edu/lise/7_5/examples/AF_238U_Be_batch_mode_for_Tin_isotopes.lpp

6.5. Target and wedge optimization

The utility to determinate the optimum target and wedge combination has been incorporated into the
new version. The user defines himself what is more important to him in the final result: intensity or
purity through the use of weights. The utility is available in the “Calculations” menu.

Firstly, the user has to choose a fragment of interest as well as turning on/off the “charge state optimi-
zation” and “ Secondary reactions contribution” options using the dialog shown in Fig.173.

The second step is setting the optimization process parameters in the “Target & wedge optimization”

dialog (See Flg 1 82) Target & Wedge optimization :
| 408,140.0 Me¥/u) + Be - 325
The “Keep value” combobox is initially set to “no keep Keep valie ‘wiedgs ock
value”. This means that settings of all optical blocks can be =~ ke vke L =
recalculated to provide the maximum transmission of the | Mabiatickne: - Wedge mode
Maleid i Topsend] e | | Ao

setting fragment. The user can choose to keep an optical
. . o« e . Taige! 17 1.71e+3 20 ! tonochromatic
dispersive block value for the transmission calculations. In Wejg; e s [ '

Irvariable

. . . . o :
this case other optical blocks settings will be recalculated G Calculete Min &M valuss (ongl o rcfle are,
for the Settlng fragment based on thls kept Value' —Weights for the Combined plot —|zotope rectangle for calculations ——
« . . ” . WI=| 1 “Intensity" Ir = logl0[)) +-PROTONS [ 3 fomthe

Note: 1f the “calculate the charge state combination” option | we[ 5 iy e W NEUTRONS [ g,
has been turned on in the first step, then the “Keep value” | "l s Tode I & Caleise theprnay

b b ’t b 1 bl |Comb =" =t + WP*P + WIP*[[ %P bearn transmizsion
combobox won’t be available.

sta%:ttigztlile | target_wedge. fit @é Browse |

(13 2
The “Wedge block” combobox allows the user to select a (G wakermrie | 3 corce | I~ Mok ot
wedge block whose thickness will be modified in the op- Press "Escapeto tetupt analyss

timization process. The compob.ox is initially deSlgned to Fig.182. The “Target & Wedge optimization” dia-
the enabled wedge block, which is the first one in the spec- log.

trometer line. If there are no enabled wedge blocks then

this combobox is not available and neither are wedge thickness cells.

Target and wedge thickness ranges as well as number of thickness sets can be defined in the “Material
thickness” block. The product of target and wedge set numbers defines how many times the code will
change the spectrometer settings: target and wedge settings, and subsequent spectrometer tuning for the
setting fragment. These changes can be seen in the “Setup” window during the optimization process.

When the user loads the “Target & Wedge optimization” dialog, the code calculates minimum and
maximum thickness values automatically in the following way: the code calculates setting fragment
and projectile ranges in the target in both cases suggesting an energy of the primary beam when taking
into account the stripper thickness. The maximum range value (R,4,) is used to define minimum (5%
of Ry4y) and maximum (80% of R, thickness for the optimization process. The wedge material is
used instead of the target material to define the maximum range by the same way as was done for the
target, but minimum and maximum values are defined in this case as (1% of R,,,,) and (70% of R,4y)
respectively. If you want to recalculate material range values manually at the next dialog loading then
press the “Calculate Max & Min values” button.

The “Isotope Rectangle for calculations” allows one to define how many nuclei Niopes
(2:dP+1)-(2:dN+1) surrounding the fragment of interest will be included in transmission calculations. We
define the purity value as equal to the ratio of the intensity of the setting fragment to the sum of all calcu-
lated isotope yields:
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Rate(Z,N)

Purily(Z,N): Z+dP  NxdN il
Rate(Z,,,,,N,.,,)+ Z ZRate(i,k)
i=Z—dP k=N-dN

A large area for the “Isotope rectangle” leads to more precise calculation of the purity value, but obvi-
ously takes more time. It is also recommended to calculate the primary beam transmission. This option
is turned on by default.

After the user has defined the optimization parameters, the optimization process is started by clicking
the “Make analysis” button. The optimization process can be canceled by pressing “Escape”. The in-
formation window shows approximately how much time is remaining (similar to Fig.164).

Target & Wedge plot: Intensity Targel & Wedge plol: Purity
T & W opbimzabon 404r {140 0 MeVis) +Be > 3Ng 10+ 104 104 10+ Conhg DOSWDOMSMAMM T & W oplimization: 404r {140.0 MeViu) +Be -> 33Mg 10+ 10+ 10+ 10+ Config; DOSWDDMSMMM
MNofT=60; MoMW=60; dP=3. dhe3. Weighis: 200 100 0.25 MofT=80. NoMW=80, dP=3; dN=3, Weights 200 100 0.25

W Wedge. |12_wedge

dpip=2 00% SecReact "o Wedge |2_wedge

24evaf

[

]
i

@

Wedge thickness [mgiem2)
= Wedge thickness (mgicm2) 5

400 800 1200 Target thickness (mgicma2) 2800 0 300 BO0 1200 Target thickness {mgiemz} 2800 3200

Fig.183. The “Target & Wedge Intensity” plot for ’Ne Fig.184. The “Target & Wedge Purity” plot for *’Ne iso-
isotopes produced in *’Ar(140AMeV)+Be and selected by topes produced in *’Ar(140AMeV)+Be. The “Isotope rec-

the A1900 spectrometer with 2% momentum acceptance. tangle” values were set to dP=3 and dN=3.
Target & Wedge plot: logli(T)*P Target & Wedge plot: Combined
T & W oplimization: 404 {1400 MeYiu) *Be - g 10+ 108+ 18+ 10+ Zanfig. DOSWDDMSMMM T & W optimzation: 404r {140 0 MeViu) +Be -> 33ne 10+ 10+ 10+ 10+ Config: DDSWOOMSMNM
Noff =60, MNofw=E0; dP=3; dN=3; Weights: 200 100 025 MofT=60; Nohv=E0, dP=3, di=3; Weights: 2.00 100 0.25
dp/p=2 00% SecReact "off” Wedge 12_wedge dp/p=200% SecReacl "of" Wadge 12_wedgs
24043 23 : 24043
20+3 2043
£ §
i A
£ E
= 2
£ £
% &
g g
800 800
400 A0
QU 400 : 200 1200 Target thickness {mglem2) 2800 3200 0 = A00 : a0 1300 Tar;]et thickness I:II:lgIemZJ . 3800 J?ICO-
Fig.185. The “Target & Wedge IP” plot for the same opti- Fig.186. The “Target & Wedge Combined” plot. Weights
mization process as in Fig.183 and Fig.184. are equal to 2, 1.5, 0.25 for Ir, P, and IP values.

Four plots (Intensity, Purity, IP, Combined) and one text file (the filename can be changed by the user
using the “Browse” button) will be created and displayed for the user as a result of the optimization.
The 1% plot “Intensity” shows the calculated Rate(ZN) value from target and wedge thicknesses
(Fig.183). The 2 plot “Purity” (Fig.184) show calculated Purity(Z,N) values according to Eq./17/.
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The program calculates 4 reduced values (Ir, P, IP, Combined) based on these two plots.

Ir : intensity normalized reduced value. First we calculate the array of reduced values
Ly = loglO [Rate(ty, wiy)], Where t is the target thickness value, w is the wedge thickness,
it=1,2..Nigrget, iw=1,2..Nyyeaqe . The next step is normalization 7, = iy i / max(/ ).

P : purity normalized value Py, = purityi», / max(purity ).

IP: product of Ir and P values. As the product of two normalized values, any IP array element cannot
be more than 1. The IP value plot is the third optimization result plot (see Fig.185).

Combined : sum of products Ir, P and IP values with their weights (WI, WP, WIP):
Combined =Ir - WI+ P - WP + IP - WIP, /18/

where weight values should be defined by the user in the “Target & wedge optimization” dialog (see
Fig.182) before optimization. The Combined value plot is the fourth optimization result plot (see
Fig.186). Combined values cannot be more than the sum of weights (WI, WP, WIP).

The green horizontal and vertical lines on plots show the maximum value included in this plot.

The text file contains information about calculated intensity, purity and all reduced values for each target
& wedge combination used in the optimization process (see Fig.187). Information about a maximum
value for each plot and their location (target and wedge thicknesses) are shown at the bottom of this file
(see Table 25 and Table 26). This output statistics file can be used by other programs (for example Excel
or Origin) for subsequent analysis.

&l c-\progra~1ilise'results 40Ar_32mg_TW_TW.fit 7 i g N [=] P}

i Targst Wedgs Rate Purity PurityN IE_N Combira
0 1.000=+01 1.000=+01 4.587=-01 1.015=-01 -5 671e-01 1.015=-01 -5 7582-02 —2.91:
1 1.000=+01 1.4262+02 4.538=-01 1.313=-01 —5.718=-01 1.313=-01 —7.506=-02 —2.15¢
2 1.000=+01 2.7532+02 4.518=-01 2.7822-01 -5 737=-01 2.7822-01 -1.596=—01 1.811¢
3 1.000=+01 4.0792+02 4.397=-01 4.1822-01 -5 855=-01 4.1822-01 -2 4492-01 5 467
4 1.000=+01 5. 405=+02 4.348=-01 5 860=—01 —5.904s-01 5 861=—01 -3 460=-01 9.949¢
5 1.000=+01 6.7325+02 4.271s-01 8.040=-01 -5.,981=-01 8.041=—01 -1.,809=-01 1.574¢
& 1.000=+01 8.058=+02 4.199s-01 9.280=-01 —6.,055=-01 9.281=-01 -5.619=—01 1.898¢
7 1.000=+01 9.384=+02 4.1328-01 9.795=-01 —6.,125=-01 9.796=-01 —6.,000=-01 2.026¢
g 1.000=+01 1.071=+03 4.073=-01 9.961=—01 —6,187=-01 9.962=-01 —6.163=-01 2.062¢
3 1.000=+01 1.204=+03 3.911=-01 9.992=-01 —6.363=-01 9.993=-01 —6,353=-01 2.044¢
10 1.000=+01 1.336=+03 3.611=-01 9.997=-01 —6.710=-01 9.998=-01 —6.,708=-01 1,993
11 1.000=+01 1.469=+03 3.170=-01 9.997=-01 ~7.275e-01 9.998=-01 -7.274=-01 1.908¢
12 1.000=+01 1.6022+03 2.733=-01 9.997=-01 ~7.920e-01 9.998=-01 ~7.918e-01 1.812¢
13 1.000=+01 1.7342+03 2.341=-01 9.997=-01 ~8,6922-01 9.998=-01 ~8,590=-01 1.711e
14 1.000=+01 1.8672+03 1.9942-01 9.997=-01 ~9,290=-01 9.998=-01 ~9,2882-01 1.606¢
15 1.000=+01 1.999=+03 1.700=-01 9.997=-01 ~9.,982e-01 9.998=-01 ~9.,980=-01 1.502¢
16 1.000=+01 2.1322+03 1.4452-01 9.997=-01 ~1.065=+00 9.998=-01 ~1.063=+00 1,396
17 1.000=+01 2.2652+03 1.231e-01 9.997=-01 ~1.138e+00 9.998=-01 ~1.138e+00 1.292¢
13 1.000=+01 2.397e+03 1.042e-01 9.997e-01 ~1.211e+00 9.998e-01 ~1.211e+00 1,183
139 1.000=+01 2.530=+03 8.752e-02 9.997=-01 ~1,28%=+00 9.998=-01 —1,286e+00 1.070¢
20 16162402 1.000=+01 7.070=+00 9.E06e-02 6.208=01 9.507=-02 £.902e02 9. 355¢
21 16162402 1.426e+02 6.9922+00 1.352e-01 £.160=-01 1.352e-01 8.328=-02 1,063
22 16162402 2.753e+02 6. 806=+00 2,963=-01 £.0422-01 2. 964201 1.791-01 1,583
23 16162402 4,0752+02 6. 784100 4,300e-01 £.028=-01 4,300e-01 2,592 01 2

5 e : Uz_sij!
Fig.187. LISE window showing the output statistics file containing the optimization process protocol and statistics informa-
tion.

Table 25. Maximum values for each plot (Fig.183, Fig.184, Fig.185, Fig.186) and  Table 26. Intensity, Purity, and IP values corre-
their location (target and wedge thicknesses). All this information is kept at the  sponding to target and wedge thickness values

bottom of the output statistics file (see Fig.187). when the Combined value reaches the maximum.
Plot Maximum value | Target (mg/cm®) | Wedge (mg/cm?) Model Combined
Intensity 2.726e-05 6.098e+02 2.000e+01 Intensity 2.260e-05
Purity 9.633e-01 2.000e+01 1.407e+03 Purity 8.295e-01
IP 7.974e-01 4.919e+02 9.868e+02 IP 7.911e-01
Combined 2.896e+00 4.919e+02 9.447e+02
Recommendations:

Before the optimization process it is recommended to set wedge angle close to the value which corresponds to the
optimal wedge thickness value (or use curved profile degrader — the best choice!)
Set “wedge selection” slits (14 for A1900 for example) to a value corresponding to 95% of the wedge selection
transmission for the optimal target and wedge combination.
If you do not know at least approximately these values then run the optimization process twice:

Q run the first time with small Nyyeer and Nyeqge ,
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then set wedge angle and slits using calculated target and wedge combination using the combined plot,

increase Nirger and Nyeqge »
narrow the target and wedge thickness regions around the expected location of the optimum combination,

run the optimization process again.

(A mEy EAy =

6.5.1. Secondary Reactions contribution option

Target & Wedge plot: Intensity Target & Wedge plot: Purity
T & W ophmzation: 4%ar { 140 0 MeVi) +Be + 10+ 10+ 10+ Config- DDSWDDMSMMM T & W oplimization, 408 (140 .0 Me\/u) +Be > I3ng 10 10 10= 10+ Canfig: DOSWDDMSHMMM
= Weights: 2.00 1.00 D.25 NofT=B0; Nofw=s0; _ dPs3. dNe3.  Weights 200 100 0.25
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Fig.188. The “Target & Wedge Intensity” plot the same as Fig.189. The “Target & Wedge Purity” plot the same as
Fig. 183 but with SR contributions. Fig. 184 but with SR contributions.
Target & Wedge plot: logl{I)*P Target & Wedge plot: Combined
T & W optimization: 404r (1400 MaViu) g 10 10+ 10+ 10+ Config: DOSWDDMSMASA T &W opbmization. 4045 {1400 MeV /) +Be > I2g 10= 10« 10= 10+ Config. DDSWDDMSMVM

MNafT=60; MNofV=60. d = Weaights: 200 100 0325

Wadge: 13_wedge

Weights: 2.00 1.00 0.25
Wodge: 12_widge
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Fig.190. The “Target & Wedge IP” the same as Fig.185 but Fig.191. The “Target & Wedge Combined” plot the same
with SR contributions. as Fig.186 but with SR contributions.

Fig.188-191 show result plots for the same settings which were used in the previous chapter for the
*Ne optimization process but in this case including the secondary reactions contribution. Compare
these plots with Fig.183-186. Statistics information for the optimization process with SR contribution is
shown in Table 27 and Table 28. Compare this information with data in Table 25 and Table 26.

Table 27. Maximum values for each plot (Fig.188-191) and Table 28. Values corresponding to the
their location (target and wedge thicknesses). maximum Combined value.
Plot Maximum value | Target (mg/cm®) | Wedge (mg/cm?) Model Combined
Intensity 4.895e-05 1.259e+03 2.000e+01 Intensity 3.202e-05
Purity 9.633e-01 2.000e+01 1.407e+03 Purity 8.433e-01
P 7.171e-01 4.919e+02 9.868e+02 IP 7.142e-01
Combined 2.686e+00 4.919e+02 9.447e+02
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6.5.2. “Keep value” parameter

Target & Wedge plot: Intensity
T & W opimization, 494r (1400 MeViu) +Be -> Y2Ng 100 104 100 10+ Config DDSWODMSMMM
NofT=60, Notw=60, dP=3; dN=3, _Weights 2.00 1,00 02!
dpip=2.00% SecReact "off" Wedge: 12_wedge {(IKeop values for the block D2 (4.0000Tm]

Target & Wedge plot: Purity
T & W optimization: 484r (140 0 MeViu) +Ee > I 10+ 10+ 10 10+ Config: DDSWODMSMMM
NofT=60, Motw=80, dP=3, dN=2, _\ieighte J00 100 095
dp/p=200% SecReact “off® Wedge: 12_wedge {Keep values for the blocic D2 (4.0000Tm) }
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Fig.192. The “Target & Wedge Intensity” plot the same as Fig.193. The “Target & Wedge Purity” plot the same as
Fig. 183 but the second dipole value was kept equal to 4.0 Tm.  Fig.184 but the second dipole value was kept equal to 4.0 Tm.

Target & Wedge plot: logl{I)*P

Target & Wedge plot: Combined
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Fig.194. The “Target & Wedge IP” the same as Fig. 185 but Fig.195. The “Target & Wedge Combined” plot the same
the second dipole value was kept equal to 4.0 Tm. as Fig. 186 but the second dipole value was kept equal to 4.0

Tm.

Fig.192-195 show result plots for the same settings which were used for Fig.183-186 but in this case
the second dipole value was kept equal to 4.0 Tm. Compare these plots with Fig.183-186. Statistics
information for the optimization process with SR contribution is shown in Table 29 and Table 30. Com-

pare this information with data in Table 25 and Table 26.

Table 29. Maximum values for each plot (Fig.192-195) and
their location (target and wedge thicknesses).

Table 30. Values corresponding to
the maximum Combined value.

Plot Maximum value | Target (mg/icm®) | Wedge (mg/cm?) Model Combined
Intensity 1.166e-05 1.613e+03 2.000e+01 Intensity 5.567e-06
Purity 8.353e-01 3.264e+03 4.824e+02 Purity 8.205e-01
IP 6.669e-01 3.264e+03 3.563e+02 IP 6.669e-01
Combined 2.507e+00 3.264e+03 3.563e+02

Note: The “Charge state optimization” and the “keep value” options cannot be used simultaneously in the target &wedge

optimization process.
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6.5.3. Target and wedge optimization for charge states
In this chapter we shall calculate the target-wedge combination for the **Pb (100 MeV/u) + Au — '*°Os
reaction considering three different situation:
o without charge states;
o the separator is tuned to only one charge state combination (fully stripped);

o with spectrometer tuned to the charge state combination giving maximum yield of the setting fragment.

Now we shall analyze all three cases. The A1900 fragment separator (Ap/p=2%) and the achromatic
curved profile Be-degrader will be used to determine the optimum target-wedge combination.

6.5.3.1. No charge states
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Fig.196. The Intensity (left top), Purity (right top), and Combined (left bottom) target-wedge optimization plots for the
28Pp(100 MeV/u) + Au — "°Os reaction assuming no charge states are included. The wedge selection plot (right bot-
tom) shows spatial distributions of separated fragments at the end of the spectrometer. Calculations were done for target
and wedge thicknesses equal to 269 and 207 mg/cm’ respectively. Plot statistics are given in Table 31 and Table 32.

Table 31. Maximum values for the target-wedge optimization plots on Table 32. Values corresponding to
Fig. 196 and their location (target and wedge thicknesses). the maximum Combined value.
Plot Maximum value | Target (mg/cm?®) | Wedge (mg/cm?) Model Combined
Intensity 1.308e+01 3.644e+02 3.440e+00 Intensity 4.542¢+00
Purity 2.697e-01 1.403e+02 2.410e+02 Purity 2.697e-01
P 5.579e-01 1.627e+02 2.240e+02 P 5.407e-01
Combined 1.649e+00 1.403e+02 2.410e+02
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6.5.3.2. Spectrometer tuned to only one charge state combination

The target-wedge optimization plots in the case of the spectrometer tuned to fully stripped ions are
shown in Fig.197. On the Intensity plot (Fig.197) it is possible to see the second island of maximum
values in the region: target thickness is about 140-240 mg/cm” and 120-160 mg/cm” for wedge thick-
ness. This island corresponds to transmission of ions with charge state 75+75+74+74+ even though the
spectrometer is tuned to fully stripped ions. Transmission of fully stripped ions in this thickness region
is equal to zero.
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g $ " Fig.197. The Intensity (left top), Purity (vight top), and
g - ' Combined (left bottom) target-wedge optimization plots for
8 : the *"Pb(100 MeV/u) + Au — 05" 7" 7% 75" yeqction
g . . assuming the spectrometer is tuned to the fully stripped
& ’ L k.l ions. Plot statistics are given in Table 33 and Table 34.
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Such sharp peaks on the Purity plot (Fig.197) are explained by the very small yield of the isotope of
interest (0.001-0.01%) in contrast to background and also by the small area (dN=2, dP=2) taken for the
background calculation. As soon as yield of more intense neighbor background isotope decreases due
to momentum or “wedge” selections, the setting fragment purity increases sharply. The picture will be
smoothed by increasing the isotope rectangle size (for example dN=4, dP=4). Such a small size of the
isotope rectangle is made desirable by the time spent on the optimization. So for your general informa-
tion, the calculations take about 7-11 hours for this reaction with the charge state option turned on, the
rectangle size equal to (dN=2, dP=2) and target and wedge thickness steps both equal to 20.

Table 34. Values corresponding to the maxi-
mum Combined value.

Table 33. Maximum values for each plot on Fig.197 and
their location (target and wedge thicknesses).

Plot Maximum value | Target (mg/cm®) | Wedge (mg/cm?) Model Combined
Intensity 2.313e-01 2.748e+02 3.440e+00 Intensity 4.350e-02
Purity 6.046e-04 2.830e+01 2.050e+02 Purity 6.046e-04
IP 3.182e-01 9.552e+01 1.867e+02 IP 2.744e-01
Combined 3.549e+00 2.830e+01 2.050e+02
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6.5.3.3. Optimization of the charge state combination

The target-wedge optimization plots in the case of tuning the spectrometer on the best charge state com-
bination to produce a maximum yield of the fragment of interest are shown in Fig.198. The best charge
state combinations for different target and wedge thicknesses are shown in the Combined plot (Fig.198).
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Sharp peaks in the Purity plot have the same nature (very small purity and small isotope rectangle size)
as in the previous section devoted to the spectrometer tuned to just one charge state.

Table 36. Values corresponding to the maxi-
mum Combined value.

Table 35. Plot maximum values on Fig.198 and
their location (target and wedge thicknesses).

Plot Maximum value | Target (mg/cm®) | Wedge (mg/cm?) Model Combined
Intensity 2.966e+00 2.748e+02 3.440e+00 Intensity 7.959e-01
Purity 1.709e-01 1.403e+02 2.417e+02 Purity 1.709e-01
IP 4.416e-01 1.627e+02 2.233e+02 IP 4.286e-01
Combined 3.857e+00 1.403e+02 2.417e+02
6.5.3.4. Results

It should be noted that the target and wedge thickness values calculated for the combined plot in the
case charge state optimization are exactly the same as those produced for the case without charge
states (see Table 37). These cells are selected by yellow background color.
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Table 37. Combined plot statistics from Tables 31-36 and Fig.199.

Method No charge One charge Charge state Charge state Charge state opti-
states state optimization optimization* mization** (Fig.199)
Isotope rectangle (+dN, +dP) 3,3 2,2 2,2 4,4 55

Target (mg/cm®) 140.3 28.3 140.3 112.9 158.3
Wedge (mg/cm?) 241.0 205.0 241.7 248.9 220.5
Intensity 4.542e+00 4.350e-02 7.959e-01 5.054e-1 6.79e-1

Purity 0.270 6.046e-04 0.171 0.0468 0.02605

IP 5.41e-01 2.74e-01 4.29e-01 5.04e-01 8.62e-01

* Target range: 70-220 mg/cm’, NofT=15; Wedge range: 160-260 mg/cm?, NofW=10; Weights: 1, 1, 0.2.
** Target range: 100-200 mg/cm?, NofT=25; Wedge range: 210-260 mg/cm?, NofW=20; Weights: 2, 1, 0.2. See results in Fig.199.

Recommendation:

By analogy with the one-dimensional case (see chapter 6.3. Charge state combination calculation for
the optimal target thickness utility) in order to decrease target-wedge optimization time for the case of
optimum charge state combination calculations it is recommended to do the following:

= Find the best target-wedge combination without charge states;

= Turn on the charge state option (The “Preference” dialog);

= Check on the “Charge state optimization” checkbox (see Fig.173);

= Set the target and wedge search area with the center obtained in the step without charge states;

= Reduce the target and wedge search area. For example if the previous thickness range was 100 —
3000 mg/cm” at 30 steps (NofT or NofW), and the thickness value from the optimization without
charge states was 1700 mg/cm?, then set the range 1500 — 1900 mg/cm? at 9 steps;

= Make dN and dP large enough to avoid the “sharp peak” effect in the case of low purity of the
fragment of interest;

= Increase the “Intensity” weight in the case of “sharp” peaks to decrease their influence on the
combined plot.
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6.5.4. Wedge-shape and curved profile degraders properties

We need an analysis of wedge-shape and curved profile degraders properties to know what kind of
degrader can be used in the dispersive focal plane for the “Optimum target” and the “Optimum target
and wedge” utilities because, for example, the user may wish to have an achromatic focus at the end of
spectrometer independently from the target or wedge thickness. Must we recalculate a wedge angle on
each calculation step? Or will achromatic properties be retained if we change the target thickness?

Fig.200 shows the angle of several wedge-shape Al-degraders as a function of magnetic rigidity for
isotopes of *°Ar and ''Li in the achromatic and monochromatic modes. From this figure it is possible
to conclude the following for the achromatic mode:

= The angle of achromatic wedge is mostly a function of a degrader thickness and a momentum dispersion;

= The angle of wedge-shape degrader does not change much for a fixed degrader thickness for different

energies and different isotopes;

= This means that it is possible to keep one angle value (calculated just once to be achromatic at one point) for
all calculation steps in the “Optimal target” utility in the achromatic mode thus saving all achromatic proper-

ties.
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Fig.200. The angle of several wedge-shape Al-degraders as
a function of magnetic rigidity for isotopes of **Ar and ''Li
in the achromatic mode on the top plot and the monochro-
matic mode accordingly on the bottom one. The momentum
dispersion in the wedge position is equal to 17.3 mm/%.
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It is possible to conclude the following from Fig.200 for the monochromatic mode:

= The angle of wedge-shape degrader does not change much for other degrader thicknesses;

= The angle of monochromatic wedge mostly is a function of a fragment and its energy;

= This means that it is not possible to keep one angle value for all calculation steps in the “Optimal target”
utility in the monochromatic mode while keeping all monochromatic properties.

Fig.201 shows the effective thickness of degraders in the dispersive focal plane as a function of a hori-
zontal coordinate in the achromatic and monochromatic modes. From plots on this figure it is possible
to make two statements:

= The wedge-shape degrader is more close to absolute achromatic (monochromatic) degrader than the curved
profile degrader. This is an evident advantage of wedge-shape degraders over the curved profile degrader.

= Edge aberrations in Curved Profile Degrader: To avoid large deviations from the ideal achromatic (mono-
chromatic) degrader on the wings of the curved profile degrader (CPD) it is necessary to build the CPD on a
long base. For example if momentum slit size is £20 mm, than the CPD base (parameter L) should be 2-3 times
longer and equal to 80-120 mm.
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Fig.202. The ****Mg, and O fragment spot sizes in the
final focal plane of the A1900 spectrometer for the wedge-
shape and curved profile Be-degraders (Imm) as a function
of magnetic rigidity. The wedge-shape angle and curved
profile support were calculated for the achromatic mode at
the Bp-value corresponding to **Mg maximum production.
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Fig.203. The ****Mg, and **O fragment momentum widths in
the final focal plane of the A1900 spectrometer for the
wedge-shape and curved profile Be-degraders (Imm) as a
function of magnetic rigidity. The wedge-shape angle and
curved profile support were calculated for the monochro-
matic mode at the Bp—value corresponding to **Mg maxi-
mum production.

Fig.202 and Fig.203 show the ****Mg, and **O fragment spot sizes (achromatic mode) and momentum
widths (monochromatic mode) respectively in the final focal plane of the A1900 spectrometer for the
wedge-shape and curved profile Be-degraders (1Imm) as a function of magnetic rigidity. It is visible
from Fig.202 that calculation results for both types of degrader are identical at magnetic rigidity values
of 2.5-5 Tm. At the same time from Fig.203 it is visible, that the monochromatic effect is lost with
changes of the magnetic rigidity value. Therefore, as for wedge-shape degrader, we can conclude the
following for CPD:
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= it is possible to keep one curved profile support (calculated just once to be achromatic in one point) for all
calculation steps in the “Optimal target” utility in the achromatic mode, thus saving all achromatic properties;

= |tis not possible to keep one curved profile support for all calculation steps in the “Optimal target” utility in

the monochromatic mode.

= |t is necessary to note that the momentum width in the case of using wedge-shape degrader in the mono-
chromatic mode is better than in the case of the CPD (see Fig.203); this is explained by CPD edge aberrations.
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Fig.204. The ****Mg, and **O fragment spot sizes in the final focal
plane of the A1900 spectrometer for the wedge-shape and curved
profile Be-degraders (Imm) as a function of degrader thickness.
The wedge-shape angle and curved profile support were calcu-
lated ONCE for the achromatic mode at the Bp-value corre-
sponding to **Mg maximum production and were used for all
degrader thickness points.
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Fig.205. The ****Mg, and **O fragment momentum widths in the final
focal plane of the A1900 spectrometer for the wedge-shape and
curved profile Be-degraders (Imm) as a function of degrader thick-
ness. The wedge-shape angle and curved profile support were calcu-
lated ONCE for the monochromatic mode at the Bp-value corre-
sponding to **Mg maximum production and were used for all de-
grader thickness points.

Fig.204 and Fig.205 show ****Mg, and **O fragment spot sizes (achromatic mode) and momentum
resolutions (monochromatic mode) respectively in the final focal plane of the A1900 spectrometer for
the wedge-shape and curved profile Be-degraders as a function of degrader thickness. Wedge-shape
angles and curved profile supports for both figures were calculated ONCE at the Bp-value correspond-
ing to **Mg maximum production and were used for all degrader thickness points. It is visible from
Fig.204 that the CPD keeps its achromatic properties at change of degrader thickness for one curved
profile support, whereas the wedge-shape degrader on the contrary does not keep them if changing
degrader thickness and keeping the wedge angle. For the monochromatic case the situation is changed:
the wedge-shape degrader saves monochromatic properties at change of degrader thickness, and the
CPT does not. Therefore it is possible to conclude based on that said above:

= |t is not possible to keep one angle value’ (calculated just once to be achromatic in one point) and it is possi-

ble to keep one curved profile support for all calculation steps in the “Optimal target & wedge” utility in the
achromatic mode thus saving all achromatic properties.

= |t is not possible to keep one angle value® and one curved profile support for all calculation steps in the
“Optimal target & wedge” utility in the monochromatic mode.

Recommendation: use the curved profile degrader for the “Optimal Target and Wedge” utility!

¥ For details see the analysis for wedge-shape degrader in chapter 6.5.5.1. Acceptance.
* But it is possible to use a wedge-shape degrader for the monochromatic mode if the “keep value” parameter is on, or by other words
the fragment energy before the wedge is constant for all calculation steps.
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6.5.5. Setting discussions

In this chapter we shall analyze an influence of momentum acceptance, “wedge selection” slits, type of
degrader (CPD and wedge-shape), and fragment nature (using as examples isobars A=32) on the opti-
mum target and wedge combination for the “°Ar(140MeV/u)+Be reaction using the A1900 fragment

separator. The following parameter designations are used in figures in this chapter:

Table 38. Parameter designations for figures in this chapter.

1D-plot Designation for 1D-plots Origin 2D plot Description of parameter
Y-axis Parameter
|_max Intensity Maximum intensity value
. . . . Intensity corresponding to
Intensity CB_intensity Combined the largest Combined value
P_intensity Purity Intensity corresponding to P_max
P_max Purity Maximum purity value
. . . Purity corresponding to
Purity CB_purity Combined the largest Combined value
|_purity Intensity Purity corresponding to |_max
|_target Intensity Target thickness corresponding to |_max
|_wedge Intensity Wedge thickness corresponding to |_max
P_target Purity Target thickness corresponding to P_max
. P_wedge Purity Wedge thickness corresponding to P_max
Thickness - -
. Target thickness corresponding to
CB_target Combined .
the largest Combined value
CB_wedge Combined Wedge thlckness_correspondlng to
the largest Combined value
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Fig.206. Top plot: The *Mg fragment maximum possible
production rate (I_max) and the rate corresponding to the
largest Combined value (CB_intensity) versus the A1900
momentum acceptance.

Bottom plot: Target and wedge thicknesses corresponding to
rate curves in the top plot.

Momentum acceptance, %

- 107 -

Momentum acceptance, %

Fig.207. Top plot: The **Mg fragment maximum possible
purity and the purity corresponding to the largest Combined
value versus the A1900 momentum acceptance.
Bottom plot: Target and wedge thicknesses corresponding to
rate curves in the top plot.
Calculations were done with the curved profile degrader.
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Fig.208. Top plot: The *’S fragment maximum possible Fig.209. Top plot: The *’S fragment maximum possible
production rate (I_max) and the rate corresponding to the purity and the purity corresponding to the largest Combined
largest Combined value (CB_intensity) versus the A1900 value versus the A1900 momentum acceptance.

momentum acceptance. Calculations were done with the wedge-shape degrader.
Calculations were done with the wedge-shape degrader.
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Fig.210. Top plot: The *’S fragment maximum possible Fig.211. Top plot: The *2S fragment maximum possible
production rate (I_max) and the rate corresponding to the purity and the purity corresponding to the largest Combined
largest Combined value (CB_intensity) versus the A1900 value versus the A1900 momentum acceptance.

momentum acceptance. Calculations were done with the curved profile degrader.
Calculations were done with the curved profile degrader.
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6.5.5.2. Wedge selection slits

Fig.212 and Fig.213 show maximum and optimum production rate of the **Mg and *’S fragments as
well as corresponding target and wedge thickness values. We do not comment on these results, but
leave this process for the reader.
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Fig.212. Top plot: The Mg fragment maximum possible Fig.213. Top plot: The *’S fragment maximum possible
production rate (I_max) and rate corresponding to the larg- production rate (I_max) and rate corresponding to the larg-
est Combined value (intensity) versus size of the Image4 slit. est Combined value (intensity) versus size of the Image4 slit.

Bottom plot: Target and wedge thicknesses corresponding to Bottom plot: Target and wedge thicknesses corresponding to
production rate curves in the top plot. production rate curves in the top plot.

Calculations were done with the curved profile degrader. Calculations were done with the curved profile degrader.

6.5.5.3. Isobars A=32
Fig.214 and Fig.215 show maximum and optimum production rate and purity of isobars A=32 as well
as corresponding target and wedge thickness values.
Fig.216 shows the Combined target-wedge optimization plots for isobars A=32.

These calculations were done for the **Ar(140MeV/u)+Be reaction using the A1900 fragment separa-
tor with the momentum acceptance being equal to 2% and on Image4 slits size of £ Smm. The curved
profile degrader was used in calculations in the intermediate dispersive focal plane.
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Fig.214. Top plot: The fragment maximum possible produc- Fig.215. Top plot: The fragment maximum possible purity and
tion rate (I_max) and rate corresponding to the largest purity corresponding to the largest Combined value for isobars
Combined value (intensity) for isobars A=32.

A=32.

Bottom plot: Target and wedge thicknesses corresponding to Bottom plot: Target and wedge thicknesses corresponding to
production rate curves in the top plot.

production rate curves in the top plot.

3Ge+ifm =

Wedge thickness {mg/cmz)

32Ne

=
24043

b
£
[

Wedge thickness [mglem)

1 Ga+ld

FAg+3

Wedge thickness {mgicmZ)

1400 Target thickness (mgicm2) 2000 2400
== -
i 1 32Si
- -
- =
-

Wedge thickness [mg/em2)

5
2

200

700 Target thickness (mglem2) 1500 1700

]

1900 100

300 SO0 Target thickness (mglem2) 1100

Fig.216. The Combined target-wedge optimization plots for isobars A=32.
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7. Masses. AME2003

The new evaluation of atomic masses AME2003
[AMEO3] has been incorporated into the LISE++ code
(version 7.2) replacing the previous nuclide mass data-
base [Aud95]. Errors of nuclide characteristics also
have been added in the database and might be edited
or plotted (see Fig.217 and Fig.218).

Accurate predictions of the production cross-sections
of rare isotopes are important in the study of astro-
physical processes and in the location of the drip-
lines. Reaction models involved in the LISE++ code
as Abrasion - Ablation, LisFus (fusion — evaporation
models), and Coulomb fission rely on paramete-
rization of the nuclear masses. This may lead to large
inaccuracies in the case of discrepancies between
mass parameterization and the experimental masses.

Representation of nuclei as liquid drops has been
very successful in predicting their properties and
masses, especially those along the valley of stability.

o i 54
DataBase |0 - AME 2003 a8 |
A Element 1] /' Find
| 40 | Ti | 22 | 18 =u
I Beta+ decay =] Mo|i
Databaze Index I 4022
T2 =0 |ms =l
B3 Save
| Walue | Emer LI
Mass Excess I -8.8500 M e
Binding Energy | 314480 | 01600  Mev X i |
Beta-decay energy | 116700 | 01600 Mev
S2n [ 240940 02980  MeV ? Hee |
S 2p | 1.3690 01607 mey # calculations
Qalpha | 48358 | 016843 Mev
Add Becord |
S1n | 184210 | 02600  Mev
Delete Record |
S1p | 18712 | o1e18 | Mev
Show Structure
Put =" into a cell If walue is unknown
<):||| 297 =

Fig.217. The “Databases” dialog. The new version
allows to work (edit, plot) with isotope value errors.

However, a large discrepancy is observed between the classical LD mass formula and experimental
values due to the shell structure. LISE++ uses a new mass formula with shell crossing (see
http://groups.nscl.msu.edu/lise/6_1/lise++_6.htm# Toc26162476). A new LDM fit with shell crossing cor-

rections has been performed using the new evaluation of atomic masses.

82n

Diat abase "AMEZ2003" + LDM2

I=5-2

EHE-EOE 170
-2 [ s Ee poamg

10 20 30

40

a0

Fig.218. Two neutron separation energy of elements with atomic numbers 6-22 plotted by the LISE++ code.
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7.1. New mass excess files in the LISE package

The new mass excess files “user mass excess TUYY.Ime” (Z=1-112), “HFB8.Ime” (Z=8-120), and
“HFB9.lme” (Z=8-110) are provided in the LISE installation package.

The “user mass_excess TUYY.Ime” file is created based on the empirical mass formula with proton-
neutron interaction by Takahiro Tachibana, Masahiro Uno, Masami Yamada, and So Yamada [Hau88].
The data were extracted from the page http://www.phys.nthu.edu.tw/~nap/toimass.html.

The mass excess files “HFB8.Ime” and “HFB9.Ime” [HFB9] are based on the Hartree-Fock-
Bogoliubov + PLN method and were obtained from http://www-astro.ulb.ac.be/Nucdata/Masses/htb8-
plain and http://www-astro.ulb.ac.be/Nucdata/Masses/htb9-plain accordingly.

Note: 1t is recommended to use AME2003 + LISE LDM#2 values for regular calculations with
LISE++. The TUYY mass excess file can be used as an alternative file for comparison and to show
predicted masses very far from the stability line (so called “unknown” isotopes. See the next chapter
for details) where the shell crossing corrections for LDM#2 do not act.

7.2. "Unknown" - new type of isotope designation for the table of nuclides

“There is no clear definition of the dripline...”
M.Thoennesen [Tho04]

There are several different definitions of drip-line in the “Reaching the limits of nuclear stability” re-
view [Tho04]. We are not going to discuss them, but we need to introduce some definitions to charac-
terize the new type of isotope designation for the table of nuclides in the LISE++ code.

But for a start we answer on the question:

Why do we need new type of designation?

1. Show to LISE’s users nuclei which are possi-
bly particle bound based on theoretical predic-
tions (see Fig.219);

2. Use this type of isotopes in transmission cal-
culations (see Fig.220);

3. Use this type of isotopes for Database plots,
because the code is looking for extremities to
plot isotope characteristics (see Fig.226);

AME2003 +
LISE LDM2

TUYY
4. Calculate and keep in the memory AA and AF
cross-sections and secondary reactions contri-
bution for this type of isotopes.
7.2.1. Particle bound, quasi bound and un-
bound nuclei HFB9

The new type of isotope designation “Unknown”
means that the isotope was initially set as “doesn’t

exist” (black color), but if the user run a mass

model which predicts this isotope be particle Fig.219. The LISE’s navigation scheme with different sets

of “unknown” isotopes calculated by different models.
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bound, then the code changed the state of this nuclide
from “Doesn’t exist” to “Unknown”. Unknown iso-
topes are marked by gray color in the table of nuclides
(see Fig.220) and the navigation scheme (see Fig.219).

We use the following definitions in the code:

“particle bound” if all four separation energies (Si,
San, Sips Sap) are positive®.

“particle quasi bound” if all statements are valid:

isotopes denoted in

Sin>0, Sip+ Veo p>0, the code as "unknown"

S0 >0, Sap + VBo 2p> 0, Fig.220. Fragment of the LISE nuclide table where
Qu-VBo <0, transmission calculation results are shown for un-

but at least one from S, or Sy, separation energies is kmown isotopes.

negative (Si, <0 or Sp, <0).

“particle unbound” if one of these five state- atL=0 atL>0

ments iS Valld: particle bound

Sin<0, Sip+ Vo p<0,

particle bound rticl
Son <0, Szp + VBO_Zp <0, ~Sp=0 - -T- - pqauz::ie
bound
QQ'VB()_Q > O; particle quasi bound
- Coulomb
Fig.221 visually demonstrates the arrangement of ~ Absolute —_— = hanie T
these conditions. With increasing angular momen- ZERO paricle ahsalutely unbound particle absolutely unbound

tum these levels will move up. The “Absolute Fig.221. Scheme for particle bound, quasi bound and un-
zero” value shows a level below which an isotope  bound definitions.

is always particle unbound at any angular momen-

tum. The “Particle quasi bound” expression has appeared because for small but negative values of
separation energies an isotope can be found to be particle bound (in other words can be identified in an
experimental way) due to the Coulomb barrier, for example B.Blank and collaborators work [Bla00]
where “*Ni isotopes were unambiguously identified:

Decay Separation energy Vgo
mode AME2003 TUYY
1p -0.4050 (£0.711) -0.1610 5.73
2p -3.0650 (+0.615) -2.8321 10.55

Particle bound properties (or decay modes) calculated from database or mass formula it is possible to
see in the “Isotopes” dialog (see fragment “C” in Fig.223). Depending on isotope properties, the “Par-
ticle absolutely unbound” state can be marked as “2p+CB unbound”, “1p+CB unbound”, “alpha+CB
unbound”, “In unbound”, or “2n unbound”, and the “Particle quasi bound” state can be seen as “Ip
unbound” or “2p unbound”. Recall that just particle bound isotopes can be moved from the “doesn’t
exist” state to the “unknown” state as a result of searching by the code.

* it has been decided to assign the “particle bound” property for nuclei with Q,-Vgo < 0 and Q,> 0 when the code
searches “unknown” isotopes.
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Cross sections (Coulomb fission)

L) ) (50,0 MeVi) + Be 01 mmj -3 Z=1.900
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&

particle bound
isotopes
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"unknown" isotopes

Pretons [I]

]

calculated been particle bound

7.2.2. How to load information from the user mass
excess file in the navigation scheme

In order to reload information

in the navigation scheme

(Fig.219) it is necessary to load the “Production mecha-
nism” dialog from the “Options” menu. For example to
use the HFB9 model, it is necessary to choose the

2]

10 30 50 Neutrons (N) ) 130

Fig.222. Designation of particle bound and “un-

known” nuclides on 2D plots.

“hfb9.Ime” file as the user mass excess file
(marked “A” in Fig.224) and set the “1 User’s
ME” item as mass method (marked “B”).

Production Mechanism x|
| Fieactions ; {Eneimi Lottt Stranaings Masisslf Charge states |
I A0A{T40.0 MeVi/u] + Be > 325
Ficfiagment and Evaporaiion opions |
Eneray Losses [2- ATIMA 1.2 LSheoy [recommended for high eneigy] =l
. " integration
Energy Stragging 1 - ATIMA 1.2 [LS-theor -
I ! gl J % interpolation fiom table

Angular Stragging |1 - Moliere et al [ATIMA 1.2) |

FHases
( & Database + Calculations B DataBase [0 - AMEZ003 A4W) =]
€ orly Caleulations Fomula |2 -the same as tem 1 + shell corections (0.7) =]
( User's MassExcess File | A hib3Ime Browse
La)

.

Coefficients for G -M. s energy stiaggling caloulation: ‘

Slope | 0217 jdefaul 0217) Freemember [ 112 jdefault 1.12) M

™ Make default

X Corcel| 2 Hep

Fig.224. The “Masses” panel of the “Produc-
tion mechanism” dialog.

A Element £ #  Tableof
IE lT W rd Muclides
a
| Doesn't exist] =)

— Properties from Database / Mass formula

I 1p unbound

Cc

Masses fram :
Database(ll - AME 2003 (&) + LDM #2

IDoesn‘l enist! i

Mass [~ 25,0445 zem

[¥ Show UnBound isotopes in the chart of nuclides

[ Show LnkKnown isotopes in the chart of nuclides

A

Transform “Unknown' to "Doesnit exist”

B Search particle bound izotopes [zet az "Doesn't
exist") and mark them as "Unknown'

|
J

Fig.223. The “Isotopes” dialog.

Load the “Isotopes” dialog (see Fig.223) from the “Options”
menu. Click the button “Transform ‘Unknown’ to ‘Doesn’t

299

exist’” (marked “A” in Fig.223) to

clean the navigation table

from previous calculations. Click the “Search particles..” but-
ton (marked “B” in Fig.223) to find particle bound isotopes
and move some of them which marked as “doesn’t exist” into
“unknown” state (see result of this operation in Fig.219).

The LISE installation package contains the “table.iso” file with
information for the table of nuclides where “unknown” iso-
topes have already been set based on the TUY'Y model.

7.2.3. Modifications in the database plot

The new version allows one to plot all calculations by different methods in one plot with different op-
tions. See Fig.225 and Fig.226 for modification details.

Choose a Plot Type

— Select a data set to plot

N
Show exrtrapolated values baged
¥ on selected LDM for missing data
difference between
data sets

in databases

[~

Diatabase: O - AME2003 [Akw]

r— Dimenzion of the plot — Plat type function of
= Z [protons)
A [nucleons)

" N [neutrons)

% OME-dimensional % |sotopes, Z=const

" |sobars, A=const

 Tw/O-dimensional

" |sotores, M=const

" lsazpin, N-Z =const = N-Z [izospin]
" lzospin, M-ZZ=const © NZZ
Zrnin = 16
Zrma = lT oA v K
. Odd
e Fomn X coce |

Fig.225. The “Database Plot options” dialog.
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Fig.226. Two neutrons separation energy of Potassium isotopes.
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8. LISE++ block structure development [ 0]  MateralDetectar]
Faraday cup

. . . lﬁl Dizpersive [Dipale] |
The new material block “FaradayCup” was incorporated in the program (see Fig.227. A portion of the

Fig.227). Primary goal of the FaradayCup block (by analogy with reality) to “Ser-up” dialog showing the
stop transmission calculation in it. Initially the program guesses the Fara- ~Faraday cup” block button.
dayCup block is made from W-material of 10" millimeters. If we put a regular material block with the
T same thickness, and any optical

140 MeViu 1
[Elragment 32516+

T B block will be somewhere behind this

[5ra] stipper
D1 24831 T

8.1. New material block: FaradayCup

|5 statistics 375

323 Stable (I=16, N=16
oz 3485 T ( ’ J
12_slits slts Q1{D1} 15
—#9.5[ 1 [+29.5 Q2 (D2} 16
W Q3 (D3) 16
FaladayCup1 0 (pa) h
ﬂ 12_wedge Production Rate {pps) 2.92e+4
D3 Brho Reaction Fracmentn
FeE Swn of reactions ({pps) 2.92e+4
Sahol C% in the target {nka) 4.16e+0
Al Total transmission (%) 13.164
2 maiom2 Target (%) 99.13
X space transmission (%) 100
T space transmission (%) 100
Unreacted in mater. (%) 99,13
Unstopped in mater. (%) 100
D1 (%) 72.46
X space transmission (%) 87.34
T space transmission (%) 100
X angular transmisn. (%) 97,63
¥ angular transwisn. (%) 54.98
Fig.228. A portion of the LISE window demonstrating the “FaradayCup” Y space transmission u) o
block action' T space transmission (%) 100
X angular transmisn. (%) 100
. . . ¥ angular transwisn. (%) 100
block then the code will show transmission 0%. The code assumes  _stits = 2825

FaradayCup 1

no more blocks (see Fig.228) behind the FaradayCup block and
shows transmission from the target up to the FaradayCup block
(see Fig.229). In addition, no materials are shown in the Physical Fig.229. Transmission statistics window.

calculator behind the Faraday cup. Calculation were done up to the Fara-
) ) ) ) _dayCup block. It is possible to see in the
If identification detectors were set behind the FaradayCup block in pottom of figure the message about

the Plot options” dialog then calculations will be done just up to blocks involved in calculations.
the FaradayCup block, and the FaradayCup block will be used instead of these identification detectors.

Total transmission includes hlocks
from Target up to FaradayCup 1 y,

8.2. Append blocks in the current open configuration

:
from other LISE files [File Settings Options Calculations  Utilities  1D-Plat  2D-F
. . Open...
The new version allows the create of new configurations by append-  { #sendblocks fromfie... )

Save

ing blocks from an existing file (*.Ipp or *.Icn) into the current open
document through the “File” menu (Fig.230). The user has to specify
a location where new blocks will be inserted (see Fig.231).

Save As...
Wignat
Crarnmenks

Fig.230. The new command “Append
blocks from file” in the “File” menu.

Fig.232 shows a spectrometer built by the “Append blocks” command.

fit d blocks AFTER THIS block
I I I I“ plij:tr; theogurslent configurationoc
[12_sits I

Fig.232. The spectrometer consisting of two A1900 fragment-separators built with X Qut |
the help of the “Append blocks from file” command.

Fig.231.
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9. Different

9.1. User cross-section file

The extension of user cross-section file accepted by the LISE++ code, depends on in what application
the file was created:

Extension Application Type of cross-sections
*.cs LISE++: the cross- All calculated by LISE++ reaction mechanism models:
section file dialog Abrasion-ablation, Fusion-residues, Abrasion-Fission, Coulomb fission
*.cs2 LISE++: the secondary | Reduced (sum of all process involved in fragment production
reactions dialog including secondary reactions contribution)
*.cs4 PACE4 Fusion-residues

Cross section file

9.1.1. User cross-section file: reaction property

Cross section file = Browse | CS dialog |
The format of user cross-section file has been changed in 1 Teslmsieie view | By smess |

i~ Operations with User (memory) C5

the new version. The new data field “Reaction” was  Loadeioss sections fiom fis

. ‘ . T = et o U
added in the user cross-section record in the code to keep | L& texfinmes L ek |
. . . . & Append to existing C5 §  Copy AA (LisFus Fiss) £5 to memory |
in the operating memory as well as in the cross-section )
€ Dvenwrite. existing C5 7 Remave all C5 from memary

ﬁle. MHumber of User C5 for this reaction = | 228

~Method to keep User CS Total Number of Lser C5 = W
The fifth Column m the user CS ﬁle (See the “Cross-  attached C5 file o User L3 in Lioss sechion plots

v Calculate and show Chi2 between

 Inside LISE-++ file User and Calculated CS

section file format” frame in Fig.233) shows a reaction

label to assign this cross-section record to determine re- e sl
. . [~ Make default The C5 file is in ASCI format. Comment strings begin with " 1"
action. The new version allows one to keep user cross- ¢ Thers are e cotam 2 W 'C5 value”. C5 amor )
. . . . where Z is_atom\c number,_N i& number of neutronz, CS value eror is
sections in the memory for different reaction mecha- X Carcel | Smace.abulmn S or o ¥ - temcnom rder ot
nisms. The reaction field should begin with the letter 7 hek i o A oAbt ot wem s,
Coulomb Fiszion, Abrasion-Fizgion

“R”, and the next number shows the reaction type.
Fig.233. The “User cross-section file” dialog.

Index Reaction Index Reaction
RO Fragmentation R4 Abrasion-Fission (Low Ex)
R1 Fusion -> Residual RS Abrasion-Fission (Mid Ex)
R2 Fusion -> Fission R6 Abrasion-Fission (High Ex)
R3 Coulomb fission RS ISOL method

If the reaction field is omitted in a CS file, then the CS records will be assigned to the current reaction
set in the code. When the user saves a CS file, the reaction field is always written in a user cross-
section file (if the “Method to keep User CS” is

set as “Attached CS file”) or in the LISE docu- A Eemen 2|t DAL

: ) [ [ [ | R
ment currently opened (option “Inside LISE++ ey EIT 3 v et i st [ 75

ﬁle”). Reaction Delete I 4.00e+00  mb

: 13 : 9 12 . ! Ao 0 - Abrasion/Ablation v.6.5 |—5_51 00 mb
Using the “Cross-sections” dialog (see Fig.234) 1-EPAX1.00 K Summerer of o Phys Rev 41380256 [ 35008 nb

it is possible to list and edit user cross-sections X o | 2- EPRX215 K Summerer el o Phys Pev.CE1(2000004607 - ['E57e-00
3 - EP&X 215 + uger modifications Im mb

Freferences: cross sections from I FILE Delete Al I
Fig.234. The “Cross-sections” dialog.

jd

Cross sections: Fragmentation

FRieaction IFlagmBntation hd

for any reaction independently from the current

reaction mechanism set in the code.
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Presence of a user cross-section for an isotope can be also seen in the HEHQ
table of nuclides (see red and blue squares in Fig.235) as well as in the
statistics window (see Fig.236).

g statistics 196Hg . =(o1x] [ m|

T /2 stable |

. 196 .
Fig.235. The ""Hg isotope square
of the table of nuclides. The red

N=801 user sross section : 1.26e+01(3.77e-01)mb for Abrasion-Fission (Mid Ex) :
C\I=1E|82 usSer sross sSection : §.00e+00(0.00e+00)xkh for Fragmentation ) Square in leﬁ bOttom corner éjhOMf’S
that there is a user cross-section in

the memory and this cross-section

Fig.236. Portion of the transmission statistics window showing not only the presence value is applied for current calcu-

of user cross-sections in the memory for this isotope, but their details as well. lations. The blue square shows the
existence of a user cross-section

value for a reaction mechanism,
which is not currently being used.

Q-reaction (b+t -> £1+4£2) -40.86 MeV

(o=
=
4] | 4

9.1.2. User file of reduced cross-sections

There is a very simple method to make your work with the code faster:
do not repeat AF and secondary reactions calculations using a file with reduced CS. The User file of
Reduced CS consists of three columns (no CS error and reaction columns).

o First it is necessary to calculate all AF cross-sections, then all secondary reactions contribution
coefficients.

o Afterwards you have to save the calculated reduced cross-section values using the Secondary
reactions dialog. Reduced cross-section is the sum of cross-sections of all EERs including the
secondary reactions contribution.

o Turn off secondary reactions and leave just one working EER in the Abrasion-Fission dialog.
o Load the user file with reduced CS as a regular user CS file in the “Cross-section file” dialog.

NOTE: If you are saving calculated cross-sections in AF mode then remember that cross-sections will be saved
JUST for ONE current excitation energy region.

NOTE: If you load an experimental AF cross-section file then you have to leave one EER and turn off the two
other one because the experimental cross-section is the sum of cross-sections from all fissile nuclei.

9.1.3. CS files in LISE++ package

The new VGI‘SiOH installa— Subdirectory File name Reference
tion package contains new 129%e Al T90AMeV [ReiS8]
user CS files for reactions L50%e Al_700AMeY [zelde]
238 208 40Ar Be 1AGeV [0za00]
of U and “"Pb beams 40Ar C 240AMeV [Sym79]
with different targets. 48Ca_Ta_90AMeV [Not02]
58Ni Be 650AMeV [Bla94]
208Pb 1H 1AGeV evap [Eng01]
Table 39. The “LISE\CrossSections- 208Pb\ 208Pb_1H _1AGev_fission [£nq01]
. oo g .. 208Pb_2H 1AGeV_evap [Eng02]
\Publzshe.dData c.z’trectory lls.tmg of 2080 2H 1AGSV fission [Eng02]
files wzth. published experimental 2380 Be 7502Mev Fission Bero7]
cross-section values. 238U Pb 1AGeV fission [Eng99]
238U\ 238U _Pb_ 1AGeV_ fragmentation [Eng99]
238U p 1AGeV fission [Ber03]
238U p 1AGeV spallation [Tai03]

We recommend erasing the “LISE\CrossSections\PublishedData” directory before installation of the
version 7.5 because locations of several CS files from previous versions were changed.
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9.2. Curved profile degrader modifications

The new version is able to keep all properties of the curved profile inside the LISE++ file (*.1pp). In
the previous version the user could only attach a curved profile file to a LISE++ file.

The new version supports curved profile files created by the previous versions.

The “Current profile” is a separate class in the code which belongs to the Wedge class. Initially, when
the code loads, “Current profile” does not exist. To create the “Current profile” the user has to load the
Wedge dialog and run the Curved profile utility (see Fig.237).

B i

Al Densy| 2702 gfem3 [~ State— |- Dimension - Thickness defect [I1] anl:ﬂ?;iitoz‘i\gﬁii?ég'tci’:;ess
* Sold & mglem? & micron o 01 blocks for the setting fragment
" Gas  glom?2 & mm = micron 03 Set the spectrometer after
< Element Mass thiz block uzing changes
[13 [a _P1|[ 582

= — Thickness at 0 degrees — Position - thickness ———————————————
I 14 I 5 I 28.086 )
= : Il I 300 R -295 coardinate, mm +29.5 d/R= 0038
|_| 14 I Si I 28.086 . .
(& 81.06 mgdcm2 49351 thickness, micron 106,48 Atomzfem2 = 1.81e+21
[ [ S
r IT IT 2506 — Degrader profile |

" Wwedge profile Angle [mrad) -6.5533 54 Calculate angle
Compound dictionary |

@ General setting of Block |

W Ok I anncell

" Homogeneous

Curved profile name
= internal prafile = {Z Curved profile dialog |

Fig.237. The Wedge dialog.

There are three possible variations in the “Curved profile name” message window (see Fig.237):
1. no current profile!
2. =internal profile =

3. the name of an attached curved degrader file (as in previous versions)

To create a new “current profile” the user has to complete the following steps (see Fig.238):

a. Choose the block: to calculate the angle for the setting mode after it (for example “D4”);
b. Choose the mode (Acromatic, Monocrhomatic, User-Deifned);

c. Define X0 & L;

d. Click the “Calculate” button;

e. Choose the method to keep “current profile” (Inside LISE++ or the attached file);

f. Click the “Make it current” button if calculations complete without any warnings;

You can make some comments, which will be saved together with the profile in LISE++ file as well as
in the attached file in the corresponding mode. Do not correct curved degrader files (or LISE++ files)
manually by text editors. The code checks a special structure of file and you can get an error message
if, for example, you modified the comment line number 4 where the code keeps the settings of the
“current profile” such as distribution dimension size.
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profile degrader in dispersive focal plane i o ] S|
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tonochromatic -4 4033 B el of et EnEs
User-defined [ 55209 g Cwies distibutions [defaut 18] 192 =
i Plot
Curent prefile 65203 E—D —*edge angle calculations from fomulae [mrad)
I 'I;[?:ralu;tnzldeependence Q Make it a5 Current Achromatic I -0.156 M onochromatic I -4.2a3
|— Current profile
|| hewtest degra

—Method ta keep the prafile
™ Inside LISE ++ file

@ o o
E Load profile from file

W

E .
é Save curent profile

& Attached profile file

N

= Brovese |

Beam

ﬁy Comments | See cument profile o Ok | X Quit | 7 Hep |

&7 Eraze current prafile

Fig.238. The Curved profile degrader dialog.

Load profile from file — load a profile from an external file “*.degra” to be the current profile. This
works only if the “method to keep profile” is set to “Inside LISE++ file”

Save current profile — save the current profile to an external file “*.degra”. This works only if the
“method to keep profile” is set to “Inside LISE++ file”

Browse — load a profile from an external file and accept it as the current profile (only for mode “At-
tached profile file”). When you open a LISE++ file where the wedge block has a reference to an at-
tached curved profile file, the code automatically loads the curved profile into the current profile.

“LISE/degrader” is the default directory for curved profile files.

Use the Erase current profile button if you want to use the Wedge profile mode and do not want to
keep curved profile settings in a LISE file.

If the user quits the Wedge dialog pressing “Cancel” then all wedge settings, including curved profile,
settings will be restored.

Even if the user chooses the “Wedge profile” for degrader profile mode, the existing current curved
profile will be kept in the code and saved in LISE++. To avoid this you have to erase the “current pro-
file” in the “Curved profile degrader” dialog.
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9.3. Logotypes and references

In the version 7.5 by clicking on a logotype in the left bottom corner of the code the user can load a
web site connected with this logotype. Logotypes of laboratories and scientific organizations, which

have made or are making contributions to the development of the program, each appear 6 seconds.

Logotype Organization WEB address
FLNR
Dubna http://flerovlab.jinr.ru/flnr/
Russia
JINR
Dubna http://www.jinr.ru/
Russia
" . GANIL
EI-\N II— Caen http://www.ganil.fr/
France
B IPN
Orsay http://ipnweb.in2p3.fr/
=g France
C@ CEA http://www.cea.fr/
France
FIN2 P 3
IN2P3 http://www in2p3.fi/
e France
=9 NSCL
@n East Lansing http://www.nscl.msu.edu/
N
NSCL USA
Py MSU
T lr:"rl\l,.(JEARN S TATT E East Lansing http://www.msu.edu/
USA
National Science
@ r Foundation http://www.nsf.gov/div/index.jsp?org=PHY
e USA
‘@. E'] Departmgl ;Xf Energy http://www.sc.doe.gov/np/
U.5. DEFARTMENT OF ENERGY
o GSI
=3 | Darmstadt http://www.gsi.de/
Germany
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9.4. 2D-plots: contours & projections

9.4.1. Contour dialog

In the new version during work with Monte Carlo or cross-section 2D-plots

iz Create riew contour
it is possible to take advantage of some new utilities: contours and projec- | T :
tions. Using the icon @ in the 2D-plot toolbar the user can load the Con- o8 Load o e |
tour dialog (see Fig.239) to begin creation of a new contour, to save a con- By o |
tour from the operating memory in a file or to load a contour from a file. VereEremas |

Only one contour can be in memory. The extension of contour files is
and by default the contour files are found in the x Quit |

“* contour”,

“LISE\Spectra” directory.

Contour dialog 3 |

Mumber of points in contour =

I Mo contour in memorg

Fig.239. The Contour dialog.

Fig.240 and Fig.241 show contour examples for 2D cross-section and No contours in memory.
Monte Carlo plots respectively.

In the case of a 2D cross-section plot (Fig.240) the rectangle with coordinates X+dX, Y=dY will be
inside of the contour (or for window projections in the slice created by user zoom) if the central point
(X,Y) is found inside the contour if even the contour line crosses this rectangle.

Cross sections (Fragmentation)
©Ar + Be > N=1-100
Method. 2 - EPAR 2.15:

"= = = m . 200

60

Protons (Z)

20

an

Eneray loss (MeV) IFP_PIN/

dE-TOF

Vi) + Be (300 i, Settings on 25; Conflg DDSWDDMEMM

Contour
Sum 1.2d2+08
Max 32e+04
<0 2458
<> 1053
4% 4708
dr 12.65

e
. 3
el
Contaur B fip

u sum 0231 0 c

Max 0.207 - e b

<X 10,93 5 o

7= 12.05 .

4x 02708 el e =R

¢v 02101 STE “&.‘Vﬂj‘:_%} colTE

EY & eeipgne <

%\

Fig.240. The contour example for a 2D cross-section plot.

18

Neutrons (N) o pikil 125 235 245 255 265

275 285

Fig.241. The contour example for a Monte Carlo plot.

Time of flight (ns)

Contour dialog ! x|
Mumber of paints in contour = 12
Contour in memary
File: "'test"
5 Create new contour |
x Delete from memory |
B .

[ Load from file |
HE]
=R Save I

YWiew contour contents |

X Quit |

Fig.242. The Contour

dialog. The “Test” contour
in the memory.

If the contour already exists in memory the
Contour dialog looks as shown in Fig.242.
The user can manipulate a contour in
memory: save, view, erase. The contour
content is shown in Fig.243.

9.4.1.1. Window and contour projections
on an axis for 2D Cross-section plot

02-08-2005 16:04:55 Version 7.4 166

FPlot name : Cross sections (Fragnentation)
X-axis: Heutrons (H)

T—axi=: Protons (Z)

6.
2 £ 6353 12 4908
3 7.58938 1z 601
4 9. 5242 12 506
5 11.126 12 553
3 11.326 14.045
7 11.555 14.4
g 11.526 16.459
11.326 17 642
10 9.8102 17.595
11 a.1226 16 459
2 7.1215 16.104

Fig.243. Contents of the contour file.

Clicking the @ icon in the 2D-plot toolbar the user loads the “Projections”
dialog (Fig.244) to select the type of projection: on what axis (horizontal or
vertical) as well as what data (for the contour or for the whole window).
Fig.245 shows the projection of the contour in Fig.241 on the horizontal axis.
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—'window projection

% [horizontal)
Y [vertical)

i) dE-TOF
| Time of flight (ns]: contour projection - ©0Ar (1400 Méiu) +Be (500 pm); Settings on 25; Corfig
dpfp=1.00% ; Wedges: [ Brho(Ty: 34801, 3 4601, 34621, 3 4821

r— Contour projection
% [horizontal)
&

Fig.244. The Projection dialog.

DDSYYDOMSHMM

g Fig.245. The hori-
'DK I zontal projection of
il
x the  contour in
Cancel .
Bl Fig.241.
of
o
19+4E
214 225 35 45 255 265

Time of flight (ns):

contour projection

9.5. Fission channel for the fusion-evaporation excitation function plot

Initially the Fusion-Residue reaction mechanism was incorporated

into the code disregarding the fission deexcitation channel of the ex-
ited compound nucleus. In the new version the fission channel was
included in the list of possible deexcitation channels, and in connec-

tion with this, the fission channel was also added in the fusion-

residue excitation function plot. The user can turn on/off the fission
channel in the “Fusion cross-section plot” dialog (Fig.246).

Fig.247 shows the *'’Pb excitation function in the reaction 2C + 2**Pb.

Note: The fission channel calculation may increase the time to calculate
fusion-residues excitation function, because in the previous version if the

fusion-residues cross-section became very small with increasing excitation
energy then the evaporation cascade automatically was stopped, even if the last point (“max Ecm” in Fig.246)
was not yet reached. In the case of fission the calculation always goes to the last point.

Fusion cross-section plok

~ Plat type

(¢ Erergy deperdenice  Fised energy from reaction

Fig.246. Portion of the
cross-section plot” dialog.

~Plat : Energy dependence

Humber points
far the plat 256

min Ecm = |45
max Ecm = |3DD

Shaw the fission

B Flot : Fixed energy from reaction —||

Fesidual excitation function

-

" Mo [faster)
 Yes

210Pb |

Suggest for the rezidug
[~ ewfunction that Fusian CS
alwayz equal to 1 bam

%

“Fusion

Tes5 | —— Fugion - Bass(cl msic)
= Fusion . Quantechan
L |—— Tolal - Bass
1eea )y 1 Total - Ko
te=3; W
X € fission channel
Te=2

Cross Section (mb)

50

™ Cross sections (Fusion)
N 2C + 7P -> WRE (Grvalue = -3202)  Model: LisFusv3 4
% Coulomb Ve =6062 MeV, Fusgion max height{(Bass): Bf = 53.87 MeV, h_omega = 500 MaV'
\\ Beam energy. E(Lab) = 500 Me\Viu or E(CM) = 1000.7 Mév: NPevap=128

Fig.247.7""Pb excitation func-
tion in the reaction >C+>"*Pb.

70 a0 10 130 150 170
Energy CM (MeV)
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9.6. Abrasion-Ablation: fast mode for heavy projectiles

In the new version it is possible to speed WREERELISEEIL =l
I Fragment welocity ," Momentum distribution § Cross section, Excitation energy and eto ,‘

I 238U[?€D.D Meviul + Be -» 1325n
when using the Abrasion-Ablationmodel — — — —_ _ . . - — -~ — — — — 7 & — — —

for heavy projectiles, taking into account

up the cross-section calculation process

Crozs Section:

secondary reactions contributions. The [~ brasion/bation v.6.5 1 =
prlnCIPal dlfference between the faSt ™ "FAST" mode far * uze thiz made only for heavy projectiles as Uranium.

. . Abrasion-ablation calculations® Ewaporation distribution dimenszion iz equal to 8
mode of AA and the regular is the di-
mension of the evaporation distributions, Fig.248. Fragment of the “Projectile fragmentation” dialog.

which is equal to 8 for the fast mode of
AA. It is impossible to manually set such a small value in the “Evaporation options” dialog.

To select the AA fast mode it is necessary to choose the AA model and set the flag in the “fast mode”
checkbox in the “Projectile fragmentation” dialog (Fig.248). | Fragmertation-&.4 fast ||E

Fig.249. Fragment of the “Set-up” window.

The following messages, when fragmentation is set as the reaction
mechanism in the code, will be shown in the left bottom corner of the code, depending on the model to
being used to calculate the production cross-section (see Fig.249):

Cross-section model Message

EPAX Fragmentation
Abrasion-Ablation Fragmentation-AA
Fast mode of Abrasion-Ablation Fragmentation-AA fast

detection of produ lected by the fragmen

9.7. The "About" dialog modifications

The “About” dialog contains the information on the
LISE and LISE++ codes official publication, which
can be used for citation. Clicking on one of the se-
lected papers (Fig.250) will load it in your default
browser. Fig.250. Portion of the “About LISE++ " dialog.

Click here ta get the paper {pdf-format)

9.8. PACE4: User's limits for Angular and Energy distributions of residues

The PACE4 code after ending calculation displayed energy and angular distribution tables just for the
15 most intense fusion residual nuclei. This restriction was caused by the limited operating memory
and output file size, and decreased the time necessary for calculation and sorting. However, some re-
marks from the users have arrived encouraging the inclusion of low intensity prod-

Limits of resicual ucts as well. We have decided not to increase the number of tables to solve this

vields (in %) to show

angialr ! energy problem, but to give to the user the possibility to choose products to be displayed
IZTK 1oz

Lowlimit= [02 based on their intensity. The user determines the intensity window in the first dialog
High limit = [5 (right bottom corner of this dialog) of the program (see Fig.251).

Fig.251.
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9.9. Gas density dialog

Be very careful with the gas density calculation using the “Gas
density” dialog! The calculations will be correct only for a mo-
lecular formula (see Fig.252). This dialog cannot be used for a

gas mixture!

In the case of a gas mixture, to correctly calculate energy loss in
material or interaction cross-sections it is better to enter a per-
centage ratio, but the gas density should be input manually. Let's
consider a case of the ionization chamber filled by gas mixture of

Gas density

These calcualtions are comect
st for molecular formula 1

Paramneter W alue Dimenszion
Temperature (k] I 29315 K
Pressure [Tar] I VED I 760 Tor

mgdom3
Drenszity I 151 I 151 ka/m3
g/l

Urits corverter |

" Fir | X Cancel |
Fig.252. The “Gas density” dialog.

Argon (90%) and butylene (10%). The “Gas density” dialog will

automatically calculate for you the density value
of 0.1508 g/cm’ (see Fig.253). However, the
density of this mixture should actually be near to
argon density (0.0016608 g/cm’ at P=760 Torr).
Therefore, it is recommended in the case of gas

mixture at the beginning to input the mixture

x|
I BECEHE DW State— |~ Dimension —Angle
alculate den " Solid | | € mg/em2 & micion Caloulate |
(O] & glem? & 0 degrees
Z  Element Mass Staich = SIS Hlii Y
|7| 18 ) A —IF'T 33343 I 0 r Thickness at 0 degrees—— Effective Thickness
V& [T _prf[qzon [z ST e 500 mm
MR e[ e | (O] 78 wem2 | O] 78 gkm2
[ [ 26,086
Set the spectrometer after Atams £ o2
I I 14 | S 28,088 this block using changes 1.25:423
Compound dictionary | .I Cut Slts] Calbration
L?_( Resolution
« 0K I x Cancel [General setting of block Thickness defect

Fig.253. The “Material Thickness” dialog.

9.10. Block labels for
the transport envelope

Block labels were incorpo-
rated for the envelope trans-
port plots (Fig.254).

9.11. Drift block

It is possible to have drift
block parameters shown in
the Set-up window (Fig.255).

Kind of Drift block

STAMDARD DRIFT block
as in the Transport code.

i+ Use this mode for a long detector.
The Optical matrix is determined
by the code.

Brho =

components and percentages, and then manually
to input a density value, because if the percent-
age or components were changed then the pro-
gram automatically calculates the density.

]

o
&

X {mm)

Har (140.0 MeViu) + B
dpip=0

[Envelope for 32§ 16+ 16+ 16+ 16+ 16+ 16+ 16+

(50D pm); Settings on 325 15+ 15+ 18+ 18+ 15+ 18+ 18+ 15+ 15+ 185, Config: DOMSWMDSDD SCODMSM
4% ; Wedges 0; Biho[Tm); 34822, 24833, 3. 4777, 3.4777, 3

16+ 16+ 16+ x space

MMODMSMSMSMM

777, 34777, 3.4777, 3.4747, 3[4732

r's

\ﬁ
nE

B = 1

N

— Optical block properties and data——

Lenath = IW m

3 4642

7 CutiSits) & Acceptances

Tm

BEAM-LINE block
e Mon-dispersive optical block.

&

Optical matrbe

3D 0 Length [m] &0 70 B0 Ed

Fig.254. The S transport envelope.

Fig.255. The “Drift block” dialog and drift
block parameters in the “Set-up” window.

Uszer can change the
optical matrix walues.

General setting of block

- ":l—%_::v[ 035m )

(: &

— Show in the "Setup'" window

Hy

=
iz | 34642 Tm |

" OK x[‘ancell ? Eg
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9.12. Compound targets for AA
calculations, fusion-residues
and fission reactions

The new version allows one to use a
compound target for AA calculations,
fusion-evaporation and fission reac-
tions. The user can select what target
component will be used for cross-
section calculations (see Fig.256).
Just one material component can be
used for this purpose.

Choose a Plot Type of Cross-section Calculations

"Dimension of the plot

' OME-dimensional  Twil-dimensional

crogs-sechon calculation method to draw a plot

X
I CH4 Densityl 05078 |{giep — State—— |- Dimension — Angle
&+ Solid % mg/cm2 & micron Calculate |
G  glem2 & I 0 d
comp™ Z  Element Staich as geeme & mm earees
& s I c il I 1 — Thickness at 0 degrees——| [~ Effective Thickness
c |1 [H P oo y[ 4 & o micron c[ o micron
crfwE [t | 5078  mokem2 || |©] 5078 mo/em2
(s B S ;
— .I Cut (Siits) | Atoms quantity / cma2
Tl B ED 26,086 = 553420
S
Compound dictionary | x Cancel |

(c:omp" - uge thiz material for fusion compound and to calculate cross-sections in the caze of Fission reactions and A8 )

Fig.256. The “Target” dialog for compound material for fission reactions.

9.13. Choice of horizontal axis for 2D-plots

All dialogs connected to 2D-plots (cross-sections, isotope

|0 - Abrasion/tblation v.6.5.1 =l .. .
database values, transmission values etc) were modified to

[ Plat type it = |1— function of . . . . .
® e 2o Nmas= [ 30 | | Zprtens) give an opportunity to choose a horizontal axis from the list

|zobares, A=canst & [nucleons]
© lenes N-cen & € reurors] of axes possible for this plot type (Fig.257).

sozpin, M-Z =const ~ 0dd = NZ (isospin]
7 N-2Z=const N . . . .
~ ez £ Even = This novelty was incorporated into the program just before
© sum(C5); Z=const . . . .
€ suniCS}: Amconst (v o | the completion of this documentation. For this reason almost
€ sum[C5]: N=const o PO | p

all plot dialogs in the documentation were shown in the old
Fig.257. The “Cross-section plot” dialog. style.

9.14. Version numbers

Version 7.2 devoted to implementation of the AME2003 database was the latest announced version.
However we used the version number 7.3.* just for the NSCL internal purpose to keep the program
without global modifications, only for bug corrections. Version number 7.4.* was used temporarily for
global development of the code.

If a previous version (below 7.5) saved file contains calculation results, then the code (v.7.5) recalcu-
lates them due to changes in the list of transmission coefficients and implementation of the total reac-
tion yield value.

27
5%

9.15. LISE user statistics

Dubna
29%

Fig.259 shows in which countries there is interest

in LISE++. The statistics correspond to the past

two years, and are based on identified visits of the

LISE sites* (Fig.258). Eust
Fig.260 shows statistics among US universities | .. g
and laboratories. 66

Fig.258. Statistics between LISE sites.

* Due to temporary problems with the work of dnr080 server (at Dubna) about 30-40 percent of all hits were lost.
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10. User requests and bugs report

There are several corrections and user requests what we want to note.

10.1. Corrections

OT, S.Lukyanov (Dubna&NSCL)

] Optical matrix: validation procedure of input value;,
] Fusion-residue transmission: cross-section calculation proce- Fixed
dure.
D.Morrissey (NSCL)
. The Range plot subroutine.
] The “Block material” dialog.
. Universal parameterization (low limit for separation energy) Fixed
. Wedge angle calculation
M.Haussman (NSCL)
. Calculation of charge state distribution after the target &
stripper in the non-equilibrium mode. Fived
ixe
Ll Surviving probability: weight error.
H.Weik (GSI)
] Charge states for Monte Carlo plots.
. The Envelope plot.
. Reactions in target (surviving coefficient) for light target. Fixed
. Correction in the Set-up window refresh procedure
o1
Kantele’s Spectrometric calculator: subroutines ICCK and ICCTot. Fixed
A.Andreev (TRIUMF)
Gas density calculator See chapter 9.9

2D-ellipse plot
S.Lukyanov(Dubna&NSCL), OT

The same problem with the "Good-
ies" dialog and result files. Fixed.

Angular straggling (plane — space)
Sam Austin (NSCL)

Fixed

Set-up window redraw process for target inclination
L.Perrot, F.de Oliviera, C.Stodel (GANIL)

Very old and confused bug ®
Fixed

Memory leaks
o1

M.Haussman (NSCL)

Serious bugs which can result in
code crash in the batch mode.

99% Fixed

Joint fusion residue and primary beam transmission

http://groups.nscl.msu.edu/lise/7 5/examples/fusion and primary beam.lpp

Z.Podolyak (Surrey)

Fixed. See Fig.261.
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|5 statistics 136Xe
136%= Stable (I=54, N=B2)

01 (stripper) 51 50 29 48 48 47 27 46
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10.2. User requests

Keeping the curved profile degrader in the LISE++ file.
The A1900 group (NSCL)

Modified. See chapter 9.2.

PACEA4: User's limits for Angular and Energy distributions of residues.
L.Penescu (GANIL), Andrey Blazhev (University of Sofia)

Implemented. See chapter 9.8.

Transport envelope: block labels.
D.Morrissey (NSCL)

Implemented. See chapter 9.10.

Drift block: Bp-value in the Set-up window.
D.Morrissey (NSCL)

Implemented. See chapter 9.11.

Compound target for the fusion-residues reaction.
A.Semchenkov (GSl)

Modified. See chapter 9.12.

Choice of horizontal axis for 2D-plot.
M.Thoennessen (NSCL)

Modified. See chapter 9.13.

New FRS configurations: “FRS - TA-Cave C.lcn”, “FRS - TA-ESR.Icn”, “Su-
per-FRS.Icn”, “FRS- TA-S4 new standard.lcn”.

H.Weick (GSl)

Implemented in the LISE instal-
lation package.
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11. Next steps development

11.1. First priority

Long-term

Secondary reactions in wedge; secondary target block

Monte Carlo transmission

Short-term

Compilation of LISE documentation based on all LISE version announcements.
New reaction mechanism: Binary reactions (just kinematics)

New block: RF kicker (deflector system for proton-rich fragments).

New block: Solenoid (selection due to angular distribution).

Create more help-files.

11.2. Second priority task

LISE++ paper
Abrasion-Fission paper
Fusion-Fission reaction mechanism

Possibility to use the angular momentum in fusion-fission & residues calculations.

. Third priority task

Alternative models to calculate fission fragment distributions

Three-body kinematics calculator

Charge state distribution model for low energies.

Wedge (including curved profile wedge) inclination.

"Water" wedge procedure (wedge with one moving plane and filled by liquid).
Development of the spallation mechanism in the code.

Development of a database of experimental data from various fission and fragmentaton ex-
periments.

Create the possibility to insert a material before the target. (to take into account energy loss,
straggling, charge states)

Develop a subroutine to calculate a reduced dispersion for large values of dp/p.

Abrasion-Ablation as a function of the primary beam energy (as done for momentum distribu-
tion of products of projectile fragmentation)
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