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Secondary beams production
with Fusion-Fission reactions
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Fig. Two-dimensional yield plot for fragments produced in the 238U (20 MeV/u,1pnA) +

Nowadays, in-flight fission is widely used to D (12 mg/cm?) reaction and separated by SISSI + Alpha

produce rare neutron-rich nuclei
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Advantages of in-flight fusion-fission in inverse kinematics to explore 2 4w
neutron-rich 55 <Z <75 region are comparing to AF & CF:
30
+ the heavier fissile nucleus competing with abrasion-fission (Z < 92),
» the higher excitation energy of a fissile nucleus competing with 2
Coulomb fission of the 238U primary beam. 10
LISE** Fusion-Fission model [1,2] features: % o ® e i W 1= b
Neutrons (N)
» Production cross-section of fragments Open Questions:
» Kinematics of reaction products - What is optimal conditions (energy, target material, thickness and so on)?
. Spectrometer tuning to the fragment of interest optimized * How reliable are simulations? Intensities, purification?
on maximal yie|d (or on good purification) * What are contributions from other reaction mechanisms?

« Separation, Identification, Resolution?

A experiment to show separation and identification of fusion-fission products

[110.B.T.and A. C. C. Villari, NIM B 266 (2008) 4670-4673 has been performed using the LISE3 fragment-separator at GANIL.

[2] 0. B. T. and D. Bazin, NIM B 266, 4657 (2008).




O 238U(24MeV/u) + Be,

MICHIGAN STATE

LISE3 @ GANIL
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24 MeViu o¢ St mar o 2 2
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Be 20 mg/cm ﬁ ] m
Beam C 40 ug,"cm2 g
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« A 238U beam at 24 MeV/u with a typical intensity of 10° pps, was
used to irradiate a series of beryllium targets and a carbon target.

 The beam was incident at an angle of 3° in order not to
overwhelm the detectors with the beam charge states.

« Fragments were detected in a Silicon telescope at the end of the

separator. Fission fragments produced by inverse kinematics are
identified by AE-TKE-Bp-ToF method.
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Camma-ray spectrum observed in coincidence with **Te.
The characteristic gamma lines of 314, 742 and 752 keV
sign the decay of the isomeric state of T% = 370 ns




Se Elemental distributions of fission fragments with Be & C targets MICHIGAN SIATE

——238U(24AMeV) + Be 238 24 24
——238U(24AMeV) + C Energy AMeV AMeV
14
Target Be C
12
y C [ <Z> 48.01 45.75
Be d<Z> 0.22 0.21
© 8
o .
@ 6 sig(Z) 6.03 6.40
:;_
4 d{sig(Z)) 0.17 0.16
2
0 Two light targets (A=9 & 12) at the same beam energy,
28 31 34 37 40 43 46 49 52 55 58 61 64 but why so different distributions?

Z

We need a fast analysis of partial cross sections!!

OT@ASRC.JAEA.JP 03/26/19 5



& Update of Fusion mechanism in LISE** : channels analysis — MICHICAN STATE
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Output channels in the €547 experiment : 238U (24 MeV/u)

Partial cross sections
2381J(24.0 MeV/u) + °Be -> 247Cm* (Ecv=208.3 MeV); [with Pcn, Penetration®M]
Cross Sections[mb] : Intr=3.69e+03; Comp=1.66e+03; QF=1.54e-07; FA=4.16e+02; DIC=5.36e+02; QE=1.08e+03;

T 1]
oiR(E) = 75 ) (2 + DPeonl E. DPeN(E*, 1) Poy(E*, 1)
=0

- —————— ——r—-| Leit=75; Lmax®2=99.9; L ma'5E=100.3; Lg 7s=0=87; Verticalical lines correspond to Leit & Lmax
Fusion - Fission [t ) H i ! j l—lnteraction
-7 | =——Compound
L m==Quasi-Fission
| | Z38Ui24.0 MevAl) + :?é» 2470 [Ex=201.5 {8 Fission properties | ity Fission bamier | 80 [t Feeen
/ . 'g |—Direct+QE
— Fusion properties / / / |.;|, . % l——Clastic
 Transmission probability for a one-dimensional %ntial barrier—| [ Myclear potential — Calculatiog 70 b tl 2
. i L ,— =~ -l
Fusion or - Classical © @ Quantum-mechanical ﬂ € Bass formalism [Bh_s__m_ 7 -
QuaSi'EIaStiC? T S — / &+ Wood-Saxon L crtical = ,i - 60
L - a
of the parabolic patential describing I 5 L= N T £ /
the barrier [default valus 3 Meh) / \I:EUD % :\’Ie\i Ld/fl [tz Rint] = 85 'E'
=1 h - o | o
Compound or - ~ Probabilty for compound nucleus formation F'_{CN]“F a=| 073 fm max(arazna) = | 999 S %0
Quasi-Fission? [[™ Lmas (USE]= [ 1003 8
! v Take into account th{e Pr}ohabilty for campaound Fusion |1— g :
v nucleus formation P_ICN} aceording to ] : J P L
 Zagiebaey & W. Greiner, PRC7E, 034610 (2008) Lidffuseness ' o _ShowDelals 5 | 7 g
Capture or s b v L]
p ccinnD Fissian batier vanishing bl Partial Cross Sections h Barmier properties as fiL) | E 30 e |
FaSt FISSIOn . W Take into account the Fission barrier vanishing with / o :
& 0-"Barfit’ - &.J Sierk, PRC33(1986)2039 o, Potentias v =ﬂH)n' | [\, Bass Fusion CS & Bamer |
P . } 20 fr e
Fusion-Evaporation " 1-"FisFlot" - 5.Conen et al AnP B1974 ——— |7 T.PCN dExechan asf{L}‘LEﬂ 2D: Barier V<F{R.L) & dVdR |
or Fusion-Fission” : i
— Partrier site L1 D e e
& default S
e B o General reaction characteristics | Fusion |
Capture or W | ‘ ‘
0K x Cancel ? Help | . o T . 0 - :
_ i~ dJ o Fusion information window Fission 0 40 60
Deep Inelastic? | Angular momentum [hbar]
Sequential fission after DIC
Fissile Z <92
High Excitation Energy \
1. http://lise.nscl.msu.edu/9_10/9_10_Fusion.pdf d fissi .
2. OT etal., Eur. Phys. J. A (2018) 54: 66 Compound fission ~100% Partially go to fission
Fissile Z = 96 Fissile z~92

OT@ASRC.JAEA.JP 03/26/19 High Excitation Energy Low Excitation Energy



% 238)(20.6 MeV/u) + %Be - . - - 238)(20.7 MeV/u) + 12C - §""w=

1 Be e547 experiment: results interpretation .
g: L (B =0) L critical L direct L maz (“grazing”) g
s “ Be-target 67 H 75 h T8 H 202 # e
%’ . C-target 63 fi BT hi 99 f 11714 é

: 14 14

Be-target ° Y-Be C-target oy
angulr momentum [ 12 —FA 1 é ¢ —FA

~LE_L
10 —~LE-R 10 ~LEL

78% FF
60% DIC

From fitting results it
follows, that Fusion-
fission dominates in the
case of Be-target, and

- - . sequential fission in the
30 35 40 45 50 55 60 30 35 40 45 30 35 60 case Of C_target

= Three main channels 4
with earlier discussed
parameters were used
in fitting 0

» Reaction positions and 10
widths were used the °
same in Dboth case
during fitting process
except FF positions (48
and 49) :

» Fusion-Fission
mechanism is
responsible in both
cases for High-Z
iIsotope production
(Z>60)

30% FF

2% DIC
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Calculated CN formation rates in reaction of 238U projectiles with

Rare Isotopes with Fusion-Fission Reactions

various light targets as function of a primary beam energy
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Reduced yield of rhenium (Z = 75) isotopes calculated for fusion-fission
fragments produced in reaction of the 238U ions with a Be target
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Complicated secondary bam productions regarding to

+ thickness corresponds to a 1 MeV/u loss of primary beam energy

« abeam fluence of 106 charge states (beam and fragments)

OT et al., Eur. Phys. J. A (2018) 54: 66 8



Abrasion-Fission
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Onfs 238 gomeviu) + C @ S800 i

Experiment LISE** simulation
S800 @ NSCL / MSU :
T———— i projectile fragmentation
- <o T 8 :
//// b 9 4T o beaml
\/ 0
(i 70
fission 3, 274473
60 —
50— 50
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0 —
I
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» Diamond target 0 | ! i
* ToF start 2.3 251 2.4 21 : 2 N:g 3
Aog
° Large Angular Acceptance [218] DID.2.0(5 : 1001] CATED 0N : CROC POSITIOR {S800.P10.200, 8800.P1D.Z}
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238 (80MeV/u)

+ Be
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@ A1900+S800BL

A,Z,q — separation in the Z=92 region

E.Kwan, O.T. et al.,
will be published soon

It 89. 041
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-,
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/
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. :1
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Long ToF-base
Non-cooled PIN-diodes (50x50 mm? 0.5mm)
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COSY type  Using reconstruction LISE** technique allows
fragment vectors measured at the final plane of a
spectrometer to be replayed through in the
backward direction of the spectrometer to
reconstruct their trajectories in order to deduce

the reaction place and momentum vector.

LISE** type

« The COSY-type 5" order inverse separator
technique developed in the LISE** package® and
coupled with the S800 configuration has been
used to study fission mechanism properties.

Ions rays after target : Monte Carlo Yield Plot
Input rays file: "Bp1_raytable_v10_random"; Number of rays: 144895; Optics Order: 5
dp/p=3.85% ; Brho(Tm): 3.3431, 3.3431, 3.3431
AngAccept: Off; Bounds: Off, "material - Target" - last block for MC calc; Gate 1: "AND" (Z (atomic number)); Config: DHSSDS

’—II— wf £=36 experiment
target E 110 " After targ et
turn around & go forward go backwards f
* The coordinate system is changed « The coordinate system is not changed i
B =X, Y= Yo L= L) « COSY matrices are imported (linked) £y
» Matrices are calculated by LISE** . Upto 5t order .
« Upto 2" order
10 90

11.5 11.7 11.9 12.1 123 125 127
after "material - Target™: Velocity_Z [cm/ns]

http://lise.nscl.msu.edu/9 10/ReverseConfiquration.pdf

12


http://lise.nscl.msu.edu/9_10/ReverseConfiguration.pdf
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281 (80 Meviu) + C — BKr

12006

Bp=3.34308 Tm,
Target C (33.5

Y1Fhy) frmrac)

MICHIGAN STATE

Velocity-Z vs X,Y-Angles 3D-plots @ S800 Target position S

281 (80 Meviu) + C — B%%Kr

LISE™

BP=3.34308T}/ \

Target C((33.5 mg/cm?)

Y1Ph) [mradj

LISE** direct calculations are gated on the Scintillator position

LISE** calculations the isotope range is 83-92 instead experimental 83-90
13
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e Velocity-Z vs X,Y-Angles 3D-plots @ S800 Target position MICH]
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238 83-92
2381 (80 Meviu) + C — BKr U 8o Meviu) + C — “Kr

LISE™

Bp=3-34308 Tm,

12006

Bp=3.34308 Tra;

Target C (33.5 mg/cm?)

LISE** direct calculations are gated on the Scintillator position
LISE** calculations the isotope range is 83-92 instead experimental 83-90
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CM

238 (80 Mevi) + C — ZKr

e12006
e YN0 *V EN v/vO : velocity ratio between the fissile nucleus
% B and the primary beam (1 <v/v0)
3 B >
V_FN : velocity of the fissile nucleus
s (variable value for fitting)
20 20 20
v_FN =10.9 cmlns._______....---—-- — 1 v_FN =11.44 cm/ns
v _FN/v0 = 0955 15 . v_FN/v0 = 1.003 15 v_FN =11.85 cm/ns e
v_om= 1-8}53(:"1,“5 ‘89 v_com = 1.317 cmlns | T : 29 V_FNIVO =1.04 :'39
p 52 i 88 v_cm =1.013 cm/ns ® 88
y 18 E\“B? /x 10 i & H__""@----ag
i{ ", ﬁ_\‘\ ’,n E‘ \‘\ .
\\gg 86 ,/ 86
/ 05 IE.' 05 Y ve 05 B
g | ". 2 2 A
E: ‘ 00 | ; E | 00 ? ¥ E -I 00 ? %
??l-z.n | -ls -10 05 oo 05 10 15 | 20 ??l-z.n 15 | -l0 0.5 oo 05 1w | 1s 20 ??l-z.n -15 10 05 0/0 0.5 10 15 20
= \ . = / = \ /
-0.5 / -0.5 8 -0.5
1 J/ _
1.0 e 1.0 — —10
. / |
-15 ! -15 -15
20 20 20
Vz, cm/ns Vz, cm/ns

Vz, cm/ns
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@ - Krypton isotope CM velocity distribution as function of fissile nucleus velocity M AN STATE

The “circle” condition is minimum Kr-isotopes (37Kr - reference isotope)
of the StDev(v_cm) distribution /
0.29
6
v_CM : deduced velocity of krypton
isotopes in CMS 2 0.2
StDev(v_CM) : Standard Deviation of £ e —
the deduced v.CM E =
- 0.14 -.;
v_FN : velocity of the fissile nucleus 2 v
iable value for fitting) =
(varia v CM 7
0.09
1 —— StDev(v_CM)
v_beam : velocity of the primary - .= v_FN/v_beam=1
beam at the middle of target 0 - ! S on
] 7 a8 9 10 11 12 13 14 15

Why we would like to know V-..? Fissile nucleus velocity [cm/ns]
CM-

16
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Abrasion-Fission : Three Excitation-Energy regions model

UNIVERSITY

 Fissil

nuclei

-vi¢- 3 excitation energy
region nuclei

Fissile nucleus
cross sections, mb

0.00293

0.00858

0.0251

0.0737
0.216
10.632
1.85
543
15.9

46.6

..
~ ...

........... Hia, ‘-.. -.'- 137

400

Abrasion - Fission
- @ -9
o :‘0
‘@

LISE** 3EERSs (excitation energy region) model:

Simple approximation to substitute about 1400 fissile
nuclei by 3 nuclei based on excitation energy

Diff.cres-sectien {mb/MeV)

Fission excitation functions e
2] 238780, 0MeN/U) + Be —— High AF
Excit Energy Method = 2 = <E*>13.3%d4 Mev  sigma9 &0 :g’u“‘mF ‘‘‘‘‘
Test [ [ tow [ MIDDLE [ HIGH [ EM fission
- LISE++ hint for the figsile
- nucleus from excitation energy I 236U I 231Th I HE I 23U
al Excitation energy [Mel] | 285 | 923 | 2423 | 143

Cross section [mb) [amaa [ ams w6 | 53

o 100 200 Excitation energy (Mev) 400 500

http://lise.nscl.msu.edu/7 5/lise++ 7 5.pdf
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http://lise.nscl.msu.edu/7_5/lise++_7_5.pdf
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OT@ASRC.JAEA.JP 03/26/19

Kf - |
Ed se

Parent fissile nucleus for final 3’Kr fragment (experiment)

Parent Fissile nucleus for final *’Kr fragment (v=1.336:0.046)

9
R
o
90
88
0
c
0
5 v
|
a B
8 [ |
- ‘

84 —o—excited fragments (N/Z)1=(N/)2
—4—fissile nucleus N/Z is more probable
= B= fissile nucleus N/Z = N/Z heam
—&—fissile nucleus N=146

82

136 138 140 112 144 146
Neutrons

UNIVERSITY

~7¢- 3 excitation energy
region nuclei

Fissile nucleus
cross sections, mb

0.00293

0.00858
0.0251
0.0737
0.216
0.632
1.85

543

15.9
46.6
137

400
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Initial Fissile Nuclel Analysis
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15t step
settings

Bath mode
settings
and run

/

Initial Fissile Nuclei (IFN) Analyzer

Abrasion-Fissi

l 238U (1400 Metddu] + Be

Chooze Final fizzion fragment

P B
TECOEE - 1.

Calculate
g ALL
&1l

4 Fission channels
after Abrasion™ + CF

Calculate - 11 :
4 Fission of nuclei gated
on Final Fragment =

Fission properties

Evaporation settings

FaE]
=

@ Prefragment excit enengy

v Show 2D Fissile Muclei CS far each n

nofile or badfie |

{3 Run the batch file! Takes time.. |
a B

[ Make default
o OK

x Cancel

? Help

ezylz - [la: Parent Fizzile Muclei ——

Fated on the Final Fizzion Fragment

h 2D Fissile Nuclei CS

Settingz -1 [Select region]

coef for b = n.a 0.1 < coef <= 1; recommendation; 0,75 Z_stop= 74
coef forMb=| &5 0.1 ¢ coef <= 1; recommendation: 080 M_stop =124
o lshele Band s e e determing low 2 [element number] where

Abrazion-Ablation stopz.  Zstop = coef * Zheam

ettingz - |

Crozz-zection minimurn threshold of to use a nucleus in calculations [mb] | 1.0e-05

Murnber of pointz fram excitation enargy Statiztical walues to ghow in the rezult frames
digtribution to uze in calculations _
' Mean valus and Standard Deviations

1 arly mean value <E> " More Probable value and its variances

3 Ew, <Ex, E+v [w=HwWHM)] o Median value and its variances [default)

http://lise.nscl.msu.

Detailed ouput v I23852_|:||:|9|]4_'| 3280_pTm @% Browse | Show
General log fils v IIFN @é Browse Show

Reszults - | [Fizzile channels after abrasion)

Total fizzion crozs section in the region [mb) I

MHumber of fizzsile nuclel is the region [ 1] I E:_i?g';gg;nnn:ls
Murnber of fizzile nuclsi uzed
ta gate on the final fragment [ 11 ] I

— Resultz - lb: Final Fizzion Fragment

madn [-vins; +vinz), where

Final fragrment "mdn" : median; "vinc' "t vanance
cross secton mb
Iivitial fis;.fragmenll oy hl’ 1D: Excitation Energy
excitation energy
"Welocity in CMS I cm/nz hl, 1D: Velocity in CM3
Murnber of nucleons
emitted ta reach FFF hl, dA. dN. dZ

edu/10 1/11 0 28 IFN search.pdf

MICHIGAN STATE

ULMNIVYERS

2"d step
settings

. 1ststep
results

2"d step
results

TY
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» Velocity of fragment as indicator of Z e nuctei
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The high excited region becomes responsible for one-step super-neutron-rich isotopes production

Develop new Abrasion-Fission mode to use IFN tables, that provides more fast and qualitative fission yield calculations
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Super-Heavy Calcium isotopes production:
multi-step production In one target
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Multi-step reactions:
different techniques



Production of very neutron-rich Pd
isotopes around N = 82
by projectile fragmentation
of a Rl beam of 132Sn at 280 MeV/u

SUZUKI Hiroshi

BigRIPS team
Nishina Center for Accelerator-Based Science
RIKEN

4.‘/

Oct. /27 / 2018 @ HAWAII2018 . “

R I KEN
=u NISHINA
Rik=N NISHINA

OT@ASRC.JAEA.JP 03/26/19

Yield comparison in two- vs one-step

Assumption

Beam int. Target Transmission
Two-step: this work, [GSI] | 3x10%° cps 80%
1328n fragmentation (EURISOL) 4-mm
One-step: [RIBF1-3] 1 puA (RIBF) Be 30%
2381 in-flight fission (6x10%? cps)

[GSI] D. Pérez-Loureiro et al., Phys. Lett. B 703 (2011) 552

[RIBF1] T. Ohnishi et al., 1. Phys. Soc. Jpn 77 (2008) 083201
[RIBF2] T. Ohnishi et al., J. Phys. Soc. Jpn 79 (2010) 073201
[RIBF3] Y. Shimizu et al., J. Phys. Soc. Jpn 87 (2018) 014203

* The yields by two-step decrease more gently (two step: 1/3, one step: 1/10 @ 128Pd).

* The yields of Pd isotopes by two-step is higher than the ones by one-step at A > 123 when
using the *?Sn as the primary beam.

* For the production of nuclei with N > 82 region, 1335n or more neutron-rich Sn isotope
with the two-step production may give more yields than the one-step production.
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128 130
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ex.) Production of 12°Pd
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o 28y—>135n—>129p(d Figure of
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o 233y 1335n>129pd x5
1/20 1
. 2383132513 128p( (ref)
A 1 1
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« Fusion-Fission reaction products produced by a 23U beam at 24 MeV/u on Be and C targets were measured in inverse
kinematics by use of the LISE3 fragment separator, and fission and fragmentation products at 80 MeV/u by use the S800.

« The GANIL experiment results demonstrate that a fragment separator can be used to produce radioactive beams using fusion-
fission reactions in inverse kinematics, and further that in-flight fusion-fission can become a useful production method to identify
new neutron-rich isotopes, investigate their properties and study production mechanisms.

« The comparison of the experimental atomic-number and mass distributions combined with the analysis of the isotopic-
distributions properties show that between the °Be and the 12C target, the reaction mechanism changes substantially, evolving
from a complete fusion-fission reaction to incomplete fusion or fast fission.

« It has been demonstrated, that the reverse tracking technique can be used as a precise tool to get information for reaction
mechanism characteristics.

* It has been shown that Velocity of fissile nuclei is close to primary beam velocity in the case of 8Kr, that corresponds to the small
number of abraded nucleons from the projectile (that belongs to the middle excitation energy region (EER) and correspond to LISE** calculations).

« The new Abrasion-Fission mode with IFN tables use will be developed, that provides more fast and qualitative fission yield calculations.

« Measurement of Velocity CM of fission fragment can be used to deduce reaction mechanism properties.

The analysis shows that high excited fissile nuclei are responsible for one-step super-neutron-rich isotopes production.

« Multi-step reactions, combination of different reaction mechanisms are future tools to explore the neutron drip-line.

* Reaction mechanisms involved in rare isotope production are required
more attention from the nuclear reaction community.

OT@ASRC.JAEA.JP 03/26/19 31
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