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Introduction In-flight fission is one main production mechanism at new generation of rare isotopes beam facilities as RIKEN, FRIB, FAIR. Models (such as LISE** 3EER[1], PROFI[2]) based on the geometrical abrasion approach[3] and excitation
energy formalism [4] are used for fast calculation of production yield in Abrasion-Fission. These models do not take into account primary beam energy, do not consider energy dissipation processes important for intermediate energies and heavy targets.
In this work more sophisticated JQMD Ver.2 [5] in the PHITS 2.88 package[6], which simulates dynamical system of colliding nuclei, has been used to calculate fissile pre-fragment mass and excitation energy distributions. These calculations show drastic
importance of input channels as primary beam energy and target choice comparing to the geometrical abrasion approach, and indicate on necessity on theoretical development suitable for fast calculations.

Abrasion-Fission LISE** : excitation energy models Fission study using backtracking in HRS

@ RN _ The basic complexity in the case of Abrasion- Four prefragment excitation energy models are implemented in LISE**. There is not observed Abrasion-Fission is very complicated Spectrometer
— Fission is the fact that there are more than agreement for “Geometrical” model with experimental and other models calculations, though mechanism for experimental study to Maanet
. ¢ g 1000 fissile nuclei (see Figure) after abrasion b S5m0 Towsond, F Badv, K 818 1565) 225251 - gomeontmode this model has some corrections based on compare with theoretical predictions due 9
o H M itation Energy = =) gamma = - A ™ . . . . — B
o oo of a fast heavy projectile by a target compared TR Sy e[ S5 1 o 05 e beam & target masses, and beam energy. All to a large number of fissile nuclei. It is —Target = Sweeper odal
H H H C_—d e fevaton = - - itation Ener ranzfer [friction 1 H H H M
Abrasion-fission ° to only one fissile nucleus in the case of S o frem T i) other models in LISE** depend only on necessary to identify simultaneously both  Station ane
A"+ A4’< 238 o Coulomb fission. B G S At B | S A e e number of abraded nucleons. fission fragments (A,Z,q) in the focal final
TO Overcome this problem’ the 3EER mOdeI has FiSSiﬂll Challl]El CFDSS-SECtiUHS S f-fE_D;rectionf:ai:tdorDLS:I'Zac:edistfozrtifndeﬂc;taji:n N Z:::;Z I% Elj:ptj l% :: g EXCitﬂtiOll energy fOl‘ 238[I + C - 233Th plane Of a Spectrometer With Succeeding o~ . _,' . eam Iine
been de eloped -n the frame Ork Of LISE++ for ABRASION-ABLATION - 2B+ Ph Excit.Enerogy Method: < 2 = <E™=:13.3°d4 MeY'  sigma:9.60 E 1_ +:D: _a; D+2c;e [f_?r| 3;]3 = : : :?lj'_‘i]"‘_'g:i'ii'?filikq_lgr;m?fﬂﬁ;ﬁ%?@glmg bathraCking up to target to deduce their ' P g
Y} | W ! ! ! o[-l 15 -] 2 s r E_fiotion = [ Mev 2 P e e
: : e h 4 : : : Eact Nyt
fast CaICUIat|OnS Of AbraS|On'F|SS|On fragment a0 238U, 1337 mb :L}J) B :;IJEE:iT:rdandK_-H.Schmidt,NPﬁEm (1391) 709 - convolution of fiangle distributions Eﬁ:{éﬂgﬁg: Rﬁﬂﬂgﬁggg:g: g@%ﬁiﬁ)ﬁ?ﬁﬂ;g&\?:ﬂg&2={115.5£.5) momentum vectors. Obta|nEd |nformat|on FasStNedton
. 221Th, GSI = o <E% = 1236 *d_abr [Mev] Mean Excitation Energy = [2619.05  Mev . xcit.Energy Method:< 2 =>; <E*>:27.0* eV Sigma:15.00; . L. .
production. ) | e — doma <[ EAT L abe 05 MeV]  Standerddeviston - [ TI 3T Mev 2 LISE+* can be used to reestablish parent fissile Detection
The mOdEI SuggeStS JUSt three fISSIIe nUCIeI for :: C. Parametrized Gausszian distribution -- simplified combination of k.- H.Schmidt et al. MFATI0 [2002] 157-173 1.6} nUC|eus (A,Z,E*). The High Rigidity Spectrometer (HRS) proposed for Construction at FRIB iS
different excitation energy regions, which are i > R considered in the context of in-flight fission study. Correlations between fission outputs and full
. + . . i Iil:l *d_abr"? + Iil:l *d_abr + tandard dewviation = . = 21 . . . . . . . .
calculated by using LISE** Abrasion-Ablation T 0| [ s _— spectral shapes will be available for experimental testing. In particular, experimental information
: : = iy 0 i 0 ; b s the reimber f abradad mocleans | . : . I . , .
model based on the geometrical abrasion & Aot e of s el os regarding low-lying states in the produced fission fragments will be used whenever possible, and in
?ppro?ch[?i] lend excitation en((lergy : eV el the continuum, a level density is assumed based on systematics.
ormailism . e excitation reg|0n OW’ BEER sigma = [ 1300 *d_abr "(0.5) [Mev] Standard deviation = [ 16200  Mev ,
. ) . . U @omeviy + C — = Kr Reconstruction
A P B 0 238 83-90
middle, high) is determined by three Al mreee — W Wison et ol i B (1687) 22525 J QJ::D' _ G — buo — dusod ExEy g oo o The backtrackine techni : U o evie) + C —> K
parameters: excitation energy, cross-section, 231Th, 47amb - I patametrsed Gavsaian dbuton a5 function-of 52 profectie-energy—— v ¢ Dartathiig EEnIAUe 12008 T
and fissile nucleus (A’Z) But this model does ) e Y AR 300 EXCITALION €NErgY. ...L 3 Eyponential exctiation-eneray distribution " a e > TargﬁtC(B?:,Smg/cmz) | Jﬂf» J-‘J‘f'_’, 100W|d€|y used in SPECtFOgraphS Bp=3t343(08Tm. Cﬁ{//“‘ \ \\
i ] . . TEEEEEEEEEIEEY . . . ’ ~ o Target C 33,?/mg a 2 9 g_‘}‘ ? \10
nOt take |nt0 account prlmary beam energy, """ frEoroEeE T ' 26001 70 F 4 N = -350 S0 to get a momentum Vector at | R 453 -
, o 216P0, 817mb " trririroririeno - / L NN 1000 6 | @
do not consider energy dissipation © T o 2200 2 .60 g /”‘\‘ e Trev o) »  the target using measured X, | &
. tant f h t t 95 105 115 Neutrons (N} 135 145 > z 1 [l 57 N ONR N Poly. (350) 0§ , ) . . \
processes important for neavy targets. Fig. Calculated fission de-excitation channels after the 1800| & = 0 S i “‘;-,, N — _Poly. (1000) £ X, Y, Y, E ion values in the “‘ N
1] = B gl oy D . £
abrasion of 238U(1AGeV) by a lead target. The most o] B 3 " RN JQMD ¢ focal final plane and the 2
Characteristics (<E>, o(E), shape) of excitation probable fissile nuclei in the excitation energy regions 30 / \ \\ inverse spectrograph map. 8
. . . . . i i 1000 | P e
energy distribution of abraded projectiles are are shown in the figure o f "\ Ll P bt ) <oy , o
, _ , , s00l. o NERNNG Bl O “X’-Y’-velocity after target distributions
not well studied or measured as function of primary beam energy and target material, and they - ~ Nt =~ TR . :
ial uncertainty contribution in Abrasion-Fission calculations 200 ’ - e of Kr isotopes produced recently in
appear more crucial u - . L\ 4 a4 84 124 164 204 244 284 Le° . . ..
PP y ' 220 200 180 160 A prefragment Excitation Energy, MeV = 238U(80M€V/U) In-fllght fISSIOn @ MSU

JQMD: mean excitation energy JQMD: excitation energy standard deviation JQMD: prefragment mass distribution

Torget .Y C Taget Y ‘ N ® |t ¥ P b Target <7 Target -1 Target +Y Target <Y Target <Y Target <Y
feoecih Excitation energy of prefragment with C target as function of U-beam energy dresas g Excitation energy of prefragmentwith Ni target as function of U-beam energy I dresas g Excitation energy of prefragmentwith Pb target as function of U-beam energy StdDev of Ex Be StdDev of Ex N| StdDev of Ex Pb Countof Bx S Countof Bx S . Count of B o
800 900 1400 Prefragment mass distribution for target  C Prefragment mass distribution for target | Prefragment mass distribution for target Ph
200 500 500 10000 10000 10000
700 800 ] 1200 180 450 450 \""‘ v
600 N L) > > > |
> > “ - 1000 ““ I"W ‘ l 20 an 8o 1000 1000 1000
v U 600 v "™ 0 140 0 350 0 350 [ \ ~
i : . e : ; ; _ N =
2 % 500 S 800 ‘ [ W V ‘ % .E 120 .E 300 .E 300 l
g 400 0 g . [ T 100 © 250 T 250 100 100 100
E E 400 E 600 . . 45 45 w -5 Energy ~ Energy ~ Energy v
E 300 E E ' [ Lﬁ 80 » ¢ Energy Lﬁ 200 E'nergy v Iﬁ 200 Energy v -0 —70 =70
g g 300 g _ = - 2l g '
3 \ wen ) (] e / e D & y it D 150 B8 | inatll D 150 e o n 0o
200 | A"’\/\/ 0 a0 - | - % . \\\.n/\, ~-100 % . ~-100 % o A ' ~100 250 o o
o o 200 [ o 350 350 350 1000 1000 1000
100 \«'\"\ oo 350 || 100 350 ' 350
20 1000 30 1000 30 1000 -
X 1000 1000 1000 /
0 0 0 0 0 0 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 1 21 41 61 81 101 121 141 1 21 41 61 81 101 121 141 1.00 283 3.87 469 539 600 656 7.07 7.55 800 100 332 458 557 640 714 781 843 9.00 1.00 332 458 557 640 7.4 781 843 900 1 212 31 41 51 61 71 8 9N 1 212 31 41 51 61 71 8 9N 1 w212 31 41 51 el 71 8 9
@ Y Number of Abraded Nucleons, dA S Number of Abraded Nucleons, dA T ¢ Number of Abraded Nucleons, dA sartdh Y Sqrt (Number of Abraded Nucleons), (dA)*2 sartdh Y Sqrt (Number of Abraded Nucleons), (dA)*2 sqrta Y Sqrt (Number of Abraded Nucleons), (dA)Y/? S § Number of Abraded Nucleons, dA S § Number of Abraded Nucleons, dA O 4 Number of Abraded Nucleons, dA
x=dA ") beam energy (MeV/u) e ¥ . — . x=sqrt(dA) ") beam energy (MeV/u) frergy ¥ . ) fnergr Y - ) Energy Y Energy Y + etribyti
- 0 00 50 T U beam energy (MeV/u) = 100 e 7% beam energy (MeV/u) = 1000 -~ 0 00 0 oo | e StDev(E*) for U projectile energy E(MeV/u)= 100 snnct StDev(E*) for U projectile energy E(MeV/u) = 1000 autas  Prefiogment mass distrbution for U energy (Vev/t) = 100 | s Preffogment mass distrbution for 22U energy (ev/t) = 1000 ot pre[fnr: f:;egczeglizzndcgmbumn
o | P 129 9,51 - o | P 0% BN | e e 1000
C C
3 E Be 38.1x 19.3x 11.2x 12.8x 1000 3 E Be 34.5x 2.2x 25.3x farget ¥
C & 800 C & 160 200 —fe —2Be
L5 C 37.5¢ 19.0 11.1x 128 L5 C 38.8 23.9¢ 480 |~ - 10000
58 - ‘o % 140 > —C | | 100 C
g < Ni 48.5x 16.7x 11.5% 123 > g9 > g C Ni 145.7x 40.3x 25.3% 264 | 5 L " .
£ 3 g g £ 3 £ - N ) N
- Ph 36.4% 19.3x 14.0x 16.0x (% - 600 - Ph 98.5% 36.4% 30.4x 32.6x | © 120 U 150 - —FPh
5 5 5 g 0N : G
g P | S5x+357  STHTT T6+B0  80x+140 5 o o ¢ po| E2HBE B0BO DEGRL D42 g - \J | o B = —p
3 Be 204x+53.1 12.9x+44.3 10.3x+209 12.2x+140 £ £ 3 Be -12.3%+96.0 23741239 26.2%-3.6  26.5%-5.3 E % E 10 —Be g
C = = C x x
z C | MEc6ld ST 9x+US UKLIE 5400 ~Be g C[RI+1U3  WT+98  WI-AL BI-3T|S N 1 ¢ i
g N | 20+83 1M%+384  9%+M3  1L5k+11[E & 30 ~C g Ni | S06x+1262  4L%-48  Blx+09 28383/ 3 A G
C c Y b 10
= Ph | 225x+180.  13.0x+132, 9.9x+88.2  12.6x+73.2 200 Ni = Ph | 435x+2355  47.0x+404  B8x+197 4+l N 4 Y50 10 0
_oT| o 5 6 6 u | 0 _oT| o 5 8 5 16 o p -
ol e 4 10 3) 3 100 b 2l g 17 B 3) 32 ~Pb - ~Pb
4E% d L% 0 0 10
259| ¢ 5 13 31 3 0 0 259| ¢ 2 9 32 3 1 - 1
1 Sol N B 31 32 R 1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 1 Sol N 6 17 32 100 33 458 >3 b4 14 s 100 33 458 >3 o4 B s o4 a4 67 8 A rna % 4 s 6 N 4 1 2 i 61 81 101
51 ph 19 31 3 2 ey Number of Abraded Nucleons, dA “Y Number of Abraded Nucleons, dA 1 37 3 37 37 | GadY Sqrt (Number of Abraded Nucleons), (dA)*/2 . Sqrt (Number of Abraded Nucleons), (dA)Y/2 w Y Number of Abraded Nucleons, dA . 4 Number of Abraded Nucleons, dA Number of Abraded Nucleons, dA
References and Links [1] “LISE** : Radioactive beam production with in-flight separators”, [3] J.Gosset et al., Phys .Rev. C 16 (1977) 629. We wish to thank the operation team of the Center for MICHIGAN STATE
0.B. Tarasov and D. Bazin, NIM B 266, 4657 (2008), http://lise.nscl.msu.edu; [4] J.-).Gaimard, K.-H.Schmidt, Nucl. Phys. A 531 (1991) 709-745. Computational Science and E-systems (CCSE) in the Japan rf UNIVERSITY
0.B. Tarasov, “Lise++ Development: Abrasion — Fission”, Tech. Rep. MSUCL1300, NSCL/MSU 2005 [5] T. Ogawa, T. Sato, S. Hashimoto, D. Satoh, S. Tsuda, and K. Niita, “Energy-dependent Atomic Energy Agency (JAEA). Part of Monte-Carlo simulations o
https://groups.nscl.msu.edu/nscl library/nscl preprint/MSUCL1300.pdf fragmentation cross sections of relativistic 12C”, Phys. Rev. C, 92, (2015) 024614. reported in this paper was executed on the PC-cluster system This work is supported in part by the US
[2] J. Benlliure, A. Grewe, M. de Jong, K.-H. Schmidt and S. Zhdanov, Nucl. Phys.A 628 (1998) 458; [6] T. Sato et al., “Particle and Heavy lon Transport code System, PHITS, version 2.52”, of CCSE. This work was partly supported by JSPS KAKENHI National Science Foundation under grants

https://www-win.gsi.de/kschmidt/Preprints/FissionAtlas2000/Part4.pdf J. Nucl. Sci. Technol., 50 (2013) 913 . Grant Numbers 26790072 (Grant-in-Aid for Young Scientists B). no. PHY-10-68217 and PHY-11-02511.



http://lise.nscl.msu.edu/
https://groups.nscl.msu.edu/nscl_library/nscl_preprint/MSUCL1300.pdf
https://www-win.gsi.de/kschmidt/Preprints/FissionAtlas2000/Part4.pdf

