JlesieHue ssaep Heurponamu ¢ 3HeprusamMu 1-200 M»B:
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IMpukiaagnasie 32424 (HeUTPOHBI 10 200 M»>B)

* HcTOYHUKHY HEUTPOHOB HA OCHOBE PACILICIUICHUS TAXKEIBIX AAEP
penstuBucTckuMu iporonamu (Spallation Neutron Sources).

* JSlnepHas dHepreTUKa: TpaHCMYTalus SACPHBIX 0TX0A0B, ADS—
cucteMsl (ADS — accelerator-driven systems).

* PaauannoHHO€ MaTepuaIOBEACHUE: PAJIUAIIMOHHO YCTOUYHBBIC
MaTepHajbl, paJrualuoHHas 0€30MacHOCTb, ...

* SnepHas MeaUIIMHA: AAPOHHAS TEPaIMs, IIPOU3BOJICTBO
(hapMIIpenaparos, ...



Studies of angular distributions of fission fragment in neutron-induced fission at energies
above 20-30 MeV began quite recently:

Ryzhov et al. (up to 100 MeV, 2005), n_TOF and NIFFTE (up to 200 MeV, 2014-2020): 23°Th, 23U, 238U

Petersburg Nuclear Physics Institute (PNP1), Gatchina
Spallation neutron source at 1 GeV proton synchrocyclotron
and
Gatchina Neutron time-of-flight Spectrometer (GNeiS)

1-200 MeV, 2015-2020: 29Bi, Pb (nat), 23?Th, 233U, 235U, 238U, 23'Np, 23%Pu, ?*°Pu;

2021: 238y
Motivation: In our last publications:
A.S. Vorobyev et al. JETP Lett. 110, 242 (2019): %*’Np
- new nuclear technologies, e.g., ADS A.S. Vorobyev et al. JETP Lett. 112, 323 (2020): #*°Pu
- new information on fission process not only experimental data were presented, but results

of calculation with the use of the TALY S-based code



Gatchina Neutron time-of-flight Spectrometer (GNeiS)
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Vorobyev et al., 2019: n 4+ 23’Np — Fission Fragments (FF) + ...
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O. Bohr model of nuclear
transition states on the barriers
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Figure: R. Capote et al. Nuclear Data Sheets,
2009, v. 110, p. 3107

The problem of calculating the angular distribution of
fragments from nuclear fission is as old as the problem of
calculating the fission cross sections.

Because in both cases we refer to the same O. Bohr model
of transition states of a strongly deformed nucleus at the
fission barriers.

Indeed, the fission cross section is determined by the
density of transition states, while the angular distribution
of fragments is determined by the projections K of the
fragment’s spin onto the deformation axis of the same
transition states.

However, we see that the current interest in these two
problems - angular distributions and cross sections - is very
different. There are many computer programs for nuclear
reactions, such as TALYS and EMPIRE, that calculate fission
cross sections, but none of them calculate the angular
distribution of fragments.



“Nuclear fission remains the most complex
topic in applied nuclear physics...”

Algorithm for calculation
the fission cross section

R. Capote et al. RIPL — Reference Input Parameter Library
for Calculations of Nuclear Reactions and Nuclear Data
Evaluations. Nuclear Data Sheets, 2009, v. 110, p. 3107

|
|

2
—— E. (KJn) =By, +8i(Kn)+§l—|(J (J+1)-K(K +1))

7= transition

[/ e \\STALES i

EEX

P (Im) ~ Y T (E, ~B; —E(KIm)+ [ p(eIn) T (E, - B, —&)ds

E, (I7)
G, = ZG(J n)P; (I ) Hill-Wheeler Transmission Factor:
B} In .
TU-B)= 1+ o 27(U-B)/ho

“This work and the resulting database are extremely important to theoreticians involved in the development and
use of nuclear reaction modelling (ALICE, EMPIRE, GNASH, UNF, TALYS) both for theoretical research and nuclear
data evaluations.”



Algorithm for calculation 1 do, (6) ;5
the angular distribution WO =——5 M
of fission fragments f
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To calculate —ZG(JTE)P (Im) (e) we need n’"(M) and p”"(K)



Convenient transformation:

(2J + 1)‘DMK(nf)‘ —Z(QQ + 1)C00C TR oo Po(cos )

P2

d'wJ(nf)
ds?
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Q
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T0o(J) — spin-tensor of orientation, Bp(J) — parameter of anisotropy
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CnnHoBas opueHTauusa: maTpuua NAOTHOCTU U CNUH-TEH30pPbI
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Nuclear spin orientation (alignment): Ji =s+4+1+4+1
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Cascade deexcitation of highly excited nucleus and fission

TQo(J373) = O
Az, Z3 \}D ®/

TQo(Jam2) = ?%5 . —)(5—

( ) A T N 3d chance fission
TOO J17T1 2y 42 ‘%)
% E& - O
=0-0 o
Q 2nd chance fission
AC7 ZC N
1st chance fission Solution:

particle: v, n, p, d, t=3H, h=3He, a,... To(Jom2) ~ W (jJ1J2Q, JoJ1)T(J171)
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TALYS-1.9

A nuclear reaction program

User Manual

Arjan Koning
Stephane Hilaire
Stephane Goriely

Talys is a computer code system for the analysis
and prediction of nuclear reactions.

The basic objective is the simulation of nuclear
reactions that involve neutrons, photons,
protons, deuterons, tritons, 3He- and alpha-
particles, in the 1 keV — 200 MeV energy range
and for target nuclides of mass 12 and heavier.

Free use, open software, always under
development: from TALYS-1.0 — December
2007 to TALYS-1.9 — December 2017.

More than 300 subroutines, more than 100 000
lines (commands), more than 500 pages in the
Manual.

Completely integrated optical model and
coupled-channels calculations by the ECIS-06
code.



All partial cross sections can be found, due to

max
E, (Z_N_1)

_ g the calculation of
----- all transition probabilities:

w(i — i), where

i = (Zgy Ny By oLy T3)

But!
— angular distributions — only for the first step reaction: a+A - C— b + B

— angular distribution for fission fragments (even for the first step or first chance) can
not be calculated



“'Np(n, f):
Results for

Angular
anisotropy

A.S.\Vorobyev et al.

JETP Lett. 110,
242 (2019)
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“Pu(n, f):
Results for

Angular
anisotropy

A.S. Vorobyev et al.

JETP Lett. 112,
323 (2020)
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“*Pu(n, f): Results for fission cross section

A.S. Vorobyev et al.
JETP Lett. 112,
323 (2020)

Fission cross section, o, (barn)
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“Pu(n, f):Results for
angular
anisotropy

The calculated cross-section G? and the
observed angular anisotropy of the fission
fragments W(0)/W(90) decrease similarly at

E > 20 MeV. Thus, at high energies the angular
anisotropy seems be mainly related to the
decay of primary compound nucleus.

Fission cross section, o, (barn)
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Multichance fission for n + 23’Np at E,, = 80 MeV:

*W(0)/W(90) Vgrobyev etal. 2019
Variant 1
L4t [ I TTTT1 i Variant 2
W(OO) % ...................
or= o + of , a=———--1=0.078 A — T
St [P L W W(90°)
~ 80% ~ 20%
E, MeV
Main decay chaines of compound nucleus:
QBSNI) — 237Np — 236ND — 235Np i 234Np N 233Np — 232Np iy 231Np — 23OND s
N N N N N N N N
237U % 23617 =X 2357 i 234U = 233 - 2321 —i 231y —3 230Uy —
pN N N ' N N pN pN N
236pa —» 2®pPa —» PPa — 28pa —» P2pa - Blpa 5 B0pa o
N N N N N N N
235Th — 2%4Th — 283Th — 282Th — 281Th — 2%0Th
N N pN N N N
e — - = S

8 isotopes, 238Np, 236U, 23°U, 233Uy, 232y, 231y, 230U, 234Pa, give ~ 80 % to JJ? and a,

1 isotope, U (T, = 20.23 d), gives ~ 30 % to of and a!

The used effective moment of inertia I.ff iS the average of the moments of involved
isotopes. Really I.f depends at least on Z, N, E™*.
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IIpenBapureabHbie pe3yabraThl mo (N,f)2%U
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Jakiawuyenue (4eM HHTEpecHbI HeuTPOHbI 1-200 M>B)

HccnenoBaHne KOHKYPEHIIMH PAaBHOBECHBIX M MPEAPABHOBECHBIX ITPOLIECCOB MOCPEICTBOM U3MEPEHUS
YIJIOBOM aHU30TPOIIUM OCKOJIKOB JICJICHUS (J€JIEHNE — MOJTHOCTHIO PABHOBECHBIN MPOIIECC).

HccnenoBanue XxapaKTEPUCTHUK JICJIEHUS] U30TOMOB , YIATEHHBIX OT JIMHUKA CTAaOWJIBHOCTH
(HEUTPOHOAEC(PULIUTHBIX SIJAEP).

HccaenoBanre XxapakKTepUCTHK JISJICHUS sIep ¢ BRICOKMMHU Oaphepamu Aenenus (B, Pb, ...).

Bxirouenue B TALY'S BO3MOKHOCTH BBIUHUCIIEHUS YITIOBBIX PACOPEACICHUN OCKOJKOB MO3BOJIMT ITPOBECTH
«PEBU3UIO» OTPOMHOI0 MAacCUBA PAHEE MOJYYEHHBIX PE3YJIBTATOB IO YITIOBOW AaHU30TPOIIMH OCKOJIKOB
JIEJICHUS, TIOJTYYEHHBIX HE TOJILKO Ha HEUTPOHAX, HO M Ha 3apsHKEHHBIX YacTuiax. [lomydeHnnas nuagopmanus
O MEPEXOHBIX COCTOSIHUSIX PACHIMPUT HAIIA BO3MOXKHOCTH MO BBIYUCIICHUIO CEUCHUN JICJICHUS.

Bxirouenue B TALY'S BO3MOXKHOCTH BBIYMCIICHUIO YIJIOBBIX pacOpee/ICeHU He TOJIBKO OCKOJIKOB, HO U
TIOOBIX APYTUX YACTHII, B TOM YHCJIE TaMMa-KBAaHTOB, PACIIMPUT Hallle TIOHMMAaHKE KaCKagHbIX SACPHbBIX
POIIECCOB.



“*Pu(n, f): Results for fission cross section

A.S. Vorobyev et al.

JETP Lett. 112,

323 (2020)

2
A B hw Rim | Kre B hw | Rtm | Kre
241 | 6.05 | 0.78 0.7 1.5 5.4 | 0.5 1.0 1.5
240 | 6.07 | 0.9 8.0 2.0 | 5.05 | 0.6 8.0 4.0
239 6.1 0.8 0.7 1.5 5.6 | 0.5 1.0 1.5
238 0.6 0.9 4.0 1.0 5.0 | 0.6 4.0 2.0
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