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Angular Momentum Dynamics in Fission

Effect of nucleon exchange on fission fragment angular momenta
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Damped reaction Saddle to scission
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Damped Nuclear Reactions

o,
&

(
. (ZN')

Jorgen Randrup Fission Dynamics




Jorgen Randrup

Strongly Damped Nuclear Reactions
Large loss of kinetic energy
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Nucleon exchange
was found to be the

dominant dissipation mechanism

W.U. Schroder and J.R. Huizenga,
Damped Nuclear Reactions,

1 Treatise on Heavy-lon Science ll, p. 113,

(1984) Plenum Press, Ed: D.A. Bromley

{W.U. Schroéder, J.R. Birkelund, J.R. Huizenga, K.L. Wolf,

J.P. Unik, V.E. Viola, Phys. Rev. Lett. 36, 514 (1975)



Damped Nuclear Reactions

The participating nucleons
are near the Fermi surface

=> The dissipation is strong!

W.U. Schrdoder, J.R. Birkelund, J.R. Huizenga,
W.W. Wilcke, J. Randrup PRL 44, 308 (1980)

window

Multiple nucleon transfers / formula
produce a dissipative force

affecting the linear and angular
momenta of the binary partners:

ZH' NH' PHI SHI EH*' ZLI NLr PLI SLI EL*

Nucleon Exchange Transport Theory
J. Randrup, Nucl. Phys. A 327, 490 (1979)

J. Randrup, Nucl. Phys. A 383, 468 (1983)

T. Dgssing & J. Randrup, NPA 433, 215 (1985)
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Damped reaction
(binary througho
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Calculational strategy

We consider a variety of cases, such as 236U(E*=46 MeV)

For each case, N = 10* different shape evolutions,
k=1,..,N, are generated by Langevin simulation
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For each trajectory, k, the evolution of the correlated
fragment spin distribution, P¥(S,, S; ;t), is calculated
with the Nucleon Exchange transport theory
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Generate fission events by Langevin simulation

G.D. Adeev, AV. Karpov, P.N. Nadtochy, and D.V. Vanin,
Physics of Particles and Nuclei 36, 378 (2005)

[ 236 at £* =46 & 70 MeV with k, =1 & 0.25

8 cases: = 202pg gt £* =46 MeV with k,=1 & 0.25
N =10

_ 182Hg at £* = 46 MeV with k, =1 & 0.25

One-body dissipation: Qar =@x mpﬁj{ﬁdzo
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Standard wall formula

ky=1: Standard value J. Blocki, Y. Boneh, J.R. Nix. J. Randrup, M. Robel,
k,=0.25: Fitted value A.J. Sierk, W.J. Swiatecki, Ann. Phys. 113, 330 (1978)
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Dynamical evolution:

saddle

Separation R

Neck radius ¢

scission

R(t) & c(t) & ot) - as well as T(t)
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Dynamical evolution: R(t) & c(t) & ot) - as well as T(t)

One
shape
evolution

saddle

Separation R

Neck radius ¢

scission
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Distribution P,(A) (%)

Distribution P(t,)

Fragment mass distribution
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Saddle-to-scission time t_,

Distribution of ¢,
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PSS(tSS) ~

Average: 'ZTSS

Dispersion: O
P (t.) is a gamma distribution:

1 1 [t \*!
( ' ) e_tss/gss
Oss I'(ags) \ Oss

SS - /tSS

Shape parameter: Qlgg = tss /O’SS — 1

Scale parameter:
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Dependence of t,, on mass asymmetry

Distribution of ¢,
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The nuclear system is made of nucleons

Linear momentum
of the left part:

Linear momentum
in the right part:

P,=2p, z,<0

n

P.=~p, z,>0

n

Angular momentum
in the right part:

Angular momentum
of the left part:

n

S;=%j z,<0 | S, =Xj, z,>0

The relative angular momentumis L = R,z X Pyg
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Angular momentum in a binary system

Total angular momentum J = S, + S + L is conserved (we take J = 0)

Excess spin s.:  Fragment spin §; minus what is required for rigid rotation

Angular momentum parallel to the symmetry axis J, = J-z:

2
_I E” _ Ji (Slll)z + (S‘lel?)z _ rigid + Stzwst
27y 27! 21! : 2T wst
I twisting

Angular momentum perpendicular to the symmetry axis J | :

2
J o o JL A G5 A e Swie | Shen
1 27,  2I} 2Ty 2Tx L 2Te 2Tvend

wriggling bending
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For each shape evolution, we wish to calculate the evolution
of the distribution of the correlated excess spins, P(s,,Sg)

Fokker-Planck equation for P(s,,sg;t)

Nucleon Exchange Transport Theory
J. Randrup, Nucl. Phys. A 327, 490 (1979) E 4@P E D
J. Randrup, Nucl. Phys. A 383, 468 (1983) 882883

T. Dgssing & J. Randrup, NPA 433, 215 (1985)

ds;
Drift coefficient V, () = %, M; (%) f; determines the mean evolution of si(t): dif = Vi(x)

> @Mobility Coefﬁ@

Diffusion coefficient D; (y) = M; (x) T generates correlated spin fluctuations G;(t):
1] — 1 ) 7 7 . EO'@&; = 2Dij (X) — Z [Vik:o'k:j -+ ijam-]
k
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Mobility coefficients M;(x)

ot Iy _ 2 _e2
TWlstlng (SAi‘ SB) . M|1|4LB — %mp,u 7!'62 _Cgve Cgve
ave ave
ergg/lng . 1 _ 9 R2 RS 5 — alp —bIA
Bending (Surig: Sbena): M= Gmpume Rs & +c2, Ia+1p
I.L
Individual 2, 2 2 S4 = Tz Swis T Svend
' (Sj: SJJB_’) : Mg =imponc?| © T Cave b = Cave o
s SplnS 4 a.b - cg,ve b2 + Cgve s = ﬁ Swrig — Sbend
A B

J. Randrup, Nucl. Phys. A 327 (1979) 490; 383 (1983) 468
T. Dgssing and J. Randrup, Nucl. Phys. A 433 (1985) 215
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Results for a single shape evolution
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Results for a single shape evolution:

Spin components along the fission axis

Twisting
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Moment of inertia:  Tiwst = ﬁ
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Individual fragments:
SA = Stwst

S = “Stwst

G, = Op = Oyt

G5 = —Otwst
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Results for a single shape evolution:

Spin components along the fission axis

Twisting Individual fragments:
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Results for a single shape evolution:

Spin components along the fission axis

Twisting
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SB = ~Stwst

G, = Op = Oyt

G5 = —Otwst
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Results for a single shape evolution:

Spin components perpendicularto the fission axis

Wriggling & bending

. (Th +I3)Ir o
A\’ Torig = 71 +I§B+ Tr Furtg = Durigh

17l
TiTh e
Ijl- _|_Ié- bend — -bend

Ibend =

\
)

Spin disperison (hbar)
4] o (=] (- -]
}"
\
I
|
\

= 4F -
: ,/, Wriggling: o, (9 :

2 — Bending: o (0 =
Liiilicraed il et lialuiastinlsos bl sl
1 2 3 4 5 6 7 8 9 10 113
U(E*=46 MeV) S 4
— Covariance: o, (1) -
- = Local equilibrium

m-
Trrer
Rl
S
@

Covariance (hbar’)

e N & @
Fo

15.“,.

|

[

If

1
0 1 2 0 1 2 3 4 5 6 7 B8 9 10 1
Elapsed time t (10 s)

_ R* RS
Mi:impvﬂcz(R6 62+C2 )

ave

0 = (aZp —bZa)/(Za+ Zp) small

Jorgen Randrup Fission Dynamics



Results for a single shape evolution:

Spin components perpendicularto the fission axis

Wriggling & bending
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Results for an ensemble of 10* evolutions

Fission Dynamics

24



Jorgen Randrup

Results for an ensemble of evolutions:

Fragment spin magnitude

0.1

P(S,)
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Fission Dynamics
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The fragment spins relax quickly to the local equilibrium values
throughout most of the evolution from saddle towards scission

But near scission the spin equilibrium magnitudes grow rapidly

(due to the increasing temperature), while the mobility coefficients
decease (because the neck closes), so the dynamical spin evolution
effectively freezes out before scission, leading to smaller magnitudes
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Results for an ensemble of evolutions:

Mass dependence of spin magnitude
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Results for an ensemble of evolutions:

Fragment spin correlation

Spin-spin covariance O,
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Spin-spin correlation coefficient ¢,

The spin-spin correlation is quite small in equilibrium
and it is even smaller when generated dynamically

=> The fragment spins are practically uncorrelated €¢——— - Wilson et al.,
Nature 590 (2021)
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Results for an ensemble of evolutions:

Fragment spin orientation
Sg Sa

J.B. Wlhelmy et al.,
Phys. Rev. C5, 2041 (1972): 03 HA
The fragment spins are T >

approximately perpendicular

to the fission direction (k)y2
e cot? 8 (S%)Q = cot? ng) @)
(S7)? (a:r_(,ik))2
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While the spin orientation angle 9. is large,
Sboube beenmosaredt -> it is significantly smaller than 90°,
both in equilibrium and dynamically
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Effect of nucleon exchange on fission fragment angular momenta
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Effect of nucbeoJ'n exchange on fission fragment angular momenta

[ X ]
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