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Fission is a complicated process involving multiple scales

Nuclear forces Motion in collective space Prompt neutrons Prompt gammas Beta decay
 DFTNESS (Schunck et al.) FREYA (Vogt et al.)
‘, ‘, - Density functional theory - Statistical evaporation model
o - Nuclear structure
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Specialized physics models required to study fission:
phenomenology required to model complete events

We have been developing FREYA (Fission Reaction Event Yield Algorithm) since
2009 to study fission event-by-event
 First such fission model ever published and made generally available
« Showed the importance of energy and momentum conservation
for understanding fission data
 FREYA is fast enough for users to study fission of different isotopes and energies
in real time with a laptop — a big advantage (focus on FREYA here for simplicity)
Other codes similar in concept to FREYA have also appeared, differ in details:
« CGMF; FIFRELIN; GEF

Older codes deterministic, based on average events, tuned to subsets of average data
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Event-by-event modeling is efficient framework for
studying fission

Event-by-event (Monte Carlo) modeling has been used in high energy nuclear
and particle physics when there are multiple outcomes — useful for studying

detector response and predicting outcomes of experiment

Calculational framework easily adoptable for studying fission

Goal(s): Fast generation of (large) samples of complete fission events

Complete fission event: Full kinematic information on alll m
final particles
Two product nuclei: Zy, Ay, Py and Z,, A, P, M
v neutrons: {p,},n=1,...,v ' . L
N,photons: { p,, }, m=1,...,N, W
Advantage of having samples of complete events: "‘ ) j‘
Straightforward to extract any observable, %'M
including fluctuations and correlations, ; -
and to take account of cuts & acceptances 2V 3
Advantage of fast event generation: T ”/ Y
Can be incorporated into transport codes @ W o~ : —
3 : .
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Every part of a fission event is correlated

An average fission model

* NO n-n, n-y or y-y correlations
* no kinematic correlations

/1

k inematic
corre Iatlons

( partlc|e
particle
correlations

A discrete fission model
* n-n, n-y and y-y correlations
kmematlc correlations

* In ‘average’ models, fission is a black box,
neutron and gamma energies sampled from
same average distribution, regardless of
multiplicity and energy carried away by each
emitted particle; fluctuations and correlations

cannot be addressed

» Detailed models generate complete fission
events: energy & momentum of neutrons,
photons, and products in each individual fission
event; correlations are automatically included

Lawrence Livermore National Laboratory
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Brief synopsis of how FREYA works

= For agiven Z, A and energy (E, = 0 for spontaneous fission), FREYA selects mass and
charge of fragment from either data or a model (5 gaussian) parameterization

= Second fragment mass and charge obtained assuming binary fission, mass and
charge conservation

= From fragment identities, fission Q value is obtained
=  TKE(Ay) sampled from distribution; TXE obtained by energy conservation

= ‘Spin temperature’ sets level of rotational energy, remaining TXE given to
intrinsic excitation energy

= |ntrinsic excitation divided between fragments, based on level densities, then thermal
fluctuations introduced to obtain final excitation energy sharing

= Thermal fluctuations remove energy from TKE to maintain energy conservation,
equivalent to width of TKE distribution

= Spin fluctuations (conserving angular momentum), introduced for wriggling and
bending modes

= Pre-equilibrium emission and n-th chance fission included for E, = 20 MeV
= After scission, fragments are de-excited first by emitting neutrons (Weisskopf-Ewing
spectra) until the remaining energy is less than the neutron separation energy

= Photon emission follows until fragment no longer excited (statistical, then discrete
emission)

Lawrence Livermore National Laboratory UL-




FREYA has five physics-based parameters

The fissioning nucleus, with Ay nucleons, has an initial excitation energy Eg;
including statistical and rotational excitation of the fragments

The level density parameter, a ~ Ay/eg, relates the temperature to the excitation
energy, as in Eg; = (Ao/€g) T?sc — €9 is the first parameter

The fragment ‘spin temperature’ fluctuates around the scission temperature
Tsc according to second parameter ¢, T ~ ¢ T, affecting rotational energy
E..t and photon observables

Total excitation energy, Eg. = Eot + Egtat, Egtat IS dissipated through neutron
emission

Statistical energy is partitioned between light and heavy fragments according to
level density parameters, Egt = E* + E*y

The light fragment energy is enhanced by third parameter, x > 1, by E’™* = x E*,
so that E™y = Egat - E™, affecting neutron multiplicity vs fragment mass

Fragments get thermal variance, fourth parameter, c, controlling maximum
available excitation and affecting neutron multiplicity distribution and moments

Fifth parameter dTKE adjusts average TKE to fix average neutron multiplicity

Lawrence Livermore National Laboratory UL-
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FREYA parameters have been optimized for spontaneous
fission

Work by J. Van Dyke, L. Bernstein, and RV, Nucl. Instrum. Meth. A 922
(2019) 36-46, arXiv:1809.05587.

Parameters c, x, and ¢ have direct effects on P(v); v(A); and photon
observables: no other parameters significantly affect these observables

Shape of neutron spectra affected by all parameters

Lawrence Livermore National Laboratory UL-



Optimized Parameters for all Spontaneous Fission in FREYA

€ X C Cs dTKE |#Data #Evals
/MeV (MeV) sets
238 x 10.391 | 1.220 0.939 0.899 | -1.375 0 1
Oy +0.352 | +0.071 | £0.238 | £0.280 | £0.727 - -
238p, X 10.521 1.232 1.968 0.893 | -1.408 0 1
Oy +0.581 | +0.221 | +0.071 | £0.071 | +£3.424 - -
20, X 10.750 | 1.307 3.176 0.908 | -3.219 1 1
Oy +0.138 | +0.071 | £0.355 | £0.023 | +£0.112 - -
22p, X 10.018 | 1.144 3.422 0.911 -1.662 1 1
Oy +1.768 | +0.152 | +£0.341 | £0.257 | +0.118 - -
2640 X 10.488 | 1.239 1.391 0.906 | -4.494 2 1
Oy +1.519 | +0.187 | +0.582 | +£0.322 | +0.167 - -
2520 x 10.429 | 1.274 1.191 0.875 0.525 4 2
Oy +1.090 | +0.187 | +0.362 | +£0.020 | +£0.078 - -

Lawrence Livermore National Laboratory




Trends can be seen in the parameter values

The parameter ey is around 10.5/MeV on average for all cases

The parameter x is around 1.2 while ¢ is around 0.9 for all

The parameter ¢ should be around 1; it is 2-3 for the Pu(sf) isotopes,
suggesting they are broader than should be (compare to 238U(sf) where ¢ <
1; both have average neutron multiplicities of around 2-2.1 per fission)

Lawrence Livermore National Laboratory UL-
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Neutron multiplicity distributions

Evaluations by Santi & Miller (NSE 160 (2008) 190) have very small uncertainties and an
unrealistic number of significant figures.

252Cf(s) 240py(sf)
0.6 0.6
—— FREYA +— FREYA
o —— Santi Miller evaluation —a— Santi Miller evaluation
= 0.4 - 252Cf(5f) 2‘04- 240PU(Sf)
re) o)
S S
£0.2 202
0.0 F 0.0t
2.0 4 2.0
1.5 1.5
= T Az = i i
A .
O1.0¢ T = % 0 1.0 I }
0.5_ } A 0'5_ }
i A
0.0 - - - - - - - 0.0 - - - - - - - -
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Multiplicity Multiplicity
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Revisiting 238240.242py optimization with new data

New Prompt Fission Neutron Spectral data for 249Pu(sf) in PRC 109, 064611 (2024)

More data to come from LANL-CEA collaboration, working with Alex Tuckey (UM) to
optimize the FREYA parameters for all Pu(sf) isotopes with these new data

Once the parameters have been fit to some data for a given isotope, other
observables can be predicted, such as those related to angular momentum

Lawrence Livermore National Laboratory UL-
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Angular Momentum Generation in FREYA

Lawrence Livermore National Laboratory UL-
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Start from the rotating compound nucleus
generated by the incoming neutron

p—

Eo = Sp2/121, + Ey* Ao Zo Eo So Po
Total initial Rotational Statistical
excitation energy excitation

The plane of rotation is determined by the impact parameter of incident neutron;
the plane may change due to pre-fission neutron evaporation (which is treated
the same as the post-fission neutron evaporation from the rotating fragments)

Introduced (half) integer spin and can now specify fragments more precisely

RV & JR, PRC 103 (2021) 014610

JR & RV, PRL 127 (2021) 062502

JR, T. Dossing & RV, PRC 106 (2022) 014609
JR, PRC 106 (2022) L051601

Lawrence Livermore National Laboratory UL-
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FREYA mechanism of fragment spin generation:
nucleon exchange

"~
Relevant theory of nucleon exchange oy

Damped heavy-ion collisions, W.U. Schroder and J.R. Huizenga, Ann. Rev. Nucl. Sci. (1977) 465
Intimate relationship between nucleon exchange and energy dissipation
Theory of transfer-induced transport in nuclear collisions, J. Randrup, Nucl. Phys. A327 (1979) 490:

Each transfer changes the nucleon numbers and the excitation energies of the fragments,
as well as their linear & angular momenta

Transport of angular momentum in damped nuclear reactions, J. Randrup, Nucl. Phys. A383 (1982) 468:
Mobility (friction) tensor: anisotropic

Dynamical evolution of angular momentum in damped nuclear reactions, T. Dgssing and J.
Randrup, Nucl. Phys. A433 (1985) 215:

fast slow

Lawrence Livermore National Laboratory UL-
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Expectations based on the Nucleon Exchange Transport model

Zy, Ny, Py, Sy, Th,
ZL1 NL’ PL’ SL’ 7-L

J. Randrup, Nucl. Phys. A 327, 490 (1979)
J. Randrup, Nucl. Phys. A 383, 468 (1983)
T. Dagssing & J. Randrup, NPA 433, 215 (1985)

Multiple nucleon transfers produce a dissipative force that
affects the linear and angular momenta of the binary partners

T' erig =
ime .y ..

scale: The mobility coefficients | M B

' for the rotational modes: bend =

— Mtwst -

One-way nucleon current: N = %ponc?

Center separation:

Neck radius: c

mN R?

IuRy — IR\’
mN ( T, +In ) + Cve
mNc2, .

(v = For )

R=R;+Ryg—+d IO
(> < R? )

V' \

Lawrence Livermore National Laboratory



Basic Kinematic Setup

Two moving particles

/ pP1= Mqvy P:p1+ po = MV:p+ m_|_=[\4=m1+rn2 TOTAL
Ne - 1 _1_1, 1
P2 = MV, p = u(vi- Vo) =uv=p, m o m m RELATIVE
2 2 P2 2 2 2
pP—
Exin = p_l + —p2 = — <+ —p = —p+ 4+ —

2my 2moy  2M 2 2my 2m_

Two rotating spheres

‘ Si= Lo S=8+§,=s, I, = ot = 14 + 1, TOTAL
1 1 1 1
I_ Irel 11 12
S? S2 s2 s2
Erot = 1 + 2 = + +
°T, | 2T, 2T, ' 2I_

Lawrence Livermore National Laboratory lll-
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Angular momentum after scission

et

Three coupled
angular momenta:’|

e -86-

BEFORE AFTER

S, S

Spin of the light fragment S_
Spin of the heavy fragment Sy

Orbital angular momentum L

L

The total angular momentum is conserved.

S, +Sy+L = §, (=0 for spontaneous fission)
=> Six independent internal rotational modes

Lawrence Livermore National Laboratory UL-
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Rotational modes of the two-fragment system

J.R. Nix & W.J. Swiatecki,
Nucl. Phys. 71, 1 (1963):

++ 2 Wriggling:~

- - 2 Bending: ©

g0

+ 1 Titing: <X DR

-

-1 Twisting: =€ PPy >

Lawrence Livermore National Laboratory

mutually parallel,
perpendicular to axis

>

mutually anti-parallel,
perpendicular to axis

mutually parallel,
”—> parallel to axis

mutually anti-parallel,
*. ‘_> parallel to axis

Added to FREYA in 2014

L
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Rotational modes in dinuclear complex:
damped nuclear reactions

/SO =S,+Sy+L

»
2 2 . _ 2
pret St N Str +(50 Sr—Su)

G0c

Twisting: - Q‘)ﬂl POST™ = 8iust , OST" = —8twst , OL™F =0

2T, ' 2Ip 2Tr .
2 2 2 2 2
= S_O 4+ Swrig 4 Sbend 4 Stwst 4 Stilt
2IO 2Iwrig 2-fZ:bend 2Zt;wst 2-fZ:tilt
H : wrig __ ZL,H 5Lwrig _
Wriggling:= _>6SL,H = Z[,—I——Iﬂswrig ) = —Swrig
Benaing: - > 655 = spena, 68K = —spena , OL*M =0

:

Tilting: - ﬂ‘)‘; > is not directly agitated in because L- R=0

Total angular momentum still conserved

Lawrence Livermore National Laboratory &L
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FREYA can be used to explore different scenarios:

Mode
spins:

Fragment
spins:

Lawrence Livermore National Laboratory UL-

In order to explore a variety of rotational scenarios,
we the introduce the mode temperatures T,, = ¢, Ty

The mode amplitudes {s,,} are thus sampled from

Pwrig(swrig) s exp(_sgvrig/21wrigTwrig) 3 Twrig == cwrigT'sc
Pbend(sbend) i eXP(—S%end/2IbendTbend) y Thend = CbendTsc

Piyst (Stwst) ad eXP(—wast/ 2ItwstTtwst) y  Liwst = CiwstLpc

= SL = (7L/g+) Swrig + Sbend + Stwst ‘
SH = (7H/r-’+) SWrig = Spend = Stwst
The relative presence of the different modes m can

then be tuned by the coefficients (Curig » Coend s Ctwst)

Example: Standard FREYA - (1,1,0):
full wriggling & bending, no twisting

21



Relaxation times of dinuclear rotational modes

%\ Langevin J_
.. =3
. SCISSIOI’I‘ & stochastic
h v ) dynamics |
g 5 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ic) - 1
» = S . i
N " —  Twisting § g 5 i " collective action o \ i
'© —  Bending ] g minimization scission', |
~— 1 ) ! " 1>
= 10 —  Wriggling — 100 200 300
-u..E 3 Quadrupole mgment (b)
(O} e .. .
£ - I trss : fission time=1-4102%'s
c 10
0 =
IS - :
= | [
o 0F ®PCfsf) 0 T—Tm--—o
m —_——
1 2 3 4 5
Neck radius ¢ (fm)
- Wriggling is probably fully agitated
Expectations Twisting is unlikely to play a major role; I
from nucleon 41 it grows more prominent with excitation
: ) R
exchange: Bending probably has some presence; < >
L itincreases with the mass asymmetry

Lawrence Livermore National Laboratory UL-
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Neutron evaporation from rotating fragments

S Mi=MP+e  Mj=Mg+ep M =Mj+m+e
: Qu = Qhe=0) = M~ MF —m, = -5,
& |Qn | & .
angi—l_Qn:gi_Sn
= A
n €

Y v T}mzmzm

d’p ~ \/eded
Weisskopf-Ewing neutron energy spectrum: p ~ Vede

(non-relativistic)

o= S/1 AN max o
Va = Vot oXr AP ~ Vee T eded) = e/ e de d
p
When fragment is rotating, emission from moving surface,

S X I Vg, IS boosted by local rotational velocity @ x r and daughter
p p nucleus absorbs recoil linear and angular momentum

b= — Pn .
S'=S—rxp, Neutron and daughter nucleus Lorentz boosted from emitter

frame to laboratory frame

Neutron emission conserves energy and linear & angular momentum

Lawrence Livermore National Laboratory UL-
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Photon emission follows neutron emission

Neutron evaporation ceases when E* < S, (neutron separation energy);
the remaining excitation energy is disposed of by sequential photon emission ...
... first by statistical photon cascades down to the yrast line ...

&N F?}DRGQ 2 —¢/T; d’p,, ~ € dedS)
e SRl oo 212 _2|€° <= e
Py (€ —EGDR2> + LepR€ (ultrarelativistic)
* * _ —1/3 —1/6
S;=S -1 Ef = Bf =& eqpn= (312473 520647Y0) MV T = 5MeV
4 252Cf(sf) - ‘\\ .. then by stretched E2 photons along the yrast line ...
4 \\\ Sf = 5;—2
15 [ ! ey = S7/2I4— S7/2T4
/
! Ia = 05x 2AmnRY

... Whenever possible, the RIPL decay tables
are used instead...

S
r_ } n I
ﬁy/ ‘jl/l/ {rast line Each photon is Lorentz boosted from
0 % >

2 4 6

5 the emitter to the laboratory frame y
Fragment angular momentum J uL-
24

w
|

Fragment excitation E* (MeV)
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How can we learn about angular
momentum based on measurements?

Lawrence Livermore National Laboratory UL-
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Recent experimental information on spin correlations

Angular momentum generation in nuclear fission,

J. N. Wilson et al., Nature 590 (2021) 566

12
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nature -

OBSERVATION:

“"There is no significant correlation
between the spins of the fragments”

INTERPRETATION:

Therefore “‘the fragment spins are
generated after the nucleus splits”,

i.e. after the fragments have become
two separate, independent systems”

L
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Dominance of fluctuations results in very weak
fragment spin correlation

The fragment spins S; & Sy are dominated by wriggling & bending fluctuations
and are only very weakly correlated (both mutually and w.r.t Sg)

Recoil from wriggling creates some orbital motion and the subsequent Coulomb
trajectory reorients the direction of the relative fragment motion by about 2°

The remaining weak directional correlation is effectively independent of the
initial energy, the compound nuclear spin, and the fragment mass division

There is a slight preference for opposite spin directions: P(180°)/P(0°) = 1.18

_ “*U(n,)
£ 1.05 —

<

Q.

C - i

S 100f—-————mm e A

= i ]

IS

2 gos5F ]

Q YIPr o E,=20MeV i R.V. and J. Randrup,
i —  Theosiey) ] PRC 103 (2021) 014610
i 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 ]

0'900 30 60 90 120 150 180

Opening angle ¢, (degrees)

Lawrence Livermore National Laboratory UL-
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Moment of inertia for orbital motion is large:
Ip>> 1y, I, > very weak fragment spin correlations

We can calculate the direction and magnitude of spin correlations

spin-spin (6SL-68y) 1r Tn 2
correlation c(SL,Su) = 5 vz = [ ] < 1
. 7z Ii)ZIp+Z
ot [(857) (65%) (Zr +Z1)(Zr + In)
Correlation between the spin directions: Correlation between the spin magnitudes:
1.4 : 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 B C 235U f 238U( f 239P ( f 252Cf f
[~ e ase: s
12F 238U(n,f) Distribution of opening angle — ~ (m. ) o) o) (sf)
~ F 5. = (S,) 427 4.43 4,58 5.08
< 1.0F
T F : Sy = (Sy) 5.66 5.80 5.93 6.33
g 0.8 = —
S o6b ASH St E c(S..Sy) %) 02 02 0.1 0.1
-g - ¢LH ® FREYA ]
g 0.4 E_ J— 1+f1cos(q)LH) _E f] (%) -8.2 -8.3 -8.3 —-8.4
0.2 —;
F 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 3 H
0'00 30 60 90 120 150 180 magnltqde of _ (0SLOSH)
Opening angle ¢, ,, (degrees) correlation ¢(S1,5n) = [(652) (652)]1/2

coefficient:

JR & RV, PRL 127 (2021) 062502, RV & JR, PRC 103 (2021) 014610

Lawrence Livermore National Laboratory UL-
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How can we differentiate between
different levels of spin fluctuations?

Lawrence Livermore National Laboratory UL-
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Probing fragment spin directions and thus spin modes
using photon measurements

Orientation of the fragment spins
relative to the fragment motion?

S
L Dy Relative orientation of the fragment spins?

JR, T Dossing & RV, PRC 106 (2022) 014609

Lawrence Livermore National Laboratory UL-
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Angular distribution relative to fragment direction dN/dcos(4, )

Pioneering
experiments:

The fragment spin is parallel
to the direction of motion:

Fragment spin is perpendicular i
to the direction of mot|on

)

Lawrence Livermore National Laboratory

= 0.7 [~ 252

Angular distribution P(6Y
o o o o
w H~ (€] (e}
T

o
N N
of T

Two reference scenarios:

Wy(lys) ~ 1— —Pg(cosevf)

(Oyg) ~ 1+14P2(00597f) 28 Py(cosbyf) ‘ > A 4

! I
Cf(sf) s:deways peaked

E_\( oblate Y

WA

forward-backward

— S
—— Sperp

Look only at E2 emissions in even-even product nuclei
J.B. Wilhelmy et al., Phys. Rev. C 5, 2041 (1972)
A. Wolf & E. Cheifetz, Phys. Rev. C 13, 1952 (1976)

_ﬂ_

Y -
—%—O*

oblate

Py(cosb.y) ‘-)—> .

prolate

90° E

cos(eyvf)

-0.5 0.0 0.5 1.0
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Testing different contributions from twisting mode

~ 0.7 -
D i
g (>
- 0.6 -
Q0 i,
2 05F -
@ F . . -]
T 04 ==~ e FREVA N
§ -/ — Fit(n=4) \ ]
303 4 Standard FREYA = = Fittevenn) '\ —
8’ - —— Sperp .
g -/ (1.0, 1.0, 0.0) — s \
0.2 _—I' -\__
- 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 =
-1.0 -0.5 0.0 0.5 1.
: 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 :
~ 0.7 . . —
= 'F ®2cfsfy Based on relaxation times -
Q C e — - »
c 06 \\\ —]
2 s, ;
3 05F - o .
5 b L
T 04E “=~7" e FREYA \
© )/ — Fit(n=4) \
S 03F ; Bestguess” «« Fitlevenn) | -
8’ - — — Sperp —
< -/ (1.0,0.8,0.2) Sl \
0.2 _—I' -\__
- 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 =
-1.0 -0.5 00 0.5 1.
cos(6, )
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Yields at 0° relative to yield at 90° adding more twisting

1.5 1 I 1 I 1 I I I I i
FREYA—@8> § 4
141 o ®2CHsh)
og _ ¢ ]
o 13 Bestguess’ ] ]
< - .
— [ o) ]
9 12__ o Cbend:erig=1 1 Q ]
g : O Cbend : erig =1:3 E)
11__ 0 C"bend:cwrigz‘?’:1 __
1.0 B | I | I | I | I | ]
0.0 0.2 0.4 0.6 0.8 1.0

Twisting temperature reduction factor ¢,

Repeat the experiment by Wilhelmy et al.:
Modern equipment => more accurate data
=> measure the degree of twisting
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Summary

= Angular momentum has been a hot topic in fission for more than 60 years
= Experiment suggests that fission fragments typically carry S = 5-7h,
approximately directed perpendicular to the fission axis
= Because FREYA conserves energy, linear & angular momentum,
it can straightforwardly elucidate the influence of angular momentum

= We have studied the influence of the overall angular momentum and
showed that the two fragment spins are nearly uncorrelated even though
they are built up in highly correlated increments (by nucleon exchange)

= Fragment rotation has numerous consequences, it:
« causes neutron emission to be anisotropic;
 influences photon emission;
« affects searches for novel effects like scission neutrons
= Spin-spin correlations can provide information on the scission geometry

FREYA is ideal for studying spin effects in fission

Lawrence Livermore National Laboratory UL-
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Correlation between the two fragment spin directions

A photon having positive helicity tends to emerge in the upper hemisphere

P37 (0ys) ~ (14 hcosfys)*(1 — cos®b,s)
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Distribution of the opening angle between two E2
photons having the same helicity
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