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I Motivation

Practical Interests: fast-neutron induced fission in reactors, fission in
astrophysical environments, synthesis of superheavy nuclei......
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Introduction

e The competition between neutron emission and fission is crucial for the
survival probabilities of compound SHN.
e ltis particularly an interesting issue for hot-fusion reactions

as(Ec.m.) — ”Cff(Ec.m. )PC-'N(Ec.m. )‘I'S(EC.ID. )

“cap

| T | | i |
L
10 Y. Oganessian |
/ S
~
/ E _|  Sg )
0-Q0+D-+Q+@
%] -
€..34 | & Hs reactions |
Projectile Target Fusion Compound  Element %m E\ . Hs
MNucleus 118 @ s Fl
w A - Lv
s 7 I Ch & —
g DSE '\\ E,' I\
S 1036 NN F Y -
5 Cn, \_‘
- 4 SHN =
10°38 I JE"{"'I | | |
OC> 155 160 165 170 175 i8¢ 185 150

“-, Neutron number

Very large cross sections for hot fusion
> the surprise N=176




e The calculations of survival probabilities are usually based on Bohr-
Wheeler statistical model
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e Systematic survival probabilities have been calculated at optimal energies
C.J. Xia, B.X. Sun, E.G. Zhao, S.G. Zhou, Sci. Chin. Phys., 2011

e However, statistical model relies on parameterized level densities, fission
barriers, temperature dependence...... and many corrections and
associated parameters are introduced




e Microscopic Finite-Temperature Hartree-Fock-Bogoliubov can describe the
thermal equilibrium compound nuclei: quantum effects (superfluidity and shell
effects) can self-consistently and gradually disappear

: L. AL Goodman, NPA 362, 30 (1981).
p(r) =) KU+ (1 = H)IVINIP] L Egido, et al. PRL 85, 26 (2000),
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e Microscopic Finite-Temperature Skyrme Hartree-Fock-Bogoliubov can
naturally describe the temperature dependent fission barriers and neutron
gas at surfaces, without free parameters

F — E — TS Fission barriers in terms of free energy




e Microscopic thermal fission barriers . c. pei, W. Nazarewicz, J. A. Sheikh, and A. K.
Kerman, PRL102, 192501 (2009).
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e The temperature dependence of fission barrier heights are different for
specific nuclei, due to quantum shell effects at high temperatures.
e Usually in experimental analysis, a damping factor is introduced

B = Bip — s We0E

M.G. ltkis, Yu. Ts. Oganessian and V.I. Zagrebaev, Phys. Rev. C 65, 044602(2002).




I From classical statistical to quantum statistical decays

1. The Bohr-Wheeler transition state theory(1939)

fission barriers don’t change with temperatures Level density at saddle
depends on level densities at minimum and saddle points ~ pointis not know
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2. The dynamic Kramers theory (related to Fokker-Planck)(1940)
consider the influences of barrier widths and dissipation Strutinsky(1973)
consistent or inconsistent with B-W without dissipation?
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3. The Imaginary Free Energy method (ImF)
A general theory at all temperatures for metastable systems(chemical reactions)

A more strict quantum treatment; fission barriers in free energy
Connected to Kramers theory at high temperatures
A transition temperature: from quantum tunneling to thermal decays

Z — Z e_ﬁzn — Ze_ﬁ(En_tﬁTn/z) F = —(1/6) ]_]_’]_Z

n

J.S. Langer, Ann. Phys. (N.Y.) 41, 108(1967).
|. Affleck, Phys. Rev. Lett 46, 388 (1981)

Our objective: microscopic study thermal fission rates (ImF) with the
ent fission barriers and thermal neutron emission rates,

bilities, instead of conventional statistical models

temperature




I Overview of Microscopic Fission studies

A well-known challenge for nuclear many-body theory towards a

predictive microscopic fission theory
Review: N. Schunck, and L. M. Robledo, arXiv:1511.07517v2.

e Fission is a large amplitude collective motion

e Spontaneous fission has been extensively studied as a quantum
tunneling process.

e Non-adiabatic studies: real-time dynamics only applicable after
saddle points for fragment distributions (TD-HFB)

e Adiabatic DFT have to identify the neck and scission mechanism

Two essential inputs:

e Microscopic DFT studies of mass inertial parameters: cranking
approximation, GCM, ATDHFB, local QRPA

e Microscopic DFT studies of fission barriers: large deformation
properties(and beyond mean-field corrections); multi-dimensional
potential energy surfaces(q,g, ds, ds3p)




I Overview of Microscopic Fission studies

WKB + Langevin dynamics

Spontaneous fission fragments
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I Overview of Microscopic Fission studies
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Phys. Rev. Lett. 116, 122504 (2016)
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I Overview of Microscopic Fission studies

TD-GCM
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I Overview of Microscopic Fission studies

A number of libraries at the application level:
Level density; potential energy surface; shape before scission,
Gaussian distribution, neck, potential curvature, dissipation ...

Very wide applications:
Fission fragments, TKE, neutron emission, gammy emission...
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Thermal neutron gas

10
e |In FT-HFB, the thermal neutron

-3
" gas at surfaces are generated
10° to produce equilibrium pressure
"5; 107 e The neutron gases are
“:; o unphysical, and should be
@ subtracted from the system self-
S . consistently
S 10
*;5; . e The neutron emission
P

(evaporation) rates is

it proportional to the gas density

neutron gas
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Zhu, Pei, PRC, 90, 054316 (2014)




I Thermal neutron emission rates

Statistical model: FT-HFB approach:
I
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The level density parameter a, which can be dependent on mass
regions, deformations, and temperatures




Treatment of neutron gas  wo——————
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I Compare neutron emission rates

kT FT-HFB Stat-M

(MeV) Mgas I [(a) ["(b)
238U

1.0 207x107%  3.69x103  1.11x1073 1.15x 1073
1.5 2.0%x107 457x107%  6.15x107%  2.96x1072
2.0 7.67x 107 1.94x 107" 256x107! 1.55x 107!
ZSSU

1.0 1.67x107°  3.16x107%2  1.73x1072 1.02x 1072
1.5 7.82x1075 1.82x10°!  2.04x107! 1.10x 10!
2.0 2.11x107*  570x107"  7.71x107"  4.10x107!
kT FT-HFB Stat-M

(MeV) Ngas I’ [Na) ['(b)
R

1.0 553x1077 1.09x1073 1.36x10~% 5.14x10~*
1.5 8.84x10°% 2.14x10°%2 2.76x1072 2.04x102
2.0 3.76 x 1073 1.06x10~" 2.21x10! 1.21x 107!
T14F1

1.0 1.15x10°%  3.69x10~° 536x107* 9.04x10°*
1.5 1.5I1x107°  3.79%x1072  3.13x1072 2.64x1072
2.0 545x10° 1.58x10°!' 2.51x107! 1.48 x 10!

Zhu, Pei, PRC, 2014

Statistical model:
(a) use a level density a=A/13
(b) use a level density a=E/T?
from FT-HFB calculations (a
connection)

e Generally agree with the
statistical results, however,
with detailed differences...

e Microscopic results without
any parameters.

e Level density parameters
are difficult to be
determined experimentally




I Compare neutron emission rates

Statistical model and microscopic model:
level density a=E/T? from FT-HFB calculations (a connection)
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I Thermal fission studies

e Thermal fission involves all the issues of the spontaneous fission

e Gradually evolve from quantum tunneling to statistical escape
mechanism

e Wide application interests: fast-neutron induced fission in reactors,
fission in astrophysical environments, hot-fusion of superheavy nuclei

e Conventional studied by Bohr-Wheeler transition state theory and later
the dynamical Kramers theory

e We use the imaginary free energy theory that is more microscopic and
general for all temperatures.

|. Affleck, Phys. Rev. Lett 46, 388 (1981).




Microscopic Finite-Temperature Skyrme-HF+BCS studies of fission barriers

e Temperature dependent fission barrier heights, pathways (Pei, et al, PRL, 2009)

o Temperature dependent fission barrier curvatures (frequency) are also
important inputs but has rarely been discussed. (Zhu, Pei, PRC, 2016)
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Barrier height (MeV)

Systematic fission barriers the surprise N=176
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I Mass parameters

Perturbative cranking approximations for mass parameters

Moo = ﬁQ[M(l)]—l[M(s)HM(l)]_l

2

(upvy + upvy)

[ Z < 0]Q;|pr >< p|Q;|0 >

Finite-Temperature cranking approximations for mass parameters
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I Mass parameters
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I Thermal fission rates at all temperatures

Imaginary Free energy (ImF) decays

1
27h

1 i |
= |2 .s'inh(s;j’hwo)] / P(E)exp(—pF))dE
< Jo

The ImF formula at high temperatures

wp, sinh( % Bwo)

1"_

= exp(—=3Vy
27 sin (3 Shwy) Pl b)
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|. Affleck, Phys. Rev. Lett 46, 388 (1981).




I Temperature dependent potential curvatures

Curvatures are important!

V(q)

W Small w,

q
’ \ Small w,
q

« Barrier reflection can be considered
by a parabolic potential

* The w, has not been considered « Curvatures are now obtained
in Bohr-Wheeler formula microscopically

* Both w,, w, are decreasing and
play a role as dissipation




I Microscopic fission lifetimes

T 260 m 240py
(MeV) E* Ty (s) E* Ty(s)
0.1 0.001 1.50x1073 0.002 2.55x101°
0.2 0.11 1.59%x107° 0.13 2.80x1073
0.3 0.83 3.67x10710 0.81 4.50x1078
0.4 2.67 1.94x 10712 2.43 3.48x 10710
0.5 5.67 7.87x107 M 4.85 9.08x10~ 1
0.6 8.63 3.48x1071° 7.02 8.17x10712
0.75 10.91 2.07x10~1¢ 11.19 9.61x10~ 13

e Nuclei with different curvatures can have different critical temperatures:
T. = w, /21

e For Pu240, with a very low critical temperature and lifetime deceases
very rapidly. Low temperature ImF formula is not suitable.




I Microscopic fission lifetimes

T QGOFIH
24
(MeV) B , "Pu
Y T's(s) E” T (s
).3 0.83 1.90x10~° 0.81 o g i
0.4 2.67 1.90x 1012 o 325<10-5 © Large difference in low
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Dl . X - O Al
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1 292
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4o o) 11.25  3.56x101° 14.1 1.25%10~16 obtained for 292F|
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Thermal fission: a transition

107
260Fm
10° e Fission lifetimes decrease very
— g';ﬁ;nann ) rapidly at low excitation
107+ | ImF-H energies
seassesenias KramerS .
» 10° e A smooth connection between
0 low-T formula and high-T
= 107 formula.
p= crossover s
s 10" e The applicability of low-T
7)) . . .
R formula is slightly higher than
L 107
TC
10" o Kramers formula overestimate
o R fission lifetime at low
T, temperatures
! 1 - 5 1 5 1oy

0 10 20 30 40 50 60
Excitation Energy (MeV)
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I 274HS

Experiment Survival probability
Large experimental survival probability of 274Hs has been given at
63 MeV, R.Yanez, etal., PRL 112, 152702 (2014)

Statistical model: 23%
Experiments: 89%, large dissipation?

|dentify the prescission and postscission components of the neutron
multiplicities in each system Mg26+Cm248

Our calculations: ~30%

Many questions about this experimental data
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I Uncertainties and open questions

Significant model dependences at
spontaneous fission

What has been missed

e Full multi-dimensional

Energy (MeV)

 /PE corrections to barriers
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I Summary

o Aroadmap towards microscopic descriptions of induced fission rates,

based on temperature dependent fission barrier heights and curvatures,
and mass parameters.

o Neutron emission rates in deformed nuclei is obtained, agree with
statistical model

o Now we can derive the microscopic survival probability of compound
superheavy nuclei without free parameters for the first time.

Outlook:

« Thermal fission in multi-dimensional deformation spaces,

» Fission lifetime and fragment distributions together

« We have dropped out the viscosity and dissipation which can be

important at high temperatures.
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