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Introduction: Cross Section Representation

Hauser-Feshbach

Resolved resonance range (RRR) Resonance Theory

cross sections are not energy-averaged

Unresolved resonance range (URR)

average resonance parameters given and _
statistical theory applied N

no fluctuation, but non-smooth behavior
may persist if experimental data show
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Higher energy range

cross sections given by the Hauser-
Feshbach model are smooth and energy-
averaged
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Connecting RRR and HF Energy Regions

Smooth transition from RRR to HF not always guaranteed

URR parameters not given

fluctuation in cross sections suddenly disappear at the boundary energy

sometimes fluctuation is given based on experimental data, but no predictive model exists

URR parameters given, but not used to calculate cross section

parameters used for self-shielding calculation only

URR parameters given
cross sections by the statistical model
artificial fluctuation can be added

channel degree-of-freedom not so well studied
Improvement of statistical theory in URR
direct reaction when deformed nuclei

channel d.o.f

Artificial transition from RRR to

statistical model calculation
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Nuclear Reaction Rates by Statistical Hauser-Feshbach

Statistical Hauser-Feshbach theory for nuclear reactions in the keV to MeV energy range

Widely employed for applications such as nuclear technology, astrophysics, etc

Calculated cross section strongly depends on
~ model parameters: photon strength function, level density, optical potential, ..
~ implementation: nuclear deformation fission model, ... Comnound Elastic
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Fission cross section is still very difficult to
predict by the current HF model
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Ingredients for Statistical Hauser-Feshbach

Phenomenological and/or microscopic models

Optical potential for entrance channel
global parameterization or individual fit to data
microscopic approaches, yet not generally accepted
Level density in the residual nuclel
phenomenological models, Gilbert-Cameron, BSFG, ...

mean-field single-particle spectrum + combinatorial calculation (+ phenomenological corrections)

large-scale shell model

Photon strength function for gamma-ray emission

Giant Dipole Resonance (GDR) models

Spherical il

quasi-particle random phase approximation (QRPA) Optical Model

L. . ation
Fission barriers

simple penetration model

microscopic potential energy landscape not yet incorporated into HF
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Unification of Coupled-Channels and Hauser-Feshbach Theories

Spherical Hauseﬁhbach
Single-Channel |
Optical Model widh .

Unitarity Deficit

due to direct reaction

Coupled- Hause‘hbach Unitary Transformatin of

Channels - Penetration Matrix

Multi-Channel

Generalized Transmission Coefficients

Unitary
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Are the Slow and Fast Processes Independent?

Strong constraint by S-matrix unitarity Statistical Theory

Incoming wave interferes with out-going wave in the elastic channel

Oy = k2 ‘5ab _ ab‘Q Compound States
Statistical theory gives energy average cross section
o) = {lows — Surl? L
- mb — (Sa) 2 + (ISG2) 50|
= oap + {0 )

Ground State 1 - <Saa>|? Ground State

We want to express the CN part by Transmission Coefficient

<Saa> :Saa(E+i[)a Tazl_KsaaHQ : 0<1,<1

Optical Model
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Detailed Balance: Statistical Theory

-~ Time-reversal process
Factorizing CN formation and decay processes

Cross section = (CN Formation Probability) x (Branching Ratio)

7TT « TD
op = —
D 2 A T AT + Te + Th

Slow process can be calculated by fast process
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Spherical and Deformed Targets

Single channel optical model

Generalized transmission coefficients in

target is spherical, S-matrix is diagonal the coupled-channels formalism

Coupled-channels optical model

target is deformed, Include off-diagonal elements 2s + 1
g g J}gn) — Z Z 2j _|_ 1gJ 1 o Z |S;LI§—I 2 5naan6laal5jaaj
JII «a @ b

Compound States Compound States

Nucleon-induced reaction on excited targets
assuming OMP is the same as the ground state

1 - 2|<Sbc>|?

Jp =

Excited Staté Excited State

Ground State Ground State Ground State Ground State

‘5 Los Alamos T. Kawano, PRC80, 024611 (2009)
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Conventional HF Calculation for Deformed Targets

-

CC and HF calculations are often fully decoupled

Many of HF codes do not use generalized transmission coefficients for the excited states,

but approximated by T for the ground state shifted by excitation energy

n 0 n
T, (B) = 1) (B — E{")

This approximation never validated
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Generalized Transmission and Energy-Shifted Transmission
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Correction to HF: Elastic Enhancement and Width Fluctuation

Compound cross section defined by average resonance properties

SON _ 2_7T< r,T > 2r <Fa><Fb>W o T.T) o b
o o ao a
! j[) :E::(j:[jC3 'l:) :E::c:<lju3> :E::(:C113
Correlation appears in the width
Stochastic R-matrix employed in the past fluctuation correction factor

Monte Carlo technique for generating fluctuating cross section by

sampling resonance spacing D from Wigner distribution, and

sampling decay width Gamma from Porter-Thomas distribution

Caveats 08 L _ _

Hidden correlation | /ﬁi -
S 06L j _ -

Actual width distribution not so obvious

0.4

Dsitribution

L \ _
Study CN reaction by random matrix _ ]ﬁ _
Verbaarschot, Weidenmueller, Zirnbauer 0.2 -
implemented GOE in Hamiltonian ' % A
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Stochastic S-matrix (K-matrix) based on GOE

-

N resonances

coupled by W

\

/A channels

o Perform ensemble average |S ., |* by realization of H

GOE S-Matrix
Ogb — 207 Z Wa (D—l)uu Woe

GOE
Sup

D,

18%

ES,, — HS©

%) 4im Z W,cWe

GOE) ;7(GOE 1
H;(w )Hf(w ) = _(5up5v0 T 5u05lm)

o T, given by eigenvalues of WWw/

N

(GOE)

@ Model parameters are T, (transmission), N (number of resonance), and A

(channel)
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Width Fluctuation Correction Factor by GOE Monte Carlo Simulation

GOE S-matrix, T = 0.
0.75

Channel Degree-of-Freedom

© Realization of GOE
o for various T and different number of channels

T:ZTC
C

© parameterize elastic enhancement (or channel
degree-of-freedom) by T

o Width fluctuation for each channel

Kawano-Talou (2013)

asymptoric exlpansion

Sum of Transmission

Elastic enhancement factor, and

Channel degree-of-freedom
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Influence of Direct Reaction Channels

Direct reaction channels introduced as a background in K-matrix
Generalization is not so straightforward

How width fluctuation correction changes by the strength of direct channels
The direct contribution can be eliminated by unitary transformation

Diagonal in the eigen-channel space -

Elastic Inlastic |

COOOO000000—
—NWPAL 010000

2
4 1
3 1.5
2
- 2 0.5
1-5] 1Background k,
1
0022 . — / %02 01 >
-0.2.0.15 iR A AN -0.2.0.15 9.1 . ,
>1-005 0 005 g 0.15 92" 1005 0 005705 0.15 0.2°
Energy [in units of A] | Energy [in units of A]
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Engelbrecht-Weidenmuller Transformation for CC S-matrix

Width fluctuation calculation requires single-channel transmission T,
use this for transmission coefficients

Unitary transformation of Satchler’s penetration matrix, P

(UPU) 05 = 6asPa;

Pab — 5ab — Z Sachc

Width fluctuation corrected cross section
In the diagonal space
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0.0001

Sum of Transmission Coefficients

T. Kawano, PRC94, 014612 (2016)



Inclusion of Uncoupled Channels

The whole S-matrix includes more channels than treated in the CC formalism
capture (gamma-ray emission), fission, compound inelastic scattering, etc
Spherical optical model for uncoupled inelastic scattering channels

Strength function for gamma-ray emission channel

En"'sn
Iy = Z/ Tx(Ey)p(Ez)dE;
xr Y

Hill-Wheeler WKB transmission for fission channel, if open

&

| 4

Pc )
A A
p_ 1, v

— T A (0)
Y

Tf Ground State

Oab — Z ‘Uaa‘20a,855b
o
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Decay Amplitude from GOE Hamiltonian

K-Matrix Representation

T
K — nW W KCC,:—Z.
4 E — HGOE "’ 2 E—EA

S-Matrix Pole Expansion

1
: T L'~
=12 g = e@eor —imwwryer @ G ¢

See! = Oce! — 1 E Yoo,
- E o 5 ZFV/Z ......... E

Average decay width is given by

the ensemble average of these
decay amplitudes
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GOE Poles and Decay Widths, 2-Channel and 100-Resonance Case

weak coupling case
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strong coupling case
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Can We Express Cross Section in Terms of <[> ?

10" ¢

Cross Section

' GOE o
<Ga Gb/sum Gec> X
<Ga><Gb>/sum <Ge>W [

Moldauer/LANL

Elastic

= _ -
-

= Inelastic (x 0.1)

0.1 1
Transmission Coefficient

2T Fal“b

D\, . I,
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The compound cross section
derived from the decay widths is

ambiguous when the transmission
coefficient is large (strong coupling




Coupled-Channels and Hauser-Feshbach Code CoHzs

o [®] coh.cpp

/ckskiocikaciacicioliolclociciciaoicioioloiciciciciolaioioicioloiciciockdciiciciciciobicoicioioicicicicioicioicicioidoicioicioiciobicioicok / l

Hauser-Feshbach-Moldauer theory for compound reaction /o e

J ¥k C oH 3 ! The Hauser-Feshbach Code ¥/
VESS Version 3.5 Miranda (2015) s/
. . . . /A T.Kawano doaf
50k+ lines C++ code, including ~140 source and ~60 header files 7= wsoy 0~ =/
/*¥ 3.0 Callisto : ceveloping version for full Hauser—Feshbach (2009) »x/
/%% 3.1 Ariel : Tission modeling (2010) %/
tt . OOP t I 80 I d f d / Ak 3.2 Umbriel : CSH + ESLIPSE unifiad version EEOIZ’ oK/
~ /%% 3.3 Titania : edvanced memory management version 2013) #x/
er en In S y e’ C asses e Ine /%% 3.4 (Oberon : mean-field thegry ingluded version (2015) %%/
/ %k 3.5 Miranda : coupled-charnels enhanced version (2015) %%/
" " /** ok /
/ KKK K AR K KKK KK KK SRR KR K KKK KK KA KR K Sk KRR KRR R RCICICRCIoCkaCickooicickaiok /
U ulidal "

#include <string>
#include <iostream:>-

Some SpeCiaI features #include <sslrean>

#include <iomanip>
#include <cstdlib>
#include <cstring>

Internal optical model / coupled-channels solver #include <cnatt>

#include <unistd.h>

using namespace std;

Unified description of coupled-channels and statistical model L ——
Compound nucleus decay by deterministic or Monte Carlo method
Accurate exclusive reaction cross sections and spectra

Mean-field models included (FRDM, Hartree-Fock-BCS)

Subsidiary code BeoH
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MOdUleS and MOde|s in C0H3 Two-Component Exciton Model

Rotatioal, Vibrational Model Madland-Nix Model

Statistical Hauser Feshbach

Moldauer Width Fluctuation

Engelbrecht-Weidenmuller
Transformation

Exclus
Spectre

DWBA Nucleon
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Inelastic Scattering Calculation for 233U at Low Energies

Coupled-channels optical model provides S-matrix

including off-diagonal elements

Generalized transmission coefficients from P-matrix

-
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Engelbrecht-Weidenmueller transformation for the width
fluctuation correction
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Concluding Remarks

Unification of the coupled-channels optical model and the statistical Hauser-Feshbach theory
Calculate generalized transmission coefficients from the coupled-channels S-matrix

Width fluctuation calculation in the diagonalized channel space

by performing Engelbrecht-Weidenmuller (EW) transformation

GOE model for studying relation between transmission coefficient and cross section

explicit inclusion of uncoupled channels

Applied to deformed nuclei - 199Tm (even-odd) and 238U (even-even)

CoHzs code includes these new developments

Both the generalized transmission coefficients and the EW transformation increase the neutron
inelastic scattering cross section when strongly coupled direct reaction channels exist

This happens due to the fact that contributions from each partial wave are different, and that
constraints by the unitarity of S-matrix is somewhat relaxed
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