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Outline

Why are we interested in low-energy reactions?

Why do we need theory to describe reaction processes?
What types of reactions are relevant in this context?
How do we describe compound-nuclear reactions?
Which physics models and inputs are needed?
Challenges and open questions
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Goals of advanced reaction theory

Achieve deeper understanding of underlying
MICroSCOpPIC Processes in reaction
experiments

« Determine of degrees of freedom relevant to the Known nuclei
interaction between projectile and target

Stable nuclei

Determine cross sections needed for
applications

» Astrophysics

* Nuclear energy

» National security

. . ’ _ : Remnant of a
Extract nuclear structure information from T supernova

reaction experiments

» Inform and test nuclear structure theories

» Determination of nuclear structure inputs for
calculations

Cat’ s eye nebula




Low-energy reactions remain essential

Past

« Stable beams & targets

» Probes of nuclear structure in/near
valley of stability

* Nuclear radii, density distributions,
levels, spins & patrities, shell gaps,
spin-orbit, tensor force, 2-nucleon
correlations

» Direct measurements of cross
sections

» Exotic beams on stable targets

« Study structure outside the valley
(r-process, fission fragments, etc.)

» Pushing theory to new limits

* Indirect measurements of cross
sections using RIBs

Futuire

www.ornl.gov
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Describing low-energy reactions

Basic notation

Reactionta+A->c+C+Q
Alternative: A(a,c)C

a + A : projectile and target
(entrance channel)

c + C : electile and residual nucleus
(exit channel)

Q-value: Q = E;—-E
Q>0 : exothermic (releases energy)
Q<0 : endothermic (requires energy)
Partition: combination of particles

Channel: specified by partition plus
state of excitation of nuclei

Closed: not accessible for given E
Open: energetically accessible

Observable: cross section
« Measured or calculated
* Definition:
# particles ¢ emitted

O =
(#particles a incident/unit area) (#target nuclei)

e Units: 1 barn = 1028 m2

Classification
» By observed entrance-exit channel
combination
* By number of degrees of freedom
excited (related to time scales)

‘Low energy’ reactions
* Involve collective, single-nucleon,
few nucleon excitations
» Exit channel contains 2 (or three)
fragments



Classification
by observed entrance-exit channel combination

Two particles in exit channel More classes....
« Elastic scattering: A(a,a)A » Capture: A(a,y)C
Internal states unchanged Projectile is captured, energy radiated
208Pp(n,n)2%8Pb "Be(p,y)8B, 3°Sn(p,y)'3'Sn
* Inelastic scattering: A(a,a)A* » Breakup:

Target and/or projectile excited
90Zr(o,’)0Zr*

 Transfer reaction: A(a,c)C
Stripping: transfer part of projectile to target

Projectile breaks apart in target field
d+3%Zr -> °0Zr*+p+n
» Knockout:

Nucleon/light nucleus emitted from
°0Zr(d,p)Zr* target, projectile continues on

Pickup: transfer part of target to projectile Example: Ae,e’p)B
157Gd(3He,(1)156Gd*

« Charge exchange: A(a,c)C
Mass numbers remain the same Combinations of these processes
14C(p,n) 14N can occur in a reaction.




Classification
by degrees of freedom excited

Direct reactions Compound reactions
« few collisions, fast: 1021-10-22s « multiple collisions, slow: 10-1°-10-16g
« target structure largely intact « target fuses with projectile
 forward-peaked » symmetric wrt 90° axis
* Involve single-particle excitations * involve many-particle excitations
Shape elastic Direct inelastic Compound elastic
scattering scattering scattering
‘ s Same po;Ele Ieuvmgﬂ / '
A, / / / Compound nucleus / 1
No collision | One Bllmgn Two vc?)lhsngns formation n colhsuc&
N N N\
lllustration by V. Other parti vi
Weisskopf, from o po&? T o —
Jackson, Nuclear Direct reaction Compound nucleus

Reactions (1970) reaction




Classification
by degrees of freedom excited

Direct reactions Compound reactions
« few collisions, fast: 1021-10-22s « multiple collisions, slow: 10-15-10-16s
« target structure largely intact « target fuses with projectile
» forward-peaked  symmetric wrt 90° axis
* Involve single-particle excitations * involve many-particle excitations
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Angular distributions

Zr(p,p’) at E,=200 MeV
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Classification
by degrees of freedom excited

Direct reactions Compound reactions
« few collisions, fast: 1021-10-22s « multiple collisions, slow: 10-1°-10-16g
« target structure largely intact « target fuses with projectile
 forward-peaked » symmetric wrt 90° axis
 involve single-particle * involve many-particle excitations
excitations
En E QUC]SI— ——— - { En
E; stationary ——
—E, levels ——
0 =— — 0
> Filled 7
’// bound y/
levels /
Single-particle Many-particle From Jackson.
states states Nuclear Reactions
(1970)




Single-particle vs. many-particle excitations

Zr(p,p’) at E,=200 MeV
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Now: Focus on Compound Reactions

Shape elastic Direct inelastic Compound elastic
scattering scattering scattering
. A
7 17 ™\ ' G

o Same particle leaving
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No collision
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Illustration by V.
Weisskopf, from
Jackson, Nuclear
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How do we describe compound-
nuclear reactions?
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Resonances, from isolated to strongly overlapping

R-matrix approach

Hauser-Feshbach
approach

* Resolved resonances « Assumes strongly
* In pr|r_10|!ole an exact / overlapping resonances
description » Averages
* In practice, fits to known Strongly « Calculations require
resonance data (E,J,n) overlapping structure models and
\ resonances parameters
/" Resolved
/ TJ resonances
] ZERO
g BOMBARDING
— ENERGY
FOR o+4

ENERGY LEVELS
OF ¢

From Satchler, Introduction to
Nuclear Reactions (1980)



Resonances, from isolated to strongly overlapping

Evaluated (n,y) cross sections from thermal to 20 MeV (ENDF/B-VII)
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The demarcation between the resolved and unresolved
resonance regions, and the Hauser-Feshbach regime,
depends on mass region and proximity to closed shells.



Hauser-Feshbach formalism:
A hint of a derivation

Ingredients

» Bohr’s hypothesis: formation and decay of CN are independent
O, (Ed,m) = 0, SN (E,J,m) . GON (EON,J,m)

Principle of detailed balance: time-reverals invariance of reaction

2 -k 2
Ky"O, =K, 70,

Combining this, one obtains the partial CN cross section
0., (Ed,m) = k20, N (EJdm) 0,°NE Jm)/ 2, k.2 0,N(E, Jn)

Introducing transmission coefficients
o, N(E_J,m) = k2, (2J+1) T A

We obtain the CN cross section (for fixed J,n)
x T, TXJ

2 J
k2, = T,

Oy, (Ed,) = (2J+1)



Hauser-Feshbach calculations:
physics input

Cross section for formation of CN
OaCN (E,J,ﬂi) = nx‘awaJ ZIS TJaIS

Probability for decay of CN

Z T xI's’ Pr (U )
GON (ECN,J 1) =

> + 2 opgr] TS g ppo(U”)AE,,-

x’1"s” XIS x”"1”’s” X

Quantities required
» Transmission coefficients T, for all channels x: neutron, proton, charged particles, v, fission
* Level densities for nuclei involved
* Discrete levels with J,x



HF calculations for compound-nucleus
cross sections

Average cross section per unit energy in the outgoing channel:

doy, — u-},izm: E ' TuT01(U)
dE, el s 2,.,..,_[ Ty (E )Py (U"E,,

x"Is

Evaluating this expression requires knowledge of optical potentials and the structure of the
nuclei that can be reached in the decay of the CN:




Finding a code...
Hauser-Feshbach codes:

e Many Hauser-Feshbach codes have been written: STAPRE, TALYS, EMPIRE, MCNASH,
COH, SMOKER, NON-SMOKER, YAHFC,....

e Publicly available, widely used, documented, and supported: TALYS and EMPIRE
TALYS-1.4

A nuclear reaction program

Talys:

e Developers: A. Koning, S. Hilaire, M. Duijwestijn (NRG
Petten, Netherlands, and CEA Bruyere-le-Chatel, France)

e Website: www.talys.eu/home/

e Reference: Koning & Rochman, NDS 113 (2012)
2841-2934

¢ |nteresting feature: minimal input file requires only 4
s pieces of information: Proj, Z;, A, E

Empire:

e Developers: M. Herman et al. (BNL, IAEA, Bucharest,
Lubljana, LLNL, Brazil, Bratislava, KAERI, Kiev)

e Website: www.nndc.bnl.gov/empire/index.html

e Reference: Herman et al, NDS 108 (2007) 2655-2715

¢ |nteresting feature: code versions named after battles
fought by Napoleon Bonaparte




Getting the physics inputs...

Good starting points:

¢ Use default models and parametriziations,
read the manuals for instructions on
improvements

e Consult RIPL -

“Reference Input Parameter

Library”: web site and review paper
www-nds.iaea.org/RIPL-3

Nuciear Data Services
Nuciear Data on CO's
ENSOF

IDat
EMPIRE-IT
Nuciear Data Sheets

TAEA.org | NDS Mission | About Us | Mirror:

seoer I

Reference Input Parameter Library (RIPL-3)

R. Capote, M. Herman, P, Oblozinsky, P.G. Young, S. Goriely, T. Belgya, A.V. Ignatyuk,
Ad. Kmng,S Hilaire, V.A. Plujko, M. Avrigeanu, O. Bersilon, M.B. Chadwick, T. Fukahori,
Zhigang Ge, Yinlu Han, S. Kailas, J. Kopecky, V.M. Maslov, G. Reffo, M. Sin,
E.

Ducuments listing (tp)
~ Segments (ftp)

Sh. Soukhovitskii and P. Talou LeveLs (tp)

RESONANCES (ftp)

Nuclear Data Sheets - Volume 110, Issue 12, December 2009, Pages 3107-3214 OPTICAL (Rtp)
DENSITIES (ftp) ]
10 entries of the Optical Model databese corrected in December 2010. ‘GAMMA (Rtp) ]
[FISSION (ftp) 4
- — — —_— cooes(rp) |
introduction || MASSES || [EVELS | RESONANCES | OPTICAL || DENSITIES |[ GAMMA || FISSION | CODES

Introduction

e physics and dats Included in the Reference In Ubrary, which Input parameters nesded In
Ehlcstaions of meCiesr raschons and mocieer Gath evaatons: Advanced modehing Taoke subssantial unarical Ingut therefore the
Tobamatonsl Atsmic Enaray Adency (IAEA) has workad exteasiely shce 1993 o a ibrary of validated nuclesr-model input parameters,
referred to as the Reference Input Parameter L

conclusion in December 2008, uumnum llenging work carried .
released in January 2009, and is avallable on the Web through AUtD://www-nds.ises.or/RIPL-3/. This work and the resulting database are
tremely Important to theoreticins Invoived I the development and use of nucieaf resction modeling (ALICE, EMPIRE, GNASH, UNF,
TALYS) both for theoretical research and nuciesr data evaluations.

The numerical dsta and codes Included in RIPL-3 are arranged in seven
nudel for about 9000 nuclel, including three theoretical

ments: MASSES contains ground-state

rs insufficient experimental data, the evaluator has to resort lobal
parameterizations or microscopic Ma Mdll d'luky isributions to be vsed a8 input for mi laoscnp: Caiculations are stored I the
MASSES segment. LEVEL based on the modified Fermi gas and models
le-particle level scheme. Partial level densities formulae are aiso

jed. bulsted total level densities with both the recommended a neutron resonance pai
GAMMA contains. hat quantify giant resonances, experimentsl gamma-ray strength functions and methods for
calculating gamma emission in statistical model codes. are by Lorentzian fits to the photo-

aboorption cross sections for 102 nuclides rengeg from Sy to !
points ba:

. FISSION Includes global prescriptions for fission barriers snd nuciesr
level densities at fission saddle by fssion cross sections.

© Copit 207-2015, tamaton smic Earey Aancy - Mcler Dta Secion.
. Box 100, A-1400 Wenna, Austria
e contact-pel

Irtarmationsl Cantre, P.
Tolaghons (+431) 26000, Packmls (4451 36007 &k -pointiioes.crg. Raed cur Discisimer

Last Updatedt 07/16/2013 07:20:49

Avallable online at www sciencadirect.com

R H Nuclear Data
.~ ScienceDirect clear D
Nuciear Data Sheets 110 (2009) 3107-3214
www elsevier. comfocaleinds

RIPL - Reference Input Parameter Library for Calculation of Nuclear Reactions

and Nuclear Data Evaluations

R. Capote,'* M. Herman,'? P. Oblazinsky,!? P.G. Young? S. Goriely,* T. Belgya,* A.V. Ignatyuk ?
A.J. Koning,” S. Hilaire ® V.A. Plujko® M. Avrigeanu,'® O. Bersillon,® M.B. Chadwick* T. Fukabori!!
Zhigang Ge,'? Yinls Han,'? S. Kailas,'? J. Kopecky,'4
V.M. Maslov,'* G. Rd‘ol‘ M. Sin,'” E.Sh. Soukhovitskii,'* P. Talou®
! NAPC-Nuclear Dat- Sectton, International A(aluc l'}u-r” Agency, A 1400 Vienna, Ausiria
? National Nucear Data Center, Brookh W, Uptom, NY 11973, USA
’M:Athmmdlahvm Los Alamos, NME'I‘H“ uUsa
# Untverssté Libre de Bruzelles, BE 1050 Brussels, Belgmm
® Institute a]lw(ap: and Surface Chemistry, Chemteal Research Centcr H-1588 Dudnpul, Hungary

¢ Institute of Phystes and Power Engtnesring, 249039 Obminsk, Russia
7 Puels Acttngdes and Isotopes NRG Nuclear Research and Consultance Group, NL-1755 Petten, The Netherlands
" CEA, DAM, DIF, F-91297 Arpajon, Franes
® Taras Shevchenko National L 03022 Ktev, Ulrame
'* Nattomal Instatute of Phystcs and Nuclear Engineering “Horia  Hulubes®, 077185 Bucharest- Magurele, Romanta
! Japan Atomtc Energy Agemcy, Tokat-mura, Naks-gen, Ihubbal 319-1195 Japan
2 China Instétate of Atomte Encrgy, Betping 102413 China
3 fhabha Atomsc Research Center, 400085 Mumbat, India
' JUKO Research, NL- IBI'I Albndar The Netherlands
% Jotnt Institute Jor Power and Nudear Research . BY-280109 Mmsk, Belarus
*® Rettred 1 1995, Ente Nuove Tecnologte, Energia ¢ Ambtente (E'IEA) 4am Bologna, Italy and
7 Nuclear Phystes Department, Huch y, 077125
(Rocoived July m, 2009)

Wa dascribe the physics and data imch in the Rek Input P Library, which & dovoted to input
parameters nocded i caleulations of nuckar reactions and naclar data ovaluaticss. Advancod medolling codes roquire
substantial numerical inpat, therefore the International Atomic Encrgy Agency (IAEA) has worked extessively snee
1993 ca & library of validated nucloar-modol inpat parametors, reforrod 10 s the Rdwm:o lnpur. l’numnw Library
(RIPL). A final RIPL cocrdinated rescarch projoct (RIPL-3) was brougit toa 2008,
after 15 yoars of challonging work carriod out throggh three comsocutive IAEA projocts. The R.IPLJ library was
roloased in January 2009, and s available on the Web through hup//mnd.l movg/R"’L 3/. This work and the
resulting database are extromely important to th fved in the d and wse of nuckar roaction
modelling (ALICE, EMPIRE, GNASH, UNF, TALYS) both for thooretical rumnﬁ and nuclear data evaluations.

The numerical data and computer codes included in Rll’ln‘l are urnqod in saven segments: MASSES contains
ground-state properties of nuclei for about 9000 mucki, incl throo of massos and the
ovaluated experimental massos of Audi ef ol (2003). DISCRETE LEVEIS contains 117 datasots (one for cach
cloment) with all known lvel schomes, ulonmmm and y-ray dncny probabilitics available from ENSDF in October
2007. NEUTRON RESONANCES iTes AVOrRge prepared on the h-u al the evaluations
performead by Ignatysk and Mughabghab. OPTICAL MODEL « 495 sots of ph | optical model
paramectors dfined in & wide cnorgy range. When there are insufficiet up«rmnnml data, the ewaluater has to
rosort to eithar global p ations or mi approaches. Radial density distributions to be used as input
for microacopic caleulations are stored in the MASSES sqgment. LEVEL DENSITIES coatains phenomenolegical
paramcterizations basod on the modifiod Fermi gas and superfluid models and microscopic cakeulations which are
basod ca a realistic microscopic singlo-particle lovel schome. Partial lovel demsitios formulae are also recommendod.
AR tabulatod total Jovel densities are consstont with both the mrnmnudnd AVOTAZD NOULTON TOCOANCE parameters
nnd dimcrote Jvels. CAMMA cont ¥ that g fy giant al gamma-ray strength

and methods for calculating gam:m: s m!mnucnlmddcodu T‘hcupnmmtnlCl)Rpqus
aro roprosentod by Lorentzian fits to the phomnhwrplun cross soctions for 102 nudides ranging from *'V to 2 Pu.
FISSION mcludas gicbal pmcnp\lons for fission barriers and nuclear lovel densitics at fission saddle points based on
ic HFB calcul 1 by experimental flssion croms sactions.

org, robaerto.capotef¥yahoo.com
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*) Corresponding asthor, o
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Capote et al, Nuclear Data Sheets 110 (2009) 3107
23 authors, 108 pages, many years...



Checking the calculations...

t‘ National Nuclea Data Center \,EEQS}K@’(FPQ\ sie index - [ I ©

Experimental data and evaluations:

NSR || XUNDL | ENSDF

e National Nuclear Data Center: A

www.nndc.bnl.gov
. CS I S RS (EX FO R): = . — — é‘;,gg(::;:;::l:en!tal works are now in the
. . e ) Publications
Nuclear reaction experimental data P i oo s Mass Evations vl
r Brlcc and Fmtchk Upgraded!
e ENDF (and other evaluations): l:%

Evaluated Nuclear (reaction) Data File _ S _ - ,
Main  Structure & Decay  Reactions  Bibliography ~ Networks & Links  Publications ~ Meetings

¢ NuDat:
u a - AMDC Atomic Mass Data Atlas of Neutron Resonances CapGam Thermal Neutron Chart of Nuclides Basic
Center, Q-value Calculator Parameters & thermal values Capture y-rays properties of atomic nuclei
Nuclear structure and decay Data Covarances ofNewkon  CSEWG CrussSeckon CSISRS slns EXFOR. Noclear_ Empire Nuclareacon model
Reactions Evaluation Working Group reaction experimental data code system, Reference paper
[ An d n |any more resources: ENDF Evaluated Nuclear ENSDF Evaluated Nuclear IRDF International Reactor MIRD Medical Internal
(reaction) Data File, Sigma Structure Data File Dosimetry File Radiation Dose
1 1 1 1 NMMSS & DoE NMIRDC NSR Nuclear Science Nuclear Data Sheets Nuclear Nuclear Wallet Cards Ground
Codes, publications, meeting info, ... Eeeguaeh & ey dacey Refas rscure 8 decay st oo, & narercstes properten,
data standards Special Issues on reaction data Homeland Security version
NucRates MACS & Astro- NuDat Nuclear structure & USNDP U.S. Nuclear Data USNDP/CSEWG GForge
physical reaction rates decay Data Program Collaboration Server
4 T T T T T T T T T T T T T T T T T XUNDL Experimental Un-

evaluated Nuclear Data List

o Sponsored by the €3 Office of Nuclear Physics - [El8] Office of Science - U.S. Department of Energy
3+ _ }' ‘{ i A - About Us - C ions - Disclail
[ S B ! S e S
z T ‘ %@Q S T Points to remember:
82 edEE =l ¢ Nuclear physics input is provided through data bases
7 ] abDDS
£l 3 > Fomushkin 1969 | or by the user
o + Kessedjian 2010 . .
: +  Shpak 1969 ¢ Models and input parameters are not unique,
= Britt 1979 - . : : n
o4t o Miscexp. calculating a good cross section is both art and science
i Am(n,f) |Z BT | e The old principle holds: garbage in & garbage out
- m  Ressler 2012 .
S * Make use of cross-checks, whenever possible
00 5 10 15 20
E [MeV]




hich physics models and inpu
are needed?
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Optical model potentials

Optical model potential

- Reduces complicated interaction | “(*£) =~V E)=tWy(r E) =iWp(r, E)

of projectile with target to effective + Vso(r, E).l.o +iWso(r, E) Lo + Vc(r),
one-body problem
- Imaginary components account Vy(r, E)=Vv(E) f(r, Ry, ay),
for channels not explicitly treated Wy (r,E) =Wy (E) f(r, Rv,ay),
(loss of flux) Wp(r, E) = —4aDWD(E)%f(".- Rp.ap).
* Formally, a complicated function . \21
(non-local, energy dependent) Vso(r, E) = VSO(E)(,,,HC) ;ay | > Rso aso),

2

» Practical applications use
phenomenological forms

Ny C

A \"1d
Wso(r, E) = Wso(E)( ) ;d—rf(r, Rso, aso).

* Popular: Woods-Saxon shape — | | £ Rivai) = (1 +exp[(r — R /ai]) ™,

Nucleon-nucleus OMP
Koning & Delaroche, NPA 713 (2003) 231




OMPs for HF calculations

» Required to calculate transmission
coefficients for particle emission

Parameters from systematic (global
or regional) studies

Nucleon-nucleus OMPs well-studied

ei.ﬂ‘. [dcg )

10° 10° 20 40 60 80 100 120 140 160 180 200 220 240
E(MeV) E(MeV)

Koning & Delaroche, NPA 713 (2003) 231

100
10~

Optical model potentials

. E— Avri 2000):" ¢
Nucleus-nucleus OMPs challenging: 1ok .--.KZ';?ii"(”zBée) ) ]
d-A, t-A, SHe-A, a-A
\ - 15 er(a,a) ]

O/ORyth

107
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Capote et al, NDS 110 (2009) 3107
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Hauser-Feshbach calculations:
Discrete states and level densities

Level densities above E_;
» Cover energy regime above highest

. , ®
included discrete level =
* Microscopic and phenomenological =
models available s
« Reproduce related measurements, mmamman vvevvsvvvevvey B,
e.g. resonance spacing at S, 5 IRRRRRARRRARRAE
» Parametrizations of popular models, T —_— 'f" YYYVY =
' . 2 A A A IVVYY \AAAAA p—
and tables of microscopic LDs ! T I L' ‘§
. _ . v YV YYVYVYVVYVVVVYVVVVVY
available at RIPL-3 web site l l l =
i yvYy LA AAJ yyvVYy '[:'
Discrete states below E_, l 5
. . J YYVYVY YYVVVYY VYYVYVYY -y
« Complete E,J,m information
 Branching ratios for y-decay
- ENSDF & NuDat databases at NNDC =~ —x&x yyyvevyvyeyvyy()
. AAA
« Reproduced at RIPL-3 website 1L

From: R.B. Firestone



Hauser-Feshbach calculations:

v-ray transmission coefficients

E1 y-ray strength function
Phenomenological Forms

y-ray strength function 0
. : 9L+1 ]
Gives TC: T}L(f) = Qe + f;L(f)
« E1 dominates T
+ Various phenomenological forms exist, ‘EE | goee
mostly variants of Lorentzian o — Mo
» RIPL-3 gives GDR parameters E . I'0 "1 Capote et al, NDS 1(1/'0.(\2/)009.)3107. '
8 12€ e 16
« Constraint radiative width: ’ _
E1 y-ray strength function
7XL(€ ) _ —(2L+1) <FXL (67» 30Migrqsqogiclca}lcglaltioln (ICBP,[A\)
Y Y Dl
» Related to photo-absorption xsec: <
=
7 () = Lo (oxn ()
EL Sy (the)2 2L +1 &

* Microscopic theories predict ySF

Daoutidis & Goriely, PRC 86 (2012) 034328



Hauser-Feshbach calculations:
Level density prescriptions

Gilbert-Cameron Experimental constraints
* Product form: L I I B
p(Eg,J,7) = P(E,, J,7m)R(E,, J)ptOt(Er) 10

-

Oslo data -~
|

2J +1 J+1/2)? — ]
R(E;,J) = t exp [_#] - / Neutron
204 20° > Level e resonances
, , . = 10" counting~” \ .
» Back-shifted Fermi-Gas at high E: . Re Composite formula

Ple(E) 1 /P [QM] 7:%"‘: (fit) |

T oro 12 al/AU5/A ,

,] OO N l | 2 | N | N |

. Constant-T at low E: 0 - c 4(M v 6 8

. x\VI€ ) From: Y. Alhassid
tot(E)_dl\(El‘)_i E.‘E_EO
per(be) = — B 7P T CNR*2007 talk
« Constraints: cumulative number of Alternatives
|eVG|S at |OW E, resonance SpaC|ng at Sn e Other phenomeno|ogica| forms

» Theoretical predictions (SMMC, etc.)



Hauser-Feshbach calculations:
fission model

Phenomenological Model

« Static, one-dimensional fission
barriers along the deformation
path, to be traversed

« Allows for calculation of Tq

» Single, double, or triple-hnumped
fission barrier models

» Parameters: Heights, curvature
hw, quasistationary states,
transition states, level densities

 Parameters found in RIPL-3

Alternatives

» Microscopic calculations of fission
barriers and level densities exist

 Truly dynamic descriptions of
fission process is challenging

B

A —
"7?‘";\
RV e (Kim) |
‘ [r—
7= transition Ei(KJn)
I:‘;:::i?')"_(j;:btsvtates
»
Capote et al, NDS 110 (2009) 3107 B
240py|
Q.w.;'};?;' “m
, & Younes, Gogny,
o Schunck (LLNL)



Beyond Hauser-Feshbach:
Pre-equilibrium processes

Pre-equilibrium
reactions
Shape elastic Direct inelastic
* Important contributions scattering scattering
r -

* Models: Exciton, FKK,
NWY, TUL

N Same particle leaving

S

\

S

Compound elastic

scattering

e —
o

» Models incorporated in s A & | Jeomvoundrucius
most codes (Talys, Empire) No collision | One callisign | Two collisigns|  formation

lllustration by
V.Weisskopf, from
Jackson, Nuclear

Reactions (1970)

1 Solid: with preequilibrium

4>1
ncolm

N

Other particles leaving

J

Direct reaction

e

S

Compound nucleus

reaction

2.5 Dashed: no preequilibrium ) .
g 207 \
= total ’
g J T ——
T 1.5
g 15 235 )4
w
" ]
w .
O 1.0 izeean ———————
G 1 P TeResszIIIT- ==
S 1st chance ' o .
K7 1 r}k R -,
T 0.5 7 / 2nd chance N
1 (b) /’ 3rd chance
0 J P—

10
Neutron energy (MeV)

Escher & Dietrich, PRC 74 (2006) 054601

15 20

o

= OBSERVED
———== EVAPORATION

A(n,n’)A* neutron

spectrum
EXCITED LEVELS OF A

Satchler (1990)




Concluding remarks
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Questions addressed today

Why are we interested in low-energy reactions?

Why do we need theory to describe reaction processes?
What types of reactions are relevant in this context?
How do we describe compound-nuclear reactions?
Which physics models and inputs are needed?
Challenges and open questions

Many thanks to my collaborators....



Challenges and Open Questions

Improvements to physics inputs

Optical models

- Level densities Reaction mechanisms
* y-ray strength functions
. Fission model * Interplay of direct and compound

reactions (preequilibrium)

* Modification of formalism for low
level densities

Experiments

« Measurements of inputs (level
densities, strength functions)

« Constraints for cross sections
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Hauser-Feshbach calculations:
v-ray transmission coefficients

-ray strength function S
Y y 9 - fE1(Sn) — 0.0588 . A0-878
* GvesTC: T, (e) =2me®™ ™ f 1 (e) fa1(Sn)
* E1 dominates flo(e) = 7.2><10_7A20/3fg1(5n)
« Various phenomenological forms exist, fira(e) = 22x1077f%,(Sn)
mostly variants of Lorentzian flale) = 34x107BAY3FL (Sn)
« RIPL-3 lists GDR parameters fls(€) = 11x107SAZEfL,(Sn)
 Constraint radiative width:
—_— . FXL 6 89Y
Fale) - gl P
* Related to photo-absorption xsec: _ ) %g{ ()
?EL(G ) = e 2 (ox1(&y)) = (vp)
K (the)2 2L +1 2 |
1] \/\

 Microscopic theories predict ySF S e T PRETRET IR TR
E (MeV)

Benouaret, PRC 79 (2009) 014303



Reaction mechanisms in neutron capture

Capture contributions

Direct: single-step EM transition
Semidirect: via GDR excitation
Compound: via equilibrated CN

Our work

 Implementation of DSD calculations

« Study of relative contributions
 Extension to include CN contributions

Relevance 1000

What happens away from stability,
where level densities are low?

2
=
o
8§ 100}
E
L L L L L L L L L .§
- O (n,y) cross sections of Sn isotopes 8
1 RN o ——- Cupido Direct
~ 10" & O~ _ o at 30 keV 5 2 —-— Direct + GDR
2 - "o = S 10 Direct + PDR
é - T g — g —— Fresco Direct+GDR+PDR
B , - Direct + PDR
& 0 L \ S — Direct+ GDR
o 107 ¢ E -
3] C .- ' 3 OBerlg;eq::listdata
— ‘—_’_-- ‘I :
g : ‘—'—."—«.-_,‘_x ] 1 N % . " N PR |
_1 \ “-—’___‘ 1 10
8 10 3 —e— DSD \ “ = Neutron energy (MeV, lab)
8 = —o- HF h -
- %X Rauscher et al. ] Thompson, Escher, Arbanas,
1072 & -~ ND2013 proceedings, submitted.
E oo oo ooy o o
125 130 135
A

Chiba et al, PRC 77 (2008) 015809



Challenge: cross sections for compound reactions

Hauser-Feshbach (HF) theory describes the “Desired” reaction

“desired” CN reaction
Oy = Zd,n o, ON(E,J,m) - GCNX(E,J,n)

The issue:
- 0,°N can be calculated
- GON_are difficult to predict

(n,3n)

— Neg. pari J* y
g. parity
— Pos. parity A-1YX E _i;fi_—_ .
- lsomer - — T S
= 4 =
AX E J-b

W.E. Ormand (LLNL) A+TY




Surrogate Idea

Hauser-Feshbach (HF) theory describes the
“desired” CN reaction

o, =2, 0, N(E,J,n)- GN, (E,J,)

oy J,

The issue:

- 0,°N can be calculated
* GCN are difficult to predict

“Desired” reaction

a._.‘%

\
‘@ 7|
C

A Surrogate experiment gives

P,(E)=2, ; FsoN(E.J,m)GON. (E,J,)

Preferred approach: calculate F,CN(E,J,t), model
CN decay, adjust HF parameters to reproduce
measured P, (E), obtain G°N,

Typical approach so far - approximations:
assume (J,m)-independent GEN and employ
simplified formulae (“Weisskopf-Ewing” and
“Surrogate Ratio” approaches)

J. Escher et al, Review of Modern Physics (2012)

“Surrogate” reaction

'@
C’/l\
C.

D
B*




Example: radiative capture

153Gd “Desired” reaction

neg
S ‘154Gd*
\

154Gd ‘ / l
Y

e

“Surrogate” reaction

p
P .{'
154Gd AN ‘ 154G g
\

154Gd ‘ v |
Y

e




The Weisskopf-Ewing (WE) limit

HF theory of the “desired” reaction:

Oy = 2y 1 0N (B ) ¢ GN, (E,J,m)

e

N
‘@ 7y
C

B*

Weisskopf-Ewing description of the
“desired” reaction:

GON, (EJ,) == > @G°N
Thus:
0, "&(E) = 5, ON(E) - &N, (E)

HF expression for the “Surrogate”
measurement :

P (E)=2, ; Fs®N(E.J;m) G, (E.J,m)

Weisskopf-Ewing expression for the
“Surrogate” measurement:

------ >P,(E)= G\ (E)

Cross section for the desired reaction:

6, VE(E) = 0, 2N (E) - P, (E)
(¢ Y J\\ v J
calculated =Ncoinc/Nsingle
measured




Predicting compound-nuclear spin-parity distributions

Formation of a hlghly excited nucleus in a Producing a Compound nucleus
direct reaction b
* inelastic scattering, pickup, stripping d
reactions

* various projectile-target combinations

Damping of the excited states into a

compound nucleus
e competition between CN formation and

non-equilibrium decay (particle escape)
e dependence on J™

Hauser-Feshbach

regime e
( 2 ,

T <=1t
||
23

NERGY LEVELS
OF C

Satchler, Introduction to
Nuclear Reactions (1980)




The Surrogate Ratio approach

Goal: Determine experimentally

O, (E)
R(E) — a0
O e, (E)
CN CN
WE \Gal (E). X1 (E)
CN CN
o, (E) G, (E)
\ v I\ v J
calculated measured
= Na,x%,/Ns,
X N&,/Ny»8,

Advantages of the Ratio approach:

« Eliminates need to measure direct-reaction
“singles” events in Ncoinc/Nsingle

« Small systematic errors or violations of
assumptions underlying a Surrogate WE
analysis might cancel

1 b,
el N
lo—>»
; .81 J Na ,/Na,
C-| 1'4
. (&)
C4

Ay
Bo—» o%

C2. I'¢

Co

‘82 J Na.,/Ns,

Ns,/Ns, = const
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