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Questions
2

How does nuclear structure change as one approaches the drip line and how are 
those changes reflected in nuclear reactions?

How do collective excitations evolve/emerge with increasing neutron number? Examples include GDR, 
PDR, other multipolarities. What can we learn about the interplay of single-particle and collective 
excitations in nuclei from theory predictions?  How can we test the predictions experimentally?

How do we get all the information we need to calculate cross sections needed for applications? Do we 
need to revise our reaction theory or can we get away with better inputs?
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Integrated structure & reaction theory for medium-mass and heavy nuclei 

We need to take advantage 
of state-of-the-art structure 
theories to improve reaction 
descriptions!
For both direct and 
statistical reactions!

N=82

N=50

N=126

Z=50

Z=28
Z=20

Z=8

Jutta Escher, escher1@llnl.gov

Adapted from Rini, 
Physics (2022)

§ We need to predict reactions involving nuclei across the isotopic chart
Ø guide experiments, which in turn provide stringent tests for theory
Ø study evolution of shell structure, deformation, collective excitation modes
Ø generate inputs for astrophysical simulations, which in turn provide insights 

into stellar evolution, origin of elements
Ø complement measurements to populate databases for applications

§ For light nuclei we have seen substantial progress with RGM approaches 
Ø Treat structure and reactions simultaneously, account for correlations
Ø Consistent use of interactions based on cEFT
Ø Symmetry-adapted bases provide path forward to medium-mass nuclei

§ For heavier nuclei we ignore the internal structure of the interacting nuclei
Ø Focus on improving reaction mechanisms: transfer, inelastic scattering, breakup
Ø Include higher-order reaction processes: multi-step, coupled-channels, 

breakup-fusion, etc.
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Direct reactions: Inelastic scattering is a valuable tool to study collective nuclear excitations

Nucl. Phys. A 354, 129 (1981)

Nuclear Physics A354(1981)129c-156~. @North-Holland Publishing Co., Amsterdam 
Not to be reproduced by photoprint or microfilm without written permission from 
the publisher. 

GI ANT MULTI POLE RESONANCES -  PERSPECTI VES AFTER TEN YEARS 

Fr e d E.  BERTRAND 

Oak Ri dge  r at i onal  Labor at or y*,  Phys i c s  Di vi s i on 
Oak Ri dge ,  Te nne s s e e  37830 

Abs t r ac t :  Ne ar l y t e n ye ar s  ago e vi de nc e  was  publ i s he d f or ' t he  f i r s t  of  t he  s o-  
c al l e d gi ant  mul t i pol e  r e s onanc e s , , t he  gi ant  quadr upol e  r e s onanc e .  Dur i ng 
t he  e ns ui ng ye ar s  r e s e ar c h i n t hi s  ne w f i e l d has  s pr e ad t o many nuc l e ar  
phys i c s  l abor at or i e s  t hr oughout  t he  wor l d.  A r e vi e w of  t he  pr e s e nt  s t at us  
of  e l e c t r i c  gi ant  mul t i pol e  r e s onanc e s  i s  pr ovi de d i n t hi s  pr e s e nt at i on.  
Ot he r  pr e s e nt at i ons  t o t hi s  c onf e r e nc e  wi l l  de s c r i be  magne t i c  gi ant  
r e s onanc e s ,  gi ant  r e s onanc e  de c ay mode s ,  and t he or e t i c al  i mpl i c at i ons  of  
t he  "ne w" gi ant  r e s onanc e s  . 

1. I nt r oduc t i on 

I t  has  been ne ar l y t e n ye ar s  s i nc e  e xpe r i me nt al  e vi de nc e 1T2*3)  f or  t he  
f i r s t  of  t he  ne w gi ant  r e s onanc e s ,  t he  gi ant  quadr upol e  r e s onanc e ,  was  
publ i s he d.  The s e  i ni t i al  obs e r vat i ons  have  bl os s ome d i nt o a bona f i de  s ubf i e l d 
of  nuc l e ar  phys i c s ,  one  t hat  i s  pur s ue d i n ne ar l y e ve r y maj or  me di um- e ne r gy 
nuc l e ar  phys i c s  f ac i l i t y t hr oughout  t he  wor l d.  An i ndi c at i on of  t he  r api d 
gr owt h and s i gni f i c ant  c ur r e nt  i nt e r e s t  i n t hi s  f i e l d i s  t he  f ac t  t hat  f i ve  of  
t he  i nvi t e d t al ks  and 80 c ont r i but e d abs t r ac t s  t o t hi s  c onf e r e nc e  de al  e nt i r e l y 
or  mos t l y wi t h gi ant  mul t i pol e  r e s onanc e s .  I n addi t i on,  gi ant  mul t i pol e  r e s o-  
nanc e s  have  f ound t he i r  way i nt o s e ve r al  ot he r  ar e as  of  nuc l e ar  phys i c s .  

As  t hi s  me e t i ng mi ght  be  c ons i de r e d an anni ve r s ar y f or  t he  gi ant  mul t i pol e  
r e s onanc e  f i e l d, i t  s e e ms  appr opr i at e  t o r e vi e w t he  pr e s e nt  e xpe r i me nt al  s t at us  
of  t he  ' ne w" r e s onanc e s  * I n t hi s  t al k I  wi l l  c onc e nt r at e  e xc l us i ve l y on t he  
e l e c t r i c  gi ant  r e s onanc e s  wi t h s pe c i al  e mphas i s  on t he  r e s ul t s  and i nt e r pr e t a-  
t i ons  f r om i ne l as t i c  hadr on s c at t e r i ng.  G.  Be r t s c h wi l l  t e l l  us  about  t he or e t i -  
c al  i mpl i c at i ons  of  t he  ne w r e s onanc e s  whi l e  L.  S.  Car dman wi l l  c ons i de r  t he  
ve r y i nt e r e s t i ng e xpe r i me nt al  wor k on t he  de c ay mode s  of  mul t i pol e  r e s onanc e s .  
S.  Gal e s  wi l l  r e vi e w t he  s t at us  of  t he  de e p- l yi ng hol e  s t at e s  s t udi e d vi a pi c k-  
up r e ac t i ons .  Fi nal l y,  a c ons i de r abl e  por t i on of  t he  t al k on Sat ur day by F.  
Pe t r ovi c h wi l l  de al  wi t h t he  s t at us  of  magne t i c  r e s onanc e s  and s t r e t c he d-  
c onf i gur at i ons  s t udi e d vi a t he  ( p, n)  and ( e , e ' )  r e ac t i ons .  

2. Bac kgr ound 

I t  i s  i ~or t ant  t o br i e f l y r e vi e w a f e w bas i c  c onc e pt s  of  gi ant  r e s onanc e s  
as  t he y appl y t o t hi s  pr e s e nt at i on and t o t he  s uc c e e di ng gi ant  r e s onanc e  t al ks .  
I n t hi s  s hor t  r e vi e w i t  i s  not  pos s i bl e  t o de ve l op t he  t he or y be hi nd t he  c onc e pt s  
I  wi l l  de s c r i be .  I t  i s  hc we ve r ,  i mpor t ant  t o unde r s t and t he  nome nc l at ur e  we  
wi l l  us e  i n our  di s c us s i ons .  Muc h mor e  de t ai l e d i nf or mat i on may be  f ound i n 
r e f s .  4 and 5.  

Gi ant  r e s onanc e s  ar e  of t e n c ons i de r e d as  hi ghl y c ol l e c t i ve  mode s  of  nuc l e ar  
e xc i t at i on i n whi c h an appr e c i abl e  f r ac t i on of  t he  nuc l e ons  of  a nuc l e us  move  
t oge t he r ,  I nde e d t he  mot i on i s  s o c ol l e c t i ve  t hat  i t  i s  appr opr i at e  t o t hi nk of  
t he s e  mode s  of  e xc i t at i on i n hydr odynami c  t e r ms  l i ke  t he  os c i l l at i on of  a l i qui d 
dr op.  

*Ope r at e d by Uni on Car bi de  Cor por at i on unde r  c ont r ac t  W- 7405- e t &26 wi t h t he  
U. S.  De par t me nt  of  Ene r gy.  
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Fi gur e  1 s hows  a r e pr e s e nt at i on of  s e ve r al  of  t he s e  mode s  of  os c i l l at i on,  
whe r e  L r e pr e s e nt s  t he  angul ar  mome nt um quant um numbe r  of  t he  mode s .  The  mono-  
pol e  ( L=O)  mode  i s  a s phe r i c al l y s ymme t r i c  os c i l l at i on or  c ompr e s s i on of  t he  
nuc l e us ;  t he  di pol e  ( L=l )  i s  pi c t ur e d as  a mot i on i n whi c h t he  ne ut r ons  and pr o-  
t ons  os c i l l at e  i n bul k agai ns t  e ac h ot he r  whi l e  t he  quadr upol e  mode  i s  an 
os c i l l at i on of  t he  s phe r i c al  nuc l e us  t o obl at e  s hape  t he n t o pr ol at e  s hape .  
Os c i l l at i ons  wi t h L > 3 ar e ,  of  c our s e ,  pos s i bl e  but ar e  not  s hown.  The  nuc l e ar  
f l ui d has  ne ut r on,  pr ot on,  "s pi n- up" and "s pi ~down~ c ompone nt s  and he nc e ,  f or  
e ac h mul t i pol ar i t y ( L)  t he r e  ar e  f our  pos s i bl e  c ombi nat i ons  of  t he s e  c ompone nt s  
as  i ndi c at e d on f i g.  1.  Mode s  i n whi c h ne ut r ons  and pr ot ons  os c i l l at e  i n phas e  
ar e  c har ac t e r i z e d as  i s os c al ar  mode s  ( de not e d as  T=O he r e )  whi l e  t hos e  mode s  i n 
whi c h t he  ne ut r ons  and pr ot ons  os c i l l at e  out  of  phas e  ar e  c al l e d i s ove c t or  
( T=I ) .  Si mi l ar l y,  s gi n- up and s pi n- down nuc l e ons  os c i l l at i ng i n phas e  yi e l d S=O 
mode s  whi l e  t he  unc al l e d- s pi ~f i i p mode s  ( S=l f  ar e  pr oduc e d by s pi n- up and 
s pi n- down nuc l e ons  os c i l l at i ng out  of  phas e .  The  S=O os c i l l at i ons  ar e  t he  
e l e c t r i c  mode s  whi l e  t he  S=l  os c i l l at i ons  ar e  t he  magne t i c  mode s .  

L=O L=l  L=2 L=3 
,  / J\ \  I / \ \  / I \ \  / I \ \  ,  

V 

T=O T=i  T=O T=l  
s=o s=o S=f s=i 

\ \ / 
” 

J 
v 

Fi g.  1.  Mode s  of  os c i l l at i on of  a nuc l e us .  

The  c ol l e c t i vi t y of  t he s e  mode s  ( i . e . ,  of  t he  nuc l e ar  s t at e s  t hat  ar e  t he  
obs e r vabl e  mani f e s t at i on of  t he  var i ous  mode s )  c an be  de duc e d by s t udyi ng t he  
t r ans i t i on r at e s  f or  t he i r  e l e c t r omagne t i c  e xc i t at i on ( or  de - e xc i t at i on)  or  by 
me as ur i ng t he  c r os s  s e c t i ons  f or  t he i r  e xc i t at i on vi a di r e c t  r e ac t i ons  s uc h as  
i ne l as t i c  s c at t e r i ng.  Us e f ul  "be nc hmar ks " f or  c ompar i s on ar e  t he  s i ngl e  par -  
t i c l e  t r ans i t i on r at e s  and s um r ul e s .  Whi l e  t he  f or me r  pr ovi de  an e s t i mat e  f or  
a s i ngl e  nuc l e on pr omot e d f r om one  s he l l - mode l  l e ve l  t o anot he r ,  t he  l at t e r  t e l l  
us  how muc h t ot al  t r ans i t i on s t r e ngt h we  c an e xge c t  f or  a mode  havi ng par t i c ul ar  
( L, T, S)  val ue s .  Thr oughout  t hi s  t al k we  wi l l  pr e s e nt  gi ant  r e s onanc e  s t r e ngt h i n 
t e r ms  of  t he  e ne r gy we i ght e d s um r ul e  ( EWSR)  whi c h i s  a par t i c ul ar l y us e f ul  s um 
r ul e  be c aus e  i t  i s  ne ar l y mode l  i nde pe nde nt .  The  c r i t e r i on f or  a t r ans i t i on t o 
be  c ons i de r e d c ol l e c t i ve  i s  t hat  i t s  t r ans i t i on r at e  be  many ( 2 10)  t i me s  t he  
s i ngl e  par t i c l e  val ue  and t hat  i t  s houl d e xhaus t  an appr e c i abl e  f r ac t i on of  t he  
EWSR f or  t he  mode  i n que s t i on.  As  we  s hal l  s e e  gi ant  r e s onanc e s  e xhaus t  20%- 90% 
of  t he i r  s um r ul e s .  

Fi gur e  2 pr ovi de s  a r e pr e s e nt at i on of  t r ans i t i ons  t hat  mi ght  c ompr i s e  
var i ous  e l e c t r i c  mode s .  The  f i gur e  s c he mat i c al l y r e pr e s e nt s  s i ngl e - par t i c l e  

Modes of nuclear oscillations.

Energy dependence of cross section.
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e xc hange  r e ac t i ons  T=O doe s  not  c ont r i but e  t o t he  i nt e r ac t i on and i t  i s  t hus  
pos s i bl e  t o s t udy T=l  e xc i t at i ons  al one .  The  ( 6Li , 6He )  r e ac t i on pr ovi de s  
f ur t he r  s e l e c t i vi t y i n t hat  onl y S=l ,  T=l  mode s  ar e  e xc i t e d.  Thus ,  us e  of  a 
var i e t y of  hadr oni c  pr obe s  and r e ac t i ons  may he l p t o unr ave l  t he  e xpe c t e d 
c ompl i c at e d gi ant  r e s onanc e  s pe c t r a.  I n t hi s  pr e s e nt at i on we  de s c r ' i be  t he  
r e s ul t s  f r om i ne l as t i c  s c at t e r i ng.  F.  Pe t r ovi c h wi l l  di s c us s  r e s ul t s  f r om 
c har ge  e xc hange  r e ac t i ons  i n hi s  t al k.  

We  c onc l ude  t he  bac kgr ound di s c us s i on by s howi ng on f i g.  5 s pe c t r a' / )  f r om 
t he  l *OSn( a, a' )  r e ac t i on us i ng 152 Me V al pha- par t i c l e s  at  12'  and 13".  At  bot h 
angl e s  a l ar ge  pe ak at  m 12 F"e V r i s e s  f r om an ot he r wi s e  f l at  c ont i nul s n bac k-  
gr ound.  ( A pe ak f r om hydr oge n ( H)  c ont ami nat i on i n t he  t ar ge t  i s  vi s i bl e  i n t he  
12“ s pe c t r um. )  Anot he r  br oad pe ak i s  s e e n at  _ 7- Me V.  The  pe aks  f r om e l as t i c  
s c at t e r i ng and i ne l as t i c  s c at t e r i ng t o l ow- l yi ng l e ve l s  ar e  s hown on a muc h 
r e duc e d s c al e .  I t  i s  i mme di at e l y obvi ous  t hat  t he  e xpe r i me nt al  s pe c t r a we  de al  
wi t h i n i ne l as t i c  s c at t e r i ng me as ur e me nt s  of  mul t i pol e  r e s onanc e s  ar e  mor e  
c ompl i c at e d or  t o s t at e  i t  di f f e r e nt l y l e s s  c l e an t han t he  phot onuc l e ar  s pe c t r a 
us e d t o de duc e  t he  par ame t e r s  of  t he  GDR.  Whi l e  t he  (a,a’) r e ac t i on pr ovi de s  
s e l e c t i vi t y of  T=S=O mode s ,  al l  mul t i poqar i t i e s  may be ,  and i nde e d,  ge ne r al l y 
ar e  e xc i t e d.  The  ge ne r al l y s t r uc t ur e l e s s  nuc l e ar  c ont i nuum unde r l yi ng t he  r e s o-  
nanc e s  i s  a f e at ur e  of  al l  di r e c t  r e ac t i on s pe c t r a and i s  of t e n as c r i be d t o 
i nc ohe r e nt  pr oc e s s e s  of  pr e e qui l i br i um par t i c l e  e mi s s i on.  We  have  not  ye t  f ound 
a way t o e l i mi nat e  t he  c ont i nuum and l e ave  j us t  t he  r e s onanc e  pe aks .  

1 D"Sn( oa' )  ,  E, =l 52Me V 

i 

-I 

Fi g.  5. 120Sn( a, a' )  s pe c t r a f or  E,  = 152 Me V ( r e f .  7) .  A de c ompos i t i on of  t he  
s pe c t r um i nt o gi ant  r e s onanc e s  ( e s t abl i s he d and pos s i bl e )  and a c ont i nuum i s  

s hown on t he  13 de gr e e  s pe c t r um.  

§ Collective modes studied via direct inelastic scattering
§ Dipole resonance important for photonuclear reactions 

and capture reactions
§ Isoscalar monopole resonance related to nuclear matter 

compressibility, impact models of neutron stars
§ Unresolved questions to be addressed for unstable 

isotopes and exotic modes of excitation.

Bracco et al, PPNP 
106, 360 (2019)
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How does collective motion emerge and manifest itself?
Even dipole excitations are poorly understood: GDR, Pygmy and toroidal resonances

Oscillation between 
core and neutron 
excess

Pygmy 

Eex

St
re

ng
th

Oscillation between 
neutrons and protons

GiantToroidal?

Vortical flows of 
neutrons

Sn

with
PR!

without 
PR

Impact on neutron 
capture rates

How does this picture change with increasing neutron excess?
How do the resonances affect our calculations of neutron capture rates for astrophysics simulations!

Goriely et al, NPA 
739, 331 (2004)
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Coupled-channels framework provides approach to
integrate structure and reaction theory

From QRPA

• HPC calculation
• QRPA projection 

formalism

• 1+2-step reaction 
formalism
• Projectile-target 

effective 
interaction

QRPA transition 
densities

Transition 
potentials

Scattering 
predictions

Coupled-channels 
reaction code

Projection code

Folding code

QRPA code

Nuclear Structure Nuclear Reactions

Surrogate
Reactions

Legend

Formalism/calcs.

Intermediary codes

Physics outcomes

Multi-purpose codes

Applications
Neutron
Scattering

Input to 
reaction code

Structure
studies
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Structure predictions from HFB: ground state properties of the Zr isotopes 
Chimanski, In, Escher, Peru, Younes (to be submitted)

HFB isotopic charge radius shifts

Shape Evolution of ground state Zr isotopes:  Gogny D1M interaction
Axially-symmetric deformed basis
11 oscillator shells

Predicted systematics agree well with experiment - with some exceptions 

Energy as function of b

Binding energies/two-neutron 
separation energies
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Structure predictions from HFB: ground state properties of the Zr isotopes 
Chimanski, In, Escher, Peru, Younes (to be submitted)

HFB isotopic charge radius shifts

Shape Evolution of ground state Zr isotopes:  Gogny D1M interaction
Axially-symmetric deformed basis
11 oscillator shells

Discrepancies reveal shortcomings in method or implementation: approximations, interaction,…  

Energy as function of b

Two-neutron separation energies
The energy surface is 
sensitive to 
approximations used - 
more robust calculations 
would allow for mixing.
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Structure predictions from HFB+QRPA for highly-excited states in Zr isotopes: 
electromagnetic response and transition densities for 98Zr Chimanski, In, Escher, Peru, Younes

Transition Density (radial)

Electric monopole & quadrupole in detail

Calculated transition densities determine the potential couplings for coupled-channels calculations

Responses for multipoles l=0-4

Radial transition 
densities for 
scattering 
calculations
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Structure predictions from HFB+QRPA for Mo isotopes: 
Can we understand the nature of the various resonances?

Excitations spectrum alone does not provide 
information on the nature of the excitation…

In, Chimanski, Escher, Peru, Younes (wip)

Differences in transition densities are expected to be reflected in scattering cross sections >> WIP

PDR

GDR

… but the transition 
densities reveal 
differences in the 
underlying structure!
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Can we expect to get agreement between theory and experiment? 
An old problem appears to persist….

What is the challenge?
§ Inelastic scattering calculations with 

microscopic structure input reproduce only a 
fraction of the observed cross section.

§ Standard procedure is ad hoc removal of 
‘background’

§ Is this ‘experimental background’ or missing 
physics?

Bertsch & Tsai, Phys. 
Rep 2, 125 (1975) 
RPA vs experiment

Yamagata, PRC 23, 937 
(1981)
3He scattering

Eex

It has been long known that 
(Q)RPA + DWBA does not 
reproduce measured inelastic 
cross sections at higher Eex
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Inelastic scattering predictions using QRPA transition densities and folding

Skyrme transition densities from:
Nobre et al, PRL 105, 202502 (2010) 
Nobre et al, PRC 84, 064609 (2011)
Updates with Gogny D1M in progress

Escher, wip (2023)

Inelastic 3He scatter
reaction, Eb=50 MeV

91Zr

3He

3He’

Angle-integrated cross section
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Inelastic scattering predictions using QRPA transition densities and folding -
supplemented by two-step reaction contributions

It appears that the longstanding problem 
of underpredicting inelastic cross 
sections is (mostly) solved by including 
two-step contributions!

Escher, wip (2023)

Inelastic 3He scatter
reaction, Eb=50 MeV

91Zr

3He

3He’

Angle-integrated cross section
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Statistical reactions and Hauser-Feshbach calculations
isotopic chart, taking place at energies from several keV to
tens of MeV, are required for nuclear astrophysics, national
security, and nuclear-energy applications. Not all relevant
data can be directly measured in the laboratory or easily
determined by calculations.

Direct measurements may encounter a variety of difficul-
ties: The energy regime relevant for a particular application is
often inaccessible: cross sections for charged-particle reac-
tions, e.g., become vanishingly small as the relative energy of
the colliding nuclei decreases. For astrophysical purposes,
such as descriptions of stellar environments and evolution,
reaction rates at energies below 100 keV are needed.
Furthermore, many important reactions involve unstable nu-
clei which are too difficult to produce with currently available
techniques or are too short lived to serve as targets in present-
day setups. Producing all relevant isotopes will remain chal-
lenging even for radioactive-beam facilities.

Cross section calculations are nontrivial since they often
require a thorough understanding of both direct and statistical
reaction mechanisms (as well as their interplay) and a de-
tailed knowledge of nuclear structure. Nuclear-structure mod-
els can provide only limited information and little is known
about optical-model potentials, level densities, and spectros-
copy relevant to nuclei outside the valley of stability.

To overcome these limitations, several indirect methods
have been employed in recent years. Approaches such as the
ANC (asymptotic normalization coefficient) method (Xu
et al., 1994; Azhari et al., 1999; Gagliardi et al., 1999;
Mukhamedzhanov, Gagliardi, and Tribble, 2001; Timofeyuk,
Johnson, and Mukhamedzhanov, 2003; Timofeyuk and
Descouvemont, 2005), Coulomb dissociation (Baur,
Bertulani, and Rebel, 1986; Baur and Rebel, 1996; Baur,
Hencken, and Trautmann, 2003), and the Trojan-horse
method (Baur, 1986; Typel and Baur, 2003; Wolter and
Typel, 2003; Baur and Typel, 2004; Pizzone and Spitaleri,
2008) have yielded valuable cross section information for
various direct reactions. These methods focus on direct re-
actions, i.e., fast reactions (time scale ! 10"22 sec ) that
involve simple rearrangements of the constituents of the
target and projectile nuclei.

The present review focuses on a complementary method,
the surrogate nuclear reaction method, which aims at deter-
mining reaction cross sections for compound-nuclear reac-
tions that involve difficult-to-produce targets. In a compound
reaction, target and projectile nuclei combine to form a highly
excited, intermediate system, the compound nucleus, which
subsequently decays. The reaction proceeds on a relatively
slow time scale (# 10"22 sec ), as the formation of a com-
pound nucleus involves the excitation of many degrees of
freedom. Apart from observing the constraints of basic con-
servation laws (energy, angular momentum), the formation
and decay of a compound nucleus are considered to be
independent of each other in first order (‘‘Bohr hypothesis’’);
this independence is exploited in the surrogate-reaction ap-
proach. To obtain experimental information on the decay of
the compound nucleus (B$) occurring in the reaction of
interest (aþ A ! B$ ! cþ C), this nucleus is produced
via an alternative, ‘‘surrogate’’ reaction (dþD ! B$ þ b)
that involves a projectile-target combination (dþD) that is
experimentally more accessible (see Fig. 1). The decay of B$

is observed in coincidence with the outgoing direct-reaction
particle b. The measured compound-nuclear decay probabil-
ities can then be combined with calculated formation cross
sections for the compound nucleus in the desired reaction to
yield the relevant reaction cross section.

Originally introduced in the 1970s (Cramer and Britt,
1970a; Britt and Wilhelmy, 1979), the surrogate approach
has recently received renewed attention (Younes and Britt,
2003b; 2003c; Petit et al., 2004; Boyer et al., 2006; Burke
et al., 2006; Escher and Dietrich, 2006; Escher et al., 2007;
Jurado et al., 2008; Escher and Dietrich, 2010; Kessedjian
et al., 2010). A sizable number of surrogate experiments
aimed at obtaining ðn; fÞ cross sections has been carried out
over the years, and recent efforts have also considered ðn;!Þ
cross sections. In principle, the method can also provide
information about the charged-particle or two-neutron exit
channels, or for reactions induced by charged particles, but, to
date, little effort has been devoted to those cases.

In this paper, we review the present status of the surrogate
method. In Sec. II, we have compiled representative examples
from the areas of nuclear astrophysics, nuclear energy, and
national security to illustrate the importance of cross sections
for reactions on unstable targets for a wide variety of appli-
cations. The surrogate idea and formalism are detailed in
Sec. III. The majority of the surrogate experiments carried
out so far have focused on ðn; fÞ cross sections. The early
work, carried out in the 1970s, is summarized in Sec. IV, and
the more recent experiments are reviewed in Sec. V. We

FIG. 1 (color online). Schematic representation of the desired (top)
and surrogate (bottom) reaction mechanisms. The basic idea of the
surrogate approach is to replace the first step of the desired reaction,
aþ A, by an alternative (surrogate) reaction,dþD ! bþ B$, that is
experimentally easier to access yet populates the same compound
nucleus. The subsequent decay of the compound nucleus into the
relevant channel, cþ C, can then be measured and used to extract the
desired cross section. Three typical decay channels are shown here:
neutron evaporation, fission, and ! emission.

354 Jutta E. Escher et al.: Compound-nuclear reaction cross sections from . . .

Rev. Mod. Phys., Vol. 84, No. 1, January–March 2012

• Hauser-Feshbach (HF) theory describes compound-nuclear reactions that can 
be statistically averaged

• HF calculations are essential component of nuclear data evaluations
• Astrophysics simulations rely on neutron capture rates calculated with HF

(n,g) cross sections
for select stable isotopes (ENDF/B-VII)

Inputs needed:
• Optical-model potentials
• Level densities (LDs) and g-ray strength functions (gSF)
• Constraints: D0, <Gg>, cross section data

Jutta Escher, escher1@llnl.gov

R-matrix regime
• Assumes isolated 

resonances
• Requires measured 

data or fully 
microscopic 
calculation

sac = SJ,p saCN (E,J,p) . GCN
c(E,J,p)

*WFC omitted here to simplify notation.

Hauser-Feshbach regime 
• Assumes strongly overlapping 

resonances
• Requires structure models 

and parameters 
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§ Measuring D0 and <Gg> requires stable targets
§ Convolution of LDs and gSF causes ambiguities when 

extracting components
§ Partial level densities are often needed or measured
§ Brink-Axel hypothesis is liberally used for gSF
§ Conflicting results from different methods
§ Can we extrapolate OMPs away from stability?
§ Too many nuclei to measure them all!

Getting sufficient experimental constraints for all isotopes is a daunting task

Zilges et al, PPNP 122 (2022) 103903
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Optical-Model Potentials
16

§ Expected influx of data for reactions on unstable isotopes from 
FRIB requires developing new OMPs for neutron-rich isotopes, 
including fission fragments.

§ The status of OMPs was reviewed at a Topical Program at FRIB and 
findings were published in a review paper: 

C. Hebborn et al, “Optical potentials for the rare-isotope beam 
area,” J. Phys. G. 50, 060501 (2023). 
https://arxiv.org/abs/2210.07293 

§ The publication discusses state-of-the-art potentials, identifies 
shortcomings, and charts a path for future theoretical and 
experimental work.

Estimates of the reach of FRIB (left) and paths of 
astrophysical processes (right). Nuclei whose properties were 
used to constrain the widely-used Koning-Delaroche OMP (in 
pink) highlight the dramatic extrapolations made. Fission 
fragments lie between r-process isotopes (teal) and stable 
isotopes (black). 

https://arxiv.org/abs/2210.07293
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Optical-Model Potentials
17

§ Expected influx of data for reactions on unstable isotopes from 
FRIB requires developing new OMPs for neutron-rich isotopes, 
including fission fragments.

§ The status of OMPs was reviewed at a Topical Program at FRIB and 
findings were published in a review paper: 

C. Hebborn et al, “Optical potentials for the rare-isotope beam 
area,” J. Phys. G. 50, 060501 (2023). 
https://arxiv.org/abs/2210.07293 

§ The publication discusses state-of-the-art potentials, identifies 
shortcomings, and charts a path for future theoretical and 
experimental work.

https://arxiv.org/abs/2210.07293
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Uncertainty-Quantified (UQ) Optical Potentials:
KDUQ and CHUQ

§ We developed well-calibrated uncertainties for 
two widely used optical potentials

§ Advances include outlier identification, 
assessment of unaccounted-for uncertainty

§ We can now pinpoint how optical-potential 
uncertainties impact compound (low-energy) 
and direct (higher energy) reactions within a 
self-consistent framework

§ Parameters provided with uncertainty ranges 
and as posterior collection - see PRC 
supplement.

A global phenomenological dispersive OMP is under development.
Dispersive OMPs connect to bound-state properties - which helps address the lack of data for exotic nuclei. 

After training (left), the UQ optical 
potential, shown as blue bands, spans its 
training data and performs well against 
test data not used in training (not shown).

Uncertainties can then be propagated 
forward to transmission coefficients 
(below left) and capture cross sections 
(below right), here for 87Sr(p,γ)88Y.

Pruitt, Escher, Rahman, PRC 107, 014602 (2023)
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§ The shell model provides a microscopic predictions for LDs and gSFs

§ Smart truncations and modern computers increase reach of shell model

§ Innovative combination of moments method with Lanczos algorithm enable 
new LD calculations

§ Shell-model advantages: 
— Includes important correlations
— Yields total and partial level densities
— Gives low-energy gSF
— Provides insights into structure

§ Challenges: 
— Model space sizes for very heavy nuclei
— Interactions needed

Predicting level densities and g strength functions:
Advances in shell-model theory allow us to address these challenges

Gamma-ray strength function (gSF, M1)
well-reproduced in truncated basis: 70Ge

Level density (LD) is approximated in 
same truncated basis : 70Ge

Smart truncation 
to small fraction of FCI model space

Moments method 
+ Lanczos: 74Ge

Ormand & 
Brown, PRC 
122, 14315

Gorton et al, 
arxiv:2210.05904
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Surrogate reactions provide a viable method to extract information 
on neutron capture rates from indirect measurements

Neutron capture on s-process branch point 95Zr from 
inelastic scattering

Neutron capture

n

95Zr 
unstable

Surrogate reaction

pp’

96Zr
 stable

96Zr

g
n

(p,d)

(a,a’) (d,p)

Determining capture rates for unstable nuclei directly is hard
• Short-lived target make measurements difficult/impossible
• Statistical Hauser-Feshbach (HF) calculations lack 

predictive power away from stability
Surrogate reactions provide a solution
• A transfer or inelastic scattering experiment produces the 

compound nucleus and the decay is measured
• Advanced reaction theory turns this data into constraints 

for calculations of the desired neutron capture rate 
Outcomes:
• Capture cross sections have been obtained from surrogate 

reactions using (p,d) and (d,p) transfers and inelastic 
scattering. 

• Cross sections for capture involving isomers have been 
obtained.

• Level densities and g strength functions can be obtained.
• Work is underway to apply the approach to inverse-

kinematics experiments.
• Applications to fission are planned.
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Surrogate reactions method for neutron capture

Etop

Eex

CN 
populatedCN 

reached by
n emission

Sn

Surrogate
reaction

g

n

91Zr

A Surrogate experiment gives

P(3He,3He’g) (E) = SJ,p F(3He,3He’)CN(E,J,p).GCN
g(E,J,p)

90Zr(n,g) cross section:

s(n,g) = SJ,p sn+target
CN

 (E,J,p) . GCN
g(E,J,p)

From 
experiment

From 
theory

To be 
determined

Well modelled from 
nuclear theory

The new cross 
section we want

*Width fluctuation corrections are omitted 
here, but accounted for in applications.

n+90Zr
91Zr

3He

3He’

Concept: Escher et al, RMP 84 (2012) 353; 
EPJConf 122 (2016) 12001
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Inelastic scattering theory will enable indirect measurements for neutron capture and other 
reactions on unstable isotopes

Neutron capture

n

95Zr 
unstable

Surrogate reaction

pp’

96Zr
 stable

96Zr

g
n

Benchmark: 90Zr(n,g) from 91Zr(3He,3He’)

preliminary

WIP: 95Zr(n,g) from 96Zr(p,p’)



23
LLNL-PRES-xxxxxx

Surrogate reaction method gives LDs, gSF, capture cross sections, isomer cross sections, 
(n,n’) and (n,2n) cross sections

encompasses the latter within its 1σ uncertainty. The result
is a significant improvement over previous attempts to
determine capture cross sections from surrogate reaction
data and is notable since it is achieved for an isotope that is
very sensitive to spin-parity effects [26].
To summarize, we have presented a new approach for

determining neutron-capture cross sections for unstable
isotopes using a combination of surrogate reaction data
and theory. We have demonstrated that a theoretical descrip-
tion of the surrogate reaction is key to overcoming the
limitations encountered in previous applications of this
approach. The method makes no use of auxiliary con-
straining quantities, such as neutron resonance data, or
average radiative widths, which are not available for
short-lived isotopes. This approach will open up the pos-
sibility of determining unknown cross sections, with far-
reaching implications for improving our understanding of
stellar evolution and nucleosynthesis of the heavy elements:
near stability, stable-beam experiments can be used to
determine cross sections that shed light on the slow
neutron-capture process (s process) [66], while further away
from stability, radioactive beam experiments can provide
reaction data relevant to rapid-neutron-capture (r process)
nucleosynthesis [67].
Our approach of predicting FCN

δ and determining the
unknown decay parameters from Eq. (2) can be adapted to
determine other cross sections of interest. For example,
proton and α capture can be treated in direct analogy to the
cases presented here. Furthermore, other surrogate reaction
mechanisms can be used to form the CN, including
inelastic scattering and reactions that transfer nucleons to

the target: for the (d, p) reaction, a prime candidate for
inverse-kinematic experiments, a reaction description has
recently been developed [68–70] and surrogate benchmark
tests are underway [17,71]. Thus, the present work estab-
lishes a more general procedure for obtaining cross sections
for short-lived nuclei from light-ion surrogate reactions.

We recognize the multiple contributions our friend and
collaborator Cornelius Beausang made to this effort. We
thank M. Dupuis, T. Bailey, B. Beck, A. C. Dreyfuss,
R. Soltz, I. J. Thompson, C. Tong, and M. A. E. Williams
for valuable discussions and A. Koning for the TENDL
comparison data. This work was performed under the
auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-
07NA27344.

*Corresponding author.
escher1@llnl.gov
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FIG. 5. Results for Zr. (a)–(e) Coincidence probabilities used in the fit. (f) The extracted 90Zrðn; γÞ cross section is compared to direct
measurements and several evaluations [25,62–65]. The Forssen calculation usedD0 and hΓγi data, which are typically used—along with
cross section data–to constrain (n, γ) calculations. TENDL (shown with hatched uncertainty band) and ENDF introduced further
adjustments to agree more closely with the direct data.
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contributions are added to this and the resulting distribution
is used in a Hauser-Feshbach-type calculation that models
the CN decay.
With FCN

δ ðEex; J; πÞ obtained in this manner, we can
derive constraints for the decay models, using the measured
coincidence probabilities Pexpt

δγ and Eq. (2). We express the
GCN

γ ðEex; J; πÞ in terms of well-established functional
forms for level densities and transmission coefficients
[20,52], with parameters that are to be determined.
Sensitivity studies establish reasonable parameter ranges:
the level density model [53] used has four (five) adjustable
parameters for 88Y (91Zr). The γ-ray transmission coeffi-
cient is dominated by electric and magnetic dipole tran-
sitions, requiring nine parameters to be varied [52,54–56].
The neutron transmission coefficients are known quite
accurately for the nuclei considered [36] and are not varied.
For isotopes far from stability, where transmission coef-
ficients are less well known, such variations should be
carried out. To account for uncertainties in the calculated
FCN
δ ðEex; J; πÞ, we vary the weights schematically by

shifting the overall distribution by #1ℏ.
Each parameter set leads to predicted coincidence

probabilities according to Eq. (2). A comparison with
the measured probabilities then leads to the sought-after
parameter constraints. In practice, this comparison is
carried out using a Bayesian Monte Carlo approach
[57,58], which allows us to simultaneously account for
uncertainties in the data, the structure information utilized,
and shortcomings in the theoretical description. The pro-
cedure yields the desired (n, γ) cross section, along with its
uncertainty.
Six γ-ray transitions in 88Y are used to determine the 88Y$

decay parameters. To emphasize the energy region of
interest to neutron capture, data from 0.5 MeV below to

1.5 MeV above the neutron separation energy are utilized.
Data at lower energies serve as a check for the quality of the
approach. Figures 3(a)–3(f) show that all transitions are
simultaneously well reproduced, even at the lower energies.
The effects of the IAS are clearly seen and reproduced. As
an additional check, we compare a predicted and measured
γ-ray transition in 87Y [see Fig. 3(g)]. The extracted
87Yðn; γÞ cross section, shown in Fig. 4, is higher than
existing evaluations, which rely on regional systematics,
and has a 1σ uncertainty of about #25%.
For the 90Zrðn; γÞ case, we use five γ transitions and,

again, restrict our fit to data around the separation energy
(Sn ¼ 7.19 MeV). The fit reproduces the data well in the
energy range of interest (Fig. 5). The resulting 90Zrðn; γÞ
cross section, shown in (f), agrees with available direct
measurements and evaluations, both in shape and magni-
tude. Its average is about a factor 2 larger than the data, but

FIG. 3. Probabilities for observing specific γ-ray transitions in coincidence with the outgoing deuteron. Results of the fit (gray 1σ
bands) are compared to experimental data (black symbols). Fitting range and separation energy Sn are indicated. (a)–(f) Transitions in
88Y; (g) gives a transition in 87Y. IAS contributions result in dips or peaks at specific energies.

FIG. 4. The 87Yðn; γÞ cross section, extracted from the surro-
gate data, with 1σ uncertainty (blue curves, gray band). The
TENDL 2015 (brown curves, with hatched 1σ uncertainty) and
Rosfond 2010 evaluations are based on regional systematics
[59–61]. No direct measurements exist.
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✓ Benchmark: 90Zr(n,g) from 92Zr(p,dg) Application: 87Y(n,g) cross section from 89Y(p,dg)
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stellar evolution and nucleosynthesis of the heavy elements:
near stability, stable-beam experiments can be used to
determine cross sections that shed light on the slow
neutron-capture process (s process) [66], while further away
from stability, radioactive beam experiments can provide
reaction data relevant to rapid-neutron-capture (r process)
nucleosynthesis [67].
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determine other cross sections of interest. For example,
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cases presented here. Furthermore, other surrogate reaction
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the target: for the (d, p) reaction, a prime candidate for
inverse-kinematic experiments, a reaction description has
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✓ Benchmark: 
95Mo(n,g) cross 
section from 
95Mo(d,pg)

w/o
Theory

Ratkiewicz, Cizewski, 
Escher et al. (2019)

with
Theory

Key features: 
• Advanced theoretical description of 

surrogate reaction mechanism.
• Uses experimental observable

indicating decay into channel of
interest.

• Bayesian parameter determination 
for decay model  → UQ is built-in!

• The Surrogate method does not use 
auxiliary quantities which are 
unavailable for unstable isotopes.
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We need to address the limitations of Hauser-Feshbach calculations

Problem 1: HF calculations make an averaging assumption, but problems 
occur for low energies, closed shells, light nuclei, far from stability

(n,g) cross sections
for select stable isotopes (ENDF/B-VII)

We need:
• Criteria for estimating the limits of validity for HF
• Usable prescriptions for treating compound reactions proceeding 

through isolated or weakly-overlapping resonances, bridge to HF
• Structure information for calculating direct-reaction contributions
• An assessment of uncertainties and experimental information

Jutta Escher, escher1@llnl.gov

sac = SJ,p saCN (E,J,p) . GCNc(E,J,p)

*WFC omitted here to simplify notation.

Hauser-Feshbach regime 
• Assumes strongly overlapping 

resonances
• Requires structure models 

and parameters 

Problem 2: Some reactions fail to produce a compound nucleus. Pre-
equilibrium neutron reactions are known to have limitations. Indirect 
measurements may be affected.
Consider:
• When do doorway states proceed to damp?
• Transfers, inelastic scattering have been studied for surrogate reactions
• b-decay may be of concern
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Statistical models underpredict b-delayed g spectrum
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Experiment

Theory (Hauser-Feshbach)

Valencia, et al., 2017 https://link.aps.org/doi/10.1103/PhysRevC.95.024320

Sn = 6.83 MeV

𝛾

𝛾

Continuum

Qβ = 10.18 MeV

Beta decay

!"𝑅𝑏
Z, A

!"𝑆𝑟∗
Z+1, A

!$𝑆𝑟∗
Z+1, A-1

Delayed 
neutrons

Delayed 
gammas

Delayed gammas

See also: Robert Grzywacz et al. 
nonstatistical nature of neutron 
emission near 134Sn

Gorton, Johnson, Escher (wip)

https://link.aps.org/doi/10.1103/PhysRevC.95.024320
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Why are we getting this so wrong? 
BDNE is a powerful test for nuclear structure and reactions Gorton, Johnson, Escher (wip)

§ Does b-decay fail to create 
a well-equilibrated 
(statistical) nucleus?

§ Does an unexpectantly 
large “forbidden” b-decay 
block neutron emission?

§ Is the g-ray decay strength 
greatly enhanced?
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To model nuclei beyond the standard shell model, approximate truncation 
methods are being developed

But we will need new interactions!

Gorton, Johnson, Escher (wip)
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Items on my wish list
28

Generally: 
Systematic trends (single-particle properties, collective 
properties,…)

Inelastic scattering:
• Charged-particle scattering off a chain of isotopes, 

angular distributions
• Protons, deuterons, 3He, 4He
• Careful assessment (elimination?) of background
• Coincident measurements of decays (g, particle emission) 

for surrogate applications

Surrogate reaction development: 
• Multiple measurements producing the same compound 

nucleus
• Information on low-lying states and their decays

Optical potential development: 
• Elastic scattering angular distributions
• Single-particle energies

Shell-model development: 
• data to build new interactions

Challenging:
• Tests of equilibration of nucleus in b-decay and 

reactions
• Brilliant ideas for dealing with the limits of statistical 

averaging
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Thank you!
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Rutgers U.: J. Cizewski 
SDSU: O. Gorton, C. Johnson

UTK/ORNL: S. Pain, R. Grzywacz, J. Heideman
CEA/France: M. Dupuis, S. Peru
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Hauser-Feshbach (statistical reaction) formalism for compound reactions

Need
• Transmission coefficients Tc for all channels c: 

neutron, proton, charged particles, g, fission
• Level densities
• Discrete levels with J,p
• Width fluctuation correction WFC factors

Formation of CN

Probability for decay of CN

 

𝜎!"# 𝐸, 𝐽, 𝜋 = 𝜋𝜆!𝜔!
$ 	*

%&

𝑇!%&
$

𝜎!' 𝐸 = 	*
$(

𝜎!"# 𝐸, 𝐽, 𝜋  𝐺'"# 𝐸, 𝐽, 𝜋  

𝐺'"# 𝐸, 𝐽, 𝜋  =
∑!%"% 	 ##!%"%

$ 	 $%%(&!)

∑#%%!%%"%% ∫ ##%%!%%"%%
$ 	$%%%(&!)	)*#%%

*Width fluctuation corrections are omitted 
here, but accounted for in applications.
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Beta-delayed neutron emission is important for astrophysical element 
synthesis – and FRIB reaches many high-impact nuclei

FRIB sensitivity line

Mumpower, et al., 2015 https://doi.org/10.1016/j.ppnp.2015.09.001

It’s important to have a strong theoretical description of BDNE

https://doi.org/10.1016/j.ppnp.2015.09.001
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Proton and Neutron Approximate Shell Model (PANASH)
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(Orders of magnitude smaller!)

j-j coupled basis

Bipartite Partitioning

Full Configuration Hamiltonian

Proton Hamiltonian

Neutron Hamiltonian

|𝑗!𝑗" 	 ⟩𝐽 = 𝑗! ⊗ 𝑗" #
  

𝐻" ⟩𝑗" 	= 𝐸" ⟩𝑗"

𝐻! *𝑗! 	= 𝐸! *𝑗!

• Wave functions factorize into PN-partition eigenstates
• Coefficients decay exponentially 
• Proton neutron entanglement decreases when N>Z 

(arxiv 2210.14338)

𝐻 = 𝐻- +𝐻. +𝐻-.

Ψ ≈ &
/0

1≪3

𝑐/0 𝑗- |𝑗.⟩

(There is some freedom in the sum)


