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Nuclear reaction theory for astrophysics and other applications

Abstract:

The last decade has seen much progress in the development of theory tools that allow us to achieve more accurate
calculations for both direct and compound (statistical) nuclear reactions. Integrated nuclear structure and reaction
descriptions provide the basis for making cross-section predictions and enable indirect determination of cross
sections that are difficult to measure directly. This is particularly important for applications involving reactions with
unstable nuclei, such as astrophysics simulations.

| will discuss recent advances at the intersection of direct and compound-nuclear reactions. | will give examples
where progress in theory has enabled indirect (surrogate) measurements of compound-nuclear reactions, including
both low-energy neutron capture and other desired reactions. | will also comment on efforts underway to measure
reactions in inverse-kinematics experiments at radioactive-beam facilities.

*This work is performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under
Contract DE-AC52-07NA27344. Support from the LDRD Program, Projects 19-ERD-017, 20-ERD-030, 21-LW-032, 22-LW-029, 23-SI-
004, and 24-ERD-023 is acknowledged.
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Nuclear astrophysics requires information on multiple types of reactions
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unstable
= Many low-energy reactions of interest are

compound reactions

— Cross sections can exhibit resolved resonances

— Cross sections may be dominated by smooth
averages over dense, overlapping resonances

— | T11.093 MeV = Direct reactions typically play a smaller role
—m— —— 25Mg+n

10.615 MeV

a+22Ne ®Mgey
JES;I‘VIQ E,=0 MeV

Massimi et al, PLB (2017)
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Nuclear astrophysics requires information on multiple types of reactions
for a wide range of isotopes
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We have robust reaction theories and flexible data evaluation tools to describe a wide
variety of reactions
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‘Simple’ descriptions require data to adjust parameters in phenomenological models




‘Simple’ descriptions of reactions have limited predictive power

= Challenges:

— Ambiguous model combinations, large parameter uncertainties,
and multiple reaction channels produce large uncertainties in
reaction calculations ;

— Away from stability, where few/no constraints are known, minor
processes may become significant

Stable nuclei

50

Number of Protons

= Needed — a multipronged approach: ‘
— development of predictive microscopic structure and reaction &
theories
— direct measurements (where possible) to validate theory
— indirect measurements to constrain theory
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Substantial progress in integrating nuclear structure & ! 2020 R
reaction theory for light nuclei . - g
Successful ab initio reaction descriptions o
« Treat structure and reactions simultaneously o - i
(NCSM/RGM approach) " ' st
0 : = 2016
o -0f- - i i sl/% ® 2018
State-of-the-art NN+3N nuclear interactions [ Hergort, Front. Phys. 8, 370 (2020) 202
° Computatlona”y Cha”englng “J0NJ 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90 04
» Restricted to selected area(s) of nuclear chart a
Co: N
Resonating Group Method (RGM): O I e
- Ansatz: : § ST i ] e e
(r A i 17 2 Kimetal., 20° - ; ; B‘ . .‘Ba c
0 =3 [ar PR AL o B == T SesS
v = I Ao, © Wang eral., 20° i - P P L P N 7
: . ) %Q 10} = - = P ﬁ
» Solve Hill-Wheeler egn to obtain amplitude g (r): = 1 o
I o N 1 Quaglioni, EPJ 133, 103738 (2018)
> / dr r* [Hy(r',r) — ENy (F, 1)] g"r( L L& 4F
v 0 S0 15 20 25
E_ [MeV]
Jofsan e &l ok [Fliys.C a7, 126007 208 Quaglioni & Navratil, Nucl. Phys. News 30, 12 (2020)
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Using symmetry-adapted bases to pUSh Mercenne, Launey, Dytrych, Escher, et al, CPC 280, 108476 (2022)
Launey, Dytrych, Mercenne, Ann. Rev. Nucl. Part. Sci. 71, 253 (2021)

approach toward medium-mass nuclei Dreyfuss, Launey, Escher, Sargsyan, et al., PRC 102, 044608 (2020)
Resonating Group Method (RGM): Initial steps for calculating
«  Ansatz: phase shifts and N+A scattering
M
[p™My 3 / a2 & ® . D il ™y AL | g~
€ r J/ = "-»-_;_T\” 1 , 52 - ‘
e "L-, -

« Solve Hill-Wheeler eqn to obtain amplitude g (r): ‘ )/ Overlaps for a-induced reactions

g{m (r)

r

=0.

Ulr, r') (MeV fm3)

Y f drr? [Hee(r',r) — ENge (', 1)]
C

* Norm and potential kernels expressed in terms
of SU(3) re-coupling coefficients and one-body
(and two-body) density matrix elements

* Advantages:
» Triple-reduced matrix elements
« Block-diagonal norm kernel
* Proton-neutron formalism

——==-0*(I=0)
—_—(=1)

1 1 1
6 8 10

r(fm)

a+160 /=0 and 1 relative wave functions
(ab initio SA-NCSM)

Non-local potential kernel

Initial results are promising. More development needed to predict reactions like 22Ne(a,n)>>Mg




What about reaction theory for medium-mass and heavy nuclei?

Direct reactions

* Reduction to few-body problems with
effective interactions

* Mechanisms: transfer, inelastic scattering,
breakup

« Higher-order processes: multi-step,
coupled-channels, breakup-fusion,...

« Efforts underway to integrate nuclear-
structure descriptions

Compound-nuclear (CN) reactions

« R-matrix theory describes CN reactions through
isolated resonances

» Hauser-Feshbach (HF) theory describes CN reactions

that can be statistically averaged

Ll
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* Both are essential for nuclear data evaluations and

calculating astrophysical reaction rates

> Hauser-Feshbach regime
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* Assumes strongly overlapping
resonances

* Requires structure models
and parameters

Gy, = ZJ’TC o,°N(E,J,m) - GCNX(E,J,n)

*WFC omitted here to simplify notation.
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Hauser-Feshbach calculations

= |nputs needed:
— Optical-model potentials

— Level densities (LDs) g. (E) = ZO.CN ET1)GEN(ET.7m) W
— y-ray strength functions (ySF) ax (E) @ (E,J,m) X (E,],m) 057/(/)
— Constraints: D,, <I',>, cross section data Jm

= Challenges:
— Ambiguous model combinations, large parameter

uncertainties, and multiple reaction channels Formation of CN
— Uncertainty quantification CN )i J
— Away from stability there are few/no known Oq (E,],m) = TAqWy Tals
constraints ls

Probability for decay of CN
Srs Tyry Pr(W)
ZX//l//S// f T){//lusu pI”(UI) dEX”

GEN (E,J,m) =
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Uncertainty-Quantified (UQ) Optical Potentials for isotopes near stability:

KDUQ and CHUQ Pruitt, Escher, Rahman, PRC 107, 014602 (2023)

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).

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

10°
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= Advances include outlier identification,
assessment of unaccounted-for uncertainty

do
do

102 o

Uncertainties can then be propagated

_ forward to transmission coefficients

=  We can now pinpoint how optical-potential ol (below left) and capture cross sections
uncertainties impact compound (low-energy) (below right), here for 8 Sr(p,y)88Y.

and direct (higher energy) reactions within a
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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.



Optical-Model Potentials

= 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.

Mass Energy D. | Mic. | UQ
KD 24 < A <209 lkeV<E<200MeV | X | X X
KDUQ 24 < A< 209 lkeV<E<200MeV | X | X v
DOM C, O, Ca, Ny, . s
(STL) Sn, Pb isotopes —ooug Bl ST | " | ¥ o
MR 12 < Z < 83 E < 200 MeV | X X
MBR 12 < Z < 83 E < 200 MeV | X X
NSM | *Ca, #*Ca, *®Pb E < 40 MeV v X
SCGF | O, Ca, N1 isotopes E < 100 MeV |/ X
MST-B A<20 E Z 70 MeV X | v X
MST-V 4<A<L16 E Z 60 MeV X | v X
WLH 12< A <242 0 < E <150 MeV X| v v
JLMB A>30 lkeV< EFE<340MeV | X | X

Lawrence Livermore National Laboratory
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https://arxiv.org/abs/2210.07293

Hauser-Feshbach calculations

= |nputs needed:
— Optical-model potentials
— Level densities (LDs)
— y-ray strength functions (ySF)
— Constraints: D,, <I',>, cross section data

= Challenges:
— Ambiguous model combinations, large parameter
uncertainties, and multiple reaction channels
— Uncertainty quantification
— Away from stability there are few/no known
constraints

= Needed — a multipronged approach:
— development of predictive microscopic structure and
reaction theories
— direct measurements (where possible) to validate
theory
— indirect measurements to constrain theory

0y B) = ) 0§V (B, m) G5 (], ) W, ()
jm

Formation of CN
o§N(E,J,m) = mAqw) ) The
ls

Probability for decay of CN
Srs Typs Pr(U)

GSN (E,],m) =
X ZX”l”S” f T)i”l”S” pI”(UI) dEX”

Lawrence Livermore National Laboratory
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Are we ready to predict neutron capture cross sections for unstable nuclei relevant to the r process?
What does it take?

Escher, Kravvaris, Potel, Pruitt, Berryman, Gorton (wip)

= Opportunity: Advances in nuclear theory * Region outlined in black: oo
place region of the weak r-process (light _| Protons 2~20-45 :
. L I : Neutrons N~25-95 "
fission fragments) within striking distance eutrons o
. . - og .-'r.r. H .
= Goal: Develop capability to predict neutron c o F,ea,t map:
. . 8 s ission
capture reactions for weak r-process isotopes ; fragment
— Systematically replace 3 key ingredients by newly- 1 distribution
developed quantities: LDs, gSFs, optical model " ot for n+23%Pu
— Develop optical model (aka effective nucleon-nucleus .
interaction) for weak r-process region gggﬁ Blue area: Sample path of weak r-
— Perform statistical reaction calculations with YAHFC 10~ , process in neutron-star merger event
and provide capture rates with UQ e m e w e oM w0 % W W

60 70
Neutron (N) #

— Benchmark calculations and assess uncertainties (UQ)

Lawrence Livermore National Laboratory N S&f&‘;“ 14
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Extending nuclear shell model to predict static properties of relevant nuclei e S| .4};’_

Moments method Gamma strength function (ySF, M1)

= The shell model provides a microscopic 10 ) )
P P well-reproduced in truncated basis: 78Ge

| o
ol

. . — . 74 2
predictions for LDs and ySFs > OE T Lanczos: Ge sep
o 102 L R 6- —— PANASH
. X E ™ —— FCl
= Smart truncations and modern o 10 Ormand & 4
: 10 > Brown, PRC =
computers increase reach of shell model < ’ =
P 10" g 122, 14315 g 21
| | 1 | 1 | 1 =
= Innovative combination of moments % Rwam S T I S
method with Lanczos algorithm enable Ey (MeV)
new LD calculations 3 _ A : — Level density (LD) is approximated in
Panash truncation scheme is promising same truncated basis : 78Ge
= Shell-model advantages: N L e
— Includes important correlations E snnad [ FCl
— Yields total and partial level densities e =
— Gives low-energy ySF 5 Subspace dim. Used % 4001
— Provides insights into structure Protons 701 159 | = 200
Neutrons 701 245 3
- 0_
= Challenges: o 1 2 3 4 5 6 71 8

Eex (MeV)

\ Smart truncation
to small fraction of FCI model space

— Model space sizes for very heavy nuclei
— Interactions needed

$1 24

Gorton, Johnson, Escher, EPJ
Web. Conf. 284, 03013 (2023)
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Hauser-Feshbach calculations

= |nputs needed:
— Optical-model potentials

— Level densities (LDs) g. (E) = ZO.CN ET1)GEN(ET.7m) W
— y-ray strength functions (ySF) ax (E) @ (EJ,m) X (E,],m) 067(/)
— Constraints: D,, <I',>, cross section data Jm

= Challenges:
— Ambiguous model combinations, large parameter

uncertainties, and multiple reaction channels Formation of CN
— Uncertainty quantification CN ] J
— Away from stability there are few/no known Oq (E,],m) = TAqWy Tals
constraints ls

= Needed — a multipronged approach:

— development of predictive microscopic structure and Probability for decay of CN
reaction theories Y TJ (U
. . I/ I
— direct measurements (where possible) to validate G)?N (E,],m) = Ls ]Xls prt)
theory ZX”l”S” f TX”l”S” 'DI”(UI) dEX”

— indirect measurements to constrain theory

Lawrence Livermore National Laboratory NVYSE 16
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Indirect measurements using the

Surrogate Reactions Method

* Concept

* (p,d) as a surrogate reaction mechanism

* (d,p) as a surrogate reaction mechanism

* Inelastic scattering as a surrogate reaction mechanism

‘ Lawrence Livermore National Laboratory N A‘Sﬁ% 17
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Surrogate reactions method combines theory and experiment to
constrain cross section calculations for compound reactions  escher etal, R 84, 353 (2012)

Producing a CN in a surrogate reaction:

« Starts with a ‘direct’ reaction to produce a
‘doorway state’ at E., > several MeV

Doorway evolves into a CN

« Spin distribution of doorway state = spin
distribution of the CN

Desired Reaction

Observe the decay of the CN:

» Measure coincidence probability of outgoing surrogate Surrogate Reaction
particle with decay into channel of interest

« Model HF decay and fit parameters to measured
surrogate probability C> r::> 4_. .->

@
Obtain desired cross section:
W,

« Calculate desired reaction cross section using inferred
parameters

c"

Lawrence Livermore National Laboratory N A‘SXL&‘; 18
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Concept

(p,d) as a surrogate reaction mechanism

(d,p) as a surrogate reaction mechanism

Inelastic scattering as a surrogate reaction mechanism

Lawrence Livermore National Laborato v 1
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Surrogate reactions method for neutron capture Escher et al, PRL 121, 052501 (2018)

From To be

CN g .
CN urrogate theor determined
opulated - y
reached by POp (0,d) reaction | 0
n emission (\ A Surrogate experimgent gives |
_— @ D P(p,dy) (E) = ZJ,TC F(p,d)CN(E,J,ﬂ)'GCNy(E,J,ﬂ)
RO—— eﬂf-——— /
Sh A 90Zr(n,y) cross section: |
N+907¢ From /
Y experiment Oy = Zd,n Gn+targetCN\(E,Ja7T) ' GCNy(E,J,TC)
I Pp.ay 0_055 [l i\}zzl ZgSSk/ezV / \
z + +
Eex - oo ff The new cross  Well modelled from
o \ section we want  nuclear theory
91zr 0.02E K
0.01 ﬁhmvr P{' 1 1 [
t
0+ Tl\n\. | | i | ] | \\\Ll\l\ |
Eex [MeV]
(srence CivemagiciiatibnalLabortiey *Width fluctuation corrections are omitted N A‘ S"ﬁj 20

T — here, but accounted for in applications. uciarSecunty Admisorn



Theory for surrogate reactions:
Parameter constraints from Bayesian fit to decay observables Escher et al, PRL 121, 052501 (2018)

Coincidence probabilities Surrogate coincidence probabilities
from surrogate experiment
Pioay (E) =2y 1 Fo,0™(E J,m) GON, (E, J,m)

Spin-parity distribution from
direct-reaction theory

- (C)”'Zr spin distribution at S_

OONNNNNNNNNNNNNNNNNN

20 7l Y
S5 35 45 55 65 75 85 95 105115
Angular momentum J

.o\
W
—
th

Lawrence Livermore National Laboratory N A‘S‘é‘% 21

LLNL-PRES-xxxxxx




Theory for surrogate reactions:

Parameter constraints from Bayesian fit to decay observables Escher et al, PRL 121, 052501 (2018)

Coincidence probabilities
from surrogate experiment

Surrogate coincidence probabilities

P(p,dv) (E) = ZJ,n F(p,d)CN(E,J,R)'GCNy(E,J,71:)

/ PHYSICAL REVIEW LETTERS 121, 052501 (2018)

P
_ _ o °"2'//Rm8=°fﬁ' (a) 1466 keV T % (b) 89 kev T (¢) 2170 keV
Spin-parity distribution from . 2528 *‘“ﬁ'kf i r .;.1.1,:.-~ 65—55 1 02 T [ 5528
- - I L ‘3.'¢’;'" | | . .
direct-reaction theory 2 oosy IR Yo MHITHAERR o] HE L {I
0.20 ? g 0.06 g . = ‘ T 'J}
- (¢)”'Zr spin distribution at S £ 008 ! o1
0.15}- ” ’ 004 \ \#
2 . i 004 005
7 Y i " g i
7 ; 4 0 =Yy 0 |0y 0 n " -
9 Y 7 ! ‘ 014 ’ $ ! 8E Mevi® i
: é 7 é o —_— . @s2key | () 2130 keV
[ A Al 7 72l 7 o .1 o 35'>25" | 012t B _ 45'>25" -
O.m i 2 2 Z ” 7 7 1 {4 ’ _
05 15 25 35 45 55 65 75 85 95 105115 oaf1_4 .jﬁ-F{ ]’ [t
Angular momentum J 0.08 '% f;{ [T ) gzzr(p,d'y) —_—
DTN . .
0.06/ TN
PN Bayesian fit to
0.04 \ \ ]
\4. . surrogate data
S \ ! tt
0 -~ L ’
! E_[MeV] 1 2 ! ¥ Mev)’ =
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Surrogate (p,d) transfer reactions enable determination of
unknown (n,y) cross sections - benchmark °°Zr(n,y) Escher et al, PRL 121, 052501 (2018)

~

) N8 L] T L} L] L '

= - ' S -
E () “Zr@,y) —L 0
g 1 — .=~ Forssen (2007) 3
2 - TENDL 2015 .
A v+  Boldeman (1975)
8 . =  Ohgama (2005) )
: - Surrogate
method does not
0.01 1] 2 = use Dy or <ry>

0.001 "‘ I Range of fi O

| ‘ il
0.00011——2 e —

0.1 1 E_[McV] 10

Procedure

» Measure the surrogate reaction coincidence probability

» Calculate the spin-parity distribution of the doorway state = spin-parity of the CN

» Model CN decay and perform Bayesian parameter fit to surrogate coincidence probabilities
» Sample posterior HF parameter distributions to obtain neutron-capture cross section

Lawrence Livermore National Laboratory N A‘sqég 23
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The surrogate reactions method also yields experimentally-constrained
level densities and y-ray strength functions

Extracted D, and <I',> values

ov e

10 This work Extracted E1, M1 strengths
le-05 — T T T T T T T T
6.89 (0.53) Mughabghab, — 5411<Th1|1}swor1£> I | | | | | |
2006 e
6.00 (1.40) RIPL-3 OO | 2 G E
7.18 (23) Guttormsen, T ; Surrogate
PRC 2017 2 107 method does not
-t use Do or <[>
<O eV |
1e-08
185 This work -
170 (20) Mughabghab, 1609 - . =& @ IIS . !
2 006 0 ? ! ¢ Garr?ma-ray 1e?lergy [Ii/IZeV] . 10
130 (40) RIPL-3
180 (137) Guttormsen, Oslo data from:

130 (40) PRC 2017 Guttormsen et al, PRC 96, 024313 (2017)
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Application to neutron capture on unstable target:

87 : 89 .
Y(n,y) cross sections from 3%Y(p,dy) surrogate reaction data Escher et al, PRL 121, 052501 (2018)
008} : Range of fit 5 008} i 1 o3k :
. 006 } 4 o006} i . 025?{{%{_}] |
o L PATEITIRE I :
reached by RREa £ oM i ] °”“”{_/\ % !} , 1 ouasf- i
n emission : : o1} I
— omh(a)IZSkeV j 0mh(b) 142 keV : | 00sl- (C) 232 keV i
— . 5'»6' s, | P § | * L 54 S |
é':;m_ Sn 0 ll . ‘1 . : ! ' '1 i 0 ] 1 1 1 1 0 II . 1I 1] I‘1' 1‘
fas0y Y% 008} : . ; | 008} : .
! | 0.08- : :
0.06 : — : 1 0.06} i B
I £ bty N ] |
Eex g 004<{ F*ﬁ—{ | 1 0.04L-{ | 004.][ ' lh I .
— : B
8 . | ] ) .
8Y 0.02‘ (d):?k:y i } ‘ 002} @) zzs ":Y 0.02 (F) 87 kev tl } : }
- s, | = s, 4-5 S, |
07 8 ; |1;4cv1‘l’ ~o n S i 10 TR — . (MM«'J BT i1
Surrogate (p,dy) reaction
Py (E) =2 i F(p,d)CN(E,J,n)-GCNy(E,Jm) Procedure analogous to Zr(p,d) case
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Application to neutron capture on unstable target:
We also obtained cross sections for reactions involving isomers

Application: i:Y(n ,Y) from #9Y(p,dy)

“Faemy | unstable e
1: Captureon’%gs. |- ﬁ§§4 (n ,Y) R - (n ,2 n)
s F o > 139 ms  6746keV
oor | _ 134 h S ke \ 15.78 909.0 keV
O.C'Jl-""' e 9/2+
Oy e AN
51/2*isomer@381kev RadChem 2014 - A- -
2798 h 106.65 d 1/2" stable
i 87y 88Y Y
:
Lz Multiple isomers occur in the unstable Y isotopes

1 1 10
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Concept

(p,d) as a surrogate reaction mechanism

(d,p) as a surrogate reaction mechanism

Inelastic scattering as a surrogate reaction mechanism
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Surrogate (d,p) transfer reactions enable determination of (n,y) cross sections -

benchmark >Mo(n,y)

Ratkiewicz, Cizewski, JE,

Potel, et al, PRL 122, 052502 (2019)

Coincidence probabilities
from surrogate experiment

—

Surrogate coincidence probabilities
Papn (E) =24 1 Fiap®™(E,J,m)-GN, (E.J,m)

Spin-parity distribution from
direct-reaction theory

=

b¥] | (b) e
"% o - )t
3 o1}

W

R Y

0

1 2 3 4 5 6

Angular Momentum (J")

7 8

10° ?#W
: fitting
107t
,; SR R S St 1 e 2
S LI T e p i i s s i iaatag
g E
% 1072f — 20}, : 778 keV '
—— 2§ -2}: 720 keV
—— 6§ = 4}: 812 keV (x 0.5)
10-3} 4% -+ 2%:1091 keV (x 1,5)
E —— 3} -+2{: 1200 keV .
6 7 8 D 10

11

Excitation Energy (MeV)
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Surrogate (d,p) transfer reactions enable determination of (n,y) cross sections -

95
benChmark Mo(n,y) Ratkiewicz, Cizewski, JE, Potel, et al, PRL 122, 052502 (2019)
100 L
0
=
o
g 1071
@
)
n ++ Kapchigashev (1964)
8 Sl ++  De L. Musgrove (1976)
--— ENDF/B-VIII.O ‘
-~ Weisskopf-Ewing Approximation
—— 9%Mold, p) Surrogate Data (this work) N
1073 : :
102 1071 10°
Neutron Energy (MeV)
Procedure

» Measure the surrogate reaction coincidence probability

» Calculate the spin-parity distribution of the doorway state = spin-parity of the CN

» Model CN decay and perform Bayesian parameter fit to surrogate coincidence probabilities
» Sample posterior HF parameter distributions to obtain neutron-capture cross section
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We are developing the surrogate reactions method in inverse kinematics
Experiments performed at ANL, TRIUMF, and FRIB

Three scenarios:

1. 84Se does not react with CD, target, Bp = 2.4136 - ::::“‘ '(':“')m“d‘:_"ay
. . — om (d,p) reaction
continues with same momentum L Tm —
distribution as determined by slits in
A1900. - 8/

2. 84Se undergoes (d,p) reaction at CD,
target to form 8Se above the Bp = 2.4119
neutron separation. Nucleus gamma- [
decays to ground state.

= L
- ) MR
Tm 237 2.38 2.39 2.4 2.41 2.42

Bp [Tm] QI N

Ln_,

* S800 FP is rate-limited to ~6 kHz, so 84Se(d,p)
we use the “soap-on-a-rope” to block reaction
the beam. { |
* Use the recoils to determine : o N i
whether CN decay channel o B s

(84Se/85Se) — by tagging on 85Se

Slide from A. Ratkiewicz

Here recoils are utilized instead of gammas
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(p,d) as a surrogate reaction mechanism

(d,p) as a surrogate reaction mechanism

Inelastic scattering as a surrogate reaction mechanism
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Using inelastic scattering as a surrogate mechanism provides new opportunities:
Applications to s process

s-process path at branch point %Zr
957r is unstable " *. =>
| A
Nb 95 JFNb sﬂ "Nb 97 || Nb 98 9Zr 96 /7r* .
1~ 35d * V‘N\'\'\
i :

%; 2: (z;:?\j 8 y 2

. [
Y 93

r97
Y 94 Y 95 Y 96

54 56 n

154Gd

1536d
unstable

ks

n
>

Number of protons

Stardust
Presolar grains
carry isotopic ratio
information

Number of neutrons

Ll
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Using inelastic scattering as a surrogate mechanism provides new opportunities:
Determining (n,n’) and (n,2n) reaction cross sections

90Zr(n,2n) cross section from inelastic scattering

.y Surrogate reaction
= QOpportunities:

— Unknown (n,n’) and (n,2n) reactions become o17p% 3He’ 3He
accessible. Examples: 8Y(n,2n), 1%8Tm(n,2n) 4

— Obtain multiple desired reaction cross sections 907* .
simultaneously 897 % n AZr

— Inverse-kinematics experiments at radioactive beam el %y stable

facilities . /
n Y
= Challenges: - v % |
— Compound nucleus highly excited ‘—'—’ Nucleus of interest

— Multiple intermediate nuclei involved \ ] Nucleus of interest For 9Zr(n,y)

— Non-statistical effects expected For 99Zr(n,n’)
Nucleus of interest ’

90
For *Zr(n,2n) Benchmark: 2°Zr(n,2n) cross section is known
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Surrogate reactions method for (n,n’) and (n,2n)

STARS/LiBerACE experiments at LBNL

90,91,922r(3He,3He’) and 90,91,922r(3He’a)
89Y(3He,3He’) and 8%Y(*He,a)
Scielzo et al. AE detector

E1 detector™!: lfO Hm)ggy target

(Si: 1000 m)™s /
3SHe beam

-
L
L

3He(50 MeV) + %2Zr

N
Lo Ay

1 _
B - (50 MeV)
§10— Preliminary
=1 Partial data set
Y
5T Compton-
g6 d
g suppresse
5t e d-electron “Ic)ﬁ)v er”?
=N shield
[ HPGe
r detector
v

E Detector Energy (MeV)
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Surrogate reactions method for (n,n’) and (n,2n)
The Zr case provides a benchmark for the method

“Zr 177 keV

Surrogate reaction

:5.5”“\”” | e

= Experiment provides:
— 917r(3He,3He’) ‘singles’ cross section as
function of E,, and ejectile angle
— Coincidence probabilities
P (3he,3He)y(Eex) fOr y-transitions in 3 different
nuclei

Probability

Theory must:

— Calculate 21Zr(3He, 3He’) ‘singles’ cross
section and determine spin-parity
distribution il

— Model °1Zr decay into 3 final nuclei and fit [y sy _ 917y
decay parameters i

— Sample posterior HF parameter distribution L
and calculate desired cross sections ]1 iyl

Ly |
Surrogate data from N. Scielzo “(.i““% 10 M“JML“J” s

I |\1\|

Probability

Probability
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Inelastic scattering enables determination of °°Zr(n,y), %°Zr(n,n’), °°Zr(n,2n)
Benchmark cross sections Escher et al., WIP (2023)

Coincidence probabilities Surrogate coincidence probabilities

from surrogate experiment
P(ato.atey) (E) = 24 1 st arer ™(E,J,m) GOV (E, J,m)

Spin-parity distribution from direct-reaction theory

AU S O ) P s B A O B ) (5 e e
Spin-parity distribution for = Zr("He, He’) Spin-parity distribution for = Zr("He, He’)
Negative parities Positive panties
03—— : oo p——— : 03— ]
r ——= 05
025 ol 4 oa2sh !
——=- 35 i
-——- 45 'll
..... L
02 e T s =2 02 ;‘1
= A // \ 75 ,'!}l
=] 2 \ ¥
= 1\ | 85 4:3
= 1\ (__, 0 T 95 i =
g_O 15 i /’/I.- Yo N 10.5 0.15 ,’:’: 5
(=] - i S Nty i L S e
£ ROV 78 y’/." NaM /I" % B Lo et
0.1f. ‘;,-"\\\/ ; BN S I B U S AN it
\ AN NN ~ , I' \ s
O ' 2 ~ z 1A\ #
\"3‘ \ 7 e S~ il, M\ /// d
005~ W e P e o st R S g
16 % p o o e T ST 005 - /‘ tll' X\ 72 il
N : SN SN =24
===y \\\‘),/T«‘\\~\§ = /( V Qe
P - S5 =SSR s ) Y T o o e
0 0 20 30 0 10 20 30
Excitation energy [MeV] Excitation energy [MeV]
. ; AL
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Fits to gamma transitions in °1Zr - constrain LDs and ySF in %1Zr

Escher et al., WIP (2023)

0.1

! 1 ! 1 ’ T ! I ! I

022 ‘ ! ' ’ ' ] 0.1 P— :
0.2 a) 89 keV = | b) 1205 keV ) 1466 keV
0.18 - 0.08 : Range of fit 0.08 7]
L 1 I
0.16 |- 2 |
i 1 I
Bk § 2z 006 : 2 0.06
3012 4 Z | £
£ i 1 S | g
£ o1 7] e ! 2
- : 1 £ 004 I £
008 - : = I A OIE
- 1 I
0.06 : - I
004 : ~] 0.02 I 002
B I ] .
0.02 il b1 1 S I 1 I [ {
0 PR - SPERN || [ ! o g LN 4 o1 . I ] I 0
6 7 8 9 10 11 12 13 6 8 9 10 1 12
E, [MeV] E_[MeV]
0.1 T T T T T T T T T T T T 0.1 T T T T T T T T 022 - T T T ! T T ]
I i d) 1882 keV €) 2130 keV 02 )2170keV
008 |- | Range of fit - 008 0.18 | .
| 0.16 |+ -
2 0.06 - 2 006 ] £ 08T §
= = 2 012 - E
2 : ] E : E0L ]
2 8 | £ 0.1 —
g ' £ 004 I £ - 1
£ 004 | = 4 , 008 |- -
I R, ; r ]
: . : Range of fit 4 0.06 - 5
002 : - 002 , J —— 3
| | r i
L S| 4 S l 0.02 5 B
0 .n: ;—L‘ 0 11. [ N ll[ 0 b 1111
6 7 8 9 10 1 12 13 7 8 9 01 12 § et = B
Fex MeV] E, [MeV] o [MeV]
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Neutron capture cross section from °'Zr(3He,3He’) surrogate data

compared to results from other indirect measurements Escher et al., WIP (2023)
120 - N e I 0.12 LI 1§||v:|§)| H 1 I l!’T'I'q;EI T T T
: IJ ' - » ] - i i EEiE — From (3He.3He™) | _ . ' IR ' o
100} ! il ey}t S B morbim | g [ ze =
! » Kapchigashev (1965) | . B Restma g L ses Fawscion | 1
| ) _ ! + Macklin et al. (1963) - = 008 1 : . Ohgama (2005) | | g 8|} . g:lgdae::?z(ol:;ﬁ :
2 1 o Ohgama etal. (2005) A R I i1 01§
= el » Boldeman et al. (1975) ] %006_ ’ L . N ‘
o - h 2 Ly 5f 0.01 _-,:_f":".-.:-.—-,,—-,::::::’/“\‘.;‘-\ E
oy E 1 V” ] ——
;' R ] oo I meeee
20 : [} IR il
¥ i RN i N - [\
; aisaisgendlins R B i _ O o : E,[MeV] e
0.001 001 0.1 1 P m...-(l);loi 1!1
En [MCV] . ‘Neutron encrgy' [MeV]

Fri Aug 19 15:56:45 2022

Escher et al, PRL 2019

Guttormsen et al, PRC 2019 This work Surrogate method, 92Zr(p,d)

Oslo method, °°Zr(p,d) (preliminary)
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Simultaneous fit to gammas in 2°Zr and 3°Zr

Escher et al., WIP (2023)
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Simultaneous fit to gammas in °°Zr and 89Zr

Escher et al., WIP (2023)

02 (T
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0.15
2
£ o1
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99Zr(n,n') and (n,2n) cross sections from 1Zr(3He,3He’) data and theory escher et al, WIP (2023]

2.5 ] 1] T T ) 1 1 1) 1 1 ] 1 1 7 ! ! l ! ! ! !
P —— Thiswoek § 1.5
B 9°Zr(n,n') ——  DxDiB VI : | |=———This work
<.« JENDL4 = = ENDF/B-VIII
- -+ Rostond . L |oeeee- JENDLS
2 N — —  This work - isomet B oo o STEFR 323
- \ o Fap-scawa - - T L
‘ 2 _ = = = 'This work - isomer
e s Tt oy . D (Nope : tees NP o Exp (misc)

..E IS - oo R - - : SNy - T b 1 . Exp (Semkova) - isomer
e 15 ' g L
w - vz B
g1 E L
i - ~ 05

0S| -

i - 99Zr(n,2n)
() B R " () 1 1 1 I 1 1 1 | 1
0 5 10 15 20 0 5 10
H“ [MeV] En [MeV]
(preliminary)
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Full circle: We plan to revisit the surrogate reactions method to obtain (n,f) cross sections
and insights into the fission process

i i Fission barriers from surrogate data
Schematic view of fission
Back, EPJConf. 232, 03002 (2020)
Describing fission challenges theory (and experiment) 0 T S —
o0 St R
* Descriptions range from phenomenological to microscopic 3 o P S e
3 intrinsic 1 o' . W‘ 4
. . > ~{channelsy__ ' = E
* Lots of data needed to provide constraints |\ - ey N ," #opn®on
2 oEe f ) e
é 92 kr > ‘ :,f 7 TN ;Baf')er §'°z§ m# #’}i oo 3
36 \}z \ ission g E . )
) — Y 2 1
B 1 spontanpous fission \\ = —3_ 11
' 7 2 E|
@---% ENE J 3 ;n @195 En lmari)tga:julln:r.mmm :
:)n \\ '0-‘5.0" 450 I 510 ‘ eio : 70 80
L 236 b ; 2 Fragment mass distributions Excltation Energy (MeV)
% % . Chiba et al, NDS 119, 229 (2014)
Unstable 56 ~ra .
nucleus ‘e i R 237Pu(n,f) from surrogate measurement
~ & ?‘?’% 2 s‘lg ! . Huges et al, PRC 90, 014304 (2014)
. . . . ;“'50 100 150 200 050 16675021.)0‘ S P I C I S LA PR e e B S
Opportunity: Surrogate fission measurements 2 gy o[0T ¢ % (@)27Pu(n) cross section data ]
4 4 35} -
* Observe fission properties in coincidence with surrogate ejectile 2| i . i&é | 2 Q”i i 1
L ) ) ° %100 150 200 ° 80 00150 20a 3?,2,5__}}%%’,{ R oz
* Control over energy of fissioning nucleus, including sub-threshold FRpGT 1] sFeuTy o & e s T S
': L ,&% i diti -
* Multiple surrogate reactions in one experiment R L5 PR A 8155 o Biit, Wihelmy @ Younes, Bit, Becker -
- W O W O L T o S | --- ENDFUENDL ]
> S sr*%Pugr 1t =~ ROSFOND
“ PR ‘I mé& 05 .. CENDL E
kit | i e
50 100 Lf::g::(;il Ma:: (u; 00 150 200 En (MeV)
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Concluding remarks

1. Nuclear astrophysics requires information on multiple
reaction types for many isotopes. We will not be able
to measure all. Predictive theory is indispensable.

2. Substantial progress has been made integrating
structure and reaction theory for light nuclei.
Symmetry-adapted bases promise to extend advances
to medium-mass nuclei.

3. For heavy nuclei, efforts are underway to integrate
sophisticated structure theory into reaction
calculations:

* Optical models are being extended off-stability

* Shell-model and DFT-based theories are used to
calculate LDs and ySFs

* Consistency and UQ need to be implemented

4. Measurements are needed to validate and
complement theory

5. Surrogate reactions method constrains cross
section calculations for compound reactions by
combining an indirect measurement with theory

* Method uses inelastic scattering or transfer
reactions in regular or inverse kinematics

* Theory provides important information on
population of doorway states and extracts
desired cross section
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This summer in Vienna......
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» Related Topics
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Nuclear fission J UI 8 — 12, 2024
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Optical model
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R-matrix theory

Nuclear structure for nuclear reactions
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