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Development of the Charge-Exchange Oslo Method
for Experiments with Stable and Unstable Beams
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Charge-Exchange Oslo Method J

Indirect Measurements of Neutron Capture

Indirect Measurements of Neutrino Capture
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How the Elements are Made in the Universe

Bandyopadhyay et al., Universe 11, 229 (2025)

Proton-rich elements are
mainly produced by the
pP-process

The distribution of Solar System
abundances provides crucial insights into
understanding the origin of the elements

The Solar System Abundances

Solar Abundance
—— s-process Abundance

p-process Abundance

Heavy elements beyond
, 7 Fe and nuclei near the
Y’ |/ neutron dripline are
. - S mostly produced by
'\"Mf - ) these processes
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*Fe

LOGARITHM OF ABUNDANCE

100 150

— :
ATOMIC WEIGHT Lightest elements are produced during

https://www2.yukawa.kyoto-u.ac.jp/~rp2019/slides/190523_10_liang.pdf the Big B ang and later in stellar interiors
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Nuclear Inputs Needed for Understanding the
Origin of the Elements

And many more....

« What main nuclear inputs are needed? | NNDC
> Half-lives and masses -
> EC/B-decay rates g
» Fission cross sections
» Charged-particle reaction rates
> giE~ A-1X AYC*
>

FRIB

Neutron-capture (n,y) rates @ '

Only a few experimental constraints are available for (n,y) rates

Proton number

» More experimental data are needed to improve our understanding of the
origin of elements

v

Neutron number

Facility for Rare Isotope Beams
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How Can We Experimentally Constrain (n,y) Reactions?

_________________________________________ -
f Nuclear Experiments \

Beta decays
Transfer reactions
Surrogate reactions
Knockout/pickup reactions
Qharge-Exchange reactiorﬁ

[
I

|

I Most accurate, but not
: feasible for nuclei away
[
I

from stability

— ]

Indirect measurements

[Hauser-FeshbachJ [Can access the same compound nucleus}

Calculations and can be applied for short-lived nuclei

/ Oslo Method! \
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CE-Oslo Method |
[ Ant - ) Surrogate Method" ,
Optical Model Potential (OMP) J ’ o
N J Inverse Oslo Method AX
Ve ) ~N _ Vi
Nuclear Level Density (NLD) y-ray Strength Method"
. i I Vil
| y-ray Strength Function (ySF) | (artlcle Evaporation Method/
e o o o e e e T e o e 4
L i. M. Guttormsen et al., NIM A255 (1987) 518
@ Facility for Rare Isotope Beams ii. A Spyrouetal.,, PRL 113, 232502 (2014)
q 2 U.S. Department of Energy Office of Science | Michigan State University 1 L A e
640 South Shaw Lane * East Lansing, Ml 48824, USA v. V. Ingeberg et al., EPJA 56, 68 (2020) _ _
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Why are Charge-Exchange (CE) Reactions' Important?

» CE reactions involve the exchange of a proton and a neutron between the £X AX
target nucleus and the projectile nucleus ' charge *

exchange

=

3He

reaction

» Change in Isospin AT =1

« Populate states with the same spins and parities as in B/EC-decays,
however, is not limited by the reaction Q-value window

 CE reaction data can be used to :

1. Study the isovector spin-isospin response of nuclei

2. Extract Gamow-Teller strength, B(GT), up to high excitation energies CE reaction

» Important for extracting electron-capture rates

> Important for extracting charged-current neutrino-nucleus cross sections 4 | Ay
3 z-
3. Extract nuclear level densities (NLDs) and gamma-ray strength 2
functions (ySFs) using the Oslo-method | |
» Important for extracting neutron-capture rates Ay

Facility for Rare Isotope Beams
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Overview of the CE-Oslo Method

K Use a CE reaction to populate the compound
nucleus of interest

« Measure the excitation energies of the populated
states in coincidence with the emitted y-rays

« Unfold the y-ray spectra at each excitation energy
using the detector response function

excitation energy:

y-ray strength function ySF(E,) from the first
generation y-ray distribution

\- Normalize the p(E, — E, ) and ySF(E,)

« Extract the first generation y-ray distribution for each

- Extract the nuclear level density p(E, — E, ) and the

~

/

Facility for Rare Isotope Beams

Q“v U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane « East Lansing, MI 48824, USA
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[ « p(E, —

YSF(E,

~ . — a(E,—E)) . 1st gen.
p (Ei E)/) Ae 4 p(EX E]/) * 2"dgen
T (E,) = Be*E)T(E) w39 gen.
* 4th gen

i. M. Guttormsen et al., NIM A374 (1996) 371

ii. M. Guttormsen et al., NIM A255 (1987) 518

ii. A. Schiller et al., NIM A447 (2000) 498

iv. A.C.Larsen etal., Phys. Rev. C 83, 034315 (2011)
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First Application of the Charge-Exchange Oslo Method:
Experiment Details

RT-ECR K500 20 ft

‘IIA'I|I'IIA'IIII'I[IIIIII| .

ion sources .

SC-ECR

coupling
@ !
ge-— et focal plane
&\
- production image 3
stripping target
" \ A. Stolz (2005)

degrader

* The Nb(t,3He+y)?3Zr CE experiment was conducted at 115
MeV/u at NSCL using the S800 spectrometer in coincidence

Gretina
y-detection

with GRETINAI » =
Th . f 3He ejectiles
* € primary purpose was to 92Nb 93N 94N ’/ : ; g S300
3 |
measure Gamow-Teller b Gamow_Tger ' i e ? =
Transitions from 23Nb to 93Zr \ | target (-3¢ mgem?) | «
By = v
« The CE-Oslo method was later 917 927 037 T =
teSt.ed USIng.thg reSUItlng r rs_ coss r (t,>He+y) beam with S800 Spectrograph
particle-y coincidence data B +GRETINA
a Facility for Rare Isotope Beams i. B.Gao et al., PhysRevC.101.014308, 2020
Q‘ U.S. Department of Energy Office of Science | Michigan State University Gamma-Ray Energy Tracking In-beam Nuclear Array
640 South Shaw Lane « East Lansing, Ml 48824, USA
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CE-Oslo Method for Extracting the 15t Generation

BNb(t,3He+y)%3Zr
particle-y
coincidences data

93Zr Particle-y Coincidence Matrix
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y-ray energy EV (MeV)

Facility for Rare Isotope Beams

y-ray Distribution

Unfolded matrix
using GRETINA
response function

Y

Full y-ray energy E (MeV)

GRETINA Response Matrix

10?
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107"

1072

1073

107
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Deposited energy in detector E (MeV)

U.S. Department of Energy Office of Science | Michigan State University
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Extracted 1st
generation y-ray
distribution matrix
for populated 93Zr

Excitation energy Ex (500 keV-")

1st Generation y-ray Distribution Matrix

10°

10?

1 | IIIIII

10

IIII""I""'I""I""I""I""I""I

(c)

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII —1
0 1 2 3 4 5 6 7 810

y-ray energy E, (500 keV-")
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Experimentally Extracted NLD and ySF of %3Zr

1st Generation y-ray Distribution Matrix
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The 1st generation y-ray

distribution is proportional to the

pr

-

FRIB

oduct of the NLD and ySF l

Facility for Rare Isotope Beams

Nuclear Level Density of 93Zr y-ray Strength Function of 93Zr
~ e Normalized CE-Oslo analysis - CEQsIo gt reesmended
i <) <15 1075 Total uncertainty
- Known levels 3/2 < J <15 | = % “Zr(y,n), H.Utsunomiya et al.(2008)
£ Constant Temperature model ,EI]/ - “Zr(y,n), H.Utsunomiya et al.(2008)
L O p(S,) adjusted for 3/2 < J < 15/2 y i e E1 - D1IM+QRPA, Goriely et al. (2018)
= Total uncertainty f T 1078 M1 - DIM+QRPA, Goriely et al. (2018)
C "P> ; """"""
B (0]
_ =
- e i A
C = 107
£ ([0
_111l1|||||||11|1|1111|1|1|1|1|1|I||||I _lll}'l'll""'[-llII|IllI.';Illll’lll‘l“llllllllllllll
0 1 2 3 4 5 6 7 0 2 4 6 8 10 12 14 16 18 20
Excitation energy E (MeV) y-ray energy Ev (MeV)
NLD: Number of levels per ySF: Probability to emit any y-ray
MeV as a function of E, with different multipolarity

i. N.D. Pathirana et al., Phys. Rev. C (2026) 113, 015801

U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane « East Lansing, MI 48824, USA
frib.msu.edu
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Indirectly Extracted °2Zr(n,y)°3Zr Cross Sections

190 **2r(n.y)*Zr Cross Section  The 92Zr(n,y)%Zr cross section was constrained by propagating the
- extracted NLD and ySF of 93Zr through Hauser-Feshbach
i CE-Oslo data: recommended calculations using TALYSI

100 - CE-Oslo data: without upbend

Total uncetainty « The extracted cross sections are in good agreement with the direct

- e  KOhgama etal. (2005) measurements within the uncertainty band

R.L.Macklin et al. (1963)  This was the 1st time that;

» The NLD and ySF of %3Zr were experimentally constrained

o)
=)
|
]

» The CE-Oslo method was applied to constrain an (n,y) cross

%27r(n,y)*Zr cross section o (mb)
»
o

sections
40 » The Oslo method was applied to particle-y coincidence data taken
with S800 and GRETINA to constrain an (n,y) cross section
20 [ ] The reSUItS Were published in PHYSICAL REVIEW C 113, 015801 (2026)
Phys. Rev. C (2026) 113, Extraction of neutron-capture cross sections on *Zr using the charge-exchange Oslo method
015801 as the first application | el g toe
0ot , of the CE-Oslo Methodi i =i

Neutron energy En (MeV)

rsey 08028, USA
ania 19426, USA

Facility for Rare Isotope Beams i. A.Koning et al., Eur. Phys. J. A (2023) 59:131
Q‘ U.S. Department of Energy Office of Science | Michigan State University ii. N.D. Pathirana et al., Phys. Rev. C (2026) 113, 015801
@ 640 South Shaw Lane « East Lansing, Ml 48824, USA

FRIB frib.msu.edu Neshad D. Pathirana, Slide 11



The SuN++ and S800 Were Combined to Apply the
Charge-Exchange Oslo Method

100Mo(t 3He+y 100Nb experlment setup at FRIB
\_ A \ e . ‘ = - > vz |
' P”n . |. S800
HF \ Spectrograph

o

w

Spokesperson : Andrea Richard

Experiments with fast, stopped \ _-f
and reaccelerated beam

99M0 100Mo 101 Mo

(t,*He+y)
; N Rare isotope
production area and
7" isotope harvesting
3H (115 MeV/u) 2%BNb 9°Nb 190ND
~3M pps https://portal.frib.msu.edu/sites/communications/ —
i-process

| target (~34 mg/cm?)

» The 9Mo(t,3He+y)199Nb CE experiment was conducted at 115
MeV/u at FRIB using the S800 spectrometer in coincidence
with SuN++

» The purpose was to indirectly measure the 2°Nb(n,y)'°Nb
reaction for the astrophysical i-process

« Data Analysis is currently underway

Summing Nal(TI) Total Absorption Spectrometer (SuN++) 4

3 I_‘ }/

ﬁ Facility for Rare Isotope Beams
Q‘ U.S. Department of Energy Office of Science | Michigan State University
@ 640 South Shaw Lane * East Lansing, Ml 48824, USA

FRIB frib.msu.edu Neshad D. Pathirana, Slide 12



It’s also Planned to Conduct a %’Zr(3He,t+y) Experiment at
RCNP to apply the CE-Oslo Method

The experiment will be run in forward kinematics using a 420
MeV 3He beam, with the Grand Raiden Spectrometer in
coincidence with the Scintillation Gamma-Ray Detector array

The goal is to constrain two dominant reaction rates relevant
to the nucleosynthesis of Cosmochronometer 92Nb from a
single experiment:

1. 92Nb(y,n)°'Nb
2. 9Zr(v,,e”)¥Nb

Both reactions have now been ‘
constrained using two separate - ... 9
experiments N 4

target'
LAS at 61 deg

It's also planned to test the CE-
Oslo method using fine-structure U GR
analysis

beam 1

@
A. Tamii, N. Kobayashi ¢ A. Tamii, N. Kobayashi ¢

Facility for Rare Isotope Beams
q U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA
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What is 2Nb?

 Short-lived radionuclides (SLRs), with half-lives of 0.1-100 Myr, are powerful chronometers of Solar System formation

» Among the 19 known SLRs, 92Nb is one of the few confirmed proton-rich SLRs

* It's synthesized in supernovae environments and became extinct shortly after the formation of the Solar System

* Its former presence is inferred from excesses in its EC-decay daughter, °2Zr , measured in meteorites from both the
inner and outer Solar System®

ﬁa half-life ~ 34.7 Myr
92Np 92Zr

Supernovae Solar System formation Meteoric Analysis

e =i P

NWA 6074 (Hibiya et al., (2019))

Cassiopeia A Supernovae (JWST-NASA) (NASA)

Facility for Rare Isotope Beams i
qa‘ U.S. Department of Energy Office of Science | Michigan State University i :2L26212|L(2c§lzr1;%?§cA it Acsd. 6, US A, 118 (8)
@ 640 South Shaw Lane « East Lansing, Ml 48824, USA
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Why is °2Nb Important?

\9’4’ $ 15 M RO2 |
 The abundance of 9°Nb is usually discussed relative to ®2Mo because both & /¥ ¥ ‘f‘ O A |
are p nuclei S et 10

i ] i
* The initial Solar System °2Nb/?2Mo ratio is important for: % . : L4 )
= P l *eETV L
» Probing early Solar System timescales in Galactic Chemical Evolution (GCE), and o % ® . - ¢ |
> Probing proton-rich nucleosynthesis v T

2 -.,,.A,.,(.,,.,.,,.,..,,..,,..,.,..,.,.:.., T
N ?‘ b(/ (J"’ @oo‘@m% «&(’q%&(’ «Qb %o"' %(Jg (Q@W‘z‘go‘io

» The most recent inferred meteoric 92Nb/?2Mo ratio for the inner Solar System

is 3.3+ 0.2x107° o pebestisdistintidontinti i bttty
¥ 1 "He 20Me | 1
* Interpreting this meteoritic ratio is currently limited by both astrophysical and S ﬂ o |’ * 2ol
nuclear-physics uncertainties in 22Nb production. For example: 5 4 : I
RN
> If 9°Nb were produced only in Type la supernovae, the inferred meteoric ®2Nb/?2Mo - »g . B x
ratio would be ~50% lower to match time scales from other SLRs: Lugaro (2016) 2.8 | : Fod®s s a7
s, 8 3
> Among the 15 SLRs, the production of %Nb is one the most uncertain in CCSNe S oo od @ -
stellar models: Lawson (2022) ' e \H/ i 5 ‘
\9/\’ w*’; blc’p(/ °‘<Q’\$é«"(’%&° «be%(\ o e(? ;}Q@:?‘ o,:z°

. Lawson et. al, MNRAS 511, 886-902 (2022)
Facility for Rare Isotope Beams

Q“v U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane « East Lansing, MI 48824, USA
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What Matters Most for °2Nb Production from a
Nuclear Physics Perspective?

« The origin of ®2Nb remains uncertain because it is shielded by the stable isobars %Zr and 92Mo

B~ decay
EC or f* decay after CC reaction
rp-process or vp-process Se
(V) 1) C—
Mo f= Mo €= %‘Mq

Proton number

<

[~ decay after r-process

v

Neutron number

b0

FRIB

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University

ny)

EC or Bt decay

direct nuclear
reactions in
supernova
explosions

Core-Collapse Type la Supernovae
Supernovae (CCSNe) (SNe la)

1. y-process' 1. y-processii

2. vlvr-process'

3. a-process!

» The main destruction channel is ®2Nb(y,n)?INb in the y-process

« Neutrino-driven reaction 922r(ve,e‘e§2Nb in CCSNe has been proposed as an
additional production pathway

* Neither reaction has any experimental constraints yet

640 South Shaw Lane « East Lansing, MI 48824, USA

frib.msu.edu

i. Harper, C. L., Jr. 1996, ApJ, 466, 437

ii. Haba et.al, (2021) Proc. Natl. Acad. Sci. U.S.A. 118 (8)

iii. Lugaro, Proc. Natl. Acad. Sci. U.S.A. 113 (4) 907-912 (2016)

iv. T.Hayakawa et al., Ap.J.Lett. 779, L9 (2013)

v. C.Travaglio et al., Ap.J. 795: 141 (2014) Neshad D. Pathirana, Slide 16



Experimental Study of °?Nb Production via
22Nb(y,n)°'Nb Reaction

Comrolroom-c-e vvvvvvvv s Farsiy o
Ionized beams ' 21 b= T 7.
Particle type Energy (MeV) Intensity (zA) ’: Q < OSLA'R. :
% E and SiRi ¢
Proton 2-35 100 il =) Target '
E:{t;ulron 2 = ‘112 1) 80 8‘ 2
“He 8-35 50 Al
\I : ; \j % Ulljjllﬂ
Chemistry 7| Radiation
Electronics laboratory peison i r Scattering [
% chamber ’
laboratory b -4 Y
[ [ ~\— / ¢
/ Power supply | ~~ v sw:h:ng\ I 2
- room — magnet
v'j:r:»:-:;'.-:-:»):v:w:,:r>f:—:—',:-:":-:->:v:v:»:-:,:,:->:-:/:.’:v>f:':f',-_’i.-.-; ..... T \TQ;ZJ ;,/I? M.Markova’s M.Sc. thesis Captured by A.C. Larsen
VVS room 4 Cyclotron : : :
 vault Switching e e 1= The 99Zr(a,d+y)**Nb experiment was performed in forward
1 ey e g Ausiyog | ) : .
7 ' @ . /‘} %)J W kinematics using a 30 MeV 4He-beam at Oslo Cyclotron Laboratory
‘ Scanditronix o == \)—' ¢ . . . . I
/ ”\“")_E-E ), 7 s« [ < Particle-y coincidence data for 92Nb were measured using the SiRi
% =, r particle telescope in coincidence with the Oslo SCintillator ARray
v R s seorrszort (OSCAR) and used in the Oslo method to extract the NLD and ySF

M.Markova’'s M.Sc. thesis

of 92Nb and thereby °'Nb(n,y)°2Nb rate

@ Facility for Rare Isotope Beams i. M. Guttormsen et al., Nucl. Instrum. Methods Phys. Res., Sect. A 648, 168 (2011)
¢ U.Ss. Department of Energy Office of Science | M|Ch|gan State University ii. F.Zeiser etal., Nucl. Instrum. Methods Phys. Res., Sect. A 985, 164678 (2021)
QI 640 South Shaw Lane « East Lansing, Ml 48824, USA
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Experimentally Extracted NLD and ySF of °°Nb

N.D. Pathirana et al., (submitted)

Nuclear Level Density of 92Nb y-ray Strength Function of 92Nb
T . . 10°e 107° ¢
fMeasured excitation energies in - - Oslodata: RMI + Oslo data: G&C - - ”Nb Oslo data: RMI
. . s T Interpolated CTM: RMI~ ----- Interpolated CTM: G&C - *Nb Oslo data: G&C
92Nb, combined with coincident To L s 6aG 1 Total uncerainy
_ E n _ " SN T+ %Mo Oslo data: G.M.Tveten et. al (2016)
Y rays deteCted at eaCh ‘: B Total uncertainty ',:;“}S" S 108 * %Zr Oslo data: N.D.Pathirana et. al (2026)
\_ excitation energy ) 2 10fg  Knowndisoretelevels e 2 7 F o ®Nbly.n)rn+p): ALepretre et al (1971)
- --- BSFG < C
— ~ c
. N . ~ - GSM o B
. 92Nb PaﬁchQfY CO|T?|<3ee at”i( . @ 10° - E L
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15_ g .
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Constrained °'Nb(n,y)°’Nb Reaction Rate and

Impact on CCSNe and SNe la Simulations

The experimentally constrained
rate is significantly lower than
the widely used recommended
NON-SMOKER' rate

The astrophysical impact of
the improved rate was
evaluated for both CCSNe

and SNe la scenarios

The improved rate enhances
the 22Nb abundance by 50-
90% relative to recommended
rate and shifts y-process
predictions in the direction
needed to ease the long-
standing ESS °2Nb/%2Mo
discrepancy

b0

FRIB

Facility for Rare Isotope Beams

frib.msu.edu

92Nb Mass Fraction
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Resulted 2Nb Mass Fractions

N.D. Pathirana et al., (submitted)
9"Nb(n,y)°’Nb Reaction Rate

a1
~ i
-

Oslo data
[ ] Oslo data (no upbend)

TALYS

7] TALYS (no upbend)

TENDL-astro (10 model), 2023
TENDL-astro (rec), 2023
NON-SMOKER (default), 2000
NON-SMOKER"®® (rec), 2010

y-process

a-process

19-34%
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U.S. Department of Energy Office of Science | Michigan State University
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Experimental Study of °°Nb Production via
922r(ve,e‘)92Nb Reaction: How Can We Constrain 92Zr(v,,e~)*2Nb Reaction Rate?

Direct measurements

- Not really feasible to N o 4 |
measure directly
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SHe & - g ’3H (g—g(q:O))(gHe,t) = & B(GT) OF @_,@ .

Indirect measurements

« The dominant contribution is the charged-current
(CC) neutrino interactions

» At astrophysical energies, the CC cross section
is dominated by Gamow-Teller B(GT) and Fermi
B(F) transitions from the ground state of %2Zr

 The CE experiments at ~ 100 MeV/u provide a
way to extract these transition strengths through
Multipole Decomposition Analysis (MDA)

« The CE differential cross section at zero
momentum transfer (q~0) is proportional to
B(GT) and B(F)
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d?0/dQdE (mb/sr 20 keV)

The first experimental extraction of CC °2Zr(v,,e)*’Nb

cross sections is currently in progress o
gzzr(aHe’t)QZNb iet pemm  © The %2Zr(*He,t) CE experiment was performed in forward
m" ak - N a kinematics using a 420 MeV 3He-beam at RCNP
« The Gamow-Teller strength distribution was extracted
using Multipole Decomposition Analysis (MDA) applied

to the experimental data at forward-peaking angles

- e | . b

.

 The extraction of CC °2Zr(v,,e~)%Nb cross sections is
currently in progress in collaboration with a theory group at
the University of Zagreb

Angular distribution from the MDA

Excitation energy spectrum for angles 0-2 deg for 3.29 < Ex < 3.31 MeV Gamow-Teller distribution
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One More Example: Experimental Study of Charged-

Current Neutrino Reaction on 2%¢Pb e

« The CC 28Pp(v,,e~)2%8Bi cross sections is important for neutrino
detector applications
« Gamow-Teller strength distribution was extracted using the

experimental data obtained from 92Zr(3He,t) experiment
performed at RCNP

« The CC 28Pp(v,,e ~)?%8Bi cross sections are being calculated and

currently under finalizations

« Also working on 4%Ar and 3¢Xe

927r(3He,t)92Nb experiment setup at RCNP B(GT) distribution CC 208Ppb(v,,e~)208Bi cross sections
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CE-Oslo Method in Inverse Kinematics!!!

CALL FO
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LENDA: Low Energy Neutron Detector Array

GRETA: Gamma-Ray Energy Tracking Array
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