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_ Open Questions in'Nuclear Science
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P.Cottle, Nature 465 (2010)
http://frib.msu.edu/_files/pdfs/frib_opening_new_frontiers_in_nuclear_science.pdf
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Neutron number (N)

_Open Questions in'Nuclear Science

LongRange Plan in Nuclear Science
1.

How did visible matter come into
being and how did it evolve?

How do protons and neutrons
organize themselves and what
phenomena emerge?

Are the fundamental interactions
that are basic to the structure of
matter fully understood?

How can the knowledge and
technical progress provided by
nuclear physics best be used to
benefit society?

P.Cottle, Nature 465 (2010)
http://frib.msu.edu/_files/pdfs/frib_opening_new_frontiers_in_nuclear_science.pdf



_ NeutronCapture Nucleosynthesis.
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__NeutronCapture Nucleosynthesis.

AOrigin of heavy elements
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DenissenkoyP. et al.,J. Phys. Gducl Part. Phys45055203 (2018)




__NeutronCapture Nucleosynthesis
AOrigin of heavy elements
aboveF¢?

ANeutron-capture processes
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_NeutronCapture Nucleosynthesis

AOrigin of heavy elements

aboveF&?

ANeutron-capture processes

S-process
A close to stability

A 1 -decays before capturing |
additional neutrons

A N, 10%cm3

[
HE]

p-p chain

DenissenkoyP. et al.,J. Phys. Gducl Part. Phys45055203 (2018)



_ NeutronCapture Nucleosynthesis

AOrigin of heavy elements
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__NeutronCapture Nucleosynthesis

AOrigin of heavy elements
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beforel -decay
A N, 102cm3

DenissenkoyP. et al.,J. Phys. Gducl Part. Phys45055203 (2018)



~ NeutronCapture Nucleosynthesis

(Z,N) o)

captures neutron

Slide modified from C. Harris
s HEl e A. Richard, Previews of the Future in EEnergy
NSTiig 8 NA!S—*%‘\ Experimental Nuclear Physics 0

PRI IINACEE L



__NeutronCapture Nucleosynthesis

can capture
another neutron
orf -decay

(n,7)
Slide modified from C. Harris
s HE] A. Richard, Previews of the Future in Eenergy
NSTiig 8 NA!S-&%‘\ Experimental Nuclear Physics 0
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__NeutronCapture Nucleosynthesis

S-Process

Slide modified from C. Harris
z El e A. Richard, Previews of the Future in EBnergy
NSTiig 8 NA!S—*%‘\ Experimental Nuclear Physics 0
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~ NeutronCapture Nucleosynthesis

(n,7) (n,7)

Slide modified from C. Harris

oy EC] A. Richard, Previews of the Future in LEnergy
' ; N‘!S'&Eé‘ Experimental Nuclear Physics
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(n,7) (n,A) (n,5)

Slide modified from C. Harris

s lE] A. Richard, Previews of the Future in EBnergy
' ; N"S'&Eé‘ Experimental Nuclear Physics
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__NeutronCapture Nucleosynthesis

(n,5) (n,5) (n,5)

Slide modified from C. Harris

z El A. Richard, Previews of the Future in EBnergy
\NSTig 8 NA'S&S’;\ Experimental Nuclear Physics
Notional Nuciear Socurity Administation p y
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__NeutronCapture Nucleosynthesis

I-process

(Z+1,
N+2)

Slide modified from C. Harris
z El e A. Richard, Previews of the Future in EBnergy
NSTiig 8 NA!S—*%‘\ Experimental Nuclear Physics 0
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__NeutronCapture Nucleosynthesis

(n,7) (n,7) (n,7) X (n,7)

with high enough neutron density, nuclei can
continue to capture neutrons

Slide modified from C. Harris
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~ NeutronCapture Nucleosynthesis

until neutron flux is reduced
and! -decay occurs

(Z+1,

(n,5) (n,5) (n,5) X (n,5)

Slide modified from C. Harris
s E1 e A. Richard, Previews of the Future in EBnergy
NSTiig 8 NA!S—*%‘\ Experimental Nuclear Physics 0
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~ NeutronCapture Nucleosynthesis

r-process

(Z+1,
N+n1)
(n,5) (n,5) (n,5) X (n,5) ;

Slide modified from C. Harris
s E1 e A. Richard, Previews of the Future in EBnergy
NSTiig 8 NA!S—*%‘\ Experimental Nuclear Physics 0
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; the I- prQC'eSS..‘. -
I-process

(Z+1,

(Z,N) Q¥ (n,5) (n,5) !

few steps from stability

= HEl A. Richard, Previews of the Future in EBnergy
r & NA!S-&%} Experimental Nuclear Physics
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_Nucleosynthesis in the G region

Ge Se Sr ZrMoRuPdCd Te Ba Ce NdSmGdDy Er Yb Hf W Os Pt Hg Pb

As Rb Y Nb Tc Ag La Pr Eu TmLu Ir
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Acombinations of process and-process do not account
for observed abundances in the &a region (s +r1i)

NbIilg 8 N A‘S&E& I. Roederert al., APB21:37 (2016)
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the I- pro_cess

ANeutron den5|ty 193 cm3, intermediate between s process, and I process

APropgsed In the 1970s and revived recently to explain observations of
aauNFy3aSsSe | 0dzy RI YAGB, CRMPasias Jara (RAVWDR)Y a

ARequires mixing between H and He layers of the star

ANeutronproduction:13C{ ,n)t®O reaction, like frocess

ALC replenished viggC(p, )13N, theni3N(e)3C, T,,(*3N) ~ 10 minutes

C+0O core

Modified from A. Spyrou
DenissenkoyP. et al.,J. Phys. Qducl Part. Phys45055203 (2018)

A. Richard, Previews of the Future in LEnergy 3
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the I- pro_cess

ANeutron den5|ty 193 cm3, intermediate between s process, and I process

APropgsed In the 1970s and revived recently to explain observations of
aauNFy3aSsSe | 0dzy RI YAGB, CRMPasias Jara (RAVWDR)Y a

ARequires mixing between H and He layers of the star

ANeutron production|13C( ,n)160| reaction, like $rocess
AL3C replenished viC(p, )13N,}then13N(e*)13C, T-(3N) ~ 10 minutes

C+0O core

Modified from A. Spyrou
DenissenkoyP. et al.,J. Phys. Qducl Part. Phys45055203 (2018)
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the I- pro_cess

ANeutron den5|ty 193 cm3, intermediate between s process, and I process

APropgsed In the 1970s and revived recently to explain observations of
aauNFy3aSsSe | 0dzy RI YAGB, CRMPasias Jara (RAVWDR)Y a

ARequires mixing between H and He layers of the star

ANeutron production|13C( ,n)160| reaction, like $rocess
AL3C replenished viggC(pr, )13N }thenl?’N(e*)l?’C, T-(3N) ~ 10 minutes

C+0O core

Modified from A. Spyrou
DenissenkoyP. et al.,J. Phys. Qducl Part. Phys45055203 (2018)

A. Richard, Previews of the Future in LEnergy 3
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. thei-process
ANeutron density: 18 cm3, intermediatebeten S proces, and r process
APropgsed In the 1970s and revived recently to explain observations of
aauNFy3aSsSe | 0dzy RI YAGB, CRMPasias Jara (RAVWDR)Y a
ARequires mixing between H and He layers of the star

ANeutronproduction:13C{ ,n)t®O reaction, like frocess
ALC replenished viggC(p, )13N, theni3N(e)3C, T,,(*3N) ~ 10 minutes

C+0O core

Modified from A. Spyrou
DenissenkoyP. et al.,J. Phys. Qducl Part. Phys45055203 (2018)
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__i-process: nuclear data needs

45 -

40 -

' -_8

40 45 50 55 6 65 Nuclear inputs
neutron number (A-Z) MassesV/

I -decay: T, P,V

(n;) reaction rates

proton number Z

A Reaction flow is a few steps from stability

A Nuclear properties mostly measured excegiutron-capture
reactions
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_Current (n,) measurements are limited

£ numhber of protons

Z=82

“N=126

Z=50

Z=28 |

I= 210

T JINA-CEE

T TN=28
N=20

N=8

M, number of neutrons
-

8 INANSH

Htional Nugiaar Socurity Admiisteation

N=50

N=82

NNDC



_ How do you obtain () rates for an isotope?

Direct Measurement

A Desired targets are too shelived
A No feasible neutron target

A Not possible for rare isotopes

- || A. Richard, Previews of the Future in LEnergy
ST g 8 NA!S-&EE‘\ Experimental Nuclear Physics
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How do you obtaln (n) rates for an |sotope’?
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Indirect Measurement :
A Access same nucleus through :

different pathway :
A Can utilize short halives

Direct Measurement -
A Desired targets are too shehlved
A No feasible neutron target

A Not possible for rare isotopes

|

A. Richard, Previews of the Future in EEnergy
Experimental Nuclear Physics




How do you obtaln (n) rates for an |sotope’?

R RSN RN MM MM EEM RSN MM RS RS RN M N N S R R E N AN A AN NN AN AN AN NN AN AN AN AN AN AN NN AN ANENEENENEENANEEEENEEEEEEEEEREREEEE

Indirect Measurement :
A Access same nucleus through :

different pathway :
A Can utilize short halives

Direct Measurement -
A Desired targets are too shehlved
A No feasible neutron target

A Not possible for rare isotopes

Examples:
Oslo Method
b-Oslo Method
Surrogate Method
gray strength method

|

@ A. Spyrotet al., PRI113 232502 (2014)
J. Escheet al.,, PRI121, 052501 (2018)
H. Utsunomiyat al., PR@2, 064610 (2010)
M. Guttormsenet al., NIMA255, 518 (1987)
M. Guttormsenet al., NIMA374, 371 (1996)

A. Schilleet al., NIMA447, 498 (2000)
A.C. Larsesnt al., PR@3, 034315 (2011)

+ HEl A. Richard, Previews of the Future in EBnergy
t 8 NA!S-&%} Experimental Nuclear Physics




Nuclear Ievel densmes amday strength functlons domlnate

uncertalntles in (A) calculations

Hauserc Feshbach
ANuclear Level Density——>

Constant T + Fermi gas, bestkfted
Fermi gas, supetuid, microscopic

A -ray strength functio
= Generalized Lorentzian, Briudkel,
various tables

AOptical model potential

Phenomenological, Semicroscopic

A 2) l

PSr(np)2°Sr

Koning andRochmanNucl Data Sheet&13, 2841 (2012
Hauser and~eshbachPhys. Re\87, 366 (1952)

<. HEl A. Richard, Previews of the Future in LEnergy 13
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Nuclear Ievel densmes amday strength functlons domlnate

uncertalntles in (A) calculations

Hauserc Feshbach

-t
o
N

ANuclear Level Density——>
Constant T + Fermi gas, bestkfted
Fermi gas, supetuid, microscopic

Level den5|ty

Al -ray strength functio Y N
= Generalized Lorentzian, Briudkel, Energy(MeV)
various tables

AOptical model potential

Phenomenological, Semicroscopic

-
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T T TTJ7

Cross section (b)

-
T TTT
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;

(A, Z)

PSr(np)2°Sr

Koning andRochmanNucl Data Sheet&13, 2841 (2012
Hauser and~eshbachPhys. Re\87, 366 (1952)

= HEl A. Richard, Previews of the Future in EBnergy
r & NA!S-&%} Experimental Nuclear Physics =
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Nuclear Ievel densmes amday strength functlons domlnate

uncertalntles in (A) calculations

Hauserc Feshbach
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Nuclear Ievel densmes amday strength functlons domlnate

uncertalntles in (A) calculations

Hauserc Feshbach

ANuclear Level Density—s &
Constant T + Fermi gas, bastkfted §
Fermi gas, supseftuid, microscopic §

A -ray strength functio
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various tables

-t
o
N

-
(=]
T T TTJ7

-
T TTT

Level den5|ty

10'3 102 ..154 = 1
Energy (MeV)

-
o
;

AOptical model potential _
Phenomenological, Semicroscopic £
?J
2]
(A, Z) %
e F
©
L . strength functlon
0= 10'3 ' 102 - 101 —
= Energy (MeV)
=
92
3]
3
72}
PSr(np)2°Sr
Sk
,f OMP
10 = 1 I 1
1073 1072 10" 1
Koning andRochmanNucl Data Sheet&13, 2841 (2012
Energy (IVIeV) Hauser and~eshbachPhys. Re\87, 366 (1952)
s E A. Richard, Previews of the Future in EBnergy
NS 8 NA'S&%‘\ Experimental Nuclear Physics =
T JINACCEE ) e Intivnal Nuciear Socurity Admigisteation



)

(b

—_
o
[N

Cross section

102

Nuclear Ievel densmes amday strength functlons domlnate

uncertalntles in (A) calculations

Hauserc Feshbach
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o iing) uncertainties impact h‘eév'y_"exlém"ent creation
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___Indirect Studes
((d,p) (3He3He) '

(P9 (GHeiHe)
_ (p,"He)

(A, 2)
> < HEl v A. Richard, Pre_vievvs of the Future in_ EBnergy 15
4 8 MANS!&:A A. Spyroet al. PRL113, 232502 (2014) Experimental Nuclear Physics
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___Indirect Studes
((d,p) (3He3He) '

(P9 (GHeiHe)
_ (p,"He)

103\|h
(A, Z)
APopulate the compound nucleus viadecay
AStudy nuclei far from stability
AFeasible with low beam intensities
st HE] A. Richard, Previews of the Future in kBmergy

7 _ _
R ° N NSV A. Spyrowet al. PRIL13, 232502 (2014) Experimental Nuclear Physics
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___Indirect Studes
((d,p) (3He3He) '
(P9 (GHeiHe)

(A’ Z_l)
(A'11 Z)
1020 193Vio
—> b
(n,9)
103\|h
(A, Z)

APopulate the compound nucleus viadecay | ANeed:
AStudy nuclei far from stability V Radioactive Beam
AFeasible with low beam intensities V Segmented -ray calorimeter




___Indirect Studes
((d,p) (3He3He) '
(P9 (GHeiHe)

(A’ Z_l)
(A'11 Z)
102Mo| %Mo

. ! — b
i -Oslocollaboration: 3. 4 (N,0)

ALiddick Spyrou (MSU) v 103\

AlLarsenGuttormsen(Oslo) (A, Z)

APopulate the compound nucleus viadecay | ANeed:

AStudy nuclei far from stability V Radioactive Beam
AFeasible with low beam intensities V Segmented -ray calorimeter




Theb Oslo I\/Iethod

A Useb decay to populate the compound nucleus of interest
A Measureexcitation energynd! -ray energy

A Extractlevel densityand- -ray strength function(external normalizations)
A Three normalization points:
A Lowlying levels (from NNDC)
A Level density at neutroseparation energy (from previous data or from theory)
A Average radiative width or giant dipole resonance (GDR) data

Al I £ Odzf -FESLISINIASYYS  grdiss dectiond v =

> . 8 N"S-&fé\
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Theb Oslo Method

Ey(MeV)
- N WO b OO0 O N

A Useb -decay to populate the compound nucleus of mterest
A Measureexcitation energynd! -ray energy

A Extractlevel densityand- -ray strength function(external normalizations)
A Three normalization points:
A Lowlying levels (from NNDC)
A Level density at neutroseparation energy (from previous data or from theory)
A Average radiative width or giant dipole resonance (GDR) data

Al I £ Odzf -FESLISINIASYYS  grdiss dectiond v =

Cross Section (mb)

TALYS Upper/Lower Limits
uN Upper/Lower Limits
SuN Middle Value

Lo | L R R
107 1
Neutron Energy (MeV)

Unfolding

Iterative subtractior| - )
P(E,E)~r(E.- E)T (E)
A. Richard, Previews of the Future in LEnergy

r 8 NA!S-&%‘\ Experimental Nuclear Physics 16
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R. Lewigt al, PR®9, 034604 (2019)




TheSummingNal(TI) D"e.téclt'or._ as a total fabSov-fr'ption spectrometer

AlLarge size, high efficientyray detector
ASumming of ali-rays gives the excitation energy
ASegmentation provides information about
individual -rays
AResolution at 1 Me{ 6%
AEfficiency at 1 Me{ 85%

V 16x16inch
V 45mmborehole
V 8segments
V 24PMTs
Simon, A., et aNIM A703 (2013): 181

o A. Richard, Previews of the Future in LEnergy
8 NA!S—*% Experimental Nuclear Physics
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Total AbsorptionSpeCtroisCODY?. Carfoon Examp

Cartoon Decay Scheme Energy Spectrum
entry state
. SuNsegments
I=
Y, = 720
Yo L 8 Compton/\ Y,
A
,YZ
Y20 Y,, @
g
D
r o
I
1,0
v v | SuNtotal
ground state Photon Energy

Sensitive to initial excited energies + individual gamma rays!

TAS= initial excited energies
Segments= individual gamma rays

Slide modified from C. Harris

iy [ | 8 N A‘ngs‘\
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Total AbsorptionSpec‘trofscopy;_ Cartoon Examp

Cartoon Decay Scheme T Oslo Matrix
entry state

Y.

YO Yl :
Y20 %s
Y10

Vv
ground state E

Sensitive to initial excited energies + individual gamma rays!

TAS= initial excited energies
Segments= individual gamma rays

Slide modified from C. Harris

s . 8 N"S'&Eé\
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- Total Absorption Spectroscopy

%Co

5.272 a

0.12%
1.48 MeV B

& WE
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500

SuNsegment

1000

1500 2000 2500 3000
E [keV]

Simon, A., et aNIM A703 (2013): 1&1



- Total Absorption Spectroscopy

%Co

5.272 a

0.12%
1.48 MeV B

& WE
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0.31 MeV [ gossn

1.1732 MeV vy

1.3325 MeV y
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1000 1500
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Simon, A., et aNIM A703 (2013): 1&1
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b- Oslo at the NSQLfast beams

o — Ap/p ~ 5%
J To S2 Cocktail beam of Y, Zr,
K500 ﬁ . vault Nb, Mo, and Tc isotopes
JT d | L JE PR | .\. - “hv_,\-\, 7‘ .- SuN
A1900f)/ \' —] )
H“H’v Rk i RS ] I : |
. | I ’ 2
: ‘; =1 iw\\i ' el 'I‘
! Production target: \‘ g ¥ . =
. 403 mg/cm? °Be - ‘
KleYY
1245045+ gt =
120 MeV/u ! GBS
=210
O C C O 0 C 9
A. Richard, Previews of the Future in LEnergy 20
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Decay of™Nb, 1%™Nb

Qp. = 5.932 (10) MeV
S, = 5.466 (12) MeV
J = (5/2%)
t,=15(2)s

103Mo

1 O4mNb

Q,. = 8.531 (9) MeV ‘%Mo
S, = 7.461 (13) MeV
T = (4)
t,, = 0.97 (10) s
104M0
" . rusa R




‘Correlation technique for fagtdecay spectroscap
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A Strongly populated levels
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