The beta-Oslo method

Experimentally constrained (n, y) reaction rates

relevant to the r-process
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Credit: NASA/CXC/M.Weiss

Hydrogen and helium ome i, ..) from the Big-Bang, everything else from stellar processes

[Burbidge, Burbidge, Fowler & Hoyle, Rev. Mod. Phys. 29, 547 (1957); Cameron, Pub. Astron. Soc. Pac. 69, 201 (1957)]
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“How Were the Elements from Iron to Uranium Made?”

Credit: NASA/CXC/ [Connecting Quarks with the Cosmos: Eleven Sclence Questions for the New Century; US National Research Council (2003)]

Hydrogen and helium ome i, ..) from the Big-Bang, everything else from stellar processes

[Burbidge, Burbidge, Fowler & Hoyle, Rev. Mod. Phys. 29, 547 (1957); Cameron, Pub. Astron. Soc. Pac. 69, 201 (1957)]



The r-prggess do neutron-capture rates matter?
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Solid line: pure Hauser-Feshbach; dashed line: also direct capture
[M. Arnould, S. Goriely and K. Takahashi, Phys. Rep. 450, 97 (2007)]

For “cold” conditions (<1 GK) and after freeze-out

[no (n,y)- (y,n) equilibrium]: (n,y) rates are needed
[e.g. Mendoza-Temis et al., PRC 92, 055805 (2015);
Eichler et al., Astrophys. J. 808, 30 (2015)]

Detection of a neutron star collision 17 Aug 2017
by LIGO & Virgo

Finally one confirmed site for the r-process!
[B.P. Abbott et al., Phys. Rev. Lett. 119, 161101 (2017)]
[D. Kasen et al., Nature 551, 80 (2017)] +++

Credit: Dana Berry, SkyWorks Digital, Inc
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Theoretical estimates for the vast majority
of the r-process (n,y) reaction rates

The work horse:

Hauser-Feshbach theory
[W. Hauser and H. Feshbach,
Phys. Rev. 87, 366 (1952)]
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Theoretical estimates for the vast majority
of the r-process (n,y) reaction rates

The work horse:

Hauser-Feshbach theory
[W. Hauser and H. Feshbach,
Phys. Rev. 87, 366 (1952)]

Uncertain input = Uncertain output

(orders of magnitudel)
[Mumpower et al., PPNP 86, 86 (2016)]
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Theoretical estimates for the vast majority
of the r-process (n,y) reaction rates

The work horse:

Hauser-Feshbach theory
[W. Hauser and H. Feshbach,
Phys. Rev. 87, 366 (1952)]

Uncertain input = Uncertain output

(orders of magnitudel)
[Mumpower et al., PPNP 86, 86 (2016)]

NA(Ov>(T)=(]jn) N, fooy(ZI +1)]:_/[ [ (E+E")

(kT)”G(T) 0" (E)Eexp —Tx]dE

A x() P

) 0 Indirect constraint: measure
G(T)= X,Q1"+1)/QI"+Dexp(-E| jgyel density and y-decay strength

-
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Radiation hardness

Mini-orange
spectrometer
Ionized beams
Particle type Energy (MeV) Intensity (pA)
Proton 2-35 100
Deuteron 4-18 100
3He 6-47 50
“He 8-35 50
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Experiments at the Oslo Cyclotron Laboratory

CACTUS:
26
collimated
Nal(TI)
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57 x5”

SiRi:
8x8 Si
AE-E
particle

detectors
(=9% of 4m)

Scattering
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Radiation hardness
Mini-orange
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Nal(Tl) '
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*He \ 40-540

Target nucleus
NIC XV, Assergi, Italy, 2018
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Expenments at the Oslo Gyglgtrgn Labgratgry

CACTUS:
26
collimated
Nal(TI)
crystals,
57 x5”

SiRi:
8x8 Si
AE-E
particle ' ; -

dEteions New y-ray detector system OSCAR
(<9% of 4r) (30 LaBr; 3.5" x 8” crystals)

[Funding from the Research Council of Norway]
NTC XV, ASSergr, Ttaly, 2013




Expenments at the Oslo Gyglgtrgn Labgratgry

CACTUS: 5 | \ ] sk T
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26 . . k; /i‘.t alyzing
collimated B | \ o
Nal(Tl) . ; > a
a i

crystals,

particle

detect New y-ray detector system QSGAR
erectors (30 LaBr; 3.5" x 8” crystals)

~Q0,
(=9% of 4m) [Funding from the Research Council of Norway]
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The Oslo method in a ‘ <

44Sc data

Yrast line
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0. Get a hold of an (Ey,Ex) matrix (> 30-40 000 coincidences)
1. Correct for the Nal response [Guttormsen et al., NIM A 374, 371 (1996)]
2. Extract distribution of primary ys for each Ex [Guttormsen et al., NIM A 255, 518 (1987)]

3. Get level density and y-strength from primary y’s [Schiller et al., NIM A 447, 498 (2000)]

4. Normalize & evaluate systematic errors [Schiller et al., NIM A 447, 498 (2000),
Larsen et al., PRC 83, 034315 (2011)]

NIC XV, Assergi, Italy, 2018

13

600

500

400

300

200

100



The Oslo method in a ‘
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~6-10 |
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| 443¢ data

6 10 N
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0. Get a hold of an (Ey,Ex) matrix (> 30- 40 OOO coincidences)

N I~ .1 NIINA A N=7A N=74 [40NNN\]

1. Correct for the Nal respo
2. Extract distribution of prim
3. Get level density and y-str

4. Normalize & evaluate syst
Larsen et al., PRC 83, 034315 (2011)]

Data and references:

ocl.uio.no/compilation/

Analysis codes and tools:
github.com/oslocyclotronlab/oslo-method-software
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Surprise! The low-energy upbend

week endin
VOLUME 93, NUMBER 14 PHYSICAL REVIEW LETTERS 1 OCTOBER 2g004

Large Enhancement of Radiative Strength for Soft Transitions in the Quasicontinuum

A. Voinov,l‘z’* E. Algin,3 4356, Agvaanluvsan,s’4 T. Belgya,7 R. Chankova,8 M. Guttormsen,8 G.E. Mitchell,“‘5
J. Rekstad,® A. Schiller,>" and S. Siem®

'Frank Laboratory of Neutron Physics, Joint Institute of Nuclear Research, 141980 Dubna, Moscow region, Russia
2Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701, USA
3Lawrence Livermore National Laboratory, L-414, 7000 East Avenue, Livermore, California 94551, USA
“North Carolina State University, Raleigh, North Carolina 27695, USA
5Trian,gle Universities Nuclear Laboratory, Durham, North Carolina 27708, USA
6Department of Physics, Osmangazi University, Meselik, Eskisehir, 26480 Turkey
"Institute of Isotope and Surface Chemistry, Chemical Research Centre HAS, PO. Box 77, H-1525 Budapest, Hungary
 Department of Physics, University of Oslo, N-0316 Oslo, Norway
(Received 26 April 2004; published 29 September 2004)

Radiative strength functions (RSFs) for the °%37Fe nuclei below the separation energy are obtained
from the ’Fe(*He, a’y)*°Fe and "Fe(*He, *He'y)>"Fe reactions, respectively. An enhancement of more
than a factor of 10 over common theoretical models of the soft (£, = 2 MeV) RSF for transitions in the
quasicontinuum (several MeV above the yrast line) is observed. Two-step cascade intensities with soft
primary transitions from the 3¢Fe(n, 27)3" Fe reaction confirm the enhancement.

DOI: 10.1103/PhysRevLett.93.142504 PACS numbers: 25.40.Lw, 25.20.Lj, 25.55.Hp, 27.40.+z

NIC XV, Assergi, Italy, 2018
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Surprise! The low-energy upbend

week ending
VOLUME 93, NUMBER 14 PHYSICAL REVIEW LETTERS 1 OCTOBER 2004 ‘
Large Enhancement of Radiative Strength {
A
A. Voinov,l’z’* E. Algin,3 456 U, Agvaanluvsan,3’4 T. Belg ‘2 Standard model %
J. Rekstad,® A. Schil 3 ~—— OCL data
'Frank Laboratory of Neutron Physics, Joint Institute of N 2
2Department of Physics and Astronomy, O] &
3Lawrence Livermore National Laboratory, L-414, 70 g
“North Carolina State University, Rq 8
STriangle Universities Nuclear Laborator] .
6Department of Physics, Osmangazi Uniy “_E
"Institute of Isotope and Surface Chemistry, Chemical Reseq (Y
8Department of Physics, Universit OC)
(Received 26 April 2004; puf 5
w
Radiative strength functions (RSFs) for the 5%7H
from the >’Fe(*He, ay)*°Fe and ’Fe(*He, 3He'y)*'F E
than a factor of 10 over common theoretical models ¢
quasicontinuum (several MeV above the yrast line) | © - >
primary transitions from the *Fe(n, 2)5"Fe reactid
DOI: 10.1103/PhysRevLett.93.142504
Gamma energy
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What do we know about the upbend?

**Mo(d,pyy)*Mo
- ® E=3MeV ¢ Guttormsen et al. [13]
A E,=4MeV = Quadratic fit to [13] 10° @ §ZFe(3He,ocy), Voinov et al.
O E;= 5MeV . T f = reepy), NalTl
™ A E;=6MeV § : . 59Fe(p,p v), LaBrS.Ce
E ® .= 7MeV = i A Co(y,n), Alvarez et al.
5 S
- g 107E
s f 2 -
= <
o 5 |
fres o L
7
E 10 =
= -
o 1 2z 3 4 5 6 7 8 ML e
E, (MeV) y-ray energy EY (MeV)
Confirmed with an independent technique 6 3.5” x 8” LaBr;(Ce) from the HECTOR* array
using (d,pyy) coincidences Dominated by dipole transitions
[M. Wiedeking et al., PRL 108, 162503 (2012)] [A.C. Larsen et al., PRL 111, 242504 (2013)]
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What do we know about the upbend?

%4Mo(d,pyy)*Mo
- ® E=3MeV ¢ Guttormsen et al. [13]
A E;=4MeV = Quadratic fit to [13]
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=]
ot
& F
u
=
0 1 3 5 6 7
E, (MeV)

Confirmed with an independent technique

using (d,pyy) coincidences
[M. Wiedeking et al., PRL 108, 162503 (2012)]

10°k ¢ %Fe(*He,ay), Voinov et al.

& - = Fe(p,pv) Nal-Tl
> - o« Fe(p, x10°
>3 r ~  ®Co(y] 18E (c) Enhancement region,
& i 16k E=74-7.9 MeV,
S g7 - E,=2.5-2.7 MeV
5"k 14F —— purel=1,4-3
£ [, 8 12F
g = g 10F
g |4 8o _—" T T~
% 10-8:7 rg‘l 6;_
T : ¢ ¢ af

- PRI BRI | 2:_

0 2 4 6 G:.||..A|...|...|...|...|..

Yy-ray| 40 60 80 100 120 140
angle 6 (degrees)

6 3.5” x 8” LaBr;(Ce) from the HECTOR* array
Dominated by dipole transitions
[A.C. Larsen et al., PRL 111, 242504 (2013)]
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What do we know about the upbend?

%*Mo(d,pyy)?°Mo
- ® E=3MeV ¢ Guttormsen et al. [13]
AE=4Mev = Quadraticfit to [13] g0tk | © Fe(Heam), Voinov etal.
O E;= 5MeV . 2 - 5 C(P,pLNal Tl
= A E;=6MeV 2 - 59Fe(p, 3<1(O) — —
= _ = i A Co(y{ 18F (c) Enhancement region,
= ® ;= 7MeV S - 16f  E=74-7.9 MeV,
sk B 7L F E,=25-2.7 MeV
& F E - 14— purel=1,4-3
= £ [ . @0 12-
= g [ S 100
= a:% 49 8- /.Fe\.\.
> 108 2 Disagh¥e BE
Heaviest case so far: 1°1153Sm [Simon et al., PRC 93, 034303 (2016)]

0 1 2 | Small bias towards M1 [Jones et al., PRC 97, 024327 (2018)]

PRI T ST S ST S T ST S T T
E, (IVIEV] I | y-ray -v—vwo- 80 100 120 140
angle 6 (degrees)

Confirmed with an independent technique 6 3.5” x 8” LaBr;(Ce) from the HECTOR* array
using (d,pyy) coincidences Dominated by dipole transitions
[M. Wiedeking et al., PRL 108, 162503 (2012)] [A.C. Larsen et al., PRL 111, 242504 (2013)]
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y-ray strength function (MeV>)

Iimpact on r-process reaction rates?
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Reaction rates @T =1 GK
TALYS: Koning et al., http://www.talys.eu
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T

Oslo data
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[A.C. Larsen and S. Goriely, Phys. Rev. C 82, 014318 (2010)]
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y-ray strength function (MeV>)

Iimpact on r-process reaction rates?

- Reaction rates @T =1 GK
i | TALYS: Koning et al., http://www.talys.eu o
7 -8 : |
107 2 , ,
C o
- S 10% | q |
b o [ 1
B £ f ]
108 | % ’ “ ’
E . s ' Mo )
- = 10" (] il f
S = 10'| l |
T c ; Fe n ’ Cd ]
i Oslo data 8 /
10° +  Kopecky et al. =
A PR With upbend, const. T ‘q'; 0 R\
: — — 10 Y o 3 -
i — T=0 5 g a8 ’,l,’sj‘ |
Covav A v v v v v v v b v v v by o e e e e e e
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[A.C. Larsen and S. Goriely, Phys. Rev. C 82, 014318 (2010)]
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y-ray strength function (MeV>)

Iimpact on r-process reaction rates?
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Reaction rates @T =1 GK
TALYS: Koning et al., http://www.talys.eu
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... but is the upbend really there for n-rich nuclei?

190 100 110

[A.C. Larsen and S. Goriely, Phys. Rev. C 82, 014318 (2010)]
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The beta-Oslo method

Special thanks to

Artemis Spyrou Developed @ NSCL/Michigan State University summer 2014
Sean Liddick Advantage: can go down to implantation rate of =1 pps
Magne Guttormsen 1) Implant a neutron-rich nucleus inside a segmented total-absorption

spectrometer (preferably with Q3 = S,)
2) Measure B~ in coincidence with all y rays from the daughter nucleus

Segments give E
individual y rays, v
the sum of all 102
gives initial Ex

’6Ga->"%Ge, raw

Segmented, total absorption spectrometer SuN ' ' ' ' '
1000 2000 3000 4000 5000 6000 7000

[A. Simon, S.J. Quinn, A. Spyrou et al, NIM A 703, 16 (2013)] E, (keV)
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The beta-Oslo method

Special thanks to

week endin,

Artemis SperU, PRL 113, 232502 (2014) PHYSICAL REVIEW LETTERS S DECEMBER 2014

Sean Liddick,
Magne Guttormsen Novel technique for Constraining r-Process (n, y) Reaction Rates

A. Spyrou."m" S.N. Liddick,"*" A.C. Larsen,”* M. Guttormsen,’ K. Cooper."‘ A.C. Dombos."ZJ
D.J. Morrissey,"* F. Nagvi,' G. Perdikakis,”'" S.J. Quinn,'-’-3 T. Renstmm.s J. A. Rodriguez,'
A. Simon,"* C.S. Sumithrarachchi,' and R.G. T. Zegers""
lNammal Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
’Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
3Joint lnslmae for Nuclear Astrophysics, Michigan State University, East Lansing, Michigan 48824, USA
Dcpartmem of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
Department of Physics, University of Oslo, NO-0316 Oslo, Norway
®Central Michigan University, Mount Pleasant, Michigan, 48859, USA
Deparrmem of Physics & Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
aDeparlmenl of Physics and The Joint Institute for Nuclear Astrophysics, University of Notre Dame, Notre Dame, Indiana 46556, USA
(Received 25 August 2014; published 2 December 2014)

A novel technique has been developed, which will open exciting new opportunities for studying the very
neutron-rich nuclei involved in the 7 process. As a proof of principle, the y spectra from the # decay of °Ga
have been measured with the SuN detector at the National Superconducting Cyclotron Laboratory. The nuclear
level density and y-ray strength function are extracted and used as input to Hauser-Feshbach calculations. The
present technique is shown to strongly constrain the "> Ge(n, 7)"®Ge cross section and reaction rate.

DOL: 10.1103/PhysRevLett.113.232502 PACS numbers: 26.30.Hj, 21.10.Ma, 27.50.+e

Segmented, total absorption

[A. Simon, S.J. Quinn, A. Spyrou et al,
NIC XV, Assergi, Italy, 2018 25



The beta-Oslo method

Special thanks to

Artemis Spyrou, PRL 113, 232502 (20 «xhy SUN :
’ ith n
Sean Liddick, oscopy W Jhsorptio
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DOL: 10.1103/PhysRevLett.113.232502
Segmented, total absor}romn

are extracted and used as input to Hauser-Feshbach calculations. The
owTi to strongly constrain the 7> Ge(n, y)"°Ge cross section and reaction rate.

PACS numbers: 26.30.Hj, 21.10.Ma, 27.50.+e

[A. Simon, S.J. Quinn, A. Spyrou et al, NIM A 703, 16 (2013)]
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The beta-Oslo method: 7°Ni

Discretionary beam time @ NSCL/MSU, February 2015;
70Co beta-decaying into "ONi

(Spokespersons: Sean Liddick, Artemis Spyrou, ACL &
Magne Guttormsen)

86Kr primary beam, 140 MeV/nucleon on thick Be target
70Co implanted on DSSD detector in SuN

S, of /°Ni: 7.3 MeV
Initial spins, °Ni (Gamow-Teller): 5-,6-,7

[S.N. Liddick A. Spyrou, B.P. Crider, F. Naqgvi, A.C. Larsen, M. Guttormsen
et al., Phys. Rev. Lett. 116, 242502 (2016)]
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The beta-Oslo method: 7ONi

PRL 116, 242502 (2016) PHYSICAL REVIEW LETTERS 17 JUNE 2016

£

Experimental Neutron Capture Rate Constraint Far from Stability

S.N. Liddick,"? A. Spyrou,"3‘4 B.P. Crider,' F. Naqvi,l A.C. Larsen,” M. Guttormsen,” M. Mumpower,6‘7
R. Surrnan,6 G. Perdilcakis,g’l‘4 D.L. Bleuel,9 A. Couture,m L. Crespo Campo,5 A. C. Dombos,"3'4 R. Lewis,l‘2

S. Mosby,'® S. Nikas,** C.J. Prokop,"” T. Renstrom,” B. Rubio,"" S. Siem,® and S. J. Quinn'**
'National Superconductmg Cyclotron Laboratory (NSCL), Michigan State University, East Lansing, Michigan 48824, USA
Depanment of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
Departmem of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
*Joint Institute for Nuclear Astrophysics, Michigan State University, East Lansing, Michigan 48824, USA
Department of Physics, University of Oslo, N-0316 Oslo, Norway
6Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
"Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87544, USA
®Central Michigan University, Mount Pleasant, Michigan 48859, USA
Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, California 94550-9234, USA
Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
“IFIC, CSIC-Universidad de Valencia, 46071 Valencia, Spain
(Received 5 January 2016; published 16 June 2016)
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The beta-Oslo method: 7°Ni

k endi
PRL 116, 242502 (2016) PHYSICAL REVIEW LETTERS 17 JUNE 2016
M
Experimental Nel 8ONji(v)ONi rat - BRUSLIB
12 ae,  107F (ny)"Nivate A REACLIB
S.N. Liddick, " A. Spyrou, ™" 1 __

R. Surman,’ G. Perdikakis,*'* D. ~
S. Mosby,'’ S. Nikas,** C. ©
'National Superconducting Cyclotron |
“Department of Chemis Ty, 10°
*Department of Physics and ¢ o
“Joint Institute for Nuclear As g
SDepartme ~
6Departmem of Phy:s /%\
"Theoretical Division, Lo ~>-
SCentral Mic =° 10°
%Lawrence Livermore Nation

Los Alamos .
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The beta-Oslo method: "°Ni upbend

(a) (b) (c)
|
10
'8 102
™
6 —
<
)
45 10!
12
, N
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 10°
E, (MeV) E, (MeV) E, (MeV)

Improved data analysis: deconvolution of the E, axis as well [M. Guttormsen et al., in preparation]

[Larsen, Midtb@, Guttormsen, Renstrgm et al., PRC 97, 054329 (2018)]
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The beta-Oslo method: "°Ni upbend

102

*— Low energy enhancement

100

Improved data analysis: deconvolution of the E, axis as well [M. Guttormsen et al., in preparation]

[Larsen, Midtb@, Guttormsen, Renstrgm et al., PRC 97, 054329 (2018)]
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The beta-Oslo method: "°Ni upbend

(©)

Shell-model calculations by J@rgen E. Midtbg using KSHELL
- M1 transitions [shimizu, arXiv:1310.5431]

| 102

N
B N
- 67Ni
—__ 68Nj 10!
N
S (N
- — 72Ni
—— 7INi 10°
— 6N

Improved data analysis:

[Larsen, Midtb@, Guttormsen, Renstrgm et al., PRC 97, 054329 (2018)]
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The beta-Oslo method: "°Ni upbend

(©)

Shell-model calculations by J@rgen E. Midtbg using KSHELL

102

N
B N
- 67Ni
—__ 68Nj 10!
N
S (N
- — 72Ni
—— 7INi 10°
— 6N

[Larsen, Midtb@, Guttormsen, Renstrgm et al., PRC 97, 054329 (2018)]
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Summary & outlook

The beta-Oslo method provides
level densities and y-decay strengths
of n-rich nuclei ->

experimental constraint on (n,y)

rates

To-do list:

(i) Extend beta-Oslo to more neutron-rich nuclei
(i) Work on new methods for normalization

(iii) Thorough investigation of systematic errors

What about the neutron OMP? Direct capture?
Neutron resonances? +++

NIC XV, Assergi, Italy, 2018

From plusquotes.com
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From plusquotes.com

Summary & outlook

The beta-Oslo method provides
level densities and y-decay strengths
of n-rich nuclei ->

experimental constraint on (n,y)

rates

To-do list:

(i) Extend beta-Oslo to more neutron-rich nuclei
(i) Work on new methods for normalization

(iii) Thorough investigation of systematic errors Many thanks for listgning!

What about the neutron OMP? Direct capture?
Neutron resonances? +++

NIC XV, Assergi, Italy, 2018 35



Extra slides
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What does theory tell us about the upbend now?

Recent theoretical predictions seem to disagree...

(v,n) data

(He,°He’) data

M1
shell model

x 10°°
-6 3 T
— 10 ¢ R T 10
™ H—T=1.59 MeV 94 94
% IR T =1.43 MeV Mo Mo
I ----- T=1.26 MeV 102
7
2 10 T=0 E1+ M1
g o Exp-1 = Exp-2
1
5 . 10
cC 10 E
= ¥ 10°
s [ TR
+ -9
téﬂ 10 4 E 1
] 10~
o TCQRPA ]
Iz ol A =100 keV |
> 10' S 1 [ B | [ IR R R 10_2 ) )
0O 1 2 3 4 5 6 7 8 9 10 0o 2 4

E1? [E. Litvinova and N. Belov, PRC
88, 031302(R) (2013)]

y energy E, (MeV)

NIC XV, Assergi, Italy, 2018

8 10 12

M1? [R. Schwengner, S.
Frauendorf, and A. C. Larsen, PRL
111, 232504 (2013);

B. Alex Brown and A.C. Larsen, PRL
113, 252502 (2014);

R. Schwengner, S. Frauendorf, B.
Alex Brown, PRL 118, 092502
(2017);

K. Sieja, PRL 119, 052502 (2017);
A.C. Larsen, J.E. Midtbg et al., PRC
97, 054329 (2018) ]
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Challenge: incomplete summing

Note the “tail” towards low E, !

5.2714y
5+ 0
~ 60
27C0 R
Qg =2823.9 Soe Y& &
SOS Ao ,g‘:"
1 99.925% 75, 4+ VO & 2 2505.765 30 ps
| <0.0022% >13.3 . 2% "‘ HSS 2158.64 (59 pe
[
| 0.057% 1502, 2+ | 4 $ 1332.516 713 ps
o 60 9 stable
2gNi

[From Table of isotopes, R.B. Firestone]

2000

1000

Sum of all segments, #°Co source
(1173keV+1332keV)

e

2000
E [keV]

1000 1500

NIC XV, Assergi, Italy, 2018

2500

3000

[A. Simon, S.J. Quinn, A. Spyrou et al, NIM A 703, 16 (2013)]
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Solution: unfolding also on the E, axis

g (a) Raw matrix -
Old, 70Ni: ¥ &
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
E,(MeV)
. (a) Raw matrix (b) Unfolded 10°
New, 70Ni:

102

E, (MeV)
O . N W OO N O © O

10 1 2 3 4 5 6 7 8 9 10

12 3 45 6 7 8 9 10 1 3 4 5 6 7 8 9
NIC )é:,(wfég/r)gl, Italy, 2018 39



The °1Ti case: beta-Oslo and Oslo method

Beta decay (g.s. >!Sc: 7/2°): initial 5/2-, 7/2-, 9/2" (after dipole: 3/2, 5/2, 7/2, 9/2, 11/2)
(d,p): 1/2, 3/2, 5/2, 7/2, 9/2 (after dipole: 1/2, 3/2, 5/2, 7/2, 9/2, 11/2)

50 5t
Ti(n,y)° Ti
105 ¢ CoTitdpy)’Ti, OCL (n,y)

E *'Ti from °'sc f decay, NSCL/MSU - 3 + This work .
. C v 50Ti(y,n)7 Pywell et al. : [] 1 standard dev., this work|
% - °'Ti SMcalc, E1 M 10 Jr \l\/lON-SMOlTER

B wee 2MTi SM calc, M1 £ * Vervier et al. (1959)
% 7 st ’ %ﬂ & e Zaikin et al. (1967)
<10 — i SM calc, E1+M1 %ﬂ% B . Dudey et al. (1969)
5 = %ﬁg | A Allen et al. (1977)
. g |
c £
S = =
< o8l ¢ w
= B 5} —
5 1075 ||) is
5 N :
= C N 46 - N D
7] - &b 4680 E1 L 3 —\
> o 46Sc M1 L
o 0 + ,,ScE1+M1 | k .
=~ 107 + _CrEt

= o ~CrMi

C ¢+ CrE1+M1 107 kel Lol |

- i 102 107 1

B 11 | l 11 1 l 11| l 11| l 11 | l 1 :1 1 11 | l 11 1 l 11| l En (Mev)

|
2 4 6 8 10 12 14 16 18

o

y-ray energy EY (MeV)

[S.N. Liddick, A.C. Larsen, M. Guttormsen et al., in preparation]
NIC XV, Assergi, Italy, 2018
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The beta-Oslo method — results, 7°Ge

— y-strength — 75Ge(n,y)"6Ge
- (b) -6 9 —
"Ge (norm-1) 107+ "“Ge(y.n) 10 - lower/upper, previous
107 ° ZiGe (norm-2) 107E —~ - —— lower/upper, this work
- o Ge, Renstroemetal. fg A 8
- ---- Upper limit 10°¢ S 10°E
- —— Lower limit of B c -
s [ 0246 81012 - B
3 | i > 107
i et o =
g [m] o - QQI:I@@;‘@ E E
= R U 1L ]k o -
I-I-Iai 0-8 . g »n 'n| ," - “"_-‘ .."".‘.: HT < i
- o 18\ et Lok ANSTATTTTL Lk
DR N
i 5 i TALYS:
i 10°E  Koning et al., http://www.talys.eu
:I | 1 1 1 1 1 11 | 1 1 1 1 1 11
10-9 = 1 1 | | 111 | 111 | 111 | 111 | 111 1 | 111 10-1 1
0 1 2 3 4 5 6 - (1 09 K)
E, (MeV)

[A. Spyrou, S.N. Liddick, A.C. Larsen, M. Guttormsen et al., PRL 113, 232502 (2014)]
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The beta-Oslo method, 7°Ge:

does it work?

Probability distribution
o
o

TIT [T [T T[T T[T T[Tt

(a) E, = 4.03 MeV E (b) E, = 4.48 MeV
m first-gen. data
—_— pXxT

E () E, = 4.70 MeV

o
w
I

0.25

o
(S

0.15F

Probability distribution

o
o ©

1
TTT]TTT

0

E (d) E, = 4.93 MeV E (e) E, = 5.15 MeV

1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 0

Yy energy EY (keV)

() E, = 5.60 MeV

[A. Spyrou, S.N. Liddick, A.C. Larsen, M. Guttormsen et al., PRL 113, 232502 (2014)]
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Extraction of level density and y-decay strength

Ansatz: primary y matrix
can be factorized into
two independent
functions (vectors)

P(E.E,) > p(E,-E )T(E)
f(E)=1(E)/2nE;

Excitation energy

—
E Primary
— 2 gamma rays
Gamma
\ energy

NIC XV, Assergi, Italy, 2018

Exctation energy E_(MeV)

Y (d,py*™°Y

10°

102

10

Y energy EY (MeV)
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Distribution of primary y rays

E, < 10000
0 -
a b c < N I 10
E " soool .
T ] " =] -
2 8000 e R A o ]
d c I §
6000 . o,
N E, i 3
4000 |
f i . ]
B 10"
m g:s :
. 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
[M. Guttormsen et al., NIM A 255, 518 (1987); 00 2000 4000 6000 8000 10000

A.C. Larsen et al., PRC 83, 034315 (2011)] E, (keV) 44



