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Outline

® What are nuclear level densities (NLD) and y-ray strength functions (ySF)?
® Nuclear astrophysics

® How can we measure these (the Oslo Method)?

® Experiment at ISOLDE

@& Results

N
|\




Statistical properties of nuclei
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Nuclear level density
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y-ray strength function

1+’ F 5 H AEX l"XL E ,E',]',T['
’ fxi(Ey, Ei Jiom;) = Iy >(E)2/L+; l l)P(Ei»]i»”i)
y

€

(I‘;“)(Ey, E;, J;,m;): Average decay width with y-ray
energy E, from excitation bin with energy E;, spin J; and
parity 1;

p(E;, J;, m;): Level density
X=Electric or Magnetic
Multipole L=1,2,3,etc.

L=1, dipole will be dominating
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What does NLDs and ySFs tell us?

@® The NLD and ySF provides
important information on
the nuclear structure

y-ray
strength
function

Optical
model
potential

Nuclear level
density

Hauser-
Feshbach
model

® Input parameters for
Hauser-Feshbach model
(reaction cross sections)

Reaction cross
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Impact of the low energy enhancement
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Reaction cross sections

Reactor physics Isotope production Nuclear astrophysics
Energy Nuclear medicine How are elements made?

Jason Richards/ORNL (CC),
ESO/L. Calgada/M. Kornmesser (CC)
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How are the elements made?

Elements up to Fe/Ni — fusion reactions in stars

Elements heavier than Fe/Ni — neutron capture
processes

» Slow neutron capture process (s-process)
» Rapid neutron capture process (r-process)

32

30

28

50%
50%

Alan Stonebreaker/APS

sr73 || sr74 || sr75 || sr76 || sr77 || sr78 || sr7e || sreo || sr81 || sr82 || srs3 sres |@ sr89 || sroo || sro1 || sre2 || sro3 || sroa || sros || sree || sre7 || sres || sr99 |[ sr100 || Sr101 | Sr102 || Sr103 || Sp104 || Sgd05 || Sr106 || sr107
38 | ome || 27me || same || vase || sos || tse1s || 22m || tosam || z2am || 2sasa || szatn — g PR R e T I e e e e e TP | e
Rb 71 Rb 72 Rb 73 Rb 74 Rb 75 Rb 76 Rb 77 Rb 78 Rb 79 Rb 80 Rb 81 Rb 82 Rb 83 Rb 84 [ k. 86 1288 Rb 89 Rb 90 Rb 91 Rb 92 Rb 93 Rb 94 Rb 95 Rb 96 Rb 97 Rb 98 Rb99 || Rb 100- 102 103 68
2 << 15u10|| << ®n1.0|| 64776ms || 190s 36558 azsm || 1786m || 220m 3345 as72h || 1273m nnza auza 3| ese. ¢ \| 17773m || 1532m 1585 5825 4485 5845 27025 || 377.7ms || 201ms || t621ms || 1ams || seams || 48 ms.
36 Kr69 Kr70 Kr71 Kr72 Kr73 Kr74 Kr75 Kr76 Kr77 | » 85 |P 86 K 87 Krgs Kr89 Kr9o Kro1 Kr92 Kr93 Kr9o4 Kr97 Kr 98 Kr99 Kr101 66
Bré67 Br68 Bré9 Br70 Br71 Br72 Br73 Br74 Br75 Br76 Br77 Br78 L 80 Br82 L 83 Brg4 Br8s Brgé Br87 Brgs Brg9 Broo Bro1 Br92 Bro3 Bro4 Bro6 Bro7 Brog 64
2 |[<<rsuto|| <aans || 70ams || 2145 || 7888 || sam || 254m 162h smAn Msm aszeon || 297 || s17em || 200m [ ss1s || ssess || te34s || assrs || 1o10s || sesme
Se6t || Se6s || Se6s || Se67 || Se68 || See || Ser || Se7t || se72 || se7s |WIFM| se7s |RTET \wn [sear | Se8t | Ses || Se8 || Se&7 || se88 || Se® || Sew 62
34 ssms || ssms || 1asms || ssss || 27as || eram || azem || sa0a || 71n o7 RIS 1845m 226m | s2em | s20s || a3 || ssos || tsss || ssoms || 2t0ms
As61 As 62 As 63 As64 As65 As 66 As 67 As 68 As 69 As70 As71 As72 As 73 As74 [ 76 || “s77 .78 As79 As 80 As 81 As 82 As83 As 84 As 89 As 90
P 2 ||<<anto| soms || 170ms || ss77ms || 4256 || 1st6s || 1s2m || szem || esaon || 260n mnd 3 1orsa || ss7en ‘ so7m || sotm || 1s2s || ssas || te1s | 1aas =l
Ge 60 Ge 61 Ge 62 Ge 63 Ge 64 || Ge65 || Ge 66 Ge 67 || Ge68 Ge 69 Re 71 Ge 74 [ 075 Ge77 || Ge78 Ge79 || Ge80 6931 82 Ge 89 || Ge 90
sams || 129ms || 1e2ms || sazs || soss || 226n || 1ssm || 270ssa || se0sn 1| e natn || ssom || 1sess || 2056 m
Ga59 | Ga60 || Ga61 || Ga62 || Ga63 || Gab4 || Ga65 || Ga66 || Ga67 || Ga6s W 170 |nn Ga73 || Ga74 || Ga75 || Ga76 || Ga77 || Ga78 || Ga79 GaB82 || Ga83 || Ga84 || Ga85 || Ga8e || Gas? 58
<<ontof 7oms || t67ms ||neszims || a2as || 2627m || 152m || ss0en || sz6174 || e7sasm ‘ 2114, R e R e e e o 2175 | sooms || soatms || wsms || s22ms || a7me
Zn 58 Zn 59 Zn 60 Zn 61 Zn62 Zn63 Zn 64 Zn 65 W n 69 Zn71 Zn72 Zn73 Zn74 Zn75 Zn76 Zn77 Zn78 Zn79 Zn g1 Zn 82 Zn 83 Zn 84 Zn 85 56
ws7ms | 1820ms || 238m || wots || sssan || sserm 263034 soam |[EE 2asm || aesh || 23ss || ssss || t02s || s7s || 2088 || 1as 22ms [ s0azms || 1770ms || t19ms
cus7 | cuss || cus9 || cu6o || cuet || cue2 Cub4 1 7u66 || Cu67 || cues || cues || cu7o || cu71 || cu7z || cu73 || cu7a || cu7s || cu7e || cu77 cugo || cust || cus2 | 54
1o63ms | a20as || s1ss || 237m || sss0n || ee7m 127000 st2om || stasn || soss || 2msm || sass || 10as || sess || 26 || tsss || 12205 || 6377ms || s670ms zu oms | 133 ms || 782ms
Ni 56 Ni 57 Ni 64 |$- i 67 i 68 i 69 i- Ni 73 Ni 74 Ni 75 Ni 76 Ni 79 Ni 80
sorsa || sseon 251750 $u s 2es [Pres *56; -'P m-F.._ o W‘ m-rP... asms |Maasme [P22zms [| sams || soms
28 40 42 44 46 48 52

10

|\




I-process
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® Elemental abundances in certain metal- S A P
poor stars cannot be explained by either 2 = process ‘;
s-process, r-process or a combination? [ o e !
® An intermediate neutron capture e . | v '
process (i-process) can explain the M“/\\
discrepancy! L i \/\//\ _:
® Sensitivity study of the weak i-process L e , s
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I-process
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The Oslo Method
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Inverse kinematics
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ISOLDE
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® = 1300 isotopes/isomers available
» Largest selection of any ISOL facility
in the world
® Post-acceleration with REX/HIE-
ISOLDE (2.8 — 9.4 MeV/u)
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ISOLDE

RIB production HRS aFs
Target1  larget2

+RILIS\

REX-ISOLDE
HIE-ISOLDE RIB accelerator RIB accelerator

2014-2018 Since 2001

Gradual increase to ~10 MgV/u 2.8 MeV/u
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ISOLDE/Miniball experiment

Beam: ®®*Ni@4.47(1) MeV/u

Target: 670 ug/cm? deuterated
polyethylene (C,D,)

= 140 hours of beam time
= 3.5%10° pps

6 MINIBALL clusters + 6 large volume
LaBr;:Ce detector from OSCAR

C-REX particle array

Approx. 320,000 particle-y
coincidences
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The Oslo Method
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Excitation energy E, |

Extraction of NLD and ySF
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P(Ey, Ey) « E} f(Ey)p(Ex — Ey)

NLD and gSF extracted by fitting theoretical FG:

3 —
Pth(ExE‘V) = ZEx Eyf(Ey)p(Ex =2

Ey=E]7,nin E)éf(Ey)p(Ex - Ey)

f(Ey) & p(Eyx — E, ) : Free parameters for each E,, and
Ef = Ex — E,

Need to normalize extracted NLD and gSF since Pth is
invariant under transformation

p(Er) = Ap(Er)e™s
f(Ey) = Bf(Ey)e®™
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Normalization of NLD
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® Typically normalize to auxiliary - ¢ Exp. Y p(Sn)
nuclear data =" . 5| — Shell model - --- Known levels
® NLD from known levels ﬁ 10 - Model to Model +20
® NLD at neutron separation = - Model £30 —— CT
energy = - —— BSFG HFB
O% 102 | Fit region
® Level scheme of ®/Ni is (very) e .
incomplete T>> - ol®
® NLD of 67Ni at neutron =~ . o2 _ _.
separation is unknown § 101 | ; f|'5 B : :_ L )
® Solution: Normalize to large —g E f ﬂ_fji | : ! : : : | '
scale shell model calculations Z. "‘ :"' : E" ""} I“ S | : '
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Normalization of ySF
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Neutron capture cross section
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Summary

@ We have measured the ySF and NLD of 67Ni

® First time the Oslo Method has been applied to an inverse
kinematics experiment with radioactive beam

@ Expect a rather quick i-process
® Soon to be submitted
@ Paves the way for new Oslo Method experiments at ISOLDE
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Future plans at ISOLDE

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Proposal to the ISOLDE and Neutron Time-of-Flight Committee

Neutron single-particle states and neutron-capture cross

sections towards ®Ni: “Zn(d,p)*Zn

January 6, 2021

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Letter of Intent to the ISOLDE and Neutron Time-of-Flight Committee

E. Sahin!, G. de Angelis? K.S. Beckmann!, F. Bello', H.C. Berg® T.K. Eriksen!,
D. Gjestvang!, A. Gorgen', M. Guttormsen!, K. Hadynska-Klek*, V. W. Ingeberg!, P.
Jones®, A.C.Larsen!, K.L.Malatji®, M. Markova!, W. Paulsen!, L.G. Pedersen',

L.Pellegri®, S. Siem!, M. Wiedeking®, F.Zeiser' and TREX and MINIBALL

collaborations.

Bring OSCAR to ISOLDE?

Neutron-capture cross section for i process bottleneck “Ga:
®Ga(d,py) *Ga

December 20, 2021

F. Pogliano!, R. Gernhaeuser?, A. C. Larsen!, K. S. Beckmann', F. Bello!, H. C. Berg?,
T. K. Eriksen', D. Gjestvang®, S. Golenev?, A. Gorgen!, M. Guttormsen!, A. Spyrou?,
S. Liddick*, D. Miicher”, K. Hadynska-Klek®, V. W. Ingeberg!, P. Jones®, K. L. Malat;i®,
M. Markoval, W. Paulsen!, L. G. Pedersen!, L. Pellegri®, E. Sahin!, S. Siem!,

M. Wiedeking®, F. Zeiser!, P. Rieter®, K. Arnswald®, M. Droste®, H. Hess®, P.H. Kleis®
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