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* The Oslo Cyclotron
Laboratory (OCL)

* The OSCAR array
* The LaBr;:Ce detectors
« Data Acquisition System
» Characteristics

* Physics Results
o Statistical nuclear properties
* Nuclear astrophysics
 Fission properties
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The Oslo Cyclotron Laboratory (OCL)

« Basement of the Department

of Physics, University of Oslo OSCAR 06\ﬂ —
» Scientific programme: 5 @ )
 Statistical properties of nuclei / _
* Nuclear structure Experiment Hall ) E 1 -
* Nuclear astrophysics S C\/)
* Fission Fume hoods _§
* Nuclear chemistry 5 U
« Radiation biology and medical Chemistry >
applications EOH”O' Laboratory J% MC 35

* Material science and radiation o oo g Q

hardening of electronics

Electronics Lab.

A. Gorgen et al., Eur. Phys. J Plus 136, 181 (2021)
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The Oslo Cyclotron Laboratory (OCL)

OSCAR El

Experiment Hall

Cyclotron Vault

Scanditronix MC-35 | 200
« Commissioned in 1979 Chemistry 3
» Lightion beams Control Laboratory 2
. 1H*: 8-35 MeV Room 2
* 2H*:4-18 MeV | Gloveboxes || 2
: j:gi: g_gg mg& L Electronics Lab.
' A. Gorgen et al., Eur. Phys. J Plus 136, 181 (2021)

3He recovery system
=~ 2500 hours of beam/year

UNIVERSITY 22.01.2024
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The CACTUS array

e Commission = 1990

28 large Nal: Tl detectors
* 5x5-inch detectors

 Collimated detectors

* Analog electrons

* Energy resolution = 7% (1332 keV)
* Time resolution = 17 ns

* Total efficiency 15.2% at 1332 keV
 Full energy efficiency=4.5%,1332 keV |

UNIVERSITY 22.01.2024
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The OSCAR array

« Commissioned 2018
« Largest LaBr;:Ce array
« Budget = 23.3 MNOK (= 2.3 M€)

* 30 large volume LaBr3:Ce
detectors

e 3.5x8-inch detectors
 National Research Infrastructure
» Digital Data Acquisition

* Improves resolution by
* Energy = 3-5
* Time > 10x

- Efficiency > 3x

UNIVERSITY 22.01.2024
OF OSLO




The OSCAR detectors

* Built at OCL

* Design based on the HECTOR+
array

« Large volume LaBr;:Ce
* BrilianCe 380 from Saint-Gobain
Crystals’

* Redesigned housing with thin Al
window

« Hammamatsu R10233-100 PMT

« Maximum gain 2.5x10%
« Minimum quantum efficiency 41%

 Active voltage dividers LABRVD
designed by the Milano Group

UNIVERSITY 22.01.2024
OF OSLO
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The OSCAR frame

* Aluminum frame
* Approximate isotropic

* Three different detector
distances
e 16.3 cm: 57% of 411
e 22.0 cm: 30% of 41T
e 42.0 cm: 8.4% of 411

* Designed by Jan
Mierzejewski,
Component3D, Poland

22.01.2024




OSCAR+SIRI

Silicon Ring Array — SiRIi
Eight trapezoidal assemblies
Each trapezoid: AE-E telescopes

Covers angles:
 Forward: 40° to 58°
 Backwards: 126° to 140°

AE:

« Eight segments, 2° each
* Thickness: 130 um

- E:
 Single crystal, thickness: 1550 ym

Designed and manufactured in
collaboration with SINTEF MiNaLab,
Norway

1 T T T T ‘e
0 10 mm

UNIVERSITY 22.01.2024 °
OF OSLO M. Guttormsen et al., Nucl. Inst. and Meth. Phys. Res. A 648, 168 (2011)




Data Acquisition System /7

. 2
\ !.\'
\

AT 7

K

+ Digital system from XIALLC
+ Based around the Pixie-16 modular system

» Single crate:
» LaBr3:Ce: 14-bit, 500 MHz (2 + 1 spare)
+  SiRi: 16-bit, 250 MHz (5 + 1 spare) NS R s

« Each channel individually triggered

« Storing only gamma events within 500 ns of a particle

event

* Virtually no deadtime
» Improves throughput significantly (> 10x)

» Optimized for throughput

UNIVERSITY 22.01.2024 10
OF OSLO




FWHM@1778.969 keV = 38.699(33) keV
goo4{ Resolution: 2.175(2)%
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Time Resolution

y-ray #2 energy [keV]
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TOF neutron/gamma discrimination

2 . OSCAR
':%g time-energy matrix
3 28Si(d,p)2°Si Detector at 42 cm from target

.. 03 ] ‘ j

220

W
—a

OSCAR
time spectrum
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Efficiency
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double escape
-=-= annihilation

2000 4000

F. Zeiser et al., Nucl.
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Inst. Meth. Phys. Res. A 985, 164678 (2021)
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Geant4 model

 Entire array implemented in
Geant4
 Crystal, housing, PMT
* Frame and support structure

» Simulated response function for
energies between 100 keV and
20 MeV

* Model published in F. Zeiser et
al., Nucl. Inst. Meth. Phys. Res. A
985, 164678 (2021)

UNIVERSITY 22.01.2024
OF OSLO
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Geant4 model

105 E 107 3
— exp.
_ ] —— sim., scaled (\ 106 :
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The Oslo Method

* Measure the Nuclear Level
Density and gamma-ray
strength function simultaneously

* Important parameters for
nuclear reaction calculations

* Nuclear astrophysics

* Nuclear reactors Si AE-E Ng?
, telescope
* Isotope production
o |nput for the Oslo Method: .—,‘
Excitation versus gamma %B@(Ce)
energy matrices Target nucleus, °’Fe

UNIVERSITY 22.01.2024
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The Oslo Method

(ejeos-60|) uonouny yibuais Aes-A

=10 — 20 MeV

=9 MeV

y-ray energy

= 3 MeV
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3

10tk % ZZFe( He,ary), Voinov et al.
<'>> ; - 56Fe(p,p:\(), NaI:TI.
é . . 59(F;e((p,p )y)',MLaBrS.Cte |
Low Energy Enhancement ; = oo
S 107
2 r, » ﬁﬁ
* First measured with the Oslo S b,
Method in %5Fe g
* Measured to be dipole o T e

° E1 /M1 not yet 18 £ (c) Enhancement region,

: : 16E  E=7.4-7.9 MeV,
experiementally determined ,,; &=2527Mev

- —— purelL=1,4—-3
12 F
2 -

onNn b~ O
[T

40 60 80 100 120 140
angle 6 (degrees)

UNIVERSITY
OF OSLO A. C. Larsen et al., Phys. Rev. Lett. 111, 242504 (2013)




The Oslo Method — Nuclear Astrophysics

r,J™T,Jd")
Ty % QT + 1,07 ZTN“) —
JT n 14 ] A7
Sn+En
T, = 2 z f 22l 1ty (6))p(Sn + En — €,,],)de,
XL J, T 0 v

UNIVERSITY
OF OSLO




Nuclear Astrophysics

* Elements heavier than iron — N 126

neutron capture processes
* S-Process
* |-process
* r-process

 The Oslo Method:

 Indirect method to measure
neutron capture rates

UNIVERSITY
OF OSLO
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Nuclear Astrophysics
10° ]

Fe

L LA

v

With low energy enhancements
Without low energy enhancements
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The Os(lo Method

a): Raw (b): Unfolded (c): First Generation
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Excitation energy E, [keV]
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1 1 1 1 1 1 1 1 I 1 1 ].00
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The Oslo Method

* First Generation Matrix

" .+ Proportional to NLD & gamma

6000 transmission coefficients
= 5000 .+ P(EiEy) xT(Ey) - p(Ef = E; — Ey)
gzlooo— e P (E E ) — T(Ey)p(Ex_EY)
A N T(E,)p(Ex—Ey)
20001 10° By =gmin” \7YIPLEXTEY
£ 3000 Y=Lty
T (Ey)
A 2000  fi=a(By) = fea(By) + i (By)] = 55

10 14
1000 A
0 100
(I) 10IOO 20|00 30I00 40|00 5OIOO 60|00 70IOO
~-rav enerev E. [keV]
UNIVERSITY 22.01.2024 25
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The Shape Method

* Model independent method

* Provides external data
constrining the slope of Oslo

Method data

Ji=J+1

Np < f(EDE) Y . Y PNELI)GEL Jo  10%

Vs Ji=Js—1 3

10°8E

UNIVERSITY 22.01.2024

Excitation energy E; (MeV)

y-ray energy EY (MeV)

Oslo method p(Sn)

Oslo method 0.22 x p(Sn)
y-rays feeding D1

y-rays feeding D2
"®Nd(n,y)'**Nd, E1 Kopecky

HH B+ b4 HH

y-ray energy EY (MeV)

OF OSLO M. Guttormsen et al., Phys. Rev. C 106, 034314 (2022)




Systematic studies of Nd isotopes

* Is there a connection between the LEE e o0
and the SM? Deformation? 10 {prsnio

1o stat.+sys.
[ ¢ (y,n), Carlo

« NLD & gSF measured for 142.144-151Nd

* First obervation of LEE & SM in same
nucleus |

(a)[f "*Nd B,=0.125 (b} “oNg B,=0.138 (o)

L ¢ (v,n), Nyhus
£ = (n,y), Kopecky

107°F
'
>
s
. -]
0f@ s e - e . Jf@ e L =07
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g 1 02 u ._,.l" -""‘ o T TRV A . Ll
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0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
=108k (9) (h) N 0] ()
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:;1 04 - K .Jll" .l_'.."'r.. .‘-!."':..“ -
D 1 03 . - '.-.'..-' ‘."..-' .’..._..
§102 - 'r".!‘ .i".?.. ,."'f. :
T 10 : H'w A.-"‘!‘h N NN N T TR ...i...l L ‘| NIRRT TN | N A T TR VW T T T
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....... (Ul RO AR I ) e . | I | PP PP PP TS IS A e i
0 17273747576 0 12 3 4 5 6 0 1 2 3 4 6 0 1.2 3 4 5 6 0 1 2 3 4 5 6

Excitation energy (MeV) M. Guttormsen et al., Phys. Rev. C 106, 034314 (2022)

UNIVERSITY 22 01.2024 M. Guttormsen et al., Phys. Lett. B 816, 136206 (2021)
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Systematic studies of Nd isotopes

= __E=75MeV -
I E =5.0 MeV B
108 — E=2.5MeV "9Ng 151N 30 + LEE
- O exp odd 147N hem - 147Nd —- SM
- = SMMC odd d e TIONG o 152y N 146 # LEE+SM
10’ O expeven 45Nd /’Q:/MSNd ~e 25— Nd
~— = e —
: = = SMMC even - ,,.—-—-—-—-—-—-[ﬁ-\.\ - B
o g L Ol
S 10°k ey =
— 'Y E ] ' 5 20—
a - S B
> B aa] B
210° o Nd
S % 15 Nd
S 40t > G [
© " E Qo -
o [ £ 10
- /7 v |
10° = 7 -
E //;,’/ 5:—
10?77 -
_|J//||||||||||||||||||||||||||||||||| 0= . L L W
0 005 01 015 02 025 03 035 61 015 02 025 03 035
Quadrupole deformation B2 Quadrupole deformation B2
M. Guttormsen et al., Phys. Lett. B 816, 136206 (2021) M. Guttormsen et al., Phys. Rev. C 106, 034314 (2022)
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Test of Brink-Axel in Sn Isotopes

* Collective modes of excitation
can be built on excited levels
tr%etsame way as for the ground
state

« Consequences:

 No dependence of spin/parity of
the GSF Pinpartty

* No dependency on initial and final
excitation energy

* GSF extracted with Oslo
Method & Shape Method in
120Sn and comparison to (p,p’)
Coulex data

107

>
=
- =7
- 10
0]
O

T T TTTT
<>

Shape method, y rays to the ground state

F

Shape method, y rays to the first excited state
Oslo method

anlxX¢I4 ATAT A
t¢¢v‘

x#"

> «
> <
|
2]

1ZOSn

9
E, MeV)
M. Markova et al., Phys. Rev. Lett. 127, 182501 (2021)




Inverse Kinematics

 The Oslo Method with inverse
kinematics

Radioactive beam

Low beam rate — need high
efficiency
First ever experiment:

« d(65Ni,p)®’Ni

« Deuterated polyethylene target

Important for understanding the
weak I-process

CERN ISOLDE

22.01.2024
OF OSLO
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66Ni(n,g) and the i-process

High %6Ni(n, y) cross section Low ©6Ni(n, y) cross section

Isotopic Chart for timestep 973

Isotopic Chart for timestep 973 =2
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Inverse Kinematics

- 1076 ¢
¢ Exp. bop(Sn) — B
S 3| — Shell model ----- Known levels % i
é 10 - Model +o Model +20 E
= - Model +30 —— CT = T
» | —BSFG g
.% el Fit region g
= B =
£ i =
> i %o +lo i £lo
9 ) § +20 +20
o 107 | A - Z +30 +30
() = . 1 > — —
2 . f AR I e S . 5 ¢ Exp. ¢ °°Ni
-_‘ ! & —SM
[ r. (- -9 | \
10°; - . = Z - - 1077 5 10 15 20

Excitation energy [MeV] 7-ray energy [MeV]
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Neutron capture rate: °N

10

Reaction rate Na{ov) [cm® s™' mol ']

i(n,y)

10° |
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- --- JINA Reactlib default o 10
1 +20 +30
104 \ Lol Lol \ L1110
1072 1071 10°
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V. W. Ingeberg et al., Phys. Rev. C (in review)
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ONE ZONE (weak i-pro) —— case 1 (ref) ---- case 2B

Impact of °°Ni(n, v)? —mE Ty

X/ X ref

* Nucleosynthesis calculations by
A. Choplin, S. Goriely and L. 10°3
Siess :

* One-zone model & multi-zone 065 70 75 80 & 90 95
mOdel { ONE ZONE (strong i-pro) —— case 1 (ref) ~—— case 3
. . —— case 2 —— case 4

* Consider four scenarios: 10t

65Ni(n,y)  66Ni(n, y)

X/ Xref

Case1 TALYS min  10.7 mb (MACS, this work)
Case 2 TALYS max 10.7 mb (MACS, this work) 100 +—ff——— S
Case3 TALYSmax TALYS min f
Case4 TALYSmax TALYS max 60" 70780 90 100 110 120 130 140
A
UNIVERSITY 22.01.2024 V. W. Ingeberg et al., Phys. Rev. C (in review) 34

OF OSLO



AGB MODEL

Impact of °®Ni(n, y)? .

(%)
L
Case 1 TALYS min  10.7 mb (MACS, this work) T 21 \/\/\/\/\/\/,

Case 2 TALYS max 10.7 mb (MACS, this work)
Case3 TALYS max TALYS min

Case 4 TALYS max TALYS max 10 20 30 40 50 60 70 80 90
Z
4 x 10°
; AGB MODEL —— case 1 (ref) —— case 3
3x 10"
—— case 2 —— case 4
@2 x10°1
>
~
>
1007
| T | T | T | T ) T X
64 66 68 70 72 74
UNIVERSITY — 22.01.2024 A 35
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Inverse Kinematics at iThema_ &BS

- AFRODITE array

* d(86Kr, p)8’Kr with 2 LaBr;:Ce
detectors

° d (84 Kr, p)85Kr

° d(132Xe, p)133Xe
« 6 LaBr;:.Ce

« 8 CLOVER detectors
e Particle DE-E detectors

UNIVERSITY 22.01.2024 36
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OSCAR as a Polariometer

« What is the nature of the Detector I
LEE? Detector 2

* M1 or E1

« Can use Compton scattering
to measure polarization?

* W) = b(1 — Ay cos(2y))
* Ay > 0: Electric
* Ay < 0: Magnetic

* Explored in MSc of Johan
Emil Larsson

Johan Emil L. Larsen, “Statistical properties of

UNIVERSITY 22 01.2024 Mo-96 and Mo-100", Master’s Thesis, University of Oslo (2022) 37
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OSCAR as a Polariometer

1000\ o, E2, 535 keV, all, x = 2.7

1000\ [o, E2, 535 keV, middle, y = 3.6
1000\ o, E2, 535 keV, BG, x = 0.96

1000\ o, E1, 1372 keV, all, x = 1.37

1000\ o, E1, 1372 keV, middle, y = 1.04
100\ o, M1+E2, 928 keV, middle, y = 1.59
100\ o, M1, 844 keV, middle, y = 0.64

9% Mo, E2, 778 keV, unambig, all, y = 10.5
96 Mo, E2, 778 keV, unambig, middle, y = 9.1
9 Mo, E2, 778 keV, ambig, all, y = 13.3

96 Mo, E2, 778 keV, ambig, middle, y = 8.4
9 Mo, M1, 1317 keV, all, y = 1.28

9Mo, M1, 1317 keV, middle, y = 1.14

96 Mo, E1, 608 keV, middle, y = 4.9

60Co, 1332 keV, all, x = 2.2

60Co, 1332 keV, middle, y = 0.8

1000\ [0, 1500-2000 keV, 1., all, y = 1.42
100Mo, 1500-2000 keV, 2., all, x = 0.62
1000\ o, 900-1500 keV, 3., middle, xy = 1.58
96 Mo, 1500-2000 keV, 4., all, x = 1.55

96 Mo, 1500-2000 keV, 5., middle, x = 2.65
96 Mo, 900-1500 keV, 6., middle, x = 0.52

0.4

0244 ¥ T
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5Be

The Hoyle State ¢ \ N
TNy 7 a0

« Radiative width of the Hoyle
State in 12C

 Important for the reaction rate
of the tripple-a 8

o

12C

Gammaray Y

O+

* Measure particle-y-y
coincidences, “C(p,p’yy)

7654.2 keV

2+

* Experiment performed in
2019 and 2020

4438.9 keV

O+

UNIVERSITY
OF OSLO

22.01.2024

0 keV

4 5 r\ 7 8 9
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W. Paulsen, “Reassessment of the radiative width of the
Hoyle state from gamma ray spectroscopy using
OSCAR”, Master’s thesis (2020)
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Physics cases — Fission studies s ;
T . > 6 1
* Currently building a dedicated S E -
fission setup T, :
* Newly developed scintillator- s
based fission detectors =2 10
« Expected to be commissioned
thlS fa” Atiasr, (NS)
. . 101_5 3
 Measure excitation dependent 100} ?
prompt fission gamma-rays 0 et o
>10_2_§ Billnert et al. 2'013 33 AW
* TOF to distinguish fission 2103 :g:g;tjgkteta'-zofs 130 @43
neutrons 811 5 3 4 5 6 5 8
§101 i ' '
1% 02 03 - (0|\.'44ev) 05 06 07
UNIVERSITY T.G. Tornyi et al., Nucl. Inst. and Meth. D. Gjestvang et al., Phys. Rev. C 103, 034609 (2021) Page 40
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Future Prospects?
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Summary

 Large LaBr;:Ce array
« Excellent efficiency
» Excellent energy & time resolution

 Enables new studies

« Systematic measurements with the
Oslo Method

 Reactions with low cross section such
as (a,p), (a,d), etc.

» Great tool for low yield/rare events

UNIVERSITY 22.01.2024
OF OSLO
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