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In nuclear physics: Z | Protonenanzahl _
- Diversity and complexity of the i
phenomena.
- No unified theory but only specific
models. I s
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Shell model and y radioactivity:

Challenges:

- Evolution of shell gaps and magic
numbers (far from the stability valley).

- Possibility of inverting the order of the
states (depending on Z and N).

—» Necessary to study exotic nucleli

having a large N/Z asymmetry.
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Challenges:

- Evolution of shell gaps and magic
numbers (far from the stability valley).

- Possibility of inverting the order of the
states (depending on Z and N).

—» Necessary to study exotic nuclei

having a large N/Z asymmetry.

— Candidate: "®Ni (Z=28, N=50)
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Iréfie Joliot-Curie 1.1. Scientific context

de Physiqu

Shell model and y radioactivity:

Challenges:

- Evolution of shell gaps and magic
numbers (far from the stability valley).

- Possibility of inverting the order of the
states (depending on Z and N).

—» Necessary to study exotic nuclei

having a large N/Z asymmetry.

— Candidate: "®Ni (Z=28, N=50)

through the study of "°Cu
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0\’

First spectroscopy of 79Cu (2014 W
SEASTAR campaign at RIKEN):

- Beamof 238U (at~ 0.6).
- Induced in-flight fission at a primary

9Be production target (FO). FO Production target
- Selection of 80Zn isotopes Fo Fy oI Em]
(BigRIPS) - '“C BigRIPS ®

- Collision on a secondary target
(liquid hydrogen) at F& and
knock-out of a proton

—» 30/n(p,2p)/9CU

- Detection of the emitted y-rays

using scintillators.

Scintillators

79Cu beam

Liquid hydrogen target
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Results:
+ 11 transitions were observed.
+ A proposed level scheme up to 4.6 MeV
of excitation energy.
- Some transitions are to be confirmed
(weak statistics and bad energy
resolution of the scintillators)

ot



.\) Cub 1. Introduction

edéte Jollot-Curie 1.2. Current state of knowledge

Laboratoire de Physique
des 2 Infinis el

Results:
+ 11 transitions were observed.
+ A proposed level scheme up to 4.6 MeV
of excitation energy.
- Some transitions are to be confirmed
(weak statistics and bad energy
resolution of the scintillators)

—» New measurement proposed (HiCARI
April 2021):
+ Avallability of more intense beams.
+ Use of HICARI (High-resolution Cluster
Array at RIBF) Ge array instead of
scintillators
Secondary beam of 9Be. >
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We need:

897n(°Be, X) "°Cu reaction

channel

e

- Gateon®°Znin BigRIPS ./ “Cu N\/‘—'

(before the target)
- Gate on ""Cuin ZeroDegree —)—-) AN L
(after the target) Proton knockout

- Look at the corresponding

y-spectrum in coincidence proton Gomn;\r;:l—\o

emitted
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We need: 8°7n(°Be, X) "°Cu
- The atomic number Z.
- The mass number A (or equivalently

Example in BigRIPS separator

Measure Bp, TOF, AE at 29 stage lonisation Chamber
& j &l AE : Energyloss
2x double PPAC
A% <& Bpwith track
\ Target reconstruct.

# Beam dump / +
ot g

‘\\\’
.s;‘;f’;’.;:A’. y "~ 5% .\\? .
dE 471'6 2m g::) 0 T, & =28 Ja gy
e b D e o (e Y =t S osl}e=-

dx m(, I o gro o4 4 JAde® p® © = KOO 4%
: 0 L O |9 o s 2
S (@3] (@)} ~ W — -k
238U ; e = e

Py ey Yy Plastic scintillator

: L e TOF: B
: B
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Result:
Zvs A/Q in BigRIPS zet2_aoq2 Zvs AlQ in ZeroDegree hpid_corrected
Entries  1.327745e+07 Entries  1.085532e+07
N 33 | Mean x 2,612 33 Mean x 2615
Meany 30.81 Meany 30.69
Integral ~ 9.913e+06 13 32.5 Integral 1.041e+07

32

I'_IIJ|I|II"I\II

31.5
10%
30.5

30F
10 295E

29

II-IH|1III|_\I-II'|IHI|IIH|I-II||iII||IHI|H_I

28.5

Bs s 26 265 27 275
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Purpose:
Find the linear relation between the
voltage of the collected current and the E(keV)
energy deposit of the y-ray. E
E(keV) = a* E(ADC) + b il
We used sources of 60Co, 152Eu, 88Y 1200
and 133Ba. §
1000
)
emitted Ge ‘ [
gamma-ray cietector cool

Collected k] I
current

o Q00 SO0 B00 100D 1 200 100 1 B0 1 Bl 000 200
E(ADC)

emitting source
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Purpose:
Find the linear relation between the

voltage of the collected current and the
energy deposit of the y-ray.

Example:
With °Co source

2. Data analysis

2.2. Energy calibration of HICARI Ge array

Ncounts

4500

4000

3500

3000

2500

2000

1500

1000

500

Raw gamma spectrum (before calibration)

INN[‘IINI‘I||I’IXH‘IIIIIINNNIIIIIIIINN’IIIWI

LLJLL.;\_L

f—

2500
E(ADC)
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Purpose:
Find the linear relation between the

voltage of the collected current and the
energy deposit of the y-ray.

Example:
With °Co source

2. Data analysis

2.2. Energy calibration of HICARI Ge array

Ncounts
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Gamma spectrum (after calibration)

- 1333 keV \

- 1173 keV \\

; e | | | LL . JLJ b e b pe R
0 200 400 600 800 1000 1200 1400 1600

E(keV)
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Cu nuclei have relativistic velocities:
- We need to correct for the Doppler

shift.
Imgraqion
E, - E. 1 — Bcosf N }%Z'ZLL’QJ?&
/1 - 32 |
0
Eo : Energy of the y-ray in the rest >
Emission point (Oz) beam axis

frame of the emitting nucleus.
Ey: Energy of the y-ray in the
laboratory frame.

ot
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R S N 2.3. Velocity determination

Laboratoire de Physique
des 2 Infinis

Cu nuclei have relativistic velocities:
- We need to correct for the Doppler

shift. F3 F7
. ~1— Bcosfb }—cﬁf‘l
Lo — L 80Zn \7

E.,
/1 - 32

Eo : Energy of the y-ray in the rest
frame of the emitting nucleus.

Ey: Energy of the y-ray in the
laboratory frame.

ot

80Zn(9Be, X) 79Cu
reaction

Beam direction

~V
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Extra materials

Cu nuclei have relativistic velocities:
- We need to correct for the Doppler

shift. F3 24 g Fl1
PR 1 — Bcosb e &
0 =% - S > >
\/]- — .532 measured measured
TOF TOF

| i d !
relocitv)
\VeloCity)

biambandtus
{41'9(23‘405,-3?»}’)

: No TOF (velocity)

Eo : Energy of the y-ray in the rest measurement
frame of the emitting nucleus. S e

Ey: Energy of the y-ray in the
laboratory frame.
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®Cu nuclei have relativistic velocities:
- We estimate the velocity at the target

2.3. Velocity determination

Extra materials

target

. . . E7
center using LISE++ simulation. k3
| . |
| |
AR
measured
B[F3-F7] B atcenter | B (F8-F11) | B[F8-F11] difference 10F
DATA LISE++ LISE++ DATA (velocity)
simulation simulation
0.6284 0.6027 0.5806 0.5796 0.0010
(0.18%)

No TOF (velocity)
measurement
(simulation is
needed)
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- In the HICARI
Ge array:

4 Miniballs

4 Clovers

1 P3

1 QUAD

e

+ + + +

They do not have
the same
efficiencies and
energy resolutions.
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- In the HICARI
Ge array:

+ 4 Miniballs

+ 4 Clovers

+ 1P3

+ 1 QUAD

They do not have

the same

efficiencies and

energy resolutions.

2. Data analysis

2.4. Preliminary Doppler-corrected gamma-spectra

80Zn(°Be,X)"°Cu y-ray spectrum

Counts/4keV
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150 |

100}

2N

50 —

J

l‘u‘.ﬂhL;

h
1
= w mhA}LJLH «hhh h !h ""” v ! "'l ,¢=441<1|~., e e ”w

— Miniballs
— SuperClovers
—P3

N ‘i‘ ‘ ¥
S AWy __J W,

A e R S T
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500 1 000 1 500

2000 2500 3000 3500
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2. Data analysis

e 2.4. Preliminary Doppler-corrected gamma-spectra

des 2 Infinis

Example with

SuperClovers:

+ \We can see some
of the peaks from
the previous
SEASTAR
campaign.

80Zn(°Be,X)"°Cu y-spectrum with HICARI Ge array

656 keV
855 keV

100

80—
60—
40—
20—

oo oy oy by by by e ey ey
500 600 700 800 900 1000 1100

E(keV)
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e 2.4. Preliminary Doppler-corrected gamma-spectra
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Looking at the mean %9Zn(°Be,X)"°Cu y-ray spectrum with Miniballs ’é}’,;df 1:57;3519,53

. > C 356
and width of the S 2 146 <053

) .749 + 0.
peaks: |5 pa ~0.002217 = 0.000231
. . o O
Example with Miniball  © 20
E=649 £ 1 keV
Almost in agreement 150
with the SEASTAR
100 |
result: \
E =656 + 5 keV " Dt
200 400 600 800 1000 1200 1400

E(keV)
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e e 2.4. Preliminary Doppler-corrected gamma-spectra
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Main issue:
We get different mean
values depending on

the detector type
Detector(s) E (keV) Error (keV)
Miniballs 649 1
SuperClovers 656 2
P3 656 3
QUAD 644 1

i
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alsiretb o P 2.4. Preliminary Doppler-corrected gamma-spectra
Possible reasons for the energy , 1 — BcosB
. . LO ‘1
shifts: ' I-P
- Wrong angle in the doppler

correction due to the geometry

(positions of detectors and/or
target).

o
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e P 2.4. Preliminary Doppler-corrected gamma-spectra

des 2 Infini

Possible reasons for the energy
shifts:

- Wrong angle in the doppler
correction due to the geometry

(positions of detectors and/or
target).
- Lifetime effect:

O <Oreal

Eo < Eo (real)

ot

1 — Bcosb

V1-— 3

E, = E,

Ge
detector

Supposed
emission point

\ 7 (02)

Target Real emission point
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- Solve the energy shifts issue:
Shift the target position until
finding the best agreement
between the energies.

- Run GEANT4 simulations to
check for the possible lifetime
effects.

- Apply yy coincidences

i
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1- Relation between pnA and pps:

d(pps) * (1.6 e) = ¢’ (pA)

$(pps) * (1.6 e)*10°= ¢” (pnA)

Beam intensity (?33U) = 90 pnA = 5.625 * 10"pps
Total beam intensity at F7 =4 * 10* pps

2- Energy resolutions comparison from simulation

& 10r DALI2 (a)| & 1or Ge array (b)
> b
— i - | —— intrinsic resolution
wi wi~ 8F — velocity uncertainty
“ 4 - - - angle uncertainty tracking
- - - total tracking
6 ——— angle uncertainty Miniball
- | —— total Miniball
4—— 4
21 2
bl  LONAD 1l 1) 0_’,1 > e
— 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
laboratory detection angle 6 (deg) laboratory detection angle 6 (deg)

\
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Removal of background
events:

Example:
Time/charge correlation in

fp7.fplastic.ftimeR-fp7.fplastic.ftimeL:log(fp7.fplastic.fchargeL/fp7.fplastic.fchargeR)

the plastic scintillators:
Tr-TL=A Iog(qL/qR)
atF3, F7, F8 and F11.

1 =t S -

TTTTTTTTI
| |

i T RLE oo B
5 =

h1
Entries  1.327745e+07
- | Mean x —-0.07052
Mean y —2.399
-| Integral

| ] |

1.311e+07 |,

| 103

% 102

' 1

0 0.2 0.4

0.6

0.8

1
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Optical corrections:
Cancel the A/Q dependency
on position and angular
variables, in order to achieve
a better resolution for the
A/Q.

Example: A/Q vs the
angular variable “a” at focal
plane 5.

2. Data analysis

2.1. Particle Identification of the beam nuclei

fp5.ftrack.fa:beam.faoq[2]

40

30

20

AT RONENRRRE

10

15A_A0Q2
Entries  1.327745e+07
Mean x 2.612
Mean y -1.617
Integral 1.136e+07

10
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s 2.1. Particle Identification of the beam nuclei

des 2 Infinis

F5A vs AOQ_corrected - hl1=53,:7745 i
Optical corrections: 20 tries  1.327745e+

Mean x 2.611
Cancel the A/Q dependency

Meany -1.617

10

- 30:_ Integral 1.136e+07
on position and angular - .
variables, in order to achieve 20
a better resolution for the g
A/Q. 105 |
0 ;
Example: A/Q vs the ;
angular variable “a” at focal A0
plane 5. e
30—
s 25 26 265 27 275 28 |
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Detector(s) E (keV) Error (keV)
Miniball_0 651 3
Miniball 2 646 4
Miniball 4 651 1
Miniball_5 650 1
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1280 i ._'///j ®—® Exp. 5/2: 1
1000 - B Exp.3/2 | |

= 800| \ ¢
! - _
? 600 - .
= _ _
C 400 =
m - .
200 &

Or & i o L i

36 38 40 42 44 46 48 50
Neutron number

Figure 1.6 — Systematics of the first 3/27 and 5/27 states in neutron-rich copper isotopes. The
ground-state spin changes at N = 46. Data taken from references [26,43,46-50].
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g_egamdc_Cu79 mode2 ab_total T projiee_QUAD__
- M§%ﬁ pres
— 2/n 28.06 / 24
o :_ E:ng:\t:stant 12.65 121533
0 B - QU AD SiZma Géggsi_s.ség
18— 1 2940 + 60 keV
16 — 1
I R A }
= L P
o 10
j_‘U Ll ,‘ ‘, L]
— | o
F

o N A O O
III‘III’III‘II

I | | | I | | | | | | | | | | | | | | | I | B | |
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’ E(keV)



®)CuL-o

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

g_egamdc_Cu79 _mode2_ab total _ D_projetse QURD” _
— m‘te:gral f;gg
22__ - %2/ ndf 3.567/9
: 2600 + 40 keV I(:::::\l;tant 14.780i‘913.;g
20 = 1 - Q UAD I\s"i‘z;ar‘:a 352.3236;6?:33
18— i
6
143 il ‘_ 1 | JL ]
L
8? UL ‘ : J J il ‘ J“
=8 | I ( r ﬂH {L _
E A
3 P 1 .
— — | | | I I
. 0 2400 2600 2800 3000 3200



W

Iréne Joliot-Curie

Laboratoire de Ph ue
des 2 Infinis e
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1511

39Cus,

Schéma de niveaux du 79Cu
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Efficacité des 4 détecteurs ABdc en fonction de I'énergie a 200mm et 6=45°
0.07 - , T | T u
MB +—+—
B SE —ic
d P3 —&—
0.05 |
__0.04
3 ¥
w
0.03 | .
*
002 * =
x *
0.01 | - . %
% : ]
+ Bl v "
0 | | | | T T
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Energie(keV)




