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Introducing my lectures...

Scope : showing you (main) challenges and technologies in high-resolution
Nuclear Structure, from and experimentalist point of view...

... through a “personal taste and experience”-biased selection of examples
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Nuclear vs Particle and Atomic Physics

Energy scales: nuclear excitations

Energy scales:

Physics of Hadrons

Physics of Nuclei
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Is there a model describing ALL nuclei?

The first microscopic attempt: the nuclear Shell Model

number of protons, Z

Modified from JJ Valiente-Dobon, LNL
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http://upload.wikimedia.org/wikipedia/commons/4/43/Maria_Goeppert-Mayer.gif
http://www.britannica.com/EBchecked/media/12081/J-Hans-D

Is there a model describing ALL nuclei?

Nuclear magicity and nucleon-nucleon effective interactions
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Does nuclear magicity persist far from stability
("islands of inversion")?

-20

B. Alex Brown, Physics 3 (2010) 104; K. Wimmer et al., Phys. Rev. Lett. 105 (2010) 252501

What is the effective nucleon-nucleon

interaction?

A0+

(a) neutron SPE of N=20
...isotones ]

(c) neutron SPE at N=51

T. Otsuka et al., PRL 104 (2010) 012501
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Collective excitations and nuclear shapes
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Nuclear shape transitions

Towards the microscopic description of collective phenomena
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Impact of Nuclear Shapes

Abundances of heavy elements depend on the structure of
r-process nuclei:

Shapes influence the r-process path

N A
O
O
E '
t::5 TB Spherical ~ 10X TB Deformed
% Pn Spherical = 0.5X Pn Deformed
£ r - process
> -
Neutron number N V[ .
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Which are the astrophysical sites of the
r-process nucleosynthesis?

Is fission recycling contributing

Solid nuclear structure input is needed
to r-process abundances?

to understand the abundances
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ONE SIZE FITS NONE
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"Spectroscopic history" of 126Dy
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Complex gamma-ray spectra: a challenge
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The structure of the nucleus

Low-energy (<~10-15MeV) nuclear states

A
l Observables:
i l L l venergy levels (E)
£ vspin (J)
— E, i, |
v ;Z v parity (I'Ii)
i Jlifetime
ground state (transition probabilities) (T;)

vnuclear moments (g-factors)
populate in excited state(s) and

Measuring y-ray:
venergy

vangular distribution
vlinear polarization

venergy Doppler shift
(for example)

vangular distribution vs t

observe y ray de-excitation radiation / systematics (e.g. shape transitions)
v benchmarks for nuclear models

y ray spectroscopy is an approach (e.g. Nuclear Shell Model)

for the study of nuclear structure
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Three main “research axes”

To study nuclear structure under “extreme conditions”

* (max) angular momentum, excitation energy and
N/Z asymmetry

L nmp*vne

g\ " Each production mechanism is characterised by :
O
g

« Different cross sections (few mbarn for fusion-
evaporation, up to 10° barn for neutron capture)

3 fm,on/

 Different recoil velocities (3~0 for n capture
reactions, up to 50% for RIBs from fragmentation)

» Different needs for channel selectivity (ancillary
detectors —charged particle detectors, mass
separators...)
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In-beam y-ray spectroscopy

The “check-list” of detection requirements, Eg ~ 10keV - 10MeV

Energy resolution,
to disentangle complex spectra — germanium detectors

Peak-to-Total ratio,
to maximize “good events” — Compton background suppression

Doppler-correction capabilities,
to compensate the Doppler broadening (emitting nucleus in motion)

Good solid angle coverage,
to maximize the efficiency

Good granularity,
to reduce multiple hits on the detectors, measure angular distributions/correlations
1
y |
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In-beam y-ray spectroscopy

The “check-list” of detection requirements, Eg ~ 10keV - 10MeV

Avoid dead materials,
to avoid radiation absorbtion and preserve low energies

High counting rate capability,
often the channel of interest is (much!) less strong than the bakground

Time resolution,
for prompt events selection, lifetime measurements

Possibility to couple with ancillary devices,
to improve selectivity, determine velocity vector, ...
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Energy Resolution

From Sodium Iodide to
Germanium detectors

B 104,106

Response function = differential spectrum
obtained with a detector when hit by
monochromatic radiation

60’s - Use of Ge(Li) detectors marks the
beginning of high-resolution in-beam y-ray
spectroscopy

70’s = Only few detectors, operated in y—y
coincidence. Development of the HP-Ge detector.

Use of Germanium detectors =
breakthrough in nuclear structure

FWHM ~2 keV at 1.3 MeV =y
THE EUROPEAN NEUTRON SOURCE NEUTRONS
11 FOR SOCIETY



"Low-resolution” y spectroscopy

BUT high efficiency and high granularity - DALI2 @ RIKEN, the first y spectrum of 78Ni
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80 | | 583(10) 8
=10
- 3
2
60 5°
- S oL g 1 Foductonarget o
1,103(14) 1,000 2,000 3,000 { i 9 5, 5 . DALI2 . Flgo‘e‘“.\
0= Energy (ke\) Rl P2 p3 FRo®TEWREE 7 g P38
Y G w e Semm=m= & O
“®" BgRPs == ®1eC
\ 1,540(30)2,110(50)| 2,600(33) = ' ;
20 |—
o
2 oAy 4 (529
8 0 o WTTIITY, TEEE O T . 1 A 5 —— —_—— e ——————— - SJ’?
€ o 80Zn(p,3p)"eNi, M, <4 - d  89Zn(p,3p)8Ni, M, < 6
2 2 4ol
o 1,067(17) 2 | 3.98
g 4370 —
20 220 3 :
3 3.8 v (4*
8 = TL 291 v @ — 160 Nal(TI) detectors
i - ‘ o 260vVY(@Y) |
1,000 2,000 3,000 s | ALY -4.5*8*16 (cm3)
2,910(43) Energy (keV) w
10 2r - resol. 9% @ 662keV
m I
. . : 0 Ll 1] I 16 layers, 6-14 dets per layer
B e s o i A L s L | LN A 0 v v 0+

1,000 2,000 3,000 4,000 5,000 oL /
Energy (keV) Experimental '

o _ THE EUROPEAN NEUTRON SOURCE NEUTRONS
R. Taniuchi et al., Nature, 569 (2019) 53-58  S. Takeuchi et al., NIMA 763 (2014) 596 FOR SOCIETY



Eo=1MeV 5000 Source at rest —
$=0.0.01.0.05.0.10 * intrinsic energy
(fixed direction) 5000 resolution :
6 = 158deg
3000
B is a key info. 1000 ]\ lh b . /1_[32
200 920 940 960 9280 1000 1020 E [keV] E,Ya (e) = E

" 1-B-cos 0
[
/, . \2 JECM\ 2
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A g Z 36
| Large Q 9 ECm 2
+ ( : ) (AB)? +
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position gEcmy 2
J-ray resolution + ( £ ) (AE,)?
detector 0.y
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Doppler broadening

E,=1MeV
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Photon interaction with matter

~ 100 keV ~1 MeV ~ 10 MeV
ray ener
Photoelectric | Compton Scattering ~ Pair Production

ey @, | 2
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Interaction of photons in germanium

3 L
10 M Photo. X-sec (1/cm)
A Comp. X-sec (l/cm)
5" Vv Pair X-sec (1/cm)
2 s ® Rayl. X-sec (1/cm)
107 E

Total X-sec (1/cm)
A Mean free path (¢cm)

Photo . Compton . Pair Production

102 107! 1 10 102 100 104

Gamma Ray Energy (MeV)

Mean free path determines size
of detectors:

A 10keV)  ~55um
AM100 keV)  ~0.3cm
AM200keV) ~1.1cm
A(500 keV) ~2.3cm
AM 1 MeV) ~3.3cm
M 2 MeV) ~4.5cm
M 5 MeV) ~5.9cm
A(10 MeV) ~5.9cm
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Compton scattering (1)

source

assuming that the e is at rest,
from conservation of energy and momentum:

E},F]
Eyi = E € = Eyi—l _Eyi
yi-1 Arthur Holly Compton
1+—— (1 —Cos 9;) Nobel prize 1927
m,c

Energy of scattered e '-ll
Energyofscatteredy THE EUROPEAN NEUTRON SOURCE NEUTRONS
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Compton scattering (2)

The angular distribution of the scattered photon
is described by the Klein-Nishina formula:

do 5 1
— =2z,
dQ 1+ 0ol -cosO

a=E,/m.c?

and r, is the classical electron radius

For E, >~ few 100 keVs the
angular distribution is highly
anisotropical and peaked to
small forward angles. It
strongly ~ focuses’ with the
increasing photon energy.

052(1—0059)2

)Hlﬂgsz 9](1 "l cos? 01+ a(l—cosO)]

90°

1 keV

180°

100 keV

J

2 MeV

O

90°

10 MeV \9
00
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Continuum Compton scattering (2)

The spectrum of the scattered electrons can be deduced from
the Klein-Nishina formula:

N 1+ f*(E,) . 1 E’ 1(E )Zl_mec2 E,
dE 2 1+/%E)EE, ~E,) ‘”’ ,

e

‘ : \
Compton —

shoulder

ra
wn

i Since the actual energy deposition is
performed by the electrons, photons
interacting via Compton scattering
will produce a continuum.

n

i 1332 keV photons

(=]
wn

Differenial cross section (a.u.)

I 1 ‘ |
500 1000 1500

Electron Energy [keV] '.ll
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Compton-suppressed HPGe detectors

|

L

For large-volume Ge crystals the Anticompton
shield (AC) improves the PeakToTotal ratio (P/T)

T~ 7 from ~20% to ~60%

—
2'/].

P PP PB
o " Compton] B BP | BB
€ Ediges
2 60
zsum Co l In a g-g measurement, the fraction of
Unsuppressed useful peak-peak coincidence events grows
from 4 % to 36%
1000 E
For high fold (F) coincidences the fraction of
Suppressed
useful coincidences is P/TF .ll
u V|
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Efficiency calibration: an exemple

+  mesure Eu-152 & Al-27(n,g)Al-28
—— Fit : R=0.04
1071 - -
Fit équation: A*In(x)~5+B*In(x)~4+C*In(x) "~ 3+D*In(x) "~ 2+E*In(x)+F avec :
T A = 4.041492E-04 +/- 3.868E-05
B = -1.416586E-02 +/- 1.240E-03
C = 1.967838E-01 +/- 1.564E-02
D = -1.349466E+00 +/- 9.685E-02
— E = 4.523477E+00 +/- 2.938E-01
é‘ F= -5.771738E+00 +/- 3.479E-01
Q 1
O |
t'l: 4 : P : i Pl i :
|_|J 10-2 L L1 I L1l L
10° 5 10 5 102 5 10° 5 104 5
photon energy, keV
- When no data available:
- extrapolation at high energy with
0 1000 2000 3000 4000 5000 6000 7000 8000 Monte Carlo S|mUIat|0nS

Energy [keV]

V(|
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Efficiency calibration: singles vs yy

Energy (keV) Photons per 100 disint. 5
10.03(4) (K.) 58.5(6) 152Eu calibration source
45.69(4) (K3) 14.8(2) 3. —
121.7817(3) 28.41(13) , -
244.6930(8) 7.55(4) 1408.013 keV 778.9045 keV
344.2785(12) 26.59(12)
411.1165(12) 2.238(10) - y
444.00(3) 2.80(2) v A
778.905(2) 12.97(6) 2 1217817 keV 344.2785 keV
867.380(3) 4.24(2) : 0+ r—— 0+ ¥
964.057(5) 14.50(6) T 25 2G4
1085.837(10) 10.13(6)
1112.076(3) 13.41(6)
1408.013(3) 20.85(8)

NT(121.7817,1408.013) = N.,(1408.013) P, (121.7817) ( )eabs(121.7817)%5(1408.013)

N™ (E7) Angular correlation 121-1408 keV Angular correlation 344-779 keV
eabs(E'y) — —I AAt R - 104 . .
! 23 = ¥ N Correction for angular correlations:
In Order to have a ‘\ Energy (keV) No correction Event by event correction
n _¥i ] 121.7817(3) 29.30(4) 28.41(4)
de_a_d time free ) : | 344.2785(12) 12.91(4) 14.16(5)
efficiency evaluation y |
) h0 \l}\—/lYli 120 140 160 180 “// 20 0 60 80 100 120 140 ‘:HI\\‘;\U -
o) o) 'll
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Clover detectors

o
RSN

o
o
i

Addback factor

o

]

(a) Reject ¥
(b) Add-Back

A A l A A ' ' l i A A A l A A ' ' 1 A ' A ' l ' A A '
3000 4000 5000 6000 7000 8000

Energy (keV)

A A A ' [ A A A ' l A '
0 1000 2000
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Cross-talk correction for clover detectors

The magnitude of the effect of the crosstalk on a [
. 2 1600} Sum clovers
the energy detected by a crystal: e Sa— o |
» s linearly proportional to the energy detected 1400] DS
by the neighbouring crystal,
.. . 1200}
* is independent from the energy detected in the i
crystal itself. 1000 |
. . y i J |
E; affects E; > AEj; 800,
E; affects E; > AE;; El X | X |E |
600
AU #Ji |
400|
M = Multiplicity (number of crystals of the same clover 200; P ‘
that detect an energy in the same time window) st AT NN, N ) Wl -
0 7600 7650 7700 7750 7800
Energy (keV)

AEji[ch] = EM=[ch] — Eji[ch] = mj; x Ej[ch]

vl
A. B. Garnsworthy et al., NIMA 918 (2019) 9-29 '
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Cross-talk correction for clover detectors

In GRIFFIN facility, the crosstalk
is corrected exploiting the
Compton scattering line of ¢9Co
in the gamma-gamma matrix.

The effect in the FIPPS clovers is
too small to be corrected with
this method.

A. B. Garnsworthy et al., NIMA 918 (2019) 9-29
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GASP @ Legnaro Nat. Lab.

|
e 40 HPGe + AC (config. Il)
°d
® Eh~5.8% @ 1332.5 keV

target-det. =22cm

e Pb collimator (6 cm thick)

Lifetime measurements with Doppler Shift Techniques e inner space R.. =15 cm
7rings @ 359 60° 72° 90° 108°, 1200, 145° int
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C. Rossi-Alvarez, Nucl. Phys. News Europe 2 (1993) 10 '
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Shower of y rays in 14/Gd
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Upper part of the decay of the isomer (populated in 7°Ge(’°Ge,5n) ) '.
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EUROBALL

15 Clusters (7-Ge); 26 Clovers (4-Ge); 30 single Ge
71 CS-systems

1.Y. Lee, NPA 520 (1990) 641 Efﬁciency Ep N 10 . 5 % 739 Ge crystals
Peak/Total PT ~ 55 — 40 %
(M,=1 — M,=30)
y /
Solid angle covered by Ge = 40-50 % 'll
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The GALILEO array at LNL

25 Compton-suppressed HPGe tapered detectors
+ 10 triple clusters+ACs

EUCLIDES Si ball for particle
detection

V /4
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A. Goasduff et al., NIMA 1015 (2021) 165753 FOR SOCIETY



The nucleus is always full of surprises
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