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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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In-beam vy-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
vdd
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In-beam vy-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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The structure of the nucleus

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

A
i Observables:
: l o l venergy levels (E))
E _\_ vspin (J)
E i, |
\’_»/_ v parity (m,)
y ground state \/l Ifetl me
(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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Transition probability and multipolarity

r

TN

Energy carried off
In transition

- WP

E or M transition probability ("golden rule"):

% ¢ P; initial excited state

final state at lower energy

h Mo | (1|)flodecay|1|)i) |2

If different decay modes (j): Tt = Z I
j

transition probability (per unit time):

Tip 1 Ly
Ty In2 T, Y Toot

Iy= intensity of the transition
with given multipolarity A

J-J < A < |Ji+]]
2 A+1 E,\ M 13¢-], +]
fi eoh )\[(2)\ + 1)!!]2 hc I(‘t-f]fmf| cr?\u|<t—.1,]1,m1)| A< n < N
' m=(-1)n, o=E
c=E M L = magnetic substate

J=J. B EO (internal conversion)

SRR | | {
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Reduced transition probabilities

Averaging on initial magnetic substates and summing over all final ones :

T[U';\] — ] Z T(.O'AI-L Ma- . R 211+1 M- . 1.
fi 2}1—1_1 mipmy fi B(E A;If — I‘L) — mB(E A; I‘L — If)

) N E O\ 2A+]
coht A[CA+1IN]2 (h‘;) B(oA; &i]i — &f]¢)

Reduced transition probability

(B (EA)] = ezfm%, [B(M)\)] — (HN/C)meZA—z

Weisskopf estimates (J,>J;) — single particle probabilities (Energies in MeV):

EA T(EA)(s™!) Bw(EA)(e4fm™)  Tw(EA)(s™)) MA  T(MA)(s™?) Bw (MA)((un/c)4m™ ) Tw(MA)(s ™)

E1 1587 x 10°E3B(E1) 6.446 x 1072A%/3  1.023 x 104E3A2/3 M1 1.779 x 103E3B(M1) 1.790 3.184 x 1013E3

E2 1.223 x 10°E°B(E2) 5.940 x 10 2A%3  7.265 x 107E°A%/3 M2 1.371 x 107E°B(M2) 1.650A2/3 2.262 x 107EPA2/3
E3 5.698 x 102E7B(E3) 5940 x 10—2A2 3.385 x 10'E7A2 M3  6.387 x 10°E”B(M3) 1.650A4/3 1.054 x 10'E7A%/3
E4 1.694 x 10 *E’B(E4) 6.285 x 102A8%/3  1.065 x 10~°E?A8/3 M4 1.899 x 107 °E°B(M4)  1.746A% 3.316 x 10 °E°A?

E5 3.451 x 107MEMB(E5) 6.928 x 1072A19/3 2391 x 10~ 12E11A10/3 M5 3.868 x 10" 1PEI'B(M5) 1.924A8%/3 7.442 x 10~ 1311 A8/3
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Weisskopf estimates of transition rates

When the details of the wave function are not known - single particle probabilities

EA T(EA)(s™ ) Bw(EA)(e2fm™)  Tw(EA)(s) MA  T(MA)(s™}) Bw (MA)((un/c)#m™ ™) Tw(MA)(s™)

E1 1.587 x 10°E3B(E1) 6.446 x 1072A%/3  1.023 x 10¥E3A%/3 M1 1.779 x 103E3B(M1) 1.790 3.184 x 1013E3

E2 1.223 x 10°E°B(E2) 5.940 x 1072A%3  7.265 x 107E5A%/3 M2 1.371 x 107E’B(M2) 1.650A2/3 2.262 x 107ESA2%/3
E3 5.698 x 10°E”B(E3) 5.940 x 1072A? 3.385 x 10'E7A? M3  6.387 x 10°E7B(M3) 1.650A%4/3 1.054 x 10'E7A%/3
E4 1.694 x 10*E°B(E4)  6.285 x 10 2A8%/3  1.065 x 10 °E°A8%/3 M4 1.899 x 107 °E°B(M4)  1.746A% 3.316 x 107 °E°A?

E5 3.451 x 107 MEMUB(E5) 6.928 x 10 2A10/3 2391 x 10 2ENAW/3 M5 3.868 x 10 BEUB(M5) 1.924A%/3 7.442 x 10 13E11A8/3

for a given A,
T(EL)/T(MA) =~ 2A2/3  electric transition

always dominates ~ Single Particle
for large A and Ey, E2 B(a4) )
T(EA+1)/T(MA) ~ 10 %A*3E? can compete with M1, Weisskopf units Collective
- E3 with M2, ...
T 1V T(oL) ~ 10-8A%/3 F2 as L increases, T decreases

(cA+1)/T(oh) ~ quite "dramatically" -
V /4
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Collectivity and nuclear shapes
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Neutron number, N
D. Reygadas, PhD Thesis, UGA 2021

B(E3, 3- — 0+) = 34.0(5)
R.H. Spear et al. PLB128 (1983) 29
Octupole (collective) vibration

“83 E(3_) = 26 MeV
é 2>
- N = s

] B(E2)1 (e*b?)

Single particle (hole)
+ phonon states

B(ok; &y — &dr)

(a) (b) (c)
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2g:pb1 26 2;’27Pb1 ”s D. Ralet et al, PLB 797
(2019) 134797
(C)

[19/27) = g~ |vig),x37) + B~ vf;3x(37 x37;6))

3.6 W.u.
34 W.u. 2 x 34 W.u.
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®» need to measure A, O, T

Shape transitions in
n-rich nuclei A~100
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Angular distributions (correlations)

Measurement of the multipole order of the transition (A, eventually mixed)

L) O W)=Y APilcos(d)
k

. A, OO Theory
P.(cos(6)) L Legendre polinomials
k integer up to min{2J,, A, A5}
"sources" of alignement : magnetic field
nuclear reactions (heavy ion reactions)

Or set a direction by coincidence on a gamma on the cascade : angular correlations

If max multipolarity = 2 :  W(60) = Ag[1 + agPs(cos(d)) + agPy(cos(0))] ar = Ax/Ao

1 1
P»(cos(0)) = 5(3 cos?(§) — 1), Py(cos(d)) = §(35 cos(#) — 30 cos?(#) + 3). '.ll
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Examples of theoretical angular correlation functions

W(0) = Ap[1 4 aaPs(cos(0)) + a4 Py(cos(8))]

B —4-2-0
@ 2.9 B s
3 : — 0—2—-0
2.0 _— — 3—2—( Cascade as a4
: 4 —-2—=0 0.10204 0.00907
- 2—50—2 0 0
— 0—2—=0 035714 1.14286
1.5 ‘_— 3—2—=0 -0.07143 0
1.0 —_— //\\ — )
= \/ \/ Real life:
- dy = Qg Aty
0.5 — L l 1 1 L l L 1 L l L | ' l A 1 1 l 1 I L l L | L [ L | L l L | |
0 20 40 60 80 100 120 140 1690(0) 180 qk 0 response funCtiOn Of

the gamma array used
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109Te from fusion-evaporation reactions

1 O 326 keV: AJA=-0.212(26),A /A =-0.046(33)
1.3 }/
! F'e

<

= 1.1 -\ /t

o 1\

<. _
iy 1'0'. \
0.8'
0.771 ® 494 keV: AJA=+0283(21),A/A=+0.00326)
40 60 80 100 120 140 160 180

O (degrees)

https://ns.ph.liv.ac.uk/~ajb/summerschool/files/ESP-Lecture4.pdf

A, /A, ~ 0

A2/A0 ~ +0.3
pure quadrupole
transition

A2/A0 ~ -0.3 pure

dipole transition

—-1585 <

15/2 233
1 1/2-1090 43 —S— 71“}_ 132"
To ) 666 9%
G o 98
st 0 V51 7/2
52 57
1.3 40 326keV: AJA=-0212(26).A /A 4)046”*) L 326 keV: AJA=-0.212(26),A /A ,=-0.046(33)
1.071 g
P 1.2 _
= 114 g os7
C\.g‘ \ =
m 1.0--E o 0.0 & Beam &
S =
= 0.91
0.5
= 3
0.81 \
-1.0¢
0.7 T @ 494 keV: AJA=+0.283(21),A /A=+0.003(26) ® 494 keV: AJASH0283(21).A/A4000306)
00 02 04 06 08 1.0 55 10 05 00 05 10 15
2
cos (0) x=W(8)cos(6)
A,/A, ~ 0 OO W(0) linear in cos?6
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Polar plots as a function of beam velocity B

2-50, B;o.o,::n:o.om 2->0, 520.4, 6/1=0.001 2->0, B;O.4,c/l=0.4 2->0, 5;0.4,5/1:1.0 In the lab. frame
2 2 2 2 . .
: . o/l = width of the gaussian
% g -~ g@ \D m-state distribution
2 2 4 -2 4 -2 2 4 -2 2 4
A 1
2 2 -2 2
i 3] 3|. 3]
3->2, =0.0, 6/1=0.001 3->2, B=0.4, 6/1=0.001 3->2,B=0.4, 6/1=0.4 3->2, B=0.4, ¢/1=1.0
3 3 3 3 0
2 2 2 2 R
L 1 ! Beam direction
(N )N
-2 2 4 -2 2 4 -2 . 3
2 2 2 2
3 3|- 31. 3|.
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Examples of angular correlations

a) b) thermal n
12} 560.9-934.5-keV (4-2-0) © | 1.75+ 448.2—934.5—key (0—2—'0) o | °—> . _).
1405.1-934.5-keV (3-2-0) v 511.0-934.5-keV (isotropic) =
1.5+ 1
_ LIy —
g D 1.25}
1.0f ) R W e =
O
0.75| 2 u
09} ' w v Q
Collimation system -

Concrete
blocks for
support
and
shielding
-80 -40 0 40 80 -80 -40 0 40 80
Arctg(D) Arctg(D) .ll
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Angular Correlations: normalization
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J.K. Smith et al., Nucl. Instr. Meth. A922 (2019) 47
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Angular Correlations: bg subtraction

Eq. (1):

P1P2 - P1by- bypy + b4,
Correlated background must
be properly subctrated

Eq. (2)* (often ignored in a "simple"

PP, - Psb,- b,p,+ bbb, 1D analysis... 1)

+0.5*[-b,b,’ - b,’b, +

2b,'b,]

900 920 940 960 980 10001020

E

Y
*Correlated background mostly impacts small 0., and weak I(yy)

i .
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Angular correlations with hybrid

detector setup

142Ba: 359-1176 keV (0+—2+—0+)

FIPPS-FIPPS

1.6
14
12

10

Normalized Counts

06F ¥

40 60 80 100 120 140 160 180

1.0
0.C
0.8

0.7 7

06F 1A T

30 60 80 100 120 140

Angle (°)

22
20
1.

1.6

14
12

1.0
0.

IFIN-IFIN

T

0.6p s
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|

&

___Angle ()

!J!\)IJ
eI =J SR N
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N

Angle (°)

1 1
0 20 40

1
100

80
Angle (°)

1
60

1
120

_ 1
140

160

e conJPEAN NEUTRON SOURCE

180

@ FIPPS

Hybrid detector setup!

Simultaneous fit of all type
of combinations
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E/M character of y transitions

Parity of nuclear states '?/ww’((gw,

Compton scattering can be used to
measure the y-ray linear polarisation -
the direction of the electric vector with
respect to the beam-detector plane

Clover detectors are ideal
Y7:C'P,2p2n) I @ 150 MeV : Eurogam II

h (a) Igated A — NJ— T N”
N, + N

“TEleum l | MLMMW P=A/Q

1 Magneuwww

I MW‘* Q =polarization sensitivity (as a function of the energy)
-TElele iw oy
. ,

Streched E2 : P>0; Streched M1 : P<O
100, 500 1500 A
Aexs/Tigsfil17/polsperd. psk E (kBV) ' ll
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[a(E,)N_]+ N

An example 4= WENL Ny
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Lifetime measurements using Doppler techniques

Reminder from last Lecture:

(N =

Eo=1MeV 000 Source at rest — —>
=0,0.01,0.05,0.10 -, intrinsic energy \Y;
(fixed direction) 5000 resolution
@ = 158 deg I
3000
ol . 1 5
P is a key info. 1000 /\ 1 —B
, Lab /ny _ 1 CM
200 920 940 960 980 1000 1020 E [keV] EY (e) — EV
1-PB-cos 0
V7 /|
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Direct vs Indirect methods for measuring lifetimes

Particle resonance spectroscopy
1
Resonance fluorescence

(e,e”)

Coulomb excita

Blocking
1 |
DSMA
I | I
! ' water flow in
X-ray coincidences Electronic timing y. ) ~ 10-12
o . . 4 Isere in the
N : : month of June

0%  10% 104 (102 ) 1010 108
1as 1fs 1 ps 1 ns _ bottle of

1(s) % wine
i .
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A very simple starting point...

a "simple" case: N, nuclei populated at t;=0 in an isolated level with lifetime T

T N 10
£ N(t) — 0 e~ t/T — T=1ps
0 T 8 ] — T=5ps
t N, y ] — T=05ps

— — p—tT © ]

I(t) f . e E 6

0 5

X ]

: : L 4

o 6 . . | Theintensity "observed" at the | % |

I‘g’ — v time t is sensitive to the ) ]

¢ lifetime of the de-exciting level ]

a reference time

t = d/v can be taken as

("easy" in case of constant v...)
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Recoil Distance Doppler Shift Techniques

vy detection d= 5 pm The intensities of the two

) §2000' peaks in the gamma
‘\/\ 1600. ] spectrum vary as a
""" e axic. ']l function of the target-to-
1200. d= 100 uym Il stopper (degrader)
ty, = 10 ps Bi~1% g0, distance
E, = 900 keV B, =0
400. d= 30 ym

870 875 880 885 890 895 900 905 910 915 920 925
E [keV]

e‘( {\3
\\)0% _______ I\’_\L__ ________ > % _ef\\_-lix i d,/_j_(___
N o 5 beam axis & (AN '-e
2 e & o 5 < B
target stopper Q target degrader

SPECTROMETER
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Doppler Shift Attenuation Method (DSAM)

e : . £900.
when the lifetime is = slowing down time 3g¢0. @158°
of the emitting ion in the substrate Uggg- "intrinsic" P(vg)
material a continuous energy distribution 500
is observed in the gamma spectrum, from  400.
S O “S . ”» g Sp O 300. P(vﬂ) * ¢
the “nominal™ energy to the one 200.
corresponding to the max. Doppler shift 100
150 160 170 180 190 200 210 220 230 240
STOPFER __ E [keV]
BEAM { N N
WL 'R o0 n(t
S P(vo)=[.” dt S(t, va)%)

TARGET

i _-7_-"'-\- 5

- H'\-,.'r
NN

n(t) = decay function
(exp(-t/1) in "our simple case")

Monte Carlo simulations of the stopping
process allow for the determination of the
lifetime from a /line-shape analysis

(W.M.Currie, NIM 73 (1969) 173)

S(t,vg) = slowing down matrix
® = detector response function

Nowadays: full Geant4 simulations

' §
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Doppler shift techniques

Some remarks

Main systematic errors on the determination of t:
X multiple (side) feeding >"true" lifetime # effective lifetime

X nuclear de-orientation (plunger) - variation of the intensities for

different distances travelled by the emitting ion not related to the lifetime
(S.Harissopulos et al.,, NP A467 (1987) 528 and ref. therein)

uncertainties on the (nuclear) stopping powers (DSAM->10-15%)

in "special cases" a lineshape analysis is advantageous also for RDDS data
(P.Petkov et al., NIM A431 (1999) 208)

X X

Analysis of coincidence data: RDDS > A.Dewald et al., Z.Phys. A344 (1989) 163
l DSAM = EBrandolini et a/, NIM A417 (1998) 150

This is not the case when the statistics is sufficient only for singles
gamma spectra analysis!!! Ng££
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Lifetime measurements in 20/Pb

54 - s00f 79 M Uigrz oo Sis2
208Pph beam @ e sf A
6.25A MeV on = i el s
enriched 1.9 mg/cm?2- & 52
thick 190Mo target O & -
2 mg/cm?-thick Ni = 500 /X
degrader 5 5 P e se——
49 200}
< 400 625 um 800
. . 4
Beam-like reaction products detected o 300 600 N
and identified on an event-by-event L0 st L ST G N
basis in the large-acceptance §100 R 200
VAMOS++ spectrometer 1000 pm
400 ' 800 .
VAMOS ++ ! Aﬁ
300 600,
! F = . 2008, 4 et ++ +++++ 400++-H"“++++++ * ey iyt
‘ : s 100} ' R
; I 200 2000 um 400
150 300
100H 5 bt h : m i 200+++++++++m++ﬂ
50 L i
2400 5450 2500 1700 1720 1740 1760 1780
Energy [keV] Energy [ke\y
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RUNNING |

(LIMBING

ONE SIZE FITS NONE

HIKING |

> Mg Hes T Ba B
p P> B {k%@%l

(YCLING|

D%@ m"%%

|

ALL- IN-ONE

® marketoonist.com

There’s not a
nuclear model that
explains everything!

A challenge for both
theory and

nuclear
Instrumentation
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