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Some of the y-ray spectrometer 1n use today

. We have many different since which 1s the “best” depends on the *
~ experiment we would like to do (and the money we have) !
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Energy resolution

From Nal to Ge detectors

One of the first rotational bands observed
following a-induced reactions:
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Use of Ge detectors:
Breakthrough in nuclear structure physics

FWHM ~2 keV at 1.3 MeV
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v-ray spectrum of an air filter with radioactive aerosols,
whose activity stems from the atmospheric nuclear wapon
experiments between 1958 und 1963.
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Compton-suppressed Ge detectors

Background from Full-enargy
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peak-to-total ratio P/T:

area of photopeak relative to total area

LI

P/T=0.2-0.3 = 0.5-0.6

Passive shielding — throws away “bad” events !
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Compton-suppressed versus tracking array

improves P/T

Y
source
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even better P/T

higher efficiency
smaller AG = reduced Doppler

broadening i



Evolution of y-ray spectroscopy
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Angular distributions and correlations

energy

Relevant quantities for the comparison with
theoretical predictions:

Measuring y-ray

B Jr e excitation energy E energy
\Z : e spinJ angular distribution/corr.
Y J TR Qr * parity m linear polarization

e lifetime t
(transition probability)
ground state « magnetic dipole moment p
e electric multipole moment Q.




Angular distributions and correlations

tracking array
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magnetic and quadrupole moments !
A. lllana et al., Physics Review C 89, 054316 (2014)
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y-ray emission from moving ions: The Doppler effect
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Higher frequency in our experiments
means higher y-ray energy !
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y-ray emission from moving 10ns

icounts
EO = ] MeV 7000

B=0,0.01,0.05,0.10
Lab CM \V 1 _ B2 (fixed direction) * 5000
E y (O)ZE 6 = 158deg
! v 1 —_ B COS 6 3000
ﬁ is a key info. 1000 /\
900 920 940 960 980

o
1000 1020 E [keV]

B
AEcm\®  [AELL\2 B — cos O 2 Bsinby )\’
i _ a — a 2 a 2
/0 ( Ecwm ) ( Eian ) * ((1 — B3?)(1 — Bcos 91ab)) (BB)”+ (1 — [ cos 91ab) (Abiap)
d:
| Intrinsic velocity spread angular spread
energy loss in target detector opening angle
y-ray
detector

27/1/25 Andrea Jungclaus, Master 2025 10



In-beam energy resolution at relativistic energies
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Content

* Measurement of excited-state lifetimes: Doppler-shift techniques



Lifetimes of excited states in atomic nuclei
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Basic principle of all Doppler techniques
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Measurement:
Energy distribution of
the emitted y radiation

with E,L3%(3) known

if the velocity distribution
B(t) 1s known

Iy(t) — A(t) — AO : e_}\“t — AO : e_t/’t
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GAMS4 energy resolution and lifetime sensitivity

Intensity (arb. units)
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“High resolution” is very relative !
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GRID

(Gamma-Ray Induced Doppler broadening)
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Doppler-shift attenuation method (DSA)
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The lifetime of the excited state 1s compared
with the slowing-down time of the emitting
nucleus 1n the stopper

v(t) from stopping
Qer

Typical lifetime range: 1= 0.1-1.5 ps



DSA example from real life
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Fig. 2. Lineshape fits of the 2] — 0" transitions in 1161181201245 jp the spectrum
Fig. 1. Lineshape fits for the 27 — 0* transition in 11451y observed in the Ge crystals observed in the Ge detectors positioned at £65° from the experiment performed at
C ions. 106pq and 110pd.
A. Jungclaus et al., Physics Letters B 693, 110 (2011)
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Recoil Distance Doppler-shift technique (RDDS)

RDDS The intensities of the two peaks 1n the y-ray spectrum
vary as a function of the target-to-stopper distance.

All, \
E, .

t
% ’Y | stop peak flight peak
---»I E%%% E; P E,fle E,

a few um

A

Fooad

to 1 mm

target stopper Typical lifetime range: T = 1 ps -3 ns

Typical velocity range: 3 <0.1



RDDS example from real life
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Doppler-shift techniques: Some comments

RDDS DSAM Observed and non-observed indirect population of the
I excited state of interest = effective lifetime measured

|_QA_ — With radioactive 1on beams, we need to be careful not
! to stop the beam in the focus of the y-ray spectrometer.

Ay Y ~
e Ié 'ZL% N— Ié 2 One may need to identify the reaction product behind

the target =) differential plunger

Uncertainties in the description of the slowing-down

e(\,{\e\\ »\_6 E = process (1.€., in the stopping powers)

PO I RIS, -

N 6&@:\%@,‘ | B I 5 < B g Variety of different techniques available, many of
Q\\> target  degrader them based on yy coincidence information.

From individual detectors to y-ray tracking arrays ....



Doppler-shift attenuation (DSA) with tracking arrays

Two overlapping y-ray transitions:
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70

Two-dimensional spectrum, continuous angle:
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Difficult to disentangle !

Computer Physics Communications 214 (2017) 174-198

Contents lists available at ScienceDirect

Computer Physics Communications

ELSEVIER journal homepage: www.elsevier.com/locate/cpc

Overlapping lineshapes measured over a broad range
of detection angles allows for a sensitive extraction

APCAD—Analysis program for the continuous-angle DSAM*
Christian Stahl *, Jorg Leske, Marc Lettmann, Norbert Pietralla

Institut fiir Kernphysik, Technische Universitdt Darmstadt, Germany

of the individual level lifetimes.

This 1s a simulation, but ...
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DSA with the AGATA demonstrator

AGATA demonstrator

beam energy | 2;“ level lifetime Ty [fs]

+2.2 +26.6
546 MeV 524.3777% (stat) —24.8(sys)

500 MeV (523.7£2.1 (54p) i—i;:g (sys))

Christian Stahl,
PhD thesis
TU Darmstadt, 2015

1200

Figure 6.29.: Doppler-broadened lineshape of the 2;“ — 01+ transition of 12®Xe observed with
the composite target at 546 MeV beam energy (gray bars). The smooth, colored
surface represents the best fit to the data obtained with APCAD. See text for details.
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Figure 6.30.: Doppler-broadened lineshape of the 2 — 07 transition of **Xe observed with

the composite target at 546 MeV beam energy. The thick, red line shows the full
fit. The fraction of decays that stem from direct population of the 21+-state are
drawn as solid, orange line. The fraction of events stemming from population of
the 2] -state via the decay of the short-lived 3 state are drawn as orange, dashed
lines. Events connected to feeding from long-lived states are drawn as orange,
dashed-dotted line. Contaminants are drawn in gray. See text for details.




Doppler-shift techniques at relativistic energies

Experiments with radioactive beams at fragmentation facilities (RIBF, GSI/FAIR, FRIB ..

B=0.5=> v~0.15 mm/ps
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3-40 ps
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Two effects:

changing 0 behind the target
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changing [3 during flight though the target
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Doppler-shift techniques at relativistic energies

HiCARI@RIBF 2020 5
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Doppler-shift techniques at relativistic energies

HiCARI@RIBF 2020 .. S
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Doppler-shift techniques at relativistic energies

HiCARI@RIBF 2020

Position resolution of AGATA

provides unprecedented sensitivity
to excited-state lifetimes !
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Lifetimes of excited states in atomic nuclei
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Current status of measured 2, energies and lifetimes

E(2,") systematics B extracted from B(E2;27-07)

(z) #

| https://www.nndc.bnl.gov/nudat3/

Proton (Z) #

Still a lot of work to be done. And these are only the first excited 2" states !
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Quantities determined using y-ray spectroscopy

energy

v EJ¢

M,«/ T, H, QL

ground state

Relevant quantities for the comparison with
theoretical predictions:

Measuring y-ray

* excitation energy E energy
e spinl] angular distribution/corr.
* parity linear polarization
e lifetime t D
(transition probability) large variety of

* magnetic dipole moment p 8

* electric multipole moment Q; |

experimental techniques




Our playground: The chart of nuclides

TR SN
) f , 126 -
Isotopes ALL- IN-ONE
~3000 radioactive Yo
isotopes known today oo
g incognita
O : =
£ >3000 isotopes
to be discovered
ZEEN spher%cal @
nuclei ® marketoonist.com
2 2 L Neutrons A lot of recent progress on the theory side ...

New generation of radioactive beam facilities (FAIR, FRIB, RIBF Upgrade ...),
new tracking y-ray spectrometer: We will have a lot of fun in the coming years !
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