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§ Nuclear two-photon (or double-gamma) decay

§ Mass measurements of highly-charged ions in the 
Experimental Storage Ring (ESR) at GSI/FAIR 

§ First results for the two-photon decay in 72Ge and 
further experiments
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Electromagnetic decay in atomic nuclei

W. Korten - NN 2024 - August 18-23, 2024

Nuclear two-photon emission
• Second-order EM process 

• Two photons simultaneously emitted, sharing 
energy of transition 

• Observed cases to date: 

• 16O, 40Ca, 90Zr ( , ɣ-decay forbidden) 

• 137Ba ( , ɣ-decay suppressed) 

• Significantly smaller BR than competing ɣ, IC, 
and IPC branches 

• IPC generates continuum background from 
positron annihilation in-flight (PAF)

0+ → 0+

11/2− → 3/2+

2

ɣ-decay internal 
conversion (IC)

internal pair 
creation (IPC)

e−

e−

e+e+
e−

Competing Decay Channels:

Electromagnetic transitions in atomic nuclei can take place as
Ø gamma-ray emission (according to spin/parity conservation)
Ø electron emission from atomic shells (“internal conversion”)
Ø electron-positron pair creation (for DE > 1.022 MeV)
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Nuclear two-photon or double-gamma decay 

W. Korten - NN 2024 - August 18-23, 2024

Rare decay mode whereby two gamma rays are simultaneously emitted
Ø Second order quantum mechanical process proceeds through
 virtual excitation of (high-lying) intermediate states
 Branching ratio: Ggg/Gg usually << 10-4

Ø Observable when first order decays are (strongly) hindered
 ex. 0+ → 0+ E0 decay : single g-ray emission is forbidden
 virtual excitation of giant dipole resonance

Non-competitive two-photon emission
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• Passes through virtual excitation to intermediate state (often 
located in Giant resonance region) 

• EM transition susceptibility/polarizability 

• surprising result: 2M1 and 2E1 are of equal strength 

• due to structure of 0+ states

Extraction of these quantities through measurement of: 

1.  (direct or indirect) 

2. distribution of  

3. distribution of  (requires high stats to 
resolve) 

4. ɣ-polarization (requires Compton polarimetry)
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Eg1 + Eg2 = w0 = Ex(0+)



First observation with the Heidelberg-Darmstadt 
Crystal Ball spectrometer in 1984

W. Korten - NN 2024 - August 18-23, 2024 7

Heidelberg-Darmstadt Crystal Ball
162 NaI detectors ® moderate resolution
Solid angle > 98% ® very high efficiency

Crystal Ball at GSI in 2024

(p,p’) scattering on 16O, 40Ca and 90Zr
Scattered proton measures E*
g ray detection in (delayed) coincidence



First observation with the Heidelberg-Darmstadt 
Crystal Ball spectrometer in 1984
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Heidelberg-Darmstadt Crystal Ball
162 NaI detectors ® moderate resolution
Solid angle > 98% ® very high efficiency

(p,p’) scattering on 90Zr: E(02)=1.76 MeV

Positron annihilation in flight

2g decay events



Known cases of double-gamma decay 

W. Korten - NN 2024 - August 18-23, 2024

First clear observation in 1984 at MPI-K HD-DA Crystal Ball (4p NaI array)

424 J. K r a m p  et aL / 0 + -~ 0 + transi t ions  

measurement is indeed suggesting a dominance of the 2M1 decay in 4°Ca and of 
the 2El decay in 9°Zr. For ~60, on the other hand, a statistically significant discrimina- 
tion between the two solutions for aE~/g is not possible; as the average 7-energy 
is -~3 MeV the polarization sensitivity is weak and as the analysable part of the 
Compton scattering events is small the statistics of  R(thc) is poor. 

3.5. BRANCHING RATIOS 

Fig. 10 shows the sum energy spectrum for the 02 state with the additional 
conditions of IG,-G:I <~ 3 MeV and either 25°~ < 0~2 <~ 35 ° or 70°<~ 012 , which are 
used to eliminate PAF events above 4.75 MeV sum energy. The dominant peak 
occurs at 1.022 MeV and corresponds to the annihilation of the positron at rest. 
Above this peak, up to 4.5 MeV, where the suppression measures become effective, 
the region is dominated by PAF. The condition [Er , -  Er:[ ~< 3 MeV also suppresses 
contributions from the 3 ~ state by a factor of  65 since the interaction of  a single 
6.13 MeV quantum predominately results in a high energy signal and a low energy 
secondary quantum and thus does not meet the energy difference condition. The 
population of the 3~- state relative to the 0~- state is therefore ---2. 10 -6, including 
the factor of 16 from the cross-section ratio, the factor of 65 due to the analysing 
conditions and the factor of  500 from the choice of the 0 + energy selection region 
(see fig. 4b). At 6.05 MeV the 2y peak, containing 615 events within 1.5 FWHM, is 
clearly visible together with its single escape peak at 6.05-0.511 MeV. 

10 s ) .  ~ - , r - , - , , 

> 10 ~" 

o 103  

.~ 102 

8 10 

0 2 0 0 0  ~-000 6 0 0 0  
s u m  e n e r g y [ k e V ]  

Fig. 10. Gamma sum-energy spectrum for events with an effective 3' multiplicity of 2 in coincidence 
with 0~ protons and requiring IEy,-G,I~<3 MeV and either 25°<~G2<~35° or G2~>70 ° (accidental 

contribution not subtracted). 

Above the 27 peak are spurious events generated by the change coincidence of 
two inelastic events in which only one of the scattered particles is detected. These 
events have been simulated on data playback: into each regular event the y-rays of 
the next uncorrelated event were merged. These simulated events were then analyzed 
to give the random sum-energy spectrum with the same conditions as for the 27 
sum energy spectrum. The simulated random spectrum was normalized to the 

J. Schirmer et al.,  PRL 53 (1984) 1897 J. Kramp et al.,  Nucl. Phys. A474 (1987) 412

16O

40Ca
90Zr
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Non-competitive two-photon emission
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Two-photon sum energy



Two-Photon decay half lives in stable nuclei 

W. Korten - NN 2024 - August 18-23, 2024

Ggg µ w7 [a2(E1) + c2(M1) + 
              w4 a2(E2)/4752] 
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Mgg~ 30.9 ⋅10-3 fm-3



Comparison of two-photon decay half lives
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72Ge Ggg µ w7 [a2(E1) + c2(M1) + 
              w4 a2(E2)/4752] 
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For low-energy 0+ states the partial halflife becomes very long
and therefore the branching ratio becomes very small

Mgg~ 30.9 ⋅10-3 fm-3



How to “isolate” the nuclear two-photon decay 

W. Korten - NN 2024 - August 18-23, 2024

Rare decay mode whereby two gamma rays are simultaneously emitted
Ø Second order quantum mechanical process proceeds through
 virtual excitation of (higher-lying) intermediate states
Ø Observable only when first order decays are (strongly) hindered
 ex. 0+ → 0+ E0 decay : single g-ray emission is forbidden

0+

0+

g
• e+e- pairs
• internal
    conversion

0+

0+

gg

Ø Ex(0+) < 2 mec2           è no e+e- decay

Ø fully stripped ions è no ce decay

Eg1 + Eg2 = w = Ex(0+)

Two-photon decay is the only allowed 0+ → 0+ decay in stable bare nuclei
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The SIS18 + ESR experiment at GSI

W. Korten - NN 2024 - August 18-23, 2024

78Kr at ~460 A.MeV, ~109 ions/spill (every 10s)
Ø Fragmentation in a Be foil (~2 g/cm2)
Ø Br selection in the TE beam line from SIS18 to ESR 
§ high cross section for 72Ge (~10 mb)
§ good acceptance & transmission
§ limited selectivity (Br only)

14



High resolution mass measurements in a storage ring

W. Korten - NN 2024 - August 18-23, 2024

Measurement  
SMS: revolution frequency (~2 MHz) 
IMS: revolution time (~500 ns)

Very high precision
Non destructive
Slow (many seconds)

Very fast (few ms)
Good precision
Destructive method

Combined Schottky + Isochronous 
Mass Spectrometry (S+IMS) 
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First ever time-resolved Schottky plus Isochronous
Mass Spectroscopy (S+IMS) at the ESR

W. Korten - NN 2024 - August 18-23, 2024

M. S. Sanjari et al., 
Rev. Sci. Instr. 91, 083303 (2020) 

New 410 MHz Schottky cavity 
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Combined Schottky plus Isochronous
Mass Spectroscopy (ISMS)



Identification of isotopes through Schottky spectra

W. Korten - NN 2024 - August 18-23, 2024

243.07 243.08 243.09 243.1 243.11
610×

1

10

/lustre/ap/litv-exp/2021-05-00_E143_TwoPhotonDeday_ssanjari/NTCAP/iq/IQ_2021-05-08_19-51-35/0000051.iq.tdms
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Schottky Spectra

exp_data

srf124

srf125

srf126

Ø All stored nuclei can be identified by 
their characteristic revolution frequency

Ø Colour code indicates different harmonics 
of the original revolution frequency 
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Challenges of Isochronous Mass Spectrometry

W. Korten - NN 2024 - August 18-23, 2024

gt is not constant with Br,
but depends on the orbit in the ESR

g ~ 1.41

Ø need to limit Br acceptance 
Ø good mass resolution for limited Br range

18
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High-resolving power through 
limiting momentum acceptance

Advantages: non-destructive detection – enables lifetime studies
                       no restriction of acceptance 
                       single-ion sensitivity

Mass Resolving Power in Isochronous Mode



Observation of a 101 keV isomer in 72Br

W. Korten - NN 2024 - August 18-23, 2024

Combined Schottky plus Isochronous
Mass Spectroscopy (ISMS)

20
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Schottky spectrum for a single event



Outline

W. Korten - NN 2024 - August 18-23, 2024

§ The nuclear two-photon (or double-gamma) decay

§ Mass measurements of highly-charged ions in the 
Experimental Storage Ring (ESR) at GSI/FAIR 

§ Results for the two-photon decay in 72Ge and future 
experiments

21



Observation of a very short-lived isomer in 72Gem

W. Korten - NN 2024 - August 18-23, 2024 22
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D. Freire Fernandez et al., PRL 133, 022502
https://arxiv.org/abs/2312.11313
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Comparison of two-photon decay half lives

W. Korten - NN 2024 - August 18-23, 2024

72Ge Ggg µ w7 [a2(E1) + c2(M1) + 
              w4 a2(E2)/4752] 

Two-photon decay in 72Ge substantially faster than expected
Need to determine electric dipole polarizabilities a2(E1,E2,)

and magnetic dipole susceptibility c2(M1)

23

=> Mgg= 70(2) ⋅10-3 fm-3
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How to determine the nuclear matrix elements ?

W. Korten - NN 2024 - August 18-23, 2024 24

2E1 2M1
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1±
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Nuclear Resonance FluorescenceTwo-photon decay
G0 ~ B(sL; 01 ® 1±)   Ex
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0"% |𝑀 𝜎1 | 1&
± 1&

±| 𝑀(𝜎1) |0$% 	

For selected 1± states (with large branching):
-
&

0"% |𝑀 𝜎𝐿 | 𝐼&( 𝐼&(| 𝑀(𝜎𝐿) |0$%
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How to determine the nuclear matrix elements ?

W. Korten - NN 2024 - August 18-23, 2024 25

Nuclear Resonance Fluorescence

0"% |𝑀 𝜎1 | 1&
± 1&

±| 𝑀(𝜎1) |0$% 	

For selected 1± states (with large branching):

Experiment with the Clover Array at HIgS
B. Crider, A.D. Ayangeakaa, E. Peters et al.

April 2024 G0 ~ B(sL; 01 ® 1±)   Ex
2L+1

Gf  ~ B(sL; 1±  ® 02) (Ex-Ef)2L+1



How to determine the nuclear matrix elements ?

W. Korten - NN 2024 - August 18-23, 2024 26

Decay of Ip=1+ state at 3.895 MeV

s=E

s=M1+® 0gs

1+® 02
1+® 21

escape 
peak

1+® 21

1-® 0gs
?

?

Experiment with the Clover Array at HIgS
B. Crider, A.D. Ayangeakaa, E. Peters et al.

April 2024



New ESR experiments on 98Mo and 98Zr (May 2024)

W. Korten - NN 2024 - August 18-23, 2024 27
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100Mo at ~460 A.MeV, ~109 ions per spill (every 2-5s), online results 
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Summary

W. Korten - NN 2024 - August 18-23, 2024

Ø The 0+→ 0+ E0 decay to the ground state in even-mass isotopes may 
proceed via nuclear two-photon decay.

Ø The competing first-order decays (internal electron conversion or 
internal pair conversion) can be be eliminated for low-energy decays 
(<1.022 MeV) in bare nuclei. 

Ø Combined Schottky and Isochronous Mass Spectroscopy (ISMS) was 
demonstrated to measure short-lived isomers (>few ten ms) down to 
low energies of ~100 keV at A~70 ® 𝜟𝑴

𝑴
< 𝟐 𝟏𝟎+𝟔

Ø Partial halflife of the two-photon decay of the 0+ isomer in 72Ge 
T1/2=25(2) ms ® much faster than expected ® Direct search for 
double-g decay in 72Ge using (p,p’) reaction planned 

Ø Follow-up experiment on 98Mo & 98Zr performed at GSI in May 2024       
® Very promising new technique for 0+ isomer searches at FAIR
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