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Nuclear two-photon or double-gamma decay 

W. Korten – G-PAC44 – 28/08/2020

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 hindered

ex. 0+ → 0+ E0 decay : single g-ray emission is forbidden

First clear observation in 1985 using the HD-DA Crystal Ball (NaI array)
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Ø Ex(0+) < 2 mec2           è no e+e- decay

Ø fully stripped ions è no ce decay

Eg1 + Eg2 = w= Ex(0+)

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



Proposed two-gamma decay experiment
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Novel technique to search for the 2g decay at low excitation energies
è no competing decay modes in bare nuclei
è unique to access low-lying 0+ isomers in nuclei far from stability

Ø Measurement of 0+ isomer decay in 72Ge and isomer search in 70Se
Ø Possible through unique capabilities of the SIS+ESR facility
Ø Very promising new development for isomer searches at FAIR

Beam time allocation:
460 MeV/u 78Kr ~109 p/spill
6 shifts for commissioning ISMS at the ESR 
3+3 shifts for data taking on 72Ge & 70Se

Ø Experimental challenge : short lifetimes as compared to cooling times
è Isochronous Schottky Mass Spectrometry (ISMS) 
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The proposed SIS + ESR experiment
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78Kr (460 A.MeV), ~109/spill
Ø Fragmentation in the SIS-ESR beam line

in a Be “stripper” foil (~2 g/cm2)
Ì high cross section for 72Ge (~10mb)

large acceptance & transmission
è ~20 ions per spill in the isomer (500 total)



Isomer detection with Isochronous Mass 
Spectrometry at storage rings
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Fig. 2. (Color online.) Mass distribution for A = 133 isobars relative to the 133Sb
ground state from the final data evaluation. The isomeric state in 133Sb with an
excitation energy E∗ = 4560(100) keV is clearly resolved from the corresponding
ground state. Note that the 133Sn events were observed with charge state q = 50.

tractive characteristic of our analysis, however, is that any new ref-
erence mass can be easily added to recalibrate the entire dataset.
In the present analysis, the new results from the Penning-trap
measurements [24] have been used for calibration, in addition to
those listed in Ref. [18]. Consequently, the typical mass uncertainty
has been decreased to about 100 keV. Except for the different cali-
brations, the data analysis is the same as that described in detail in
Ref. [18]. The excitation energy of the 133Sb isomeric state is thus
determined to be 4560(100) keV, which agrees well with the esti-
mate of 4526 < E∗ < 4546 keV in Ref. [11]. As a consistency check,
the 15 counts of fully ionized 133Sn (see Fig. 2) provide a mass dif-
ference between 133Sn and 133gSb of 8130(100) keV, which is in
good agreement with the literature value of 8096(34) keV [25,4].

In the IMS technique, presently most of the stored ions are lost
in the ring during the 1 ms measurement. This can be understood
as mainly arising from the non-radioactive losses, in particular the
energy-loss and charge-exchange processes during multiple pas-
sages through the detector foil at each turn and the interaction
with the residual gas atoms in the ring. The disappearance of ions
can be quantified by measuring the “survival time” between the in-
jection into the ESR and the time stamp of the last passage through
the detector.

No evidence for β− decay or isomeric transitions was observed
in the time range of the present measurement. This is not sur-
prising, though, considering that the recording time is much less
than the half-lives of the radionuclides investigated, at least for
the ground-state decays.

The distribution of the survival times in the ring for both
ground and isomeric states in 133Sb are displayed in Fig. 3. An
exponential-like decay is observed, and we fitted the ground-state
distribution with the equation:

"N(t)
"t

= N0 · λloss · e− λlosst, (1)

where N0 is the number of ions at the time of injection (t = 0)
and the decay constant λloss depends on both the radioactive and
non-radioactive losses of ions in the ring. The least-squares fitted
value of λloss = 0.0073(6) µs− 1 corresponds to a mean survival
time of 137(11) µs in the laboratory frame, or a survival half-
life of Tloss = 68(6) µs in the rest frame (using the Lorentz factor
of 1.41) which is much less than nuclear-decay half-life of 2.5(1) m
[25]. Therefore, Tloss = 68 µs should be related solely to the non-
radioactive loss process in the ring rather than the real nuclear
decay.

Fig. 3. Survival-time distributions in the ESR for the fully-ionized ground state and
isomeric state in 133Sb. The solid line shows a fit to the ground-state data with an
exponential decay function. The bin width in the histogram is 30 µs.

Fig. 4. (Color online.) Level scheme of 133Sb above 4 MeV. Excited levels and γ tran-
sitions are labeled with energies given in keV. The levels and transitions below the
isomer are from Refs. [11,13].

Considering now the 5 measured ions in the isomeric state, the
survival-times range up to 220 µs (in the laboratory frame) follow-
ing the initial 50 µs used for identification. The mean survival time
is 118 µs, yielding a survival half-life in the centre-of-mass frame
of 58+47

− 18 µs (1σ ) [26]. This is in agreement with the 68(6) µs ob-
tained for the ground state, and there is no evidence for nuclear
decay of the isomeric state during the observation period in the
storage ring. This result is pivotal in establishing experimentally
the existence of the Iπ = 21/2+ isomer, as distinct from the high-
est known level of Iπ = 17/2+ to which it has been assumed to
decay, guided by shell-model predictions.

As already pointed out, direct gamma radiation from the as-
sumed Iπ = 21/2+ isomer has not been observed in other ex-
periments, and the limit placed on the decay energy is less than
20 keV [11]. The possibility is now addressed that the isomeric
state might in fact be the Iπ = 17/2+ , 4526 keV state itself [8]
(see Fig. 4). That state is known [13] to decay by about 98% to
the 15/2+ level via a 62 keV M1 transition [8,11] with a total
electron-conversion coefficient of αT = 2.5 [27], and 2% to the
15/2− level via a 166 keV E1 transition. If these transitions were
to account for the neutral-atom half-life of 17 µs, then the corre-
sponding bare-ion half-life would be Tnuclear = 56 µs. To estimate
the center-of-mass survival half-life T for the isomer in the ESR,
this should be combined with the Tloss = 68(6) µs survival half-life
via T = 1/(1/Tnuclear + 1/Tloss), thus yielding an expected overall
survival half-life of 31(1) µs. This is not consistent with the mea-
sured isomer survival half-life of 58+47

− 18 µs (1σ ). Furthermore, the
survival half-life at the 2σ confidence level is 58+495

− 27 [26] enabling
the above hypothesis to be rejected. Consequently, there is another

B. H. Sun et al., Phys. Lett. B688 (2010) 294
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X. Xu et al., Phys. Rev. C100 (2019) 051303(R)

CSRe (2018)
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FIG. 1: (color online) (a) Part of the revolution time spectrum zoomed in a time window of 668 ns ≤ t ≤ 672ns. The nuclides with well-known
masses that were used in mass calibration as calibrants are in black color. The nuclides whose masses were determined in this work are
indicated with red color. The determination of the masses of the remaining isotopes (blue color) is outside of the scope of the present paper.
(b) (c) show the well-resolved peaks of the ground and isomeric states of 101In and 95Pd, respectively. The label ’x’ represent the new isomers
and the ’m’ is known one. The red line in (c) is the results from two Gaussian chi-squares fitting.

TABLE I: Mass excess (ME) values of 101In, 95Pd and related isomers obtained in the present work and corresponding ones from the re-
cent atomic mass evaluation AME2016 [AME2016]. The extrapolated values are marked with label ’ #’. The ME difference between the
experimental results and literature ones are given in the seventh column.

Atom Counts σT (ps) Jπ MECSRe (keV) MEAME16 (keV) ∆ME (keV) E∗
CSRe (keV) E∗

AME16 (keV)

101In 95 0.54 9/2+# −68550(13)(3) −68610(200)# 60(200) 0 0
101xIn 7 0.54 1/2−# −67891(48)(3) −68060(220)# 169(225) 659(50) 500(100)#
95Pd 525 0.52 9/2+# −69984(5)(3) −69966(3) −18(7) 0 0
95xPd 38 0.52 1/2−# −69192(19)(3) - - 792(20) -
95mPd 283 0.54 (21/2+) −68108(8)(3) −68091(3) −17(9) 1876(18) 1875.13(14)

For nuclide 101In, there is no mass measurement for the
ground state. A low-lying 1/2− isomer was predicted to be
exist with half-life comparable to the ground state. The level
structure of 101In was studied by β -decay of 101Sn [kavatsyuk
epja] and fusion-evaporation reaction 50Cr(58Ni, 3p4n)101In
[8]. Neither of experiments observed the 1/2− isomer. The
excitation energy of the newly identified isomer in present

work, 659(50) keV, agree quite well with extrapolation of
AME2016 [AME2016] and shell model calculations [[kavat-
syuk epja]]. A spin and parity of (1/2−) was tentatively as-
signed for it.

For nuclide 95Pd, its level structure was well studied by
40Ca(58Ni, 2p3n)95Pd fusion-evaporation reaction. The high-
spin level scheme was well established and a (21/2+) spin-

E⇤ = 659(50) keV
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Required Mass Resolving Power 
for A=72 & E*=691 keV

72Ge isomer will be well separated with the new Schottky detector
Lifetime will be determined by the disappearance of the isomer peak
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Requirements and challenges of the experiment
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Optimise injection of fragments from TE target into ESR
è Beam diagnosis (Profilgitter and Leuchttarget)
è Control momentum distribution on injection (scrapers)

Isochronous mode of the ESR needs to be fully (re)established
è Schottky detectors allow keeping isochronicity for many turns
è Required mass resolving power m/Dm > 200000 should be achievable
è Single ion mode if isomeric ratio is (too) unfavourable

No changes in ESR needed before and after E143
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