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The nuclear two-photon or double-gamma (2γ) decay is a second-order electromagnetic process
whereby a nucleus in an excited state emits two gamma rays simultaneously. To be able to directly measure
the 2γ decay rate in the low-energy regime below the electron-positron pair-creation threshold, we
combined the isochronous mode of a storage ring with Schottky resonant cavities. The newly developed
technique can be applied to isomers with excitation energies down to ∼100 keV and half-lives as short as
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∼10 ms. The half-life for the 2γ decay of the first-excited 0þ state in bare 72Ge ions was determined to be
23.9(6) ms, which strongly deviates from expectations.

DOI: 10.1103/PhysRevLett.133.022502

The nuclear two-photon decay or double-gamma (2γ)
involves the decay of an excited nucleus through the
simultaneous emission of two γ rays via the virtual
excitation of intermediate states, In. The partial half-life
of this decay gives access to observables such as the
(transitional) electromagnetic polarizability and suscep-
tibility, which are important ingredients in constraining
parameters of the nuclear equation of state [1], determining
the neutron skin thickness [2], and constraining the nuclear
matrix elements of the neutrinoless double-beta decay [3].
This second-order quantum-mechanical process, initially

formulated for the case of atomic transitions by Göppert-
Mayer [4,5], was later extended to nuclear transitions. The
early theoretical description utilizing second-order pertur-
bation theory [6,7] was completed by Friar et al. [8,9] and
later generalized by considering not only dipole but also
higher multipolarities by Kramp et al. [10], who derived the
total 2γ decay probability for 0þ → 0þ (E0) transitions [see
Eq. (A.42) in [10] ]:

Wγγ ¼
ω7
0

105π

�
α2E1 þ χ2M1 þ ω4

0

α2E2
4752

�
¼ ω7

0

105π
M2

γγ; ð1Þ

where ω0 denotes the energy difference between the initial
and final state, while α and χ denote the electric transition
polarizability and the magnetic transition susceptibility,
respectively. The sum of terms within the brackets is
equivalent to the squared magnitude of the cumulative
nuclear matrix element, denoted asM2

γγ . These observables
describe the difference of the electric polarizabilities and
magnetic susceptibilties between the two 0þ states and are
complementary to the standard nuclear polarizabilities and
susceptibilities, which describe the response of the nucleus
to a perturbation by electromagnetic fields, and are related
to changes of the nuclear charge distribution and currents
inside the nucleus.
All previous experiments conducted to date have

employed γ-ray spectroscopy in order to investigate the
two-photon decay, as demonstrated in the studies refer-
enced in [11–15]. However, the main challenge lies in
distinguishing the relatively small signal of the two
simultaneously emitted photons from other (direct or
indirect) photon sources, such as single-photon decay,
internal pair creation (IPC), or internal-conversion (IC)
electrons, due to the continuous energy spectrum associated
with the two-photon emission. Therefore, ideally, the
search for nuclear 2γ decays is conducted in even-even
(e–e) nuclei with a first excited 0þ state, since the emission
of a single γ ray is forbidden. In fact, the only cases where

the 2γ decay of a 0þ → 0þ transition was successfully
observed using γ-ray spectroscopy are 16O, 40Ca, and 90Zr
[10,16]. In these cases, the excited 0þ states are located at
high excitation energies and the observed branching ratios
for the 2γ decay are of the order of 10−4. The most
surprising result is that the contribution from two sub-
sequent M1 (2M1) transitions and 2E1 transitions are of a
similar strength, while naively a dominance of the 2E1
decay would be expected. This has been explained by a
strong cancellation effect in the electric-dipole transition
polarizability in these doubly magic nuclei. This cancella-
tion effect is related to the different structure of the two
0þ states, i.e., different contributions from 0p − 0h and
np − nh excitations across the closed shells [17].
Excited 0þ states at low energy are a very important

evidence for nuclear shape coexistence [18], however, their
identification is challenging since it usually requires
observation of conversion electrons. This is experimentally
much more difficult than detecting γ rays due to the strong
background from atomic electrons, abundantly produced in
nuclear reactions, or from β decay. Such states are only
known in a handful of nuclei across the whole nuclear chart
[19], among which only 72Ge and 98Mo are stable. Low-
lying 0þ states, i.e., at energies below the IPC threshold
(1.022 MeV), have been found in unstable nuclei, often
located far from the valley of stability, and thus requiring
the use of radioactive ion beams. One of the most notable
cases is 186Pb, where two excited 0þ states below 1 MeV
have been discovered and interpreted as evidence for a
unique triple shape coexistence [20]. Another notable
example is the N ¼ Z nucleus 72Kr where the existence
of an excited 0þ state has been speculated for several
decades, before it was finally seen in conversion-electron
spectroscopy [21]. In view of the experimental difficulties,
it is possible, or maybe even likely, that many more
unstable nuclei with a low-lying first excited 0þ state exist,
but have so far escaped observation. Besides their impor-
tance for a better understanding of the nuclear structure, 0þ

isomers in N ≈ Z nuclei, like 72Kr, may also play a vital
role in the nucleosynthesis since these nuclei present
waiting points in the rapid-proton capture (rp) process
[22,23] and such isomers may influence the proton-
capture rates.
Low-lying 0þ states in medium-mass e-e nuclei have

typical lifetimes in the order of a few ten to hundred ns [24]
because the E0 decay proceeds entirely via IC and therefore
is a relatively slow process [19]. However, the 2γ decay
width varies strongly with the excitation energy, see
Eq. (1), leading to extremely small branching ratios
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(< 10−6) for ω0 < 1 MeV. Until now, searches for the 2γ
emission from lower-energy 0þ states were unsuccessful,
reporting only upper limits [25]. A 2γ decay at energies
below 1 MeV was exclusively observed from the 11=2−

isomer in 137Ba using the fast-timing method [26,27]. Here,
the single-photon decay is strongly hindered due to its
highly unfavorable multipolarity (M4=E5).
Alternatively, if all bound electrons are removed the IC is

disabled [28] and therefore 0þ states can only decay by 2γ
emission to the ground state or by particle emission (α or β
decay) in unstable nuclides.
In this Letter we report the first direct measurement of

the 2γ decay of the first excited 0þ state in stored, fully
ionized 72Ge32þ nuclei. This isomer, with an excitation
energy of 691.43(4) keV [29], possesses a half-life of
444.2(8) ns in neutral atoms [30]. However, when it is fully
ionized, the partial half-life for this isolated decay can be
estimated to extend to several hundred ms, using the
average value of the previously determined Mγγ matrix
elements [10,16]. By combining the isochronous mode of a
storage ring with nondestructive single-ion-sensitive
Schottky detectors, the new experimental technique termed
combined Schottky plus isochronous mass spectrometry
(Sþ IMS), we were able to resolve the isomeric state and
measure the time evolution of the number of observed
isomers with a resolution of the order of ms. The thereby
developed method is a sensitive approach to search for
unknown excited 0þ states in exotic nuclei and for the study
of their 2γ decays.
The experiment was conducted at the Gesellschaft für

Schwerionenforschung (GSI) accelerator facility, using a
primary 78Kr beam that was accelerated to an energy of
precisely 441 MeV=nucleon (see below) using the heavy-
ion synchrotron SIS-18. After fast extraction the beam was
impinged on a 10 mm thick 9Be production target placed in
the transfer beamline towards the experimental storage ring
(ESR). Few-nucleon removal reactions at relativistic ener-
gies are known to produce low-lying isomeric states with
relatively high probability of up to 10%. The 72Ge frag-
ments emerged from the target with a mean energy of
367.9 MeV=nucleon. At this relativistic energy the 72Ge
ions were fully ionized and were transported and injected
into the ESR. No additional beam purification was neces-
sary, allowing the storage of a large number of fragments
within the acceptance of the ESR.
The stored ions revolved in the ESR with frequencies of

about 2 MHz. The revolution frequency (f), can be related
to the mass-to-charge (m=q) ratio of the ions via the
equation for storage ring mass spectrometry [31]:

Δf
f

¼ −
1

γ2t

Δðm=qÞ
m=q

þ Δv
v

�
1 −

γ2

γ2t

�
; ð2Þ

where v and γ are the velocity and the Lorentz factor of the
ions, respectively. The machine parameter γt is related to

the relative change of the orbit length, C, caused by a
relative change of magnetic rigidity, Bρ ¼ mvγ=q [32].
Here, the ESR was set to γt ≈ 1.396.

In order to measure short-lived states (T1=2 < 1 s), the
ESR was tuned in the isochronous ion-optical mode, where
the energy of the 72Ge ions was chosen to match the
condition γ ≈ γt. Hence, the term containing the velocity
spread Δv=v in Eq. (2) vanishes and the revolution
frequency is a measure of the mass-to-charge ratio
enabling isochronous mass spectrometry (IMS) [33].
Conventionally, the revolution frequencies in the IMS
are measured by foil-based time-of-flight detectors
[34,35], which, however, lead to a rapid loss of stored
particles. To enable lifetime measurements of exotic short-
lived nuclides, nondestructive highly sensitive cavity-based
resonant Schottky detectors have been continuously devel-
oped at GSI in the course of the last decade [36–38]. These
cavities react on the relativistic highly charged ions
repeatedly passing through. The latest edition, resonant
at 410 MHz [38], at about the 212th harmonic of the
revolution frequency, has been employed here for the first
time. Furthermore, a second, less-sensitive detector, reso-
nant at 245 MHz [37] was also used. The power outputs
from both detectors were amplified and fed into commer-
cial real-time spectrum analyzers (RSA), which were set to
digitize the power signal in a frequency span of �20 kHz
around the chosen central frequency with a sampling rate of
50 kHz. The central frequency was set on the revolution
frequency of 72gGe32þ. The data were processed with the
code iqtools [39] and the particle identification was realized
with the code rionid [40].
Combiningthe isochronousmodeofastorageringwith the

single-ion-sensitive Schottky detectors has been realized in
thepast [41,42],butwasneverapplied toshort-lived isotopes.
Twohigh-resolutionsettingswereachievedbyusingscrapers
to tailor the momentum distribution of the stored ions of
interest and, finally, allowing us to resolve the doublet
composed of the isomer 72mGe32þ and the ground state
72gGe32þ (see Fig. 1). The measurements on 72Ge were
performed in two separate runs, denoted as i ¼ ð1; 2Þ, which
differed slightly in the achieved resolving power. The
collected data contained (1) 102 injections (∼30 min of data
taking) and (2) 2459 injections (∼9 h of data taking).

Injections containing up to three 72mGe particles have
been recorded. Individual decay times can be determined
analogously to the single-particle decay spectroscopy
method utilized in studies of electron capture decays in
the ESR [43–45]. Alternatively, the spectra of individual
injections can be summed up. The integrated noise power
of every peak in the summed spectrum is then directly
proportional to the corresponding number of stored par-
ticles. The validity of this analysis approach has been
thoroughly tested by dedicated simulations and cross-
checked by extracting individual decay times, the details
of which will be published elsewhere.
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To determine the partial half-life of the isomer, all spectra
measured by both RSAs were adjusted in frequency by
setting the center of the 72gGe peaks to 0 Hz. Afterwards,
the spectra were summed up separately for each RSA and
data set. The resultant combined spectra of the 410 MHz
detector during setting 1 is shown in Fig. 1. The traces
corresponding to 72As32þ, 72mGe32þ, 72gGe32þ, 53Cr24þ,
63Ni28þ, and 54Cr24þ are indicated. The slight distortion at
the beginning of the measurement is due to kicker chamber
eddy currents caused by switching off the injection mag-
nets. Since it is the same for the traces of all stored ion
species, it can be corrected for, except for the second time
bin in which the shift is too fast to resolve it. We note that
the observation of this distortion became possible thanks to
the high temporal resolution of the new technique.
The decrease in intensity of the 72mGe trace with time is

evident. The peak areas for each time bin were extracted and
fitted with an exponential function, see the inset in Fig. 2.
The intensities of the stable species remained constant, thus
indicating no considerable ion losses during the measure-
ment period. The 245 MHz detector has a smaller quality
factor than the 410 MHz one, which translates into a poorer
signal-to-noise ratio and enlargement of scatter earlier in
time due to background fluctuations. The derived lifetimes
are tabulated in Table I. All values agree within the
uncertainties. The average measured half-life for the 2γ in
the rest frame is Trest

1=2 ¼ 23.9ð6Þ ms determined by using the

Lorentz factors of the 72mGe ions in the isomeric states for
each setting, γ1 ¼ 1.3957ð1Þ and γ2 ¼ 1.3954ð1Þ.
From the parameters of the exponential fits, we can

compute the initial number of isomers at t ¼ 0 s. Together
with the number of ions in the (stable) ground state we
obtain an isomeric ratio of 3.4(2)%.
The measured frequencies and precisely known mass of

72Ge32þ [46], allowed us to independently determine the
excitation energy of the isomeric state. Data from both
RSAs and for both settings (1,2) were analyzed separately.

All obtained ω0 values, see Table II, are in good agreement
with the tabulated excitation energy [29].
In Fig. 2 our new result for the 2γ decay in 72Ge is plotted

together with the previous data on other nuclei for 0þ → 0þ
2γ transitions. The solid line is an extrapolation of these
previously obtained results for higher excitation energies
and thus shorter half-lives to the low-energy region using
the scaling suggested by Eq. (1). For the case of the first
excited state in 72Ge, the measured partial half-life is
approximately 10 times shorter than suggested by the
scaling law. This implies that the sum of all contributions
in Eq. (1) (Mγγ ¼ 70ð2Þ × 10−3 fm3) is larger than the ones
obtained in previous experiments. However, without meas-
uring the angular correlation of the γ rays, as could be
done in Refs. [10,16], it is not possible to determine α2E1
and χ2M1 individually. We therefore have to rely on
shell-model calculations to estimate the M1 contribution.

FIG. 2. Measured nuclear two-photon decay half-lives, taken
from [10,16] and the present work, as a function of their
excitation energy. The solid line corresponds to the curve
obtained by considering the ratio of Wγγ and ω7

0 constant, with
the constant being the average value of the sum of squares of the
nuclear polarizabilities in Eq. (1). The vertical red dotted line is
placed at the excitation energy of the isomeric state of 72Ge. The
inset figure shows the evolution of the number of isomers in time
for each setting in each detector used.

FIG. 1. Time after injection (δt ¼ 9.22 ms per time bin) versus
revolution frequency (δf ¼ 108 Hz per frequency bin) spectro-
gram of the sum of 102 single injections (setting 1) centered on
72gGe32þ from 0 to 300 ms. The power spectral density of each
ion species is proportional to their ion number.

TABLE I. Measured lifetimes in the laboratory frame and half-
lives in the rest frame for the different data subsets (i) in each
Schottky detector. The last column corresponds to the weighted
average of the values obtained with each detector. The insert of
Fig. 2 shows the experimental data from which the decay
constants have been obtained.

Detector i τlab=ms Trest
1=2=ms T̄rest

1=2=ms

SD410 1 51.0(35) 25.4(17) 23.9(6)
2 47.7(13) 23.7(6)

SD245 1 48.1(41) 23.9(20) 22.7(11)
2 44.5(28) 22.1(14)
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The transitional magnetic-dipole susceptibility consists of a
paramagnetic and a diamagnetic term [8–10]:

χ2M1 ¼ χ2p þ χ2d þ 2χpχd ð3Þ

χp ¼ −
8π

9

X
n

h0þ1 kMðM1Þk1þn ih1þn kMðM1Þk0þ2 i
Eð1þn Þ − Eð0þ1 Þ − 1

2
½Eð0þ2 Þ − Eð0þ1 Þ�

; ð4Þ

χd ¼ −
e2

6m
h0þ1 kr2k0þ2 i: ð5Þ

Shell-model calculations using the jj44model space and
the JUN45 Hamiltonian [47], and an effective M1 operator
[47], were performed to determine the paramagnetic con-
tribution. In neighboring 74Ge the measured M1 strength
distribution up to 5 MeV is in good agreement with these
calculations [48]. Adding up the contributions from all
theoretically expected 1þ states up to an excitation energy
of7.5MeVresults inacontribution fromthemagnetic-dipole
transition susceptibility of jχpj ≈ 3.2 × 10−3 fm3. There is a
strong cancellation in the terms in Eq. (4) as a function ofEi;
if one adds just the magnitudes, the result is about four times
larger. The jj44 model space does not includeM1 strength
coming from the 0f7=2 to 0f5=2 contribution. The diamag-
netic contribution can be estimated from the known E0
matrix element [19] as jχdj ≈ 0.58 × 10−3 fm3. Therefore,
the total transitional magnetic-dipole susceptibility is
jχM1j ≈ 3.8 × 10−3 fm3, which is small compared to the
measured value of Mγγ and not too different to the values
obtained in Ref. [10] in doubly magic nuclei.
The electric transition polarizabilities for 0þ2 → 0þ1

transitions are defined by Eq. (A.24) in [10] as

αEL¼
8π

ð2Lþ1Þ2
X
n

h0þ1 kiLMðELÞkInihInkiLMðELÞk0þ2 i
EðInÞ−Eð0þ1 Þ− 1

2
½Eð0þ2 Þ−Eð0þ1 Þ�

:

ð6Þ

For the case of low-lying 0þ states, the electric-quadru-
pole transition polarizability αE2 may also become impor-
tant. By using the reduced E2 matrix elements from both
0þ states to the two lowest-lying 2þ states of 72Ge [49],
which usually exhaust more than 90% of the E2 strength,

αE2 can be estimated via Eq. (6) to be jαE2j ≈ 4749 fm5.
Therefore, the nuclear matrix element associated with 2E2
transitions amounts to

ME2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω4
0

α2E2
4752

r
≈ 0.8 × 10−3 fm3: ð7Þ

Obtaining a theoretical estimate for the electric-dipole
transition polarizability via shell-model calculations
requires including contributions from orbital transitions
related to the giant dipole resonance region that lie outside
of the jj44model space. Other theoretical approaches, such
as the quasiparticle random-phase approximation, are also
not applicable here since the two 0þ states in 72Ge are
strongly mixed [49]. A more complete set of calculations
for the 2γ matrix elements remains to be carried out.
However, in view of the theoretically expected small
contribution from the magnetic-dipole susceptibility and
from the electric-quadrupole polarizability, it can be con-
cluded that the electric-dipole transition polarizability is
largely dominating the observed increase in transition
strength. This finding is consistent with the presumed
cancellation effect of the electric-dipole transition polar-
izability in the doubly magic nuclei, which should not be as
pronounced in the midshell nucleus 72Ge.
In summary, we reported the results of the combined

Schottkyþ isochronous mass spectrometry (Sþ IMS)
applied to the direct determination of the excitation energy
and partial half-life of an isomer in the millisecond regime
with high precision. This represents a dramatic extension of
the storage-ring based nondestructive lifetime spectroscopy
to shorter-lived species as compared to previous experi-
ments with electron-cooled stored beams [50]. A mass
resolving power of 9.1 × 105 has been achieved, which
allows us to fully resolve low-lying (∼100 keV) isomers.
For the 2γ decay of the 0þ isomer in 72Ge, a partial half-life
of Trest

1=2 ¼ 23.9ð6Þ ms and an excitation energy of ω0 ¼
692.8ð19Þ keV have been determined. The obtained partial
half-life is a factor ∼10 shorter than expected from the
extrapolation of previous results based on doubly magic
16O, 40Ca, and semi-magic 90Zr, indicating that the can-
cellation effect observed in those nuclides appears not to be
present. This technique will be further developed and
applied to the study of 98mMo and 98mZr.
Further experiments using direct γ-ray spectroscopy of

the 2γ decay branch in 72Ge should elucidate the role of the
magnetic and electric-dipole terms. In view of the shorter
than expected lifetime, leading to a larger branching ratio
for the 2γ decay channel in neutral atoms, such an
experiment seems nowadays feasible utilizing high-effi-
ciency gamma-ray spectrometers.
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