
Eur. Phys. J. A          (2025) 61:158 
https://doi.org/10.1140/epja/s10050-025-01634-1

Regular Article - Experimental Physics

Decay properties of the fission isomer 236mU

P. Reiter1,a, D. Habs2, D. Schwalm3, P. G. Thirolf2

1 Institut für Kernphysik, Universität zu Köln, 50937 Köln, Germany
2 Ludwig-Maximilians-Universität München, 85748 Garching, Germany
3 Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

Received: 22 May 2025 / Accepted: 29 June 2025
© The Author(s) 2025
Communicated by Silvia Leoni

Abstract The delayed γ decay and delayed fission of the
shape isomer 236mU were measured using the Heidelberg-
Darmstadt Crystal Ball spectrometer. It is demonstrated that
the isomeric γ decay and the delayed fission represent two
competing decay channels of the same isomeric state. This
conclusion is supported by four independent observations: (i)
the measured half-lives of the delayed γ decay and delayed
fission are identical, (ii) the excitation energy of the isomer is
the same for both decay pathways, (iii) the missing energy in
the prompt energy balance is equal for both decays, and (iv)
the prompt energy spectra populating the second minimum
are in agreement. An improved statistical analysis of the γ

decay indicates that the excitation energy of the isomeric
ground state in the second minimum is 2814 ± 33 keV. The
γ back decay proceeds through several cascades involving
known 1− states of the normally deformed 236U. A direct
single-step γ transition is excluded within the experimental
sensitivity.

1 Introduction

Fission or shape isomers in the actinide region have been
extensively studied, revealing a variety of superdeformed
nuclear states with axis ratios of approximately 2:1, partic-
ularly in nuclei ranging from uranium to berkelium. These
isomeric states are generally associated with a second min-
imum in the potential energy surface of the fission barrier.
Experimentally, their most well-established decay mode is
delayed fission, corresponding to tunneling through the outer
barrier. However, the observation of γ -decay from the second
(superdeformed) minimum to the first (normally deformed)
minimum – providing direct spectroscopic access to these
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states – has remained an enduring experimental challenge.
Only in a few light actinide isotopes, such as 236U [1] and
238U [2], has this decay channel been observed.

Fission isomers were first identified by Polikanov [3],
and their existence was later explained by Strutinsky [4],
who introduced shell corrections to the macroscopic liquid-
drop model. These corrections account for deviations in the
single-particle level density as a function of nuclear deforma-
tion, leading to local minima in the potential energy surface.
Although relatively small in magnitude, these shell effects
can rival the difference between Coulomb and surface ener-
gies, stabilizing the superdeformed configurations.

The macroscopic-microscopic shell correction method
has proven highly successful in describing the formation
and properties of fission isomers [5]. Metag [6] provided
an empirical framework linking the partial half-lives of iso-
meric fission to the fissility parameter X = Z2/A, neutron
number, curvature parameters, and specialization energies,
reproducing experimental lifetimes within a factor of three.
More recent theoretical advancements have further refined
these models [7–9].

Figure 1 illustrates the typical double-humped fission bar-
rier, where the first and second minima arise from the inter-
play of the macroscopic droplet model and microscopic shell
effects. For states residing in the second minimum, both γ -
decay to the ground state and fission through the outer barrier
are quantum mechanically hindered. The associated tunnel-
ing probabilities are sensitive to the height and width of the
respective barriers, as well as to the excitation energy of the
isomeric state.

Spectroscopic studies of γ -ray transitions from superde-
formed states – particularly rotational transitions – have
enabled the extraction of moments of inertia, confirming
the presence of the second minimum on a model-dependent
basis [10]. Independent confirmation of the superdeformed
character has been achieved via measurements of quadrupole
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Fig. 1 Schematic representation of the double-humped fission barrier
for 236U, illustrating the inner and outer barrier and the superdeformed
second minimum

moments, which are consistent with a semi-axis ratio of
approximately 2:1 [11], providing direct evidence for the
classification of these states as shape isomers. In recent years,
improved experimental techniques have yielded a rich set of
spectroscopic data for both the second and third minima in
the potential energy surfaces of actinide nuclei; a compre-
hensive review can be found in Ref. [12].

The fission isomer in 236U was first discovered in the
early 1970s and has since been investigated using a variety
of reactions, including photonuclear processes, thermal neu-
tron capture, and (d,p) and (d,pn) reactions on 235U and 236U
targets [13–16]. The isomeric state 236mU has a reported half-
life of approximately 120 ns. Experimental measurements of
this half-life tend to cluster around two distinct values: one
near 70 ns and another around 120 ns. The nuclear data eval-
uation in Ref. [17] adopts the shorter value, motivated by the
interpretation in Ref. [18], which suggests that longer mea-
sured lifetimes may include contributions from higher-lying
states. Nonetheless, the majority of experimental determina-
tions favour the longer half-life near 120 ns. Early evidence
for a rotational band built upon this state was reported in
1977 by Borggreen et al. [19]. Multiple efforts were under-
taken to observe the γ -decay branch of this isomer [20,21];
however, clear identification was not achieved until the study
by Schirmer et al. [1], which provided the first unambiguous
evidence for this rare decay mode.

To investigate the extremely rare decays of shape iso-
mers via delayed emission of radiation, a novel experimental
approach was employed based on a calorimetric measure-
ment of the complete energy balance in selected nuclear reac-
tions by Schirmer et al. [1]. This was achieved using highly
efficient and sensitive charged-particle and γ -ray detectors.
The Heidelberg-Darmstadt Crystal Ball spectrometer, with
its nearly 4π solid angle coverage provided by 162 indepen-
dent NaI detectors, played a central role in enabling such
measurements. Its excellent efficiency and timing resolution

allowed for the detection not only of individual γ transitions
but also of the total energy sum of both prompt and delayed
γ -ray cascades.

Using this setup, compelling evidence was obtained for the
very rare gamma decay of the shape isomer 236mU. To further
substantiate these findings and resolve remaining open ques-
tions, an additional measurement was carried out. The goal
was to unambiguously link the observed delayed γ emis-
sion to the decay of the fission isomer 236mU. For this pur-
pose, the experimental configuration was extended by incor-
porating a dedicated fission-fragment detection system inside
the spherical shell of the Crystal Ball spectrometer. Specifi-
cally, a hemispherical array of six independent parallel-plate
avalanche counters (PPACs) was installed to detect fragments
from the alternative decay channel of 236mU via delayed
fission. This configuration enables a definitive correlation
between the observed isomeric γ decay and the decay of the
236mU shape isomer.

The structure of this paper is as follows. Section 2
describes the experimental setup and measurement proce-
dure, including subsections on calibration, efficiency deter-
minations, and data analysis techniques. Section 3 presents
the observation of the fission isomer in 236mU. The subse-
quent Sect. 4 focuses on the isomeric γ decay following
the 235U(d,p) reaction. It is divided into two parts: the first
addresses the 4− K-isomer in 236U, while the second dis-
cusses the γ decay of the shape isomer 236mU. Common
properties shared between the fission isomer and the γ decay
of the shape isomer are examined in Sect. 5. Section 6 details
the γ -decay cascades of the shape isomer 236mU. Section 7
investigates two key branching ratios associated with the dis-
tinct decay modes of the isomer. Finally, Sect. 8 offers a
summary and concluding remarks.

2 Detector setup and experiment

To study the rare decay channels of the shape isomer
236mU via delayed γ emission and fission, the Heidelberg-
Darmstadt Crystal Ball (CB) spectrometer [22] was adapted
with additional detectors installed inside its spherical array.
The CB, comprising 162 NaI detectors forming a 20 cm
thick shell (with 159 active modules in this configuration),
encloses a 50 cm diameter central chamber, achieving a 96%
4π solid angle coverage. Its granularity and timing resolu-
tion (�tCB ≈ 4.8 ns) allow precise measurement of total
energy, multiplicity, angular distributions, and timing of cas-
cade decays.

A set of six parallel plate avalanche counters (PPACs),
arranged hemispherically and spanning 30◦–87◦ relative to
the beam direction, was installed inside the CB to detect fis-
sion fragments, achieving 78% coverage per fragment pair.
PPACs, operated with isobutane at 4.8 mbar and 490 V,
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Fig. 2 Schematic of the experimental setup showing a segment of the
Crystal Ball spectrometer, six PPACs at forward angles for fission frag-
ment detection, and the annular Si detector at backward angles near the
target for light charged particles

offered ∼ 4 ns time and sub-3 mm position resolution.
A 450 mm2 annular Si surface barrier detector, positioned
6.5 mm from the target at backward angles (θ = 119◦–159◦,
�� = 23%), detected light charged particles, mainly pro-
tons, from (d,p) reactions. The detector was cooled to −15◦C
and shielded from fission fragments using a 40 µm polycar-
bonate foil and tantalum collimation (Fig. 2).

The experiment was conducted at the Max Planck Insti-
tute’s Tandem accelerator with a pulsed 11 MeV deuteron
beam (298 ns period, < 20 ns pulse width, 0.6–0.7 nA cur-
rent). The 235U target (3.5 mg/cm2, 93% enriched) was pre-
pared and mounted under inert conditions to prevent oxida-
tion, and maintained in vacuum (≤ 5 × 10−6 mbar) during
the 384-h measurement.

To suppress the dominant prompt reactions, a multi-level
trigger system was implemented. All triggers required a
prompt Si signal relative to the beam. Type 1 (prompt γ )
required a prompt Si–CB coincidence and was downscaled
32:1. Type 2 (delayed γ ) added a delayed CB hit (40–200 ns).
Type 3 (prompt fission) required a Si–CB–PPAC coincidence
within 60 ns. Type 4 (delayed fission) required a delayed
PPAC hit (45–285 ns window) following a Si–CB prompt sig-
nal. Event digitization used CAMAC electronics, with data
read by a VAX11/750 system. Trigger and detector rates were
continuously monitored (Table 1).

2.1 Calibration and efficiency measurements

Energy calibration of the NaI detectors was performed using
γ -ray sources of 152Eu, 207Bi, 88Y, and 24Na, covering ener-
gies up to 2.75 MeV. The time alignment of individual

Table 1 Count rates of detectors and trigger types of data acquisition,
data volume recorded for different event types

Detector Count rate # events

Si ring detector 8.3 kHz

PPAC (6 detectors) 1.4 kHz

Crystal ball (159 detectors) 230 kHz

All trigger 200 Hz 2.8 · 108

Type 1 Si ∧ CBpro 22 Hz 3.1 · 107

Type 2 Si ∧ CBpro ∧ CBdel 128 Hz 1.8 · 108

Type 3 Si ∧ CBpro ∧ PPAC 52 Hz 7.0 · 107

Type 4 Si ∧ CBpro ∧ PPACdel ≤ 0.002 Hz 7.9 · 105

Crystal Ball modules was verified using the prompt γ peak
(FWHM ≤ 5 ns) in the time difference between NaI and
Si detector signals, enabling discrimination between prompt
and delayed events.

The absolute γ -ray detection efficiency of the CB, includ-
ing the Si detector and six PPACs inside the sphere, was
determined from well-known cascades between 344 keV
and 2.75 MeV. Two efficiency conditions were considered:
(i) **Sum energy mode**, where energies of all triggered
modules are added to recover the total γ energy, yielding
efficiencies of 68% at 1 MeV and 55% at 2.75 MeV; (ii)
**Neighbour-add mode**, in which energies of adjacent
modules are summed if triggered simultaneously, improv-
ing the peak-to-total ratio and giving a full-energy efficiency
of 62% at 1 MeV.

The Si detector calibration accounted for energy loss in the
target and absorbers. Proton calibration was performed using
discrete lines from 16O(d,p)17O and 12C(d,p)13C reactions,
covering the full relevant energy range.

2.2 Data analysis

The recorded events are categorized into two primary datasets
according to trigger type. The first dataset includes signals
from the Si ring detector and the Crystal Ball spectrometer,
and is used to investigate the γ -decay of the shape isomer
236mU. The second dataset includes events with fission frag-
ments detected by the PPACs in coincidence with the Si ring
and CB detectors, and is used to study the delayed fission
branch of the isomer.

After calibration, the following observables from the Si
detector, PPACs, and Crystal Ball spectrometer are available
for analysis:

– EPart: Energy of the light charged particle (proton,
deuteron, triton) detected in the Si ring detector.

– tPart: Time of particle detection relative to the accelerator
reference signal.
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– tPPAC: Time of fission fragment detection relative to the
light particle detection.

– θPPAC, φPPAC: Emission angles of the fission fragment.
– Nprompt: Number of promptly responding NaI modules

in neighbour-add (na) mode.
– Ndel: Number of delayed NaI modules (na mode) within

a coincidence time window of 10 ns.
– θNaI, φNaI: Angles of the detected γ ray or neutron, used

to infer emission direction.
– Eγ : Energy of the detected γ ray.
– ESum

γ : Total energy (sum) of all detected γ rays.

Analysis of the summed γ -ray energy, ESum
γ , enables dis-

crimination between prompt and delayed emission. Prompt
energy is associated with the initial population of an isomeric
state, while delayed energy arises from isomer de-excitation.
The high time resolution of the NaI array allows this dis-
tinction using a 10 ns coincidence window for delayed γ

transitions.
Furthermore, the anode timing from the PPACs permits

separation of prompt and delayed fission events. In prompt
fission events, such as those following the 235U(d,pf) reac-
tion, the CB spectrometer registers γ -ray cascades from
excited fragments and delayed components primarily due to
neutron emission. For rare delayed fission events of 236mU,
CB data include: (i) γ rays emitted during the isomeric state’s
population, (ii) delayed γ rays from fission fragments, and
(iii) additional energy from delayed neutrons.

The excitation energy Ex of the compound nucleus in (d,p)
reactions is determined via the proton energy EProt deposited
in the Si detector:

Ex = Ed + Q − EProt − ERec, (1)

where Ed is the deuteron beam energy, Q is the reaction Q-
value, and ERec is the recoil energy. For the 235U(d,p)236mU
reaction, this equation provides a direct measure of Ex . In
other reactions, such as (d,t) or (d,pn), Ex is appropriately
corrected for Q-value differences and particle energy losses
in the target and absorbers. For neutron-emitting reactions
like (d,pn), the onset of neutron emission defines a threshold
in Ex .

A key correlation is established between the excitation
energy Ex and the de-excitation energy ESum

γ recorded by
the CB spectrometer. For prompt de-excitations, the energy
balance condition is expected:

Ex = ESum
γ . (2)

Deviations from this relation are quantified via the missing
energy:

EMiss = Ex − ESum
γ . (3)

Fig. 3 The PPAC anode time signals tP P AC are plotted against the first
delayed NaI time signal tCB of the CB spectrometer for type 4 events.
The delayed trigger window is indicated. Delayed fission signals cause
the correlated time signals from PPAC and CB detectors in the marked
diagonal region. The events that occur within the diagonal time range
are caused by delayed fission decay of the shape isomer 236mU

Isomeric states with lifetimes from a few to several hun-
dred ns appear as peaks in the EMiss spectrum at EMiss =
EIso. The resolution is influenced by undetected prompt tran-
sitions and internal conversion processes, leading to asym-
metric line shapes. If the isomer decays within the NaI time
window, the delayed γ energy ESum

del appears as a discrete
signal:

EMiss = ESum
del . (4)

For decays via alternative channels such as fission, the
delayed energy is no longer detectable, but the EMiss spec-
trum still provides access to the excitation energy of the iso-
mer.

A clear identification of the γ -decay of 236mU is achieved
through the observation of both delayed γ rays and fission
fragments corresponding to its decay branches. Agreement
in half-lives of these decay paths, along with consistency in
spectra of Ex , EMiss, ESum

γ , and individual γ lines, confirm
the isomer’s identity and decay characteristics.

3 Observation of the fission isomer in 236mU

The combined application of the Crystal Ball spectrometer,
the parallel-plate avalanche counter (PPAC) system, and the
Si ring detector has enabled one of the most detailed inves-
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Fig. 4 Angular distribution θPPAC of fission fragments for prompt and
delayed fission events across different cathode combinations. Efficiency
losses above θ > 80◦ result from increased energy loss in the target

tigations to date of delayed fission from the shape isomer
in 236mU. The experimental setup detects all relevant reac-
tion products, excluding conversion electrons. This section
demonstrates the successful registration of delayed fission
events by the PPAC system. By contrasting these with prompt
fission signatures, we validate the capability of the detection
method (utilizing the gas counters and the CB) to observe
the rare decay channel of delayed fission. The results are in
excellent agreement with prior studies on delayed fission in
this system, particularly in reproducing the excitation func-
tion. This provides a robust foundation for extracting prompt
observables that were previously inaccessible and compar-
ing them with independently measured quantities from the γ

back decay.
In the data set associated with event type 4, the require-

ment for detecting a light particle in coincidence with a fission
fragment ensures that events originate from the 235U(d,pf)
reaction. Though 235U(d,tf) reactions are possible, their sig-
nificantly lower cross sections at Ed = 11 MeV render
them negligible as background in the delayed fission chan-
nel. Notably, extensive searches for fission isomers in 234U
have thus far yielded no positive results.

The delayed fission events are revealed in a plot of the
PPAC anode time versus the time of the first delayed NaI
signal following the prompt window, attributed to γ rays
emitted from excited fission fragments. The selection criteria
required at least one NaI detector and one PPAC to deliver
prompt time signals. Delayed events (event type 4) populate
the tPPAC–tCB plane as shown in Fig. 3. The interval tPPAC =
28–278 ns defines the hardware trigger window for delayed
fission. A low-tCB band within tPPAC = 28–53 ns originates
from slowly moving prompt fission fragments that fall within
the delayed gate. At tCB > 270 ns, a secondary rise in counts
is observed, attributable to subsequent beam pulses. A further

Fig. 5 Time spectrum of delayed fission events relative to the prompt
beam pulse. An exponential fit yields a half-life t1/2 = 131 ± 31 ns.
The fit range is marked by vertical lines

population appears at tPPAC > 253 ns with tCB < 225 ns,
representing events triggered by the next beam pulse, yet
falsely appearing as delayed coincidences.

The genuine delayed fission events from the decay of the
236mU isomer form a distinct diagonal band in Fig. 3. The
clear correlation between the delayed fragment and associ-
ated γ rays, as well as the response of a prompt NaI detector,
forms the basis for further analysis. Events are selected within
�tPPAC = 68–238 ns and a 45 ns window for delayed NaI
signals. The broad time distribution arises from the extended
target and variations in energy loss of the fission fragments.
Asymmetric mass splits, studied in [23–25], exhibit maxima
at A = 96 and A = 140 with respective kinetic energies of
approximately 105 MeV and 75 MeV.

Fragment detection efficiency is affected primarily by
their kinetic energy and corresponding energy loss in the tar-
get and PPAC materials. Variations due to the emission angles
(θ , φ) and entrance foil thicknesses have a minor influence on
the time-of-flight measurement. The two-dimensional selec-
tion shown in Fig. 3 cleanly separates delayed from prompt
fission events. Therefore, no further corrections were applied
to the anode timing spectrum, particularly as only one frag-
ment per event was detected.

To verify the delayed fission signal, identical angular
and position reconstruction techniques were applied to both
prompt and delayed events. Figure 4 displays the combined
θPPAC spectra, confirming uniform coverage in the range 35◦–
80◦. The fall-off above 80◦ stems from the increasing effec-
tive target thickness.

Efficiency losses due to fragment stopping in the target
were estimated based on the known mass, charge, and energy
distributions from neutron-induced fission of 236mU [23–25].
A correction factor of εtarget = 84% was applied for solid
angle losses. The extracted half-life from the anode time
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Fig. 6 The upper panel shows the prompt sum energy spectra of the CB
(ESum

γ ) recorded for prompt fission events and delayed fission events.
For the delayed fission events the prompt time window was adapted
to the delayed fission time recorded by the fast PPAC anode signal.
The lower panel depicts the delayed sum energy of the CB (ESum

del ) for
prompt and delayed fission events. Also in this case the delayed time
window is shifted by the delayed fission time. Both spectra feature the
characteristic neutron edge at ∼ 7.5 MeV caused by neutron capture in
NaI and consecutive γ -ray emission (see text for details)

spectrum is t1/2 = 131(31) ns (Fig. 5), consistent with a sec-
ond fit from the delayed NaI time spectrum: t1/2 = 123(30)

ns. Both values are in agreement with previous measure-
ments: t1/2 = 110(50) ns [26], 105(20) ns [14], 130(15) ns
[27], 130(40) ns [15], 116(7) ns [16], 120(15) ns [19], 115(5)
ns [21], 137(18) ns [28], and 125(30) ns [1].

NaI signals coincident with delayed fission consist of three
components: prompt γ rays emitted during the isomer for-
mation, delayed γ rays from excited fission fragments, and
neutron-induced signals following fission. Figure 6 shows
that the ESum

del spectra exhibit a characteristic enhancement
above 6 MeV due to neutron capture, while ESum

γ from
prompt fission declines rapidly in this range. Equivalent spec-
tra are seen for delayed fission, though with a lower overall
intensity (∼ 10−5). The similarity in spectral shapes indi-

Fig. 7 Excitation energy spectra for prompt and delayed fission events.
The delayed fission yields appear below the fission barrier, providing
evidence for the population of a shape isomer. The upper panel shows
results from the present measurement, while the lower panel reproduces
data from Goerlach et al. [28,29]. The previous experiment determined
the double differential cross section, d2σ/d�p dEp , for the 235U(d,pf)
reaction at an incident deuteron energy of 11 MeV. For comparison, an
additional excitation function from Ref. [15] is shown as a dash-dotted
line

cates the same decay mechanisms following fission, with the
time-gated difference in ESum

del attributable to the narrower
detection window.
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Figure 7 illustrates that delayed fission occurs at lower
excitation energies (Ex = 4.3–6.8 MeV) than prompt fission
(Ex = 5.8–6.3 MeV). The maximum for delayed fission lies
at Ex = 4.5–5.3 MeV, below the fission barrier, supporting
the hypothesis of a second minimum in the potential energy
surface. The observed excitation function closely reproduces
the one of Goerlach et al. [28,29], measured under nearly
identical conditions, reinforcing the identification of delayed
fission from 236mU.

Further evidence for the isomeric decay includes the dis-
tinct low-energy structure of the prompt γ spectrum asso-
ciated with the second minimum. Whereas prompt fission
shows a broad, flat maximum at 5 MeV, the isomer’s decay
features a pronounced peak at ESum

γ ≈ 1.5–1.7 MeV and no
events above 3.5 MeV. At Ex > Bn = 6.53 MeV, neu-
tron emission competes with fission, reducing the isomer
population probability. Prompt γ multiplicities also differ,
with prompt fission yielding a broader distribution (up to six
detectors, mean value 7.6), compared to 1–4 γ rays from the
isomer region.

The missing energy EMiss, defined as the energy not
accounted for by prompt signals in Equation 3, provides a
conclusive signature for isomer population. While prompt
fission shows a structureless EMiss spectrum, the delayed fis-
sion events reveal a peak at EMiss = 2.9 MeV, corresponding
to the isomer excitation energy (Fig. 14).

In summary, the following observables confirm the detec-
tion of the shape isomer 236mU: (i) delayed PPAC–NaI timing
correlations; (ii) prompt and delayed sum energy spectra; (iii)
the measured half-life of delayed fission; (iv) the excitation
function consistent with previous results; and (v) the obser-
vation of missing energy corresponding to the isomeric state.
These findings provide compelling evidence for the delayed
fission decay of 236mU.

4 Isomeric γ decays following the 235U(d,p) reaction

Figure 8a presents a two-dimensional distribution of exci-
tation energy Ex , calculated for the 235U(d,p)236U reac-
tion, plotted against the prompt total γ -ray energy ESum

γ .
The dominant features correspond to deuteron-induced reac-
tions where the residual nuclei de-excite promptly via γ -ray
emission. Events included in this analysis are required to be
registered in the Crystal Ball (CB) detector system without
any signal in the parallel-plate avalanche counters (PPACs),
ensuring a clean selection of prompt γ emissions correlated
with charged-particle detection.

Several reaction channels can be identified in the Ex–
ESum

γ plane, demarcated by lines in Fig. 8a–c, based on their
characteristic Q values. Line (1), observed at Ex = 4.65
MeV, corresponds to elastically scattered deuterons. Due to
the high cross section of elastic scattering, this region con-

tains numerous uncorrelated γ -ray signals arising from ran-
dom coincidences in the NaI detectors, manifesting as a hor-
izontal band.

The 235U(d,p) reaction is represented by the diagonal line
(2), where the excitation energy of the residual nucleus corre-
sponds to the sum of γ -ray energies for decays to the ground
state. This reaction populates states in 236U up to Ex ≈ 6
MeV. A decline in intensity beyond this energy is attributed to
the onset of competing reaction channels, such as 235U(d,pn)
and 235U(d,pf).

A secondary diagonal structure, line (4), arises from the
238U(d,p)239U reaction, due to the presence of approximately
6% 238U in the target material. The lower Q value of 2.57
MeV for this reaction, compared to 4.32 MeV for 235U(d,p),
results in a horizontal offset of about 1.75 MeV in the excita-
tion energy. Additional reaction channels identifiable in the
4.5–7 MeV region include: 235U(d,t)234U (line (5)), inelas-
tic scattering 235U(d,d’ γ ) (line (6)), and 238U(d,t)237U (line
(7)). Reactions involving light target impurities are also
evident: 16O(d,p)17O (line (8)) and 12C(d,p)13C (line (9)),
appearing in the Ex = 8–9 MeV range. Known states in 17O
and 13C serve as calibration references for the silicon ring
detector.

At excitation energies above 6.8 MeV, contour lines
emerge due to neutron-emitting reactions such as (d,pn) and
(d,pf). Because the neutron energy is not captured in ESum

γ ,
the γ -ray sum energy no longer aligns with a diagonal corre-
lation, resulting in a broader distribution. Line (10) reflects
the neutron separation energy Sn = 6.53 MeV.

Figure 8b applies an enhanced analysis condition, requir-
ing delayed signals in one to three NaI detectors within a 40 ns
window following the prompt γ event. A new structure (line
(3)) becomes visible, corresponding to the delayed γ decay
of the well-known K π = 4− isomer in 236U at Ex = 1053
keV, which decays with a half-life of t1/2 = 101(6) ns. The
delayed analysis also enhances the contribution of 235U(d,pn)
and 235U(d,pf) reactions due to their neutron emission sig-
natures, which are detectable by the NaI array.

A further refinement, shown in Fig. 8c, restricts the
delayed detection to one or two responding NaI detectors
in a broader 40–260 ns time window. This timing condi-
tion suppresses prompt neutron signals, favoring detection
of isomeric γ decays. The isomeric cascade in 236U, gener-
ally limited to one or two γ transitions, is thus selectively
enhanced. Events from the 4− K-isomer decay continue to
appear along line (3) under this condition.

4.1 4- K-isomer in 236U

The 4− K-isomer in 236U at an excitation energy of Ex =
1053 keV exhibits a half-life of t1/2 = 101(6) ns. This well-
established isomeric decay was used to validate the perfor-
mance of the Crystal Ball spectrometer for detecting delayed
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Fig. 8 Excitation energy Ex , calculated for the 235U(d,p) reaction,
plotted against the prompt total γ -ray energy ESum

γ for three distinct
analysis conditions. Events include hits in the Crystal Ball detector,
with the additional requirement that no signal is recorded in the PPACs.
Numbered lines indicate different reaction channels, as described in the
text

γ -ray emissions. The decay scheme, adopted from Ref. [17],
involves at most two observable delayed γ transitions. Sev-
eral low-energy transitions in the range Eγ = 45–86 keV
are strongly attenuated in γ -ray detection due to high inter-
nal conversion coefficients (α = 597–105).

Three categories of γ rays can be distinguished based
on their energies. First, a direct E1 transition connects the
isomer to the 4+ member of the ground-state rotational
band. Additional transitions involve negative-parity states at

Fig. 9 Measured delayed γ -ray energy spectra associated with the
decay of the 4− K-isomer in 236U at Ex = 1053 keV, for events with
one (top) and two (bottom) delayed hits (Ndel = 1, 2) in the Crystal
Ball spectrometer

Ex = 967 keV (1−) and 988 keV (2−), which subsequently
decay to the ground state or to the first 2+ level, emitting
γ rays with energies exceeding 900 keV. These transitions
differ by only ∼20 keV and cannot be resolved individually
with the energy resolution of NaI detectors.

Figure 9a shows the delayed energy spectrum for events
with Ndel = 1, recorded in the time window �tCB = 40–
280 ns, under the condition that no PPAC signal is present
and the prompt energy balance indicates missing energy in
the range EMiss =900-1250 keV. This selection effectively
isolates isomeric decay cascades. Despite the expectation
of single high-energy transitions, additional lower-energy γ

rays are observed. These are attributed to partial cascades
in which only one transition is detected, or to transitions
with significant electron conversion. For example, when the
988 keV state decays to the 688 keV state, the large inter-
nal conversion component enhances the observed intensity
of the Eγ = 642 keV transition.

Figure 9b presents the delayed spectrum for events with
Ndel = 2, further constrained by a delayed summed γ energy
ESum

del = 650–1200 keV. A weak peak near 900 keV corre-
sponds to the 4− → 4+ transition, followed by either a low-
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energy rotational transition (4+ → 2+ with Eγ = 104 keV)
or a coincident K -shell X-ray. Other observed transitions
in Fig. 9a and b originate from the decay of the isomer
via negative-parity states of the octupole band, which has
a bandhead at Ex = 688 keV. The direct decays into the
ground-state band from these states produce unresolved γ

rays at Eγ = 688 and 642 keV. Additional transitions in
the 200–300 keV range reflect the population and decay of
intermediate levels in the octupole band.

The observed γ -ray spectra and decay characteristics of
the 4− K-isomer in 236U are in agreement with established lit-
erature values [17], confirming both the known decay scheme
and the sensitivity of the CB spectrometer for identifying iso-
meric transitions.

4.2 γ decay of the shape isomer 236mU

The high detection efficiency of the Crystal Ball spectrome-
ter enables two independent observables for the identification
of long-lived isomeric states: (i) the detection of delayed γ

decays and (ii) missing energy in the prompt energy bal-
ance. Figure 10 presents a two-dimensional correlation plot
of the missing energy EMiss versus the delayed total energy
ESum

del , based on events fulfilling the following criteria: (i)
two delayed NaI detectors trigger in coincidence within
�t = 10 ns, (ii) the number of prompt NaI detector hits is
Nprompt = 1–4, (iii) delayed NaI signals are recorded in the
time window �tCB = 40–200 ns, (iv) no delayed signals are
present in the 0–40 ns interval or after tCB > 200 ns, thereby
excluding contributions from subsequent beam pulses, (v)
the excitation energy lies within Ex = 4.3–6.8 MeV, and
(vi) no signal is recorded in the PPAC.

The condition EMiss = ESum
del selects candidate events

for isomeric γ decays. A pronounced peak is observed at
1053 keV, corresponding to the known 4− K-isomer. The
broader distribution toward higher EMiss is attributed to
incomplete detection of prompt γ rays feeding the isomer,
primarily due to internal conversion and detector inefficien-
cies.

A second distinct peak appears at EMiss = 2.8 MeV and
is attributed to the decay of the shape isomer in 236mU, pre-
viously observed in Ref. [1]. This feature is consistently
present in the projections of both EMiss and ESum

del . A sep-
arate, energy-shifted diagonal region is used for background
estimation; its projections (dash-dotted) help exclude contri-
butions not associated with isomeric decays.

A peak at EMiss = 1.75 MeV does not have a correspond-
ing structure in the ESum

del projection and is thus not assigned
to an isomeric decay. The broad band of events in this region
is interpreted as background, likely stemming from β decays
of nuclei such as 28Al, which may form via the 27Al(d,p)
reaction or neutron capture in aluminum structures. The β

decay of 28Al populates the 1778 keV state in 28Si, which

Fig. 10 Two-dimensional plot of missing prompt energy EMiss versus
delayed summed energy ESum

del . Isomeric decays are observed along the
diagonal region, where energy conservation is satisfied. The projections
of the diagonal band reveal peaks corresponding to the known 4− K-
isomer and the shape isomer in 236U at Eγ = 1053 keV and 2800 keV,
respectively. A shifted diagonal region is used to estimate background
contributions (dash-dotted lines). Notably, a peak at 1750 keV in EMiss
is absent in the ESum

del projection and is thus not attributed to an isomeric
decay

subsequently emits a γ ray. Given the 2.24-min half-life of
28Al, these decays are uncorrelated in time with beam pulses
and appear as non-isomeric background.

Additionally, a broad structure above EMiss > 3.8 MeV
is seen in both isomeric and background spectra, without
a corresponding peak in ESum

del . These events are likely due
to (d,d’), (d,d’γ ), or (d,t) reactions on 235U, consistent with
observations in Sect. 4.

To explore the multiplicity dependence of the isomeric
decay signal, the analysis was extended to events with one or
three delayed detector hits. Figure 11 presents the projections
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Fig. 11 Projections of the ESum
del –EMiss plane for delayed NaI multi-

plicities Ndel = 1, 2, and 3 onto both energy axes. A direct transition
with Ndel = 1 from the second potential minimum is not observed

for Ndel = 1, 2, and 3. The isomer signal is most prominent
for Ndel = 2, while for Ndel = 3 it appears with reduced
intensity. No significant peak is observed for Ndel = 1,
suggesting that a direct one-step γ decay from the highly
deformed second minimum to the first minimum is strongly
suppressed.

The possibility of a direct γ transition from the isomeric
state to the 2+ state in the first potential minimum, with
Ex = 45 keV, is further examined. Figure 12a presents
the ESum

del spectrum for events with Ndel = 1, in the range
ESum

del = 2400–3050 keV. The marked energy ESum
del =

2750 keV corresponds to the transition energy difference, as
inferred from cascades observed in events with Ndel = 2 and
3. The corresponding EMiss spectrum is shown in Fig. 12b.
Backgrounds are fitted with parabolic functions using two
full-width intervals on either side of the signal region. Line
widths were set according to the measured resolution.

A χ2 fit to the spectra yields integrated peak areas of
69 ± 61 counts in the ESum

del spectrum and 55 ± 64 counts
in the EMiss spectrum, both consistent with zero within sta-
tistical uncertainties. Consequently, no statistically signifi-
cant evidence is found for a direct one-step γ transition from
the isomer, and only upper limits can be established for this
decay pathway.

Fig. 12 Search for a possible direct single-step γ decay from the shape
isomer to the 2+ state in the first minimum. (a) ESum

del spectrum for
Ndel = 1, centered at 2750 keV. (b) Corresponding EMiss spectrum,
based on an assumed excitation energy of Ex = 2814 keV. No statisti-
cally significant signal is observed in either spectrum, and only upper
limits are derived

5 Common properties of the fission isomer 236mU and
the γ decay of the 2.8 MeV isomer

The γ -decay of the shape isomer in 236mU was previously
reported by Schirmer et al. [1], with the identification based
on comparisons to earlier measurements of the fission iso-
mer. The extracted half-life and excitation function agreed
with earlier data from delayed fission studies, such as those
reported by Goerlach et al. [28,29]. The extended experi-
mental configuration used in the present work allows, for the
first time, simultaneous observation of both decay modes –
γ decay and delayed fission – originating from the same
isomeric state. This enables a comprehensive comparison
encompassing not only the half-lives and excitation func-
tions, but also the missing prompt energy and the prompt γ -
ray cascades feeding the second potential minimum (II. min-
imum).

The half-life extracted from the γ -decay channel, t1/2 =
119±15 ns, is in good agreement with values obtained from
the delayed fission channel, t1/2 = 123±30 ns (from delayed
NaI timing) and t1/2 = 131 ± 31 ns (from PPAC timing).
These values are consistent within uncertainties with earlier
measurements, including t1/2 = 124 ± 40 ns from Ref. [1]
and the weighted average of t1/2 = 123±19 ns derived from
earlier delayed fission experiments.
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Fig. 13 Excitation energy spectra Ex for γ decay (left) and delayed
fission (right). Both decay modes exhibit similar population patterns of
the isomeric state

As shown in Fig. 13, the excitation energy spectra Ex for
both decay modes are in excellent agreement within statis-
tical uncertainties. A cut on excitation energy (4.3 MeV ≤
Ex ≤ 6.8 MeV) was applied to theγ -decay events to enhance
signal purity. This window encompasses 85% of delayed fis-
sion events, ensuring that the selected γ decays are repre-
sentative of the same excitation region without introducing
significant efficiency losses.

A crucial cross-check is provided by the spectrum of
the missing prompt energy EMiss, which reflects undetected
components of the prompt cascade feeding the isomeric state.
Figure 14 compares EMiss spectra for delayed fission (no
background subtraction, two-dimensional timing via tPPAC

and tCB) and background-subtracted γ decays. Both spectra
exhibit a pronounced peak at EMiss ≈ 2.9 MeV with negli-
gible contributions below 2.5 MeV. The consistency in peak
position and width between the two decay modes supports a
common origin from the same isomeric state.

It should be noted that the EMiss spectrum does not directly
yield the isomer’s excitation energy, which is independently
reconstructed from the total delayed γ energy. Shifts toward
higher EMiss are primarily due to internal conversion and
detection inefficiencies, especially in low-energy rotational
transitions. These features, observed in prior spectroscopy
studies, account for the higher-energy tail in the EMiss dis-
tribution, which remains consistent between the two decay
modes.

The presence of a shared isomeric state is further sup-
ported by the agreement in prompt γ spectra feeding the iso-
mer. If the decays originated from two distinct isomers at the
same excitation energy – e.g., a weakly populated isomer in
the normally deformed first minimum – marked differences
would arise in the prompt γ -ray spectra. Instead of the col-
lective low-energy transitions characteristic of superdefor-
mation, one would expect complex feeding from the dense
level scheme of a normally deformed nucleus. The observed
spectral features, however, clearly support a superdeformed
character consistent with the known fission isomer.

Fig. 14 Comparison of missing prompt energy EMiss for delayed fis-
sion and γ decay. Both spectra show a consistent peak at ∼2.9 MeV,
indicating a shared isomeric origin

Prompt γ spectra were analyzed using the neighbour-add
method and are categorized by multiplicity Np = 2–4 for
both decay channels, as shown in Fig. 15. Contributions at
higher multiplicities were negligible. The spectra for γ decay
(left panels) were selected using a window along the diagonal
in the EMiss–ESum

del plane, with an excitation energy cut of
4.3 ≤ Ex ≤ 6.8 MeV to ensure proper energy balance.

To ensure correct excitation to the isomeric state at E =
2.8 MeV, events with ESum

γ < 1.5 MeV or > 4.0 MeV
were excluded. While the upper threshold had no effect on
the spectra, the lower bound removes events with substantial
undetected energy. This condition applies only to γ -decay
events, explaining the absence of low-energy entries in the
Np = 1 spectrum, which peaks between 1.5 and 2.9 MeV.
At higher multiplicities (Np = 2–4), the average detected
energy is higher, and the impact of this threshold is negligible.

In both decay modes, the prompt spectra for Np = 2 dis-
play consistent features, including a dominant peak at Eγ ≈
800 keV and a secondary peak between 1200–1300 keV. For
Np = 3 and 4, the agreement is even more striking. A promi-
nent line at Eγ ≈ 800 keV and enhanced intensity between
230–350 keV appear in both data sets. Background correc-
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Fig. 15 Prompt γ -ray energy spectra feeding the isomeric state for
delayed fission and γ decay. Spectra are sorted by multiplicity Np = 2–
4 and show excellent agreement

tions, applied only to the γ -decay spectra, show no significant
contributions in these regions.

These findings confirm that the observed γ decays stem
from the shape isomer located in the second potential mini-
mum of 236U, which also undergoes delayed fission. The two
decay channels correspond to tunneling through the outer
barrier (fission) or inner barrier (γ decay to the normally
deformed first minimum). The excellent agreement in decay
lifetimes, excitation functions, missing energy distributions,
and prompt γ spectra provides strong evidence for the identi-
fication of a single isomeric state with two competing decay
paths. Moreover, the observation of two- and three-step feed-
ing cascades opens the door to detailed γ -spectroscopic stud-
ies and level correlations in the superdeformed potential well.

6 Decay cascades

Further investigations focus on decays via two- and three γ

rays. Throughout the analysis, the energy ranges ESum
del =

2.6–2.9 MeV and EMiss = 2.75–3.1 MeV define the “iso-
mer window”. Background is extracted from ESum

del = 2.6–
2.9 MeV and EMiss = 2.35–2.7 MeV, directly below the iso-
mer region on the EMiss axis. Background windows at higher
EMiss energies are unsuitable, as they may include decay
components arising from incomplete detection of prompt γ

rays, either due to cascade detection inefficiencies or tran-
sitions involving conversion electrons. Both effects, particu-
larly relevant at low γ -ray energies and in highly deformed
systems, shift EMiss values higher and will be discussed in
detail later.

Alternative background selections – such as windows at
the same EMiss but different ESum

del values – are also inappro-
priate, as the steeply falling ESum

del spectrum would misrepre-

Fig. 16 Single-energy spectrum of delayed γ decay from the shape
isomer in 236mU via two γ rays, fitted with five decay cascades. Num-
bers aside the lines refer to the five cascades of Table 2. Dominant
cascades 2 and 3 proceed through known 1− states in the first mini-
mum. The intensities of the two lines were constrained to agree within
statistical and background uncertainties. Peak widths were fixed by the
experimental energy resolution. The background (panel b) is modelled
by a fourth-order polynomial

sent the background. Moreover, symmetric or low-ESum
del win-

dows neglect the efficiency losses for delayed γ -ray detec-
tion. The adequacy of the chosen background is demonstrated
in Fig. 16b, where the Ndel = 2 single-energy spectrum
shows no peak structures. Its intensity matches that of the
isomer window spectrum (Fig. 16a) at low (Eγ < 400 keV),
high (Eγ > 2400 keV), and intermediate (Eγ ≈ 1300 keV)
energies. A fourth-order polynomial fit accurately reproduces
the background and is used in the subsequent line fitting.

The single-energy spectrum gated on the isomer window
(Fig. 16a) exhibits discrete entries corresponding to two-
step cascades, also listed in Table 2. Beyond the background
component, Gaussian fits were applied to extract the transi-
tion energies. Pairs of transitions were identified such that
their summed energy satisfied ESum

del = 2800 ± 50 keV. As
a result of the fitting, five cascades can be determined, the
energy values and intensity distributions of which are given
in Table 2. The absolute intensity of the fitting comprises
950 ± 50 decays, with an almost equally large background
component. These values are also obtained in a global evalu-
ation of the EMiss or ESum

del spectrum with 920 or 970 decays,
respectively, from which it is concluded that all decay cas-
cades are found.

In cascade 1, with Eγ = 580 keV and Eγ = 2239 keV,
the low-energy γ ray must be emitted first; otherwise, the
580 keV transition would require an intermediate state in the
first minimum, where no relevant states are known between
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Table 2 Energies and intensities of the five decay cascades according to
Fig. 16. The energy values in parentheses in lines 2 and 3 correspond to
the alternative transition energies that result from the known branching
ratios for the γ -decay transitions from the excited states to the ground
state and the first excited 2+ state, unable to be resolved with NaI energy
resolution. For further details, see the main text

Eγ 1 [keV] Eγ 2 [keV] Sum [keV] Intensity

1 580 ± 15 2239 ± 35 2819 ± 38 13.5%

2 2129 ± 25 686(642) ± 10 2815 ± 29 20.3%

3 1842 ± 15 967(920) ± 10 2809 ± 21 38.8%

4 1061 ± 45 1755 ± 50 2816 ± 67 10.3%

5 1214 ± 20 1576 ± 30 2790 ± 36 15.6%

522 and 688 keV [17]. This decay order is supported by
(γ, γ ′) measurements on 236U [30], which identified a state at
E = 2243.9 keV, consistent within experimental resolution.
This state, likely of spin 1, decays predominantly (95.7%)
to the ground state. Although no E1 or M1 assignment was
done, the absence of decay to the 2+ state suggests it is not 1+.
Similar cases, clarified through polarization measurements,
favored E1 assignments. Thus, cascade 1 likely proceeds via
a 1− state at 2243.9 keV.

In cascades 2 and 3, the low-energy transitions originate
from the decay of known 1− states at Ex = 688 keV and
Ex = 967 keV. These states decay via known branching
ratios either to the ground state or to the 2+ rotational state
at 45 keV, which is fully converted. In the fit procedure, the
energies and intensity ratios of this unresolved doublet were
fixed according to Ref. [17].

To describe the spectrum between 1000 and 1700 keV,
two additional cascades, labelled 4 and 5, were fitted. Cas-
cade 4, having the smallest branching ratio, cannot be clearly
resolved and may represent a superposition of several states.
As with cascade 1, the emission order of the γ rays is
uncertain. Cascade 4, with Eγ = 1061 ± 45 keV and
Eγ = 1755 ± 50 keV, can be interpreted either as a decay
via an intermediate state at 1807 keV, known from β decay
of 236Pa and transfer reactions on 235U, or through a state at
1110 keV, likely a 2+ state. The expected secondary transi-
tions are 1762 keV (73%) and 1807 keV (23%) in the first case
(average 1773 keV), or 1065 keV in the second. The ordering
of the transitions in cascade 4 was investigated by consider-
ing the possible decay paths of the two intermediate states
and the intensities of these decay paths. If the decay path via
the state at 1110 keV was correct, approximately 55% of its
intensity would be expected in the Ndel = 3 spectrum. How-
ever, no corresponding transitions are observed, despite suf-
ficient sensitivity to detect intensities as low as 30%. There-
fore, cascade 4 proceeds via the state at Eγ = 1807 keV,
decaying either directly to the ground state or, indistinguish-
ably, to the 2+ state at Eγ = 45 keV. As expected no signal

Fig. 17 Decay scheme of the shape isomer at Ex = 2814 ± 33 keV.
The relative intensities of the five decay cascades are shown, along
with an upper limit for a potential transition to the 45 keV state. For the
1604 keV level, only the most intense transitions are indicated

is observed in the Ndel = 3 spectrum for this intermediate
state.

A similar scenario arises in cascade 5. The intermediate
state may correspond either to a level at 1604 keV, previously
identified as a 1 or 2+ state, or to a 1271 keV level known from
the β decay of 236mPa, listed in Ref. [17] as a possible (1−,
2, 3) state. In both cases, the measured transition energies
are consistent with dominant decay paths. For the 1604 keV
state, γ rays of 1604 keV (6.9%) and 1559 keV (38%) are
observed, yielding a measured energy of 1575 keV. In the
case of the 1271 keV level, a 1225 keV transition is emitted
in 61.5% of decays, matching the observed 1214 keV line.
However, the intermediate state cannot be unambiguously
identified in the Ndel = 2 spectrum. Therefore, additional
information was extracted from the more selective Ndel = 3
data.

The individual energy spectrum for three delayed detec-
tors were obtained under the isomer conditions ESum

del = 2.6–
2.9 MeV and EMiss = 2.75–3.1 MeV, along with the
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corresponding background spectrum. Compared to previ-
ous spectra, a more restrictive analysis was applied: events
with delayed neighbouring detector responses were excluded
(anti-Compton mode), enhancing line shape quality, which
is particularly beneficial under the Ndel = 3 condition.
Unlike the Ndel = 2 case, pronounced peaks appear at
Eγ ≈ 300 keV and Eγ = 600–700 keV. To interpret
these and other features, conditions were applied to specific
transitions. In the dominant three-step cascade, the state at
967 keV, following high-energy gamma emission, decays
either directly to the ground state or, in 30% of cases, via
the 688 keV state through a 279 keV transition, similar to
cascade 2. This three-step sequence is clearly visible in the
spectrum and is confirmed by gating on the involved tran-
sitions. Two peaks are observed in each gated spectrum at
Eγ ≈ 300 keV, 660 keV, and 1850 keV, while the gating
transition itself is suppressed.

Cascade 5 was further investigated using energy spectra
gated on transitions populating intermediate levels in three-
step cascades. The results support a decay pathway through
a 1− state at 1604 keV, populated via a 1224 keV transition.
All expected transitions for this pathway are observed. Con-
versely, the alternative scenario involving a 1271 keV (2−)
state is strongly disfavored due to the absence of correspond-
ing γ rays in the spectrum gated on the 1530 keV transition.

The excitation energy of the isomer was deduced from
three cascades, using the measured transition energies and
the known energies of the intermediate states and their liter-
ature values. The resulting value is Ex = 2814 ± 33 keV,
where the uncertainty includes only contributions from feed-
ing transition energies. This value is consistent with the
energy extracted from a fit to the ESum

del spectrum, Ex =
2790 ± 20 keV, after accounting for possible energy losses
of 45 keV due to transitions to the 2+ state. The present
result is slightly higher than that reported in Ref. [1], which
determined Ex = 2750 ± 10 keV.

In summary, the observed back-decay pathways – includ-
ing the measured transition energies and the established lev-
els in the first potential minimum of 236U – allow for the
identification of five cascades accounting for the γ decay
intensity. These decays proceed through 1− or dipole states
with likely electric dipole (E1) transitions. Compared to the
findings in Ref. [1], the present results align well with known
states of 236U and can be interpreted without invoking addi-
tional intermediate levels. The data provide strong experi-
mental support for the hypothesis that the intermediate states
in these cascades are predominantly 1− states. The proposed
decay scheme is summarized in Fig. 17.

7 Branching ratios

The simultaneously measured decay paths of the shape iso-
mer allow a direct determination of the following branching
ratios. The branching ratio 
γ /
 f is directly determined
from the measured number of back-decay events, Nγ =
1300 ± 80, and delayed fission events, Nfis = 1137 ± 34.
These raw counts must be corrected for detection efficien-
cies, which are composed of several independent compo-
nents. The detection efficiency for the backscattered proton
is not relevant, as it applies equally to both decay channels
and therefore cancels out in the branching ratio. The total
detection efficiency for delayed decay must account for the
following loss factors:

– ε(ESum
del ) = 0.33±0.03: This factor arises from the analy-

sis condition in the ESum
del –EMiss plane, which requires full

energy deposition of the delayed γ cascade. Efficiency
losses associated with delayed cascades were previously
addressed in the calculation of the intensity ratios of the
back decay.

– ε(ESum
γ ) = 0.35 ± 0.01: This efficiency reflects the

requirement to detect the full sum energy of the prompt
cascade. It is derived from the delayed fission data, where
this condition is not mandatory but can be applied addi-
tionally.

– ε(Ex ) = 0.85±0.01: The requirement for the excitation
energy to lie between 4.3 and 6.8 MeV leads to a minor
efficiency loss of approximately 15%, as directly evident
from the excitation function of delayed fission.

– ε(�tγ ) = 0.40±0.01: Time-window losses are evaluated
using the crystal ball timing calibration. Deviations from
the nominal timing are below 1% across all detectors,
and corrections are guided by the known half-life of the
isomer.

For delayed fission events, the following efficiency com-
ponents must be taken into account:

- ε(PPAC) = 0.60 ± 0.04: The efficiency of the paral-
lel plate avalanche counters (PPACs) for fission fragments
is estimated to exceed 96%. The remaining loss is predomi-
nantly due to uncovered solid angle segments.

– ε(Target) = 0.84 ± 0.02: The likelihood of a fission
fragment being stopped in the target material, or slowed
to undetectability, was evaluated in Sect. 3.

– ε(Eγ ) = 0.95 ± 0.01: For detecting delayed fission, the
crystal ball must respond to both prompt and delayed
signals. Since only a single energy and time signal is
required for each cascade, the high response probability
of the NaI detectors – given the observed multiplicity
and energy distribution of the transitions – leads to only
a minor efficiency correction.
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– ε(�t f ) = 0.45 ± 0.01: The time-window efficiency
for delayed detection is determined based on the timing
response of the system.

The efficiency factors and their associated uncertainties
are determined by the decay pathways, the different detec-
tors involved, and the various measured observables. These
sources of uncertainty are considered statistically indepen-
dent. An exception arises in the delayed detection efficiency
of the Crystal Ball, which is slightly affected by the preceding
prompt cascade: prompt detections occupy some counters,
reducing those available for delayed detection. Nevertheless,
the generally low prompt and delayed multiplicities, com-
bined with the high granularity of the detector, lead to only
minimal distortions in efficiency. This effect is accounted for
by assigning a slightly reduced detection efficiency and an
increased uncertainty to the delayed detection.

The relative uncertainties for the two decay modes are
comparable and contribute to a total uncertainty in the
branching ratio of � = 12.4%. Accordingly, the branching
ratio is determined to be 
γ /
 f = 6.5 ± 0.8, in agree-
ment with previous estimates. Reported values in the lit-
erature span a broad range, including 
γ /
 f < 1.5 [20],

γ /
 f ≈ 10 [15], 
γ /
 f ≈ 6 [21], 
γ /
 f = 7 ± 2 [31],
and 
γ /
 f = 8 ± 3 [1].

The ratio of prompt fission from the (d,pf) reaction to
delayed fission from the shape isomer can be extracted
directly from the present measurement. Identical detec-
tor setups were used for both prompt and delayed fission
channels, involving detection of the backscattered proton
and the fission fragment, and both processes were trig-
gered identically. As a result, only minimal corrections are
required when evaluating the ratio. Background contribu-
tions from (d,d’f) and (d,f) reactions were effectively sup-
pressed through appropriate gating on the proton detector.
Furthermore, only events with excitation energies Ex > 5.1
MeV were included in the analysis. For delayed fission, the
detection efficiencies ε(Eγ ) and ε(�t f ) were incorporated
to account for differences in detection probabilities between
prompt and delayed channels.

The ratio of proton-induced delayed to prompt fission is
thus �σ(d, p fdel)/�σ(d, p f ) = (4.9 ± 0.2) · 10−5 which
is comparable to the ratio (5.9 ± 1.8) · 10−5 from a previous
measurement [28].

8 Discussion and conclusion

The combined use of the Crystal Ball spectrometer, the
parallel-plate avalanche counter (PPAC) system, and charged-
particle detector has enabled the most detailed study to date
of the fission isomer 236mU. All relevant reaction products,
except conversion electrons, were detected with high effi-

ciency, allowing the two decay branches – γ back-decay and
delayed fission – to be observed independently and with high
selectivity.

In the case of the gamma decay branch, the selective
population and clean identification of the 236U nucleus via
the 235U(d,p)236U reaction were achieved through carefully
chosen analysis conditions. Background contributions were
effectively suppressed using two powerful analysis tools: (i)
the two-dimensional plane of excitation energy Ex versus
the prompt total gamma energy ESum

γ , and (ii) the plane of
missing energy EMiss versus the delayed total gamma energy
ESum

del .
The delayed fission branch was confirmed by direct com-

parison with prompt fission events from the 235U(d,pf) reac-
tion. The detection scheme – based on the coincidence of
fission fragment detection in PPACs with γ -ray calorime-
try in the Crystal Ball – allowed to identify this exceedingly
rare decay mode. The results are consistent with previous
measurements of delayed fission from 236mU, in particular
reproducing the excitation function with high accuracy.

Several observables related to the population and decay
of the shape isomer 236mU, which were not accessible in
earlier experiments, have now been extracted. These were
independently compared for both the γ decay and the delayed
fission branches. As a result, compelling evidence is provided
that both decay paths originate from the same isomeric state:

1. The half-lives of the gamma decay and delayed fission
branches are identical within experimental uncertainty.

2. The excitation energy distributions for both decay modes
exhibit the same characteristics.

3. The missing prompt energy EMiss is identical and inde-
pendent of the decay mode.

4. The gamma-ray energy spectra associated with the pop-
ulation of the second potential minimum are consistent
for both decay paths.

The γ -decay branch, investigated here with improved sta-
tistical accuracy, yielded following results:

1. The excitation energy of the isomeric ground state in the
second potential minimum is determined to be 2814 ±
33 keV.

2. The decay proceeds through five distinct cascades via
known 1− states of the normally deformed 236U.

3. A single-step gamma decay of 236mU into the first excited
2+ state at Ex = 45 keV is excluded, with an upper limit
established.

The comparison with the previous results of Schirmer
et al. [1] reveals overall very good agreement and supports
the earlier conclusions. The decay of the shape isomer pro-
ceeds via an intermediate state in normally deformed 236U.

123



  158 Page 16 of 17 Eur. Phys. J. A           (2025) 61:158 

The improved statistics and new spectroscopic data on 236U
enable the identification of all intermediate states involved in
the decay path. These states correspond to known low-spin
levels, and are, with some probability, also 1− states. The
strongest decay branches proceed through the first and sec-
ond 1− states, consistent across both the present and earlier
experiments.

With respect to the excitation energy, the new data yield
a value of 2814 ± 33 keV, which is 60 keV higher than the
value reported by [1]. This excitation energy was determined
in a similar manner, by fitting transition energies using peaks
of known width.

The B(E1) transition probabilities and an upper limit for
a B(E2) value associated with decays from the shape iso-
mer 236mU to known states in 236U have been determined.
Branching ratios for the decay of a 0+ level are included in
the analysis. Details of the γ decay branches are illustrated in
the decay scheme presented in Fig. 17, while the branching
ratio for delayed fission is discussed in Sec. 7. Additionally,
an upper limit of < 10% for a potential α-decay branch from
the shape isomer has been adopted, based on the findings of
Ref. [1].

For the two transitions identified in cascades 2 and 3
(see Table 2), which populate the 1− states at 688 keV
and 967 keV, B(E1) values of 6.58 × 10−11 e2fm2 and
1.71 × 10−10 e2fm2 were obtained, respectively. These
values are consistent with the range reported in Ref. [1],
which found B(E1) strengths between 3.16 × 10−11 and
3.16 × 10−10 e2fm2.

Furthermore, an improved upper limit has been estab-
lished for the possible direct E2 transition to the first excited
2+ state. The B(E2) value for the 0+ → 2+ transition is con-
strained to B(E2) < 6.76 × 10−7 e2fm4, which is approx-
imately a factor of three lower than the previously reported
limit of B(E2) < 2.0 × 10−6 e2fm4 from Ref. [1].

The missing single-step γ decay of 236mU can be com-
pared to a previous γ decay measurement of the shape iso-
mer 238mU [2]. In that case, two γ transitions were observed:
the dominant one at Eγ = 2514 keV, with a cross section of
σ = 90 ± 25 μb, was attributed to a direct transition from
the second minimum to the 2+ rotational state at 45 keV in
the first minimum. A second transition at Eγ = 1879 keV,
with σ = 40 ± 20 μb, corresponds to a cascade similar to
that observed in the present experiment, which feeds a 1−
state at 688 keV in 236U.

While the Crystal Ball’s high efficiency and excellent tim-
ing resolution made it uniquely suited to detect such rare
decay processes, its limited energy resolution – typical for
NaI detectors – poses a challenge for precise γ spectroscopy.
This is particularly problematic for actinide nuclei, where
excited states are closely spaced in energy. Future investiga-
tions will benefit from high-purity germanium (HPGe) detec-
tor arrays, which offer dramatically improved energy reso-

lution. Although this would enhance sensitivity by approx-
imately a factor of 50, it comes at the cost of significantly
reduced photopeak efficiency. Even the most efficient HPGe
arrays achieve only about 10% efficiency, which reduces the
probability of detecting all γ transitions with their full ener-
gies for prompt and delayed cascades by a factor of ∼ 1300
compared to NaI-based systems.

Additional limitations of HPGe detectors, such as inferior
timing resolution and susceptibility to neutron-induced dam-
age, present further challenges. A promising intermediate
solution is the use of LaBr3(Ce) scintillation detectors. These
materials offer superior energy resolution (3–4% FWHM at
662 keV), high photoelectron yields, and improved detection
efficiencies compared to NaI, making them well-suited for
future studies of isomeric decay in heavy nuclei.

In summary, the refined investigation of the shape iso-
mer 236mU stays of significant interest for two principal rea-
sons. First, the number of known shape isomers that de-
excite from the second to the first potential minimum via γ

decay remains extremely limited. Such isomers are expected
in light actinide nuclei, particularly in the thorium and ura-
nium regions, where γ decay can more effectively compete
with delayed fission. This scenario is further complicated
by the scarcity of suitable target-projectile combinations in
this mass region that can populate states near or just below
the fission barrier with appreciable cross sections. Moreover,
the typically small branching ratios for γ decay relative to
prompt fission, combined with the dominant population of
states in the first minimum, impose substantial experimental
challenges.

Second, the 236U shape isomer provides a rare opportunity
to test modern theoretical approaches describing the transi-
tion between superdeformed and normal-deformed nuclear
configurations. Theoretical frameworks that have success-
fully described the decay of superdeformed high-spin states
to normal-deformed configurations in nuclei such as 152Dy
and 194Hg could potentially be extended to this low-spin,
low-energy regime. For a comprehensive review of the pop-
ulation andγ decay of superdeformed nuclei, see Ref. [32]. In
those cases, the superdeformed states couple weakly to one
or more nearby normal-deformed states via small normal-
deformed admixtures in their wave functions and quantum
tunneling through the separating barrier allows the γ decay
with huge hindrance factors.

In contrast, the excitation energy of 236mU lies lower than
in most cases of the A ∼ 150 and A ∼ 190 regions, and
the decay occurs at very low spins – presumably even at the
ground state of the second minimum. It is therefore com-
pelling to investigate how the outcome of these calculations
compare with the experimental results of several direct tran-
sitions with tiny B(E1) values depopulating the shape isomer
236mU.
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