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Isomeric fission products, such as '**"Te (T}, = 164 ns) and '3"Xe (T}, = 2.95 us), are proposed
as a signature of special nuclear materials in active interrogation applications. To test this conjecture,
monoenergetic 9, 11, and 13 MeV photons from the HIy S facility are used to induce fission of 23°U, 238U,
and 2*°Pu targets. The de-excitation y rays of the isomers are measured using time-gated spectroscopy with
high-purity germanium detectors. The 13" Te and '3*"Xe isomers are detected and identified by the energy
and decay half-life of their characteristic y-ray transitions. The ratio of yields for these two signature y
rays, corresponding to 34" Te/(13¢"Xe 4136 1), is found to be strongly correlated with the identity of the
fissioning nuclei. These results show that fission-product isomers may be used in active interrogation to
detect and identify special nuclear materials, even providing information on the isotopic enrichment. The
feasibility of an active interrogation scenario using a bremsstrahlung beam is discussed.
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I. INTRODUCTION

Nuclear fission is a process in which the nucleus
becomes strongly deformed and then ruptures into two
fragments, releasing a large amount of energy. The
released energy in fission is converted mostly into kinetic
energy of the fragments [1]. The majority of the remain-
ing excitation energy will be distributed among neutrons
and y rays. The primary angular momentum of the nascent
fragments is an important observable for characterizing the
fission process, as it dictates the number of emitted neu-
trons and photons. During the final stage of the fission
process, the fission products are emitted with an aver-
age of 7 &+ 2 units of total angular momentum (combined
orbital angular momentum and spin) [2,3]. Neutron emis-
sion is expected to decrease the spin of the fragments by
on the order of one unit of angular momentum, while
y-ray emission dissipates the remaining spin of the frag-
ments [4]. The number and multipolarity of the y rays
emitted by the fragments depends on the resultant spin of
the fragment following neutron emission. The large kinetic
energy and angular momentum of the emitted fragments
suggest that the fission fragments are produced in excited
nuclear states, including isomeric states. The production
of fragments in isomeric states opens up the possibility of
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using activation techniques to measure the fission yields.
Currently, the only fission-product yield (FPY) data of
very short-lived isomeric decays exists for the spontaneous
fission of 22Cf [5,6].

In this paper, we investigate the production of '34Te
and '*°Xe via photofission of 23U, 233U, and ?*’Pu. These
products are both even-even N = 82 closed-shell nuclei
withaJ™ = 0" ground state. Both nuclei have a 61 excited
state that is sufficiently close in energy to the lowest 47
state, which, combined with nuclear structure factors, hin-
ders the decay. This configuration results in an isomeric 6
state of 71, = 164 ns for 1**"Te [7] and 2.95 us for 1**"Xe
[8]. The isomeric state decays through the 6 — 47 —
2T — 0% sequential y-ray cascade, as shown in Fig. 1.
The 2t — 0% decay produces a high-energy y ray that can
penetrate shielding materials and form the characteristic
signal of the isomeric decay. The emission of time-delayed
y rays from 3" Te post fission is predicted theoretically by
the Monte Carlo fission code CGMF [9].

These isomeric transitions may be used for active inter-
rogation of special nuclear materials. Current techniques
utilizing passive detection have difficulty discriminat-
ing between different isotopic concentrations; specifically,
between uranium isotopes. Techniques for active interro-
gation involve an incident probe, usually a photon or neu-
tron beam, and detection of particles emitted from induced
nuclear reactions that can be used to infer the target nucleus
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FIG. 1. The level diagrams for the decay of the isomeric 6"
states of '34Te and 3°Xe.

[10,11]. Of these two probes, photons are preferred over
neutrons because they induce lower radioactivity in most
materials. The characteristic signal may either be prompt
or delayed radiation. Prompt y-ray signatures include
nuclear-resonance fluorescence [12,13]. Methods based on
prompt y-ray detection typically have the challenge of
dealing with a low signal-to-background ratio, as beam-
induced backgrounds are temporally coincident with the
signal of interest. In the case of nuclear-resonance fluo-
rescence, the signal y rays are temporally coincident with
any beam photons that Compton scatter or pair produce on
atomic electrons in the materials. In addition, the nuclear
states in actinide nuclei excited via nuclear-resonance flo-
rescence have a relatively small decay width on the order
of 1050 meV [14,15]. These decay widths are 3—5 orders
of magnitude smaller than some strong resonance states in
lead isotopes, for example. These problems can be alle-
viated by observing delayed radiation, which occurs after
the incident beam pulse. Typical proposals for identifying
fissile materials involve detection of 8-delayed y rays [16—
18] and neutrons [19,20]. Beta-delayed processes occur
with a mean lifetime on the order of seconds following
fission. Interrogation of materials based on methods that
use production of the isomers studied in this work offer
an alternative to detecting B-delayed particles from fis-
sion and the possibility of developing technologies that
use dual-signature identification to reduce the rate of false
positives. Detection of a substantial fraction of the S-
delayed neutrons and y rays and measurement of their
characteristic decay curve require counting periods of sec-
onds following the incident beam pulse on the material,
while efficient detection of the isomers discussed in this
work can be achieved with a counting period 5 orders of
magnitude shorter, thus greatly enhancing the duty factor
of the probe. This feature requires the use of time-gated
spectroscopy in applications of beam-based material inter-
rogation. The short counting time scale allows for the
use of high-duty-cycle beams, resulting in a larger flux
over shorter measurement periods than applications with
data windows on the order of seconds. Also importantly,
the time scale for applying isomeric detection is compat-
ible with that used in active interrogation methods based
on prompt neutron measurements [21-23]. Prompt neu-
tron measurements are highly sensitive to the detection

of actinide nuclei but are prone to a higher false-positive
rate than using delayed neutron or y-ray detection and
have difficulty providing information on the specific iso-
tope undergoing fission. This problem might be improved
by methods that use prompt neutron detection in the pri-
mary assay and isomeric identification as the secondary
signature in cases of a positive reading by the primary
method.

For the spontaneous fission of °>Cf, the measured yields
of the 3*"Te and !*"Xe isomers are 1.26% per fission
and 0.57% per fission, respectively [5]. These yields are
comparable to the yield of delayed neutrons: 1.6% per
fission for 2**U and 0.63% per fission for 23°Pu. ENDF/B-
VIII.0 [24] provides evaluations of the independent FPY of
neutron-induced fission. The independent yield of the two
fission products **Te and '3Xe in their ground state from
neutron-induced fission of 232Th, 233233238, 239py and
spontaneous fission (sf) of 22Cf is shown in Fig. 2(a). The
ratio of the yields **Te/!3Xe is also shown in Fig. 2(b).
This ratio enables two levels of discernment: (1) the ratio
is significantly larger for the nonthermally fissile 2> Th and
2381 than for the more fissile nuclei 22*U, 2*°U, and *°Pu;
and (2) this ratio shows substantial specificity to the fission
species, thus providing a possibility of characterization of
the fissile isotopic composition of the interrogated mate-
rial. Given that the isomeric 6T state is close in spin to the
7 £ 2 units of angular momentum released by fission, the
isomeric states are likely highly populated and the discern-
ment properties of the ratio could extend to the isomeric
states as well. Note that these FPY predictions are for
neutron-induced fission at £,, = 0.5 MeV (or spontaneous
fission in the case of 2°2Cf), and are expected to be repre-
sentative of, but not identical to, the photofission-product
yields being determined in the present work, which repre-
sent a different compound nucleus at a different excitation
energy.

The 3*"Xe and '**"Te isomers can be unambiguously
identified by their unique decay time and energy signa-
ture. The production of these isomers is unique to the
fission process, and the associated 1.3 MeV de-excitation
y rays have relatively high energies compared to most
spectroscopy lines. Finally, the yield of these two isomers
will provide information on the identity of the fissioning
material.

II. EXPERIMENTAL METHOD

The experiment is conducted at the High Intensity y-
Ray Source (HIyS) [25]. HIyS produces monoenergetic
photons by Compton backscattering of free-electron laser
light. The photon beam is circularly polarized and col-
limated using a 1.905-cm-diameter Pb collimator. In the
present work, beam energies are 9, 11, and 13 MeV, with a
beam energy spread of approximately 200 keV full width
at half maximum (FWHM). The photon beam has a pulsed
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FIG. 2. ENDEF/B-VIILO evaluations for the independent FPY's
of 13*Te and !3°Xe in their ground state (a) and the ratio of
the yields (b) for different fissioning actinides. All data are for
neutron-induced fission at E, = 0.5 MeV, except for 2>2Cf, which
is from spontaneous fission.

time structure with a 179-ns period between pulses and a
pulse width of 310 ps FWHM. The incident photon flux on
target is approximately (1-4) x107y /s, depending on the
beam energy.

The targets are metal foils of 1-in. diameter and a mass
of 2.1 g of natural abundance 99.3% 28U, 1.5 g °U
enriched to 93.7%, and 0.47 g 2*°Pu enriched to 98.4%.
The de-excitation y rays are measured by three 60%
relative-efficiency coaxial high-purity germanium (HPGe)
detectors. The three detectors are positioned at the back-
ward angles of & = 135°, ¢ = 0°,90°,270° relative to the
beam axis, in order to minimize the background from
Compton scattering. To attenuate low-energy background
y rays, including 511 keV, 0.3-cm-thick copper followed
by 0.6-cm-thick lead sheets are placed in front of the detec-
tor faces, between the detector and the actinide target. In
addition, to shield the HPGe detectors from fission neu-
trons, a 2.5-cm-thick disk of high-density polyethylene is
placed on each detector face on top of the the lead disk.
The actinide targets are positioned 15 cm from the front
face of the HPGe detector. The shielding and distance con-
figurations mimic configurations that might be present in
active interrogation: the detectors are displaced by up to
3 m from the target and some intermediate shielding is
present between the target and detectors [10]. In the present
shielding situation, the signal y rays (1.3 MeV) are atten-
uated by a factor of 1.9. Background y rays, of primary
energy 511 keV, created by the photon beam, are attenu-
ated by a factor of 4.3 [26]. In this regard, the presence
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FIG. 3. The counts in a HPGe detector as a function of time

relative to the beam pulse. The burst of y rays from the beam
pulse and prompt radiation is seen at r = 0, while the steady
decay of delayed radiation is seen for # > 10 ns.

of shielding actually improves the gross detector count
rate signal-to-background ratio by a factor of 2.2 for these
isomeric transition y rays. The full peak efficiency of all
three HPGe detectors, summed together, is 0.093(3)% for
1279.1- and 1313.0-keV y rays. This efficiency is low due
to the small solid angle subtended by the HPGe detectors.

The signals from the HPGe detectors are collected and
processed by a CAEN 12-bit analog-to-digital converter
(ADC) and time-to-digital converter (TDC). In addition,
the time of the beam pick-off signal is recorded to calcu-
late the time of each detected y ray relative to the HIy S
beam pulse. The data acquisition system records the energy
and time, relative to the beam pulse, of each detected y
ray in a binary list file. The spectrum of counts relative to
the beam pulse for a HPGe detector is shown in Fig. 3.
The high prompt signal associated with the beam pulse
is clearly seen. The detector count rate is much lower
in the region between beam pulses, resulting in a higher
signal-to-background ratio.

III. ANALYSIS

As the data are accumulated using list-mode electronics,
different analysis procedures can be used. To aid in identi-
fying the isomers, two y-ray energy spectra are projected
using two separate time windows: 1682 ns and 128—162
ns after the beam pulse. The energy spectra accumulated
with these time windows are shown in Fig. 4. As expected,
the 1279.1-keV y ray decays between beam pulses. We
measure an average half-life of 143 422 ns, consistent
with the published value of 164 & 1 ns [7]. The accuracy of
the measured half-life is limited by systematic uncertain-
ties due to the HIy S beam time structure being comparable
to the half-life. An additional (77, ~ 100 ns) isomeric
state is observed at 1326.7 = 0.5 keV in all three actinide
targets. This isomer, likely produced from fission, does
not appear in the current National Nuclear Data Center
database and merits additional study.
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FIG. 4. Histograms of the measured energy spectra of the two
y rays emitted from the two isomeric transitions at different
points in time. The decay of the 13" Te isomer is observed. These
spectra are taken following the irradiation of 2*U with £, = 11
MeV photons.

The 1313.0-keV y ray from the longer-lived '3¢"Xe
shows no signs of decay during the time between beam
pulses. This is expected, since the half-life of 3¢"Xe is
substantially larger than the beam pulsing period. In the
case of 139"Xe, the signal y ray at 1313.0 keV is also
produced from the 8 decay of 3¢ and 3”1 with inten-
sities of 66% and 100%, respectively [8]. Both '*¢I and
136Xe are produced from fission in comparable amounts.
As such, it is not possible for the present experiment to
determine which fission product produces the 1313.0-keV
y ray. The present results report the yield of '3 Xe plus
the cumulative FPY of 31, i.e., the combined yields of
FPY (1*%"Xe) 4+ FPY ('*°I), where '*°I then populates the
2+ state of 1*Xe. The !3°I nucleus has a much longer half-
life of 83.4 s, and 46.9 s for the isomeric state 13*"I. With
a beam pulsing period greater than 3 us, it would be pos-
sible to disentangle the contribution from '3¢”Xe and '3°I.
134mTe does not suffer any significant contamination from
its parent nucleus, '3*Sb, which has an approximately 20
times lower FPY. Additionally, the y-ray intensity for the
1279.1-keV y ray from B decay of '3*Sb is only 1.1% [7].
The absence of '**Sb is verified by our data, where the
measured half-life is consistent with the expected value.
If 1*4Sb significantly contributed to the data, the measured
half-life would be noticeably biased toward larger values.
Lower-frequency beam pulsing would allow for improved
measurements of 7'/, for both isomers. Combined mea-
surement of the energy and half-life of the y decays allows
for unambiguous detection of the fission isomers.

After the daily conclusion of the in-beam measurements,
energy spectra of the y rays emitted by the target are taken
overnight. These spectra are examined for background in
the regions of interest, including long-lived activation of
the target. The 1313.0-keV region is free of background,
however, a small background is present at 1279.1 keV. This
background is subtracted when calculating the 3" Te yield
and only results in an approximately 3% decrease in the
total yield.

For the final measurement of the ratio **"Te/(13¢"Xe
+136 1), all events occurring in the window from 16 to 162
ns after the beam pulse are used. The yields of the two
y rays lines are extracted by fitting the background and
integrating the peak counts. Each target is measured for
between 2 and 17 h of beam time and produces between
1500 and 20 000 net counts in the regions of interest.

The ratio of yields is favored over absolute yield deter-
mination as it reduces systematic uncertainties, includ-
ing the beam flux, detector efficiency, effective target
mass, attenuation, and self-absorption. The reported ratios
are dominated by statistical uncertainties, which can be
reduced by using more beam time or a higher beam-target
luminosity. The ability to identify the actinide by the mea-
sured ratio is not sensitive to the physical attributes of
the target. The time signature of the y decay cannot be
altered by any physics mechanism. Gamma rays are highly
sensitive to attenuation effects, which is why it is highly
desirable for the energy signature of the two y rays to be
substantially close to each other. If the y rays had largely
different energies, the detection efficiency of the two y rays
could be very different and they could be attenuated dif-
ferently depending on the target geometry and shielding
configurations. The data are corrected for the difference in
HPGe detector efficiency from 1279.1 to 1313.0 keV. For
most y-ray detectors, including the ones used in the present
experiment, the detection efficiency does not noticeably
change over this small energy range and this correction is
not necessary.

The reported ratios represent the isomer yield at ¢ = 0,
immediately after the beam pulse, that is, the isomer pro-
duction yield following fission. Given the difference in
half-life of the two isomers, corrections for the counting
and decay time are made. The production and decay of the
isomers is modeled using cyclic activation analysis with
a pulsed beam [27-29] to determine a correction factor
of 1.038 for the ratio of yields. The ratios are multiplied
by this factor to give the ratio of the # = 0 isomer yield.
This correction is identical for all targets and energies and
does not change the separation between the three actinides
but only the overall normalization. For this correction, we
assess a 5% systematic uncertainty caused by the lim-
ited timing resolution of the HPGe detectors. There is an
additional £6.5% systematic uncertainty due to the uncer-
tainty on the reported half-life of 3*"Te. This gives a total
systematic uncertainty of +8.2%.

IV. RESULTS AND DISCUSSION

The ratios of the yield of the fission products
134mTe /(136mXe 4136 1) for photon-induced fission of 23°U,
2380, and 2*°Pu measured in this work at three photon-
beam energies are shown in Fig. 5. The ratio is shown to be
highly dependent on the fissioning nucleus. Furthermore,
the ratio is relatively constant for incident photons in the
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FIG. 5. The plot of the ratios of the fission yields for the

134mTe /(136mXe 4136 T) measured in this work. This ratio is com-
puted from the ratio of the yields for the 1279.1- and 1313.0-keV
y rays. The vertical error bars represent only the statistical uncer-
tainty. The systematic uncertainty (+8.2%) is identical for all
data points, as discussed in the text. The horizontal error bars
represent the beam energy spread.

(9—13)-MeV energy range, changing by less than 20% over
this energy range.

As the measured ratio does not have a strong energy
dependence, the same results could be achieved using a
bremsstrahlung beam. Given that the photofission cross
section is increasing over this energy range, the prod-
uct of the bremsstrahlung flux and cross section will
be maximized near the bremsstrahlung end-point energy,
as shown in Fig. 6 for a hypothetical 8-MeV-endpoint
bremsstrahlung beam. Although the resulting excitation
energy of the fissioning nucleus is noticeably wider than
the HIyS beam profile used in the present work, it still
shows a peak structure focused around 7.0 £ 1.0 MeV.
Nonetheless, a much broader bremsstrahlung beam can
potentially produce background from other sources, lower-
ing the signal-to-background ratio. Bremsstrahlung beams
will also induce a higher radiological dose than a monoen-
ergetic or Compton-backscattered beam [30].

The present results may be interpolated for different
enrichment levels of 2*>?%U by using the photofission
cross sections from Ref. [24], as is shown in Fig. 7. At
lower photon energies, the ratio becomes a more sen-
sitive probe of the isotopic composition of the target.
This is a desirable feature when combined with the pre-
viously discussed aspects of a bremsstrahlung-beam-based
experiment.

We now discuss the feasibility of an active inter-
rogation scheme utilizing an 8-MeV-endpoint high-flux
bremsstrahlung beam of 10'°y /s. The use of lower photon
energies will, of course, result in a lower fission count rate.
By scaling our observed count rates, detector efficiencies,

1.0 A - ¢HIyS
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FIG. 6. The relative flux of the HIy S beam at 7.5 MeV (black
curve) is shown in comparison to a bremsstrahlung beam with an
8-MeV endpoint (blue curve). The bremsstrahlung spectrum is
convoluted with the 233U photofission cross section (red curve),
to produce the excitation function of the fissioning 2>3U nucleus
(green curve).

detector solid-angle coverage, and beam flux and using the
photofission cross section [24], we can make performance
estimates for this system. We assume the same pulsing
structure of the HIy' S beam, although a pulsing period of
approximately 10 us would be optimum for measuring
the 13" Xe isomer decay and distinguishing it from other
contributions, including '3°I. We follow the recommended
maximum inspection dimensions of Ref. [10] and assume
that the detection efficiency scales linearly with the number
of detectors utilized, scaling up from the three HPGe detec-
tors used in the present work. For a small object (such as
a carry-on or suitcase), where the target is positioned 0.3
m from an array of ten HPGe detectors, this configuration
could measure the 13" Te /13" Xe ratio to 10% accuracy in

Photon energy
4449 MeV

== 11 MeV

134mTe / (136mxe + 136|)
o
©
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FIG. 7. The reported ratio interpolated as a function of enrich-

ment for a pure 233238U system. The two measured enrichment
levels are shown by the solid circle points.
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31 s per gram of material, or 3% accuracy in 344 s per
gram of material. For interrogation of an intermodal cargo
container, where the target material is located 2.6 m from
an array of 30 HPGe detectors, the proposed system could
measure the present ratio to 10% accuracy in 1 s per kilo-
gram of material, or 3% accuracy in 9 s per kilogram of
material. When considering kilogram-scale quantities, it
should be noted that bulk uranium has a 0.87-cm attenu-
ation length at 1.3 MeV [26], so the present technique will
only probe the surface to a depth of approximately 0.5 cm.
For a spherical 25-kg target material (as recommended in
Ref. [10]), this results in a measurement of only the outer
2.5 kg, reducing the sensitivity by a factor of 10. Similarly,
for a spherical 5-kg target mass, this technique would only
probe the outer approximately 0.83 kg, resulting in a reduc-
tion in sensitivity by a factor of 6. In these scenarios, the
bremsstrahlung source and y-ray detector are required to
be oriented facing the same target surface. Probing deeper
into a sample material, if needed, would likely require
neutron-based techniques. These count rates are calculated
and scaled from our experiment and the available nuclear
data. Additional considerations, such as the detector back-
ground levels, the detector dead time incurred by the use
of a high-flux beam, and the attenuation of the signal 1.3-
MeV y rays, are not included in the present calculations.
A detailed Monte Carlo study is necessary to further assess
the feasibility of the present technique.

Practical application of the present work necessitates
a discussion of backgrounds. As has already been stated,
these isomers have a unique time and energy signature,
which permits them to be distinguished from most y-
ray backgrounds. The present time window occurs after
prompt radiation but before 8 decay. In this specific time
window, induced nuclear isomeric decays are the primary
source of background. The vast majority of nuclear iso-
mers exist either due to a low excitation energy or a
large spin difference from the ground state. When using
a photon-beam probe, it is highly unlikely that the J =1
photon will populate these high-spin states. The (y,n)
and (y,p) reactions are more likely to produce iso-
meric states, which necessitates staying below the particle-
separation thresholds during practical applications. Below
these thresholds, fission becomes the only nuclear pro-
cess capable of producing high-spin isomers. Depending
on the beam repetition rate and exposure time, a buildup
of longer-lived fission products will eventually begin to
substantially increase the background y spectra of the
actinide target, as can be seen by the background levels in
Fig. 4 for the present data. In this sense, shorter irradiations
performed with higher flux are preferable.

V. CONCLUSIONS

Using pulsed and monoenergetic beams from the Hly S
facility, fissions are induced during the beam-on periods,

while decays from the '3*"Te and '3°"Xe fission-product
isomers are observed during the beam-off periods. Our
studies show that natural background radiation, activation
products, and S-decaying fission products have long decay
half-lives compared to the isomeric decays. The fast decay
time scale for these isomers allows a clean signal to be
collected quickly. These findings indicate that detection of
isomers produced in fission is a promising technique for
active interrogation of special nuclear materials. The yields
are comparable to those of B-delayed neutrons but have
multiple advantages: radiation occurs over a shorter time
period, the radiation has a monoenergetic energy spec-
trum, the decays give information about the identity of
the fissioning material, and the time scale for applications
in beam-based material interrogation is compatible with
that used in prompt-fission neutron detection. Even for -
ray detectors with poor energy resolution, such as Nal or
CeBr3, where the y-ray transitions from '3#”Te and > Xe
could overlap, their yield can still be extracted from the
time decay data. The ratio *#"Te/!36"Xe is an attractive
diagnostic in that the identity of the fissioning species may
be ascertained without any knowledge of the beam flux,
the number of fissions induced in the target, the detection
efficiency, or the attenuation factors. For practical appli-
cations, multiple forms of prompt and delayed radiation
could be detected, increasing the sensitivity and accuracy
for identifying special nuclear materials.
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