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a b s t r a c t

The beta-delayed gamma-ray spectra from the fission of 235U, 238U, and 239Pu by thermal and near-

14-MeV neutrons have been measured for delay times ranging from 1 min to 14 h. Spectra at all delay

times contain sets of prominent gamma-ray lines with intensity ratios that identify the fissile material

and distinguish between fission induced by low-energy or high-energy neutrons.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear fission produces a complex spectrum of beta-delayed
gamma rays from decay of the many different fission products. In
spite of the complexity, differences in the fission-product gamma-
ray emission spectra for different fissionable isotopes allow the
identification of the fissionable material without chemical
separation of the fission products. Other differences in the spectra
provide information about the incident neutron energy.

Previous work in this area has focused on the detection
of hidden fissile material [1] or the isotopic composition of
fissionable samples [2,3]. In both cases, the irradiation time
(by neutrons or gamma rays), the delay time, and the counting
time can be controlled. Sudden, possibly unexpected fission
events such as a nuclear explosion, a pulsed reactor, or the
exposure of fissile material to a burst of neutrons produce an
immediate source of fission-product gamma rays. Gamma-ray
spectroscopy following these events can determine the amount of
fission from different fissionable isotopes and information about
the energy spectrum of the neutrons that induced fission, without
the need for sample recovery. However, this type of analysis
requires appropriate sets of diagnostic gamma-ray lines that span
a broad range of delay times at which spectra might be obtained.

We have measured time-dependent fission-product gamma-
ray spectra from roughly 1 min to 14 h after a single exposure of
ll rights reserved.
fissile samples to a neutron beam. Here we report the identifica-
tion of gamma-ray line pairs and groups that are prominent at
different times in the gamma-ray spectrum from unseparated
fission products, and are sensitive to the fissile material or,
separately, the incident neutron energy. The present work will
be particularly valuable for the remote analysis of high-altitude
nuclear explosions from which debris samples cannot be
collected.
2. Experimental method

Samples of 0.19 g 235U, 7.74 g 238U, and 0.57 g 239Pu were
irradiated with neutrons produced from a deuteron beam incident
on a thick beryllium target at the 88-in. cyclotron at Lawrence
Berkeley National Laboratory. For one set of measurements a
16-MeV, 3.3-mA deuteron beam was used to produce neutrons
which were thermalized in steel and polyethylene surrounding
the beryllium production target. For a second set of measure-
ments a 33-MeV, 1.0-mA deuteron beam was used to produce a
neutron energy distribution centered at 14 MeV. The steel and
polyethylene were removed, and the fissionable samples were
placed immediately behind the beryllium neutron-production
target. For the 14-MeV irradiations, the samples were covered
with 1 mm of cadmium to exclude thermal neutrons.

All of the samples were in metallic form. The 239Pu was sealed
in a small polyethylene vial that was centered in a larger
polyethylene vial 1.9-cm diameter by 4.4-cm long. The uranium
foils were covered with approximately 130 mm of scotch tape and
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placed in other polyethylene vials of the same larger size. All
fission fragments were stopped within the metallic foils or tape.

Each sample was exposed to neutrons for 5 min for thermal
neutrons and 1 min for 14-MeV neutrons. Approximately 108

fissions were produced in each sample. The samples were
removed immediately after exposure and counted with germa-
nium gamma-ray detectors for a long sequence of time intervals
beginning approximately 1 min after the end of neutron irradia-
tion. Polyethylene (2.5 cm thick) and lead (3.2 mm thick) were
placed between each sample and detector to absorb beta-decay
electrons and attenuate low-energy gamma rays. The distance of
the samples from the detectors ranged from roughly 5 to 50 cm
and was adjusted for each sample so that dead time and pileup
corrections were not significant.

Four different germanium detectors that ranged from approxi-
mately 100 to 300 cm3 were used. The energy-dependent
efficiency for each of the detectors (with the polyethylene
and lead absorbers) was determined with standard calibrated
sources. The measured gamma-ray intensity ratios were corrected
for detector efficiency variation. One line ratio required a 4%
correction, and all of the other corrections were less than 2%.
Gamma-ray spectra were recorded from each of the samples
before irradiation in order to identify background lines from the
natural radioactivity present in the samples.

2.1. Neutron energy distribution

Gold-foil activation measurements showed that the thermal-
neutron flux was at least 100-fold greater than the fast neutron
flux for the thermal-neutron measurements. In addition, the
thermal-neutron fission cross-sections for 235U and 239Pu are
roughly 500 times greater than the fast-neutron fission cross-
sections. Hence fast-neutron fission made a negligible contribu-
tion to the thermal-neutron data.

Previous measurements of neutron energy spectra for deuteron
beams of various energies on thick targets imply that a deuteron
energy of 33-MeV produces a broad neutron energy distribution
centered at roughly 14 MeV [4–6]. This was corroborated by the
Table 1
Gamma-ray line pairs and multiplets that are sensitive to fissile material

Energy band (keV) Time bin

5–8 m 18–33 m 1–1.

520–560

970–1140 89Rbð1032Þ
132Sbð974Þ

89Rbð1032Þ
138Csð1010Þ

89Rb
138C

101Mo(1013)

1250–1390

1670–1770 138Xeð1768Þ
104Tcð1677Þ

2190–2220 89Rbð2196Þ
138Csð2218Þ

89Rb
88Kr

138C

2390–2400 88Kr
142La

2540–2560

Gamma rays are identified by parent isotope and energy (keV), and are grouped by ene

line to that of a gamma ray below the dashed line in each group is larger in 235U fissio
activation measurements of foils at our sample location that have
different activation thresholds.
2.2. Time bins

Following irradiation, spectra were recorded for 10 1-min time
bins, followed by 15 3-min time bins, followed by a variable number
of 10-min time bins. This enabled the observation of all significant
spectral changes with time scales ranging from minutes to a few
days. To simplify the analysis and reporting of the measurements,
we combined the experimental data into six larger time bins:
5–8 m, 18–33 m, 1–1.5 h, 2.5–3.5 h, 5–7 h, and 10–14 h after fission
as measured from the midpoint of the irradiation period. These time
bins are long enough to obtain good statistical precision, and they
span the full time range of our data set. Most importantly,
examination of the complete data set confirms that these time
bins capture all of the time-dependent features in the fission-
product spectra so that our selection of diagnostic gamma-ray lines
leaves no gaps in temporal coverage. In what follows, we report
experimental line ratios for these six time intervals; however, a
different choice of time intervals would yield similar results and the
same conclusions. The actual starting times for the counting
intervals differed by up to 9% from the nominal values due to
variations in transporting the samples. Small corrections were made
for these variations as described below.
2.3. Line pair selection

We examined the fission-product gamma-ray spectra at various
times after fission and identified sets of prominent lines with
diagnostic value. We selected line pairs and multiplets with
intensity ratios that differ significantly between 235U and 239Pu
fission but are relatively insensitive to neutron energy. Conversely,
we selected other line pairs that are very sensitive to neutron
energy but relatively insensitive to the fissioning isotope. Distin-
guishing between 238U and 239Pu fission is difficult because the
fission-product distributions are very similar for neutron-induced
5 h 2.5–3.5 h 5–7 h 10–14 h

91Srð556Þ
133Ið530Þ

91Srð556Þ
133Ið530Þ

ð1032Þ

sð1010Þ

91Srð1024Þ
138Csð1010Þ

91Srð1024Þ
135Ið1039Þ

91Srð1024Þ
135Ið1039Þ

134I(1073) 135I(1132) 135I(1132)

92Srð1384Þ
135Ið1260Þ

92Srð1384Þ
135Ið1260Þ

92Srð1384Þ
135Ið1260Þ

(2196)

ð2196Þ

sð2218Þ

ð2392Þ

ð2398Þ

88Krð2392Þ
142Lað2398Þ

88Krð2392Þ
142Lað2398Þ

87Krð2555Þ
142Lað2543Þ

rgy band and time bin. The ratio of the intensity of a gamma ray above the dashed

n than in 239Pu fission.
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fission. We identified only two gamma-ray lines (both from 132I
decay) with a large intensity difference between 238U and 239Pu.
Since 238U is not fissionable by thermal neutrons,
we measured its fission-product gamma-ray spectrum only at
14 MeV.

All of the selected gamma-ray lines meet several requirements.
The contribution of unresolved lines to the observed intensity
of the selected lines is either insignificant or small and easily
corrected for. (The exception is a few cases for which a doublet
of two strong unresolved lines was intentionally selected as
the primary ‘‘line.’’) Each of the selected gamma-ray lines was
validated by searching the Table of Radioactive Isotopes [7] for
other lines of similar energy, by comparing the measured intensity
and decay rate to database values, and (where possible) by
comparing the measured intensity to that of other lines from the
same isotope. Background levels and the presence of significant
unresolved lines preclude the use of some gamma-ray lines that
would otherwise be favorable based on their sensitivity to fissile
material or neutron energy. Line pairs were also selected to be
close in energy in order to minimize the energy-dependent
corrections for absorption and detector efficiency in an actual
diagnostic measurement. Gamma rays below 500-keV energy
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Fig. 1. Spectral regions near 1000 keV for each of the time bins showing line pairs that a

thermal neutrons. The vertical scales apply to the 235U spectra. The 239Pu spectra have
were avoided because of the complexity of the spectra and high
background levels at lower energies.
3. Fissile material identification

3.1. 235U– 239Pu fission split

Yields of fission products near mass number 90 differ
significantly for 235U and 239Pu fission, and they are relatively
insensitive to neutron energy. When compared to gamma rays
from other mass chains, several gamma-ray lines from these
fission products or their daughters provide identification of the
fissile material. For mixed materials, these line ratios provide a
measure of the fission split between 235U and 239Pu.

Table 1 lists gamma-ray line pairs or multiplets that we have
identified as sensitive to fissile material for the different time
ranges studied here. Although there are other lines that could
have been included, the selected lines are of good quality and span
the full time range of interest. The measured spectra contain many
gamma-ray lines that are relatively insensitive to fissionable
isotope and could be used to form ratios with the isotope-
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sensitive lines. We have selected a few of these lines that are
particularly attractive for inclusion in Table 1. For all of the lines
listed in Table 1, we searched the Table of Radioactive Isotopes [7]
for other lines that might be unresolved and unrecognized in our
measured spectra—we found none that would make a significant
contribution for the time intervals listed in Table 1.

From the gamma-ray lines listed in Table 1 we selected one line
pair from each time bin for more detailed analysis. Plots of
spectral segments containing these lines are shown in Fig. 1.
Spectra for thermal-neutron fission of both 235U and 239Pu are
shown. Decay of the fission products and their daughters causes
the intensity of each gamma ray to vary with time so that different
gamma-ray lines are prominent at different times after fission.
This is illustrated in Fig. 2, which plots the expected time
dependence of the gamma-ray lines identified in Fig. 1. The ratio
of the intensity of either of the isotope-sensitive lines, 89Rb(1032)
or 91Sr(1024), to the intensity of one of the reference lines
provides a measure of the fission split between 235U and 239Pu.
The 132Sb(974) and 138Cs(1010) lines contain contributions from
both the ground and the metastable states of these isotopes, and
both the ground and the metastable state were included in the
calculated time dependence.
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Fig. 2. Theoretical time dependence of the indicated gamma-ray intensities for

thermal-neutron fission of 235U. Gamma rays that are more intense in 235U fission

than 239Pu fission are shown as solid curves. Reference gamma rays are shown as

dashed curves. Bars indicate the time bins used for integration. Top: early time,

bottom: late time.
The expected time-dependent intensity of each of the selected
gamma-ray lines was calculated by numerical integration using
the independent fission-product yields tabulated by England and
Rider [8] in combination with the half lives [7] and gamma-ray
branching ratios [7]. We refer to these as the ‘‘theoretical’’
intensities. They were integrated over the selected time intervals
for comparison to our measurements. The measured gamma-ray
intensities were obtained from least-squares fits to the time-
integrated spectra. They are used in the present work only as
intensity ratios. Hence absolute intensity measurements were not
required.

As can be appreciated from Fig. 1, identification of a fission
event as either pure 235U or pure 239Pu would be obvious from
visual comparison of relative gamma-ray intensities such as those
shown. However, an accurate determination of the 235U–239Pu
fission split for a mixed source requires a more careful treatment
of weak incompletely resolved background lines. We examined
the tabulated data for possible unresolved lines, calculated the
decay curves for lines of concern, identified contributions of more
than 5% of the primary line intensity in each time bin of interest,
and made corrections as described below. The time-dependent
contributions of the two most important incompletely resolved
lines near the 138Cs(1010) line are plotted in Fig. 3. and illustrate
the time varying contribution of background lines. Because of the
spacing of the 138Cs, 142La, and 101Mo lines near 1010 keV, these
lines were fitted as three separate peaks in our spectra.

All of the selected gamma rays yielded good-quality peak fits
consistent with the absence of unrecognized lines. As a further
check for the presence of unresolved and unrecognized lines, we
fitted all of the peaks for which measured intensity ratios are
reported over multiple shorter time intervals and compared
the observed decay rate to the theoretical time dependence. We
also compared the measured peak intensities to those of other
lines from the same isotope where possible and obtained relative
intensities consistent with tabulated gamma-ray intensities [7].

Measured line ratios for both thermal-neutron and 14-MeV-
neutron fission are compared with the theoretical values in
Table 2. In all cases there is good agreement between the
measured and theoretical line ratios. As can be seen, the line
ratios are less sensitive to neutron energy than fissile isotope and
allow identification of the fissile material as 235U or 239Pu even
with no information about the neutron energy spectrum. (The one
exception is the 89Rb(1032)/132Sb(974) ratio for 239Pu fission in
the 5–8-m time bin, which increases by a factor of 2.6 from
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Fig. 3. Time dependence of incompletely resolved gamma-ray lines near 1010 keV.
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Table 2
Intensity ratios in the 970–1140-keV energy band for each time bin

Time bin Line pair Fission isotope Intensity ratio

Thermal expt Thermal theory Fission spectrum theory 14-MeV expt 14-MeV theory

5–8 m 89Rb(1032) 235U 0.6670.07 0.522 0.384 0.7470.14 0.839
132Sb(974) 239Pu 0.2870.05 0.188 0.255 0.7370.15 0.726

18–33 m 89Rb(1032) 235U 2.3070.14 2.25 2.08 2.7270.15 2.86
138Cs(1010) 239Pu 0.8770.04 0.876 0.887 1.4370.05 1.62

1–1.5 h 89Rb(1032) 235U 0.4370.03 0.419 0.393 0.5170.05 0.591
138Cs(1010) 239Pu 0.1770.02 0.169 0.177 0.2270.02 0.378

2.5–3.5 h 91Sr(1024) 235U 1.1570.14 1.09 1.07 1.2870.14 1.48
138Cs(1010) 239Pu 0.3770.05 0.521 0.547 0.7570.05 0.911

5–7 h 91Sr(1024) 235U 3.2170.46 3.23 3.15 3.3870.41 3.97
135I(1039) 239Pu 1.5970.16 1.31 1.43 2.2270.14 1.95

10–14 h 91Sr(1024) 235U 4.7170.67 3.91 3.82 No 4.81
135I(1039) 239Pu 1.7470.13 1.59 1.74 Data 2.36

One ratio is shown for each time bin. Measured values for both thermal and 14-MeV neutron fission are compared to the theoretical values. Values for 235U and 239Pu are

shown in the first and second rows, respectively, in each time bin.

Table 3
Gamma-ray lines that distinguish between 238U and 239Pu fission. Gamma rays are

identified by parent isotope and energy (keV), and are grouped by energy band and

time bin

Energy band (keV) Time bin

1–1.5 h 2.5–3.5 h 5–7 h

640–680 132Ið668Þ
142Lað641Þ

132Ið668Þ
142Lað641Þ

132Ið668Þ
142Lað641Þ

134I(677) 97Nb(658) 97Nb(658)
134I(677)

760–850 132Ið773Þ
134Teð767Þ

132Ið773Þ
134Teð767Þ

132Ið773Þ
134Teð767Þ

134I(767) 134I(767) 134I(767)
134I(847) 134I(847) 134I(847)

The 132I gamma rays are much stronger for 239Pu than 238U fission relative to the

gamma rays listed below the dashed lines.
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thermal to 14-MeV neutron energy and is nearly the same as the
235U value at 14 MeV.) For the case of a mixture of 235U and 239Pu
fission and an unknown neutron energy spectrum, the accuracy of
the measured fission split can be improved with corrections based
on the fraction of high-energy neutrons as determined from
energy-sensitive line pairs. The theoretical gamma-ray line ratios
for fission-spectrum neutrons are also included in Table 2. We did
not obtain data for fission-spectrum neutrons; however, the
theoretical line ratios are so close to those for thermal neutrons
that the difference can be neglected for the purpose of identifying
fissile material.

Although we did not obtain data beyond 14 h, the
91Sr(1024)/135I(1039) line ratio will clearly be useful well beyond
that time because of the persistence of these lines. These lines
may be the most valuable because of the long time interval during
which they are prominent, the absence of significant background
lines, and their sensitivity to fissionable isotope.

The values for the measured line ratios have been adjusted to
the nominal time intervals and corrected for buildup and decay
during the irradiation interval using the tabulated independent
yields and decay rates of the isotopes in each mass chain. This
allows the measured line ratios to be directly compared with the
theoretical values. Most of the adjustments are less than 1% and
the largest is 24%. The theoretical contributions of possible
unresolved lines were calculated in the same manner as the
theoretical intensity of the primary lines. The measured peak
intensities were then corrected for any (theoretical) unresolved-
line contributions greater than 5%. The largest correction was for
the 89Rb(1032) line from 239Pu fission in the 1–1.5 h time bin,
where a correction of 17% was applied for thermal neutrons and
25% for 14-MeV neutrons due to expected contributions from
129Sb and 133mTe. Most of the other peaks required no correction
for unresolved lines. The cumulative yield of some fission
products is affected by beta-delayed neutron emission. However,
based on the tabulated independent yields [8] and radioactive
decay data [7], the net effect of beta-delayed neutron emission on
the intensity of all of the gamma-ray lines studied in the present
work is less than 10% and has been neglected. The listed
experimental uncertainties are the statistical errors from the
least-squares fitting of the gamma-ray peaks.
3.2. 238U fission

Fission of 238U is difficult to distinguish from 239Pu fission
because the mass distributions of the fission products are very
similar for neutron-induced fission. Since 238U is not fissionable
by thermal neutrons, we measured 238U fission-product gamma-
ray spectra only for 14-MeV neutrons. We identified two
prominent gamma-ray lines, 132I(668) and 132I(773), whose
intensities are markedly different for 238U and 239Pu (or 235U)
fission. Selected reference gamma-ray lines are listed with the 132I
lines in Table 3 along with the time intervals for which the
intensity ratios are useful.

As illustrated in Fig. 4, unresolved gamma-ray lines from 134Te
and 134I at 767 keV provide good reference lines for comparison to
the 132I(773) line. The 134I(847) line is stronger than the blended
134Te(767) and 134I(767) lines at all times, but it is farther away
in energy from the 132I(773) line. Hence it is more sensitive
to differential absorption and variation in detector efficiency.
Nearby lines from 142La(641), 97Nb(658), and 134I(677) provide
good reference lines for the 132I(668) line. We did not obtain
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Table 4
Intensity ratios for 132I(773)/[134Te(767)+134I(767)]

Time bin Gamma-ray lines Fission isotope Intensity ratio

14-MeV expt 14-MeV theory

1–1.5 h 132Ið773Þ
134Teð767Þ þ 134Ið767Þ

238U 0.05270.010 0.079
235U 0.1470.03 0.484
239Pu 0.5070.05 1.45

2.5–3.5 h 132Ið773Þ
134Teð767Þ þ 134Ið767Þ

238U 0.2570.03 0.315
235U 0.6170.08 1.42
239Pu 2.0470.10 3.86

5–7 h 132Ið773Þ
134Teð767Þ þ 134Ið767Þ

238U No data 3.28
235U 4.0070.69 9.36
239Pu 8.5570.83 20.4

Measured values for 14-MeV neutron fission are compared to the theoretical

values for 238U, 235U, and 239Pu.

Table 5
Intensity ratios for 132I(773)/134I(847)

Time bin Gamma-ray lines Fission isotope Intensity ratio

14-MeV expt 14-MeV theory

1–1.5 h 132Ið773Þ
134Ið847Þ

238U 0.01670.004 0.020
235U 0.03770.006 0.086
239Pu 0.1070.01 0.208

2.5–3.5 h 132Ið773Þ
134Ið847Þ

238U 0.04170.003 0.041
235U 0.06970.007 0.152
239Pu 0.2170.01 0.369

5–7 h 132Ið773Þ
134Ið847Þ

238U No data 0.250
235U 0.4570.02 0.655
239Pu 0.9170.03 1.36

Measured values for 14-MeV neutron fission are compared to the theoretical

values for 238U, 235U, and 239Pu.
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experimental values for 132I(668) line ratios because of strong
adjacent lines from natural radioactivity in the 239Pu sample.
An incompletely resolved gamma-ray line from plutonium
radioactivity also appears near the 132I(773) line in our spectra
(see Fig. 4). We removed the contribution of this gamma ray by
subtracting the pre-irradiation spectrum of the plutonium sample
acquired with the same detector. The normalization factor for the
subtraction was determined from the strong 413-keV plutonium
gamma ray.

The different intensity of the 132I gamma rays for 238U vs. 239Pu
fission arises from a difference in the independent yields of the
mass-132 isotopes rather than the cumulative yield for the whole
mass chain. This and the different lifetimes of the mass-132
isotopes leads to a different time dependence for the 132I gamma
rays following 238U and 239Pu fission as shown in Fig. 5. The
intensities of the 132I(773) gamma ray and the 767-keV reference
gamma rays from mass-134 isotopes have an opposite depen-
dence on fissionable isotope, which enhances the isotope
sensitivity of their ratio. However, the 132I gamma ray loses its
isotope sensitivity after roughly 12 h if the theoretical predictions
are correct.

Gamma-ray intensity ratios for 14-MeV neutron fission are
listed in Tables 4 and 5 for the time intervals for which they are
useful. At shorter and longer times the line ratios are not a useful
diagnostic because at least one of the lines is too weak. Spectra for
238U fission were not recorded beyond roughly 4 h; so we did not
search for diagnostic lines at times later than that. The observed
5- to 10-fold difference in the line ratios for 238U and 239Pu fission
is consistent with the theoretical values, although the theoretical
ratios are systematically larger than the measured ratios. The
broad neutron energy distribution in our experiment may
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Table 6
Gamma-ray lines that are sensitive to neutron energy

Energy band

(keV)

Time bin

18–33 m 1–1.5 h 2.5–3.5 h 5–7 h

740–850 129mSbð761Þ
134Teð743Þ

129Sbð754Þ
134Teð743Þ

128Sb(754)
129Sbð813Þ
134Teð743Þ

128Sb(754)
129Sbð813Þ
97Zrð743Þ

134Te(767) 97Zr(743)
97Zr(743) 134I(847)

134I(767) 134Te(767)
134Te(767)

134I(767)
134I(767)134I(847)
134I(847)

1070–1140 127Sn(1096) 127Sn(1096)
127Snð1114Þ

134Ið1073Þ

127Snð1114Þ
135Ið1132Þ

135I(1132)
134I(1136)

Gamma rays are identified by parent isotope and energy (keV), and are grouped by

energy band and time bin. The ratio of the intensity of a gamma ray above the

dashed line to that of a gamma ray below the dashed line in each group is much

larger for high neutron energy than for low neutron energy.
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contribute to the difference between measurement and theory
(see discussion below under neutron energy).

Following the procedure used for the 235U–239Pu fission split
above, we examined the tabulated data for possible unresolved
lines, calculated the decay curves for lines of concern, and
corrected for any (theoretical) unresolved-line contributions
greater than 5%. The 132I(773) line required corrections of 14%,
19%, and 9% for 238U, 235U, and 239Pu, respectively, in the 2.5–3.5-h
time bin, and similar corrections in the other time bins, due to
expected contributions from 129Sb and 131mTe. Small adjustments
were made to the experimental values for the difference between
the actual and nominal time intervals, and for buildup and decay
during the irradiation interval.

Although our data clearly show a strong dependence of the
668- and 773-keV gamma-ray intensities on fissioning isotope,
two inconsistencies with ‘‘theory’’ cast suspicion on the tabulated
data and possibly the identification of these peaks. First, the time
dependence of the 773-keV peak for 235U does not follow the
theoretical curve for the first 2 h after fission. Second, the 668-keV
peak is actually an incompletely resolved doublet at roughly 1 h
after fission with no explanation for the other line. We note that,
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according to the tabulated data, 665- and 774-keV gamma rays are
emitted in the decay of 131mTe, but their theoretical intensity is
too low to explain the inconsistency. (The small theoretical
contribution of the 774-keV 131mTe line has been removed from
the experimental ratios in Tables 4 and 5 as part of the correction
for unresolved lines.)

In addition to their isotope sensitivity, the 132I gamma rays also
have a strong dependence on neutron energy and are much
weaker for fission by low-energy neutrons. Hence fission of 239Pu
by low-energy neutrons and fission of 238U by high-energy
neutrons both produce weak 132I gamma rays, and independent
information about the neutron energy distribution is required to
distinguish between the two isotopes.
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Fig. 7. Theoretical time dependence of the indicated gamma-ray intensities for

fission of 235U by 14-MeV neutrons. Intensities of gamma rays that are more

intense for fission by 14-MeV neutrons than by low-energy neutrons are shown as

solid curves. Intensities of reference gamma rays are shown dashed. Bars indicate

the time bins used for integration. Top: early time, bottom: late time. The
128Sb(754) and 128Sb(743) curves include contributions from both the ground and

the metastable states in 128Sb.
4. Neutron energy

Data tabulations list fission-product yields for three neutron
energies: thermal, fission-spectrum, and 14-MeV [8]. Fission-
product distributions for thermal and fission-spectrum neutrons
are very similar (see Tables 1 and 7), and our measurements for
thermal neutrons may be taken as applying to fission-spectrum
neutrons as well. Much higher neutron energy (e.g., 14 MeV)
dramatically increases the yield of the low-abundance valley and
wing fission products. We have identified several gamma-ray lines
from isotopes near mass 130 (on the lower wing of the upper mass
peak) that provide information on neutron energy. These lines and
nearby reference lines are listed in Table 6 by time bin and energy
band. We did not find prominent lines sensitive to neutron energy
in the 5–8-m time bin, partly because of the limited number of
counts in that 3-min counting interval. Since 14-MeV spectra were
not recorded for the 10–14-h time interval, we do not list lines for
that time bin. However, the longer-lived lines in the 5–7 h time
bin will still be useful at later times.

One spectral region for each of the time bins for which good
data were obtained is shown in Fig. 6 for 235U fission. The spectra
for 239Pu are similar. To illustrate the changing prominence of
different line pairs at different times, the theoretical time
dependence of the gamma-ray lines identified in Fig. 6 is plotted
in Fig. 7.

Measured and theoretical values for some of the neutron-
energy-sensitive line ratios are listed in Table 7. The fission-
product yield for 129mSb is not known; so there are no ‘‘theory’’
values for the intensity of the 761-keV line emitted during its beta
decay. The decay of 129mSn also produces a 761-keV gamma ray,
but its theoretical intensity is 10-fold lower than the observed
intensity of the 761-keV peak. The observed time dependence of
the 761-keV peak is consistent with the 17.7-m half life of 129mSb
(the half life of 129mSn is 6.9 m). Hence we conclude that the
contribution of 129mSn or other unidentified lines to the 761-keV
peak is not significant.

Both the ground and the metastable states of 128Sb (with half
lives of 9.0 h and 10.4 m, respectively) decay with the emission of
a 754-keV gamma ray. During fission, these states are populated
primarily through decay of precursor fission products, and their
relative population is unknown. We calculated theoretical
754-keV gamma-ray intensities for the two extreme cases of
100% feeding of either the ground or metastable states of 128Sb in
128Sn beta decay. Feeding of the metastable rather than the
ground state is much more consistent with the observed 754-keV
peak intensity and decay rate, and that option was used for the
theoretical line ratios in Table 7 and the decay curves plotted in
Fig. 7. We calculated the theoretical intensity of the 127Sn 1114-
keV line with the assumption that decay of the 127In precursor
feeds the ground state but not the metastable state of 127Sn
(decay of 127mSn does not produce a 1114-keV gamma ray), and
that the decay of the 127In metastable feeds the metastable but
not the ground state of 127Sn. (Note that, as listed in the database
[8], the combined independent yields of the 127In ground and
metastable states is less than half that of the independent yield of
the 127Sn ground state for all cases in Table 7.)

Corrections for unresolved lines and time interval variations
were made to the measured line intensities using the same
procedure as for the isotope-sensitive lines. The largest correction
for unresolved lines is 13% due to an expected contribution from
132I to the 134I(1136) peak in the 2.5–3.5-h time bin for 14-MeV
neutron fission of 239Pu. The reference (denominator) lines at 743
and 767 keV each contain significant unresolved contributions
from two isotopes as listed in Table 7, and the sum of these
contributions was taken as the reference.

Unlike the gamma-ray lines selected for identifying fissile
material, most of the lines we have identified as sensitive to
neutron energy have extreme variations in intensity between low-
and high-neutron energy (see Fig. 6). Hence, these gamma rays
can reveal a small fraction of high-energy neutron fission in the
presence of a large fraction of low-energy-neutron fission.



ARTICLE IN PRESS

Table 7
Gamma-ray intensity ratios for detecting fission by high-energy neutrons

Time bin Gamma-ray lines Fission isotope Intensity ratio

Thermal expt Thermal theory Fission spectrum theory 14-MeV expt 14-MeV theory

18–33 m 129mSbð761Þ
134Teð767Þ þ 134Ið767Þ

235U 0.1270.03 No No 0.5170.05 No
239Pu 0.2570.03 Theory Theory 0.8970.05 Theory

1–1.5 h 128Sbð754Þ
134Teð767Þ þ 134Ið767Þ

235U 0.1970.03 0.160 0.252 0.7370.05 2.22
239Pu 0.4670.03 0.418 0.537 1.1470.05 2.48

2.5–3.5 h 127Snð1114Þ
134Ið1136Þ

235U 0.1770.05 0.059 0.094 0.6470.10 1.10
239Pu 0.1770.04 0.175 0.187 1.7370.12 1.12

5–7 h 128Sbð754Þ
97Zrð743Þ þ 128Sbð743Þ

235U 0.0170.01 0.027 0.036 0.1770.02 0.215
239Pu 0.0770.01 0.065 0.072 0.2470.01 0.278

Measured values for both thermal and 14-MeV neutron fission are compared to the theoretical values. Values for 235U and 239Pu are shown in the first and second rows,

respectively, in each time bin. The 128Sb(754) and 128Sb(743) lines include contributions from decay of both the ground and the metastable states of 128Sb.
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Although the theoretical gamma-ray intensity ratios also show
an extreme variation between thermal and 14-MeV neutron
energy, they differ significantly from the measured ratios in
several cases. Because of the strong and nonlinear variation of the
intensity of the energy-sensitive lines with neutron energy, the
large spread in neutron energy in our ‘‘14-MeV’’ measurements
may contribute to the difference. In addition, the data tabulations
are missing some of the information required for calculation of
the theoretical intensities (see discussions of 128Sb and 129mSb
above), and may contain unknown errors and uncertainties,
particularly for the weaker lines.
5. Conclusions

We have used measurements of the gamma-ray spectra from
unseparated fission products to identify line pairs that are suitable
for distinguishing between 235U, 238U, and 239Pu fission. We have
also identified line pairs that distinguish between fission induced
by low-energy and high-energy neutrons. At least some members
of the suite of line pairs are prominent in the gamma-ray spectra
at all times from few minutes to many hours after fission,
demonstrating that spectra acquired anywhere within this time
range can provide information on the fission process. The
diagnostic value of these line pairs will clearly extend beyond
the latest measurement times in the present work. In particular,
the 91Sr(1024)/135I(1039) intensity ratio, which distinguishes
between 235U and 239Pu fission, will be useful well beyond the
14-h limit of the present measurements because of the similar
lifetimes and persistence of these gamma rays.

Most of our measured gamma-ray intensity ratios agree with
expectations based on tabulated fission-product yields, half lives,
and decay branching ratios. The main exceptions are one line
(from 129mSb) for which the fission-product yield is not known
and two lines (from 128Sb and 127Sn) for which the unknown
relative feeding of metastable and ground states had to be inferred
from our measurements. The poor agreement of some of our
measured line ratios with theory at 14-MeV neutron energy might
arise from the broad neutron energy distribution used in the
measurements, as well as from errors and uncertainties in the
tabulated data.

Two features of the present set of gamma-ray line pairs will be
important if gamma-ray spectra are obtained following a low-
altitude nuclear explosion. First, the small difference in energy of
the gamma rays in each pair reduces corrections for variation in
detector efficiency and differential absorption in intervening
material. Second, all of the gamma-ray lines originate from
volatile fission-product mass chains that remain largely sus-
pended and observable in the debris cloud.
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