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In nuclear nonproliferation and safeguards, detecting and accurately characterizing special nuclear
material remains one of the greatest challenges. Uranium enrichment determination is typically
achieved by measuring the ratio of characteristic y-ray emissions from ?*>U and 23®U. Fission also
produces (-delayed neutrons, which have been used in the past to determine uranium enrichment
from the time dependence of the long-lived delayed neutron emission rate. Such measurements
typically use moderated ®He tube detectors. We demonstrate a new measurement technique that
employs a fast neutron active interrogation probe and a scintillation detector to measure the en-
richment of uranium using both the buildup and decay of S-delayed neutron emission. Instead
of ®He tubes, a capture-based heterogeneous composite detector consisting of scintillating Li-glass
and polyvinyl toluene has been constructed and used, offering a prospect to scale delayed neutron
measurements to larger detector sizes. Since the technique relies on the existing tabulated nuclear
data, no calibration standards are required. It is shown that the buildup of delayed neutron emis-
sion can be used to distinguish between uranium samples and infer the uranium enrichment level,
with accuracy that rivals the method that employs the time-dependent decay of delayed neutron

emission.
I. INTRODUCTION

The ability to distinguish among different fissionable
elements and isotopes is critical for many nuclear nonpro-
liferation applications. For example, material accounting
in fuel canisters located in enrichment facilities and verifi-
cation of nuclear weapon dismantlement depend on mea-
suring the isotopic fractions of 23°U and 238U [1, 2]. Tra-
ditional nondestructive techniques for determining ura-
nium enrichment rely on measuring the ratio of spon-
taneously emitted, characteristic v rays from 23°U and
2387 [3-5]. Because of the energy-dependent attenuation
of the «-ray flux incident onto the detector due to shield-
ing and self-shielding, prior knowledge or assumptions
are needed for the geometry and characteristics of the
sample and shielding. A less exploited method for mea-
suring enrichment utilizes fission neutrons, which provide
a unique time signature that is less sensitive to geometry
and shielding. Further, neutrons experience much less
attenuation in common v-ray shielding materials [2].

Fission neutrons are produced in two time domains,
prompt and delayed. The observation of delayed neu-
trons from fission is a well-established means for detect-
ing fissionable materials [6-10]. Decay of fission prod-
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ucts results in emission of delayed neutrons on a dis-
tinct, predictable characteristic decay timescale ranging
from hundreds of milliseconds to tens of seconds. An im-
portant drawback of the delayed neutron signature is its
low intensity, significantly below prompt neutron and ~-
ray emission [11]. To establish the necessary signal time
structure and increase the delayed neutron signal inten-
sity, pulsed active interrogation (AI) sources are needed.

Characteristic 5-delayed neutrons are commonly clas-
sified into several groups based on their respective pre-
cursors’ lifetimes. These groups exhibit characteristic
absolute yields and energy spectra, unique to the iso-
tope and the inducing particle’s type and energy. Meth-
ods used to date have exploited the short-lived delayed
neutron groups to perform isotopic identification [7]. In
other prior work, isotopic concentrations in pure uranium
and mixed Pu-U samples were determined through the
measurement of the decay of long-lived S-delayed neu-
tron rate following irradiation [12-14]. When using a
pulsed AI source, measurement of the delayed neutron
time emission during irradiation is also possible, which
we refer to as buildup, and provides complementary in-
formation regarding the interrogated material. To the
best of our knowledge, however, measurement of the long-
lived buildup of -delayed neutron emission has not been
used to determine the isotopic concentration of uranium
or any other mixed fissile material sample. Further, no
other detector types other than 3He detectors have been
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FIG. 1: (a) The interconnecting hemispheres during
assembly and (b) full spherical configuration of the
HEU object constructed from the Rocky Flats shells
placed atop an aluminum hollow cylinder

used for fissile isotopic determination based on long-lived
delayed neutron emission.

Here, we demonstrate that both the buildup and decay
of long-lived (-delayed neutron emission from bulk ura-
nium samples can be used to determine uranium enrich-
ment. The method uses a custom-designed scintillation
detector as an alternative to *He for S-delayed neutron
detection and requires no calibration standards. A future
development based upon these principles could result in
compact, relatively inexpensive, and accurate detector-
AT source system capable of isotopic measurements. Such
a compact, transportable system may be attractive for a
wide range of nuclear security and nonproliferation ap-
plications.

II. MATERIALS AND METHODS

The experiment was performed over a two-day period
at the Device Assembly Facility (DAF), Nevada National
Security Site. Measurements were performed on three
different spherical metal objects: tungsten, depleted ura-
nium (DU), and highly-enriched uranium (HEU). The
object masses were 14.7 kg, 12.8 kg, and 13.8 kg, respec-
tively. Due to constraints on the available materials and
possible geometric configurations, it was not possible to
use the same masses for all test objects.

The HEU object was a series of connecting concentric
hemispheres of HEU known as the Rocky Flats shells,
which have a bulk density of 18.664 g/cm?® and an iso-
topic content of 93.16% 23°U, 5.35% 238U, and less than
2% of other isotopes of uranium [15]. The HEU object
consisted of shells labeled 01-24 and arranged in a spher-
ical configuration, where individual shells have specific
dimensions and masses stated in Ref. [15]. A photograph
of the HEU object during assembly (which does not in-
clude all of the interconnecting shells) and after assembly
is shown in Fig. 1.

The HEU, DU, and tungsten objects were interrogated
with 14.1-MeV neutrons produced by a DT generator
(Thermo Scientific model P211), with an approximate
isotropic yield of 108 neutrons/s. Each object was placed
at a distance of 13 cm, as measured from the center of
the object to the neutron-generating target in the DT
generator. The detector was placed on the side of the

object opposite from the neutron source. The front face
of the detector was located 12 cm from the center of
the object. For all measurements, the DT generator was
operated at a pulse rate of 100 Hz and a pulse width of
approximately 10 us.

The detector used in these measurements was a
custom-built heterogeneous composite scintillator. The
cylindrical detector has been constructed from enriched
611 scintillating glass and scintillating polyvinyl toluene
with a height and diameter of 12.7 cm. The composite de-
tector consists of an array of 1x1x76 mm? GS20 lithium
glass square rods embedded in a cylinder of scintillating
polyvinyl toluene (PVT) with a height and diameter of
12.7 cm. The glass rods are centered in the PVT matrix.
(GS20 glass is enriched to approximately 95% SLi and
serves as the neutron capture material; the total lithium
content in the glass is 6.6%. Fig. 2 shows a Geant4 [16]
rendering of the side and top of the detector.
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FIG. 2: Geometry of the composite neutron detector as
defined in Geant4 simulation: (a) side and (b) top view

The detector was a larger version of the prototype de-
sign described in Ref. [17]. Neutrons incident onto the de-
tector typically undergo thermalization in the PVT and
are subsequently captured in the lithium-doped glass.
Neutron capture on Li has a Q-value of 4.8 MeV and
produces an alpha particle and a triton. Neutron cap-
ture events can be easily distinguished from events that
take place in the PVT due to unique response that re-
sults from both the Q-value of the capture reaction and
different scintillation properties of PVT and glass. The
intrinsic efficiency was calculated by Monte Carlo simula-
tion for delayed neutrons from 23U and 22*U fission, sim-
ilar to method described in Ref. [9], and yielded approx-
imately 15% for each isotope. Additionally, the detector
has a simulated intrinsic efficiency of 7.8% for 2°2Cf fis-
sion neutrons.

The detector was coupled to a Hamamatsu R6527 pho-
tomultiplier tube (PMT) and powered using a CAEN
DT5533 high-voltage power supply. The output signals
were collected and digitized using a CAEN DT5730 14-
bit 500 MHz desktop waveform digitizer. CAEN’s digital
pulse processing-pulse shape discrimination (DPP-PSD)
Control Software and DPP-PSD firmware were used to
collect and store data for post-processing [18]. A short-
gate integral (Qsporte) and a long-gate integral (Qrong)
were recorded for each waveform as the basis for pulse
shape discrimination. The integration bounds were op-



timized prior to the experiment at t;=34 ns for Qsport
and t;,=150 ns for Qjong, Where t, is the start time of the
waveform as identified by the trigger from CAEN DPP-
PSD firmware. The t; was offset by 6 ns prior to the
trigger on the leading edge of the pulse.

To measure the delayed neutron time profile for each
object, detector data were recorded during a series of on-
off cycles of the neutron generator. In each cycle, the
generator was turned on for 30 seconds, then turned off
for one minute. One measurement run consisted of ten
on-off cycles, lasting about 15 minutes in total. Three
such measurements were taken for both the HEU and
DU targets, and one was taken for tungsten. The on-off
cycles were summed for final analysis. Two five-minute
background measurements were also recorded, one with
the HEU target in place, and the other with the DU
target. Calibration measurements were performed using
137Cs and AmBe sources. A photograph of the experi-
mental setup is shown in Fig. 3.
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FIG. 3: Experimental setup including the composite
detector coupled to the PMT, the HEU object, and the
DT generator

IIT. RESULTS & DISCUSSION

Fig. 4 shows the PSP-light output distribution for
15 minutes of on/off cycles of the DT generator inter-
rogating a highly enriched uranium (HEU) object. The
charge integration method was used to obtain the pulse
shape parameter (PSP) as follows:

PSP = (Qlong - Qshort)/Qlong- (1)

Neutron capture events are localized near P.SP=0.55 and
light output of approximately 0.28 MeVee. A calibration
measurement using a PuBe source was used to establish
a cut around the neutron capture region, where events
within the cut were accepted as neutrons. A Gaussian
function was fit in both dimensions to the neutron region
centered at a PSP of 0.55 and light output of 0.28 MeVee
in Fig. 4, and a 30 cut used to establish the neutron
capture region.

Two different long-lived S-delayed neutron signatures
were measured. The first was the buildup of delayed neu-
tron emission measured between the generator pulses;
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FIG. 4: PSP and light output distribution from the
composite detector for the HEU object interrogated by
14.1 MeV neutrons

the second was the decay of the delayed neutron emis-
sion measured immediately after the generator had been
turned off. The time profile of these two delayed neutron
signatures is parameterizable in analytic form using the
available nuclear data and depends on the enrichment
of the uranium sample. The buildup of delayed neutron
emission can be described in the framework of six delayed
neutron groups by

2 6
Ry(t)=B+CY > fiPYiei;[1 —exp(—t/7i;)],
i=1 j=1
(2)

where R4(t) is the detected buildup of delayed neutron
emission, B is the constant neutron background rate, C'
is a scaling constant, index 4 corresponds to the uranium
isotope (23°U or 2%8U), index j represents the delayed
neutron group number, f; is the 14-MeV neutron-induced
fission probability of uranium isotope i, P; is the isotopic
percentage of uranium isotope %, €; ; is the detector effi-
ciency for delayed neutron group j of uranium isotope 1,
7i,; is the decay constant for delayed neutron group j of
uranium isotope %, and Y; ; is the delayed neutron yield
per fission for group j of uranium isotope . Similarly,
the decay of delayed neutron emission can be expressed
as

2 6
R4(t) = B + C’Z Zfipiyi,jfi,j 3)
i=1 j=1

lexp(ty/7i,j) — 1] exp(=t/7i5),

where %, is the period over which the constant-intensity
AT beam was turned on [9].

A Monte Carlo simulation was performed using Geant4
version 10.4 to estimate the intrinsic delayed neutron de-
tection efficiency for the composite detector [16]. The en-
ergy spectra for the individual groups for 23U and 238U
were simulated and intrinsic neutron detection efficien-
cies calculated on a group-by-group basis. Prior reported



TABLE I: 2%°U delayed neutron parameters

Group Y(%) ec Ty (s)
1 0.063 0.163 54.5
2 0.351 0.151 21.8
3 0.310 0.150 6.00
4 0.672 0.149 2.23
5 0.211 0.149 0.496
6 0.043 0.148 0.179

TABLE II: 22%U delayed neutron parameters

Group Y (%) ec Ty (s)
1 0.054 0.163 524
2 0.564 0.148 21.6
3 0.667 0.153 5.00
4 1.599 0.151 1.93
5 0.927 0.151 0.490
6 0.309 0.150 0.172

energy spectra for the six delayed neutron groups of 23°U
and 238U in Ref. [19] were used in the simulation. The
yields (Y'), efficiencies (ec), and the half-lives (7} /9) for
the six delayed neutron groups are listed in Table I and
Table II for 235U and 238U, respectively [20]. These effi-
ciences were used in the parameterizations of the buildup
and decay delayed neutron rate.

Egs. (2) and (3) provide an analytical means to ex-
plore the enrichment-dependent time behavior of the two
delayed neutron signatures. Fig. 5 shows the simulated
buildup and decay time emission of delayed neutrons for
a pure sample of 23°U and a pure sample of 238U with
ty = 30 s. A qualitative inspection of Fig. 5 reveals an
exploitable difference between the shapes of the two pure
samples of uranium for both the delayed neutron buildup
and decay time distributions.

A simple metric can be defined on the basis of the dif-
ference in the delayed neutron emission profile for 235U
and 22*U and used to quantify the enrichment. The met-
ric is based on the ratio of the total number of detected
neutrons in two separate time periods over which the de-
layed neutron emission is measured and may be applied
to both the buildup and the decay time distribution. The
metric is denoted by F and can be calculated using the
following relationship:

F = Ny /N, (4)

where N1 and N; are the total number of counts within
two chosen time periods, A; and A, as illustrated in
an example in Fig. 6, where decay time profiles for pure
samples of 235U and 23®U immediately after the neutron
generator is turned off are shown. The same methodology
is applicable to the buildup of long-lived delayed neutron
emission.

A measure of distinguishability, D, can be defined that
takes into account the mean values of the detected neu-
tron counts in two time periods (F') and their standard
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FIG. 5: Simulated long-lived (a) buildup and (b) decay
of delayed neutrons for a pure 2**U sample and a pure
238U sample
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FIG. 6: The use of A; and As limits for calculation of
the ratio F'. Long-lived delayed neutron decay from
neutron induced fission after accelerator operation for
pure samples of 23°U and 238U is shown.
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where F is defined by Eq. (4) and o is the standard devia-
tion of F', while subscripts denote the two major isotopes
of U. Since D depends not only on the characteristics
of delayed neutron emission, but also on the counting
statistics, the optimum start and stop times for A; and
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FIG. 7: Beta-delayed neutrons detected between Al
pulses for (a) HEU and (b) DU when the beam is turned
on (t = 0). The fit to model in Eq. (2) is shown in red.

Ay depend on the number of detected neutron counts,
which is affected by system efficiency and measurement
time.

Fig. 7 shows the buildup of delayed neutrons between
accelerator pulses for HEU and DU. The six-group de-
layed neutron buildup model defined in Eq. (2) is fitted
to the measured buildup data for each isotope, and is
shown as a red line in Fig. 7.

The period during which neutrons were produced by
the DT generator was determined from the event rate
recorded by the detector. The total event rate was mon-
itored in 10-us increments. When the total number of
events in a 10-ys increment increased above twenty, the
start of a new neutron generator pulse was marked. The
twenty-event threshold was set empirically, based on the
average number of counts observed in 10-ys increments
when the generator was operating. The 10-uys increment
was chosen to match the pulse duration of the generator.

To allow for neutron die-away, events occurring withing
4.5 ms following a generator pulse were disregarded. The
neutron events occurring in the remaining 5.5 ms preced-
ing the next generator pulse were used to measure the
delayed neutron buildup. Fig. 8 shows the summed neu-
tron rate for approximately fifteen minutes of generator
operation with a HEU test object. The neutron die-away
is apparent in the approximate period of 0—4.5 ms. Fig. 9
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FIG. 8: Summed neutron rate determined from
approximately 15 minutes of DT generator operation

illustrates the period between generator pulses within
which neutron events were selected to measure the de-
layed neutron buildup and the prompt die-away region,
where events were rejected.

Pulse n-1 Pulse n
Prompt
die-away
region
-10 ms -5.5ms 0ms

FIG. 9: Graphical representation of the prompt
die-away and delayed region for neutron event selection

Fig. 10 shows the decay of delayed neutrons after the
accelerator is turned off for HEU and DU. The six-group
delayed neutron decay model defined in Eq. (3) is fitted to
the measured decay data for each isotope, and similarly
shown in Fig. 10. Higher delayed neutron count rates
are observed for HEU in both the buildup and decay
time distributions. This is expected due to the greater
HEU object mass and higher delayed neutron microscopic
fission cross-section of the HEU sample for 14.1 MeV
neutrons.

In addition to HEU and DU objects, a tungsten object
was also measured. The neutron buildup and decay rates
were measured in the same manner as for the uranium
objects and are shown in Fig. 11. There was no apprecia-
ble neutron rate observed in either the buildup or decay
time periods.

An optimization of D was performed for the measured
delayed neutron buildup and decay rates. The start and
stop times for A; were fixed to 0 and 25 s for the buildup
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FIG. 10: Beta-delayed neutrons observed after Al beam
is turned off (¢, = 30 s) for (a) HEU and (b) DU. The
fit to model in Eq. (3) is shown in red.

time distribution and 0 and 30 s for the decay time distri-
bution. The value of D for all combinations of the start
and stop times of As was then calculated. Fig. 12 shows
a 2D histogram of different start and stop times for A2
and the resulting D for the buildup of delayed neutrons.
The maximum value of D in Fig. 12 represents the great-
est degree of differentiability between 23°U and 23%U. A
start time of 0 s and a stop time of 4 s corresponding
to the maximum value of D was selected for A5 for the
buildup of delayed neutrons. Similarly, an optimization
of D for the decay of delayed neutrons was performed,
resulting in an A, start time of 0 s and stop time of 3 s.

The F values for the buildup and decay are unique for
a given enrichment. Using the optimized limits of A5 for
both the buildup and decay of delayed neutrons, exper-
imental F' values were calculated for the HEU and DU
samples. The experimental results are shown in Fig. 13
along with the simulated F' values for the buildup and
decay of delayed neutrons for enrichment levels ranging
from 0 to 100%.

The F values calculated from the experimental results
can be used to establish a range of enrichment for the in-
terrogated object. Table III shows the calculated range
of enrichment based on the measurement. The uncer-
tainty in the calculated enrichment is smaller for the
HEU sample due to its higher neutron rates. Even with
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FIG. 11: Detected neutron rate observed (a) between
AT pulses, with the generator turned on (¢t = 0) and
(b) after the generator has been turned off (¢ = 0) for
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the relatively low statistics available in this experiment
in which the detector subtended only a small solid an-
gle, important conclusions can be quickly drawn about
the interrogated objects. First, the presence of HEU can
be confirmed by measuring either the buildup or the de-
cay neutron emission rate. The enrichment of the DU
object had an upper bound of 25%, which is well below
weapons-grade HEU levels. Finally, the control tungsten
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TABLE III: Uranium enrichment 1o range inferred
from the experiment and comparison with the actual
enrichment

Sample Actual Buildup Decay Combined

HEU  932%  92.77%3%  10079%  96.3731%

DU 0.7% 0135% 7t2%% 3.5 5%

object was confirmed not to contain appreciable quantity
of fissionable material. Accuracy of these measurements
could be greatly improved with longer counting times and
larger detector coverage area.

In conclusion, we demonstrated a method that can be
used to determine uranium enrichment using both the
delayed neutron buildup or the decay time emission pro-
file. The shape of the delayed neutron time profile, and
thus the enrichment metric used, are not expected to be
sensitive to shielding and self-shielding, as is the case
with the alternative method that employs the intensities
of characteristic v rays. With greater detector coverage
and longer counting times, this technique could prove
to be a powerful tool for uranium enrichment determina-
tion in various nonproliferation applications. By employ-
ing capture-gated composite scintillation detectors sim-
ilar to the one employed in this proof-of-concept study,
large coverage could be realized at a cost that is low to
moderate and employs no *He detectors. Measuring en-
richment values over the full range of enrichment would
further validate the performance of this technique, which
is one of the future experimental goals.
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