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Detection of unique signatures of special nuclear materials is critical for their interdiction in a

variety of nuclear security and nonproliferation scenarios. We report on the observation of delayed

neutrons from fission of uranium induced in dual-particle active interrogation based on the
11B(d,n c)12C nuclear reaction. Majority of the fissions are attributed to fast fission induced by the

incident quasi-monoenergetic neutrons. A Li-doped glass–polymer composite scintillation neutron

detector, which displays excellent neutron/c discrimination at low energies, was used in the meas-

urements, along with a recoil-based liquid scintillation detector. Time-dependent buildup and decay

of delayed neutron emission from 238U were measured between the interrogating beam pulses and

after the interrogating beam was turned off, respectively. Characteristic buildup and decay time

profiles were compared to the common parametrization into six delayed neutron groups, finding a

good agreement between the measurement and nuclear data. This method is promising for detecting

fissile and fissionable materials in cargo scanning applications and can be readily integrated with

transmission radiography using low-energy nuclear reaction sources. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4955051]

The detection of special nuclear material (SNM) embed-

ded in cargo during transit has been one of the long-standing

challenges and areas of research in nuclear security.1 It is

widely accepted that active interrogation (AI)2 is needed to

address this problem, but the complexities that arise in devel-

opment and use of AI methods are numerous. It is desirable

to identify a suitable combination of AI probe particle

source, radiation detectors, and measurement protocols that

enable the observation of unique signature(s) of SNM with

high signal-to-background ratio. Radiation dose to cargo has

a prominent role in the selection of the AI probe.3,4

Emission of b-delayed neutrons that accompanies the

fission process is a reliable signature that can indicate the

presence of SNM.5–13 A fission fragment (also called a

delayed neutron precursor) undergoes b-decay into a daugh-

ter nuclide. The daughter nuclide can be produced in a highly

excited state and subsequently emits a “delayed” neutron. It

is a custom to categorize the delayed neutrons into groups

based on the half-life of their precursors; the groups are char-

acterized by their relative abundance and absolute group

yield. These parameters depend on the nuclide and the type

and energy of the particle used to induce fission, and have

been measured for 235,238,233U, 239,240Pu, and 232Th.14,15 It

has been shown that the differences in delayed neutron decay

rates for short-lived neutron groups can be used to identify

the isotopes from which the fission originated,16 and it has

been suggested that comprehensive exploitation of multiple

signatures, including those originating from longer-lived

delayed neutron groups, is desirable.17

Both high-energy photons and neutrons of various ener-

gies can be used to induce fission. In AI measurements, pho-

ton and/or neutron flux produced by the source is dominant

while the beam is on. In AI systems based solely on high-

energy photons, neutrons can be produced by photonuclear

reactions18 as well as by photofission.19 If a repetitively

pulsed AI beam is used, the buildup of delayed neutrons can

be observed between the AI pulses.20 Only a fraction of the

time between pulses can be used for effective delayed neu-

tron detection, since a significant background from prompt

neutron die-away exists immediately after each AI pulse.5

Once the AI beam is turned off, the remaining neutron flux is

attributed to delayed neutron emission and the neutron back-

ground. Background neutrons originate from sources such as

cosmic ray interactions, activation products, e.g., 17N,21 or

from spontaneous fission of naturally occurring radionu-

clides. Although the rate of delayed c ray emission is signifi-

cantly higher than the rate of delayed neutron emission,22

the c ray background is high, the surrounding material is

typically activated, and c rays can be significantly self-

attenuated or attenuated by high-Z shielding. Detectors with

high energy resolution can be used to isolate delayed c’s

from other c background, but their high cost makes it diffi-

cult to implement the necessary large solid-angle coverage.

One challenging aspect of using the delayed neutron sig-

nature of SNM is the choice of radiation detectors. To date,

moderated 3He detectors were used to detect delayed neu-

trons,23 but they are expensive, which can make the neces-

sary instrumentation of a large solid angle impractical.

Further, the moderated 3He detectors do not provide spectro-

scopic capabilities, which make it more challenging to reject

the high-energy neutron background, such as cosmogenic
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neutrons and neutrons from spontaneous fission. Many of the

current alternatives to 3He have difficulty discriminating low

energy neutrons in high c fields.24 The mean energy of

delayed neutrons is approximately 0.5 MeV, making their

detection using recoil-based detectors such as liquid scintil-

lators significantly less efficient than that for prompt

neutrons, since the threshold of such detectors must be set

relatively high in the accompanying c-ray field.

In this work, we demonstrate the combined use of a

dual-particle AI source, neutron scintillation detectors read-

ily scalable to large sizes, and methods of measurement and

data interpretation for effective detection of SNM. First, we

show that an AI source based on the 11B(d,nc)12C nuclear

reaction and suitable for dual-energy c transmission radiog-

raphy13 can also induce a unique delayed neutron signature

(buildup and decay) to confirm the presence of SNM.

Second, we show the use of two types of spectroscopic neu-

tron detectors for this task: a glass-polymer composite

capture-gated detector,25 which has high c ray rejection

capability for lower energy neutrons, and the EJ-309 liquid

scintillation detector26 with high sensitivity to higher-energy

neutrons. Finally, we experimentally demonstrate a measure-

ment and analysis protocol that reveals and integrates time-

dependent delayed neutron buildup and decay signatures

originating from longer-lived delayed neutron groups to infer

the presence of SNM. We corroborate those experimental

results by comparing the observed neutron emission rate

with that predicted by nuclear data—specifically, the para-

metrization into six delayed neutron groups for fast fission of
238U, finding good agreement with the measurement.

The measurements were performed at the Massachusetts

Institute of Technology’s (MIT) Bates Research and

Engineering Center. The 3-MeV radio-frequency quadrupole

(RFQ) accelerator was used to produce a deuteron beam. A

natural boron accelerator target, consisting of 10B (19.9%)

and 11B (80.1%), was inserted into the vacuum system of the

accelerator and nitrogen gas was flowed across the accelera-

tor target head for cooling during the experimental run. Lead

and borated high-density polyethylene were placed around

the accelerator target to restrict the emitted radiation to a

beam. The accelerator was operated at a current of 20 lA

and repetition rate of 300 Hz in three runs, each one lasting

2 min. Natural uranium and tungsten test objects were placed

1 m downstream from the boron target. Natural uranium con-

sisted of rods (27.5 mm in diameter and 238.1 mm in height)

encased in aluminum. The mass of each rod was approxi-

mately 1.9 kg, and a total of ten rods were used. Blocks of

tungsten with varying shapes were assembled to construct a

mass of tungsten approximately equal to the mass of natural

uranium used in the experiment. More details on the experi-

mental layout and the data acquisition are provided in the

supplementary material.27

Two types of neutron detectors were placed on oppo-

site sides of interrogated test objects outside of the AI fan-

beam line. An EJ-309 liquid scintillator detector assembly

(Eljen) was used, which included a Hamamatsu R7724

photomultiplier tube (PMT). The EJ-309 liquid is housed

in a 53.9 mm diameter by 57.1 mm height aluminum

chamber. The second detector is a custom-built composite

scintillator comprised of Li-doped scintillating glass and

scintillating polyvinyl-toluene (PVT),25,28 with dimensions

of 50.8 mm diameter by 50.5 mm height. The individual

Li-glass pieces are in a square rod form factor oriented

along the height of the PVT cylinder and placed in a

pseudo-square array. This composite detector is a sub-

scale prototype with an intrinsic efficiency of 0.33% for
252Cf fission neutrons. The efficiency of the composite and

liquid scintillation detector for delayed neutrons from fast

fission of 238U has been simulated, obtaining 1.2% and

1.4%, respectively.27 The expected delayed neutron rate

can be calculated from the microscopic cross sections for

fission of 238U by 15.1 MeV photons and fast neutrons,29

approximating the incident fast neutron spectrum with

5-MeV monoenergetic neutrons. The fast neutron and

15.1-MeV photon production rates normalized to accelera-

tor current were measured to be 1.3� 109 s�1 lA�1 and

6.2� 106 s�1 lA�1,13 yielding the neutron and 15.1-MeV c
fluxes of approximately 2.1� 105 cm�2 s�1 and 103 cm�2 s�1

at the location at which test objects were placed, with the ac-

celerator current set to 20 lA. The delayed neutron rate at the

time the AI beam is turned off and is estimated to be

2.5� 104 s�1, with the majority of neutrons originating from

fast-neutron-induced fission. The composite scintillation de-

tector was positioned at a distance of 10 cm, while the EJ-309

detector was placed at a distance of 30 cm from the test

object.

The first set of experimental data are shown in Figs. 1

and 2 as time-dependent running average of the detected

neutron rate immediately after the AI beam is turned off. Fits

FIG. 1. b-delayed neutrons observed after the AI beam incident on (a) natu-

ral uranium and (b) tungsten after the beam is turned off (t¼ 0) for the com-

posite scintillation detector. The fit to nuclear data is shown in red.
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to the measured delayed neutron rates have been calculated

using a model based on contributions from six delayed neu-

tron groups for fast neutron fission of 238U, which also

include the calculated detector efficiency for each neutron

group. The model is formulated as follows:

RdðtÞ ¼ Bþ C
X6

i¼1

�iYiðexpðtb=siÞ � 1Þ expð�t=siÞ; (1)

where Rd(t) is the detected decaying delayed neutron rate, B
is the constant neutron background, C is a scaling constant,

index i is the group number, �i is the detector efficiency for

group i, Yi is the b-delayed neutron yield per fission for

group i, and tb is the period over which the AI beam was

turned on. For the composite scintillation detector, the results

for the natural uranium and tungsten test objects can be seen

in Figs. 1(a) and 1(b), respectively. The equivalent results

for the liquid scintillation detector are shown in Figs. 2(a)

and 2(b).

A second set of delayed neutron signatures is obtained

from analyzing the delayed neutron buildup between the

accelerator pulses, starting with the time when the AI beam

is turned on. The buildup data from both detectors for a ura-

nium target were fitted to

RbðtÞ ¼ Bþ C
X6

i¼1

Yi�ið1� expð�t=siÞÞ: (2)

The tungsten data were fitted to a constant, in accordance

with the expectation that there was no buildup of neutrons

between the pulses. The results can be seen in Figs. 3 and 4

for the composite and the liquid scintillation detector,

respectively. A buildup is present with the 238U test object in

the beam for both detectors. With both detectors, buildup is

not observed with a control object composed of tungsten,

which does not undergo nuclear fission. The efficiency of the

composite capture-gated scintillation detector increases as

the neutron energy is reduced, while maintaining the same

ability to reject the c background. As a result, the intrinsic

detection efficiency for any neutrons that undergo scattering

prior to reaching detector is further increased. Conversely,

its efficiency is reduced for higher energy neutrons, such as

those that can be produced by cosmic ray interaction with

the surrounding material, and which would ultimately limit

the sensitivity of the technique when larger detector cover-

age is used.

In conclusion, we demonstrated the detection of 238U by

observing the delayed neutron emission from its fission,

which was induced by 11B(d,n)12C, a low-energy nuclear

reaction source that produces both the abundant high-energy

c rays and fast neutrons. This AI source is suitable for c
imaging and can also supply a probe to confirm the presence

of SNM.13 It has been shown that detection can be performed

not only using c-blind detectors such as 3He, but also using

particle discriminating detectors readily scalable to achieve

high coverage, including the EJ-309 liquid scintillator and a

FIG. 2. b-delayed neutrons observed after the AI beam incident on (a) natu-

ral uranium and (b) tungsten after the beam is turned off (t¼ 0) for the EJ-

309 liquid scintillation detector. The fit to nuclear data is shown in red.

FIG. 3. b-delayed neutrons buildup observed with the composite scintilla-

tion detector during the AI beam incidence on (a) natural uranium and (b)

tungsten. The beam is turned on at t¼ 0. The fit to nuclear data is shown

in red.
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specially developed composite glass-plastic scintillation

detector. Those detectors also permit spectroscopic measure-

ments, which will benefit rejection of higher energy neutrons

that could be attributed to background, whose rate increases

as the coverage and the absolute efficiency of the system

increases.

As with any method, there are ways to circumvent this

technique by using enough shielding. Fortuitously, the com-

posite scintillation detector based on capture gating becomes

more efficient as the energy of the neutron is reduced by

shielding. This is a unique advantage that a capture-gated

detector has over recoil-based detectors. The observation of

both the buildup and decay of b-delayed neutrons from AI

has been robustly achieved with this composite scintillation

detector. The use of EJ-309 detector was more challenging

due to its inability to accurately discriminate �1 MeV

neutrons. Discrimination of different nuclides may also be

possible using the buildup and decay time profile arising

from long-lived delayed neutron groups, as previously shown

with short-lived neutron groups.16 We also note that both the

capture-gated and recoil-based scintillation detectors could

be used to reject high-energy neutron background and reduce

the minimum detectable activity. With capture-gated detec-

tors, it may also be possible to perform delayed neutron

spectroscopy as an even further means for positive identifica-

tion of a source,15 although this may not be feasible in the

presence of abundant shielding.
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