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Executive Summary 
PNNL has been developing technical standards for the detection of special nuclear material (SNM) in 
cargo containers using active interrogation approaches. Since the use of kilogram-scale quantities of SNM 
is impractical for standards testing, the work focused on designing surrogates that provided similar 
signature as the SNM. There are many active interrogation approaches to detect SNM; the standards 
development considered photofission, differential die-away and nuclear resonance fluorescence.  Of these 
approaches, photofission currently carries the most interest. However, uncertainties in the photofission 
cross sections are as large as 50%, so that validation measurements are necessary to provide confidence 
that the surrogate will perform similarly to the SNM.   This document describes approaches for 
conducting those validation measurements as well as provides a rough order-of-magnitude cost estimate 
for performing them. 

Photofission provides many observables for the detection of SNM.  The standards development 
considered prompt neutrons, delayed neutrons and delayed gamma rays as possible detected particles.  
The surrogates, which consist primarily of depleted uranium (DU), were designed to reproduce the 
strength of these particles for a targeted quantity of 2 kg of HEU.  Different surrogates are required for 
different measurement approaches because of the difference in cross section between 235U and 238U.  For 
the standards validations, the relative strength of the detected particles for HEU and DU must be 
measured. 

To avoid measurements with kilogram-sized SNM, the validation approach is focused on two 
comparisons.  In the first comparison, the relative rates for approximately 10 g samples of DU and HEU 
will be measured.  This comparison will provide the basis for validating the relative strength of the 
detected particles for HEU and DU.  In the second comparison, the relative rates for the approximately 10 
g and 1 kg sample of DU will be measured.  This comparison will enable the validation of secondary 
processes that occur after photofission that impact the measurement for kilogram-scale samples. For 
instance, for 2 kg of HEU, as much as 50% of the fission induced in the sample is induced from fission 
neutrons generated through photofission. 

There is a limited range of facilities in the U.S. that have both the necessary accelerator capability and the 
ability and willingness to handle SNM.  Two such facilities, the Idaho Accelerator Center at Idaho State 
University and the Nuclear Engineering Program at the University of Michigan, have both expressed an 
interest in participating in such measurements.  Both would need to amend their licensing to handle the 10 
g of HEU proposed for these measurements.   

The rough order-of-magnitude cost estimate for all three validation measurements is $1.1M, spread over 
three years.  Each of the three measurements could be performed separately, at approximately one-third of 
that cost.  There are a number of critical assumptions in these cost estimate that will need to be confirmed 
before a more reliable cost estimate can be established.   

PNNL will manage the effort to ensure that the overall objective of the validation measurements can be 
achieved and will fabricate the 10 g samples of HEU and DU. Most the labor for the measurements will 
be provided by two collaborating universities as research opportunities for students.  The successful 
completion of these validation measurements will reduce the uncertainties in the proposed standards from 
about 50% to 5%.  The measurements would also provide some much-needed nuclear data on 
photofission.
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Acronyms and Abbreviations 
 

AI active interrogation 
DU depleted uranium 
eV electron Volt 
ENDF evaluated nuclear data file 
HDPE high-density polyethylene 
HEU highly enriched uranium 
IAC Idaho Accelerator Center 
keV kilo-electron volt 
MeV mega-electron volts 
NRF nuclear resonance fluorescence 
Pu plutonium 
S/N signal to noise 
SNM special nuclear material 
XCOM photon cross section database 
Z atomic number 
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1.0 Introduction 
The detection of special nuclear material (SNM) in cargo is a challenge for passive radiation measurements 
that observe the radiation signatures spontaneously emitted by the SNM.  Highly enriched uranium (HEU), 
for instance, emits very few neutrons and the strongest gamma rays are easily attenuated.  Alternatively, 
cargo around the SNM may serve as shielding, reducing the observable signal strengths.  For this reason, 
active interrogation techniques, where we broadly define active-interrogation as the use of energy external 
to a sample to probe the response of the sample, are being pursued for detection of SNM in cargo. 

PNNL has been developing a proposed testing standard for systems designed to actively interrogate cargo 
containers (Kouzes et al. 2019).  The primary challenge of testing under such a standard is that the objects 
that one wants to test against, kilogram-scale quantities of highly enriched uranium (HEU) and weapons-
grade plutonium (WGPu), are not easily accessible to commercial vendors.  As a result, much of the 
challenge of developing the standard involved developing suitable surrogates, such as depleted uranium 
(DU), that were more readily obtainable and provided a similar interrogation response as the targeted 
quantities of HEU and WGPu.  Several different active interrogation approaches were considered such as 
photofission, nuclear resonance fluorescence and differential die-away.  Of these approaches, the largest 
uncertainties, on the scale of 50%, occurred for the various photofission processes. These large 
uncertainties are due to the paucity of related photofission nuclear data and models.  The report presents 
an experimental plan for conducting validation measurements for the photofission processes. 

There is a wealth of possible observables from photofission that can be utilized for detection of SNM in 
cargo containers.  There are prompt neutrons from photofission, where the proposed standard considers 
three different energy ranges for the neutrons, greater than 0.5 eV, greater than 1 MeV and greater than 3 
MeV.  The prompt photons are not considered because they are difficult to distinguish from the photons 
scattered off the target due to non-fission-related processes.  There are delayed neutrons, which can be 
emitted up to several minutes after the fission.  There are delayed photons, which can be emitted up to a 
couple of hours after the fission.  For the delayed neutrons and photons, three different integration times 
of 1 ms to 0.1 s, 1 s, and 10 s were considered.  Furthermore, delayed photons with more than 3 MeV 
energy were also considered.  As will be discussed later, this time binning is likely not appropriate for 
how the interrogations will be conducted.  The goal of the proposed validation measurements is to 
conduct a 5% measurement of the relative contribution of DU compared to HEU for these various 
signatures.  In most cases, estimates show that this goal can be achieved in a reasonable amount of time, 
with beam times on the scale of a few days. 

This paper presents the plan for validation measurements of a proposed standard for photofission active 
interrogation. This will ensure that the requirements in the standard are appropriate and achievable. This 
paper is organized into two additional sections, one focused on describing the count rate estimates for 
predicting how much measurement time is required, and one focused on estimated costs of the proposed 
experiments.  Within the count rate section, discussions include choice of targets, detectors, and beam 
structure.  Within the cost estimate section, discussion of alternatives facilities, such as the Idaho 
Accelerator Center at Idaho State University and the Nuclear Engineering program at the University of 
Michigan, are presented. 

2.0 Estimated Count Rates 
There are two extreme approaches for designing the validation measurements.  First, one can conduct 
measurements with the kilogram-scale targeted SNM and related surrogates.  Second, one can identify the 
processes in the current modeling that are poorly understood and focus on experiments to study those 
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specific processes.  The former approach would involve extensive and expensive work at a national 
laboratory due to the kilogram-scale sizes of SNM involved but provide higher fidelity results for the 
standard.  Likely, Idaho National Laboratory (INL) is the only national laboratory with the accelerators 
and material capable for conducting such measurements. Although INL does not currently have the 
capabilities to conduct these measurements, they have conducted similar measurements in the past and 
likely could conduct them in the future. We have assumed that the costs would be prohibitive for a 
measurement at INL, so we have focused on the second approach, which use much smaller quantities of 
SNM. 

There are several parameters for estimating the count rates for the needed measurement to reduce the 
current uncertainties.  The basic equation for calculating the count rates is 
 

𝑅 = 𝜙𝐼𝑛𝜎𝜈𝜖𝑁!"#
ΔΩ
4π
, 

 

(1) 

where 𝜙 is the photon flux on the target per beam charge [𝛾/mC], 𝐼 is the average beam current [mA], 𝑛 
is the areal density of the target [atoms/cm2], 𝜎 is the cross section for the process of interest [cm2], 𝜈 is 
the number of particles of interest generated per interaction [unitless], 𝜖 is the intrinsic efficiency 
[unitless], 𝑁!"# is the number of detectors and ΔΩ is the solid angle of the detector-target geometry [sr]. 
Each of these terms are discussed in the subsections below.  

2.1 Targets 

The primary concern for the validation is the strength of observables from photofission for DU compared 
to HEU.  It is assumed that the transport of those observables, neutrons and photons of various energies 
and timings, through various materials, can be well-modeled with existing transport codes.  However, the 
production of those observables via photofission are less well modeled, in part due to a lack of adequate 
nuclear data. This type of measurement is best performed with a thin sample of material to reduce the 
secondary scattering that may occur in the target.  However, the secondary scattering in an extended 
target is important.  For instance, even for photofission, up to one-half of the fissions that occur in a kg-
sized HEU or DU from exposure to a photon beam are induced by neutrons created by the photon beam.  
In other words, for extended targets about half of the fissions in the target can be generated through 
secondary processes from the original photon beam.  Thus, it is also important to study larger targets to 
allow for the increased probability of secondary scattering.   

With these considerations, the validation measurements are designed with three different targets, a thin, 
small mass HEU target, a thin, small mass DU target, and a larger, thicker DU target.  The mass of the 
HEU target is set to 10 g.  Masses of HEU larger than 10 g have increased administrative overhead in 
dealing with safety, transportation and material licensing issues.  The small DU target should match the 
HEU target to facilitate the comparison of the observed rates.  The small targets are assumed to be square 
for these calculations. We propose for the larger DU target a 1 kg mass of DU, ideally in a solid sphere, 
although any solid geometry with approximately equal dimensions will be adequate; we assume a cube in 
the rate estimates.  One kilogram is sufficient to test secondary scattering effects.  Details of the proposed 
(metal) target materials can be found in Table 1. 
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Table 1. Proposed Target Materials. 

 HEU Small DU Large DU 
Mass [g] 10 10 1,000 
Density [g/cm3] 19.0 19.0 19.0 
A [g/mole] 235.2 238 238 
Thickness [mm] 1.0 1.0 37.5 
Width [mm] 22.9 22.9 37.5 
𝑛 [atoms/cm2] 4.9 ⋅ 10!" 4.9 ⋅ 10!" 1.8 ⋅ 10!# 

2.2 Fission Rates 

The rate that fissions and (𝛾, 𝑛) reactions occur in the target is a product of the bremsstrahlung photon 
beam energy distribution and the energy dependence of the photofission cross section.  The 
bremsstrahlung photon beam energy distribution is determined through radiation transport modeling using 
the Geant4 framework (Agostinelli et al. 2003; Allison et al. 2006).  The bremsstrahlung radiator consists 
of a 0.25 mm tungsten mounted on 10 mm thick copper.  A lead collimator is applied to the 
bremsstrahlung beam.  The bremsstrahlung beam energy distribution is expressed in units of 
photons/mC/msr/MeV, which assumes that the photon distribution is flat across the target.  The 
photofission and (𝛾, 𝑛) cross sections are taken from ENDF/B-VII.1 (Chadwick et al. 2011). The 
bremsstrahlung distribution and cross sections are shown in  Figure 1. To simplify the calculation, the 
cross sections up to 9 MeV are approximated as horizontally-offset exponential functions.  To determine 
the solid angle of the target with respect to the beam, a distance between the radiator and the target of 3 m 
is assumed; the solid angles of the beam for the 10 g and 1,000 g targets are 0.058 and 0.156 msr, 
respectively. The products of these distributions, as well as factors including the target solid angle, are 
shown in  

 

 

 

 

 Figure 1. U cross sections (left) and bremsstrahlung photon distribution (right) 

Table 2.   
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 Figure 1. U cross sections (left) and bremsstrahlung photon distribution (right) 

Table 2. Product of cross section of bremsstrahlung energy distribution for relevant processes 

Reaction Product    𝜙𝜎 +$%
!

%&
, 

 +𝑏 ⋅
𝛾

𝑚𝐶 ⋅ 𝑚𝑠𝑟, 
10 g Target 1,000 g Target 

𝑈!#' (𝛾, 𝑛) 1.91 ⋅ 10(	 1.1 ⋅ 10)"* N/A 

𝑈!#' (𝛾, 𝑓) 1.36 ⋅ 10( 7.9 ⋅ 10)"+ N/A 

𝑈!#, (𝛾, 𝑛) 3.07 ⋅ 10( 1.8 ⋅ 10)"* 4.8 ⋅ 10)"' 

𝑈!#, (𝛾, 𝑓) 9.90 ⋅ 10, 5.8 ⋅ 10)"+ 1.5 ⋅ 10)"' 

2.3 Detector Efficiencies and Solid Angles 

The efficiencies of the detectors depend on the placement of the detectors to determine solid angle of the 
detector with respect to the target and the intrinsic efficiency of the detector.  Both the type of the detector 
and the placement vary with the type of photofission observable, which are each discussed below. A 
summary of the efficiencies, as well as the number of detectors 𝑁!"# for the count rate estimates, is shown 
in Table 3. 
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Table 3. Detector parameters for estimating count rate 

Particle 𝜖 ΔΩ/4π 𝑁-./ 
Prompt Neutrons 0.04 0.0022 4 
Delayed Neutrons 0.054 0.028 6 
Delayed Photons, all E 0.29 0.012 4 
Delayed Photons, E > 3 MeV 0.13 0.012 4 

2.3.1 Prompt Neutrons 

The proposed standard allows for three different energy thresholds when counting fast neutrons, namely 
0.5 eV, 1 MeV and 3 MeV.  To design an experiment that is capable of simultaneously measuring these 
thresholds, we propose to conduct time-of-flight (TOF) measurements.  In this type of measurement, the 
time it takes the neutron to travel from the target to the detector is related to its velocity, which in turn is 
related to its kinetic energy.  To determine the initial start time, a short beam pulse, of about 3 ns, can be 
used to restrict the possible start times.  The stop time for the neutron TOF is then determined by the 
detector.  Gamma rays and neutrons can be distinguished by their different TOFs, so that it is not 
necessary to have a detector that is inherently only sensitive to neutrons.  It is also important that the 
detector provide good time resolution, similar to the beam width, when it detects a particle.  To provide 
good separation between the neutrons and gamma rays, as well as to improve the neutron energy 
resolution, long separations (~2 m) between the target and detector are required.  These long drift 
distances from target to detector also place an importance on a large surface area detector.  Given these 
requirements of fast timing and large area, polyvinyl toluene (PVT) scintillator is a natural choice for a 
detector. 

The detectors should have several features based on experience conducting similar measurements.  There 
should be two photomultiplier tubes (PMTs), one on either end, to determine the time and position 
information of the neutron hit.  There should be a nominal amount of lead in front of the scintillator to 
shield from lower energy gamma rays.  Borated polyethylene should be placed around the sides and back 
of the detector for shielding of the detector.   

The intrinsic detector efficiency is based on very similar measurements conducted at the Idaho 
Accelerator Center (IAC).  The experiment was measurements on neutron correlation in photofission on 
238U. Plastic scintillators with an active volume of 76.2 cm x 15.2 cm x 3.8 cm were used to conduct TOF 
measurements.  An estimated intrinsic efficiency from these measurements is 4%. 

This same measurement provides guidance for target-detector distance to provide adequate separation of 
the neutrons and gamma rays in the TOF spectra. These measurements, which had a target-detector 
distance of 125 cm, show photon-related signal out to 50 ns with respect to the gamma rays in the TOF.  
If the maximum neutron energy is approximately 7 MeV, then a 200 cm drift distance is adequate to 
provide the 50 ns separation between the gamma rays and the neutrons in the detector.   

2.3.2 Delayed Neutrons 

For the delayed neutrons, absolute detector efficiency is critical because of the relatively weak signal 
strength, whereas the timing of the event is not.  Furthermore, to limit background, it will be important to 
strongly distinguish between neutrons and gamma rays, so that some inherent neutron/gamma 
discrimination capability is important.  Finally, we want to detect as broad a range in energy of neutrons 
as possible. Given these constraints, we recommend using moderated 3He detectors for the delayed 
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neutrons.  Liquid scintillators are a second option, but the intrinsic energy threshold of liquid scintillators 
for neutrons of about 1 MeV suggests that it would not be the ideal detector medium.  That said, the 
ability to place liquid scintillators close to the target to improve solid angle coverage is an attractive 
option that may prove necessary if adequate rates cannot be achieved with moderated 3He detectors. 

The intrinsic neutron detection efficiency is based on discussions in (Kouzes et al. 2008). This paper cites 
an intrinsic efficiency of 5.4% for 252Cf neutrons.  The detector consists of a single 3He tube with an 
internal diameter of 49.9 mm and a length of 1.83 m filled with 3 atmospheres of gas.  The detector is 
surrounding by 5 cm of polyethylene, with an outer dimension of 62 cm by 201 cm.  The stated efficiency 
is for neutrons striking the surface of the moderator.  For the experimental counting rates, we assume a 
moderated detector that is 30 cm x 100 cm with a single 3He tube inside. 

The placement of the detectors will depend on how much shielding, if any, there is surrounding the 
detectors.  For the delayed products, there is no preferred angle for emission, so the placement of the 
detectors is driven more by covering the needed solid angle then by examining potential angular 
dependence; although there may be some angular dependence for the large DU target.  A potential design 
for the detector arrangement, including for delayed photons, is shown in Figure 2 with a target-detector 
distance of 55 cm. In this figure, 4” of shielding is placed around the detectors, together with a 4” long 
collimator opening toward the target.  It is not recommended to combine the delayed neutron and delayed 
photons measurements into one measurement as they require significantly different beam structures. As in 
the figure, we assume six delayed neutron detectors. 

 
Figure 2. Concept for detector layout for the delayed neutron measurement.  The green blocks are the 

shielded moderated 3He detectors. The gray cylinder represents the beam path.  The orange 
disk has a radius of 55 cm. 

2.3.3 Delayed Photons 

The delayed photons are considerably more numerous compared to the delayed neutrons, ~7 per fission 
compared to ~0.01 per fission, respectively, so that solid angle coverage is not as important.  However, 
there is a need to distinguish photons with energy greater than 3 MeV, thus some energy resolution is 
required.  Fast timing of the scintillators is not critical, since these are delayed products.  NaI(Tl) 
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detectors will serve these purposes adequately.  We assume four 4” x 4” x 16” NaI(Tl) detectors.  We also 
assume a modest 4” collimator on the opening of the shielding. A possible configuration for the delayed 
photon setup is shown in Figure 3 with a target-to-detector distance of 40 cm; the front of the collimator 
is 30 cm from the target.  Note that differences in the beam structure for the delayed photons and delayed 
neutrons, as discussed in section 2.4, suggest that they cannot be run efficiently at the same time. 

We estimate the peak efficiencies of these detectors using charts found in (Knoll 2010).  Figures 10.24 
and 10.25 in this reference show the total detection efficiency and peak-to-total ratio for various 
thicknesses of NaI(Tl) as a function of photon energy.  If we approximate the average delayed photon 
energy as 1.3 MeV and the average delayed photon with at least 3 MeV as 4 MeV, the total efficiency is 
approximately 80% and 75% at 1.3 and 3 MeV, respectively, for 10 cm of NaI(Tl).  The peak-to-total 
ratio is 36% and 17% at these two energies, respectively, so that we approximate the peak detection 
efficiency as 29% for all delayed photons and 13% for delayed photons with energies greater than 3 MeV.   

 
Figure 3. Concept for detector layout for the delayed neutron measurement.  The black blocks are the 

NaI(Tl) detectors. The gray cylinder represents the beam path.  The orange disk has a radius 
of 30 cm. 

2.4 Beam Parameters 

To optimize the measurements, measurements for each detected particle (prompt neutron, delayed neutron 
or delayed photon) should have its own beam parameters. These parameters include repetition rate of the 
pulses, pulse width (in time), peak current of the pulse, and possibly some macro structure allowing for 
long periods without any beam to address delayed products.  These parameters are discussed for each of 
the measurements below. The effective average beam current for estimating measurement times for 
various measurements is shown in Table 4.   
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Table 4. Effective average beam current for the various measurements 

Particle I [nA] 
Prompt Neutrons, 10 g target 790 
Prompt Neutrons, 1,000 g target 32 
Delayed Neutrons, Train = 10 s 330 
Delayed Neutrons, Train = 100 s 1,900 
Delayed Photons, Train = 10 s 21 
Delayed Photons, Train = 100 s 200 

 

2.4.1 Prompt Neutrons 

The intensity of prompt neutrons, compared to delayed neutrons, is approximately 200 to 1, which 
implies that it is not necessary to address the potential contributions from delayed neutrons when 
measuring prompt neutrons since we are concerned with measurements uncertainties of approximately 
5%.  The limitation on the rate of measuring prompt neutrons is typically the maximum repetition rate of 
the accelerator.  Another important constraint is that the length of the beam pulse should be short, ~3 ns, 
since we plan on conducting TOF measurements.  For instance, if the start and stop times have an 
uncertainty of 3 ns each and the target-detector distance is 200 cm, then the uncertainty in the neutron 
energy is 0.06 MeV and 1 MeV at 1 and 7 MeV, respectively.   

Guidance on appropriate beam parameters is provided by a recent experiment at the IAC measuring 
correlated neutrons from photofission on DU.  The measurement involved an 8 g sample of DU. The 
detectors, which are the same size as used for the count rate estimates above, were placed at 125 cm from 
the target.  The beam was tuned to provide approximately 0.5 fission per pulse in order to minimize 
possible uncorrelated fissions in the measurement.  This restriction is not critical for these measurements, 
but we will use the same beam parameters as the correlation measurement to be conservative in our count 
rate estimates.  To match the recent experiment, the chosen beam parameters for the 10 g targets are a 
repetition rate of 240 Hz, a pulse width of 3 ns, and a peak current of 1.1 A. For the 1,000 g DU target, we 
use the same parameters but scale the peak current; the peak current is reduced by a factor of 100 to 
account for the additional mass and is increased by the square of the ratio of the distances of the detectors 
for the proposed measurement and the completed measurement.   

2.4.2 Delayed Neutrons 

The time dependence of the delayed neutrons differs for 235U and 238U, see Table 5.  As a result, the 
approach in the proposed standard is to consider different integration times, all starting at 1 ms after a 
beam pulse to 0.1, 1 and 10 seconds.  The differences in the time dependence between the two isotopes 
requires different surrogate approaches for different integration times.  
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Table 5. List of delayed neutron time grouping parameters from (Kull et al. 1970). The relative 
abundances as measured at 8 and 10 MeV were averaged to approximate the abundance at 9 
MeV.   

t1/2 [s] Rel. Abundance 
 235U 238U 
0.3 0.035 0.100 
0.6 0.085 0.181 
2 0.346 0.364 
5 0.221 0.168 
20 0.256 0.164 
55 0.057 0.023 

This consideration of the delayed neutron strength over an integration time after a single beam burst is too 
simplified when considering how these measurements are likely to be conducted.  With the relatively low 
multiplicity of ~0.01 delayed neutrons per fission and a relatively short time scale in which to detect SNM 
of ~100 s, it is quite likely that an implemented active interrogation system utilizing delayed neutrons will 
try to create as many fissions as possible by exposing the interrogated object to as much beam as possible, 
while looking for delayed neutrons between beam bursts.  Thus, the time dependence of the delayed 
neutrons becomes critical when looking at how long the interrogated object is exposed to beam.  For 
instance, the longer delay times will play a more important role if the object is exposed to longer periods 
of beam.   

We propose to change how the relative strengths of DU and HEU for delayed products are integrated over 
time for the proposed standard.  The standard currently counts the delayed products (neutrons or photons) 
over a period of time after a single beam burst. This simple measurement approach, however, is unlikely 
to provide the necessary counts for the delayed products unless there is a dramatic increase in the beam 
intensity.  To improve the standard to better reflect how measurements are likely to be conducted, we 
propose to count the delayed products between beam bursts while the interrogated objected is exposed to 
beam pulses over a period of time, e.g., 10 or 100 seconds.  The proposed validation measurements for 
delayed neutrons and photons reflects this change. 

The delayed neutrons from photofission are produced out to a few hundred seconds after the fission 
according to Kull et al. (Kull et al. 1970).  However, the maximum reasonable measurement time for 
cargo screening is 100 seconds.  Thus, if the object is exposed to beam for 100 s, there will be significant 
delayed neutrons produced after the beam is turned off.  If one waits twice the maximum half-life of the 
time groups, 110 seconds, then less than 1% of the counts observed during the 100 second train of beam 
pulses is produced by previous trains.  For this reason, we propose to use a macro structure to the beam, 
which begins with a train of pulses at the beginning, followed by a long time to allow the delayed 
products to decay, as shown in Figure 4.   

 
Figure 4. Diagram of beam macro structure consisting of a train of pulses followed by a long decay time 

For the delayed measurements, we will use the available parameters for the linear accelerator at the 
University of Michigan.  This accelerator can provide pulses up to 4 µs in width with peak currents of 100 

Train Decay 
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mA.  We assume a repetition rate of 10 Hz and consider pulse train lengths of 10 and 100 seconds, with 
110 second decay time.   

2.4.3 Delayed Photons 

We were unable to identify references measuring the full time dependence on the delayed photons from 
photofission.  (Walton et al. 1964) is the only reference that provides some time dependence information 
for both 235U and 238U, but it goes out to only 7 seconds.  In contrast, the longest time component for 
delayed neutrons from neutron-induced fission is 940 seconds, so that there is significant time domain 
missing from the Walton et al. paper.  (Gozani 2009) also mentions that the time components for delayed 
photons from photofission is considerably longer than for delayed neutrons. For these reasons, we use the 
neutron induced time dependent groupings found in (Reilly et al. 1991) as an imperfect proxy. The time 
groupings are presented in Table 6. 

Table 6. List time grouping parameters for delayed photon from neutron-induced fission from (Reilly et 
al. 1991).  

t1/2 [s] Rel. Abundance 
 235U 238U 
0.29 0.011 0.062 
1.7 0.166 0.203 
13 0.304 0.324 
100 0.274 0.233 
940 0.245 0.279 

The long half-lives of the time components suggest that it will be necessary to have an extended decay 
time.  As with the delayed neutrons measurements, a decay time of twice the maximum half-life of the 
time group would reduce the contributions from previous pulse trains to less than 1% in a pulse train; 
thus, we recommend a decay length of 1880 seconds.  Once background contributions are considered, it is 
likely that a shorter decay length can be used.  For the other beam parameters, we use the same as for the 
delayed neutron measurement, based on the University of Michigan facility; namely 4 µs pulse width, 100 
mA peak current, 10 Hz repetition rate with pulse trains of 10 and 100 seconds. 

2.5 Multiplicities 

The multiplicities are defined as the number of particles emitted per interaction.  For (𝛾, 𝑛) the 
multiplicity is one for prompt neutrons and zero for all other particles.  For fission, the total number of 
prompt neutrons is determined from ENDF/B-VII.1 (Chadwick et al. 2011) for photofission at 8 MeV, the 
approximate maximum of the product of the bremsstrahlung photon energy distribution and the fission 
cross section: 2.7 and 2.8 neutrons per fission for HEU (93% 235U) and DU (100% 238U), respectively.  
The total yield for delayed photons is taken from the total yield of delayed photons from neutron induced 
fission in (Reilly et al. 1991), while the total yield for delayed neutrons is taken from (Caldwell and 
Dowdy 1975). The total number of particles per fission are shown in Table 7.  

Many of the observables studied require additional cuts, either in time or energy.  For the prompt 
neutrons, the fraction of neutrons above a given neutron energy threshold is determined through MCNP6 
version 1.0 (Goorley et al. 2011).  For the delayed products, the strength for all delayed particles is 
determined using a code which aggregates the delayed response over multiple pulses and then integrates 
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over the appropriate time.  For delayed photons with energy greater than 3 MeV, the number of delayed 
photons per fission with energy above 3 MeV from (Gozani 2009) is divided by 7, the approximate total 
number of delayed photons.  The resulting product of the total multiplicities in Table 7 and the fraction of 
particles in Table 8 is then used as the “multiplicity” 𝜈 in the count rate estimate. 

Table 7. Multiplicities for all particles of specific type from photofission 

Particle HEU DU 
Prompt Neutrons 2.7 2.9 
Delayed Neutrons 0.011 0.029 
Delayed Photons 6.5 8.7 

Table 8. Fraction of products from fission for various situations 

Particle Description 235U 238U 
Prompt Neutrons All E 1.00 1.00 
 E > 1 MeV 0.52 0.36 
 E > 3 MeV 0.13 0.082 
Delayed Neutrons Train = 10 s 0.51 0.63 
 Train = 100 s 0.87 0.92 
Delayed Photons Train = 10 s, All E 0.22 0.30 
 Train = 100 s, All E 0.51 0.60 
 Train = 10 s, E > 3 MeV 0.0041 0.0047 
 Train = 100 s, E > 3 MeV 0.0095 0.0093 

2.6 Count Rates 

The estimated counting rates following Eqn. (1) are calculated with the detailed information tabulated 
above.  The goal is for a 3.5% uncertainty measurement for each material, so that the ratio of the response 
has a 5% uncertainty.  If we assume a signal-to-noise ratio of 1, then we will require 1600 counts in the 
detector to achieve 3.5% (statistical only) uncertainty after the background subtraction.  For the delayed 
photons with energies greater than 3 MeV, we assume that there is no background so that 820 counts are 
required to achieve the 3.5% uncertainty. Table 9 summarizes the count time in hours required to achieve 
this objective. With a few notable exceptions, most the counting times are in the range of a few hours.  
The longest count times are for delayed photons with energies greater than 3 MeV.  The estimated time 
for these measurements is long, approximately two weeks, but not unreasonable.  Also note that all of the 
different energy ranges for prompt neutrons and delayed photons are conducted simultaneously, so that 
the E > 3 MeV counting essentially determines the required beam time. 

Table 10 shows the total beam time in hours calculated for each experiment. Several considerations need 
to be addressed to translate the estimated counting times in Table 9 into total beam time required.  First, 
there is generally some beam tuning period required to get the beam properly adjusted.  We will assume 8 
hours per setup (4 hours for the test run and 4 hours for the production run).  Second, a test run is 
necessary to resolve experiment issues.  We assume 16 hours for the test run.  The test run should be 
conducted a few weeks before the production run if possible, in order to allow time for the issues to be 
resolved.  Third, there is generally an assumed macroscopic efficiency factor of 50%, which addresses 
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machine and equipment down time as well as time for room accesses to change targets, for example. For 
the delayed neutrons with a 10-s pulse train length, we increased the targeted statistical uncertainty from 
3.5% to 5% in order to reduce the measurement time. Finally, the minimum measurement time is 2 hours, 
regardless of the required count time. 

Table 9. Counting time in hours to achieve 3.5% statistical uncertainty with a signal-to-noise ratio of 1 

 HEU, 10 g DU, 10 g DU, 1 kg 
Prompt Neutrons 

All E 3.0 2.9 1.1 
E > 1 MeV 5.9 8.1 3.2 
E > 3 MeV 23 35.5 14 

Delayed Neutrons 
Train = 10 s 33 14.2 0.1 
Train = 100 s 3.4 1.7 0.0 

Delayed Photons, All E 
Train = 10 s 1.9 1.4 0.0 
Train = 100 s 0.1 0.1 0.0 

Delayed Photons, E > 3 MeV 
Train = 10 s 120 100 1.0 
Train = 100 s 5.2 5.3 0.1 

Table 10. Estimated beam time in hours for conducting the validation measurements 

Experiment Beam 
Tune 

Test 
Run 

Production Run Total 
Time 

   HEU, 10 g DU, 10 g DU, 1 kg  
Prompt Neutrons 8 16 46 70 28 168 
Delayed Neutrons, Train = 10 s 8 16 66 28 2 120 
Delayed Neutrons, Train = 100 s   7 4 2 13 
Delayed Photons, Train = 10 s 8 16 60 50 2 136 
Delayed Photons, Train = 100 s   10 10 2 22 

3.0 Cost Estimates 
There are several items that contribute to the estimated cost of the validation experiments.  These include 
costs to develop detector systems, modify data acquisition systems, fabricate the targets, data analysis and 
travel.  The rough order-of-magnitude costs estimate per institution are shown in Table 11.  It is 
envisioned that this effort will take three years, with approximately constant spending each year, except 
for the second year when the $100k for the beam time at Idaho State would be necessary.  In summary, 
the total rough order-of-magnitude cost estimate to conduct all three (delayed photon, prompt neutron, 
delayed neutron) of the photofission measurements is $1.1M. 

There are several critical assumptions in estimating these costs: 
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• PNNL will fabricate the 10 g HEU and 10 g DU target so that they have similar geometry. 

• The detector materials are available but may need to be reconfigured to be suitable for these 
measurements. 

• Shielding and structural materials for the experimental setup are available. 

• The prompt neutron measurements will be conducted at the IAC, while the delayed neutron and 
photon measurements will be conducted at the University of Michigan. 

• A large sample of DU, in the range of 1 kg, is available at both experimental facilities. 

• Students at the facilities will be involved in the experimental design, setup, testing, production, 
analysis and reporting.  

Table 11. Summary of rough-order-of-magnitude cost estimate for measurements broken down by 
institution 

Institution Labor Beam Time 
PNNL $400k  
Idaho State $300k $100k 
University of Michigan $300k  

 

4.0 Summary 
The proposed standards for active interrogation of cargo containers considers possible measurement 
methodologies related to photofission, differential die-away and nuclear fluorescence.  Of these 
methodologies, the approach that currently carries the most interest is photofission, so that the design of 
the validation measurements considers the various possible products that could be measured from 
photofission: namely prompt neutrons, delayed neutrons and delayed photons.   

There is a limited range of facilities in the U.S. that have both the necessary accelerator capability and the 
ability and willingness to handle SNM.  Two such facilities, the Idaho Accelerator Center at Idaho State 
University and the Nuclear Engineering Program at the University of Michigan, have both expressed an 
interest in participating in these measurements.  Both would need to amend their licensing to handle the 
10 g of HEU proposed for these measurements; the licensing has minimal impact on cost but potentially a 
significant impact on schedule.   

The rough order-of-magnitude cost estimate for all three validation measurements is $1.1M, spread over 
three years.  Each of the three measurements could be performed separately, at approximately one-third of 
that cost.  There are a number of critical assumptions in these cost estimate that will need to be confirmed 
before a final cost estimate can be established.   

For the validation measurements, PNNL will manage the research effort to ensure that the overall 
objective of the validation measurements can be achieved, while much of the labor is provided by the two 
collaborating universities as research opportunities for students.  PNNL will also prepare the two 10-g 
targets.  The successful completion of these validation measurements would reduce the uncertainties in 
the standards from about 50% to 5%.  The measurements would also provide some much-needed nuclear 
data on photofission. 
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