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ABSTRACT 
Active measurements were performed using a 10-MeV electron linear accelerator with custom inspection 
objects containing various nuclear and nonnuclear materials available at the Idaho National Laboratory’s 
(INL) Zero Power Physics Reactor (ZPPR) facility. The inspection objects were assembled from unirradiated 
ZPPR fuel plate materials to evaluate a photonuclear inspection technology for the characterization of 
plutonium or highly-enriched uranium materials shielded by other nuclear and/or non-nuclear materials. A 
series of pulsed photonuclear, time-correlated measurements were performed with known quantities of 
unshielded calibration materials and with unknown quantities of nuclear material having more complex 
composite shield configurations. The measurements used multiple 3He detectors that are designed to 
detect delayed neutrons between interrogation pulses of an electron linear accelerator. The accelerator 
produced 10-MeV bremsstrahlung X-rays at a repetition rate of 125 Hz (8 ms between pulses) with a 4-
�second pulse width. All inspected objects were positioned on beam centerline and 100 cm from the X-ray 
photon source. The time-correlated data was collected using a Los Alamos National Laboratory (LANL)-
designed, list-mode acquisition system. A combination of different experimental configurations and data 
analysis methods enabled the successful material detection/characterization of each inspection object. This 
paper describes the experimental configuration, the ZPPR inspection objects used, the various 
measurement types, and overall results for each unknown inspection object. 

INTRODUCTION 
Monitoring capabilities can become important in support of verifying future treaties or agreements. Of the 
various monitoring schemes, active technologies have shown some unique capabilities. Active 
photonuclear-based techniques are being developed and refined to assess their applicability for these 
potential monitoring needs. Photonuclear-based active interrogation measurements were performed using 
a 10-MeV electron linear accelerator (linac) and twelve neutron detectors, on six inspection objects (IOs) 
containing nuclear materials with composite shielding. The IOs were assembled using the INL’s ZPPR 
unirradiated materials. The Special Nuclear Materials (SNM) used in the assembly of the IOs included 
highly-enriched uranium (HEU) and/or plutonium (Pu). Shield materials included depleted uranium (DU), 
tungsten (W), lithium hydride, high-density polyethylene (Poly), and the aluminum IO boxes and positioning 
spacers. A series of analyses, during and after the active interrogation process, provided an assessment of 
the material contents of each IO. While additional analyses have been and continue to be conducted on this 
photonuclear data set, this paper will provide an experimental configuration description and will focus on 
nuclear and non-nuclear-shielded, fissile material characterizations using delayed neutron measurements, 
neutron die-away responses, and the neutron multiplication. The numerical calculations to determine the 
multiplication were performed by ORNL using methods and calibrations that were established during prior 
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efforts. The multiplication (M) is presented as the k-effective (keff) that is a measure of the time-dependent 
change of a neutron population and is related as M =1/(1-Keff). 
 
The simplest delayed neutron assessment compares passive neutron background with the passive neutron 
response from the inspection objects. Any increase indicates the presence of a neutron source within the 
object. This could indicate the presence of a SNM that has a significant spontaneous fission component 
such as Pu. During photonuclear inspections, the active (linac ON) operations result in energetic photons 
that produce delayed neutrons in nuclear material from induced photofission interactions. Delayed neutron 
detection over the passive, neutron background levels, is a strong indication of materials that have a 
significant photofission cross section like HEU or Pu. 

When observing the temporal neutron response after each accelerator interrogation pulse, the resulting 
die-away response can provide important information about the SNM and any shield materials present. 
Moderated fissile materials are represented with relatively long die-way times. To attempt to determine 
the IO sensitivity to neutron moderation and exploit this die-away characterization response, a high-
density, 5-cm thick, polyethylene moderator was selectively utilized to surround the inspection objects. Any 
increased die-away response will reveal that the material has fissile characteristics, such as plutonium, if it 
also had an increased passive background measurement, or 235U if it did not show an increased passive 
background measurement. This method works quite well for IOs that do not contain significant amounts of 
neutron poisons or moderators. 

Finally, the delayed region can also be analyzed for correlated neutrons indicating a neutron multiplication 
value and the resulting keff which will indicate the presence of fissile materials. The details of the IOs, 
experimental setup and the measurement results are provided in the following sections. 

INSPECTION OBJECTS 
Ten Inspection Objects (IOs) were assembled using ZPPR materials: the first four represented unshielded, 
calibration quantities including 5.4 kg of tungsten, 5.3 kg of depleted uranium, 5.3 kg of highly enriched 
uranium, and 2.8 kg of Pu. The general information for the remaining six IOs is provided below and 
additional details can be found in Reference 1. 

Of the six composite shielded IOs, all but one contains fissile SNM. The SNM materials include: HEU that is 
93% enriched in 235U and is in a metal form, and Pu that is 95% 239Pu and is in a metal form within an 
aluminum matrix that is 99% Pu and 1% aluminum by mass. The shield materials include: DU that is 
depleted of 235U to 0.22% and is in metal form; lithium hydride (LiH) as a sintered solid brick that is 6.4% 6Li, 
80.9% 7Li, and 12.7% hydrogen by mass and is contained within a thin stainless steel wall; and Poly. All the 
IOs were assembled within 1.27-cm thick, aluminum boxes built from standard 6061-T6 aluminum with 
each aluminum side uniquely identified with an IO number and an alphabet letter-side designator. The total 
amounts of SNM and shield materials within each IO are listed in Table 1.  

Also provided in Table 1 are two sets of keff values for each IO. The first set was used for the criticality safety 
evaluations and the second set was a better estimate based on the actual expected keff for each IO. These 
keff values were determined using the fifth release of the Monte Carlo N-Particle Transport Code (MCNP 5) 
computer program[2]. The numerical uncertainties are small for these calculations (< 1%); however, the 
largest uncertainty was in modeling the actual constructed assembly geometries. During the assembly 
process, small as-built, material alignment imperfections were unavoidable and, as such, were nearly 
impossible to include in numerical models. To assess the impact on the determined keff values based on 
these types of material misalignments, a limited sensitivity study was conducted with some of the more 
complex IOs. This study showed that these multiplication results are expected to be within 5%. 
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 Additionally, the order of the materials listed in Table 1 represents the order in which they are assembled 
in the inspection objects with aluminum being the outside layer and the SNM being the inner layer. 

Table 1. Inspection Object Materials, Masses, and K-effective Values. 
IO 
# 

Total 
Mass (kg) 

SNM Material and 
Mass (kg) 

Shield Material and 
Mass (kg) 

keff 
(Crit. Safety) 

keff 
(Act. Expected) 

5 29.9 HEU-         4.8 DU/LiH/Al-        6.2/2.8/7.9 0.59 0.52 
6 27.9 None DU/ W/LiH/Al- 5.5/5.7/2.8/7.9 0.11 0.09 
7 32.7 HEU-         5.3 DU/Al-             17.3/10.1 0.61 0.54 
8 17.2 Pu-           1.2 DU/AL-              5.6/10.0 0.31 0.25 
9 17.0 Pu/HEU-  1.2/4.8 Al-                      10.6 0.46 0.31 
10 20.8 Pu-           1.2 Du/Poly/Al-        5.6/5.4/8.2 0.48 0.41 

 

To show examples of how the SNM and shielding materials were assembled within the IOs, several figures 
are provided. The empty 7.9-kg IO aluminum box has an inner dimension of 20 cm x20 cm. Figure 1 
provides a cutaway on an engineering drawing of IO #5 showing how its materials fit within the outer 
aluminum box. Figure 2 shows select photos of each IO during their assembly process. 

 
Figure 1. Cutaway of the engineering a drawing with a list of materials for IO #5. (Material ID number is a ZPPR 
identification number, Mele is the SNM elemental mass, and Mtot is the total material mass.) 
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Figure 2. Photos during the assembly of IOs #5 through #10 from left to right and then from top to bottom.b  

EXPERIMENTAL SETUP 
The experimental setup consisted of three major components: an electron linear accelerator (linac), 
neutron detectors, and an acquisition system.  See Reference 3 for additional information about these 
components and some of their nuclear material research and development efforts. Figure 3 shows both a 
schematic setup (with the dimensions) and the related photo. The distance from the linac photon source to 

                                                           
b The arrow pointing to the Pu plates (third row down, left picture) showing an example of how developing an exact 
numerical model of an IO is difficult because of material misalignments and imperfections. 

Pu plate misalignment 
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the front surface of the IOs was 100 cm. The center of the photon beam and the IOs was 83 cm above the 
floor. Two parallel detector banks were used: each with six vertically-oriented neutron detectors. The inner 
face of the two detector banks were 100 cm apart and centered on the IO (i.e., three detectors forward 
[away from the linac] of the IO’s center and three detectors after [toward the linac] the IO). A laser 
alignment system was used to allow easy and repeatable positioning of the inspection objects. Highlighted 
in Figure 4 (left) is the dual-beam-laser alignment on side “C” of IO #9. The two red laser beam dots on the 
IO vertically align when the IO is positioned 100 cm from the linac. The Poly moderator selectively used in 
these measurements is also shown in Figure 4 (right). The linac is an S-Band Radio Frequency standing wave 
design using a Varian L-3000 waveguide and can produce selectable electron energies between 2 and 12 
MeV; however, for these tests only a 10-MeV operation was utilized. Interrogating photons are created 
through the bremsstrahlung process in a tungsten converter and produces a continuum of photon energies 
that decrease in abundance with increasing photon energy up to the maximum electron energy produced 
by the linac. The average beam current was about 3 microamperes at 125 Hz, which produces 2.4 x10-8 
coulombs per pulse or 1.5 x1011 electrons per pulse. The electrons are created in pulses lasting about 4 
microseconds with an instantaneous beam current during the pulse of about 6 milliamperes. 

LANL built a custom acquisition system to collect the data during these experiments. This system includes 
32-input channels and provides list-mode data output. Along with the hardware LANL developed software 
to control the acquisition system and to analyze the data. One of the options in the software provides an 
output of the time-dependent response relative to each linac pulse so that the data can be easily displayed. 
This time-dependent response option was used to provide the data in the following section.  

 

 
Figure 3. A drawing of the experimental setup with dimensions and a picture of the setup. (White polyethylene 
shrouds enclose each neutron detector for cosmic-ray suppression.)  
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Figure 4. Laser alignment system on the center of IO#9 (left), 5-cm Poly moderator around an IO (right). 

DATA ANALYSIS 
Three different measurements were taken with each IO including passive (linac OFF), active (linac ON), and 
moderated active measurementsc. List-mode data from these measurements are then used to determine 
the presence of fissile SNM, provide information on the type of SNM, and characterize shield materials 
within the IO. By incorporating the linac pulsing trigger signal, the list-mode data for the detectors can be 
correlated to the linac pulses and displayed with a time-dependent response relative to each linac 
interrogation pulse. Figure 5 shows a typical, time-dependent response for IO #7. 

For the passive measurements the linac remained OFF; however, the triggers from the linac were still sent 
to the acquisition system to provide a time reference. The black plot in Figure 5 is the passive measurement 
for the IO (“IO #7 – Passive”) and in this case it was the same as the background in the experimental area 
without the IO in placed. The red plot shows the active measurement (“IO #7 – 10 MeV”) where the linac is 
turned ON and a short pulse of photoneutrons are generated.  For comparison, a vertical green line runs 
across the time-axis and represents the linac’s 4-μs pulse width. The green line width is approximately to 
scale. During the interrogating pulse, photoneutrons are generated throughout the experimental area 
including the detectors and inspection object. These neutrons have a Maxwellian energy spectrum that is 
similar to fission neutrons. These neutrons scatter and thermalize within about 100 μs after each linac 
pulse. Since the neutron detectors are insensitive to thermal neutrons, the counts quickly return to 
background levels, unless delayed neutrons from nuclear materials are being generated by fission 
fragments. This temporal region of neutron counting, highlighted via the purple box in Figure 6, is called the 
delayed region and has been selected to extend from 2.5 ms after each linac trigger pulse to just before the 
next trigger pulse. For IO #7, the HEU produces a considerable number of photofissions. For reference, the 
neutron counts in the delayed region for the passive and active measurements are about 1.9x103 and 
1.3x106, respectively. Finally, a 5-cm polyethylene moderator (Poly) was added to the outside of the IO and 
the active measurements were repeated. The latter is shown as the blue plot (“IO #7 – 10 MeV Poly”) in 

                                                           
c Because of limited experimental time a moderated active measurement was not performed on the DU calibration 
inspection object. 
d The background neutron count rate in the experimental area is several times greater than natural background levels 
in this region. This reduces the sensitivity of these methods but with the count times used there was ample sensitivity. 

Laser Alignment 
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Figure 6. For this moderated configuration the die-away time response (i.e., about 0.2 to 1.5 ms) has 
increased significantly. This increase is an artifact of the fissile material response to the neutrons leaving 
the IO being moderated and reflected back to the inspection object. A convenient method to measure the 
die-away time response is to evaluate the time required for the counts to decay from 90% to 10%.  For IO # 
7 this results in die-away times of 580 μs for the moderated and 120 μs for the unmoderated cases.  To 
present the die-away responses for all the IOs, Figure 7 only presents the early time after each linac pulse. 
For comparison, IO #7 is included in this compressed form.  

Based on an earlier photonuclear experimental campaign, ORNL developed an algorithm and a calibration 
for the neutron detectors in a similar experimental configuration. Using this method and then correcting for 
the actual deployed detector geometry, neutron multiplication evaluations were performed using the 
delayed neutron region data. The results are provided in Tables 2 for the calibration IOs and Table 3 for the 
composite shielded inspection objects. In most cases the measured keff values agree very well with the 
predicted values, and in every case, as expected, the measured values are less than the keff values used for 
the criticality assessments. 

 

Figure 6. Time-dependent response relative to the linac pulse for IO #7 containing 5.3 kg of HEU. 
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Figure 7. Early time-dependent, die-away responses for labeled inspection objects. The black, red, and blue plots are 
the passive, active, and moderated active interrogation cases, respectively. 

With the focus on SNM detection/characterization, processes were developed to determine the material 
contents of each IO using the three data sets represented in Figure 6.  Flow diagrams showing the 
processes used to determine SNM detection, SNM identification, and shield material characterization are 
provided in Figure 8. The results of these assessments are provided in Table 2 and Table 3 for the 
calibration and composite shielded IOs, respectively.  

 IO #7 will be used to illustrate the use of the flow diagrams. Initially, a comparison of the two delayed 
neutron count measurement data shows that the active results are greater than the passive counts; hence, 
a neutron multiplication characterization is indicated. The measured k-effective shows a value of 0.52 and 
thus, fissile material is indicated. Differentiation of HEU from Pu relies on the fact that the passive delayed 
count was the same as the natural room background count; hence, indicated Pu. Finally, the assessment of 
shield material is accomplished via the neutron die-away responses. Since there is no increase in die-away 
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response over the natural room response without an IO and since the response did not increase with 
increased moderation, IO #7 does not contain a moderator or a poison shield material. 

 

 
Figure 8. Flow diagrams for the detection of SNM, SNM identification, and shield material characterization. 

 
Table 2. Analysis summary for calibration inspection objects. 
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Table 3. Analysis summary for composite shielded inspection objects. 
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e Data was not taken due to limited time. 
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SUMMARY 
These representative inspection object measurements demonstrate that even simple, single energy (10 
MeV) photonuclear-based inspections may be applicable to future treaties or agreements that have a 
requirement to quickly determine the presence, and in many cases the type, of fissile SNM in shielded 
configurations. In addition, important information can also be gained about the shielding material, if any, 
surrounding the SNM. Even though this assessment used fixed, 10-minute measurements, these results 
have shown that the inspection time could be further reduced about 10-fold while still providing 
reasonable overall statistical data. 
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