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I. Abstract

In this two year project, the research team investigated how delayed y-rays from short-lived 
fission fragments detected in the short interval between irradiating pulses can be exploited for 
advanced safeguards technologies. This program contained experimental and modeling efforts. The 
experimental effort measured the emitted spectra, time histories and correlations o f the delayed y-rays 
from aqueous solutions and solid targets containing fissionable isotopes. The modeling effort first 
developed and benchmarked a hybrid Monte Carlo simulation technique based on these experiments. 
The benchmarked simulations were then extended to other safeguards scenarios, allowing 
comparisons to other advanced safeguards technologies and to investigate combined techniques. 
Ultimately, the experiments demonstrated the possible utility o f actively induced delayed g-ray 
spectroscopy for fissionable material assay.

II. Background

Over eleven years ago, the United States’ National Energy Policy recommended “the expansion 
o f nuclear energy in the United States as a major component o f our national energy policy” [p rl]. To 
reach this ambitions goal, the National Energy Policy and the Department o f Energy’s Advanced Luel 
Cycle Initiative (ALCI) recognized nuclear fuel reprocessing as a critical component that must be 
accomplished, while decreasing the risk o f nuclear weapons proliferation [prl,2], This robust 
nonproliferation requirement necessitates the application o f technologies that can rapidly, accurately 
and nondestructively quantify fissionable materials for materials accountancy and verification. Near 
real-time nondestructive quantification o f fissionable materials in real-life safeguards settings is very 
challenging and can be improved. Hence the research team undertook a two year research, 
development and education program to investigate an innovative active interrogation technology that 
utilizes delayed y-rays as the fissionable material signature that can nondestructively identify and 
quantify fissionable isotopes in a sample under inspection. This research program was titled Near 
Real-Time Nondestructive Active Inspection Technologies Utilizing Delayed y-Rays and Neutrons fo r  
Advanced Safeguards Project Number: 09-772 and was funded by the Department o f Energy’s
Nuclear Energy University Programs.

In active interrogation techniques, y-rays and/or neutrons are used to probe materials containing 
fissionable isotopes. The resulting induced fission reactions release on average 200 MeV of energy 
per fission reaction with the majority o f this energy is in the kinetic energy o f the fission fragments. 
However, as these highly excited fission fragment decay they emit prompt secondary radiation in the 
first ~10"12 s and at much longer times they emit delayed neutrons and y-rays. Actively induced 
delayed y-ray emission are especially interesting for safeguards application because they provide a
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fingerprint o f the various fissioning isotopes. While delayed y-rays from long-lived fission fragments 
have been used in safeguards applications, actively inducing fission enhances the abundance of 
delayed y-ray emissions and opens up the use o f delayed y-rays from short-lived fission 
fragments [pr2]. The y-rays from the short-lived fragments tend to be higher-energy, in a lower 
background region o f the y-ray spectrum, making them especially appealing in safeguards 
applications where low-energy passive backgrounds may be significant.

In the two year research, development and education program, the research team investigated 
how delayed y-rays from short-lived fission fragments detected in the short interval between 
irradiating pulses can be exploited for advanced safeguards technologies. This program contained 
experimental and modeling efforts. The experimental effort measured the emitted spectra, 
time-histories and correlations o f the delayed y-rays from aqueous solutions and solid targets

* * 232 235 238 239containing Th, U, U and Pu. For obvious reasons, the fissile isotopes were o f primary 
interest for the neutron induced fission experiments. In contrast, the fertile isotopes were o f primary

23 2 23 8interest for the photofission experiments because bi-component targets containing both Th and U 
were available. These mixtures contained -1%  to 8% 232Th/238U by mass in a matrix o f H20  or S i02, 
thereby spanning the concentrations relevant to modem reprocessing facilities. The modeling effort 
first developed and benchmarked a hybrid Monte Carlo simulations technique based on these 
experiments. The simulations were then extended to a spent fuel inspections as part o f the Next 
Generation Safeguards Initiative.

In the rest o f this report the research team details the objectives and results o f the fours tasks 
originally outlined in the proposal. For simplicity the experimental Tasks 1 and 3 have been grouped 
together and the modeling Tasks 2 and 4 have been grouped together. Furthermore, one master thesis 
and one doctoral dissertation have been produced under this program and are included in the 
appendices. This report will often defer to these documents for many o f the details.

III. Delayed y-ray sensitivity, accuracy and specificity experiments (Tasks 1 and 3)

The experimental tasks included 8 campaigns in which delayed y-ray spectra were experimentally 
measured from either photon and/or neutron induced fission. Three o f these campaigns were neutron 
induced fission technique development experiments, in which the team focused on optimizing the 
methods and procedures used in other campaigns. The other five campaigns were production 
experiments that resulted in high-quality data sets from photon and/or neutron induced fission. The 
main objectives o f the experimental tasks were

1. Technique development. The team optimized neutron production, neutron moderation, 
detector shielding, target shuttling and irradiation time periods.

2. Observation and identification of delayed y-rays from short-lived fragments. Discrete 
delayed y-ray lines with energies greater than ~3 MeV were observed. The majority o f the 
fission fragments that emit high-energy delayed y-rays were identified and indeed these 
y-rays tend to come from short-lived fission fragments (i.e. tens o f minutes and less). The 
fission fragments were identified by using the results from the modeling effort.

3. Data analysis algorithms. To determine the concentration of fissionable isotopes in a target 
two different data analysis algorithms were developed. The first technique was peak ratio 
analysis (PRA), which utilizes a fiducial and signal discrete delayed y-ray line to determine 
isotopic abundances in mixed targets. The second technique was spectral contribution 
analysis (SCA), which used a linear combination o f pure isotope basis spectra to determine 
the isotopic abundances.

Much of the optimization in objective 1 was not required for the photon induced fission experiments 
because the research team already had extensive experience with photofission. The data analysis
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algorithms o f objective 2 were primarily applied to photofission experimental data from mixed targets
232 23 8containing both Th and U. Finally, a metric algorithm was developed to measure the difference

between spectra from the fissile isotopes.

A. Photofission experimental results

Due to the teams previous experience, the first experimental campaign conducted on January 
1st 2010 utilized a -22  MeV bremsstrahlung beam to induce fission reactions. From an 
experimental perspective, photofission is advantageous because it allows the mixed targets 
containing both 232Th and 238U to be utilized, allowing the data analysis algorithms to be 
developed. Neutron induced fission experiments limit the targets to fissile isotopes and targets 
containing mixed fissile isotopes were not available. Since Edward T. E. Reedy was primarily 
interested in data analysis algorithms, the delayed y-ray spectra data from this campaign was the 
primary data set used in his master thesis, which is attached in Appendix A. Hence in this report, 
we will highlight his thesis results and present data that was not included in his thesis.

Using Figure 1 as guide, electrons from a pulsed radiofrequency linac impinged on a 2.2 mm 
tungsten bremsstrahlung radiator. The accelerator produced 4 ps wide macro electron pulses with 
-170 nC of electron charge at a repetition rate o f 15 Hz. The delayed y-ray spectra were collected 
in the -66.7 ms period between bremsstrahlung pulses. The electrons had an energy 22 MeV and 
impinged on a tungsten radiator. The high-energy bremsstrahlung beam traversed through a 
1.8 m thick concrete wall with a 1.27 cm diameter 15.24 cm long Pb collimator at the entrance 
followed by a 3.81 cm diameter 15.24 cm long Pb collimator at the exit. The bremsstrahlung 
beam traversed a total o f -4  m from radiator to the target. The HPGe detector was -25 cm from 
the target and was heavily shielded by Pb, borated CH2 and Cd but had a clear view of the target 
itself. The output o f the detector was routed to a multi-parameter data acquisition system that 
recorded the energy and time data in an event-by-event mode. The gun trigger was also sent to 
the data acquisition system providing a time fiducial so that the arrival time of the photons could 
be correlated with the bremsstrahlung pulse. Complete details of the experimental setup can be 
found in chapter 3 (pages 23 through 29) o f the thesis in Appendix A.

-----------------4 m ---------------- ►
Figure 1 Schematic diagram o f the experimental setup for the measurement o f delayed y-ray spectra from 
photofission.
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Figure 2 Delayed y-ray spectra from the targets containing pure and mixtures o f Th and U. Each 
spectmm was collected from 30 to 66 ms after bremsstrahlung pulses that repeated at a rate o f 15 Hz. 
The total integration time was -2  hours for each spectrum.

Each intense 4 ps macro bremsstrahlung pulse caused the detector to saturate for ~5 to 
-10  ms and approximately 35 ms was required to allow photo neutrons to thermalize and be 
absorbed in order to avoid discrete y-ray lines from (n,y) reactions. Hence spectra were collected 
from 35 to 66 ms after the bremsstrahlung pulse. More details about detector saturation and the 
required time cuts can be found in chapter 4 (pages 30 through 35) o f the thesis in Appendix A. 
Figure 2 compares a portion o f the delayed y-ray spectra collected as the mixed targets progress 
from pure 232Th to pure 238U. The energy region from -2650 to -3050 keV is included in the 
spectra because the IAC team has found this region to give the most distinctiveness between 232Th 
and 238U. The strong discrete delayed y-ray lines are attributed to fission fragments from 
modeling results. In particular the line at -2754 keV attributed to 86Br/133Sb acts a fiducial that 
does not change to drastically between 232Th and 238U. In contrast, the line at 2945 keV attributed 
to 88Br/106Tc is almost nonexistent in the pure 232Th spectrum but grows in strongly with the 
addition o f 238U. Similarly, the line at 3288 keV attributed to 97Y also grows in strongly with the 
addition o f 238U. However, the line at 3401 keV also attributed to 97Y does not grow in as 
strongly as the 3288 keV, suggesting either misattribution or an unidentified interference. 
Delayed g-ray spectra from 2650 to 5850 keV can be found in chapter 4 (pages 39 and 40) o f the 
thesis in Appendix A.

To determine the relative concentration o f 232Th and 238U in the mixed targets, two different 
analysis algorithms were developed and applied to the delayed y-ray spectra presents in Figure 2. 
First, the traditional peak ration analysis (PRA) technique was applied by using the 2754 keV line 
attributed to 86Br/133Sb as the fiducial that does not change intensity drastically between 232Th and 
238U. The line at 2945 keV attributed to 88Br/106Tc was used as the signal and the ratio between 
this line and the fiducial was monotonically related to the relative concentration o f 232Th or 238U. 
Unfortunately the error associated with the PRA determined concentrations are large because of 
interferences to delayed y-ray from different fragments and the small amount o f spectral data that
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Figure 3 Relative 2j8U spectral contribution versus the actual 2j8U concentration (a) and delayed y-ray 
spectra obtained from the fitting algorithm (red) overlaid on their respective energy spectra (black) (b). 
In both spectra calculated basis spectra were utilized and applied to the 15 Hz photofission spectra. In (a), 
the error bars indicate l a  standard deviation.

is utilized. The details and problems o f the PRA technique can be found in chapter 4 (pages 41 
through 44) o f the thesis o f Appendix A. The second data analysis algorithm developed was 
spectral contribution analysis (SCA), which uses a linear combination basis spectra to match the 
measured spectra from the target containing a mixture o f 2 2Th and 2j8U. Mathematically this can 
be expressed as

^ m e a s  =  a 2 3 8 (P 2 3 8  +  a 2 3 2 (P 2 3 2  ( 1 )

where Omeas represents the measured delayed y-ray spectra, <p2 38  is the basis spectra for pure
238 • • 232-t-i • • •U and <p2 32 is the basis spectra for pure '"Th. The a 's  are the spectral contribution and can be 
found by standard minimization techniques, such as linear least squares. The basis spectra can 
either be measured from pure targets or calculated from a delayed y-ray model. The research 
team found that using calculated basis spectra produced the most accurate results and hence these 
results will be outline in this report. If  the results from measured basis spectra are o f interest, the 
reader is directed to chapter 4 (pages 46 through 55).

Figure 3a shows the 2j8U spectral contribution calculated using basis spectra formed from a 
model based on the ENDF fission fragment tables combined with the table o f isotopes and 
detector response function [1-3], In this calculation only the region from 2650 to 3050 keV was 
considered in a linear least squares minimization o f equation (1). The statistical errors using this 
SCA technique average -0.15%, which can be compared to 15% statistical error bars from the 
PRA technique. In addition to this precision, the accuracy is o f primary concern and is indicated 
by deviations from the line o f equality, which is overlaid on Figure 3a. All deviations from 
equality are less than 2% except the target containing 23.1% relative 2j8U concentration, which is 
off by -9% . The energy spectra determined by this SCA calculation are overlaid with the 
measured spectra in the 2650 to 3050 keV region in Figure 3b. Qualitatively, the calculated 
spectra from the SCA analysis does an excellent job reproducing the measured spectra. However 
there are a few small lines that are not reproduced in the calculated spectra. For example, the line 
at -2800 keV is not in the calculated spectra because it arise from 115In(n,y)116mIn reactions and 
116mIn emits coincident g-rays at 1507 and 1293 keV with a 54.3 min half-life. Indium is used as
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Figure 4 Delayed y-ray spectra from a target consisting o f 150 g o f 2j8U collected in 15 Hz mode (red) 
and in 10 s on/off mode (black). The 15 Hz mode spectrum was collected between bremsstrahlung pulses 
that repeated at 15 Hz. The 10 s on/off mode spectrum was collected during the 10 s off periods that 
immediately followed the 10 s on periods. During the on cycle the bremsstrahlung pulses repeated at 
60 Hz. The total integration time between 2 and 3 hours for each spectra.

a cryogenic coupling in close proximity to the Ge crystal and hence coincident sum line at 
-2800 keV is present. Due to the long half-life o f this activation product the intensity o f this line 
is dependent on the irradiation history o f the HPGe detector itself. Again more details on the 
results o f this experiment and data analysis can be found in chapter 4 (pages 30 through 59) o f the 
thesis in Appendix A.

In the third quarter o f fiscal year 2011, the research team modified the accelerator control 
electronic in order to allow the accelerator to operate with almost arbitrarily long on/off cycles. 
While the majority o f the experimental setup was identical to the previous photofission 
experiment, the accelerator was operated in a mode with a 10 s on cycle during which 4 ps wide 
macro electron pulses were produced with -250 nC per macro pulse at a repetition rate o f 60 Hz. 
A 10 s off cycle immediately followed the on cycle during which delayed fission y-rays were 
detected. The 60 Hz repetition rate was set to maintain the detector dead time below 30%; the 
accelerator can operate at up to -600 Hz. With the new accelerator control electronics both the 
gun trigger and an end-of-cycle pulse were sent to the data acquisition system. These timing 
signals provided two time fiducials so that the arrival time of the photons could be correlated with 
the photon pulses. One additional difference between this photofission experiment and the 
previous experiments was the 80% relative efficiency HPGe detector failed and had to be 
replaced with a 40% relative efficiency HPGe detector.

Each intense 4 ps macro bremsstrahlung pulse caused the detector to saturate for -11 ms, 
making it nearly impossible to collect spectra during the 16.7 ms between macro pulses. Instead, 
spectra were collected for -9 .9  s during the accelerator off cycle. Figure 4 compares a portion of 
the spectra from a target containing -150 g o f depleted uranium in 15 Hz and 10 s on/off mode. 
The 15 Hz mode spectrum was collected from 35 to 66 ms after bremsstrahlung pulses that
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spectrum was collected in the 10 s on/off mode during the 10 s off periods between 10 s on periods in 
which bremsstrahlung pulses repeated at 60 Hz. The total integration time was ~3 hours for each 
spectrum.

repeated at 15 Hz. The 10 s on/off mode spectrum has delayed y-rays from the shortest lived 
fission fragments whose intensity has changed; for example the 2946 keV line from 88Br/106Tc is 
essentially missing and the -3314 keV line attributed to 97Yb/90mRb is greatly reduced. However, 
the 3288 and 3401 keV lines also attributed to 97Y are not reduced, suggesting that the fragment 
attributions are incorrect or there are unidentified interferences. Since the fission fragment 
identification is largely accomplished through tabulated fragment yields based on neutron 
induced fission, the attribution o f delayed y-rays in photofission is especially difficult. There are 
no fragment yield databases specific to photofission.

The motivation for implementing the 10 s on/off mode was to increase the overall detection 
rate o f high-energy delayed y-rays. In 15 Hz mode, the detection rate o f y-rays above 3 MeV was
20.1 s"1 and this rate increased to 102.3 s"1 in 10 s on/off mode for an increase o f -6 , which is 
more than the factor of two increase in the duty factor o f the accelerator. The additional increase 
in the count rate over the duty factor increase was achieved by increasing the electron charge per 
macro accelerator pulse (i.e. increasing the instantaneous bremsstrahlung intensity). In 15 Hz 
mode, the macro pulse repetition rate o f 15 Hz was limited by the -30  ms required for the 
photo-neutrons produced in the bremsstrahlung pulse to be absorbed. In long mode, the time 
averaged current during the on period was limited by the detector dead time during the off period, 
which was kept below 30%.

While increasing the detection rate o f high-energy delayed y-rays is one advantage of 
switching to long mode, the delayed y-ray fingerprints between different fissile isotopes must still 
be distinct enough to be useful. As demonstrated in Figure 4, switching to 10 s on/off mode 
changes the lines that are observed in the delayed y-ray spectra. Figure 5 compares the same 
portion o f the delayed y-ray spectra as in Figure 2 but the spectra were collected in the 10 s on/off
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Figure 6 Relative U spectral contribution versus the actual U concentration In this analysis the 
experimental spectra from the pure 232Th and 238U targets were utilized as basis spectra for the 10 s on/off 
mode spectra o f Figure 5.

mode. The most drastic difference is that the line at 2945 keV attributed to 88Br/106Tc does not 
strongly grow in with the addition o f 238U to the target mixture. However, the fiducial line at 
-2754 keV attributed to 86Br/133Sb is still strong in both 232Th and 238U. Furthermore, the signal 
line at 3288 keV attributed to 97Y still grows in with the addition o f 238U. While one o f the strong 
signal peaks was lost by switching to long mode irradiation, the count rate increases in long mode 
and hence the accuracy o f determining the isotopic concentrations should be better. Hence any 
implementation o f delayed spectroscopy for determining isotopic concentrations must proceed 
with caution because choosing the irradiation time structure will inevitably be a compromise 
between isotope distinctness o f the spectra and being able to obtain good statistics.

The same data analysis technique used in Figure 3 to determine the spectral contribution can 
be applied to the 10 s on/off mode spectra. However, the simplified model used as the basis 
spectra was not available because this model cannot model spectra when long irradiation and/or 
data collection periods are utilized. Furthermore the complete model that can handle arbitrary 
irradiation and data collection periods cannot calculate fission yields from photofission. Figure 6 
shows the 238U spectral contribution calculated using basis spectra formed using the experimental 
spectra from the pure 232Th and 238U targets. In Figure 5 a large region extending from -2780 to 
-3280 keV is largely devoid o f stmcture, which is especially acute for the pure 232Th spectmm. 
Including this flat region in the analysis causes a very broad minimum in the regression leading to 
inaccuracy in the fits in regions with more stmcture. Hence these calculations utilized two 
regions with the first extending from 2650 to 2784 keV and the second extending from 3278 to 
3329 to pick up the 3288 keV line from 97Y. Again the accuracy is o f primary concern and is 
indicated by deviations from the line o f equality, which is overlaid on Figure 6. The average 
absolute deviation from equality is -4.6% , which is not as good as when the modeled basis 
spectra were used on the 15 Hz spectra of Figure 3. The research is currently investigating the 
cause o f these deviations, which could stem from statistical fluctuations in the experimental basis 
spectra or from the decreased amount o f stmcture compared to the 15 Hz spectra.

B. Neutron induced fission experimental results
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Figure 7 Schematic diagram of moderated neutron setup for single-pass experiments.

Three experimental campaigns were conducted to investigate the differences in delayed y-ray 
emissions from moderated neutron fission on 2j5U and 2 'Pu. The first o f these experiments took

* * 235 239 •place the week o f October 24, 2010 and studied the fission o f U and Pu using a moderated 
fission spectrum of neutrons from the photofission o f 2j8U. The experimental setup for this 
campaign is shown in Figure 7. Electrons from a pulsed radiofrequency linac impinged on a 2.2 
mm tungsten bremsstrahlung radiator. The accelerator produced 4 ps wide electron pulses with 
-400 nC of charge at a repetition rate o f 20 Hz for 2 'Pu irradiations. The charge was lowered to 
-180 nC for 2j5U measurements. The intense bremsstrahlung photon beam is collimated through 
a -30  cm thick Pb wall via a -7  cm diameter penetration. The bremsstrahlung photon beam then 
is incident on a 9.0 kg depleted uranium converter. The incident photon beam induces fission 
events in the 2j8U neutron converter, which releases a fission spectrum of neutrons. The target is 
shielded from the y-rays by 5 cm of Pb. The remaining neutrons are moderated by 5 to 15 cm of 
polyethylene surrounding all sides o f the target. Following irradiation each target is shuttled to a 
shielded experimental cell where the resulting spectra are taken using a HPGe detector.

Each target was irradiated in the setup shown in Figure 7 for 5 minutes. The targets were 
then shuttled to the detector in -32  s and then counted for 500 s. The irradiation and count

* 235 • 239 • •process was repeated 15 times for and 16 times for Pu. Figure 8 show a portion o f the 
high energy delayed y-ray spectra from a target containing 1.5 kg o f 2'8U and -3  g o f 2j5U 
overlaid with a spectrum from -1  g o f 2 'Pu collected from moderated neutron irradiations 
utilizing the single-pass method. Several discrete delayed y-rays lines are seen in this region and 
a number o f them have been identified with their corresponding fission fragment. The majority 
o f these lines are from fission fragments with half-lives on the order o f minutes. The major 
difference is a series o f lines attributed to 106Tc, which is present in the 2 Pu spectrum but absent 
in the 2j5U spectrum. The next difference is the relative strengths o f the -2851 and -2869 keV

• 235 • • • • • 239lines. From “3TJ, these two lines are o f approximately equal intensity but in Pu the -2869 keV 
line is significantly weaker than the -2851 keV line. In the 800 keV region shown here a few

* * 235 239 •major differences between “3TJ and Pu delayed y-ray spectra are present. While these
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These spectra are compiled from multiple one-pass irradiations. Each irradiation lasted for 5 minutes at a 
repetition rate o f 20 Hz. The target was then shuttled to the high purity germanium detector in -32  s 
where it was counted for a period o f 500 s. Total integration time was -2  hours for each spectrum.
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Figure 8 Schematic diagram of the moderated neutron setup for short and long mode experiments.
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compared to the spectrum from ~4 g o f 21 Pu (red). Each spectrum was collected between neutron pulses 
that repeated at 3 Hz. The total neutron production was 107 to 10s neutrons per second and the total 
integration time was 3 hours.

differences are not as impressive as measurements utilizing shorter irradiate and count methods, 
they do suggest that the masses o f each isotope could be determined.

The following two experiments were conducted the weeks o f March 27 and May 15, 2011. 
In order to perform measurements between single pulses o f neutrons the detector was moved into 
the accelerator hall. Because the detector would be exposed to the neutron converter this made it 
necessary to utilize a moderated neutron spectrum from the 9Be(y,n) reaction rather than a fission 
spectrum from 2j8U. The experimental setup for these two campaigns is shown in Figure 9 and 
using it as guide, 15 MeV electron pulses with a 4 ps width containing -145 nC impinged on a
2.2 mm tungsten bremsstrahlung radiator. The high-energy photon beam traversed through a
15.2 cm thick Pb collimator with a 5.08 cm inner diameter. The bremsstrahlung beam then 
impinged on 20.3 cm thick 10.2 cm diameter Be neutron converter. The 107 to 10s neutrons per 
second that were produced by the neutron converter were moderated by a large pile o f CH2. The 
targets were placed inside the pile 10.2 cm from the neutron converter. The HPGe detector was
15.2 cm from the target and was heavily shielded by Pb and borated CH2 but had a clear view of 
the target itself. The output o f the detector was routed to a multi-parameter data acquisition that 
recorded the energy and time data in an event-by-event mode. The gun trigger was also sent to 
the data acquisition system providing a time fiducial so that the arrival time of the photons could 
be correlated the neutron pulse.

For the experimental campaign conducted March 27, 2011 the accelerator was operated at 
4 Hz. Each intense bremsstrahlung/neutron pulse caused the detector to saturate for -150 ms, 
leaving -180 ms between pulses for the collection o f the delayed y-ray spectra. Figure 10 shows 
a zoomed in portion o f the energy region from 2650 to 3450 keV for a target containing -6  g of 
2j5U and is compared to a spectrum from a -4  g 21 Pu target. Several discrete delayed y-rays lines
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Figure 11 Delayed y-ray spectrum of a target consisting of 3 kg of 238U and ~6 g of 235U (black) 
compared to the spectrum from ~4 g o f 239Pu (red). Each spectrum was collected in 10 s on/off mode 
during the 10 s off periods between 10 s on periods. During on cycles the neutron repeated at 15 Hz. The 
total neutron production was ~3x 10s s'1. The total integration time was ~3 hours for each spectrum.

are seen in this region and a number o f them have been identified with their corresponding fission 
fragment. The majority o f these lines are from fission fragments with half-lives less than one 
minute. Hence these lines would not be visible in a more traditional inspection, where the target 
is radiated for a long time followed by a long counting period. The impressive aspect o f these 
spectra is the large number o f major differences between these spectra. The first difference is the 
relative strengths o f the -2751 and -2800 keV lines. From 2j5U, these two lines are of 
approximately equal intensity but in 2j9Pu the -2751 keV line is significantly weaker than the 
-2800 keV line. The next difference is the 2789 keV line attributed to 10STc, which is present in

239 • 235 •the Pu spectrum but absent in the U spectrum. In the small 800 keV region shown here there 
exists a number o f major differences between 2j5U and 21 Pu delayed y-ray spectra. These

* 235 239 •differences suggest that masses o f - ' U a n d P u  will be able to be extracted accurately.

For the experimental campaign conducted May 15, 2011, the physical experimental setup was 
the same as used in the previous experiment but the accelerator control electronics were modified 
to allow the accelerator to operate with almost arbitrarily long on/off cycles. Unlike previous 
experiments, the accelerator was operated in a mode with a 10 s on cycle during which 4 ps wide 
macro electron pulses were produced with -150 nC per macro pulse at a repetition rate o f 15 Hz. 
A 10 s off cycle immediately followed the on cycle during which delayed fission y-rays were 
detected. Each intense 4 ps macro bremsstrahlung/neutron pulse caused the detector to saturate 
for -150 ms, making it impossible to collect spectra during the 66.7 ms between macro pulses. 
Instead, spectra were collected for -9 .8  s during the accelerator off cycle.

Figure 11 shows a portion o f the delayed y-ray spectra from a target consisting of 3 kg o f 2'SU
235 • . 239 * *and -6  g o f - ' U and one containing -4  g o f P u .  A plethora o f discrete delayed y-rays lines are 

seen in this region and a number o f them have been identified with their corresponding fission
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Figure 12 Delayed y-ray spectra o f 2j5U for 3 Hz (red), 10 s on/off (black) and single-pass (blue) neutron 
irradiation modes. Each spectrum has been normalized to total charge on radiator, mass o f sample and 
integration time.

fragment. Even with a 10 s on/off cycles, the majority of these lines are from fission fragments 
with half-lives less than one minute. A large number of significant differences between these 
spectra persist. The first difference is the lack o f lines from ui6Tc at 2789, 2946, 3047 and 
3186 keV in the 2j5U delayed y-ray spectrum, while these lines are quite strong in the 2 'Pu 
delayed y-ray spectrum. The second difference is the relative strengths o f the -2751 and 
-2800 keV lines from 86Br/l33Sb and 95Rb/97Sr/142La respectively. In 2 ’Pu. the2800 keV is 
relatively strong compared to the 2751 keV line. In 2j5U, the -2800 keV line is significantly 
weaker, than the -22751 keV line. The final major difference is the 3383 keV line attributed to
90 * * • 235 • 239Rb, which is present in the U spectrum but absent in the Pu spectrum. A corollary line is

• 98 * * • 235 • 239seen at 3064 keV, attributed to Y, which is present in the U spectrum but absent in Pu
 ̂ • 235 239spectrum. These differences suggest that the masses o f - ' U a n d P u  can be extracted accurately 

when the 10 s on/off mode is used to increase the overall detection rate o f high-energy delayed
* * * * 235 239y-rays. Unfortunately, this current project does not have targets containing both U and Pu to 

experimentally investigate the ability to measure these masses.

Figure 12 shows a comparison o f 2j8U spectra collected from short, long and single-pass 
methods. Each spectra has been normalized to total charge on radiator, mass o f sample and 
integration time. It is clear from Figure 12 that the overall yield o f delayed y-rays can be 
increased using ever shorter irradiation and count methods. While peaks from different fission 
fragments persist utilizing different methods, it interesting to note that short mode irradiations 
utilizing lengthy integration times display features contained in both long and single-pass spectra 
while emphasizing fission fragments with shorter half-lives.

Because any method for isotopic specificity depends not only on yield but more so on 
differences in spectral structure, the investigation team utilized metric analysis to determine
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which method emphasizes those differences between 235U and 239Pu. The metric analysis 
consisted on applying the Endres-Shindelin distance,

Z “2 i ( 0 y y o  j  2  ( 0  2  o  q  j

<P238,t l ° g ^ n   ’n __  f  <P239,t l ° g ^ n 'f n __  ( 2 )
<P238,t +  <P239,t <P238,t +  <P239,t

AfL 0^238' ^239) — /  ^238,1 l°g"

235 239to spectra o f U and Pu above 3 MeV [4], DES is zero for <P2 3 8 =<P2 3 9  and grows as the two 
spectra diverge. What makes this metric preferred over that o f the previously utilized 
Kullback-Leibler distance,

*P238 ,i

<P238,t +  <P239,t ^

is that Des is symmetric so DES((p238> <P2 3 9 )=Des(<P2 3 9 > V ise)  [4]. Figure 13 shows the results 
o f applying the Endres-Shindelin distance for single-pass, 3 Hz and 10 s on/off irradiation modes. 
The largest distance if  for the single pass data followed by 3 Hz and 10 s on/off irradiation 
modes. These distance indicate that the 235U and 239Pu delayed y-ray spectra were the most 
distinct for the single pass irradiation mode. This result is counter intuitive to what the team was 
expecting because the team expected that emphasizing y-rays from shorter lived fragments should 
have the largest differences in yield. One potential problem with this analysis technique is that 
the Endres-Shindelin distance appears to be sensitive to the statistical fluctuations in the data. 
This issue and verification o f the results are a currently be studied by the research team.

As part o f the experimental campaign performed on October 24, 2010 the fast fission o f 238U 
and 232Th were investigated as a means of determining fissionable mass in low mass targets. The 
setup from Figure 7 was altered by removing CH2 from the setup so the fission spectrum of 
neutrons from the 238U converter would remain largely unaltered. Six low mass targets 
containing a total o f -100 g o f fissionable material in a S i02 matrix. Each target contained a 
varied and balanced concentration o f 238U and 232Th. These targets were irradiated and counted 
utilizing the single-pass method. Each sample was irradiated for 5 minutes then shuttled to the 
detector in approximately 32 s. The targets were then counted for a period of 30 minutes.
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Figure 14 Delayed y-ray spectra from single-pass neutron experiments o f low mass samples containing
238 232varied concentrations o f U and Th. Samples contain a total o f 100 g o f fissionable material 

suspended in 1 L o f sand. Each sample was irradiated for 5 minutes and counted for 30 minutes. The 
transit time for each sample was -32  s. An artificial offset is employed to emphasize differences as well 
as similarities between energy spectra.

The resulting energy spectra from this experiment are shown in Figure 14. While there is 
little structure in the pure 232Th spectrum, the peaks in the remaining spectra grow strongly as a 
function o f 238U concentration. Because o f this correlation between peak intensity and relative 
concentration it is possible to determine information about the mass o f fissionable material 
present in the sample. Utilizing the SCA method outlined in section UFA and the thesis in 
Appendix A, the spectrum containing pure 238U and pure 232Th were used as a basis set to 
determine the relative spectral contribution of each isotope. The energy region utilized was 2660 
to 2955 keV to exclude peaks attributed to background that were present in the spectra o f all six 
samples. The result o f this analysis is shown in Figure 15. While scatter exists about the line of 
equality, there is a trend with relative concentration. The scatter seen in Figure 15 is attributed to

232 238the lack o f structure in the Th spectrum. As shown in Figure 16 the U coefficient is quite
232 232linear as a function o f mass in the target while the Th coefficient is not. Because Th does not 

present significant peaks useful in the high energy range for SCA, this experiment was not 
duplicated during the other neutron induced fission experimental campaigns.
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SCA spanned the energy range o f 2660 to 2955 keV.
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IV. Delayed y-ray sensitivity, accuracy and specificity modeling (Tasks 2 and 4)

The modeling tasks were divided in to two efforts both o f which developed modeling 
algorithms that could predict the delayed y-ray spectra. Both techniques relied on fission 
fragment distributions from the ENDF database and fragment decay data from the ENSDF 
database [1-3], However, one model was simplified and did not include any radiation transport, 
while the more complete model utilized Monte Carlo radiation transport. The simple modeling 
technique is covered in the thesis o f Appendix A and the more complete modeling techniques is 
covered in the dissertation o f Appendix B. The main objectives o f the modeling tasks were

1. Model development. The first effort developed a simple model that combined fission 
fragment distributions, fragment decay data and a detector response function. This model 
did not rely on radiation transport code and hence could only predict the shape o f the 
spectra but not the intensity. Furthermore, only the cumulative yields o f the fission 
fragments were utilized resulting in predicted spectra for saturated fission fragment 
populations. The second effort developed a more complete complex modeling technique 
that added radiation transport through MCNPX and hence could predict the spectral 
shape and intensity. In addition, this modeling technique fully solved the 
production/decay differential equations o f the fission fragments and hence could calculate 
spectra without assuming saturation.

2. Compare models with experiments. The team used the experimental data collected in 
the experimental tasks to successfully compare and “validate” the models.

3. Identification of discrete delayed y-rays in experimental data. Since the modeled 
spectra provided the fission fragment populations, the models greatly simplified the 
identification of the fragments responsible for the experimentally observed discrete 
delayed y-ray lines.

4. Utilization of models in data analysis algorithms. The spectra from the simple model 
were utilized in the data analysis algorithms applied to the 15 Hz photofission data.

5. Extend models. The more complete model was extended to actively induced delayed 
y-ray inspection from spent nuclear fuel to investigate the possibility to determining 
239Pu.

As might be expected considerable time and effort was spent on developing the modeling tools in 
objective 1. Both tools provide immensely useful for all tasks in the research program.

A. Simplified delayed y-ray model

In the simplified model, the delayed y-ray energy spectra calculations started with the fission 
fragment distribution, which can be found in ENDF and other tabulated nuclear databases [1,2]. 
During the irradiation or decay cycle o f an inspection, the fission fragment population for the nlh 
isotope in a chain is dictated by simple set o f differential equations given by 

dAL _
= Pn (t)  + Y n -lNn - l( .0  +  AnNn (t)  (4)

where Pn (t)  is the production rate o f the / / '  isotope, yn~ i  is the probability per unit time of an / / '-  
1 isotope to decay to an n'h isotope and An is the total decay probability per unit time o f a nuclei 
in the Nn population. Since there are over -600 different isotopes produced in fission and then 
decay, the differential equations describing the population o f the / / '  isotope potentially becomes a 
long set o f coupled equations. In general the solution to these equations is given by
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m = 1 \ k = m
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n  ]=m*j Z  ■ m u *  jj = m
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+  M
e

" - a; )j = m

(5)

where /V,° is the initial density o f the mlh isotope. In the experiments, the fission fragment 
production during a single macro pulse occurs during a very short ~4 ps period, which is small 
even compared to the shortest fission fragment half-life o f 68 ms. Hence the fission fragment 
population changes instantaneous and equation (3) can be simplified to

r n - 1

m=l \ k = m

(6)

where in the fragment population o f the mlh isotope produced in a single pulse. When the 
irradiation pulses are repeated with a period o f At and the fragment populations are allowed to 
come to quasi-equilibrium, the saturated population becomes 

n  /■n-1

m = 1 \ k = m
-Ay At

j = m

(7)

where time is measured from the last irradiation pulse. The detailed steps taking equation (6) to 
(7) can be found in chapter 2 (page 18) o f the thesis in Appendix A. Equation (7) only applies to 
short irradiation pulses uniformly repeated. To be clear, this population equation applied to the 
15 Hz experimental spectra but not the single pass or 10 s on/off mode spectra.

O f course the research team did not directly measure the fission fragment populations but 
instead measured the decay o f the fragments through their y-ray emissions. The delayed y-ray 
spectra where collected between irradiating pulses, starting at t 0 after the irradiation pulse and 
terminating at the next pulse at At. The number o f decays of the nlh isotope that occur in a single 
collection period is found by 

At

Dr
- I

An Nn ( t)d t

i- 77-1

777=1 Vfe = 777

Performing the integral

At

j = m

r ^ d t

(8)

/ 77-1°n z rirk
m=l \ k = m

y A-j'to   q  A-j'At

j = m
1 -  e AY--A;-At (9)

If Aj ■ At «  1, the exponential functions can be Taylor expanded leading to

i- 77-1

° n  Z  f N N ™ Z
777 = 1 Vfe = 777

At -  t„

j = m

( 10)
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Since, Aj is inversely related to the half-life o f the fission fragment, the requirement for small 
Aj ■ At is true for over -84%  of all fission fragments when the irradiation pulses are repeated at a 
rate o f 15 Hz. As the repetition rate is decreased a smaller fraction o f the fission fragments meet 
the small Aj ■ A t assumption and the accuracy is compromised.

So far there has been two key assumptions. The first assumption was that the fission 
fragments were produced during short irradiation pulses relative to the fragment half-lives. The 
second assumption was that the time between irradiation pulses, in which the y-rays were 
detected, was short compared to fragment half-lives. Even with these two assumptions, 
equations (8), describing the number o f decays between t0 and At, is still rather complicated. 
However it can be greatly simplified by utilizing the identity

n
1 -  V  1

A  a; n " =ra, , ( ! , - % )  (ll)

to replace the sum in the square brackets o f equation (8), resulting in

A t  -  t 0  V  a , P  F I k=mYkDr, = « V  i\fP 1 ik —m Yk r iot
At L  m n ^ 4  ( }

yn 111
771 = 1

Starting with the m  = n  term and writing out the first few terms from there produces

At to ( „,P Y n-l Mp , Yn-iYn-2  ArP
Dn = ^ f L \ Nn +  J ^ < - 1  +  ' < - 2  +  -  ) (13)

A t  X A n ~  1  4 - 1 4 - 2

The first term in parenthesis is just the population o f the / / '  isotope produced instantaneously
from fission. The second term is the instantaneous population o f the //'-1 isotope multiplied by 
the fraction that eventually decay to the nlh isotope. The third term is the instantaneous 
population o f the nth-2 isotope multiplied by the fraction that eventually decay to the //'-1 isotope 
followed by a decay to the / / '  isotope. Subsequent terms follow this pattern. Hence the decays 
o f the «th isotope between t0 and At is nothing more than the cumulative population o f the / / ' 
isotope times a constant. This same analysis can also be easily extended to situation where only 
Aj ■ t0 is small so that the last fraction in equation (7) can be approximated by unity.

The result of equation (13) allows the fractional cumulative yield, Yn. given by ENDF or 
other tabulated nuclear databases to be used to directly calculate the discrete delayed y-ray 
intensities [1,2]. If  these y-ray emissions are indexed by their energy, the discrete delayed y-ray 
spectmm is given by

1 (E y n , i) X  X  ^ n,i  ( E y n , i )  Yn I  N f is dE  a ( E p ) d E p (14)

where /3n i is the branching ratio for each y-ray emitted by the decay of the / / '  isotope with 
energy, Ey^ .. These branching ratios can be found in the table o f isotopes or the ENSDF

database [4], The integral is nothing more than the total fission yield in the target and is not 
critical for calculating the relative discrete delayed y-ray intensity but is critical for calculating the
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Figure 17 Schematic representation o f the simplified delayed y-ray model.
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absolute intensity. The detector energy spectrum is then found by convoluting the detector 
response with the discrete delayed y-ray spectrum, resulting in

( E d e t - E y n ^

S{Edet) =  ^
Ey . ' n.i

(Ey ) s ( E y  . ) -------, 1 . e
c d a (Eyn^ y l 2 i

+  Fbkg(Edet) ( ^ )

where £ (^y?I J  is the detector efficiency and odet (Eyn J  is the detector resolution. The 
background o f the detector is given by Fbkg(Edet).

In the four previous paragraphs the mathematical details o f the simplified model have been 
developed. Figure 17 lays out this algorithm schematically and consists o f three basic steps

1. Cumulative fragment distribution. The algorithm starts by reading in the cumulative 
fission fragment yield. While there are a large number o f tabulated fragment distribution 
the research team utilized the tables from ENDF/B-VII.O [1,2],

2. Discrete y-ray generation. The fission fragment distribution is then combined with the 
fission fragment decay data according to equation (14). The discrete y-ray energies and 
branching ratio were taken from the ENSDF database [3], Since these calculation were 
primarily interested in the relative delayed y-ray line intensities, the total fission yield 
was neglected by setting it to unity.

3. Detector spectrum generation. The discrete delayed y-ray spectrum is then convoluted 
with the detector response. Specifically, Gaussian line broadening was utilized with the 
addition o f a linearly decreasing background.

While the algorithm is relatively simple, it is a giant bookkeeping exercise that was implemented
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Figure 18 Delayed y-ray spectra from targets containing 2j8U or 22Th utilizing 22 MeV bremsstrahlung 
with a 15 Hz repetition rate. The calculated energy spectra from the simplified model is overlaid with the 
experimental data. The fission fragment distribution were taken from high energy neutron induced fission 
on 2j8U and 2 2Th. respectively. The measured spectra were collected over a period o f 2 h and are 
normalized to total charae on radiator.
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Figure 19 Schematic representation o f the simplified delayed y-ray model.

in a computer algorithm. The modeled spectrum were utilized in the data analysis algorithm 
objective in the experimental tasks. The modeled spectra utilized in the data analysis algorithm 
are shown in Figure 3b and as previously stated does a reasonable job reproducing the 
experimental spectra.

The model spectra utilized in the data analysis were modified by removing fragments from 
the fragment distribution whose delayed y-ray lines were not observed experimentally. Figure 18 
compares model to experimental spectra using the entire fission fragment distribution for 
high-energy neutrons causing fission in 238U from the ENDF/B-VII.O database [1,2]. In the 2650 
to 3450 keV energy region, the model predicts lines from three isotopes that are not observed 
experimentally. More specifically the 2821 keV line from 92Rb, the 3215 keV line from 124In and 
the 3455 keV line from 126In are extremely over predicted by the model compared to the 
experimental data. This over prediction o f 92Rb in particular leads to y-ray lines in the model up 
to energy 5.6 MeV that are not seen experimentally. The absence o f 92Rb has been noted by other 
researchers in previous photofission experiments [5], The complete comparison o f the model to 
the experimental data over the full energy range from 2650 to 5850 keV can be found in chapter 4 
(pages 35 through 40) o f the thesis in Appendix A.

B. Complete delayed y-ray model

Unlike the simplified delayed y-ray model, the goal o f the complete delayed y-ray model was 
to calculate absolute delayed y-ray spectra from in an arbitrary irradiation and detection time 
histories. With the simplified model, the research team made immediate assumptions that the 
irradiation and detection periods where short compared to the half-lives o f the fragments, thereby 
excluding a large subset o f potential irradiation/detection conditions that are o f potential interest 
for applications. The complete model does not make the short irradiation/detection assumption 
and hence the fission fragment buildup and decay must be tracked fully using equation (5) or 
similar equation. Figure 19 lays out that complete algorithm schematically that has been 
developed and compared to experimental spectra. This model consists o f four steps

1. Neutron/photon flux generation. The algorithm starts with Monte Carlo radiation 
transport simulation to compute the probing and secondary neutron/photon fluxes in the 
target. These neutrons or photons are responsible for inducing fission reactions. Hence 
this modeling technique is intrinsically designed to calculate absolute delayed y-ray 
spectra. While there are a variety o f different Monte Carlo codes, the algorithm has been 
optimized for MCNPX [6].
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Figure 20 Delayed y-ray spectra from a target containing 3 g o f 2 'Pu compared to a calculated spectmm 
from the complete model. The target was irradiate for 30 min by neutrons produced by a 5 MeV electrons 
impinging on a 2.2 mm tungsten radiator. The resulting bremsstrahlung then induced photonuclear 
reaction in a Be neutron converter.

2. Fission yield and fragment inventory generation. The neutron fluxes in the target are 
then passed to CINDER, which analytically calculates the fission yields using 
multi-group neutron cross sections [7], The fragment inventories are followed using a 
slightly more complicated version o f equation (5) that utilizes a data set o f instantaneous 
fragment yields, decay constants and branching ratios. Hence the decay yields o f the 
fragments can be calculated for arbitrary time periods.

3. Discrete y-ray generation. The fission fragment inventory from the CINDER 
calculation are then combined with the fission fragment decay data. This step uses a 
process similar to equation (14) but the integral is removed and the fragment yield, Yn. 
represents the number o f decays over a specified time period.. The discrete y-ray 
energies and branching ratio were taken from the ENDF/B-VII.O database [3], In the 
end, this calculation produced a spatially sensitive discrete source term that can be used 
for calculating a y-ray spectmm. Furthermore, this source term can include long-lived 
isotopes that lead to passive emissions from the target.

4. Detector spectrum generation. The discrete source can now be reintroduced into the 
Monte Carlo geometry to calculate representative delayed y-ray spectmm.

The primary author o f this report cannot do justice to the complexity o f this modeling 
development effort. Dr. Vladmir Mozin now o f Lawrence Livermore National Laboratory did the 
vast majority of this development work as part o f his Ph.D. dissertation in Nuclear Engineering at 
the University o f California Berkley. This dissertation is included in Appendix B and the reader 
is strongly encouraged to refer to chapter 3 (pages 33 through 42) for all the gory details.

The second experimental campaign was specifically executed to compare the results from the 
complete model with experimental observations. These experiments were the very first attempt 
by the research team at neutron induced fission experiments and hence the optimal techniques had 
not yet been determined. The experiments were conducted in a setup similar to Figure 8 but with 
much less CH2 and without the Pb wall separating the bremsstrahlung radiator and the Be neutron
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converter. To avoid inducing photofission reacting the accelerator was operated at 5 MeV with 
4 ps macro pulses containing -108 nC repeated at rate o f 200 Hz. The neutron flux was 
estimated to be -5  /  1 ()'' s"1 and verified with the use o f Au monitor foils. A total o f 3 g o f 239Pu 
was irradiated for 30 min after which a delayed y-ray spectmm was collected for 1 hr. Figure 20 
compares the measured spectra with complete model calculated spectra. Both spectra are 
presented as rates and hence this is an absolute comparison. The similarities between experiment 
and model are uncanny with every line observed experimentally reproduced in the modeled 
spectmm While model under predicts the background/baseline, this may be expected because the 
model did not include P" decay or detector effects such as ballistic deficient. More details on the 
comparisons between the experiment and model can be found in the dissertation in chapter 4 
(pages 43 through 68) o f the thesis attached in Appendix B.

After the comparison o f the modeled to experimental spectra, the complete delayed y-ray 
model was then extended to spent fuel assay instrument design. Much of this effort was 
supported by the Next Generation Safeguards Initiative and hence is slightly outside the scope of 
this report. The interested reader is referred to chapters 5 and 6 (pages 69 through 126) o f the 
dissertation in Appendix B.
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C h a p t e r  1

I n t r o d u c t i o n

1.1 Introduction

Recently, considerable emphasis has been placed on active nondestructive tech

niques th a t can detect, identify and quantify fissionable m aterial in a variety of sit

uations [1, 2,6,19, 24, 26, 27, 30,32, 34], These often include applications to cargo in

spection, treaty verification, safeguards and nuclear forensics. While passive methods 

have proven useful in some situations, they are often ineffective due to the low-energy 

and low yield of prim ary emissions, many of which cannot penetrate small amounts 

of shielding or are not present significantly enough to be accurately measured over 

th a t of natural background [17]. Active techniques utilize a probing source of neu

trons or high-energy photons to induce activation and /or fission events and monitor 

for secondary emissions. These secondary emissions have a drastically increased yield 

and energy over th a t of natural decay [10, 35]. This increase allows for increased 

penetration of shielding, shorter inspection times and an overall increase in detection 

probability over th a t of passive systems.

In most security applications, it is only necessary to identify whether fissionable 

m aterial is present, as is the case with cargo inspection [18,31]. Two commonly used 

fissionable m aterial signatures are delayed neutrons and delayed y-rays. These delayed 

emissions follow the /3-decay of fission fragments and are em itted at relatively long 

timescales after fission has occurred [13]. However, delayed neutrons are only em itted

1
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from 0.3 — 5% of fission reactions and are easily shielded by hydrogenous material 

[5,33]. This is in stark contrast to the abundant /3-delayed y-rays, which average 

seven per fission event [10,35]. Multiple methods to detect fissionable material have 

been developed utilizing /3-delayed y-rays following irradiation from both  neutron and 

photon sources [12,28,30,31,36].

While these methods take advantage of unique signatures of fissionable material 

to identify whether m aterial is present, they do little to quantify the material or 

resolve its composition. Typically these methods focus on broad spectrum  yields of 

/3-delayed y-rays or neutrons with some emphasis on the time dependence of these 

emissions [12, 28, 30, 31, 36]. This increased yield is then indicative of fissionable 

material. However, the capability to quantify and differentiate fissionable materials 

is at the core to nuclear forensics and safeguards applications [7]. In nuclear forensics 

the goal is to determine the composition of fissionable m aterial in order to a ttribute 

it to a source [25]. If illicit nuclear m aterial is found, its origin may be determined 

by first measuring the isotopic composition and then making a comparison to known 

nuclear materials. This analysis must be done quickly so th a t an appropriate response 

can be implemented. For safeguards applications, like nuclear fuel reprocessing, the 

goal is typically to measure the amount of fissile material, i.e. 235U, 239Pu, etc. present 

in a sample in order to determine whether materials diversion has occurred. As an 

example, the safeguards community is interested in techniques th a t can independently 

measure the fissile mass in spent nuclear fuel before reprocessing has begun. Once it 

is reprocessed, the resulting mass of uranium  or plutonium  can be compared to prior 

measurements to determine the efficiency of reprocessing and if material diversion 

has taken place. Passive systems can be encumbered by the presence of shielding, as 

with nuclear forensics applications, and instances of high background levels, as with 

spent fuel recycling. While the high yield of neutrons and y-rays from induced fission 

can provide signatures above th a t of naturally occurring radioactive material, these 

applications require techniques th a t go beyond simple detection.

Figure 1.1 shows the fission fragment mass distributions for 238U and 232Th for

14.5 MeV neutron induced fission. Each fissionable isotope has a unique fission frag

ment distribution, and similarly, each fission fragment emits a characteristic set of dis-
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Figure 1.1: The cumulative fission fragment mass distribution of 238U (□) and 232Th 
(■) for 14 MeV neutron induced fission. The overall cumulative yield is normalized 
to 2 [8 ],

crete y-rays [3]. The unique distribution combined with the fragm ents’ characteristic 

y-rays results in unique energy spectra th a t correlates to the original fissioning nuclei. 

Thus, discrete /3-delayed y-rays from induced fission offer a unique active inspection 

signature capable of differentiating between fissioning isotopes. W ith fission fragments 

releasing on average ~  7 MeV into /3-delayed y-rays, a significant high-energy y-ray 

yield persists well after fission has occured [15,16]. Many of these y-rays lay above 

the limit of lines from naturally occurring radioactive material (~  2.6 MeV) as well 

as those from spent nuclear fuel (~  3 MeV) [3,30,31]. Since high-energy y-rays are 

predominantly em itted from short-lived fission fragments, these y-rays are indicative 

of the current amount of fissionable m aterial in the sample. In contrast, longer-lived 

fission fragments tend to emit lower-energy y-rays over much longer timescales. Tech

niques th a t focus on lower-energy y-rays can be limited by background and shielding
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or inaccurate due to long term  population buildup. Thus, the analysis of higher- 

energy discrete lines may have the capability to more accurately identify and quantify 

fissioning isotopes with less influence from background or shielding.

A m ethod th a t has been used traditionally in nuclear forensics to narrow the com

position of fissionable m aterial samples is the ratios between discrete 7 -ray lines [27]. 

Figure 1.2 shows a portion of typical energy spectra collected from 238U and 232Th 

between interrogating bremsstrahlung photon pulses. Energy spectra such as this 

contain discrete high-energy 7 -rays unique to the fissioning material. By relating the 

yields of multiple discrete 7 -rays, the contributors of those 7 -rays can then be iden

tified. However, this m ethod presents multiple challenges. Not all fission fragments 

may be present in a high enough yield to produce effective discrete 7 -ray lines. This 

is further exacerbated since a m ajority of fission fragments th a t emit 7 -rays above 

~  3 MeV are short-lived with half-lives on the order of hundreds of milliseconds to 

seconds [3,8]. Such lines may also be contam inated and convoluted by other fission 

fragments which produce discrete 7 -rays at or near the energy of interest.

This thesis seeks to overcome the challenges of peak ratio analysis. By first pre

dicting and then measuring the spectrum  of /3-delayed 7 -rays from photohssion, mul

tiple peaks unique to 238U and 232Th were identified. This information was used to 

deconvolve the energy spectra of /3-delayed 7 -rays from the photohssion of multiple 

fissionable materials into their base components. In the process of deconvolving the 

spectra, information regarding the composition of fissionable m aterial used to make 

it is obtained. A pulsed linear electron accelerator was used to produce an intense 

bremsstrahlung photon beam with an endpoint energy of 22 MeV to interrogate a va

riety of low mass aqueous solutions containing varying quantities of 238U and 232Th. 

The resulting energy spectra were collected using a high purity germanium detector 

between accelerator pulses. From these spectra discrete high-energy /3-delayed 7 -ray 

lines were identified th a t can be utilized to differentiate distinct fissionable isotopes. 

Two methods of determining isotopic composition were compared: peak ratio anal

ysis and spectral contribution analysis. In spectral contribution analysis, a portion 

of the measured energy spectra from photohssion of 238U and 232Th was used to for

mulate a basis set. This basis set was applied using a h tting  algorithm to deconvolve
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Figure 1.2: Energy spectra of low mass 238U and 232Th samples collected between 
intense bremsstrahlung pulses with an endpoint energy of 22 MeV and a repetition 
rate of 15 Hz.

energy spectra from samples containing mixed quantities of 238U and 232Th in order 

to narrow their respective compositions beyond the capability of peak ratio analysis. 

By utilizing a broad portion of the energy spectrum, spectral contribution analysis 

takes advantage of multiple peaks over a wide energy range while simultaneously 

overcoming the difficulties in fitting those peaks individually. In addition to utiliz

ing measured energy spectra, fission fragment mass distributions from EN D F/B, the 

evaluated nuclear structure data hies (ENSDF), and the detector characteristics were 

combined to produce calculated energy spectra. The calculated energy spectra were 

also used as a basis set to deconvolve the measured energy spectra into their principal 

components through spectral contribution analysis. This thesis will thus provide the 

physics background, formulation and comparison of these techniques with emphasis
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on these main areas:

• T he physics o f induced fission. An introduction to the fission process, how it 

occurs, fission fragment mass distributions, and prom pt and delayed emissions.

• C haracteristics o f H P G e and 3H e d etectors. The fundamentals of high 

purity germanium and 3He detectors and their response to radiation.

• P red iction  o f /3-delayed y-rays from  photofission . The available fission 

fragment distributions from EN D F/B  VII and the detector response function 

are combined to predict the delayed y-ray spectra from photofission.

• T he identification  and iso lation  o f /3-delayed y-rays from  photofission .

Predicted energy spectra along with the information from the detectors are used 

to identify discrete /3-delayed y-rays from photofission.

• Peak  R atio  A nalysis. Construction of an analysis m ethod utilizing two dis

crete /3-delayed y-rays from photofission to identify and quantify different types 

of fissionable m aterial and the difficulties it presents.

• Spectral C ontribution  A nalysis. The utilization of a portion of the energy 

spectra containing discrete y-rays to construct a basis set unique to both  238U 

and 232Th in an effort to resolve issues present in prior methods.



C h a p t e r  2  

T h e o r y  a n d  F u n d a m e n t a l s

2.1 The Fission Process

Nuclear fission was discovered by Hahn and Strassmann in 1939 following bom

bardm ent of natural uranium  with neutrons in an effort to make new elements with 

ever increasing mass [14]. W hen one of the products of this experiment was found 

to be barium, they quickly realized th a t the regular decay channels from an excited 

uranium  nucleus could not be responsible and ultimately, the nuclei had undergone 

fission. Following this, M eitner and Frisch proposed the Liquid Drop Model of a nu

cleus to explain the fission process [23]. In this model, a nucleus behaves in much the 

same was as a liquid drop with the nucleons forming an incompressible and uniform 

nuclear fluid with the short range strong force playing the role of surface tension and 

holding the nucleus together.

Based oh this model, Weizsacker formulated the equation,

Eb{Z, N ) =  ouA -  a 2A 2/3 -  -  a ^ N  ~ Z ^  +  A, (2 .1 )

to calculate the binding energy of a nucleus given the number of protons and neutrons 

[37]. The first term, oqA, dictates th a t the nuclear binding energy increases linearly 

with respect to the to tal number of nucleons because the strong force affects both 

neutrons and protons equally. The surface term, a 2A2/3; allows for the change in 

binding energy due to nucleon proximity. While nucleons at the center contribute

7
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significantly, the contributions of those at the surface is reduced due to their lower 

proximity to other nucleons. Term three accounts for Coulomb repulsion between 

protons. During the fission process this repulsion works to drive the nucleus apart. 

Term four adjusts the binding energy to account for isospin considerations. Nuclear 

binding energy is maximized for cases where N=Z. For larger nuclei, the to tal number 

of neutrons is greater than  protons and decreases the binding energy. Estim ated 

values for the cbs in these terms are given by Wong as op =  16 MeV, at2 =  17 MeV, 

Q!3 =  0.6 MeV and a 4 = 25 MeV [37]. Term five, A, arises from spin coupling. For 

odd atomic mass nuclei A =  0. If the to tal atomic mass is even, A is positive when 

Z and N are both even and A is negative when Z and N are both  odd.

The Weizsacker formula accurately calculates the binding energy of nuclei and 

can be utilized to show why nuclei fission. As in the case with Hahn and Strass- 

mann, 238U is bombarded with neutrons to form 239U [14], Assuming the resulting 

fission fragments are 139Ba and 100Kr, the difference in binding energy between a 239U 

nucleus and these two fission fragments is 112 MeV. Along with the added energy 

from absorbing a high-energy neutron, the total energy released from fission for this 

scenario would be in excess of 130 MeV. Thus, it is energetically favorable for a 239U 

nucleus to undergo fission. Even without the addition of a neutron to 238U the differ

ence in binding energy between a 238U nucleus and its resulting 139Ba and 99Kr fission 

fragments is in excess of 100 MeV allowing for fission to proceed spontaneously in 

such heavy nuclei.

For a nucleus to undergo fission Coulomb repulsion between protons must exceed 

the affect of the strong force. It is theoretically feasible for nuclei to spontaneous 

fission for Z 2/A  >  48 [4], In contrast to spontaneous fission, induced fission utilizes 

a probing source of radiation to im part energy to the nucleus and incite fission. Two 

forms of radiation are primarily used for this purpose, neutrons and high-energy 

y-rays. Figure 2.1 shows a schematic of the photofission process. In photofission, 

incident y-rays im part energy to the nucleus. If the energy of the y-ray lies within 

the giant dipole resonance, oscillatory motion is induced which deforms the nucleus. 

This deformation allows Coulomb repulsion to overcome the short range strong force 

within the nucleus and scission occurs. Once scission occurs, the fission fragments are
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Figure 2 .1 : The photohssion process. At time zero a photon strikes the nucleus and 
excites it. In less than  10-2 1  s the nucleus has deformed and coulomb repulsion forces 
the fission fragments apart. The fission fragments then emit promt neutrons and 
7 -rays within 10-1 3  s following fission. The fragments then undergo /3-decay and 
emit delayed y-rays and neutrons on the order of 1 0 - 3  to 1 0 0 s of seconds after fission 
has occurred [13].

quickly accelerated apart. On average ~  200 MeV of energy is released from fission. 

Approximately 80% of this release goes to kinetic energy of the fission fragments from 

this acceleration. The remaining energy is released into prom pt and delayed emissions 

from the decay of the fission fragments.

2.1 .1  F iss io n  F ra g m e n t D is tr ib u t io n

Figure 2.2 shows the fission fragment mass distribution for 238U and 232Th 14.5 MeV 

neutron induced fission. For each fission event, typically 2 fission fragments are pro

duced. While the liquid drop model accurately describes many aspects of the nucleus, 

it fails to explain the asymmetry of the fission fragment mass distribution. This asym

metry is best explained by the shell model of the nucleus. Similar to the the atomic 

shell model, nucleons fill shells of increasing energy following the Pauli Exclusion 

Principle. For large nuclei, the binding energy of the nucleus decreases as nucleons 

are added. However, for certain numbers of neutrons and protons, the binding energy 

is significantly greater than  predicted by the Weizacker mass formula for a liquid drop. 

The number of nucleons where this increase in binding energy occurs are referred to 

as magic numbers and occur at N or Z equal to 2, 8 , 20, 50, 82 and 126. Instances
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Figure 2.2: The cumulative fission fragment mass distribution of 238U (□) and 232Th 
(■) for 14 MeV neutron induced fission. The overall cumulative yield is normalized 
to 2 .

where both neutrons and protons occupy magic numbers, such as g6Og and | 28P b i26, 

are referred to as doubly magic. Magic numbers occur where the nucleons present 

completely fill a nuclear shell making th a t isotope very stable.

Fission fragments containing magic numbers for neutrons (82) and /o r protons 

(50) lay at the lower edge of the high mass distribution effectively “pinning” the high 

mass distribution above 132 u. Figure 2.3 shows the centroid locations of the high 

mass and low mass distributions as a function of the fissioning isotope mass. While 

the high-mass centroid remains relatively unchanged, the low-mass centroid shifts to 

accommodate the increase in mass of the fissioning isotope. Due to this increase and 

the subsequent shift of the low mass distribution, the fission fragment distribution is 

unique to the fissioning isotope. Since these fission fragments are responsible for the 

delayed emissions, the resulting delayed 7 -ray spectra are also unique to the fissioning
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isotope.

2.1 .2  P r o m p t  a n d  D e lay ed  E m iss io n s

Prom pt emissions of 7 -rays and neutrons occur within 10-1 3  s following scission 

[13]. On average, 7 prom pt 7 -rays and 2 — 3 prom pt neutrons are released per fission 

event [13]. Despite this high yield, prom pt neutrons and 7 -rays are em itted on a short 

timescale, making it difficult to detect and isolate them  in an accelerator environment. 

In contrast, delayed emissions follow the /3-decay of fission fragments and are em itted 

on the order of milliseconds out to years following fission. While ~  7 delayed 7 -rays 

are released per fission event, delayed neutrons are only em itted from 0.3 — 5% of 

fission reactions and are easily shielded by hydrogenous materials [5,9,10,33,35]. W ith 

approximately 6  to 8  MeV divided between these 7 -rays, a significant portion of them 

lay above 2.6 MeV, the limit of naturally occurring radioactive material [10,15,16,35].

High-energy 7 -rays, in general, come from short-lived fission fragments [3,8]. The
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fission fragments th a t emit high-energy 7 -rays lay far from the line of stability and de

cay quickly releasing large amounts of energy. Because these emissions are short-lived, 

w ith half-lives on the order of milliseconds to seconds, they are indicative of the 

amount of fission currently going on in a sample. Longer lived fission fragments, 

as well as 7 -rays from natural decay, tend to be lower in energy. Hence, high-energy 

/3-delayed 7 -rays from induced fission can provide a substantial and accurate signature 

of fission capable of penetrating various types of shielding.

2.2 Detectors

2.2 .1  H ig h  P u r i ty  G e rm a n iu m  P h o to n  D e te c to r s

p+contact

G e (V '

a) n+ contact

Q.

Figure 2.4: Cross sectional view of coaxial p-type (a) and n-type (b) high purity 
germanium detector crystals. Thick lines indicate the surface p+ and n+ contacts 
respectively. For reverse bias the n+ contact is positive bias and the p+ contact is 
negative bias. Each detector is shown with incident radiation track and the ensuing 
electron-hole pairs produced.

High purity germanium (HPGe) detectors are solid state semiconductor photon 

detectors. Figure 2.4 shows cross sectional views of coaxial p-type and n-type HPGe 

detector crystals. Single crystal germanium comprises the bulk of the detectors. If
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the germanium crystal contains acceptor impurities left during growth, the resulting 

crystal is vr-type and will comprise a p-type detector. Germanium containing donor 

impurities, //-type, will comprise an n-type detector. Electrical contacts, as well as 

the n-p junction, are typically formed using boron im plantation and lithium diffusion. 

Lithium diffusion is used to form an n+ contact while boron im plantation is used to 

make a p+ contact [2 1 ].

HPGe detectors operate in reverse bias such th a t the crystal is fully depleted. 

While reverse biasing of both n-type and p-type detectors is done by applying pos

itive voltage to the n+ contact and negative voltage to the p+ contact, the role of 

these contacts depends on the impurities present in the germanium crystal. If the 

germanium crystal is vr-type the n+ contact serves as the rectifying contact, whereas 

for //-type germanium the p+ contact serves at the rectifying contact. The depletion 

region begins at the rectifying contact and grows into the germanium crystal as bias 

is applied [2 1 ].

The depleted germanium crystal serves as the active region of the detector. As 

radiation penetrates the detector it interacts with the germanium crystal to produce 

electron-hole pairs. W hen a y-ray enters the crystal it inelastically scatters with 

electrons, ejecting them  from the atom  as each electron absorbs part of the momentum 

of the y-ray. These electrons create further ionization and electron-hole pairs as they 

lose energy. The y-ray continues to scatter through the crystal to produce a track 

of electron-hole pairs until the photon is completely absorbed or scatters out of the 

crystal. The electric held across the crystal serves to transport the electrons and holes 

out of the crystal, creating an electric pulse. The amplitude of the pulse is directly 

proportional to the number of charge carriers generated by the incident photon. Since 

the number of charge carriers is linearly related to absorbed energy, the resulting pulse 

amplitude can be used to determine the energy of the photon [2 1 ].

While Compton scattering is the dominant interaction m ethod for photons in the 

typical energy range of HPGe detectors from 10s of keV to ~  10 MeV, the photo

electric effect and pair production also play significant roles. The less dominant pho

toelectric effect produces an electron-hole pair by ejecting an electron from a bound 

shell of one of the atoms in the crystal. Unlike Compton scattering the y-ray is en
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tirely absorbed by the atom  and the result is an electron th a t is ejected with the total 

energy of the photon less the separation energy of th a t electron. The ejected electron 

scatters through the crystal and subsequent interactions result in the detection and 

absorption of the original incident photon energy. However, not all interactions result 

in to tal absorption of the photon. If an incident 7 -ray is above 1022 keV it may cre

ate an electron-positron pair. While the energy of the electron is easily captured, the 

positron annihilates within the crystal, resulting in two 511 keV photons. If either 

of these photons escapes the detector, the resulting energy captured is 511 keV less 

than  the incident photon. Likewise, if any of these interaction processes occur near 

the edge of the active region of the detector, ejected electrons or scattered photons 

may leave the active region and fail to be absorbed. The remaining captured energy 

contributes to escape peaks, from pair production, and the Compton continuum. Loss 

of energy information will also occur if the photon is of significant enough energy to 

pass entirely through the active region without being fully absorbed. Additionally, 

because therm al excitations can cause valence electrons to migrate to the conduc

tion band, causing false output signals, HPGe detectors require low tem peratures to 

operate and are typically cooled to liquid nitrogen tem peratures, 77 K.

These factors in photon absorption directly contribute to the efficiency of the 

HPGe detector. Figure 2.5 shows the absolute efficiency at 25 cm as a function of 

photon energy for a typical p-type HPGe detector. The significant drop in efficiency 

at low energies is due to the presence of a dead layer around the germanium crystal. 

This dead layer is comprised of the ohmic n+ contact. Since the outer lithium  diffusion 

layer is typically several hundred microns thick, low-energy photons are blocked before 

entering the active region of the crystal. Contrary to p-type, n-type HPGe detectors 

have a thinner, on the order of a few tenths of a micron, outer boron im plantation 

layer. This allows for easier penetration of low-energy photons into the active region 

of the detector and a significant increase in low-energy efficiency.
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Figure 2.5: The absolute efficiency as a function of energy for a 48% relative efficient 
p-type HPGe detector at 25 cm to the photon source.

2.2 .2  3H e N e u tro n  D e te c to r s

The 3He neutron detector is a gas filled proportional counter th a t is commonly 

used to detect slow neutrons. Since neutrons cannot ionize m aterial directly, 3He 

neutron detectors utilize the 3He(n,p)3H reaction to indirectly detect neutrons. The 

cross section for this reaction is ~  5300 b for therm al neutrons and falls rapidly as 

v~l as neutron energy increases. The cross section increases for neutron energies near 

1 MeV before continuing its downward trend. The 3He(n,p)3H reaction produces an 

energetic proton and triton  pair with energies of 0.573 and 0.191 MeV respectively. 

As the proton and triton  drift apart they ionize the 3He gas. To collect the resulting 

ions, and thereby detect the incident neutron, an electric field is placed across the 

gas.

Typically, 3He neutron detectors are coaxial detectors with a conductive outer
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casing and an inner conductive wire. The electric field is created by biasing the 

casing or wire and either grounding or negatively biasing the opposing conductor. 

Figure 2.6 shows relative pulse am plitude with respect to the applied bias for gas 

filled detectors. The applied voltage must be sufficient to overcome recombination 

of the electron-ion pair, Region I. If the voltage is beyond Region I to the ionization 

region, Region II, every ionization event created is collected. In the proportional 

region, the electron-ion pair cause secondary ionizations as they drift through the gas. 

These secondary electron-ion pairs subsequently drift in the electric field and continue 

to produce more ionization events. This form of gas multiplication increases the 

amplitude of the output signal and is proportional to the voltage applied. Above the 

proportional and limited proportional region is the Geiger-Mueller plateau, Region V. 

In this voltage region a single ionization event causes the complete ionization of the 

gas in the chamber. This results in a nearly constant pulse amplitude as a function 

of applied voltage. Beyond the Geiger-Mueller region the applied bias is greater than  

the breakdown voltage of the gas and causes a continuous discharge of the electric 

field [2 1 ],

2.3 Calculated Spectra via E N D F /B

Energy spectra from photofission were calculated to predict and identify high-energy 

discrete lines from fission fragments. Fission fragment distribution information for 

fissionable materials (ENDF/B) was used in combination with the characteristics of 

the high purity germanium detector and the evaluated nuclear structure data files 

(ENSDF) to generate simulated photofission spectra for 238U and 232Th.

Because fission fragments are produced during the accelerator pulse and subse

quently decay into their daughter products between pulses, the yield of each fission 

fragment must be calculated with respect to this decay. The general differential 

equation for coupled decay and production of a given fission fragment, Nni is given
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Figure 2.6: The six region curve for gas filled detectors. Region I: Recombination, 
Region II: Ionization, Region III: Proportional, Region IV: Limited Proportional, 
Region V: Geiger-Mueller, Region VI: Continuous Discharge. The scale of this curve 
depends on the geometry of the detector as well as the gas utilized [2 1 ],
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where yn- i  is the probability of nuclide Nn_ i decaying to Nn, f3n is the to tal decay 

probability of nuclide Nn and Pn is the production rate of Nn. Because the detector 

is only operational between bremsstrahlung pulses, the production term  Pn can be 

negated. Thus, the general solution to this equation is,

n  n — 1 n  _ R . ( t _ +  \

w ^ e t t ^ e  ‘ ' ’ . <2.3)
m=i *=m >=m p  (.a, -  f t )

i= m ,y £ j

where tp is the pulse width and is the initial number of Nm atoms. However, this 

equation is for the number of fission product Nn after a single bremsstrahlung pulse. 

For additional pulses Nn{t) becomes,

qp — 1

Nn{t) =  Nn{t) +  Nn{t -  A t)  +  Nn{t -  2At)  +  ... =  ^  Nn{t -  qAt). (2.4)
9 = 0

Substituting this into Equation 2.3 gives,

gp - 1 n  n — 1 n  - ^ ( t - t p - q A t )

Nn(t) = E  I I  > } < E  — ---------------. (2.5)
q = 0  m = l  k = m  j = m  ^

Because time is measured after the last pulse, t becomes,

t = t' +  tp +  (qp -  l)A t,  (2 .6 )

and Equation 2.5 can be w ritten as,

n  n — 1 n  —)3-t 9p  —1

N„(t) =  E T l 7 n < E  —  E  w
m =  1 k = m  j = m  __ p  ^  q!—0

i= m ,y £ j

where q' =  qp — 1 — q. The summation over index q' is a geometric series. For large 

values of q1 Equation 2.7 becomes,

n  n — 1 n  —fi-t  i

E i f l  7 « .} <  E  p  ~ l - e - W  <2-8>
m= l fc=m ,-m J-J ( f t  -  f t )

i= m ,y £ j
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By integrating the rate, f3nNn(t), from the time after the pulse where measurement 

begins, t" , to when measurement ceases ,A t, we arrive at the overall measured yield, 

Yn of the fission fragment Nn for a pulsed accelerator system. This integration yields,

r A t  n  n — 1 n  „ a  t  o  - / 3 j t  i

/  IX,Nn(t)dt=Y,{Yl'^N̂ Y, - Y 1---------;----------------- (2.9)
Jt" n  ( f t - f t )

i=m,y£j

and,
n  n - l  n  R f i j t» _  p j A t

E d l  >}< E  —  x _ e- s^  • (2 .io)
m = 1 k = m  j = m  p .  _  p . )

i=m,y£j
Utilizing the identity,

1 n 1 

U p ~a. ~  ™ ’ (2 -1 1 )
1 j'=m^  n  ( a  -  a )

i=m,y£j

Equation 2.10 becomes,

™ 1 a P-Ft"  _  p-PjAt
= E T I »>«2hP !_e-feA, • (2.12)

m = l  f c = r n

i= m

The probability of decay, f3j, is determined by the half-life of the Nj hssion fragment. 

The shortest hssion fragment half-life given by EN D F/B  is 6 8  ms and half-lives in

crease substantially from there [8 ]. Because the probability of decay for a majority 

of the hssion fragments during A t  is very small, fdjt" and fdjAt are much less than  1 , 

and the exponents can be expanded in a Taylor series. Neglecting second order terms 

and above this expansion yields,

n  n — 1 n \  , ,ff

x ^ E T U - m " 0n A t ~ tn A t
m =  1 k = m  p .

A t  -  th
( K  +  - ^ K - 1  +  +  •••)• (2.13)A t n  P n - 1 n  P n - i P n - 2
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This result is simply the cumulative yield of a given hssion fragment with a modifi

cation accounting for fraction of time between pulses measurement occurs.

Utilizing the cumulative yield, Yn, given by EN D F/B, the absolute peak intensities 

were calculated for a given hssion fragment distribution using the equation,

/(U 7) = Y j Y . Y™1̂  I  • ° ( E i)dE~r (2.14)
n  i ^

In this equation, Ini is the branching ratio for each y-ray given by ENSDF and 

the remaining integral calculates the to tal hssion yield in the sample. The absolute 

intensities are then put into a gaussian response function,

(2, 5,

yielding the energy spectrum  for a given hssion fragment distribution. Equation 2.15 

contains the detector efficiency and the resolution as a function of energy, e{E1) and 

VdetXEj), respectively.

The available hssion fragment distribution from EN D F/B  is almost exclusively for 

neutron induced hssion. While data is available for 238U(y,f) it is identical to tha t 

of 237U(n,f). Because the data available is for thermal, fast-pooled and high-energy 

neutrons, the equation,

fEmax
/  U r  ' v (E 0 d E y

= E" % -  M  ''-----------------' C2.16)

v J- ^ m z n  I

was used to calculate the average excitation energy for a 22 MeV bremsstrahlung 

photon beam on 238U in an attem pt to m atch the excitation energies of available 

data. The average excitation energy of a 22 MeV bremsstrahlung photon beam on 

238U is 13.2 MeV. This lays directly between the excitation energy of fast pooled 

hssion on 237U, ~  8.5 MeV, and 14.5 MeV neutron hssion on 238U, ~  19 MeV, the 

data available through EN D F/B  [8 ]. Equation 2.15 was then used to produce energy 

spectra for both 237U fast pooled hssion and 238U high-energy hssion. Figure 2.7 

shows a portion of the calculated energy spectra for 238U and 237U. In this energy
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Figure 2.7: A portion of the calculated energy spectra for 238U high-energy neutron 
induced hssion (a) and fast pooled hssion on 23'U  (b). The two spectra are nearly 
identical.
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region the two spectra have few differences and are likely to match experimental data 

equally well.



C h a p t e r  3  

E x p e r i m e n t

3.1 Setup

3.1 .1  P h y s ic a l S e tu p

Figure 3.1 shows a diagram of the experimental setup. A 25 MeV pulsed linear 

electron accelerator was operated at an energy of 22 MeV. The electron beam was 

incident on a 4.2 g- cm - 2  tungsten radiator to produce a brem sstrahlung photon beam 

with the corresponding endpoint energy. The resulting photon beam was collimated 

through a 1 .8  m concrete and earth  wall into a shielded experimental cell to help limit 

exposure due to the intense brem sstrahlung beam. Collimation consisted of a 1.27 cm 

diameter Pb collimator 15.2 cm in length on the accelerator hall side 61 cm from the 

radiator and a 3.81 cm diameter Pb collimator 15.2 cm long in the experimental cell, 

2.4 m from the radiator. This resulted in a 6.5 cm diameter beam spot at the target 

location, 4.0 m from the radiator.

Figure 3.2 shows an image of the brem sstrahlung beam taken at the target loca

tion, using large format him th a t was exposed to a 22 MeV bremsstrahlung photon 

beam at 15 Flz for 40 s. This image shows the overall size of the brem sstrahlung beam 

due to collimation and its relative intensity profile. Beam current was measured via 

an inductive loop placed before the radiator and is directly related to bremsstrahlung 

intensity. Figure 3.3 shows the structure of the pulsed beam. The accelerator was op-

23
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Figure 3.1: Schematic of the experimental setup used to measure /3-delayed 7 -rays 
from photohssion as viewed from above. The to tal distance from radiator to target 
was 4.0 111. A well shielded HPGe detector was placed at 90° to the bremsstrahlung 
beam at a distance of 25 cm from the center of the target. Directly opposite the 
HPGe detector, an array of MHND detectors was placed at a distance of 63.5 cm 
from the center of the target to the center of the array.

crated at a repetition rate of 15 Hz leaving 6 6  111s between each pulse. Each electron 

pulse had a width of 4 p.s and contained approximately 120 11C of charge.

A 48% relative efficient p-type high purity germanium (HPGe) detector was placed 

at 90° to the beam line, at a distance of 25 cm from the target center. The detector 

was cooled using a mechanical cryostat. To reduce background and minimize exposure 

to the bremsstrahlung pulse the detector was encased in 5 cm of Pb shielding and 

placed inside 20 cm of borated polyethylene. An additional 10 cm of Pb shielding was 

added on the accelerator side of the detector exterior to the borated polyethylene. 

A 635 111111 Pb filter was placed over the face of the detector to minimize low-energy 

background contributions to the energy spectrum  and reduce detector dead time.

Directly opposite the HPGe detector was an array of m oderated 3He neutron 

detectors (MHND), consisting of 6  neutron detectors aligned perpendicular to the
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Figure 3.2: Poloroid™ image of the bremsstrahlung photon beam at the target loca
tion. Image is a large format Polaroid 52 placed at the target location and exposed 
to a 22 MeV bremsstrahlung photon beam at 15 Hz for 40 s. The scale across the 
bottom  is in cm.

target at a distance of 63.5 cm to the center of the array. The detectors were made 

using 2.54 cm diameter 3He proportional counters filled to 10 atmospheres. The 3He 

tubes are encapsulated in 2.54 cm of polyethelene, 110 p.ni of cadmium and 9.51 mm of 

borated elastomer. Each detector was encased in a 2.4 nun thick aluminum housing. 

The detectors have an overall length of 53.3 cm with an active region of 20.3 cm. This 

arrangement allows for the detection of neutrons with an energy less than  10 MeV 

and greater than  ~  1 eV with a peak efficiency of 10 keV [20].

3.2 Targets

The bulk of the targets investigated consisted of 1 L aqueous solutions of 238U 

and 232Th in various concentrations. Figure 3.4 shows a diagram of the liquid targets. 

These targets provided a small and diffuse sample to minimize self absorbtion of the 

outgoing y-rays. Table 3.1 contains data on the contents of the aqueous solutions
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Figure 3.3: The pulse structure of the electron beam. Each pulse has a duration 
of 4 p.s and contains approximately 120 nC of charge. The pulses are separated by 
6 6  ms.

used. W ater soluble forms of 238U and 232Th, U 0 2 (N0 3)2 and Th(N 0 3 )4 respectively, 

were combined with 1 L of deionized water to form each of the targets. The solutions 

were then sealed in 1.18 L stainless steel bottles. The bottles were m anufactured 

from ~  0.5 mm thick 18/8 stainless steel, which is comprised of 18% chromium, 

8 % nickel and 74% iron. The bottles are 8.9 cm diameter, which intersected with 

the 6.5 cm diameter beam results in ~  260 ml of the liquid contents being directly 

exposed to the bremsstrahlung beam. In addition to the liquid based targets, 3 large 

mass 15.4 g- cm - 2  238U plates were also used in the “proof of concept” portions of 

the experiment.

3.3 Data collection

Figure 3.5 shows a schematic of the data acquisition system. O utput from the 

HPGe detector’s preamplifier was sent to a spectroscopy amplifier, which provided 

pulse amplification and shaping before input into a Wilkinson analog to digital con-
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Figure 3.4: Diagram of the low mass liquid targets. Each canister is made of ~  0.5 mm 
thick 18/8 stainless steel. The contents are sealed with a stainless steel and plastic 
screw cap and extend vertically 18.5 cm from the bottom  of the canister.

verter. This allowed for energy spectra to be collected via pulse height analysis. 

Energy spectra and timing information were collected from the HPGe detector using 

a m ulti-param eter data acquisition system. The acquisition system allowed for data 

storage in event-by-event mode with a tim estam p resolution of 50 ns. Energy spectra 

from the HPGe detector as well as a TTL pulse from the accelerator trigger were 

recorded.

The output signals from the m oderated 3He neutron detectors (MHND) were 

recorded via a latched scaler. The scaler was triggered from the accelerator gun and 

set to histogram the data from the array in 32 p.s bins spanning 2048 channels. Hence, 

data from the MHNDs was recorded during the entire tim espan from pulse to pulse 

allowing for a direct measurement of the neutron emission from the target as well as 

the neutron die-away time in the experimental cell.

Due to the intensity of the bremsstrahlung pulse, the HPGe detector was unable
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Table 3.1: 232Th and 238U aqueous target masses and concentrations.

Target 232 Th Mass 238U Mass Concentration Relative Relative
(g) (g) 232Th 2 3 8 p j

232T h-l 9.8 0 .0 0.95% 1 0 0 % 0 %
232 T h-2 18.1 0 .0 1.7% 1 0 0 % 0 %
232Th-4 37.9 0 .0 3.5% 1 0 0 % 0 %
232Th-5 59.6 0 .0 5.2% 1 0 0 % 0 %
232 T h-7 83.4 0 .0 7.0% 1 0 0 % 0 %
232Th-9 109.7 0 .0 8.7% 1 0 0 % 0 %
238 U-l 0 .0 1 0 .0 0.98% 0 % 1 0 0 %
238 U-2 0 .0 16.2 1 .6 % 0 % 1 0 0 %
238U-3 0 .0 33.6 3.1% 0 % 1 0 0 %
238U-5 0 .0 52.2 4.7% 0 % 1 0 0 %
238U-6 0 .0 72.3 6.3% 0 % 1 0 0 %
238U-8 0 .0 94.0 7.8% 0 % 1 0 0 %
Mixed-A 11.4 30.8 3.9% 27.0% 73.0%
Mixed-B 23.4 31.7 4.9% 42.5% 57.5%
Mixed-C 32.5 2 1 .1 4.8% 60.6% 39.4%
Mixed-D 34.6 10.4 4.1% 76.9% 23.1%

to resolve individual events during the irradiating pulse and shortly thereafter. Thus 

it was necessary to gate the detectors until they were fully recovered. Recovery time 

was approximately 5 ms and was proportional to the mass of fissionable material and 

bremsstrahlung intensity. Thus, the ADCs were gated accordingly using a digital gate 

and delay generator triggered via the accelerator pulse. The gating and accelerator 

frequency, 15 Hz, resulted in less than  10% dead time due to the brem sstrahlung pulse. 

The HPGe detectors were then free to count within the remaining time window before 

the next pulse. Since the MHND detectors recover quickly, within 100 ps following 

the brem sstrahlung pulse, they required no gating and were able to count during the 

entire acquisition [2 0 ].
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Figure 3.5: Schematic of the electronics portion of the experimental setup. The data 
acquisition system (DAQ) records both  the HPGe and 3He neutron detectors as well 
as the TTL pulse from the accelerator gun trigger.



C h a p t e r  4  

R e s u l t s  a n d  A n a l y s i s

4.1 Identifying Fission

Figure 4.1 shows the results of typical energy spectra collected from three 15.4 g-cm- 2  

238U plates with and without an irradiating bremsstrahlung beam. Both show an el

evated y-ray yield over th a t of the background, arising from both  the natural decay 

chain and hssion products. While the beam-off energy spectrum  is dominated by 

emissions from the decay chain, it also contains contributions from long lived hs

sion products from both spontaneous and prior induced hssion events. This is in 

stark contrast to the beam-on energy spectrum, which appears to be dominated by 

the emission of high-energy y-rays from short-lived hssion fragments. This elevated 

yield over the beam-off spectrum  continues throughout the entire energy range of the 

detector and is orders of magnitude greater than  th a t of natural decay. The most 

signihcant increase, however, lies in the region above 3 MeV where little to no y-rays 

are present from the natural decay of 238U. This overall yield increase is ~  7000 times 

th a t of natural decay of 238 U.

The elevated yield above 3 MeV is not unique to hssion. Any nonhssionable 

m aterial will also produce elevated yields of y-rays above 3 MeV when subjected 

to an intense and energetic bremsstrahlung photon beam. Figure 4.2 shows energy 

spectra collected between bremsstrahlung pulses from low mass aqueous targets of 

238U, 232Th and 1 4 2 0  at 22 MeV and 15 Flz. While the hssionable targets of 238U

30



Chapter 4 : Results and Analysis 31

1 0 2

101

z_s 10°
VCD

10"1

"O 10"2
CD

10"3

10"4
0 1000 2000 3000 4000 5000 6000

Energy (keV)

Figure 4.1: Energy spectra of three 15.4 g-cm - 2  238U plates with and w ithout incident 
bremsstrahlung photon beam. For the spectrum  with photon beam, the accelerator 
was operated at 22 MeV and 15 Flz with a charge of 170 nC per pulse. The data was 
collected for 8  h and 400 s, respectively. A demarcation line at 3 MeV indicates the 
effective limit of y-ray emissions from natural decays.

and 232Th exhibit an increase in yield of y-rays above 3 MeV, Figure 4.2 shows tha t 

there are contributions to the energy spectra in this region from non-fission based 

reactions when a nonhssionable 1 4 2 0  target is present. These high-energy y-rays pose 

a problem due to the potential th a t they will interfere with the hssion signatures 

thereby limiting the effectiveness of a system based on high-energy delayed y-rays.

4.1 .1  (n ,7 ) In te r fe re n c e

Figure 4.3 shows the y-ray rate above 3 MeV as a function of time after the 

pulse from Figure 4.2. Since there is no fissionable material in the H20  target, these 

emissions come from nonfission based nuclear reactions and are most likely due to

High Energy
Region

Beam

No Beam
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Figure 4.2: Energy spectra of low mass 238U (U-5, 0.41 g-cm-2), 232Th
(Th-5, 0.46 g-cm-2) and nonfissionable H20  collected at 22 MeV and 15 Hz. The 
accelerator was operated with 4 p.s wide pulse containing 150 nC of charge. Total 
collection time for both spectra is 2  h. Spectra is shown with a demarcation line at 
3 MeV.

interactions in the environment. The yield from these reactions decrease to near 

background levels within 35 ms. In contrast, the yield from the fissionable targets 

remain elevated for the entire time-span from pulse to pulse. While the emissions from 

fissionable material are due to short-lived hssion fragments, which still emit photons 

at these timescales, it is not clear what reaction(s) are contributing to the high-energy 

signal from nonfissionable material. Candidates for these reactions include short-lived 

products from (7 ,11),(7 ,211),(7 ,p), etc. as well as the ensuing (11,7 ) capture 7 -rays.

The neutron detection rate as a function of time enables identification of the 

reaction responsible for the elevated delayed 7 -ray yield in the nonfissionable sample. 

Figure 4.4 shows the neutron detection rate as a function of time for low mass samples 

of 238U and 232Th as well as H20 . Figure 4.4 shows th a t the neutrons detected by

H i g h  E n e r g y
R e g i o n
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Figure 4.3: The 7 -ray rate as a function of time for emissions greater th a t 3 MeV 
for low mass 232Th (a ) ,238U (■) and the nonfissionable sample of H2O (▼) from the 
energy spectra in Figure 4.2. The accelerator was operated at 22 MeV, 15 hz with 
a pulse width of 4 p,s, containing 150 11C of charge. Total collection time for each 
spectrum  is 2 h.

the 3Fie detector array share similar decay properties as the 7 -rays above 3 MeV in 

Figure 4.3 and reduce to background in less than  ~  20 ms. The decay constant seen 

by the 3Fie detector array is different due to the fact th a t the array is unable to 

measure neutrons below ~  1 eV. The 7 -rays detected above 3 MeV prior to 35 ms 

are most likely capture 7 -rays from neutrons produced by photonuclear reactions in 

the radiator and any nonfissionable m aterial in the brem sstrahlung beam. These 

neutrons are captured by m aterial in the environment, i.e. boron in the detector 

shielding as well as material in the concrete shielding of the experimental cell. The 

resulting neutron capture 7 -rays are then detected by the high purity germanium 

detector.

Since 22 MeV is beyond the neutron separation energy for most isotopes, this
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Figure 4.4: Neutron rate as a function of time after the pulse for 238U (■), 232Th (▲) 
and H20  (▼). The accelerator was operated at 22 MeV, 15 Hz with a pulse width of 
4 /is, containing 150 nC of charge. Total collection time for each spectrum  is 2 h.

high-energy y-ray contribution from neutron capture occurs in any y-ray energy spec

tra  collected within milliseconds after irradiating pulses. By removing y-rays detected 

in the first 3 5  ms after the pulse, the contribution from non-fission based reactions 

above 3 MeV are eliminated from the energy spectrum. Because fission fragments 

still emit photons beyond this timescale, the emissions from 238U and 232Th remain 

elevated throughout the full 6 6  ms between pulses. Figure 4.5 shows the result of 

a time cut on the energy spectra of Figure 4.3. These spectra show y-rays detected 

between 35 and 6 6  ms on aqueous targets of 238U, 232Th and H20 .

Figure 4.5 shows th a t the energy spectrum  of H20  has diminished to background 

in the region above 3 MeV, while the energy spectra of 238U and 232Th remain largely 

unchanged. Thus, the y-rays detected in the energy region above 3 MeV and be

yond 35 ms are /3-delayed y-rays from short-lived fission fragments. This alone is an
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Figure 4.5: Energy spectra of aqueous 238U, 0.41 g-cm-2 , 232Th, 0.46 g-cm- 2  and 
nonfissionable H20  from Figure 4.2 with the first 35 ms after the accelerator pulse 
removed. The accelerator was operated at 22 MeV, 15 Flz with a pulse width of 4 p.s, 
containing 150 nC of charge. Total collection time for each spectrum  is 2 h.

indicative signature of fission and can be used as such [30]. While the presence of 

high-energy y-rays above 3 MeV and beyond 35 ms provides a useful signal as to the 

presence of fissionable material, it does nothing to resolve its content. To determine 

isotopic composition, fingerprints unique to the fissioning isotope must be identified.

4.2 D iscrete Line Prediction and Identification via  

E N D F /B

Figure 4.5 shows the energy spectra from 238U, 232Th and 1 4 2 0  with the first 

35 ms following the accelerator pulse removed. There are discrete lines from fission 

fragments present in the region above 3 MeV and beyond 35 ms. Due to the prolific

High Energy
Region
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nature of the peaks, identifying the fission fragment responsible for any given discrete 

line is not easy. In an effort to identify specific peaks, the fission fragment distribution 

from ENDF/B-VII.O and the discrete line information from ENSDF were used in 

conjunction with the response of the HPGe detector to produce simulated energy 

spectra of 238U and 232Th as discussed in Section 2.3 [3,8]. These calculated energy 

spectra allow access to the underlying fission fragment and peak intensity data  used 

to generate it. Hence, overlaying a calculated spectrum  with a measured spectrum 

facilitates the identification of discrete lines.

m
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Figure 4.6: Calculated energy spectra from fission fragment distributions for 238U 
fission with 14.5 MeV neutrons and 23'U  fast pooled fission overlaid on a measured 
energy spectrum  from a low mass aqueous sample of 238U (U-5, 0.41 g-cm-2). For 
measured energy spectra, the accelerator was operated at 22 MeV, 15 hz with a pulse 
width of 4 /is, containing 150 nC of charge. Total collection time was 2 h. The 
energy spectra are normalized to to tal charge on radiator and given an artificial offset 
to accentuate differences between calculated energy spectra. Labeled photopeaks 
indicate the presence of overly estim ated fission fragments in the calculated spectra.
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Figure 4.6 shows a portion of two calculated energy spectra using fragment dis

tributions from 237U fast pooled fission and 238U high-energy fission overlaid with 

the measured photofission spectra of a low mass aqueous 238U target. The average 

excitation energy of a 22 MeV bremsstrahlung photon beam is 13.2 MeV and lays 

directly between the excitation energies of high-energy, ~  19 MeV, and fast pooled, 

~  8.5 MeV, neutron induced fission. Both calculated energy spectra are strikingly 

similar and align equally well with the measured spectrum. Because of this simi

larity and a lack of fission fragment distribution data  for 231Th fast pooled fission, 

high-energy neutron induced fission of 238U and 232Th was used to generate spectra 

for the photofission of 238U and 232Th, respectfully.

Figures 4.7 and 4.8 show the energy spectra calculated from high-energy neutron 

induced fission of 238U and 232Th overlaid on their respective measured spectra for 

photofission. These spectra span the energy range from 2650 keV, the limit of decay 

from naturally occurring radioactive material, to 5850 keV. While the calculated 

spectra closely align with measured spectra for the energy region from 2650 keV to 

4650 keV, above this energy there are sizeable differences. The fission fragment 92Rb is 

drastically over predicted and emits discrete y-rays throughout the entire high-energy 

range. Several isotopes of indium are also predicted but not present, such as 124In, 

126In and 128In, as well as the isotopes 87Br,94Rb and 142La. Photopeaks from 97Y are 

also over predicted in the calculated spectra, but are present in the measured spectra 

with a lower yield. Three peaks at 3942, 4400 and 4492 keV from unidentified fission 

fragments are also present in the measured spectra but were not predicted. While 

a significant number these discrepancies exist between the calculated and measured 

spectra, overall the calculated spectra match the experimental data well.

D. De Frenne et al. did not report measuring some of these fission fragments 

including 92Rb and 142La from 20 MeV bremsstrahlung induced fission on 238U [11]. 

De Frenne utilized a shuttling system to irradiate and measure 0.1 mm thick uranium 

disks encapsulated in nickel. This measurement includes a transport and cool-down 

time of 5 to 10 seconds. 92Rb has a half-life of 4.5 s and a large peak intensity at 

815 keV, and 142La has a half-life of 1.5 h and a large peak intensity at 641 keV. This 

places photopeaks from both  fission fragments well within their range of interest and



Chapter 4-' Results and Analysis 38

capability of being measured [3,11]. These discrepancies are in part due to the differ

ence between neutron induced fission and photofission. However, some discrepancies 

are due to how fission fragment yields are calculated and measured. To calculate 

fission fragment yields, a calculated charge distribution model is used to produce a 

set of independent yields for a given fissioning nuclei. The yields from this model are 

then statistically merged with the yields of measured data. Because the model has 

large errors associated with it and the relevant experiments are incapable of measur

ing the yield of every fission fragment, large errors exist in the ENDF/B-VII.O data 

sets [8,9].
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Figure 4.7: Energy spectra of 238U, 0.41 g-cm-2 , 232Th, 0.46 g-cm-2 , low mass aqueous 
samples collected at 22 MeV and 15 Hz overlaid with the calculated energy spectra 
from high energy neutron induced fission on 238U and 232Th, respectively. The mea
sured spectra were collected over a period of 2 h and are normalized to to tal charge 
on radiator. 238U spectra are shown with an arbitrary offset to accentuate differ
ences between spectra. Several notable energy peaks are labeled. Those labeled in 
black have been calculated accurately, red have been predicted but are not present in 
data, blue have been over predicted but are present in data, and green have not been 
predicted and thus are not identified.
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Figure 4.8: Energy spectra of 238U, 0.41 g-cm-2 , 232Th, 0.46 g-cm-2 , low mass aqueous 
samples collected at 22 MeV and 15 Hz overlaid with the calculated energy spectra 
from high energy neutron induced fission on 238U and 232Th, respectively. The mea
sured spectra were collected over a period of 2 h and are normalized to to tal charge 
on radiator. 238U spectra are shown with an arbitrary offset to accentuate differ
ences between spectra. Several notable energy peaks are labeled. Those labeled in 
black have been calculated accurately, red have been predicted but are not present in 
data, blue have been over predicted but are present in data, and green have not been 
predicted and thus are not identified.
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4.3 Peak Ratio Analysis (PRA)

Peak ratio analysis is a traditional m ethod of determining the isotopic composition 

of a sample containing two, or more, fissionable isotopes. By identifying a single peak 

th a t stays uniform regardless of relative concentration of either fissionable material, 

this peak can be used as a measure of to tal fission events in the sample. This works if 

the two fissioning isotopes share identical, or nearly so, fission yield for the fragment 

under question. Using this peak as a fiducial, a signal peak can be normalized to a 

measure of fission reactions. Each signal peak must be unique to one of the fissioning 

isotopes so as to increase or decrease as the relative concentration is altered accord

ingly. The ratio of the areas of the signal peak to the fiducial peak is thus a reliable 

measure of the relative content of the signal peak’s contributing fission source.

Figure 4.9 shows energy spectra collected across a set of low mass aqueous targets, 

which had varied concentration of both  238U and 232Th. The relative 238U concen

trations of these samples are 100, 73, 57.5, 39.4, 23.1 and 0% respectively, with the 

balance being 232Th. Each sample contained an average of ~  0.40 g-cm- 2  in the 

accelerator beam. The combined 86B r /133Sb peak appears constant throughout all 

energy spectra regardless of the varied relative concentration of 238U and 232Th and 

presents a potential fiducial peak for peak ratio analysis. A potential signal peak is 

then found in the combined 98Y /96Tc peak, which grows as a function of the relative 

238U concentration. By taking the ratio of these two peaks, a monotonic relation

ship between this ratio and the relative concentration of 238U is obtained, as seen in 

Figure 4.10.(a).

Figure 4.10. (a) shows the peak ratio as a function of relative 238U concentration. 

For a target containing only 238U or 232Th, this ratio would be a constant. As the 

relative 238U concentration is altered the ratio between peaks changes. Figure 4.10. (a) 

shows a strong linear relationship between the peak ratio and relative 238U concentra

tion. This linear relationship is expected since the fiducial should be a constant with 

respect to the relative concentration of 238U and the signal peak increases linearly as
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Figure 4.9: Energy spectra of low mass liquid targets U-5, A, B, C, D and Th-5 
collected at 22 MeV, 15 Hz. Each spectrum  is normalized to total charge on radiator 
with the first 35 ms following the pulse has been removed. An artificial offset is 
employed to emphasize differences as well as similarities between energy spectra. 
The combined photopeaks of 98Y & 96Tc and 86Br & 133Sb are labeled.

the concentration of 238U is increased.

The relative concentration of 238U across the samples are then calculated by cali

brating the ratio of the 98Y /96Tc peak to the 86B r /133Sb peak. Because the peak ratio 

appears linear as a function of relative 238U concentration, a linear fit was applied 

to the data in Figure 4.10.(a). The inverse of this fit was then used to transform 

the peak ratio into relative concentration. Figure 4.10.(b) shows the results of this 

analysis across the six samples containing varied concentrations of 238U and 232Th.



Chapter 4 : Results and Analysis 43

-(a)

o  0.8
5

0.6

”  0.4 
o>
CO 0 i2

0.0

238U Relative
20 40 60 80 100 

Concentration

-(b)120
co

100Ica)oco
O

0) 40
>

_ ra

<D
o'

o 20 40 60 80 100
238U Relative (%) Concentration

Figure 4.10: a) Graph of the peak ratios of 2941 & 2946 keV and the 2751 & 2755 keV 
gamma peaks from Figure 4.9. b) Peak ratios have been transformed into Relative 
238U concentration. Error bars in both graphs are representative of la  standard 
deviation.

Figure 4.10.(b) shows a 1:1 relationship between the calculated concentration and 

the true relative concentration of 238U. While this is compelling, the associated errors 

are too large to make this relationship very useful. At 100% relative 238U concentra

tion the error is nearly 20% and at 0% the error is ~  8  %. This is in part due to the 

difficulty in peak fitting because of the high density of peaks in the vicinity of those of 

interest. The error is dominated, however, by the low number of counts in each peak. 

While the application of a better fitting algorithm to these peaks may help, there is 

another underlaying problem. Both the fiducial and signal peaks are convolutions of 

multiple fission fragments with different fission yields for 238U and 232Th.

Figure 4.11 shows the shift of the 86B r /133Sb peak from 2751 keV to 2755 keV. This 

shift is due to transition in the dominant fragment from 86Br for fission of 232Th to 

133Sb for fission of 238U, resulting in an energy shift of the centroid by ~  3 keV. Along 

with this energy shift is a change in the yield. This variance means th a t the fiducial 

peak is not truly constant regardless of relative concentration and cannot be used 

as an accurate measure of the to tal amount of fission in a sample. If the individual 

peaks could be resolved, they themselves would act as signal peaks of 232Th and 238U,
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Figure 4.11: A closer look at the combined photopeak of 2751 keV from 86Br and 
2755 keV from 133Sb. The dashed line shows the shift in energy due to the transition 
in dominance from one to the other, respectively.

respectively.

These factors do not readily allow the use of the 86B r /133Sb peak as a fiducial for 

peak ratio analysis. Further analysis of the energy spectra from Figures 4.7 and 4.8 do 

not yield any high-energy discrete y-rays from fission fragments tha t can be used as 

a fiducial in this m ethod since multiple fragments produce similar energy y-rays tha t 

cannot be resolved by the detector. Because of the lack of a necessary fiducial and the 

difficulty in fitting peaks, another analysis m ethod is needed to quantify fissionable 

material.
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Figure 4.12: Energy spectra of 10 p.Ci bu tton  sources of 13' Cs and 60Co taken at 25 cm 
from the detector both  individually and separately. Energy spectra were collected for 
1 nr each and normalized to time. Spectra are given artificial offset to emphasize 
individual photopeaks.



Chapter 4-' Results and Analysis 46

4.4 Spectral Contribution Analysis (SCA)

Figure 4.12 shows energy spectra of 137Cs and 60Co both individually and sepa

rately. The energy spectrum  of the combination of 137Cs and 60Co is identical to the 

sum of the individual 137Cs and 60Co spectra. The photopeaks from the individual 

measurements of 137Cs and 60Co are superimposed on one-another to create the total 

spectra. In simple cases such as this, the energy spectra are easily deconvolved into 

their base components. The idea of superimposed spectra can be utilized to bet

ter isolate components of a mixed fissionable sample. Rather than  fitting individual 

peaks, a portion of the photohssion energy spectrum  of pure 238U can be used as 

a fingerprint of 238U and likewise for 232Th. Because a region of a spectrum  spans 

multiple photopeaks, the overall counts utilized are increased and subsequently the 

errors associated with the counts are decreased. This presents a significant advantage 

over PRA.

Using superposition, a portion of an energy spectrum  (0) from the photohssion of 

a mixed target can be described using the contributing energy spectra of 238U (0238) 

and 232Th (0232) as a basis set in the equation,

0  =  £*2380238 +  £*2320232, (4.1)

where the coefficients 0123s and 01232 are indicative of the quantity of 238U and 232Th in 

the target. The energy spectra from the photohssion of 238U (0238) and 232Th (0232) 

are unique due to their different hssion fragment distributions. While these basis 

spectra are unique, they are not orthogonal, since these spectra also share multiple 

photopeaks from hssion fragments. Because of nonorthogonality, regions are selected 

th a t are populated by discrete 7 -rays th a t are either unique to each hssioning material 

or have signihcant intensity differences. The Levenberg-Marquadt algorithm is then 

utilized to recreate the energy region for mixed samples containing varied amounts of 

238U and 232Th from its base components [29]. This m ethod allows the intensity , i.e. 

01238 and oi232, of each contributing energy spectrum  to be varied independently and 

uses a non-linear least squares regression in order to optimize the ht. The resulting 

param eters 0123s and 01232 then indicate the spectral contribution from 238U and 232Th
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photofission, respectively. The coefficients satisfy the equations,

0238 rneas. =  07380238  =  1 ' 0238 , (4.2)

and,

0232 m ea s. =  07320232  =  1 ‘ 0232 , (4.3)

where 4>m eas. is the measured spectrum  of a pure 238U or 232Th target, respectively. 

Since the fission rate, and subsequently the 7 -ray yield, is linearly dependant on mass, 

this automatically normalizes the coefficients to the mass of fissionable m aterial in 

the pure target. This normalization allows for a direct comparison of the relative 

concentrations in the target without the need to compensate for the vastly different 

photofission rates of 238U and 232Th for 22 MeV bremsstrahlung, a nearly 2 : 1 ratio.

4.4 .1  U s in g  M e a su re d  E n e rg y  S p e c tra  as a  B asis  S e t

The energy region from 2650 to 3050 keV displays several unique and similar dis

crete lines between the 238U and 232Th photofission spectra. This region was used 

to form a basis set from the photofission spectra of pure 238U and 232Th low mass 

aqueous targets. This basis set was then utilized to recreate the same energy region 

from targets containing varied amounts of 238U and 232Th with relative 238U concen

trations of 73, 57.5, 39.4 and 23.1%, as well as the basis set itself. The results of this 

decomposition algorithm are displayed in Figure 4.13, 4.14 and 4.15.

Figure 4.13 shows the results of spectral decomposition overlaid with the measured 

energy spectra. The decomposition routine is capable of reproducing the energy 

spectra of the samples with a great deal of accuracy. While this m ethod reproduces the 

measured energy spectra, it does not resolve the composition beyond FRA. Figure 4.14 

shows the relative spectral contribution or 238 U as a function of the relative mass of 

238U in the target. While this shows a clear relationship about the line of equality it 

deviates substantially from a 1:1 correlation for the mixed targets. However, the end 

points, relative 238U concentrations 0 and 100%, fit exactly. This is because at these 

relative 238U concentrations the basis set is deconvolving itself.
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Figure 4.13: Energy spectrum  obtained from the fitting algorithm utilizing measured 
energy spectra as basis sets (red) overlaid on their respective energy spectra (black). 
Figures to the right indicate the relative percent of 238U present in the sample.

Figure 4.15. (a) and Figure 4.15.(b) show the 238U and 232Th spectral coefficients as 

a function of mass, respectively. Both coefficients were allowed to vary independently 

in the decomposition routine. While the 238U coefficient is linear with respect to 

mass, the 232Th coefficient shows scatter. This scatter about the linear trend of the 

232Th coefficient results in the significant discrepancies between the calculated and 

the actual values in Figure 4.14. This scatter may be caused by a lack of uniqueness 

of the basis set or a lack of uniqueness from one measured spectra to another. A 

m ajor factor in the uniqueness of the basis sets is the combined photopeak attributed  

to 98Y and 106Tc. W ith little difference in this peak as well as the overall spectra from 

target to target, the decomposition routine may not be able to resolve the spectra 

into their 238U and 232Th contributions. The similarity between spectra is evident

3 9 .4 %  U
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Figure 4.14: Relative spectral contribution from 238U as a function of relative mass 
in the target. A line is shown at equality between calculated and actual. Error bars 
are representative of 1 a standard deviation.

in mixes containing relative 238U concentrations of 73 and 57.5%, where the relative 

concentrations differ by 15.5% but the overall spectra are quite similar.

Figure 4.16 shows the energy spectrum  from 1 L of water collected under the 

same conditions as the low mass aqueous fissionable targets. Two dominant peaks 

are present from longer lived isotopes produced from neutron capture, a 2754 keV 

peak from 24Al(n,Q-)24Na and a combined 2801 keV line from pulse pileup of the 

1507.7 keV and 1293.6 keV peaks from 115In(n,7 )116mIn. Both materials are present in 

the high purity germanium detector; aluminum comprises the housing of the detector 

and indium is a common ingredient in the solder used to make junctions in the 

preamplifier. While the energy spectra from fission sources is significantly larger 

than  the overall background, the small background peak at 2801 keV is visible in the 

delayed y-ray spectra. The 2754 keV peak is buried within the combined photopeak of
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Figure 4.15: Normalized 238U (a) and 232Th (b) coefficients as a function of mass for 
spectral contribution analysis utilizing measured energy spectra from low mass 238U 
and 232Th as a basis set. Error bars in both  graphs are representative of 1 a standard 
deviation.

86Br and 133Sb. By including the background along with the hssion spectra of 238U and 

232Th, the basis set is not independent of the experimental setup. The inclusion of the 

background peak into both components of the basis set causes it to lose uniqueness. 

The basis set is no longer dependant solely on the photohssion spectra of 238U and 

232Th and depends partly on the background caused by the experimental setup.

A measured spectrum, (pmeas., is comprised of its base components times their 

respective coefficients such tha t,

<Pmeas. =  Q'2380238 +  Q'2320232, (4 .4 )

with the coefficients normalized to the amount of mass in the pure targets so tha t,

0238 =  Cl'2380238 =  1 ‘ 0238, (4.5)

and,

0232 =  Cl'2320232 =  1 ‘ 0232- (4.6)

If the region of interest contains significant background peaks peaks, the basis vectors 

and measured spectra all contain a background component, < p b k g , and a hssion com
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Figure 4.16: A portion of the energy spectrum  collected from 1 L H20  at 22 MeV 
and 15 Hz. The spectrum  is normalized to to tal charge on the radiator and has the 
first 35 ms following the accelerator pulse removed. The spectrum  was collected over 
a period of 2 h.

ponent, (p1. Assuming th a t the background is equal across all targets, Equation 4.4 

becomes,

0'meas. +  ^bkg  =  Q'23s(0238 +  ^bkg)  +  ' 1 J . V J +  <pbkg) ■ (4.7)

Separating Equation 4.7 into the nonhssionable and fissionable components we obtain,

fim eas. =  Q'2380238 +  Q,2320232’ (4 -8 )

and,

(pbkg =  (Cl'238 +  Cl'232)0bfc9 - (4 .9 )

Because the coefficients q -238 and Q'232 are normalized to the amount of mass in the

pure targets, the coefficients take the form,

_ m "23 8  1 _  m "23 2  ( aci'2 38 — — n—  and Q'232 — — n— , (4 .1 0 )
'^238  " C m
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Table 4.1: 238U and 232Th aqueous target masses, relative concentration and calcu
lated sum of coefficients 0:238 and 0 :232-

Target 232 Th Mass 
(g)

238U Mass 
(g)

Relative
2 3 8 y

Coefficient Sum
< ^ 2 3 8 + ^ 2 3 2

238U-5 0.0 52.2 100% 1.00
Mixed-A 11.4 30.8 73.0% 0.781
Mixed-B 23.4 31.7 57.5% 1.00
Mixed-C 32.5 21.1 39.4% 0.950
Mixed-D 34.6 10.4 23.1% 0.780
232Th-5 59.6 0.0 0% 1.00

where m^g and are the masses of 238U and 232Th in the pure targets, respectively. 

Substituting these coefficients into Equation 4.9 we obtain,

A  _  f m 238 , m 232 ^ j  / A 1 1 \
^bk9 ~  >̂ bk9' (4-11)

2 3 8  ' ' ' '2 3 2

While the hssion component of the spectrum  is unconstrained, Equation 4.11 indicates 

th a t any sum of the normalized 238U and 232Th masses th a t do not equal 1 will fail 

to reproduce the background, 4>bkg, in the measured spectrum. Table 4.1 shows the 

masses and relative concentration of the low mass aqueous targets along with a sum 

of their calculated coefficients, 0:238 and 0 :232- Only one of the four mixed targets 

meet the constraint given by Equation 4.11. Thus, the decomposition routine must 

be altered to account for the inclusion of background.

To eliminate the restriction from Equation 4.11, the background is removed from 

the basis vectors, 0238 and 0 2 3 2 , and appended to the end of the equation such tha t 

the measured spectrum  becomes,

<frmeas. =  <̂ 238 ( 0238 — 4>bkg) +  ^232(0232 ~  0bfc9) +  4>bkg, (4.12)

with (f>bkg being the active background spectra of an H20  target from Figure 4.16. 

Equation 4.12 satisfies the conditions derived from Equation 4.7. Utilizing Equa

tion 4.12, the decoupling algorithm was used to deconvolve the measured spectra 

from the mixed targets containing the varied relative 238U concentrations of 0, 73, 

57.5, 39.4, 23.1 and 100%. The results of the modified decomposition routine are 

shown in Figure 4.17 and 4.18.
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Figure 4.17: Relative spectral contribution from 238U as a function of relative 238U 
concentration in the target. A line is shown at equality between calculated and actual. 
Error bars are representative of 1 a standard deviation.

Figure 4.17 shows the relative spectral contribution as a function of relative con

centration for 238U. The modified decomposition routine shows significant improve

ment in accuracy compared to the previous SCA method. This m ethod of measured 

spectra SCA also shows increased accuracy and precision over peak ratio analysis. 

Where peak ratio analysis had errors th a t averaged ~  15%, the errors from SCA 

are greatest at 0% relative 238U concentration, an error of 0.2% relative 238U con

centration. These errors decrease to 0.1% at 100% relative 238U concentration while 

maintaining little deviation from the line of equality. While the largest deviation 

from the line of equality is at a relative 238U concentration of 23.1% and is 9.4% 

from the true value, the average deviation is less than  4% of the true relative 238U 

concentration.
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Figure 4.18: Normalized 238U (a) and 232Th (b) coefficients as a function of mass for 
spectral contribution analysis utilizing measured energy spectra from low mass 238U 
and 232Th as a basis set. Error bars in both  graphs are representative of 1 a standard 
deviation.

Figure 4.18. (a) and Figure 4.18.(b) show the 238U and 232Th spectral coefficients 

from the modified SCA routine as a function of mass, respectively. Both the 238U 

and 232Th coefficient show a strong linear relationship with mass as compared to the 

prior m ethod of SCA where background was included in the basis set. The only 

significant deviation from linearity appears in the 232Th coefficient in Figure 4.18.(b). 

This deviation appears at a 232Th mass of 34.6 g and a relative 238U concentration of 

23.1%. This deviation causes the relative 238U concentration to be overestimated in 

Figure 4.17. This deviation may be due to miss-alignment of the target, inaccurate 

mixing of the target or changes in the accelerator beam. If the target was miss-aligned 

or the properties of the bremsstrahlung beam were altered during the experiment both 

the 238U and the 232Th coefficient would deviate from linearity. However, this sample 

did have a defect in the stainless steel canister causing the canister to fail shortly after 

these experiments. Because the targets consist of aqueous solutions of U0 2 (N0 s)2 

and T h (N 0 3)4, the resulting nitric acid reacts with the defect in the stainless and 

can cause the 238U or 232Th to precipitate out, thus altering the concentration in 

the target. This or inaccurate mixing of the target are most likely the cause of the
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deviation in the 232Th coefficient.

4 .4 .2  U s in g  C a lc u la te d  E n e rg y  S p e c tra  as  a  B asis  S e t
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Figure 4.19: The predicted energy spectra overlaid on the respective energy spectra 
of low mass 238U, 0.41 g-cm-2 , and 232Th, 0.46 g-cm- 2  in aqueous solution. Each 
spectrum  was collected over a period of 2 h at 22 MeV and 15 Hz with the first 
35 ms following the pulse removed. Notable discrete lines are labeled above. 92Rb 
has been removed from 238U calculated energy spectra to better m atch experimental 
data. Notable hssion fragment contributors have been labeled with their respective 
energy and half-life.

Figure 4.19 shows the calculated energy spectra using high-energy neutron in

duced hssion fragment distributions for 238U and 232Th overlaid with their respective 

experimental data for low mass targets of 238U and 232Th. Since 92Rb is greatly over 

estim ated in 238U, it has been removed to better m atch experimental data. While 

discrepancies in both 238U and 232Th remain, none are as significant as the presence
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of 92Rb in the 238U spectrum. This modified version of the calculated energy spectra 

for 238U and 232Th photofission from Sections 2.3 and 4.2 were then used as a basis set 

for the energy region of 2650 to 3050 keV. This basis set was then used to deconvolve 

the measured energy spectra from the low mass aqueous targets containing relative 

concentrations 100, 73, 57.5, 39.4, 23.1 and 0% 238U into their base contributors.
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Figure 4.20: Relative 238U spectral contribution as a function of relative 238U concen
tration. Error bars indicate 1 a standard deviation.

Figure 4.20 shows the relative spectral contribution of 238U as a function of its 

relative concentration. This shows significant increases in both  precision and accu

racy over peak ratio analysis as well as measured spectra SCA with the inclusion of 

background in the basis set. The data  points lay close to the line of equality with 

little deviation and significantly smaller error bars than  PR A. The errors from cal

culated spectra SCA are on the same order as those of measured spectra SCA with 

background separation, a value of less than  0.2% relative 238U concentration. The de

viation observed in measured spectra SCA with background separation is also present
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in Figure 4.20. At relative 238U concentration of 23.1%, the relative 238U concentra

tion is over predicted by 7%. The remaining data points, however, lay within 2.5% 

relative concentration of the actual value.
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Figure 4.21: Normalized 238U (a) and 232Th (b) coefficients as a function of mass for 
spectral contribution analysis utilizing calculated energy spectra from low mass 238U 
and 232Th as a basis set. Error bars in both  graphs are representative of 1 a standard 
deviation.

Figure 4.21. (a) and Figure 4.21.(b) show the 238U and 232Th coefficients as a 

function of mass, respectively. The linear nature of the coefficients gives rise to 

accurate measures of the respective 238U and 232Th concentrations. While the 238U 

coefficient is very linear w ith respect to mass, Figure 4.21.(b) shows the same deviation 

of the 232Th coefficient at 34.6 g of 232Th and a relative 238U concentration of 23.1% 

as previously seen in measured spectra SCA with background separation.

Figure 4.22 shows the results of spectral decomposition overlaid with the measured 

energy spectra. It is clear tha t the algorithm fails to reproduce the 2801 keV discrete 

line from background. This is do to the lack of a background in the decoupling 

routine. Since the basis set is a calculated energy spectra of only 238U and 232Th
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Figure 4.22: Energy spectrum  obtained from the fitting algorithm utilizing calculated 
energy spectra as basis sets (red) overlaid on their respective energy spectra (black). 
Figures to the right indicate relative percent of 238U present in the target.

fission, Equation 4.7 becomes,

0 L e a s . +  0M-g =  ^2380238 +  Q'2320232’ (4-13)

where the <p'meas.i 0238 an<4 0232 are the fission portions of the energy spectrum  and 

(pbkg is the nonfissionable background contribution. To more accurately portray the 

fission spectrum  contribution, 0 ^ .fl should be removed from the measured spectra of 

the mixed targets or appended to the end of Equation 4.13 as was done in Equa

tion 4.12 for measured spectra SCA with background separation. However, because 

the background spectrum  is unique, it cannot be reproduced using <p'.23S and 0 2 32. 

Since the decomposition algorithm cannot reproduce the background, it is treated  as 

an independent and uncalculated third component. In this manner, the background 

may not need to be considered because it is effectively ignored by the decomposition
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routine.
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Figure 5.1: Comparison of peak ratio analysis (a) versus spectral contribution analysis 
(b) utilizing identical data  sets.

Figure 5.1 shows a side-by-side comparison between peak ratio analysis (a) and 

calculated spectrum  SC A (b). Since SC A spans an entire region without the need for 

isolating single peaks, the deconvolution routine provides a more accurate portrayal

60
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of the relative concentration. In addition, the independence of the coefficients allows 

for the direct measurement of the mass of either 238U or 232Th. Since the coefficients 

are varied independently, unknown contributors are ignored and additional fissionable 

contributors can be easily introduced. For the addition of contributions from 235U, 

239Pu, etc., a portion of the energy spectra can simply be calculated or measured for 

inclusion as a potential contributing basis spectrum  and added to the equation,

0 =  CK2380238 +  07320232 +  CK2350235 +  ^2390239 +  •••• (5.1)

The spectral contribution can then be related to the relative concentration of 235U or 

239Pu in the target by comparing the coefficients.

5.2 Applications and Future Work

This m ethod proves effective for low mass targets in nonhssionable, low density 

matrices. Further investigation is needed in to the effect of higher masses of fis

sionable material. W ith light mass targets, the spectral contribution from any given 

isotope can be assumed to be linear with respect to mass. This is not the case with 

larger mass targets due to self absorption and attenuation within the target. In con

trast to the targets investigated here, nuclear weapons require bulk material on the 

order of several kilograms. However, this m ethod may still be effective for isotopic 

analysis by investigating the surface of bulk targets provided the target is uniform in 

concentration.

This m ethod may also be applied to find the fission fragment mass distribution 

from photohssion. Methods for measuring the mass distribution often employ transfer 

media to move fission fragments from the fission source to a series of detectors. This 

transfer media does not allow for the transfer of noble gases and can very well miss a 

significant portion of fission fragments. Utilizing this method, it may be possible to 

measure the discrete 7 -rays of fission fragments to determine a photohssion fragment 

mass distribution between irradiating bremsstrahlung pulses. This allows for the 

measurement of all contributing fission fragments in situ without the need for transfer 

media. By the same fitting and prediction methods employed in this thesis, it may be
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possible to identify spectral contributions from fission fragments across multiple peaks 

by creating a basis set from the energy spectra of fission fragments. The normalized 

coefficients of such a fit would result in those fission fragm ent’s cumulative yield.

Further investigation is planned for this analysis m ethod utilizing multiple com

ponents for either the measurement of individual fission fragment yields of a single 

fissionable isotope or the contributions of multiple fissionable materials such as mix

tures containing 238U, 239Pu and 235U. To utilize the full potential of SCA across 

multiple contributors it may be advantageous to employ the Kullback-Leibler diver

gence. This divergence allows for a measure of the difference between two probability 

distributions. The equation,

are the Kullback-Leibler equations for divergence between a measured spectra or an

All th a t is left is to correlate this divergence to a measure of the concentration of 

238U and 232Th. This m ethod of measuring a component’s contribution to an energy 

spectrum  is independent of other components’ contributions and readily allows for 

the introduction and independent measurement of additional components.

(5.2)

and the equation,

(5.3)

unknown (<f>) and the calculated or measured spectra of 238U and 232Th [22], It is clear 

from the equations th a t if the spectrum  S is identical to the 238U or 232Th spectra 

th a t the divergence is equal to zero and grows as S diverges from either 238U or 232Th.



A p p e n d i x  A  

A  N o t e  o n  C a l c u l a t e d  S p e c t r a

Due to an issue in generating the calculated energy spectra for 238U and 232Th, 

the fission fragment 136Te was, for an unknown reason, not included in the calculated 

spectra for 238U or 232Th. 136Te has a half-life of 17.5 s and a significant peak intensity 

at 3235 keV [3]. Figure A .l shows a region of the calculated spectra overlaid on the 

measured spectra of 238U and 232Th, respectively. The position of where the 3235 keV 

peak from 136Te should appear is indicated. In relation to the intensity of the 3401 keV 

line from 97Y in the predicted 238U spectrum, the peak intensity of the 3235 keV peak 

from 136Te should be a th ird  this in the predicted 238U spectrum  and half of this in 

232Th. It is interesting to note, however, th a t it does not appear in the measured 

spectra of either 238U or 232Th.

63
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Figure A .l: Energy spectra of 238U, 0.41 g-cm-2 , 232Th, 0.46 g-cm-2 , low mass aque
ous samples collected at 22 MeV and 15 Hz overlaid with the calculated energy spectra 
from high energy neutron induced fission on 238U and 232Th, respectively. The mea
sured spectra were collected over a period of 2 h and are normalized to to tal charge 
on radiator. 238U spectra are shown with an arbitrary offset to accentuate differences 
between spectra. The position of where the 3235 keV peak from 136Te should appear 
is indicated
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Abstract

Delayed Gamma-Ray Assay for Nuclear Safeguards

by

Vladimir Mozin 

Doctor of Philosophy in Engineering -  Nuclear Engineering 

Ehhversity of California, Berkeley 

Professor Jasmina Vujic, Chair

This dissertation addresses the need for new non-destructive assay instruments 
capable of quantifying the fissile isotopic composition of spent nuclear fuel and of 
independently verifying the declared amounts of special nuclear materials at 
various stages of the nuclear fuel cycle. High-energy delayed gamma-ray 
spectroscopy can provide the ability to directly assay fissile and fertile isotopes in 
the highly radioactive environment of the spent fuel assemblies and to achieve the 
safeguards goal of measuring nuclear material inventories for spent fuel handling, 
interim storage, reprocessing facilities, and final disposal and repository sites.

The delayed gamma-ray assay concept is investigated within this context with the 
objective of assessing whether the delayed gamma-ray assay instrument can 
provide sufficient sensitivity, isotope specificity and accuracy as required in 
nuclear material safeguards applications. Preliminary system design analysis 
indicates that the delayed gamma-ray response is affected by multiple parameters: 
type and intensity of the interrogating source, the configuration of the 
interrogation setup, the time pattern of the interrogation, and the resolution and 
count rate limit of the gamma-ray detection system.
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In order to handle the variety of factors associated with the delayed gamma-ray 
assay of spent nuclear fuel, a high-fidelity response modeling technique is 
introduced. The new algorithm seamlessly combines transport calculations with 
analytical decay/depletion, and discrete gamma-ray source reconstruction codes. 
Its performance was benchmarked in the dedicated experimental campaign 
involving accelerator-driven photo-neutron sources and samples containing fissile 
and fertile isotopes.

Analytical estimations of the intensity of the delayed gamma-ray response and the 
passive background rate are utilized to develop a concept of the non-destructive 
instrument for the assay of spent nuclear fuel. The modeling technique is then 
applied to more detailed parametric study. These simulations included extensive 
spent fuel inventories, and accounted for realistic assay configurations and 
instrumentation. The results of this preliminary analysis indicate that the delayed 
gamma-ray assay of spent nuclear fuel assemblies can be performed with 
available neutron generator and detection technology.

The sensitivity of the delayed gamma-ray spectra to the actinide content of the 
spent nuclear fuel is investigated. The simplest analysis of the delayed gamma-ray 
response is based on the analysis of integrated count rates and peak ratios. More 
powerful analytical and numerical methods are likely needed for determining the 
relative concentrations of fissile and fertile isotopes in samples with complex 
compositions.



Contents

List of Figures................................................................................................................. iv

List of Tables.................................................................................................................viii

1 Introduction...................................................................................................................1

1.1 Nuclear Nonproliferation and Safeguards...........................................................1

1.2 Spent Nuclear Fuel Safeguards............................................................................. 3

1.3 Importance of Non-destructive A ssay................................................................. 7

1.4 Delayed Gamma-Ray Assay Potential................................................................. 9

1.5 Dissertation Outline................................................................................................9

2 Theoretical Considerations..................................................................................... 13

2.1 Fission Process.......................................................................................................13

2.2 Fission Y ields........................................................................................................17

2.3 Delayed Gamma-Ray Time Dependence..........................................................21

2.4 Delayed Gamma-Ray Assay Concept............................................................... 24

2.4.1 Interrogating Source......................................................................................28

2.4.2 Detector System ............................................................................................ 29

2.4.3 Interrogation Time Regime..........................................................................31

3 Modeling approach................................................................................................... 33

3.1 Algorithm description.........................................................................................33



C o n t e n t s 11

3.2 CINDER m ethod.................................................................................................. 36

3.3 DGSDEF method.................................................................................................. 41

4 Experimental Benchmarking..................................................................................43

4.1 Motivation.............................................................................................................. 43

4.2 Experimental Arrangement..................................................................................46

4.3 Depleted Uranium Plate Experiment................................................................. 51

4.4 Three Pu Coupons Experiment........................................................................... 55

4.5 DU + 3 Pu Coupons Experiment........................................................................59

4.6 Passive Source Experiments............................................................................... 64

5 Spent Fuel Assay Instrument Design Considerations....................................... 69

5.1 Design Methods and Limitations........................................................................69

5.2 Detector System Limitations.............................................................................. 75

5.3 Assay Instrument Parameters Evaluation..........................................................76

5.3.1 Delayed Gamma-Ray Response Rate Estimation.....................................78

5.3.2 Passive Background Rate Estimation..........................................................84

5.4 Modeling Results.................................................................................................. 88

6 Delayed Gamma-Ray Response Analysis...........................................................104

6.1 Preliminary Considerations...............................................................................104

6.2 Total Fission Rate Methods...............................................................................105

6.3 Individual Isotopic Content M ethod................................................................ 109

6.3.1 Derivation of the Exact Delayed Gamma-Ray Peak Ratio Expression 112

6.3.2 Analysis of Delayed Gamma-Ray Peak Ratios....................................... 116

6.3.3 Numerical Approach to the Response Analysis...................................... 121



C o n t e n t s m

Conclusions and Outlook...........................................................................................127

Bibliography.................................................................................................................131



List of Figures

2.1 Thermal neutron fission cross-section for primary actinides............................. 14

2.2 Photo-fission cross-sections for primary actinides..............................................15

2.3 Schematic of the fission process............................................................................. 16

2.4 Thermal chain fission yields for primary actinides..............................................19

2.5 Chain fission yields of primary actinides for fast and 14 MeV neutrons 20

2.6 Fission products mass distributions for Th-232 photofissions at various 
incident photon energies.................................................................................................20

2.7 Fission product half-lives temporal distribution...................................................23

2.8 Cumulative thermal neutron fission yields for U-235 and Pu-239................... 25

2.9 ENDF/B-VII U-235 and Pu-239 thermal neutron induced fission product 
yields. Each point corresponds to an absolute yield of an isotope with unique A 
and Z ..................................................................................................................................26

2.10 Passive gamma-ray spectrum of a PWR assembly with 32 GWd/t burnup and 
9 months cooling tim e.................................................................................................... 30

3.1 Four-step delayed gamma-ray response modeling algorithm............................34

4.1 Literature data benchmarking of the HEU delayed gamma-ray response: 
experimentally observed (top),calculated discrete emission spectrum (middle), and 
simulated detector response (bottom )..........................................................................45

4.2 Schematic of the LINAC-driven low energy photo-neutron source designed 
for IAC experimental measurements...........................................................................47

4.3 ENDF/B-VII Be-9(gamma,n)Be-8 cross-section.................................................47

4.4 Calculated bremsstrahlung photon flux spectrum in forward angular bins at 5 
MeV LIN AC electron beam energy (top). Calculated 64-group neutron flux 
produced in Be converter (bottom).............................................................................. 48



L i s t  o f  F i g u r e s v

4.5 Gaussian energy broadening fit for the detector used in the experiments....... 51

4.6 A photograph of the DU plate experimental setup, and a 3D-rendering of the 
MCNPX model.................................................................................................................52

4.7 An overlay of measured and calculated delayed gamma-ray spectra for the DU 
plate experiment with calculated isotopic contributions to the total response (top). 
Calculated discrete gamma-ray emission spectrum (bottom)...................................53

4.8 Schematic drawing of a Pu coupon target.............................................................55

4.9 A photograph of the 3 Pu coupons experimental setup, and a 3D-rendering of 
the MCNPX model..........................................................................................................56

4.10 An overlay of the measured and calculated delayed gamma-ray spectra for 
the 3 Pu coupons experiment with calculated individual coupon contributions to 
the total response (top). Calculated discrete gamma-ray emission spectrum 
(bottom)............................................................................................................................ 57

4.11 A photograph of the DU + 3 Pu coupons experimental setup, and a 3D- 
rendering of the MCNPX m odel...................................................................................59

4.12 An overlay of the measured and calculated delayed gamma-ray spectra for 
the DU + 3 Pu coupons experiment with calculated individual DU and PU target 
contributions to the total response (top). Calculated discrete gamma-ray emission 
spectrum (bottom)...........................................................................................................60

4.13 Ratios of peak areas between measured and calculated delayed gamma-ray 
spectra for three experiments........................................................................................ 63

4.14 Ratios of peak pair ratios between measured and calculated delayed gamma- 
ray spectra for three experiments..................................................................................63

4.15 Passive source experiments results: Co-60 (top), Eu-152 (middle), Y-88 
(bottom ............................................................................................................................. 67

5.1 The planar cross-section of the spent nuclear fuel assembly MCNPX 
model................................................................................................................................. 71

5.2 A comparison of passive discrete gamma-ray emission spectra calculated for 
the spent nuclear fuel assembly from libraries #1 and #2 with 45 GWD/t burnup, 
4% initial enrichment, 5 years cooling time. Original NGSI library #1 inventory



L i s t  o f  F i g u r e s v i

(top). Library #1 assembly with inventory at discharge and additional 5 years 
cooling period (middle). Library #2 inventory (bottom ).......................................... 73

5.3 Assumed delayed gamma-ray assay setup for parametric study........................78

5.4 Calculation sequence for the delayed gamma-ray peak count ra te ................... 78

5.5 Calculation sequence for the passive background peak count rate................... 84

5.4 Assay setup layout adopted for high-fidelity delayed gamma-ray response 
modeling........................................................................................................................... 90

5.5 Calculated passive and activated HPGe spectra for the assembly from spent 
nuclear fuel library #1 and #2 with 45 GWd/t burnup, 4% initial enrichment, and 5 
years cooling time (top). Calculated delayed gamma-ray emission spectrum for 
the same assembly from library #2 (bottom )..............................................................92

5.6 Gamma-ray spectra detected from a 36 GWd/t spent nuclear fuel pin before 
(top), and after 15-min irradiation period in a research reactor (both spectra are 
acquired on a zero-dead time HPGe system and are scaled to 6 hours acquisition 
tim e)..................................................................................................................................93

5.7 Simulated effect of the collimator and attenuating filters on the detector 
response for library #1 assembly with 45 GWD/t, 4 % initial enrichment, 
Unshielded detector in the immediate vicinity of the assembly (top), slot 
collimator and 6 cm-thick lead attenuating filters (middle), and delayed gamma- 
ray emission spectrum (bottom)....................................................................................95

5.8 Delayed gamma-ray modeling results for the simplified assembly inventory.97

5.9 Spatial contributions to the integrated delayed gamma-ray response between 3 
and 4.5 MeV from the assembly pin rows (top). Corresponding delayed gamma- 
ray spectra (bottom )......................................................................................................100

5.10 Spatial contributions to the integrated delayed gamma-ray response between 
3 and 4.5 MeV from the assembly quadrants (top). Corresponding delayed 
gamma-ray spectra (bottom )....................................................................................... 101

5.11 24-pin diversion case layouts and change in the integrated delayed gamma- 
ray count rate between 3 and 4.5 MeV compared to the original assembly 103

6.1 Integrated delayed gamma-ray count rates between 3.0 and 4.5 MeV for the 11 
spent fuel library #1 assemblies..................................................................................107



L i s t  o f  F i g u r e s  v i i

6.2 Delayed gamma-ray response spectra calculated for pure U-235 and Pu-239 
samples in a simplified setup (top). Arbitrarily selected peaks with an apparent 
sensitivity to each isotope (bottom )........................................................................... 117

6.3 Calculated delayed gamma-ray peak area ratios for U-235/Pu-239 mixtures in
the simplified setup.......................................................................................................118

6.4 Ratios of four arbitrary peak areas extracted from the delayed gamma-ray 
spectra for spent fuel library #1 assemblies with various burnup, 5% initial 
enrichment, and 5 years cooling tim e ........................................................................ 119

6.5 Calculated arbitrary peak ratios for 11 spent fuel library #1 assemblies.........121

6.6 A high-energy region of the delayed gamma-ray spectrum calculated for the 
assembly from library #1 with 45 GWd/t burnup, 4% initial enrichment, and 
5 years cooling time. High-purity germanium detector spectrum (top). LaBr3 
detector (middle). Delayed gamma-ray emission spectrum in the fuel 
(bottom).......................................................................................................................... 123



List of Tables

1.1 A comparison of IAEA safeguards goal quantities for the most important 
nuclear materials................................................................................................................ 5

3.1 Content of CINDER Data Libraries.......................................................................40

3.2 Content of the Decay Data Library........................................................................42

4.1 Energy resolution calibration data for the detector used in the experiments ...50

4.2 Composition of DU plates used in experiments................................................... 51

4.3 A comparison of the measured and calculated peak areas and peak pair ratios 
for the DU plate experiment.......................................................................................... 54

4.4 Composition of Pu coupons used in experiments................................................55

4.5 A comparison of measured and calculated peak areas and peak pair ratios for 
the 3 Pu coupons experiment........................................................................................ 58

4.6 A comparison of the measured and calculated peak areas and the peak pair 
ratios for the DU + 3 PU coupons experiment............................................................61

4.7 Measured and calculated peak areas for the passive source experiments 66

5.1 The parameters of the 17x17  Westinghouse assembly from the spent fuel 
library................................................................................................................................72

5.2 Parameters of spent nuclear fuel assemblies in the library................................ 72

5.4 Estimated detected count rate of the 3.577 MeV Y-95 delayed gamma-ray line
(counts/sec).......................................................................................................................83

5.5 Selected peaks in simulated delayed gamma-ray spectrum for HPGe detector 
resolution.......................................................................................................................... 98

5.6 Script-generated simulated spectrum processing result......................................99

6.1 Primary actinide content of the 11 spent fuel library #1 assemblies............. 107



L i s t  o f  T a b l e s IX

6.2 Isotope-specific contributions to the integrated delayed gamma-ray count rate 
between 3.0 and 4.5 MeV for the 11 spent fuel library #1 assemblies................. 108

6.3 The relative composition of fissile isotopes for the assemblies from
Figure 6 .4 ....................................................................................................................... 119

6.4 Delayed gamma-ray peak area ratios for 11 library #1 fuel assemblies 120

6.5. Delayed gamma-ray response deconvolution results using the Orthogonal 
Distance Regression Method for simplified modeling cases..................................126



1

Chapter 1 

Introduction

1.1 Nuclear Nonproliferation and Safeguards

The anticipated expansion of commercial nuclear power generation, often 
associated with the nuclear renaissance, inevitably involves potential risks of 
materials diversion and the misuse of technologies for undeclared weapons 
production and terrorist activities. Sustainable development and the security of 
nuclear energy are contingent upon creating appropriate control mechanisms to 
prevent these threats.

Debates revolving around proliferation concerns have been prominent since the 
early days of nuclear technology. Nuclear power was originally presented in the 
form of a weapon of mass destruction and emerged only later as an energy source. 
This double-use perception has continued to taint the notion of civilian nuclear 
power throughout history. With respect to operating nuclear facilities in various 
countries, the concern is that peaceful activities could be diverted to the nuclear 
weapons program by a mere political decision. Nevertheless, it was always clear 
that the process of nuclear power development is unstoppable. A gradual but 
constant expansion of nuclear power generation capacity could be observed across 
the globe over the last several decades, and today particularly in developing 
nations.

As early as 1953, President Eisenhower presented the politically controversial 
program “Atoms for Peace” to the United Nations (U.N.) [1], In doing so, he 
introduced the idea of international control over peaceful nuclear activities and 
fissile materials. After intensive international negotiations, a statute of the new
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international control organization -  the International Atomic Energy Agency 
(IAEA) was adopted in 1957. The goals of the agency were at the time and are to 
this day to facilitate the peaceful applications of nuclear energy and to prevent its 
use for any military purpose. To this end, the IAEA statute introduced the concept 
of nuclear safeguards (INFCIRC/66, also known as “Classical safeguards”) [2], 
according to which a country recipient of nuclear technology makes it subject to 
IAEA inspections and regulations.

The Nuclear Nonproliferation Treaty (NPT) adopted in 1970 has further improved 
the control regime over nuclear technology. The discriminatory nature of the NPT 
is manifested in the fact that all countries except for 5 nuclear weapon states have 
to renounce the pursuit of nuclear military programs in exchange for a right to 
benefit from the development of peaceful nuclear applications. The 
comprehensive safeguards agreement (INFCIRC/153) [3] outlined the role of the 
IAEA as an independent control mechanism of nuclear programs in these 
countries. This safeguards agreement allowed IAEA inspections only of the 
declared nuclear activities. This has proven to be an effective tool for the countries 
in compliance with the NPT, but is severely limited when it comes to detecting 
covert activities.

After the discovery of the clandestine Iraqi nuclear program in the early 1990s, a 
new format for safeguards was negotiated and adopted as a prerequisite for any 
nuclear cooperation. The new agreement known as the “Additional Protocol” 
(INFCIRC/540) [4] provided the IAEA with extended capabilities for detecting 
undeclared activities using unannounced inspections with a variety of technical 
and political means. The U.S. Nuclear Regulatory Commission (NRC) and the U.S. 
Department of Energy (DOE) have implemented new technical and institutional 
measures in the U.S. to unify safeguards requirements with the IAEA and to 
standardize material control and accountancy procedures within the government 
complex.

In the aftermath of the September 11th, 2001 terrorist attacks, a new kind of threat 
emerged. The expansion of the terrorist network all over the world has increased 
the risk that nuclear materials may be acquired by means of theft or clandestine
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diversion through a state sponsor. These materials can be further used for the 
production of crude nuclear explosive devices or in radioactive dispersal devices 
often referred to as a “dirty bombs”. These risks increase in countries where 
nuclear material control and accountancy systems have not kept up with the 
growth of the nuclear program.

Presently, many nations have announced plans to exercise their right of expanding 
nuclear power use to ensure social and energy stability for their own economic 
systems. Many of these countries do not have the appropriate infrastructure and 
experience with controlling nuclear materials and technological processes. Thus, 
monitoring such an expansion would become the responsibility of the 
international community. Under these conditions, the primary challenges 
associated with nuclear proliferation from expanding commercial nuclear power 
and nuclear fuel cycle technologies can be formulated as follows:

A threat of nuclear terrorism by means of nuclear material theft, or 
supplied by a rogue state sponsor.
Covert diversion of nuclear materials from civilian nuclear fuel cycle 
facilities for weapons production.
The creation of a clandestine nuclear weapons program parallel to the 
existing civilian nuclear fuel cycle.

Meeting these threats will require the development of new methodologies and 
instrumentation in support of the safeguards regime. New techniques that can 
more quickly and accurately survey nuclear materials at various facilities around 
the world are required to support already existing and future political agreements. 
This material control and accountancy technology can be implemented by means 
of the IAEA safeguards inspections or can become a part of multi-lateral 
agreements on nuclear cooperation.

1.2 Spent Nuclear Fuel Safeguards

The IAEA defines the objective of the “Comprehensive Safeguards” agreement as 
“ ...the timely detection o f diversion o f significant quantities o f  nuclear materials
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from peaceful nuclear activities to the manufacture o f nuclear weapons or o f other 
nuclear explosive devices or for purposes unknown, and the deterrence o f such 
diversion by the risk o f early detection” [3], The “Additional Protocol” further 
extends this objective to “...the detection o f undeclared nuclear materials and 
activities in a State” [4], Therefore, the overall goal of the safeguards regime is to 
assure that nuclear materials are not used outside the civilian programs by means 
of diversion from the known (declared) facilities, or by maintaining concealed 
(undeclared) activities. For the declared nuclear programs, the IAEA develops 
technical procedures in accordance with a facility- and a technology-specific 
model (also called a generic safeguards approach). Undeclared activities can occur 
both at the declared facilities and at the covert installations, and identifying them 
often requires intelligence-gathering measures in support of the technical 
safeguards.

The key concern with expanding commercial nuclear power generation is that it 
can be used for diversion or undeclared production of weapons-grade materials, 
specifically highly enriched uranium (HEU) or plutonium. Fuel enrichment, 
fabrication, reactor operation, spent fuel storage, reprocessing, and mixed oxide 
(MOX) production are considered the most vulnerable stages of the nuclear fuel 
cycle. Enrichment facilities that produce low-enriched uranium can be converted 
to HEU generation. Spent nuclear fuel handling facilities are vulnerable to 
diversion of the plutonium accumulated during the reactor operation.

In order to detect the diversion of significant quantities of plutonium from the 
commercial nuclear fuel cycle in a timely manner, the IAEA identifies material 
amounts and time rates for the various forms of nuclear materials. Each element or 
isotope with proliferation potential is characterized by a Significant Quantity (SQ) 
-  “the approximate amount o f nuclear material for which the possibility o f  
manufacturing a nuclear explosive device cannot be excluded” [5], In addition, 
the IAEA defines a timeliness goal for these nuclear materials as a target SQ 
diversion detection time. This time is determined individually for each material 
category based on complexity, amount, and time requirements necessary for its 
conversion into the weapons-usable form. SQs and timeliness goals are generally 
lower for the “direct-use” materials that can be diverted to the manufacture of
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nuclear explosive devices without transmutation or further enrichment. Table 1.1 
compares the IAEA safeguards goal quantities for the most important nuclear 
materials and forms.

Table 1.1. A comparison of IAEA safeguards goal quantities for the most 
important nuclear materials.

Material form Type Category SQ Timeliness

Enrichment planl safeguards
UF6 (LEUb), 
Natural and 
Depleted U

Unirradiated Indirect use 75 kg U-235 1 year

UF6 (HEUa) Unirradiated Direct use 25 kg U-235 1 month

Light water reactor safeguards
LEU fresh fuel Unirradiated Indirect use 75 kg U-235 1 year

HEU fresh fuel Unirradiated Direct use 25 kg U-235 1 month

MOX fresh fuel Unirradiated Direct use 8 kg total Puc 1 month

Reactor core fuel Irradiated Direct use 8 kg total Puc 3 months

Spent fuel Irradiated Direct use 8 kg total Puc 3 months
aU-235 +U-233 >20% 
b U-235 + U-233 < 20% 
c Pu-238 < 80%

According to Table 1.1, plutonium-containing materials are the highest priority for 
safeguards, both because of their low SQ and relatively short conversion times 
that affect the timeliness goals. Since HEU is not typically present in the 
conventional nuclear fuel cycle, plutonium material streams are the primary 
source for direct-use material diversion. Irradiated nuclear fuel handling and 
reprocessing facilities thus require intense safeguards to reduce the risks of 
proliferation. Although the weapon potential of plutonium with a complex
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isotopic composition obtained in high-burnup spent fuel is still widely debated, 
the present concept is applied to all variations of Pu-containing materials in the 
nuclear fuel cycle.

The intense radioactivity of irradiated spent nuclear fuel is not considered an 
adequate protection for its plutonium content. With a relatively modest 
infrastructure, it can be radiochemically separated with decontamination factors 
sufficient for further weapon production. The annual worldwide spent nuclear fuel 
(SNF) discharge rate is approximately 10,500 tons of heavy metal containing on 
average 1% of elemental plutonium [6], This amount corresponds to over 13,000 
SQ of plutonium produced annually in terms of IAEA goal quantities. Some of the 
discharged fuel is reprocessed, however most of it is stored in water-filled pools, 
with a small fraction in dry cask storage. Under these conditions, several likely 
scenarios for plutonium diversion may be considered: (1) diversion of the full 
SNF assembly (gross defect), (2) removal of individual pins from an assembly and 
substitution with dummy ones (partial defect), and (3) theft of nuclear fuel 
material at the start of the reprocessing operation when spent fuel changes its 
physical form.

At spent nuclear fuel storage facilities where sampling and destructive analysis is 
not available, fuel inventories and plutonium content are derived approximately 
using burnup-depletion codes and from characteristics of the reactor operation 
history. Due to complicated structure and exposure rates, the integrity of nuclear 
materials in the fuel is most often controlled through visual inspections and 
methods involving the gross-count of passive emissions. This “containment and 
surveillance” safeguards approach involves per-item accountancy and integrity 
verification of the spent fuel assemblies and does not have the capacity to directly 
control plutonium inventories. The accuracy of the computer codes used to 
estimate plutonium concentration in the fuel is only on the order of 5 to 10% [7], 
This uncertainty level increases considerably when the fuel reactor history is 
atypical or unknown.

When spent nuclear fuel is moved to a reprocessing plant, the same containment 
and surveillance methods are used until fuel assemblies are transferred to the head
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of the separation process. At this stage, assemblies are sheared, fuel is dissolved 
and leached out, and destructive analysis is performed on a sample of the resulting 
aqueous solution. Although nuclear materials inventory in the solution can be 
established with a nominal accuracy of approximately 1%, it is obtained as an 
average for several assemblies, and does not account for any losses occurring in 
the process. Uncertainties in material streams associated with transition from “per 
item” to “per mass” accountancy make the head of the reprocessing cascade 
extremely vulnerable to plutonium diversion.

The problem of safeguarding fissile materials in spent nuclear fuel can be 
effectively mitigated by improving the regulators knowledge about an assemblies’ 
content at any point in time after discharge from a reactor. Studies of techniques 
for accurately measuring spent fuel inventories are currently underway [8,9] with 
particular emphasis being placed on the development of non-destructive assay 
methods.

1.3 Importance of Non-destructive Assay

Presently, destructive assay which is based primarily on physical and chemical 
instrumentation analysis, continues to be the most reliable tool for nuclear 
material accountancy tasks at nuclear fuel cycle facilities. It provides a high 
degree of accuracy and reliability in cases when representative samples can be 
collected from the established material flows. However, this approach to materials 
security is limited by the associated costs, personnel exposures, and labor- 
intensive procedures. As the number of nuclear fuel cycle facilities continues to 
increase and new technologies are developed, the application of destructive assay 
becomes more complicated and makes full coverage of nuclear material 
inventories prohibitively expensive. Under these conditions and in cases when “ad 
hoc” investigations (performed without disrupting the established technological 
process) are required, non-destructive assay (NDA) techniques emerge as a more 
attractive option when compared to traditional radiochemical analysis.
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A number of NDA instruments are presently being used for spent fuel 
characterization. Among these instruments are the Cherenkov Viewing Device 
[10], Fork Detector [11], and Safeguards MOX Python detector [12], These 
passive assay instruments measure indirect signatures of nuclear materials 
contained in spent fuel assemblies in the form of light and gamma-ray emissions 
from decaying fission products, and neutron emissions primarily from the 
accumulated curium. The application of these instruments is mostly limited to 
verification of the relative burnup, cooling time, and fuel material integrity 
(absence of partial defects). Such measurements can be related to inventory 
calculations with burnup/depletion codes. However, plutonium content 
determination is still very difficult because of the many variables associated both 
with reactor history and measured data.

Direct measurements of nuclear materials can be achieved using active 
interrogation techniques when an external source is used to induce actinide- 
specific responses and override the passive background. Neutron and high-energy 
photon interrogating sources are commonly considered for inducing unique 
prompt and delayed signatures capable of direct assay of the fissile and fertile 
materials. Generally, active non-destructive assay techniques offer important 
response flexibility controlled by the changing parameters of the interrogating 
source and detector system. Unlike active assay, the following attributes are not 
found in passive techniques:

Adjustable response intensity;
Distinguishable isotope-specific signatures;
Analysis of several material characteristics in the same interrogation setup; 
Capability to isolate target signatures and suppress interfering signals; 
Assay of materials in the presence of a considerable radioactive 
background.

Despite these advantages, no active NDA instruments are used for spent nuclear 
fuel safeguards applications at this time. These methods require high-intensity 
interrogation sources and elaborate assay setups that likely have to be integrated 
into existing and newly constructed spent fuel handling facilities. As the need for
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the accurate determination of plutonium content rises, increased efforts are 
emerging to deploy active NDA techniques for routine safeguards verifications.

1.4 Delayed Gamma-Ray Assay Potential

Delayed gamma-ray interrogation techniques offer the attractive capability of non
destructive direct measurement and quantification of fissile and fertile isotopes in 
spent nuclear fuel. This technique is based on inducing fissions by interrogation 
with neutrons or photons and the subsequent detection of delayed gamma-rays 
emitted from the fission products. The response analysis relies on the difference in 
rates at which gamma-emitting isotopes are produced in fission events. The 
intensities of detected individual delayed gamma-ray peaks in measured spectra 
are governed by fission product yield distributions and provide a signature for 
each fissionable element present in the assayed material.

Earlier research on the delayed gamma-ray (DG) method was primarily 
experimental. Possible applications included: determining the qualitative presence 
of fissile or fertile isotopes [13], waste packages characterization [14,15], 
transport containers screening [16], and uranium enrichment measurements [17], 
More recent publications [18-20] offer empirical studies of the DG applicability to 
nuclear forensics and the determination of the residual fission rates in irradiated 
nuclear fuel elements. These works demonstrate the potential of the delayed 
gamma-ray technique as an assay method for simplified cases, but fail to 
effectively deal with the complexities of the DG responses and to offer 
generalized assay principles and analysis techniques necessary for safeguards and 
accountancy applications.

1.5 Dissertation outline

This dissertation addresses the need for new non-destructive assay instruments for 
quantifying the actinide composition of spent nuclear fuel and independent 
verification of the declared quantities of special nuclear materials at key stages of
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the fuel cycle. It discusses the importance of the non-destructive assay techniques 
for quantitative measurements of fissile and fertile isotopic compositions in 
safeguards applications. Subsequently, the delayed gamma-ray active 
interrogation technique is introduced with the overall objective of assessing 
whether this assay principle can provide sufficient sensitivity, isotope specificity 
and accuracy as required in nuclear material safeguards.

Chapter 2 outlines the theoretical background behind the proposed assay method. 
It begins with a description of the induced fission process and the associated 
effects applicable for the non-destructive assay. Compared to other detectable 
signatures, delayed gamma-rays are characterized by higher abundance, and 
demonstrate rich time and energy emission patterns. The specificity of the delayed 
gamma-ray responses to the isotope undergoing fission is illustrated by the 
analysis of the fission yield sets from the evaluated data libraries. The time and 
energy distributions of the associated delayed gamma-ray emissions are discussed, 
and two practical assay modes are identified. The “long” assay concept considers 
inducing fissions with an interrogation source and detection of delayed gamma- 
ray s emitted from the fission products in two consecutive extensive time periods. 
The “pulsed” mode refers to the measurement of the short-lived delayed gamma- 
ray emissions repetitively during the idle cycle of the intermittent interrogating 
source.

Based on theoretical considerations, the design variables of the assay instrument 
are established as (1) nature and energy of the interrogating source, (2) detector 
system arrangement, and (3) interrogation time regime. Analysis and optimization 
of these three components is required to evaluate the feasibility of the technique 
under real assay conditions. The development of the delayed gamma-ray response 
analysis technique with the intent of extracting quantities of individual isotopes in 
the assayed material is identified as another research goal.

Chapter 3 introduces a high-fidelity delayed gamma-ray response modeling 
technique developed specifically for this research effort. It incorporates modified 
versions of existing Monte Carlo-based transport (MCNPX) and analytical 
decay/depletion (CINDER) codes with a newly-developed Discrete Gamma-ray
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Source DEFinition (DGSDEF) code. This four-step hybrid calculation method 
offers unconstrained spatial, energy and time resolution and relies on extensive 
datasets for the reconstruction of the discrete passive and induced photon source 
terms and detector responses. The code package uses the latest data libraries 
containing multi-group neutron cross-sections, fission yield sets, decay constants 
and branching ratios obtained from a variety of sources, including international 
data libraries and evaluation codes.

Preliminary benchmarking and validation of this modeling technique was 
accomplished in a dedicated experimental campaign at the Idaho Accelerator 
Center. Delayed gamma-ray activation tests involved accelerator-driven neutron 
sources and samples of fissile and fertile materials and their combinations with a 
variety of interrogation setups. The code performance in reconstructing 
empirically acquired passive and delayed gamma-ray spectra is analyzed in 
Chapter 4. A good agreement between the measured and calculated delayed 
gamma-ray peak intensities and positions was observed for the “long” 
interrogation mode.

In Chapter 5, a framework for the modeling of the spent nuclear fuel delayed 
gamma-ray response is developed. Constraints arising from the limited spent 
nuclear fuel library inventories and the limitations of the simulation approach are 
analyzed. Analytical estimations are used to establish the initial parameters of the 
assay setup configuration, interrogation source intensity, and detector count rate 
limits. These instrument components are then further evaluated using the four-step 
response modeling technique. The overall feasibility of the delayed gamma-ray 
response acquisition in spent nuclear fuel assay is demonstrated. A sensitivity 
study of the assay parameters has yet to be completed. The modeling results were 
produced primarily for the “long” interrogation time pattern, while evaluation of 
the “pulsed” mode is still underway.

Chapter 6 provides an overview of the delayed gamma-ray response analysis 
methods and investigates the sensitivity of the signatures to the total fissile content 
and individual isotopic concentrations in the assayed materials. An exact 
analytical expression governing the peak area ratios in the delayed gamma-ray
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spectrum of mixed samples is derived. The sensitivity of the peak area ratios to 
the spent fuel inventories is subsequently demonstrated using the modeling 
technique results. A formal numerical method is proposed for determining the 
relative concentrations of fissile and fertile isotopes in samples with complex 
compositions.
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Chapter 2 

Theoretical Considerations

2.1 Fission Process

Delayed gamma-ray assay is based on the detection of delayed photon emissions 
following induced fissions in the interrogated material. Induced fission is the 
primary effect used for assaying fissionable actinides in situations when active 
interrogation is acceptable. Along with (n,2n) reactions, it is the most important 
multiplicative process [21], It can be directly used for non-destructive assay of the 
primary fissile (U-233, U-235, Pu-239, Pu-241) and fertile (U-238, Th-232) 
isotopes of the nuclear fuel cycle. Fission events result in the emission of unique, 
isotope-specific signatures that can be used for distinguishing fissionable actinides 
in the assayed materials.

Some passive assay concepts utilize the effect of spontaneous fission; however, 
the intensity of this process in target fissile and fertile actinides is relatively low. 
In spent nuclear fuel, useful spontaneous fission responses are often obstructed by 
spontaneous fissions on other isotopes, such as Pu-238, Pu-240, Pu-242, Am-241, 
Cm-242, and Cm-244, as well as passive background fissions intrinsically induced 
by neutrons from (a,n) reactions. Under these conditions, the use of an external 
interrogating source to actively induce fissions of the assayed isotopes 
significantly improves the ability to distinguish their characteristic signatures.

In active non-destructive assay, fissions are typically induced by subjecting 
nuclear materials to neutron or high-energy photon irradiation. Most fissionable 
nuclei require additional energy to increase the total energy level to overcome the 
fission barrier or to increase the probability of tunneling through the barrier.
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Differences between neutron and photon induced fission are in the incident energy 
required to initiate fission events, and in the resulting products and emissions.

The probability of a target nucleus undergoing induced fission under irradiation is 
characterized by a fission cross-section. Figure 2.1 demonstrates the effect of the 
incident neutron energy on the fission cross-section for the most important fissile 
and fertile1 isotopes [22], Neutron absorption by fissile isotopes creates a 
compound nucleus with excitation energy above the fission barrier. Consequently, 
fission can occur with thermal energy neutrons. In the case of fertile U-238, 
thermal neutron absorption leads to the creation of a compound nucleus with an 
excitation energy below the fission barrier. Additional kinetic energy of the 
incoming neutron is required to induce fission (~1 MeV). This threshold energy is 
one of the important properties of the fertile isotopes that distinguishes them from 
the fissile ones, and provides an efficient way to discriminate their signal in active 
neutron assay.
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Figure 2.1. Neutron fission cross-section for primary actinides [22],

1 Here and throughout the remainder of the text “fertile” refers to isotopes which upon capture of a 
neutron become fissionable.
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In the photon-induced fission assay, the required incident photon energy is the 
difference between the ground state and the fission barrier of the target nucleus. In 
the event that the incident photon is within the giant dipole resonance, absorption 
of the incident gamma-ray oscillating electric field causes opposite vibrations of 
photons and neutrons in the excited nucleus. These vibrations cause increased 
deformation of the nucleus, which leads to fission. As Figure 2.2 illustrates, this 
process is similar in all fissionable nuclei, making the shape of the photo-fission 
cross-section consistent among the fissile and fertile isotopes [22],

Figure 2.2. Photo-fission cross-sections for primary actinides [22],
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Once fission occurs, the overall process is generally consistent, regardless of the 
inducing radiation. Schematic representation of the induced fission process is 
shown in Figure 2.3 [21], Following absorption of the incoming radiation, the 
heavy nucleus advances its total energy level to an excited state. Assuming that 
excitation energy is sufficient to overcome the fission barrier, the excited nucleus 
splits primarily into two fragments. Typically, these fission fragments have an 
excess of neutrons and have energy levels above their ground states. This results 
in the emission of prompt neutrons and prompt gamma-ray s. Fission fragments
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can still be present in the excited states even after the prompt emissions, and their 
de-excitation leads to the emission of delayed neutrons and delayed gamma-rays. 
These medium-mass nuclei are often far from the valley of stability and act as 
precursors to multiple decay chains which lead to more stable nuclides. The 
majority of delayed emissions are observed from the excited states of daughter 
nuclides following |3-decay of the precursors.
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This sequence of fission process events illustrates the origin of four types of 
responses that can be used in the active non-destructive assay of nuclear materials: 
prompt neutrons, prompt gamma-rays, delayed neutrons, and delayed gamma- 
ray s. All of these signatures are characterized by unique distributions specific for 
each actinide and depend on the type and energy of the incident radiation. The 
commonly used advantage of the delayed signatures over the prompt ones is that 
they can be detected over a considerable period of time after the induced fissions, 
and can consequently be distinguished from the interrogating source radiation 
using time discrimination. Additionally, the yields and temporal behavior of 
delayed neutrons and photons significantly varies among the fissionable isotopes 
allowing their unambiguous identification.

Considering all of these factors, the detection of delayed gamma-ray responses 
emerges as a practical concept for the assay of nuclear materials. Delayed gamma- 
ray s are emitted continuously during the extended time periods after interrogation 
(seconds to hours), and their detection is not obstructed by the interrogating 
source. They are more abundant, producing an average of approximately 8 
delayed gamma-rays per fission compared to the delayed neutron rate of ~10"2 
emitted generally within a much shorter time. Because the energy of the delayed 
gamma-ray emissions extends to several MeV, they are less vulnerable to the 
matrix effects and media surrounding the assayed material. The delayed gamma- 
ray energy spectra are rich and complex, and characterized by unique distributions 
of individual line positions and intensities controlled by fission product yields 
highly specific to each fissionable isotope.

2.2 Fission Yields

Fission events result primarily in the formation of two medium-mass nuclei. The 
mass distribution of these fission products is highly asymmetric, and partially 
correlated with the mass of the initial heavy nucleus. Most of the fission products 
are initially neutron rich, and undergo a series of beta decays to approach stability. 
In the course of these transformations, nuclei emit gamma-rays with a complex
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time- and energy - dependent structure. These beta-delayed gamma-ray emissions 
constitute a signal that can be utilized for the non-destructive assay.

The delayed gamma-ray spectra observed are dependent on the inventories of the 
fission products resulting from the induced fissions. These are defined as fission 
product yield distributions in terms of the number of nuclei of each isotope 
produced on average per fission event. There are three types of fission product 
yields generally reported in the literature [23-25],

Independent (or direct) fission yields are defined as the probability of formation in 
fission of an isotope with a certain mass number after prompt emissions, but 
before any radioactive decay takes place. Determining the direct yields requires 
separation of the fission products rapidly after a short irradiation period.

Cumulative fission yields refer to the probability of formation of a nuclide of a 
certain mass after prompt and delayed neutron emission after the decay of its 
short-lived precursors. In addition to the methods used for direct yields, 
cumulative yields can be determined by observing the specific radioactivity of the 
fission products.

Chain fission yields are defined as the probability of formation of all stable 
nuclides of the same mass number after all prompt and delayed emissions and 
after complete development of the beta decay chains. Chain yields can be 
determined with the highest accuracy using mass-spectrometry and other high- 
precision techniques.

In addition to experimental observations, a number of models were developed for 
estimating fission yields. An extensive overview of the current yield libraries, 
research concepts, and methods was published by the IAEA [26], Presently, most 
of the yield compilations are defined for the case of neutron-induced fissions, 
while the data on photon or charged particle induced fissions continues to be 
extremely sparse.
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Asymmetry in the chain fission yields mass distribution for thermal neutron 
fission in the case of the most important actinides can be seen in Figure 2.4, 
produced from the data reported in [27], The heavy fission fragment peaks are 
reasonably constant for all of these nuclei, while there is considerable variation 
among the light products. The formation of the heavy products during the fission 
process is largely influenced by nuclear shell closures, preventing the heavy peak 
from appreciably shifting for various fissionable nuclei. In contrast, the light 
fragments are not as dependent on shell closures [28], and receive the majority of 
the additional nucleons. Among the fissionable isotopes, individual features of the 
delayed gamma-ray spectra are primarily explained by this shift in the light 
products peak.

• U-235, therm al 
«—• Pu-239, therm al 
•— • Pu-241, therm al 
•— . U-238, fast

Figure 2.4. Thermal chain fission yields for primary actinides [27],

At high excitation energies, the shell effects on the mass distribution of the fission 
products are much less important. In cases when fission is initiated by a highly 
energetic particle, the effect of the shell structure is greatly diminished, resulting 
in more symmetric mass distributions of the fragments. This effect can be seen in 
Figure 2.5 where chain fission yield distributions are depicted for fast- and 
14 MeV neutron fissions of primary actinides based on the data reported in [27], It 
is even more pronounced for a large interval of the incident photon energies in Th- 
232 photo-fissions in Figure 2.6 [29],
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Figure 2.5. Chain fission yields of primary actinides for fast and 14 MeV 
neutrons [27],
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Figure 2.6. Fission products mass distributions for Th-232 photofissions at various 
incident photon energies [29],
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The effect of incident particle energy on the mass distribution of the fission 
products must always be considered in the active assay. In order to account for the 
energy dependence, fission yield data for different incident neutron energies is 
traditionally divided into three large groups: “thermal”, “fast”, and “high” 
(14 MeV). The differences in the mass distributions are quite high, so it is natural 
to expect corresponding energy and intensity variation of the delayed gamma-ray 
emissions. When an exact number of fissions must be determined, it is important 
to establish the precise relationship between the incident neutron energy, fission 
cross-section, and energy-dependent fission yields.

Uncertainties in fission yields reported in various databases vary considerably 
among different actinides and energy groups. For example, in the fission yield 
evaluated database [22,25], error limits between -0.5 to -20%  are adopted based 
on the number of experiments, time period and methods used to determine each 
yield set. Presently, the errors in evaluated yield data are considered to be about 
1% for primary well-known actinides, and on the order of 30% for the nuclides 
with fewer measurements [26], Reported errors are minimal in the peak regions of 
the yield distributions, and reach their maximum on the wings and in the valley 
between the peaks. This complicated assortment of data has caused corresponding 
complexity in the analysis and prediction of the delayed gamma-ray rates and 
distributions.

2.3 Delayed Gamma-Ray Time Dependence

Fission products and their daughter isotopes have half-lives ranging from fractions 
of a second to dozens of years. The time distribution of the delayed gamma-ray 
emissions varies with each decay chain resulting in a unique signature of the 
fissionable nuclide. Historically, experimentally observed delayed gamma-ray 
activities of the primary fissile and fertile isotopes were arranged in multiple 
groups spanning the range of dozens to thousands of seconds [18,30,31], Since 
delayed gamma-ray emissions are produced in complex decay chains with 
multiple members, there is very little physical meaning to the group structure. 
Nevertheless, delayed gamma-ray group sets were determined for a variety of
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source energies and time patterns for use in models and assay system studies 
[21,32],

Figure 2.7 shows the bulk distribution of fission product half-lives [33] depicted 
for a subset of isotopes from the ENDF-VI database. This figure provides 
important considerations for the expected total delayed gamma-ray intensity 
variation as a factor of the active interrogation parameters. It is reasonable to 
expect that delayed gamma-ray emissions will be more readily observed from the 
fission products with half-lives in the mid-range (10 to 1000 sec.) of the 
distribution shown. The analysis of emissions from isotopes with half-lives shorter 
than 10 sec. will require interrogation time periods of a comparable length, and 
will suffer from increased statistical uncertainties. The precision of short decay 
time measurements can be improved by using interrogating sources of higher 
intensity or repeated (pulsed) measurement patterns. On the other hand, delayed 
gamma-ray emissions from isotopes with half-lives greater than a few thousand 
seconds will have lower intensities for reasonable assay times, resulting in 
diminished useful signal strength.
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Figure 2.7. Fission product half-lives temporal distribution [33],

Another important consideration is the delayed gamma-ray emission rate variation 
within individual decay chains. The half-life of isotopes far from the valley of 
stability is generally less than that of isotopes close to the stability line. As a 
result, intensities of individual delayed gamma-ray lines vary with time after 
fission. Early emissions that occur at the beginning of the decay chains will be 
more specific to the initial inventory of the fission products, and can therefore 
provide a highly accurate signature of the isotope that undergoes fission. Analysis 
of these short-time emissions can be more effective for distinguishing delayed 
gamma-ray responses from fissionable nuclides with very similar mass numbers. 
However, achieving good statistical precision of such measurements is still 
problematic. The optimal trade-off between isotope specificity and response 
statistics has to be determined individually for each assay scenario. Understanding
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the time-dependent features in the delayed gamma-ray spectra is essential for 
extracting accurate information about the initial fission process.

2.4 Delayed Gamma-Ray Assay Concept

The delayed gamma-ray assay principle offers the attractive capability of non
destructive direct measurement and quantification of fissionable isotopes in 
nuclear materials. This technique is based on inducing fissions by interrogation 
with neutrons or photons and the subsequent spectroscopy of high-energy beta- 
delayed gamma-rays emitted from the fission products and their decay daughters. 
The response analysis relies on the difference in rates at which gamma-emitting 
isotopes are produced in fission events. The yield distribution of the initial fissile 
products is specific to each actinide, and the resulting delayed gamma-ray 
emission spectrum serves as a unique characteristic of the nuclide that undergoes 
fission. Analysis of detected delayed gamma-ray spectra allows for the qualitative 
and quantitative identification of actinides. In some cases [17], the gross photon 
count in certain energy regions can be used for material characterization. For more 
complex systems, ratios formed using the observed intensities of certain peaks in a 
high-resolution spectrum can be used to identify the isotopic composition [20],

Delayed gamma-ray spectra recorded after an interrogation with an active source 
accentuate delayed gamma-ray emissions from fission products with half-lives 
ranging from fractions of a second to dozens of minutes. This is followed by the 
detection of high-energy delayed gamma-ray peaks, which are in the energy 
region free of interferences from passive background, e.g. from spent fuel. To 
emphasize emissions from the short-lived fission products, interrogation and 
detection can be performed in pulsed mode, with very short time periods. As 
discussed previously, the short-lived fission products are expected to result in 
delayed gamma-ray spectra more sensitive to fissile isotopes than those for longer 
decay times.

The individual nature of the delayed gamma-ray spectra is a result of the unique 
fission product yield distribution for each actinide. This effect is often illustrated
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by comparing the thermal neutron-induced fission mass-yield cumulative 
distributions for the fissile isotopes of U-235 and Pu-239, as shown in Figure 2.8 
[20,34], The variation between the two lines in this figure suggests that fission 
products in a certain mass region (Zone 1) are created preferentially in U-235 
fissions, while others (Zone 2) are more characteristic for Pu-239, with a third 
region (Zone 3) not specific for either isotope. Therefore, ratios of peak intensities 
between delayed gamma-ray emitted by fission products and their daughter 
nuclides from each zone can be obtained for pure materials and compared with 
those of an unknown mixture. This type of analysis requires simple calibration 
and as shown in [20] is sufficiently accurate for qualitative assay of simple binary 
systems.
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Figure 2.8. Cumulative thermal neutron fission yields for U-235 and Pu-239 [34],

It can be expected that delayed gamma-ray interrogation of spent nuclear fuel 
follows the same principles; however, it is much more convoluted and requires 
more accurate accounting of the physical phenomena affecting the goal signatures. 
When quantitative spent fuel inventory assay is considered, the DG-based 
technique capability is significantly complicated by the set of factors outlined 
below.
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Distributions of individual fission product yields are unique but not well 
separated for the fissile and fertile actinides. Thus, fissions of various types 
of heavy nuclei result in the formation of almost identical inventories of 
fission products, with only production rates unique to the original isotope. 
Figure 2.9 [22] illustrates this effect, showing individual thermal neutron 
fission yields for the same two fissile isotopes as in Figure 2.8. This means 
that there are no or very few delayed gamma-ray lines from fission 
products or their decay daughters specific to a particular actinide. Rather, 
the intensity of each delayed gamma-ray line is governed by fission 
reactions on all actinides present in the mixture. In the case of spent 
nuclear fuel, a very diverse heavy nuclei inventory must be considered in 
the detected gamma-ray peaks analysis. Yields for certain isotopes have to 
be well-defined in order to predict individual contributions to the detected 
signature.
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Figure 2.9. ENDF/B-VII U-235 and Pu-239 thermal neutron induced fission 
product yields. Each point corresponds to an absolute yield of an isotope with 
unique A and Z [22],
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Fission yield distributions for actinides with similar A are very close. As 
demonstrated above in Figure 2.3 [27], the mass-yield curves reveal small 
differences between Pu-239 and Pu-241 thermal, and U-238 fast neutron 
fission sets, especially when compared with the U-235 thermal set. In spent 
nuclear fuel assays, fissile U and Pu nuclide signatures have to be 
distinguished from one another and separated from those of U-238 in order 
to perform an accurate multi-component system analysis.

Actively induced fissions, multiplication effects, and spontaneous fission 
events lead to a sustained population of fission-spectrum neutrons in spent 
nuclear fuel. Regardless of the interrogating source nature, this always 
results in a certain amount of fissions on fertile isotopes, especially U-238. 
These contributions have to be quantified and separated from the resulting 
delayed gamma-ray signatures.

Passive photon background from the intrinsic spent fuel radioactivity 
interferes with the detection of the delayed gamma-ray spectrum. This 
obstacle requires the capability of predicting optimal regions of interest for 
DG signatures, as well as a careful selection of the acquisition setup 
configuration and a detector system adequate for high count rates and 
desired energy resolutions.

Configuration of the spent nuclear fuel, structural materials, and 
interrogation media introduce additional complexity and uncertainty. 
Periodic structure and heavy material can lead to spatial shielding effects 
for both the active source and the delayed gamma-ray detector. Assay 
environment (air, water, borated water) can affect multiplication in the 
assembly under interrogation. These and other effects may be important 
and must be accounted for in the final analysis.

On the other hand, the concept of delayed gamma-ray interrogation allows for
flexibility in the process that can be used to suppress or intensify the resulting
signatures and therefore adjust the instrument to a particular task or application.
The main design variables of the delayed gamma-ray NDA are: (1) nature and
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energy of the active source, (2) detector type, and (3) interrogation time regime. 
These are discussed below.

2.4.1 Interrogating Source

In practical applications, fissions in heavy nuclei can be induced by three types of 
active sources: neutrons, high-energy photons, and accelerated charged particles. 
In the case of the spent nuclear fuel assay, the intensity of the interrogating source 
must be high enough to produce sufficiently strong delayed gamma-ray emissions 
distinguishable above the passive background. Compared with neutron and photon 
assay sources, intense charged particle sources require extremely complex 
accelerator systems which are not practical for safeguards applications. Complex 
interaction effects, a lack of proton fission cross-section libraries, and yield 
distributions make the application of the active proton interrogation only a distant 
possibility.

An interrogating neutron flux of sufficient strength for delayed gamma-ray assay 
can be practically obtained from a deuterium-tritium (D-T) generator, a 
deuterium-deuterium (D-D) generator, or an accelerator-driven system. In the 
SNF assay, the interrogating neutron flux can be effectively propagated through 
the periodic structure of the fuel by means of multiplication effects, particularly if 
the assay environment is composed of water. Another considerable advantage is 
that source neutrons can be moderated to thermal and epithermal energies and can 
therefore induce fissions and delayed gamma-ray signatures primarily from fissile 
isotopes. This effect was previously demonstrated in Figure 2.1 [22] by comparing 
fission cross-sections for the most important fissile and fertile isotopes in the spent 
nuclear fuel inventory. Fertile U-238 is present as a dominant component in spent 
nuclear fuel and has a fission cross-section that is several orders of magnitude 
lower in the thermal region, thus making its contribution to the resulting delayed 
gamma-ray signatures easy to control by tailoring the source neutron energy 
spectrum. However, induced fissions and multiplication will always result in fast 
neutron production; therefore high-energy U-238 fissions can never be completely 
excluded. The interrogating neutron flux is also affected by the presence of



S e c t i o n  2 . 4  D e l a y e d  G a m m a -R a y  A s s a y  C o n c e p t 29

various neutron absorbers in spent nuclear fuel. This effect is not known for any 
assay conditions.

High-energy photon interrogation can be performed by accelerator-driven 
bremsstrahlung sources and must reach endpoint energy ranges substantially 
above the fission threshold. Since threshold energies are very close for fissile and 
fertile elements (Figure 2.2), fissions cannot be preferably induced in fissile 
isotopes and the resulting delayed gamma-ray spectrum becomes more 
complicated. Highly energetic photons can propagate further through the spent 
nuclear fuel structure than thermal neutrons from the interrogating source. This 
greater penetration could be a real advantage if measurements were made in air. 
However, if measurements are made in water or borated water, neutron 
multiplication provides greater penetration for the interrogating neutron 
population relative to the photon interrogation conditions.

For spent fuel assay conditions, it is expected that neutron interrogation will likely 
provide more favorable results since with thermal neutron interrogation, over 90% 
of the induced fissions occur in the fissile isotopes of interest, hence minimizing 
the signal from U-238; while with photon interrogation, over 90% of the induced 
fissions in spent fuel would be in U-238. In spite of these favorable properties of 
neutron interrogation scenarios, it is worth researching photon interrogation since 
these sources are more intense and there may still be some delayed gamma-ray 
peaks from the fissile isotopes that are strong enough to provide information on 
the mass of the fissile isotopes. Furthermore, the signal from U-238 may be useful 
in detecting partial mass defects as a result of individual pin diversion from the 
assembly.

2.4.2 Detector System

In the delayed gamma-ray assay of spent nuclear fuel, the acquisition of the 
resulting gamma-ray spectrum is considerably obstructed by the passive 
radioactive background. As shown in Figure 2.10 [7], the background is strongest 
at low energies, and decreases exponentially up to approximately 2.5 MeV at the
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highest energies. As shown further in Chapter 5, only delayed gamma-ray peaks 
located above this energy will be practical for the assay. Consequently, the 
detector system for the delayed gamma-ray spectrum acquisition must be 
compatible with high count rates and have higher efficiency for high-energy 
photons. On the other hand, a fine energy resolution may not be necessary for the 
DG assay, and dead time from parasitic low-energy passive emissions can be 
partially mitigated by collimators and attenuating filters.
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Figure 2.10. Passive gamma-ray spectrum of a PWR assembly with 32 GWd/t 
burnup and 9 months cooling time [7],

Two types of detectors are being considered in the current research of the delayed 
gamma-ray assay: (1) high-efficiency high-purity germanium detector (HPGe) 
systems, and (2) fast LaBr3 scintillators. HPGe detectors offer fine energy 
resolution (up to 2 to 3 keV at 3 MeV), but their dead time limits are low, and 
intrinsic photon efficiency drops significantly above approximately 5 MeV. LaBr3



S e c t i o n  2 . 4  D e l a y e d  G a m m a -R a y  A s s a y  C o n c e p t 31

scintillation detectors tolerate much higher count rates (estimated 3 to 4 orders of 
magnitude higher compared to high-purity germanium detector systems) and are 
more efficient for high-energy photons at the cost of energy resolution 
(approximately 30 keV at 3 MeV [56]). Each of these systems requires a specific 
analysis technique and optimization of the detector setup geometry.

2.4.3 Interrogation Time Regime

The delayed gamma-ray assay technique also suggests two different treatments of 
the time-factor in the analysis. The conventional “long” mode considers a 
sequence of relatively extensive time periods during the assay: 

interrogation period using an external source; 
cool-down period with the source switched off; and
acquisition period when the delayed gamma-ray spectrum is collected in 
the detectors.

The long mode interrogation is predominantly discussed in the literature and 
emphasizes delayed gamma-ray signatures from relatively long-lived fission 
products and their decay daughters with half-lives ranging from minutes to hours. 
The extent of each time period can be optimized based on the production rates and 
decay constants of the isotopes in the decay chains leading to emissions of the 
particular gamma-ray lines. The important advantage of this approach is that 
cumulative fission yields of the most important fission products involved in the 
analysis are generally well-known.

The less obvious “pulsed” interrogation mode considers an intermittently 
operating active source. The detector electronics, and, if needed, a shutter system, 
are synchronized to acquire the delayed gamma-ray spectrum in between the 
source periods. The delayed gamma-ray signature in this case consists not only of 
isolated peaks, but also the rate of accumulation of gross photon counts in certain 
energy ranges. Very short-lived delayed gamma-ray emitters are produced at rates 
specific to each fissile isotope and are expected to populate the energy regions of 
the spectrum at certain rates approaching saturation with each pulse. This method
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provides the ability to determine relative fission rates in the fuel; however, the 
analysis suffers from considerable uncertainties in known short-lived fission 
product yields. It is also unclear what kind of source strength and detection 
efficiency are required to achieve satisfactory statistical performance at the very 
short interrogation time scale. Both time modes are of interest in the current 
research. The “long” approach performance can be accurately evaluated using the 
existing physical data, and is therefore considered a priority. The predicted 
behavior and data quality will still need to be experimentally verified for the 
“pulsed” technique.

It is obvious that even a basic design of the delayed gamma-ray instrument must 
account for multiple factors and variable conditions. When combined with the 
intricate structure of the spent nuclear fuel, accompanying radiation fields, assay 
media, etc., the level of complexity increases indefinitely. Considering that 
empirical tests involving actual fuel are impractical at the early design stage, it is 
imperative that theoretical proof of concept has to be as comprehensive as 
possible.
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Chapter3 

Modeling Approach

3.1 Algorithm Description

In order to address the whole complex of factors and variety of parameters 
associated with the delayed gamma-ray NDA of spent nuclear fuel, an original 
modeling technique was introduced in this research. Existing codes do not 
adequately account for the delayed gamma-ray assay effects; therefore a specific 
code development effort was deemed necessary. As a result, a hybrid Monte Carlo 
and analytical modeling scheme was developed and adapted to the design and 
analysis process of the NDA instrument. The new capability offers unconstrained 
spatial, energy, and time resolution and relies on extensive datasets for the 
reconstruction of the discrete passive and induced gamma-ray emission intensities 
and detector responses. Based only on the user-supplied assay geometry, material 
compositions, interrogating source and detector specifications, the high-fidelity 
delayed gamma-ray spectra can be obtained in a form similar to the results of 
actual measurements. The modeling technique is capable of reproducing passive 
emission background when the interrogation source is omitted from the 
simulations.

The delayed gamma-ray modeling capability was realized in a sequence of four 
steps as shown in Figure 3.1. At each step, a stand-alone code is automatically 
executed with seamless data transfer between each stage. The algorithm relies on 
independent calculations in an arbitrary transport code, analytical decay/depletion 
CINDER’90 package [35], and a specifically developed discrete gamma-ray 
source definition code DGSDEF [36], A high-level overview of each step is 
provided below.
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Figure 3.1. Four-step delayed gamma-ray response modeling algorithm.

Step 1. Neutron transport calculations are performed in the simulated interrogation 
geometry. The neutron flux resulting from the active interrogation is obtained in 
the 63-group LaBauve energy structure [37] for every arbitrary volume and 
material predefined in the spent fuel. Although any transport code can be used at 
this step, it is currently optimized for MCNPX2.7c [38], A considerable advantage 
of using MCNPX transport is its effective variance reduction techniques that 
enhance computational performance, and its capability for massive parallelized 
calculations.

Step 2. The CINDER decay/depletion code is executed separately for each volume 
with a unique isotopic inventory with neutron flux defined in Step 1. CINDER 
performs fast and precise analytical calculations of transmutation processes 
occurring in the material due to the neutron reactions and radioactive decay. The 
code operates a data library containing multi-group neutron cross-sections, fission 
yield sets, decay constants, and branching ratios obtained from a variety of 
sources, including international data libraries (ENDF, JEF, JENDL) as well as 
evaluation codes. The Markov decomposition scheme is used to explicitly follow 
the temporal evolution within multiple decay patterns using an extensive dataset 
of 3400 nuclides with Z ranging from 1 to 103. Consequently, an integrated 
number of decays of each isotope can be determined for arbitrary time periods. 
For the delayed gamma-ray calculation, full isotope inventory and associated 
integral decay values are extracted for any pre-defined irradiation and detection 
time period.
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Step 3. A newly developed DGSDEF code extracts the time-step integrated decays 
and complete inventory data from the previous step. By utilizing the ENDF/B-VI 
decay library [39] containing decay information for 979 isotopes, these data are 
converted into the discrete gamma-ray spectrum that includes delayed and/or 
prompt passive emissions. Each gamma-ray line in the source spectrum is 
characterized by the number of photon emissions during the time period and 
designated by the emitting nuclide. The calculation is repeated for all individual 
volumes, and the results are assembled in a single spatially-sensitive discrete 
source term that is passed to the next step. At this point, various user-defined 
source modifications and filters can be applied to obtain results for isotope- 
specific contributions, perform source energy and spatial biasing, optimize the 
sampling efficiency, etc.

Step 4. The complex discrete photon source is reintroduced into the interrogation 
geometry and propagated to the acquisition part of the setup using the same 
transport code. At this point, parameters of a real detector system are applied, 
including resolution and Gaussian energy broadening (used to simulate the peak- 
broadening effects exhibited by real radiation detectors), resulting in a 
representative detected gamma-ray spectrum.

The primary advantage of this calculation scheme is effective processing of 
extensive amounts of data, performed with full user control over the parameter 
complexity, input, and transport parameters. The flexible modular structure of the 
algorithm makes it instantly compatible with any transport code and adaptable for 
a variety of photon response simulation problems. The following list of features 
summarizes its capabilities, which are critical for the design of the delayed 
gamma-ray assay instrument:

- Provides fast and rigorous calculations. The mere amount of physical 
processes associated with the delayed gamma-ray assay is already 
computationally challenging. The whole variety of these phenomena is 
simulated comprehensively, and any simplifications are user-controlled. 
The hybrid calculation approach combines accurate Monte Carlo transport
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with fast and precise analytical calculations of complex transmutation 
processes.

Operates a reliable transport scheme. The effects associated with 
moderation of the source neutrons, their diffusion through the media, 
multiplication, elastic and inelastic interactions and photon transport are 
reproduced in a complex geometry with a state-of-the-art code.

- Determines reaction rates with a high level o f precision. Fission and 
activation events are calculated at the limit of the known reliable neutron 
cross-section data using a fine energy group structure.

Comprehensively replicates transformations in the assayed materials. The 
code considers extensive isotope-specific data with known fission yields, 
decay constants and branching ratios and follows most of the possible 
transmutation chains with associated gamma-ray emissions, produced as a 
passive background and as a result of active interrogation.

3.2 CINDER Method

The difficulty in calculating the delayed gamma-ray emissions from the fission 
products arises from a need to specify a large amount of time-dependent isotopic 
concentrations for each fission product and its decay daughters, and to treat the 
associated extensive numbers of gamma-ray emissions. The analytical approach to 
high-fidelity calculation of transmutation processes offered in CINDER is 
considerably faster and demonstrates higher precision when compared to 
numerical techniques such as matrix exponential as used in ORIGEN-S code 
member of the SCALE package [40],

The decay/depletion differential equation describing transmutation processes 
during and after the active interrogation can be written as:
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(3.1)

where Nm(r,t)is the spatially- and time-dependent atom density of an isotope m, 

Ym is the rate of isotope production from an external source, yk >m is the probability 

of isotope k  transmuting in isotope m by means of decay or neutron absorption. 
Pm is the total loss probability of isotope in by transmutation, expressed as:

where Am is the total decay constant of isotope m, O(r,E,t) is the spatially-, 

energy-, and time-dependent neutron flux, and u ]m (E) is the flux-weighted 

neutron transmutation cross-section of isotope m.

The first term in the expression (3.1) accounts for all losses of isotope m due to 
transmutation processes, such as radioactive decay, and particle reactions resulting 
in products other than isotope m and include absorption, neutron multiplication 
and inelastic scattering. The second term is the constant isotope production rate 
such as fission reactions during active interrogation. The third term accounts for 
the probability of isotope m production in the transmutation of other nuclides as a 
decay daughter or a reaction product. The transmutation rates in this expression 
depend on the knowledge of the flux, which has to be imported from a transport 
calculation. The solution of this equation assumes the constant flux-dependent 
transmutation probabilities during a pre-defined time period (first-order linear 
differential equation with constant coefficients). Therefore, any temporal history 
has to be approximated using a vector of consecutive time intervals. To account 
for spatial effects, the calculation can be performed individually for small 
homogenized volumes.

A system of equations describing temporal evolution of the full isotopic 
composition can be extremely large. Moreover, differential equations in the whole

A„=T+XK<£><tV, (32)
j
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set are coupled through the branching ratios and yield probabilities of the gain and 
loss coefficients, since each equation in general contains the concentration of 
other isotopes. Since the type and number of production and loss paths varies for 
individual isotopes, the corresponding differential equations are changing, making 
a general solution difficult to obtain.

The solution method for the system of coupled differential equations employed in 
ORIGEN is a numerical matrix exponential method used for reactor burnup 
calculations. However, in situations when large isotopic inventories with vastly 
different nuclide parameters are considered, the matrix of depletion coefficients 
becomes extremely large. In order to perform the expansion solution, specific 
approximations have to be used in order to truncate depletion equations. 
Numerical instabilities can arise from the fact that depletion equations include 
isotopes with long and short half-lives, with high and low reaction rates depending 
on the magnitude of the cross-section. Time step intervals have to be accurately 
defined in order to avoid associated numerical errors.

In the CINDER solution approach, the set of coupled differential equations is 
reduced to a set of independent, linear differential equations using the Markov 
decomposition scheme [41,42], In this method, solutions to the depletion 
equations are obtained assuming rates of change in partial isotopic concentrations 
in each independent chain with a single source term, but with all loss mechanisms 
included. The large set of coupled differential equations is thus reduced to a 
number of small sets of partial concentration differential equations in a single 
generalized form. The linear nature of the chain allows for a unique analytical 
solution assuming constant flux conditions during the time step. The total isotopic 
concentrations can be obtained by summation of the partial concentrations.

The general solution for a linear sequence of transmutation chains coupled by any 
sequence of particle absorption or radioactive decay was first derived for use in 
the CINDER code [43]:
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N„(cO=Sn^ \ Ym
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This expression uses the same notation as equations (3.1) and (3.2).

Using this algorithm, CINDER propagates the initial densities of isotopes and 
constant production rates to the densities for each daughter nuclide in the decay 
sequence for spatially homogeneous regions. No pre-defined criteria for the chain 
termination are required by CINDER, and all possible transmutation paths are 
followed within the available nuclear data libraries. To limit the decay chain 
development, CINDER utilizes a test for significance to determine if a further 
transmutation is insignificant or insufficiently accurate. The test for significance 
determines a quantity of “passby” to quantify transmutation of the /?-th isotope in 
a decay chain and determine if the amount of decay is significant for the 
subsequent isotopes in the path. The passby is calculated as a time-step integrated 
number of transmutations of isotope n, i.e. the quantity of atoms transmuted over 
the time period:

The user-supplied control value of passby is used to determine whether the chain 
should be terminated or continued to the next generation of transmutation 
products. The sum of passby values for the same isotope from all partial 
concentration chains corresponds to the total number of decays for this isotope 
during the time period. Full isotopic inventory and associated decay numbers are 
passed from CINDER to DGSDEF during the execution of the delayed gamma- 
ray modeling algorithm shown in Figure 3.1.

(34)
0

Transmutation calculations performed in CINDER are based on the associated 
libraries of physical data. Data sets relevant to the delayed gamma-ray assay
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modeling include neutron absorption cross-sections, neutron fission yields, and 
decay constants for each nuclide transmutation path with branching ratios to 
ground and isomeric states. The data libraries were assembled from a variety of 
sources including international data repositories and evaluation codes over the 
course of many years. Extensive experimental validation of these data was 
performed by the authors of CINDER [44], The breakdown of data operated by 
the present version of the code is provided in Table 3.1 [35], The CINDER library 
includes 3400 isotopes in ground and isomeric states, 98 nuclides with 
spontaneous and neutron induced fission yields (at thermal, fast, and high energy) 
for 1325 fission products. Reaction cross-sections are organized in a 63-group 
energy structure as defined by LaBauve [37], A wide variety of this data is used in 
the delayed gamma-ray modeling process.

Table 3.1. Content of CINDER Data Libraries [35],

Maximum neutron energy, MeV 25
Neutron group cross-sections 63

Total nuclides 3400

Stable nuclides 259
Unstable nuclides 3141

Ground state nuclides 2762
1st isomeric state nuclides 583
2nd isomeric state nuclides 55

Spontaneous or induced fission products 1325
Nuclides decaying by spontaneous fission 58
Nuclides decaying by delayed neutron 
emission

271

Nuclides with reaction paths 736
Nuclides with neutron fission paths 67

Total non-fission reaction paths 15269
Total non-fission decay paths 4041
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3.3 DGSDEF Method

The newly developed Discrete Gamma-ray Source DEFiniton (DGSDEF) code 
[36] was written specifically for the delayed gamma-ray modeling algorithm. It 
provides a seamless calculation capability for passively and actively induced 
prompt and delayed gamma-ray source terms. For each material volume in the 
model, DGSDEF prepares and executes a CINDER calculation. At each pre
defined time step, DGSDEF extracts the full isotopic inventory along with the 
time-step integrated number of decays of each isotope obtained as a sum of 
passbys. As a result of the calculation, a space-, time- and energy-dependent 
gamma-ray source term is formulated. The emission rate of each gamma-ray is 
then calculated as a product of the number of decays of each isotope during the 
time step, and the probability that each decay will produce a photon of a given 
energy. The fully defined emission source term is passed to the transport code for 
the detector response calculation.

To reproduce the gamma-ray emission source term, DGSDEF operates with the 
library containing details on the decay data of 979 isotopes, including decay 
modes and radioactivity spectra as extracted from the ENDF/B-VI evaluation 
[39], The gamma-ray spectral emission data in this library is formulated in the 
form of discrete lines and continuous distributions in 10-keV bin format. 
DGSDEF primarily uses the discrete line data to formulate the gamma-ray 
emission source, with an option to include the continuous emission term data. The 
content of the decay library is summarized in Table 3.2 from a more 
comprehensive description in [45],
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Table 3.2. Content of the Decay Data Library [45],

Total isotopes 979
Isotopes with discrete gamma-ray emissions 526
Isotopes with continuous gamma-ray emissions 292
Isotopes with mixed sets of emissions 161

Total gamma-ray emission lines 282,035
Discrete gamma-ray emission lines 24,199
Continuous gamma-ray emission lines 257,836
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Chapter 4 

Experimental Benchmarking

4.1 Motivation

The complex structure of the modeling algorithm required an extensive 
benchmarking effort involving the analysis of literature data and a specifically 
organized experimental campaign. The goals of the verification included the 
following:

Demonstrate the applicability of the four-step modeling methodology for 
predicting the delayed gamma-ray responses and identify parameters 
affecting the performance of the simulation approach.

Compare measured and predicted delayed gamma-ray responses for the 
primary fissile and fertile isotopes to validate nuclear data libraries 
associated with the calculation process.

Produce experimental data sets from simple and complex samples of 
nuclear materials to develop response analysis methods, and investigate the 
conceptual parameters of the delayed gamma-ray assay.

The initial evaluation was performed on the published data. One of the examples 
for the reported experimental measurements of a DG spectrum from the neutron 
interrogation of an HEU sample [20] is demonstrated here. In this experiment, a 
small sample (-40 g) of HEU metal was irradiated for 100 s using a moderated 
Cf-252 source. Figure 4.1 (top) shows the detected delayed gamma-ray spectrum 
after 1050 s cooling period followed by 350 s of acquisition time, which is
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presented in its original form, without any scale along the vertical axis. Therefore, 
model calculations for this case are normalized to the number of fissions 
(approximately 108 fissions/g), as estimated in the experiment.

Representative experimental parameters were modeled using the four-step delayed 
gamma-ray response modeling algorithm described in Chapter 3. The 
automatically generated discrete gamma-ray spectrum obtained in the third step is 
shown in Figure 4.1 (middle). For the given conditions, 1403 decaying isotopes 
were identified by transmutation calculations in CINDER. 849 nuclides matched 
the decay library data on the following step of the calculation performed in 
DGSDEF. As a result, the simulated spectrum is composed of 6382 discrete lines 
in the energy range between 0.8 and 1.55 MeV. Although most of these lines are 
obviously insignificant, no rejection logic was required, both because of the fast 
calculation and to preserve the absolute precision of the model. It is also visible 
that several peaks were misidentified in the original publication.

Figure 4.1 (bottom) demonstrates the simulated detector response for the setup 
specifications and configuration approximated in the MCNPX model. This 
calculation was performed assuming a uniform detector resolution of 1 keV with 
appropriate crystal dimensions and realistic Gaussian energy broadening 
parameters using the pulse-height tally. Because the exact measured spectra for 
these experiments were not available, only a visual comparison of peak 
amplitudes between measured and calculated results was possible. Under these 
conditions, the simulated spectra were found to be in a good agreement with the 
experimental data, and solid results observed at this point provided grounds for 
the specifically-organized experimental campaign.
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Figure 4.1. Literature data benchmarking of the HEU delayed gamma-ray 
response: experimentally observed (top) [20], calculated discrete emission 
spectrum (middle), and simulated detector response (bottom).
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4.2 Experimental Arrangement

The primary effort of the experimental campaign was accomplished in several 
sessions at Idaho State University’s Idaho Accelerator Center (IAC) in Pocatello, 
Idaho. This experimental program is currently in progress, and only a subset of the 
experimental results is discussed in this chapter. In the course of the experimental 
measurements at IAC, a variety of neutron and high-energy photon sources were 
applied to induce fissions in targets containing pure fissile and fertile materials, 
and their combinations. The high-precision detector setups were used to acquire 
delayed gamma-ray responses both in “long” and “pulsed” interrogation modes. 
Due to the limited scope of this dissertation that considers a basic concept of 
delayed gamma-ray interrogation (moderated neutron source, “long” time 
interrogation regime), the results of only the three most relevant experiments are 
discussed here. The full extent of the empirical results and the performance of 
extended modeling technique will be subjects of future joint publications.

Figure 4.2 depicts the original linear accelerator (LINAC)-driven pulsed neutron 
source that was designed for the IAC experiments. In this setup, the electron beam 
accelerated to 5 MeV, is impinged on a 4.2 g/cm2 thick tungsten radiator to 
produce a bremsstrahlung photon source. After passing through the aluminum 
electron filter, the photons are intercepted by a beryllium converter where 
neutrons are produced by means of (gamma,n) reactions on Be-9 isotopes with a 
threshold energy of approximately 1.7 MeV, as seen from the Be-9 neutron 
stripping cross-section depicted in Figure 4.3 [22], The resulting neutron flux is 
primarily thermal and epithermal, due to the fact that the bremsstrahlung photon 
distribution is dominant in the low-energy region, with an exponential decrease to 
the endpoint energy of 5 MeV (Figure 4.4). The maximum photon energy is below 
the fission threshold; therefore, delayed gamma-ray signatures in the interrogated 
samples are induced in low-energy neutron fissions only. The total neutron 
production was estimated to be approximately 5x109 neutrons per second with the 
accelerator running at 20 microampere electron current. The neutron source 
design parameters were calculated using the MCNPX 2.7.b transport code and 
experimentally verified by activation of gold witness foils in the interrogation 
setup. The latter was performed by introducing thin gold foils with a known mass
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at various positions along the beryllium cylinder. After the irradiation period, the 
amount of thermal neutron flux incident on the foil was estimated from the 
detected area of the 411 keV peak from the Au-198 isotope decay. Modeling of 
the gold foil activation was also performed using the 4-step algorithm, with a good 
agreement between measured and calculated results.

in cm

25.4

Be converter

Figure 4.2. Schematic of the LINAC-driven low energy photo-neutron source 
designed for IAC experimental measurements.
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Figure 4.3. ENDF/B-VII Be-9(gamma,n)Be-8 cross-section [22],
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Figure 4.4. Calculated bremsstrahlung photon flux spectrum in forward angular 
bins at 5 MeV LINAC electron beam energy (top). Calculated 64-group neutron 
flux produced in Be converter (bottom).
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The three experiments discussed below, followed the same type of “long” delayed 
gamma-ray interrogation pattern:

The sample of interrogated material is placed into the acquisition setup 
where the passive spectrum with background is acquired.
The sample is placed into the interrogation setup and irradiated with a 
neutron flux.
After the electron beam is shut down, the activated sample is moved back 
to the acquisition setup, generally with a one to two minute time delay.
The activated spectrum is acquired for an extended period of time in the 
detector setup.

The obtained photon spectrum is then normalized to a count rate, and the passive 
background is subtracted. The resulting delayed gamma-ray spectrum is then 
compared with the one predicted using the four-step delayed gamma-ray modeling 
technique.

The experimental parameters were reproduced as inputs for the simulation 
algorithm. For the cases discussed here, the pulsed nature of the neutron source 
was disregarded because of the high LINAC repetition rate, and the interrogating 
flux was normalized to the integral electron current. The modeling technique 
provides for easy access to the intermediate calculation results, such as 
interrogation fluxes, reaction rates, photon source terms, individual isotopic 
contributions and others. Some of these additional results are shown along with 
the total predicted and measured spectra.

The acquisition setup utilized a shielded 40% efficiency high-purity germanium 
(HPGe) detector, with a standoff distance of 23cm from the activated sample. 
When necessary for count rate dead time control, lead sheets were introduced 
between the sample and the detector. The energy calibration of the detector was 
performed before and after each measurement using a set of standard sources and 
data from the Table of Radioactive Isotopes [46], Each energy calibration 
measurement was analyzed and fit to a second-order polynomial using a linear 
least-squares method.
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As shown in Table 4.1, the energy resolution calibration of the detector was 
performed using the spectral data of isolated peaks from the standard sources. The 
energy broadening effects exhibited by HPGe detectors are characterized by the 
standard deviation and error of the Gaussian fit for each individual peak. The 
energy dependence of the peak full width at half-maximum (FWHM) is given by 
the following expression for Gaussian energy broadening [68]:

FWHM(E) = a + b • ̂ E  + c-E2, (4.1)

where E  is the energy, and a, b, c are the fitting parameters. Fitting coefficients 
were determined by fitting the measured broadening data using the weighted least- 
squared fitting routine with the results shown in Figure 4.5. The experimentally 
determined detector parameters were reproduced in the MCNPX model at the 
detector response calculation stage.

Table 4.1. Energy resolution calibration data for the detector used in the 
experiments.

Peak Energy, 
keV

Measured FWHM, 
keV

356.02 2.250
661.62 2.600
911.20 2.926

1,173.00 3.429
1,274.00 3.506
1,332.50 3.563
2,614.00 5.337
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Figure 4.5. Gaussian energy broadening fit for the detector used in the 
experiments.

4.3 Depleted Uranium Plate Experiment

In this experiment, a depleted uranium plate with the following determined 
parameters was used:

- Dimensions: 9.1 x 9.1 x 0.635 cm.
- Weight: 1.2 kg.
- Composition as shown in Table 4.2.

Table 4.2. Composition of DU plates used in experiments.

Isotope Content, at. %
U-235 0.2
U-238 99.8

The investigated sample was placed in the interrogation setup with a layer of 
polyethylene for additional neutron moderation. The delayed gamma-ray assay 
was performed according to the following time pattern: 30 minutes irradiation

X X  Meas 
....... GEB

jred  FW HM 
t
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time at approximately 20 micro Ampere LINAC current; 30 seconds transfer time 
to the acquisition setup, and 55.8 minutes of live detection time with a maximum 
dead time of less than 2.5%. A photograph of the experimental setup along with a 
3D-rendering of the MCNPX model are shown in Figure 4.6. An overlay of 
measured and calculated delayed gamma-ray spectra is demonstrated in Figure 4.7 
along with calculated isotopic contributions to the total response. The bottom of 
the figure also depicts the discrete gamma-ray emission spectrum calculated in the 
DU plate at the 3rd step of the modeling algorithm. This spectrum contains more 
than 12,000 individual lines in the energy interval shown. The total calculated and 
measured spectra were analyzed using the ORTEC Maestro [47] interactive peak 
fitting program where several individual peak areas were extracted. The numerical 
results of spectra comparison are shown in Table 4.3 and demonstrate a 
satisfactory stability in ratios between the same peak areas, as well as ratios of 
peak pairs in measured and calculated spectra.

Be c y l in d e r

DU p la te

P o ly e th y le n e

e" B ea m

Figure 4.6. A photograph of the DU plate experimental setup, and a 3D-rendering 
of the MCNPX model.
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Figure 4.7. An overlay of measured and calculated delayed gamma-ray spectra for 
the DU plate experiment with calculated isotopic contributions to the total 
response (top). Calculated discrete gamma-ray emission spectrum (bottom).
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Table 4.3. A comparison of the measured and calculated peak areas and peak pair 
ratios for the DU plate experiment.

Peak
centroid
position,

MeV

Primary
contributors

Peak areas from 
interactive fit, counts/s Difference

Calculated/MeasuredMeasured Calculated

0.847 1-134 (0.847) 17.56 ±0.17 15.76 ±0.09 0.90 ±0.012

0.884 1-134 (0.884), 
Tc-104 (0.884) 14.21 ±0.16 13.03 ±0.09 0.92 ±0.013

0.920 Y-94 (0.919) 4.26 ±0.16 4.07 ±0.13 0.96 ± 0.049
0.934 Sb-131 (0.933) 4.22 ±0.12 3.8 ±0.08 0.90 ±0.036
1.010 Cs-138 (1.010) 10.29 ±0.09 9.24 ±0.12 0.90 ±0.016
1.032 Rb-89 (1.032) 3.33 ±0.12 3.14 ± 0.10 0.94 ± 0.048
1.248 Rb-89 (1.248) 3.44 ±0.07 3.26 ±0.09 0.95 ±0.034
1.436 Cs-138 (1.436) 15.27 ±0.22 13.98 ±0.07 0.92 ±0.015

1.768 Xe-138
(1.768) 1.45 ±0.06 1.29 ±0.05 0.89 ±0.055

2.218 Cs-138 (2.218) 1.78 ±0.04 1.6 ±0.04 0.90 ±0.033
Average peak ratio difference: 0.92 ±0.101

Peak Pair Ratios Comparison

Arbitrary 
peak pairs

Ratio in the 
measured 
spectrum

Ratio in the 
calculated 
spectrum

Difference
Calculated/Measured

0.884/1.436 0.93 ± 0.02 0.93 ±0.01 1.00 ±0.02
1.436/0.847 0.87 ±0.02 0.89 ±0.01 1.02 ±0.02
0.847/2.218 9.87 ±0.02 9.85 ±0.03 1.00 ±0.00
2.218/1.768 1.23 ±0.05 1.24 ±0.05 1.01 ±0.05
1.768/1.032 0.44 ±0.05 0.41 ±0.05 0.94 ±0.18
1.032/1.124 0.97 ±0.04 0.96 ±0.04 1.00 ±0.06

According to the results obtained from the modeling technique, most of the 
delayed gamma-ray response originates from the U-235 isotope present in the 
depleted uranium target. Although the U-235 content is very small (~0.2wt%), its 
fission rate is considerably higher than for U-238 because of the mostly thermal 
interrogating neutron flux. Overall, a good agreement between the measured and 
calculated response spectra can be observed.
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4.4 Three Pu Coupons Experiment

The investigated sample in this experiment consisted of three Pu disks in copper 
cladding combined with the following parameters:

Dimensions: 2.45 cm diameter, 0.11 cm thickness, including a 0.05 cm 
layer of Cu cladding on the surface of each coupon as shown in Figure 4.8.

- Weight: 1.033 g of Pu each.
Composition as shown in Table 4.4.

Table 4.4. Composition of Pu coupons used in experiments.

Isotope Content, wt. %
Pu composition, density 19.4 g/cc

Pu-239 94.3
Pu-240 5.3
Pu-241 0.2

Am-241 0.2
Cu cladding composition, density 8.92 g/cc

Cu-63 69.17
Cu-65 30.83

Cu clodding

[ | i 111111?/ | II 1 1 1 ? /

Figure 4.8. Schematic drawing of a Pu coupon target.
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Three coupons were attached to a polyethylene block and subject to 30 minutes 
irradiation time at approximately 20 microAmpere LINAC current, followed by 
40 seconds transfer time, and 54 minutes live detection time. A photograph of the 
experimental setup and a 3D-rendering of the MCNPX model are shown in Figure 
4.9. Measured and calculated delayed gamma-ray spectra, along with calculated 
individual coupon contributions and discrete gamma-ray emission spectrum are 
demonstrated in Figure 4.10. A comparison of the peak area ratios and ratios of 
peak pairs between measured and calculated spectra is shown in Table 4.5.

P o ly e th y len e

Pu c o u p o n s

e '  B ean r

Figure 4.9. A photograph of the 3 Pu coupons experimental setup, and a 30- 
rendering of the MCNPX model.
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Figure 4.10. An overlay of the measured and calculated delayed gamma-ray 
spectra for the 3 Pu coupons experiment with calculated individual coupon 
contributions to the total response (top). Calculated discrete gamma-ray emission 
spectrum (bottom).
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Table 4.5. A comparison of measured and calculated peak areas and peak pair 
ratios for the 3 Pu coupons experiment.

Peak
centroid
position,

MeV

Primary
Contributors

Peak areas from 
interactive fit, counts/s Ratio

Calculated/MeasuredMeasured Calculated

0.884 1-134 (0.884) 2.88 ±0.06 3.6 ±0.06 1.25 ±0.025
0.919 Y-94 (0.919) 3.49 ±0.05 4.28 ±0.06 1.23 ±0.019

1.009 Cs-138 (1.010), 
Mo-101 (1.013) 2.66 ±0.05 3.26 ±0.05 1.23 ±0.025

1.031 Rb-89 (1.032) 4.49 ±0.06 5.46 ±0.05 1.22 ±0.017

1.248 Rb-89 (1.248), 
Mo-101 (1.251) 4.01 ±0.07 4.79 ±0.06 1.19 ±0.021

1.384 Sr-92 (1.384), 
Mo-101 (1.383) 3.1 ±0.06 3.83 ±0.06 1.24 ±0.026

1.436 Cs-138 (1.436) 7.65 ±0.07 9.3 ±0.07 1.22 ±0.012
1.768 Xe-138 (1.768) 1.32 ±0.04 1.61 ±0.04 1.22 ±0.040
2.218 Cs-138 (2.218) 1.11 ±0.03 1.3 ±0.03 1.17 ±0.037

Average peak ratio difference: 1.22 ±0.095

Peak Rat ios Comparison

Arbitrary 
peak pairs

Ratio in the 
measured 
spectrum

Ratio in the 
calculated 
spectrum

Difference
Calculated/Measured

0.919/1.009 1.31 ±0.02 1.31 ±0.02 1.00 ±0.02
1.009/1.436 0.35 ±0.02 0.35 ±0.02 1.01 ±0.08
1.436/1.768 5.80 ±0.03 5.78 ±0.03 1.00 ±0.01
1.768/0.884 0.46 ± 0.04 0.45 ±0.03 0.98 ±0.10
0.884/1.031 0.64 ± 0.02 0.66 ±0.02 1.03 ±0.05
1.031/1.384 1.45 ±0.02 1.43 ±0.02 0.98 ±0.02

Although there is good agreement between the peak positions and peak area ratios 
in measured and calculated spectra, a discrepancy can be observed in the low- 
energy continuum. This effect is discussed later in this chapter.
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4.5 DU + 3 Pu Coupons Experiment

A separate experiment was performed as a combination of the previous two with 
the goal of detecting the combined Pu-239 and U-235 delayed gamma-ray 
signatures. A DU plate and three Pu coupons were combined with a polyethylene 
block and irradiated for 30 minutes at approximately 20 micro Ampere LIN AC 
current, with 35 seconds transfer time, and a 52 second live detection period. A 
photograph of the experimental setup and a 3D-rendering of the MCNPX 
geometry are shown in Figure 4.11. An overlay of measured and calculated 
delayed gamma-ray spectra with individual Pu and DU targets contributions is 
shown in Figure 4.12. Table 4.6 demonstrates a comparison of the peak area ratios 
and the ratios of peak pairs between measured and calculated spectra.

P o l y e t h y l e n e

B e a r n

Be c y l in d e r

DU p l a t e ^ ^  

3 Pu c o u p o n s

Figure 4.11. A photograph of the DU + 3 Pu coupons experimental setup, and a 
3D-rendering of the MCNPX model.
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Figure 4.12. An overlay of the measured and calculated delayed gamma-ray 
spectra for the DU + 3 Pu coupons experiment with calculated individual DU and 
PU target contributions to the total response (top). Calculated discrete gamma-ray 
emission spectrum (bottom).
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Table 4.6. A comparison of the measured and calculated peak areas and the peak 
pair ratios for the DU + 3 PU coupons experiment.

Peak
centroid
position,

MeV

Peak areas from 
interactive fit, counts/s Ratio

Calculated/
Measured

Calculated Fractional Peak 
Area Contributions

Measured Calculated 3 Pu Disks DU Plate

0.847 12.18 ±0.09 14.35 ±0.10 1.18 ± 0.010 0.311 ±0.003 0.674 ± 0.002
0.884 11.31 ±0.14 13.43 ±0.12 1.19 ± 0.015 0.329 ±0.004 0.659 ±0.002
0.919 3.55 ±0.05 4.15 ±0.06 1.17 ±0.021 0.448 ±0.003 0.541 ±0.002
1.010 6.87 ±0.11 8.09 ± 0.13 1.18 ±0.023 0.388 ±0.006 0.609 ±0.004
1.031 4.46 ±0.11 5.24 ±0.07 1.17 ±0.029 0.614 ±0.014 0.405 ±0.005
1.248 4.43 ±0.09 5.35 ±0.05 1.21 ±0.023 0.609 ±0.007 0.389 ±0.008
1.384 3.85 ±0.08 4.62 ±0.08 1.20 ±0.028 0.537 ±0.007 0.448 ±0.008
1.436 12.3 ±0.10 14.7 ±0.08 1.20 ±0.010 0.409 ±0.003 0.606 ±0.002
1.768 1.75 ±0.06 2.19 ±0.04 1.25 ±0.037 0.427 ±0.015 0.56 ± 0.011
2.218 1.5 ±0.04 1.86 ±0.03 1.24 ±0.035 0.418 ±0.017 0.576 ±0.012

Average peak ratio difference: 1.20 ±0.095

Peak Itatios Comparison

Arbitrary 
peak pairs

Ratio in the 
measured 
spectrum

Ratio in the 
calculated spectrum

Difference
Calculated/Measured

0.847/0.884 1.08 ±0.01 1.07 ±0.01 0.99 ±0.02
0.884/1.010 1.65 ±0.02 1.66 ±0.02 1.01 ±0.02
1.010/1.248 1.55 ±0.03 1.51 ±0.02 0.98 ± 0.02
1.248/1.384 1.15 ±0.03 1.16 ± 0.02 1.01 ±0.03
1.384/2.218 2.57 ±0.03 2.48 ±0.02 0.97 ±0.02
2.218/1.436 0.12 ±0.03 0.13 ±0.02 1.04 ±0.27
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A comparison of the calculated and measured delayed gamma-ray spectra in each 
experiment demonstrates a good match for peak intensities and positions. In 
addition, manually calculated individual peak area ratios determined by peak 
fitting, are in good agreement with the real and predicted spectra. The discrepancy 
in photon continuum at low energy is currently attributed to the lack of the 
electron source term from energetic beta decays in the target. Electron emissions 
in the activated material produce bremsstrahlung photons in the sample itself and 
in the detector shielding that contribute to the continuum in this region. Among 
the three cases shown above, the continuum was best matched for the DU plate 
sample. This is consistent with the beta decay being the primary source of the 
disagreement in the continuum, since the bremsstrahlung photons produced by 
beta particles are readily attenuated in the thick sample, decreasing the rate at 
which they contribute to the detector.

When compared directly as in Figure 4.13, areas of the same peaks in the 
measured and calculated spectra demonstrate a consistent negative or positive 
bias. This discrepancy in the peak intensities arises from (1) the inconsistencies 
between the real and modeled detector setup geometry and irradiated sample 
position, and (2) the idealized detector response model which does not account for 
the effects from signal processing electronics, nor damage and impurities in the 
detector crystal. The model performance in this case can be evaluated by 
comparing the area ratios between peak pairs observed in experimental and 
modeled spectra. Figure 4.14 shows that in each experiment, a very good 
agreement is demonstrated for this criterion with an almost exact match for 
calculated and measured ratios of arbitrary peaks.
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Figure 4.13. Ratios of peak areas between measured and calculated delayed 
gamma-ray spectra for three experiments.

i .............................V  .....................I f ................. 1 ...................
: T

0.884/1.436 1.436/0.847 0.847/2.218 2.218/1.768 1.768/1.032 1.032/1.124

, ................... | ....................  ....................
: *  : 3C T  Z

3Pu d isks

0.919/1.009 1.009/1.436 1.436/1.768 1.768/0.884 0.884/1.031 1.031/1.384

1.1
1.0
0.9
0.8 DU +  3PU
0.7 0.847/0.884 0.884/1.010 1.010/1.248 1.248/1.384 1.384/2.218 2.218/1.436

A rb itra ry  Peak R a tios

Figure 4.14. Ratios of peak pair ratios between measured and calculated delayed 
gamma-ray spectra for three experiments.
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4.6 Passive Source Experiments

The idealized transport model and the assumptions associated with the electron, 
photon, and neutron transport can also become a source of small discrepancies. 
Interrogating flux and detector response modeling performed in MCNPX are the 
most time-consuming stages of the simulation. To improve the effectiveness of 
these calculations, an intensive variance reduction is required. A set of 
experiments using passive calibration gamma-ray sources was performed to gain 
confidence in the accuracy of the calculation approach.

To improve the efficiency of the MCNPX detector response calculations, the 
following variance reduction measures were implemented.

- Pseudo-deterministic transport. At each production or interaction point, 
the probability of a photon scatter and transmission towards the detector is 
performed using a partially deterministic scheme, resulting in a fast 
transport through parts of the geometry. For example, in the MCNPX 
transport code this effect is achieved by using DXTRAN spheres and F5 
type tallies.

Photon population control. Since only high-energy delayed gamma-ray 
lines are considered for the assay analysis, photons below a certain energy 
level can be eliminated from the transport, saving considerable amounts of 
calculation time.

- Angular source biasing. A higher fraction of the otherwise isotropic 
photon source is emitted towards the detector resulting in faster 
accumulation of photon histories. For every setup geometry case, the 
sensitivity to the angular biasing is manually analyzed, and the results are 
normalized to the emission probability of the uniform source.

Source probability biasing. The delayed gamma-ray source terms include 
thousands of discrete gamma-ray lines with emission probabilities varying
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by several orders of magnitude. The biasing function provides a uniform 
sampling probability for all photon lines from the source definition.

Source filtering. Discrete gamma-ray lines with a number of emissions 
during an acquisition period below a certain threshold will not 
meaningfully contribute to the detected spectrum. These lines can be 
eliminated from the source definition, improving the overall sampling 
efficiency.

The full extent of these variance reduction techniques was applied for detector 
response calculations of known isotopic sources. Each passive spectrum was 
acquired on the same detector system as the delayed gamma-ray results, 
normalized to the average count rate and corrected for the background. The source 
parameters were supplied to Step 2 of the modeling algorithm and a calculated 
spectrum was produced. Figure 4.15 demonstrates measured and calculated 
spectra for a subset of Co-60, Eu-152, and Y-88 isotopic sources with peak 
intensities compared in Table 4.7. For the cases involving passive photon sources 
without intense beta-emitters, the continuum is accurately reproduced. Also, a 
good agreement is observed in the peak areas, which unambiguously validates the 
modified detector response calculation approach.
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Table 4.7. Measured and calculated peak areas for the passive source experiments.

Peak centroid 
position, MeV

Peak areas from interactive 
fit, counts/s Ratio

Calculated/Measured
Measured Calculated

Co-60
1.137 22.61 ±0.18 24.66 ±0.19 1.09 ±0.01
1.333 19.59 ± 0.17 21.65 ±0.18 1.11 ± 1.01

Eu-152
0.778 3.99 ±0.05 4.87 ±0.05 1.22 ±0.02
0.867 1.19 ± 0.04 1.46 ±0.04 1.23 ±0.04
0.964 3.82 ±0.04 4.63 ±0.05 1.21 ±0.01
1.085 2.80 ±0.04 3.41 ±0.04 1.22 ±0.02
1.112 3.24 ±0.04 3.88 ±0.04 1.20 ±0.02
1.408 3.98 ±0.04 4.89 ±0.04 1.23 ±0.01

Y-88
0.898 1.01 ±0.02 1.17 ±0.02 1.16 ± 0.03
1.836 0.62 ±0.02 0.68 ±0.02 1.11 ±0.04
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Figure 4.15. Passive source experiments results: Co-60 (top), Eu-152 (middle), Y- 
88 (bottom).
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The results of the IAC benchmarking experiments confirm the satisfactory 
performance of the four-step calculation approach and, most importantly, the 
physical data involved. In this case, a good data library performance was 
expected, since cumulative neutron fission yields for long-lived fission products 
of main actinides are known with a high level of confidence. The experimental 
campaign currently continues [48,49] in order to characterize the limits of the data 
by varying the interrogation time, neutron energy structure, and the source type, 
utilizing targets with more complex compositions. A parallel benchmarking effort 
considers obtaining data from several sites where measurements of spent nuclear 
fuel have been taken. In this respect, the modeling code was already successfully 
applied to predict the gamma-ray source term and the passive continuum for the 
spent fuel sample measurements obtained for the X-Ray Fluorescence assay 
instrument [50],
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Chapter 5 

Spent Fuel Assay Instrument Design 
Considerations

5.1 Design Methods and Limitations

Chapter 4 demonstrates the capabilities of a high-fidelity modeling technique 
developed specifically for delayed gamma-ray response calculations in complex 
benchmarking setups. This approach can be readily expanded for assay 
simulations of the spent nuclear fuel assemblies. However, a number of factors 
limit the design scope of the present research.

One important constraint is posed by the simulation time requirements. Despite 
the optimization techniques implemented in the four-step modeling scheme, 
simulation of the delayed gamma-ray spent nuclear fuel assay is still 
computationally intense. Detailed results require high-resolution spatial and 
energy model parameters which are applied to extensive isotopic inventories. At 
present, up to 48 hours may be necessary to produce a delayed gamma-ray 
response spectrum for a single assembly. Out of this time, 6 to 8 hours on a single 
processor are required to define the multi-group neutron interrogating fluxes in 
small volumes defined in the fuel, assuming a moderated D-T active source (Step 
1 of the modeling scheme). Transmutation calculations and spatially dependent 
source reconstructions take 8 to 10 hours on a single processor (Step 2 and 3). The 
limiting stage of calculations is the detector response run and delayed gamma-ray 
spectrum reconstruction requiring 10 to 24 hours on about 100 processors per each 
individual spectrum (Step 4); as an example, Figure 4.7 demonstrated 4 spectra: 
measured total, calculated total, calculated U-235, and U-238 contributions. Such 
time requirements are problem-specific and affected by the problem geometry and
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fidelity level required. Presently, it is desirable to reduce the time needed to 
conduct the calculations by fixing the geometry of the interrogation setup and 
investigating only the variation of the delayed gamma-ray response with spent 
nuclear fuel parameters.

Other factors that should be considered are the limitations associated with the 
quality of spent nuclear fuel models. Delayed gamma-ray response simulations 
performed for this dissertation use spent fuel libraries specifically developed for 
the safeguards instrumentation development project at Los Alamos National 
Laboratory [51,52], These libraries contain inventory and geometry models of 
generic 17 x 17 pins Westinghouse assemblies (Table 5.1, and Figure 5.1) with 
detailed fuel compositions of a representative pressurized water reactor after 
irradiation. Spent fuel inventories were obtained using the MCNPX transport 
calculations and were coupled with the CINDER90 burnup/depletion code. The 
first version of the library contained a total of 64 assemblies with different 
parameters: four initial enrichments (IE), four burnup levels (BU), and four 
cooling times (CT), as summarized in Table 5.2.

Spent nuclear fuel library #1 was used throughout the initial stage of the research. 
However, due to the memory constraints of the burnup/depletion scheme, the 
original inventories were limited to the approximately 100 isotopes most 
important for the criticality calculations. This number of isotopes is not sufficient 
to account for passive gamma-ray emissions from the spent fuel that can interfere 
with the delayed-gamma-ray response. In simulations involving spent fuel library 
#1, the problem was partially mitigated by extracting the limited isotopic 
inventories at an assembly discharge point, and allowing additional cooling time 
using CINDER in order to obtain more extensive inventories by developing all 
possible radioactive equilibriums. Passive gamma-ray emission spectra 
reproduced for these inventories were still missing high-intensity high-energy 
lines (above ~2 MeV) commonly observed in spent fuel.

The deficiency in the composition of the spent fuel in library #1 was not addressed 
until later in the research, when a new library #2 [52] was introduced. It was 
obtained with higher fidelity in spatial and isotopic fuel inventories by using more
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realistic irradiation schemes. Over 2,000 individual isotopes were extracted for 
each material volume for the passive and delayed gamma-ray response modeling.

The difference between spent fuel libraries #1 and #2 is illustrated in Figure 5.2 
by comparing the calculated passive discrete gamma-ray emission spectra for 45 
GWd/t, 4% IE, 5 years CT assembly. The top spectrum in this figure was obtained 
for a fuel inventory from library #1, and the middle spectrum was produced with 
additional cooling as described above. The bottom spectrum was produced for the 
same assembly with inventory from spent fuel library #2. A considerable 
difference in passive emissions can be observed in the energy region between 2 
and 3.5 MeV. Although library #2 appears to have more adequate spent fuel 
inventories, its overall accuracy is still under investigation. Simulation results 
demonstrated further in this chapter were obtained using the inventories of library 
#1 and #2, and should be considered preliminary at this stage of research.
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I n s t r u m e n t  T u b e  
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Figure 5.1. The planar cross-section of the spent nuclear fuel assembly MCNPX 
model [51],
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Table 5.1. The parameters of the 17 x 17 Westinghouse fuel assembly from the 
spent fuel library [52],

Parameter Data

Assembly general data
Lattice 17 x 17
Number of fuel rods 264
Number of guide tubes 24
Number of instrument tubes 1

Fuel rod data
Type of fuel pellet U 0 2 (10.4538 g/cc)
Rod pitch 1.26 cm

Clad thickness 0.065 cm (assumed gap 
closure)

Pellet radius 0.410 cm
Active fuel length 365.76 cm
Fuel temperature 900 K
Clad temperature 620 K
Clad material Zircaloy-4 (5.8736 g/cc)

Guide and instrument tube data
Inner radius 0.571 cm
Outer radius 0.613 cm
Material Zircaloy-4 (5.8736 g/cc)

Table 5.2. Parameters of spent nuclear fuel assemblies in the library.

Parameter Available cases
U-235 enrichment 2%, 3%, 4%, 5%
Burnup 15, 30, 45, 60 GWd/tU
Cooling time 1, 5, 20, 80 years
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Figure 5.2. A comparison of passive discrete gamma-ray emission spectra 
calculated for the spent nuclear fuel assembly from libraries #1 and #2 with 45 
GWD/t burnup, 4% initial enrichment, 5 years cooling time. Original NGSI 
library #1 inventory (top). Library #1 assembly with inventory at discharge and 
additional 5 years cooling period (middle). Library #2 inventory (bottom).
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The above considerations require a more strict definition of the parameter space in 
which the delayed gamma-ray assay instrument capabilities are currently being 
investigated. The current limitations of the research effort’s design scope are 
outlined below.

Geometry. The interrogation and acquisition setups geometry are fixed for 
the assay simulations of a whole range of spent fuel assemblies. The 
adopted configuration includes a single neutron source and a single 
detector with collimator and attenuating filters. Although passive 
background and the amount of fissile isotopes vary considerably depending 
on the assembly parameters, optimization of the assay setup will be 
performed at later stages of the conceptual design research.

- Source. The interrogating neutron source is defined as a high-intensity 
moderated 14.1 MeV D-T generator, compatible with designs of other 
active interrogation NDA instruments. The moderation layers include 
tungsten and beryllium with dimensions calculated in [53,54],

Time. The time regime is established at 15 minutes interrogation time, 
arbitrary 1 minute delay time, and 15 minutes photon spectrum acquisition 
time. This regime corresponds to the most conventional “long” delayed 
gamma-ray assay mode. Modeling of this assay type is more accurate due 
to the reliable yield data for the long-lived fission products and associated 
decay chains. After establishing the analysis technique and identifying the 
key delayed gamma-ray signatures, the time optimization can be 
performed.

- Energy region. The target delayed gamma-ray lines are located in the 
energy region above 3 MeV. Below this limit, the analysis is obstructed by 
interferences from the passive spent fuel background.

- Detector type. A high-efficiency, HPGe detector type is selected with the 
goal of utilizing the increased resolution for the identification of delayed 
gamma-ray peaks. However, considering the count rate limitations of the
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HPGe systems, lower-resolution fast LaBr3 scintillators may be considered 
at a later time.

These constraints of the delayed gamma-ray assay setup were used to demonstrate 
delayed gamma-ray responses for a variety of simulated spent nuclear fuel 
assemblies, the optimization of assay parameters, and the development of analysis 
techniques. A detailed discussion of the results and findings is provided further in 
this chapter.

5.2 Detector System Limitations

For the purposes of the qualitative and quantitative assay based on the gamma-ray 
spectroscopy, the high-resolution HPGe detectors are the natural choice. However, 
there are several factors that limit the performance of these detector systems for 
the delayed gamma-ray spent nuclear fuel assay:

Intensity of the delayed gamma-rays of interest is low compared with the 
total photon flux incident on the detector.

High radioactive background of the spent nuclear fuel leads to a high 
parasitic count rate in the detector that is characterized by a relatively low 
dead time limit.

HPGe efficiency to high-energy photons decreases nonlinearly with 
energy, making it impractical for delayed gamma-ray lines above 5 MeV.

The size of the detector crystal is of critical importance for high count rate assay 
applications. Improved detection limits for relatively low-intensity delayed 
gamma-ray lines can be achieved by using larger Ge detectors, which result in 
better peak-to-background characteristics due to higher efficiencies and a higher 
peak-to-Compton ratio. The detector setup requires a carefully designed 
collimator and attenuation layers to reduce the count rate to tolerable levels.
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For the preliminary estimations produced for this dissertation, a 130% relative 
efficiency coaxial HPGe detector system was adopted. Operational parameters and 
crystal dimensions provided in [55] were accurately replicated in the simulation 
algorithm for the detector response calculation. Assay parameters and the 
acquisition system configuration for this detector are discussed in the next section. 
Although it is conceivable that an elaborate setup for effective HPGe delayed 
gamma-ray spectrometry can be designed, it is still not clear how the real-world 
factors not accounted for in the modeling (detector stability across a dynamic 
range, resolution degradation, etc.) will affect system performance. The literature 
provides only scarce experimental data that are is not conclusive on this matter.

Among various possible substitutes to the germanium detectors, LaBr3 scintillator 
solutions appear to be the most viable option. Made available commercially 
relatively recently, they demonstrate an increased efficiency for high-energy 
gamma-rays, high scintillation light output, and a fast decay time [56], It is 
estimated that LaBr3 detector electronics can tolerate 3 to 4 orders of magnitude 
higher count rates than HPGe systems. Despite the more coarse resolution 
(approximately 2% at 2 MeV), they can be used for assay applications. Using the 
4-step modeling technique capabilities, individual peak contributions in the LaBr3 
spectrum can be accurately determined making the development of an appropriate 
analysis technique feasible.

5.3 Assay Instrument Parameters Evaluation

Preliminary parametric study of the delayed gamma-ray assay setup and 
configuration can be performed by utilizing the approximate analytical method 
provided in this section. These calculations were initiated in [57] and further 
developed to analyze the effect of the following parameters affecting the delayed 
gamma-ray response in the spent nuclear fuel assay:

Strength of the interrogating neutron source.
Dimensions of a collimator between the fuel assembly and the detector.
Thickness of the attenuation layers between the fuel and the detector.
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This analysis provides an approximate estimation; it uses simplifying 
assumptions, and physical data from the ENDF/B-VII libraries. Conclusions 
derived from these calculations are consistent with responses observed using the 
four-step modeling technique, as shown later in this chapter. Analytical 
estimations assume the conceptual assay instrument configuration as depicted in 
Figure 5.3, with the parameters as indicated below.

The D-T neutron source, neutron spectrum tailoring and position that were 
used with the delayed neutron and differential die-away instruments were 
also used here. The source is located in the mid-length of the assembly.

The spent fuel assembly inventory is obtained from NGSI library #1 with 
the average set of parameters: 45 GWd/t burnup, 4% initial enrichment, 
and 5 years cooling time. The assembly is submerged in water.

The air-filled collimator opening on the fuel is a 1 cm-wide and 20 cm- 
long slot subtending the full side width of the assembly. The collimator 
converges on the front surface of the detector at a standoff distance of 1 m. 
The collimator is fabricated from lead.

Attenuating filters are assumed to be lead with variable thickness. The 
primary filter is located at the fuel side and serves to control the 
contribution of the low-energy passive photon background. A thin 0.5 to 1 
cm layer of lead is located in front of the detector to reduce the photon flux 
scattered from the collimator walls.

The detector is a large high-purity Ge crystal. The front face of the detector 
is partially shielded by the collimator to an arbitrarily selected area of 6
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Figure 5.3. Assumed delayed gamma-ray assay setup for parametric study.

5.3.1 Delayed Gamma-Ray Response Rate Estimation

The intensity of the delayed gamma-ray peaks in the response spectra is primarily 
controlled by the output of the interrogating neutron source. This parameter can be 
estimated by considering a rate of production for an isolated peak and the effects 
of the assay setup configuration according to the calculation sequence shown in 
Figure 5.4.

D etector

effic iency

Neutron fission 

rate in the  fuel

Fission product 

accum ulation

Delayed y-ray 

emission rate

Figure 5.4. Calculation sequence for the delayed gamma-ray peak count rate.

Assume the target signature is the 3.577 MeV emission of Y-95 isotope (T1/2 = 
10.3 m), which is a prominent high-energy delayed gamma-ray line always 
considered in the assay response analysis. Under the thermal neutron 
interrogation, the Y-95 isotope is produced in the spent nuclear fuel in three 
primary ways: (1) as a direct fission product; (2) as a decay daughter of Sr-95 (T1/2 
= 23.9 s); and (3) as a decay daughter of Sr-96 (T1/2 = 1.07 s). Considering the 
“long” interrogation mode, and the two main fissile isotopes U-235 and Pu-239, 
the cumulative yield of Y-95 can be estimated as the sum of three individual 
yields, as shown in Table 5.3.
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Table 5.3. Cumulative yields of Y-59 used in analytical rate estimations [22],

Fissile
isotope

Individual thermal fission yields Assumed Y-95 
cumulative fission yieldY-95 Sr-95 Sr-96

U-235 l.l le -2 4.54e-2 3.57e-2 9.22e-2
Pu-239 1.68e-2 2.61e-2 1.82e-2 6.11e-2

According to the preliminary transport code estimations, distribution of the 
interrogating neutron flux intensity in the fuel pins is governed mostly by the 
assembly geometry and somewhat dependent on the multiplication of the 
assembly in the given media. Adopting a simplified assumption that a fuel pin 
located immediately near the center guide tube is representative of the average 
flux intensity across the assembly, the MCNPX calculated flux for the small fuel 
volume in the plane of the neutron source equals approximately 1.5e-3 
neutrons/cm2-s per source neutron. This calculation was performed for a 45 
GWd/t burnup, 4% initial enrichment, 5 years cooling time assembly from spent 
fuel library #1, assuming water as the interrogation environment.

Assuming that the interrogating flux is primarily thermal and using the integrated 
thermal fission cross-sections for U-235 (585 barn) and Pu-239 (750 barn) [58], 
the fission reaction rate per unit volume for each isotope is calculated as:

RRflss=<p-(TfN, (5.1)

where q> is neutron flux (neutrons/cm2-s), a f  is microscopic fission cross- 

section (barn), N  is fissile isotope atom density (atoms/barn-cm).

From the assembly material inventory: Nv_235 « 1.76e-4 (at./b-cm), NPu_239 « 1.2e- 

4 (at./b-cm).
Therefore, assuming the 1010 n/s neutron source intensity, fission reaction rates are 
calculated as:

RRfjss(U235) « 1.5e-3 • le+10-585 • 1,76e-4 * 1.5e6 (fissions/cm3-s).
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RRflss(Pu239) ^ 1.5e-3 • le+10-750.1.2e-4 « 1.35e6 (fissions/cm3-s).

The rate of Y-95 isotope production on each fissile isotope is calculated by

For U-235 fissions: R(Y95) « 1.5e+6- 9.22e-2 *1.38e5 (atoms/cm3-s).
For Pu-239 fissions: i?(795)«  1.35e+6-6.1 le -2«  8.25e4 (atoms/cm3-s).

Total: R(Y95) « 1.38e5 + 8.25e4 * 2.2le5 (atoms/cm3-s).

Assume that a 1 cm thick planar “slice” of the assembly is subtended by the 
detector. The volume of fuel in a 1 cm long pin with r = 0.41 cm is Vpin = 0.528 
cm3. There are 264 pins in the assembly. The mean free path of the 3.577 MeV 
photon in the fuel with density p =  10.45 g/cm3 can be calculated using the mass 
attenuation coefficients at this energy for U: p /p  = 4.415e-2 cm2/g, and O: 
p /p  = 3.31e-2 cm2/g [59]:

P /  (U0?) = wTI- P /  (U )+ P /  (o) = 0.88-4.415e-2 + 0.12- 3.31 e-2 = 4.282e-2/  p \  2/ U /  '

Then, the mean free path of a 3.577 MeV photon in spent fuel material can be 
obtained:

multiplying each fission rate by the appropriate fission yield calculated above:

R(Y 95) = RRfiss-yield(Y  95) (5.2)

(cm2/g).

p(U02)= U02)-p =  4.282e-2 • 10.45 = 0.447 (1/cm).

2.237 (cm).

This value corresponds to approximately 16 cm of an infinite fuel thickness layer 
at 3.577 MeV. Therefore, assuming arbitrarily that only half of the pins are
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contributing to the detector, the total Y-95 production rate averaged over the 1 
cm-thick assembly layer is:

Rtot(Y95) = Vpm-#pinS .R(Y95) (5.3)

7^(795)^0.528.264/2- 2.21 e5 « 1.539e7 (atoms/s).

The total production of Y-95 atoms during the assumed 15 minute interrogation 
period is calculated using the production-decay law and Y-95 decay constant 
calculated from the half-life 2(795)= 1.122e-3 (1/s):

7V(795) = /^ ; ) (, - exp(-2(795)• time)) (5.4)

2/(795) » L539e7 (l -  exp(-1.122e-3 -15 • 60)) » 8.72e9 (atoms).
1.122e -3

During the subsequent 15 minutes detection period (disregarding the short cooling 
time), this amount of Y-95 atoms undergoes the following number of decay 
disintegrations:

Decay = TV(795) -  TV(795) • exp(-2(795) • time) (5.5)

Decay « 8.72e9 -8.72e9 • exp(-1.122e -3 -15 • 60) « 5.54e9 (decays).

Considering that the 3.577 gamma-ray emission branching ratio B.R. = 6.4% in Y- 
95 decay, the total 3.577 MeV photon intensity can be calculated as:

I tot=Decay -B R - (5.6)

I tot(3.577) « 5.54e9-0.064*3.55e8 (emissions).
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Geometric efficiency for the slot collimator and 1 m detector standoff, 
conservatively assuming 6 cm2 area of the detector front face, can be 
approximated as:

dQ. area
 * ------------------   (5.7)
4tt 4tt • (standoff)

0 * ------    «4.775e-5.
4tt- (100)

Assume the detector as a 5 cm thick germanium crystal. Given this, the interaction 
probability in the detector is defined by using the mass-attenuation coefficient for 
Ge at 3.577 MeV: p /p  = 3.38e-2 cm2/g, with p=  5.32 g/cm3 [59], Factoring in the 
peak-to-total ratio adopted as r  « 1/3, an estimation of detector intrinsic efficiency 
to 3.577 MeV photons can be obtained by:

s(Ge) = r - [ \ -  exp^- • p  ■ thickness)^ (5.8)

s(Ge) » r-(l-exp(-3 .38e-2-5 .32-5)) * 0 .2 .

Therefore, the number of 3.577 MeV photons detected in the setup without the 
attenuating filter at lelO neutrons per second interrogating source strength, 15 
minutes interrogation time, and 15 minutes live detection time is estimated as:

h«= ® -s(G e)-Itot (5.9)

/ det *4.775e-5 -0.2-3.55e8*3.390e3 (counts/900 sec) *3.77 (counts/sec).

In the event that a lead filter is used, the attenuating factor is calculated assuming 
a Pb mass-attenuation coefficient of 3.577 MeV p /p  = 4.21e-2 cm2/g with 
p=  11.34 g/cm3 [59]:
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a(Pb) = exp|^- • p  ■ thickness)J (5.10)

For a 5 cm Pb layer: a(5cm) * exp(-4.21e-2T 1.34-5)*9.2e-2.

For a 10 cm Pb layer: a(\0cm) * exp(-4.21e-2-l 1.34-10) *8.45e-3.

Applied to the above number of counts, these attenuation coefficients provide 
modified count rates:

^od = a(pb) - h ev (5.11)

For a 5 cm Pb layer: / mod5 *9.2e-2 -3.390e3 *311.9 *0.35 (counts/sec).

For a 10 cm Pb layer: / modl0 * 8.45e-3-3.390e3 *28.7 (counts/900 sec) *0.032

(counts/sec).

The resulting count rate estimations of the 3.577 MeV Y-95 lines are primarily 
affected by the (1) interrogating source strength; (2) detector geometry efficiency; 
and (3) thickness of attenuating filters. By adjusting any of these parameters in the 
above calculation, the relative effect on the signature intensity can be analyzed. 
Assuming the constant geometry, the effect of the neutron source strength and 
attenuation can be estimated as shown in Table 5.4. For a comparison of the
estimated values in this table, Section 5.4 will show that the detailed calculation
using the four-step modeling process resulted in a count rate of 14 counts/s for the 
case of a 6 cm thick lead filter and a l e l 2 n/s interrogating source.

Table 5.4. Estimated detected count rate of the 3.577 MeV Y-95 delayed gamma- 
ray line (counts/sec).

Neutron source 
strength, n/s

Thickness of the Pb attenuating 
filter, cm

0 5 10
lelO 3.77 0.35 0.032
le i 1 37.7 3.5 0.32
l e l 2 377 35 3.2
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5.3.2 Passive Background Rate Estimation

The detector count rate is the primary limitation in the design of the delayed 
gamma-ray assay instrument. It is necessary to establish a balance between the 
intensity of the interrogating neutron source and the amount of attenuation in front 
of the detector, assuming that the detector geometry remains unchanged. As 
demonstrated above, the count rate of the delayed gamma-ray lines is effectively 
controlled by the source strength, and the attenuating filter is required in order to 
reduce the parasitic count rate from the low-energy passive background. This 
background is comprised of photon emissions from long-lived fission products 
and decay chains present in the spent nuclear fuel, and can be orders of magnitude 
higher in intensity than the induced gamma-ray lines. However, since the passive 
emissions are primarily below 2 MeV, their detector contribution can be 
effectively mitigated with the attenuating filters.

In order to estimate the detector count rate from the background emissions and the 
optimal amount of attenuation, assume the most prominent spent nuclear fuel 
passive signature -  661.7 keV gamma-ray line from Ba-137m in secular 
equilibrium with the Cs-137 fission product. The approximate analytical 
estimation follows the calculation scheme shown in Figure 5.5, for the same 
assembly setup parameters as before.

Detector

effic iency

Burnup rate 

estim ate

Cs-137 isotope 

accum ulation

661 keV line 

emission in tensity

Figure 5.5. Calculation sequence for the passive background peak count rate.

Assume, on average, the amount of energy released per fission in the fuel during 
the reactor campaign to be 207 MeV. Cs-137 is produced in a reactor as a direct 
result of the fissions and as a decay daughter of the Xe-137 fission product with 
an assumed cumulative fission yield of 0.06 [22], Its decay during the reactor 
campaign is disregarded. Then, for the 45 GWd/t (thermal) spent fuel burnup, the 
amount of Cs-137 atoms per ton of heavy metal is calculated as:
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N( C s m ) = B«rn,lp(W d /ty„ me(S)/L602e-19(eVll) yield ( ;  ]2)
EfiSSieV)

45e9 • 24• 3600/1.602e -19 7 , , ,.TnN(Cs\hl) «    0.06 « 7.035e24 (atoms/tU).
207e6

Then, the specific activity of 661.7 keV gamma-ray emissions with Cs-137 decay 
branching ratio B.R. = 0.851 can be calculated as:

,4(661.7) = B.R. • A • N(Cs\31) = BR. ■ . N(Cs\31). (5 1 3 )
^1/2

,4(661.7) « 0.851-------------------  7.035e24 * 5.14el5 (emissions/tU-s).
30.07*365.25*24*3600

Using the volume of a 1 cm section of the fuel pin as Vpin = 0.528 cm3, fuel
density p  = 10.45 g/cm3, and w = 0.88 weight fraction of uranium in U 0 2, the
heavy metal load in this volume is:

m(U) = w- p-Vpm (5.14)

m(U) * 0.88-10.45 -0.528 * 4.86(g) « 4.86e-6 (t).

Then, the amount of total 661.7 keV emissions from the 1 cm segment of a single 
fuel pin is:

/ to,(661.7) = ,4(661.7) -m(U) (5.15)

4„(661.7)«5.14el5-4.86e-6 ~ 2 .5el0 (emissions/s).

The self-attenuation of the 661.7 photons in the nuclear fuel cannot be 
disregarded. Using the mass attenuation coefficients for U: p /p  = 0.1344 cm2/g,
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and 0: p /p  = 7.77e-2 cm2/g at this energy [59], the mass attenuation coefficient 
for the uranium dioxide matrix with p =  10.45 g/cm3 can be calculated as:

V  (U01) = wJ1-fX/  ( u ) + fX/  (<9) = 0.88-0.1344 + 0.12-7.77e-2 = 0.128 (cm2/g)/  p y 2/ J /  p y ' /  p y '

M{U02) = ^/p {(J02)-p  =0.128-10.45 = 1.338 (1/cm).

Then, the mean free path of the 661.7 photons in the spent fuel material can be 
obtained:

^ (6 6 1 7 ) = M z k ) = n s = 0 7 5  <cm)

This value as well as the literature data suggest that 661.7 keV emissions coming 
from the very periphery of the assembly are contributing to the detector. 
According to semi-empirical results in [60], approximately 92% of the 661.7 keV 
signal collected with the HPGe detector originates in the outer three rows of pins. 
Using this value along with the slot collimator efficiency calculated above, the 
661.7 keV photon count rate in the detector can be estimated as:

I tot = # p ins■ a)■ I pin «(3-17) -4.775e-5-2.5el0 * 6.088e7 (photons/s)

The interaction probability in a 5 cm Ge detector layer can be calculated for 
p /p  = 7.14e-2 cm2/g at 661.7 keV and a peak-to-total ratio r « 1/3.

s(Ge) = r - [ \ - e x p ^ - • p-thickness)Jj « r-(l-exp(-7 .14e-2-5 .32-5))^0.28.

Then the count rate of the 661.7 keV photons in the detector geometry without 
attenuating filters is:

Idet = I  tat' s {Ge) « 6.088e7-0.28 « 1.705e7 (counts/s).
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The effect of the Pb attenuating filters is calculated assuming p /p  = 0.1173 cm2/g 
at 661.7 keV:

For a 5 cm Pb layer: a(5cm) « exp(-0.1173-11.34-5)« 1.586e-3.

For a 10 cm Pb layer: a{\0cm) « exp(-0.1173-11.34-10)« 2.5e-6.

Applied to the above number of counts, these attenuation coefficients provide 
modified count rates:

For a 5 cm Pb layer: / mod5 « 1.586e-3- 1.705e7«2.704e4 (counts/sec).

For a 10 cm Pb layer: / modl0 ^2.5e-6-5.68e7«43 (counts/sec).

The calculated count rates of the 661.7 keV line are sensitive to the thickness of 
the attenuating filters; however, this effect is lower for the photons emitted at 
higher energies. Although most of the intense background lines can be mitigated, 
it is possible that the total integrated passive count rate may be several times 
higher and approach the dead time limit of the HPGe detector.

The above estimations demonstrate that a number of delayed gamma-ray assay 
variables can be balanced to make the analysis practical and to target signatures 
retrievable with accuracy sufficient for the qualitative and quantitative analysis. 
Attenuating filters affect both the passive and delayed gamma-ray signals and 
have proven to be most effective in reducing the count rates from photons below 
1 MeV. For the optimization process, two design limits of primary importance can 
be established:

The average count rate in each of the isolated delayed gamma-ray peaks 
nominated for analysis should be no less than 1 count-per-second during

p  ■ thickness) (5.16)

/mod (5.17)
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the spectrum acquisition period. In this case, statistically accurate peak 
areas can be determined during the sufficiently long detection time (900 
seconds).

The total detector count rate should be at the order of le5 counts-per- 
second for HPGe systems in order to avoid dead time, pile-up, and other 
effects detrimental to the resulting spectrum structure.

It is plausible that in a carefully designed setup, the above conditions can be 
satisfied for the neutron source strength of 1 el 1 neutrons per second assuming 
900 seconds interrogation time. The non-optimized system assumed at this stage, 
indicates that a l e i 2 neutrons per second generator operating for 900 seconds of 
interrogation time with 5 to 10 cm of lead attenuating filter will perform 
adequately. Given the count rate estimations provided by Equation 5.17, up to 10 
cm of lead may be needed to keep the count rate at a tolerable level. As is 
indicated in Table 5.4, such a system would produce 3.2 counts/s in the 3.577 
MeV Y-95 peak. A sufficiently strong source is required to overcome self- 
shielding limitations, low collimation efficiencies, and attenuation filters. 
Depending on the measurement constraints, increasing the interrogation time may 
be an option for improving the results. The efficiency of collecting the delayed 
gamma-ray signal can also be improved by increasing the number and type of 
detectors in the acquisition setup. In some cases, detector systems with faster 
response and higher dead time limits may also be an option.

5.4 Modeling Results

The high-fidelity delayed gamma-ray responses were calculated using the four- 
step modeling algorithm for a number of assemblies with simplified material 
inventories, as well as for several assemblies from spent nuclear fuel libraries #1 
and #2. Only a subset of simulation results is included in this dissertation with 
more data provided in dedicated reports [61,62],
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The assay geometry with the slot collimator was adopted following the analytical 
parametric study. Although not optimal, this setup configuration provides the total 
calculated count rate close to the detector limit of le5 counts per second, and 
sufficiently strong delayed gamma-ray lines. The exact model setup layout is 
shown in Figure 5.4, with the following parameters:

- Neutron source configuration and coupling with the assembly -  as in the 
delayed neutron and differential die-away NGSI designs. Base case source 
intensity is l e l 2 neutrons per second.

Collimator slot opening on the fuel side -  21.4x2 cm, subtending the full 
width of the assembly; opening on the detector side -  3x2 cm.

Thickness of the lead attenuating filters on the assembly side -  5 cm; on 
the detector side -  1 cm.

Detector response is calculated for the 130% efficiency HPGe crystal, with 
resolution and energy broadening effects obtained from a real detector.

All simulations assume the base case assay time pattern: 900 seconds of 
interrogation, a 60 second cool-down period, and 900 live seconds of delayed 
gamma-ray spectrum acquisition time.

The results of spent nuclear fuel passive background spectrometry measurements 
in a similar setup were recently published by the CEA research group in France 
[63], This work demonstrates a newly developed and deployed measurement 
station for high-count rate gamma-ray spectroscopy of spent nuclear fuel 
assemblies at the La Hague reprocessing plant. The system provides accurate 
gamma-ray spectra acquired at the event rate of several MHz using off-the-shelf 
HPGe detectors, with innovative signal processing electronics allowing for 
dynamic dead-time correction. An adaptive processing algorithm prevents 
resolution degradation with increased count rate resulting in accurate spectra for 
both quantitative and qualitative analysis. The configuration of the detector setup 
of this system is similar to the conceptual design of the delayed gamma-ray assay
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system presented in this dissertation. Both systems are using a slot collimator 
converging on some fraction of a HPGe crystal surface area. Because of the focus 
on lower-energy passive peaks, the CEA setup is using collimators with an 
adjustable aperture rather than attenuating filters. A built-in calibration source 
introduced during measurements is used to calibrate the instrument for the 
changing collimation efficiency. The layout and operational results of the CEA 
system can be used to proof the concept of the active assay instrument design 
developed in this dissertation.

U - l  n e u t r o n

g e n e r a t o r

T u n g s t e n

B e r y l i u m
o o o o * t o o o o o * » o o o o  o.e.o ooeoo

F u e l  a s s e m b l y
s h i e l d i n g d e t e c t o r

Figure 5.4. Assay setup layout adopted for high-fidelity delayed gamma-ray 
response modeling.

The delayed gamma-ray responses in each simulation case are obtained in the 
form of a calculated total spectrum acquired with the detector, along with 
individual partial contributions from four actinides undergoing fission: El-235, El- 
238, Pu-239, and Pu-241. In some cases, to save on the computation time, the 
resulting spectra were limited to the energy region above 2.5 or 3.0 MeV. As 
previously demonstrated, the passive continuum for the spent fuel library
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assemblies above this threshold energy is negligible, and therefore was in some 
cases omitted from the results.

The calculated spectra were analyzed using originally developed scripts coupled 
with the four-step modeling algorithm and, in some cases, by transferring them to 
the ORTEC Maestro interactive peak analysis program. For each spectrum, select 
peak areas were extracted and observed peak ratios were calculated. Primary 
contributing gamma-ray lines for each peak area were identified from the discrete 
gamma-ray emission spectrum obtained in the 3rd step of the modeling algorithm.

Figure 5.5 (top) demonstrates the difference in passive and delayed gamma-ray 
responses between spent fuel libraries #1 and #2 calculated for the 45 GWd/t 
burnup, 4% initial enrichment, 5 years cooling time assembly. Figure 5.5 (bottom) 
also depicts an activated emission spectrum with a delayed gamma-ray 
component, for the assembly with the inventory of library #2. The top figure 
shows an overlay of two pairs of passive and activated spectra obtained for the 
assembly inventories from the two libraries. Deficiency in the passive spectrum 
calculated for the inventory of library #1 is clearly visible in the energy region 
between 1.5 and 3.5 MeV. In both activated spectra, the delayed gamma-ray 
response is considerably higher than the passive continuum in the energy range 
above 3 MeV. Therefore, delayed gamma-ray lines can be expected to be a 
dominating feature of the detected spectrum at high energies, with intensities 
proportional to the active source strength, as well as lengths of interrogation and 
detection periods. This observation is consistent with empirical results 
demonstrated in [19], and is illustrated in Figure 5.6. In the experiment performed 
at the Paul Scherrer Institute (Switzerland), a spent nuclear fuel pin was subject to 
neutron irradiation in a zero-power research reactor, with neutron flux estimated at 
4e9 neutrons/(cm"2s"1), and high-resolution spectra collected before and after 
irradiation. A comparison of these spectra demonstrates that the high-energy 
background is driven by activation from the interrogating source and that 
interference from the passive component is negligible.
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SF L ib r a r y  1 : D e la y e d  g a m m a  r e s p o n s e  

SF  L ib r a r y  1 : p a s s i v e  b a c k g r o u n d

—  SF L ib r a r y  2 :  D e la y e d  g a m m a  r e s p o n s e

—  SF L ib r a r y  1 : p a s s i v e  b a c k g r o u n d

—  N u m b e r  o f  d i s c r e t e  l in e s :  1 7 1 6 9

i  i

Lncrgy (MeV)

Figure 5.5. Calculated passive and activated HPGe spectra for the assembly from 
spent nuclear fuel library #1 and #2 with 45 GWd/t burnup, 4% initial enrichment, 
and 5 years cooling time (top). Calculated delayed gamma-ray emission spectrum 
for the same assembly from library #2 (bottom).
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Figure 5.6. Gamma-ray spectra detected from a 36 GWd/t spent nuclear fuel pin 
before (top), and after 15-min irradiation period in a research reactor (both spectra 
are acquired on a zero-dead time HPGe system and are scaled to 6 hours 
acquisition time) [19],

The effects of collimation and attenuation in the detector setup were investigated 
by modeling a response from the same assembly with and without the acquisition 
setup around the detector. Simulations were accomplished for the inventory of 
library #1 for 45 GWd/t burnup, 4% initial enrichment, 5 years cooling time fuel 
assembly submerged in water and interrogated with the moderated 14.1 MeV 
neutron source with an intensity of le l2  n/s. Two series of calculations were 
performed for the same 130% relative efficiency HPGe detector with an assumed
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unconstrained count rate limit: (1) for an unshielded detector 5 cm away from the 
assembly, and (2) for a 1 m-long collimator converging on a front detector face of 
6 cm2. Two lead attenuating filters are used: 5 cm on the fuel side and 1 cm on the 
detector side of the collimator.

Figure 5.7 compares the resulting calculated spectra with partial contributions 
from the primary actinides in the fuel inventory and count rates. For the case of 
the unshielded detector, the total estimated count rate on the detector reaches Be 10 
counts per second. The 661.7 keV peak area is 8.6e9 counts/s, and the 3.577 MeV 
peak area is 1.8e4 counts/s. In the case of the shielded detector, the total 
calculated count rate on the detector is 1.76e6 counts/s, including a passive only 
count rate at 1.32e6 counts/s. The 661.7 keV peak area is 5.46e4 counts/s, the 
3.577 MeV Y-95 delayed gamma-ray peak area is 14 counts/s. Since the modeled 
setup is somewhat different, it was not expected that the simulated data would 
match the approximate estimations obtained in the previous section and shown in 
Table 5.4.
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Total spectrum . Count rate: 8 .0 9 e + l0  cps 
Passive spectrum , Count rate: 8 .07e+ 10  cps 
Pu-239 contribution. Count rate : 1 .45e+07 cps 
U-235 contribution. Count rate: 1 .65e+ 07 cps 
U-238 contribution. Count rate: 2 .80e+ 06  cps 
Pu-24l contribution. Count rate : 3 .5 7 e+ 0 6  cps

Total spectrum . Count rate : l .3 2 e + 0 6  cps 
Passive contribution, Count rate: 1 .32e+ 0b  cps 
Pu-239 contribution. Count rate: 2 .24e+ 03  cps 
U-235 contribution. Count rate : 2 .69e+ 03  cps 
U-238 contribution. Count rate : 3 .85e+ 02  cps 
Pu-241 contribution. Count rate: 6 .18e+ 02  cps

Num ber of d isc re te  lines: 1 6 7 9 7 1

Figure 5.7. Simulated effect of the collimator and attenuating filters on the 
detector response for library #1 assembly with 45 GWD/t, 4 % initial enrichment, 
5 years cooling time. Unshielded detector in the immediate vicinity of the 
assembly (top), slot collimator and 6 cm-thick lead attenuating filters (middle), 
and delayed gamma-ray emission spectrum (bottom).
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The effects of the individual actinides in the spent fuel inventory were 
investigated using a set of assemblies with a simplified isotopic inventory. Figure 
5.8 shows an example of the modeling results obtained for a U 0 2 fuel material 
with 2.5 weight percent of U-235, 2.5 weight percent of Pu-239, and 0.5 weight 
percent of Pu-241. Spectra in this figure were generated to indicate the relative 
strengths of U-235 as compared with Pu-239 (note that the mass of Pu in this 
example is high relative to what would be expected for an end-of-life assembly). 
The calculated total spectrum demonstrates a considerable number of individual 
delayed gamma-ray peaks in the region above 3 MeV. Similar calculations were 
accomplished for a number of cases with inventories of the four actinides varied 
within ranges typical for the spent nuclear fuel. Automated processing of the 
resulting spectra was performed by extracting total and partial peak areas and 
analyzing peak ratios in various combinations.
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T o ta l  s p e c t r u m  

P u - 2 3 9  c o n t r i b u t i o n  

U - 2 3 5  c o n t r i b u t i o n  

U - 2 3 8  c o n t r i b u t i o n  

P u - 2 4 l  c o n t r i b u t i o n

Figure 5.8. Delayed gamma-ray modeling results for the simplified assembly 
inventory.

A detailed analysis of the peaks and individual actinide contributions in these 
spectra demonstrates a high variability in delayed gamma-ray responses between 
the isotopes of U-235 and Pu-239. Although the integrated thermal fission cross- 
section for Pu-239 is higher than the cross-section for U-235, at the same isotopic 
content the delayed gamma-ray response of U-235 is more intense in the energy 
region between 3.5 and 5.5 MeV. This effect is a direct consequence of the higher 
U-235 thermal yields of fission products with 85 < A < 95 (as shown earlier in 
Figures 2.4 and 2.9), dominating this part of the spectrum. As expected, relative 
intensities of the delayed gamma-ray peaks from Pu-239, U-238, and Pu-241 are 
mostly correlated in energy; however, several characteristic peaks for each of 
these isotopes were also identified. An abridged list of the most intense delayed 
gamma-ray peaks predicted in the energy region between 2.5 and 4.5 MeV is
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shown in Table 5.5. An example of a typical automated data processing algorithm 
for the delayed gamma-ray response from Figure 5.8 is shown in Table 5.6. This 
table demonstrates some of the delayed gamma-ray peak areas extracted from the 
total calculated spectrum, along with the peak area fractions observed due to the 
presence of the four primary actinides. The actinide-specific peak area fractions 
were determined as a ratio between peak areas in the separately calculated 
individual and total delayed gamma-ray spectrum. Within the peak fitting 
uncertainty, the fractional contributions add up to the total peak area and directly 
quantify the importance of each actinide isotope in the detected delayed gamma- 
ray signature. The determination of such isotopic contributions to the peaks 
observed in the total spectrum comprises one of the objectives of the delayed 
gamma-ray response analysis discussed in Chapter 6 .

Table 5.5. Selected peaks in simulated delayed gamma-ray spectrum for HPGe 
detector resolution.

Peak
Position,

MeV
Primary contributing delayed gamma-ray emissions

Actinide
response
indicator

2.532 Tc-104 (2.5329), Cs-139 (2.5318) Pu-239

2.545 La-142 (2.5427), Sr-93 (2.5443), Tc-104 (2.5443), 
Te-133 (2.5418), Nb-99m(2.5437) Pu-241

2.570 Rb-89 (2.5701) U-235, U-238
2.608 Tc-104 (2.6085), Cs-139 (2.6057) Pu-241
2.633 Y-95 (2.633), 1-136 (2.6342)
2.640 Cs-138 (2.6396), Nb-99m (2.6413)
2.689 Sr-93 (2.6887)
2.753 Rb-90m (2.7527), Sb-133 (2.755), Br-86 (2.7512) U-238

3.149 Tc-104 (3.1492), Rb-90 (3.1486), Rb-91 (3.1473) Pu-239, Pu- 
241

3.250 Y-95 (3.2502), Cs-140 (3.2491)

3.317 Rb-90m + Rb-90 (3.317), Tc-104 (3.3187), Y-94 
(3.3187), Kr-89 (3.3179) Pu-241, U-238

3.383 Rb-90m + Rb-90 (3.3832) U-238
3.577 Y-95 (3.577)
4.135 Rb-90 (4.1355) U-238
4.365 Rb-90 (4.3659) U-238
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Table 5.6. Script-generated simulated spectrum processing result.

Peak
Position,

MeV

Net area, 
counts/s

Fraction of the peak count rate due to 
actinide-specific response

Sum of the 
fractional 

contributionsPu-239 U-235 U-238 Pu-241
2.177 41.69 ±3.10 0.50 ±0.00 0.41 ±0.00 0.02 ± 0.00 0.09 ±0.00 1.02 ± 0.01
2.196 36.57 ± 1.65 0.36 ±0.01 0.56 ±0.00 0.02 ±0.01 0.06 ± 0.00 1.00 ± 0.01
2.218 37.66 ±2.79 0.51 ±0.00 0.32 ±0.00 0.02 ± 0.00 0.10 ±0.00 0.97 ±0.01
2.253 15.76 ± 1.30 0.46 ±0.01 0.33 ±0.01 0.02 ± 0.00 0.20 ±0.01 1.01 ± 0.02
2.289 7.09 ±0.56 0.41 ±0.05 0.38 ±0.01 0.04 ± 0.00 0.16 ±0.01 0.99 ±0.04
2.392 11.69 ± 1.36 0.36 ±0.01 0.58 ±0.01 0.02 ± 0.00 0.06 ± 0.00 1.02 ± 0.01
2.416 6.59 ±0.21 0.40 ±0.01 0.43 ±0.01 0.04 ±0.01 0.15 ±0.01 1.01 ± 0.02
2.532 3.41 ±0.54 0.51 ±0.03 0.37 ±0.04 0.02 ±0.01 0.12 ±0.01 1.02 ± 0.02
2.545 16.95 ±0.97 0.54 ±0.00 0.39 ±0.01 0.02 ± 0.00 0.09 ±0.00 1.04 ±0.02
2.570 26.29 ±2.19 0.36 ±0.00 0.56 ±0.00 0.03 ±0.01 0.05 ±0.00 1.00 ± 0.00
2.608 7.42 ± 1.36 0.67 ± 0.02 0.21 ±0.01 0.02 ±0.01 0.16 ±0.04 1.05 ±0.03
2.633 27.40 ± 1.35 0.50 ±0.03 0.40 ± 0.00 0.02 ± 0.00 0.09 ±0.00 1.00 ±0.03
2.640 18.53 ± 1.09 0.53 ±0.00 0.34 ±0.01 0.02 ± 0.00 0.11 ±0.00 1.00 ± 0.01
2.689 9.81 ± 1.07 0.45 ±0.01 0.46 ±0.01 0.02 ± 0.00 0.08 ±0.01 1.01 ± 0.02
2.753 8.94 ±0.45 0.46 ±0.01 0.47 ± 0.00 0.01 ±0.00 0.05 ±0.01 1.00 ± 0.01
3.149 5.21 ±0.49 0.67 ±0.01 0.15 ±0.01 0.02 ±0.01 0.16 ±0.01 0.99 ±0.02
3.250 6.77 ± 0.18 0.50 ±0.01 0.41 ±0.00 0.02 ± 0.00 0.08 ±0.00 1.01 ± 0.01
3.317 10.61 ±0.46 0.46 ±0.01 0.48 ±0.00 0.01 ±0.00 0.05 ±0.00 1.01 ± 0.02
3.383 6.91 ±0.19 0.32 ±0.01 0.60 ± 0.00 0.02 ± 0.00 0.06 ± 0.00 1.00 ± 0.01
3.577 36.50 ±0.68 0.51 ±0.00 0.40 ± 0.00 0.02 ± 0.00 0.08 ±0.00 1.01 ± 0.00
4.135 6.13 ±0.04 0.30 ±0.00 0.62 ± 0.00 0.02 ± 0.00 0.05 ±0.01 1.00 ± 0.01
4.365 6.29 ±0.25 0.30 ±0.02 0.61 ±0.01 0.02 ± 0.00 0.05 ±0.01 0.99 ±0.03

As a part of the preliminary setup optimization studies, delayed gamma-ray 
modeling technique capabilities were used to investigate the spatial dependence of 
the response from a spent fuel assembly. Calculations of the delayed gamma-ray 
response were performed for the assembly with the inventory of spent fuel library 
#2 for 45 GWd/t burnup, 4% initial enrichment, and 5 years cooling time. An 
integrated delayed gamma-ray count rate in the energy region between 3 and 4.5 
MeV was obtained for various zones of pins identified in the assembly lattice. 
Spatial contributions were then expressed as a percent fraction to the total
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integrated delayed gamma-ray response count rate in the same energy region 
obtained from the whole assembly.

Figure 5.9 (top) shows spatial contributions to the total detected delayed gamma- 
ray count rate from rows of pins in the 1 7 x 1 7  assembly lattice located relative to 
the location in front of the slot collimator. Approximately 64% of the integrated 
count rate between 3 and 4.5 MeV originates in the four rows of pins closest to the 
collimator. This is explained by the higher geometrical efficiency of the detector 
to the outer pins and smaller self-attenuation of the delayed gamma-ray signal in 
the fuel material. The bottom part of the figure demonstrates corresponding 
delayed gamma-ray spectra calculated for this case.
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Figure 5.9. Spatial contributions to the integrated delayed gamma-ray response 
between 3 and 4.5 MeV from the assembly pin rows (top). Corresponding delayed 
gamma-ray spectra (bottom).



S e c t i o n  5 . 4  M o d e l i n g  R e s u l t s 101

Figure 5.10 (top) shows a similar estimation of spatial contributions calculated for 
the quadrants identified in the 17 x 17 assembly lattice. The quadrant that is 
closest to the neutron generator and the detector collimator contributes 
approximately 60% of the integrated delayed gamma-ray response count rate 
between 3 and 4.5 MeV. This effect results from a higher geometric efficiency to 
the pins in this quadrant, both for the detector and the interrogating neutron 
source. Corresponding delayed gamma-ray spectra can be seen at the bottom of 
the figure.
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Figure 5.10. Spatial contributions to the integrated delayed gamma-ray response 
between 3 and 4.5 MeV from the assembly quadrants (top). Corresponding 
delayed gamma-ray spectra (bottom).

The effect of the spatial non-uniformity of the delayed gamma-ray response 
during spent nuclear fuel assembly interrogation should be considered in the 
further optimization studies of the assay setup. In real spent fuel assemblies,
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isotopic concentrations vary considerably in axial and planar directions because of 
the asymmetric burnup during the reactor irradiation. The delayed gamma-ray 
instrument can be sensitive to these distributions, and therefore assay results can 
be different for the same assembly depending on its position relative to the 
irradiating source and the detector. Optimally, the efficiency of both source and 
detector coupling with the assembly should be increased to assay more pins in a 
single measurement. The simplest solution would be to introduce a second 
detector system on the side of the assembly opposite to the existing collimator. In 
this case, a combined signal from the two detector systems would provide a more 
uniform signal from the assembly, although pins in the center would still 
experience considerable shielding and signal attenuation. This could be partially 
addressed by bringing the interrogating source closer to the assembly side, and 
achieving higher neutron fluxes in the center pins. The combined effect of such 
modifications is still unclear, and the limits of the assay setup optimization will 
need to be the subject of further research.

As a part of the preliminary analysis of the delayed gamma-ray instrument, the 
ability to detect partial defects such as missing or replaced pins was investigated. 
One of the assumed scenarios considered substituting 24 pins from different 
locations in the 1 7 x 1 7  assembly lattice (center, mid-section, periphery) with pins 
containing depleted uranium consisting of 0.2 wt.% U-235. Delayed gamma-ray 
response modeling was performed for the assembly inventory from spent fuel 
library #2 with 45 GWd/t burnup, 4% initial enrichment, and 5 years cooling time. 
The results of the diversion simulations for the three cases is shown in Figure 5.11 
indicating the diversion layout and the integrated delayed gamma-ray signal count 
rate between 3 and 4.5 MeV as a percent of the signal in the case of the original 
assembly.



S e c t i o n  5 . 4  M o d e l i n g  R e s u l t s 1 0 3

99 ± 4% 98 ± 4% 92 ± 4%

Figure 5.11. 24-pin diversion case layouts and change in the integrated delayed 
gamma-ray count rate between 3 and 4.5 MeV compared to the original assembly.

In the delayed gamma-ray assay, replacing a spent fuel pin with depleted uranium 
reduces the amount of fissile isotopes, and proportionally the magnitude of the 
activated signal. However, this effect is not linearly reflected in the detected 
response because of the non-linear spatial sensitivity of the assay setup discussed 
previously. In the present configuration of the instrument, only diversion from the 
pin rows closest to the detector can be determined with high confidence. 
Presently, the IAEA establishes the detection limit for partial defects as “at least 
half of the pins replaced or missing from the assembly” [5], Despite this high 
level, the sensitivity to smaller diversions will become an important criterion in 
the further investigation of the delayed gamma-ray assay system.
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Chapter 6

Delayed Gamma-Ray Response Analysis

6.1 Preliminary Considerations

As long as the delayed gamma-ray signatures can be confidently isolated and 
extracted under real assay conditions, multiple options for qualitative and 
quantitative analysis become available. The applicability of some techniques has 
been already demonstrated in the literature for simple materials and setups, and it 
is highly probable that similar principles can be successfully applied to spent 
nuclear fuel interrogation. By utilizing the four-step modeling algorithm capability 
to predict individual isotopic contributions to the detected peaks and energy 
regions of interest, a rigorous analysis approach can also be developed. Published 
experimental results and assay simulations performed for the NGSI spent fuel 
library demonstrate the ability of the delayed gamma-ray instrument to determine 
the total fissile content, fission rate, and both the relative and absolute fissile 
material quantities. The response analysis options that are discussed further in this 
chapter share the same inherent features of the delayed gamma-ray assay:

Direct signatures. Analysis relies on actinide-specific fission fragment 
responses and does not require additional sample-specific inputs or 
previously defined parameter-space functions. As a result, high levels of 
precision are approached in some demonstration experiments.

- Rigorous analysis. All data manipulations, including the detected spectrum 
interpretation and subsequent computations, follow an exact calculation 
scheme that can be easily automated, without the need for manual control 
or input.
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Simple calibration. Only a few calibration measurements are required, 
primarily to experimentally determine the efficiency of the detector setup.

No background measurement. For measurements of the relative sample 
characteristics, or in the event that the delayed gamma-ray energies of 
interest he above interferences from the sample radioactivity, no pre-assay 
measurements are necessary. From the analysis of the passive spectra, no 
strong background peaks are expected above approximately 2 MeV. The 
background count rate decreases considerably for the assemblies with 
extended cooling time.

The analysis technique appropriate for the spent nuclear fuel assay that would 
account for the signal contributions of four isotopes: U-235, Pu-239, U-238, and 
Pu-241 is still being developed and only the initial findings are included in this 
chapter.

6.2 Total Fission Rate Methods

A simple and effective approach to total fissile content determination using the 
delayed gamma-ray assay can be derived from the discussion presented in [16], 
The method is based on integrating the total number of photon counts in a wide 
high-energy interval, regardless of whether the events represent full or partial 
energy deposition. As demonstrated by the authors, because of the high density of 
the delayed gamma-ray lines in the detected spectra, a practical system based on 
this method does not require high-resolution detectors. The rate of delayed 
gamma-ray decay after interrogation is proposed as one of the assay signatures. 
Although the research presented in [16] was primarily qualitative, this method can 
be more quantitative and can be further extended to account for the contributions 
from several fissile isotopes and provide an accurate estimate of the total fissile 
content in spent fuel assemblies.
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For this purpose the delayed gamma-ray assay response can be treated in a manner 
similar to the signals from the gross-counting neutron and photon detectors. The 
integrated photon counts collected in high-energy regions of the detected spectrum 
serve as a proportional signature of a total fissile rate in the assembly. In general, 
width and position of the energy region for the photon spectrum integration can be 
selected arbitrarily as long as they do not include the passive background 
interferences that obstruct the delayed gamma-ray signal.

The application of this response analysis approach was illustrated using the 
delayed gamma-ray response modeling technique and 11 assemblies from spent 
fuel library #1 with the total isotopic content of primary actinides shown in Table 
6.1. Figure 6.1 depicts the numerical estimations of the gross delayed gamma-ray 
count rate between 3 and 4.5 MeV that was obtained by integrating the areas 
under each spectrum. Solid lines in this figure connect the count rate results 
obtained for assemblies with the same burnup, and varying initial enrichments. 
Individual contributions of the actinides to the total signal are shown in Table 6.2. 
The visible response distribution pattern, as well as its dynamic range is very 
similar to ones observed in other passive and active spent fuel assay instruments 
that are based on gross counts of the neutron or photon signatures. Although 
sensitivity to the fissile content is clearly demonstrated, there is no unique 
signature characterizing each individual inventory. Because of the non-linearity in 
the delayed gamma-ray response of the actinides, the same integrated counts value 
can correspond to a variety of inventories, depending on the relative 
concentrations of the contributing isotopes. This type of analysis is not self- 
sufficient and cannot be used without the preliminary knowledge of the assembly 
parameters, such as exact burnup and initial enrichment.
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Table 6.1. Primary actinide content of the 11 spent fuel library #1 assemblies.

Assembly Parameters Total isotope mass in the assembly, g

Burnup,
GWd/t

Initial
enrichment,

%

Cooling
time,
years

U-235 Pu-239 Pu-241 U-238

15 2 5 4,119.56 2,027.34 248.12 456,883
15 3 5 7,811.45 2,063.18 195.79 453,098
15 4 5 11,916.10 2,069.80 157.31 448,942
15 5 5 16,222.40 2,061.53 130.18 444,601
30 2 5 1,726.49 2,353.69 504.77 452,565
30 3 5 4,049.20 2,524.61 474.35 449,731
30 4 5 7,150.39 2,686.30 438.27 446,241
30 5 5 10,730.60 2,811.35 400.88 442,372
45 4 5 3,936.25 2,817.03 632.38 442,946
45 5 5 6,633.46 3,032.25 620.48 439,638
60 5 5 3,871.73 3,126.66 802.34 435,527
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400
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200
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Figure 6.1. Integrated delayed gamma-ray count rates between 3.0 and 4.5 MeV 
for the 11 spent fuel library #1 assemblies.
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Table 6.2. Isotope-specific contributions to the integrated delayed gamma-ray 
count rate between 3.0 and 4.5 MeV for the 11 spent fuel library #1 assemblies.

Library #1 
assembly

Count rate contribution, %
U-235 Pu-239 Pu-241 U-238

15Gwd/t, 2%, Syr. 62 ± 6 29 ± 4 4 ± 1 6 ± 2
15Gwd/t, 3%, Syr. 73 ± 6 19 ± 3 2 ± 1 6 ± 2
15Gwd/t, 4%, Syr. 82 ± 7 14 ±3 1 ± 1 4 ± 1
15Gwd/t, 5%, Syr. 86 ± 7 11 ± 2 1 ± 1 3 ± 1
30Gwd/t, 2%, Syr. 35 ± 4 44 ± 5 10 ± 3 11 ±3
30Gwd/t, 3%, Syr. 56 ± 6 34 ± 4 4 ± 1 5 ± 1
30Gwd/t, 4%, Syr. 67 ± 7 24 ± 4 4 ± 1 6 ± 2
30Gwd/t, 5%, Syr. 74 ± 7 19 ± 3 3 ± 1 4 ± 1
45Gwd/t, 4%, Syr. 50 ± 5 35 ± 4 8 ± 2 7 ± 2
45Gwd/t, 5%, Syr. 62 ± 6 28 ±5 6 ± 2 5 ± 1
60Gwd/t, 5%, Syr. 48 ± 5 38 ± 4 8 ± 2 7 ± 2

Determining the total fission rate of spent fuel assemblies does not result in 
quantification of the fissile isotopic content. However, it is still a valuable 
characteristic of the assay response. It can be used as an additional signature to 
verily the declared fuel characteristics, and can be related to the total fissile 
content by means of calibration. While measurements of the integrated counts can 
be performed with relative ease and do not require an elaborate setup, this method 
does not take advantage of the information contained in the complex structure of 
the delayed gamma-ray response spectra.

Recently, a more robust fission rate measurement approach was experimentally 
demonstrated for the spent nuclear fuel pins in the already mentioned experiment 
at the Paul Scherrer Institute [19], Here, fuel pins were irradiated in a reactor, and 
individual high-resolution delayed gamma-ray lines were analyzed to determine 
the total residual fission rate of the fresh and spent nuclear fuel. The fission rate 
during irradiation is derived from the net area of each measured peak by
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accounting for the individual contributions from the fission product gamma-ray 
lines and temporal isotopic transmutations during the assay:

factor for the fission product generation during interrogation and subsequent 
decay. The authors consider several high-energy delayed gamma-ray peaks and 
associated physical data required for the analysis, and obtain relative fission rate 
values with uncertainties of approximately a few percent. It can be assumed that a 
similar technique can be applied in the delayed gamma-ray interrogation of spent 
fuel assemblies. Further research is required to investigate the accuracy limits of 
this method in the realistic assay scenarios.

6.3 Individual Isotopic Content Method

Analyzing the individual structures in the delayed-gamma-ray spectra offers a 
more powerful way to determine spent fuel characteristics. Previously published 
research demonstrates several approaches to quantitative analysis of the fissile 
material isotopic content by means of the delayed gamma-ray assay. In an early 
work [17], authors applied principles of activation analysis for delayed gamma- 
ray measurements of uranium enrichment. This method relied on the so-called 
“internal standard” present in the sample with a known or constant concentration, 
in order to perform a flux-independent assay of fissile components. Under thermal 
neutron interrogation, uranium enrichment is given by ratios of U-235 fission 
product peak areas to the U-238 (n,gamma) Np-239 activation peak area, which is 
proportional to the uranium atoms ratio in the sample. Experimental results 
demonstrate a high dynamic range and sensitivity of this method and achieve a 
precision level of approximately 0.6% in the uranium isotopes ratio range of 
20 < (U-238/U-235) < 200, using readily available laboratory equipment. The

Fission Rate N,
(6 .1)

where Nnet is the net peak area, o(A;/) is the energy-dependent efficiency of the 

detector setup, b(E ) is the intensity of the gamma-ray line, and C is a correction
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authors concluded that the precision of the method precision was limited primarily 
by counting statistics and peak integration errors. However, it is not yet clear 
whether a variation of this technique can be applied to the spent nuclear fuel 
assay. Since the U-238 activation lines are located in the low-energy part of the 
spectrum and overwhelmed by passive background radioactivity, appropriate 
high-energy “standard” lines have to be identified.

Experimental application of the high-precision delayed gamma-ray analysis is also 
demonstrated in a series of publications [14,15,64,65] dedicated to the 
characterization of waste packages. A similar approach is taken in [18] to achieve 
Homeland Security and forensics objectives. Both research groups consider 
separation of the delayed gamma-ray responses in the two-component U-235 and 
Pu-239 systems, and concentrate on analyzing the peak ratio in the low-energy 
range. Performed under regular laboratory conditions for a variety of complex 
samples, these experiments demonstrate delayed gamma-ray interrogation as a 
rigorous assay instrument.

A more practical isotopic analysis based on the delayed gamma-ray peak ratios 
was developed in [20], This experimental research focused on 2-component U- 
235 and Pu-239 systems to develop assay principles that can potentially be 
extrapolated to more complicated cases such as spent nuclear fuel. The assay 
method involves preliminary measurements of the calibration samples containing 
a single fissile isotope in the assay configuration. Multiple delayed gamma-ray 
peak ratios characteristic for the particular fissile isotope can be obtained from 
these measurements. When a sample containing two components is assayed and 
corresponding peak ratios are determined, the weighting functions for each fissile 
isotope in the sample can be obtained from a simple “lever” rule:

•100% ,  (6 .2)
y

where rmeas is the measured peak ratio for a two-component system, rPu and rv are

the same peak ratios for the pure sample. This method offers the most 
straightforward experimental approach to the delayed gamma-ray assay and was

W =,v Pu 1 - rmeas ~ rPu
Y' Pu~ru

f

•100% and WTT = 1 - rmeas ~ru
Y' Pu ~ru
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further investigated in application to spent nuclear fuel assemblies. Under real 
assay conditions, an additional calibration measurement may be required for each 
of the primary fissile isotopes in the assay-specific configuration. The analysis is 
compatible with the four-step modeling algorithm which allows for the calculation 
of fissile isotope-specific contributions to the delayed gamma-ray peaks.

Although various existing practical applications of the delayed gamma-ray 
interrogation were considered in the literature, none of them can be readily 
adopted for the quantitative assay of spent nuclear fuel. In the realistic assay 
conditions, the complexity of the analysis arises primarily from the following 
factors:

A combination of contributions from several actinides to the delayed 
gamma-ray response has to be considered: U-235, U-238, Pu-239, and Pu- 
241.

An intense passive background below the threshold of approximately 3 
MeV requires a response analysis to be performed for high-energy delayed 
gamma-ray lines, about which little is known from previous research.

The complex configuration of the spent nuclear fuel assembly and the 
assay setup make it difficult to account for the detector efficiency and self
attenuation of the delayed gamma-ray response in the system.

Quantitative assay requires high precision in determining the contribution 
of the partial delayed gamma-ray lines to the detected peak areas.

Despite the generalized formulations, the effects of these factors can be 
reproduced in the modeling algorithm to the accuracy of the physical data 
libraries. As a result, a more precise analysis technique can be developed.
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6.3.1 Derivation of the Exact Delayed Gamma-Ray Peak Ratio 
Expression

In order to further investigate the theoretical limits of the delayed gamma-ray 
analysis, an exact expression for quantifying the delayed gamma-ray response can 
be derived. By analyzing the parameters of the resulting equation, it is possible to 
characterize the combination of the physical library data inputs, information 
specific to the experimental setup, and the assumptions required to achieve 
various precision levels in the analysis.

Assume a standard case of the “long” interrogation time mode, when the delayed 
gamma-ray line of interest is emitted by an isotope that is directly produced in 
fission events and/or has short-lived precursors. Then, the rate of isotope 
production under neutron interrogation of a sample with several fissile nuclides 
can be calculated as:

Rfp = <j> ■ N Av • Y , f ,  ' yi~7~ ’ (6.3)
i V A i J

where </> is the interrogating neutron flux in the sample (n/cm2-s), NAv is the 

Avogadro number (at./mol), / is the index of the actinide that undergoes fission 
with the following parameters: a f  is the microscopic fission cross-section (cm2),

yt is the summary (cumulative) yield of the fission product, mi is the mass of the

actinide (g), and 4  is the atomic mass of the actinide (g/mol). The summary

yields in this expression include direct isotope yields in fission along with yields 
of short-lived precursors present in equilibrium with the isotope during 
interrogation.

Then, the total amount of fission product atoms produced during interrogation 
time tt is:
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Np  CXp(~ A ‘ tl ^  <6 -4 )

where A is the isotope decay constant. The number of isotope atoms at the end of 
the cooling period tc is:

N c = N p -evp{-A-tc\  (6.5)

and the number of decays during the delayed gamma-ray acquisition period tdet is:

N d = N c -( l -  exp(- A • /dcl)). (6.6)

The total number of decays is expressed as:

Nd = ~ t ' ^ ~  exp^  k e x p (™ k ' ^ M 1"  exp(™ k  • fict)) (6.7)

Then, the general expression for the corresponding peak area (intensity) in the 
delayed gamma-ray spectrum, assuming the only contributing gamma-ray is:

I  = s ■ B.R. ■ N d, (6.8)

where s  is the detector efficiency to the gamma-ray line, and B.R. is the 
branching ratio for the line emission in the isotope decay. In the event that several 
significant gamma-rays are included in the peak, the total area is expressed as a 
sum of these contributions.

Assume now a simplified case when the signature gamma-ray peak “A” is formed 
by the emission of gamma-ray from fission product isotope that is produced in 
fissions from two actinides present in the system:

Actinide ll
M n, f )  —» FP isotope A —» gamma peak A .

Actinide 2
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From the experiment, the rate of isotope A production during interrogation is 
calculated as:

R a = -
L L

■R R t • -^ • ( l-e x p (-A l • z,)) • exp(- At -fc)-{\- exp(- A, • Zdet)) e* ' B R >' & (/)
A

(6 .8)

where (Z) = - J - • (l- exp(-A , • Z,))• exp(-A, -z j-(l-ex p (-A , • Zdcl)).
A

The same production rate can be found through the fission reaction rates in both 
actinides:

Ra = </>-Na
f  mx m2 ^
°>,i ■ y  l-4 "7"+ ° f ,  2 • —

A  2 y
(6.9)

The mass of each actinide can be expressed as:

4
° " / , l  ' Tl.A

4
°"/,2 ' T2U

f 4 ______   v Oh}
4  A' ... f '2 y2'A A.\ T  Av

f
R A

, , ,  ^ / . i " Tm .

2 7 
A

(6 .10)

(6 .11)
1 7

In order to perform the exact actinide mass calculation, assume a delayed gamma- 
ray peak from another fission product “5 ” in the same spectrum. Then, the mass 
of the second actinide expressed for this peak is:

tL

°"/,2 ' T21,
R B

,  °/,i ’ Ti.s .

\<P-n Av a
(6 .12)

1 7

Substituting this equation in the above expression (6.10) for the first actinide mass 
results in the following exact solution:
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m A  f  Ra ° f ,2 - y 2,A a 2 f  r b

° " / , l  " y \ , A  J - N Av A  ° " / ,2  " JT l.S  V ^  " N A v

\ \
1 . (6.13J J  )

After rearranging:

m A  ' y  2,B R -B  ' y i , A

<!>-N AV - ° f , i  U m  -y-KB - y i , A -yi,B y
(6.14)

and similarly,

A  Ra ' A . s  Rb ' y\,A 

$ • • ct/,2 • a ,b  -  y hA • y 2,B y
(6.15)

These equations can be solved to exactly calculate the mass of each actinide.

For the real assay setup, estimations of the interrogating neutron flux can be 
obtained by means of transport code simulations. However, it is preferable to 
avoid such ambiguity in the analysis and to instead calculate the relative actinide 
content:

In these final expressions, mi is the mass of an actinide in the interrogated 

material, Ai is the actinide atomic mass, <t / ;  is the actinide fission cross-section,

mi _ A ' ^ f , \  Ra ' y 2,B Rb ' y 2,A 

m2 A  ' ° " / , 2  v Ra ' T l .S  _  Rb ' y\,A y
(6.16)

The values of R, and RB are determined from the detected peak areas:
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yiX is the actinide individual fission product yield, Ix  is the detected peak area of

a delayed gamma-ray, sx  is the detection efficiency of the gamma-ray, B.R.X is 
the branching ratio of the gamma-ray emission in the decay of the fission product, 
and f x (t) is the production and decay function of the fission product.

Following the same principles, this analysis can be expanded for three or more 
actinide contributions and for several individual delayed gamma-ray emissions 
contributing to the same peak area. Approximate parameter values can be obtained 
from the physical data libraries, and detected peak contributors can be found by 
applying the 4-step modeling technique. The detector setup efficiencies can be 
determined experimentally by using calibration targets fabricated from the fresh 
fuel material. The first approximation calculation requires an assumed value for 
the energy-integrated fission cross-section of each actinide that can be estimated 
using transport code calculations or from the literature with the thermal 
interrogating neutron flux assumption. The precision of these generalized 
calculations will be limited primarily by the statistical uncertainty in determining 
the detected peak areas. This calculation can be effectively used in conjunction 
with the purely empirical weighting functions method discussed previously.

The expression (6.16) demonstrates the rigorous nature of the delayed gamma-ray 
assay and that the spent fuel fissile content inventory values can be extracted from 
the response obtained in a single independent measurement. However, under real 
assay conditions, most of the contributing parameters will remain unknown or will 
be individual to the setup configuration. Application of this method will require 
setup-specific calibration measurements and more powerful techniques for the 
deconvolution of the delayed gamma-ray response.

6.3.2 Analysis of Delayed Gamma-Ray Peak Ratios

The isotope-specific information contained in the delayed gamma-ray spectra can 
be illustrated by comparing the calculated delayed gamma-ray spectra for pure U- 
235 and Pu-239 samples. This basic activation experiment simulation was
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performed for a 15-minute thermal neutron interrogation, followed by a 1-minute 
cool-down interval, and a 15-minute detection period. The interrogation setup 
assumed a 25 cm standoff distance for a 3x2 in. coaxial HPGe detector with 
known energy and resolution calibration parameters. For the simulation results 
depicted in Figure 6.2, count rate limits for both detector types were disregarded, 
and response spectra were normalized to the amount of actinide present in each 
interrogated sample. The bottom part of this figure provides a close-up of four 
arbitrarily selected peaks with an apparent sensitivity to a specific fissile isotope.
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0
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100
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Peek cen tro id  e n e rg y  (MeV)

Figure 6.2. Delayed gamma-ray response spectra calculated for pure U-235 and 
Pu-239 samples in a simplified setup (top). Arbitrarily selected peaks with an 
apparent sensitivity to each isotope (bottom).
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The area ratios of the four selected peaks change as a monotonic function with the 
isotopic composition of a binary system of the two isotopes and can serve as a 
direct measure of the relative U-235/Pu-239 content in a mixed sample. Figure 6.3 
demonstrates the dynamic range of four calculated peak area ratios for various 
isotopic mixtures. In this figure and later in the text, the extracted peak areas are 
identified by the energy of each peak centroid. The areas of the delayed gamma- 
ray peaks and associated errors were obtained from the calculated delayed 
gamma-ray response spectra for each mixture using a specifically written post
processing code.

20
3.6249/3.1495
3.6249/3.7149
4.1356/3.1495
4.1356/3.7149

a 10

100% 7 5 % 5 0 %
U - 2 3 5  c o n t e n t  in  U -P u  m i x t u r e

2 5 % 0%

Figure 6.3. Calculated delayed gamma-ray peak area ratios for U-235/Pu-239 
mixtures in the simplified setup.

The same effect of composition-specific delayed gamma-ray peak ratios was 
observed for the more complicated case of delayed gamma-ray spectra calculated 
for 17 x 17 assemblies from spent nuclear fuel library #1 with the parameters 
outlined in Table 6.1. These simulations were performed for the same assay 
instrument configuration and parameters as described in Section 5.4. A subset of 
peak ratios for the assemblies with various burnup, 5% initial enrichment, and 5 
years cooling time is shown in Figure 6.4. Table 6.3 illustrates the relative fissile 
isotopic composition for these assemblies. The non-linear response in the case of
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these assemblies is affected by the change in the Pu-241 content, while the 
variation in U-238 content is almost negligible.
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A s s e m b l y  b u r n u p

Figure 6.4. Ratios of four arbitrary peak areas extracted from the delayed gamma- 
ray spectra for spent fuel library #1 assemblies with various burnup, 5% initial 
enrichment, and 5 years cooling time.

Table 6.3. The relative composition of fissile isotopes for the assemblies from 
Figure 6.4.

Assembly
Fissile content composition

U-235 Pu-239 Pu-241
15 GWd/t 88% 11% 1%
30 GWd/t 77% 20% 3%
45 GWd/t 64% 29% 6%
60 GWd/t 50% 40% 10%

To investigate the potential of this analysis approach, the above peak ratios were 
determined for the whole set of 11 spent fuel library assemblies from Table 6.1. 
Individual peak areas were determined using a post-processing code from the total 
delayed gamma-ray response spectra calculated for the same setup configuration
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as described in Section 5.4. Table 6.4 lists peak area ratios determined for 11 
assemblies with 5 year cooling time and varying initial enrichment and burnup. 
The peak ratios from Table 6.4 are depicted in Figure 6.5, illustrating the response 
variability with the fuel inventory as represented by the assembly parameters. 
From this figure, it can be concluded that each assembly is characterized by a 
unique combination of peak ratios. Therefore, a simple empirical weight functions 
method can theoretically be applied for determining the relative composition of 
fissile isotopes. Such analysis can be performed by initially calculating the peak 
ratios from the individual actinide spectra, and then comparing these values to the 
same peak ratios obtained from the full inventory response. Multiple peak regions 
can be used to increase the accuracy of the delayed gamma-ray spectra 
deconvolution, however it still remains unclear whether a sufficiently high 
specificity can ultimately be obtained. Otherwise, the overall precision of this 
method is limited primarily by the statistical uncertainty in determining the 
detected peak areas.

Table 6.4. Delayed gamma-ray peak area ratios for 11 library #1 fuel assemblies.

Library #1 Peak ratios
assembly 3.509/2.609 $.509/3.150 $.251/2.609 3.251/3.150

15 Gwd/t, 2%, Syr. 0.430 ± 0 119 0 688 ± 0.192 0 857 ± 0 192 1.371 ± 0 311
15 Gwd/t, 3%, Syr. 0.825 ± 0 059 1 280 ± 0.098 1 145 ± 0 140 1.776 ± 0 222
15 Gwd/t, 4%, Syr. 1.007 ± 0 067 1 607 ± 0.116 1 793 ± 0 055 2.860 ± 0 122
15 Gwd/t, 5%, Syr. 1.147 ± 0 072 1 835 ± 0.112 2 299 ± 0 119 3.678 ± 0 181
30Gwd/t, 2%, Syr. 0.385 ± 0 057 0 581 ± 0.113 0 895 ± 0 063 1.351 ± 0 196
30Gwd/t, 3%, Syr. 0.521 ± 0 050 0 767 ± 0.080 1 098 ± 0 057 1.617 ± 0 108
30Gwd/t, 4%, Syr. 0.685 ± 0 037 1 033 ± 0.071 0 976 ± 0 127 1.473 ± 0 201
30Gwd/t, 5%, Syr. 0.820 ± 0 049 1 282 ± 0.081 1 552 ± 0 041 2.428 ± 0 079
4 5 Gwd/t, 4%, Syr. 0.491 ± 0 089 0 708 ± 0.129 1 063 ± 0 047 1.532 ± 0 074
4 5 Gwd/t, 5%, Syr. 0.606 ± 0 053 0 908 ± 0.082 1 214 ± 0 034 1.821 ± 0 065
60Gwd/t, 5%, Syr. 0.432 ± 0 044 0 667 ± 0.068 0 967 ± 0 056 1.492 ± 0 091
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Figure 6.5. Calculated arbitrary peak ratios for 11 spent fuel library #1 assemblies.

6.3.3 Numerical Approach to the Response Analysis

Peak area ratios shown in Figure 6.5 were obtained from the delayed gamma-ray 
spectra calculated for 11 assemblies from spent fuel library #1. Figure 6.6 
provides an example of a high-energy region of the response spectrum obtained 
for a fuel assembly with 45 GWd/t burnup, 4% initial enrichment, 5 years cooling 
time. The top spectrum in this figure is obtained for a HPGe detector resolution 
and demonstrates a number of isolated peaks that can be used in the peak area 
ratio analysis method. The middle spectrum was obtained for the LaBr3 detector 
resolution with crystal dimensions and calibration parameters reported in [56], 
Each spectrum shows individual isotopic contributions to the total delayed 
gamma-ray response from the primary actinides. Although the HPGe detector 
provides spectra with more resolved prompt and delayed gamma-ray lines, the 
resolution of the LaBr3 detector is sufficient to observe several high-energy peaks 
and integrated continuum effects with apparent sensitivity to the isotopic content 
of the assayed fuel assembly. Analysis of individual isotopic contributions to the 
total response in HPGe and LaBr3 spectra indicates that isotope-specific delayed
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gamma-ray signatures are not limited to the isolated delayed gamma-ray peaks, 
but can also be observed in the continuum. For example, U-235 and Pu-239 
produce approximately equal count rates in the energy region between 3.0 and 3.5 
MeV (when normalized to the same concentration). However, above 4.0 MeV, the 
count rate is dominated by U-235 delayed gamma-ray emissions. The increased 
response in the upper energy region of the spectrum is explained by the emission 
lines of fission products with A around 90 that have higher yields for U-235. A 
similar effect of variable continuum contributions was observed for the isotopes of 
U-238 and Pu-241.
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Figure 6.6. A high-energy region of the delayed gamma-ray spectrum calculated for the assembly from library #1 
with 45 GWd/t burnup, 4% initial enrichment, and 5 years cooling time. High-purity germanium detector 
spectrum (top). LaBr3 detector (middle). Delayed gamma-ray emission spectrum in the fuel (bottom).
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Accounting for the full variety of information contained in the delayed gamma-ray 
spectra can drastically improve the accuracy of the method and reduce the effect 
of statistical uncertainties. A preliminary study of the numerical spectrum 
deconvolution technique based on the orthogonal distance regression for linear 
combination of basis spectra has already proved promising. This method relies on 
obtaining individual setup-specific delayed gamma-ray spectra for each of the four 
primary actinide isotopes. The delayed gamma-ray response spectrum obtained in 
the assay is then treated as a linear combination of the four contributing spectra 
according to the following expression:

Response Spectrum = A  -U235  + B -Pu239  + C • t/2 3 8  + D  ■ Pm241, (6 .17)

where A, B, C, and D are the fitting parameters. By performing a fit of the isotope- 
specific spectra to the measured total response spectrum of the unknown sample, a 
contribution of each isotope corresponding to its relative composition in the 
mixture can be obtained.

A modeling study with simplified assay geometry has been performed to 
investigate the feasibility of such numerical fitting. A basic activation experiment 
model considered the interrogation of oxide actinide samples with a thermal 
neutron source. Actinide composition consisted of four isotopes (U-235, Pu-239, 
U-238, and Pu-241) with concentrations similar to spent nuclear fuel. Delayed 
gamma-ray spectra collection from these samples was simulated for consecutive 
15-minute interrogation and detection time periods separated by a 1 minute cool
down interval. The interrogation setup assumed a 25 cm standoff distance for 3x2 
in. coaxial HPGe and LaBr3 detectors with known energy and resolution 
calibration parameters. Simulations were performed for three cases of the assayed 
material compositions. One of the cases was used to extract isotope-specific 
calibration spectra specific for each detector. These calibration spectra were then 
used to fit the total delayed gamma-ray response spectra obtained in the other two 
cases using the Levenberg-Marquardt orthogonal distance regression routine 
[66,67], The fitting procedure was used to determine the fissile isotopes 
composition of the interrogated samples normalized relative to the U-235 content 
according to the expression:
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Fissile Composition = C/235 + Cx ■ Pu239 + C2 ■ Pu241, (6.18)

where Cj and C2 are the isotope concentrations relative to U-235 content.

The deconvolution algorithm results are illustrated in Table 6.5 for two cases with 
different isotopic compositions of the assayed material and five scenarios 
developed for various interpretations of the delayed gamma-ray response spectra. 
The first scenario considered fitting the calibration and response spectra in the 
energy region between 3.0 and 5.0 MeV which was obtained with ideal resolution,
i.e. without detector broadening effects. In the second and third scenarios, fitting 
of the same spectral regions was performed for HPGe and LaBr3 detector 
resolutions. The fourth scenario considered fitting of the arrays containing peak 
areas extracted from the response and calibration spectra. The fifth scenario 
involved regions of spectra identified around the most intense peaks in the HPGe 
resolution. Results in this table provide a preliminary indication of the fitting 
technique’s applicability for determining the relative composition of isotopes 
contributing to the delayed gamma-ray assay response. However, the accuracy of 
the fit decreases with the coarser resolution of the delayed gamma-ray spectra 
calculated for the LaBr3 detector. Other potential limitations of this method have 
to be further investigated.
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Table 6.5. Delayed gamma-ray response deconvolution results using the 
Orthogonal Distance Regression Method for simplified modeling cases.

Case 1 actinide composition: 5% U-235, 3% Pu-239, 2% Pu-241, 90% U-238
Real fissile isotopes ratio 1 : 0.6 : 0.4
Response deconvolution results
Scenario 1. Ideal resolution 1.0 : 0.592 (±0.003) 0.410 (±0.002)
Scenario 2. HPGe resolution 1.0 : 0.603 (±0.004) 0.399 (±0.003)
Scenario 3. LaBr3 resolution 1.0 : 0.687 (±0.017) 0.350 (±0.013)
Scenario 4. Peak areas 1.0 : 0.606 (±0.017) 0.407 (±0.013)
Scenario 5. Peak regions 1.0 : 0.606 (±0.016) 0.405 (±0.012)

Case 2 actinide composition: 1% U-235, 3% Pu-239,1% Pu-241, 95% U-238
Real fissile isotopes ratio 1 : 3 : 1
Response deconvolution results
Scenario 1. Ideal resolution 1.0 : 2.995 (±0.018) 0.994 (±0.009)
Scenario 2. HPGe resolution 1.0 : 2.896 (±0.024) 0.999 (±0.012)
Scenario 3. LaBr3 resolution 1.0 : 2.721 (±0.078) 1.067 (±0.042)
Scenario 4. Peak areas 1.0 : 3.093 (±0.102) 0.980 (±0.046)
Scenario 5. Peak regions 1.0 : 3.115 (±0.103) 0.983 (±0.046)
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Conclusions and Outlook

High-energy delayed gamma-ray spectroscopy provides the capability to directly 
assay fissile and fertile isotopes in the highly radioactive environment of the spent 
fuel assemblies and to achieve the safeguards goal of quantifying nuclear material 
inventories for spent fuel handling, interim storage, reprocessing facilities, and 
final disposal and repository sites. Preliminary results of the dedicated modeling 
and experimental efforts performed for this dissertation indicate that such 
measurements may be possible with presently available neutron generator and 
gamma-ray detection technology.

For a detailed analysis of the delayed gamma-ray responses in the spent nuclear 
fuel assay, an original modeling methodology has been introduced. The 
calculation process utilizes advanced capabilities of the modern transport and 
transmutation codes, along with a newly developed discrete gamma-ray source 
term reconstruction code. As a result, the modeling technique accounts for 
complex assay setup configurations and detailed material inventories and allows 
for accurate predictions of the spatially-dependent discrete gamma-ray source 
terms and detector responses. The delayed gamma-ray response modeling 
capability was benchmarked and verified in a series of specifically organized 
experiments involving samples of the fissile materials.

The scope of the current delayed gamma-ray instrument design was limited to a 
setup involving a moderated D-T interrogating neutron source, a “long” assay 
mode with extended irradiation and detection time periods, and a high-purity 
germanium detector. Analytical estimations and detailed model calculations 
performed for this assumed setup indicate that the delayed gamma-ray responses 
can be obtained with accuracy adequate for spent nuclear fuel assay. Individual 
isotopic signatures contained in these spectra can potentially be used to quantify 
the total fissile content and individual weight fractions of fissile nuclides. Several 
analysis techniques based on absolute detected delayed gamma-ray peak
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intensities and peak area ratios can be implemented for fissile content 
quantification. Calculations performed for a number of spent fuel assemblies with 
varying burnup and initial enrichment demonstrate that each fuel assembly is 
characterized by a unique combination of delayed gamma-ray peak ratios from 
which fissile inventory can be derived.

The primary constrain for the delayed gamma-ray assay concept identified in this 
dissertation, is the HPGe detector count rate limitations combined with the high 
rate of spent fuel passive gamma-ray background extending up to 3.0 MeV. 
Passive background interference with the assay signatures can be avoided by 
analyzing delayed gamma-ray peaks with energies above this threshold. To a 
certain extent, the passive count rate can be reduced by the detector collimation 
and the use of the attenuating layers in front of the detector. Calculations indicate 
that the required intensity of the delayed gamma-ray peaks in the present non
optimized setup can be obtained with the interrogating neutron source intensity 
between 1011 n/s and 1012 n/s The assay response can be further improved by 
implementing the following measures: increasing the neutron source intensity, 
extending interrogation and detection time periods, and changing the detector 
parameters and configuration.

This dissertation establishes that unique actinide-specific signatures contained in 
the delayed gamma-ray spectra can be potentially used to non-destructively 
determine isotopic composition and content of nuclear materials. Energy and time 
variability of the delayed gamma-ray responses makes this interrogation method 
highly adaptable to specific assay scenarios. However, essential research is still 
required to fully assess the merits of this method for a range of safeguards 
applications. Specifically, it is imperative to evaluate the accuracy and 
completeness of isotope-specific delayed gamma-ray signature sets (particularly 
for short decay times and variable interrogating neutron energy distributions), to 
benchmark and validate computational tools, and to further establish a 
comprehensive theoretical basis for assay methodologies and instrumentation 
development.
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Although the four-step modeling technique has performed satisfactorily in the 
limited benchmarking campaign conducted to date, an additional experimental 
effort is required to validate the calculation process for various assay conditions, 
in particular the pulsed interrogation. The consistency of the tabulated physical 
data used in the calculations (cross-sections, fission product yields, decay paths, 
photon emission rates, etc.) need to be examined specifically for short-time 
“pulsed” interrogation patterns. The modeling code package can be further refined 
and adapted to include additional features and capabilities necessary for the 
simulation of potential applications. Modeling can be effectively used to design 
experiments, to interpret the experimental measurements and to perform response 
sensitivity studies.

Additional experimental measurements are required to investigate the temporal 
patterns of delayed gamma-ray responses with particular emphasis being placed 
upon short-lived fission fragments with decay times from 100 milliseconds to 
minutes. The fast-decaying component of the delayed gamma-ray spectra 
potentially offers higher isotopic sensitivity of the assay, and can be collected in 
pulsed mode with a suitable time structure. Statistical limits and signal-to- 
background ratios of this method have to examined and compared to more 
conventional long interrogation methods.

Calculating isotopic content from the delayed gamma-ray measurements poses a 
challenging problem. The simplest approach is based on the analysis of isolated 
peak ratios, while more sophisticated algorithms take advantage of full 
information in the spectra and can potentially greatly improve assay accuracy. The 
development and testing of new analytical and numerical methods must be 
continued. An important aspect of the future research is to find algorithms and 
methods for determining isotopic fractions of spent nuclear fuel that account for 
cumulative contribution of U-235, Pu-239, U-238, and Pu-241, and can handle 
non-linear response behavior and multiplication effects.

For delayed gamma-ray assay scenarios that involve highly-radioactive materials 
such as spent nuclear fuel, detector signal throughput capabilities are critical. To 
date, studies have been based on conventional HPGe detectors but faster detector



C o n c l u s i o n s  a n d  O u t l o o k 130

options may be superior, especially in cases when regions of delayed gamma-ray 
spectra (rather than single peaks) are used to determine isotopic compositions. 
High-count rate detector systems for delayed gamma-ray assay in highly- 
radioactive environments need to be investigated. Fine energy resolution, 
efficiency to high-energy gamma-rays, and response linearity are important 
criteria that must be considered. HPGe detectors are the first choice for delayed 
gamma-ray spectroscopy, and fast signal processing electronics can be applied to 
increase data throughput. The trade-off limits between the energy resolution 
degradation and increased count rate limits can be established for specific assay 
scenarios. Modeling and simulation can be used as an effective tool for 
investigating application-specific configurations of detector setups, importance of 
collimators and attenuating filters, detector arrays, Compton suppression systems 
and other parameters.

The future research must therefore rely on a strong experimental component for 
measuring delayed gamma-ray responses from specific isotopes, isotopic 
mixtures, and nuclear materials, along with a closely linked modeling effort. Such 
experiments will provide data to verily and complement nuclear data libraries and 
to improve capabilities of the response modeling technique. As a result, the 
concepts of the delayed gamma-ray assay can be expanded to wider applications 
in the areas of nuclear safeguards, material control and accountancy, homeland 
security, and nuclear forensics.
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