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3. BRI

3-1 Developing Delayed Gamma-ray Spectroscopy for Nuclear
Material Verification

JAEA TiL, SGHRM A X2 T b S HEE T ED T, 77747 i1 $
B Z{T o CUND,

AREAMHRITL, ZOHOEEIETT >~ 53 BT (DGA) BB I8 56 DT, D
EBR AR LTS, DGA Tk, BEWEICH T2 RN L T, BEaREiEIL,
By S I D NS ND T~ B a E T 5, RSV DEE 77 S A Bt (FP) I
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THIENTED, mEfEORERETORMAZ B IEL T\5,

The ISCN is managing the MEXT-funded development of four active neutron-
interrogation techniques for safeguards verification purposes. Of these, the Nuclear
Science and Engineering Center is developing Differential Die-away Analysis and
Neutron Resonance Transmission Analysis that provide neutron signatures of nuclear
materials. In conjunction, Prompt Gamma-ray Activation Analysis is being developed to
evaluate possible matrix materials and other chemical-based components. The ISCN is
directly developing the fourth technique in the program: Delayed Gamma-ray
Spectroscopy (DGS) to obtain a gamma-ray signature from the induced fission products
in nuclear materials.

The scope of the ISCN DGS project is to determine the fissile nuclide composition in
spent nuclear fuel. Specifically, we would like to expand current capabilities in
reprocessing plants’ spent fuel solutions to quickly evaluate the U-235/Pu-239/Pu-241
relative content. Present methods include Hybrid K-Edge Densitometry (HKED) and
Isotope Dilution Mass Spectrometry (IDMS) that provide the elemental U/Pu mass and
relative nuclide content®. While both provide really accurate and precise results®?, IDMS
is a destructive method that requires a long, hot-cell preparation process that limits the
number of samples that can be verified and extends the time to return a report®:. Further,
it produces waste in the laboratory and consumes many reference materials that are
becoming limited in availability. Consequently, we are developing DGS as a supplement
for these two methods to obtain a faster answer on the fissile nuclide content®*.
Additionally, as a non-destructive assay method, waste is not produced in the laboratory

51 IAEA, Safeguards Techniques and Equipment, International Nuclear Verification Series, Vol. 1 (Rev. 2). 2011.

52 IAEA, International Target Values 2010 for Measurement Uncertainties in Safeguarding Nuclear Materials, STR-
368, 2010.

53 Itoh, T. et al., Enhanced Cooperation Between SSAC and IAEA through Joint Operation of On-Site Laboratory for
Safeguarding Rokkasho Reprocessing Plant (RRP), IAEA-CN-184, 2010.

54 Rodriguez, D.C. et al., JAEA-JRC Collaborative Development of Delayed Gamma-ray Spectroscopy for Nuclear
Material Evaluation (1): Project Overview, INMM 61st Annual Meeting, 2020.
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and minimally requires reference materials.

As shown in Figure 1, DGS works by interrogating the nuclear material sample by first
irradiating the nuclear material with neutrons to induce fission. During this process,
fission products are generated in amounts relative to the sample’s nuclear material
composition and the reasonably well-defined fission product yield distribution. After the
irradiation period, the gamma rays emitted by the decaying short-lived (e.g., <20-minute)
fission products are measured. This process can be repeated over multiple cycles to build
up statistics and reduce uncertainty in the gamma-ray peaks. To perform this interrogation
in a laboratory, the basic instrument must use a compact, transportable neutron source
with appropriate shielding since these all produce neutrons >1 MeV. To observe the
emitted gamma-rays, a high-purity germanium detector provides the best resolution to
distinguish the gamma-ray peaks.

~

N

Number of Atoms
MeAsurement

Irradiatio

Figure 1. The nominal change in the number of atoms during a basic interrogation
pattern periodic cycle.

The challenge for DGS is that the analysis of the resulting spectrum to determine the
composition is interconnected with the instrument used to obtain the spectrum. For
example, the spent nuclear fuel expected to be evaluated emits an intense low-energy
gamma-ray background from long-lived fission products (e.g., Cs-137). To reduce the
count rate, a filter is required but also limits the observable gamma rays to 22700 keV®°.
To compensate for the signal reduction, more fission must occur in the sample, requiring
a moderator to reduce the neutron energy to the thermal regime where the fissile nuclides
have ~500x higher probabilities to interact (i.e., cross-section)*. To achieve the
appropriate fission rate, a more intense neutron source can be used, but must be positioned
well away from the high-purity germanium detector to prevent neutron damage®’. This,
though, introduces a delay to transfer the sample between the irradiation and measurement

5 Campbell, L.W. et al., High-Energy Delayed Gamma Spectroscopy for Spent Nuclear Fuel Assay, IEEE Trans. on
Nuclear Science 58 (1), 2011, 231-240.

56 Chadwick, M.B. et al., ENDF/B-VII.1 Nuclear Data for Science and Technology: Cross Sections, Covariances,
Fission Product Yields and Decay Data, Nuclear Data Sheets 112 (12), 2011, 2887-2996.

57 Van Siclen, C.DeW. et al., Phenomenological Model for Predicting the Energy Resolution of Neutron-Damaged
Coaxial HPGe Detectors, IEEE Trans. on Nuclear Science 59 (5), 2012, 2487-2493.
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positions, which can prevent the very short-lived fission products from being observed.

Consequently, the primary goal of the ISCN DGS project is to develop an efficient
analytical capability to distinguish the fissile nuclide composition. Specifically, this is
dependent on the interrogation timing pattern (i.e., irradiation, delay, and measurement
times) within the physical constraints and nuclear data. The secondary goal is to develop
a practical instrument that addresses the analytical requirements, is compact enough to fit
in an analytical laboratory, and can efficiently manipulate the sample and various system
components.

Recent experiments have been performed in collaboration with the European
Commission Joint Research Centre (JRC) in Ispra, Italy and address both of the
development goals. Using the Pulsed Neutron Interrogation Test Assembly (PUNITA)
studies were made to evaluate the optimum interrogation pattern to help distinguish U-
235 and Pu-239°8. A set of standard U and Pu samples were interrogated with five
irradiation-measurement combination from 10-s through 300-s that used roughly the same
1-hour total interrogation time. Under a fixed neutron flux and sample transport condition,
the gamma ray peaks were observed to change according to the timing pattern (see Figure
2). Analysis of these sets of peaks showed that a 60-s irradiation and measurement
performed over 29 cycles allowed us to distinguish these two samples. Notably, this
matches the pattern predicted from the DGS Monte Carlo being developed for the final
analysis® 60,

= | CBNM446:T,/T,,/ C

- —— PUNITA 10/10/158 |
PUNITA 60/60/29
PUNITA 300/300/6 |
DGCT 300/300/6

~|PuGa?: T /T, /C

—— PUNITA10/10/158 |
PUNITA 60/60/29 |
PUNITA 300/300/6 |
DGCT 300/300/6 | |

10051“[ ‘fjl“l‘a‘“ ?Lf‘f?ﬁﬂ”ia“"h @I"’fﬁl Mlﬁf" MM w{f.l”%

, | ) | 1 '. |
2?{}0 2800 2900 3000 3100 3200 3300 3400 3500 3600 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600
E, (keV) E, (keV)

Figure 2. U-235 (left) and Pu-239 (right) spectra showing different patterns due to the
irradiation time (Ti), measurement time (Tm), and number of cycles (C)
obtained using PUNITA. A spectrum obtained from the DGCT (green)
under a similar interrogation is shown for comparison.

58 Rodriguez, D.C. et al., Evaluation of High-Energy Delayed Gamma-ray Spectra Dependence on Interrogation
Timing Patterns, Nucl. Inst. and Methods 997, 2021, 165146.

59 Rodriguez, D.C. et al., Delayed Gamma-ray Spectroscopy Inverse Monte Carlo Analysis Method for Nuclear
Safeguards Nondestructive Assay Applications, IEEE Nucl. Sci. Symposium, 2017, 3003.

60 Rodriguez, D.C. et al., Delayed Gamma-ray Spectroscopy (DGS) Topics”, International Workshop on Iso.
Analysis of U and Pu by Nondestructive Assay Tech. for Nucl. Safeguards, 2021, 16.
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In addition to the timing optimization study, the measured U samples were used for a
mass correlation study®:. Specifically, the gamma rays above 3.3 MeV were integrated
and compared to the certified U-235 masses. After adjusting for neutron self-shielding
and gamma-ray self-attenuation, an error of <2% between the calculated mass and the
quoted value was achieved (see Figure 3). This linear mass correlation is a new discovery
that enables the evaluation of the fissile nuclide mass in addition to the composition ratio,
introducing a possibility to evaluate the absolute fissile content in the sample.

8
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Figure 3. The calculated fissile mass from delayed gamma-ray spectral integration
compared to the declared fissile mass.

Toward developing a practical instrument, we have been testing the ISCN Delayed
Gamma-ray Californium Test (DGCT) instrument in the Performance Laboratory
(PERLA) in JRC-Ispra®. Since 2018, gradual progress has been made to reduce the
activation background and increase the delayed gamma-ray signal. During an
experimental campaign performed in parallel to the PUNITA analysis experiment, the
final goal capability was achieved®. Specifically, modifying the DGCT to have a moving
sample, fixed source configuration enabled us to reduce the background by 90% with a
Cf-252 source that was 4x greater than the earlier tests. Further, the delayed gamma-ray
peaks were observed with the same intensity as with PUNITA at only 20% of the neutron
source rate. As such, the DGCT is a good foundation for a final practical instrument.

61 Rossi. F. et al., Correlating the Fissile Mass of Standard Uranium Samples with Delayed Gamma Rays from
Fission Products, Nucl. Inst. and Methods A 977, 2020, 164306.

62 Rodriguez, D.C. et al., Delayed Gamma-ray Spectroscopy for Nuclear Material Analysis 1: Progress Toward
Developing Practical Nondestructive Assay Technology, INMM 60th Annual Meeting, 2019.

63 Rodriguez, D.C. et al., Development of Delayed Gamma-ray Spectroscopy for Nuclear Material Evaluation:
Project Overview, INMM Japan Chapter 41st Annual Meeting, 2020.
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Figure 4. The Delayed Gamma-ray Californium Test instrument in the transient-
sample configuration (left) and the gamma-ray backgrounds from various
configurations (right). The noted gamma-ray peaks above 3000-keV are
from instrument and room activation.

Throughout all of these experiments, lessons were also learned in regard to
implementing DGS for the safeguard verification goal®*. First, it was observed that the
absolute volume of the sample is important. Specifically, the largest Pu-239 sample had
~14% more mass than the largest U-235 sample, but produced only 53% of the delayed
gamma-ray signal since the Pu volume was ~1% of the U volume. Additionally, though
the separate U and Pu samples could produce measurable signals when interrogated
together, the delayed gamma-ray signal does not follow the expected mass correlations
due to inhomogeneity. Finally, the external neutron source and sample vial must be
considered carefully. Specifically, the 14-MeV energy neutrons from a deuterium-tritium
neutron generator produced an interference peak from the 27Al(n,a)24Na reaction on the
U canister. Each of these challenges are produced by the chosen sample and will be
resolved in the final development.

Notably, the DGCT already addresses improvements on the aluminum activation peak.
Specifically, the ~2-MeV neutrons from 252Cf are too low to perform the 27Al(n,a)24Na
reaction allowing the fission product gamma rays to be cleanly measured. Consequently,
we have been investigating multiple neutron sources to compare to the PUNITA
experimental results. Specifically, while the Cf shows promise, it is continually emitting
neutrons that provide an activation background and could be difficult to handle safely for
the ~109 neutron-per-second source intensity required for spent fuel®. Consequently, we
optimized a deuterium-deuterium neutron generator irradiator design that produces

64 Rodriguez, D.C. et al., Utilizing PUNITA Experiments to Evaluate Fundamental Delayed Gamma-ray
Spectroscopy Interrogation Requirements for Nuclear Safeguards, J. of Nucl. Science and Technology 57 (8), 2020,
975-988.

65 Rodriguez, D.C. et al., Model Design of a Compact Delayed Gamma-ray Moderator System Using 252Cf for
Safeguards Verification Measurements, Applied Radiation and Isotopes 148, 2019, 114-125.
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neutrons with similar energies as the Cf, but can be turned off during the measurement®®,
Further, while these models are based on a combined graphite and high-density
polyethylene design (HDPE), removing the graphite could reduce the weight and improve
the safety®’.

In the near future, experiments to validate the neutron source models will be performed
with the MONNET Tandem Accelerator of the JRC in Geel, Belgium. This will be used
to provide a final answer for the optimum neutron source and the direction of the final
instrument design. Additionally, we will finalize the DGS Monte Carlo analysis for
optimum composition evaluation. Finally, we will hold a workshop to demonstrate the
capabilities of the MEXT-funded projects. Toward this end, an irradiator improved over
the DGCT will be used with the addition of He-3 detectors for neutron monitoring and
mass correlation. Afterwards, we plan to finalize the instrument development and
demonstrate the capability of this viable technique for safeguards.

[ st Befiv B &4 == Douglas Chase Rodriguez]

66 Rossi, F. et al., Model Design of a Deuterium-Deuterium Neutron Generator Moderator and Evaluation for
Delayed Gamma-ray Nondestructive Assay for Safeguards Verification, J. of Nucl. Science and Technology 58 (3),
2021, 302-314.

67 Tohamy, M. et al., “Improved Experimental Evaluation and Model Validation of a 252Cf Irradiator for Delayed
Gamma-ray Spectroscopy Applications, Applied Radiation and Isotopes, Accepted March 16, 2021.
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