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20 Nuclear Non-Proliferation Act of 1978, 22 U.S.C. § 3201
21 The Atomic Energy Act of 1954, as amended (42 U.S.C. §2011 et seq. (1946))
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2 UNFAO, “Agreement between the Government of the Russian Federation and the Government of the Arab
Republic of Egypt on cooperation in the construction and operation of a nuclear power plant on the territory of the
Arab Republic of Egypt.”, https://www.fao.org/faolex/results/details/en/c/LEX-FAOC172786/

2 RARLE O O R

24 IAEA, “The Text of the Agreement Between Egypt and the Agency for the Application of Safeguards in
Connection With the Treaty on the Non-Proliferation of Nuclear Weapons”, July 1983,
https://www.iaea.org/sites/default/files/infcirc302.pdf

2 Lt Col. (res.) Dr. Raphael Ofek, “Egypt’s Nuclear Deal with Russia”, The Begin-Sadat Center for Strategic
Studies, 8 January 2017, https://besacenter.org/wp-content/uploads/2018/01/710-Egypts-Nuclear-Deal-with-Russia-
English-final.pdf

26 IAEA, “STATUS LIST, Conclusion of Safeguards Agreements, Additional Protocols and Small Quantities
Protocols, Status as of 31 December 2023”, https://www.iaca.org/sites/default/files/20/01/sg-agreements-
comprehensive-status.pdf
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28 Reuters, [, RME AL CHERELRA KICFESRI=WSIJ, 2023428 A 25 A,
https://jp.reuters.com/world/us/YOISESN3BVNBDL4ISPHLNM6RAQ-2023-08-25/

2 ZERATITN, [HF0 4 EEFFHOR ARSI T 2302 (EANCIST DREH A 2L BE 8
TR WA L 2023 45 2 H | https://www.meti.go.jp/meti_lib/report/2022FY/000475.pdf

30 UNFAO, “Agreement between the Government of the Russian Federation and the Government of the Arab

Republic of Egypt on cooperation in the construction and operation of a nuclear power plant on the territory of the
Arab Republic of Egypt.”, op. cit.
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41 ISCN., Bulletin of the Atomic Scientists 73 \KER:#% D H £ThE 1 4y 30 FhEFe# |, ISCN Newsletter No.
0315 March 2023, pp. 6-10, https://www.jaea.go.jp/04/iscn/nnp_news/attached/0315.pdf#page=6

14 ISCN Newsletter No.0327-March 2024


https://www.jaea.go.jp/04/iscn/nnp_news/attached/0315.pdf#page=6

Sl kFRIZE D LN BV VB SR T AR TEN THh D L T2 42,
[SSB 73 90 #& L7~ 4 DDARHL]

SSB 13 KEFEtE 90 e L= FEARF %, 2023 FEICBITAH()EE X 20O
DIFTE, QKMEESE), )V EMZEHIE R, (DAl ZDfERIELL TR, ZBIZLLT
DEBVTHA,

()% 2 D BB D TEAE

o FE ORI S

v BRENCLDXT 7T A iSO RS AR | XN, FZE e dna i
L AIHEMEITAR IR E L TERA,

v BEN AT IS SRR HI SR GFT START) OREATA 15 1 L=, #EE DR
F103581 START DO MRA M Z 7= Ik XIS, T —FA3Hh, BWE KL NFD
fl O ARFIE - Z PR E O R AN J0 | REf O & 2 BB [E OBk 112 %f
THEEMEME T 45,

v BEFIART IV — T ~ ORI B A R 3R, B2 E TS - CEH T 57
D, 2 TROEMEZRAL TWD,

v BRIETELAS HIRZ EBRAE 1L A (CTBT)OHLHE A R L 72, 7" —F KA
IIKREPEZERZ L2V RVEES LWL TWD2N, #EE K OHE
DIZEBRY COITENERILL TWDEDOHLENRH D,

o KE & PENT ARSI L BHBF O R ICH D, T EOBEILUISTTT D720,
KENTAE 10 FRICHE RS EIIMSE LN GO iEm L TOD08, KIE
s DI IBEZ B2 13, KE O RO LA B RN RRIZFET TS
VBN DD L2 LT 2,

cATUEND Gl BEASDUITA TG IR E T AL KENTHIEROAT
> EOAFER L RVEZEFHHE (JCPOA) ~DIE IR A 8 e FIHE L TV ey, JCPOA
DMESRE L TIEBETH D=0 IAEA 134T OEEBZRICETT — 4% AFET
X7 TN, ATUNE—EREET ALV B O sz G357 D E
AR 7 2 BOA M CRRICAET A FERAZA L CVD,

.M@*}(‘E‘%&§+E&i%£b:ﬁﬁﬁbfb \50 2023 f'g 3 H azci%ﬁﬁﬁ%ﬁ‘:"j‘%/b
B A LS BHER (KL 31) OB ST DAL 4 IS AR
IR BTG A /L DB BRI WD TN L 7=k~ 7=,

o AURERFRZANTED 1998 F=D—HOEEFEERD Ehi S 25 HL72D08, i

42 BAS, “A moment of historic danger: It is still 90 seconds to midnight, 2024 Doomsday Clock Statement”, 23
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Delayed Gamma-ray Spectrometry (DGS) is an active-interrogation technique for
evaluating fissile nuclides within a mixed nuclear material sample. Neutrons are used to
induce fission in 23U, 2*Pu, and **!Pu, leading to the creation of fission products
proportional to the fission yields and quantities (mass) of the nuclides. The resulting
fission products decay over time to produce a unique gamma-ray signature that can be
analyzed to determine the relative content of these primary fissile nuclides. Notably,
fission products with half-lives of <10 minutes will emit gamma rays with energy
>2650 keV, which can allow this signature to be observed above the shielding
required for suppressing passively emitted gamma rays from high-radioactivity
nuclear material. Specifically, irradiated fuel emits ~105 662-keV gamma rays from
long-lived 137Cs for each gamma ray passively emitted from U and Pu. While this
provides a measure of self-security from safety considerations, quantifying the
nuclear material for safeguards verification becomes limited to correlations with
these long-lived fission products. Direct measure of the DGS signature can
supplement the passive correlations to improve safeguard capabilities.

One notable mixed nuclear material is irradiated fuel dissolution found within
reprocessing plants. At this stage, the nuclear material is not contained within the
assembly that can be counted as an item, but some of the liquid can be diverted more
easily for the development of nuclear weapons. As such, the International Atomic
Energy Agency applies two very precise and accurate analysis methods to determine
the U and Pu content in small samples taken from the input accountancy tank [1].
First, Hybrid K-Edge Densitometry (HKED) utilizes x-ray transmission and
scattering to determine the total mass of U and Pu elemental material within the
sample. Next, Isotope Dilution Mass Spectrometry (IDMS) is applied to determine
the relative nuclide content; the masses of 235238(J and 238239,240,241,242Py, However,
due to the chemistry and dilution required for IDMS sample preparation, there are
limitations to the technique, notably it extends the time to return a report and it can
only be applied to 20% of the samples [2]. As such, the JAEA/ISCN has been
developing the DGS nondestructive assay (NDA) method to all samples, like HKED,
to increase the verification capabilities [3].

Within this scope, there are two primary goals for the JAEA/ISCN DGS
development. First, a universal analysis method must be developed to quantify the
high-radioactivity, mixed nuclear material. Concurrently, instruments must be
designed and characterized to optimally obtain the fission product signature for the
analysis. Past experimental research in collaboration with the European
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Commission Joint Research Centre (EC/JRC) has shown significant dependence on
the interrogation timing and the ability to distinguish 235U and 23°Pu gamma-ray
spectra [4] (see Fig. 1). Significantly, shorter irradiation times (Ti) and
measurement times (Tm) have more complex spectra and uniqueness for the same
~1-hour interrogation since the fission-product half-lives saturate at different rates.
Further, as noted in the T1 = Tm = 300 s spectra, the 235U highest energy peaks shown
swap intensity from the Ti = Tm = 10 s spectra and start having proportions similar
to the 23%Pu pair.
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Fig. 1. Comparison of 235U and 23°Pu fission product gamma-ray spectra for
different time patterns.

In addition to the gamma-ray peak pattern, it should be noted that the relative
intensity of the 239Pu spectrum is significantly lower than the 235U spectrum, even
though the mass is almost double. Specifically, this excess is due to the uranium
oxide sample having ~50x the volume of the plutonium-gallium alloy sample.
Essentially, the geometry of the samples (include possible assemblies) is a primary
factor of the signal strength, not the mass alone. However, we also demonstrated
that the fissile mass can be evaluated from correlations to the integrated gamma-
ray counts for a specific volume [5] (see Fig. 2), enabling not just composition, but
content evaluation capabilities.
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Fig. 2. Correlation of 235U mass to integrated fission product gamma-ray counts for
various time patterns.

21 ISCN Newsletter No.0327-March 2024



Recently the JAEA/ISCN developed the Fission Signature Assay Instrument (FSAI)
as the next generation DGS instrument for small samples (see Fig. 3). Compared to
DGTS, this instrument utilizes a deuterium-deuterium neutron generator that emits
neutrons like 252Cf (~2.5 MeV) but can be turned off for safer handling. Also different
from DGTS is the sample transfer system that was designed for use inside a hot cell.
The hot-cell encasement would prevent contamination spreading from the samples,
so a magnetic coupler was designed for testing the transfer without limiting the
maintenance capability. However, a linear transfer system using a magnet coupler
may disengage, so this novel rotational system was designed. Finally, as the name
suggests, we expanded from using only delayed gamma rays to multiple fission
signatures for improved mass correlation. Inside the irradiator, two 3He detectors
are used to measure the prompt neutron counts. Two more 3He detectors are placed
under the sample transfer system in front of the gamma-ray detector shield to
measure delayed neutron counts from fission products concurrently with their
gamma rays. These neutron signals, along with the integrated gamma-ray counts,
will be scaled to the *He source monitor above the neutron generator. Compared to
3He that best measures thermal-energy range neutrons, 4He uses elastic scattering
to detect neutrons with energies between ~1- and 6-MeV. Consequently, the “He
detector will directly measure both source and fission neutrons but be able to
distinguish them through the actual energy.

Control Rack|

Neutron

Generator
M Delayed Neutron =

Detectors ‘A

Detector
Control Units

Fig. 3. The JAEA/ISCN Fission Signature Assay Instrument.

For the final phase of our development, the JAEA/ISCN will perform experiments
to characterize the FSAI and perform interrogations with 235U foils. These
experiments will show the capability of DGS as an NDA method to quantify nuclear
material for safeguards. Additionally, we will improve the DGS capability by
improving the quantification of 235U short-lived fission product yields through the
gamma-ray spectra. Recent studies showed a difference between multiple DGS
simulation codes compared to experimental spectra collected in collaboration with
the Pulsed Neutron Interrogation Test Assembly (PUNITA) at EC/JRC-Ispra (Italy)
[6]. While the average peak count showed agreement within 10% for short
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interrogation times, the peak variance was ~40-50%, which indicated the peak
intensities, dominated by the fission yields, are not accurate. This will factor into the
ability to perform composition analysis, so variance reduction of the spectra can
improve the safeguard capability. We will then improve the JAEA/ISCN DGS Monte
Carlo for better efficiency within the scope of our inverse Monte Carlo analysis
method.

The final step of our development will be to evaluate the capability for other
sample form factors. Specifically, we will simulate the interrogation of irradiated
fuel assemblies that have complex geometries, but also Gen-IV fuels, like Accelerator
Driven System (ADS) and High-Temperature Gas-cooled Systems (HTGS) being
developed in the JAEA. Plans are also under discussion to use mixed-oxide fuel in
EC/JRC as a possible final demonstration of the capability.

[1] IAEA, “Safeguards Techniques and Equipment, International Nuclear Verification
Series, Vol. 1 (Rev. 2)”,2011.

[2] 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.

[3] IAEA, “Department of Safeguards Long-Term R&D Plan, 2012-2023”, STR-375,
2013, Topics 5.1, 5.3.

[4] Rodriguez, D.C. et al, “Evaluation of high-energy delayed gamma-ray spectra
dependence on interrogation timing patterns”, Nucl. Inst. and Methods A 997 (2021)
165146.

[5] 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.

[6] Rodriguez, D.C. et al., “Optimizing Fissile Nuclide Content Analysis for Delayed
Gamma-ray Spectroscopy Nuclear Safeguards”, IEEE Nuclear Science Symposium,
Conf. Rec. 1216, 2022.
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