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Abstract
The f~asibjlity to perform X!y-ray spectroscopy. on spent nuclear fuel and u~dniurn solution and pellets, using
a Peltier-cooled CdZnTe crystal (9 mm’ sensitive area. 2 mm thickness) coupled with a dedicated preampli~er and
amplifier has been studied. In the case of spent fuel, an energy resolution of 5.6 kcV at 662 keV is achieved and
characturisation of the fuel in terms of burnup and cooling time performed. The good energy resolution at low energies
(1.9 keV at 122 keV) has allowed application of the URADOS code which, on the basis of the uranium X&-rays.
determined the 13’U enrichment in the uranium solutions and pellets within 10% of that declared. (‘ 19% Elsevicr
Science B.V. All rights reserved.
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1. Introduction

X/y-ray spectroscopy is widely used for nuclear
safeguards purposes. High-resolution X/r spectrometry based on germanium detectors has been
routinely applied. However, the need to cool such
detectors resuits in bulky devices not easily transportable and their use becomes problematic under
space restriction. In the monitoring and assaying of
nuclear material there is an increasing call for compact and portable devices for unattended and re-

mote operation. In this context. the high stopping
power and ability to operate at room temperature
or with a miniature thermoelectric cooler renders
CdTe/CdZnTe crystals suitable for X,‘y spectroscopy for safeguards purposes Cl].
This paper reports the results obtained using
a commercial CdZnTe detector in the spent nuclear
fuel characterisation and in ~lranium-enrichment
determination.
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The detector used in this work is based on
a Cd,.,Zn,,.,Te crystal of 9 mm’ sensitive area and

2 mm thickness (AMPTE~, USA). It is cooled by
a thermoelectric circuit at a temperature of - 30°C
and has an entry window of 10 pm thickness of
beryllium. The detector is associated with an electronic module comprising a power supply, amplification and pulse shaping (constant of triangular
shape of 3 us) with rise-time discrimination resulting on the more symmetric peak with improved
energy resolution and peak-to-noise ratio. The high
voltage applied to the crystal is 400 V. Standard
radioactive sources were used for calibration purposes and energy resolutions of 1.1 keV at 60 keV
(24”Am), 1.9 keV at 122 keV (57Co) and 5.6 keV at
662 keV ( 137Cs) were obtained.

3. Spent nuclear fuel characterisation
Verification of the burnup, cooling time and the
fissile content of spent fuel is an important component in nuclear safety. In this context, HPGe y spectroscopy has been an established non-destructive
assay technique. One goa of the present work is to
discuss the performance of a CdZnTe detector for

y spectroscopy on spent fuel for energies greater
than 400 keV. This range corresponds to that of
y-radiation emitted by most of the fission products
present in the spent fuel.
The studies were performed on single spent fuel
rods stored inside a P-r hot cell at the Institute for
Transuranium Elements in Karlsruhe. The cell
wall, made of concrete, had a thickness of I m.
A collimator, made of lead and tungsten, was incorporated into the wall allowing y spectrometry of
rods with a detector situated outside the cell. Rectangular apertures i0 mm in height and between
0.6 and 1.2 mm wide were available. The resulting
y spectrum of spent fuel, in the energy region
450 keV-1 MeV, is shown in Fig. 1. The fission
products ls4Cs and 13’Cs and lo6Ru are visible in
the y spectrum. The 605 and 662 keV lines of 13’Cs
and 137Cs are well resolved. The 796 and 802 keV
lines of 13%IJsare not resolved, which is also the
case for the 512 keV of lohRu and the 511 keV
annihilation radiation. The energy lines of 605 and
662 keV are thus the only ones suitable for interpretation purposes on spent fuel. The isotopic ratio
r “%&I”37Cs (based on the 605 and 662 keV y lines)
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Fig. 1. y spectrum of spent nuclear fuel obtained with the CdZnTe detector.
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complemented by isotopic correlation could be
used for the verification of the declared burnup and
cooling time to within 10% and 3%, respectively, of
the declared values.

4. uranium-enrichment

measurement

In the past few years. several methods have been
developed for the determination of the uranium
enrichment through X/y spectrometry [2-71. Most
of them consist in the exploitation of some wellresolved peaks with a scintillation detector. Such
systems are usually collimated and, as a rule, it is
necessary to make a previous calibration of the pair
detector and collimator with known references.
More recent processes were aimed at removing the
need for this calibration C&9); they are based on the
analysis of the uranium spectra in the XK-rays
region measured by geranium
detectors. However, the use of such detectors has some drawbacks
as far as field measurements are concerned because
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of the constraints linked to their cooling with liquid
nitrogen or with a compression system. Consequently, tests were undertaken to see if it was possible to determine the enrichment of uranium samples with an uncertainty of about 10% using
a CdZnTe detector.
The measured samples were either nitric acid solutions of known enrichment, or certified pellets of
uranium oxide. Typical spectra obtained are shown
in Figs, 2-4. In general, the measured samples were
placed 5 mm away from the entry window of the
detector and the counting lasted several hours (from
2 to 20 h according to the sample). An energy resoiution of 2.4 keV at 186 keV (235Uf was obtained.
One way to avoid the constraints linked to a calibration with external references is to reduce the
region of interest to be studied so that the variation
of the efficiency of the detector would be insignificant. This is possible when considering the XK.-rays
region where numerous peaks of different shape
and width are present such as y-ray peaks (Gaussian distribution) and X-ray peaks (Voigt function).
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Fig. 2. y spectrum of nitric acid solution of uranium
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The treatment of this region of interest is delicate
and requires to take into account the following
three contributions:
1. The first corresponding to the presence of
13’7J and its daughters: Rays of Th-XKS2
of 90.0 keV, Pa-X&
of 92.3 keV, Th-XK,r of
of 95.9 keV, and y-rays
93.3 keV, Pa-X&,
of 89.9 and 99.3 keV.
2. The second corresponding to the presence of
23nU and its daughters: Rays of Pa-XK,,
of 92.3 keV, Pa-XK,r of 95.9 keV, and y-rays
of 92.4 and 92.8 keV.
3. The third corresponding to the spectrum of selfinduced X-ray fluorescence: Rays of U-XKT2 of
94.6 keV and U-XK,, of 98.4 keV.
With the “URADOS” code [9J used in the present work. the contribution of these components is
estimated according to the principle of the leastsquares method. Beforehand, several isolated peaks
or peaks considered as such, are exploited to establish responses in energy and width of peaks. These
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responses are then refined in order to refine the
adjustment.
The results obtained are presented in Table 1
with an uncertainty value for a level of confidence of 68%. The calculated enrichments are
within 10% of those declared, except for the
natural uranium. This Iimitation for natural uranium is due to the low 23sU component, in relation to those of 238U and uranium self-induced
X-ray fluorescence, in the analysed spectrum.
A similar difficulty is anticipated for high 235U enrichments ( > 90%) which would be due to the
238U component being lower than those of
235U and uranium self-induced X-ray fluorescence
in the spectrum.

5. Co~ciusions
X/y-ray spectroscopy on spent nuclear fuel and
uranium solution and pellets was carried out using
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Table 1
Uranium

enrichment

(‘% “5UI

meas~lrement using X/y spectra of CdZnTe

Type of sample

Counting

time (s)

detector and calculation

Declared

code URADOS
Measured

enrichment

II

enrichment

UOL pellet

50000

0.7

L! solution

14000

1.65

0.X-ti_ 0.17
1.73i 0.47

LIOl

pellet

so 000

1.78

2.50 & 0.30

I! solution

7800

4.00

4.18 * 0.58

c’ solution

70 000

5.08

4.YY + 0.50

UC): pellet

5Oooo

9.55

9.70 & 0.70

a Pettier-cooled CdZnTe miniature crystal. In the
case of spent fuel, the achieved energy resolution of
5.6 keV at 662 keV enabled burnup and cooling
time verifications to within 10% and 3%, respectively, of declarations, The good energy resolution
at low energies (1.9 keV at 122 keV) has allowed
application of the URADOS code, on the basis of
the uranium XK,-rays. Using the improved resolution, the 235U enrichment in the uranium solutions

and pellets analysed has been determined
10% of that declared.
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