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Requested task and assumptions

In the framework of a project aiming to establish an unattended measurement station at an isotope enrichment
facility, IAEA required a study to describe the state of the art of NDA methods applicable to UFg cylinders.

The objective of the present work is to provide a feasibility assessment study of all known NDA techniques
applicable to the quantitative verification of all uranium categories involved in an enrichment processing plant.

The assay of the UF; cylinders covers:

- the determination of the enrichment,

- the confirmation the UFs mass ( assumed to have been previously weighted by the plant operator and
independently verified by inspectors),

- the assay of the UFg homogeneity.

The various hypothesis and practical constraints to be taken into account for the study requirements are [1]:

- the cylinders to be considered are either 30B type ( product) or 48Y type ( feed and tail),

- the enriched uranium is either from natural origin or reprocessed uranium,

- the cylinders must be assayed at various temperatures,

- the distance between the cylinder and the detector must be at least 50 cm to allow for safe movements of the
cylinders,

- the UF; mass determination should be accurate within 10% for low enriched uranium, 15% for natural
uranium and 20% for depleted uranium,

- the enrichment determination must be given with a total uncertainty which does not exceed:

= 4.5% for low enriched uranium product,
= 9.5% for natural uranium,

= 18% for depleted uranium,

- the measurements have to be performed in 5 minutes and in remote mode to minimize the intrusion on normal
plant operator.

With the objectives and assumptions as described above in mind, this document first gives an overview of the
radiation properties of UFs (chapter A) as well as some practical considerations regarding the 48Y and 30B
cylinders (chapter B). The next part reviews the classical NDA methods applicable to UF and refers to intense
measurement campaigns carried out in the years 70 -80 (chapter C), whereas the chapter D is dedicated to
specific studies involving more recent techniques such as analysis of delayed neutrons and delayed photons.



The most appropriate techniques will be then investigated in chapter E.

25 determination with

The study will be based on our own results of previous measurement campaigns (
gamma detectors with germanium or LaBr; detectors) and on MCNP simulations (passive and active neutron

methods).
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A Radiation characteristics of Uranium hexafluoride

The purpose of this section is to summarize the characteristic gamma rays and neutron radiation from UFs and
their daughters.

Since alpha and beta particles emitted by the uranium isotopes as well as uranium X-ray cannot cross the thick
wall of UF; cylinders, the only visible signature comes from gamma and neutron radiation.

A 1. Description of uranium isotopes

Natural Uranium

234 236
U

In its natural state, uranium consists of three isotopes , 2% and 8. Extremely low quantity of ““U due to
activation processes as cosmic ray activation can also be present. Mass spectrometry analysis of U samples
collected showed that the isotopic composition of natural uranium varies slightly as a function of its geographical
origin. By measuring a set of different U ore, it was shown in [2] showed that the range of natural variation of the

three natural isotopes expressed in at% is:

24y 0.0054-0.0051 at%
25y 0.7207-0.7201 at%
28y 99.2748-99.2739 at%

An upper limit for **°U/*°U of about 6.10™'° was found in [2] whereas two U ores originating from Oklo and of the
Czech Republic presented a significant presence of 0 ( 9.3.10° at% and 2.54.10° at%), thus indicating the

presence of neutron processes in these samples.

Reprocessed uranium

In addition to the three naturally occurring Uranium isotopes, the reprocessed Uranium contains all the isotopes
from %2 U to 2°U. Table 1 shows the example of the U isotopic composition of a LWR spent fuel reactor (burn
up= 33000.MWD, initial enrichment=3.2%):



U isotope Half-life charge discharge Discharge

Cooling time (year)

1 3 6
2 69.8a 0.000E+00 2.810E-04 4.248E-04 6.138E-04 7.233E-04
23 1.592.10% a 0.000E+00 4.643E-03 4.796E-03 5.118E-03 5.440E-03
24 2.457.10°a 2.574E+02 1.163E+02 1.177E+02 1.203E+02 1.230E+02
23y 7.037.10%a 3.201E+04 7.516E+03 7.516E+03 7.516E+03 7.516E+03
=5y 2.342.10%a 0.000E+00 4.437E+03 4.437E+03 4.438E+03 4 437E+03
#1y 6.75d 0.000E+00 1.021E+01 2.951E-05 2.969E-05 2.450E-05
= 4.468.10° 9.677E+05 9.434E+05 9.434E+05 9.434E+05 9.434E+05
29 23.5min 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
20y 141h 2.203E-21 2.203E-21 2.203E-21 2.203E-21 2.203E-21

Table 1: Nuclide concentrations (g/t) of a PWR fuel with a burn up of 33000MWD and an initial
Enrichment of 3.2%

The isotopes **’U, **°U and 2*°U have a very short half life and ***U is present in very small quantities.

Variations of the ®*U/**® U ratio values at different stage of the fuel cycle

The knowledge of the ***Ur**U ratio is crucial for the passive neutron measurement. It has to be known and
ensured to be constant.

235 234U 235

During the enrichment process, >**U is preferentially enriched along with 2°U, thus increasing the 2*U/?*U ratio
whose final value depends on whether the enrichment cascade is designed for low enriched uranium product
(power reactor fuel), high enriched uranium product ( weapons or naval reactor fuel) and the use of uranium

other than natural for feed.

Examples of isotopic composition in AGR UQ, fuel with 2.207% and 3.42% 2°U initial enrichment show that the
ratio is equal to 0.00860 and 0.00877 respectively [ 3] against 0.0075 for natural Uranium.

234 235

During the irradiation of the reactor, “**U absorbs a neutron to create

234 u 1235

U and gets burnt gradually. The
U ratio increases and reaches a final value which depends on the burn-up.

In the example of table 1, this ratio which is initially equal to 0.0080 becomes 0.0157 at the end of the
irradiation.

During the cooling and storage time, the ***U level increases slightly due to its in-growth from the decay of **Pu
(fig 1). After a cooling time of 3 years, a PWR fuel with a burn up of 33MWD and an initial enrichment of 3.2%
has a 2*U/”%U ratio equal to 0.0160.
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Figure 1: **'U concentrations in spent fuel as a function of the cooling time

—

4000

For the enrichment of reprocessed uranium, lighter isotopes *?U and 2**U reach the top of the cascade before
#U. The relative amount of U increases again. Table 2 shows an example of the different value of the

#4UPU for two re-enriched reprocessed uranium.

Feed material, origin PWR

U isotope 900MWe, Burnup 33GWdt Re enriched U 3.25 wt% Re enriched U 5.0 wt%
Y 1.1ppb 4.8ppb 7.6ppb
) 0.021%wt 0.085%wt 0.133%wt
= 0.92%wt 3.25%wt 5%wt
28y 0.42%wt 1.09%wt 1.55%wt
=i ] 98.64%wt 95.25%wt 93.23%wt
24y Ry 0.023 0.026 0.027

Table 2: Isotopic abundances and **U/°U ratio for re enriched uranium
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A 2. Gamma ray spectra

Typical features of U spectra as well as the difference between enriched natural UFs and enriched reprocessed
uranium are illustrated by figures 2a/2b and figure 3.

Uranium oxide spectra accumulated with a Germanium planar detector are shown in fig 2a and fig 2b. The
samples used for the measurement do not contain neither U nor ***U but trace amounts of ?°U.

Despite of the fact that, these two spectra were measured with U oxide powders, the UF; spectra present the
same basic characteristics.

Gamma lines in the 80-105 keV region

The 80-105 keV region (fig. 2a) of the U spectrum is characterised by an overlapping of many X and gamma
rays which contains the signature from **U and from **'Th and ***Th, daughter products of “*U and ***U

respectively.

The Th Ka-rays (93.35 and 89,96 keV), Pa Ka (95.86 and 92.28 keV), the 2*'Th gamma lines at 89.95, 99.28,
102.27 keV belong to the decay “**U which present only one weak line at 96.09 keV.

The decay of ***U gives birth to two gamma rays of ***Th at 92.38 and 92.80 keV.

The most intense lines (U ko at 98.43 and 94.65 keV) are due to self fluorescence of the material itself.

Uranium Spectra with Planar Ge Detector, 80 kaV to 105 keV

o g B

- - — d e § :ﬁ g -
) o - Q= 9 a8 =1 e} E -
a oo o = P g 22 ; L = a
1.E+06 & =F g X FiF . -FF& T > ) i g

: " A=t om g =i —ug2 3
> > 3 S G 20 1= @ =z = '
R 3 3 < —= By -2 —Z—uo 2 3
-] o W ] w oo = ; & A @
@ 2 a .-_,,8 £ M~ r e o 2
AL N3 o o © oo # £ = 5
= g ] 0 O o W m w {
3 = ol o o
@ @ @ 2

1.E+05 /

14T
o

1.E+04 4 \_/\""\
far e

high enriched Uranium

1.E+03

low enriched Uranium

Y e S [ ; : R . ., . Energy(kew) ,
80 a5 a0 95 100 108

Figure 2a: Uranium spectra taken with a Germanium detector- 80-105 keV region [4]
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Gamma lines in the 100-210 keV region

Fig. 2b show the typical lines of 2°U including the well known 185.7 keV line.

Uranium Spectra with Planar Ge Detector, 100keV to 220 keV
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Figure 2b: Uranium spectra taken with a Germanium detector- 100-210 keV region [4]

It is also possible to observe the 120.91 keV of ***U for the samples in thin aluminium containers due to the low
absorption in the aluminium containers.

Unfortunately the wall thickness of the 308 and 48Y containers prevents using all these possibiliies for
characterizing the uranium isotopes.

Gamma lines above 140 keV

Figure 3 shows spectra of depleted natural UFg and depleted reprocessed uranium stored in 48Y containers.
The measurements were performed with a planar Germanium detector in the 50- 2500 keV range.

Compared to fig 1b, the 143 keV and 163 keV of 2*°U and the 120.9 keV of 2*U are not visible anymore due to
the strong attenuation in the 16 mm thick steel container.

The 185.7 keV is still enough intense to be used to determine the **U enrichment with the enrichment meter
principle. There is no 2*°U line above 210 keV.

12
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Figure 3: UF; spectra, from natural or reprocessed uranium

8 is identified with the gamma rays of its daughter nuclides 24mpg (at 766.4 keV and 1001.0 keV) and 2pa
( 880 keV, 883 keV, 925 keV, 926.7 keV). That isotope is in secular equilibrium with 22U after several times of
half life (24.1 day of ***Th). Its signature can only be used if the history of the individual drum is known which is
not compatible with the use of automated systems

The depleted reprocessed uranium presents several specific lines emitted by the decay products of *2U.

Below 250 keV, the reprocessed uranium can be clearly identified with the 238 keV line of 2'?Pb. The lines of
205T) at 583, 860 and 2614.6 keV are typical signature of **?U presence.

The contribution of the scattered radiation of the 2614.6 keV line as well as well as the single and double
escape peak associated to this line also allow identifying the presence of reprocessed material.

228 232

Since “““Th is a common decay product of 221 and *Th decay (see annex 1), the same series of gamma lines

can also be observed in the **Th spectra. Only, the line at 911 keV line produced by 2*Ac (decay product of

2Th but of *2U) allows concluding to the presence of *Th.

Other possible features in UFs spectrum

The spectra shown in Fig. 3 were measured with depleted UFs. However, when measuring high enriched UFe,

the 1274-keV line from ?Na may become visible in UFs spectra [5]. This line is produced from the '°F (a, n)

13



reaction and could be used to reveal the presence of HEU material hidden behind a thin layer of LEU in a UFg
drum. The infinite thickness at 1274 keV photon is about 24 cm in solid UFs.

The presence of lines from "*'Cs and ***Pa (a daughter of **’U) were also observed during the measurement of
UFs product from reprocessing of spent fuel [6]. In spite of the fact that the backscattered peak of "'Cs is
located at 184.2 keV (figure 4), the assay results of [6] based on the analysis of the **°U enrichment at 185.7
keV were very good.

Influance of the Cs 137 backscatter peak-
Planar detector

12000 -

U235

10000

U235+Cs137

NN

0b of counts
2

4000 4
2000 +
185.7 keV
— ettt — P T . § L i e i
280 280 270 230 280 300 310 320 330 340 350
Chennel

Figure 4: Influence of the *’Cs peak on the U spectrum

A 3. Neutron output
In UFs, the neutron output arises primarily from spontaneous fission of *U, and by ‘U alpha decay and

subsequent °F (o, n) #Na reaction. Table 3 gives the relative contribution of the different U isotopes to the
primary neutron production and for four typical enrichments.
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neutron source1/s/ton UFg
Isotopes Amount (%) | spontaneous fission UFg (a,n) Relative yield (%)
Depleted U
2 0 0 0 0.0
&) 0.00234 0 7.85E+03 28.9
2%y 0.3 0 1.86E+03 6.8
2%y 0 0 0 0.0
220 99.6977 9.96E+03 7.53E+03 64.3
Natural U
=2y 0 0 0 0.0
= 0.0056 0 1.88E+04 513
i) 0.718 0 4.45E+02 1.2
o 0 0 0 0.0
8y 99.2764 9.92E+03 7.49E+03 475
LEU 5%
220 0 0 0 0.0
4 0.039 0 1.31E+05 86.9
2y 5 0 3.10E+03 2.1
20 0 0 0 0.0
22y 94.961 9.50E+03 7.17E+03 1.1
LEU 5% repr.
=2 7.60E-07 0 1.66E+04 3.26
24y 0.133 0 4.46E+05 87.48
=5 5 0 3.10E+03 0.61
220 1.55 0 2.76E+04 5.41
22y 93.317 9.50E+03 7.04E+03 3.24

Table 3: relative contribution of the U isotopes to the total output neutron signal [7]

For natural uranium, the 2*U and ?*®U contributions are almost equal. The 234U-produr_:ed neutrons dominate the

(o, n) intensity from low enriched °U. The spontaneous fission neutrons are mainly emitted by ol 1

cannot be measured directly with passive neutron measurements.

Figure 5 shows the example of a 100 group neutron spectrums for natural UFs.

15
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Figure 5: 100 group neutron spectrums for natural UF6 [7]
B Characteristics of the UF; cylinders

B 1. Container description

The most commonly used cylinders are the 30B (2.5 t) cylinders for low-enriched product and 48Y (12 t)

cylinders for natural feed and 48G for depleted uranium storage only. Table 4 gives the characteristics of the
cylinders.

Nominal Noerinal Nominal tare  Approx. Tare ME vl
Cylinder model  diameter lengh weight (kg) ‘Ezi ht. (kg) (weight  thickness  Fill limit (kg)
(cm) (cm) g %2*50) (mm)
max. min.
30B (product) 76 206 635 635 5 12.5+£0.5 2277 1.043
48Y( feed) 122 380 2359 2359 1 16+0.5 12501 9525
48G(tails) 122 370 1179 1179 1 8+0.5 12174 -

Table 4: Technical characteristics of the cylinder [8]

The cylinders are constructed of ASTM A-516 steel with a chemical composition given in table 5. Measurement
performed on calibrated items lead to a sound velocity of 5310 m/s.

16



Element C Mn Si P s Ni Cr Mo Cu Al Sn Ti \ Nb N Ce
(%) 0.15 121 021 0.011 0.003 0.014 0.18 0.007 0.012 0.035 0.001 0.019 9E-04 0.002 0.004 0.391

Table 5: Chemical composition of the steel ASTM A-516

The measurement performed in [9] showed that the 30B container thickness varies from 12.5 mm to 13.8 mm.
These deviations influence strongly the enrichment determination by application of the enrichment meter
principle (paragraph C1223). A variation of 0.5 mm of the wall thickness leads to a minimum error of + 5% of
the intensity of the 185.7 keV line of **°U. If there is no possibility to measure the wall thickness of the container
(contact measurement) with an ultra sonic gauge, the requirement R13a of [1] cannot be fulfilled.

B 2. UF; filling profile

As it will be discussed in paragraph E 221, the neutron detector response depends strongly on the filling profile.
It has to be known in order to determine the 2**U enrichment with passive neutron method.

UF; is characterised by a high coefficient of expansion in the liquid phase. When heated in the containment
autoclaves, the transformation of UFs solid at 20 deg. to UFg liquid at 110 degrees Celsius goes with a volume
increase of 53 %. Consequently, to prevent deformation and rupture of the cylinders, the maximum UFg mass
does not exceed 2/3 of the maximum possible load of the cylinders.

The distribution of the material within the container depends on how it was filled, on the last operation made on
it (for instance, sampling in liquid phase after homogenisation) or how long and under which conditions
(temperature, sunshine) it was stored.

When it is filled in liquid phase or after sampling, UF; solidifies using all possible heat exchange surfaces. Most
part of UFg remains in the lower part. However, there is a deposit of UFs of several centimetres on all the upper
part (Fig 6 a).

When the container is filled by desublimation in a cylinder cooled at -25 degrees Celsius (GB2), UF¢ is
deposited in a uniform way on all the inner surface of the cylinder (Fig 6b) and forms an annular solid ring.

When the container is filled with UF; gas at 80 degrees Celsius in a cylinder at 15 degrees Celsius, first a layer
of solid UFs is deposited on the entire inner surface. Later, due to the increasing temperature of the solid UFs,
additional amount of UFg will condense inside the shell of solid UFs, flows by gravity in the cylinder and then
solidifies. Consequently, this material will fill the lower part inside the solid UF5 shell (it is assumed that 75% of
the gas is liquefied). As a result, we have the same filling profile than in fig 6a.
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Figure 6a: Profile after filling at 80 deg C Figure 6b: Profile after desublimation

With the changes of temperatures during the day, the filling profile changes. The coating sublimes from the
cylinder wall to cooler cylinder areas, thus decreasing the thickness. However, no important modification due to
the daily heat cycle is expected.

Information about the effect of ambient temperature on the shape and location of the void volume in UFg
cylinders can be found in [10].

The reference [10] mentions a study carried out at PGDP in 1971 on two 10-ton UFg cylinders which were filled
with liquid UFs. One of the containers was then cooled down from 93 degrees Celsius to room temperature in 15
hours whereas the other was frozen quickly in ice water at 0 degrees Celsius.

Both cylinders were then frozen and sectioned. In both cylinders the major cavities were lengthwise in the top
half of the cylinder and all surfaces were covered with solid UF; (fig7).

UF; vapor

UF; solid

Figure 7: UF5 filling profile

In the case of the fast cooled cylinder the cavity was much larger and the matrix was hard and dense whereas
for the second case UFg was flaky and contained many small voids.
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B 3. Chemical and radiochemical impurities

When the cylinder is emptied by gassing off the UF, the non-volatile daughter products of U (**Th and
#"Pa) as well as uranium deposit in the form of UFs, UO,F,, UF, and UFs and also volatile UF remain in the
“heel”. On filling a freshly-emptied cylinder with UFg, the daughter products clearly remain mainly plated on the
cylinder wall. Heels in excess of 22.7 kg for 48Y or 48G and 11.3 kg for 30B require removal by cylinder
cleaning. The heel is responsive for significant radiation levels observed for empty cylinders, since the non-
volatile products are not self-shielded any more for an empty cylinder, the radiation dose increases by a factor
of 12 for a freshly emptied 48Y cylinder and a factor of about 6 for a 30 cylinder [8].

The spatial distribution of the heel influences the amplitude and the shape of the gamma radiation background.
The contribution to the spectrum of the Compton scattering of the high energy gamma rays from *"Pa as well
as Bremstrahlung production from the 2.3 MeV beta particle emitted in the decay of #4Mpa are sensitive to the
location of the material. In addition, since the 185-keV gamma ray used for determining the *°U enrichment has
a short mean free path, the deposit can mask the signal from the actual UF filling.

In the measurement carried out in [9], the authors mentioned that the residual activity was often clearly defined
as forming a lateral band along the length of the cylinder. This fact was confirmed by the staff of Georges Besse
1 [47). When measuring the ***U enrichment, the detector position has to be chosen in a way that the deposited
does not influence the result.

As already expressed in paragraph A2, [5] [6] also mentioned the presence of *'Cs and *Pa (daughter of 27U)

during their measurements on UFs cylinders.

C Review of existing NDA methods for **°U enrichment and mass determination

C 1. Enrichment determination by gamma spectrometry

Introduction

Two basic NDA methods are routinely used to determine the **U enrichment. One is based on a self intrinsic
calibration with unfolding of complex energy regions whereas the other makes use of the enrichment meter
principle.

The choice of one or the other method is guided by the characteristics of the sample to be measure (mass of
uranium material, geometry of the container, isotopic composition inducing interferences) as well as the
availability of reference samples.

Each method and its and limitations are described in the next paragraphs.

C 1.1. Intrinsic calibration

The methods based on the self intrinsic calibration procedure are either based on the unfolding of the complex

80-120 keV energy region (fig 1a) or on the higher energy region 120-2600 keV.
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C 1.1.1. Method based on the unfolding of the 80-120 keV region or of the 60-210 keV region

Applying an iterative procedure to separate the contributions of 25U and U in the 80-120 keV region (see,
figure 2a, Paragraph A2); it is possible to determine the enrichment using an intrinsic efficiency calibration
procedure. Originally mentioned in [11], this method developed and implemented in the MGAU code in 1994
[12] is widely used in the field for characterizing a wide variety of samples.

A similar approach is also used in the “URADQOS" process [13], FRAM [14] and GXW [15].

MGAU

MGAU is the code which was the most intensively tested [16], [17], and [18]. It was continuously improved and
has recently undergone developments [19] which would reduce the overestimation for LEU and under
estimation for HEU of the previous versions [16], [18], [20] and gives a better estimation of 24 whose 120 keV
line content is now calculated using a relative efficiency curve based on the analysis of lines at 143, 163, 185.7
and 205 keV.

The authors of [19] conclude that the upgraded version would provide systematic bias close to 1% for 2*°U for
enrichment ranging from 0.32 to 93.2% and systematic bias close to 3% for 24U for a concentration ranging
from 0.002 to 0.98%.

FRAM

A more recenily developed application of FRAM (Fixed-Energy Response-Function Analysis with Multiple
Efficiency), version 4, calculates a similar efficiency curve in the 60-210 keV region.

The calculations are carried out using either a “physical-efficiency curve” taking the principal physical processes
(self absorption within the sample, absorption in the sample container , absorption in interposed shielding
interposed between the source and the detector and the efficiency of the detector) taking place in the
sample/detector system or a “empirical efficiency model”.

The existence of bias mentioned in [21] suggests that further upgrading of the code should be carried out. Up to
now and compared to MGAU, FRAM-U was not tested intensively by an independent laboratory.

GXW

Based on the intrinsic calibration calculation principle, the GXW (Gamma X-ray Weighting) Analysis software
also allows the determination of the **°U enrichment as well as the U concentration for a certain type of samples
and under specified conditions [15].

Measurement results tabulated in [22, 23] showed deviation up to 35% for depleted Uranium and around up to
5% for high enriched uranium.
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Applicability limitations of MGAU, FRAM and GXW

MGAU, FRAM-U or GXW are based on the deconvolution of a complex region between 80 and 120 keV or 60-
210 keV region, hence requiring the use of a very high resolution planar detector.

In spite of the fact that corrections for non secular equilibrium were introduced for MGAU and FRAM-U, these

options were not intensively tested.

The most important factor which limits the application of these three codes is that thick shieldings interposed
between the detector and the U material absorb strongly the radiation emitted in the 60-210 region used for the

analysis, hence limiting the applicability to a maximum of 8 mm equivalent steel interposed shielding.

Measurements on UFg cylinders with 13-16 mm thick steel walls and the low-energy analysis preclude the use
of these three codes.

C 1.1.2. Method based on the analysis of the 120-1200 keV region

Several attempts were made to overcome the previous limitation when measuring U in thick containers [24, 25].
These papers refer to the analysis of the 120-1200 keV region by intrinsic calibration using, the 143.8-163.3,
185.7 and 205.3 keV of 23’E’U and the 258.3, 766.6 and 1001 keV from 234"‘F'a, with an additional gamma ray
from #*U at 120.9-keV for [24] only. Using either standard empirical relative efficiency curve or physical model
for the sample detection system, these two applications were tested with various uranium enrichment standards
using in particular 13 to 16 mm steel absorber and different germanium detectors.

In [24], two low enriched samples were measured for a minimum time of 30 mn and the analysis gives deviation
between declared and measured below 3%.

In [25 ] five LEU samples were measured repeatedly 24 times for 15 mn, 30 mn or 60 mn and with 13 or 16 mm
steel. For counting time of 15 mn, the average on the 24 measurements gives results deviations between
measured and declared below 3%.

In spite of the good results presented in [24] [25], the tests were performed on a limited number of items, for
long counting time and with detector put at the contact of the cylinder.

In case, the distance of 50 cm from the cylinder had to be respected; strong collimation would be required which
would require even higher counting time to get the same good results.

However, both cases are based on gamma ray analysis below 200 keV. Since UFg is very absorbent the
measurement results indicate only the enrichment at the drum wall.

Ancther important limitation is that since this method makes use of the Smp gamma lines, the secular
equilibrium of #*Th has to be reached.
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C 1.2. Method based on the analysis of the 185.7 keV line of *°U

The classical method used to determine the **U enrichment requires the use of reference samples and is
based on the enrichment meter principle [26] applicable to infinite thick items.

This method is used routinely to determine the 2**U enrichment on UFs containers either with low resolution
detector [5-6-27] or high resolution detector [9-28].

On the whole, the limitations encountered with the application of this method are defined as a function of either
the performance of the used detectors (Nal, LaBrs, Ge or CZT) in term of efficiency or resolution or of the
algorithms used in the analysis codes (table 6).

Detector type Ge Nal CZT

Code UFe U235 NalGEM

Number of calibration
standards 1 2 1 1

Possibility to perform wall

thickness correction yes no yes yes

taking into account of

possible interference yes no yes yes
Bibliographic Reference | [5.6,9,27,28,31, 32] (58] [29] [30]

Table 6: Applicability limitations of the enrichment meter principle as a function of the detector types

The following paragraphs present a review of different possible applications of the enrichment meter principle
with the limitations of applicability for routinely used detectors. The enrichment determination with the newly
developed LaBr; detector will be presented in chapter C.
C 1.2.1. Measurement of the enrichment with a Nal detector
The Nal detectors are characterized by an easy handling and high counting efficiency.

' The net peak area determination is complicated as the broad full energy peak covers all the U-235 peaks from
143 keV to 205 keV. The shape of the underlying background radiation cannot be considered as a straight line.

Therefore the background must be modelled within either with a fitting procedure or monitored in a adequate
region of interest at a higher energy in the spectrum.
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Figure 8: Background below the 185.7 keV line for two different enrichments

C 1.2.1.1. Two window counting technique

When the background is monitored with an adequate region of interest, the technique is called “two window
counting “. The enrichment is expressed with the following expression:

E= A*ROI,-B*ROI;
where:

- Aand B are the two calibration constants ,
- ROl , a window bracketing the 185 keV peak,

- ROl a second window set just above the peak to evaluate the background.
The “two window counting technique” cannot be applied when:

- the shape of the background is time dependent or change because of plated 24Mpa heel mask the
signal from the actual UF; filling,

- the container wall thickness for calibration standard and sample to be measured have a difference of
more than 2 mm equivalent steel,

- gamma peak interference are expected,
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Wall thickness correction:

The wall thickness correction factor K, which accounts for difference in wall thickness between the calibration
standard and the sample to be measured cannot be calculated easily because ROl and ROI, are influenced in
different proportion by:

- the Compton background of the lines at 766 and 1001 keV of ***"Pa,
- the bremstrahlung production from the 2.3 MeV beta particle emitted copiously in the #4Mpa decay,
- the scattered radiation of these same rays in the interposed shielding and,

- the scattered radiation in the source itself.

Even if this correction is implemented in IMCA [33] used by IAEA, the correction works only for small deviation
compared to the calibration (less than 2 mm equivalent steel).

To avoid the misuse of this correction factor, this correction was not implemented in code such as U235
software [34] used with the MCA-166.

This wall thickness correction can be properly calculated when calculating the net peak area background with a
fitting procedure with the NalGEM code [29]. This code integrates a wall thickness correction which works
properly for a for a Collimator Diameter /Collimator Height ratio below 1.7 [35]. A more extended calculation for

a non parallel beam was proposed in [36].

Gamma peak interference:

Interference occurs when gamma lines other than from % are so close to 186 keV that they cannot be
resolved by the detector. The drawback of a Nal detector is obvious.

In order to estimate the resulting measurement inaccuracy, the count rate of interfering gamma lines of 24,
24y, 28 U can be figured out from table 7a to 7d. These tables give gamma lines of interest, the number of
photons/s and initial gram for each isotope and T represents the time after chemical separation. Table 8 gives
the relative contribution of the isotopes ( SEy;

30 keV for an energy E=186 keV.

u, U) to the 185 keV line taking into account a resolution of

By Photons/s per initial g of Z°U

Energy(keV) T=0 T=1y T=10y
164 Zegi 0 1.1 10 32107
166.4 281h 0 2310° 6910°
176.7 22pp 0 1.2108 36 10°
182.2 20y 0 1.310*  3710*
205.9 257 0 4410  1310°
238.8 A2pp 0 110" 3419
270.2 22y 2317 23107 2110

Table 7a: Photons/s per initial gram of *2U
(T - time after chemical separation)
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My Photons/s per initial g of Z*U

Energy(keV) =0 T=1y T=10y
185.8 20 0.2 0.9 1.8
186.2 “Ra 0.02 0.4 16
241.9 24pp 0.04 0.8 3.3

Table 7b: Photons/s per initial gram of >*‘U

e Photons/s per initial g of U
Energy(keV) T=1y T=10y
163.1 i | 1.310%
163.4 2y 4.010°
174.2 Bl 1.510°
182.1 o | 3.410?
183.5 2l 2.810'
185.7 i 4510
194.9 . 5.0 10%
198.9 -y 3.210
202.1 zy 8.510°
205.3 25 4.0 10°
Table 7c: Photons/s per initial gram of *°U
™ Photons/s per initial g of ~**U
Energy(keV) T=1y
159.1 Bipg 0.1
170.7 Zipg 0.08
1746 Zipg 0.03
184.7 #¥mpa 0.15
186 Zipa 0.32
193.4 ;o 0.06
193.6 2¥Mpa 0.1
196.4 B4pg 0.01
199.9 Z4mpa 0.05
200.6 Bipg 0.18
203 Bipg 0.19

Table 7d: Photons/s per initial gram of Y

Interference from the decay of **U

Natural Uranium contains 99.28 % of 2®U (T,,,=4.468.10° years) which decays into **Th (T,,=24.1d), which in
turn decays by beta decay to 2*™Pa (T,,= 1.17 mn) and **Pa T,,=6.7h). These two ®U daughters are always
present in uranium samples. Table 7d shows the gamma lines of uranium in both energy and background
window for secular equilibrium. There are two sorts of impact on the measurement precision:

- the sample to be verified is not yet in secular equilibrium after reprocessing and hence contains less
protactinium than the calibration standard,
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- additional photons are emitted from the heel so that the sample contains more protactinium than the

calibration standard.

There are two interfering lines very close to the 185.7 keV line (table 7d) that cannot be resolved even with a
Germanium detector:

- at 184.7 keV emitted from 2™
- at 186.0 keV emitted from 0.32 photons/s/ per initial gram of ***Pa,

Pa, 0.15 photons/s /per initial gram of s 1

234 234mp a

Table 6 shows for several enrichments the contribution to the 185.7 keV line of all the lines of “"'Pa and

interfering with this peak when the secular equilibrium is reached.

Contribution of 22U and decay
Detector type Enrichment (%) products to the 185.7 keV line
(%)
0.3 0.34
Germanium 0.7 0.14
1 0.1
0.02
0.3 0.84
Nal 0.7 0.24
1 0.25
0.05

Table 8: Contribution of the **U and decay products to the 185.7 keV line

One can see that for depleted uranium, the contribution of **U decay product is around 0.8%.

Uranium daughters from the heel however can bias the measurement to a much greater extent [9].

Interference from the decay of *°U

Significant interference is to be expected from reprocessed fuel in particular from the isotope aat)
B2) has a half life of 72 years. It grows in after chemical separation from the decay of one of the uranium
isotopes that are produced through nuclear reaction. It reaches a flat maximum within 10 years. As an example,
its concentration in originally 3.2 % enriched LWR fuel of a burn-up of 33000 MWD/t, 3650 days after discharge
from the reactor, is 8.2x10™* g/ton of fuel charged to the reactor compared to 7.5.10° g/t of **U. The #2U to #°U

ratio is hence 1.1x10™.
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Locking at table 5a, there is an emission of 3.7x10° photon/s/g and initial gram at 182.2 keV which would
interfere with the 186 keV line of U of the same order of magnitude (4.6x10* photons/s/g). However, the
contribution of this line remains negligible (even for a germanium detector). For instance, the contribution of
22J decay lines to the 185.7 keV line is 0.001 % for a 5% re enriched reprocessed uranium.

A considerable bias, however, has to be expected from measurements with Nal where several strong lines, esp.
the 238.6 keV line of 2'?Pb invade the background window. A background estimation based on a region which
would not contain gamma line of 22 should be chosen in a way that it is not anymore influence by the **°U

separation time.
Conclusion:

The use of the Nal detector is made difficult due to:

f 2%Pa in the heel,

- the presenceo
- the potential presence of 22|) and decay with interfering lines in both energy- and background window,
- the sensitivity of the enrichment determination as a function of the variation in wall thickness ( 0.05 cm

variation in wall reflects a relative change of 5% in the measured enrichment).
C 1.2.1.2. Fitting technique - NalGEM

The limitations imposed by the use of the two window counting can be overcome by fitting the background
below the 185.7 keV line. The NalGEM software [29] applies the enrichment meter principle but in contrary to
the two window counting technique, the 185.7 keV net peak area is calculated by a non linear least square
fitting procedure.

The enrichment is expressed as:
E= C*K*Kue™ Net peak area of 185.7 keV line

where C is the calibration constant, K, and K, the matrix and wall thickness correction factor respectively.
These two parameters correct for container-standard mismatches (the sample matrix, the thickness and type of
attenuating material between the source and the detector).

The code can be applied for collimator diameter/thickness ratio lower than 1.7. However, further developments
[36] may extend its use to larger diameter/thickness ratios. Tested on the PERLA standards, the code gives
satisfying results with interposed shields up to 17 mm steel [35]. However, the test of the code with reprocessed
uranium is very limited.
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C 1.2.2. Measurement of the enrichment with semiconductor detectors

C 1.2.2.1. Germanium detector

High Resolution germanium detectors are required when two or more gamma lines are likely to overlap e.g. for

measurements of reprocessed fuel where gamma emission from isotopes other than 2*°U can be expected. The

photo peak of the 185.7 keV is narrow enough to allow for background subtraction by a straight line. The

germanium detectors are routinely used to measure the UF; containers [28, 27, 32, 9, 31, 37].

The wall thickness correction factor calculation can be evaluated on the basis of the simple assumption of a

quasi parallel beam. In the case of large collimator aperture, more sophisticated correction factor have to be

calculated which are not taken into account in commercialised codes.

Table 9 summarizes the measurement conditions of the different measurement campaigns cited from literature.

Nb of measured cylinder
Reference Year/Auther Detector type Collimator Distance detector- cylinder  cylinders, cylinder type  Counting time (s) Accuracy
700, 5-8-12-, inches
[28] 1998 Lead plug contact diameter containers
Hagenauer diameter=1.3cm 300 ?
lateral collimator
sytematic
uncertainty:1.6%
[31] 2007 LEGe, 500mm®  "highly collimated" contact 1236, 30B 300 for 308 and 48Y
. random
25.2mm uncertainty: 7.7%
diameter15mm for 48Y and 4% for
Montgomery thickness 71, 48Y 308
1979
Princeton gamma- lateral shielding S5cm coefficient of
techintrinsic Ge  wall detector back vanation around
[9] Shaw detector shielding contact 130, 30B 300 2% per batch
total
uncertainty:20% for|
depleted and 2%
for 3.7% enriched
[37] 1997 Ge-planar diameter=36 mm contact 30B and 48Y 30010 1000  uranium
Bemndt Gl-1020-R h=20mm
1979 totzl uncertainty:
[32] E.Dermendjiev Ge, 56 cc ? contact 22,308 300 to 600 8%

Table 9: measurement conditions and resulting accuracy for measurement campaigns described in

the literature

For all the series of measurements, the detector was placed as near as possible to the cylinder and very often

at a point about half a cylinder diameter above the ground.

In [31], the detector was in UF; cylinder storage area where adjacent containers were placed and cylinders

stacked in some cases.
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It is worth mentioning that:

-for ref [28] [31] [37], the wall thickness was determined at the position of the gamma measurement to insure
that non-homogeneous cylinder wall thickness would affect the quality of the measurement. In some cases, a
wall thickness corresponding to 13 mm was taken as a mean value [9].

-ref [9] showed that there was significant interference from the gamma emission of adjacent cylinders and that
the detector was vulnerable to interference from cylinders sited directly behind the cryostat and that

the ratio signal/background was improved by using a 5 cm lead shield collimator which held the detector face for
a Nal detector.

C 1.2.2.2. Large CZT detector

The capabilities of a portable, ambient temperature CZT/1500 for uranium enrichment determination were also
investigated in a laboratory study. Its resolution (13 keV at 185.7 keV) is good enough to avoid the complication
due to interference and to allow an easy subtraction of the background by fitting.

Its absolute full energy peak efficiency at 185.7 keV is slightly better than that of a planar germanium detector
with 1.6 cm diameter and 1 ¢cm thickness [30].

In this study, the detector was placed on contact with the samples. Steel plates were placed between the
detector and the uranium standard to mimic the cylinder wall. For counting time of 300 s, the measurement of
depleted uranium (enr = 0.3166%) and of natural uranium ( enr= 0.7119%) behind 16.8 mm steel gave
respectively (0.1644+ 0.0413) and (0.7085+ 0.1086).

C 1.2.2.3. Main parameters affecting the uncertainties associated to the determination of the

enrichment with a semi conductor detector

The enrichment meter principle is based on the comparison of the 185.7 keV peak net area of an unknown
sample to a calibration standard relying on the proportionality of count rate and enrichment. It is expressed as
[36]:

E, a CR]se,s -
Ec - CRISG,(‘ e

Where:

sistheindex for the sample,
cistheindex for the calibration standard,

E 2% enrichment,
CRygg 186 keV peak net area counts per time unit,
f matrix correction factor,

func wall thickness correction factor.
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The parameter f . corrects for the different materials and wall thicknesses of sample and calibration standard. It

is equal to
f exp(_)uc X pc ¥ Klt‘f:."(.‘ * xt.')
" - exp(_#i‘ * )05 * KW{L‘,J * x?)
Where
S the index for the sample,
c the index for the calibration standard,
[ mass attenuation coefficient of the shielding between source and detector,
p density of the shielding material,
X thickness of the shielding,

Kwe  geometric correction factor for a non-parallel beam crossing the shielding

The geometrical correction factor K, takes into account the increase of the attenuation for a non parallel beam
[36].

The parameter f,, is equal to

P YN
U1, &«
Where
) the index for the sample,
c the index for the calibration standard,
T mass attenuation coefficient of the matrix
[U] U concentration factor

The variance V(Es) of the calculated enrichment derivates from the elementary uncertainty propagation law:

VE) _VE) V() V() V(CR) V(CRi,)
2 2

E g E ¢ 3 f.:n ’ wie CR}ESS,J CRZ

185.¢

In this expression, the predominant contribution comes from the count rates in the 185.7 keV line for the sample
and calibration and the wall thickness correction.

The accuracy of the count rate in the 185.7 keV line is influenced by the ratio peak/background which can be
optimized by an appropriate collimation system. It was found the that the photo peak to background ratio could
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be improved marginally by using a collimator that holds the detector face some 5 cm away from the cylinder
surface [32].
The sensibility of the enrichment determination accuracy as a function of the wall thickness correction factor

uncertainty can be illustrated with numerical application in typical cases.
The uncertainty of the wall thickness correction factor f,, (2) is express by:
= -

2 2 2 2
A A AK,.. Ax,
[Afw}c } e (luc * p‘. * Klﬂcc * xL )2 * [ #(,- ] +( p{,- ] + wic ¢ ] + (___[._J +
.7 wic lu ¢ )O 14 Ku‘!c' I xt

2 2 2 2
A AK Ax,
+(;1,*,0;*K“-M*x,.)2 5 {Aﬂ’] +[ pJ +[ "] +(~—-—}
I I I I ﬁ 5 p 5 K“'TU 5 x."

In the field, the measurements are preceded by a wall thickness measurement by means of an ultrasonic
thickness gauge calibrated with a certified test block made of the same steel material. The detector is placed as
near as possible to the cylinders and the thickness is determined at the position of the measurement.

Reference [9] mentioned that the 30B container thicknesses varies from 12.5 mm to 13.8 mm for the 30B

containers whereas the wall thickness variations measured in [38] are given in the table 10:

48Y 30B

end surface side surface end surface side surface
min max min max min max min max

16.7 1721 | 16.18 16.53 13.7 14 1277 13.38

Table 10: Thickness variation on UF; containers (mm)

The uncertainty Af,./fu is equal to 5.5% for x.= (16.0 £ 0.1) mm and xs= (17.0 £ 0.5) mm for a 48Y container
and to 5.7% for x,= (13.0 £ 0.01) mm and xs= (13.5 + 0.5) mm for a 30B container.

These numerical values show that a typical wall thickness variation from nominal value easily leads to an

enrichment error of 6%.
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Conclusion:

Gamma measurements are surface measurements which allow determining the ?*°U enrichment only for the
maximum 2 cm thick UFg layer in contact with the steel container. The bulk of the drum contents remains
invisible'.

The only applicable method to measure the *°

U enrichment by gamma spectrometry is to use the enrichment
meter principle of the analysis of the 185.7 keV gamma rays of “°U. The accuracy on the result depends
strongly on the quality of the wall thickness correction. Since in the requested set-up the wall thickness can not
be measured with an ultra sonic gauge, the variation of this parameter will cause systematic errors in the order

of 6% and hence the requested systematic error of 2 % [1, R13a] cannot be achieved.

The germanium detector can be used (within the above mentioned limits). For all the cited references, the
measurements were performed with the detector very close to the cylinders whereas for this study, the distance
detector to cylinders distance must at least be equal to 50 cm to insure safe motion of the cylinders. Under
these conditions the achievable count rate is limited (also after optimisation of the collimation) and leads to large
random errors above the requested limits in [1] .(see below chapter E1).

The sodium iodine detector suffers from potential presence of protactinium deposit in the inner wall of the
cylinder and possible gamma ray interference.
The low efficiency of the CZT detectors limits their use for this application.

C 2. UFs mass and *°U enrichment determination with passive and active neutron assay

Introduction

235

Passive and active neutron measurement techniques have been used to determine both the U enrichment

and UFg mass [5, 6, 39]. The purpose of the next section is to describe the different assay measurements
referred in the literature for both passive and active techniques and to see how the results could be used in our
study.

C 2.1. Passive neutron assay

The passive neutron detection consists in measuring the fast neutron flux emerging from a UFs cylinder. The

234 235) 1,234

primary flux is due to F(a, n) reactions induced by the U/~U ratio can be

235U

U alpha activity. If a constant
assumed, the fast neutron flux is then proportional to

' A 0.5 mm thick layer of deposits of an earlier filling represents 4% of the UF; mass the gamma detector
"sees". The enrichment value of this old material contributes with a weight factor of 0.04 to the measurement
result, whereas the enrichment value of the interesting new material with a factor 0.96. A 0.5 mm deposit of 2%
enriched U will cause a relative enrichment error of 3% in case the bulk of the drum has 5% enrichment.

In [6] larger errors are estimated. But it is only an estimate without additional experimental input. The authors do
not assume that the observed outliers of their measurement results are caused by internal deposits.
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The total neutron source term from a mass of UFg can be written as:
Q = My*( 3230000*f3,+496*f34+ 0.0917*f35 + 2.64*f35 + (0.0112+SF34)*f3g) [7],

where Q is the neutron source strength in n/sec, M, is the uranium mass in g, f is the fractional isotopic
composition of the subscripted isotope and SFis spontaneous fission coefficient of 22U.

If the terms with f33, f3s and f3s can be neglected, the previous expression becomes:;
Q= Mu*( 496*fa4 + ((0.01 12+SF33)'f33)
If the ratio 2**U/**U is known and constant, the neutron source strength can be written as:
Q=M (a+ b*fs)
Several experiments [5, 8] were carried out to define the relationship between the neutron detector response,

the **U enrichment and the total UFg mass. Table 11a summarizes the different experimental parameters and
conclusions of these two papers.

Rs::;:?ce Typeand n:;::;sari msastiec Detector Distance container-detector z‘:‘?’:::\l‘:; i::::;::]){ Conclusions
neutron count rate= a+b* U enr witha and b
] 308 SNAP* contact <350 4950 function of Myeg
back angle shielding factor|
4.2 and 2.3 for background For a fixed U enrichment leakage fraction varies
neutron from **Pu-Liand | 4 and 8 o'clock toward the for 3% enriched | from 0.93 to 0.82 as the UF; weight increases from
1974 123 *2 Cf resp. centre of the cylinder material 2000 to 50001
For a fixed UF; mass, leakage fraction varies from
abs. efficiency.8*10-5 at 0.80 to 0.84 as the enrichment varies from 1% to
1m for the ***Puli source 4%
mass determination was accurate within about #
15% even with lighter cylinders { 1140 to 3000 Ib).
- the method presented a standard deviation of only|
6.5% for the distnbution of the parameter ( E
measured- E declared) when applied to the
|measurement of 110 type 30B cylinders with)
enrichment =1%,
2 *He tubes with neutron count rate= a+b* U enr with a and b
5 304 maderator contact function of My gg
14 18-atm fill pressure midpeint of the cylinder length|
cylinders full or partially full (1000
1981 to 2230kg)
24 varies from 0.01% to 0.03%
neutron count rate= a+b* U enr with a andb
304 SNAPT contact 50 to 100 3200cts/mn function of Mg
back angle shielding factor|
4.2 for background
16 neutron from “*PuLi for 3.1% enr
abs. efficiency: 5.8"10° at
fixed U ratio 1m for the same source

Table 11a: Passive neutron measurement

The results lead to the conclusion that there is a linear relation ship between the detector response and the
enrichment for a given UFg mass for an enrichment ranging from depleted to 5%.

33



In addition, the variations in the neutron leakage (fraction of the source neutron that escape from the cylinder)
per source neutron caused by larges changes in enrichment and cylinders loadings were small. If the neutron
leakage would vary dramatically with the weight or the enrichment, it meant that only a fraction of the load would

contribute to the total number of counts.

In conclusion, the passive neutron counting is not directly sensitive to 2°U content, but if the ratio 2*U//*U is
known, the UFs mass and isotopic composition of 30B cylinders can be checked. However, it is necessary to
supplement these experimental results with MCNP calculations to confirm the relationship between the neutron
output and the UFs weight or the 2**U enrichment.

However, a falsification of the >**U enrichment declaration which can not be detected by gamma spectrometry
could lead to the expected neutron count rate (i.e. according to the declaration) when compensating the missing
neutrons with HEU material hidden in the cylinder.

C 2.2. Active neutron interrogation

The active measurement technique is a direct measurement of the U enrichment and in contrary to the
passive measurement, there is no need to know the **U/**U ratio. Table 11b summarizes the experiments
performed in the 70’s with techniques based on thermal neutron induced fission of 2*°U in UF; cylinders. Figure

9a and 9b show the device used in [6] and the measurement geometry.

Distance
Re:;:;::ce Type and n:::‘::;:;;r maksuied Detector Source container- ?‘.:::tls:':?\){ Conclusions
detector
upto 3 %
4 " He tubes with 3500 for 1%
&1 308 moderator moderated contact enrichement neutran count rate=( a+b* “**U enr)
1874 38 18-atm fill pressure Am-Li { S.Ilism's) up fo 4%
Cadmium foil to remove
up o 4% enrichment interregation neutron neutron count rate#( a+h™ Y enr}
2 “He tubes with 3000 for 2%
[5] 304 maoderator moderated contact enriched linear or quadratic fit of the function:
Am-Li { 5.10%0/s) or “*Pu-Li
14 18-atm fill pressure (1.5.10°n/s) neutron count rate=(a+b* ***U enn)
1881 cylinders full or partially full
Yy varies from 1,35% to 3.93%
2°Hetubeswith | Am-Li(5.10%0/s) or “*Pu-Li 3000 for 2%
[39] 308 and 48Y moderator (1 S.Tosn.'s} contact enriched U neutron count rate=( a+b* == enr)
21 18-atm fill pressure up to 3% enrichment
1973 fixed WU ratio Accuracy £ 5% for a 2 mn counting time

Table 11b: Active neutron measurements

The mean-free-path for thermal neutrons in solid UF; is a strong function of 2°U enrichment varying from 24 cm
for 0.3% to 4 cm for 4%. This leads to a correspondingly strong dependence of the detected induced-fission on
fast neutron flux on ***U enrichment.

Table 11b shows that, up to 3% the net count rate is a linear function of the enrichment for the three
experiments whereas on the 0.3 -4% enrichment range, results of [6] show a non linear behaviour which was
then confirmed with MCNP calculations.
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Figure 9a: Schematic drawing of the measurement device [6]
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Figure 9b: Measurement geometry with active device [5]

Conclusion

Contrary to the gamma spectrometric measurements, passive and active neutron based techniques are not
sensitive to deposits of protactinium, to the container wall thickness variation and to the presence of potential

interference.

Passive neutron measurements require the knowledge of the 24U/*%U ratio. References [5, 6] showed that
adequate calibrations allowed the determination of the 23 enrichment as well as the total UFs mass.

The small variation of neutron leakage factor as a function of the enrichment or as a function of the UF; mass of
[6] have to be confirmed with MCNP simulations to see whether all the source volume elements contribute

significantly to the total signal. The work will be described in chapter E.
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The active measurement technique is a direct measurement of the *°U enrichment and in contrary to the

24U ratio. It makes use of special geometry

passive measurement, it does not require the knowledge of the
conditions (source and detector in contact with the container) and cannot be easily applied if the source and the

detector have to be placed at 50 cm distance from the drum.

D Techniques based on the analysis of delayed neutrons and delayed photons

Introduction

Delayed neutrons and p-delayed gamma rays emitted by uranium fission products have been the object of
recent investigations, especially for applications such as systems for border security monitoring or for
radioactive waste management. For this purpose highly sensitivity methods are required. All these studies
require the use of heavy installations (accelerators and reactors) serving as pulsed neutron or high-energy
photon interrogation sources and are performed on small quantity of fissile material and none of these studies
was performed on UF, transportation containers.

However, since these techniques appear as a powerful tool for determining the U enrichment/U mass in cases
where traditional gamma technique cannot be applied and since they show some promising trends, the chapter

below summarized some of the experiments carried out with the delayed neutrons and delayed photons.

D 1. Determination of the “*°U enrichment and ***U mass of bulk uranium samples using delayed
neutrons

The determination of the ?**U enrichment/***U mass of small samples was investigated in [40] and [41] based on

the analysis of U fission fragments decay with the emission of delayed neutrons after irradiation with neutrons.

The output of delayed neutron is small compared to that of the prompt neutron. However, the disturbing

influence of the neutron background from floor and nearby objects is reduced when using a pulsed neutron

source instead of an Am-Li source, hence a higher sensitivity of the method can be achieved.

These delayed neutron emitters can be categorised into 6 groups with half-lives ranging from approximately 0.2

to 55 s [42] and the total neutron count rate of each fission system is a linear summation of these six groups

[43].

D 1.1. Interrogation with a 14 MeV pulse generator [40]

In[40], a series of interrogations was performed with a 14-MeV pulse generator on bulk samples shielded by
lead and using a polyethylene moderated *He based neutron detection system equipped with 48 tubes (2.54 cm
diameter by 100 cm length filled to a gas pressure of 0.2MPa).

The samples had a maximum weight of 1 kg and an enrichment ranging from depleted to 91%. They were
iradiated for 100 s to achieve an “intrinsic steady-state’. Then, the active source was switched off and the

neutron response was recorded for 400 s. The temporal die away tail which is the sum of six decaying
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exponentials was then fitted and the enrichment was determined from the best fit of the data. Using a six group
fast fission delayed neutron precursor model, the expression of the enrichment related to the actively induced
delayed neutron driven neutron response for small fissile sample irradiated was calculated. The results showed
some promising trends and confirm the applicability of the method principle.

D 1.2. Interrogation with a pulsed neutron beam produced by a LINAC [41]

In [42], the neutron interrogation source was produced by the bremsstrahlung from a 4 MeV LINAC coupled first
to an electron-gamma Pt converter and then to a gamma neutron heavy water converter. The neutron energy
was 1.77 MeV at 4 MeV electron energy. The total counts of delayed neutrons was studied as a function of the
enrichment ( 0.28% to 2.7%) , **U mass and total U content for samples with a total mass of around 400 g.

The conclusions of the work were that:

-a linear relationship was found between the delayed neutron signal and the enrichment and the total amount of
uranium,

- a sensitivity limit 0.5 g **°U could be achieved in a 20 s measurement time.

Both results of [40] and [41] show that the analysis of delayed neutron is a promising technique with a low
sensitivity suitable to the detection of smuggled nuclear material.

235

D 2. Determination of the ““U mass of bulk uranium samples based on the analysis of delayed photons

D 2.1. Beta-delayed gamma above 3 MeV after irradiation with a thermal neutron flux [44]

The beta-delayed gamma rays have yields that are roughly an order of magnitude larger than the corresponding
beta-delayed neutron intensities from the thermal fission of 2*°U.

In [44] ,small quantities of Pu and other typical materials representative of cargo loadings (wood, polyethylene,
aluminium, sandstone and steel) were irradiated by a thermal neutron flux (1,5'1050m'zs'1) produced by
bombarding a Be target with deuterons from a Cyclotron and moderating with a 15 cm cube of steel surrounded
by up to 45 cm of polyethylene. The results showed that the irradiation of steel target and other loading material
produces gamma lines below 3 MeV, whereas the intense gamma rays at energies above 3 MeV are unique
signatures of 2**U and #*°Pu.

By integrating the total number of events in a wide energy range (3-4 MeV and 4-8 MeV), regardless of whether
the events represent full-or partial-energy depositions, it was possible in reasonable time to identify the #9py
sphere in a cargo following an irradiation of 30s.

The infinite thickness for a photon of 3 MeV in UF material with a density of 5g/cm’ is about 32 cm. The
quantification of this high energy line could be of high interest for quantifying the UFg total mass in the transfer
containers.
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D 2.2. Beta-delayed gamma radiation emitted after photo fission [45]

Similar analysis of beta-delayed gamma lines were performed on nuclear waste packages using photo fission.
Using a high energy photon beam produced by a LINAC coupled to a tungsten conversion target, small U
samples were bombarded. At first, the production rate of short lived fission products was investigated.

The resulting gamma spectra were then analysed and a calibration curve giving the relationship between the
weight percentage of U from 0.7% to 85% and the ratio 974 keV (*?Sb/"**"Sb)/1031 keV (*Rb) was
calculated based on the assumption that the efficiency of the detector is the same for these two energies and for
a given irradiation time and cooling time.

Compared to the experiments carried out in [44], the lines of interest are 1 MeV for which the infinite thickness is
around 16 cm in UFg with density of 5.1g /em®. This would not allow a confirmation of the enrichment in the inner
part of 48Y containers.

In complement to this study, it should be noted that recently efforts were made to study the ideal photon source
for active interrogation of fissile material [46]. In this paper, the authors have investigated the use of low-energy
proton induced nuclear reactions to generate monochromatic, MeV-energy gamma rays. The delayed gamma
radiation resulting from the photo fission in uranium was studied with 12 MeV and 6 MeV photon beam
produced by the nuclear resonances at 163 keV for the 'B(p, y)'°C reaction and at 340 keV for the "*F(p, ay)
'°0 reaction.

Conclusion

The analysis of delayed neutron/delayed gamma represents promising tools for determining the 2 enrichment
and U mass.

Proof of principle measurements were performed in the pre cited papers on small samples for short counting
time. The used method demonstrated a high sensitivity well adapted to the detection of smuggled nuclear
material.

In all experiments, the interrogation source was produced by means of accelerators (or reactor) and the sample
was moved from the irradiation chamber to the measurement station with a pneumatic rabbit.

The 14 MeV neutron or the delayed gamma lines emitted above 3 MeV are very penetrating and could be used
to provide informaticn about the inner part of the large UFg cylinders.

However, the transposition of such experiments to the UFg containers would require a feasibility study which
would widely exceed a 2 to 4 year time frame prior to a possible implementation [1].
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E. Specific investigations in respect to the design of an unattended measurement station for UF;

containers
Introduction

The chapters C and D have shown that due to the experimental constraints such as gamma ray interference,
Pa deposit, etc..., the 2*U enrichment can be determined only by means of a high resolution detector or with
passive/active neutron measurement techniques, whereas the UFs mass can be checked using passive neutron

measurements.

In this context, the purpose of this chapter is to provide answers to more specific queries such as:

5 F
23 enrichment:

1) Concerning the
e The most important sources of uncertainty are due to the non-uniform wall thickness and to the low

count rate. The contribution of the non-uniformity of the wall thickness was discussed in paragraph.

C1.2.2.3. whereas the contribution of the count rate still needs to be evaluated. All the experiments

cited in chapter C and D, the measurement were made with the detector as close as possible to the

containers, what becomes the count rate at 50 cm for an optimized geometry?

¢ \What about the use of the LaBr; detector?

e For passive neutron measurement, what is the most appropriate design for the detector and its
measurement geometry? And what is the detector response as a function of the enrichment and as
a function of the different UF filling profile (section B2)?

2) Concerning the UFs mass determination:

e Can MCNP calculations confirm that the neutron leakage factor is almost constant for large
changes in enrichment and cylinder loading? Or in other words, do all the parts of the load
contribute to the neutron signal?

3)-Concerning the active neutron measurement:

e What is the signal intensity and origin when irradiating a 48Y cylinder with a strong 14MeV neutron

source?
The chapter E is subdivided in two sections to answer to these questions. The first is dedicated to the 2*°U

enrichment determination by gamma spectrometry whereas the second part is focused on MCNP calculations
applied to passive and active neutron measurements.
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E 1. Enrichment determination by gamma spectrometry

E 1.1. Use of a Germanium detector

Figure 10 shows measured spectra for depleted uranium in 48Y containers and 3.5 % enriched uranium in 30B
containers [37]. The measurements were carried out using a GL1020R CANBERRA detector (diameter 3.6 cm,
length 2 cm) with a front collimator with a 4 cm opening diameter and a 1.5 ¢m length. The 185.7 keV line count
rate was around 43 cps for the 30B containers and 2 cps for the 48Y. With these measurements the collimator
was in contact with the cylinder.

Counts per second

“ —— enrichment =0 252%- 48Y

container
enrichment= 3.733%, 30B
25 | . e = | container
|
20 i ]
|
15 - i !
|
10 +— —_ -
5
0 . . . ; : |
150 170 190 210 230 250

Energy (keV)

Figure 10: Depleted and LEU measured with a germanium detector

For the measurements with m = 50 cm space between collimator and drum, the net peak count rate was

estimated with a simple model. It consists of the following elements (figure 11):

a detector which is described by its crystal diameter d,

a thick ("black") lead collimator with a diameter c,

a distance | between collimator and detector crystal,

a distance m = 50 cm between collimator and drum,

the detector "sees" only an area with a diameter f = 40 cm on the drum surface (30B, f = 70 cm for
48Y),

behind this area, the infinite thickness condition is always fulfilled (measure from below, e.g.),

the attenuation in the container wall.
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For this model the parameters | and ¢ were optimised to get the maximum possible count rate such that it is
then proportional to d® * (c/1)* | i.e. proportional to the detector area and to the solid angle of the observed
source region (which appears inside the collimator opening).

For the large germanium detector GL3825R of CANBERRA with 6.9 cm diameter (and m = 50 cm), the
maximum count rate is achieved with a collimator of ¢ = 11 cm diameter in | =31cm distance from the detector
crystal for the 30B container. For the type 48Y it is possible to use the emission from a larger area with f = 70
cm, in which case the optimum parameters are ¢ =16 cm and | = 26 cm.

.....

6.9 cm

| L.

detector  collimator
crystal

Figure 11: Parameters of the measurement geometry

Table 12 shows the estimated count rates and the associated random error u(r) for this very large detector and
the optimised collimator.
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30B container 48Y container

Enrichment (%) 3.5 0.252
f 40 80

d 6.95 6.95

| 313 19.72

c 11.2 17.64
Count rate (cps) <10 <3
u( r) % for tc=300s 20 30

Table 12 Estimated count rates and associated random error at 50 cm distance
Results show that the relative random uncertainty component u(r) is much above limits mentioned in the
specifications R13 of [1] ( u(r) = 4% for LEU products and u(r) = 5 % for NU and u(r)= 15 % for DU tails) for the
maximum counting time ( t; = 300 s).
E 1.2. Use of a LaBr; detector
The newly developed LaBr; scintillation detector [48] is characterized by a resolution of 3.5% at 662 keV.
A 15 * 1.5 inches LaBr; detector with an efficiency comparable to that of a coaxial germanium detector
(diameter 5.2cm depth 5.2 cm) [4] was recently tested in the PERLA laboratory [49] and in the field on 48Y and

30B containers [38]. The measurements were made in contact with the containers.

Figure 12 show spectra of depleted and low enriched uranium taken with the LaBr; detector equipped with a
front collimator of 4 cm diameter and a 1 cm length.

One can see that due to the resolution, the spectra analysis requires the application of fit techniques.
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Fiqure 12: Depleted and LEU measured with a LaBr; detector
The analysis carried out in [49] showed that:

e the signal peak/background is too weak for the enrichment determination for depleted uranium in 48Y

containers in the given experimental conditions,

o the 185 .7 keV line count rate is equal to 256 counts/second for a 5% enriched cylinders when the
detector is in contact with the cylinder wall.

It is possible to optimise the geometry to get the highest count rate at 50 cm distance from the containers. If we
assume furthermore that the size of commercially available LaBr; detectors grows, it might become possible to
fulfilling the requirement R13 of [1]. However, the problem of the wall thickness correction persists and the small
systematic errors mentioned in the requirement R13 of [1] cannot be achieved.

E 2. Calculation of the neutron detector response for passive measurements

In [7], the response of *He detectors due to emission of neutrons from UFs containers was calculated for four
neutron detectors arranged around the steel container (fig.14). The detectors are in fixed positions for both
containers at 60 cm distance and at mid height of the axis of the containers.

Each detector comprises 5 *He tubes of 2.54 diameter and 1meter active length (fig.14) with a pressure of 4
atm.
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The neutron count rate of this set-up can be evaluated in different directions: either to determine the enrichment

(in this case, the UFs mass and the 2*U/**U ratio need to be known) or to determine the UFs mass (here, the
234,235
u/

enrichment and the U ratio need to be known).

detector

------

Figure 13: Measurement geometry for passive neutron measurement (dimension in cm)
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Figure 14: Schematic drawing of the detector (dimension in cm)
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The relation between the detector response and the fuel enrichment or the total UFs mass was investigated for
the containers types 30B and 48Y. Since the UF; filling profile is not known a priori five different fuel filling
profiles— numbered from 1 (x=0) to 5 (x= 100) were taken into account (fig15). They cover the two cases
described in figure 6a and 6b of section B2. The parameter x represents the percentage of UFg covering all the

inner cylinder walls with a layer of constant thickness. The rest of the material fills the remaining volume from
below.

The simulations were made for eight different isotopic compositions including that of reprocessed material
(table 13).

The neutron flux in the vicinity of the containers was also investigated up to a distance equal to 300 cm.

All together, 60 computational cases were considered. The ratio of the flux values at the detector position and at
300 cm distance from container surface is at most 20% (Annex 3 )

No Material type 232U 234U 235U 236U 238U 234UJ"235U
1 Natural 0 0.0056 0.718 0 99.2764 | 0.007799
2 Dep03 0 0.00234 0.3 0 99.69766 | 0.0078
3 LEU10 0 0.0078 1 0 98.9922 | 0.0078
4 LEU30 0 0.0234 3 0 96.9766 | 0.0078
5 LEUS0 0 0.039 5 0 94.961 0.0078
6 Repro 6.49% 1.20E-08 | 0.067 6.471 0.05 93.462 | 0.010354
7 Sample 3.25% | 4.80E-07 | 0.085 3.25 1.09 96.665 | 0.026154
8 Sample 5 % 7.60E-07 | 0.133 5 1.55 94.867 0.0266

Table 13: Isotopic composition used in MCNP calculations (in wt %)

Figure 15: UF filling profiles
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E 2.1. Calculation of neutron source and neutron spectrum

The neutron sources are calculated for the eight fuel compositions of Table 11. The neutrons are released by
(a,n) reactions and spontaneous fission. The neutrons from (a,n) reactions are calculated with the code
ALPHAN which is part of the ORIGENJR code [50]. The (a,n) reaction rate per unit time and unit volume is
given by:

AN =n,0,(E,)D(E,)AE, ,

where E;is a-particle energy in L.M.S., ny is number density of target nuclei (here 19F), oy is total cross section
of (a,n) reaction and @ is the scalar flux of a-particles. The a-particle energy is calculated for 100 points from 10
to 1 MeV with an equal spacing of energy. Neutron energy groups are 200 from 14.9 to 0.1 MeV with a lethargy
width of 0.025. The neutron energy spectrum from spontaneous fission follows a Maxwellian distribution.

The neutron sources for the eight fuel compositions related to 10° g of UFs are presented in Table 3.

E 2.2. Calculation of neutron detector response

For the container 30B all fuel compositions were taken into account whereas for the 48Y container, only the
compositions 1, 2, 3 and 7 of table 11 were considered. The neutron flux and the detector response were
calculated with the Monte Carlo code [52] and all the neutron cross sections were taken from the ENDF/B VI.1
and ENDF/B VI.O library. Table 14a and 14b give the detector response calculated as the sum over the four
neutron detectors for both container types. The statistical uncertainty was always less than 1%.

. Detector response 1/s
No: {Compostion X=0 x=25 =50 X=75 x=100
1 [Natural 1.872E+02 |2.316E+02 |2.589E+02 |2.809E+02 |2.941E+02
2 |Dep03 1.301E+02 [1.620E+02 |1.796E+02 [1.939E+02 |2.075E+02
3 [LEU10 2.235E+02 [2.803E+02 [3.109E+02 |3.400E+02 |3.576E+02
4 |LEU30 5.152E+02 |6.469E+02 |7.049E+02 |7.722E+02 |8.115E+02
5 [LEU50 8.282E+02 |1.027E+03 [1.136E+03 |1.211E+03 [1.292E+03
6 |Repro 6.49% |1.410E+03 |[1.748E+03 [1.924E+03 |2.028E+03 |2.145E+03
7 |Sample 3.25% |1.807E+03 [2.239E+03 |2.474E+03 |2.640E+03 [2.817E+03
8 [Sample 5%  |2.850E+03 |3.507E+03 |3.822E+03 |4.101E+03 |4.410E+03
Table 14a: Detector response for the container 30B
; Detector response 1/s
Mo [Sompastion *=0 X=25 Xx=50 X=75 | x=100
1 |Natural 1.008E+03 |1.268E+03 |1.420E+03 | 1.548E+03 |1.625E+03
2 |Dep03 |6.909E+02 [8.691E+02 [9.766E+02 |1.070E+03 |1.115E+03
3 [LEU10 1.209E+03 [1.550E+03 [1.723E+03 [1.888E+03 | 1.984E+03
7 |Sample 3.25% [1.009E+04 [1.255E+04 |1.413E+04 |1.524E+04 |1.609E+04

Table 14b: Detector response for the container 48Y
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One can see that the detector response depends very much on the filling profile as it increases from filling
profile x=0 to x=100 by a factor of 1.6.

A minimum of 1566000 counts and 828000 counts for two minutes are calculated for the 30B container and for
the 48Y respectively as a sum over four *He detectors. The potential background contribution of a drum at 300
cm distance is 20 % of the total neutrons signal, but it can be reduced substantially by appropriate shielding of
the detector. Monitoring of background radiation in the environment of the measurement station may be used to
make automatically background corrections.

E 2.2.1. Detector response as a function of enrichment

The detector response is, like the neutron source strength, a linear function of the 2°U wt%. The Figures 16a
and 16b show the detector response as a function of 25U wt%, for different filling profiles and for both
containers. The gradient of the functions increases from x=0 to x=100. The equally thick layer of UFs on all
internal surfaces gives the highest detector response. The dependence of the detector response on the
geometry is illustrated in figure 17 for the 48Y container.

In principle, the relation between the count rate R, UFs mass and the enrichment f;5 can be approximately
described by the formula:

R =Z(M,,)*(c+d-f,)

The function Z and the parameters ¢ and d depend on the container type and the specific set-up of the
measurement station.

Because of the strong dependence of the detector response on the filling profile, the filling profile has to be

known in order to determine the **U wt% from the detector response. Otherwise, e.g., depleted Uranium cannot
be distinguished from 1% enriched U (48Y) or 3% from 5% (30B), in unfortunate cases.
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Figure 17: dependence of the detector response on the filling profile

E 2.2.2 Influence of detector positions [51]

In order to reduce the strong dependence of the detector response on the filling profile, the detector positions
were changed. In comparison to [7] (detector position 1) two different detector positions are considered. At first
the lateral distance of the detectors from the containers is fixed but the detectors are shifted in z-direction by
120 cm and -120 cm respectively and rotated by 45° (position 2). In the second case the detectors are
positioned 120 cm above and below of the containers and rotated by 90° (position 3). The Figure 18 shows an

x-z cross section through the container with the positions of the detectors.
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Figure 18: x-z cross section trough the containers with position of detectors (in cm)

The calculated detector responses for the three detector positions are given in Figure 19a and 19b. The
detector positions 2 and 3 clearly reduce the dependence of the detector response on the filling profile where
the position 3 shows the highest detector response. Because of he rotation symmetry the detector positions 1
and 3 give the same values for the filling profile x=100.
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Figure 19b:  Detector response for container 30B
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The strong dependence of the detector response on the filling profile can possibly be reduced by shifting the
detectors in the x-z-plane (see figure 18). A shift only in z-direction reduces the influence of filling profile but also
decreases the detector response. A shift in z- and x-direction (x=0) reduces the influence of filling profile and
increases the detector response. Further optimization calculations can be made but they are of interest only if
they take into consideration the local conditions of a possible measurement station, taking into account both
scattered radiation and the possible presence of other UFg containers in vicinity of the measurement station.

E 2.2.3. Contributions of the volume elements inside the container

If the detector response is written as:

R=Z(My:)*(c+d-fy)

the function Z(Myeg) has to be evaluated for a given container.

For the calculation of the contributions of different UF; volume layers to the detector response of a 100% filled
container, the UFs volume was divided into four volume layers. Only the filling profiles x=100 and x=50 were
considered, where the description of the filling profiles is taken from [1]. The volume layers are numbered from 1
to 4 as shown in the Figure 20a and 20b.

Figure 20a: Figure 20b:
X-z cross section of the UF; volume layers x-z cross section of the UF6 volume layers
for the filling profile x=100 for the filling profile x=50

All volume layers have the same UFs mass, 3.0E+06 g for container 48Y and 5.5E+05 g for container 30B. For
the calculation of the detector response the detector positions are the same as in [7]. The results calculated with
the MCNP code are represented in Table 15.
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filling profile layer detector response contribution %
No. No. 48Y/LEU10 | 30B/Sample 5%

1 20,3 23,4

2 22,8 24,5

100 3 26,6 25.2

4 30,3 26,9

1 31,8 29,3

2 34,6 30,5

o 3 8,6 15,4

4 25,0 24,8

Table 15: Contributions of volume layers to the detector response for geometry 1

For the filling profile x=100 all four layers are contributing in a similar way to the detector signal. None of them is

"invisible". For the filling profile x=50, the figures point clearly on the least visible volume element, namely
number 3.

E 2.2.4. Detector response to partially filled drums
The assumed filling processes were mentioned in chapter B2. The filling by de-sublimation corresponds to the

filling profile x=100 whereas the filling at 80 degrees Celsius corresponds to the filling profile x=50. Figures 21a
and 21b show the relative detector response as a function (constant * Z(Muf6)) of the filling state.

120.00

| «filling profile x=100
[ = filling profile x=50

100.00 . g 2 _ s

80.00 et

y = -BE-06x" + 0.0622x + 0.2486

60.00
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Figure 21a: nb of counts= constant *Z( MUFg) for a 30B container, 5% enrichment
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Figure 21b: number of counts= constant *Z( MUFg) for a 48B container, 1% enrichment

The function Z(Myrs) can be fitted with a polynomial. It does not show a saturation effect. Consequently, the
filling process could be supervised from beginning to the end in a filling station, in parallel to the observation of
the container mass with a balance. One can see that a variation of 10% of the total mass would be translated by
a change of more than 10% (x=100) and 8% (x=50) for the 30B containers. For the 48Y containers, a variation
of 10% of the mass would results in a change of 7% (x=100) and 5% (x=50). It can be expected that the function
Z(Myrs) gets closer to a simple straight line for the detector positions 2 and 3.

To characterise once again the "visibility" of the UFs and its dependence on the filling profile, the neutron
leakage fraction was calculated from table 14. Results were arbitrarily normalised to 1 for an UFs weight equal
to one fourth of the total load for both container types. Fig 22a and 22b show that the leakage fraction remains
quite high also for the large drums and demonstrate the clear effect of the filling profile.

We observe small variations of the leakage fraction as a function of the UFs mass and confirm by this way
experimental results of ref 6: in this paper, the authors measured a leakage factor varying from 0.93 to 0.82 as
the weight of the 2 % enriched UF; is increased from 2000 to 5000 Ib for a filling profile which is not described.
The ratio of the leakage fraction for 5000 Ib over the leakage fraction for 2000 Ib gives 1.13.

Taken the results of the present document, the corresponding ratio becomes equal to 1.09 and 1.23 for x= 100
and x=50. Since we can easily imagine that the filling profile of [6] is something in-between x=100 and x=50,
there is a very good agreement between the results of the present simulation [7] [51] and the experimental
results of [6].
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Figure 22b: neutron leakage fraction for a 48Y container filled with 1% enriched UFg

E 2.2.5 Active methods

The purpose of this section is to evaluate the individual contribution of each isotope to the neutron signal
induced by irradiation with a 14 MeV neutron source, and to estimate the required source strength of an external
neutron source.

For active measurements a 14 MeV neutron source is positioned below the centre of the container in a distance
of 60 cm from the container surface. A direct path between the neutron source and neutron detectors is
shielded. So neutrons can only indirectly reach the detectors. In a first step the fission sources for 2°U (thermal
and epithermal) and ***U (epithermal) are calculated. Because the fission source in the container is space
dependent, the UFg volume has to be divided in space zones. The investigations have shown that a large
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number of space zones is necessary. For the filing profile x=50 the UFg volume is divided in 275 discrete
volumes (11 axial zones and 25 zones in the container cross section vertical to longitudinal axis). The boundary
between the thermal and the epithermal energy region is 10 eV.

With the space depended fission source the detector response is calculated in a second step. The results for
the computational cases 48Y/LEU10 and 30B/LEU50 and 14 MeV neutron source strength of 10° n/s are
presented in Table 16.

computaional case detector response 1/s
cont. [compo-|  filling U-235 U-235 U-238 fission | all without i
type | sition profile thermal epithe_rma! epithe_rmal totgl ﬂssism _
30B | LEUS0]  x=50 1,969E+01 | 4,608E+03 [ 1,139E+04 | 1,602E+04] 1,955E+04 | 3,5658E+04
48Y | LEU10| x=50 3,916E+01 | 1,747E+03 | 7,042E+03 | 8,828E+03| 1,356E+04 | 2,239E+04

Table 16: Detector response for 14 MeV neutron source strength of 1.0E+08 n/s

In the last but one column of Table 3-1 all reactions without fission (scattering, (n, 2n)) are summed up.

These neutrons give the highest contribution to the detector response. The fission contribution is mainly
determined by the 20 epithermal fission neutrons. Only 29% and 20% for 30B/LEUS0 and 48Y/LEU10
respectively come from 25 fission.

An external neutron source of 14 MeV below the containers results in an internal neutron source in the UF; fuel
caused by fission and non fission (scattering and (n, 2n)) reactions. This neutron source is strongly space
depended. With the space depended neutron source the detector response was calculated. With a neutron
source strength (14 MeV) of 10° n/s the detector response is higher in comparison of passive measurements by
more as a factor of 30 and 10 for 30B/LEU50 and 48Y/LEU10 respectively. The detector response is not very
sensitive to the Z°U content of the UFs fuel because the main fission source contribution comes from 2*%U

fission. In addition the fission source only provides 40 — 45 percent of the total neutron source.

E 3. Informatics means for unattended operation

The practical implementation of unattended measurements can be done with existing informatics solutions. The
system RADAR of EURATOM can integrate all measurements of photons and neutrons discussed here and
combine it with other information such as automatically read container numbers, drum weights from a balance
background radiation from a monitoring detector etc. It is a flexible system which can be adapted to site specific
tasks and local conditions for data collection.

The data evaluation systems for the RADAR data, CRISP or XSEAT, are also sufficiently flexible to be adapted
to extra needs such as the integration of time dependent background radiation correction on the basis of
background monitoring detectors. The data are accessible online. These informatics solutions have been
routinely used by EURATOM for many years and work reliably.
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Conclusion

235

It has been shown in Chapter E1 that the ““U enrichment measurement by gamma spectrometry does not allow

fulfilling the requirement R13 of [1] as the 6% systematic error due to the non-uniform wall thickness is too much
above the required 2% (C 1.2.2.3.). Even very large germanium detectors at 50 cm distance from the cylinder
provide such a low net peak count rates that the random error also remains above the requested limit. Large
LaBr; detectors may deliver higher count rates and reduce like this the random uncertainty u(r) below the
requested 4% for LEU. However, for depleted uranium and for tails, the 185.7 keV line is below the detection
limit because of its tails.

In contrast, the calculations carried out using the Monte Carlo radiation transport simulation code MCNP have

shown that passive neutron measurements can be used to determine either =

234ﬂ?_

U enrichment or UFg mass
provided that the ratio *f is known. The results depend strongly on the UF; filling profile, however, an effect
which can be minimized by optimization of the detector position relative to the containers. The total number of

counts is found to be a linear function of the #°

U enrichment (for 100% filled drums) and is also rather a linear
function of the UFg mass (for partially filled drums). In a scenario whereby 10% of the UFs mass would be
missing from the cylinder, the total number of neutrons would also diminish by nearly 10% for both container
types. At least 156000 counts and 828000 counts are collected, for the 30B container and for the 48Y
respectively, as a sum over four *He detectors (without back shielding) in two minutes acquisition time. The
potential background contribution of a drum at 300 cm distance is 20 % of the total neutrons signal. Finally, the

activation with a 14 MeV generator has shown that the resulting signal is not very sensitive to the 25U content.

F Summary

The indications written in bold between brackets refer to the requirements listed in [1].

2 enrichment

This work has surveyed the state-of-the-art NDA methods applicable to the determination of the
and the UFs mass in 30B and 48Ycontainers and defined the measurement possibilities within the constraints

listed in [1], i.e.:

o The NDA method, or combination of methods will accurately determine the enrichment (R1 and R13) of
23 , confirm the quantity in UFs (R2 and R14) and assay the homogeneity of the UF; (R3),

e The NDA methods and supporting hardware must allow unattended operation ( R4 and R15),

e The cylinder to detector distance must be at least 50 cm to allow safe movements of the cylinders (RS5),

e The minimum distance between the assayed cylinder and another cylinder is 3 metres (R6)

e Cylinders must be assayed at different temperature(R7),

¢ The NDA methods must be applicable to “fresh” uranium as well as uranium recovered from spent fuel
(R9),

e The measurement must be completed within 5 min (R16).

It has also been shown here that:
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1) The °U enrichment determination by gamma spectrometry cannot fulfil the requirements of [1] for the

following reasons:

o the measurement is affected by the variation in wall thickness of the container which leads to a
systematic error u (s) equal to 6 %.

e the count rate is too low at 50 cm distance for a germanium detector for both container types

e the count rate is high enough at 50 cm distance for LaBr; detector but this is true only for 30B
container type

2) The enrichment and the UFs mass can be confirmed with passive neutron measurements for both cylinders

234UI235

types (R8) and uranium type (R9) provided that the U ratio is known. This technique is not sensitive to

the deposition of protactinium on the container inner wall. However, a false declaration of the )

U enrichment,
which can not be detected by gamma spectrometry, will escape detection by the inspectors, as the expected
neutron count rate (corresponding to the false declaration), can be adjusted by simply compensating for the
missing neutrons with HEU material hidden in the cylinder.

MCNP calculations have shown that:

the results are sensitive to the filling profile. The influence can be reduced by optimization of the

counting geometry ( paragraph E.2.2.2.),

¢ the neutron count rate is a linear function of the enrichment for a given filling profile,

e the variations of the neutron leakage fraction as a function of mass or enrichment deviations are very
small (paragraph E.2.2.3),

e 156000 counts and 828000 counts can be collected in two minutes for the 30B container and for the
48Y respectively as a sum over four *He detectors for the geometry defined in E 2.

e for an unshielded neutron detector, the potential background contribution of a neighbouring cylinder at
300 cm distance is up to 20% of the total neutrons signal.

e If 10% of the UFs mass would be missing in the cylinder, the neutron count rate would be diminished by

a similar percentage for both container types.

3) Active neutron measurements with thermal neutrons allow to determine the *°U enrichment without knowing
the **U/*°U ratio. However, this seems to be possible only with source and detector in contact to the cylinder
wall. MCNP calculations for the 14-MeV generated neutrons have shown that the detector response is not very

sensitive to the 2 38y

U content of the UFg fuel because the main fission source contribution comes from
fission. In addition the fission source only provides 40 to 45 percent of the total neutron source. Active methods

can not be used in short time.

4) It is not possible to check the radioactive homogeneity of the containers neither with gamma spectrometry nor
with neutron techniques.
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Version No.: 1
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SGTAU $SG-EQ-NDA-UR-0001 Rage: Dof7
1 Purpose and scope
Purpose:  This document describes the specifications for the study to be carried our by Members

State Support Programmes under the Spl task proposal 07/ TAU-04 ™ State of the Art of
NDA Techniques Applicable to UF6 Cylinders” | 1]

Scope: 'his document is 1o be used by MSSP contractors to formulate their offers and conduct
the research program. The scope of this document is limited to indicating the expected
performances and constraints applicable o the methods for selection purposes. Further
detailed user requirement will be elaborated to support the design and production phases.

2 Introduction

The IAEA verifications at Enrichment Plants include Non Destructive Assay (NDA) measurements
which are currently carried out attended.

The IAEA formulated the project of establishing a centralised unattended measurement station at

Enrichment Plants able to identify and assay all UF6 cvlinders in and out of the plant thus forming the
L 5 2 & z T . | T i o

basis for running a real time material balance system. Both = U and “7U balances are needed.

Work has already been done on demonstrating the feasibility of unattended identification of the
cvlinders using laser technology.

Unattended weighing of the cylinders will provide extremely accurate measurement ol the flow of
- e YA G 134 Ik, : ¥ 5 - .
UF6 material. To form the U and U balance, aceurate enrichment determination by NDA s

needed.

NDA is also meant to supplement weighing in giving additional assurance on the nature and quantity
of weighed material within the cylinders. In other words “to make sure that what is measured is
actually what is supposed being measured ™.

T'he timeframe for implementation is 2 to 4 vears which implies that NDA techniques not necessitating
long R&D programs will be given priority.

I'he document is divided into 2 parts. The first part "NDA method User requirements’ indicates the
features. performances and constraints applicable to the NDA method to be investigated in the course
of the study. The second one details the specifications related to the study by it self in particular the
deliverables.
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3 Background

Several NDA methods based on the detection and analysis of radiations emitted by UF6 are known
and applied for safeguards verification. It is in particular the case of enrichment determination based
on X and gamma radiation emitted from ““U. 7 and ""'Pa (decay product of “*U). There are two
methods based on X and gamma radiations. The first one is a calibrated method interpreting the
absolute strength of the 185 keV gamma ray from ~ U in a fixed and controlled geometry (infinite
thickness conditions). The second one is an intrinsically calibrated methods interpreting ratios of X-
rays from both U and ®U and thus not necessitating any calibration. Both methods give excellent
results but have the drawback of analysing only a tiny arca of the cylinder and to be very sensitive to
the presence of a UF6 deposit on the cylinder internal walls. In views of unattended operation. the
predictability of the location of such measurement is a significant weakness. Furthermore the control
of seometry would be difficult to manage in the case of calibrated method and the thickness of the
cylinder walls makes the intrinsically calibrated method difficult to use. Although effective
enrichment determination based on X and gamma detection and analysis are probably not the ideal
choice for unattended determination of UF6 enrichment in cylinders. In addition because UF6 reaches
infinite thickness after only a few centimetres, gamma methods cannot support a credible verification
of the total mass of uranium in the cvlinders.

UF6 emits significant amounts of neutrons through various processes.

he predominant neutron source is generated by (a.n) reactions generated by o irradiation trom My
on fluorine. As ~ U varies proportionally with “"U concentration. neutrons from (c.n) reactions are
directly proportional to the enrichment when detected in Vinfinite thickness conditions’ ( small
detector located next to the cyvlinder). Total neutrons from (c.n) reactions vary also with the total UF6
mass when neutrons are detected away from the detector or with a large detector seeing the whole
evlinder.

s . o - 234 }i5y ol
In the case of recycled uranium, the relationship between ““U and U depends on the initial
enrichment and burnup of the fuel from which the recyeled uranium originates.

- 2 - s - &y - M3,
Correlated neutrons are emitted by spontancous fission process from ~7U and as the result of 1
fissions induced by (c.n) neutrons. Correlated neutrons may also be produced as the result of = U
(issions induced by an external source of neutrons like a neutron generator. In general, the mean free

path of neutrons in UF6 is much longer than for X and gamma rays thus allowing assay of the bulk of

the UF6 cylinders. However. because of this potential of travelling far away . neutron methods may be
more impacted by background conditions than gamma methods.

As briefly indicated above. NDA methods based on neutron detection offer promising perspectives lor
the safeguards verification of UF6 evlinders.
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4 NDA methods User Requirements

4.1 General Functionalities

RI. The NDA method or combination of methods will accurately determine the
enrichment of uranium in UF6 cylinders.

R2. The NDA methods will allow confirming the quantity of uranium in UF6
cvlinders.

R3. The NDA methods should assay the homogeneity of the U6,
4.2 Constraints
R4. The NDA methods and supporting hardware must allow unattended operation.

R3. The cylinder to detector distance will be at least 50 em to allow safe movements
of the cylinders,

R6. Although the measurement station will be isolated for the cylinder storage park.
one cannot exclude circulation or temporary storage of a few cvlinders in the
vicinity.

R6.a. The minimum distance between the assaved cylinder and another
evlinder will be 3 meters.

R7. Cylinders may be assayed at various temperatures and presence of UF6 under
liguid phase cannot be excluded.

4.3 Performance Requirements

R8. The NDA methods must be applicable to all cylinder geometries in use at commercial
enrichment plant (type 48 and type 30).

R9. Fhe NDA methods must be applicable to ™ fresh™ uranium as well as uranium recovered
from spent fuels.

R10. impact of the possible presence of a UFé deposit (0.5 mm of a different
enrichment) should be kept negligible,

R11.Impact of the design variations in type 48 inches and type 30 inches should be
negligible.

R12. Impact of possible heterogeneity (up to 10% of enrichment variation in
particular in tails cylinders) should be minimized to the possible extend.
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R13.Enrichment determination should be at least as accurate as attended enrichment
determination by means of High Resolution Gamma Spectrometry | 2}:
R13.a. Random uncertainty component. u(r): 4%.
Uncertainty component of a systematic character. w(s): 2%
Both relative for LEU products
R13.b. u(r): 8%. u(s): 5% relative for NU feed
RI3.cou(ry: 15%. u(s): 10% relative for DU tails

R14.UF6 mass determination is meant to supplement the accurate figures obtained by weighing.
Ideally the NDA mass determination would be accurate within:
R14.a. 10% relative for LEU products
R14.b. 15% relative for NU feed
Rid.¢. 20% relative for DU tails

R13. Automatic interpretation of the data should not require any external information other than
parameters measured by the station (e. g. weight or type of the cvlinder) thus allowing
unattended operation.

R16.As the measurement should not impact the industrial operation of the plant. it must be
completed within 5 minutes,

5 Study Requirements

5.1 Scope

R17. The study will address all known NDA methods applicable to UF6 cylinders

R18.In case of potential application in the case a specitied above. the study will report on their
accuracy for enrichment determination and 1'F6 mass assessment.
R18.a. In the case of LEU product. NU feed and DU tails.
R18.b. Considering type 48 inches cylinders for DU and NU and type 30 inches for LEU
R18.c. Considering non homogenous filling of the cvlinders in particular tail cylinders
R18.d. Considering usc of recycled uranium.
Ri8.c. Considering deposit of UF6 of a different enrichment on the internal wall of the
cylinders

R19. Further investigations will be carried out to determine the influence of the presence of LF6
cylinders in the vieinity of the measurement station and measure to be taken to minimize
their impact.

R20.New techniques (e. .g active interrogation with neutron generators) or combination of
techniques should be investigated as appropriate.

Jo
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5.2 Quality

R21.Any MOCNP calculations involved in the study should be carried out applying the

recommendations formulated by the technical meeting on Monte Carlo simulations held in
Vienna in December 2006 |3]

5.3 Documentation Required With Final Product

R22. A paper master and electronic copy in MS Word of the following documents’ be prepared
and made available to the Agency.

5.3.1 Review of existing methods
R23. Technical report stating the principles, performances, pro and cont of existing NDA methods
applicable to UF6 cvlinders
5.3.2 Specific investigations

R24. Specific investigations carried out on promising NDA techniques will be reported including
detailed reporting on the MCONP calculations supporting conclusions

5.3.3 C(ost estimate

R235. A cost estimate will be provided on NDA methods reported as potentially applicable

6 References

| 1} Support Programme Task Proposal 07/ TAU-04

[ 2] International Target Values 2000 for Measurement Uncertainties in Safeguarding Nuclear
Materials

[3] Report of the Co-ordinated Technical Meeting on Numerical Modelling Concepts for IAEA held in
Vienna December 2006

7 Document revision history

Revision History

Version No. | Release Date | Description of changes

1 2007-08-09 New document.

R22 1o R23 are not required to be separate documents by must be at least addressed as separate chapters.
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Abstract

The FAEA uses extensively a variety of gamma radiation detectors to verily nuclear material. These detectors are part of stundardired
spectrometry systems: germanium detectors for High-Resolution Gamma Spectrometry (HRGS) Cadmium Zine Telluride (CZ1)
detectors for Room Temperatwre Gamma Spectrometry (RTGS) and Nal(Th detectors for Low Resolution Gamma Spectrometry
{LRGS). HRGS with high-purity Germanium (HpGe) detectors cooled by liquid nitrogen is widely used in nuclear safeguards 1o verily
the isotopie composition of plutonium or uranium in nen-irradiated material. Alternative cooling systems have been evaluated and
clectrically cooled HpGe detectors show a potential added value, especially for unattended measurements. The spectrometric
performance of CZT detectors. their robustness and simplicity are kev to the successful verification of irradiated materials. Further
development. such as miting the charge trapping effects in CZT 10 provide improved sensitivity and energy resolution are discussed.
Nal{Th detectors have many applications— specifically in hand-held radioisotope identification devices (R1D) which are used to detect
the presence of radioactive material where i lower resolution s sutlicient, as they henefit from a generally higher sensitivity. The Agency
is also continuously involved i the review and evaluation of new and emerging technologies m the field of radiation detection such as:
Peluer-cooled CdTe detectors: semiconductor detectors operating at room temperature such as Haly and GaAs: and, scintillutor
detectors usmg glass fibres or LaBry. A final conclusion. proposing recommendations for future action, is made.
¢ 2007 Elsevier BV, All nights reserved.

PACS 2930 —n

Revwords, Gamma detectors: Safesuards; HpGe, CZT. Nal

I. Introduction detection svstems. which will not be menuoned turther,

Moreover. the TAEA is seeking (o use all available modern

The Safeguards mission of the IAEA is to provide
assurance that no declared nuelear material (U, Pu. Thy is
diverted to non-peaceful purposes and that ne undeclared
nuclear material or activities exist in States. To fulfil its
mandate. the [AEA performs independent verification
measurements of nuclear material using a variety of’ Non-
Destructive Assav (NDA) instrumentation in attended or
unattended mode [1]. The nature of particular inspection
activities requires custemization of the cquipment and
methods implemented: riendly and simple 10 use: short
measurement times: and. easily portable or transportable.

High-Resolutions Gamma Spectrometry (HRGS) as well
as Room Temperature Gamma Spectrometry (RTGS) are
important safeguards verification tools alongside neutron

"Corresponding author,
E-mai! adedress: R.Carchonia iaea.org (R. Carchon)

O168-9002 5 - see front matter «
doi:10.1016/).nima_2007.04.086

2007 Elsevier BV, All rights reserved,

technology to enhance its detection capabilities,

Table 1 lists some safeguards venlication activities
together with the detection systems (detector, multi channel
analyser. soltware) providing the best solution 1o achieve
the measurement objective.

2. Detectors in current use
2.1 HpGe detectory

HRGS is performed with HpGe detectors, The detectors
require liguid nitrogen (LN-) to cool down and systems.
depending upon crystal specifications. achieve a  high
resolution, typically in the range of 550 700V Full Width
Hallm Maximum (FHWM) at 122keV. The use of HpGe
detectors is required for the mtrinsic determination of Pu
isotopic composition and U enrichment. relving on peak
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Fable |
Safeguards vertfication achvities

Safeguards verification activities Applied system

Attribute testing of non-irradmted
LEL and HEL
Auribute westing of non-irradiued Pu

MMOA - [CZT Nalf HM-3

IMCA ~{(HpGe - MGA)
(CLT + FRAM)): HM-$
Quantitative determination of LEU, IMCA —{HpGe ~ [50CS]
HELU or Pu hokl-up

U enrichment verificution on
uranium powders

IMCA - [(HpGe - MGAL)
Nali: HM-5 - NalGEM
IMCA + |(HpGe - MGA)
CLT ~ FRAM )}
MMCA-CZ1
MMOCA-CZT

HM-3 (Maly

Determinaiion of isotopie
composition of Pu samples

Fresh MOX fuel attribuate test
Spent fuel aurbute st

Deetection and wentification of XM

analysis of the 100keV region of the gamma spectrum.
utihizing MCGA and MGAU software, respectively [2.3].

Spectrum acquisition is performed using the safeguard
IMCA [4] spectroscopy svstem which integrates these two
analyses.

The need o eliminate LN, cooling was identified,
particularly for unattended systems. Manulacturers have
theretore proposed systems relying on alternative cooling
mechanisms based on Carnot- and Stirling-cyele cooled
detection systems [5,6].

Some of the devices tested by the TAEA have not shown
significant  degradation  in resolution:  however.,  thair
rehability and adequacy ol use stull has 1o be proven.

22 CZT detectors

The standard (Cadmium Zine Telluride) CZT detectors
are ol the semi-hemispheric tvpe. based on a special
arrangement of a pixilated anode facing a full opposite side
clectrode on a quasi-hemispheric detector (height = 12
edgey. This arrangement brings an optimal electric field
distribution in the crystal that allows single (electron only)
charge collection. This technology vields good spectro-
metric performances and is simple and very robust. Due to
intrinsic limitations CZT detectors with a volume less or
equal te S00mm’ are mainly used for RTGS safeguards
appheations.

The CoPlanar Grid (CPG) CZT detector uses larger
crystals and the well-known Frisch Effect 1o separate the
features of collecting charges and generating the signals.
Recently, Los Alamos National Laboratery has developed
the coplanar grid technology and eV Products has
produced several experimental detectors. In this design. a
network of interleaved electrodes on one side of the crystal
different potentials. The CPG
technology provides improved efficiency and peak shapes
but is limited by its complexity and cost, in addition to the
difficulty of producing large CZT crystals. Performance
tests concluded that the CPG  technology does not

15 connected to two
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represent & breakthrough compared to the stundard IAEA
hemispheric reference detectors [7)].

The capture (CAP) CZT detector technology proposed
by eV Products is only applicable to small erystals and
represents an extension of the hemispheric concept. It
consists of a special arrangement of the clectrodes on all
the crystal faces, having the charge collection performed as
with a Frisch Grid but using cubic rather than quasi-
hemispheric crystals. This tends to improve the relative
efficiency of the detector at high energies. The performance
cvaluation conducted by the TAEA concluded, however,
that the CAP technology is more sensitive 1o tempe-
rature operation and did not therelore represemt a
significant improvement in comparison with standard
TAEA detectors [7].

Additional CZT detector designs are currently under
review. For example. a thick CZT with dedicated pulse
processing technology and special arrangements of electro-
des to optimize the collection of singke carrier (electrons)
charges. Such a configuration utilizes an  addinonal
dedicated electrode devoted to electrical liekd screening
(similarly to a Frisch Grid) in order to limit the charge
trapping in the crystal. Pulse processing is based on a bi-
parametric analysis tenergy as a function of amplitude and
collection time) [8]. A development project for this
technique has been set in progress [9]. with the goal of
manulacturing a detector (OMEGA) with a 1000 mm’
CZT crvstal.

The comparative performances of gamma detectors with
an emphasis upon large C7ZT detectors, as investigated. are
given in Table 2.

2.3 Nal T detectors

The NAID has a high efficiency but leatures a fow
resolution, and requires gain stabilization. The standard
Nal detectors (NATD) used by the Agency in conjunctiion
with MMCA or IMCA uacquisition hardware have an
embedded *'Am stabilization source and a thermistor.

The hand-held HM-3 is a portable stand-alone instru-
ment widely used for inspection purposes (Nal crystal
Tin. x Fin.). with various Tunctions, including isotope
identification and attribute verification for U, **U,
Pu. Th and Am. Energy stabilization is achieved with a
small "7Cs source (500 Bq. exempted). LED stabilization is
also under development. which would provide the advan-
tage of i source-free device [10].

3. Other detection systems
3.1, Peltier-cooled CdTe

Peltier cooling to temperatures down to —33 C can be
applied to room temperature CZT or CdTe:Cl erystals. to
reduce the leakage current and consequently to improve
the energy resolution of the detector. The small thickness

+5
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Table 2
Performunces of the different 1vpes of detectors
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2007 350 383

Dretector type Valume (mm™) ER i 39 keV ER @ 122keV ER 662 keV FRw 1408 keV RE @ 662 keV RE 0 1408 keV
thaVy tkeV} (ReV) tkeV¥) %at ("ol

HpGe 13 = 1000 0.45 (.55 1.1 N/A 200 N/A
CZT00 S0 54 6.7 1249 21.5 14y {1
CATIE 16y 13.2 w7 17.5 RUAT ERY] 178
CPG A2 U .7 87 201 454 62 g2
CPG AZNT 6t 72 LA ] 265 4201 e 169
CAP 2156 SOH) 25 4.2 1340 0.2 | 27
CAP A2157 1125 Ta 83 ol i34 T n
OMEGA 1000 NA 7.5 1.6 8.3 =25 = 250
NallTh 2in.x S 6:25 12.5 5 NA

LaBr.Ce Lin. = T, 6.7 351 1.2 NIA

LaCloCe Lin. = i, 8.2 1o 278 EN

Remuarks:

{1 ER energy resolution is guoted al various energies

i2) CZTS0. CZTI300 are distributed by eV Products (LSA)L

(31 Relatve efficiency RE is relative to CZT500 efficiency

41 The results related 10 the OMEGA detector are rom the manufucturer,

of the PIN CdTe crystal (~2mm. 100 mm” in area) limits
its application 1o low energies.

Planar technology and pulse processing are used to
transtorm the signals into usable specira. An improved
sensitivity, achicved by enlarging the crystal surface. would
make the detector attractive for U or Pu verification
provided that the energy resolution was not affected and a
high reliability was maintained.

The Agency has supported the development and
improvement of Peltuer-cooled detectors from the Peters-
burg National Physics Institute (PNPL). which resulted
in the commercial production of hattery-powered
device [11].

Performance evaluation reported accurate -7 U enrich-
ment determunations using a variant of the MGAU code in
the 2 90wt “ U range [12]. A recent in-house evaluation
showed that spectra taken of Pu samples can be success-
fully processed to determine their isotopic composition
with the help of the FRAM 4.2 software [13]. Both reports,
however, express strong concerns about the reliability of
the device and its sensitivity to microphonics. Peluier-
cooled CdTe detectors have the potential to determine Pu
isotopic composition of non-irradiated Pu powders or
Fresh MOX fuel [13].

H

215

3.2, Hgls derectors

Mercury lodine (Hgls) is a semiconductor material with
a high density {6.3g/em’) and a wide band gap (2.13eV).
Hgl. erystals exhibit a very high photoelectric effect and
high full-energy peak efficiency but unfortunately exhibit a
low mobility of clectrical charges that limit their applica-
tion to low count rate (few keps) leads due to long
collection times. In addition, the effective thickness of the
crystal remains low (1 3mm) because of large charge

trapping effects. For the time being. these drawbacks make
the Hgly-based detectors unsuitable for safezuards appli-
cations. Nevertheless, their unigue intrinsic characteristics
should lead to further research and development efforts to
provide systems suitable for safeguards applications.

2.3 GaAds deiectors

Gallium Arsenide (GaAs) is the only room temperature
semiconductor material with high mobility of the charges
fe.g.. Tor electrons approximately 7000an™ vV 's %) and
wide band wap (L4eVy A combination ob these two
characteristics leads to potential high-performance gamma
spectrometry. However. the low  resistivity of GaAs
(5 x 10"W cm) does not allow applying high bias and thus
lunits their energy resolution.

\ variety of GuaAs detectors have been proposed for
X-ray imaging applications [14]. The man hmitation
imposed on this detector technology s the difficulty
obtaining spectrometry-grade bulk GaAs material. In
addition. due to their poor resistivity, only thin detectors
can perform spectrometric measurements. This limits the
application of such detectors to low energy measurements.

However, the possibility of a technological breakthrough
mirht come from the development of ternary material.
which might solve the problem of resisuvity. Current
projects are researching the possibility of cooling GaAs
detectors using the Peluer Effect to achieve higher
resistivity.

34 Lithivan silicare glass fibre detectors
Cerium-doped santillating fibres composed of lithium

silicate glass are the centre of a development effort m
producing a detector of sufficient sensitivity 1o search for

Ay
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undeclared materials [15]. The tibre detectors are arranged
in a backpack container for portability. and provide
sensitivity to gamma and neutron radiation to scarch for
U and Pu. Tests have shown that there was insufficient
discrimination between gamma and neutron radiation,
raising doubts about the origin of the radiation.

3.5 LaBr; and LaCl; detectors

Recent developments revealed LaBry 10 be a valuable
scintillator for RTGS. combining an improved sensitivity
and resolution when compared to Nal(Th [16]. Prototypes
have been made available. and testing undertaken, which
confirmed the improved quality. However. liminations
remain. such as the high cost and temperature instability.
similar to that observed in Nal(Tl) systems.

Experience has shown that LaBr: oflers better perfor-
mance than LaCli in terms of
comparison to Nal(Tl).

resolution, cven n

4. Conclusion

Several new technologics for improving gamma spectro-
metry instruments have been developed and tested using
Member State Support Programme tasks. research con-
tracts and in-house efforts. One of the main concerns of the
TIAEA is the matching. within the measurement time
available during inspection. of the sensitivity and the
resolution of the gamma ray detector with its intended
applications.

Electrically cooled HPGe detectors are considered to
elimimate the need for LN, cooling. especially  tor
unattended meuasurement systems.,

The main tactor that limits the tested CZT technologies
1s the lack of availability of large ervstals and unfortunately
none of the tested prototypes have performed significantly
better than the reference CZT300 and CZT1500 detectors
The guoted superior performance of the OMEGA proto-
type needs to be validated. The Peltier-cooled CdTe
detectors have an adeguate resolution to perform the
measurement of Pu samples using FRAM. and could. if
proven sufficiently reliable, replace HpGe detectors in
certain applications.

The NaliTl) technology is the RTGS workhorse of the
Agency and no significant [urther development is foreseen
in this technology. LaBry detectors appear to be very
promising with regard to sensitivity and resolution and will
he steadily followed up in terms of cost benefit by the
Agency.

The development of Hgl> and GaAs has not vet achieved
results consistent with the requirements of saleguards
applications. Glass fibre detectors require further develop-

ment for a sulficient discrimination between gamma and
neutron signals to be achieved.

Besides the current detector technologies reviewed in this
paper. improvements to software for spectrum acquisition
and analysis are also warranted. In addition o the detector
types mentioned, there are other types (like Lil:Eu) under
consideration that could respond positively 1o stringent
safeguards requirements.
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Annex 3

Neutron flux as a function of the detector position
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Abstract

In the framework of a project aiming to establish an unattended measurement station at an isotope enrichment
facility, IAEA required a study to describe the state of the art of NDA methods applicable to UF¢ cylinders.

The objective of the present work is to provide a feasibility assessment study of all known NDA techniques
applicable to the quantitative verification of all uranium categories involved in an enrichment processing plant.

The quantification of the UF¢ cylinders covers:

- the determination of the enrichment,

- the confirmation the UFs mass ( assumed to have been previously weighted by the plant operator and
independently verified by inspectors),

- the assay of the UFs homogeneity.

The different hypothesis and practical constraints to be taken into account for the study requirements are [1]:

- the cylinders to be considered are either 30B type ( product) or 48Y type ( feed and tail),

- the enriched uranium is either from natural origin or reprocessed uranium,

- the cylinders must be assayed at various temperatures,

- the distance between the cylinder and the detector must be at least 50 cm to allow for safe movements of the
cylinders,

- the UFg mass determination would be accurate within 10% for low enriched uranium, 15% for natural
uranium and 20% for depleted uranium,

- the enrichment determination must be given with a total uncertainty which does not excess:

= 4.5% for low enriched uranium product,
= 9.5% for natural uranium,
= 18% for depleted uranium,

- the measurements have to be performed in 5 minutes and in remote mode to minimize the intrusion on normal
plant operator.

With the objectives and assumptions as described above in mind, this document first gives an overview of the
radiation properties of UFg (chapter A) as well as some practical considerations regarding the 48Y and 30B
cylinders (chapter B). The next part reviews the classical NDA methods applicable to UFg and refers to intense
measurement campaigns carried out in the years 70 -80 (chapter C), whereas the chapter D is dedicated to
specific studies involving more recent techniques such as analysis of delayed neutrons and delayed photons.

The most appropriate techniques will be then investigated in chapter E.

The study will be based on our own results of previous measurement campaigns (“U determination with
gamma detectors with germanium or LaBr; detectors) and on MCNP simulations (passive and active neutron
methods).
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