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NONDESTRUCTIVE ASSAY METHODS
FOR IRRADIATED NUCLEAR FUELS

by

S. T. Hsue, T. W. Crane,
W. L. Talbert, Jr., and John C. Lee

ABSTRACT

This report is a review of the status of nondestructive assay (NDA)
methods used to determine burnup and fissile content of irradiated nuclear
fuels.

The gamma-spectroscopy method measures gamma activities of certain
fission products that are proportional to the burnup. Problems associated
with this method are migration of the fission products and gamma-ray at-
tenuation through the relatively dense fuel material. The attenuation
correction is complicated by generally unknown activity distributions
within the assemblies.

The neutron methods, which usually involve active interrogation and
prompt or delayed signal counting, are designed to assay the fissile content
of the spent-fuel elements. Systems to assay highly enriched spent-fuel
assemblies have been tested extensively. Feasibility studies have been
reported of systems to assay light-water reactor spent-fuel assemblies. The
slowing-down spectrometer and neutron resonance absorption methods can
distinguish between the uranium and plutonium fissile contents, but they
are limited to the assay of individual rods.

We have summarized the status of NDA techniques for spent-fuel assay
and present some subjects in need of further investigation. Accuracy of the
burnup calculations for power reactors is also reviewed.

I. INTRODUCTION
A. Basis and Development of NDA

Nondestructive assay (NDA) methods used to
determine burnup and fissile content of irradiated
nuclear fuels are needed to safeguard against diver-
sion of fissile materials to illegal weapon use. A
capability for nondestructive assay of individual
fuel assemblies is particularly important in view of

the present trend of delay and cancellation in the
construction of fuel reprocessing facilities. Because
spent fuels are a major source of plutonium,
measurement capability by the International
Atomic Energy Agency (IAEA) is essential for effec-
tive international safeguards. Such assay capability
can provide fissile inventory on irradiated fuel,
either stored or shipped, for reprocessing. NDA can
improve reprocessing plant accountability informa-
tion before fuel dissolution and thereby enhance
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operational efficiency and overall safeguards for the
nuclear fuel cycle.

The inspection agency and the reprocessing plant
have different viewpoints on acceptable assay
systems. From the inspector's point of view, the
preferred NDA method should use portable equip-
ment for rapid and reasonably accurate assays. For
reprocessing plants, however, a method is wanted
that approaches the accuracy obtainable with
radiochemical or mass-spectrometric destructive
analyses, and that can separate uranium and
plutonium fissile content; equipment portability is
less important.

In this review, we assume that the irradiated fuel
assembly to be assayed can be isolated from other
assemblies in storage. Assay in a storage pool
without isolation capability is outside the scope of
this review.

The last comprehensive review on this subject was
by Edwards! in 1968. Since then there has been sub-
stantial development of NDA methods and vast im-
provement in instrumentation. A review on gamma-
spectroscopy NDA techniques was reported by
Dragnev? in 1974. Our review, which includes
passive and active neutron techniques and gamma-
spectroscopy assay method, covers studies
published through January 1977.

Gamma-spectroscopy measurements and
associated difficulties, and activity migration and
attenuation are discussed in Sec. II. The neutron
measurements, both passive and active interroga-
tion, are reviewed in Sec. III. The reactivity and
calorimetric methods are discussed in Sec. IV. The
summary and discussions are presented in Sec. V,
and in the Appendix, present burnup calculation ac-
curacies are reviewed.

B. Burnup Definition

Because the principal goal of assaying spent fuel
is to determine burnup and/or fissile content, defini-
tion of burnup is needed. The two common defini-
tions are:

(1) Burnup is the number of fissions per 100
heavy nuclides initially present in fuel.

(2) Burnup is the integrated energy released from
the fission of heavy nuclides initially present in fuel.

The first definition is used for dissolved irradiated
fuel, and concentrations of a selected fission-
product burnup monitor and the heavy nuclide
atoms are determined.

The burnup computational relationship is then

P/Y
BU (%) = 100 Y + H (1)
in which
BU (%) = per cent fission,

P = atom concentration of fission-product
burnup monitor,

Y = effective fractional fission-yield value,
and

H = final atom concentration of heavy
nuclides (mass = 232).

The second definition is used mainly for power
reactors, where burnup is expressed in MWD/MTU
(megawatt days per metric ton uranium initial). In
NDA of spent fuel, this definition is used because
heavy nuclides are not determined.

The burnup relationship is

Number of fission/MTU = % . (2
_ 24 N

BU (MWD/MTU) = 1.8563 x 10 x E x v’

(3)

in which

N = number of atoms of burnup monitor for-
med during irradiation per metric ton of
initial heavy metal,

Y = effective fractional fission-yield value,
and

E = effective energy released per fission in
MeV.

The two burnup expressions are related by the
conversion

BU (MWD/MTU) = 46977 x Ex BU (%) . (4)
Both the effective fission yield and the energy

released per fission depend on the relative fission
contribution from plutonium and uranium.




235 238 241
v235 + Y238 + Y239 + £ Y241 5)
Y _ ’
235 238 239 241
f
and
235 238 241
g235 + £ g238 + E239 + £ E241 , (6)
E = 235 238 239 241
2 + f f
in which que (ICT). General problems pertaining to all
gamma burnup measurements and particular dif-
erl) = time-averaged macroscopic fission cross ficulties pertaining to each gamma assay method

section

of I = 28]J, 2381, 2Py, and 1Py,

Y = fission yield of isotope I, and

E'Y = energy released per fission in MeV of
isotope I.

Assuming an effective energy release of 202 MeV per
fission, a burnup of 1% corresponds to a burnup of
9489 MWD/MTU.

II. GAMMA-SPECTROSCOPY
MEASUREMENT

Gamma spectroscopy for determination of burnup
of spent fuel has been investigated for a long time.
The two NDA methods of gamma-ray assay are the
absolute gamma activity measurement and the ac-
tivity ratio measurement. The latter method was
developed during the last several years and is still
under intense investigation. Both methods measure

are discussed later in this section.

A. Choice of Fission Product

A radioactive fission-product burnup monitor
should have

¢ near equal fission yields for the major fissioning
nuclides in the fuel,

¢ low neutron-capture cross sections (including
capture by precursors),

¢ long half-life relative to irradiation period,

¢ low migration (including precursors) in the fuel,
and

o easily resolvable gamma-ray spectra with high-
energy gamma rays to minimize attenuation.

The radioactive fission products that satisfy most
of these criteria are summarized in Table I. As
shown, the *Zr, 1%Ru, *’Cs, and *Ce isotopes arise
directly from the beta decay of precursor fission
products, e.g.,

137 5 137x¢ — » 137¢g — 137g,m ___ , 1375, (7)

24 s 42 m

the gamma activity of some selected fission
products. The methods do not yield the fissile con-
tent directly, but it may be inferred from burnup
calculation or from the isotopic correlation techni-

300 y 26 m

The '**Cs and '**Eu isotopes are shielded

nuclides—not direct products of fission. They are
formed by (n,¥) reactions on '*Cs and **Eu, respec-
tively, which are produced in fission



133; —, 133xe —» 133¢g(ny)134cs —> 134Ba (8)
21 h 5.27 d 21y

and

153gm ———— 153Eu(ny) 19%Eu — 154Gd .
46.7 h 86 y ¢))

These two nuclides, which are used in the activity 1. Fission-Yield Variation with Fissionable
ratio method to determine burnup, are discussed Nuclide. For effective fission-yield value to be cons-
later in this section. tant with burnup level, the fission-product monitor

TABLE I

RADIOACTIVE FISSION ISOTOPES FOR BURNUP MONITORING

Thermal Fission Yield (%) Principal Gamma Rays*®
Isotope Half-Life* U 8Py Energy (keV) Branching (%)
87Zr 65.5 d 6.50 5.01 724.18 44.4
756.72 54.6
108Ru-1Rh  369. d 0.39 4.48 511.85 20.6
621.87 9.8
1050.39 1.5
1128.07 0.4
BCs 2.06 6.75 7.42 569.35 16.4
(Yield of ***Cs) 604.73 97.6
795.84 85.4
801.94 8.7
1365.00 3.3
#Cg 30.12y 6.26 6.65 661.64 85.0
WCe-Pr 2844 d 5.39 3.80 696.49 1.51
1489.15 0.29
2185.70 0.74
Ky 86 y 0.164 0.285 591.78 4.9
(Yield of '*Eu) 723.31 19.7
873.25 11.7
996.37 10.1
1274.50 34.7

*Half-lives of the isotopes were obtained from ENDF/B-IV Fission-Product Files as reported in Los
Alamos Scientific Laboratory report LA-6116-MS (1975).

vThermal fission yields were obtained from the Atomic Energy of Canada Limited report AECL-
4704 (February 1974).

<Gamma-ray energies and branchings were obtained from Nuclear Data Sheets, Oak Ridge National
Laboratory.




should have equal fission yields for the major
fissioning nuclides in the fuel. If the fission yields
are substantially different, the effective fission yield
will depend somewhat on the reactor's operating
history.

2. Neutron-Capture Cross Section. The
neutron-capture cross-section value must be low
enough that the ratio of produced fission-product
atoms to fission is virtually independent of burnup.

3. Half-Life Relative to Irradiation Period. If
the irradiation time is less than the half-life of the
fission product, the number of fission-product
monitor nuclides formed is approximately propor-
tional to the number of fissions [Eq. (2)]. However,
if the irradiation time exceeds the half-life, this rela-
tion will not be valid and an irradiation or power
history correction will be necessary.

B. Migration

If the fission-product precursors are volatile, they
may undergo migration relative to their formation
positions in uranium and plutonium fission. Radial
migration of precursors generally is much more
drastic than axial migration because the radial tem-
perature differential is much larger than the axial
for oxide fuel. The following discussions in-
clude some postirradiation results from fast breeder
reactor (FBR) fuels. We include FBR results
because (1) more migration studies have been repor-
ted for FBR fuel than for light-water reactor (LWR)
fuel, and (2) FBR fuels usually are operated with
higher temperatures and can serve as limiting cases
for LWR fuels.

1. *Zr, “‘Ce-*‘Pr, and '“*Eu. Forsyth et al.®
measured the migration of ®*Zr and **Ce in fuel rods
irradiated for 3 yr and with fuel centerline tem-
peratures between 1750 and 2050°C. Phillips et al.*®
also studied the migration of **Zr and *‘Ce in FBR
fuel rods. Rein® studied the migration of rare earth
elements in mixed-oxide FBR fuels. These studies
show that apparently #Zr, *Ce, and **Eu do not
migrate significantly, either radially or axially
relative to the heavy metal.

2. “*Ru-%Rh. However, *®Ru-'*Rh is volatile,
and both radial and axial migrations have been
observed.®* In the radial direction, the **Rh isotope
tends to concentrate around the centerline of the

fuel pellet; peripheral-to-center concentration of
1:20 has been observed.*

3. *Cs and *'Cs. The *"Cs migration has been
detected in LWR fuel,® in Canadian Deuterium
Uranium (CANDU) fuel,™® and in FBR fuel.**® The
134Cs migration has been studied mainly with FBR
fuel.l.ﬁ.s

The *Cs and '"'Cs isotopes tend to migrate
toward the cooler regions of the fuel section. In the
radial direction, both isotopes migrate toward the
cladding; in the axial direction, they tend to concen-
trate in interpellet gaps. In their study of FBR fuels,
Phillips et al.*? found differences in the relative con-
centrations of *Cs and *"Cs as a function of axial
positions. The authors attributed these differences
to *’Cs migration mainly as the metal, and final
134Cs distribution is the result of migration of either
the *°I or '**Xe precursor. The amount of migration
seems to depend on temperature, oxygen-to-metal
ratio, and fuel density. The higher the oxygen-to-
metal ratio, the less migration tends to occur. In
their fission-product migration studies on LWR
fuels, Forsyth et al.? found no *’Cs migration at a
fuel centerline temperature <1200°C; however,
there was migration at a fuel centerline temperature
between 1750 and 2050°C. The temperature
threshold of the migration effect of *Cs has not
been resolved. Dragnev? proposed a threshold tem-
perature of 1500°C; Hiller'® suggested 2000°C.
Published data on the degree of **”Cs migration vary
widely. Peripheral-to-center concentrations of 10:1
have been reported by Forsyth et al.,® and up to
1000:1 by Bates! for UO, thermal reactor fuels.
Figure 1 shows typical diametral isotopic
distributions* of *'Cs, *®Rh, and *Zr, in which the
Zr distribution represents no migration.

The *Cs migration for LWR fuel has not been
studied and is thus speculative. The **Cs and *'Cs
migrations may be different because the nuclides
responsible for the migration are different.
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Diametral isotopic distributions of **Rh, *'Cs,
and *Zr for a FBR fuel rod.

C. Attenuation

1. Fuel Pin. Gamma-ray intensities are at-
tenuated as they emerge from the fuel pin. The at-
tenuation depends on gamma-ray energy and on ac-
tivity distribution within the pins. To minimize the
attenuation effect, only relatively high-energy
fission-product gamma rays (E > 500 keV) are used
in the spent-fuel gamma assay. On the other hand,
the oxide fuel density is comparatively high (10.9
g/cm?®); for the 661-keV gamma ray of **'Cs, the self-
attenuation factor within the 1-cm-diam fuel pin is
~0.63, or ~37% of the gamma intensity is at-
tenuated within the pin, assuming a uniform ac-
tivity distribution.

The attenuation correction is complicated by
fracturing and/or formation of center voids in the
fuel rods and by the activity distribution within the
rods. It is difficult to predict void formation or fuel
fracture; the processes depend on the fuel tem-
perature and irradiation history, among other fac-
tors. The activity distribution within the rod de-
pends on migration and burnup distribution
throughout the irradiation.

6

Migration of the various radioactive fission-
product burnup monitors was discussed in the
previous section. The activities of *Zr, Ce, and
1‘Eu do not migrate relative to the heavy metals,
whereas those of *Ru-**Rh, **Cs, and *Cs have
been observed to migrate.

To estimate the activity distribution effect on at-
tenuation correction, assume that "’Cs migrates
radially toward the fuel periphery to produce a con-
centration profile described empirically by

A(r) = Ke BRD | (10)
where

A(r) = activity per unit length at r,

K = arbitrary constant,

R = fuel pin radius,

B = (1/2) arcosh (A/A)),

A, = peripheral activity per unit length, and

A, = center activity per unit length.

The 662-keV gamma flux values received by a
detector from a fuel rod with this activity distribu-
tion were calculated by numerical integration and
compared with those from a fuel rod containing the
same total quantity of the *'Cs activity but
homogeneously distributed. The calculation was
performed for the collimated case (collimator width
<<R) and uncollimated case (collimator width
~2R). Figure 2 shows a series of curves for fuel rod
densities of 10.5 g/cm?® (96% of UQ, density) and
diameters of 0.7, 1.0, 1.3, and 1.6 cm. The degree of
activity distribution varies from A,/A; = 1 (uniform
distribution) to A/A, = 100. The counting rate from
the nonuniformly distributed activity is consistently
higher. The error from assuming a uniform distribu-
tion depends on fuel pin radius and activity dis-
tribution within the pin. Radial activity distribu-
tion within a rod can be determined by horizontal
scanning with narrow collimation in a hot-cell en-
vironment, but it will be difficult to determine in
field inspection.

2. Fuel Assembly. In measuring spent fuels,
there is a distinct advantage in assaying a whole
assembly instead of individual fuel pins because the
assembly does not have to be taken apart. However,
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the advantage must be weighed against complica-
tions introduced by attenuation through the whole
assembly and nonuniform burnup within the
assembly. In whole, square-assembly assay, corner
measurements are preferable to side measurements.
Experience has shown that for side measurements
on fuel assemblies, a 30% variation in the 1.60-MeV
“,a gamma activity was produced by a 10° angular
variation of the collimator-detector axis, but the
same angular deviation caused ~1.5% variation in
corner measurements.!?

Because of strong attenuation in the fuel rods,
only the rods closest to the corner in front of the
collimator contribute significantly to the measured
gamma activity. The gamma-ray transmission
through a boiling water reactor (BWR) fuel pin (1-
cm o.d.) is ~0.29 at 661 keV. For an 8-by-8 BWR
fuel assembly submerged in water, only ~1% of the

total ¥"Cs activity of the four central rods is
measured. There is a "black-out zone" in the center
of the assembly where gamma activity cannot be
assayed. The same situation prevails for a CANDU
bundle and is even more drastic for a pressurized
water reactor (PWR) fuel assembly.

A further complication in whole-assembly assay is
nonuniform distribution of the flux during irradia-
tion. In a BWR assembly, the rods at the edge of the
assembly sometimes experience a higher burnup
because they are near the water gap. In a CANDU
fuel bundle, similar burnup variations among fuel
pins have been found.®

It is difficult to measure activity distribution
within the assembly. If detailed reactor operation
conditions are known, the activity distribution of
fission products can be calculated by some burnup
computer codes. From the rod-to-rod distribution of
the fission-product activity, the assembly attenua-
tion factor can be calculated. Therefore, the ac-
curacy of the attenuation calculation depends
critically on the accuracy of the burnup calculation,
and is probably the most uncertain factor in the
whole-assembly assay.

D. Absolute Activity Measurement

When the number N of burnup monitor atoms for-
med during irradiation is determined, the burnup
can be calculated by Eq. (3). N is related to the
gamma-ray intensities by

X; AT

1 L£_c, 11
N = k;i€;S; A (11)

in which

X, = number in the ith gamma-ray peak ob-
served per unit time,

k; = number of the ith gamma ray per disin-
tegration,
¢, = absolute detector efficiency at the

energy of the gamma-ray peak,
S; = the effective attenuation at the energy
of the gamma-ray peak,
A = decay constant, and
T. = cooling time.




In Eq. (11), the k; and A depend on the status of the
nuclear data; and for these radioactive fission-
product monitors, they are generally known to ~1 to
2%. The X, can be measured to 1% or better. The at-
tenuation factor S; may be determined fairly ac-
curately for a single rod if diametral rod scan is per-
formed; the uncertainty in S; is considerably larger
for a whole assembly. The most crucial and difficult
factor to determine is the absolute detector ef-
ficiency ¢, which depends on the measurement
geometry, the collimator, and the intrinsic ef-
ficiency of the detector. The absolute efficiency may
be determined by a calibration source of known
total activity. The geometries for assay and ef-
ficiency calibration must be identical.

In a well-controlled hot-cell environment, the ab-
solute activity measurement can be fairly accurate
in a burnup determination. The accuracy, advan-
tages, and disadvantages of each fission-product
monitor are discussed below. Accuracy can be
achieved only under well-controlled geometry,
which normally cannot be achieved in field inspec-
tion. The absolute activity method is probably
limited to reprocessing plants. A typical experimen-
tal arrangement* is shown in Fig. 3.

1. **Zr. The fission yield of ®*Zr is relatively cons-
tant for 2*U and #**Pu fission. Also the neutron ab-
sorption cross section is low and the activity does
not seem to migrate. However, its relatively short
half-life (65 days) limits its use as a burnup monitor
to cases of not excessively long irradiation and cool-
ing times.

Zirconium-95 (T,,, = 65.5 days) decays to **Nb
(Ty2 = 35.15 days) and the two nuclides are in
secular equilibrium if the production rate of ®Zr is
constant. The ratio of **Zr to ®*Nb is a constant dur-
ing irradiation, but it drops to a different constant
after a long cooling time. For a cooling time <300
days, the ratio can be used to determine the cooling
time,2'*" and accuracies within 7% have been
achieved.!®

2. "*Ru-'Rh. Although the low neutron absorp-
tion cross section and the 1-yr half-life of *°*Ru make
it a more suitable candidate as a burnup monitor, it
has been known to migrate.®* The thermal neutron
fission yield from #°Pu is ~11 times that from 2**U.
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Fig. 3.
Typical absolute gamma activity measuring
equipment with the scanning mechanism.

Forsyth and Blackadder!® explored this drastic dif-
ference in fission yields to determine relative fission
events in U and #*Pu. Agreement was obtained
between experimental results and calculation, but
careful irradiation history and decay correction were
necessary to deduce the percentage of #*°Pu fission.
For spent fuels that have been irradiated for a
relatively long time (e.g., 3 yr), the uncertainty
caused by irradiation history and decay corrections
can be substantial. Previous studies also showed a
substantial deviation between nondestructive and
destructive determinations of the amount of *Ru-
18R} in Trino reactor fuels!’ (7.7%) and Dodewaard
reactor fuels'® (14.9%).




3. ¥Cs. Cesium-137 is often considered the most
suitable fission product for burnup measurements
because (1) it has a relatively long half-life, (2) its
neutron absorption cross sections (and those of its
precursors) are negligible, and (3) it has approx-
imately the same yields for both 2**U and ?**Pu. The
30-yr half-life of *"Cs makes the power history
correction unnecessary.

The major drawback of **’Cs as a burnup monitor
is that it migrates at high temperature and at low
oxygen-to-metal ratio. Axial cesium migration can
be checked by comparing *’Cs with nonmigrating
isotopes, for example, zirconium or praseodymium.
The radial cesium migration introduces uncertainty
in the attenuation correction. Also, in case of clad
failure, *”Cs cannot be used as a burnup monitor.

The results of several studies on the use of *’Cs as
a burnup monitor of spent fuels either in pellet or
total assembly form are summarized in Table II.
Burnup is determined by mass-spectroscopy
measurements unless otherwise specified. Table II
shows that with fuel rods, NDA of *’Cs activity can
determine burnup to an accuracy of 1 to 4% within a
wide burnup range. When the whole assembly or
bundle is assayed, the *’Cs activity can determine
burnup from 2 to 6%. Because the Trino, Gar-
igliano, and Bohunice reactors have been studied in-
tensively, ®¥’Cs activity distributions within their
assemblies or bundles (and therefore the attenuation
factors) can be calculated accurately. The uncer-
tainties of the whole-assembly assay for other reac-
tor fuels depend largely on the uncertainties of the
attenuation calculation. These uncertainties may be
substantially larger than 6%. In the assembly
assays, measurements were performed at four cor-
ners of the assembly and at eight or nine levels. The
B¥7Cs activities at all the measuring points were
totaled to obtain an integral value for the fuel
assembly.

4. Ce-'*Pr. The *4Ce-'*Pr activity has a dis-
tinct advantage because it and its precursors do not
migrate relative to the heavy metals. In addition,
“Pr emits a 2.18-MeV gamma radiation. The
relatively high energy of this gamma radiation
makes an accurate attenuation factor calculation
less important. Nondestructive determinations of
the amount of *Ce-*‘Pr, therefore, are generally

quite accurate compared with destructive analyses
(within 1.7% in Trino fuel pellets'?).

These advantages must be weighed against its
relatively short half-life of 284 days, and the
somewhat different fission yields of #**U and ***Pu
(Table I). These two drawbacks require a careful
power history correction. In their study of *¢Ce-'**Pr
as a fission monitor for CANDU reactor fuels, Chen
et al.>* found that the overall uncertainty in burnup
determination can be as high as +30 to —20%,
relative to calculated values for a 500-day irradia- -
tion period. The uncertainty decreases (+12 to 15%)
for a shorter irradiation period (~300 days).

E. Activity Ratio Measurement

Activity ratios have been suggested!®? for use as
burnup monitors. Several experiments since 1971
have explored this possibility and development is
continuing. If we assume that the flux is constant
during irradiation, the activity from a direct fission
product Np formed (such as ¥Cs), and that from
neutron capture of fission products N; (such as
134(Cs) are respectively proportional to [see Eqgs. (7)
and (8)]

Np @ Z¢:(¢T) and (12)
N; a Z¢:a(n,y)-(¢T)* , (13)
in which

¢ = spectrum and time-averaged neutron
flux,

3¢ = spectrum and time-averaged fission
cross section,

o(n,y) = spectrum and time-averaged neutron-
capture cross section of the fission
product,
and

T = irradiation time.

Equations (12) and (13) show that the N;/Ny, ratio is
also proportional to (¢T) and, in principle, can be
used as a burnup monitor. The activity ratios that

have been explored up to now are '*Cs/*'Cs and
164Eu/187cs.




TABLE II

STANDARD ERRORS OF BURNUP OR Puw/U RATIO FROM NONDESTRUCTIVE
MEASUREMENT OF **’Cs ACTIVITY

Reactor Standard Burnup
(Type) Correlation Error® Range Source
Fuel Cycle Between (%) (MWD/MTU) Configuration Reference No.
Trino (PWR) Bu, *'Cs 4.1 15 000-28 000 Rod 19
2nd Cycle
Garigliano Bu, *'Cs 1.5 9 000-12 000 Rod 20
(BWR)
Trino (PWR) Bu,*¥'Cs 2.3 19 000-22 000 Assembly*® 21-22
2nd Cycle Pu®"Cs 1.8
U

Trino (PWR) Bu,”*Cs 2.5 19 700-28 700 Assembly*® 23

3rd Cycle
Garigliano Bu,®* *"Cs 1.5 7 000-18 500 Assembly*® 12
(BWR)
Bohunice Bu, ¥'Cs 6 1 800-8 000 Bundle 15

(CANDU-type)

*The standard error is calculated, whenever possible, by fitting the data to a linear regression equa-

tion Y = a + bx. The standard error about the regression =

n

o i Ypa-2)

1=1

where y = experimental values, Y = values predicted from the regression line, and n = number of

observations.

bBurnup and Pu/U values from calculation.

cAssemblies were measured at eight to nine levels and four corners, and the '*’Cs activity was

summed.

For an absolute activity measurement, absolute
detector efficiency must be known, and the
measurement must be performed under strictly con-
trolled geometry. The activity ratio measurement,
however, is less sensitive to the geometrical arrange-
ment and requires only that the relative detector ef-
ficiency be known. This distinct advantage makes
the activity ratio measurement much more suitable
for use in field inspection. However, a disadvantage
is that effective fission yields of the activity ratios
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are unknown. Thus, to deduce burnup, correlations
between burnup and activity ratios must be deter-
mined empirically. Correlations have been observed
between the burnup or Pu/U mass ratio and the
184(Cs/"*Cs activity ratio. There are also indications
of a possible correlation with the **Eu/'*Cs activity
ratio. These correlations are rather limited and it is
doubtful whether such simple correlations exist for
BWR fuels. T'o obtain burnup or plutonium content




of fuel assemblies, correlations should be deter-
mined for each irradiation batch, or at least for each
reactor. The status of the correlations will be
reviewed later. '
A recent improvement in the activity ratio
measurement?®-? is to introduce an intrinsic calibra-
tion, where measured intensity ratios for gamma
rays of a given isotope are compared with es-
tablished branching ratios. Using these data, an
overall relative efficiency curve that includes mass
attenuation and detector efficiency can be deter-
mined. This curve can be used to determine the ac-
tivity ratios of two different isotopes. The advantage
of this method is its simplicity; all necessary infor-
mation to determine the activity ratio (relative ef-
ficiency and cooling time ) is contained in a single
gamma-spectrum measurement. However, this
method relies on a fundamental assumption that
may or may not be valid in an actual situation. It is
accurate only if the measured isotopes (***Cs, ¥’Cs,
184Eu) have the same spatial distribution within the
assembly. The inaccuracy caused by different
isotopic spatial distributions may be significant.
A typical experimental arrangement is shown in
Fig. 4 (from Ref. 14). Other activity ratios could also
be used, such as the ®Rh/**Pr suggested in Ref. 13.
However, there is no experimental support for such
a correlation, and this ratio may be sensitive to
migration effects (see *®*Rh profile in Fig. 1).

1. '™Cs/'¥Cs. The results of recent studies of the
14Cs/**"Cs activity ratio as a burnup monitor are
summarized in Table III. Table III shows that for
PWR fuels, correlations apparently exist between
burnup or Pu/U mass ratio and **Cs/**’Cs activity
ratio (within 1 to 4%) for Trino and Sena reactor
spent fuels. The correlation is far from established
for BWR fuels. With Garigliano reactor fuel
assemblies,!? no correlation can be established; with
JPDR-I reactor fuel rods,®® the correlation
separates into two straight lines, depending on the
upper or lower parts of the fuel, and for the two por-
tions, the interceptions differ by 20%.

The latter study also found that the *Cs/**’Cs ac-
tivity ratio is sensitive to the epithermal-to-thermal
flux ratio. The correlations for the two segments can
be made to agree better if the appropriate flux
correction is made. This is not surprising consider-
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Fig. 4.
Typical gamma activity ratio measuring
equipment.

ing that the thermal-neutron-capture cross section
and resonance integral of '**Cs are 30 and 450 barns,
respectively, so that the resonance capture reaction
is much more probable than thermal-neutron cap-
ture. In contrast, the formation of *’Cs depends
predominantly on the thermal flux.

It should be emphasized that because the Trino
and Bohunice reactors have been studied well, and
their attenuation factors can be calculated ac-
curately, standard errors are small (1 to 7%).

Some theoretical studies!??>*! have been made to
evaluate the correlations between burnup or Pu/U
mass ratio and '#Cs/*¥"Cs activity ratios. Reactor
parameters that seem to influence the correlations
are fuel enrichment, power history, void fraction
(BWR), and moderator-to-fuel ratio.
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TABLE III

STANDARD ERRORS OF BURNUP OR Pu/U RATIO FROM NONDESTRUCTIVE
MEASUREMENT OF %Cs/'*"Cs ACTIVITY RATIO

Reactor Standard Burnup
(Type) Correlation Error* Range Source Reference
Fuel Cycle Between (%) (MWD/MTU) Configuration No.
Sena (PWR) #1Cs, Cs 3 12 600-13 150 Rod 32
1st cycle W Cs
Sena (PWR) Wi Cs, 14Cs 13® 18 600-20 300 Rod 32
2nd cycle WiCs
Sena (PWR) Bu, 84Cs 3.7 12 600-13 150 Assembly 27
1st cycle WCs midpoint
Trino (PWR) Buy,° 184Cg 1.1 18 500-22 500 Assembly* 21-22
2nd cycle WCs
Puc MCs 1.2
U ’ (0g
Trino (PWR) Pu® 11Cs 2.1 19 700-28 700 Assembly* 23
3rd cycle U’ WCs
Dodewaard Bu, 18Cs 8.5 6 000-17 000 Rod 18
(BWR) wiCs
JDPR-I Bu, MCs upperand 1900-7 000 Rod 29.30
(BWR) ¥1Cg  lower segments
differ by 20%
Garigliano Pu "Cg o correlation® 7 000-18 500 Assembly? 12
(BWR) U’ #1Cs
Bohunice Buy, 34Cg 5-1.6 1 800-8 000 Bundle 15
(CANDU-Type) W Cs
NPD (CANDU) Bu, 4Cs 1.7.3 6 000-10 150 Bundle 33
87Cs midpoint
PRTR' Bu, 134Cs 2.0 9 000-14 000 Rod 2
II'ICS
Pu 'MCs 1.3
U 4 wiCg

*The standard error is calculated, whenever possible. by fitting the data to a linear regression equation Y = a + bx. The standard
error about the regression =

n

T it Ypne) .
&1

where y = experimental values, Y = values predicted from the regression line, and n = number of observations.

®The error quoted is systematic error. This deviation is attributed to the lack of power history correction.
cCalculated burnup and Pu/U ratios.

4Assemblies were assayed at eight to nine levels and four corners, and the "‘Cs and "Cs activity ratios were summed.
*If power history correction is made, the standard error is 3.9% (Ref. 23).

*Plutonium recycle test reactor with naturally enriched uranium oxide fuel.




Because the half-life of 3Cs is 2.06 yr, a correc-
tion for the decay, based on operating power history,
is necessary for long irradiation. The correction can
be applied relatively simply by using weighted
burnup,?” or fairly elaborately by using burnup
codes such as FLARE or PDQ. Perhaps a correction
method using the transmutation equation would be
sufficiently accurate and simple to apply.

The possible error in the intrinsic calibration
method is considered next. This method relies on a
fundamental assumption that mass attenuations of
134Cs and '*"Cs gamma rays through the assembly
are related by the same energy-dependent function.
This assumption is correct only if the measured
isotopes (**¢Cs, *"Cs) have the same spatial distribu-
tion within the assembly. Different isotopic spatial
distributions may be caused by nonuniform burnup
across the assembly and/or by different migrations
within the fuel pins. It is generally accepted that
¥Cs activity is proportional to burnup. If the
14Cs/**’Cs activity ratio is also proportional to bur-
nup, then the **Cs activity should be proportional
to the square of the *’Cs activity. Thus, for non-
uniform burnup, the ¥Cs and **'Cs isotopes would
have different distributions across the assembly
even if there is no migration.

To estimate the possible uncertainty caused by
different activity distributions in the intrinsic
calibration method, the following calculations were
performed for an 8-by-8 BWR assembly. The corner
rods were assumed to have 20% higher burnup than
the central rods, whereas burnups of the other rods
were linearly interpolated. (Postirradiation ex-
aminations show burnup variations as high as
40%.%) A Monte Carlo gamma transport code was
used to calculate the gamma-ray transmission from
the assembly. The collimator, viewing the corner of
the assembly, was considered to be perpendicular to
the length of the fuel assembly, which was sub-
merged in water. The transmission is defined as the
ratio of the number of gamma rays that reach the
detector at their emitted energy to the number of
gamma rays from the fuel assembly with a trajec-
tory that would pass through the collimator and
reach the detector. The *"Cs activities were dis-
tributed proportionally to the burnups within the
assembly (Fig. 5).

From the calculated transmissions for various
4Cs gamma-ray peaks (two are shown as squares in
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Fig. 5.
Error (A) in the intrinsic calibration method
caused by a 20% nonuniform burnup. Point A
is the transmission through the assembly at
662-keV gamma, interpolated from various
34Cs gamma-ray peaks. Point B is transmis-
sion from actual **'Cs activity distribution.

the lower half of Fig. 5), the transmission at the 662-
keV gamma was interpolated to be 0.233 + 0.002
(point A in Fig. 5). However, the transmission at the
same energy from the *’Cs activity distribution was
calculated to be 0.201 + 0.002 (point B). The dif-
ference in these transmissions, 16.1 + 1.5%, is the
error expected in the intrinsic calibration method.
This error is the result of a 20% nonuniform burnup
across the assembly; the higher the nonuniformity,
the larger the error.

The possible error in the intrinsic calibration
method was also calculated for a collimator angle of
45° to the length of the fuel assembly. Under these
conditions, assuming a 20% nonuniform burnup
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across the assembly, the intrinsic calibration
method could be in error by 16.8%. Clearly, correc-
tions for nonuniform burnup and migration must be
applied to the intrinsic calibration method.

2. "Eu/*Cs. To avoid complications caused by
detay during irradiation or power history correction,
the *Eu/**'Cs activity ratio can be used. The 8.6-yr
half-life of **Eu makes power history a minor, or
negligible, correction. However, the thermal
neutron-capture cross section of *Eu is relatively
high (1500 b) and this activity ratio is calculated to
be proportional only up to 20 000 MWD/MTU
burnup.?>?* Because the fission yield of **Eu is
much smaller than that of **Cs, the **Eu activity
can be measured only after a long cooling time.

Only a few experimental points exist for the burn-
up vs Eu/"Cs activity ratio correlation. For the
Trino (PWR) assembly assay, correlations were
found for burnup vs **Eu/"*’Cs (within 5.5%), and
for Pu/U vs Eu/'*"Cs (within 2.5%).22 For the
JPDR-I (BWR) fuel,?®* the burnup vs *Eu/**'Cs
correlation again separated into two straight lines,
corresponding to the upper and lower halves of the
fuel pin, indicating that this correlation is also sen-
sitive to the void fraction.

F. MTR Spent Fuel

Burnup determination of materials testing reactor
(MTR) assemblies is simpler than for LWR assem-
blies because (1) practically only 2**U fissions take
place, (2) the maximum fuel temperatures during
irradiation are relatively low; there is probably little
or no migration of fission products, and (3) attenua-
tion correction can be taken into account more ac-
curately. However, the irradiation histories are
usually more irregular for these research reactors
than for power reactors. This makes power history
correction more complicated.

Since the early work by Rasmussen et al.,* there
have been several experiments on MTR spent fuel.
Tzou and Yang,*® who used the absolute !*Cs ac-
tivity measurement method and a somewhat dif-
ferent approach to power history correction, found
an ~1% uncertainty in burnup determination. Us-
ing the activity ratio method, Beets et al.®®
measured 21 MTR fuel assemblies and found that
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the calculated and measured **Cs/*’Cs activity
ratios had a correlation factor of 0.91 and a relative
error of 9%. Dragnev et al.*® measured 16 MTR fuel
assemblies and found that between declared bur-
nups and burnups from the measured ***Cs/*'Cs ac-
tivity ratios the differences ranged from 0 to 22.7%,
with an average difference of 4.9%. In the last two
experiments mentioned, the assemblies were
measured at midassembly only; the possible axial
burnup variation from one assembly to another may
be responsible for some error in the burnup deter-
mination.

The absorption measurement method may also be
used to determine MTR assembly burnup. Kreyger
et al.*” demonstrated that by measuring the 145-keV
gamma-ray absorption, the burnup determinations
of MTR fuel elements can be accurate to more than
2% of the initial uranium content.

III. NEUTRON MEASUREMENTS

Neutron counting has several advantages over
gamma-ray assay of spent fuels. Active neutron in-
terrogation offers the possibility of assaying the
spent-fuel fissile content directly, whereas in the
gamma-ray assay, the fissile content can only be in-
ferred. Fast neutrons have relatively high
penetrability in nuclear fuel material, thus attenua-
tion correction is less critical. Also, because the half-
lives of uranium and plutonium isotopes are
relatively long, there is little or no reason to correct
for decays during irradiation or cooling periods of
the fuel. Neutron assay can be made immediately
after discharge, but gamma-ray assay can be made
only after a certain cooling period.

However, neutron assay involves gross counting
and it is impossible to say which isotope is the
source of the measured neutrons. Neutron counting
is also influenced by the presence of moderators and
neutron poisons that may cause errors in the assay.
Furthermore, the generic active neutron interroga-
tion system is heavily shielded and therefore not
easily portable. Thermal-neutron interrogation re-
quires self-shielding corrections that may or may
not be determined easily.




A. Passive Neutron Counting

Irradiated fuels normally have a relatively high
neutron emission rate (10” to 10° n/s per assembly),
but passive neutron counting has not been actively
considered as a possible method to determine bur-
nup. The neutron emission rate depends on the
quantity of curium isotopes in the fuel. A recent
postirradiation examination of Trino fuel!®* shows
that the 22Cm and ?Cm activities are proportional
to burnup from 13 000 to 27 000 MWD/MTU.

With uranium, plutonium, and americium
isotopic compositions from this study,”® neutron
yields from each isotope can be calculated. Figure 6
shows neutron yield at various cooling times for a
relatively high burnup fuel sample. At discharge,
most of the passive neutrons originate from the
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Fig. 6.
Neutrons per second from ***Pu, °Py, 22:Cm,
and *Cm isotopes at a burnup of 26 884
MWD/MTU. The total number of neutrons in-
cludes contributions from the other uranium,
plutonium, and americium isotopes of the
Trino reactor fuel.

#2Cm isotope; 2 yr after discharge, most of the
neutrons originate from the ?**Cm isotope. Figure 7
shows total neutrons emitted per second as a func-
tion of burnup. At discharge, total neutrons emitted
per second is a linear function of burnup from 13 000
to 27 000 MWD/MTU. After 2 yr cooling, the total
neutrons emitted per second are proportional to bur-
nup from 18 000 to 27 000 MWD/MTU. For burnups
<18 000 MWD/MTU, the contributions from 2°Pu
and **Pu isotopes are significant. After >2 yr cool-
ing, the neutron emission rate is still proportional to
the burnup over the same range.

Passive neutron assay can be used as a con-
sistency check over the burnup range of 18 000 to
27 000 MWD/MTU for various cooling times, and
over a wider burnup range at discharge. This con-
clusion is drawn from the Trino reactor fuel; it is not
certain however that the number of curium isotope
atoms is proportional to burnup for other reactor
fuels. The passive neutron assay of burnup is a
promising alternative to gamma-ray assay and
should be investigated further. If the assay is to be
performed under water, neutron multiplication ef-
fects may be significant.

B. Active Interrogation with Isotopic Source
1. LWR Spent-Fuel Assay System. Gozani®-*

reported a feasibility study on an assay system using
the layout shown in Fig. 8. The system consists of
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nup at discharge and after 2 yr cooling for the
Trino reactor fuel.
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Conceptual design of an LWR fuel assembly assay system.

either a »2Cf or an antimony-beryllium neutron
source that can be shuffled for prompt- and delayed-
neutron counting.

The main (acceptable) conclusion of this study is
that an assay system can be built to determine the
fissile content of LWR spent fuel; there are,
however, reasons to disagree with some specific
points of the study. With 22Cf interrogation and
prompt-neutron counting, the detectors near the
source should be deleted because they reduce the
fission-to-source-neutron discrimination ratio.
Measurements have shown* that BF,; neutron
detectors are not suitable for use in the high neutron
fields of either the spent fuel or the interrogation
source in that they do not recover rapidly for
delayed-neutron counting. The possibility of
measuring uranium and plutonium fissile contents
separately by using either the delayed-to-prompt
ratios or the gadolinium filtered and unfiltered
measurements, could be difficult to achieve in prac-
tice.

This approach, or a modified version, can
probably be used to assay the fissile content of spent
fuel with reasonable accuracy; for this purpose,
prompt-neutron counting has the advantage of the
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better signal-to-background ratio. A similar system
using prompt-neutron response to determine fissile
content by interrogating with rhodium-deuterium
neutron sources was proposed by Ragan et al.** for
FBR fuel. They concluded that the system could
assay the fissile content with 1 to 5% uncertainty.
However, this type of LWR spent-fuel assay system
has not been built. Baumung et al.*® reported a
similar system for assay of fresh fuel assemblies that
combines irradiation by an antimony-beryllium
neutron source, fuel bundle rotation, and prompt-
neutron detection.

2. Highly Enriched Spent-Fuel Assay System.
Highly enriched spent fuels are simpler to assay
because of the higher fissile content (mostly ***U),
and the reduced neutron background.

Augustson et al.** designed and operated an
automated system for the slightly irradiated, 93%-
enriched Rover fuel accumulated from the U.S.
Nuclear Rocket Propulsion program. Up to seven
fuel rods were put in cardboard tubes and assayed
by active neutron interrogation. The assay system,
shown in Fig. 9, consisted of two radium-beryllium
sources and ‘He gas proportional counters for
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Irradiation region of the radium (v,n)
beryllium assay system for measuring *¢U con-
tent in irradiated Rover fuel rod tubes.

prompt-neutron detection. To correct for the
neutron thermalization caused by the cardboard
tubes, two fission chambers were used as flux
monitors near the sample. Tests of the axial and
radial material distributions within the assay tube
showed that the response was quite independent of
material distributions. The assay system was
calibrated with a series of seven standards identical
in geometry and packaging to the unknown tubes. A
150-s assay showed a typical 2.1% (2¢) uncertainty
in the #**U mass. Numerous field tests were-run in
which more than 2 000 tubes were assayed. The total
assayed fissile content amounted to 99.44% of the
book value, indicating little or no bias. For higher
burnup fuels, the system may need some slight
modification to shield the detectors better and to
measure the self-interrogation from the fission-
product gamma rays.

Filss*4* reported a system that can assay high-
temperature gas-cooled reactor (HT'GR) spent fuels
in 6-cm-diam spheres. This system used two
antimony-beryllium sources for active neutron in-
terrogation. Fission and source neutrons were
separated by transport differences in boron-
poisoned water. For well-characterized samples like
the HTGR spheres, thermal interrogation was

recommended. The self-shielding effect could be
determined by a series of standards. The uncer-
tainty in the fissile content determination of this
system was 4%.

C. Active Interrogation with an Accelerator

1. LWR Spent-Fuel Assay. No experiment has
been performed using accelerators to assay LWR
spent-fuel assemblies. However, a study was made
by Weisbin et al.*® using 200- to 500-keV neutrons
produced from a Van de Graaff accelerator to in-
terrogate fresh fuel assemblies. A steel reflector
around the assembly flattened the 2*U spatial
response within the assembly. Both prompt and
delayed signals were measured. For a 30-min assay,
the 2*U content of an entire fuel assembly could be
measured with an overall 2% uncertainty. The
possibility of differentiating the 2**U and #**Pu fissile
contents by a prompt-to-delayed-response ratio was
mentioned but not demonstrated. The same assay
technique, with some simple modifications, such as
adding lead shielding around the steel reflector,
should be applicable to the assay of an irradiated
fuel assembly.

2. Highly Enriched Spent-Fuel Assay.
Augustson et al.*” performed an experiment to assay
the fissile content of MTR-type spent fuel using the
delayed-neutron yield technique. A Cockcroft-
Walton accelerator producing 14-MeV neutrons by
the (D,T) reaction was used for interrogation. The
neutron spectrum was moderated by 21.5 cm of lead
(mainly from the shipping cask) to enhance fissile
response compared with fertile materials. A correc-
tion was made for the delayed-neutron response
from the fertile isotopes. A fresh fuel element was
used as the calibration standard. Over a wide range
of loadings (250 to 340 g), the assay was accurate to
within 2% with a measurement standard deviation
of 0.6%.

Rotter*® has reported an assay method using a
sealed pulsed-neutron tube for interrogation. The
shape of the prompt-neutron response (first and
second time moments measured 100 to 600 us after
pulsing) could be used to discern poison and the
fissile content in the fuel element. For highly
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enriched spent fuels, the fissile content was deter-
mined to within an accuracy of ~4% and the poison
content to within 7%. Rotter claimed that the assay
method could be used on LWR fuel elements with
little or no modification.

D. Slowing-Down Spectrometer

A slowing-down spectrometer (SDS) has been
proposed ‘**° for assaying spent-fuel rods. Because
of the time-energy correlation, the SDS can be con-
sidered a neutron interrogation system with a
variable energy. The **U and ?*°Pu fissile contents
can be distinguished by differences in the cross sec-
tions at certain neutron energies.

Interrogating fresh rods with neutrons of mean
energies of 0.025 and 0.3 eV, Krinninger et al.*®-%
reported that a 2*Pu/**U discrimination factor of 4
could be attained. The relatively large resonance
self-shielding at these energies required a careful
shielding correction calculation. It was claimed that
the **U and #*°Pu contents in fuel rods could be
assayed to within a 2% (1¢) accuracy.®* Baumung et
al.? explored the higher neutron energy regions to
reduce the self-shielding correction, but the
39Py/2%8 discrimination factor dropped to <2 mak-
ing plutonium and uranium fissile separation dif-
ficult.

The problems of assaying spent-fuel rods with
SDS have been examined.*-* Fission-product
build-up does not appear to affect the assay
accuracy.* The neutron detectors must operate in a
relatively high radiation field or they should be
separated from the sample by shielding material.
The method loses accuracy in assaying spent-fuel
rods because the 1-eV resonance of the unknown
20Pu content may overlap the 0.3-eV 2**Puy
resonance. Also, it is questionable whether the SDS
method can assay the whole assembly because of the
nonuniform response across the assembly, and that
the increased sample size deteriorates the energy
resolution.

E. Neutron Resonance Absorption

Individual plutonium and uranium fissile con-
tents in spent fuel also can be determined by
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neutron resonance absorption analysis. Priesmeyer
et al.*? used a fast chopper and time-of-flight (TOF)
spectrometer to select the neutron resonances in the
0.2- to 50-eV energy range. The #*:U, #*°U, 23U, 2*Py,
24Py, and **?Pu isotopes were found to have isolated
resonances in this energy range that can be used for
assay. The interference from fission-product
resonances seems to be negligible. The study in-
dicates that this technique could measure the con-
tents of pulverized pellet samples to within ~10%
accuracy. Lazarev®® reported a study on FBR fuel
rods where the neutron resonance absorption techni-
que was used, and he quoted an ~2% measurement
uncertainty in °Pu. This technique, however,
probably cannot be applied to assay fuel assemblies,
except for certain MTR assemblies, because (1) the
absorption from the larger resonances tends to
saturate as sample thickness increases, and (2) the
method requires the sample to be in slab geometry.
This method requires an intensive epithermal
neutron source (probably from a reactor) and the
rather complicated chopper TOF spectrometer.

IV. OTHER MEASUREMENT TECHNIQUES

Besides the assay techniques based on gamma
and neutron measurements, two other NDA techni-
ques reported for irradiated fuel are the reactivity
and calorimetric methods, both of which are in-
tegral measurements.

A. Reactivity Measurement

The reactivity measurement has been used for
many years to assay nuclear material. Beyster®
evaluated the advantages and disadvantages of both
the critical and subcritical reactivity methods.
Reactivity is basically an integral quantity,
although poison and fuel content can be differen-
tiated by tailoring the neutron flux or the adjoint
flux. In addition to the poison-fissile content separa-
tion, Baumung et al.** found that a **Pu/**U dis-
crimination factor of 2.6 could be achieved with this
method. Green et al.’® applied the technique to
assay *»UOQ,-ThO, irradiated rods. They found that
the fission-product reactivity worth is <3% of the
fuel worth; the spontaneous neutron (6 x 10 n/s)




reactivity is much below the measurement sen-
sitivity (Ak/k = 10-7). The total accuracy
(systematic and random) for an assay of 500 rods
was estimated to be 0.5%.

This assay technique seems to be applicable to
whole assemblies,®® especially the MTR-type
assembly that has a relatively small self-shielding
effect. The main problem of the technique to assay
an LWR spent assembly is to determine the
plutonium and uranium fissile contents of the
assembly separately. The cost of such an assay
system is relatively high.*

B. Calorimetric Measurement

Another interesting approach to determine spent-
fuel burnup is to measure its heat output. The heat,
generated predominantly from fission products, de-
pends not only on burnup, but on irradiation history
and cooling time. Ramthun and Debertin®”* found
that the *¢Ce-'*Pr (T,,, = 284 days) and ®Sr + Y
+ *Zr activities (T, = 60 days) contributed the
major portion of heat generated from MTR fuel sec-
tions. They claimed an accuracy of 1.5 to 2.7% in
calorimetric burnup determination and a possible 2
to 3% systematic error from nuclear data, gamma-
ray energy absorption. It is hard to comprehend that
the gross heat measurement can be more accurate
than the gamma spectrometric measurement in
which the isotopes can be identified by gamma-ray
signatures. Perhaps because the authors knew the
detailed irradiation history within a maximum 330-
day irradiation period, careful irradiation history
and cooling corrections were possible. Good agree-
ment was obtained between calorimetric and mass-
spectrometric measurements.

V. SUMMARY AND DISCUSSION

A summary of the status of NDA techniques as
applied to spent fuels is given in Table IV. Since the
last review in 1968, several NDA techniques have
proved reliable to determine burnup or fissile con-
tent of irradiated nuclear fuels for safeguards
purposes.

A. MTR Spent-Fuel Assemblies

The status of NDA techniques for MTR or other
highly enriched fuel assemblies is quite good. Both
the absolute gamma activity and the gamma ac-
tivity ratio methods can determine burnup of an
MTR assembly with reasonable accuracy. If the
fissile content of the assembly were desired, either
the gamma-ray absorption method or the neutron
interrogation with isotopic source method could be
used.

B. LWR Spent-Fuel Assemblies

The status of NDA techniques for LWR fuel
assemblies is not yet satisfactory and must be
studied further to develop reliable techniques.

To determine burnup, the activity ratio method is
desirable for field inspection because of simplicity of
measurement. Several aspects of this method,
however, require further examination.

1. At present, indications are that no correlation
exists between the burnup and the '*Cs/**’Cs ac-
tivity ratios for BWR assemblies.!? More studies are
needed to evaluate the influence of obvious reactor
variables (enrichment, poison content, moderator-
to-fuel ratio, etc.) on the correlation.

2. Approximately four experiments have been
reported in which correlations in LWR spent-fuel
assemblies were determined to within 4%. Most of
the experiments relied on detailed specific burnup
calculations to derive the assembly attenuation
corrections. An inspection agency would not have
enough information nor time to perform these
calculations. Inspectors need a set of empirical
correlations between burnups and activity ratios
without the attenuation correction. An agreement
should be reached between the investigators and in-
spection agencies that similar measurement techni-
ques (assembly corner measurement, power history
correction, etc.) be used in establishing the correla-
tions to be relied upon in field inspection. We ques-
tion whether correlations established from
postirradiation examinations of fuel pellets or dis-
solver solutions can be used to assay fuel assemblies
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TABLE IV

SUMMARY OF NDA TECHNIQUES ON SPENT FUEL

Gamma Source or Present
Technique Interrogating Neutron Spent-Fuel Type Accuracy (%) Comments
Absolute gamma activity WCs LWRrod 1-4
LWR assembly 1-6 Accuracy can be attained
only if the assembly attenuation
can be calculated to higher
accuracy.
MTR assembly 1
Gamma activity ratio MCs/MCs LWR rod 3-8
LWR assembly 1-4 Accuracy can be attained
only if the assembly attenuation
can be calculated to higher
accuracy.
MTR assembly 5-9
Gamma-ray absorption 145-keV gamma ray MTR assembly 2
Passive neutron counting LWR rod Needs experimental study.
Neutron interrogation #1Cf Sb-Be, Rh-D LWR assembly Feasibility study only.
with isotopic source Ra-Be Rover fuel 2 System extensively tested.
Sb-Be HTGR fuel 4 System tested.
Neutron interrogation Van de Graaff LWR assembly Feasibility study only.
with accelerator (200- to 500-keV neutron)
Cockeroft-Walton MTR assembly 2 System tested.
(14-MeV neutron)
Sealed neutron tube MTR-type assembly 4 System tested.
(14-MeV neutron)
Slowing-down Sealed neutron tube LWRrod Feasibility stixdy. AMPu/MU
spectrometer (14-MeV neutron) discrimination ratio of 4 has
been achieved for fresh fuel.
Neutron resonance Intense epithermal LWR fuel powder 9 Can determine the isotopic
absorption neutron content. Probably applicable
to MTR assembly.
FBR rod 2
Reactivity Critical assembly (**UQ,-ThO;s) rod 0.5 Needs investigation to apply
this method to LWR rod or
assembly.
Calorimetry MTR fuel plates 1-3 Requires careful irradiation

and cooling correction.

because of the very large attenuation factor, unless
the intrinsic calibration method is proved valid.
3. The intrinsic calibration method simplifies the
activity ratio measurement significantly, but the ac-
tivity migration and nonuniform burnup cause
errors. Changes in the present LWR fuel design
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could reduce these errors and enhance the
usefulness of the method (smaller fuel pin diameter
and lower linear power ratings reduce both
probability of cesium migration and the influence of
the different radial distribution of **Cs and ¥Cs;
different enrichment loading within the assembly




ensures a more uniform burnup). Understanding of
applicability of the intrinsic calibration method to
various generations of reactor fuels is required.

4. A reliable method of scanning the assembly to
obtain burnup profiles by some integral gamma or
neutron measurement will expedite the measuring
process. After determination of burnup profile, only
measurement of assembly activity ratio at one or a
few points is necessary.

In a gamma assay, the outer rods of a spent-fuel
assembly contribute most of the activity; an alter-
native method is needed for burnup determination
in which the contribution from the center rods is
more significant. Passive neutron counting of the
fast neutrons appears promising, and the measure-
ment can be performed with portable equipment.
Because the possibilities of this method have not
been established, it should be explored. If fissile
content of LWR fuel is required by an inspection
agency, then neutron interrogation with sealed
neutron tubes is a possibility, but it has not been ac-
tively investigated.

For reprocessing plants, it seems that systems us-
ing the approach of neutron interrogation with
isotopic sources %4 could determine the total
fissile content of LWR fuel assemblies. At present,
no method can accurately differentiate between the

plutonium and uranium fissile contents of the
assembly. A method that could differentiate bet-
ween the two dominant fissile components would be
advantageous for a reprocessing facility.

Accuracy of burnup calculations for PWR, BWR,
and CANDU reactors is discussed in the Appendix.
Based on previous bench-mark calculations, the
assembly-averaged burnups can be calculated to
within 3 to 7%. However, without detailed simula-
tions of the actual reactor operating history, an ad-
ditional error (within 5 to 7% for PWR, 10 to 15% for
BWR) may be made in predicting assembly-
averaged burnups. If a substantial deviation is
found between measured and declared burnups, the
logical conclusion would be that either fuel substitu-
tion has taken place or there is a large error in the
declared burnup. Therefore, the inspection agency
should have the capability to check the burnup
calculation in case of discrepancy.
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APPENDIX

BURNUP PREDICTION CAPABILITY
FOR PWR, BWR, AND CANDU REACTORS

I. INTRODUCTION

Strict monitoring of special nuclear materials is
necessary to prevent their diversion from legitimate
uses to illegal weapons applications. Specifically,
the burnup and heavy-element isotopic content of
spent fuels from power reactors must be known to
detect unsanctioned activities. Various experimen-
tal techniques can verify spent-fuel burnup declared
by reactor operators. In addition, it is desirable to
provide additional verification of declared burnup
by comparison with calculated burnup predictions.
This Appendix is a brief review of our ability to

predict fuel burnup in power reactor cores in order
to understand better the usefulness of burnup
calculations for nuclear materials safeguards con-
siderations.

For accurate fuel burnup predictions in a power
reactor core, we rely heavily on computer code
systems to account for material heterogeneities and
complex space- and energy-dependence of reaction
cross sections of materials in the core, as well as for
accurate determination of various nuclide concen-
trations as a function of fuel burnup. Accurate bur-
nup calculations also require a detailed simulation
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of the actual operating history and fuel manage-
ment scheme of the reactor core.

During the past decade, the accuracy of fuel bur-
nup predictions in reactor cores has been the subject
of several reviews.®*® This report updates earlier
reviews by incorporating recent experimental and
calculational results. In addition, credit is given to
industry's efforts to evaluate and improve the ac-
curacy of power distribution predictions and
measurements. The accuracy of fuel burnup predic-
tions is, of course, limited by the difficulty in mak-
ing accurate power distribution predictions. Here
we discuss only the capability for predicting power
and burnup distributions in LWR and CANDU
reactor cores.

II. COMPARISON OF REACTOR TYPES
A. PWR

The distinctive feature of the PWR design (which
represents about two-fifths of the world's operating
reactors) is the use of light-water moderator and
coolant. The water, at a system pressure of 155 bars
(2250 psia or 15.7 MPa), normally is not permitted
to boil in the reactor pressure vessel. The reactor
core is further characterized by uniform enrichment
within each fuel assembly, small water gaps bet-
ween assemblies, and a distributed control poison
system.

The reactivity variation caused by power level
change is controlled by a combination of distributed
control rods and boric acid dissolved in the coolant.
The gross reactivity change caused by fuel depletion
is compensated for by a combination of soluble
boron and distributed burnable poisons usually con-
taining B,C. During normal operations, the control
rods are essentially removed from the reactor core.
Fuel elements, which typically contain 1.9 to 3.5%
enriched uranium dioxide, are exposed to 33 000
MWD/MTU of burnup before discharge.

B. BWR
The BWR design (which represents about one-

third of operating reactors) also uses light-water
moderator and coolant. In BWR cores, however, the
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coolant water is at a system pressure of 72 bars (1050
psia or 7.3 MPa) and is allowed to undergo bulk
boiling in the reactor core, thus causing an ap-
preciable amount of void formation. The most
significant manifestation of this is a strong negative
reactivity feedback effect.

Other differences from the PWR design are
caused by additional heterogeneities in the core
structure. Fuel assemblies with nonuniform enrich-
ment distributions are separated by large water
gaps that accommodate control elements. The con-
trol elements, in the form of cruciform blades, are
strong localized neutron absorbers that usually con-
trol reactivity variation associated with power level
changes and fuel depletion. Control of reactivity
changes caused by load variations may also be
augmented by flow rate controls in BWR cores. Con-
trol of reactivity variation from fuel burnup is also
augmented by distributed burnable poisons con-
sisting of Gd,0, mixed with fuel material in selected
rod locations. Fuel assemblies, which are typically
loaded with uranium dioxide pellets of 1.5 to 3.0%
enrichment, are exposed to 27 500 MWD/MTU of
burnup before discharge.

The cruciform control blades also obtain the
desired power distribution in BWR cores that, un-
controlled, would be distorted considerably from
symmetric distributions caused by the distributed
void feedback effect. Thus, at the beginning-of-
cycle (BOC) in a BWR core, about a quarter of the
control rod full-length equivalent would be inserted
into the core so that reactivity and power distribu-
tion requirements would be met. Control rods are in-
terchanged at subsequent intervals in the fuel cycle
and are gradually removed until at the end-of-cycle
(EOC) the core is free of control rods.

C. CANDU

The most distinct feature of the CANDU design is
that heavy water serves as both moderator and
coolant, which permits the use of natural uranium
as fuel instead of enriched uranium (as in LWR
designs). In CANDU reactor cores,* short bundles
of fuel rods, typically 50 cm long, are placed end to
end horizontally in individual pressure tubes con-
taining heavy-water coolant. The pressure tubes are




loaded horizontally in a calandria, which contains
the cool, low-pressure heavy-water moderator.

The CANDU design is also characterized by its
on-power, continuous refueling scheme, which
minimizes the control requirements associated with
fuel depletion. Lumped poisons consisting of cobalt
rods and tubes of light water control the reactivity
changes associated with power level variation, shape
the desired power distribution, and control spatial
xenon oscillations. This control system is augmen-
ted by a soluble boron system that overrides excess
reactivity during the initial phase of reactor opera-
tion. About 0.2% of fuel bundles may be reloaded on
a daily basis in a typical CANDU operation,
resulting in a discharge burnup of 8000
MWD/MTU.

III. CALCULATIONAL METHODS FOR
BURNUP DETERMINATION

Various methods have been developed® to deter-
mine power and burnup distributions in reactor
cores, with varying degrees of approximations to the
solution of the neutron transport equation. These
approximations are necessary because of numerous
material heterogeneities, and because of the com-
plex energy dependence of microscopic neutron
cross sections over the energy spectrum encountered
in reactor cores. One basic approximation in these
methods results in a time-dependent isotopic deple-
tion equation coupled with a sequence of steady-
state solutions for neutron flux and power distribu-
tions. The energy- and space-dependent neutron
flux distribution is obtained, based on varying
degrees of geometric variable separability assump-
tions.

Power burnup calculations in PWR cores are
usually initiated by unit-cell codes, such as
LEOPARD,®* which represent individual fuel rods.
The few-group microscopic or macroscopic cross sec-
tions obtained from these calculations are used in
fine-mesh diffusion theory codes such as PDQ-7,%
which simulate individual fuel rods discretely in
two-dimensional x-y geometry. These two-
dimensional x-y calculations are then coupled in a
single-channel synthesis scheme with one-
dimensional axial calculations to generate three-
dimensional flux and power distributions. The

assumption of separability of power distribution in
the radial and axial directions is acceptable in PWR
cores, where the spatial variation of moderator den-
sity is small and the neutron absorbers are nearly
uniformly distributed. However, increased efforts
have been made recently to perform full three-
dimensional diffusion theory calculations for PWR
cores rather than the traditional radial-axial syn-
thesis calculations.

The discrete two- or three-dimensional flux dis-
tributions can then be used explicitly with
microscopic cross sections to calculate fuel burnup
and isotopic depletion for individual fuel rods. In
more routine calculations for PWR cores,
macroscopic group constants generated from unit-
cell calculations are used parametrically to deter-
mine fuel burnup for each fuel rod, and isotopic con-
centrations are determined from the unit-cell
calculations.

In contrast, large spatial variations of moderator
density, additional heterogeneities introduced by
the control blades, and the enrichment distribution
within each fuel assembly in BWR cores make full
three-dimensional calculations necessary for deter-
mination of power and burnup distributions. For
economic reasons, however, coarse-mesh three-
dimensional calculations are usually coupled with
thermal-hydraulic feedback effects in BWR cores
using codes such as FLARE,* and the BWR Core
Simulator.®®* Thus, fine-mesh calculations are
necessary for one or more fuel assemblies where in-
dividual fuel rods, control blades, and other
material heterogeneities are discretely
represented.® The macroscopic group constants
from these fine-mesh assembly calculations are then
used parametrically to determine global power dis-
tributions and fuel burnup distributions in coarse-
mesh three-dimensional calculations, and isotopic
compositions are determined.

In CANDU reactor cores, the cool heavy-water
moderator surrounding the pressure tube indicates a
degree of heterogeneity similar to BWR cores. In
CANDU and BWR cores, group constants are
generated for fuel bundles; in PWR cores, the group
constants are generated for individual fuel rods. The
few-group constants generated from the bundle
calculations (for example, based on the LATREP
code™) are then used in two- and three-dimensional
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diffusion theory calculations to determine power
and burnup distributions.

IV. EXPERIMENTAL METHODS FOR BURN-
UP DETERMINATIONS

A. Burnup Distribution

Methods available for the experimental deter-
mination of fuel burnup are nondestructive analysis
(NDA) and destructive analysis (DA).

NDA methods are described in Sec. II of the main
text. Briefly, they entail gamma assay of a spent-
fuel assembly or rod to determine burnup; the
theory is that the fission-product yield relates the
number of fissions, or fuel burnup, to the amount of
fission product produced. The calculation also re-
quires the energy released per fission for each of the
fissionable nuclides.

DA methods involve chemical dissolution of the
spent fuel. Specific methods are mass spectroscopy
and radiochemical assay. Mass spectroscopy is
perhaps the most direct method because it actually
measures the absolute and/or relative concentra-
tions of the nuclides and relates them to burnup us-
ing simple equations. Two ways to relate isotopic
concentrations to burnup are the heavy-element
(HE) and **Nd methods. The HE method” deter-
mines the number of atoms present for each
fissionable nuclide and, using the information on
fission energy for each isotope, calculates burnup in
MWD/MTU. The “*Nd method’ differs from other
fission-product methods because °Nd is not
radioactive so no correction is necessary for radioac-
tive decay. The essential quantities are the EOC
atom ratios of *Nd to fissioning nuclides, effective
energy per fission, and fission yields.

B. Power Distribution

Accuracy in the fuel burnup predictions is effec-
tively limited by the corresponding accuracy in the
power distribution predictions because fuel burnup
is obtained as a time-integral of power. Hence, to
evaluate accuracy of burnup predictions, accuracy
of power distribution predictions is investigated.
Experimental techniques used to measure power
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distribution in operating power reactors are
reviewed; in particular, gamma-scan techniques
and in-core power distribution monitoring methods
are discussed.

The gamma-scan techniques (see Sec. II) involve
analysis of fuel elements or assemblies for
photopeaks of certain fission products. A burnup
monitor must have a long half-life. For power dis-
tribution determination, instantaneous or recent fis-
sion events are important, as opposed to burnup
determinations where cumulative fission events are
desired. Therefore, the fission product used as a
power distribution monitor should have a short half-
life. A commonly used isotope in this application™ is
WL, which has a half-life of 40.2 h.

If the power distribution were held constant for 60
days (which corresponds to about five half-lives of
140Bga, whose decay product is *°La) the spatial dis-
tribution of the *°La gamma activity is assumed to
be directly proportional to the power distribution.
To be more accurate, however, the actual power dis-
tribution history during the two months of operation
before shutdown is closely simulated by diffusion
theory calculations, and the predicted **La activity
distribution is compared with the measured dis-
tribution. The accuracy in predicting the *°La can
then be interpreted as the accuracy in the power dis-
tribution predictions.™

Movable and/or fixed in-core neutron detectors
are used in LWR cores to determine three-dimen-
sional power maps at operating conditions.™"
Miniature fission chambers or self-powered neu-
tron detectors normally are used in power distri-
bution monitoring systems. The movable detector
system provides spatially continuous axial power
distributions at discrete time intervals, whereas the
fixed detector system yields timewise continuous in-
formation at a few discrete spatial points. In some
older cores, either flux wire or aeroball activation
systems were also used.

It is a general practice to deduce from the detector
signals the average power distribution in the
assembly or assemblies surrounding each detector.
This conversion to assembly-average power dis-
tribution is based on the power-to-detector signal
ratios obtained from the multigroup diffusion theory
calculations. Power distribution in uninstrumented
assemblies is obtained from interpolations and/or
extrapolations of the measured power distribution




in instrumented assemblies, again based on the
calculated assembly power distribution. Local pin-
to-pin power distributions from multigroup diffu-
sion theory calculations are then superimposed on
the assembly power distribution to obtain a global
pin-to-pin power distribution in the x-y plane. For
movable detector systems, the measured axial
power distributions are coupled with this x-y dis-
tribution to obtain a three-dimensional power
map.™ For a fixed detector system, axial power dis-
tributions are generated by Fourier analysis of dis-
crete detector signals, and then combined with the
x-y power distribution as in the movable detector
system.”

V. ACCURACY IN BURNUP PREDICTIONS

To better understand the usefulness of burnup
predictions for nuclear safeguards purposes, we will
summarize burnup prediction capabilities of PWR,
BWR, and CANDU reactors. The discussions con-
centrate on accuracy of predicting burnup and
power distributions (assembly average, relative rod-
to-assembly, and relative axial within rod), and
isotopic distributions for #*U and fissile plutonium
isotopes (assembly average and relative rod-wise
within assembly). The accuracy of these predictions
is evaluated in terms of the standard deviation of
relative errors between calculational and ex-
perimental values, based on comparisons from the
open literature. In many cases, standard deviations
were generated using published raw data. In some
cases, because the limited number of data points
did not warrant meaningful calculations of standard
deviations, only the range of accuracy is reported.
Discussions on the accuracy of the data bases are
presented, followed by a summary in Table A-I.

A. PWR

1. Burnup Distribution. Most available data on
burnup distribution predictions are from two older
reactors, Yankee-Rowe and Trino-Vercellese. Both
reactors are relatively small but they are well
documented. :

Accuracy of assembly-averaged burnup predic-
tions ranges from a +3% standard deviation for

1
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Trino™ to +4.7% for Yankee-Rowe.** Values of
+3.5% (Ref. 79), £3.8% (Ref. 80), and +£3.9% (Ref.
81) were found in Yankee evaluations. An indepen-
dent evaluation®? on Yankee data also indicates a
+3.8% standard deviation. The 4.7% value should
not be regarded too highly because it was deter-
mined by a coarse-mesh description in the FLARE
code; the other PWR calculations were performed
using fine-mesh diffusion theory codes. A typical es-
timate of the experimental error for assembly-
average burnup determination is £5% (Ref. 79) for
both radiochemical (**’Cs) and heavy-element
evaluations.

Relative rod-to-assembly data are somewhat
scarce. A +1.1% standard deviation was obtained"’
for the Trino reactor. A +1.7% rod-to-assembly
standard deviation was found for two fuel assem-
blies from the Beznau reactor.®®* There was no es-
timate of the accuracy of experimental methods for
this particular category, but data should not deviate
significantly from that on an assembly-wise or local
axial basis. Calculational accuracy in predicting
relative axial burnup distributions within rods is
available for Trino spent-fuel studies. Values ob-
tained are +3.8% (Ref. 78) and +5.0% (Ref. 17).
The experimental accuracy in determining the local
burnup distributions appears to depend somewhat
on the method used. Typical results are £4% for
heavy element,” +2% for neodymium,'” and +5%
for '*"Cs methods."

2. Power Distribution. For assembly power dis-
tributions, reports indicate a +2 to 3% standard
deviation for reactor cores made by Combustion
Engineering, Inc.,”-*"* and +1.6 to 3.3% for the
Trino.® Similarly, a £2.3% standard deviation was
obtained in predictions of assembly-averaged power
distribution for the Kewaunee reactor.® For the San
Onofre reactor, power distributions were measured
experimentally by aeroball activation, and a +6.2%
standard deviation in assembly-averaged power dis-
tribution prediction was reported.®® However, a £5
to 9% standard deviation in the experimental
measurement of assembly-averaged power distribu-
tion was estimated by Fenech for the aeroball
system.® Thus, the somewhat large +6.2% standard
deviation reported for the San Onofre reactor seems
to be partly from inaccuracies in the aeroball system
itself, and is not included in Table A-I. For other
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TABLE A-I

FUEL BURNUP PREDICTION ACCURACY

Standard Deviation (%)*

Burnup Distribution

Assembly average
Relative rod-to-assembly
Relative axial within rod

Power Distribution

Assembly average
Relative rod-to-assembly
Relative axial within rod

Isotopics Distribution

Assembly average
280U
Fissile Pu
Relative rod-to-assembly
286U
Fissile Pu

sStandard deviation between calculational and experimental values divided by ex-

perimental value.

PWR BWR CANDU
3-5 (3-5)° 4-7)
1-2 2-4 1-2¢
4-5 6 (6-10)
2-4 3-5 4
1-4 1-6 4

(5-10) 49 (5-10)

5 (5-10) (5-10)
5 (5-10) (5-10)
5 5 5¢
8 4 5¢

®Numbers in parentheses indicate best estimates.

<Indicates ranges of error only.

reactors, better experimental accuracy is expected
because in-core neutron detectors and/or flux wire
activations were used to determine power distribu-
tions experimentally.

Ariemma et al.®® reported +0.8 to 3.4% standard
deviation in their predictions of relative power dis-
tribution within assemblies, based on analyses of
Saxton critical facilities data.

3. Isotopics Distribution. Most available data
on isotopics distributions are also from Yankee-
Rowe and Trino. Although the Yankee evaluations
were quite extensive and included a careful evalua-
tion on experimental accuracy in assembly-
averaged isotopics distributions, no comparison bet-
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ween calculations and measurements can be found
in the literature. However, a recent evaluation by
Swedish researchers® includes some isotopics com-
parisons.

On an assembly-averaged basis, standard devia-
tions of +4.1% for **U and +4.3% for fissile
plutonium concentrations were obtained®? as an in-
dication of calculational accuracy for Yankee-Rowe.
Similarly, standard deviations of +3.8% for 2*U and
+4.0% for fissile plutonium concentrations were
generated for Trino.” Standard deviations of +1.0%
for U and +1.6% for fissile plutonium concentra-
tions in the experimental isotopics determination on
an assembly-wise basis were obtained from the
Yankee evaluations.”




Absolute isotopics comparisons for the local axial
distributions within fuel rods were presented in a
report on Trino spent fuel,'” which suggests stan-
dard deviations of +5.5% for **U and +8.3% for
fissile plutonium as the calculational accuracies. If
the errors in the assembly-averaged isotopics
calculations reported for Trino, that is, +3.8% for
1 and +4.0% for fissile plutonium, are not in-
cluded in the above absolute local isotopics errors,
we obtain a conservative estimate of isotopics
calculational errors of relative rod-wise distribu-
tions within fuel assemblies as +4.0% for #2*U and
+7.3% for fissile plutonium concentrations. Evalua-
tions of the Yankee-Rowe isotopics®? indicate
calculational errors of 1.4 to 2.8% for 2**U and 0.3 to
3.4% for fissile plutonium concentrations.

B. BWR

1. Burnup Distribution. As for PWRs, available
information on burnup distribution for BWRs is
based on a limited number of studies. The BWRs
most extensively studied are Garigliano and the
Japanese Power Demonstration Reactor (JPDR).
The former approaches typical commercial size,
whereas the latter, as the name implies, is a small
demonstration reactor.

Relative rod-to-assembly burnup distributions
calculated for Garigliano® show a 1.5 to 3.4% stan-
dard deviation compared with the experiment. For
this study the gamma-scan technique was used,
with ¥Cs as a burnup monitor. The gamma scan
results showed relative burnup distributions, which
were later calibrated to DA results using the *Nd
method.

Relative axial-to-rod burnup distributions
estimated® for JPDR-1 produced a +5.9% standard
deviation. The experimental methods were as out-
lined above, that is, gamma scan plus DA. This
method has an accuracy, on a local basis, of £3.5%
(Ref. 20).

2. Power Distribution. There is more informa-
tion for power distributions in BWRs than for bur-
nup distributions. Other reactors providing data
are: Jersey Central, KKM, KRB, Tsuruga, Quad
Cities Unit 1, and Dodewaard.

Values for the standard deviation of assembly
power range from +2.1% (Ref. 92) to +4.5% (Ref.
93). The low 2.1% is for a group of four adjacent
assemblies. Most recent results indicate a range of
+2.4 to 3.5% (Refs. 74, 94), based on studies done
for several operating BWRs mentioned above. The
+2.4% accuracy by Carew® is based on a fine-mesh
diffusion theory calculation, whereas the +2.4 to
3.5% standard deviation by Parkos™ is based on
standard coarse-mesh three-dimensional calcula-
tions. The usual experimental method is gamma
scanning of *°La activities.

The calculational accuracy of relative rod-to-
assembly power distributions in BWRs was well
represented recently,® and calculational errors from
+1 to 6% were reported, based on an analysis of Jer-
sey Central, KRB, and Tsuruga. This range is
within previously reported values of +3.5% (Ref.
94), +4.2% (Ref. 92), +£1.3% (Ref. 95), and +4.6%
(Ref. 96).

A recent study™ suggests standard deviations
from +3.7 to 8.3% for the accuracy in calculating
axial power peaking factors for individual fuel
assemblies in BWR cores, as compared to gamma-
scan results. Although these error estimates are con-
sidered somewhat optimistic for relative axial power
distribution calculation in BWR cores, they have
been included without subjective bias introduced by
the authors. The experimental error for the gamma-
scan measurements based on *°La distribution is
+2 to 3% (Ref. 73).

3. Isotopics Distribution. Prediction capability
for assembly-averaged uranium and plutonium
fissile content is not readily available. However,
there are data that compare rod-to-assembly predic-
tions and experiments. Calculational results were
compared with mass spectrometric results for a
chosen x-y plane in Garigliano.?*® The study in-
dicated a standard deviation of +4.5% for >*U and a
+4% standard deviation for determination of fissile
plutonium content.

C. CANDU

1. Burnup Distribution. The concept of
spatially varying burnup distributions from one
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assembly to another is less meaningful when applied
to CANDU because of continuous refueling.®” Fuel
bundles are continuously moved in the reactor, and
burnup predictive capability at a given point is less
useful. The quantity usually noted in CANDU

literature is the equilibrium discharge burnup,

which is the operator's goal for each bundle.
Calculations to determine this quantity have
yielded accuracy to £2% for 7000 MWD/MTU, and
approximately +£5% for 7000 MWD/MTU for the
NPD reactor.”® Experimental data for such com-
parisons were from DA, where the calculated
3J2®U atom ratios were normalized to the ex-
perimental values. Hence, because these error es-
timates are considered optimistic, a 2% error has
been added arbitrarily to obtain more realistic error
estimates for bundle-average burnup predictions.

Calculations based on the isotopics data presen-
ted for the NPD reactor,” the heavy-element
method,” and typical nuclear parameters®* yielded
an approximate estimate on prediction accuracy of
the relative rod-to-assembly burnup distribution
from %1 to 2%.

2. Power Distribution. Comparisons of
calculated and measured channel power distribu-
tions for the Douglas Point reactor indicate a +4%
standard deviation.®® Channel power in CANDU is
the power produced by all the bundles in a pressure
tube and hence, is equivalent to the assembly-
averaged power in LWR cores.

Thermal neutron flux distributions from CANDU
compared with calculations!® indicate that axial
peaking factors within assemblies could be
calculated to a 1.6% accuracy. This accuracy,
however, only refers to the peaking factors within
short bundles. An overall axial power distribution
calculation is expected to be much less accurate.
Similarly, the calculation of the relative rod-to-
bundle thermal flux distribution has been shown to
lie within 3.3% of experimental results. These
calculations were made using a two-dimensional
transport theory code.

3. Isotopics Distribution. The results from
isotopics studies® done on an assembly-wise basis
were only from the 2¢U/***U atom ratios normalized
to the experimental values. Errors of the relative
rod-to-bundle isotopics calculation range up to
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+4.5% for #**U and +4.3% for fissile plutonium
concentration.

D. Summary

Discussions in this section are based on published
information and are summarized in Table A-I,
where we round off the available error estimates to
the next larger integer values. Whenever actual data
exist, the published information has been presented
in an attempt not to introduce subjective estimates.
When no actual data were available, best estimates
were provided in parentheses.

Because experimental errors involved in the
various burnup and power distribution measure-
ments have not been accounted for explicitly, the
fuel burnup prediction accuracies summarized in
Table A-I are only relative to measurements and are
by no means absolute accuracies. Also, most of our
information is based on bench-mark calculations on
burnup, power, and isotopics distributions. Thus,
the accuracy estimates in Table A-I may often
represent rather optimistic estimates on burnup
prediction capability.

VI. CONCLUDING REMARKS

We have presented reasonable estimates on the
fuel burnup prediction capabilities for LWR and
CANDU, based on published results (mostly from
bench-mark calculations). These calculations are
invariably performed with detailed simulations of
the actual operating history of the plants, including
control poison variations. For nuclear materials
safeguards, however, it is important to verify
declared fuel burnup based on predicted calcula-
tions performed without detailed simulations of the
plant operating history.

An estimate of the error bounds for buraup
prediction calculations without detailed simulations
of the actual operating history might be obtained by
studying changes in power distributions caused by
power level changes and/or control rod motions.
Thus, in PWR cores, a maximum difference of 7% in
assembly-averaged power distribution may be ob-
served between hot full-power conditions with and
without equilibrium xenon poisoning.!®* This 7%




difference would represent an upper bound on the
expected changes in the assembly-averaged power
distribution caused by power plant operations at
less than full-power levels. Thus, an additional error
from 5 to 7% in the assembly-averaged burnup dis-
tributions might be suggested to account for the
lack of detailed simulations of the plant operating
data.

Without detailed simulations of the operating
data, somewhat larger errors could be expected for
predicted axial burnup distributions in individual
fuel assemblies or rods because of the tilting of axial
power distributions under the presence of negative
moderator temperature coefficients in PWR cores,
that vary as a function of power level. Relative rod-
wise burnup distributions within fuel assemblies are
not expected to change significantly because of
power level changes.

In BWR cores, control blades are interchanged
and gradually removed in a sequential manner as a
function of core fuel burnup, in contrast to PWR
cores which are normally operated without insertion
of any control rods. Thus, a substantial error could
be made in predicting burnup distributions in BWR
cores if detailed control rod histories are not
simulated.

In BWR cores, average power in a fuel assembly
could change by ~35% by the insertion or removal
of an adjacent control blade.’* Control blades,
however, usually are rotated among a group of four
adjacent units to match predicted Haling power dis-
tributions as closely as possible.!” Perhaps a max-
imum additional error of ~10 to 15% in the
assembly-averaged burnup predictions might be
suggested for BWR cores where detailed control rod
histories are not simulated. Substantially larger
errors in burnup predictions for relative rod-to-
assembly and axial distributions could possibly be
expected in BWR cores if detailed simulations are
not made of control rod motions, power levels,
and/or flow distributions.

Burnup predictions based on in-core power dis-
tribution measurements should be used whenever
possible to provide additional verification of
declared fuel burnup. There should be increased
emphasis on assessment of the accuracy of the
power distribution monitoring systems so that they

will be more meaningful for control of nuclear
materials.
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