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PRODUCTION OF ACTINIDE ISOTOPES IN SIMULATED PWR FUEL
AND THEIR INFLUENCE ON INHERENT NEUTRON EMISSION

by

G. E. Bosler, J. R. Phillips, W. B. Wilson,
R. J. LaBauve, and T. R. England

ABSTRACT

This report describes calculations that examine the
sensitivity of actinide isotopes to various reactor parame-
ters. The impact of actinide isotope build-up, depletion,
and decay on the neutron source rate in a spent-fuel assem-
bly is determined, and correlations between neutron source
rates and spent-fuel characteristics such as exposure, fis-
sile content, and plutonium content are established. The
application of calculations for evaluating experimental re-
sults is discussed.

I. INTRODUCTION

Nondestructive assay {(NDA) techniques are teing developed to verify char-
acteristics of irradiated fuel assemblies. Measurable, inherent attributes of
irradiated fuel assemblies include gamma rays primarily from fission-product
isotopes and neutrons associated almost entirely with the decay of actinide
isotopes. Although these radiation signals are easily detected, interpreting
the acquired data can be difficult.

Detection systems for monitoring irradiated fuel assemblies are simple and
basic. Possible complexities in the equipment occur because the measurements
must be made underwater and {(for safeguards inspector use) the instruments must

be portable. Ion chambers and high-resolution gamma spectrometry (HRGS) are



generally used for detecting gamma-ray signals. For neutron detection, fission
chambers are used. Of these three types of detector systems, only HRGS has re-
solvable signals that can be related directly to spent-fuel characteristics (in
this case, the concentrations of specific fission-product isotopes). The other
detectors monitor gross signals, which must be correlated to various irradiated
fuel attributes to obtain meaningful information.

In this report, we analyze neutron signals inherent to irradiated fuel
assemblies. ©Passive neutron emission rates from irradiated fuel assemblies
have been measured for 1limited exposures and cooling times.l—3 Although
these measurements demonstrate feasibility, questions exist about the interpre-
tation of the results. To investigate the applicability of such measurements,
we need to understand the neutron emission characteristics of irradiated fuel.
Because neutron characteristics depend on the heavy-element actinide invento-
ries, calculations are used to predict the build-up, depletion, and decay of
the neutron-producing isotopes and to determine the neutron source rates from
these isotopes. The calculational models also are used to determine the sensi-
tivity of the neutron emission rates to parameters of initial 235U enrichment,
fuel density, different exposure conditions, power 1levels, and irradiation
histories.

These calculational techniques complement the 1limited experimental re-
sults. They are used to predict trends and parameter sensitivities that should
be investigated experimentally to understand fully the effects of various ir-
radiated fuel parameters on the measured neutron signals.

The production and depletion of actinide isotopes were calculated for a
typical pressurized-water-reactor (PWR) fuel assembly using core characteris-
tics from the H. B. Robinson-2 (HBR-2) facility (Westinghouse 700-MWe reactor).
CINDER 2, an improved version of the single-point depletion code EPRI—CINDER4
and associated data library,5 performed these calculations. Flux and shielded
cross—-section data were obtained from the EPRI-CELL code.6

Neutron signals inherent to irradiated fuel depend on the fuel exposure:
the neutron source rate increases with exposure. To correlate the experiment-

ally obtained neutron count rates with operator-declared exposure values, a

tThe ternm "exposure" has units of megawatt days (thermal) per metric ton of
initial uranium, whereas the term "burnup" has units of atom per cent fission.
Although these terms generally are used interchangeably, in this report they
will be used in their proper context. These quantities are discussed in the
Appendix.
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power function relation typically has been used: count rate = Q * (exposure)B,
where O is a scaling factor and B ranges between 3 and 4, depending on the type
of fuel assemblies measured. Once a relationship is established for a given
fuel type, the neutron count rate can be used to predict the exposures of other
fuel assemblies with similar irradiation histories. Results from predicting
exposures vary. Generally, the established relationship is valid for a given
set of fuel assembly measurements, and exposures of "unknown" assemblies are
determined with accuracies of 5% or better. This technique's main problem is
lack of a universal power function relationship that satisfies all fuel types
and measurement conditions. Typically, the power function will vary, depending
on generic fuel type and possibly on boron in the cooling water. Within a ge-
neric reactor fuel, variations also occur as a result of initial 235U enrich-~
ment, clad material, proximity of control material, and power level. To estab-
lish applicable ranges and sensitivities, we waniz to identify those parameters
having a significant impact on the power function relationship.

In addition to power function correlations bhetween neutron count rate and
exXposure, methods2 have been proposed that use neutron count rates to determine
specific information, such as total plutonium and total fissile content in the
fuel. These methods use correlations that provide quantitative information
about the fuel assembly. Again, as with the power function relationship, these
specific correlations have been evaluated calculationally to establish their
validity and applicable ranges.

Although our analyses, which determine neutron source rates in irradiated
fuel assemblies, predict source rate differences resulting from variations in
basic fuel parameters, they 4o not predict actual detector response. The de-
tector response may not be directly proportional to neutron source rate. Mul-
tiplication and self-shielding within the fuel materials and moderation in the
water can affect the detector responses. To predict adequately the effects of
such parameters on the detector response, transport calculations are required.
With a specially adapted version7 of the neutron-photon Monte Carlo code
(MCNP),8 the fuel assembly and detector geometry can be modeled exactly.
Fuel material specifications and neutron source rates for the transport calcu-

lations can be determined from the data assembled for this report.



II. TEST CASES

The calculational model is based on a fuel assembly from the HBR-2 reactor
(see the Appendix for details). The HBR-2 fuel is convenient to model for at
least three reasons. First, the fuel is from a PWR, which is easier to analyze
than other reactor types, such as a boiling-water reactor (BWR). 1In a PWR,
flux gradients and spectral variations are minimal, resulting in uniform burnup
in both the radial and axial directions. For BWRs, axial burnup can vary
greatly because of control materials and differences in the void fraction from
the boiling of water. Simple cell models can adequately analyze PWRs, whereas
more complicated models are needed to describe BWRs.

Second, destructive analysis data for direct comparisons with calculation-
ally predicted quantities are available.9 Such comparisons give confidence
in the analytical techniques, the results obtained, and the overall ability to
predict actual isotopic inventories in spent-fuel assemblies. For the HBR-2
fuel, uranium and plutonium isotopic concentrations were measured. Concentra-
tions of the important neutron-producing curium isotopes were not measured de-
structively.

Finally, the 15 by 15 array of fuel pins in the HBR-2 assembly is typical
of the PWR fuels widely used today. A detailed analysis of this fuel should

be applicable to the fuel assemblies at many similar reactor facilities.

A. Calculational Data

The EPRI-CINDER data 1ibrary,5 describing 46 actinide isotopes, contains
all pertinent problem-independent data necessary in nuclide-inventory and ag-
gregate-property calculations for many light-water-reactor (LWR) fuel irradia-
tions. These data include four-energy—group absorption cross sections and
branching fractions for multiple paths in radiocactive decay and transmutation
of fission products. Also included are similar basic nuclear data for actinide
nuclides produced by the transmutation of the initially present heavy-metal nu-
clides and their absorption and decay products. Four-group unshielded actinide
cross sections complete the nuclear data library. When using this library, a
problem can be completely specified by defining the power history, temporal
four-group neutron flux spectrum, and initial nuclide inventory.

Pour—-group unshielded cross sections in the basic EPRI-CINDER library have

been produced from cross-section data in Evaluated Nuclear Data Files (ENDF)/



B-IV or preliminary ENDF/B—V10 by a representative weighting spectrum. More

accurate four—-group shielded cross-section data can be entered as problem-
dependent data to override the basic library data. For calculations in this
report, four-group cross sections for principal contributing actinides
(234_2380, 239_24'2Pu) were obtained from the EPRI-CELL code6 for each time
step. 1In this manner, effects such as initial enrichment, exposure, poisons,

water-to-metal ratio, rod pitch, and other heterogeneity considerations can be

modeled accurately.

B. Detailed Power History vs Constant Power History

For the reference HBR-2 reactor fuel, Table I compares the destructively
analyzed data and calculational results of the Appendix. Both calculational
sets in Table I use a detailed power history to represent HBR-2 operating con-
ditions. 1In the first set, the reported sample power listing is scaled so the
calculated burnup (at.% fission) is identical to the value obtained destruc-
tively. This calculation represents the best attempt to match the destructive
data. The second set of calculational data was selected from our constant
power calculations, and no attempt was made to duplicate reported power varia-
tions. The first set has smaller errors than the second set when compared to
the destructive data. For both sets, the largest disagreements occur for the
single wuranium (2340) isotope and two plutonium (238Pu and 242Pu) isotopes,
which have the smallest concentrations. All other dJdiscrepancies are within
6.1%.

For our parametric studies, the exposure range of the detailed power his-
tory case in Table I extends only to 31.19 GWd/tU. Fuel similar to the HBR-2
fuel has been discharged from PWR facilities with exposures greater than
40 GWAd/tU under the program to improve uranium utilization in power reactors.
Therefore, calculational results are needed for exposures higher than those ob-
tained from the detailed power history case. For our studies, irradiations for
exposure levels slightly above 50 GWd/tU are simulated. Such high exposures
may become common as utilities increase fuel burnup to maximize uranium utili-
zation. The exposure range of 30 to 50 GWA/tU is extremely interesting with
respect to the rapid increase in the production of the curium isotopes and
their subsequent effects on the neutron source terms.

Because the detailed power history case cannot be used as a reference for

high exposures, another case is needed. For convenience, a constant power

5



TABLE I

MEASURED AND CALCULATED ISOTOPIC RATIOS FOR A 506.75-DAY COOLING TIME

Destructively Detailed Power History Constant Power History
Measured® Calculatedb Difference Calculated® Difference
Quantity Value Value (%) Value (%)
Burnup at.% 30221 30221 +0000 30234 +0.4O
Fission
Exposure 30.92 31.19 +0.89 31.32 +1.29
GW4a/tu
234y/u 0.00014 0.00012 -12.81 0.00012 -12.81
235y/u 0.00612 0.00588 -3.84 0.00585 -4.41
236y/y 0.00352 0.00357 +1.52 0.00357 +1.52
238y,/y 0.99022 0.99043 +0.02 0.99047 +0.03
238py/pu 0.01676 0.01452 -13.35 0.01462 -12.77
239py/pPu 0.54261 0.53966 ~-0.54 0.53877 -0.71
240py/py 0.25101 0.24002 -4.38 0.24018 ~4.31
24lpy/pu 0.12998 0.13772 +5.95 0.13791 6.10
242py/pu 0.05964 0.06807 +11.41 0.06852 14.89
239py /238y 0.00518 0.00496 -4.28 0.00496 -4.28
l48yq/238y 0.00057 0.00059 +3.96 0.00059 +3.96

4pata obtained from Ref. 1ll.

brhis calculation was performed to duplicate the measured at.% fission value.
CThese results are from the general constant power history calculations in

this report.



history is more desirable than a detailed power history, provided that the con-
gstant power history adequately predicts isotopic build-up and depletion. Ta-
ble 1I compares results from the detailed power history case and three constant
power histories, each with a different linear power level (watts per unit rod
length). Atom density ratios are shown for comparison with those in Table I,
and mass ratios are shown because most data analyzed in this report are mass
values instead of atom densities. Results are reported for approximately the
same burnups. To accomplish this, the total fluence must be the same; that is,
cases with lower power levels have longer irradiation periods than do cases
with higher power levels.

Table II indicates that a constant power level is adequate for predicting
isotopic build-up and depletion, particularly for long-lived isotopes. For
short-lived isotopes such as 242Cm (162.9-day half-life), a detailed power
history is needed for accurate results. Such detail, however, is unnecessary
if the assembly's cooling Qime is long compared to the half-life of the short-

lived isotope.

c. Sensitivity Studies

A particular actinide isotope i may, in general, be produced as a neutron
transmutation reaction product of each j isotope or as a daughter in the radio-
active decay of each k radioisotope. In turn, isotope i may be depleted by its
own radioactive decay or neutron-induced fission and transmutation. Using some
G neutron energy groups to describe the neutrorn absorption reactions, Egq. (1)

gives the build-up and depletion of isotope i.

J G K G
an; - N.£ 0%, - o%)0 +ENxf -NA, -N E % ¢ (1)
3t 3794 aj £3'7g k k ki iti i ai'qg '/
ji=1 g=1 k=1 g=1
where Ni = number of isotope i atoms;
3 = number of isotope j atoms, which, through neutron transmuta-
tion, may become nuclide i;
Nk = number of isotope k atoms, which, through radiocactive decay,

may produce as a daughter the isotope i;



TABLE II

CALCULATED RATIOS AT TIME OF DISCHARGE FROM THE REACTOR

Constant Power History
Linear Power

Linear Power Linear Power

Detailed Power History

2 (160 W/cm) (200 W/cm) (240 W/cm)
Atom Atom Atom Atom
Density Mass Density Mass Density Mass Density Mass
Quantity Ratio Ratio Ratio Ratio Power Ratio Ratio Ratio
Burnup
at.ys fission 3.324 3.234 3.254 3.254 3.253 3.253 3.251 3.251
Exposure
GWd/tU 31.32 31.32 31.51 31.51 31.51 31.51 31.49 31.49
234U/U 0.00012 0.00012 0.00012 0.00012 0.00012 0.00012 0.00012 0.00012
235U/U 0.00585 0.00577 0.00579 0.00571 0.00580 0.00573 0.00582 0.00575
236U/U 0.00357 0.00354 0.00357 0.00354 0.00357 0.00354 0.00357 0.00354
2
38U/U 0.99047 0.99056 0.99032 0.99062 0.99051 0.99061 0.99049 0.99059

238

Pu/Pu 0.01318 0.01309 0.01330 0.01322 0.01300 0.01232 0.01254 0.01245
239

Pu/Pu 0.52981 0.52820 0.52966 0.52804 0.52990 0.52828 0.53036 0.52873
240

Pu/Pu 0.24075 0.24102 0.23857 0.23884 0.23834 0.23860 0.23796 0.23823
24lPu/Pu 0.14756 0.14834 0.14859 0.14938 0.14896 0.14975 0.14953 0.15032
242

Pu/Pu 0.06868 0.06933 0.06985 0.07052 0.06977 0.07044 0.06959 0.07025
239 238

Pu/ U 0.00487 0.00489 0.00487 0.00489 0.00488 0.00490 0.00490 0.00492
148 238

Nd/ u 0.0005% 0.00037 0.00060 0.00037 0.00060 0.00037 0.00060 0.00037
242 239

Cm/ Pu 0.00319 0.00323 0.00291 0.00295 0.00278 0.00282 0.00255 0.00258
244 239

Cm/ Pu 0.00713 0.00728 0.0073%9 0.00754 0.00738 0.00753 0.00735 0.00750

avalues differ from those in Table I because Table I data were calculated for a 506.75-day cooling time.



¢g = neutron flux in neutron energy ¢roup d;
o:i = neutron absorption (In,fission] + [n,Y] + [n,2 n] +...) cross

section of nuclide i in neutron energy group g;

035 = neutron absorption cross section of nuclide j in neutron energy
group g;

Ogj = [n,fission] cross section of nuclide j in neutron energy group
g

Ai = radioactive decay constant of isotope i for all decay modes

{including alpha, beta, electron capture, position, isomeric
transition, spontaneous fission, etc.);

A = radioactive decay constant of isotope k for all decay modes;

f.. = branching fraction for isotope j neutron transmutation (absorp-
tion less fission) reactions leading to reaction product nu-
clide 1i;

fki = branching fraction for isotope k radioactive decay leading to
daughter nuclide i.

The solution of nuclide inventories defined by the set of coupled differ-
ential Egs. (1) are obtained by CINDER 2 using a library of basic nuclear data
and four-group (G = 4) neutron reaction cross sections, as well as various pa-
rameters defining the fuel's physical and irradiation environment. We have
selected four of the latter that can affect isof:ope inventories and, thus, the
measurable signatures of spent-fuel assemblies. These are

e initial 235U enrichment,

® initial 002 fuel mass density,

® power level, and

e irradiation history.

For each of these sensitivity studies, one of the reference parameters in Ta-
ble III was varied over an applicable range, while the remaining parameters
were kept constant. Altering each parameter will affect the three terms in
Eg. (1) in a unique manner that depends on the cross section of the specific
actinide and its precursors as well as on the decay constants of the Ni and
Nk isotopes. The study shows if a particular measurable signature is sensi-
tive to various parameters.

This study serves two purposes. First, for best results in measuring sig-
nals from an irradiated assembly, measurable signals should be as insensitive

as possible to reactor operating conditions. By performing the sensitivity



TABLE III study on the isotopics and indirectly
REFERENCE PWR DPARAMETERS on the inherent, associated neutron
signals, we achieve an understanding

of signal sensitivities that can be

Linear power level 200 W/cm

used to establish procedures best

Uo . . s

2 90.814 *TD characterizing the measured signal.

Initial 235U enrichment 2.56 wt% Second, by performing sensitivity
_ . . . £ _
Irradiation history Continuous studies and then verifying them exper
200 W/cm imentally, calculated factors can be

linear power .
P used to compensate for a particular

parameter. For example, 242Cm, which
has a relatively short half-life, contributes significantly to the passive neu-
tron signal for cooling times of less than 2 yr, dependirng on the exposure of
the fuel assembly. Generally, 244Cm dominates the remaining signal. Several
correlations, which have been established between 244Cm and other parameters
such as the total plutonium content in the fuel,2 are not valid £for short

. . 244 . . . .
cooling times unless the 4 Cm concentration is known. This concentration can
242

be deduced from the neutron signal if we correct for the Cm contribution
with calculationally derived quantities.
s 235 . s s eas 235 .
1. Initial U Enrichment Variations. The initial U enrichments

studied ranged from 2.2 to 4.5 wt%; PWRs typically have enrichments in the 2.0
to 3.5% range. To achieve burnups, future fuel may have higher initial 2350
enrichments in the 4.0 to 4.5% range. In these enrichment sensitivity studies,
the linear power is maintained at 200 W/cm. For a lower enriched fuel (2 to
3 wt%), compared to a higher enriched fuel (3 to 4 wt%), a higher flux level
is needed to maintain this power level. Similarly, a higher fluence is needed
for a lower enriched fuel to achieve the same exposure. In some cases, higher
flux levels cause variations in the isotopics. However, for most actinides

discussed here, the effects of different initial enrichments are due primarily

to the total fluence differences and not to flux differences.

2. Initial UO2 Mass Density Variations. Initial UO2 mass density does

not vary significantly in sintered reactor fuels. Usually, the density ranges
3 .
from 90 to 95% of the theoretical density of UO2 (10.96 g/cm” ). We examined

mass densities that were 90.814 and 94% of the theoretical density. Variations

10



in the mass density affect the fuel loading. The fissile loading will affect
the flux and fluence levels needed to obtain power levels and exposures, al-
though 238U concentrations affect the build-up of higher transuranic isotopes.
Because the range of possible densities is 1limited, effects of mass density

differences are not very large.

3. Power Level Variations. We used linear power levels of 160, 200, and
240 W/cm. For isotopes produced and depleted principally by neutron capturé,
relative changes in the concentration depend on the capture cross sections of
the isotope and its precursor; the concentration at a given exposure depends
on the total fluence and not on the flux magnitude. If the isotope is produced
or depleted primarily through radiocactive decay, relative changes in the con-
centration depend on the flux level. If, for instance, the isotope is produced
by radioactive decay and depletes through neutron capture, the production
process depends on the precursor's half-life and the depletion depends on the
flux level. The production rate will remain constant if the flux level is
changed, but the depletion will not. At a given exposure level, the isotope
concentration depends on the flux level (or power level) at which the fuel

operated.

4. Irradiation History Variations. Actinide nuclide inventories seem

most sensitive to irradiation history; this is particularly true for short-
lived nuclides. An irradiation history accounts for periods of full power op-
eration, for shutdown periods, and for periods after the fuel is removed from
the core. Long-lived isotopes build up and deplete during continuous periods
of full-power operations. During shutdowhs these isotopes remain relatively
constant, except for slight build-up when the isotope is the daughter of a
short half-life radioactive precursor. When full-power operation resumes, the
long-lived isotope generally continues the build-up and depletion process from
the same stage as before shutdown.

For short-lived isotopes, the build-up and 3depletion process still occurs
during reactor operations. During shutdown periocds, short-lived isotopes decay
appreciably. As a result, when the reactor is restarted the isotope has de-
cayed and, depending on feed material, may not reach concentration levels nor-
mally obtained during continuous operation. Therefore, concentrations of these

isotopes depend strongly on irradiation history.

11



Irradiation histories in this study assumed combinations of 1-yr full-
power irradiation cycles and l-~yr shutdown cycles. The l-yr shutdown cycle
simulated a fuel assembly being removed for a full l-yr cycle and then returned
to the core. For all irradiation history cases considered, the fuel was re-
moved from the core when a maximum of about 50 GW4d/tU (five full-power irradia-

tion cycles) was obtained.

III. ACTINIDE ISOTOPE PRODUCTION, DEPLETION, AND DECAY

A. Uranium Isotopes

Four uranium isotopes, 234U, 235U, 2360, and 2380, initially are present
. . . 235 238 .
in uranium dioxide (UOz) fuels, with only 3 U and U occurring in large
quantities. The combined 234U and 236U isotopes are less than 0.1 wt% of the

initial heavy metal loading. In unirradiated fuel, actual amounts of the ura-

nium isotopes depend on the initial 235U enrichment, which typically varies
235 238 . .

from 2.0 to 4.5 wt%. Concentrations of 234U, U, and U deplete with in-

creasing exposures, but 236U is produced. The behavior of the uranium isotopes

depends primarily on the uncomplicated neutron capture chains in Fig. 1.

Of the uranium isotopes in spent—-fuel assemblies, 2350 is of primary in-
terest for safequards purposes. From a measurement standpoint, 235U can signi-
ficantly affect neutron signatures of spent-fuel assemblies. Neutron multipli-
cation of either inherent neutrons or external interrogation-source neutrons
depends on the amount of fissile material. Neutron measurement systems de-~
signed to determine various spent-fuel parameters must consider the multiplica-~
tion effects.

5
1. Uranium-234 (tl = 2.45 x 10 yr). Uranium-234 (Fig. 2) depletes

/2

235 . . .
through neutron capture to form additional U. Uranium—-234 is a long-lived

isotope basically unaffected by reactor shutdown or fuel discharge from the

reactor. Over long cooling periods, minute gquantities of 2340 are produced

. . 238
through alpha emissions in 3 Pu.

2. Uranium-235 (t = 7.04 x 108 yr). Uranium-235 (Fig. 3) depletes

1/2
. 235 .
through neutron absorption. After absorbing a neutron, the U atom fissions
or forms 236U. Like 2340, 2350 is long lived and therefore unaffected by reac-

tor shutdown.

12
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7 236
3. Uranium-236 (tl/“ = 2.34 x 10 vyr). The U thermal capture cross

: . 235 . X
section is small compared to the same U cross section. As a result, during

. 236 . . 23
reactor:roperation more U is produced than is lost (Fig. 4). The 6U con-

centration reaches a maximum at high exposures and is reduced by neutron cap-
3 .
ture, yielding 237U. Because of its long half-life, the 2 6U concentration re-

mains nearly constant after a fuel assembly is discharged from a reactor.

4. Uranium—-237 (t1/q = 6.75 days). Uranium-237 (Fig. 5) is produced from
) 23 L/ &
neutron capture in 6U. Although some neutron capture and subsequent forma-

. 238 . .
tion of U occurs in 237U, this 237U isotope depletes primarily through beta

237
decay to form Np. The very short half-life results in nearly total deple-
tion of U during reactor shutdown until its low concentration is in equilib-

rium with the alpha decay of the parent 241Pu.

5. Uranium-238 (t = 4.47 x 109 yr). Uranium-238 has the largest
/2= 238

heavy metal mass in LWR fuel assemblies. As shown in Fig. 6, U depletes

during reactor operation. Whereas some high-energy neutrons will induce fis-

. . 238 . . . .
sions in U, most neutron absorption events in 238U result in the formation

239 s 238
of U. For exposures greater than 50 GWd/tU, nearly 4% of the initial U
is depleted by neutron capture and fission. Uranium-238 remains constant dur-

ing reactor shutdown.

6. Uranium-239 (tl/° = 23.5 min). Uranium-239 concentrations (Fig. 7),
&

formed from neutron capture in U, decay rapidly because of the very short

half-1ife. The beta decay of 239U results in 239Np, which also rapidly under-—

3
goes beta decay, to form the important fissile isotope 2 9Pu.

235 . .
7. Sensitivity of Fissile Uranium Isotope--— U. Figure 8 shows sensi-

ivi . N C aas 235
tivity effects for 235U. Although the obvious sensitivity to initial U en-

richment 1is shown, 235U has 1little or no sensitivity to the other parameters.
(In Fig. 8 and all similar plots, U indicates a l-yr constant power period at
200 W/cm and D indicates a l-yr shutdown period. A series of these letters,
such as UDUU, indicates a 4-yr period with 1 yr in the core followed by 1 yr
out of core or in a shutdown mode followed by 2 yr of full power.) The 235U

isotope's dependence on initial enrichment, also evident for most other trans-

uranic isotopes, indicates that techniques for verifying fissile content in

16
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spent-fuel assemblies probably require knowledge of the assembly's initial en-

richment.

B. Neptunium Isotopes

The neptunium isotopes in Fig. 1 are important because they are precursors

to the formation of the plutonium isotopes. Of the neptunium isotopes of in-

237Np 238N 239

terest, jo 3 Np, and 240Np, only 237Np has a long half-life. The

7

others beta decay quickly to form various plutonium isotopes.

l. Neptunium-237 (t = 2.14 x lO6 yr)e. Neptunium-237 concentrations
1/2- 237

(Fig. 9) are formed from the beta decay of U. After removal from the reac-

: . 237 . . 237
tor, a short-term increase in 3 Np concentration occurs as the remaining U

decays.

2. Neptunium-238 (t1/ﬁ = 50.8 h). The 238Np (Fige. 10) is formed from
4/ &
neutron capture in 237Np. This isotope depletes through beta decay to form

8
23 Pu and through neutron capture to form 239Np. For exposures up to 50 GWd/

238 . 237
tu, Np does not reach such a maximum because the source material Np con-

tinues to increase. With such a short half-life, 238Np quickly decays after

fuel removal from the reactor.

= 56.5 h). Neptunium-239 concentrations shown in

. /2 238 239
Fig. 11 are formed from neutron capture in Np and from beta decay of U.

239
The similar curves of 239U (see Fig. 7) and 239Np show that most 3 Np comes

3. Neptunium-239 (tl

from 239U. Neptunium-239 depletes by beta decay to form the important fissile
240

isotope 239Pu and by neutron capture to form Np. Because of its short half-
life, 239Np quickly decays after the fuel is discharged from the reactor.

4. Neptunium-240 (t_ = 1.08 h). Neptunium-240 (Fig. 12) forms from

239, /2 240
neutron capture in Np. A metastable state of Np is also formed. Both
2 2 .
states deplete through beta decay to form 24OPu. As with 38Np and 39Np, this

isotope decays quickly during reactor shutdown and after fuel assembly dis-

charge from the reactor.

C. Plutonium Isotopes

239 241 . R .
Two plutonium isotopes, 3 Pu and Pu, are fissile materials of safe-

guards interest. In low-exposure materials or in reprocessed fuels, the

22
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plutonium isotopes are important neutron emitters. The even mass number pluto-—
238 240 242

nium isotopes, Pu, Pu, and Pu, undergo spontaneous fission with subse-
quent emission of neutrons, as shown in Table IV. Three plutonium isotopes,
2 239 24 . R .

38Pu, Pu, and 0Pu, emit significant numbers of alpha particles. When

these alpha particles are in matrix materials with low atomic numbers, they can

interact with the material, resulting in neutron release. For oxygen, the al-

. . . 21
pha particles interact with l7O or 18O to form 20Ne or Ne and release neu-

trons. Other low atomic number isotopes have gimilar alpha interactions. Fig-

ure 1 shows the plutonium production and decay chains.

l. Plutonium 238 (t = 87.8 yr). Figqure 13 shows 238Pu building up as

1/2

a function of time and exposure. This isotope, which has a relatively short

half-life (compared to other plutonium isotopes), is produced primarily by the

beta decay of 238Np. Additional 238Pu comes from the alpha decay of 242Cm.

Because Pu is not formed principally from neutron capture, it continues to

be produced during nonirradiation periods.

2. Plutonium-239 (tl/“ = 2.41 x 104 yr)e Plutonium=239 as a function of

exposure and time is shown in Fig. 14. This isotope is formed principally from

9 .
beta decay of 23 Np; however, small amounts of 239Pu are produced from neutron
238
P

239P

3
capture in u. Because of the beta decay of 2 ng, small amounts of

u

continue to be produced shortly after reactor shutdown. Plutonium-239 reaches

a maximum in an exposure range of 25 to 30 GWA/tU. At high exposures, much of

235 cL . : .
the 3 U initially present has been depleted. Therefore, to maintain the re-

3 .
quired power level in the fuel assembly, significant amounts of the 2 9Pu fig-

. . 239 . . .
sion, decreasing the Pu concentration below its maximum value.

3. Plutonium-240 (t = 6.55 x lO3 yr). Plutonium-240 (Fig. 15) is

1/2

9 0 .
formed primarily <from neutron capture in 23 Pu; some 24 Pu 1is produced from

beta decay in Np. Plutonium-240 apparently reaches a maximum for exposures
241
in the range of 50 GWd/tU. It depletes through neutron capture to form Pu.

. . 240 . s
With such a long half-life, Pu is constant during reactor shutdown.

4. Plutonium-241 (tl . = 14.7 yr). Plutonium-241 (Fig. 16) is formed

. 0 c s .
from neutron capture in Pu. This isotope depletes mainly by three mechan-

: C s 3
isms: Dbeta decay to form 241Am, fissioning, and alpha decay to form 2 7U.
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TABLE IV

NEUTRON YIELDS AND DECAY CONSTANTS

Atomic? Spontaneous FissiOnb (a,n) Reactionb
Mass Half-life Neutrons Neutrons Half-life Neutrons Neutrons

Isotope (amu) (yx) per v(sf) per g-s (yx) per Decay per g-s
233y 235.0442 3.50 E+17 1.86 2.99 E-04  7.04 E+08 8.89 E-09 7.1l E-04
236 236.0458 1.95 E+16 1.91 5.49 E-03  2.34 E+07 9.89 E-09  2.37 E-02
238y 238.0510 8.20 E+15 2.01 1.36 E-02  4.47 E+09 6.64 E-09  8.26 E-05
237Np 237.0482 1.00 E+18 2.05 1.14 E-04 2.14 E+06 1.30 E-08 3.39 E-01
2365, 236.0457 3.52 E+19 2.13 3.39 E-06 2.85 E+00 2.52 E-08 4.95 E+05
2375, 237.0484 (2.00 E+15)¢ (1.89)° (5.27 E-02)° 1.25 E-01 6.72 E-13 3.00 E+02
2385, 238.2134 4.77 E+10 2.22 2.59 E+03  8.78 E+0l 2.12 E-08  1.34 E+04
2395, 239.0526 5.48 E+15 2.16 2.18 E-02 2.41 E+04 1.66 E-08 3.81 E+01
240, 240.0542 1.31 E+11 2.16 9.09 E+02 6.55 E+03 1.68 E-08 1.41 E+02
241, 241.0487 (2.50 E+15)¢ (2.25)° (4.94 E-02)¢ 1.47 E+01 3.39 E-13 1.27 E+00
242, 242.0584 6.84 E+10 2.15 1.72 E+03 3.76 E+05 1.41 E-08 2.05 E+00
2445, 244.0646 6.56 E+10 2.30 1.90 E+03 8.20 E+07 1.08 E-08 7.14 E-03
240 4 240.0542 (1.00 E+15)¢ (2.29)¢  (1.26 E-01)¢ 5.80 E-03 3.74 E-14 3.55 E+02
24l pn 241.0568 1.05 E+14 2.27 1.18 E+00  4.32 E+02 2.12 E-08  2.69 E+03
242,04 242.0594 9.50 E+1l 2.34 1.35 E+02 1.52 E+02 9.22 E-11 3.31 E+01
2435 243.0620 3.35 E+13 2.42 3.93 E+00 7.38 E+03 1.82 E-08 1.34 E+02
240, 240.0542 1.90 E+06 2.39 6.93 E+07 7.34 E-02 3.37 E-08 2.53 E+07
24l 241.0578 (1.60 E+12)¢ (2.50)¢ (8.57 E+01)° 8.88 E-02 2.79 E-10 1.72 E+05
242, 242.0584 6.56 E+06 2.52 2.10 E+07 4.46 E-01 3.07 E-08 3.76 E+06
2430 243.0620 (1.20 E+11)S (2.69)S  (1.22 E+03)° 2.85 E+0l 2.62 E-08 5.00 E+04
2440 244.0626 1.35 E+07 2.69 1.08 E+07 1.8l E+01 2.58 E-08 7.73 E+04
2450 245.0652 (4.00 E+12)¢ (2.87)¢ (3.87 E+01)¢ 8.48 E+03 1.95 E-08 1.24 E+02
246y, 246.0668 1.8l E+07 3.18 9.45 E+06 4.73 E+03 1.97 E-08 2.24 E+02
aBased on the neutron mass of 1.00866497 amu from ENDF/V data base.

bRef. 11.

c
Values in parentheses were obtained from Ref. 12 and have estimated accuracies of 2 orders of

magnitude.

d
Metastable state.
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241
Small amounts of Pu are 1lost through neatron capture events, producing

242Pu. For high exposures the 241Pu fission rate can be significant, with from

10 to 20% of the generated power coming from this source. The relatively short

241 . .
half-life of 4 Pu is evident in Fig. 16, which shows a decreasing concentra-

tion after fuel discharge from the reactor.

5. Plutonium-242 (tl/“ = 3.76 x 105 vyr). The 242Pu' isotope (Fige. 17) is
L

. . . 241 c s Tas
produced principally from neutron capture in 4 Pu. Additional quantities of

242Pu are formed through electron capture in 242Am- With a long half-life,

242 . : . c ek .
Pu is constant during nonirradiation periods.

6. Plutonium-243 (tl/“ = 4.96 h). Plutonium-243 shown in Fig. 18 is pro-
L

duced from neutron capture in Pu. This isoltope depletes through beta decay

to form 243Am. With such a short half-life, 243Pu rapidly depletes after reac-—

tor shutdown.

7. Sensitivity of Principal Plutonium Isotopes.

. ‘ oy s s e 2
a. Plutonium-239. Plutonium-239 (Fig. 19) is sensitive to initial 35U

enrichment and initial UO2 mass density, but insensitive to power 1level and
irradiation history. In the calculations for enrichment variations, the power
level was held constant throughout the entire irradiation period. For lower

il
exposures (less than 15 GWd/tU) when little “39Pu and 24lPu are present, most

C s . . 239
of the power is obtained from 235U fissions. In this exposure domain, 3 Pu
: 2 239 9 :

is produced from the 380 g 239U » 23 Np * 23 Pu chain that depends on the
amount of 238U present. Because the 2380 concentration complements the

initial 350 enrichment, with these low exposures 239Pu production is higher in
fuels with lower 235U enrichment.

For exposures above 15 GWA/tU, the initial 235U enrichment in the fuel ma-
terial affects 239Pu production, but the relationship is not linear. 1In this
exposure range, as 23SU is depleted, higher fission rates must occur in the
239Pu to maintain a constant power level. For fuels with lower 235U enrich-
ments, more Pu fissioning occurs again to maintain a constant power level.
Because of this higher fission rate in 23 Pu, the maximum levels of the 239Pu

235 .
concentrations are smaller for the lower initial U enrichments.
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The 239Pu dependence on initial 002 mass density shown in Fig. 19b is due

. 23

to the amount of 2380. For higher mass densities, more 8U atoms/cm3 are
9 .

present, and as a result more 23 Pu is produced.

b. Plutonium-240. The isotope 240Pu (Fig. 20) depends on initial 235U

enrichment. Such dependence results primarily from the £lux levels required
to maintain a constant power of 200 W/cm. High initial 235U enrichments have
lower flux levels, resulting in lower 24OPu concentrations. Conversely, low
2350 enrichments require higher fluxes, resulting in higher 24OPu concentra-
tions. For exposures above 45 GWd/tU, the enrichment curves begin to converge

239 C e 235 :
as a result of 3 Pu decreasing more rapidly for the lower initial 3 U enxich-

2 .
ments. Because 239Pu is the 240Pu precursor, proportionately less 4OPu is
produced. Plutonium-240 is independent of the other variables shown in

Fig. 20.

C s 2
c. Plutonium-241. Plutonium-241 (Fig. 21), dependent on initial 35U en-—

richment and slightly dependent on initial UO2 mass density, is independent of
. . 241 .
power level. Because of its relatively short half-life, some Pu will decay

during long shutdown periods (see the bottom right graph of Fig. 21).

0 . s s
The precursor of 241Pu is 24 Pu. Therefore, when comparing the initial

2350 enrichments in Fig. 21, we see that the behavior of 241Pu is the same as

0
that of 24 Pu for exposures up to 35 GWd/tU. Ebove 35 GWA/tU, more 24lPu fig-

sioning occurs to maintain a constant power level. 1In this exposure range, the

‘o 235 . . 241 ot . .
lower initial U enrichment fuels require more Pu fissioning, resulting in

a more rapid depletion of 241Pu.

241 - .
The slight dependence of 4 Pu on initial UO2 mass density results from

more 238U feed material present in the high-density fuel.

d. Plutonium-242. As shown in Fig. 22, 242Pu is sensitive only to ini-

5 . .. 241 242
tial 23 U enrichment. Because its precursor is Pu, Pu has the same be-

havior as 241Pu does, except for high exposures. At these high exposures,

242Pu, with its long half-life and lack of fissioning, continues to build up

when significant quantities of 241Pu are depleting through the fissioning

process.
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D. Americium Isotopes

The americium isotopes are important for two reasons: (1) they are pre-
cursors of the important neutron-producing curium isotopes and (2) in some
situations 241Am can be a significant neutron producer from (Q,n) reactions.
Americium-241 production and depletion chains are shown in Fig. 1.

l. Americium-241 (t. = 4.32 x lO2 yr)e. Figure 23 shows 241Am as a

1/2
function of exposure and time for a detailed power history. This isotope is
formed primarily from beta decay of 241Pu. Because 241Pu has a relatively
short half-life, 241Am continues to build up during shutdown and after fuel

discharge from the reactor. Americium-241 depletes through neutron capture to

form 242Am and by alpha decay.

2. Americium-242 (t,/q = 16.0 h). Americium-242 (Fig. 24) is produced
S
241 .
from neutron capture in Am. In addition to the ground state, a metastable
state of 242Am with a half-life of approximately 152 yr is formed. This iso-

tope depletes in two ways: through neutron capture to form 243Am and through

electron capture to form 242Pu. As a result of its very short half-life, the

ground state of 242Am decays rapidly during shutdown and after fuel discharge.

3. Americium-243 (t, = 7.38 x 103 yr). Figure 25 shows the build-up

243 1/2 243
of Am. This isotope builds up principally from beta decay in Pu; some

243Am also is produced from neutron capture in 242Am. Americium-243 depletes
. 244 ,
principally through neutron capture to form Am. Because the half-life of

2
43Am is long, concentrations of this isotope are unaffected by shutdowns and

cooling periods.

2
4. Americium-244 t_ = 10.1 h. The most. important precursor of 44Cm

. 244 . 1/2 . ., 243
is Am (Fig. 26). Its production results from neutron capture in Am and

a metastable state of 244Am with a half-life of approximately 26 min is also

4
produced. Both the ground state and metastable state beta decay to form 2 4Cm-

As a result of its short half-life, concentrations of 244Am decay rapidly dur-

ing shutdown and after fuel discharge.
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