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ABSTRACT 
For the accurate assay of pluto-

nium by neutron correlation measure
ments, especially for material derived 
from high-bumup reactor fuel, the con
tent of 242pu m a sample must be deter
mined. Since 242pu has a iong haif.iife 
(387,000 yr.) and decays to 2*8U by 
alpha particle emission with the accompa
nying emission of only weak, low-energy 
gamma rays, gamma-ray spectrometry 
methods which are ordinarily employed 
to determine the isotopic composition of a 
plutonium sample are not feasible for 
^^pu. The existence of a resonance in 
the neutron capture cross section of 
242Pu at an energy of 2.67 electron volts 
(eV) with a large (72,000 barn) cross 
section affords the possibility for the 
quantitative assay of this isotope by 
epithermal neutron capture. Essential for 
this purpose is an appropriately designed 
geometry of neutron moderators and 
absorbers which will provide maximum 
flux in the eV region while suppressing 
thermal neutron capture by the fissile 
plutonium isotopes. Signatures for neu
tron capture in 242pu include the decay 
0f 243pu (49 hour), prompt capture 
gamma rays (total energy 5.034 MeV), 
and the decay of an isomeric state (330 
nanosecond). Experiments to determine 
the feasibility of mis approach are cur
rently in progress. 

*Work performed under the auspices of the U.S. 
Dept. of Energy, Contract DE-AC02-
76CH00016. 

INTRODUCTION 
The isotopic composition of a 

plutonium sample is determined custom
arily, and most readily, by means of 
gamma-ray spectrometry measurements. 
This method is not applicable, however, 
to the isotope ̂ ^Pu, which has a long 
half-life (387,000 yr.) and which decays 
to 238U by alpha particle emission with 
the accompanying emission of only 
weak, low-energy gamma rays. Since 
242 has a significant spontaneous fission 
rate, a knowledge of the content of this 
isotope is essential for the accurate assay 
of a plutonium sample by neutron corre
lation measurements. For material with a 
relatively small fraction of die heavier 
plutonium isotopes, empirical isotopic 
correlationformulasprovidea satisfac
tory estimate of the ̂ AZpxx content; how
ever, for samples with higher fractions of 
the heavier isotopes, for example, mate
rial from high-bumup reactor fuel, which 
usually has an unknown and variable 
irradiation history, a direct measurement 
of the 242pu content is essential. 

One possible approach for the 
direct, non-destructive assay of 242pu {s 
the measurement of the gamma rays 
emitted after the capture of neutrons in 
this isotope. Over the past several 
decades measurement techniques of this 
type have been developed for a number of 
different chemical elements and isotopes. 
These fall into two categories: 
1. Neutron activation techniques, in 
which small samples are exposed to a 
high flux of thermal neutrons (usually in 
a research reactor) and the radiations 
emitted in the decay of the radioactive 
isotopes produced in the sample are mea-
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sured to determine the content of the 
original constituents. Because of the high 
flux employed, this technique possesses 
great sensitivity for the detection of 
extremely small quantities of many mate
rials. 2. Prompt capture gamma-ray 
techniques, in which the gamma rays 
emitted immediately after the capture of a 
neutron by a nucleus are observed. This 
technique usually employs neutrons from 
an accelerator, an external beam at a 
research reactor, or a 252Q- source. The 
method is most commonly applied to the 
detection or assay of macroscopic quanti
ties of material, but is also applied to the 
measurement of trace amounts of materi
als with high thermal neutron capture 
cross sections. Examples of the applica
tion of this method include the assay of 
trace quantities of boron and cadmium in 
living tissue, determination of the sulfur 
content of metallurgical coal, and explo
sives detection. 

BASIC P R I N C I P L E S 

Neutron Capture Cross Sections. 

Since the thermal neutron capture 
cross sections of the odd-mass plutonium 
isotopes are extremely large (>1000 
bam), with most capture events leading to 
fission, while the thermal neutron capture 
cross section of 242pu j s oniy 18 barns, 
the determination of 242pu by thermal 
neutron capture in the presence of even 
minute quantities of the odd-mass pluto
nium isotopes is clearly unfeasible. At 
epithermal energies, however, this situa
tion is reversed. At an energy of 2.67 
eV, 242pu possesses a strong resonance 
in its neutron capture cross section with a 
peak cross section of 72,000 bams, far 
exceeding the cross sections of any 
nearby resonances of the odd-mass plu
tonium isotopes. This is illustrated in 
Figure 1, where the energies and peak 
cross sections of the neutron resonances 
of 239-242pu ^ d 238TJ i n m e 0--10 eV 
region are depicted. As seen in Figure 1, 
240pu and 242pn each possess a single 
strong resonance in this energy region, at 

1.056 and 2.67 eV energy, with peak 
cross sections of 172,000 and 72,000 
bams respectively, exceeding the cross 
sections of any of the resonances of 
239pn or 2 4 ^ by more than an order of 
magnitude. For comparison, a similar 
plot is shown for 238TJ. which has a 
single resonance at 6.67 eV energy with a 
peak cross section of 23,000 bams. 
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Figure 1. The Energies and Peak Cross 
Sections of the low-Energy Neutron 
Capture Resonances of 239~242Pu and 
238U. Note that the cross section scale is 
different for each isotope. 

It is evident from these cross sec
tion data that in a neutron moderating 
geometry designed to provide the maxi
mum flux in the 2.67 eV region, while 
suppressing thermal neutrons, the rate of 
neutron capture in 242pu c a n be greatly 
enhanced over that in the odd-mass plu
tonium isotopes. While 240pu is 0f 
lesser interest, since gamma-ray spec
trometry provides a means for the accu-
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rate determination of this isotope, a sub
stantial neutron capture rate for 24^Pu 
would be expected in the same moderat
ing geometry, providing, under appro
priate conditions, a further check on the 
method and possibly an internal calibra
tion. The existence of a single, strong 
neutron resonance in 238TJ at 6.67 eV 
energy suggests the possibility that this 
isotope might serve as a "cold surrogate" 
for 242pn ̂  evaluation of the methodol
ogy. 

Signatures of Neutron Capture. 

1. Decay of 243Pu (4.9 hr.) 

The 243pu nucleus created by 
neutron capture in 242pn decays with a 
4.9 hour half-life to several excited states 
0f 243Am. In the subsequent deexcita-
tion of 243Am, a number of low-energy 
gamma rays are emitted. The most 
intense of these are listed in Table I. 

EyflceV) ly(% of decays) 

34.2 3 
84.0 20 
381.7 0.5 

Table I. Principal gamma rays emitted in 
the beta decay of 243pu (49 hr) to 
243A m . 

The most useful of these gamma 
rays as a signature of neutron capture in 
242Pu will be that at 84.0 keV. Internal 
absorption in the sample, however, will 
limit its utility to the analysis of small 
samples, and, in addition, care must be 
taken to avoid contamination from the 
Kpi x rays of lead (84.8 keV). 

2. Prompt Neutron Capture Gamma 
Rays. 

When a slow neutron is captured 
in 242pu m e product nucleus 243pu is 
left in an excited state with 5.034 MeV 
energy. The deexcitation of this state to 

the ground state of 243pu proceeds via 
electromagnetic transitions to many 
intermediate states with the emission of a 
correspondingly large number of individ
ual gamma rays. In a study of the capture 
of 2.67 eV neutrons in 242pU) m e ener
gies and intensities of more than 100 
capture gamma rays emitted in this pro
cess were determined.* Individual high-
energy capture gamma rays (3.50—4.65 
MeV) were found typically to have 
intensities in the range 0.1—0.5 per cent, 
and low-energy capture gamma rays 
(160-1200 keV) 1 to 5 per cent, respec
tively, per capture event. An exception to 
this is one strong, 287.4 keV transition, 
which is emitted in 50 per cent of all 
capture events. 

Several different strategies can be 
employed in the use of the capture gamma 
rays as an analytical tool. While the high-
energy capture gamma rays are, on the 
average, a factor of 10 less intense than 
those at low energy, they reside on the 
lowest background from other sources, 
e.g., gamma rays from the decay of vari
ous Pu isotopes in the sample, fission 
products, and capture gamma rays from 
other materials in the vicinity of the sam
ple. They can be utilized either by detect
ing individual gamma rays with a large 
HPGe detector, or by summing all of the 
intensity in the 3.50-4.65 MeV region 
with a large scintillation detector. If low-
energy capture gamma rays are employed 
for the determination of ^42pu> m e 
method of choice will be the measurement 
of strong, well-resolved peaks with a 
HPGe detector. The highest specificity 
for 242pn may be obtained by measuring 
a number of individually resolved low-
energy gamma rays in coincidence with a 
band of high-energy gamma rays (3.50— 
4.65 MeV). 

3. 287.4 keV Isomeric Transition. 

The strongest of the capture 
gamma rays of ^4^Pu, with an energy of 
287.4 keV, is emitted from an isomeric 
state with a comparatively long half-life 
(330 nsec) which is populated by a num-



ber of strong gamma-ray transitions. 
This suggests that a delayed coincidence 
measurement, in which a gate signal is 
generated by one of the strong populating 
transitions, with the subsequent detection 
of the 287.4 keV gamma ray, would have 
very high specificity and sensitivity for 
242Pu> 

Similar isomeric transitions are 
found in the neighboring nuclides 239TJ 
and 24iPu, with energies and lifetimes of 
134 keV (780 nsec) and 161 keV (880 
nsec) respectively^. This suggests: 
1. That the isomeric transition in 241pu 
after neutron capture in the 1.056 eV res
onance of 240^ would serve as a check 
on the method and possibly as an internal 
calibration, and 2. That a ^38TJ target 
could be employed as a surrogate for 
242pUj with neutron capture in the strong 
6.67 eV resonance and the 780 nanosec
ond isomeric decay providing a verifica
tion of the methodology. 

EXPERIMENTAL 
ARRANGEMENT 
Neutron Moderating Geometry. 

A moderating geometry has been 
designed and fabricated which both 
optimizes the neutron flux from a 252^f 
source at the 2.67 eV resonance energy 
and also virtually eliminates thermal neu
trons in the vicinity of the 242pu sample. 
The principle adopted was to reduce the 
initial neutron energy as efficiently as 
possible by employing a hydrogenous 
moderator (CH2) in the vicinity of the 
252cf source, and then utilize a graphite 
moderator as a "flux trap", since colli
sions of neutrons with carbon nuclei 
provide a much smaller decrement of 
energy per collision in the energy region 
of interest (1-10 eV) than do those with 
hydrogen. Thermal neutrons were elimi
nated by surrounding the 242pu sample 
with 0.3 g/cm2 of 6Li2C03. Multigroup 
neutron transport calculations were car
ried out to verify the design principle and 

to optimize the epithermal neutron flux. 
The moderator, as fabricated, employs 
2.0 cm of CH2 and 6.3 cm of graphite 
between the 252cf source and the sam
ple, and an additional 3.8 cm of graphite 
behind the sample. A 252Qf source 
emitting approximately 10^ neutrons/sec 
is employed for the measurements cur
rently in progress. 

Pu Target. 

A sample of 242pu> acquired by 
the Brookhaven National Laboratory 
Chemistry Department in 1979 for 
accelerator experiments on heavy actinide 
nuclei, is used for the measurements. It 
consists of 0.128 gram of 242j>u m m e 
form of a solid deposit of PuCLj. 

CURRENT MEASURE
MENTS AND RESULTS 
Neutron Flux. 

Before measurements were car
ried out on the 242pu target, gold-foil 
activation measurements were made to 
verify, semi-quantitatively, the design of 
the neutron moderating geometry. In the 
energy region of interest, gold has a sin
gle, strong, 4.906 eV neutron resonance 
with a peak capture cross section compa
rable to, but somewhat smaller than, mat 
of the 2.67 eV resonance of 242pU) and a 
98 bam thermal neutron capture cross 
section. Thin Au foils (0.0025 cm.) were 
activated in the moderator, both with and 
without the "U2CO3 filter in place. After 
several hours of neutron activation, the 
411 keV gamma ray emitted in the decay 
of 198AU (2.69d.) was measured. The 
detector employed in these and subse
quent measurements on 242pu Was an 
EG&G "Gamma X" HPGe device with 
an efficiency of 30% relative to a 3x3 in. 
Nal scintillator. While no attempt was 
made to carry out an accurate determina
tion of the epithermal neutron flux at the 
target position, the 411 keV gamma-ray 
yield (Approx. 1000 counts peak area) 



demonstrated that the epithermal flux 
should be sufficient for the activation and 
measurement of the 242pu target 

Initial Measurements on 
Plutonium. 

Initial measurements of the 
gamma rays from the 242pu target were 
made prior to the neutron activation runs. 
These measurements disclosed an intense 
background containing many individual 
gamma-ray peaks. Many of these origi
nate in the isotope 241pn and its daughter 
product ̂ lAm, indicating a certain 
admixture of "*lPu in the (nominally) 
242pu target As expected, the most 
intense of these peaks corresponded to 
the 59.5 keV gamma ray of ̂ ^Am. In 
order to obtain counting rates within 
acceptable limits, it was necessary to 
place an 0.081 cm. cadmium filter 
between the sample and detector to reduce 
the intensity of the 59.5 keV peak. 

The epithermal neutron activation 
measurements were performed, repeti
tively, by irradiating the 242pu target to 
saturation (~1 day), and then measuring 
the gamma-ray spectrum through succes
sive 4-hour runs until the 4.9-hour 243pu 
activity had decayed to a negligible level. 
Because of the high background at an 
energy of 84 keV, a clearly discernible 
peak of this energy is not apparent in the 
individual spectra. A subtraction of the 
first and last (4-hour) gamma-ray spectra 
obtained for each activation run, how
ever, shows clearly a statistically signifi
cant peak at 84 keV energy. The average 
area for these peaks was 824 counts for a 
4-hour run. 

CONCLUSIONS 
These preliminary results demon

strate that even with minimal experimental 
resources (0.128 g 242Pu, ~ifj6 neu
trons/sec.) it is possible to observe a sig
nificant number of neutron capture events 
in the 2.67 eV resonance of 242pu 

Work currently in progress will investi
gate the potential utility of measurements 
of the prompt neutron capture gamma 
rays of 242py and the isomeric transition 
in 243PU with experiments on both 
242pu and 2^\J. 
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