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SUMMARY

Previously published studies of the short-cooled fission product

spectra of irradiated uranium have been severely restricted by the poor

energy resolution of the sodium iodide detectors used. In this report are

presented fission product spectra of irradiated uranium and plutonium

obtained by means of a lithium-drifted germanium detector. The resolved

gamma peaks have been assigned to various fission products by correla-

tion of measured energy and half-life values with published data.

By simultaneous study of the spectra of two irradiated mixtures of

plutonium and uranium, the possibility of using the activities of Ru- 1 03

and Ru-106 as a measure of the relative fission rate in U-235 and Pu-239

has been briefly examined.
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1. INTRODUCTION

In burn-up studies, as in the whole field of gamma spectrometry,

the application of semi-conductors has opened up new possibilities. The

good energy resolution of the detectors permits separation of adjacent

peaks which would be unresolved by a conventional sodium-iodide crystal

spectrometer, and in general, determination of the peak intensities can

be carried out accurately due to the favourable peak to valley ratios ob-

tained. The application of semi-conductor gamma spectrometry to the

determination of nuclear fuel burn-up has been reported recently by

Higatsberger et al. [ l ] and Rasmussen et al. [2], the former workers

using a silicon semi-conductor-sodium iodide Compton coincidence ar-

rangement, the latter using a germanium detector in a photopeak spec-

trometer. In these papers, the peaks measured and used in subsequent

calculations were those from Cs-134, Cs-137 and Zr-95.

In the past the choice of gamma emitting fission products as burn-

up monitors has been guided by the following criteria:

1. the fission product must have a clearly resolved gamma peak

which is not subject to appreciable interference from neighbour-

ing gamma peaks.

2. the fission yield, half-life and decay scheme of the fisssion product

should be accurately known.

3. a high energy gamma is preferred to minimize self-attenuation in

the fuel element.

4. the fission product mass should lie near the maximum of either

of the peaks of the fission yield curve so that the measured activ-

ity is almost independent of whether the fissioned nucleus was

U-235, or Pu-239 produced during irradiation of the fuel.

5. the half-life of the isotope should be long with respect to the irradia-

tion time in order to avoid activity saturation or loss of sensitivity

due to approach to saturation.

6. the isotope should not be formed by reactions other than fission,

should have no precursor, other than of short half-life that can

diffuse within the fuel and should not diffuse appreciably itself. (An

obvious exception to the first part of this restriction is Cs-134,

formed by neutron capture in stable Cs-133, and which can serve

as a flux monitor.)
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In practice these criteria are not easy to reconcile; for example,

Cs-137 (giving a 662 keV gamma) which because of its long half-life of

about 30 years could serve as an accurate monitor of integrated fissions

even in long-irradiated fuel elements, diffuses appreciably in fuel ele-

ments operated at high temperatures. Further, when using a sodium

iodide crystal spectrometer, accurate determination of the 662 keV" ac-

tivity is difficult because of neighbouring gamma peaks due to Cs-134,

Rh-106, Pr-144 and, in particular, to gammas from the Zr-95/Nb-95

transient equilibrium pair.

Most laboratories employ the 0. 75 MeV complex gamma peak

from Zr-95/Nb-95 as a burn-up monitor in gamma-scanning or for

quantitative burn-up determination [3,4,5] despite the severe disad-

vantage of the 65 day half-life and the necessity for calculation of the

Nb-95 contribution to the joint peak. For specimens irradiated for only

a short time use of the more penetrating 1. 6 MeV gamma from La-140

has proved useful [ 6]. An alternative method which follows most of the

criteria mentioned above involves measuring the Pr-144 activity [7, 8]

at 2. 1 8 MeV (half-life 285 days), the main disadvantage being uncer-

tainty as to the branching ratio (about 0. 8 %) of the gamma emission,

although pulse-pile-up problems can arise in certain circumstances.

The advent of the semi-conductor detector has changed the em-

phasis on these selection rules to some extent, since its superior res-

olution offers the opportunity of simultaneous measurement of a number

of different gamma peaks, each of which can be used for calculation of

some aspect of the irradiation history of the specimen. For example,

isotopes of different half-life, e.g. Ba-140 (12.8 days), Zr-95 (65 days),

Ce-144 (285 days) and Cs-137 (30 years) could be measured and, in prin-

ciple, the saturation activity levels of the shorter lived isotopes used as

measures of the average fission rates obtained over the latter stages of

the irradiation period and a possible change in shape of the burn-up pro-

file along an element as a function of irradiation detected. Diffusion or

loss of the volatile fission products such as caesium and ruthenium could

be checked.

Measurement of the activity of an isotope or isotopes which lie on

the sloping sides of the low mass peak of the fission yield curve, which

is sensitive to the mass of the fissioned nucleus, could be used, for ex-

ample, as a measure of the relative fission rate in U-235 and Pu-239 if
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both are present, or formed, in the fuel. This has previously been

attempted [8] using the Pr-144 2. 18 MeV peak and the still higher

energy gamma peaks from Rh-106, but was unsuccessful due to the

poor resolution inherent in sodium iodide crystal spectrometry, and

to the very low relative intensities of the ruthenium gammas. The

method is much more promising if the lower energy gamma peaks

at 513 and 624 keV are used, and these are clearly resolved by means

of a semi-conductor detector.

It is interesting, also, to speculate on the possibility of using

a number of widely spaced peaks from one isotope, for example the

peaks at 133, 695 and 2180 keV from Ce-1 44/Pr-144, to measure

their relative attenuation and hence the effective mass of irradiated

fuel viewed by the collimator of the spectrometer.

In the light of these possibilities, the term "burn-up", usually

specifically defined as the number of fission events per specimen

unit mass, volume or initial fissile or heavy atom, can be extended

to cover as full as possible a description of the irradiation history

of the specimen, although it is obvious that in many cases such de-

tailed information is not required.

The work described in this report is part of a programme de-

signed to study the feasibility, accuracy, precision and limitations

of such measurements. Specimens of different fuel elements of dif-

ferent types, compositions, irradiation histories and cooling times

are being examined by means of a lithium-drifted germanium detec-

tor. This stage of the programme covers only investigation of the

short-cooled fission product spectra of slightly irradiated uranium

and plutonium oxide specimens in order to identify those gamma peaks

which are likely to interfere in burn-up measurements, and to examine

the possibility of utilizing differences in fission yield between U-235

and Pu-239 for estimation of the relative fission rates in mixtures of

the two fissile materials. To facilitate this study two mixtures of UO
L*

and PuO_, in different proportions, were also irradiated and examined.
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2. EXPERIMENTAL

2. ] Apparatus

The detector employed was an RCA germanium lithium-drifted

diode unit SJGG of diameter 1 8. 5 mm, 0. 5 mm lithium diffused layer,

2 mm depletion layer. The power supply and preamplifier units were

built by the Section for Instrumentation of AB Atomenergi, and a Dyna-

tron Type 1430 A unit was used as main amplifier. Spectra were ob-

tained by means of a Nuclear Data 512 channel analyser.

The crystal housing the detector is shown in Fig. 1. The exter-

nal copper rod which is normally immersed in liquid nitrogen in a

Dewar flask, can be unscrewed to permit easy storage of the detector

housing in a deep-freeze unit when not in use. This arrangement under

normal operation gave a resolution of about 4 keV for the Cs-137 662 keV

gamma peak.

A 2 mm thick lead sheet was placed over the detector to harden

the spectrum and reduce the dead time. During previous work using

this arrangement, the detector had been calibrated by means of a series

of IAEA standards placed at various geometries, and the variation of

photopeak counting efficiency with incident photon energy at one of these

geometries is shown in Fig. 2.

2. 2 Irradiation

The four irradiation specimens were prepared by weighing the

various powders by means of a semi-micro balance into small alumin-

ium irradiation cans. These were removed from the glove-box in

sealed plastic bags, and then placed in four larger irradiation cans

which were sealed by welding in the normal manner. A previous ir-

radiation experiment had established the amount of material and the

neutron dose needed to give a suitable counting rate in the detector

over a period of several months.

Specimen 1. 158 mg of "natural" UC>2

2. 135.5 mg of 0. 17 % PuO2< 99.83 %

3. 80. 6 mg of 1 % PuO2. 99 %

4. 5. 4 mg of PuO2
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The isotopic composition of the plutonium used was 91. 68 %

Pu-239, 7. 72 % Pu-240 and 0.59 % Pu-241. The mixed PuO2~UO2

samples were prepared by weighing into the cans the appropriate

amounts of UO? and 2 % PuO?-UO? prepared by the co-precipitation

route.
13 -2 -1

The samples were irradiated in a flux of 3. 2> 10 n. cm sec
for a period of 1 0 minutes.

2. 3 Spectra

Starting after a cooling time of 5 days, the specimens, which

were still in the sealed irradiation cans to permit safer handling,

were examined repeatedly over a period of about 4 months by means

of the semi-conductor detector. About 25 measurements were per-

formed on each specimen over this period. Gain and discriminator

level were selected so that only that part of the gamma spectrum be-

tween 400 and 850 keV - the most important for burn-up measurement -

was observed. Since the activity of the specimens decreased by a large

factor over this period, three different calibrated counting geometries

were used as required.

The spectra were plotted, the Compton background subtracted

graphically and the activity under each peak wa-s calculated. In such

a complicated spectrum this procedure is, of course, imprecise and

inaccurate but is probably the best available. These activities were

then corrected for counting geometry and detector efficiency by means

of the appropriate calibration curve such as that given in Fig. 2. For

each gamma peak the corrected activities were plotted as a function of

time and the half-life or half-lives of the components were determined.

In order to save space these graphs are not reproduced here.

Determination of the energy of each peak was based on calibration

by a series of IAEA standards including Na-22 (511 keV), Cs-137 (662

keV) and Mn-54 (835 keV) and Ru-106 (513 and 624 keV). The accuracy

of the values given in the spectra presented in this report is probably

better than ± 2 keV.
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3. RESULTS AND DISCUSSION

3. 1 Peak identification

Gamma spectra from specimen 1, the natural UO_ sample, after

various cooling times up to 3 months, are presented, in Figs. 3 and 4.

The values given beside each peak are the measured energies in keV.

It is interesting to compare the first of these curves, taken after 5. 5

days cooling with the spectrum of irradiated uranium shown in Fig. 5,

after a similar cooling period of 5 days but obtained by means of a so-

dium iodide detector. In the latter spectrum only three distorted com-

plex gamma peaks at 0. 51 , 0. 65 and 0. 76 MeV are observed, while over

the same energy range the germanium detector permits separation of

21 peaks grouped in three clusters which correspond to these energies.

However, even under these much more favourable conditions, complete

resolution of neighbouring peaks was not possible and, as it will be shown

later, several of the peaks were due to more than one component.

As was expected, the spectra from all four specimens were very

similar. With the exception of the 498 keV peak from Ru-1 03, the re-

lative abundances of the peaks were identical within the limits of accur-

acy of the measurements (probably 15-20 %), reflecting small differences

in yield for fission in U-235 and Pu-239 respectively. The spectrum from

the PuO~ sample, specimen 4, after 6. 5 days cooling shown in Fig. 6

demonstrates this point. It has not been felt necessary to present the

full spectra of specimens 2 and 3 in this report, but the 488 and 498 keV

peaks will be considered later.

Peak identification was carried out by a) measurement of peak en-

ergy, b) determination of the half-life of each peak including estimation

of the half-lives of all components of complex peaks when their half-lives

were sufficiently different and when component intensity was adequate,

c) determination of the activity of each component, corrected back to 5

days cooling, by means of the counts under the peaks and the estimated

half-lives, d) calculation of the activities of possible gamma peaks from

literature values of fission yields, half-lives and gamma branching ratios.

A number of sources were used for these calculations; for fission

yields, the compilation by Zysin et al. [9], and for half-lives and branch-

ing ratios, the Nuclear Data Sheet series [l0] and the compilations by
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Strominger et al. [ i l ] , Crouthamel Cl2], Slater Cl3] and Hawkings

et al. C 14]. As is well-known, there are serious anomalies in the lit-

erature with respect to branching ratios and absolute intensities, and

in some cases the published values were averaged or an estimate made.

The gamma peaks observed in the short-cooled spectra between

400 and 850 keV are listed in Table 1 together with their respective as-

signments. The degree of certainty with which the assignments have

been made are indicated by the letters A, B or C in order of decreasing

certainty.

Use of A implies that the peak energy and half-life agreed very

closely with the literature values and that close agreement was also

obtained between measured and calculated activities. Isotopes assigned

with a certainty B refer to peaks which were poorly resolved during

most of the decay period, and for which the half-life values are less

accurate giving rise to the possibility of a further unidentified compo-

nent. The classification C refers to isotopes which, by calculation,

could be expected to contribute to a small extent but which have not

been unambiguously identified by means of the peak's half-life.

In addition to the peaks listed in Table 1, the peak at 57 6 keV

was quite prominent in the short-cooled spectra; it was shown to have

a 12 day half-life and was identified as the double escape peak from

the La-140 1598 keV gamma activity.

The growth of the 7 67 keV peak due to Nb-95, -which grows into

transient equilibrium with its parent Zr-95, can also be followed from

the curves, and after 3 months it is one of the more important gamma

peaks in the spectrum.

3. 2 Differences between U-235 and Pu-239 fission

As was stated earlier, the spectra from all four specimens were

virtually identical with the exception of the Ru-103 498 keV peak activ-

ity. This can be seen clearly from Fig. 7 which shows the relative ac-

tivities of the 488 keV La-140 and the 498 keV Ru-1 03 peaks of all the

irradiated specimens at roughly the same cooling time. Also included

in the figure are the percentages of fissions from U-235 and from

Pu-239 in each specimen, estimated from the initial fissile atom ratio

and the thermal fission cross-sections of U-235 and Pu-239 respectively.
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These calculated percentages> of course» must be treated, with some

reserve) but they serve to illustrate the point. It can be seen that the

ratio between the two peak heights varies markedly from specimen to

specimen, reflecting the difference in fission yields between U-235 and

Pu-239. (Ba-140 (La-140), 6. 32 and 5. 68 %; Ru-103, 3.0 and 5.8%.)

The average ratios, corrected for detector efficiency and decay,

obtained from ten measurements on each sample after cooling times

between 20 and 35 days are plotted in Fig. 8 against percentage fission

events in U-235 and Pu-239. It can be seen that the slope is steepest

for samples in which only a small fraction of the fissions have occurred

in plutonium, which is the case for the more interesting problems in

burn-up analysis, i. e. natural uranium fuel elements irradiated for

long periods.

However, it should be pointed out that in practice use of this rela-

tionship is rather restricted. The sensitivity is still only sufficient for

an approximate analysis; the short 12. 8 day half-life of Ba-140, the par-

ent of La-140, causes activity saturation after a relatively short irradia-

tion, and even Ru-103 (t, A, 40 days) is sensitive to this effect. Further,

longer irradiation periods will tend to increase the Compton continuum

under these peaks, due to the greater preponderance of higher energy

gamma activity such as from Zr/Nb-95 and Cs-137, reducing the ac-

curacy of measurement.

A more promising approach to this problem which has been men-

tioned previously in this report depends upon utilizing the large differ-

ence in the fission yields in U-235 and Pu-239 of Ru-106 (t, /-, 1 year)

which is much less sensitive to saturation effects. The published values

of fission yield are 0. 38 % and 5. 0 or 4. 57 % respectively C9l.

This large difference in fission yield - a factor of about 1 2 - is

demonstrated by comparison of the spectra after 3 months cooling for

uranium (Fig. 4) and for plutonium (Fig. 6). In the uranium spectrum

the only peaks visible (after short irradiations) are the 488 keV peak

from La-140, the 498 and 610 keV peaks from Ru-103, the 726 and 757

keV peaks from Zr-95 and the 767 keV peak from Nb-95.

All these peaks are visible in the plutonium spectrum but in addi-

tion the two peaks at 513 and 624 keV due to Ru-106 are already clearly
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resolved. A detailed study of the use of the Ru-106 peaks in burn-up ~~

measurements will be described in a report to be published soon and

this interesting approach will not be considered further here.

4. CONCLUSIONS

By means of the good energy resolution of the germanium detec-

tor used, it has been possible to resolve and identify a large number of

gamma peaks which contribute to the short-cooled fission product spec-

trum of irradiated uranium and plutonium. The importance for burn-up

measurements of Ru-103, and more particularly Ru-106, whose fission

yields in U-235 and Pu-239 are significantly different, has been demon-

strated and the restrictions on such use briefly considered.
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Table 1 Peak identification

Energy
(keV)

424

433
440

488

498

524

532

539

632

639

653

660

669

718

726

740

757

773

815

La-140
Ba-140
+La-140

La-140

Ru-103
1-132

1-133
Ba-140

1-132

1-131
1-132
Ce-143
1-132
1-133
Zr-95

Mo-99
Zr-95
1-132
La-140

(showing

A

A

A

A

A

A

A

A

B

B

B

A

C

A

A

A

A

A

Assignment
degree of certainty)

Nd-147

1-131
Nd-147

Ce-143

La-140

Mo-99

C

C

A

C

B

B

1-131 C
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