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ABSTRACT

Measurement of uranium in highly enriched reactor fuel sticks has been
achieved by elaboration of the method of Amiel. Calibration of the method was
achieved by three methods: comparison of dissolved sample with aqueous
standard, comparison of sample with handcrafted standard stick, and the extra-
polated-aliquot procedure. Precision and accuracy of < 0. 5% relative are
achieved in <2 minute measurement time on a production basis. Precisions of
<0. 1% relative are achieved in replicate measurements.

INTRODUCTION '

The measurement of U in reactor fuel sticks is an important task in
the construction of Gulf General Atomic's HTGR reactor cores, which incorpor-
ate numerous such sticks of approximately 1.4 cm diameter by 5 cm length and
over one hundred milligrams 235y content (actually from 105 mg to 255 mg

U over all production types). Inasmuch as the exact uranium enrichment has
been determined by mass spectrometry, it is possible to carry out the necessary
measurements by determination of total uranium. However, the sticks are
comprised of highly refractory particles in which highly enriched uranium, as
the carbide, is coated with graphite and silicon carbide. It is difficult and time
consuming to thoroughly crush and extract the uranium from the samples for the
more traditional methods of analysis. Therefore, an elaboration of the delayed-
neutron method of Amiel^ for the neutron activation analysis (NAA) measure-
ment of 235ц w a s devised, and it has been successfully applied to the task at
hand.*2)
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The delayed-neutron method is direct and rapid, since it basically re-
quires only that the sample be irradiated with thermal neutrons to fission
235u an{j then counted with neutron detectors to measure neutron-emitting
fission products. However, in the samples of interest significant self-shielding
effects were present. As a consequence," application of the delayed-neutron
method was carried out within the context of a difficult standards problem. The
operations required to transform fuel sticks into simple solutions that might be
directly comparable to primary standard solutions are regarded as potential
sources of error. Similarly, the construction of primary standards in the
form of fuel sticks involves operational sequences that are potential sources
of error. Thus, although both of these approaches were used, the method of
varying sample size, with extrapolation of response vs sample weight to zero
sample weight, was also used for standardization purposes, as will be de-
scribed. This will be called the extrapolated-aliquot method. Upon achieving
a consistent definition of response function by all three methods, which in-
dicated a minimum, chance of error, secondary standards sufficed to maintain
accuracy of measurement.

EXPERIMENTAL

Apparatus and Basic Procedure "

Samples and standards.were contained in sealed polyethylene vials.
They were irradiated by insertion through a pneumatic transfer system into
the F-Ring of a TRIGA Mark I reactor. At the end of the irradiation, they
were delivered directly to the counting station. Samples were processed
sequentially.

Electronic timers were utilized to control the sequence of operations.
As the sample entered the core of the reactor it passed a photo-sensor, which
started one timer; as it returned from the core it was again sensed, which
stopped the timer. At the same time another timer was started which con-
trolled the delay time before starting the count and the duration of counting.

The counter was comprised of 6 high-pressure, 2-inch diameter by
12-inch long BF3 tubes imbedded in a block of polyethylene such that their
centerlines were 6. 35 cm from the center of the sample annulus. Its efficiency
for counting delayed neutrons was 7%. • .•

. In early experiments the experimental cycle consisted of a 45 second
irradiation, 40 second delay, and 60 second counting period. Later, the cycle
was revised to 30, 30, and 50 seconds, respectively, which enabled a faster
throughput of samples without a significant sacrifice of precision.

Reactor power during irradiation was inversely proportional to the
level of 235u in the sample, being 25 watts for 100-400 mg of 235U, 250 watts '
for 10-40 mg of 235u, etc. Thermal rieutron flux at the sample position was
~ 10? n/cm2-sec per watt. Thus, <10*0 fissions occurred in any.given sample
irradiation. . •

Samples and Standards . . [ .

In addition to the fuel sticks described earlier, which were non-destruc-
tively analyzed, four aliquots, weighing on the order of 300, 500, 8Ö0, and
1, 000 mg, were prepared from each of several crushed and ground individual
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sticks. Also, in several instances sticks were crushed,- ground, burned (to
burn off graphite), reground, and dissolved to obtain aqueous solutions. The
dissolution procedure did not dissolve the residual silicon carbide; thus the
solution was filtered prior to analysis. • Fuel sticks and aqueous solutions
were contained in 2 dram polyethylene vials, and aliquots were contained in
1 dram.polyethylene vials.

Aqueous solution standards were prepared from NBS U-930, 93.2
weight percent 235|j j supplied as U3O8. Solid standards were prepared from
UO2, in which 93. 15% w of the uranium was 235y, For comparison with
aliquots of crushed and ground rods, a series of standards weighing from 0. 3
mg to 25 mg were prepared by weighing into 1 dram polyethylene vials and
adding sufficient graphite to simulate the sample material: the UO2 and grap-
hite were mixed after the vials were heat-sealed. For direct comparison with
sticks, special sticks were hand-crafted with accurately weighed and analyzed
particles prepared from the UO2.

A set of 20 sticks were selected as permanent secondary standards.
These were chosen from a much larger number of randomly selected samples
from the production line. Two of these sticks were incorporated in each group
of samples that were run for normalization purposes.

One difficulty with crushed and ground sticks, whether burned and re-
ground or not, was the fact that they were not strictly homogeneous. This
was disclosed by microscopic examination, and the effect is reflected in the
comparison of results obtained from whole sticks and ground sticks. Also,
it was found, via NAA, that from 0. 01 to 0. 1% relative of U was lost in the
preparation of aqueous solutions from sticks.

Experiments and Results

As a preliminary test of procedure, aqueous solutions of uranium pre-
pared from 93.15% enriched UO;> in a separate laboratory were analyzed
against the aqueous standards prepared from UjOg. The 45s-40s-60s cycle
was used, and each sample was run in duplicate with 1. 00 ml aliquots. In
addition, in order to test the effect of sample size, 0. 4 ml, 0. 6 ml, 0. 8 ml,
and 1.0 ml aliquots of our 10.01 mg 235у/т1 standard were cycled. Results
were as follows:

UC*2 Solutions,
Counts per ml.

Sample A
96,077
96,310

96,193

Sample Б
36,264
35,925
36,094

0.
25,
25,
25,

4 ml
859
916
887

Standards,
Counts per
0. 6 ml
26,078
25,987
26,032

0.
25
25
25

mg 2-
8 ml
,927
,978
.952

35u

1.0
25,
25,
25,

m l
645
678
661
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Since a definite dependence on sample size was not evidenced, the
average of all standard values, 25, 883 counts/mg U, was used in the cal-
culations of total U in the samples:

Uranium concentration, mg U/ml
As Prepared NAA Results

1.500 1.497
3.999 3.990



Two groups of sticks were crushed, ground, burned, and ground, and
aliquots were analyzed by NAA in this laboratory and by wet-chemistry (gravi-

metric) in a separate laboratory with the following results:

Percent U in Prepared Material,
. • Average Results

Wet Chemistry
2.85
1.74

(a) by the extrapolated-aliquot method

Avg.
2.85
1.75

The extrapolated-aliquot method is described for the Group 2 material as
follows (45s-40s-60s cycle, 250 watts reactor power):

Sample Standard
Aliquot

1
2
3
4

Weight, g.
.26260
.52145
.81560
.98115

Counts/g.
385,905
377,366
360,919
368,996

" Й У , mg.
4.403
5.256
7.090

11.286

Counts/mg.
22,564
22,379
21,849
21,206

Extrapolation from these data points to zero sample weight by least
squares fitting gave attenuation-free specific activities of 390,720 counts per
gram and 23,630 counts per millfgram for sample and standards, respectively.
This indicates 16. 5 mg 235-JJ p e r gram of sample, or 1. 76%w U.

The RMScr of these results, which is +0. 5% relative, is typical of those
obtained in numerous inter comparisons between wet-chemistry and NAA.

In order to obtain the relationship between counts obtained from whole
sticks to their uranium content, a series of sticks from each production type
was repeatedly cycled through the basic procedure together with secondary
standards. The sticks were then sacrificed to destructive analysis to obtain
their uranium content. In this manner a curve of uranium content vs delayed-
neutron counts was obtained. The method was utilized for both hand-crafted
and production sticks.
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results:
For example, a series of six production sticks gave the following

where each was cycled 3 times in the longer cycle:
Analytically Determined

TJ Content, mgStick
1

2
3
4
5
6

Stick/Secondary Standard
0.69Ю
0.6954
0.6914
0.6978
0.7012
0.6958

190
193
192
192
194
192

Avg.

Having established the soundness of the approach, the number of cycles
was increased to 28 for each stick type with the result that the U/R factor was
determined to ±0.15% relative (la) for each type. Curves of Stick/Standard
counts vs uranium content were.established for both the 45sr40s-60s and 30s-
30s-50s cycles in this fashion. These curves were then used in the direct
determination of uranium, in sticks by comparison with the secondary standards.
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.For example, the curve for the 30s-30s-50s cycle goes through the
following points:

Count Ratio,
Stick/Standard

0.4
0 . 5
0 .6
0.7
0 .8
0.9
1.0

U, mg/stick
109.0
137.6
166.7
196.4
226.6
257.4
288.8

<•

Once the stick/standard count ratio is obtained for any given stick, its uranium,
content may be read directly from the curve.

Of course, it has been necessary to maintain records with respect to
the performance of the secondary standards. This was achieved by including
a permanent trio of production samples in each group of sticks to be analyzed.
The stability of the stick/standard ratios of the trio is illustrated by the
following:

Count Count
Ratio Date Ratio

4 .988 Feb. 24 .980
5 .989 25 .991
6 .990 28 .985
11 • .987 29 .993
12- .983 March 1 .991
13 .984 2 .990
15 .988 - 3 .986
16 .987 5 .992
17 .986 ' 6 . .982
23 .991 7 .988

Avg. Ratio = . 987+,. 0037 (+0.37%, relative) . ' .
These results demonstrate the stability of the equipment and procedure to be
quite good.

In addition, handcrafted sticks, each constructed to contain 137 mg of
uranium, were distributed for analysis by several methods, and five were
retained for checking the performance of the NAA method from time-to-time.
The various sacrifical methods gave the following results:

Method
NAA, extrapolated-aliquots of ground rod
NAA, extrapolated aliquots of ground and

burned rod
Wet-chemistry
X-Ray fluorescence, laboratory a
X-Ray fluorescence, laboratory b

U, mg/stick
139

137
135
140
137

Avg. 137.6+1.9
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The rather large standard deviation of the average exceeds that expected from
test's of each method's precision and accuracy, which suggests a random error
contribution arising-from the construction of the sticks. However, the five
sticks retained were cycled several times with the following results, wherein
the results were obtained from the stick/standard count ratios:

U, mg/Stick,
Average of Five

138. I
137.3
137.4
137. 8

Average 137. 7+0. 14 (+0. 29%, relative)

The results obtained from the handcrafted rods further attest to the
accuracy, precision, and stability of the method.

DISCUSSION AND CONCLUSION

Quite obviously, the data presented herein has been multiplied many
times in the necessary effort to establish and maintain the method's accuracy
and precision, and the space required for a complete display of all the data
in this work would be prohibitively large. However, the data presented are
typical and represent the kind and quality of data obtained in this work.

The delayed-neutron method lias been developed to the point where pro-
duction fuel sticks of approximately 6 mi volume, weighing about 11 grams,
and containing from 105 mg to 255 mg of ^3^U, can be analyzed to a precision
of better than 0. 5% in a non-destructive and rapid manner, The method has
been used to analyze many thousands of production sticks and can easily analyze
24 sticks per hour, including the processing of secondary standards and other
reference samples.
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