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ABSTRACT 

A californium shuffler originally designed to assay hollow cylindrical pieces of UAI 
has been modified to assay solid cylinders. Calibration standards were characterized 
via chemical analysis of the molten UAl taken during casting of the standards. 
melt samples yielded much more reliable characterization data than drill samples 
taken from standards after the standards had solidified. By normalizing one well- 
characterized calibration curve to several standards at different enrichments, a . 
relatively small number of standards was required to develop an enrichment- 
dependent 'calibration. The precision of this shuffler is 0.65%, and the typical 
random and systematic uncertainties are 0.53% and 0.73%, respectively, for a six 
minute assay of an ingot containing approximately 700 grams of 235U. 
will discuss 1) the discrepancies encountered when UAl standards were characterized 
via melt samples versus drill samples, 2) a calibration methodology employing a small 
number. of standards, and 3) a comparison of results from a previously unused 
shuffler with an existing shuffler. A small number of UAl standards have been 
characterized using samples from the homogeneous molten . state and have yielded 
enrichment-dependent and enrichment-independent calibration curves on two 
different shufflers. 

The 

This paper 

INTRODUCTION 

The mission of one Savannah River Site (SRS) facility has changed from production 
of reactor fuel tubes to melting of fuel tubes and casting of the molten UA1 into ingots 
for shipment to Y-12. 
must be assigned to each ingot before it can be shipped to Y-12. 

A 235U accountability value that is based on measured 'values 

To meet the aggressive shipment schedule, two assay instruments were required. The 
Scrap Shuffler began routine operation in 1980 and' was partially refurbished in 1993 
to prepare it for' thousands of assays over the next three years. 
referred to as Shuffler A (SA). 
operation. I The Billet Shuffler was delivered in 1991, calibrated, 
1992, never -reaching routine operation for billets. 
of its design and operation. 
lost time in'the'shipment schedule. 

This shuffler is now 

and shutdown in 

The Billet Shuffler was resurrected in 1994 to recover 

See Reference 1 for a discussion of its design and 

See Reference 2 for a discussion 
, 

It is now known as Shuffler B (SB). 
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STANDARDS 

Twenty-eight standard ingots .were produced from five melts of three different 235U 
enrichments. 
ingot. These samples were analyzed in duplicate by Davies-Gray titration for weight 
percent (wt%) uranium in the UA1. The samples were then analyzed for wt% 235U in 
uranium by mass spectroscopy. These laboratory values were combined with the 
total mass measurement to calculate the 235U mass values for the standards. The 
uncertainties in ,  ,the standard values were then calculsted by propagating the . 

variances in the total mass, wt% U, and wt% 235U. 

One sample of the molten UAl was pulled during the- pouring of each 

. 

Rather than rely on a single sample per ingot, an average across the melt was used to 
represent the wt% U and wt% 235U for each ingot from a melt. 
homogeneous in aluminum only in the molten state. 
forms several compounds with aluminum of the form UAlx (Reference 3). 
subsequent homogeneity study of the ingots indicated that a melt is indeed 
homogeneous.  

Uranium is 
In the solid state, uranium 

A 

The results of three analyses of wt% U are shown in Table 1. 
were determined to be outliers by the method of Dixon (reference 4). 
were analyzed by both the SRS Analytical Laboratory and New Brunswick Laboratory 
(NBL). The drill samples taken from ingots at Y-12 were analyzed by NBL also, 
Comparisons between the SRS melt data and the other two analyses are presented 
where possible. 
corresponding melt from which the ingot was produced. 
the dash in the ingot ID is the melt number from which the ingot was produced. 
SRS and NBL melt results are close (average difference of -0.51%). 
results differ from the SRS melt sample results by an average of -4.4%. 
mean relative standard deviation of the melt analyses is much smaller than the 
corresponding value for the drill samples. 
for the U to be concentrated near the bottom of the ingot. 
of the heterogeneity of the UAlx compounds in the solid ingot. 
and solidified from its homogeneous molten state, different UAlx compounds formed 
and sank through the less dense molten UAl. 
yielded enrichments that were within a few tenths of a percent of the enrichments 

The numbers in bold 
Melt samples 

The drill sample results for -each ingot are compared to the 
The number to the left of 

The drill sample 
Also, the 

The 

The general trend in the. drill samples was 
This variation is the result 

As the ingot cooled 

The analyses of the drill samples 

'of the melt samples. 

'Table 1 Melt Sample Analyses vs. Drill Sample Analyses 

SRS Melt Samples wt% u 
Melt  1 Melt 2 Melt 3 
0.22087 0.32308 0.16158 
0.19382 0.30668 0.16305 
0.22197 0.30685 0.16330 
0.22158 0.30598 0.15916 
0.22056 0.30756 ' 0.15765 

0.30736 

Mean wlo bold 
Stdev wlo bold 
Relative stdev 
Mean rel. stdev 

0.2212 
0.00064 

0.29 

0.3069 Oil609 
0.00062 0.00282 

0.20 . 1.76 

Melt 4 Melt  5 
0.11604 0.17438 
0.18439 0.16576 
0.18669 0.16540 
0.18546 0.16364 
0.19404 0.16351 

0.16339 

0.1876 . -0.1646 
0.00437 0:00114 

2.33 0.69 
1.05 



NBL Melt Samples wt% u 
Melt , 1 Melt 2 '  Melt 3 
0.21897 . 0.30877 0.16200 

. 0.30885 0.15925 , 

Mean  0.21897 0.30881 0.16063 

Mean %delta 
%delta wl SRS -1.01 0.62 -0.17 

Y-12 Drill Samples 
Ingot ID 5 - 6  

B o t t o m  0.15706 
0.15984 
0.15395 

, .  0.15862 
0.15209 

TOP 0.14755 

Mean  0.15485 
S tdev 0.00460 
.Relative stdev 2.97 
%delta wl SRS -6.10 

Y-12 Drill Samples 
Ingot ID 1 - 2  

B o t t o m  0.24358 
0.237 14 
0.20283 
0.21232 
0.18350 

TOP 0.19978 

Mean  0.21319 
0.02309 

10.83 
S tdev 
Relative stdev 
%delta wl SRS -3.69 

Mean rel. stdev 
Mean %delta 

wt% u 
'10-5 

0.22630 
0.25 172 
0.23202 
0.20404 
0.13558 
0.15390 

0.20726 
0.03 69 1 

17.81 

wt% u 
6 7 - 2  

0.277 8 2 
0.273 19 
0.27214 
0.26406 
0.2243 1 
0.19519 

0.25 112 
0.03363 

13.39 

1 2 - 6  
0.30732 
0.28826 
0.27 124 
0.233 15 
0.22012 
0.20616 

0.25438 
0.04046 

15.90- 

2 - 4  
0.30532 
0.29523 
0.29870 
0.30014 
0.29556 
0.26598 

0.29349 
0.01397 

4.76 
-4.47 

Melt 5 
0.16355 
0.16344 

0.16350 
-0.67 
-0.3 1 

5 - 5  
0.16466 
0.16034 

0.15928 
0.15275 
0.15666 

0.16006 ' 

0.15896 
0.00399 

2.5 1 
-3.49 

2 3 6 - 2  . 

0.29308 
0.29226 
0.28800 
0.29800 
0.28752 
0.30131 

0.29336 
0.00546 

1.86 

8.75 . 

-4.44 

[Note: Ingot ID = 5-6 means ingot number 6 from Melt 5.1 

CALIBRATION 

Fifteen of the, original 28 standard ingots were used to calibrate SB. Twelve standards 
had been shipped to Y-12 to calibrate their Active Well Coincidence Counters, and the 
final standard is the daily check standard for SA. Since it has an assigned 235U value 
nearly identical to one of the 15 calibration standards, it was not required to calibrate 
SB. 



Each standard was assayed at least five times in random order. 
standard was assayed at least at the beginning and end of each 
that the shuffler was operating properly during the calibration 
response of the assays was used as the dependent variable in a 
standard 235U mass value. 

E n r i c h m e n t  
Mean NF 
Standard deviation 

The daily check 
assay session to ensure 
assays. The mean 
regression on the 

58:298% 79.749% 
1.0451 0.9744 
0.003'1 0.0026 

Several of the standards are approximately one half the height of the others. To 
fabricate standard ingots o f ,  different masses from a uniform melt, the heights of the 
standards must be varied. The scanning of the californium source along the height 
of the ingot negates any height-dependent effect. , 

The nine , standards of 66% nominal enrichment were used to define a calibration. 
equation of the following form at that enrichment: 

Response (66%) = R66(g 235u) = a66 * (g 235u)2 + b66 * g 235U. 

The constant term was not significant for the regression analysis, consequently, it 
was removed from the model. 

SB and another active neutron nondestructive analysis instrument in the facility 
have yielded families of calibration curves for items similar in geometry but 
differing in enrichment. To minimize the number of standards required for 
calibration, three standards each at 58% and .80% enrichments were then used to 

, normalize the 66% curve to these enrichments. The normalization factor (NF) was 
the ratio of the mean measured response for the ingot to. the calculated response 
using the known mass of the standard ingot in the 66% calibration curve. That is, 

Mean. Measured Response from SB 
R 6 6  (s tandard mass) NF - 

A normalization factor was calculated for each standard ingot. The mean of the three 
normalization factors for each enrichment was used as that enrichment's 
normalization factor. 

Table 2. Normalization Factor Results 

The normalization factor was then multiplied by the 66% calibration coefficients to 
yield coefficients for the 58% and 80% enrichments. The uncertainties in the 58% 
and 80% enrichment coefficients were calculated through propagation of variances. 
The uncertainties in the normalization .factors were estimated by the standard 
deviations of the normalization factors calculated for each standard for each 
enrichment. ' The calibration curves are compared to the data in Figure 1. 

The estimated random and systematic unce-rtainties of ingots with approximately 700 
grams of 235U are 0.53% and 0.73%, respectively. This results in a total uncertainty 



of 0.90%. 
grams of 235U was 0.65% for an assay time of six minutes: 

The measured precision for the daily check standard of approximately 700 

COMPARISON WITH SHUFFLER A 

The need for an enrichment-dependent calibration was' illustrated when ingots 
assayed on SB using an enrichment-independent calibration differed by an average 
of 30 grams of 235U from the same ingots assayed on SA. The three ingots contained 
uranium enriched to 58% in 23 U. The enrichment-independent calibration curve 
was developed using five 66% and two 80% standards. A 58% standard was excluded 
from the original analysis as being an outlier. Any enrichment term was found to be 
not statistically significant in the original regression. Empirically; it was discovered 
that enrichment is a significant factor in the calibration. 

After the knrichment-dependent calibration discussed above was installed on SB, 
seven ingots of nominal 58% enrichment that were assayed originally on SA were , 
subsequently assayed on SB. The results, which demonstrate good agreement 
between two . very different shufflers, are listed ' in  Table 3. 
neutron spectrum tailoring to eliminate any enrichment dependence of the shuffler 
response,' rotates the sample, and uses a measured height correction to compensate 
for its lack of source scanning. SB has no californium neutron spectrum tailoring, so 

It does not rotate the sample, and 
it does scan the neutron source along the long axis of the ingots. 
differences, the two shufflers yield results, on average, approximately equal to each 
other. The standard deviation of the differences is approximately equal to the 
average of - the estimated uncertainties for both shufflers, 7.5. 

SA employs californium 

I there is an enrichment dependence in its response. 
Despite these 

Table 3. Comparison of ' Shuffler B with Shuffler A 

Shuffler A 

Mean difference -0.13 
Standard deviation 7.4 

FUTURE 

Assay of compacted, rather than cast UAI will be tested on SB and SA. 
the compacts is expected to be similar to the density of the ingots, so the current 
ingot calibrations should yield correct 235U mass values. 

The density of 

Y-12 receipt measurements of the ingots using two AWCCs will be performed. The 
AWCCs will be calibrated using the 12 standard ingots not employed by SRS during 
this calibration, but they were cast at the same time as those used in this calibration. 



The comparison of data from two very different shufflers and two AWCCs will be not 
only mandatory, but interesting as well. 
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Figure 1. Response vs.  Relative Standard Mass. 

The.end points for the 58% and 80% enrichment.curves are for illustration 
purposes only; they do not represent data from standards. 
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