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EVALUATION OF PuO2 HOMOGENEITY 1IN Pu02-U02 FAST REACTOR FUEL
BY SCANNING ELECTRON MICROPROBE

D. A. Stranik
H. G. Powers
G. A. Last

ABSTRACT

Quantitative characterization of a
(Pug,25Up.75)02 fuel pellet matrix was accom-
plished by scanning pellets with an electron
microprobe for PuO2 concentration sizes of Pu0
enriched or. depleted zones and separation dis-
tance of such zones. Statistical analyses of
the data indicated less than 1 percent proba-
bility of occurrence of zones with peak Pu0y
concentration greater than 50 wt% and less than
1 percent probability of occurrence of Pu02
enriched or depleted zones having diameters
greater than 50 microns. This technique enabled
a mathematical model to be developed relating
fuel pellet characteristics to a figure of merit
which describes the homogeneity of mixed oxide.
fuel in terms of the degree of uniformity of
energy deposition (or temperature rise) under
reactor transient conditions in the UO2 content

"of the fuel. By definition, the local figure of
merit, M, at any point in the fuel is equal to
the ratio of the local rate of deposition of
energy as compared to that which would exist in
a homogeneous fuel of average composition. Since
the model used in the development of the figure
of merit does not allow for diffusion of energy,
the figure of merit represents the limiting ther-
mal response of mixed oxide fuel under transient
conditions. The model defines a term (Dy) as the
product of the calculated local heat generation
rate and local U0, concentration.
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‘ Dx = KS cPuO * K4 l-cPuO CUO
2 2 2
X X X
. 1.9+% - 0.05%
using Ke =379 +0.05 99 Xy, =79 70,08
p, = fo.026 + 0.948 T _ 1-¢, ,
2 2
X . X
D
M =
X

6! o

where ﬁx is that calculated for a homogeneous fuel.

A test was designed to verify the model .and to
determine the homogeneity of pellets with a wide
range of homogeneities based upon previous alpha-
autoradiogrphs. The powder preparation varied for
the four pellets. Results of the test indicated
that the approach was feasible.

. In order for industry to use this model to
establish homogeneity in the fuel for the FFTF, it
was determined that the. correlation between figure
of merit and alpha-autoradiography would be devel-
oped. This would permit the utilization of a rela-
tively inexpensive and simple test method. Standards
were made having a range of figures of merit which
were then alpha-autoradiographed. These standards
of known homogeneity are compared to pellets with-
unknown homogeneity by using alpha-autoradiographs
taken at the same time. From this visual comparison
with the standards, a figure of merit for the unknown
pellets can be determined. This method of relating
the figure of merit to alpha-autoradiography makes
the homogeneity specification feas1b]e for industrial
measurement and use.

iv
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EVALUATION OF PuO2 HOMOGENEITY IN Pu02-U02 FAST REACTOR FUEL
BY SCANNING ELECTRON MICROPROBE
D. A. Stranik

H. G. Powers
G. A. Last

INTRODUCTION

Evaluation of the effect of variations of concentration
within a mixed oxide fuel pellet on the Doppler coefficient
and thermal performance requires knowledge of the sizes of
plutonium enriched areas, plutonium concentrations and inter-
area distances.

The purpose of this report is to provide'the theory and
the experimental data for measuring homogeneity of fuel pel-
lets based on the functional performance requirements of
the fuel in the reactor. The functional performance is the
thermal response of the mixed oxide fuel under transient
conditions. '

Assessment of process capabilities for controlling fuel
pellet homogeneity has been lTimited in the past by the lack of
an_accurate quantitative measurement method. The volume, the
average concentration of p]utbnium in enriched or depleted
zones, and interzone distances have an important effect on
performance of the fuel pellet; therefore, these features
should be determined by the measurement method. The alpha-
autoradiography technique at its present stage of develop-
ment does not provide the desired accuracy in determining the
size of enriched or depleted zones, and provides no quanti-
tative data concerning‘PuO2 concentration of such zones.
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SUMMARY

A method for quantitative measurement of fuel pellet homo; l
geneity has been developed which in turn has permitted the
deve]opment of an improved homogeneity spec1f1cat1on

Quantitative characterization of the fue] pellet matr1x
was accomplished by scanning the pellets with the electron
microprobe for Pu02 concentration, sizes of P.uO2 enriched or
depleted zonés, and separation distance of such zones,

Pellets from 23 sintered batches of fuel were sampled and
analyzed. The (Pu0 25 0. 75)0 fuel pe]]eté were fabricated
from mechan1ca11y b]ended mixed oxides by ballmilling, press-
ing, and s1nter1ng. Three pellets from each batch were sec-
tioned and scanned using the.microprobe. Two were mounted as
transverse sections and one as a longitudinal section. The
pellets were 0.212 inch in diameter and 0.250 inch in length.

[

The microprobe data were used in'establishing an addi-
tional hbmogenéity model based- upon an oxide matrix represen-
tative of typical productioh control capabilities and includ-
ing the effects of localized- heat1ng due to zones of vary1ng
size, enrichment, and segregation.

Statistical ana]yses of the data indicate less than 1‘per¢
cent probabi]itonf occurrence of zones with peak Ph02<concen-
.trations greater than 50 wt% and less than 1 percent probability
of occurrence of enriched. or dep]éted PuO2 zones héving diam-
eters greater than 50 microns. '

This mathematica1 modeT relates fuel pellet characteris-
tics to a figure of merit which describes the homogehéity of
mixed oxide fuel in terms of the degree of uniformity of energy
deposition (or temperature'rise) under transient conditions in
the UO2 content of the fuel. "By definition, the local figure
of merit, M at any po1nt in the fuel is equa] to the ratio of
the local rate of energy deposition at that point as compared

2 v
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to that which would exist in a homogeneous fuel of average com-
position. Since the model used in the development of the
figure of merit does not allow for diffusion of energy, the
figure of merit represents the limiting thermal response of

UO2 + PuO2 fuel under transient conditions. A mean value of

M of 0.9 was established as meeting FTR requirements.

_ Microprobe data from three (Pu0.25U0.75)02.fue1 pellets
with three different degrees of homogeneity were analyzed to
test the model. The powder preparation was varied for the
four pellets; Pellet 1 was wet ballmilled 116 hours, Pellet 2
was dry ballmilled ~40, Pellet 3 was dry balimilled ~20, and
Pellet 4 was dry ballmilled ~10 hours. Results of the test
indicate that the four pellets were greater than M = 0.95.

DESIGN OF TESTS

Two tests were designed in order to derive the homogeneity
model. The first test was designed to determine quantitatively
by use of the scanning electron microprobe PuO2 concentrations,
sizes of PuO2 enriched or depleted zones and the frequency of
occurrence. The pellets were irradiation test pellets taken
from 23 sintering batches. From the data, a theoretical homo-
geneity model was established based on heat generation rates
and energy dispoéition within the UOZFPuO2 pe11ets.' A second
test was designed to verify the model and to determine the
homogeneity of several pellets with a wide range of homo-
geneities based on a]pha—autohadiographs.

DISCUSSION

EXPERIMENTAL PROCEDURE

Pellets from 23 sihtering batches were selected at ran-
dom for electron microprobe analyses. The (PuO 25U 75)02
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fuel pellets were fabricated from mechanically blended mixed
oxides, ballmilling, binder addition, pressing, and sintering.
Three pellets from each batch were sectioned, polished, and
scanned usino the microprobe, Two pellets from each‘sinterﬁng
batch were mounted as transverse sections and one as a longi- .
tudinal section. The pe]]ets were approx1mate1y 0.212 inch in
d1ameter and 0.250 inch in lTength.

The microprobe measurements were obtained using a 1 micron’

beam diameter and a scanning speed sufficiently slow to elimi-.
‘nate errors due to instrument response time. The .narrow beam
was used in order to reduce the averaging effect of larger size
beams and to better resolve concentration gradients.

The intensity'of characteristic X-rays of plutonium and
uranium was measured and related quantitatively to percent
Pu02 and UO2 in the volume of material excited by the electron
beam. This volume is in the order of 1 to 1.5 cubic microns.

An e]ectron microprobe, MAC Mode1 400 S/N 110 was used
having three X- ray spectrometers with separate count1ng chan-

. nels. The focusing crysta]s measured X-rays with wave lengths ‘t

in the 3.4 to 4.2 angstrom range.

‘A simultaneous. reading of peak and background X-ray counts
were recorded for plutonium and uranium X-ray. This was done
by reading the background on a third spectrometer ahd»relatjng
this background to the background of‘plutonium and uranium
X-rays on the other spectrometers The reiationship of‘the.
third spectrometer background reading 4,1583 angstroms to
Spectrometer 1 and 2 was as fo]]ows

Background Spectrometer 1 = 3. 5 + 0.345 (Spectrometer 3)

Background Spectrometer 2 3.5 + 0.827 (Spectrometer 3),

«l
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These equations were found by plotting the average plutonium
background and average uranium background versus Spectrom-
eter 3 background for various specimen current on a'Pqu-UO2
pellet. The average plutonium background was found by averag-
ing readings at 1.270 and 1.370 on a LiF calibrated scale
using an ADP crystal. The average uranium background was
found by averaging readings at 1.450 and 1.520 on a LiF cali-
brated scale using an ADP crystal. The X-ray fntensity from
the third spectrometer was measured at a setting of 1.916 on

a LiF calibrated scale using a PET crystal. A minimum of five
sets of X-ray intensity readings were measured at any one
spec{men current setting. Five different specimen current
settings were used. The detector high voltage was changed

for one of the channels to achieve linearity..

The uranjum Mo (3.924 angstroms) was measUred on Spec-
trometer 1, plutonium Mg (3.515 angstroms) on Spectrometer 2,
and the background on-the third spectrometer.

An accelerating .voltage in the range of 15 to 30 kV was
used. Interference from high ‘order L lines was eliminated by
pulse height analysis.

The relationship of plutonium and uranium concentration
to the measured relative M line intensities was found to be
linear with no correction needed for absorpt1on, f]uorescence,
or atomic number. Other investigators have also found this

1inearity,(]’2)

For the 10 second counting duration there is a 95 percent
confidence that 95 percent of the measured X-ray .intensities

for a 25 wt% sample will be between the fo]1ow1ng 11m1ts,
assuming a purely homogeneous matr1x
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Counts/sec wt
1000 24.50 to 25.50
2000 24.65 to 25.35

4000 24.75 to 25.25

The results of the scans were printed out on charts for
analyses. The data were obtained from the charts by recd%ding
the PuO2 conceéntration and size of each indicated enriched
or plutonium depleted zone.

EXPERIMENTAL RESULTS

Pellets from 23 sintered batches of.fuel were sampled
and analyzed. The (Pu0.2'5U0'75)02 fuel pellets werg_. 4
fabricated from mechanically blended mixed oxides by ball-
mi]iing, pressing, and sintering. Three pellets from éach
batch were sectioned and scanned using the microprobe. Two
were mounted as transverse sections and one as a longitudinal
section. .. The pellets were 0.212 inches inAdiametér and
0.250 inches in length.. - |

The data printed on strip charts were analyzedvby deter-
mining the concentration of plutonium enriched zenes within
the pellet, the size of the Puo, enriched or dep]eteduzones‘
at the matrix composition of 25 wt%,and the separation
distance of such zones. ' '

The mathematical model for the three-dimensional graph 
of weight percent Pu02; width of peak at 25 percent PuO2 and
frequency -of occurrence showing the probability of Pu02Adis-

tribution within a pellet is given below: Let the twofdimensionai

random variable (x,y) have the joint density

~
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- ® < X < o,

- ® < y < oo

where Oys Oy’ My “y’ p are constants such that

-1 <«<p<«l, - o < My < wy

0 < Oy
O<0' —Oo(U < o
.y’ y ?

Then the random variable is said to have a bivariate normal
distribution. |

The bivariate normal distribution of interest is the one
for the following two variables:

log, (width of peak at 25 percent concentration)

X

y = wt% concentration

Estimates for the constants were obtained from the analysis
of microprobe measurements made on ten samples from a series
of 23 sintering batches of fuel pellets with 25 wt% PuO,

concentration. The estimates are:

'0223- o

by = 0.916 o= -0.0632
A\ \

= 25, = 7.
uy 0 oy 7.0

The shape of this three dimensional graph is shown in Figure 1.
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Statistical analyses of the data indicate less than
1 percent probability of occurrence of zones with peak PuO2
concentrations greater than 50 wt%. They show less than 1 per-
cent probability of occurrence of enriched or depleted zones
having diameters greater than 50 microns. Thus, the fuel
was acceptable :99% of the time using a 50 micron particle size

specification.

As a result of this work it was determined that a quan-
titative analysis of the fuel relating to the functional
performance of the fuel within the reactor could be obtained.
Thus, a mathematical model was developed describing the
homogeneity of the mixed oxide fuel as a function of energy

.deposition within the fuel.

HOMOGENEITY MODEL

The mathematical model developed relates fuel pellet
characteristics to a figure of merit. The figure of merit
describes the homogeneity of mixed oxide fuel in terms of
the degree of uniformity of energy deposition (or temperature
rise) under transient conditions in the UO2 content of thé
fuel. By definition, (the local figure of merit, M, at any
point in the fuel is equal to the caZcuZated‘reZdtive rate
of enérgy deposition at that point divided by the deposition
rate which would exist in a homogeneous fuel of average
composition). Since the model used in the development of the
figure of merit does not allow for diffusion of energy, the
figure of merit represents the limiting thermal response of
mixed oxide fuel under transient conditions. The model
defines a term (Dx) as the product of the calculated local
heat generation rate and local UO2 cqncentration. A figure
of merit (M) is obtaineq by dividing Dx'by an equivalent
term 5; which is calculated for a theoretically homogeneous
fuel. ‘
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Dy is.defined as: DX = Ky x E x CU02 (1)

where

Ex = energy deposition rate at point x

The rate of temperature rise at point x is assumed to be

directly proportional to Ex;'i.e., the heat capacity of the-
fuel is constant. ' '

Equation (1) can be rewritten:

D, =K

X 1 K

2 ‘
2X

Calculation of FP for U02¥Pu02 Fuel

. PP Cyo | : , (2A)

L K:,‘Cpuo2 (r,6,0) + K4C”02 (r,6,6) . r2 sinedrdeds -

4 1 r2

where K3 and K4 are constants proportfdna] to the fission
cross section of uranium'and plutonium, or '

d ?B;*= [K3f;;6;(f) + K, (1—C}L02)(r)] dr A (3)

where C (r) is the average Pu0, content at radius r.
PuO2 2 . ,

-
o

[ 3]
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On the basis the fission product track length is 10 microns
and energy deposition is uniformvalong the track and inte-
grating Equation 3 between r = 0 and r = +10 microns

FP= Ks CPuo * Ky ]‘Cpuoz

X X

where<CPuo = average PuO2 content a]dng a diameter of a

2X

20 micron sphere centered at point x.

Substituting Equation (4) in (2)

X - [K3 Cruo. T Ky 1-Cpyo ] Cuo
2 uo, 2
X . X X

fe)
|

0.05* -

1.9% .
and K, = T?§?676§

using K; = 77575705

D = 0‘974-CPu02 + 0.026.1- CP w0, CUOZ
X X X
| NP | (5)
b, = [0.026 + 0.948 CPuOZ : 1-Cpu02_
: X - TX
where C = average Pu0 conteht along a diameter of a
Pu02 2 ’ .
X ! .
20 micron sphere centered at point x.
Thus, for homogeneous fuel,
b, =10.026 + 0.948 CPuOé 1—CPu02- ' (5)'

where CPu0 is the PuO2 content of the homogeneous mixed
2

oxide fuel.

* Effective fission cross sections for fissile and fertile
atoms in FFTF.

11



_WHAN-FR-20

The relationship between C and D, is shown in Figure 2.
4 Pu0, X

By definition,

D,
h1X=F (7)
X .

where M is the local figure of merit at point x
and

= 1 é Dx

M—'—N— N — v . . (8)

D, | .

where M is the average figure of merit for N determinations.
cPuOZX.
microprobe trace will be conservative in‘termé of using

Equation (2) to establish a distribution curve for D, values
since the "observed" value of f;;a__ will statistically vary

2X

The value of calculated for any point x on the

about the true mean value of C

PuO, for a hypothetical
% .

20 micron diameter sphere centered at point x.

This statistical variation will result in an increased |
spread in the calculated M, values used to establish a
distribution curve

12
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] ] | 1
0 20 40 60 80 100

AVERAGE % PuO, (CPUOZ>

FIGURE 2. Variation of Dy with Plutonium
© Concentration in U0p-PuOy Fuel
Pellets '

13
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Figure 3 illustrates the type of M, distribution curve
to be expected from a heterogeneous pé]]et.~ Two propefties
of the curve can be used to describe homogeneity requirements:
(1) the value of M, and (2) the fraction of My values which
falls within a specified limit about M. ' |

NUMBER OF
OCCURRENCES
- OF MX"

(VOLUME
FRACTION)

VALUE OF M,

FIGURE 3. Hypothetical Distribution Curve
' for Figure of Merit My in a
. Heterogeneous U02-Pu02 Fuel
Pellet

EXPERIMENTAL RESULTS OF MODEL

The ‘microprobe data from three'(Puo.ZSUO‘.]S_)O2 fuel
pellets with four different degrees of inhomogeneity were
analyzed according to the homogeneity model given above.
Pellet 1 was wet ballmilled ~16 hours, Pellet 2 was a typical

14
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irradiation test pellet used in PNL-3 fuel pins, dry ballmilled
40 hours, Pellet 3 was dry balimilled ~20 hours. Pellet 4

was dry balimilled ~10 hours. The microprobe traces were
analyzed for the average Pu0, content (E;;E;) along 20 micron
increments centered at 3.3 micron intervals, and the actual
PuO, content (CPUOZX) at the center of each 20 micron incre-
ment (Figure 4).

= = oL A 6.7
Cpuo Cpuo * Cpyo
2 2(, Bl »

X(SPHERE 1) [
Op TO 20u

C = CONCENTRATION PuO, WHERE X = 10 (SPHERE 1)
Pu02 2

X(SPHERE 1)

= 6. 0 10.0 5 = 13.3.0 16.7
Couo Cpuo,, * Cpyo * Cpuo ’ * Cpyo
2 23,3 2] 6.7 2l10.0 2l13.3
O(SPHERE 2) . . . :
o 20.0 , = 23.3
¥ CPuo?_} % CPuOZl ] //
16,7 20.0)/ 6
c = CONCENTRATION Pu0, WHERE X = 13.3 (SPHERE 2)

PuD2
O (SPHERE 2)

FIGURE 4. Plutonium Concentration for Theoretic
20 Micron Sphere

15
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The pellets were identifiedés 4, 3, 2 and 1, and ranged
from least homogeneous to most homogeneous, respectively.
Alpha-autoradiographs of these pellets are shown in Figure 5.
Analyses of the microprobe traces yielded the following data
for each pellet.

Pellet

Identification M M
1 1.0000 0.01726
2 0.9962 0.06404
3 0.9877 0.12986
4 0.96645 0.19295

Results of the test thus indicate that the four pellets
were greater than M = 0.95. The model also proved that the
homogeneity specification could be opened up by use of the
figure of merit technique. The Mx frequency distribution histo-
grams for each pellet are shown in Figure 6, 7, 8, and 9.

FIGURE 5. Homogeneity Results

16
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Figure of Merit Distribution for Pellet 3
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APPLICATION OF HOMOGENEITY MODEL

A computer code was written to calculate the figure of
merit of fuel pellets. The code converts the data from the
microprobe punch tape into the computer program and calculates
the figure of merit. The computer code and the explanations
as to the specific functions of the statements in the
computer code are given in the Appendix.

In order for industry to use this figure of merit model
to establish homogeneity in the reactor fuel, it was deter-
mined that the correlation between figure of merit and alpha-
autoradiography would be developed. This would permit the
~utilization of a relatively inexpensive and simple test
method. Standards were made having a range of figures of
merit which were then_a]pha-autoradiographed. These standards
of known homogeneity are compared to pe]lets:with unknown
homogeneity by using alpha-autoradiographs taken at the same
time. From this visual comparison with the standards, a
figure of merit for the unknown pellets can be determined
(see Figure 10). This method of relating the figure of merit
to alpha-autoradiography makes the homogeneity specification
feasible for industrial measurement and use. '

CONCLUSIONS

1. Quantitative characterization of a U02-Pu02 fuel pellet
matrix can be accomplished by scanning pellets with an
electron microprobe for PuO2 concentration sizes of PuO2
enriched or depleted zones, and separation distance of
such zones. Statistical analyses of the data indicated
less than 1 percent probability of occurrence of zones
with peak Pul, concentration greater than 50 wt%,and Tess
than 1 percent probability of occurrence of PuOé enriched
or depleted zones having diameters greater than 50 microns.

20
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ANALYSIS, ALL ALPHA-AUTORADIOGRAPHS ENLARGED TO 30X)

RGIEGE - P57 . e

095
MERIT (W) ~

0.96 0.97
(O T RPN U 10 ol SR ) o o) [

T

e e g5
O

FIGURE OF MERIT
REFERENCE PELLETS

PELLET 4 3 2 1

FIGURE 10. Determination of Fuel Pellet Homogeneity Using Figure of Merit
Reference Pellets

02-44-NYHM



WHAN-FR-20

The figure of merit mathematical model is a very good
quantitative way to determine the fuel pellet homogeneity
using the scanning electron microprobe.

The figure of merit model relates the fuel pellet homo-
geneity to the function performance of in-reactor energy
deposition rates.

A feasible, relatively inexpensive and simple test
method can be used for industrial measurement of fuel
homogeneity. This consists of using known standards and
visual comparisons of alpha-autoradiographs of unknown
pellets and the standards.

22
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127, 700333°C o
128, QU334 LL=L
129, 7770033y CrrrmmrTT T
130, 00335 L=1001 .
131, 00336 00 601=1+100C
L3z. 00341 LEL=1 - )
133, 7700342 1FUIFR (LT YeIv6061T 7
13u.. 00345 60 CONTINUE
135777 0U387 61 CONTINUE T
136. U350 LLL=L )
137. 00350 ¢C B
138, 00351 po 70 I=LbeLib
139, 0U3sG G0 717 JZ1100
l4ge . 0U3S7 . RIST(U)ZSYNL
141.77700360 71 CONTINUE
142+ 00360 € E
T43, 00362 IF CIFRCIY) 77+38:77
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I44g. 00305 78 CONTINUE
145+ 00366 WRITE (6:9) :
TTINGY 00370 WRITE (6vBY ZINg Ty 7777 mmmmmmmeees STTTTTTTTTTTTTTIT T se s e
47+ 00373 ' WRITE (609)
TIgET T 0U37s5™" TTTEUTTOTTOTTTTT T T T T s m e
199. 00376 77 CONTINUE '
I50. UU376 ¢ i
151. 00377 JYZIFR(I)
15277~ 0USTO IF  Ugg= U0 S TG 76 T e e T T T e
153. 00403 76 CONTINUE .
"15".""0015015'"""""UJ'—";Q’"""""'f """"""""""""""""""""""""""""""""""""""""""""""""""""
155. 00405 HIST(100)=SYMd
IS6s QOO - 7S CORTINUE -
157.. 00407 00 72 U=1rdd )
- fe~TTQURY2 T ATST(IT2SYMR TR e Smmmmmmemeenes
159, 00413 72 CONTINUE
B ¥ 519 ) 1Y L ' et CTTTToTTTTITTTTITTTTTTmssssomessonme s
lels 00415 WRITE (6+4) (HIST(J)rJ=1,100) .
162+ 00923 WRITE (B6+¢37 L*NCUHLFN(I!'\HI':Iw)od-ulnu;
163, 00433 WRITE (604) (HIst)vu 1,100) .

B LTI LA LY S L B 8 0 1
165« Oud4l C . . )
“T166¢ T UOUGS TTTTWRITETTEYY) STt e

‘167 00445 7 WRITE (6+9) . N . .
168+ 0U%G7 ARITE (6797 = T T T T e e
l69. 00451~ wRITE (6'6) )
B0 i £ P 117 1 Sy 2 Y - T
121+ 00455 WRITE (6»7) o
"QC"'OUQ‘TI """""" WF(ITE CevIuy” ‘NX"SXvSSX"A'\]E-'SUSfVAR'SD"""'"""“"""""""'"","""‘"“"““"
173. (U470 J=0 . . . .o
T7G«  OUR7I . — 0V 498 l-d'.‘)b T ; T
175."- 00474 CJSJ+L . . :
TI76 T GUB TS ™ TR T INR L GE S TTESTTI=TI VAN RXSLTVITESTUTY )Y 6O " TO 502 " == »mw - o
177. 00477 4,8 - CONTINUE R ’
"173'."“00’50‘1’"'50'2 """ CONTINUE = 7 7 7 T T mmm T T o T e e s s e T
c 179, 00502 TERP= (NX= IIES'(.Jl)/(1TEST(J+1)-ITEST(J))x(FACT(J)-rACT(.J*l))
. 0US03 TOLSTFACTIGT=TERFI¥5D T
« 00504 TOL1=AVE=TOL ’ . : ’
-- A 1172511 A —— TOU2EAVEFTQU """ """""""""""""" P ittt e e
« 00506 PRINT 503» TOL1l,TOLZ2 ;
TIBGYT CUSLIZ ~SH3 ™~ FORRRT/77 5)('1'0L'EFU-‘NCE"IN"I’E‘RVAL"'TI‘X'T’RUBABIL‘ITY IS" 0795 THAT "AT "~
las. 00512 - *LEAST 0,99 OF THE DISTRTBUTION wILL BE INCLUDEU uETWEEN'Flo 3:' AN
186, UUDIZ FDVFIU, ) ; . T
187.‘ 00513 - K= , . o ) .
B Y- T (1]7153 U Sm 13075U6" 1'2.9"""‘""""“"“""""""'"‘"""'"“‘""‘“‘""“", """""""""""""
189. 00817 IF (NX.GE«NEGF (I=11}. AND NXe LT.NEGF(]1)] GO To bU7 )
_________ GOTO 508 Pesiubhapht i A SR e e

CONIN2ZAVE-CONF (1JK) *(SH/SQRT(NX)) L
FRUSD7SORT CNX === e e

”~
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193, 00524 06 [UK=IJK+1

___(6). ousae PRINT 505¢ CONINLsCONINZ -
IS U532 505 T FORMAT (/7 SXTLCONF TCENCE INTERVAL Y/ SX Y PRORABILTITY 1S 0.95 THAT THE ™~
196 QU532 « POPULATION MEAN WILL BE INCLUDED BETWEEN'F10.3,7 AND'F10.3)
B . 7 ST e
194. . 00533 IF (KK<)5087500,499
199, -0U536 999 CONTINJE-
20¢s 00537

291 TOUSITC :

202« (US4

2

"~ .500 CONTINUE

203, TTOUBAY B0 T CONTINGE T T T e e e e
204+ QU545 WRITE (6012)
<05. 00547 RETURN

206+ 00550 END

END-OF {IN}VAC 1108 FORTRAN V COMPILATIONs 0 *DIAGNGSTIC* MESSAGE(S)

FHASE T TIME 2771 .
HASE 2 TIME = ~ 0 SEC, '
“HASE"3 TIME = U SEC, - : : :
CHASE & TIME = 0 SEC. ~ ° L ! !
HASE S TIME = U SEC, T T T T T T T e e
“HASE 6, TIME = - 1 SEC,. .
TOTAL COMPILATION TIME = 2 .SEC - . .




WHAN-FR-20

The following is a Tist of explanations as to the specific
functions of statements in the computer code used to calculate
the figure of merit. The numbers associated with the explana-
tions are the numbers circled in the preceding listing of
computer code subroutines.

1. Subroutine Probe (A,B,C,D)--Prepares raw data from
electron microprobe for figure of merit calculation and
determines average Pu0j percentage along diameter of
pellet. ' '

18. Reads into code the coefficients for spectrometer
background equations (VAl, VA2, VB1, VB2), reads in
the nominal PuO, percentage of the be]]et (PERC),
and reads in the heading for the histogram output
page. | ' '

24, Sorts out bad data points caused by improperly
punched points on paper tape readout by placing
‘1imits on the spectrometer readings (A for Spectrom-
eter 1--U02,kafor Spectrometer 2-—Pu02,.qnd o
for Spectrometer 3--background).

26.  Sums 10 spectrometer readings (minus backgrodnd)
from Spectrometer 1 for standard 100 percent.UO2
spheroids. '

30. See 24

32. Sums 10 spectrometer readings (minus background)
from Spectrometer 2 for standard 100 percent Pu0,
spheroids.

34. Averages standard U0, spectrometer readings to give
an average reading for Spectrometer 1 which is
equivalent to 100 percent uo,.



35.

37.
38.

40.

41.

42.

43,
and
44,

WHAN-FR-20

Averages standard PuO2 spectrometer readings to give
an average reading for Spectrometer 2 which is
equivalent to 100 percent Pul,.

See 24

Sorts out bad data points, such as tndse caused by
voids, by placing limits on the specimen current

(indicated by D).

F.o'r'P‘uO2 percentage at each data point, subtracts
background, ratios the background corrected PuO2
spectrometer readings to the average reading for
100 percént PuO2 and converts this decimal. fraction
to a percentage

For U02 percentage at each data point, subtracts
background, ratios the background corrected UO2
spectrometer readings to the average reading for
100’percent UO2 and converts this decimal fraction
to a percentage.

For each data'pointt(each pair of U0, and Pu0, per-
entages), calculates a normalization factor which -
ratios the sum of the two relative percentages to
100 percent. 'This factor compensates for the

~inherent error (v+2 percent) in the electron m1cro-

probe- read1ngs

Normalizes each UO2 percentage. [AXX(I)] and each Pu0,
percentage [BXX(I)] so that the sum at each data
point equals 100 percent. This step is the final
step in preparing data for use in the figure of merit
calculation (in Subroutine Offset). The code uses
these normalized values of PuO2 percentage for the .

‘figure of merit ‘calculations.

}

.

©



45,

46.

47.

48.
49.
55.

56.

57.

WHAN-FR-20

Sorts out bad data points (negative percentages)
caused by the inherent error in electron mlcroprobe
readings.

Sums.PuO2 percenfages after they have been normalized
to 100 percent. ' ' ' '

Prints out, for each good data point, the UQ2
spectrometer reading (not including the 100 percent
U02 standard points), the PuO2 spectrometer reading
(not including the 100 percent Pu0, standard points),
the UO2 percentage prior to normalization, the PuO2
percentage prior to normalization, the UO2 percentage
following norma]1zat1on, and the PuO2 percentage
following normalization.

Sums PuO2 percentages prior to normalization.

Sums UO2 percentages prior to normalization.

‘Averages PuO2 percentages prior to normalization,

giving an overall non-normalized percentage along
a diameter of the fuel. pellet.

Averages normalized PuO2 percentages, giving an
overall normalized percentage along a diameter of
the fuel pellet.

Prints.out the overall non-normalized Pu0, percentage
(FRAC or BBX/I) and the overall normalized PuO2
percentage (FRAC2 or P/I).



Subroutine Offset (I) - Calculates local and overall average’

WHAN-FR-20

figures of merit using PuO2 percentages supplied by Sub-
routine Probe. « ’

10.

12.
14.
15.
17.
22.

23,

Sums e]eVen normalized PuO2 percehtage values fer
eleven consecutive points along the diameter of a

20 micron sphere (at 2 micron intervals) on the fuel
pellet. ' '

Averages eleven Pu02 percentages and converts average
value to a decimal fraction. ' '

Converts Pu02 percentage at m1dpo1nt of 20 -micron

sphere (m1dd1e point of eleven) to a decimal fraction.

Calculates numerator of~1ocal figure of merit expres-

sion where Z is the avefage PuO2 percentage along
diameter of 20 micron sphere and XY is thefPuo2
percentage at the center of the sphere. -

Ca]cu]ates denominator of local figure of merit

'express1on where PERC is the nom1na1 PuO2 percentage

(25%) of the fuel pellet.

Calculates 10ca1 figures of merit for each of aVSeries'
of points located at 2 micron 1ntervals along a d1am-
’eter of the fue1 pe]]et '

»PrjntsAout a local figure of merit value for each

location at 2 micron intervals along a diameter of
the fuel pellet (number of local figures of merit will

‘be: ten less than the total number of data points

examined along the pellet diameter).

A-16
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Subroutine Histo(N)--Sets up histogram for Tlocal figure

of merit values and calculates statistical characteristics
of local figure of merit distribution (including the
average figure of merit).

71. Adds all calculated local figures of merit.

72. Adds the sqdares of all calculated local figures of
merit.

94."Ca1cu1ates average of all local figures of merit,:
giving the mean figure of merit for the pellet.

95._.Ca1cu1ates the sum of the deviation squared.

96. Calculates the variance for the figuré of mérit dis-
tribution.

97. Calculates the standard deviation for the figﬁre of
merit distribution.

172. Prints out the number of local figures of merit cal-
culated, the sum of the local figures of merit, the
sum of the squares of the local figures of merit,
the average of the 1oca1Afigure§ of merit, the sum
of the deviation squared, the variance, and thé
standard deviation. ‘

180. <Calculates tolerance interval for the figures .of
- merit.

181. Calculates the lower tolerance 1imit‘f6r the figures
of merit. ' ‘

182. Calculates the hpper Lolerance limit for the figures
of merit.,

183. Prints out the lower and upper.tolerance limits for
the local figures of merit.



191.

192.

194.

NHAN—FR-ZO

Ca]cu]ates.the upper confidence limit for the figures.

of merit.

Calculates the lower confidence limit for the figures
of merit.

Prints out the lower and upper confidence limits
for the local figures of merit.

4
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