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ENRI-NT MONITOR FOR 235U FUEL TUBES

I. Introduction

In 1976 measurements were needed to appraise 235U-enrichment
unifomity of fuel tubes produced in the powder metallurgy program.
Because the design enrichment (-60e%) is attained by blending high-
enrichment (-75e%) and low-enrichment (-40e%) oxides, inadequate
blending can cause enrichment non-uniformities. Enrichment
measurements for l/4~-diameter fuel tube areas are required to

;:~;:;eT::f::;:J;4
The Fuel Distribution Analyze# and the

were available to measure U-uniformity and
2351J-u”iformity, to yield enrichment uniformity; however, the fuel

tube areas tested were much too large. Thus, alternative methods
were sought.

By early 1977, mass spectrosco y had appraised enrichment
uniformity in representative tubes.F Sample disks of l/4’’-diameter
were cut from tubes and transferred to Analytical Chemistry
Division for analysis. The enrichments of these samples agreed
well within the desired ~0.5e%. Unfortunately, this inherently
destructive method sacrifices production costs for tested tubes and
can only assume that these tubes are representative. Also, the
requirements of sample preparation, interdivisional transfers, and
accountability can be cumbersome. Typically, only a one-month
turn-around for tube appraisal could be expected. Consequent ly,
Nuclear Engineering Division sought a more attractive method to
replace mass spectroscopy.
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Beginning in 1978, Y-ray methods were examined for 235U-
enrichment measurements. 5 Followin experimental studies in 1980-
81, a detailed method was ~oposed.~ In this method, y-rates
associated with 235U and 2 2U are correlated with enrichment.
Instrumentation for appraising fuel tubes with this method has been
assembled and tested. This re ort describes the performance of

1this prototype Y-monitor of 23 U-enrichment.

II. Summary

The prototype y-monitor successfully appraised inner, middle,
and outer fuel tubes of Mark 14 design. Measurements of enrichment
~nifor=ity to <0.6ez and 235U uniformity to <1.0% were demon-

strated, where collimated 1/4’’-diameter fuel areas were Y-counted
for 2000 sec. The method is nondestructive, involves minimal fuel
handling. and can aDoraise a tube in about one dav. The prototvpe
cost

III.

‘“$~OK and a fi~~l instrument would be ‘$50K. ” “ --

Theoretical Basis

The yaonitor of 235U-enrichment has a theoretical basis that

addresses (A) the enrichment correlation with y-rates associated
with 235U and 232u, (B) the tube geometry effects On the correla-

tion, and (C) the y-rate sensitivity to various tube parameters.
Each of these aspects will be discussed in detail in this section.

A. 235u Enrichment correlation

Uranium oxide (U3~ ) fuel tubes at SKF are blended from high-
enrichment (-75e%) and low-enrichment (-40e%) components, to
produce a fuel of design enrichment (-60%). Typical Y-spectra of
such components are shown in Figure 1.

‘he ‘E:;r:e:~c:a~ ‘;:,y-ray from 235u and a 238 keV Y-ray from the

186Y/238Y ratio of the high enrichment oxide is ‘3 times that of
the low enrichment oxide. Thus, when these two fuels are blended,
the 186Y/238Y ratio of the resulting fuel will be correlated with

enrichment.

The 186Y/23& correlation with enrichment will now be examined
in detail for the case where identical sample cOun.tinggeometries
are assumed. This assumption eliminates the need for y-attenuation
corrections, which will be addressed in Section 111.B., in dealing
with actual fuels. For the present discussion, the sample geometry
is that of the design fuel. The notation 186Y/238Y = ~f~ ‘ = FO
will be used fo= case.
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Note the following relationships :

~ = 186 keV y-rate = k

~’ = 238 keVY-r.te= k~= k.’
(1)

235u enrichment, and s ‘ is thewhere k is constant, E is the
!Ieffective,,232U enrichment. if we blend a low enrichment oxide
(enrichment EL, fraction XL) and a high enrichment oxide
(enrichment EH, fraction XH = l-xL) to obtain the r<sulting
oxide (enrichment E, fraction 1) the following is true:

& = xLE~ + (1 - XL) e~

&’ = XLCL’ + (1 - XL) s~’

Upon eliminating XL from both equations above,
(2)

e’ = bs+c (3)

where b and c are constants. Consequently, from (1) and (3)

Actual measurements of component oxides and fuels (all of
similar sample geometry) are given in Figure 2, where E ‘ is plotted
against E to demonstrate Equation (3). The CL oxides cluster
about (c, c’) = (43, 14.5), CH oxides cluster about (e, c’) =
(76, 9.5), and the (E, E ‘) of fuel tubes lie on a line connecting
these clusters. (In the ideal case, one would use samples of the
actual component oxides for a given fuel tube to obtain better
absolute measurements of E ; however, for e-uniformity measurements
about an average, this refinement is unnecessary) . The data of
this plot yield b = -0.161 and c = 21.7e%.

The physical explanation of the FO = s/E ‘ difference in the
high and low enrichment component oxides, is due to the fuel cycle.
SW uranium fue1s have been centinually reprocessed and reblended

As the 235u is burned Outas reused fuels for a number of years.
(lower =), 232U b~ild~ in (higher s ‘), in agreement with the

observations in Figure 2 and the predictions of Figure 3.6 Also
‘the fuel blending itself preserves this E ‘ vs E trend.
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‘Theabove E ‘ vs c trend is anticipated for uranium fuels well

into the future. However, referring to Figure 3, it is noted that
freshly reprocessed fuel requires some time for the 232U decay
chain to buildup, due to the 1.91y half-life of the imediate
daughter 228Th. Indeed, the samples were shown tO vary in FO Over

a 2.5 yr examination period; however, the Y-intensities were never
too weak to yield good counting statistics. Furthermore, it is
expected that the time from freshly reprocessed fuel to fuel tube
fabrication will always be long enough to permit sufficient 228Th
buildup.

Should the above method be unworkable for future uranium
fuels, an alternative method has been proposed. This mthod
requires an external y-source, which is used to measure the total
uraniuy by att:nuationltransmission. Cladding thickness measure-

235u are also required.ments, as well as 186 keV y-rates for
This method is more involved than the present one; however, the
y-monitor should be readily adapted if necessary. A comparison of
the two methods is given in Appendix A.

B. Tube Geometry Effects on 235u Enrichment Correlation

In measurements with actual fuel tubes, effects of attenuation
will alter F. to some value F. Consider the Y-detection geometry
depicted in Figure 4 for a typical tube. The 186 keV y-detection
rate for an unattenuated disk of fuel with area A and thickness
dx is dRu,

dRu=D. E. PU-Adx

where

~=

pu =

~=

Including

(186 keV y’s/sec-gm 235U308).
efficiency)

(density of U308 in fuel cOre

(Z35U enrichment, fraction)

attenuation effects of the cladding and fuel core,

(5)

186 keV detection

gmlcm3 )

Figure 4 predicts

dR = e-BAtc e-vfx dRu

tf Pu
R= f dR(x)=DSAO— E(l-e ‘ftf) e

Uf
- ‘Atc (6)

o
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where

R = actual attenu~ed 186 keV y-detection rate, co”ntfsec

Uf = atten coeff of 186 keV y in fuel core, cm-l

PA = atten coeff of 186 keV y in aluminum clad, cm-l

‘f = fuel core thickness, ~m

tc = fuel clad thickness, cm

It is useful to write R in terms of more fundamental parameters,
using *

Pu =
Wu

WUIPU* + WAIPA*

PA ‘ PA* ~A

‘Ugu + ‘AgA
~f = WUIPU* + WAIPA*

(7)

where

Wu = weight fraction of U308 in fuel core

WA = weight fraction of Al in fuel core

Pu* = theoretical density Of ‘3°8 , gm/cm3

pA* = theoretical density of Al, gm/cm3

gu = 186 kev y~ass atten cOeff fOr U308, c~/gm - tabulation 8.

gA = 186 keV Y-mass atten coeff for Al, cm2/gm - tabulation 8.

Using equations (7), with equation (6),

+ ‘AgA
Wu ~wugu

Jtf)-PA*gAt= (l-e- wu/pu* + WAIPAR = sDA (Wugu
+ ‘AgA

)e

* All densities

(
Wv

Wugu’ + WA gA’‘e-pA*gA’tC (l-c-

are set to 100% theoretical. As
B, this approximation has negligible effect on
although future work wi11 include a correction

-5-
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where R’ , D’, ....refer to the 238 keV Y-ray.

Simplifying the above notations, we write

R = eDA G(WU, WA, t=, tf)

R’ ‘E’ D’A’ G’ (Wu, WA, t=, tf)

F = > (~) G (wU,wA, tc,tf)
G’(WU WA, tc tf)>,

(9)

The measurements of this work deal mainly with deviations
about the normal values; thus, detailed knowledge of the (DA) -

type factors, which are constant, is not required. However, should
absolute S- values be desired, these factors are required and my

be obtained using the tube design standard measurements in Section
111.A, viz:

—
F. = kc = E(DA)G(WU, WA, Tc , Tf )

~r .W! = S’(D’A’)G’(tiU, tiA,7=, Tf) (lo)

Where ~ , ~0’ , tiu,fiA,~c, and ~f correspond tO tube design values.

Rearranging equations (10), we obtain

k =<IE

(DA) =
k

G(fiu,tiA,~c, ~f) -

Finally, it is worth noting that in

R = R(E! ‘u! tc~tf)

R’ = R’(E> Wu> tc> tf)

F = F(E, Wu, tc, tf)

-6-
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because WA = 100 - WU (in wt%) and C’ = bC + c per discussion

in Section 111.A.

c. Parameter Dependence on Correlation

Of the three equations for R, R’ and F derived in 111.B. ,
Because 7.3$Uenrichment is primarily

Only two are Independent “ 235U ~a~~ is primarily correlated “ith
correlated with F and the
R, the equations for R and F are most useful. Per equations (12),
R and F depend on E, WU, tf, and t=. Four equivalent
parameters are more useful for the analysis, namely

t
Wu

c’ tf’
c, andm=

wu/Pu* + (loo - wu)/p A* ctf

“here ~ is the 235u mass/unit area for the fuel tube regiOn

examined.

The measured deviations in F and R wi11 depend on the above
parameters according to

AF = 6F/6tc . Atc + 8F/6tf . Atf + 8F/6E . AZ + 8F/8m . Am

AR = 6Rf6tc . Atc + 6R/6tf . Atf + 6R/6c . AZ + 8R/6m . Am

A BASIC program was developed to calculate the partial derivatives
(6X/ISYnotation) from expressions in Section 111.B, as described in
Appendix B. The two expressions AF and AR include four unknowns;
thus, a unique solution for A& (and Am) is not possible. However,
for each expression, the first two terms, which depend on Atc and
Atf, have relatively little impact on AF and AR. By allowing
Atc and Atc’ to range between *1O roils,which defines a Atf =
(Atc + Atc’) range, the corresponding 8F/6tc.Atc and
6F/6tf.Atf are small.* As shown in Appendix B, we my write

AF = ?UFAt + 6i?/6e . Ae + 6F/8m . Am

‘R = *GRAt+ 6RJ6c . AC + 6Rf6m . Am
(14)

where OFA t and Oat are calculated over the range of
Atc and Atf with equal weighting. These uncertainties are
absorbed into the AF and AR measurement error, so that two
equations (AF, AR) with’ two unknowns (AE, Am) result. Table 1
gives the resulting AS and Am solutions for Mark 14 tubes examined
in this work.

* Here, tc’ is the inner clad thickness defined in Figure 4.
The tube thickness t = t=’ + tf + tc is assumed constant.
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The above treatment is primarily useful for deviations fro-m

the design value. Absolute measurements of E and m can be obtained

bY proper use of the formulae in Section 111.B.

Iv. Experimental Tests

A. Instrumentation

The instrumentation is shown in Figures 5 and 6. The high-
purity germanium (HPGe) detector, elect~onics, ‘andmultichann~l
analyzer/computer have been described elsewhere.9 The
collimator/shield was developed based on earlier tests, ~6 10 and
its dimensions are given in Figure 7. A lead plug is placed inside
the tube during the measurements, to shield the detector from gamma
rays from the far side of the tube.

The HPGe detector has resolution of ‘1 keV for the 186 keV and
238 keV y-rays. The collimator has a I/&’’-diameter entrance and a
minimum of 3“ of lead shielding for the detector. Previous studies
indicate that this collimator should have little leakage for the
above y-rays. 10 The fuel tube is mounted on a device designed fOr

the cladding thickness monitor,7 allowing reliable positioning fOr

counting.

A BASIC program for the MCA/computer was developed prior to
arriving at the refined analysis of Section III, and analyzes A:
based on AF alone. Table 1 shows that this yields a reasonable
estimate of AC , provided that AR is <5%. The program plots the
Y-peaks to confirm tbe window settings, which had negligible drift.
Typical plots, a program listing, and user information are detailed
in Appendix C..

A summary of costs for the instrument is given in Table 2.
Here, the prototype monitor (- $30K) is compared with a final
version (- $50K) . A more sophisticated MCA/computer system
constitutes the min increase in cost for the final system.

B. Measurements for Mark 14 Tubes

me y~onitor appraised 235U in Mark 14 inner, middle, and

outer tubes. A cross sectional diagram of the Mark 14 fuel
assembly is given in Figure 8. The data were primarily analyzed
using the formulae developed in Table 1. Average values for each
tube were used as references for the fluctuations. Figure 9 shows
the results for the c-measurements, while Figure 10 displays the m-
measurements. Both E and m ,wer,emeasured as a function of position
along the tubes.
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The E-values were measured to a counting precision of
o = ~0.6e~, which agr-e~ ~~11 with the ~~andard deviatiOn Of the

individual measurements. Each value was obtained with 2000 sec
counting time. The on-line MCA/computer results for E agree quite
well with the refined E calculations, as sho”n in Tabl,e 3.

The R correction had only a small effect because the observed AR
values of <3% have little impact on the AC formulae of Table 1.

The m-values were measured to a counting precision of u
<*1 .0%, but the sample deviations were as large as 3.0%. Although

3,4 future *O*itor improvements aresuch deviations are typical,
underway to assure that none of this fluctuation is due to
variations in counting geometry.

Absolute measurements for E and m were also examined, although
the present studies were not optimized for these. The results are
su~arized in Table 4, and show that agreement between known and
measured values is sufficiently good to be useful for estimating
large fluctuation from design values. Better agreement can be
obtained if actual component oxide samples are used to calibrate
the individual tubes.

v. Conclusions and Discussion

The prototype y-monitor for 235u ~niformity is suitable for

routine appraisal of Mark 14 fuel tubes. The wnitor is
235u enrichment (c) fluctuation to *O .6e%,nondestructive, yields

is relatively fast, and avoids extensive accountability/handling
requirements. In addition, the monitor yields 235U mass farea (m)
fluctuations to *1 .0%, and gives useful estimates of absolute
values for E and m. These results correspond to 2000 sec counting
times per tested area, meaning that a single tube can be appraised
in about a day. Throughput can be enhanced by developing multiple
monitors, each of which would cost - $20K additional relative to
the ‘$50K cost of the initial monitor , which includes a computer.
The R correction had only a small effect because the observed AR
values of <3% have little impact on the AC formulae of Table 1.

The Y-monitor is also being adapted to handle 235U enrichment
measurements for l-gallon cans of uranium oxidesg and fuel tube
billets. Furthermore, the monitor can be used to measure high
density “hot spots” of fissile mterial, as was done in an earlier

aPPrai~al of Mark 41 f“el~.lo In general, a variety of nonde-
structive fuel interrogation applications can evolve through the
use of this y-monitor.

-9-
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TA8LE 1

Analyses for Mark 14 Tubes

Tube

Inner

Middle

Outer

Parameters

~= 65.1%

tf = 42 roil, U308 = 62%

~= 60.3%

tf = 43 roil,U308 = 62%

F = 44.0%

—
tf = 40 roil,U308 = 6UL

Analysis

A& = 0.319AF+0.028AR

Am = -O.1O2AF+1.197AR

AC = 0.315AF+0.029AR

Am = -0.lllAF+I.201AR

AC = O .280AF+0.022AR

Am = 0.118AF+1.174AR
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TA8LE 2

Instrumentation Costs

Item

HPGE detector

Electronics

Multichannel Anna lyzer
Computer
Data Storage

Printer

Shielding (SRL-NED)

Total

Prototype*

$11,643

3,145

8,190
(cassette)

660

5,000 (est)

$28,63S

Final**

$14,000

4,000

9,000
10,000
4,000 (floppy disk)

3,300

5,000 (est)

$49,300

Also recommended but not incl.udedin above costs:

1) High Quality Line Filter for Clean Computer Power
2) Temperature Control of Equipment - Local Air Conditioning
3) Automatic Tube Positioning Device to act as Sample Changer

* Based on 1981 purchase
~ Estimated per 1983 prices.

.
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TA8LE 3

Comparison of Enrichment Measurements

Tube Position
~

Inner 22
-32
42
52
62
72
82
99
109
109
119
119

Middle 23.5
32.5
43.0
52.0
64.0
72.5
81.5
81.5
92.0
92.0

Outer 24
39
54
69.5
84.5
98.5
111.5
111.5
131.5

Refined E
(E%)

65.l@O.58
64.28~0.56
64.27*0.58
64.61*0.58
65.6720.62
65.35f0.59
65.85*0.61
65.09*0.58
66.13*0.61
64.68?0.58
65.11*0.57
65.03*0.57

59.73*0.58
59.88*0.60
60.23~0.61
59.85+0.60
60.18+0.61
60.98f0.63
60.7070.63
60.28*0.50
60.86~0.83
60.32*0.50

44.22~0.51
44.42~0.49
44.75*0.52
43.56*0.49
44.77~0.52
43.72~0.49
42.95~0.47
44.4+0.51
43.19+0.49

MCAfcom E*
(E%)

65.l@O.47
64.44+0.47
64.49*0.48
64.73*0.48
65.66*0.49
65.32+0.48
65.72+0.48
65.05~0.47
65.92*0.48
64.67*0.48
65.02+0.46
65.05t0.48

59.73*0.49
59.91*0.50
60.l@O.50
59.98t0.50
60.1=0.50
60.8@0.51
60.65*0.51
60.29*0.48
60.89*0.68
60.40*0.48

44.30+0.46
44.47*0.45
44.7@ o.45
43.48t0.45
44.7=0.45
43.7W0.45
42.9@ 0.45
44.45*0.45
43.19*0.45

Diff (M-R)
(E%)

-0.04
+0.16
+0.22
+0.12
-0.01
-0.03
-0.13
-0.04
-0.21
-0.01
-0.09
+0.02

-0.00s0.121

0.00
+0.03
-0.05
+0.03
0.00
-0.14
-0.05
+0.01
+0.03
+0.08

0.00@ 0.061

+0.08
+0.05
-0.01
-0.08
+0.01
-0.02
-0.05
+0.01
0.00

0.001*0.048

* The u for the monitor values c is slightly smaller than that of
the refined E , because of (1) the AR effect is excluded, (2) the
error treatment of average T is less conservative, and (3)
the tc, tf errors are neglected.
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TA8LE 4

Ab~Ol~te 235u Measurement

(Note: All errors are due to counting statistics alone)

Enrichments E (e%)

Refined
Sample Known Analysis MCA Analysis——

Outer tube 44.0 43.7*0.2 -

Tube Section 56 56.7*0.8

Middle Tube 60.3 60.5*0.2 -

Inner Tube 65.1 66.3*0.2

U308 Powder 76.9 - 73.til.o

Mass/Area m (gm/cm3-e%-mil)*

- Detailed
Sample Known Analysis

Outer tube 4792 4882*27

Middle tube 7465 7289*111

Outer tube 7872 7931*59

——

* Known values of m = Wu etf obtained from design
WUIPUX + WAIPU*

information. The analysis values are relative, but have been
normalized to the average factor of known/analysis.

(Note, m does not”include theoretical density x correction,
which may refine the agreement below the ‘2% exhihited) .
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U-232 VS U-235
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APPENDIX A. ALTERNATIVE Y-MONITOR FOR 23‘U FUEL TUBES

A. Alternative Y-Monitor Methodology

In the event that some future uranium fuels are not amenable
to 235u enrichment measurements via 186Y/238Y correlation described

in the text, an alternative method is proposed. In addition to the
basic y~onitor, this metho; uses an external y-source and the
cladding thickness monitor.

In.essence, we need to obtain the attenuation correction
factors for the 186 keV y-rate, which is derived in the text
(Equation 6) as

R = DA (Pu/Uf)E(l-ewftf)e-UAtc (A-1)

Here, DA is constant for the fixed counting geometry. The factor
(PU/Uf) can vary; however, variations should be negligible per
following reasoning. From the text discussion (Equation 7), we
note that

Wu
Pu/P f =

‘ugu + ‘AgA

Pu/!lf= (1.23 + 0.125 WA/Wu)-l c~/gm - (A-2)

Normal blending of uranium oxide and aluminum demonstrate good
~niformitY.ll A conservative example with WU = 60*2 wt% and WA

= 4~2wt% yields pu/pf constant to +0.5%. For an enrichment of
E = 60 .Oe%, the corresponding error would be <0.3e%. Thus, this
factor will be assumed constant.* The remaining factors of (A-1)
deal with y-attenuat ion and these cannot be assumed constant.

* Measurements for P f can be obtained in this method, and these
allow one to measure the constancy of P,,fpf. For example, if
we write the fomulae for PU and Pf
the theoretical density x and using

Wu

~“ = wu/pu*+ (loo- wu)/PA* x

_ Wugu + (loo-wu)gA

~f - WUIPU* + (loo - wu)/PA* x

-25-

(Eq~at~ons 7) , inciuding
WA = 1OO-WU, we have:

(A’-l)



The W“ can be eliminated between these two expressions to yield

(A’-2)

where U“* = P~*gu and UA* = pA*gA. All starred terms
are theoretical density values - which are constants of nature.
Tne last factor governs the constancy Of the expressiOn, and
i’tcan vary only due to WU, per equation (A’-1) For a typical
case with the WU = 60%, and x = 0.9, we have

(1 - PAq/Pf) = (1 - ‘0”338)(0”9)/3 .22) = (1- 0.094)

Thus , if Uf is measured to *5% (per attenuation data), then Pu/Pf
constancy is measured to *0.5%, yielding *0.3e% at c = 60.Oe%.

k external y-source is used in measuring the attenuation
factors e-Pftf and e-VAtc. This source must have Y-energy near
(but not equal to) 186 keV. It is attached to the lead plug so
that it is detected after transmission through the tube wall and
collimator. The y-source is counted in the following
configurations:

0 Unattenuated to yield rate Reo

e Attenuated by pure Al at tube ends for ReA

o Attenuated at fuel measurement area for ReF

The following ratios (refer to Figure 4) are governed by the
attenuat ion factor indicated.

ReA/Reo = rA = e-tA(t.’ + ‘f + ‘c)

A A

Re~/Reo = rF = e-;Atc ‘ + ~ftf ‘~At~

ReF/ReA = r = e-(; f ‘A)tf (A-3)

We use ~ in place of II to distinguish the external source y-ray
from the 186 keV Y-ray.

The cladding thickness monitor measures tc’, t=, and tf
= t-tc’-tc, where t is the tube wall thickness. From this we
obtain

e
-;Atc = (rA)tclt

~ -flAtf= (rA)tf’t

t It
e -Oftf= r(rA) f

-26- (A-4)



Finally we write

-v*t= = (rA) PAtc/$At
e

e ‘uftf = [r(rL)tf/t]P f/;f (A-5)

A

where we note that~good estimates for UA/~A and Bf/U f can
be made since P - u implies little change. Using (A-5) and the
preceding observation,-we write (A-1) as:

R = (CONST)OE. (1-[r(rA)tf/t]Vf/ff)- (rA)pAtc/fAt (A-6)

Tineabove equation for R is sensitive to the analysis values.
The ul~ values should be close to 1 and estimated accurately. The
last factor will also have a value close to 1 and the error can be
made small with good counting statistics. For example, with tc =
20 roils and t = 80 roils, (rA)UAtC/UAt = 0.98. The
error for the other attenuation factor requires Sloser examination.
For 14ark14 fuels, this factor (l-[r(rA)tf/t]Uf/Bf) is
(1-0.70) = 0.30, so that the %-error in the factor will b about

fdouble the %- error Of the measurement fOr [r(rA)tf/t]pf/ f.
Sufficiently strong sources should be able to produce the required
counting statistics; however, extreme care mst be exercised, as
the measurement must be accurate to <0.4% to yield an enrichment
accurate to 0.5e%. A pulser peak, counted with the spectra, would
be necessary to assure that dead times are properly adjusted for
all count rates.

Candidate external sources are 57Co(270d) with 122 kev Y-rayj

139ce (140d) with 166 keV Y-ray, 125Sb(2.7y) with 176 keV Y-raY,
228Th (1.96Y) with 238 kev Y-raY.and possibl

x
Of these, the most

ideal is 12 Sb, due to its long half-life and a Y-energy in close
proximity to 186 keV.

B. Comparison of Proposed and Alternative Methods

In the proposed method R and F = R/R’ are each a function of

E, m) tf> and tc> and a differential analysis fOr the Mark 14
middle tube (which is representative) yielded

Ae = 0.315 AF + 0.029 AR * 0.054e%

where the * term denotes the uncertainty of tc and tf due tO ~
IO roils for inner and outer clad thickness. Furthermore, it was
shown that for measurement of OF = 7L and aR = 0.8%, the AS is
measured to Uc = 0.63e%.

-27-



A similar analysis for the alternative method, using Equation
(A-6) yields*

AC = 0.60AR + 1.253Ar + 0.504ArA - 0.047 A(tf/t)

-0.490A (Pf/tf) + O.OllA(tc/t) + 0.011 A(PA/:A)

If we assume comparable measurement precision for R (ie IJR=
0.8%). then to xet similar urecision for As (i.e. us = 0.63e%),
the

The

f:llowing m~asurement p~ecis ions are required: -

‘r < 0.33%:

*rA < 0.81%:

Utflt < 8.68%:

au f/;f < 0.83%:

External Y-source detection rate >50/sec

External Y-source detection rate >10/sec

tf accurate to 4 roils

Table interpolarion accuracy

~tclt <37.1%: tc accurate to 8 roils

‘UAI;A < 37.1%: Table interpolation accuracy

first two measurement requirements indicate that the external
Y-ray detection rate must be about 10 times that of the 186 keV
Y-ray, if counts are to be obtained in 2000 sec. Thus , reliable
deadtime corrections must be assured; use Of a pulser will prObably
be required. The tf =nd tc measurements are easily measured tO–
less than f 1 mil with cladding thickness monitor, so the required
o for these are easily met. The error in lIf/uf is not as
severe as implied, because it will be systematic for all measure-
ments and thus tends to cancel in making relative comparison of E
for appraisal of uniformity. The required aUA/flA iS large

and thus easily satisfied.

Of the two methods, the proposed one is preferred to the
alternative one, because quality control requirements are much less
severe. In fact, it might be worthwhile to spike the fuels with
232u O= some other y-SOUrCe to assure availability of this method.

Nevertheless, the alternative mthod, albeit more tedious, can be
developed if needed.

* The AF and AR are % deviation; A= is in e%.
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APPENDIX B. DETAILED ANALYSIS FOR PROPOSED METHOD

The proposed method measures R and R’ and then calculates F =
R/R’ . The complete expression for R (and a similar one for R’) is
given (see Section III of text) as

F.= II- A . ~ . (, _ ,-uftf)e-uAt~

with

Wu
~u = *x

WUIPU* + WAIPA

‘Ugu+ ‘AgA
~f= *x

wu/Pu* + WAIPA
= u f’w

In complete detail, we write

(B-1)

Wu (wugu + wAgA)
R= D. A. E(wugu+

wAgA
)e-pA*gAtc(l-e-

(wu/PU* + WAIPA*)
tfx)

(B-2)
A sensitivity analysis of.expressions for R, R’ and F, using the
(B-2) format, constitutes the basis for the analysis.

Before proceeding with the sensitivity analysis, note that x ,
the theoretical density of the fuel core, is included in Equat ions
(B-1) and (B-2). Typically x = 0.9, but x = 1 was used in ‘the present
study. This causes no serious inconsistency because relative
deviations about the average are used in the analysis. This fact is
illustrated by examining the X-dependent factor (l-e-pftf)
= (l-e-Uf*tfX) for x = 0.9 and x = 1.0, using the Mark 14

middle tube data. For x = 0.9, and 1.0 a 1% variation in uftf
causes respective variations of 0.83% and 0.82% in R due to this
factor. Similarly, 1% variation in IIf’tf yields respective
variations of 0.90% and 0.89% in R’ . Clearly, such effects on R,
R’ , and F have very minor impact on uniformity appraisals based on
AR and AF. Nevertheless, future work will incorporate the proper
value of X.

Variations in F and R were examined with the BASIC program
listed in Exhibit B.1. The functional forms examined were
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w~gu ~wAgA) e-pA*gAtc( I-e.(

Wugu + WA gA
R = (CONST)C(

WUIPU* + w~loA*
)tf)

_(wugu + y

E wugIJ‘ + wAgA’ -P *(gA-gA’)tc (1-e wlJ/PIJ* w , )tf)
)e A

AIPA*
F = (cONST) ~ + ~ ‘Wugu + wAgA

(l-e (w~~ :: ;fi.)tf)

(B-3)

Both constants were set equal to 1, as relative deviations were
examined. Using the relation WA = 100-WU (in wt%) ,
expressions have functional forms of

R = R(E,WU,tf,tc)

F = F(e,WU, tf,tc)

All other parameters are constants. The BASIC code

calculates the partial derivatives of the following

the

(B-4)

initially
differentials

AR = 6R/6tc . Atc + dR/8tf . Atf + 6R/6z - AC + ~R/6Wu “ AWU

Following this calculation, a transformation of
so that m = 235U mass/area is represented. The

AZ + 6F/6Wu - AWU

(B-5)

variables is made
relationship is

Wu

m= WUIP”* + WAIPA*
&t

@

where x is set to 1. In essence, we need to calculate the partial
derivatives of

AR = 8R/6tc . Atc + 6R/6tf . Atf + 6R/6E . AZ + 6R/6m - Am

AF = 6F/6tc . Atc + 6F/8tf . Atf + 6F/6E “ AE + 6F/~m “

The transformation” for the partial derivatives involves
of variables {A} = {tc,tf,C,Wu} to a aet {B} = {tc,tf,s,~.
The details for R partial derivatives are given as follows.

&m
(B-7)

a change
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(atc)A
(6R/6tc)B = (6R/6tc)A ~ + ....

(6R/6m)B = (6R/6tc)A ~ + ......
B

or in matrix notation:

Per the transformation matrix, the {~ variables must be expressed
in terms of the {B} variables, viz

{~ = f{B}

tc = tc

tf = tf

E =E

(B-9)

100/(1 + &tfpA*/m - ~A*/pu*)Wu..,= .,.

-.. .,
where the expressIon’for Wu is der”ived
The resulting transformation matrix is

II
1000

EPA*
010 _wu2(__)/ ~o~

(6A/6B) = 001 _wu2(*,/~ 00

Wu
o 0 .0 (=)2 et fPA*/loo (B-1O)

.

. .“
.—

from (B=6), with x = 1.

1

When the (6A/6B) matrix is calculated for the Mark 14 tubes
and applied to the four calculated (~R/dA) partial derivatives to
solve for (B-7), we obtain AR
are given in Exhibit B.2, and
Mark 14 middle tubes, for the

and similarly AF. The BASIC results
we will discuss the results for the
sake of illustration. For this case,
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AR = -0.084 Atc - 0.040 Atf + 0.292 As + 0.825 AM (B-n)

AF = -0.009 Atc - 0.003 Atf + 3.150 AC - 0.075 AM

where all A‘s are in %, except for AC which is in e%. Letting

tc
= ‘2~* 10 mil~, t=, = 20 * 10 mils’’and tf = t - tc - tc’, the

code defines %-changes in the first two terms. Upon calculating a
standard deviation corresponding to these variations (evenly
weighted) , the first two terms are replaced by

tu~t = *0.361%

*UFAt = *0.040%

Thus we may write

AR * 0.361% = 0.292 A: + 0.825

AF * 0.040% = 3.150 As - 0.075

uPOn sOlving these equations for AC

Am

Am

and Am, the code obtains

(B-12)

(B-1,3) -

AC = 0.315 AF + 0.029 AR * 0.016e% (B-14)

Am = -0.111 AF + 1.201 AR* 0.434%

Upon combining these results with measurement error of 2% in F and
0.8% in R, the corresponding error in AC is *0.63e% and that of Am
is ~1.08%. Actual measurements were better, as the corresponding
list of code calculations indicate.

Similar results for the Mark 14 inner and outer tubes are
given in Exhibit B.2. All errors and coefficients are about the
same for each cube studied.
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BXHIBIT B.1 BASIC Program for Proposed Method
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EXHIBIT B.1 BASIC PROGRAM FOR PROPOSED METHOD

;R<l)=; :HK(~)=l:REtl I%,EL FIEPERTIJRE

CL5~REM-CRLCIJLRTIOll hlENU
PRINT’’CFILCIJLRTION MENU’’:PRINT
PRINT” (1) 5ENSITI’41~f EXHMIHRTION - RLL PFiRHt’lETERS”
PRINT” {~) MER~lJREt~E1.\T HCCIJRFIC’I’ -ENRICHMENT RNU IJ-235°

PRINT” (~) FR~lILIES OF EN VS GRMMR RRTIO”

PRINT” (4) FRbIILIE5 or= IJ-235 14s GFitfrfiRRRTE”
pRIt.~T’!L (Sj EN ‘,}5 U-235 FRMILIES”
PRINTINPIJT “UPTION’’)OP
IF 0P=2 THEN DT$=’’Y’’:OP=1
Oh/ DP G051JB 400
GOT6” 2~k
~~r~- CFiLCIJLFITION FOR FiLL PHRRMETER 5ENSITI’41T1ES
LPRINT’’’4RRIFIBLE5 TESTED FOR SEN51TI’41T’t”
LPF:INT
G051JB 10@OO:EEhl-RDDITIOh{HL INPUTS
‘LPRIt4T’’’RRIRBLE”E” , “MIN”, “MRX”, “STEP”
INPIJT’’MRX CLFiD THICKNESS (MIL)’’jTC<2)
lt+PIJT’’MIN CLRD THICKNESS CtlIL>’’jTC<l>
lNPIJT’’STEP (MIL)’’jTC<~>
LPRIh(T’’TC(tdIL)’’,TCC 1>,TC(2),TC<Q)$PRINT
INPUT’’MRX FUEL THICKNESS <f’lIL>’’jTF<2)
INPUT’’MIN FUEL THICKNESS <MIL)’’~TF(l)
INP!JT’’STEP <MIL)’’JTF<@)
LPRINT’’TF<MIL)’’,TF( 1>>TF(2 )/-TF<~)}PRINT
INPUT’’MFi;< ENRICHMENT <Z)’’JER(2)
INPUT’’MIN ENRICHIIENT tZ)’’jER(l)’
lNPIJT’’STEP <Z)’’jER(B)
INPUT’’ENRICHrlENT. MODEL - (G>E5T ESTIMRTE/(C)OtiSER’#HTI’)E” jBC$PRINT
LPRINT’’EN<%) ’’,ER< i),ER(2>/ER<G)j “
PRINT

ENRICHrlENT MODEL “;EC$

INPUT’’MRX IJ308 MT FRRCTION (%)’’jNlJ(2)
INF’IJT’’MIN IJ30!3 MT FRRCTION (i:)’’;MU(l)
lNPUT’’5TEP (Z)’’jWlJ(0)
LPRINT’’MIJ<% )“,MIJI:l>)MIJI: 2),MIJ(O>
LPRINT!LPF:INT
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EXHIBIT B-1 (CONT’D)
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BXHIBIT B.2 Sensitivity Calculation for Mark 14 Tubes

.,-
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ExHIBIT B.2 SENSITIVITY CALCULATION FOR MARK 14 TUBES

‘4RRIRELE
T~<rlIL>

III Ii
20
42
63.1
62

STEP
10
1
1 ENRICHMENT
1

IIRK DE SIG DE
+/- eEZ +/- E%

DFiTR CFILCIJLRTID14 MRTRICIES

Frt 3.112 -%i,B73
:: Rr’1 0.264 n. 823

EF ER 0.319 0.028
MF MR -0.102 1.197

CHLCIJLRTIDMS BELOU .

% R’4E

~ ~y -1.517
~~ -0.010
~~ -%. 3!34
42 - -2.212
32 -1.334
i;2 2. 06EI
?2, 0.833
?,2 2.4?4
yp -0.132

lag 3.a37
119 -0.231
113 -0.457

1.822
1.822
1.755
1.805
1.822
1.938
I. a35
1.921
1. 8B3
1s921
1.788
1.734

2.066
1.404

-2.B12
-4. 33B
-2.442
-2.973
-0.743
-1.244

1.934
1.987
3. 6Q3
2. 7ZZ

.- . !.n -

0s651 64.675
D.649 63.13S
0.642 64.288
0.637 64.272
a. 642 64.606
0,641 65.673
0.644 63.343
n.644 65.034
Q.643 63.094
a.G49 66.125
0.6S3 6S.103
0.GZ3 63.832



EXHIBIT B.2 (cONT’D)

-1s962
-1.331
-0.384
-1.449
-0.384

2s001
1*311
2.199
0.197

-0.137

1.853
1.913
1.932
1.513
1.932
1.992
2.011
2.622
1.573
1.373

1.571
0.052
1.611
0 s 207
0.144
1.676

-0.448
-4.813
-1.305

1 s 3n5

0.719 59.727
8s714 59.882
0.719 60.223
0.717 39.G3~
a.714 60.1S3
0.719 60.978
0.714 6B.78B
0.821 6B.833
0.673 60.319
Q.682 6D.2R1

+/- EN

l@2. la6
IQB.211
101.972
lga.410
lBO.216
lal.791

39.316
93.973
9E. 173

lB1.%3E4

+/- MI
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EXHIBIT B.2 (CONT’D)

G/’FiRIRSLE tl I N MR); STEP

TC TF MU EN JF/.JTC JF/’JTF .JF,’JEN JF/Jt’11
r~IL MIL UT% EF%:.: %/MIL Z/MIL %/EP.z %/zM I

.

1.006 1.885
2.344 1.830
2.678 1, B38

-3.740 1.671
1.341 1.805

-@.ggg 1. 73s
-1.768 1.738
-2.737 1.738

1.474 1.738

44.216
44.749
44. 77@
42.947
44.439
43.717
43.333
43. lGi’
44.428.

8.934
1.a13
1. 0B3
1.003
1. ‘aDs
1. 0~4
1. OB?
EI.996
1. a07
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APPENDIX C. ON-LINR ANfiYS IS WITH MCA COMPUTER

The BASIC code for the Nucleus MCA/Computer is shorn in
Exhibit Cl. It does not use the proposed (F,R) analysis of
Appendix B, as it only uses the F measurement. However, because AC
is only weakly dependent on AR, the MCA code is quite useful. for
preliminary on-line results , (Actually, no significant differences
in results were experienced for the two codes, as shown in Table 3) .
iievertbeless, the MCA code could be extended to handle the (R7F)
analysis if desired.

The MCA code uses the formalism developed in the earlier study
of this method.5 This code assumes measurement data on the compo-
tient oxides are available for instrument calibration. Then indi-
vidual measurements are accumulated to obtain an average F =

~ for the tube. Several measurements are required to define
~ before individual enrichments may be deduced. An examp 1e
set of measurements is given in Exhibit C.2, as a guide to the
potential user.

Upon running the MCA BASIC program, the computer requests
inputs for the 186 keV and 238 kev Y-ray energy windows. A
spectrum is then collected using an oxide sample or fuel tube as a
source. A plot of the windows allows the user to appraise the
acceptability of the window settings . After setting the windows,
the component oxide informat ion is input. Count data for the
components may be collected with the MCA or entered manually if

available from earlier measurements (which was done in the Exhibit
C.2 example). After the calibration, tube measurements comence.

Tube measurements can proceed in automatic mode after the
first count is set up. Also, data from earlier measurements can be
included for averaging F, as illustrated in Exhibit C.2. After
each count measurement, the window regions are plotted, and peak
areas and errors are calculated. One then selects the analysis
option, which normal ly combines the present measurement with
previous ones for averaging a new T, and then calculates the
enrichments. The individual F values are also printed. One also
has the option to repeat and/or eliminate suspicious measurements,
as well as add data from earlier measurements. In fact, the code
can be used to reanalyze any set of measurements, provided that
the corresponding peak counts are available as input.

The method measures deviations about the average enrichment
predicted by the component oxides, and thus is best for small
fluctuations. However, given a well established average, reason-
ably accurate absolute measurements for large fluctuations, are also
possible. For example, us”ingan average ~ based on 10 Mark
14 inner tube measurements (E = 65 .le%), a sample tube section with
E = 56.6ez “as measured to have & = 56.7 * 0.8e%. Using an F
based on only 4 outer tube measurements (c,= 44.Oe%) , an oxide sample
of known E = 76.9e% was measured as & = 73.4 * l.Oe%. Absolute
c-measured can be improved with code modification if desired.
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EXHIBIT C.1 MCA BASIC Code of Monitor
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EXHIBIT C.1 MCA BASIC CODE OF MONITOR

Ia DIM u(30>>Du(35:!, T(30:I, DT(30:j
20 DIM M(2,?.2,2),N(2,32J
~~ DIM R(30), ER(30>,DE(X0:j
39 REM - SETUP GRNMQ WINDOWS FROW LINES lDO–993
:Om PRINT’IspRN GnMtifi pEQKs wITH EvEti NUMEER OF cHRNNEL51’:pRINT

PRINT:PRIMT’’1SG I(EV GRMHG”
lNDUT,lLOWER CHQNNEL’’;CLI(3)

INPUT’’UPPER CHANNEL’’ :CU(4):UH=CU(LJ-CU(Z) +1
IF(UH/201NT(UH/2)}THEN PRINT’’NOT EVEN NUHEER OF CHQNNELS’’:GOTO 12@
UH=UH/2
CU(2)=CU(3)-2:CU(1)=CU(2) –UH+l
CU(5)=CU(4)+2:CU(G)=CU(3) +UH–1

PRINT:PRINT “237 I(EV GRWMR’r

INPUT’’LOWER CHRNNEL’’:CT(3)
INPUT’’HIGHER CHQNNEL’a:CT(&)
TH=CT(4)-CT(3)+1
IF TH/201NT(TH/2) THEN PRINT’’NOT EVEN NUMBER OF CH9NNELS’’:GOTO 180
TH=TH/2
CT(2)=CTC3)–2:CT(1)=CT(2) –TH+l
CT(S)=CT(4)+2:CT(S)=CT(5) +TH–I
INPUT’’PUT CURSOR IN CH9NNEL ~ – THEh! HIT 1 RETURhl’’:ZZ
M=USR(47) :M=USR(49)
FOR I=OTOCU(l)-1
M=USR(L3:)
NEXT I
M=USR(L7) :M=USR(47) :M=USR(48>
FOR I=CU{l) TO CU(5)
M=USR(45)

NEXT I
M=USR(47) :M=USR(47) :M=USR(&9)
FOR I = CU(5)+1 TO CT(l)-1
M=usRc&5)
NEXT I
M=USR(47) :M=USR(L7) :M=USR(4S)
FOR I=CT(l) TO CT(G)
M=USR(4S)
NEXT I
M=USR(47) :fl=USR(47) :il=USR(49)
FOR I=CT(5)+1 TO 204.7
M=USR(45)
NEXT I
H=IJSR(L7)
INPUT “PERKS IN WINDOW - THEN HIT 1 QND RETURN FCIR PRINT CHECK’’:ZZ
PRINT
PRINT “18EI }fEV GRMM9’’:PRINT
FOR I=lTOG:CC(I)=CU(I) :NEXT:GOSUR 4200
PRINT:PRINT’’237 KEV GRMMR’’:PRINT
FOR I=1T05:CC(I)=CT(I) :NEXT:GOSUB 420@
PRINT:PRINT:PRINT’’CRLIES OK ?“:PRINT
PRINT1’ {1) YES-CDNTINUE WITH D9TQ”
PRINT” {2) NO–”NEED RDJUST RHP”
PRINT” (~) MO–tUEED FIX ROIS41
PRINT: INPUT’’CHOOSE OPTION’’:OP
Oti OP GOTD 100~,&5E, i0E

,,..
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EXHIBIT C.1 (CONT’D)

22”0
2225

3050

REM SETUP FOR FNQ:YSIS INPUT
NE=m:Nfl=O

IF NC=@ THEW GDTG l@20
PRINT “NEW FUEL CiEQRS YE90RY CtF PREVIOUS DR7R”

INPUT “SURE RERDY FIJR KEN FUEL WITH NEW CQLIBS(Y/%)n:YE$
IF YE$ (> “Y” THEN GOTO 5000

PRINT “CDMPONENT R INPUTSr’
INPUT “U-235 ENRICHMENT %“:E9:E9=ER/10@

INPUT “TOTRL % IN BLENDED FUEL’’:XR:XR=XR/l00
PRINT
PRINT “COMPONENT H INPUTS”
INPUT “U235 ENRICHMENT %“:EB:EB=EB/100
INPUT “TOTRL % IN BLENDED FUEL’’:XB:XB=XE/l00
PRINT
REM-DRTR MEASUREMENT INPUTS
REM
REm

PRINT “CRLIERRTION MERSUREXENTS. “;NC;’4 SETS PRESENTLYI’
PRINT
PRINT “(l) NEW !=!ND RDDITIOM9L”
PRINT “(2) CURRENT VQLUES”
PRINT
INPUT “SELECTION (1 OR 2)’’!C1$IF Cl THEN NC=NC+l
IF Ci=l THEN GOSUB .5100
REM UR,TR,UB,TE RND ERRORS SETUP IN 2100
PRINT
PRINT “TUEE MEQSUREHENTS. “:NE:” SETS
PRINT “(l) NEW RND/UR GDDITIONRL”
PRINT “(2) CURRENT VG’LUES”
PRINT
INPUT “SELECTION (1 OR 2)’’:H1:IF Ml=l
IF Ml=l THEN GOSUB 7100
REM - RT THIS POINT HRVE GLL DQTR FOR

,REM - STORE DRTR IN M MRTRIX FOLLOWS
GOSU% 8000
REM-RERDY FOR CRLCUL9TION
PRINT

PRESENTLY’<

THEN NE=NM+I

CRLCULRTIONS

PRINT “MEASUREMENT”, “ ENRICHMENT” , “ lEGKEV/237t(EV”
PRINT
GOSUB 9000
REM - SET UP FOR NEXT MEASUREMENT
PRINT
PRINT “CONTINUATION tiF STUDY”
PRINT
PRINT’’(1) RDDITIONRL MEASUREMENTS”
PRINT’”(2) 9DDITIONRL CRLIHS QND/OR (1)”
PRINT’’(3) CHRNGE CNLIBS ENRICHMENTS RND/OR ~L)”
PRINT;(4) NEW FUEL TUBE”
PRINT
INPUT “SELECT(l/2/3/4)’’:C9
ON C9 GOTO 2120, 2030> 1020,1015

-46-



EXHIBIT C..L, (cONT’D)

bOOO REM-CRLCULRTE coutiTs IN cHRNNEL CI-I
6020 H0=PEEti(491S2+&*CH)
4030 H1=PEEK(L9153+L*CH)*,25E
4040 HZ=INT(PEEt({:49154+4*CH)/lE)
LOSE H“2=(PEEI<(491SL+4*CH)–HZ*16) *G5535
&OSB cT=H@+Hl+H2

fL070 RETURN

4Z00 REM–CQLCULRTE PERK PLOT FROM CC(1) TO CC(E?
fi~l~ pRINT:PRINT’’CHQNNEL”, “CoUNTsII, O&pLoT OF PFRl<-scQLED 70 PER?(’4

422E cP=0:cx=40:cM=0

fb~~~ FOR CH=CC(l) To cc(E)
b~ka GoSUE &OOQ:REV _CIJiJNTS CT RETURNED _

&250 IF CP{)O THEN GD70 42s0
625E IF CT)CY THEN CM=CT
4270 GOTO iL330

ti2ED PRINT CH,CT, “1’’;:CL=(cT/cMj*cx
&29@ IF Ci.<1 THEN GOTO 4310
GZDD FOR J=i TO CL: PRINT’’*’’: :NEXT J
4310 FOR K=l TO E
4315 IF CH=CC(K) THEN PRINT “---”:
&317 NEXT K
&Z~O pRINT “%, 8,

k33@ NEXT CH
4340 IF CP=O THEN CP=l:GOTO L230
4350 RETURN
4400 REM - CFILCUL9TE PERK RRER ftND ERROR FROM CC(I)
Lk05 PK=O:EK=O

&h10 FOR K=l TO 3
4420 KL=2*K-1:KU=2*K
&430 FOR CH=CC(KL) TO CCCKU)

4h&0 GOSU% 4000:REM CT COUNTS RETURNED FROM CHRNNEL CH
— &d50 IF K(}2 THEN BK=BK+CT

4460 IF K=2 THEN PK=PK+CT
&&70 NEXT CH
4472 NEXT K
fbk75 PC=PK-BK:PE=SQR(BK+PK>
44S0 PRINT: PRINT’’GROSS PERK’’ :PK:PRINT’’BRCKGROUND” :B}<
4490 PRINT “NET PERK COUNTS = “:PC:” +/- “:PE:PRINT
4500 RETURN
5000 REM - COUNT SEQUENCE
5010 PRINT:PRINT’’CHOOSE COUNT MODE’’:PRINT
5020 PRINT’’(1) MRNURL - SET UP E9CH TIME”
~0~0 pRINTl,[~) QuTo - NEED sET up INITIQLLY QNLYII

5040 PRINT: INPUT’’CHOOSE OPTION’’;OP
5050 ON OP GOTO 505D,5B90
5060 PRINT’’SWITCH TO DISPL9Y WITH CLT B, SET UP, RND STQRT COUNT”
5070 PRINT’’WHEN FINISHED. HIT CTL B> TYPE i, RND RETURN’’:INPUT ZZ
5080 GOTO 5110
3090 PRINT “COUNTING NOW - HIT CTL B TO EXQMINE”
5100 M=USRf.9):M=USR(l)
5110 RETURN
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GOOO

EXHIBIT C.1 (CONT’D)

REM CFILIE MEASUREMENTS SUEIRCIUTINE
PRINT “CFILIEIRRTION INPUT MODE”
PRINT

PRINT “(l) KEYHOQRD INPUT”
PRINT “{2) MC9 COUNT”
PRINT
INPUT “SELECTION (1 OR 2)’’:C2
ON C2 GOSUB G500,6G00
REM NOW HRVE LRTEST UR,TR,UB,TB,QND ERRORS
PRINT
PRINT “CRLIERRTION USED IN RNRLYSIS”

PRINT
PRINT “(l) PRESENT INPUT ONLY”
PRINT “(2) COMBINE WITH ERRLIER MERSUREMEh!TS”
PRINT “(3) PRINT CURRENT DRTfI FIRST”
PRINT “(4) GET FiDDITIONRL DQ.TQ FIRsT”
PRINT “(5) DONE*’

INPUT “SELECTION il/2>S/&/5>1’:CS
IF c3=4 THEN Nc=Nc+I:GOTO slaa

ON C3 GOSUB 67009680075800
IF C3(S THEN GOTO 61S0
RETURN
PRINT
PRINT “CRLIBR9TION DRTfi SETS’’:NC
PRINT
INPUT “UQ COUNTS4’:UR(NC)
INPUT 11+/-’t:9U(NC)

INPUT “TR COUNTS’’:TR(NC)

INPUT “+/-’’:RT(NC:I

INPUT “UH COUNTS’’:USINC:)
INPUT “+/-’’:BU(NC:J
INPUT “TB CDUNTS’’:”TB(NC)
INPUT “+/-’’:BTi:NC)
RETURN
REM - SUBROUTINE FOR DRTFI COLLECT MODE
PRINT “CRLIB NUMBER “:NC
PRINT :INPUT “C9LIBR&TIONS G OR B RERDY (HIT 1)’’:22
GOSUB 5000:REM - COUNT DRTR
INPUT “C9LIB (R/B)’’;REI$
PRINT:PRINT’icRLIB’’ :9B5:PRINT

PRINT “186 I(EV GFIMMR’’:PRINT
FOR I=lTOG:CC(I)=CU(I) :NEXT:GDSUB 4200:REil PLOT
GOSUB &&OO:UX=PC:XU=PE:REtl - RNFILYSIS

PRINT:PRINT “CRLIB’’;REI$
PRINT “237 }(EV GRMM9’’:PRINT
FOR I=l,T06:CCtI)=CT(I ):NEXT:GOSUB &200:REM - PLOT
GOSUB 4400:TX=PC:XT=PE:REtl - RNRLYSIS
IF RB$()”R” THEN GOTO 6565
UR(NC)=UX:9U(NC)=XU:TR(NC)=TX:9T(NC) =XT:GOTO SIE75
IF QB30’ ’B’” THEN PRINT “REDO’’:IMPUT “CRLIB {R/B)’’:RB5:GOTO5G55
UB(NC)=UX:BU(NCI=XU:TB(NC) =TX:BT(NC)=XT
INPUT “BOTH R RND B STRNDRRDS DONE (Y/M)’’:YE5
IF YE5(} “Y’’THEN INPUT “GET CRLIB RERDY To coLINT/HIT 1 RETLIRN1l;ZZ
IF YE$()”Y” THEN GOTO EED5
RETURN -------
.-
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.s70B
G710
E720
57S0

6900
5910
6920
59.30
G9f+0
6950
G960
G970
G971

EXHIBIT C.1 (CONT’D)
PRINT
uG=LIR{NE):RU=9U (NC) :TR=TR(NC) :RT=RT(NC:!
UB=UB(NC):BU=BU (NC) :TE=TB(NC):BT=BT (NC:)
RETURN
PRINT
PRINT “CFiSE’’>’’UR”, “TR”> “LIE”, “,TB”
FOR IC=l TO NC
PRINT IC, UR(IC:), TG(IC),UB(IC) ,TB(IC)
PRINT “+/- ERR’’, QU(IC),RT(IC)>BU( ICI,BT(IC)
NEXT IC
PRlt’.!T :IF C3=S THEN RETURN
PRINT “SELECT CRSES TO BE USED IN CQLIB”
UR=O:RU=O:TR=O :RT=0:Uk=0:T6=0: BT=O:CN=O
FOR IC=l TO NC
PRINT “INCLUDE C9SE “:IC:INPUT” (Y/N)’’:YE$
IF YE${}’’Y’’THEN GO.TO E195D
UR=UR+UQ(IC) :RU=RU+RU(IC) “.2
TQ=T9+TR(IC) :FIT=RT+9T(IC) “2
uH=UB+UB(IC) :BU=BU+BU(IC)A”2
TB=TB+TB(IC) :BT=BT+BT(IC) “2
CN=CN+l
NEXT IC
U9=UF1/CN:9U=SG!R (9U)/CN
TR=TR/Ch!:9T=SQR(RT> /CN

G9s0
G9B 1
~g~~

6983
5990
7000
7100
7120

7130
7140
7i&5
7150
7160

.7170

7iS0
7185
719a

7210
723a
72s5
72&0
7250
7260
7255
7270

7280
7&00
7500
7510
752n
7530
7535
75&0
75&5
7550-.

UB=UB/CN:BU=SOR(BU) /CN
TB=TB/CN:BT=SQR(BT) /CN
PRINT “FIVERRGE VRLUES”
PRINT “UQ = “:UR:” +1- “:QU
PRINT “TQ = “:TR:” +/- “:nT
PRINT “LIB = “:UB:” +1- “:BU
PRINT “TB = “:TB:” +/- “:BT
RETURN
REM–--TUBE MERSUREtiENTS SUEIROUTINE
PRINT “TUBE MEFISUREMENTS INPUT MODES”
PRINT
PRINT “(l) KEYBORRD INPUT”
PRINT “(2) t’lCR COUNT”
PRINT
INPUT “SELECTION (1 OR 2)’’:M2
ON rn2 GOSUB 7500,7500
REM--Now HQvE LQTEsT INDIvIDUfIL MEASUREMENTS U(NN)”, TCNN:~

PRINT GaRNRLySIS OPTIONS&’

PRINT
PRINT “(l)NORMRL - INCLUDE PREVIOUS tlERSUREflENTS - DONE
PRINT “(2) RBNORMRL–DELETE SUSPICIOUS MEASUREMENTS”
PRINT “(:3> PRINT CURRENT DRT9 FIRST”
PRINT “(4) GET RDDITIONQL D9TFI”
PRINT “(S) DONE” ‘
PRINT
INPUT “SELECTION ~1/2/5/h/.5~’’:fl~
IF M3=4 THEN NM=NM+l:GOTO 7100
ON M3 GOSUB 7700,7Z00,7Em0
IF M305 GOTO 7180

RETURN
PRINT
PRINT’’INPUT DQTR SET NUMBER’!:NM
PRINT
INPUT”U COUNTS’”
INPUT” +/-1s

INPUT”T COUNTS”
INPUT” +{-
RETURN

uf.NM)

DU(NM)
TtNtl)
:DT(NM)
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E“XHIBIT C“.1 (cONT’D)

7600- ‘–”
—---- —...-.— ---- -

7605
7610
7615
7620
7630
76S5
76&0
76&5
7650
7655
7660
7700
7710
7800
7810
7820
7S30
78&0
7S50
7860
78G5
7870
7880
7885
7890
7900
7910
7920
7930
7940
7950
7955
7960
smOO
8010
s02a
sOz.0
sO&O
sD50
SOLD
s070
sOsO

-. —-—

s090

REM - “IUBC 5HMYLk MLS CULLkC-l” MUUE
GOSUB 5000: REtl - CO!JNT DRTR: PRINT
PRINT “TUBE MERSUREt’lENT NUMBER’’:NM:PRINT
PRINT:PRINT “18E KEV G9MMR’’:PRINT
FOR 1=1 TO S:CC(I)=CU(I) :NEXT:GOSUB 420@:REM - PLOT
GOSUB khOO:UX=PC:XU=PE:REM-QNRLYSIS
PRINT “TUBE MEASUREMENT NUMBER’’:NM:PRINT
PRINT “237 KEV G9MM9’’:PRINT
FOR .I=1T05:CC( I)=CT(I) :NEXT:GOSUB &200:REM-PLOT
GDSUB 6&00:TX=PC:XT=PE:REt’I-RNQLYSIS
u(:NM)=LIX:DU{NM)=XU:TCNM)=TX:DT(:NM)=XT

RETURN
M3=5

RETURN
PRINT
PRINT’’MEFIS NO”, “u’’,’ ’T”
FOR IM=l TCI NM
PRINT IM:U{IM):’’+/-’’:DU(IMi :T(IM):’’+/-’’:DT[IM)
NEXT IM
IF M3=3 THEN RETURN

PRINT “DELETE MEASUREMENT”
KM=O
FOR It’1=1 TO NM
PRINT “DELETE MEASUREMENT’’:IM
INPUT “(Y/N>’’:YE5
IF YE3(}’’Y’’THEN GOTD 7950
KM=KM+l
FOR 3M=IM TO NM
u{IM)=u(IM+l):DU(IM)=DU( IM+l)
T(IM)=T(IM+l) :DTIIM)=DT( IM+l)

NEXT Jt’1
NEXT IM
NM=NW-KM
RETURN
R=Nfl+l:E=NM+2:U=0: T=l
M(U>R, O)=UFI:M(LJ,R> l)=UR+QU:N(U> R)=Ufi
II(T, G,O)=TR:M{T>R> l)=TR+QT:N(T, R)=TR
M(:Ll,B, O)=UB:M(U,B, l)=uB+Bu:N(u, E)=uB

M(T>EI,O)=TB:MtT, B, 1.)=TB+BT:N(T, B)=TEI
FOR IM=’1 TO NM
M(U,IM,O)=U(IM) :M{U,IM,l )=U(IM)+DU{IM) :N(U, IM)=U(IM)
M(T, Iri, O>=T(IM):M(T,IM, l)=TtIK)+DT(I M): N(T,IM)=T( IM)

NEXT IM
RETURN
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9000
9005
9010
90~0

9030
90&0
9050
9055

9030
9100
9110
9120
3130
9140
9150
9150
9170
91S0
9190
9192
9194
9~0Q

9500
9h00

EXHIBIT C.1 (CONT’D)

FOR IM=I TO NM’
SD=O
FOR JM=O TO NM+2
FOR Z=O TO 1
IF JM=O THEN Z=I:GIJTO 9050
N(z,JM)=tI(2, JM, 1)

RR=N(T>R)/N(U,R):RB=N(T> B)/N{!J>B)
QRM=(X9*ER*RR+XE*EB*RB) /(XR*ER+XB*EB)
R(IM>=N(T,IM)/N(U,Iil)
TS=O:US=O
FOR KM=l TO NM
TS=TS+N(T,KM} :US=US+N{U,KM)
NEXT tfM
Rtl=TS/US
QR=R(IM)*QRM/RM
Y=tOR–REI)/(RQ-QR)
E=(ER*EB*(Y+l ))/(EFI+Y+EB)
IF Jtl=O THEN ER(IM)=E:GOTO 9170
SD=SD+(E-ER(: IM))-”2
N(z,JM)=M(Z,JM, O)
NEXT Z
NEXT JM
DE(IM)=SQR(SD)
RZ=U{IM)/T(Iil)
EZ=RZ*SQR((DU(IM)/U(IM) )-”2+(DT[IM)/T(IM))-”2)
PRINT IM,100*ERiIM):’’+/-”: 100*DE(IM)>RZ:’’+/-”: EZ
NEXT IN
RETURN

IODOO END
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EXHIBIT C.2 MCA BASIC Sequence for Example Set of Measurements

-52-



EXHIBIT C.2 MCA BASIC SEQUENCE FOR EXAMPLE

SET OF MEASUREMENTS

*

RUN
SP9N G9MMR PERKS WITH EVEN NUMBER OF CHQNNELS

18S KEV GRMMR
LOWER CH9NNEL? 920
UPPER CHRNNEL? 9&5

237 KEV GRN1’lfI
LoWER CHRNNEL? 1185
hLGHER CHRNNEL? 1210 “
PUT CURSOR IN CHQNNEL 0 - THEN HIT 1 RETURN? 1
PEFIKS IN WINDOW - THEN HIT 1 RND RETURN FOR PRINT CHECK? i

.
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EXHIBIT C.2 (CONTFJJ)

2HRNNEL

906
907
30s
309
310

911
.2

.3
914
913
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
93s
934
935
936
937

B
2s9
9&0
9k 1
942
9&3
94&
945
9kG
947
9&8
949
950
951
952
953
954
955
955
957
958
959

COUNTS

.351
q~~

366
300
3&L
~~@
~~ I

Ssz
367
357
354
S&&
391
371
362
339

371
S58
,4~~

404
535
786
l&58
2785
4&93
6328
7212
6663
&96E
3213

1796
1051
691
539

460
460
430
382
378
36&
3.47
330

333
32s
33&
342
303
300
333
298
307
313
305
301

PLOT OF PERK-SCRLED TO PERK
I *+---

I*
I**

I*
I*
I*
I*

I+*
I W*
I*
I*
I*
Ixx---

I**
I *x---
I*
I ~~

I*
I**
I**
I**
I ****
I****xw*x
1********~*~~***
1*******~~#*+~~**~**~~**~
I*:******:*****:*********:**************
1**:***~*~*+**~*~+****~~~~**~***~~~*~+**~~
1*****************************:*******
I**w****~***+~+~+~*:~~+*w~**w
1*#*****~***~~**~*
I****xx*xx
I **:*xx
I ***
I**
I ~~

I**
I**
I**

I**
I *x---
I*
I *--1
I*
I*
I*
I*
I*
I*
I*
I*

I*
I*
I*
I #---

.
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EXHIBIT C.2 (cONT’D)

; L<.rINNEL
1171
1172
1173
1174
1175
117s
1177
117s

1187
11s8
11s9
1190.
1191 r

1192
119s
1194 -
1195
1195
1197
119s
1199
1200
1~01
1202
120s
1204
1205
120s
1207
120s
-~.a9
:10

1211
1212
1213
121&
1215
121s
1217
1218
1219
1220
1221
1222
1223
122&

COUNTS
219
229
219
200
.:,~.- 6
22s
21Q

237
245
210
225
2&2
21S
2&0
.239

2s3
260
288
295
377
575
S&k
1169
l&03
l&G9
10s8
864

5s7
4&0
336

292
2s0
331
325
369

3k7
323
322
270
267
229
2f+2
230
236

222
225
216
234
223
227
226
2&2

.192
190

PLOT OF PEfIK-SCRLED TO PERK
I*****---
1 ******
I *****
1+*~~*
I*:*****
I******
I**%* -
I ******
I******
I*x***
I ******
I XX****

I*****---
1 ******
I***y*x:---
I **Yx**
I*******
I*+**:***
I********
I******:****
I***************
I*************+*******+
I*******~***~#*~******+*&*******
I*\~e:*~**F***’*$:f.************************ ‘
1*****+*+’***********+******w*****+*******
1+**~:******~~*~~*****:~+*******
1****************~****++
I***************
I***********
I*********
I**:*****
I***x***
I*********
Iwx*****x
I*********
1**~*~~~~~

I********
I********
I*******
I*******---
1 ******
I*xkxxx---

1 ******
I******
I ******
I ******
I *****
I******
I******
I******
I ******
I*****x
I*****
I**:***---

,, ,.

.;..,... .,
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CQL’IBS OK ?

EXHIBIT C.2

(1) YES-CONTINUE WITH DQT9
(2) NO-NEED 9DJUST RMP

(3) NO–NEED FIX ROIS

CHDOSE OPTION? 1
COMPONENT R INPUTS
I ’35 ENRICHMENT %? 45
“[-19L % IN BLENDED FUEL? 50

COMPONENT B INPUTS
u~~~ Enrichment %7 75

TOTRL % IN BLENDED FUEL? 50

CFILIBR9TION MEASUREMENTS. 0 SETS PRESENTLY

(1) NEW RND QDDITIONRL -
[2) CURRENT VQLUES

SELECTION (1 OR 2)? 1
CRLIBRRTION INPUT MODE

, . KEYBORRD INPUT
i. , MC9 COUNT

SELECTION (1 OR 2)? 1

C9LIBRFITION DRT9

U9 COUNTS? &5000

+/-? 100

TQ COUNTS? 15000
+/-? 100
UB COUNTS? 90000
+/-? 10n
TB COUNTS? lDOOO
+/-? lDD

CQLIBRRTION USED

SETS 1

IN RNFiLYSIS

{1) PRESENT INPUT ONLY

(2) COMBINE WITH ERRLIER MEASUREMENTS
(3) PRINT CURRENT D9TQ FIRST

(4) GET RDDITIONRL DRTQ FIRST
(5) DONE

55L,ECTION (1/2/3/&/5)? 1

.-

C9LIBRRTION USED .IN FINRLYSIS

(1) PRESENT INPUT ONLY
C2) COMBINE WITH ERRLIER IIE9SUREMENTS
(3) PRINT CURRENT DATQ FIRST
C4) GET FIDDITIONRL DRTQ FIRST
(5) DONE

SELECTION (1/2/3/&/5)? 3

CQSE UFI TR UB

—

.-.

*

TB
1 45000 1 snOO 900D0 10000

+/- ERR 100 100 100 100
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EXHIBIT C-2 (CONT’D)
: CRLIERRTION USED IN RNRLYSIS

(I)” PRESENT INPUT ONLY

(2) COMBINE WITH ERRLIER MERSIJREMENTS
(3) PRINT CURRENT DQTR FIRS,T
(4) GET FIDDITIONQL D9T9 FIRST
(5) DoNE

SELECTION (1/2/3/k/5)? 5

5 MEASUREMENTS. 0 SETS PRESENTLY

<i-J NEW RND/DR RDDITIONRL
(:2) CLIRRENT VQLUES

SELECTION (1 OR 2)? 1
TUBE IIERSUREMENTS INPUT MODES

{1) }(EYBORRD INPUT
(2) MCR COUNT

SELECTION [1 OR 2)? 1

INPUT DRTR SET NUMBER 1

U COUNTS? 38579
+/-? 236

T COUNTS? 7759
+/-? 139

FIN9LYSIS OPTIONS

(:l)NORMRL - INCLUDE PREVIOUS MEFISUREMENTS - DONE
C2) RBNORMRL-DELETE SUSPICIOUS MEASUREMENTS
(3) PRINT CURRENT DRTR FIRST
(4) GET QDDITIONRL DQTR
(5) DONE

SELECTION <1/2/3f&/5)? k
TUBE MEASUREMENTS INPUT MODES

(1) t(EYBORRD INPUT
[2) MCR COUNT

SELECTION (1 OR 2)? 2

CHOOSE COUNT MODE

(1) MFINU9L - SET UP E9CH TIME

(:2) RUTO - NEED SET UP INITIRLL~ ONLY

~ ~DSE OPTION? 1
SWITCH TO DISPLRY WITH CLT B, SET UP,
WHEN FINISHED> HIT CTL B> TYPE 1> QND

?1
TUBE ME!=iSUREMENT NUMBER 2

RND STRRT COUNT
RETURN
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EXHIBIT C-2 (CONT’D)

MERsu~EMENT ENRICHMENT

.<-
59.5395 +/– .LF1756S
S9.71EI +/- . ~OOkss

; 59.9835 +/- ,kg~~gg
& 59.6858 +/- .fb9E375
5 59.9863 +/- .501228
6 60.5k62 +/- .503f465
7 50.kS93 +/- .508S49

CONTINUATION OF STUDY

(I) 9DDITIONRL MEASUREMENTS
(’~) RDDITIoNRL CFILIBS RND/OR {1)

1:3) CHQNGE CFiLIBS ENRICHMENTS RND/OR (2)
[:4) NEW FUEL TUBE

SELECT{l/2/3/&)? 1

TUBE MEASUREMENTS. 7 SETS PRESENTLY

(1) NEW RND/OR 9DDITIONRL
(2) CURRENT VRLUES

SELECTION (1 OR 2)? 1
TUBE MEASUREMENTS INPUT MODES

(1) KEYBOFIRD INPUT
[,,]tICR COUNT

SELECTION (1 OR 2)?

CHOOSE COUNT MODE

cl) MGNURL - SET UP

(2) AUTO - NEED SET

CHOOSE OPTION? 2

2

E9CH TIME
UP INIT19LLY ONLY

lSGtiEV/237t(EV

Ii.9Z21G +/- .03&12&5

5.00355 +/– .097&227
5. 05157 +/- .09754?.5
&,99S15 +/- .09ESG05
5.0S207 +/- .D9SL616
5.17265 +/- .101&24
5.1382 +/- . 101E121

COUNTING NOW - HIT CTL B TO EXRMINE
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‘ MEQSUREMEMT NUMBER 8 EXHIBIT C.2 (CONT’D)

1S6 KEV GF?MMR

CHRNNEL

907
90S
909
91G
911
912
at.~

6
915
915
917
918
919
920
y~~.

939
940
941
9&2
943
Sk&
9k5
9&G
947
94s
9&9
950
951
952

COUNTS
21k
227
216
2z7

213
212

200
229
214
25&
260
233
237
235

20s
Zas
2&9
240
24&
313
387
708
1266
23& 1
3481
ib2&0
ti331
3E23
2355

136s
S27
s~n

382
S23
2S9
259
222
2&3
219
225
182
20s
186
20E
216
202

197
233
2n 1
217
205
178
200
18&

GROSS PERK 290&8



‘TuBE ME9~U”REM~NT--”~-U~ER-”””E

237 KEV G9MM9

CHRh!NEL COUNTS

1171 151
1172

1173
l17&
1175
117s
1177

‘“.7s
._ .79

1180
11s1
1182
1183
lls&
11s5
11s6
11s7
11ss
11s9
1190
1191
1192

1193

119s

1199
1200
1201
1202
1203
120L
1205
120El
1207

120s
1209
121%
1211
1212
121s
1214
1215
1215
1217
1218

157
158
155
13f4
15&
153
1h7
159
141
15EI
151
~~~

139
- 135

137
1&s
1SE
2&5
32s
4s 1
670
EO&
8s0
?1 i
59s
425

272
21s
169
1F17
217
204
225
23&
207
197
159
167
151
160
135
150
137
136

137
14E

161
J?19 123

(.&$g
154
1.4s

1222 15s
1223 13&
122& 1~~

GROSS PERK 835S
BACKGROUND 3S37
NET PERK COUNTS =

E_~IBIT c .2 (cONT ‘D)

+/- 110. &76
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~IBIT c.2 (coNT’D)

::I)NORMRL - INCLUDE PREVIOUS MEASUREMENTS - DONE

:::;2) QBt’.lORMRL-DELETE SUSPICIOUS MEASUREMENTS
<’:(,3) PRINT C_IRR~NT DQTQ FIRST

.j}{&) GET’ FIDDITIONRL DFITQ
i (5) DONE

‘; SELECTION <1/2/3/4/S)? 1

MEASUREMENT ENRICHMENT 186KEV/237KEV

1 59.6837 +/- .,6909S9
2. S9.6602 +/- .50&02

3 59.9277 +zf- .&99704
18,. 59.5299 +/- .5018S&

k“

.j 59.9304 +/- .50k72
60.550S +/- .506967

7 60.b035 +/- .5120&

s S0.5438 +/- .679305

6.97215 +/- .09d12k5
5.00356 +/- .0974227
5.051S7 +/- .0975&35
4.99816 +/- .0958605
5.05207 +/- .09S4616
5. 17265 +/- . 101&24
5. 1382 +/– .101621
5. 18252 +/— . 132s66
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