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TECHNICAL DIVISION DPST-83-825
SAVANNAH RIVER LABORATCRY

ENRICHMENT MONITOR FOR 235Uy FUEL TUBES

I. Introduction

In 1976 measurements were needed to appraise 235y-enrichment

uniformity 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%Z) oxides, inadequate
blending can cause enrichment non-uniformities. Enrichment
measurements for 1/4"-diameter fuel tube areas are required to
appraise uniformitgr.1 The Fuel Distribution Analyzer2 and the
Nuclear Test Gauge®:* were available to measure U~uniformity and
35U—uniformity, 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.® Sample disks of 1/4"-diameter
were cut from tubes and transferred to Analytical Chemistry
Division for analysis. The enrichments of these samples agreed
well within the desired 20.5e%Z. 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. Consequently,
Nuclear Engineering Division sought a more attractive method to
replace mass spectroscopy.



Beginning in 1978, y-ray methods were examined for 235y-
enrichment measurements.® Following experimental studies in 1980-
8l, a detailed method was grOposed. In this method, Y-rates
assoc1ated with 235U and 232U are correlated with enrichment.
Instrumentation for appraising fuel tubes with this method has been
assembled and tested. This re ort descrlbes the performance of

this prototype Y -monitor of U-en hment.
IT. Summary

The prototype Y-monitor successfully appraised inner, middle,
and outer fuel tubes of Mark 14 design. Measurements of enrichment
uniformity to <0.6eZ% and 235y 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 appraise a tube in about one day. The prototype
cost ~$30K and a final instrument would be ~$50K.

The yY-monitor of 235y-enrichment has a theoretical basis that
addresses (A) the enrichment correlation with Y-rates associated
with 235U and 232y, (B) the tube geometry effects on the correla-
tion, and (C) the Y-rate semsitivity to various tube parameters.
Each of these aspects will be discussed in detail in this section.

A. 2357 Enrichment Correlation

Uranium oxide (U304) fuel tubes at SRP are blended from high-
enrichment (~75e%) and low-enrichment (~40eZ%) components, to
produce a fuel of design enrichment (~60%Z). Typical y-spectra of
such components are shown in Figure 1. The spectra show a 186 keV
Y-ray from 233y and a 238 keV Y-ray from the 232U decay chain. 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

The 186Y/238y correlation with enrichment will now be examined
in detail for the case where identical sample counting geometries
are assumed. This assumption eliminates the need for Y-attenuation
corrections, which will be addressed in Section III.B., in dealing
with actual fuels. For the present discussion, the sample geometry
is that of the design fuel. The notation 186Y/238y = RU/RO'

will be used for this case.
|
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Note the following relatiomships:

Ry = 186 keV yY-rate = k&

£
Ry' = 238 keV y-rate = k o ke'!

0 (1)
where k is constant, € is the %SSU enrichment, and €' is the
"effective™ 232y enrichment. If we blend a low enrichment oxide
(enrichment €1, fraction Xy) and a high enrichment oxide

(enrichment €y, fraction Xz = l-Xp) to obtain the resulting
oxide (enrichment €, fraction 1) the following is true:

£ =XL€L + (1 - XL) EH

E'I - XLELI &+ (l —- XL) €H|

(2}
Upon eliminating Xj; from both equatiouns above,
e.' - e ee ! —eg e !
o - (B ¢ (B
L H L H
or
€' =be + ¢ (3)
where b and ¢ are constants. Consequently, from (1) and (3)
= = = E -
Fo = Ro/Ry' =e/e' == (4)

Actual measurements of component oxides and fuels (all of
similar sample geometry) are given in Figure 2, where €' is plotted
against € to demonstrate Equation (3). The € oxides cluster
about (g, €') = (43, 14.5), €g oxides cluster about (g, €') =
(76, 9.5), and the (€, €') of fuel tubes lie on 2 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 €; however, for €-~uniformity measurements
about an average, this refinement is unnecessary). The data of
this plot yield b = -0.161 and ¢ = 21.7e%. '

The physical explanation of the Fy = €/¢' difference in the
high and low enrichment comporent oxides, is due to the fuel cycle.
SRP uranium fuels have been continually reprocessed and reblended
as reused fuels for a number of years. As the 235y is burned out
(lower €), 2327 builds in (higher €'), in agreement with the
observations in Figure 2 and the predictions of Figure 3.% Also
‘the fuel blending itself preserves this €' vs £ trend.



The above €' vs € 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 232y decay
chain to buildup, due to the 1.91y half-life of the immediate
daughter 228y, Indeed, the samples were shown to vary in Fy 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 2281y

buildup.

Should the above method be unworkable for future uranium
fuels, an alternative method has been proposed. This method
requires an external Y-source, which is used to measure the total
uranium by attenuation/transmission. Cladding thickness measure-
ments,7 as well as 186 keV yY-rates for 235y are also required.
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 givea in Appendix A.

B. Tube Geometry Effects on 23579 Enrichment Correlatiom

In measurements with actual fuel tubes, effects of attenuation
will alter Fy to some value F. Consider the yY-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 dRy,

dRy =D * € * py * Adx (5)
where
D= (186 keV v's/sec—gm 235}3-8)'(186 keV detection
efficiency)

enrichment, fraction)

Including attenuation effects of the cladding and fuel core,
Figure 4 predicts .

dr = eMafe eMeX dR

te

P _
dR(x) =D * A * uU e (1-ePeff) o Male (6)

R= |
0 £

;



where

R = actual attenuated 186 keV Y-detection rate, count/sec

B¢ = atten coeff of 1386 keV ¥ in fuel core, em™t

U,y = atten coeff of 186 keV ¥ in aluminum clad, cm~!

'tf = fuel core thickness, cm
te = fuel clad thickness, cm
It is useful to write R in terms of more fundamental parameters,
using *
W

U
Wy/py® + Walp ¥

Py =

Hp = Pa* g

H
~~
~J
L

F
.
]
£
r
Hh
s

tianm AfF TI.N. 1in fuao
- WL U3U8 FeFY S F LS 1~

1
i

Wp = weight fraction of Al in fuel core

py* = theoretical density of UzQg, gm/cn@
pa* = theoretical density of Al, gm/cnﬁ
gy = 186 keV y-mass atten coeff for U30Qg, cmZ/gm - tabulation 8.
ga = 186 keV Y-mass atten coeff for Al, em? /gm - tabulation 8,
Using equations (7), with equation (6),
R = £DA (——E—U———-_) e Pa"8a%c (1-e” ‘:"fg ;:fAfTA/p Lt £) |
Wysy * WaBa
Wogn' + W
R' =e'D'A" ( WGU?U+ e aj,)e-pA*gA'tc {1-e” (ing * + %g%gl
"u8u T YA Ba
(8)

% All densities are set to 1007% theoretical, As shown in Appendix
B, this approximation has negligible effect on the analysis,
although future work will include a correction for this.

-5 -



1 H

where R', D', ..... T

Simplifying the above notations, we write
R = €DA G(Wy, Wa, tec, tf) -
R' =e' D'A' G' (Wy, Wp, te, tg)

¢ Wy, Wa te tp)
G (Wy Wy tc’tf) - (9)

DA
D'A

]m

F =

7 (=)

ju]

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 €- valuas be desired, these factors are reguired and may

GuowianT vaLuos CoLiiTily, LLEEST Lol luio 4l LTyl 4all [

be obtained using the tube design standard measuremeuts in Section
II1.A, viz:

Ry = k& = e(DAIGGHy, Wy, ¢,

c? tf)

Ry' = ke' =€"(D'AGC (Wy, Wy, T, tg) (10)

Where Ry, Ry', Wy, Wa, te, and tg correspond to tube design values.

Rearranging equations (10), we obtain

T2 T - — i — —
DAY oy, Wy, T T (1
Finally, it is worth noting that in general
R = R{(e, Wy, to,tg)
R' = R'(e, W, Ees tf)
P T . Y f193%
¥ = FlE, W, Le, Lf) \1lZ/)



because Wy = 100 - Wy (in wt%) and €' = b€ + ¢ per discussion
in Section IIIL.A.

C. Parameter Dependence on Correlation

Of the three equations for R, R', and F derived in IIIL.B.,
only twe are independent. Because éU enrichment is primarily
correlated with F and the 233U mass is primarily correlated with
R, the equations for R and F are most useful. Per equatioms (12},
R and F depend on €, Wy, tf, and t.. Four equivalent
parameters are more useful for the analysis, namely

Wy

g

t t €, and m = t

A f

where m is the 235U mass/unit area for the fuel tube region
examined.

The measured deviations im F and R will depend on the above
parameters according to

AF = GF/Gtc - Atc + GF/Stf . Atf + 8F/8e + A + 8F/8m ¢ Am

]

AR = SR/S8t_ * At, + 8R/Sty * Aty + §R/8e + Ae + SR/6m * Am

A BASIC program was developed to calculate the partial derivatives
(8X/8Y notation) from expressions inm Section III.B, as described in
Appendix B. The two expressions AF and AR include four unknowns;
thus, a unique solution for Ae (and Am) is not possible. However,
for each expression, the first two terms, which depend on Atf, and
Atg, have relatively little impact on AF and AR. By allowing

At, and At.' to range between *10 mils, which defines a Atg =

(At. + At.') range, the corresponding §F/8t.*At. and

8F/Stg*Ats are small.* As shown in Appendix B, we may write

AF = iGFAt + 8F/Se » Ae + 8F/Sm » Am

AR = tgp, . + SR/8e + Ac + §R/6m * Am (14)

where Oppr and Oppy are calculated over the range of

At. and Atg with equal weighting. These uncertainties are
absorbed into the AF and AR measurement error, so that two
equations (AF, AR) with two unknowns (Ag, Am) result. Table 1
gives the resulting A€ and Am sclutions for Mark 14 tubes examined
in this work.

* Here, t,' is the inner clad thickness defined in Figure 4.
The tube thickness t = tc' + bty + e is assumed constant.



The above treatmeut is primarily useful for deviations from

the design value. Absolute measurements of € and m can be obtained
by proper use of the formulae in Sectiom IILL.B.

IV. Experimental Tests

A. Instrumentation

The instrumentation 1s shown in Figures 5 and 6. The hi

o o (UPNaY dar - 1 r i :
yurluy EErmnnldm \nrise,; dececior, eieCironics, aund mﬂl;lCuauu

analyzer/computer have been described elsewhere.? The
collimator/shield was developed based on earlier tests,®: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 yY-rays. The collimator has a 1/4'"~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.lo 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 reasomnable
estimate of Ag, provided that AR is €5%Z. The program plots the
Y~peaks to confirm the 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 main increase in cost for the final system.

B. Measurements for Mark 14 Tubes

The Y-monitor appraised 23%U in Mark 14 inner, middle, and
outer tubes. A cross sectional diagram of the Mark 14 fuel

am e ] ot traTy wa 23 Tia Aatra rxavra Fo 1
d48sS&mo.Ly 18 givVen 1a rigure &. 1liie¢ data were p;;marlly aﬂal“ ed

using the formulae developed in Table 1. Average values for each
tube were used as references for the fluctuatioms. Figure 9 shows
the results for the z-measurements, while Figure 10 displays the m—
measurements. Both € and m were measured as a function of position
along the tubes.

et bt e e ey e s bl it Mt 20



The €-values were measured to a counting precision of
g = *0.6eZ, which agrees well with the standard deviation of the
individual measurements. Each value was obtained with 2000 sec
counting time. The on-line MCA/computer results for € agree quite
well with the refined € calculations, as shown in Table 3.

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

The m-values were measured to a counting precision of ¢

st1 0% hist trha ecamnla daviatrina ons were larocas A o

i} Al T
%= a..um, cut TNe Sampile deviatlillls were as 1arge as J.uUsn. AL

nougn
such deviations are typical, 3,% future monitor 1mprovements are
underway to assure that none of this fluctuation is due to

variations in counting geometry.

Absolute measurements for € and m were also examined, although
the present studies were not optimized for these. The results are
summarized 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-momitor for 235y uniformity is suitable for
routine appraisal of Mark 14 fuel tubes. The monitor is
nondestructive, yields 239U enrichment (¢) fluctuation to *0.6e%,
is LCLdLLVELy J.a:al., and avoids extensive dCCGUﬁt&ULlLLY}HdHGLLng
requirements. In addition, the monitor yields 2357 mass/area (m)
fluctuations to *¥1.0%, and gives useful estimates of absolute
values for € 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 ta
the ~$530K 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 At formulae of Table 1.

The Y-monitor is also being adapted to handle 235y enrichment
measurements for l-gallon cans of uranium oxides? and fuel tube
billets. Furthermore, the monitor can be used to measure high
density "hot spots" of fissile material, as was done in an earlier
appraisal of Mark 41 fuels.l9 1In general, a variety of nonde-
structive fuel interrogation applications can evolve through the

use of this Y-monitor.
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TABLE 1

Analyses for Mark 14 Tubes

Tube Parameters Analysis

Inner € = 65.1% Ae = 0.319AF+0.028AR
te = 42 mil, U305 = 62% Am = -0.102AF+1.197AR

Middle € = 60.3% Ae = 0.315AF+0.029AR
te = 43 mil, Uy0 = 62% Am = -0.1114F+1.201AR

Outer € = 44.0% Ae = 0.280AF+0.022AR
ty = 40 mil, U305 = 60% Am = 0.118AF+1.174AR

et
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TABLE 2

Instrumentation Costs

Item Prototype¥® Final*®¥*

HPGE detector $11,643 $14,000

Electronics 3,145 4,000

Multichannel Annalyzer 9,000

Computer : 8,190 10,000

Data Storage (cassette) 4,000 (floppy disk)
Printer 660 3,300

$hielding (SRL-NED) 5,000 (est) 5,000 (est)

Total 528,638 | $49,300

Also recommended but not included in 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
** FEstimated per 1983 prices.



TABLE 3

Comparison of Enrichment Measurements

Tube Position Refined ¢ MCA/com €% Diff (M-R)
(in) _ED (e%) (D
Inner 22 65.14%0.58 65.10£0.47 -0.04
32 64,28%£0.56 64 .44%0.47 +0.16
42 64.27%0.58 64.490 .48 +0.22
52 64.61%0.58 64.73%0.48 +0.12
62 65.67£0.62 65.66£0.49 -0.01
72 65.3520.59 65.32+0.48 ~0.03
82 65.85%0.61 65.72£0.48 -0.13
99 65.09+0.58 65.05%0.47 =0.04
109 66.13*0.61 65.92+0.48 -0.21
109 64.,68%0,58 64 .6710.48 -0.01
119 65.11£0.57 65.02E0.46 -0.09
119 65.03£0.57 65.05£0.48  +0.02
-0.003*0.121
Middle 23.5 59.73%0.58 59.73*0.49 0.00
32.5 59.88%£0.60 59.91%0.50 +0.03
43.0 60.,23%0.61 60.18t0.50 -0.05
52.0 59.8510.60 59,98+0.50 +0.03
64.0 60,18t0.61 60.18t0.50 0.00
72.5 60.98%£0.63 60.84%0.51 -0.14
81.5 60.7070.63 60.65£0.51 ~0.05
81.5 60.28%0.50 60.29%0.48 +0.01
92.0 60.86£0.83  60.89t0.68  +0.03
92.0 60.32£0.50 60.4020.48 +0.08
0.006+0.061
Quter 24 44 .22%50.51 44 . 300.46 +0.08
39 44 42%0.49 44 . 47%0.45 +(0.05
54 44.75%0.52 44 7410 .45 -0.01
69.5 43.56%0.49 43.48%0.45 -0.08
84.5 44 . 77X0.52 44,785 0.45 +(.01
88.5 43.72£0.45 43.70£0.45 =0.02
111.5 42.95%0.47 42.90+0.45 -0.05
111.5 44 4450 .51 44 45%0.45 +0.01
131.5 43.19%£0.49 43,19%£0.45 0.00

* The 0 for the monitor values £ is slightly smaller than that of
the refined €, because of (1) the AR effect is excluded, (2) the
error treatment of average F is less comservative, and (3)
the t,., Ef errors are neglected.




TABLE 4

Absolute 233y Measurement
(Note: All errors are due to counting statistics alome).

Enrichments € (e%)

Refined
Sample Known Analysis MCA Analysis
Quter 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
U30g Powder 76.9 - 73.4%1.0

Mass/Area m (gm/cm3*ef-mil)*

- Detailed
Sample Known Analysis
Quter tube 4792 488227
Middle tube 7465 7289%111
Outef tube 7872 7931%£59
Yy

* Known values of m - €t obtained from design

- WyleyF F WPy

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% exhibited).
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APPENDIX A. ALTERNATIVE Y-MONITOR FOR 233y FUEL TUBES

A. Alternmative yY-Monitor Methodology

In the event that some future uranium fuels are not amenable
to 235y enrichment measurements via 186Y/238y correlation described
in the text, an alternative method is proposed. In addition to the
basic Y-monitor, this method uses an external Y-source and the
cladding thickness monitor.

In essence, we need to obtain the attenuation correction
factors for the 186 keV yY~rate, which is derived in the text
(Equation 6} as

R = DA (py/upde(l-eMEtH)e™ate (a-1)

Here, DA 1s constant for the fixed counting geometry. The factor
(py/us) can vary; however, variations should be negligible per
following reasoning. From the text discussion (Equation 7), we
note that

Wy

Wysy * WaBa

pU/uf =

-1 - -
Pyt e (1.23 + 0.125 WA/WU) e’ /gm _ (A-2)

Normal blending of uranium oxide and aluminum demonstrate good
uniformity.ll A conservative example with Wy = 60%2 wt?% and Wy
= 40F 2wt% yields py/u¢ constant to *0.5%. For an enrichment of
€ = 60.0e%, the corresponding error would be £0.3e%. Thus, this
factor will be assumed constant.* The remaining factors of (A-1)
deal with Y-attenuation and these cannot be assumed constant.

* Measurements for Mg can be obtained in this method, and these
allow one to measure the constancy of py/wg. For example, if
we write the formulae for py and ug (Equations 7), including
the theoretical density X and using Wp = 100-Wy, we have:

Wy
pl = X
Wﬁ/pU* + (100 - Wy) /P %
. Wyey + (100-Wplg, .
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The Wy can be eliminated between these two expressions to yield
" ;
IV i (L - fa
TG )
URE Qg ooy We

} (A"-2)

where upg® = py*g, and Up* = pp%ga. All starred terms

are theoretical density values - which are constants of nature.
The last factor governs the comnstancy of the expression, and -
it can vary only due to Wy, per equation (A'-1). For a typical
case with the Wy = 60%, and ¥ = 0.9, we have

(1 - uyx/ug) = (1 - (0338000903 92) = (1- 0.094)

Thus, if g is measured to *5% (per attenuation data), then pu/uf
constancy is measured to ¥0.5%, yielding £0.3eZ at € = 60.0eZ.

An external Y-source is used in measuring the attenuation
factors e Mftf and e MAtc. 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:

@ Unattenuated to yield rate Rgq
©® Attenuated by pure Al at tube ends for Rgp
0 Attenuated at fuel measurement area for Rgp

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

M
- 1
e UA(tc * tf +t)

ReA/Reo = ry = c
A ' M N
ReF/Reo = Iy = e Mate * Hghe — HaR,
A A
ReF/ReA = r = e (Mg Mpdts (4~3)

A, . . .
We use B in place of m to distinguish the external source Y-ray
from the 186 keV Y-ray.

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

yee/t

I

n (
e “Hate Ta

A te/t
e 'uAtf (rA) £

te/t
e Wgtg = vlry)"f - 26 - (A-4)



Finally we write

A
_ pLat /n,t
o “Hate (rA) AtelFA

. —uftf = [r(rA_)tf/t]“f/“f _ (A-5)

where we note that good estimates for ”A/“A and uf/uf can
be made since u = ff implies little change. Using (A-53) and the
preceding observation, we write (A-1) as:

_ (CONST).E.(1_[r(rA)tf/t]uf/uf).(rA)UAtC/UAt (4-6)

The above equation for R is sensitive to the analy51s values.
The u/ff values should be close to 1 and estimated accurately. The
last factor will also have a wvalue close to 1 and the error can be
made small with good counting statjstics, For example, with t. =
20 mils and t = 80 mils, (rp)Hatc/HAE ~ 0.98. The

error for the other attenuation factor requires gloser examination.

For Mark 14 fuels, this factor (1—[r(rA)tf/t]“f/“f is

(1-0.70) = 0.30, so that the %-error in the factor will be about
double the %- error of the measurement for [r(rA)tf/t]“f/ f
Sufficiently strong sources should be able to produce the required
counting statistics; however, extreme care must 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 57¢0(2704) with 122 keV Y-ray,
139¢e (1404) with 166 keV y-ray, 125gh(2.7y) with 176 keV Y-ray,
and p0531blg 8Th (1.96y) with 238 keV Y-ray. Of these, the most
ideal is Sb, due to its lomg 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
€, m, tf, and t., and a differential analysis for the Mark 14
middle tube (which is representative) yielded

Ae = 0.315 AF + 0.029 AR * 0.054e7

where the * term denotes the uncertainty of t. and tg due to *
10 mils for inner and outer clad thickness. Furthermore, it was
shown that for measurement of op = 2% and o = 0.8%, the A is
measured to g; = 0.63eZ.

- 27 -
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A similar analysis for the alternative method, using Equation
(A-6) ylelds¥* )

Ae = 0.60AR + 1.253Ar + 0.50!+ArA - 0.047 A(tf/t)

A .f-.'f\
H

-0.4504 (u gl 0.0

)
U.u’hﬁ(tc 1 Iln

fed AL
f 7 SAHATHEA

t .011

N
+ U.U )

£

If we assume comparablé measurement precision for R (ie op =
0.3%), then to get similar precision for Ae (i.e. gg = 0.63e%),
the following measurement precisions are required:

< 0.33%: External Y-source detection rate >50/sec
Orp < 0.81%: FExternal Y-source detection rate >10/sec
Tee/t < 8.68%: tf accurate to 4 mils

UUflﬁf < 0.83%: Table interpolation accuracy

T/t <37.1%: t, accurate to 8 mils
GUA/ﬁA < 37.1%: Table interpolation accuracy

The 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 tfy and t. measurements are easily measured to _
less than ¥ 1 mil with cladding thickness monitor, so the required
6 for these are easily met. The error in Ug/Hg 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 €
for appraisal of uniformity. The required GUA/HA 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
232y or some other Y-source to assure availability of this method.
Nevertheless, the alternative method, albeit more tedious, cam be

developed if needed.

* The AF and AR are % deviation; Ac 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 Sectiom III of text) as

o] -t “u,t
R=D¢* A"y U ¢ (1 - F iy Ac
£
with
p. = Yy X
U Wylog® + Wa/p ¥
Bp = PaA"8a (B-1)

= yBy *Wags
f WU/QU* + WApr*

= uf*x

In complete detail, we write

bt e Pa"Batc(1-e” Viysy * Wags) t
Wpey + Waga (Wyloy® + Wale,*) f
_ (B-2)
A sensitivity analysis of expressions for R, R' and F, using the
(B-2) format, comstitutes the basis for the analysis.

X)

R=D¢* A=+ e (

Before proceeding with the sensitivity analysis, note that ¥,
the theoretical density of the fuel core, 1is included in Equations
(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 MWftf)
= (l-e"Mf*tfX) for ¥ = 0.9 and X = 1.0, using the Mark 14
middle tube data. For x = 0.9, and 1.0 a 1% variation in Mgtg
causes respective variations of 0.83% and 0.82Z%Z in R due to this
factor. Similarly, 1% variation in Mg'tfy yields respective
variations of 0,.90Z and 0.89% in R'. Clearly, such effects on R,

'R', and F have very minor impact on uniformity appraisals based om

AR and AF. ©Nevertheless, future work will incorporate the proper
value of . '

Variations in F and R were examined with the BASIC program
listed in Exhibit B.l. The functional forms examined were
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W - % Wirgrp + Wag
WyBy * WaBa y/Py NON
, . ( _(gpiU + WA%A/ .
Wiug + Wpg - * —_— ! _ o ¥ S
F = (CONST) — vty MaBa | -p,*(g,mg, e, Mlze TUPUT T MATPA

]
bE + ¢ Wygy * W8y Wygy' * WaBy'

l-e ( )t
( Wy/Bp® ¥ Wpp 4™ ¢

(B-3)
Both constants were set equal to 1, as relative deviations were
examined. Using the relation Wa = 100-Wy (in wtZ), the
expressions have functional forms of

R = R(e,Wy,tg,ta)

F F(e,Wy,te,te) (B-4)

All other parameters are constants. The BASIC code initially
calculates the partial derivatives of the following differentials

AR = OR/8t_ * At  + SR/St; + Beg + SR/Se + Ae + SR/SWy = AWy

AF

SF/6tc . Atc + GF/Stf . Atf + 8F/8e = Az + GF/SWU . AWU
(B-5)

Following this calculatiom, a transformation of variables is made
so that m = 235U mass/area is represented. The relationship is

Wy
o= : S t
Wy/Pp® + Wy/p p* X

m

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

AR
AF

GR/Gtc * Atc + 6R/6tf . Atf + 8R/8c » A + SR/Sm ¢ Am

5F/5tc . Atc + 6F/6tf * At + §F/8e » Ae + 8F/6m * Am
(B~7)

The transformation for the partial derivatives involves a change
of variables {A} = {t.,tg,e, Wy} to a set {B} = {t.,t¢,€,m.
The details for R partial derivatives are given as follows.
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SIS0 N

(GR/Gtc)B = (SR/(StC)A TS—E-C—TB + ...,
SR/Sm)_ = Ore)s
(8R/ m)B = (SR/GtC)A m‘j‘; + e

r \ ’,
§R/St Sto/Ste
SR/Stg = St./8¢ts
8R/8e 5€,./8¢
\5R/5$§/B 18tc/8m

Stg/ét., 8e/8t,

Stg/bts Se/dt¢

Stg/8e Se/te

Ste/Sm 3¢ /8m

(BR/SB) = (8A/8B)* (BR/SA)

Sy /St
SWU/Sté

-

SR/t
5R/6tf

8R/d8e

SR/SWy/R/A
Y .

(B-8)

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

{a} = £{B}
te = t¢
tf = tf
e =t
W =

100{(1 + Etgpp¥F/m - pA?/pr)

where the expression for Wy is derived from (B-6), with x = 1.
The resulting transformation matrix is

(6A/8B) =

*

o

0

0
1

0
0

-0

0
Ep ¥
7.2 A
WU (m—)lloo

- “’t
e 2¢fPAT
Wy 0—75—4/100

W
Us2
(=% et gp,*/100 )

N

(8-9)

(B-10)

When the (8A/SB) matrix is calculated for the Mark 14 tubes
and applied to the four calculated (SR/SA) partial derivatives to

solve for (B-7), we obtain AR and similarly AF.

The BASIC results

are given in Exhibit B.2, and we will discuss the results for the
Mark 14 middle tubes, for the sake of illustration. For this case,
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AR = -0.08& At. - 0.040 Aty + 0.292 Ae + 0.825 AM (B-11)

AF -0.009 At, - 0.003 Atg + 3.150 A - 0.075 AM

where all A's are in %, except for Ae which is in eZ%. Letting
te = 20 £ 10 mils, tg' = 20 % 10 mils"and tg = t = to - 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
toppar = £0.361% (3-12)
topar = +0.040%

Thus we may write

AR * 0.361% = 0.292 Ae + 0.825 Am (B-13)

3.150 Ae - 0.075 Am

AF £ 0.040%

upon solving these equations for Ae and Am, the code obtains

I

Ae 0.315 AT + 0.029 AR * 0.01%e% {(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%7 in R, the corresponding error in Ae 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 tube studied.
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EXHIBIT B.1 BASIC Program for Proposed Method
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28
194
1@s
118
113
128
125
128
133
ceg
21@
el
23u
=48
250
2eB
&v
27D
28e
=20
4
485
410
412
415
428
423
L3els
435
440
458
468
47
475
454
435
493
SBa

EXHIBIT B.l BASIC PROGRAM FOR PROPOSED METHOD

PP el e 1 "
o E= -

DIM REC4.SD

FOR I=1 T0 4:FOR J=1 TO 4:ABCI, Jo=0:NEKTI NESTI
AR L, 1 0=1:RBC2,20=1 ABC S, 3 =1

FOR I=1 TO 4:FOR J=1 TO 4:PRINT ABCI,J7, ‘HEXRT J:PRINT:HEKTI
IMPUT £2
MC=2.54- 1080 REM MICRONZ-TC~CM

REM-BRZIC PHYSICRL DRTH

PA=Z,. 782 REM THED GM-CC AL

Pl=%, 38 REM THEO GM-/CC UZ0H

LAC L »=0, 125: REM~BL CM2-GM 186 KEY RTTEM

LA Z =8, 112 REM- 238 ,

LUC 1 3=01,43%( 842, B5-BX160+0, 120%(BR16 5 242, 85 : REM U3BE CM2-GM 126 KEY ATTEM
LUC 2 2= B. 804 842.82-B¥ 16 )+8. 1 18X BH15 0 0-842, 85 REM =38

ARCL =1 ARCE =1 REM REEL ARPERTURE

CLS: REM-CRLCULATION MERU

PRIMT"CALCULATION MEMU":PRINT

PRIMT" 1) SENSITIVITY EXAMIMATION - ALL PARARMETERS"
FRINT" £27 MERSUREMEMT ACCURACY —-ENRICHMEMT ARHD U-233"
PRIMT" £33 FAMILIES OF EN VY8 GAMMR RATIC"

PRINT" (4> FRMILIEZ OF U-235 VS GRMMA RATE™

PRIMT" (S EM Y5 U-233 FAMILIES"

FRINT INPLUT"OPTION"; QP

IF OP=2 THEM DTE®="Y¥":0P=1

omM OP GOZUB <488

GOTO 26

REM — CARLCULATION FOR ALL PARARMETER SEWSITIVITIES
LPRINT"VARIABLES TESTED FOR SEMSITIVITY

LPRINT

GOSUE 186886 REM-ADDITIONRL INPUTS
LPRIMT"YRRIABLE", "MIN", "MAKR", "STEP"

IMPUT"MAY CLAD THICKHESES C(MILD";TCC(Z)

INPUT"MIN CLAD THICKMESS CMIL";TCC13

IMPUT"STERP (MILM";TCLBS
LPRIMTTCOMIL X", TRCL 2, TCC22, TCCB 2 PRINT

IMPUT"MAX FUEL THICKHESS (MIL";TFC22

INPUT"MIM FUEL THICKHESS (MILO";TFC1D

IMPUT"STERP (MILD"ITFCG?
LPRIMTYTRCMIL Y, TRFCL 3, TFC20,TJFC(B 2 PRIMNT

IMPUT"MAX EMRICHMENT (XI"IERCZD '

IMPUT"MIN ENRICHMENT <X%2";ERCL

IMPUTHSTER {X3";ERCBD

IMPUT'ENRICHMENT. MODEL ~ (BJEST ESTIMRTE/CCIOMIERVRARTIVE":BCF: PRIMNT
LPRINTVEML % D" ERCL D, ERCZ2,ERCE ;" ENRICHMENT MODEL ", EC#®
PRINT

IMNPUT"MAK U308 WT FRACTION (X" WUCZ2

IMPUT"MIN U208 WT FRACTION (53" WUCLD

IMPUT"STEP CX0"; WU '

LEPRINT WU " WU L 5, W25, WUCB

LPRIMT : LPRIMT
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EXHIBIT B.1l (CONT'D)

REM-CALCULATION LDOPS

Skl
=31 LPRIMT" TC TF WU EH JF/JTC JF/JTF  JF/JEM  JF-/JdMD JR-JTC  JR-JTF
JEN  JRedmI | ‘
saz LPRINTY MIL MIL WTH ERN XeMIL W/mMIL WoBERM X/MMI o SomIL moMIL
RN WouMIC

533 LPRINT

534 GOSUE 11890 REM RUDITIOWAL TABLE EMTRIES

SES FOR TE=TCO1> TO TC(2) STEP TC(B3

el FOR TM=TF{13 70 TF(Z) STER TFiGS

4% FOR MU=MWUCL S TC WUCEZY STEP LJCE S

SEE FOR ER=ERCLY TO ERCZ) STEP EROBD

S5 TC=TRAMC : TF=TM¥MC

Se8 GOEUR zoaa:REM PARTIAL DERIVE MRET RCTC.TE,ER, WU
e GUSUE 2088:FEM PRARTIAL DERIVE MRET BITC.TF.EM.MID
S7E LPRIMT USIHNG "S$##8":THK: TMI WU ER;

YD LPRINT USING "#id#4, ###“Jl@ﬁ#ﬂr¥frﬁf1,’Fﬁs;lﬂﬁ#MFi FECZ - FB G IOSRFECZIAFRIM

HAELFRCL DAFE D

280 LPRIMT USIMG "##48. #8447 1DGEMCECRE 1 0/RE 3 1E0HNMCE REC 2 3 /RE 5 1605 REC 2 0/REB M

H¥ RE 4 Do RE

TES GOEUB Suge:REM TC TC ERROREZ IM F AMD E

508 GOEUE eBBR:REM ERRORS IM EMN % MI PER TC TC’ ERRORED
595 GOSUE VPOBE:REM ERRORT IM EM & MI FOR TYP EWP ERRORS
E08 NEXKT EPR

£18 MEAT MU

s28 HEAT T

£38 HEST TK

548 RETURN

1888 REM-SUB TO CALCULATE RGC1D AMD RGIED

1a1e FOR I=1 TO 2

1820 WAS186~WUREM ~ NOT HECESSARY TO DIVIDE BY 1688

1630 RGCI =EMC T 2%ARC L DRC WU/ MUIRLUCT D+WARLAC L D 3 0XERPC ~PRELAC T 33TC M 1-ERPCC —C WL

UCT 2ARLAC L o 0 C WU/ PURHRAPH 3 DETE 25

1848 MERT I

1858 RETURM

2802 REM ~ PRARTIARL DERIVITIVES WRT RCTC, TR, EM, WU

2918 LU=kl EN=ER: TL=TKEMC : TF=TM(MC GOSUB 4082:REM EMRICHMENT FORMULAE
2828 LG0ZUB 1880

2838 RE=RGC1 2:FB=RG{1 /EGI(27

2048 WU=MUXC 1,81 ):EN=ER: TC=TKEMC: TF=TMMC : GOSUEB 488D

2058 LOZUE 1088 '

268 Ri=RGI12:Fl=RGI1O/RGI2S

2078 RACAI=(RI~RBI/(R.BLEMI):FR(4 I=(F1-FBI {8, DL4MI D

2888 bilJ=MU:EM=ERZ 1.BL 3 TC=TKAMC : TF=TM*MC : GUSUE 4200

2885 GOSUB 1288

2878 Ri=RGC1):FI=RGI1 /RG22

2188 RRCZ)=(R1-RB-(BD.BLYXER): Fﬁfdﬁ CF1-FE ) 8.B1%ER D

2118 EN=ER:TC=TEAMCHC3.8 2 TF=THEMC : WJi=M1: GOSUE 4203

zl2e GOSUB 1908

2138 RI=RG(13:Fi=RG{1I/RGI25 .

2lal RACL=(R1I~-RB)/C2.BXTIEMC ) FRC L D=(F1-FR )~ 2. 85 TKEMT >
2108 TC=TKHMD : TF=TMMCH 1.01 2 EM= EP M=)« GOE UB 4R

z1leg GOZUR 188E

2178 Rl=RG{13:Fl=RGEI1 b RG220

2186 RACZ I=(RI-EO - (H.BIXTMEMC ) FR(Z2)=(F1~FB 30 B, BLETMEMT 2
2185 TF=THMEMO —~

2198 RETURH :
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EXHIBIT B.1 (CONT'D)

oEGE REM-PARTIAL DERIVITIVES MRT BOTCLTFLEMLMI

== WU=MU: EMN=ER : TF=MCETH

peoE MI=WIETFRENL WUAPUC $BE—M 3/PA D MH=MI

2548 TF=1.013MTETHM: GOSUE 2780

FEE 2, 4 b W= o0 B BLEMCERTM o

TE=MoE T EM=1.21%ER  GOSUB 2785

AR 3, 4 = W-MU o B BLEER

EM=ER:MI=1.01%MH: GOSUE 2708

BEC 4, & It W= 20 B @1

P T =tk

=m0 -

For I=1 TO 4

FBCI »=0:RB I =6

FOR J=1 TO 4

oEan FECL »=FBC T »+ABC T, J3FRC 1D

seam REC I =REC I DHAE T, JERAL I

SESE HESNT J

2568 MEKT 1

revE GOTO zZ2o8

2708 W=-1808-0 PRAPU- 1 ~TFEEHSPS-MI 7 RETURHN

2EER RETURN

2EEE REM- SOLVE FOR DWW &MD OE

42016 DD=RWIFE~-FW4RE

3828 DW=(DR4FE-DF¥RE »~DD

3838 DE=( RWEDF-FUEDE »/TD

20408 REM - U235 COMTENT AMD ERROR BELOY

AESE U=MURER

SEEE U= MU0 23 ER+DE

2ETE DL=U1-Us

ZEEE RETURN

4PB8 REM - EMRICHMEMT EMC IS ZOEFF CALCS

4016 EMC 1 =EM:EMC 2 »=20 REM-EMNC 22 COMSTANT FOR CONSERWATIVE CRLC
4626 IF BC$="B" THEM EML23=21.7-0.1613EM

4338 REM-ABOVE LIME BEST ESTIMRTE - SEE P 48 0OF DATH MOTES
4508 RETURH

S6e8 REM-CALT OF TS TC’ VARIATIONS IM F, RHD EM

SEBS TH=TH :
SE16 G501 i=1BBEnMCHEFEC 1 3 FB:F5L 1
SEoE DECEI=180EMNCERE. 1 J/RB FE(2
5038 MH=(2¥CE+1 2¢ 24KE+1)
Sees FOR I=1 TO 2

L0506 Sh=a:ME=a

Sa6B FOR TC=~CE TO CE

5678 FOR TE=-KE TO KE .

mAEE ET=CSC I JRTC-FSC I DECTC+TK 2

EoE@ IF ABSCET 1My THEM M¥=RABSCET >

5168 Sh=Sh+ETLZ

5118 MERT TH

5126 MEXT TC

5133 SD=SORCSDsMY

5148 MDC I )=Mi:B5DL 1 )=5D

S156 ME®T I .

S168 LPRINT SP%; :LPRIMT USTHE S4##, 848" ;MDC 1018001 35 (LPRIMT SP%F; :LPRINT USIHG"##
A4, HRESMDCZ 20020 :

5165 TH=TH

S178 RETURH

AN

e 5N -4~ -5
r IR v B I I R L) o B R

FTAPRY PP PO D T PaT
HEHEURL R EG EA NS

BEAMCEFBCZ JFE
QREMCERELZ D RE

Wy oW
Nt Wt
1]
| S
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AnEE REM-CALC OF EWN MI WARIATIOW DUE TQ TC TCY
GElE FE=108AFRCZ )P0 FM=MHEFB( 4 3-F B RE= 1 BBEREL 3 3-RE  RM=MHERER 4 b-REE
Foen tbkls ER:REM-TO RETRIM ER QRIGIMAL VALUE .
cazen Dh=FERRM-FEYFM
£o4B EF= mm/DD EF==Fil DD MF=~RE-DE  MiR=FR-D0 -
Conm DECL v=ARSCEFENDC L 0+ABSCEREMDOZ 2 REM MAK B DEVY
ENER DECR=SORCCERESDO L 2 L2+ ERFEDI2 2020 REM S0 EN
SOTE DML D=REECMFANMDS L FEBSIMERNMDCZ 3 3 REM MRS MI DEY
EAEE DML 2 0=SaRCCMFXSDO L 2002+ MEESDCZ 0 20 REM Sh-MI
IRGE LPRIMT SP3; (LPRIMT USIMG $##i4d#, 444" DECL )i DEC2 3 LPRINT SP&; LPRINT USIHGE"##
FE L RHHL DMLY 0OMCED
S1EE ER=00
118 RETURH
TEea REM-SUB WITH TYPICAL EWP ERRORES IMCLUDED
TElE SDL 1 s=SnRCSDO 1 E2+RFLE D
ToRn D02 w=RiRl Sh 2 30 R =) ey
veas Mbhl v=E: MDOE b=
?346 GOslE €opa
TOgE IF DT="Y" THEM GOBUB Vigw
;uS RETURM -
Time REM - SUR FOR DATH FHLPULHTIDH$
Ti82 oD 1 =30R 307 L 0EE-HFLE
Time ShiZu=EoRd 500 2 sEE-RRER
T8 LPRIMTLPRINT'DARTA CHLCULHTIDh MATRICIES" :LFRINT
Tiza LPRINT" FE FM Vi LPREINT USTHG "###s, #iE" S FES PN
TiIe LFRINTY RE Rt MGLPRINT UDIHG “HESE. HEE" SRR RN
Tian LPRIMT
Time LPRINT" EF ER LPEIMT USINHG "##de. ###" R DD s ~FMeD
TiE6 LPRIMTY  MF MR P LPRIMT USIHG "#HEHE. REE" ~PE-DDLFE-DD
TiTE LPRIMT:LPRIMT'CRLCULATIONS SELOW" :LPRIMT
7188 LPRIMT SP$;" DEL F ":" SIGF ";" DEL R "' SIG R "" EH it de— BN
L] 3 1A rqI il; 1 +/'.““" rq“r 1"
7158 LPRIMT SPf;" % R b e “ ey b4 T =1 A
1" R 1] :; HI;E 1
Toas LPRIMT
7aie IMPUT"DELTHR F"iYF
Toze IMPUTUSIGMAR FUsuF PRINT
TEza IMPUT"DELTR EYYE
T4 THPUT"SIGMA R";WE:PRIMT: PPIHT
?256 YE=CRMEYF -FMEYE 3/D0 : EM=ER+YE
268 VM%C*PE#TF+FE##P;/DD PMA=18684+HM
TE?@ HF=SORCSDL 1 IE2+HFERZ
Tass hmzsﬂPCSDiE}EE+KPEZ} i
7258 SE=SCRCCRMENF L2+ FMEXE M2 2-ABSC DD S
708 SM=SERCCREXHF JL2+FEXER L2 )/ARSI DD 5
T218 LPRIMT SP%F; :LPRIMT USIMHG "###f. ##4",YFiKFI YR KR EN, SE MRS SN
Tizs GOTO Y214 '
7338 RETURM
BEpRG LPRINT:GOTS 2868
SEBe Yo

EXHIBIT B.1l

(CONT'D)

PRIWT 188%0 1-EXPC-,333%2.34%2-198855
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18608
1RELE
1 anze
1@eEs
18048
160858
1 EEER
18E7H
pRoiut=ln]
18853
1B1aE
16118
11686
l1igie
11828
1i18as
iig4is
11655
1iREn
11878
1iEee
11858
11148

EXHIBIT B.l (CONT'D)

REM-ADDITIONAL IMPUTS

PRINT

INPUT 4+~ DUTER CLRD WARIATION (MIL";CE
IHFUT +s~ IMMER CLAD WARIATIOM CMIL)",KE

LPRIMT"+-~ OUTER CLAD YARIATIOW (MILY = ";CE
LPRINT "+ - IHMER CLAD WARIRTIOW (MIL) = ";¥E
IHPUT"EMPERIMENTAL SIGMR OF RATIO F (X )" HF

IHPUT"EHPERIMEHTHL_UIFHH OF RRATE R 4%0" ;¥R
LFRINTYECSPER SIGHMA OF F (XD = ”JH

LPRIMNTVEAPER SIGHMR OF B (X2 = "ixR

LPRINT

RETURM '

FEM-RDDEDR TARABLE HERDIMGE

LPRINT SP$; " MAX DF BIG DF"; 8Pt MRAX DR 516G DR
LPRINT SF%:" 4= %F  +s— XF";8PF;" 40— KR 47— KR"
LRPRINT

LFREINMT SP#;" MAY DE  SIG DE":SP%,"  HMAK DM SIG DIY
LRFPINT SP$,"  +7- el%  +/= EX"SZPT; " 4= KM 40— MM
LPRINT
LFRIMT =Pz " EWP TPXXEI1G DEY;SPE:"  EHP TF: /;Ir D"
LPRINT SP%" e R GERPE +o= M
LPRINT
RETURM
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EXHIBIT B.2 Sensitivity Calculation for Mark 14 Tubes
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YARIABLES TESTED

+s= QUTER CTLRAD YREIATI
+ = IMHER CLAD VARIATIOH

EXHIB

IT B.2

FOR SEM

IATINH

EWMFER SIGMA OF F O30
EMFER SIGMA DOF R (%) =

YARIABLE
TCOMIL?
TFIMILD
EHCS%D
WUCH D

TC TF WU EM
MIL MIl WTX ERX

MiH
28
4z
63.1

&2
JEoJATC
“sMIL

MAX DF
to= %F

MR¥ CE

+/~ ek

EXP TP

-8, B3
B.083
@.e352
8. BB

SITIVITY

DATA CALCULATION MATRICIES

FE FM
RE RM
EF ER
MF MR

CRLCULATIONS BELOW

vy POEITION
- 1H

]
3

Wararas

o
o BN ) O
W0 1

DEL F

~-1.317
-2.810
~2. 354
-1.334
2.8608
8.833
2.474
-B, 132
3.837
~-B.251

SENSITIVITY CALCULATION FOR MARK 14 TUBES

TUBE

STEP
18
i

1 EMRICHMENT MODEL B-
i

HEAJEH JFUML JRSJTC

LHHER
CMILY = 168
CMILY = 18
. B
MR,
2B
42
65, 1
e
JF-JTF
uoMIL  NoERY
SIG DF
- UF
$1G DE
= +/- EX
381G DE
-
-2.883  3.112
o, B840
P.,816
o, 633
—g! 873
2,823
8,028
1.197
SIGF DELE B
% 4
1.822 2.966
1.822  1.4p4
1.755 -2,.B12
1,338 ~2.975
1.895 -B,745
1,521 =1,244
1.88%5 1.9%4
1.921 1.38T7
1.788 . 2.75%

_ AN -

F AL

B.545
B.633
B.6033

“omin

MAK DR
+s- B
)

VY NV Ny

s LA

+/= UM

JEAITF JRAJEM
“»oMIL “rERR

B1G DR
+o- R

)

o

IG DM
+/m M

EXP TP>>31IG DM

-0,872 -B.8254

B.843
1.218
2,288

__ EH
BN %

£4.6735
63,135
€4, 288
64.272
£4.686
65.673
83,245
£5. B34
£3.074
66, 127
£5. 183
65.832

+ /- M

-, 848 a.2&49
B.361

B.433

1.878

+/= EM MI
% AVE

9.582 102.627
B.582 121,682
B.568 57.835
B.576 9ST.@1E
B.582 97.213
B.618 SE.239
8,592 $5.823
B.612 93,258
B.576 102,358
B.613 102,068
B.571 194,342
B.571 103.344

JF T
P AuR

+7=~ Ml

B.881
8,733
@. e
B.784%
B.731
B.792
g, 794
B.725
8,738
B.801
B.8032
2.283



EXHIBIT B.?Z2 (CONT'D)

- 4] -

YHREIABLES TESTED FOR SEMSITIVITY MIDDLE THEE
.= DQUTER CLAD VRRIRTION (HMIL: = 18 |
+s= IHMER CLAD VARIATIOW <MIL) = 18
EwPER SICHMH OF F (53 = 2
EnFER ’IFHH OF B C® = .8
VERIABLE MIt — MFA STEP
TCCMIL 28 pod 5| 18
TECMILY 43 473 ia
ENCH 6.3 0.3 1 ENRICHMENT MODEL B
Wi 3o £z g2 i _
TC TF WU EM JF-JTC JFAJTF JFAJEWN  JFAJMI URAJTC  JRZJTF JRAJEM  JR-JMI
MIL MIL WT% ER% “oMib “oMIL noERY nreMi #oMIL Il wrERS AL
MAX DF  S1G DF MR% DR SIG DR
- HF o= KF o= VR - MR
MAy DE SIG DE MRX4 DM SIG DM
+/= gEW  +/- EX S Tl 1 U P R o
EWP TP»>310G DE EXF TP»»21G6 DM
‘ - EX - %M
28 43 Ez &8 ~-8.283 -8.823 3.1%8 -0.B875 -0.884 ~0.840 a,232 3,82%
B.B8% 3. 948 B.5843 8.361
2.0352 8,818 1.82%2 0.434
5.888 R.630 B.oea 1.978
DATA CALCULARTION MATRICIES
FE FH 3.158 -B.873
RE R 8.232 B.32%5
EF EF B.315 B.az3 .
MF ] -8,111 1.201
CARLCULATIONS BELOW
w pos1TIon OELF BIGF  DEL R SIGER - EM +/= EN MI- +/= MI
Ih ' 4 “ 4 b4 =M % “% RAVE
2.5 ~1,331 1.913 8.9%52 B.7id4 B2.882 8.602 18,211 a.884
473, 0 -3,384 1.932 1.611 g.719% 68,222 B.682 181,272 8.228
b | ~1,44% 1.213 o,z2e? #.717 T9.858 Q.02 150,418 g.887
&, 6 -, 384 1.932 B.144 B.714 €B,18%3 B.6R9 188,216 2.8385
Tee 2.281. 1.982 . 1.676 B.71S £2.3978 B.628 1681.791 8.821
21,5 1.311 2.811 -B.44g 8.714 &R, 780 B.634 29,318 %.887
a2, M 2.198 2.622 ~-4.813 B.821 68,835 B, 828 T.373 1.828
o, @ B.137 1.575 ~-1.58% 5,673 68.317 B.4958 9SB2,.17Q B.822
S1.5 -8,137 1.575 1.3583 R.E22 §£8,281 B.45% 191,838 B.83%



EXHIBIT B.2 (CONT'D)

AUTER TUBE

VERIRBLES TESTED FOR SEMSITIVITY
+re OUTER CLAD VARIATION (MIL> = 10
= IMMHER CLAD WARIATION MILY = 1@
EXFER SIGHMA OF F (%) = 2
EWPER SIGHMA OF R (%> = .8
WARIABLE MIN MF STEP
TCOMIL D 26 o8 1@
TECMILD 46 46 16
ENC% D 44 44 1 EMRICHMEMT MODEL B
biJC % 606 €0 16
T TF WU JF/JTC  JFAJTF JF/7JEM  JFAJMI JRAJTC  JRZJTF JRAJEN  JR-IMI
MIL MIL W% £ %AMIL . RAMIL B/ERN HouMI MoMIL RoMIL %CERX %XemMI
MRY DF 216 DF MAKX DR SIG DR
4/ UF  4r= RF - YR - DR
mayY, DE  S1G DE MRY, DM  SIG DM
+/= gEY  +/- EX o= WPl ws— WM
EXP TP>>S1G DE ExP TP>>SIG DM
L= EN s M
26 48 69 44 ~B8,0083 -8,883 2,542 -9.867 -0.084 ~-B.246 0.255 B8.345
2.929 2.240 ©.242 B,352
@.044 B.814 1.800 B.424
2.028 9,561 9.088  1.957
DRTA CALCULATIOH MATRICIES
FE FM 3.%42 -3,257
RE RM £.355 B.B45
EF ER ®.232 B.822 :
MF MR -2, 118 1.174
CRLCULRTIONS BELDK ‘
w POSITION DEL F BIGF DELR BIGR _ EM  +/= EM NI T +7= Ml
et ., ., - ", ., [~ WP woRLIE - T -
1 ‘s 3 ‘s s [ =R B o WL
o4 1.096 1.88% -2.977 ©.927 44,216 B.596 96,387 98.954
S, 2.544 1.838 1.638 B.843 44.749 B.515 181.62%  1.013
84,5 2. 678 1.B38 0.892 0,848 44.778 B8.515 188,727 1,003
111.5 -3.748 1.671 -©.261 B.84p 42.947 B.468 109,134 1.00%
111.5 1.541 1.805 ©.326 0,840 44.43% 0.556 198.201  1.888
98,5 -3.5%3 1.738 -9.12% ©.837 43.717 9,487 9%.366 1.094
£9,5 -1.768 1.735 2.263 0.848 43.55% DB.457 182,865  1.907
131.5 -2,737  1.738 -2.28¢ B.831 43,1587 B.4837 S7.581 @.9%6
49, B 1.474 1.738 9.330 9.8948 44,420 ©0.487 180.214 1,907
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APPENDIX C. ON-LINE ANALYSIS WITH MCA COMPUTER

The BASIC code for the Nucleus MCA/Computer is shown in
Exhibit C.1. It does not use the proposed (F,R) analysis of
Appendix B, as it only uses the F measurement. However, because Ae
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).
Nevertheless, the MCA code could be extended to handle the (B5F)
analysis if desired.

The MCA code uses the formalism developed in the earlier study
of this method.3 This code assumes measurement data on the compo-—
fient oxides are available for instrument calibratiomn. Then indi-
vidual measurements are accumulated to obtain an average F =
¥ for the tube. Several measurements are required to define
F before individual enrichments may be deduced. An example
set of measurements is given in Exhibit C.2, as a guide to the
potential user.

Upon rumning the MCA BASIC gram, 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 information is input. Count data for the
components may be collected with the MCA or entered manually if
available from earlier measurements (which was donme in the Exhibit
C.2 example). After the calibration, tube measurements commence.

[P, M

r

(D"U‘

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 normally combines the present measurement with
previous ones for averaging a new F, and then calculates the
‘enrichments. The individual F values are also printed One also

o A/S 1 Fa grigmiAtAne moamarn
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 deviationms about the average enrichment
predicted by the component oxides, and thus 1is best for small
fluctuations. However, given a well established average, reason-
ably accurate absolute measurements for large fluctuations are also

pOSSlle For example, using an average F based on 10 Mark

14 inner tube measurements (€ = 65.le%), a sample tube section with
€ = 56.6e% was measured to have € = 56.7 * 0.8e%. Using an F

based on only 4 outer tube measurments (€ = 44.0e%), an oxide sample
of known € = 76.9e% was measured as € = 73.4 * 1.,0e%. Absolute
e-measured can be improved with code modification if desired.
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EXHIBIT C.1I MCA BASIC Code of Monitor
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1@ DIM UCZ@), DUCIBY . T(Z@Y . DY L300
DIM M(2, 22,22, NCE, 320

DIM RCZQ),ERCZEY,DECIDD

REM - SETUP GAMMA WINDOWS FROM LINES 182-99%

EXHIBIT C.1 MCA BASIC CODE OF MONITOR

PRINT"SPAN BAMMA PEAKS WITH EVEN NUMBER OF CHARNNMELS":PRINT
PRINT:PRINT"18& KEV GRMMA"

INPUT"LOWER CHANNEL":CUCZ)

INPUT"UPPER CHANNEL":CUC4) tUH= CUC4T-CULT) +1

IFCUM/2¢) INTCUH/2) 3 THEN PRINT"NDT EVEN NUMBER OF CHANNELS":G607T0 1:@

S UH=UH/Z

CUC2y=CUCET-2:CUCL)=CUCZ)-UH+1

CUCEY=CUCLY+2: CUCE>=CU (T +UH-1

PRINT:PRINT"2Z7 KEV GAMMARY -
INPUT"LOWER CHANNELYSCT (32

INPUT"HIGHER CHANNEL"SCT(4)

S TH=CT(4)-CTL{I)+1

P2 IF TH/Z< INT(TH/Z) THEN PRINT“NOT EVEN NUMBER OF CHANNELES" :GOTO 1EBE
25 TH=TH/Z
218 CTC2)=CT(I)-2:CT(11=CT(2)-TH+1

CTCE)=CT(M)+2:CT{E)=CT{5) +TH~1

INPUT"PUT CURSOR IN CHANNEL @ — THEN HIT 1 RETURN"IZZ
M=USR(47) :M=LSR{49)

FOR I=Q70CUC1>-1 -
M=USR43)

NEXT I

M=USRC{&47) :M=USR{47) :M=USR(4E)

FOR I=CU(1l) TO Cu{&>

M=USR{45)

NEXT I

M=LUSR{A47) *M=UUSR (47 iM=UBR (493

FOR I = CU(E»+1 70 CT(1-1

M=USRC45)

NEXT 1

M=USRC(4T) :M=USRCA4T) iM=UBR(48)

FOR I=CTC(i: 7O CT(E)

M=USR{45)

NEXT I i
M=USRC47) tM=USR (47 tM=USR (492

FOR I=CT(EY+1 TO 2847

} M=USR(C435)

NEXT I

T=05R(47>

INPUT "PERKS IN NINDDN - THEN HIT 1 AND RETURN FDR PRINT CHECKY:iZZ
PRINT

PRINT "1BE KEV GAMMA":PRINT

FOR I=1TDE:CC(IN=CUCI) :NEXT:505UE 4200

PRINT:PRINT"237 KEV GRMMA":PRINT

FOR I=1TOE:CCCIX=CT(I):NEXT:GOSUR 4206

PRINT: PRINT:PRINT"CALIES OK ?":PRINT

PRINT™ 1) YES-CONTINUEZ WITH DATAR"
PRINT" £2) NP-NEED ARDJUET AMP"
PRINT® (23 NO-NegD FIX ROIG"

PRINT: INPUT"CHOOSE OPTION":;OP
OnN 0P GDTO 100@. 458, 10D



12000
1085
1015
1816
1817
1018
1020
1030
1040
1050
10E@
1870
108@
1299
2000
261D
2020
2020
2050
2ZED
2070
2050
2090
100
2118
2120
2200
2710
2220
2225
2230
2240
2300
2310
2320
2330
2340
2350
2360
2370
3000
2010
3020
| 3030
040
050
TOED
3070
050
T092
=108

S’ A Tl

EXHIBIT C.1 (CONT'D)

REM SETUP FOR ANGBLYSIS INPUT

NC=@: NM=0

IF NC=¢ THEN GOTC 10z

PRINT “NEW FUEL CLEARRS MEMORY 0OF PREVIQUE DATA"
INPUT "SURE RERDY FOR NEW FUEL WITH NEW CRLIBSC(Y/NITIYES
IF YE® O "Y" THEN GOTO ZB02

PRINT “COMPONENT A INPUTS" -

INPUT "U-235 EMRICHMENT #%"3ER:EAR=EAR/100

INPUT "TOTAL % IN BLENDED FUEL"3XAR:XA=XA/100

PRINT

PRINT "COMPONENT E INPUTS"

INPUT "U2Z5 ENRICHMENT %“"j3ER:ER=EB/100

INPUT "TOTAL % IN BLENDED FUEL":;XBiXbB=XB/10&

PRINT

REM-DATA MEARSUREMENT INPUTS

REM

REM

PRINT "CALIBRATION MEASUREMENTS. "sNC3" SETS PRESENTLY®
PRINT '

PRINT "(1) NEW AND ADDITIDNAL®

PRINT *(2) CURRENT VALUES"

PRINT

INPUT "SELECTION (1 OR 2)"3C1:IF C1 THEN NC=NC+1
IF Ci=1 THEN GDSUB £188

REM UR, TR, UR, TB AND ERRDRS SET UP IN 2100

PRINT

PRINT "TUBE MEASUREMZNTS. "iNMs" BETS PRESENTLY"
PRINT "(1) NEW AND/OR RDDITIONARL"

PRINT " (Z) CURRENT VALUEE"

PRINT

INPUT “SELECTION (1 OR Z)"sM1:IF Mi=1 THEN NM=NM+1
IF Mi=1 THEN GOSUB 7100

REM - AT THIES POINT HAVE ALL DATA FOR CALCULATIONS

REM — STORE DATR IN M MATRIX FOLLOWS

GOSUBR E2ko

REM—-REARDY FOR CALCULATION

PRINT '

PRINT "MEASUREMENT",* ENRICHMENT"s " 18EKEV/ 23 7KEV"
PRINT :

GOSUE 9002

REM - SET UP FOR NEXT MEARSUREMENT

PRINT

PRINT “"CONTINUARTION DF STUDY"

PRINT

PRINT" (1) RDDITIONAL MERSUREMENTS™

PRINT" (2 ADDITIONAL CALIBS AND/OR (13" ~
PRINT" (3} CHRNGE CALIBS ENMRICHMENTS AND/OR (2™
PRINTY (4) NEW FUEL TUBE®

PRINT

INPUT “SELECT(1/2/3/4)"3CY
ON €9 GOTO 2120, 2830, 1828, 101!
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agaa
4020
4@
4P4D
L@5@
L4053
4978
4280
4z1@
Z20
4238
L2260
4258
4268
L2780
L2280
L4790
4300
4318
4315
£317
4720
FAARS
4TAQ
L4300
4408
Ladg
G4l
4420
44270
L4409
4450
4460
LAT2
4472
4475
4480
4490
4590
S0
S0P
Saze
SRIB
S24d
o058
S@Bed
5070
S@80
S09v
Siae
5118

EXHIBIT C.1l (CONT'D)

REM-CALCULARTE COUNTS IN CHANMEL CH
HO=PEEK (49152 +4*CH)

H1=PEEK (49153+4+CHI»Z5E
HZ=INT(PEEK{49154+4%EH/1EB)
HE2=({PEEK(&91S4+4xLHY —HIx1E)+EGSEE
CT=HB+H1+HZ

RETURN
REM-CALCULATE PEAK PLOT FROM CCO1Y TG CC(E?
PRINT : PRINT"CHANNEL", "COUNTS", "PLOT OF PERK-SCALED TO PEAK"

CP=B:CX=48:CM=0

FOR CH=CC(1) TO CC(E)

GDSUE 420@0:REM COUNTS CT RETURNED

IF CPOP THEN BGOTO 4280

IF CTYCM THEN CM=CT

50TO 4330

PRINT CH,CT» "I"3:CL=CCT/CM)*CX

IF CL<! THEN BOTO &3i@

FOR J=1 TO CL:PRINT"#"3:NEXT J

FOR K=1 7O &

IF CH=CC(K) THEN PRINT %-——rj

NEXT K

PRINT * v | -
NEXT CH

IF CP=@ THEN CP=1:G0TO 423

RETURN ‘

REM - CALCULATE PEAK AREA AND ERROR FROM CC(I)
PK=0:BK=0

FOR K=1 TD 3

KL=2%K—1 2 KU=2%K

FOR CH=CC(KL} TO CC(KLW)

GOSUB 4@0@:REM CT COUNTS RETURNED FROM CHANNEL CH
IF K{)2 THEN BK=BK+CT

IF K=2 THEN PK=PK+CT

NEXT CH

NEXT K

PC=PK~EK : PE=SER { BK+PK)

PRINT:PRINT"GROSS PEAK":PK:PRINT"BEACKGROUND" s BK
PRINT "NET PEAK COUNTS = “;PC3% +/— “3;PE:zPRINT
RETURN

REM - COUNT SERUENCE .

PRINT:PRINT"CHOOSE COUNT MODE":PRINT

PRINT" (13} MANUAL — SET UP EACH TIME“

PRINT"(2) AUTD - NEED SET UP INITIALLY ONLY"
PRINT : INPUT"CHOOSE OPTION";0P

ON OP GOTO S2E@. 5090

PRINT"SWITCH TD DISPLAY WITH CLT B. SET UP, AND START COUNT®
PRINT“WHEN FINISHED, HIT CTL B, TYPE 1., AND RETURN":INPUT ZZ
GOTO S511@

PRINT "COUNTING NOW - HIT CTL B TD EXAMINE"
M=USR(9) :M=USR(1)

RETURN

- 47 -



&80

&120
£110

PAe A 4

£E120
65132
£140
£150
5168
€170
€128
6200
£2108
6220
5238
£240
£250
E2e@
&350
&355
£380
EZ72

£402 .

E520
E51@
£520
ES3E
E5I5
55408
£54%5
=349
550
ESEQ
E5ES
E570

[l ug s T

toud
E602
5605
&618
E612
€615
EEZ20
EE2S
EE30
EE3ZE
B840
BE435
6E50
EE5D
EEED
EEEDS
EE7E@
ER7D

EXHIBIT C.1 (CONT'D)

REM CALIB MEASUREMENTS SUBROUTINE
PRINT "CALIBRATIOM INPUT MDDE"

PRINT

PRINT “(1) KEYBOARD INPUT"

PRINT “(2) MCAR COUNT" -

PRINT

INPUT “SELECTION (1 @R 2)"s3Cz

OnN C2 G0OSUB E508. 6688 '

REM NOW HAVE LATEST UA, TA, UB, TB: AND ERRORS
PRINT

PRINT “CARLIBRATION USED IN ANALYSIS®
PRINT

PRINT "(1) PRESENT INPUT ONLY"

PRINT "(2) COMBINE WITH ERRLIER MEARSUREMENTS™
PRINT "“(3I) PRINT CURRENT DARTR FIRST"
PRINT "(4)> GET ARDDITIONAL DATR FIRSBT"
PRINT *(3> DONE"

INPUT “SELECTION (1/2/3/4/5)"3C3

IF C3=4 THEN NC=NC+1:607T0 €128

ON C3 GOSUB &700, 6208, 6200

IF C3I(5 THEN GOTO &180

RETURN

PRINT

PRINT “CALIBRATION DATAR SETS":iNC
PRINT

INPUT “uf COUNTS"3URING

INPUT "+/-"3RUCND? _
INPUT "TR COUNTS"3TRONCS
INPUT "+/-"3AT(NDD

INPUT “UB COUNTS"sUB(NC)
INPUT “+/-"35BUCND

INPUT "TE COUNTS"3;TB(ND)
INPUT "+/-"3BT(NC)

RETURN
REM — SUBROUTINE FOR TA COLLECT MODE

ltj

)
PRINT “CALIB NUMBER "3iNC
PRINT :INPUT "CALIBRATIONS A OR B READY (HIT 13"3ZZ
GOSUB S@BB:REM ~ COUNT DATA
INPUT "CALIB (R/B)"3AB%
PRINT:PRINT"CALIB"3RB$:PRINT
PRINT "18E KEV GAMMA" :PRINT
FOR I=1TO&:CCCI>=CUCI}):NEXT:G0OSUR 42BB:REM PLOT
GOSUB 44@@2:UX=PC:XU=PE:REM - ANALYSIS

PRINT:PRINT “CALIB"3AE%$

PRINT "237 KEV GAMMA":PRINT

FOR I=1TOE:CC(I>=CTC(I}:NEXT:0608UB 4Z80:REM - PLOT

GCOSUB 4400:TX=PC:XT=PE:REM - ANALYSIS

IF AB% () "A" THEN GOTO &EES '
URCNCI=UX:AUNCY=XU:TA(NCI=TX AT (NCI>=XT: GDTD EE7S

IF AB$ O "B* THEN PRINT “"REDO":INPUT "CRLIE (A/B)"3;AB%$:GOTOBESS
UBC(NCY=UX:sBUCNCY=XU:TBI(NC)=TX BT (NCI=XT '
INPUT "BOTH A AND B STANDARDS DONE (Y/ND"3YE®

EEBB IF

EES2
-EE8S

IF YE${} "Y"THEN INPUT "GET CRLIB READY 7O COUNT/HIT 1 RETURN"3IZIZ
IF YE$SQO"Y" THEN GOTO &85
RETURN

-
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E728
£710
E720
730
ey =tnlt)
E810
820
£838
=S40
EE8LS
£2858
[S3515474]
E870
&80
£B838
£902
£910
920
£9Z0
£9409
ES5Q
&9
- B970@
E971
CE872
e373%
£975
E386@
ESE1l
£9g2
£983
£958
7222
7180
7120
7138
71408
7145
7158
. 7188
L7370
4 .Lua
7185
7193
7218
7238
TITS
7240
725@
7T2e0
7265
7278
7280
7480
a1
7510
7528
7338
7335
7940
7345
7550

EXHIBIT C.1 (CONT'D)

PRINT

UA=UA (NC? :AU=AU (NG : TA=TACNC? :AT=AT (NC?
UB=UB(NC) $BU=BU(NC? : TE=TBCNC? :BT=BT (NC)
RETURN |

PRINT

PRINT "CASE"."UA", "TA", “UR", “TB"

FOR IC=1 TO NC

PRINT IC,URCICY,TACIC).UBCICY,TBCID)

PRINT “+/- ERR",AUCIC),ATCIC),BUCIC),BTLIC)
NEXT IC

PRINT :IF C3=3 THEN RETURN

PRINT “SELECT CASES TO BE USED IN CALIB"
UA=0B:AU=0:TA=0:RT=R:UB=0: TE=0:BT=0: CN= B
FOR IC=1 TO NC

PRINT VYINCLUDE CASE ":IC:INPUT" (Y/N)"3YES
IF YE${>"Y"THEN GOTO &5tQ

UR=UA+UACIC) :ARU=AU+AUCIC) ~2

TA=TA+TRCIC) tAT=ARTH+ATCILCI"Z

UE=UR+UBC(IC) :BU=BU+BUCIC)> "2

TB=TB+TBCIC3 :BT=BT+BTC(ICX"Z

ChN=CN+1

NEXT IC

UR=UR/CN:AU=8SER (AU /CN
TA=TA/CN:AT=SRR (AT /CN
UE=UB/CN:BU=82R(BU> /CN

TE=TE/CN:BT=SGR(BT)/CN
PRINT "AVERAGE VALUES"
PRINT "UA = “3UA3" +/— "3AU
PRINT “TR = “iTA:" +/— “3AT
PRINT “UE = “3UB3" +/- “3BU
PRINT “TE = “iTB3" +/— "3BT
RETURN

REM—-——-TUEBE MERSUREMENTS SUBRDOUTINE
PRINT "TUBE MEASUREMENTS INPUT MODES"
PRINT

PRINT "(1) KEYBOARD INPUT"

PRINT *(2) MCA COUNT®

PRINT

INPUT "SELECTION (1 DR 2y%“smMz

ON M2z GOSUB 7086, 76208

REM-—NOW HAVE LATEST INDIVIDUAL MEASUREMENTS U(NM),
PRINT "ANALYSIS OPTIONS®

PRINT

TONMI

PRINT "(1XNDRMAL - INCLUDE PREVIOUS MEARSUREMENTS — DONE

PRINT "<¢Z> ABNORMAL-DELETE SUSPICIOUS NchUPEHENTq“
PRINT "(3) PRINT CURRENT DATA FIRST"

PRINT "(4) GET ADDITIONAL DATA™

PRINT "(35) DONE™ )

PRINT -

INPUT “SELECTION C1/2/2/4/353"iM3
IF M3I=4 THEN NM=NM+1:G07T0 712@

DN MZ GOSUB 7701, 7808, 7808

IF MZO S GOTO 7168

RETURN

PRINT

PRINT"INPUT DATAR SET NUMBER'"3NM
PRINT

INPUT™Y COUNTS"sUCNM)

INPUT" +/—" 3 DU (NMD

INPUTHT COUNTS"3TONMD

INPUT" +/="3DTINM)

RETURN - 49 -



7680
7685
7610
7615
7620
7630
7635
7640
7E45
7E5@
7655
7660
7700
7710
7800
721@
782@
7830
7840
78582
7860
7865
7870
7880
7EES
7898
7920
7910
7920
7930
794@
7950
7955

79Em

iy A

£020
280108
2029
=1 K2
SsSB40
==l
oeed
e070

LAATON
[} 411 4]

S090

EXHIBIT C.1 (CONT'D)Kl

REM — TUBE SAMPLE MCA COLLECT MODE

GOSUE 5B@0:REM ~ COUNT DATA:PRINT

PRINT “TUBE MEASUREMENT NUMEER"3NM:PRINT
PRINTIPRINT "186 KEV GAMMA":PRINT

FOR I=1 TO E:CC(IY=CU(I):NEXT:GOSUB 4ZQ@:REM -~ PLOT
GOSUB 440@:UX=PC:XU=PE:REM~ANALYSIS

PRINT “TUBE MEASUREMENT NUMBER"3NM:PRINT
PRINT "237 KEV GAMMA®:PRINT

FOR I=1TDE:CC(I)=CT(I}:NEXT:GOSUR 42@@:REM-PLOT
GOSUB 44@@:TX=PC:XT=PE:REM-ANALYSIS

UCNM) =UX 2 DUCNMY =XU T TCNMY =TX : DT (NM) =XT

RETURN

MZ=5

RETURN

PRINT

PRINT“MERS NO", "U","T"

FOR IM=1 TO NM , |
PRINT IM3UCIMY3“+/—-"3DUCIM} sTCIM) $"+/="3sDT(IM)
NEXT IM

IF M3=3 THEN RETURN

PRINT "DELETE MEASUREMENT(S)"

KM= .

FOR IM=1 TO NM

PRINT “DELETE MERSUREMENT";IM

INPUT “(Y/N>";YE$

IF YE${)"Y"THEN GOTO 7950

KM=KM+1

FOR JM=IM TO NM

UCIMY=UCIM+1):DUCIMI=DUCIM+1)

TCIMY=TCIMHL) tDT(IM)=DTC(IM+1)

NEXT JM

NEXT IM

NM=NM—KM

RETURN

A=NM+1:B=NM+2: U=z T=1

MU, A, @) =UARzMC(Us A, 1)=UA+AUIN (U, AY=UA

M(Ts A @)=TAZM(T: R, 1)=TA+ATNC(T, AY=TH

MCU, B» @) =UB:M(U. By 1)=UB+BUIN(U, BY=UR

M(T, B, B)=TB:M(T, B, :)=TE+BT:N(T, B)=TB

FOR IM=1 TO NM

MUy IM, @) =UCIM) 3MEU, IM, 19 =UCIMY+DUCIMY INCL, IMY=UCIM)
MCTy IM @3=TCIMY SMCTy IM, 10 =TCIM)+DTCIMY INCT, IMI=T CIMD

NEYT IM

[P0 o ] LN

RETURN
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9000
9005
9210
Seze
5030
9040
9052
9055
S26@
@65
2070
IPED
9230
9100
9110@
9120
3130
9140
9150
S1EQ
917@
9180
9190
9192
9194
9200
9300
9400

EXHIBIT C.1 (CONT'D)

FOR IM=1 TO NM

5D=@

FOR JM=@ TO NM+2

FOR Z=Q TO 1

IF JM=0 THEN Z=1:G0T0 S038

NCZ, IMI=M(Z, M- 1)
RA=NC(T,A) /NCU, A sRB=NCT, B /NI, BY
GRM=(XA+ER*RA+XB+EB+*RB) / (XA+EA+XB+EB)
RCIMI=NCT, IMI/NCU, IMD

TS5=0:15=0

FOR KM=1 TO NM
TS=TS+N(T, KM} : US=US+N(UI; KM)

NEXT KM

RM=T&/US

ER=R(IM)*=ERM/RM

Y=(EBR-RB) / (RA-GR)
E=(ER+EB+(Y+1) )}/ (ERA+Y*+ER)

IF JM=8 THEN ERCIMI=E:GOTO S170
SD=SD+(E-ERCIM)I~Z .

NCZ, TMY=MC(Z, IM: B

NEXT Z

NEXT JM

DECIMY=8RR(ED)

RZ=UCIM)/TCIM)

EZ= RZ*SDR((DU(IH)/U(IM))”“+LDT(IM)/T(IM))’2)
PRINT IHaiﬁﬂ*ERlIﬂ)'"+/—"'1BB*DE(IH) RZs;%+/-"
NEXT IM

RETURN

10800 END
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EXHIBIT C.2 MCA BASIC Sequence for Example Set of Measurements
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EXHIBIT C.Z2 MCA BASIC SEQUENCE FOR EXAMPLE
SET OF MEASUREMENTS

e
RUN
SPaAN GAMMA PEAKS WITH EVEN NUMBER OF CHANNELS

186 KEV GAMMA
LOWER CHANNEL? 920
UPPER CHANNEL? 9435

237 KEV GAaMMA

LOWER CHANNEL? 1185

RIGHER CHANNEL? 1210

PUT CURSOR IN CHANNEL @ — THEN HIT 1 RETURN? 1

PEAKS IN WINDOW - THEN HIT 1 AND RETURN FOR PRINT CHECK? 1

- 53 -




EXHIBIT C.2 (CONT'D)

186 KEV GAMMA

STHRNNEL COUNTS PLOT OF PEARK-SCALED TO PERK
=1 ’ 3IE1 Ihhi——

D7 AP I»

9p8 ' IEE I 4w

328 k%1% i

310 I4E T

3it AT I#

Ttz 321 I+

.3 I8z Iwk -

314 IE7 Ik

9i5 357 I

91§ ‘ IS4 I»

S17 J4E I*

S9iE 391 I eopt——— : -
919 371 I #

926 Ie2 I dsk— e m

Q21 339 I+

= 371 Isom

- 923 AT I

924 22 I#w

925 a4 I ok

326 535 I

927 786 T shesbobeshs

928 1458 T steskeabokapesbesheap:

929 2785 T oot sheshoopeobe e apeobshe o st sk

=kdr) 4493 I sheabtakookeab seokeaboabt sk obeshoobeobob: she bbbk sbashooks
931 _ £328 I sheabesbobeabeobsbrahosbosh shesbspespaobespesbeapenpoop: shohespropt bk spesposfesk bbb oo
932 7212 I sbesbooiokeobeaoobabt bt sheabeshoobsbaob shoshrobaoap: shiob b bt sk b sbi b she oot ek sba s speof b
9I3 &E6EZ . T steobeskeaheabiobe she sheshashe shesbosheshe she sheope st sba sheobesbt spoops sbi b sha oo o sk shashe e speop e
934 4SEE : I sestest b spshobosbi koot shespesh oo shoobiobobok b b shoobesh:
935 321Z T seoboobsbe bbb e stk spoog i st bk

=841 1726 T sestcsabobeoe sk oo -
337 1051 Teohiakotoon:

- 691 I sk

259 539 I ek

[40 460 I

S41 460 Ika

842 . 430 Ik

943 3Ig2 I

Q44 378 Iwk

945 JE4& I b

=1/ JI4AT ITa:

947 KA I

948 333 I*

949 J28 I#* . *
S58 334 I+

951 I42 I*

952 IB3 I*

953 A7, iw

S54 333 I#

955 298 I*

95 3a7 I

957 313 I

358 IB5 I»

959 301 Iw———
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237 KEV GARMMA

£..ANNEL
1171
1172
1173
1174
1172
1176
1177
1178
1179 -
1188
1181
i18z
1183
“.Ba4
B85
1186
1187
1188
1189
1180 .

1181 o

1192
1193
1194 -
1195
11886
1197
11898
1199
1200
1201
1282
1283
1204
12835
1280&
1287
izec
ke
E .‘jl @
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224

COUNTS
219
228
2138
228
226
228
21d
237
246
210
225
242
218
240
233
233
2EB
288
235
377

975
g44
1163
1483
1469
1882
8&4
287
440
334
292
280
331
325
348
347
323
322
2708
287
223
242
230
234
222
225
214
234
223
227
226
242

192
198

st L = o s 2o o el Ve S e b B ks L R ST S ar mtac

. BXHIBIT C.2

(CONT ' D)

PLOT OF PEAK-SCALED TO PEAK
T vk seohiop e e

I wesbepdob

bR e R S

JEE S0

I sobopeskeobeok:

1 skerpestopork

I skokesok

I sk

I ek

I soobebobeos -
I skokokobse e

T ek ———
pE

T weskokish e ———

T sobsbeshodentese
T et shesbesheshish
T sboobshorbrsbsheoboob:

I skeseshesieabonieshop bk puabesfospook
T shoke shoobespeobe bt ko sk sbeodoapoapeaieabesteobot

T otk sheobstokobb otk ek shobbobottkotop hobsiok
T ssshespeopesbeshodoshsh shodaoboapob ot sobootak

I kb ok gk
I seshoopisbeabeabosbeobooke

I hesbsbokopobb

T sheopioeskeode ook

T eobpeobobiabespesieake

T shebeshesierbobaerk:

pE 2ot 2 T

I ek shokok:

T stestrstookaduioskok

I deskakeobobokok
Iokodtopokopishm——
I #eskskesonkok

I sokikp———
I skttt

I oeakskeiok

I seskesbrkesenr:

I seskesbesbseo:

I sk

pE SRR R

I skt

I sk a
I steskeskskonon
okttt

I #enedok

I bbb ———
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EXHIBIT C.2

CALIBS DK 7

(1) YES-CONTINUE WITH DATA
(Z2) N@-NEED ADJUST AMP
{3) NO-NEED FIX ROIS

CHOOSE OPTION? 1
COMPONENT A INPUTS

| ZT5 ENRICHMENT %? 45
Te1AL % IN BLENDED FUEL? 5@
COMPONENT B INPUTS
U235 ENRICHMENT %? 75

TOTAL % IN BLENDED FUEL? 5@

CALIBRATION MERSUREMENTS. 8 SETS PRESENTLY

(1) NEW AND ADDITIONAL
€2) CURRENT VALUES

[l sade ot SF ¥ 1 1= Nr ke ]

=y P 3
=l LY Ll U L2 1

CALIERATION INPUT MODE

¢\ KEYBOARD INPUT
. . MCA COUNT

SELECTION (1 BR 2)? 1
CALIBRATION DATA SETS 1

UAa COUNTS? 450008

+/=-? 180
TA COUNTS? 15000
+/-7 100
UB COUNTS? SiBeo
+/=? 108
TB COUNTS? 1000208
+/-? 100

CALIBRATION USED IN ANALYSIS

1) PRESENT INPUT ONLY

(2) COMBINE WITH EARLIER MEASUREMENTS
(3) PRINT CURRENT DATA FIRST
(4) GET ADDITIONAL DATA FIRST
(352> DONE

%EQECTIGN (1/2/3/747537? 1

CALIBRATION USED IN ANALYSIS

€1) PRESENT INPUT ONLY

€2) COMBINE WITH ERRLIER MEASUREMENTS
(3) PRINT CURRENT DATR FIRST

C4) GET ADDITIONRL DATA FIRST

(S DONE

— . L

SELECTION (1/2/3/4/53% 3

CARSE UR TA UB
1 450800 15200 - Skeoe

+/- ERR 120 128 196
o - 56 -

(CONT'D)

TB

12000
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EXHIBIT C.2 (CONT'D)

CALIBRATION USED IN ANALYSIS

(1) PRESENT INPUT ONLY
(2) COMBINE WITH EARLIER MEASUREMENTS
(3> PRINT CURRENT DATA FIRST
fﬁ) GET ADDITIONAL DARTA FIRST
5 DONE
SELECTIDN {1/°f7/&/5)° S

T T MEARSUREMENTS. @ SETS PRESENTLY
(7 NEW AND/DOR ADDITIONAL

{2y CURRENT VALUES

SELECTION €1 OR 2)7 1
TUBE MERSUREMENTS INPUT MODES

(1) KEYROARD INPUT
2y MCA COUNT

SELECTION (1 OR 237 1
INPUT DATA SET NUMBER 1

U COUNTS? 38379

+/-? 236
T COUNTS? 7759

+/~7 138 -
ANALYSIS OPTIONS

[ imEinl ] T hbifvy | ITA™ (Yt B TN =] d

C13NORMAL — INCLUDE PREVIOUS M
(2) ABMORMAL-DELETE SUSPICIOUS
€3> PRINT CURRENT DRTR FIRST
(4) GET ADDITIDNRL DATA

(S DONE

m

SELECTION (1/2/3/4/9)7 4
TUBE MEASUREMENTS INPUT MODES

LEmrwvrmmA D™ T hi

P IR [m]
Li/ DhWNOTDUHRL 1T W

£2) MCA COUNT
SELECTION (1 DR 23? Z2
CHOOSE COUNT MODE

1) MANUARL - SET UP ERCH TIME
(2) RAUTD - NEED SET UP INITIALLY ONLY

£ LOSE OPTIDN? 1 -
SWITCH TO DISPLAY WITH CLT B» SET UP, AND START COUNT
WHEN FINISHED» HIT CTL B» TYPE 1. AND RETURN

2 1

TUBE MERSUREMENT NUMBER 2
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EXHIBIT C.2

MERSUREMENT ENRIEHMENT

-

59. 5388 +/—- .4B75EC

o 74C S
58. 716 +/- .SPB4ES

598. 8833 +/— ,48E188
59. 6858 +/- . 488375
59. 9863 +/- .5B122E
B0. B4EL +/~ . 5034BE
E@. 458% +/- .5DES43

~NM LB AR

CONTINUATION OF STUDY

A Y AT T T TMHRAL
(1) ADDITIONAL MEASUREMENTS

(2) ADDITIONAL CALIBS AND/OR (1>
€3y CHANGE CALIBS ENMRICHMENTS AND/OR (2D
(4) NEW FUEL TUBE

SELECT(1/2/374237 1

TUBE HEQSUREMENfE. 7 SETS PRESENTLY
¢1) NEW AND/OR ADDITIOGNAL

i MO T LIim 1iEe
{2) CURRENT VALUES

SELECTION (1 DR 20?7 1
TUBE MEASUREMENTS INPUT MODES

(1) KEYBORRD INPUT
{ ) MCA COUNT

.,

SELECTION (1 OR 2)? 2
CHODSE COUNT MODE

(1) MANUARL - SET UP EACH TIME
(2) AUTO - NEED SET UP INITIALLY ONLY

CHO0SE OPTION? 2
COUNTING NOW — HIT CTL B TO EXAMINE

- 58 -

{(CONT'D)

1BEREV/2I7KEV

4.972186 +/~ 0841245
5. BBISE +/-— .B974227
5. 85157 +/- .B@9754Z5
4.98818 +/- .B9ESEBS
S.85z07 +/- .@984616
5. 17265 +/~ .181424
9. 1382 +/- .101621



- MEASUREMENT NUMBER €

186 KEV GAMMA

CHANNEL ) COUNTS
S8E 214
907 227 -
=1 216
s09 227
S1% 213
311 212
S1z 200
at® 229
& 214
915 254
916 260
917 233
318 237
S19 235
20 20
921 -z -
gzz 243
93 248
Sz4 244
3Z5 213
Sze I87
27 788
.~ 1246
929 2341
930 3481
931 4240
83z 43321
933 A
934 2355
935 1363
93E 827
937 Sz20
938 38z
839 323
48 289
41 259
S42 222
843 243%
S44 219
945 225
46 ig2
847 285
948 188
949 208
b= 17" 214
951 202
952 197 .

(S 233
— 201
955 217
956 285
8557 178
958 280
959 184

'GROSS PERK 2904
BARCKGROUND S5E6E&

RIECT DALY MO IRTE,

8

En 2 2 AN v Law |

EXHIBIT C.2 (CONT'D}.

PLOT OF PERK-SCALED TO PEAK

e

4

I *#
I

-~ sk

F

T

I

I*

T o

I

I o

Iwow

T wes:

Ik ——

I

I#——m

I”* ¢ e e -

Ik

I o

Ik

I

I B

I weobrspsbobiok:

I R

T shosboakcobonte b shishioki s shokeshoopasponk o
T b sdoobiobe sbeabests sbosfogebosbeste b sprsheode b e sbo b oo b oo sho o b o p ot
T sbeobobesbaohs shaskenboposbook b sho b ok oo o b ok sheabs ot ook e shaohe b she s oo o shashe shiods sp oot
T shesboshesbeobioboohoat shespeaeabesheabeshe o bbb sbeobe ot spaobe b sha shi ke speope sk s sbeoh e sh b shoohs
I shestesheaboobsobooteae sba ookt shoobob o oboobe sh shoob b speofo s abeopeshosbespaopeope o
I teobeotestoobisbeobeotspiskestsbeskobab b b sk okt
T seesbosbobesbesbeoeapodasppod:

I eskosbeshesbisperk

I sesetooke

I ook

Ik

Ik

I+

Ik

I ook

T ook

Ik ——

I

I——m

Ix °

I*

I+

I

I

I ks

I»

Iww

I

I#

I

I#e——
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237 KEV GAMMA

CHRNNEL

COUNTS
1171 151
117% 157
1173 158
1174 156
1175 134
1176 154
1177 153
478 147
79 159
1180 141
1181 156
1182 151
1183 168
1184 139
1185 T 135
1186 137
1187 168
1188 168
119 245
1190 328
1191 481
1192 E70
1193 204
1194 850
7ag 711
-1 S93
1197 425
1198 27%
1199 213
1200 169
1201 187
1202 217
1203 204
1204 226
1205 234
1206 207
1207 197
1208 159
1209 167
121@ 151
1211 160
1212 135
1213 150
1214 137
1215 136
121E€ 137
1217 146
1218 161
1219 123
( ee 154
2221 148
1222 153
1223 134
1224 138

GROSS PERK B3&8
BACKGROUND 3837
NET. PERK COUNTS

43

3

i

TUBE MEASUREMENT NUMBER &

PLOT OF PERK-SCALED TO

I sheobobshiohishm — —
I sbabperpropeseoh

I deseopeoekon
e L

T wedespobbon

I seoopederpeshiod:

I #robotgesh

Tbsstskosboboish
I ke
T bbbk
Ik
T epotopedoobisftom am e
T Aestespesbisheah
I Acbopoppime——
pE 2 o
I estestipespogesd

JE T I T T T

T sosbospepeohibi s s

I shoobobobrspeabesboaboopeseapesprapeah

T soofeshaspooespesposgaobe sk obsprobo s obe sheobs s oo

I esbosborshbobide bbb b shesle skt ofobobshuissh bbbk

T seobestesbeshoboobosbi bbb b b sbeob bbb bbbt ok b deshab b o ook skl
1*******m*m*****m*m*wm*****m&mm*m*******m
T seobosdobodesesbobobtotobobbosb b tobob obodobok gob sbogsh

EXHIBIT C.2 {(CONT'D

PEAK

b JETUICTYCPIT COTPUL PUT P PPT ST PN U SR DUT PRV PFY PO DI IPT U I S0 SRR FIY DT BT Y
HE b o b b o b i e e b e e o e i

T obsbsbtototorsiolbopolobsh bbbk
- T shshobotoksbolopokobok:

I sestoskshshabok

T sesbikestesofeoeap:

I toborokeabobkesbiok
I bbbt dobor
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EXHTIBIT C.2 (CONT'D)

4ALYSIS DPTIDNS

'1INORMAL — INCLUDE PREVIDUS MERSUREMENTS - DONE
'2) ABNDRMAL-DELETE SUSPICIOUS MEASUREMENTS

S203) PRIMT CURRENT DATAR FIRST

J¢4> GET ADDITIONAL DATA

7 (S5) DONE

- SELECTION (1/2/3/4/5)?7 1 -

© MERSUREMENT ENRICHMENT 18EKEV/ 23 7KEV
1 59. 4837 +/- . 490959 4.9721E +/— 0941245
2 ~ 59.E660% +/- .50402 5. @356 +/- . 0974227
3 58,9277 +/~ .4399704 5.05157 +/- .@375435
A 59. 6299 +/~ .S501884 4. 99818 +/— .PIESEVS
ggg - 59, 9304 +/- .SB4TZ 5. Q5207 +/- .B8IS4E16

£0. 5505 +/- . S@ESE7 5. 17285 +/- . 181424

7 EQ. 4D3IE +/- .S51204 S.1382 +/- . 101621
8

£0. B43ZE +/— .&B79380 5. 18252 +/- . 13IZBEE

- 61 ~



