





4 3679 00062 2912

THE MTR-PHOENIX FUEL EXPERIMENT:
BURNUP ANALYSES AND CORRELATIONS

Edited By

R. I. Smith

With Contributions From
D. A. Kottwitz
D. R. Oden

U. P. Jenquin

NUCLEAR ENGINEERING DEPARTMENT

June 1973

BATTELLE
PACIFIC NORTHWEST LABORATORIES
Richland, Washington 99352

BNWL-1756
Special Distribution



ABSTRACT
A burnup experiment was performed in the MTR at NRTS which
utilized a full core loading of Phoenix fuel (A:-21 wt% Pu with 23

aty 240

Pu). Results from this experiment included the variation of
isotopic composition with burnup and with position throughout the
core and the measured rates of reactivity loss with burnup. The
measured results are compared with the results of calculations made
for Phoenix fuel core in MTR. Conclusions are drawn concerning the

adequacy of the computational methods and calculational models used

in the comparisons.
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THE MTR-PHOENIX FUEL EXPERIMENT:
BURNUP ANALYSES AND CORRELATIONS

I. INTRODUCTION

A burnup experiment has been completed in the Materials Testing
Reactor (MTR) at the National Reactor Testing Station (MRTS) in Idaho
utilizing a full core of Aluminum-21 wt% plutonium allcy fuel. This
experiment was the culmination of an extensive research and development
program into the use of plutonium which contained large (>20%) fractions

of the 230

Pu isotope as a fuel for small, high power reactors, conducted
for the USAEC's Division of Reactor Development and Technology by
Battelle-Northwest. Fuel of this type has been called Phoenix Fuel
based on the concept of converting the fertile absorber 240Pu into
fissile 24]Pu, thus enhancing the reactivity 1ifetime of the core with-
out increasing the initial core reactivity.

The MTR-Phoenix Fuel Experiment was accomplished in three phases.
Phase I consisted of an extensive critical experiment program in a mock-

up of the MTR, performed in the PTlutonium Recycle Critical Faci]ity(]).

(2,3)

Correlation of these experiments together with earlier critical studies
have been reported by Heeb(4).

Phase II consisted of a comprehensive proaram of zero power measure-
ments performed during the loading of the Phoenix core in MTR and at
outages throughout the burn-down of the core(s).

The final phase, which consisted of the post-irradiation examinations,
non-destructive and destructive analyses, and correlation of these results

with calculation, is the subject of this report.



IT. SUMMARY

The burnup experiment in the MTR using Phoenix fuel demonstrated
the basic premise of the Phoenix concept, that 240Pu could be utilized
as a convertible poison in a reactor to obtain a longer reactivity
lifetime without increasing the initial core reactivity. While a
similar 1lifetime result can be obtained using 20% enrfched uranium,
the plutonium core has the advantage of producing a higher thermal flux
in the reflector per watt of reactor power. Thus, in a test reactor
such as MTR whose purpose is to provide a high thermal neutron flux at

sample positions in the reflector, the plutonium core provides the same

flux levels at a lower reactor power level.

A significant body of data has been obtained relating to the
variation of plutonium isotopic compositions with burnup and with location
in core, as well as measured rates of reactivity loss with burnup. These
data are unique since the plutonium isotope burnup and transmutations
are unobscured by production of fresh 239Pu from 238U captures. The

MTR-Phoenix Experiment is the only full core burnup experiment using

only plutonium fuel that has been carefully sampled for analysis.

The correlations performed have demonstrated that a core of the
MTR type is an extremely complex computational problem. The variation
in the neutron energy spectrum with position throughout the core is an
important factor, one which requires a high degree of spatial detail in
the calculation. Nevertheless, the body of data obtained from the MTR-
Phoenix Fuel Experiment provides a valuable basis for further examination

and improvement in methods, models, and cross sections.
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III. THE MTR-PHOENIX FUEL BURNUP EXPERIMENT

A full-core burnup experiment is an expensive, time-consuming under-
taking. However, it is the only effective way to evaluate the adequacy
of methods and/or data being used in reactor calculations, The per-
formance of the experiment in MTR has been reported previous]y(s).
Details of the core design and the power performance are repeated here
to provide understanding of the experimental results and to facilitate
an understanding of the computational problems associated with the

burnup experiment analysis.

A. Core Description

(6,7)

The Materials Testing Reactor is a rather heterogeneous assembly,
with a plate-type core of aluminum alloy fuel that is moderated and cooled
with Tight water, and reflected with beryllium, graphite and Tight water,
The core measured approximately 9 inches north to south by 28 inches east
to west by 24 inches high. Surrounding the core was a beryllium reflector
which was 39 3/8 inches high and extended out to a diameter of 54 finches.
Beyond this was a graphite reflector zone, which measured 12 feet north

to south by about 15 feet east to west by 9 feet 4 inches high. The

bottom of the graphite was located 4 feet below the core horizontal
centerline.

The Phoenix Fuel core consisted of 19 fuel elements and 8 fuel-
follower shim-safety rods located in the central 3 rows of the 5 x 9
lattice in the MTR, as shown in Figure 1. This location represented a
shift in position from the standard MTR uranium ccre, also shown in

Figure 1, which permitted the placement of eight fuel-follower shim rods

in the core, thus increasing the control margin for this experiment.
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FIGURE 1. MTR Lattice Loadings for Standard and Phoenix Cores
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The Phoenix fuel element illustrated in Figure 2, was similar in
design to the standard MTR fuel element in that all external dimensions
were the same. Internally, the Phoenix element consisted of sixteen
0.080 inch thick, equally spaced plates curved to the MTR configuration.
Each plate contained a 0.040-inch thick alloy core composed of 21 wt¥%
plutonium and 79 wt% aluminum. The fuel cores were clad with €061
aluminum, 0.020 inches thick.

Five of the elements were modified to contain flux monitor wands
inserted down the inside corner beside the side plate and between the
second and third fuel plates from the concave side and extending the
full Tength of the plates. These wands, illustrated in Figure 3, were
Phoenix Fuel wires, co-extruded with 1100 sertes aluminum clad, with
end pteces welded on, The fuel content of each was nominally 0.4 grams,
and had the same isotopic composition as the fuel plates. The two fuel
plates adjacent to the wand location in the flux monitor assembly had
narrower fuel cores than the standard plates, as shown in Figure 3. The
cores of the standard fuel plates contained 24,4 + 1,2 grams of plutonium
while those for the narrow core plates contained 21.0 + 1,1 grams of
plutonium. The finished Phoenix fuel element contained 390 + 5 grams of
plutonium and the flux monitor element contained 384 + 5 grams of pluton-
jum.

The Phoenix shim safety (control) rods were physically similar to the
standard MTR shim control rods with the only exception being the thicker
fuel plates in the fuel section. A1l remaining components (armature
assembly, upper and Jower aluminum sections, cadmium insert section,

shock section. and associated hardware) were standard MTR components.
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The fuel section of the Phoenix shim safety rod consisted of thirteen
0.080-inch thick plates of standard MTR configquration spaced with 0.110-
inch water channels. The fuel plates utilized the same 0.040-inch thick
alloy cores composed of 21 wt% plutonium and 79 wt% aluminum as were used
in the regular Phoenix fuel elements. The plutonium loading was
22.9 + 1.1 grams per plate, or 298 + 4 grams for the fuel section of one
shim safety rod.

The isotopic composition of the plutonium used in the plates was
measured in January of 1967. These values, adjusted to account for decay

241 241

a
of Pu into “" Am between January, 1967 and the start of the burnuo

experiment in January of 1970, are presented in Table I.

TABLE 1

ISOTOPIC COMPOSITION OF PLUTONIUM IMN PHOENTX FUEL(a)

Pu Tsotope Atom % in Total Pu
238 0.539 + 0.007
239 66.516 + 0.055
240 23.201 + 0.052
2417 6.488 + 0.034
242 3.257 + 0.032

(a) Valued adjusted for 24]Pu decay to January, 1970,
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B. Operating History During the Burnup Experiment

The operating history of the Phoenix fuel core in MTR is illustrated
in Figure 4. 1Initial power operation began on January 28, 1970 and con-
tinued at various power Tlevels until April 23, 1970, at which time a core
burnup of 923 megawatt days had been achijeved. The reactor was operated
on a continous basis during the first five weeks of the experiment, and
on a 24 hours/day-five day week for the remainder of the proaram.

The normal mode of equilibrium power operation was to compensate
for the gradual loss of reactivity by moving the regulating rod from its
least reactive position to its most reactive position. The reaulating
rod was then returned to its least reactive position in conjunction with
a withdrawal of the banked shim-safety rods. During steady operation
these rods were always operated as a bank. Rod bank height positions
were measured at equilibrium power and fission preduct poisoning as a
function of core burnup. The shim rod bank height data were interpreted
through measured calibrations of the shim rods to obtain values of the

rods-out k throughout the core burnup. These values are illus-

effective
trated in Figure 5 and are compared with calculations in Section IV-C.
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C. Burnup Monitoring

The total power lifetime, and the beainning and ending isotopic com-
positions and power distributions are the primary auantities obtained
from a burnun experiment. There are important advantages to also obtaining
these data at intermediate steps during the burnup of the core. The
fuel element design for MTR weould not permit removal of any fuel plates
before completion of the experiment. Therefore, fueled wands were designed
which could be removed in order tc obtain information at the intermediate
burnup levels.

1. Flux Wands

The wands, described in Section I1I-Aand illustrated in Figqure 3,

were Tocated throughout the core as shown in Fioqure £. The in-core

history of each wand is Tisted in Table II. A single wand was removed

TABLE T1
FLUX WAND HISTORY IN MTR-PHOENIX CORE

Wand Fuel Core Date Core Mud
_MNo. Element Position Removed At Removal
4 MP-11F L-23 2-16-70 255 Mud
12 Mp-12F L-33 3-6-70 660 Mud
5 MP-13F L-39 4-17-70 an7 Mud

8 MP-14F L-38 4-17-70 907 Mud

11 MP-10F L-32 £4-17-70 907 Mwd



-13-

Bulpeo 8407 YlW-juswidadx3 |and xludoyd 9 IYNYId

¥1W JHL OIN]
@3av01 SV 3802 IHL 404 SWVHO NI 1H913IM Nd ANV YIGWNN INFWTIT ‘INIWI1Y3IdXT 1304 XINIOHI-41W
1H91IM
nd
V101
By 1616 B6°2L11 6:0L6 by-gL11 B1°686 be 61T bro66  BSIOLT be 086 BG e LT
€°96¢ 0°L62 v°26¢ 0862 L'68¢€ 0°862 9'p6E 07862 1°26€
bg-951€ 81- n_s 1-dN 6-dW Z-dN ¢-dW 8-dN L-dW 8-dN LT-dW
WIHSgp l WIHS gp ¢y \ WIHS ¢p \ WIHS 5 v
BL g6rE HET-dW | 1-dW I-dW Z-dW 22-dW p-dW | 421-dW | 40T-dW 61-dW
8¢ L€ 9€¢ <9 Ve €€ € 1€
€°€6¢ 0862 8°€6€ 8164 €°26¢ 0862 ¢ose ¥ 8162 9°€6¢
b6 py1E 91-dW p-dN 8-dW €-dN 9-dW 6-dN | A1T-dW L-dN €2-dW

WIHS WIHS WIHS WIHS
8¢ L 9¢ T4 ve 114 44 |14

‘ON NVM XN m
SWVY9-Nd X XXX
"ON INJW313 XX-VV

NO111S0d 3403 XX

Ammwm oset  zese [ zese ceoe [ e 0ogl  cve Y zuse




-14-

at each of two intermediate burnup levels, and three wands were removed
just prior to the completion of the experiment. After cooling for about
seven months, each wand was scanned in the PNL Gamma Scan Facility to
obtain the axial burnup distributions shown in Figure 7. Gamma-ray
spectra were obtained at selected locations on each wand, using a high

resolution lithium-drifted germanium detector.

Three samples were cut from each of wands 8 and 12, at the Tocations
shown in Figure 7. These six samples, together with a sample from an
unirradiated wand, were analyzed to obtain isotopic compositions of

]37Cs were determined

plutonium, neodynium, and cesium. Concentrations of
as well as specific activities of selected fission products. The

detailed results of these analyses are contained in Appendix A, with a
summary of the data given in Table III. Comparisons of these results

with calculation are contained in Section IV-B.
2. Fuel Plates

Following the burndown of the core, a total of forty-eight plates,
four each from twelve elements, were removed for further examination and
analysis. Thirty-six of the plates from nine different elements were
gamma scanned to obtain axial and Tlateral burnup profiles. The scans
of plates number 8 from elements MP-3, 6 and 22 are shown in Figures 8
and 9 as examples. These scans show the lateral and vertical burnup
distribution across the central plane of the core, and show the large

peaking that occurred at the lateral core-reflector interface.
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The four locations which were sampled for destructive analysis are
indicated in Figures 8 and 9, two from the interior of the core and
two from the core boundary region. As with the flux wands, isotopic
compositions of plutonium, neodynium and cesium were obtained,
together with the specific activities of selected fission products.
The detailed results of these analyses are contained in Appendix B,
with a summary of the data given in Table IV. Comparisons of these

data with calculations are contained in Section IV-B.
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TABLE IV
SUMMARY OF DESTRUCTIVE ANALYSIS OF FUEL PLATE SAMPLES

END OF LIFE ATOM CONCENTRATION (EoL)(P)(c)

Beginning
of Life from
Concentration
(BOL)(a) Plate 22-8 Plate 3-8
Sample No. W1126 W1429 W1679 W1430 W1680
238p,, 0.539 0.7091 0.6855 0.6987 0.6979
239
Pu 66.516 48.84 50.78 41.39 44 .17
240p,, 23.201 24.04 24..09 25.02 25.18
241
Pu 6.488 9.344 9.004 8.892 8.477
242
Pu 3.257 3.688 3.641 4.085 3.962
Total 100.00 86.62 88.20 80.09 82.50
Atom % Burnup
(BOL-EOL) 0 13.38 11.80 19.92 17.50
137 .
Atoms Cs/Initial
Pu Atom 0 9.0570x1073(8) 7. 8351x1073(8) 1 327ax1072(d) 1 y708x1072(e)
Atoms ' *8Nd/Initial 3 P » s
Pu Atom 0 2.2965x10 2.0413x10 3.4276x10 3.0321x10
(a) BOL = atoms of isotope per 100 initial atoms of plutonium at beginning of 1ife (1-28-70)
(b) EOL = Atoms of isotope per 100 initial atoms of plutonium at end of 1ife (4-23-70
(c) Values derived using measured isotopic ratios and 148Nd analysis results in ISODIL
(d) Values determined on 4/30/71
(e) Values determined on 6/24/71.

_02_
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3. Measured Fission Product Data

Concentrations of selected fission products were measured in
fuel plates and wands by both nondestructive and destructive techniques.
The nondestructive method utilized a high resolution Tithium-drifted
germanium (Ge-Li) detector to determine gamma ray activities from the
fission products photopeak areas. Typical gamma ray energy spectrum
is shown in Figure 10. The energies and sources of the numbered photo-
peaks and the measured relative net photopeak areas for the various

samples are listed in Table V.

Gamma spectrometric analysis (without chemical separation) was
also performed on the dissolved plate and wand samples. Absolute
specific activites of the same eight fission products studied in the
nondestructive measurements were determined, with the results also

137

listed in Table V. In addition, the Cs activity in some of the

samples was determined by direct gamma ray spectrometry after a chemical
separation. These values were determined by comparison with a calibrated

137Cs source, and are listed in Tables III and IV.
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IV. THEQRY-EXPERIMENT COMPARISONS

Since the primary purpose of a bturrup experiment is to obtain data
with which to test and evaluate current and future computational methods
and cross section data, it is important in any comparisons of the experi-
ment with theory to carefully delineate the models, methods and data
used in the calculations. Descriptions are given in the following sections
of the core models, cell, reactor and burnup codes and cross section data
used to calculate the M"TR-Phoenix Fuel experiment. Comparisons are made
between experimental and calculated ratios of effective cross sections,
derived from isotopic data, and between measured and calculated rates of
reactivity loss with burnup. The sensitivity nf the calculated results
to details within the models is examined and reasonable Timits of uncer-
tainty are defined.

A. Calculational Models and Methods

The core geometry in MTR is rather complex and necessiteztes making a
number of simplifying assumptions to stay within the canacitizs of current
reactor codes. The unit cell used in the thermal cross section generating
code BRT-1(8 ) consisted of a repeating slab array of fuel, cladding and
water. The cross sections generated using this sirzle cell model are
appropriate for the asymptotic region of the core. Unfortunately, due to
the small size and large surface to volume ratin of the core, less than
80% of the core is in the asymptotic region. At least 20% of the fuel in
the core is in the core-reflector boundary zone, where the thermal neutron
spectrum 1is changing rapidly with position. 1In core calculations in general

and in burnup calculations in particular, the entire core was considered as



-25-

being in the asymptotic spectrum. The results of the destructive
analyses of fuel plates, presented in Section III-C, show that this
assumption is not valid and that serious errors in estimating cross
sections and isotopic compositions will result. Nevertheless, in all
calculations reported in this report, the assumption of an asymptotic

spectrum was made, unless otherwise specified.

1. Description of Computational Models

The majority of the calculations made for comparison with the
experimental results from the MTR Phoenix fuel program were performed
using the ZODIAC-G code.(g) This code is an automated chain consisting

10)

of THERMOS(8) for the thermal group cell calculation, HRG( for the

epithermal cell calculation, HFN(]]) for the one-dimensional reactor

12)

calculation and ALCHEMY( for the reactor burnup calculation.

The fuel plate unit cell used in THERMOS consisted of the
following: a reflecting boundary, 0.020 inches (0.0508 cm) of fuel
alloy, 0.020 inches (0.0508 cm) of aluminum cladding, 0.0593 inches
(0.13062 cm) of water, and a reflecting boundary. These three regions
were homogenized per HRG, with heterogeneity effects introduced by means
of resonance parameters and a mean chord Tength. The atom densities

for materials used in the cell calculations are listed in Table VI.

The reactor calculation in ZODIAC-G uses the one-dimensional

multigroup diffusion code HFN. The core volume assumed in the calculation

was 7.1956 x 104 cm3, based on the cell atom densities and the total

plutonium in the core. A value of 9753 g of plutonium was used, as had

been assumed in the MTR-Phoenix SAR, rather than the actual value of

135 149

9797.4 g as loaded. The saturating fission product poisons Xe and Sm



Material

239Pu

240Pu

241Pu(a)

242Pu

241Am(b)
ATuminum

HZO

(a) Corrected for 241
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TABLE VI

ATOM DENSITIES FOR CELL CALCULATIONS

(Atoms per barn-centimeter)

BRT-1

1.10754 x
3.9422 x
1.1355 x
5.905 x
1.757  x

of power operation.

(b) Resulting from

241

of power operation.

107
10°
10°
10”
10”

3
4
4
5
5

Hra ()

2.2307
7.9400
2.287
1.1893
3.54

Pu decay between time of separation

X 10_4

X 10-5

x 107°

x 1072

x 1076

and start

Pu decay between time of separation and start

(c) No spatial fine structure in HRG, all materials smeared over
total cell volume.
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were included explicitly, but 105Rh was not. A single pseudo fission

product was used to represent the nonsaturating fission products,
based on a yield-weighted combination of the Nephew pseudo fission

products,(]3) using the yields compiled by Nephew.

The version of HRG used in the ZODIAC-G chain (HRG3) provided
for allocation of a number of fine energy groups around the 1 eV

240

resonance in Pu, and had a treatment for intermediate resonances in

the presence of an admixed scatterer. No upscattering was included,
however. The 24]Am which was produced by decay of 24]Pu was included
explicitly, but no other transplutonium isotopes were considered. A
reactor power level of 24 MW was assumed during the burnup, and the
isotopic concentrations were recomputed every five full power days,

once the saturating fission products were in equilibrium. Spectrum-

averaged cross sections were recomputed every fifteen full power days.

B. Comparisons of Measured and Calculated Isotopic Concentrations

One measure of the adequacy of a calculational method is its ability
to predict the variations in isotopic compositions with fuel burnup that
are actually encountered in the reactor core. Because of the complexity
of the MTR-Phoenix core, it was anticipated that this experiment would
provide a very severe test of the computational methods, and special

efforts were made to obtain data appropriate for these comparisons.

1. Measured Isotopic Data

As described in Section III-C, the MTR-Phoenix core contained
fueled wands which could be removed at intermediate Tevels of burnup.

Samples from the wands and from fuel plates removed at the end of core
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1ife were analyzed to obtain plutonium isotopic concentrations and
fission product concentrations for various stages of burnup. The number

of fissions that occurred in each sample were determined via analyses of

148 137

the Nd and Cs contents, to obtain the atom percent burnups in

each sample. The agreement between tne results using the two different

fission product monitors was generally good, with the numbers of fissions

]37Cs analysis being slightly (<3%) but systematically

14

indicated from the

greater than that indicated from the 8Nd analysis.

Tne isotonic data, presented previously in Tables III and IV, are

shown graphically in Figures 11a through 11d, where the ratio of End-of-

239 249 241

Life to Beginning-of-Life numbers of atoms is nlotted for Pu, Pu, Pu

242

and Pu versus atom nercent burnup of total initial nlutonium. The solid

Tine in all figures is the result predicted by a ZODIAC-G burnup calculation.

239Pu

An excellent agreement between measured and calculated values of
denletion as a function of atom percent burnup is seen in Figure 1la. Indi-
cations of different burnup paths for the niates and tne wands begin to
appear in Figure 11b, where the calculation under-predicts tine 240Pu con-

240Pu content of the wands.

tent of the plates and overpredicts the
Examination of Figure 11c suggests that the interior region of the core
was on a different burnup path from the exterior region, and that both
plates were different from the wand samplaes. No clear-cut differences
are seen between the paths of the various samples in Figure 11d where

242Pu concentration with burnup is shown, but the

242

the variation in
calculation consistently under-pradicts the concentration.
Several plausible arguments can be advanced to explain the observed

variations in isotopic concentrations. First, the neutron snectrum in
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the core interior is less thermalized than at the core edge. Second,

the 240Pu resonance self-shielding is less in the wands due to the

smaller thickness relative to the plates. A factor of 1.8 has been
calculated as the ratio of the effective resonance integrals of the
0.020 inch diameter wand core to the 0.040 inch thick plate core,

which influences the removal rate of 240

241

Pu and the production rate of
Pu. A more detailed examination of the effect of the neutron
spectrum and core geometry on the effective cross sections of the

Phoenix fuel is given in the following section.
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2. Ratios of Effective Cross Sections
While the variations of the isotopic concentration of plutonium

are an important experimental result, these variations are not very
sensitive indicators of where the computational problems lie. However,
these experimental data can be used in an analysis technique(]4) to
obtain ratios of effective cross sections which can be compared with
values of the same ratios calculated by any ~articular computational
system. One can readily observe the ratios which differ from ex-
periment and can examine the methods, data, etc., used in the calcula-
tions that will influence the discrepant result.

If one examines the one-group transmutation equations, shown

below,

! L
- IR O; N1¢ + O; 1 N 1 s
aNgd g
qr T o e

ne finds that the parameters most difficult to determine in a burnup
experiment are the flux, ¢, and the time, t. If tne firs equation
is divided by the second equation, these parameters are cancelled
(except for a relatively insignificant term for which a reasonable

estimate of the flux will be sufficient).

. . S EETL S 2 B P

dn] i A1N1 q N ] 0. N
SRS VTP I R IO

dN oaN ® oaN o3 N
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One obtains a set of equations that can be integrated and which are
functions of the isotopic concentrations and the ratios of effective
cross sections. Having tne isotopic concentrations from a destructive
analysis of the fuel, one can now fit this set of equations to tne

(15) to

data using a multivariable non-linear least squares program
obtain the ratios of effective cross sections.

3. Least Squares Analysis of Isotopic Data

The isotopic composition data for the flux wands and fuel plates
were fitted by the least-squares code DBUFIT-I to determine ratios

of average cross sections involved in the transmutation process.

The set of fitted equations is

1-A 0
AK
241 e 239 , Mo 239, 2398 _
W LA 8 e B3R 12398 - o
(202, yehB 230 1B (1239)A vBK (1239
(T-A)Y(1-B)(1-C) (A-B)(A-C) " B-C
- K, (¥3)e =
i 239,239
Ne = -(1-e) (HE27-0E%) + k

f
BK

14357 /6" ¢ (1-A)(1-B) A-B
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where the parameters related to the cross-section ratios are

- A239/A239
€ OC Oa
araa/net0 - 52405239
a a
B = (824]/8239)(1+A24]/8§4]¢)
~241 ,-241 ~241
v = (65768 (18 /528
_ ~242,~239
C = 9q /oa R
while KO, K1, K2 and Kf are constants of integration dependent on the
initial concentrations. MNote that the factor (1+A24]/8§4]¢) corrects for

24]Pu.

the radioactive decay of
In the DBUFIT-I code the parameter C is not permitted to vary. It
must be fixed by independent considerations. Furthermore, since the

240

concentration of Pu is relatively constant during the burnup of

Phoenix fuel, it is not feasible to determine AA, which expresses a

A24O/8239.

(formal) concentration dependence of og 3 Thus AA was held fixed
at zero in all runs. Summarizing then, we hope to determine four cross-

section ratios, assuming that a fifth one is kinown from nrevious calcula-

tions.
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Tne data for the samples from wands #12 and #8 were fitted first.

Initially the data from both wands were combined and fitted as one case.
~n ~230

*02/053“)

242 are

In the remainder of this section, we use the abbreviations rn(
and an(zég/ég). The results for two different (fixed) values of r
shown in 1ines 1 and 2 of Table VII. After systematic differunces between
the wands were noticed, tne data for each were fitted sevarately as

shown in 1ines 3-6 of Table VII. The quality of the fits for the separate
cases, as measured by xz/d.f., is significantly better than for the
composite cases. (x2 is the inverse-variance-weighted sum of squares, and
d.f. is the number of statistical degrees of freedom.) For both the

. ‘ 241 .
separate and composite cases, these results show that only «a is

242. In all cases the error esti-

sensitive to the assumed value of r
mates are rather large. This is a conseguence of the hiah correlation
among the 7 free parameters (4 cross-section ratios and 3 initial
concentrations).

In anticipation of tne sparse fuel plate data of main interest, a
special set of fits were made in which only the initial and highest
exposure wand data were used. The results are shown in lines 7-12 of
Table VII.It turned out that physically olausible fits could not be
obtained unless an additional constraint was imposed on the parameters.

241

Sir.ce the ratio r is pernaps Teast sensitive to resonance integral

and spectral errors, it was fixed at a set of values near those obtained
from reactor calculations. These results show that all 3 of the frze

cross-section ratios are sensitive to tne assumed value of r24].



-35-

Unfortunately, the data for fuel plates #22-8 and #3-3 were rather
sparse, consisting of only two closely spaced sets of isotooic concentra-
tions for each plate after exposure in addition to the zero-exposure values.
Thus, it was necessary to constrain the cross-section ratios in order to

obtain physically plausible results, which are given in Table VIII. In all

242

o
of these fits the ratios rL4] and r were held fixed in a range of

values obtained by reactor calculations. A preliminary set of fits had

242

shown that the results obtained by fixing a24] and r are essentially

. .. 4 242
equivalent to those obtained by fixing r2 1 and r .

Inspection of TableVIIIindicates that to a good degree of approximation

(~1%) the ratios a239, r240, and a24]

241 242

may be considered as linear functions

of r and r The linear coefficients are best determined by a seccnd-
level Teast-squares fit to the tabulated values. For fuel plate #22-8

‘(asymptotic region) the resulting equations are:

239 242

0?32 = 0.557 + 0.380 (r*1-1.05)-0.033(r***-0.26)
280 = 0 747 + 0.385 (+241-1.05)-0.017(r%%2-0.26)
2% = 0.385 - 0.515 (r?41.1.05)+0.767(r2*2-0.26)

For fuel plate #3-8 (edge region) the.eguations are:

241

239 = 0.465 + 0.310 (r2*1-1.00)-0.025(r2%-0.12)
r280 = 0522 + 0.320 (r2%1-1.00)
2% - 0.398 - 0.565 (re%1-1.00)+0.900(r2%-0.12)

It should be pointed out that in Tables VII and VIII, the values of
xz/d.f. distinctly tend to be smaller than the expected value of 1.
This suggests the possibility of a systematic tendency to overestimate

the errors of the input data.
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Wand
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Wand
Wand

Wand
Wand
Wand

Wand
Wand
Wand

Fuel
Material

12
12

8
8

12
12
12

8
8
8

8
8

Table VII. Results of Least-Squares Fits of Wand Data
No. of  ~TTTTIonTTTommmmmmssssoomooooee Cross-Section Ratios------~-cmmccmmcocmmans
Data Pts. o‘239 r240 241 a241 r242 2/d.f
7 0.604 + 0.095 1.018 + 0.090 1.329 + 0.230 0.322 + 0.081 0.361 2.68
7 0.601 + 0.0% 1.016 + 0.091 1.326 + 0.232 0.343 + 0.088 0.400 2.73
4 0.529 + 0.064 0.957 + 0.069 1.064 + 0.186 0.449 + 0.119 0.361 0.484
4 0.533 + 0.059 0.960 + 0.064 1.069 + 0.172 0.402 + 0.095 0.300 0.412
4 0.446 + 0.064 0.849 + 0.073 0.945 + 0.188 0.539 + 0.173 0.361 0.928
4 0.449 + 0.061 0.851 + 0.070 0.947 + 0.179 0.481 + 0.142 0.300 0.841
2 0.485 + 0.008 0.916 + 0.006 0.950 fixed 0.475 + 0.023 0.300 0.263
2 0.521 + 0.009 0.955 + 0.006 1.050 fixed 0.410 + 0.020 0.300 0.277
2 0.559 + 0.009 0.994 + 0.006 1.150 fixed 0.361 + 0.017 0.300 0.292
2 0.445 + 0.008 0.856 + 0.005 0.950 fixed 0.471 + 0.020 0.300 0.323
2 0.483 + 0.008 0.897 + 0.006 1.050 fixed 0.407 + 0.016 0.300 0.341
2 0.523 + 0.009 0.939 + 0.006 1.150 fixed 0.357 + 0.014 0.300 0.360

_98_



Table VIII. Results of Least-Squares Fits of Fuel Plate Data

------------------------------- Cross-Section Ratios--------mcmmmcmmmomo—-

Fuel No. of
Material Data Pts. a239 r240 r24] (124] r242 xz/d.f
Plate 22-8 3 0.524 + 0.005 0.713 + 0.003 0.950 fixed 0.440 + 0.014 0.260 0.153
Plate 22-8 3 0.557 + 0.005 0.747 + 0.003 1.050 fixed 0.382 + 0.012 0.260 0.162
Plate 22-8 3 0.592 + 0.006 0.782 + 0.003 1.150 fixed 0.337 + 0.011 0.260 0.172
Plate 22-8 3 0.558 + 0.005 0.748 + 0.003 1.050 fixed 0.359 + 0.011 0.230 0.140
Plate 22-8 3 0.556 + 0.006 0.747 + 0.003 1.050 fixed 0.405 + 0.013 0.290 0.187
Plate 3-8 3 0.434 + 0.012 0.490 + 0.006 0.900 fixed 0.459 + 0.032 0.120 1.34
Plate 3-8 3 0.464 + 0.012 0.522 + 0.006 1.000 fixed 0.395 + 0.026 0.120 1.34
Plate 3-8 3 0.496 + 0.013 0.554 + 0.006 1.100 fixed 0.346 + 0.022 0.120 1.34
Plate 3-8 3 0.465 + 0.012 0.522 + 0.006 1.000 fixed 0.377 + 0.025 0.100 1.33
Plate 3-8 3 0.464 + 0.012 0.522 + 0.006 1.000 fixed 0.413 + 0.027 0.140 1.35

_Le_
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C. Reactivity Loss Rate Comparisons

The principal virtue expected of the Phoenix fuel concept
was the ability to have an extended core lifetime without a
large initial excess reactivity. Therefore, an important -
parameter to investigate was the rate at which the core excess
reactivity was depleted during burnup, and to compare the measured
rate with rates calculated by the computational models. Also,
some useful insight can be obtained by comparing the measured
reactivity Toss rates for several earlier {1TR cores with that
of the MTR-Phoenix core.

1. Measured Reactivity Loss Rates

The basic characteristics of the Phoenix core, a standard
235U core, an earlier plutonium core (cycle 108), and a 20%
enriched U core are listed in Table IX. The experimental burnup
results for those four cores are illustrated in Figure 12. The
standard 235U core operated at a constant power level of 40 MW
while the other cores operated at various levels. during their
lifetimes. The reactivity curve for each core has been corrected
to a constant power Tevel (30 MW for cycle 108 and the 20%
enriched core, 24 MW for the Phoenix core). Since the curves of
excess reactivity versus burnup are not linear, an average
reactivity Toss rate was computad by dividing the excess reactivity

at 100 MWd burnup (assumes saturated fission product poisons) by

the number of megawatt-days of core 1ife beyond 100 MWd.
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The parameters of interest for the four cores are summarized
in Table X. The Phoenix core and the 20% enriched core were quite
similar in most respects. Both cores produced additional fissionable
material during the burnup which reduced the reactivity l1oss rates
significantly below the loss rates observed in the fully enriched cores.
An important parameter in a test reactor like MTR is the ratio of the
peak thermal neutron flux in the reflector to the reactor power Tevel.
This quantity was measured in the three earlier cores but only calculated
for the Phoenix core. As shown in Table X, the plutonium-fueled cores
produce a significantly higher thermal flux in the reflector per watt of
reactor power.

2. Calculated Reactivity Loss Rates

As mentioned previously, the principal calculations made for com-
parison with the MTR-Phoenix experiment were done using the ZODIAC-G system.
The significant differences known to exist between the asymptotic or
interior region of the core and the core-reflector interface region were
neglected in these calculations. The entire core volume was treated as
if it were all in the asymptotic region.

The variation of k with burnup is shown in Figure 13 for

effective
the adjusted ZODIAC-G calculation and for the experimental result. The
ZODIAC-G calculation was normalized to the experimentally determined
clean, initial value of 1.104. The power density in the calculation

was assumed constant, with a total power of 24 MW. 1In actual practice,



-42-

X
mo_ 8°0

0L x 0€
0L X G"¢n

9
vl

MW 0€
aLLSSL B3/pMi 921

X ¢°
no_ £°¢
mo~ X 0¢

¢~o_ X [

MW 0€
aLLssts 6Y/pMW €8

% al°
mo— gL't

mo_ X 0¢
¢_oﬁ X G g
MW Ot

aLLssLy B3/pMW 291

mo_ X Zv

paje[na[e)
paanseay 10N

MW t2
aLLsSL BY/pMW 221

4032943y

uL 33eM/Xn|4

UQULNBN |[BWJIY| Yedd
A3MO4 3407 WNWLXeY

dnuang [an4 abeaaay

PMW/AU 280" 0- PMW/U G2°0- PHW/U 0f 1" 0- PMW/W 0£0°0- ado|§ dnuang
PHI 949 PMW 292 PMW S5/ PMW 59/ JA3MO4 JURISUOY P BlL]
~34L7 340) PIIRWL}S]
610" L 091 L oLt oL L 333y leigiur

8403 Ngez %02 801 31947 340D flggz PABPUELS X1U30y

S9407 Y1W 40 sda3awedeq dnudng

X 379vL




-43-

0.110

0.100

0.090

0.080

0.070

o
o
[«
(e

0.050

RODS-OUT Kgeoctive

0.040

0.030

0.020

1.010

1.000

lREACTOR OUTAGE

|
| POWER-LEVEL
| CHANGE

0

FIGURE 13.

1 | 1 1 l
100 200 300 400 500 600 700 800 900

CORE BURNUP IN MEGAWATT DAYS

Variation of MTR-Phoenix Core Reactivity,
Measured and Calculated.




-44-

the reactor was operated at power levels of 12.5, 18.5 and 21 MW prior
to reaching 24 MW as shown in Figure 4, so there is some question about
the equilibrium status of the saturating fission products until well
after reaching 24 MW. The only portion of the core burnup that was in
reasonable equilibrium status was between about 350 and 650 MWd. Sub-
sequent operations were at 12 MW and for short periods of time, making

it unlikely that any of the later measurements of k are

effective
characteristic of an equilibrium condition. Another complicating

factor was introduced as the shim rods were withdrawn during burnup,
thus allowing the core power to be produced in a larger volume of the
core and reducing the average power density throughout the core. There-
fore, it is difficult to make any clearcut comparisons between the
calculation and the experiment. It is, however, interesting to compare
the slopes of the burnup curves in the 350-650 MWd range. The experi-
mental curve yields a slope of -0.069 milli-k/MWd while the ZODIAC-G

calculation yields -0.050 miili-k/MWd, a discrepancy of about 28%.
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CONCLUSIONS

It is not obvious from the data or the calculations just where the
main problem 1ies. In all probability, the discrepancies are the
accumulative result of a number of difficulties. The measured isotopic
data demonstrated the significant differences produced by interactions
with the reflector at the core boundary. Since the burnup calculation
utilized asymptotic core conditions throughout, this simplification is

105

an obvious suspect. The fission product poison model neglected Rh

in the treatment of saturating poisons. Depending upon the thermal
flux level in the core, ]OSRh can be a significant neutron absorber in
plutonium-fueled cores. The burnup calculation was performed in one-
dimension, rather than in the very complex x,y,z geometry of the actual

core. This additional simplification is another Tikely source of

discrepancies.

Despite the differences between experiment and analysis, the MTR-
Phoenix fuel program has produced several valuable results.

240Pu could

e The basic premise of the Phoenix concept, that
be utilized as a convertible poison to obtain Tonger
reactivity lifetimes without increasing initial reactivity,

was demonstrated.

o A significant body of data was created which relates the
variation of plutonium isotopic compositions with burnup,

in different neutron energy spectra.

These data provide an important and unique base against which further
modifications and improvements in calculational models and methods can

be tested.
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APPENDIX A

ANALYTICAL RESULTS FROM PHOENIX FUEL WAND SAMPLES



Lab. No. W1127 Lab. No. W1128 Lab, No. W1129

Cus. No. Wand #8, Sample #4. Cus. No, Wand #8, Sample #5. Cus. No, Wand #8, Sample #6,

Date 2-22-71 Date 2-22-71 Date 2-22-71

Hour 1800 Hour 1830 Hour 1850

Gamma Energy Analysis Gamma Energy Analysis Gamma Energy Analysis

CE 144 5.4145E+ 8 0.,81% CE 144 9,0082E+ 8 (0.89% CE 144 1.1598E+ 9 0.76% (DIS/MIN)/ML
CE 141 1.0309E+ 7 7.5% CE 141  1.4589E+ 7 9,7% CE 141 1.8651E+ 7 8.1% (DIS/MIN)/ML
RU 103 3.0278E+ 7 3.8% RU 103 5,3307E+ 7 3.9% RU 103 4,7577E+ 7 4.7% (DIS/MIN) /ML
RU 106 5.2406E+ 8 1.2% RU 106 9.7106E+ 8 1.2% RU 106 9.01571E+ 8 1.3% (DIS/MIN)/ML
CS 134 4.8782E+ 6 8.1% CS 134 1,5843E+ 7 5.5% CS 134 2.2810E+ 7 4.3% (DIS/MIN) /ML
CS 137 5.6622E+ 7 1.8% CS 137  9.6540E+ 7 1.9% CS 137 1.2326E+ 8 1.7% (DIS/MIN)/ML
ZR 95 1.5375E+ 8 1.4% ZR 95 2.4187E+ 8 1.6% ZR 95 3,0218E+ 8 1.4% (DIS/MIN) /ML
NB 95 2.8945E+ 8 0,65% NB 95 4.2689E+ 8 0.76% NB 95 5.3631E+ 8 0.68% (DIS/MIN)/ML
Lab, No. W1130 Lab. No, W1131 Lab, No, W1132

Cus. No. Wand #12, Sampie #1, Cus, No, Wand #12, Sample #2. Cus. No. Wand #12, Sample #3,

Date 2-22-71 Date 22-22-71 Date 2-22-71

Hour 1950 Hour 2010 Hour 2040

Gamma Energy Analysis Gamma Energy Analysis Gamma Energy Analysis

CE 144  3,2059E+ 8 0.,77% CE 144 6,5407E+ 8 0,70% CE 144 7.7702e+ 8 0.63% (DIS/MIN)/ML
CE 141 4,6569E+ 6 8,2% CE 141  8.6403E+ 6 8.8% CE 14 9.4364E+ 6 8.3% (DIS/MIN)/ML
RU 103  2.6602E+ 6 22% RU 103  1,9950E+ 7 5.6% RU 103 1.4837E+ 7 7.8% (DIS/MIN)/ML
RU 106 5.,0192E+ 7 5.5% RU 706 4,4093E+ 8 1.4% RU 106 3.3120E+ 8 1.8% (DIS/MIN)/ML
CS 134 1,3882E+ 6 1% CS 134 5,6941E+ & 7.1% CS 134 9.7102E+ 6 4.,9% (DIS/MIN)/ML
CS 137 3.4283e+ 7 1,8% €S 137 6,8958E+ 7 1.6% €S 137 8.3172E+ 7 1.4% (DIS/MIN)/ML
ZR 95 7.9455e+ 7 1.6% ZR 95 1,5824t+ 8 1.4% R 95 1.85712E+ 8 1.3% (DIS/MIN)/ML
NB 95 1,5299E+ 8 0,72% NB 95 3,0475E+ 8 0.63% NB 95 3.4137E+ 8 0.60% (DIS/MIN)/ML

Note:

l t____, Relative 1 ovalue based on theoretical counting statistics only.

Base 10 exponent, i.e, for Nb 95: 1.5299 x 10° (x+ ,72% 1 o) dpm/m1

The ]37Cs values, obtained by direct (without chemical separation) gamma spectrometric analysis
(GSA) using a high resolution Ge(Li) detector may be converted from the dpm/ml values aiven on
the teletype output sheets to comparable atoms/me values by multiplying by 2.3 x 1010, The
GSA values are inherently less reliable than the values from the standard method.

_617_



Wand Number:

Lab. Number

(M

Gross Sample Weight g/1iter

Dimensfons:
Pu Sample Vo1(£§)
Pu Spike Vol,

238/239 (Pu Sample)
240/239 "
241/239 v
242/239 " "

239/282 (Pu sample + Spike)H)

Nd Sample Vol (g)
Nd Spike Vol.

150/142 (Nd Sample)
150/148 " "

142/150 (Nd sample + Spike)(d)
148/]50 " n " "

137¢s (atoms/m1)(6)
7
133Cs Wt (Cs)( )
13ugg v
1356e v
I37cs n n

Note:

ANALYTICAL RESULTS ON PHOENIX FUEL WAND SAMPLES

12-SA1 12-5A2 12-SA3 8-SA4 8-SA5 8-5A6 1-SA7 _

w1130 W1131 w1132 w1127 w1128 w1129 w1126

7.882 8.274 7.388 7.682 7.186 8.144 7.088
0.,10010 0,70010 0.10010 0.10070 0.10010 0.10010 0.10010
0.34950 0,34950 0.34950 0.34950 0.34950 0.34950 0.34950
0,00982 (20)(3) 0,01169 (20) 0.01334 (20) 0.01132 (20) 0.01460 (30) 0.01598 (30) 0.00811 {10)
0,3926 (12) 0,4361 (13) 0.4678 (14) 0.4223 (13) 0.4969 (15) 0.5142 (16) 0.3488 (10)
0,1334 (7) 0,1747 { 8) 0,2120 (11) 0.1592 ( 6) 0.2292 {11) 0.2536 (12) 0.0928 ( 5)
0.05839 (60) 0.06902 (70) 0,07921 (80) 0.06548 (70) 0.08717 (90) 0.09429 (90) 0.04896 (50)
0.7189 (22) 0.6738 (30) 0.5448 (16) 0.6335 (19) 0.4893 (15) 0.5306 (16) —_—
1.99958 1.49911 0.99814 1,499 0.99814 0.79966 S
0.39969 0.39969 0.39969 0.39969 0.39969 0.39969 —_—
43,23  (20) 72.92  (40) 83.89  (40) 64,35  (30) 81.15  (40) 82.34  (40) —_—
0,5889 (20) 0.5762 (20) 0.5720 (20) 0.5850 (20) 0.5761 (20) 0.5768 (20) —_—
0.00863 ( 5) 0.00818 ( 4) 0.00800 ( 4) 0.00840 ( 4) 0.00806 ( 5) 0.00799 ( 4) —
0,1357 ( 4) 0.1906 ( 6) 0.1586 ( 5) 0.1598 ( 5) 0.1752 ( 5) 0.1825 { 6) —_—
8.495 x 1017 » 0.55% 1.647 x 10'8 5 0,19% 1.970 x 10'® £ 0.19%7 1.364 x 10'8 + 0.11% 2.269 x 108 = 0.743 2.912 x 10' + 0,51%

4

Not Not 47.3 Not Not 25.9 égz:um1cfent

Analyzed Analyzed 0.35 Analyzed Analyzed 0.58
6'9 85 to analyze
45.15 45.02
Actual

(1) Based on gross weight of PuAl alloy core plus 40 mi1 thick aluminum cladding dissolved and diluted to 50 milliliters.
weights of sample sections analyzed were .05 times the g/1 values,

(2) Sample and spike volumes are in milliliters.

(3) Numbers in parenthesis following ratios are estimated standard deviations and should be read as follows: 0.01452 (50) = 0.01452 + 0.00050.

(4) Pu2*2 Spike (1IN-8) Volume in ml, Calib: 4,9805 x 10
(5) Nd150 Spike (1D-14), Calib: 7.84 x 1015 atoms !359Nd/ml, Isotopic Ratios:

(6} Our standard method of analysis for Cs-137 for burpup determinations was used.

16

atoms 2*2Pu/ml, Ratio: 239/242 = ,000103.

142/150 148/150
.008056 008679

(Cesium separation by tetraphenyl borate solvent

extraction followed by direct gamma spectrometric--Nal (T1) scintillation well crystal--comparison to the Nuclear Chicago/ASTM

cesium-137 standard calibrated by mass spectrometry in terms of atoms of Cs137.)

correct for radioactive decay of the Cs-137 standard since 8/8/62,
(7) Cesium isotopics measured on 3/15/71 and 3/12/71 for samples W1132 and W1129, respectively.

Date counted: 2/22/71.

30,12 years was the half life value used to

_09_
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APPENDIX B

ANALYTICAL RESULTS FROM PHOENIX FUEL PLATE SAMPLES
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ANALYTICAL RESULTS ON PHOENIX FUEL PLATE SAMPLES

Plate Number: 22-8 #1 3-8 #2

Lab. Number: W1429 W1430

Gross Sample weight(]) 0.7628 g/100 me 0.9572 g/100 me
Dimensions: 0.42772) « 0,473 0.4927(2) « 0.506"
Pu Sample vO1.§3g 0.009512 0.009512

Pu Spike Vol. 0.34950 0.39969

238/239 (Pu Sample) 0.01452 (50)(4) 0.01688 (50)(%)
240/239 " * 0.4923 (15) 0.6045 (20)
241/239 " " 0.1824 ( 9) 0.2048 (10)
242/239 v " 0.07551 (80) 0.09870 (90)
239/242 (Pu Sample + Spike)(5) 0.6764 (20) 0.4267 (10)

Nd Sample VO].E%% 0.04746 0.02376

Nd Spike Vol. 0.34950 0.34950

150/142 (Nd Sample) 7a.22  (1.50)(%) 48.33  (80)(%)
150/148 " " 0.5826 (30) 0.5737 (30)
142/150 (Kd Sample + Spike)(6) 0.00744 (10) 0.00765 (10)
148/150 ¢ v w 0.1082 ( 5) 0.0728 ( 4)
137¢s (atoms/ms) {7} 2.43 x 1016 (on 4/30/71) 3.00 x 1016 (on 4/30/71)
1335 ey (Cs)(8) 47.24 + 0.4 49.01 + 0.4
134gg 0o 0.564 * 0.006 0.601 * 0.006
135¢g v 11,06 = 0.1 7.44 + 0.07
137¢s 41.15 + 0.4 42.94 + 0.4
NOTE:

(1)

Gross sample weight of 40 mil thick Pu-Al "meat" plus 20 mil Al cladding on each side
dissolved and made up to 100 me total volumes. Surface contamination was removed

as effectively as possible by wiping the surfaces of the pieces with cotton swabs
moistened with ethanol before weighing and dissolution.

(2)
(3)
(4)

Both plates had a saw "burr" in the same position. This measurement is an average.

w

Sample and Spike Volumes are in milliliters.

Numbers in parenthesis following ratios are estimated standard deviations and should
be read as follows: 0.01452 (50) = 0.01425 + 0.00050.

(S)Pu“2 spike (ID-8) Volume in me. Calib. 4.9805 x 1016 atoms 242Pu/me
Ratio: 239/242 = 0.000103
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(6)yg150 Spike (ID-18), Calib. 7.84 x 1015 atoms !50Nd/me
Ratios: 142/150 = 0.008056 148/150 = 0.008679

(7)The 137¢s values from direct gamma spectrometric analysis (GSA) may be converted

from dpm/ms values given on the teletype output to comparable atoms/m: values by

multiplying by 2.3 x 107. The GSA results are inherently less reliable than

these obtained from our standard "burnup" method.

(8)Some problems were encountered with getting the original aliquots taken for Cs

to "run" on the mass spectrometer. An undetermined fraction of the 133Cs observed

could be from natural contamination rather than fission product origin. The

absence of a "blank" sample for comparison precludes accurate estimation of the

amount of natural Cs contamination.

LAB.NO. W143¢
CUS.No. 3-8
DATE 5/6/71
HOUR 1350

GAMMA ENERGY ANALYSIS

CE 144  1.§155E+1p 2.2% (DIS/MIN)/ML
CE 141 < 4,8259E+ 7 (DIS/MIN) /ML
RU 1§3  2.2969E+ 8 24% (DIS/MIN)/ML
RU 106  1.234pE+1p 3.1% (DIS/MIN)/ML
CS 134  2.5222E+ 8 13% (DIS/MIN)/ML
CS 137  1.2529E+ 9 5.9% (DIS/MIN)/ML
ZR 95 1.5372E+ 9 6.6% (DIS/MIN)/ML
NB 95 4.f194E+ 9 2.4% (DIS/MIN)/ML
LAB.NO. W1429

CUS.NO. 22-8

DATE 5/6/71

HOUR 1325

GAMMA ENERGY ANALYSIS

CE 144  8.p2@8E+ 9 2.5% (DIS/MIN)/ML
CE 141 < 2.965pE+ 7 (DIS/MIN) /ML
RU 1#3 1.6711E+ 8 29% (DIS/MIN)/ML
RU 16  9.7975E+ 9 3.4% (DIS/MIN)/ML
CS 134  1.9113E+ 8 16% (DIS/MIN)/ML
CS 137  9.7528E+ 8 5.7% (DIS/MIN)/ML
ZR 95 1.1@45E+ 9 8.1% (DIS/MIN)/ML
NB 95  2.9689E+ 9 2.8% (DIS/MIN)/ML

A
Relative 1 ¢ value based on theoretical
counting statistics only

Base 10 exponent, i.e., for Nb-95:
2.9689 x 10° (:2.8% 10) dpm/ms
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LAB. NO. W1l68¢
CUS. NO. 3-8 #4
DATE 6-22-71
HOUR 1345

GAMMA ENERGY ANALYSES

CE 144 5.P0454E+ 9 #82% (DIS/MIN)/ML
CE 141 < 4.636@E+ 6 (DIS/MIN) /ML
RU 103 4.80@SE+ 7 17% (DIS/MIN)/ML
RU 106 6.3035E+ 9 1.0% (DIS/MIN)/ML
CS 134 1.1871E+ 8 5.4% (DIS/MIN) /ML
CS 137 6.7813E+ 8 1.7% (DIS/MIN)/ML
ZR 95 4.8850E+ 8 3.2% (DIS/MIN)/ML
NB 95 8.6331E+ 8 1.4% (DIS/MIN)/ML

LAB.NO. W1679
CUS.NO. 22-8 #3
DATE 6-22-71
HOUR 1329

GAMMA ENERGY ANALYSIS

CE 144 4.4429E+ O p88% (DIS/MIN)/ML
CE 141 1.1542E+ 7 48% (DIS/MIN) /ML
RU 1§43 4.1419E+ 7 19% (DIS/MIN)/ML
RU 106 5.4913E+ 9 1.1% (DIS/MIN)/ML
CS 134 1.0432E+ 8 5.8% (DIS/MIN)/ML
CS 137 6.0p97E+ 8 1.8% (DIS/MIN)/ML
ZR 95 4.3335E+ 8 3.4% (DIS/MIN)/ML
NB 95 7.49¢01E+ 8 1.5% (DIS/MIN)/ML

[~__ Relative 1o value based on theoretical
counting statistics only

— Base 10 exponent, i.e., for Nb-95:
7.4901 x 10° (+1.5% 10) dpm/mz
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