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NRX Rod . 683 Part I° oo e e

L5 OUTLINE OF PROGRAM AND- PREPARATION ‘OF SPECIMENS

s 7 Lo ‘ 5L by
d R LT N D G, Hurst

o The group of papers under thls item covers measurements
"7 which have been made:on material from NRX rod No. 683, one'" of -
the rods originally installed in the reactor.. By September

" 1951 .1t had generated slightly more than 100 MWD energy,
.z'corresponding to a specific output from the central region of
_about 3100 MWD/Tonne. ' It was then removed from the reactor.
- ‘and-held 1n storage:as the principal item_in'an 1nvestigation _
° . of long irradiation. . The intention was to study with material/[
e Prom the same specimen. ‘the various results of irradiation such
-~ as the" distribution of plutonium isotopes in the rod, -depletion
2 of U-235, measurement .of the changes in reactivity. of material

- . from several irradiation levels, and metallurgical’ effects._
’;The present paper describes the general preparation for the
- work.  Other papers will; describe the details of the measure-
- ‘'ments.-- Chalk River reports on this work are listed as '

"i_-references 1, 2, 3, 4, and 5. - -

I Land

N g~;?f.. A Joint program was arranged with USAEC, and the reactivity
71" tests have beén made.in CP-2 at Argonne National Laboratory.
*',gSimilar tests will be made at other facilities.j : :

i

u’igHistory of Rod 683.

The irradiation history of this rod is as follows

| ,(i) Originally installed in reactor at position F- 26
. 105 3- cm. from centre. . .

. '»f(ii) '18th January 1951, transferred-to position D-12,
T - T79.3 cm. from centre. :

fn(iii) ohth’ September 1951 transferred to position, F 16
S0 45,8 em. from c:entre‘9 for reactiv1ty tests at zero
;_power.i‘ .
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(iv) 30th September 1951,‘removed to storage.

oot

,Energy-outputré 68 [o} MWD at F- 06 plus 32, 8 MWD at D_12
: 100 8 MWD total ;;,,a:_;;u;? R

4 ety

e - [ R

[P ,.;f;_‘.,mr

' The energy output was calculated as the product of the
integrated power and an output fraction a851gned to the rod
" position. ~ The output fraction is’ based on a flux distribution.
measured when the reactor ‘was first nut into operation., - No .
account is taken of finé structure due to non- -~uniformities. such
as shutoff rcd pos1tions etc.. Since values -of nvt from this I
‘total energy. output may. have large errors. it.'1s. likely that the -
values ‘of nvt used finally:- will be based: on measurements of -
depletion or other nuclear quantities,,

Cutting Plan,

Py b

The program: called for the rod to bt cut 1hto a number ofl"ﬂr
specimens as shown in Figure 5. 3 1, o Ihe cutting wag. doneﬁby the

Operations Division and was carried out under’ water w1th an. e

abrasive saw. The sever gsluws, 12 l/ﬂ inches long, are for e

‘reactivity” measurements, Tthé 1/8 “Inehi? lengths marked, chrm are,““
discs-from ‘which” U-235" depletion, “Pu production, etc, averaged

- over the rod may, be found; . the~ 1/8 inch lengths marked, "radial"
. Were first’ removed as, discs which were then cut . transversely as'
shown in Figure 5 5.2 to provide the. uiametrical bars for
"determination of" ‘radial’ dlstributions., ~The segments lef't”(~
- after removal of the bars. have been putxto various uses.,

R R . S .~\.,..m., .
Ll : { - RO

Measurements. = = " L e ; J“u:’E T

: Before the rod was cut 1ts length was measured and the
outside dliameter of ‘the sheath was gauged every four.- inches
along the ‘lehgth. The rod hé 3" sHrunk 41 5/64 inches and had
become slightly barrel- shaped with a maximum 'incréase of 0.06
inch on the. diameter at about 44 1nches from the lower end

e ‘The variation of gamma ray intensity along the 1ength Was ..
‘measured with a specially constructed scintillation probe, ’ '

Figure 5. e 3 e 5 mn“ o “t:r';;wn" e

) After cutting, the seven’ slugs for swing measurements, a
1/8 inch. disc,. and two B-inch pieces for metallurgy were. shipped

 to ANL.

The bars. selected for the study cf,radial distribution were_u
-~ mounted in a lathe 80 ‘that’ thin layers | could be turned«off to
- ~provide’ material from(accurately known depths iriside -the. rod

‘ The turnings from chosen depths were dissolved and separated into

¥ L EL
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FIGURE 5.%:2

DIAMETRAL BAR CUT FROM
. URANTIUM CROSS-SZCTIONAL, DISC

their components, . These were analysed 1in various ways
including gamma ray counting -of f1551on products, alpha

. counting, and mass spectrometry "Two of the discs have -

" peen dissolved and similarly analysed to'give. averages across
the rod sections. In addition the_ depletion of U-235 has
been determined by both mass spectrometry and -counting .
techniques. - This work and. the results will be descrlbed

in the paper by A H. Booth and M Lounsbury

‘ Some of the segments: were sent to Harwell and density
.determinations have been made. there on the material -as

~ recelved and -also after sustadined heating at various tempera-
 tures. Although there were some density differences:in, the:

. material as received these"are not correlated with 1rradiatlon.ﬁ'

vl‘Heating small pleces from segment K resulted in density ‘ ﬂq-f
decreases of - 2% after two days at 575°C and 3 to 5% after '
- a week at 8OO
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As a result of all these measurements a great deal of
information has been.obtained, From the measurements of -

- composition (Pu isotopes etc. ) At should be. possible to obtain

- values; of: efifectlve cross- sections., Preliminary ‘analysis. has
' been done’ by.G. C. Hanna who will discuss’ this in his. paper.’ .
The involved problem ~of. self- shielding and flux attenuation: in-
a rod having the complex composition ‘of the- long irradiated
"material “is being taken up by- the Theoretical: Physics Branch
It 1s expected that’complete ‘analysis of the’ measurements will
' require the solution of this. problem." , - A
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RADIAL'DISTRIBUTION OF QESIUM AND PLUTONIUM ISOTO?ES

. by
A. H. Booth and M. Lounsbury

<

INTRODUCTION

~_ The distribution. of plutonium isotopes and of Cs-137
(choseri ‘as a measure .of fission product concentration) has been
investigated as a function of the radial depth into the
uranium from the surface of NRX Rod 683. Analytical data,
obtained by radiochemical and mass spectrometric methods, are
given for Sections F, G, H, M, O, P and Q. Details of the

‘location of these sections, and of the lengitudinal varilation

of the irradiation at these locations are given in Part I,
along with detalls of the cutting of the rod to provide the
discs and bars required for this work. Some of the data to -
be presented have been reported earlier {1,2).

EXPERIMENTAL

A: Prepafétion of Samples

~ The bar was prepared for machining by placing it 1in a
groove -in a plastic disc in such a way that it was 1n’ the ‘same

‘relative position as it had been in the original uranium disc.

It was then fixed in position with "Araldite" cement. Exact

positioning of the bar was important in order that the tool

should cut to a uniform depth across the face. The position

“of the groove in the disc was determined in the first instance
. by measuring the segments of the sawn disc. Assuming that the

saw cuts were of uniform &idth, the required position of the bar

"~ could be calculated.. ‘Sometimes a small adjustment of the bar-
- had to be made by eye, to bring its surface arc into the circum-
- ference- of the plastic dilsc. For this, a circular plastic

‘gauge of the same radlus was held to the surface. The final

oheck on the positioning was whether or not the first 0.002" .

~ cut of the tool exposed;a;bright metal surface completely across

the face of the bar. T .
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The - lathe was set up: In a shielded trench and operated
- by remote control. The tool was brought up“to contact with the
uranium surface, then advanced in O. 002 steps, and . later inv
. larger steps. A lucite box, into which “the. turnings fell,
‘surrounded the tool and the specimen., A stream of carbon
‘tetrachloride was directed onto the work during ‘the machining
‘operation and ‘the lucite box was filled with argon to prevent -
the uranium turnings from igniting If they ignited they
fused into the lucite and were difficult.'to wash free. After
 the cut, the turnings were flushed by a stream of carbon‘-'
‘tetrachloride into a funnel leading from-the: -lowest corner of
the box,.and thence into the sample tubes.ﬂv “The . tubes were set
in a circular rack which was rotated by " ‘controls outside the -
trench. The carbon tetrachloride was then poured out of the
~ tubes and the turnings removed for analysis. «

o o In the case of Sections G and P the*sample was not turned
on the lathe, but rather the. whole disc Was: ssolved and the

plutonium, cesium and uranium- determination ere ‘made on ‘

aliquots ‘from this solution° For . these;-" ections, . . Cod

- sufficiently large samples were obtairned: so that a check on the ,’

-radiochemical" determination of plutonium could be made. - : )

' spectrophotometrically. A v

. B: Separation Methods

The plutonium was separated from the uranium by the method
described by Allison and Hart (3,4). . lheiturnings were
dissolved in 10 N HNO3 and the sol”tio put ’Dowex l anion

exchange column. The column Was then ;rt‘élo N HNO=.
The effluent was collected in & 10 ml. 'volumetric flask and the
washing continued until the solution was up to the mark

“In preliminary tests it was verified that more than 99 57
of the plutonium wag: retained on -the column, while the uranium,
americium,ﬁcurium and cesium passed through_quantitatively.

t
.#‘ :

The plutonium was removed rom the umn with O ‘5M .
'hydroxylamine nitrate solution.‘ ‘About 5&,‘[.of concentrated
HNOB was put. in” a 25 ml. volumetric flask and the effluent

run “into 1t,: with occasional gentle swirling of the flask.z
The hydroxylamine decomposed -raplidly in- the,concentrated HNO3
and the- swirling prevented ‘the .sudden evolution ofra large -
volume of gas. : When thé: solution was one.-or;two millilitres ~
- below the mark, ‘the flask was set’ dside - and ‘warmed under an

- infrared lamp until the gentle bubbling had stopped. It was
then taken up to the mark with distilled water,g_
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'~g;, Plutonium Ccunting

Plutonium" was determined by alpha counting of the effluent
solution without further. purification.. - Triplicate samples were
evaporated on stainless steel planchets and counted in a 50% ‘
geometry counter. :  The: geometry factor was determined by
calibration against a well-defined low geometry counter,

Because no appreciable s0l1id residue.remained in solution after
the decomposition of the hydroxylamine, ne correction for self-

) absorption was, applied

The result, giving the total alpha counts/min. of the

- combined plutonium 1sotopes was later resolved into isotopic

components by means of the a-pulse analyzer and the mass spectro-

" meter.- . In the pulse analyzer, the ratlc of the counts under the

5.48 Mev peak (Pu-238) and the 5.15 Mev peak (Pu-239 and Pu-240)
was ‘determined, and from this- the percent bty a-counts of Pu<238

" was calculated. Isotopic abundances of Pu-239, Pu-240, Pu-241

and Pu-=242 were determined mass spectrometrically. “The Pu-238

- fractlon was not: observed in the mass spectrometer because of its

low.concentration.

‘For the mass spectrometer work it was found necessary to
make a further purification of the plutonium sclution to remove
final traces of uranlum as well as alkali salts, etc., accumulated
from glassware and reagents. The plutonium solution was evaporated

'-to dryness, taken up with a few drops of 10 N HNOB, and carried

through a second cclumn process using capiliary columns and very
much smaller volumes of solution.  The final product was evaporated

pto dryness in 0.5 ml. beakers.

-b:f Uranium Determination

In the earlier analyses the effluent from the column was

_ evaporated, ignited at 750°C and weighed as Us0Og. The 0.002"

gample cuts welghed about 15-20 mg. and the balance could be read
to +0.05 mg., so that: the precision was about +0.5%4. The

. uranium was set aside fer possilble future studies, such as U-235

burn-up. - In later: ‘analyses, the uranium was determined

_ vclumetrically by titration with ceric sulphate.

'ffgz_ Cesium Counting

" Before. evaporating the uranium solution, 0. 1 ml, samples

were removed for the Cs-137 determination, The 0.1 ml. sample

was diluted up to 5 ml., and 0.2 ml, samples of the diluted

" solution were put on aluminum trays and counted by gamma scintilla~

tion in the pulse analyzer, The counts under the Cs-137" peak
were totalled. 'In order to correct for other fission product
gammas which might contribute: to this total, a correction factor,
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assumed constant was established for two of the samples

. .fission products by the standard cesium perchlorate method

and comparing the  count with: that of an allquot of the original
-golution, which contailned the -cesium in unseparated form, The

values found wére T79.80% -and- 80 16%;- and the factor subsequentlyf;

.s""*.i‘ P a:z .-

,applied ‘to all the counts was 80 O% ‘p." ;[dftg'*--v

Conversion of’ the cesium counts to absolute dis1ntegrations
per minute was made by comparison w1th a standardized solution

b

F: Mass Spectrometry of- Plutonium f5“ﬂs3.“>«; fﬁf

Y 60o eflection, 8"-radius mass spectrometer (5) with® .
"a. théoretical’ resolution-of 0,.3% A.M:U. was! used- for this work
The thermionic. emission lon' source consisted of a tantalum C
filament  (0.001" x-0.030" x O, 250" ) ;> mounted-on pickled Kovar -
terminals: (Stupakoff No. 980T7). = Ten'to:twenty micrograms of
plutonium dissolved: in 10A of #1N, hN03 were'dried on the filament

by passing a current of about 1 amp. through it in air, In most
- cases the plutonium samples wer . small, so that: it was_ necessary
- to use all of the sample ior the analysis anghus there ‘was no
opportunity to make duplicate analyses R .

The loaded filament was mounted in tn 1on source and the

" mass spectrometer “tube evacuated to 2 x10° mm. Hg. Pu0t ions
“were detected. whénua- current .of. about 2.5 amps: D.C. was passed
-‘through the filament. ... The.ions were accelerated to 7 to 10
kilovolts energy, collimated in a beam,and separated-according:
“to mass in a magnetic fileld of 9,000 to 11,000 gauss. The mass
- spectrum was scanned magnetically, and the: lon currents amplifiled
by a Vibrating Reed Electrometer {Appiied Pnysics Corporation,
Model 30) with a -2.x 1011 ohm=input resistor. - iThe output from
the amplifiler was-:fed through. a- calibrated attenuator system to

a Speedomax Recorder (Type G). x _ ‘

ST Tff‘;,v . RasuLrs.

A: Counting Results

The results of the Pu- 238 Pu- 239 plus Pu- 240 and Cs 137
determinations by - counting are, _glven. in-Tables 5. b, l, 5.4, 2 and
~ 5.4.3 for Sedtiens H, 0 and Q, and presented graphically in,,

- Figures 5.4.1, 5.4:2 and 5.4.3. . Results for Sectlons E, G, M .

and P are given in Table 5, ¥.4, " The way in which the: points ,5.5*~f»

it a smooth mean line suggests that the precision ‘of the -
-measurements may "be - about +2%w, This was confirmed in- ‘the few
cases where it was possible to” do duplicate determinationso.
The - absolute accuracy of the, results is. difficult to estimate.

i
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B: Mass Spectrometer Results

For each mass analysis, twenty to fifty spéctrqgrams

" were recorded.. .From the measured heights of the ion current

peaks, the plutonium isotopic abundances were calculated. =~ All"
results were corrected for.the decay of Pu-241 back to the end

of the irradiation period, Sept. 24, 13551, using the value of
13.0 years for the half-1life of Pu-241 determined by MacKenzie,
Lounsbury and Boyd (6). These results are presented in
Tables 5.4.5, 5.4.6, 5.4.7 and 5.4.8. In ‘each case, .the error
quoted 1s the mean deviation from the mean. The accuracy of the
results is about +0.1% for 239, +0.5% for 240, +2% for 241 and

+15% for 242, Curves showing the isotoplc abundance of Pu-240

and Pu-241 at the end of the irradiation period, as a function of
radial depth, are given in Figures 5.4.4 and 5.4.5. The last
column of Tables 5.4.5, 5.4.6, 5.4.7 and 5.4.8 gives the specific
alpha-activity (not including Pu-238) of the plutonium samples,
calculated from the mass spectrometric results. In this
calculation, half-lives of 24,360 years (7), 6580 years (8) and

i 3,73 x 10° years (9) were used for Pu-239, Pu-240 and Pu-242

respectively.

C: Plutonium Concentrations

In Tables 5.4.9 and 5.4.10, the counting and mass spectro-
metric data have been combined to give the concentration, at the
end of the irradiation period, of esch of the plutonium isotopes
in mg. per gm. of uranium for the various radial depths.

D: Uranium 235 Burnup Determinations

In the case of Sections G and P, {adjacent to Sections
H and Q) where the whole disc was dissolved, the depleted
uranium was mass analyzed for U-235 burnup determination. Using
the value of the U-235/U-238 abundance ratio thus obtaired, and
the value of the .same ratio for natural uranium reported
previously (10), ‘and knowing the burnup of U-238, the burnup of
U.235 in Sections G and P was determined. The -burnup of U-238
in these two sections was determined from the Pu/U ratio obtained
by alpha-counting and mass analysis of the plutonium. This
calculation neglects the ‘destructicn of U-238 by fission, but
this causes a negligible error in the percent burnup of U-235.
The experimental results are given in Table 5.4.11.

‘ DISCUSSION"

It will be noted that plutonium concentrations in the end
of the diameter designated as Radius B, of Sections H and Q, are.
considerably higher %about 10%) than those at the equivalent
positions at the other end of the bar, designated as Radlus A,
This suggests an asymmetrical fliux distribution around NRX Rod 683,
with the flux being higher on the B side of the rod than on the.

A side.
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The asymmetrical ‘flux- distributlon has been further
investigated by gamma - ray scanning of Section P and- Section J

These two ‘dlscs were scanned by traversing them under a: l/
'diameter hole ‘in:a lead block and counting ‘the collimated gamma

ray beam. = This confirméd that there 1s a high and a low activity

side to the rod. " The' diameter along which the difference is
~ greatest (about 11%) 15730 degreés from ‘the diameter 'along which-
. the analyzed bars were cut, and is- the- same in“both discs. The .
difference between the two ends, Radius A and Radius B, of the '
diameter along which the bars were cut oS about 8 to 9%

The analytlcal results for Section H Radius B and
Section Q, Radius B show anomalies“of a- sharp rise and fall. of

plutonium and cesium. .conceritrations= over a range of about 30wm11 _

of radial depth ‘ These anomalies are as yet unexplained

‘from the above analytical data are given in Part III of this R

report. c R T T
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" PABLE 5.4.1: Counting Results

Radial Distribution of Pu Isotopes’énd Cs-137, Rod 683

Section H, Radius A

" Radial ’ A ‘
"~ Depth’ Total Pu . Pu-238 Pu-238 Pu-239 + 240 Cs-137
1073 M. 4 qpm/gm U % of Total @ dpm/gm U  dpm/gm U dpm/gm U
000-002 8.12x108 6.90 5,61x107 7.56x108 3. 37x101°
002-004  6.29 7.75 4.88 5,80 3,06
004-006 . 5.15 8.50 L.38 b, 72 2,60
006-008 5.0k 8.48 4,27 4,61 2.69
008-010 5.32 4.87 2.h)
010-012 4.93 4,51 -
016-020 4. 45 4,06 2,34
020-022 4,75 3% X 4,32 2.2k
022-026 - 4.57 4.16 2.25
030-032 4,70 4,27 2.30
032-036 4,50 4.08 2.20
040-043 4.31 9.41 . 4.05 3.90 2.41
050-053 4 .34 3.94 2.15
060-064 4,28 .3.88 2.23
090-095 4.18 3.79 2.00
140-145 3.68 > b 3 3.33 2.02
145-150 . 3.85 ) 3.4G 2.02
305-310 3.22 2.91 1.8%
405-410 3.30 . 2.97 1. 60
4¥80-485  2.98 - - 9.95 2.97 2.69 1.73

Section H, Radius B (opposite end of diameter)

.020-02% 4, 69x108 9.4k 4.43x107 - 4, 25x108 2.40x10%°
© 030-034 3.98 10,05 4.00 3.58 1.75
040-04Y% 4,63 - 10.30 4. 77 4,15 c2.11
050-054 .64 10.06 4.6 4,17 2.17
060-064 k.59 - 10.4 h.7 4.11 2.26
070-074 5.05 '10.39 5.25 4.53 2,61
080-084" 5.23 . 112.06 6.67 4.86 2.74
090-09% - 4,46 11.71 5.22 3.94 2.21
1150-155. 4,58 ‘10,42 y.77 4,10 2.11
'200-205 3.90 10.43 4,07 3,49 1.81
300-305 3.48 10.75 3.7h4 3.11 1.64

x Interpolated values for these columns used to calculate
next column.
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' TABLE 5.4.2: | Counting Results N

Radial Distribution of Pu Isotopes and Cs 137, Rod 683

3 : 3

Section 0 Radius Undeterm1ned
Pleades &

X3 a '.’fxt,l»sr'-.',«'. B o RAAN LT
s v o ¥ L e »—!—— W ea e xR ety e e

Radial . R ’ I
Depth - Total Pu Pu’938 g Pu 238 ‘Pu- 239 + 240 Cs-137

10-2 in. « dpm/gm U 7 of Total a‘ dpm/gm U - dpm/gm U “dpm/gn U

JCBXlO 'lpégxlolo

265108~ ﬁ;\ H3h

©'000-002 i N fzﬁiqf .

002-004 fp lO,, 5 _v'5,07s . gﬁw_;»; L8 - el 60"

- 008-010 W71 - - 5l60 J6 A5 1sp
020-022 .78 . 6.16 T 2.6 1.22
022 '024 89 o . '6,43 -9, i 4_‘~ o ‘1 46 T

6 . g

mmmmmmmmkmm
)
N
-epeeepsessm-
RO MO MO NS N
, _ =00
DO NN O O T F

038-040 T2 6.2 5 127"
0ho-045 560 f6.24 - 6. A “1.20 ¢

100-105 50 o 6,66 T .33 1,23 0
200-205  2.ko 7.10 .7 25, - 1.om
300-305 L25 7.03 .6 .09 - - 1k

500-505 ° 16 8.27 8. 9 1.1k

N
-

TABLE 5. 4 3 ' Counting Results

Radial Distribution of Pu Isotopes and Cs- 1}7, Rod;683

Section Q, Radius A

Radial _332' : . , RN .
Depth Total.Pu . Pu-238 | Pu-238 Pu-239 + 240 Cs-137

10-2 in. a dpm/gm U % of Total a  dpni/egm U dpm/gm U dpm/gm U

000-002 2. 45x108 . 1.86  h.s5x10° o, 40x108 9.31x107
010-012 * .50 2073 - k.33, 1.5k -~ 8.46
020-025  1.%8 " TR T gl
. 030-032" *71.k6. ia 4 gt oK Sk AT
0ko-0k2  1.45° T 1.5 765 -
120-125 & .1.21° u' 3,44 I, 14 1,16 . 6.97 ,;
4300-305‘ 1.18 S S L% 1.1%. o &h3
500-505 - - 1.15: 3,50 .07 1.11 - 5.65.
505-775" 098" T* e oigk L k69

1
>

Section ‘Q, Radius B (opposite end of diameter) o e
000-020 51 97x108 - '@ﬁ.A T 1. 93x108 ;8‘61x1b9“g
duplicate 2.01". h v SR - 1.97 .- 8.44
020-022 - 1.72 - * % - ..1.67 8.50
 022-024 1.72 ‘ 1,67 8,53
o 030—032 ’ 1'.‘81 I ‘ o mey N - A AT S SR AP ]1076 '-'*'; L ;8 979 -
- 032-03% 1.75. .. ok - e 1. 70;«\,f.x8,52;,:

o%0-0%2  1.56 .. o l.52
. : S TRG  wgigye

9& Interpolated values for these columns used to calculate next column°
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TABLE 5 4 4

Counting Results

Section F Radius Undetermined

Radial Distribution of Pu Isotqpes and Cs 137, Rod 683

 Radial S | | L
" Depth . Total Pu & ‘Pu-238 - Pu: 238 Pu 239 + 240 . Cs-137
107 in. - a dpm/gm U % of, Total a ;}dpm/gm Ut dpm/gm U dpm/gm U
150-155 - 3. 22x108 »8 95;* iﬁ_ 2. 88x107;f?f2;93x108 ”i;6Ox1010
250-255 2.96 ' 9.20  i-o2.72" 2.69 1.53
300-305 - '3.26 8.92 - 2.91 2.97 - 1.57
305_310~.::2 98 8. 815f3 2,6}:"‘ 2.72 : ~1.56

‘o ‘Sectfbn G Whole Disc . o iv} |
a1 3.8ux108 1oieo'i | 3. 92x107 3.45x10°  1.98x10°

, Section M Radius B.

' 8 TR 7T 8 10
150-155 -3.71x10 9.73 ;~:'—u3 61X104 3.35%x10 2.03%10
200-205  3.47 972 3,37 3.13 1.90
250-255  3.03 9.9 2,01 2.74 1.54
300-305  2.99 9.70 - _;;ﬁa.gofg- 2.70 1.54

| ) | Seéiien P, Whole Disc
' D - ' ' 6 8 9
A11 1.27X10 ‘ 4 3X10 1.23x10 5.97x10
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 ‘A7TABLEf5,4;5:

Mass Spectrometer Resﬁlts

. *® ,ri‘bt including Pu-238

. ‘Plutonium Isotopic Abundances, Rod 683, as of Sept. 24, 1951
Section H, -Radius A
~ . Radial Depth  ‘Pu-239 ~ Pu-240 . .Pu-=241 Pu-242 Sp. a Act.*
'1073.1n.' " Atom % Atom % Atom % Atom % dpm/mg Pu
000:002 83.730  13.700 2.335 . 0.235  1.8%2x10°
S -~ .+0.050  .10.050 +0.020 ~ +0.020
- "002-004 ~ 83,791 - 13.660 2.315  0.234 1.831
. 4 - *0,050 . *0.050 10.020 10.020
004-006. ~fi-§3;862 -13%.610 . . 2.295 0.233 1.829
LT 30,050  -*0.050 *0.020 - *0.020
. 006:008 © 83.917 . 13.573 2.278 0.232 1.828
L . --30.050 10.050 10.020 - 0.020
0402043 " 84.743 112,967 . 2.080  0.210 1.808
.o . ¥0.030  *0.027 - 10.016 - *0.015
-140-145 . .86.100 ‘i 12.023 1.713 - 0.164 1.780
o . 0,050 | %0.050 10.021 10.020
'305-310 - ' .87.545 © 10.920 1.415 ~0.120 1.744
‘ . - 7. 10,045 t0.041 +0.021 - +0.030
480-485 88.163 ' 10.371 1.356 . 0.110 1.725
‘ - - 40,030 © 10.026 +0.013 " 10.030
_ Section H, Radius B (opposite end of diameter)
- .020-024 83.134 ° 14.226 2.396 . 0.244  1.850x10°
R }0.080 - *0.080 -10.030 - #0.030
. 030-034" 83.088° . 14.260 2.408 - 0.244  1.8k1
R +0.050  *0.050 = 10.030 ¥0.020
. 040-044 83.699 13.862 2.217 0.222 '~ 1.839
T 10.080 *0.070 10.030 ¥0.005. =
080-084 84 :h1Y 13.389  .2.002 . 0.195 1.825
S o 10,090 +0.090 10.050 ° *0.018 ;
090-09% 84,672 | 13.200 1.940 ©0.188 ‘. 1.819
SR - +0.050 10.050  10.020 ro0.007 - .
.- 180-155 . - 85.512 , 12.592  1.743 ©0.153 1.800
A ¥*o.040 = #0.036 10.008 10,004
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TABLE 5.4.6:

Mass Spectrometer ResultS'

Plutonium Isotoplc Abundances, Rod 683, as of Sept 24, 1951

Section 0 Radlus Undetermined

' Radial Depth  Pu<239 - Pu-2h0 . Pu—24lj§ifPu2242  Sp. A& Act’*
10-3 “in. Atom % ~ Atom % - . Atom % - -Atom'%  dpm/mg Pu
-000-002 . 88,200 " 10.330 07 1. 365 «a; o 105 1;723x108
-*0,080 = X0.075 -:_o 020 - _o 020 o
004 -006 88.430 10 136 - 1.33%0 1 ~0.104 1.716 -
" .X0.052 $0.050 .- 105010' ‘ _o 010 '
- 016-020 "_88 590 .. 10.022 -  1.288 ©0.100 - INTL3
o “tp.054 . o, 050.4_'i04015» +o 015 -
034 -0%8 88,857 . 9.803 . .« 1.244 ',,o 096 1.706.. .
io.079 +0.075 -  0.020 V30,015 L
090-095 89.694 9.14%7 1,065 “: 0.,09% - 1.684 .
§ 10.033 io;027.*6;+o 018 - #0.005
250-255 90.974 8.142° . 0.838 [ . 0.046 1.651 -
*0,023  #0.020 . *0.010 ¥+F0.005
" 300-305 91,210 " 7.945 - 0.800 .. 0.045 1.644
- X0, 352 10,050 :.*0,010 ‘io;oio 656
350-355 191,453 7.725 50 0.777 e 0,045 1.636
+0.026 +0.024 - +0.008 °© 7.%0.,005
500-505 01.881 7.376 . . 0.702 ~0.041 1.625
+0.077 +0.075 + +0.015 +0.010
* not including Pu-238"
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TABLE 5.4.7

: Mass Spectrometer Results

Plutonium Isotopic Abundances, Rod 683, as of Sept. 24, 1951

- 'Section Q, Radius A -

Radial Depth Pu-239

10-3 in. .  Atom %
000-002 ol , 043
o $0.050
" 020-022 24,297
S ¥0.018
oho-042 94,611
o ¥0.030
120-125 95,046
+0.018

300-305 25.401
) *0.020

500-505 25,62

' ¥0.01

Pu-240
Atom %

5.571
10.050
5.320
10.016
5.058
+0,022
4 626
+0.018
4, 286
*0.017
4080
*0.010

. Pu-241 Sp. a Act.*
Atom % dpm/mg Pu
0.386  1.563x10°
10.018
~ 0.383 1.554
*0.005
0.331  1.545
+0.010 .
0.328 1.530
+0.015
0.313 1.517
~10.005
0.300 1.510
+0.005

Section Q, Radiu§ B (opposite end of diametenl

000-020
022-024

- 030-032

oko-ok2

23;171
Z0.030

23.267‘

¥0.075
93 .496
+0,060
93,620
+0,060

1o.
- 6.185
1o,

6.273
o027

s‘kmlot;;‘including; Pu-238

0.556
10.015
0.548
+0.035

. 0.524
10.015
0.453

r0.022

l.587x108

1.584
1.576
-1.575
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TABLE 5.4, 9 Mass Spectrometer Results e ?.*fq*a"

Plutonium IsotOpic Abundances,‘Rod 6831 as of Sept 24 1951' ;

Radilal Depth

Section F Radius Undetermined

ey

"Pu;éuo

P

’Pu—EHIi&

Pu—oliz "

Sp..a Act.

1o—3‘in.

150;155-,,3
250-255
300-305 . -
305-310 L

all

1504155
200-205
| 250-255
300-305

all

TAtom'%
~jﬁ87 685?{7
'+0.0%0

88.561

:+O 030 P
4;88 990 .
740,050
. 89,022
0, 050&;&

| 94;é597
- 0.034

Atom:%'

10. 805.
=10 ,040:

10.054%:
10,025 -,
9 155

+0.040,

Section g,

9.748 .
io;OAQg_“

Atom %"'

Co1l.ah
~*0.020 -
1 ° 295 7‘ P
+0.020 .-

1.175
- %0.030

+0.020;

©1.150° <. 0.
+ 30,0207

Atom %‘

0. 096

“10.010

0.090 :
10.018

. -0,080 - .
- +0.020

0.080

‘Whole Disc .

- 11 LObk
+o 044‘-

. Sectlon M3

1.669
io.ozu’"

407506 -

Radius B:fﬂ>‘

11 884

o 0,042
11,531 -
0,040

11,122

+0.050
10,679
_iO;OBO

1. 619[1x
%V_o 014=.
l 411 Col

- %0.020 -~

1.329°,
120.010°,

0. 022_5

Section P Whole Disc

4, 814 :

0.032

9K.not including Pu;238_5

0.327
0.010 "

0.1k2 --
. *0,010

10,130
+0.010

0.106.

04116
10.010

: dpm/mg Pu

1. 7u0x108 '

1.71%
1.705

1.777x10°

1.776x108

1,765
1.751

71,736

1.536x108

o -
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TABLE 5.4.9:

Radial Concentration of Pu Isotopes, Rod 683, as of Sept. 24, 1951

Section H, Radius A .

‘Radial Depth  Total Pu  Pu-239  Pu-240  Pu-241  Pu-242

102 in. _ mg/emU | mg/em U mg/egmU mg/gn U mg/gm U
1 000:002 . 4.128 - 3.456 - 0.567 - 0.096 0.010
002-004 3.169 2.655 0.433 0.073 0.007
004 -006 . 2.581 2.164 0.351 - 0.059 0.006
~ 006-008 2.522" 2.116.  0.342 0.057 0.006
040-043 .2.157 . 1.828 . 0.280 _ 0.045 0.005
140-145 1.871 1.611 0.225 . 0.032 0.003
305-310 1.669 1.461 0.182 0.024 0.002
480-485 1.560 1 10.162 0.021 0.002

375

Section H, Radius B

020-024 .. 2.297 1.910 . 0.327 0.055 0.006

030-034 1.934 1.607 0.276 0.047 0.005

040-044 T 2.256. 1.889 - 0.313 0.050 0.005

080-084 - 2.663 2.248 0.357 . . 0.053 0.005

090-094 = - -2.166 1.834 0.286 ~ 0.042 0.004

1 150-155 2.278 . 1.948° 0.287 ~ 0.040 0.003
. Section @, Radius A

. -000-002 ~1.535 1.444% ° 0.086 0.006 --

. 020-022 ,0.927 0.874 0.049  0.00% --

. . 040-042 ,0.913 0.863 0.046 =~ 0.003 -=
120-125 - ~0.758 0.721 . - "0.035 0.003 --
300-305 0.751" . 0.717 . 0.032 0.002 --

. 500-505 0.735 . . 0.703 ~0.030 . 0.002 = --

: Section Q, Radius B
000-020 1.216 1.133 0.076 0.007 --
- 022-024 1.055 0.984 0.065 - 0,006 --
.- 030-032 (1,117 1,044 0.067 0.006 = --
0 o.oo4 -

"~ 04o-O42 . .965» j 0.903  0.057
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Radial’ Depth " Total’ Pup"‘?u‘ejg' "Pu?éﬁo~efipu o471 *‘Pdﬁéi;

1072 1n.4 mg/gm uso me/gm U mg/em U -mg/gm U omg/em U

1507155 i T.68k t«{'? 1.477 “3 01182 < 10.02% '0.002
250-255 f;;? 5 569~f3' 1,390 4 -0, 158rl‘ 710..001

1300-305 . nie L 1.55007) 05170 20001
305-310 . . 1. 420 N 0. 156 - £, 0.001

¥ B
- N . PR

. "'Q w o
Section G Whole Disc'

a1l 1. 941. 1 6Th 0 232 . 0.032° 0.003
all 1.96 - (spectrophotometric determination)

150155 - .1.886 ¢ - v C0.28k 0 0,031 . 0.003
200-205 AT 1. 54@1 . %0,205",. .. 0,027 - 0.002
 250-255 1.565 1.367 " 0.174. 0.022 0.002
300-305 | 1,555 _ 1;366,e 0.166 - 0.021 0.002

. . ‘ Section P Whole Disc :

_ SE S v _ L
- all L0, 798 0. 757 o 038 ~0.003 . -=
"all o O 796 (spectrophotometric determination)

.

o

[
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. TABLE 5.4.11: © . -

U-235 Burnup Determinations, Rod 683

Initial Ratio

 Seetion G

*(0.7257+0.0007)x1072

- Section P

- (0.7257+0.0007)x10-2

- U-235/U-238.
Final Ratio (0.4632+0.0011)x10"2" ' (0.6175+0.0014)x1072
‘;Uf2}5/U-238 o R : ' o
% Burnup 0.195 0.0798
U-238 . - |
% Burnup 36.3040.16 - 14.96+0.21
U-235
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A. ‘Introddetioh ;'Objeetives, Al\ss'l,lninptionsJL ahd Limitations

AAcompletetihterpretation’of the experimental measurements

»'of_the composition of rod 683fw111 provide data on how the rates

gf}prodUCtion-bf the various plutonium isotopes vary with depth

‘ in the rod and iwith degreefof‘irradiatiOh; The dependence on

irradiation-is obtained from a comparisohibetWeen.sahples from

"”dirfereht peihtS'along'the rod, sincexit hasfbeeh=established
’(CRP-396)'that the initial cadmium ratio does not change appre-

- ciably'aiong thewrod,‘at least*over‘the length’ so far studied.

Therefore differehceé'between’samples*arise solely from the
change 1in. neutron .spectrum produced by:changes in the neutron
absorption propertiessof.thesrod'as the irradiation increases.”

It 1s not pbssibleAto say how closely the results -from -

j-vrod 683 will»apply;to;the:hypothetical "average" rod in NRX

since no measuremerits .of the cadmium ratio have been made.across

the’bile : Rbd'683 received-about'one third of 1ts irradiation.

“in an intermediate position (Dl2 ring 10, 79 cm radius) and
two. thirds in an outlying position (F26 ring 16, 105 cm- radius),

"where 1t was ore of the penultimate rods of the core. In both -

I'§

,positions it was surrouhded by five normal X rods and one-

1vacancy, which is the average environment of an NRX rod On -

,the other hand . the large discrepancy between expected and
;i{:‘measured irradiation@levels (Section C below) and the~anomalously

-~high flux gradient across the rod . both suggest that its environ-

ment may well not have been typical.
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It is necessary to assume at least for the present that

R

the distribution of the various isotopes has not been affected

by. diffusion during the irradiation.. ThlS effect is expected

Uto increase rapidly with temperature, and therefore its: importance,

::at a given depth in the rod might well inerease quite suddenly
- in the. series of successively more heavily irradiated discs
fTherefore when, with more detailed flux data than are . now
‘available, the radial variation of effective cross sections

can be evaluated accurately as a function of irradiation, 1t

may be possible to: settle this point on the basis owahether ';wm

;or not a trend that is apparent over a modest irradiation range
‘_1s more or. less sharply modified at. higher levelso> So-far. .
there has been no compelling suggestion that>diffusion effects

are significant e ,”J'-_';ﬂa-u

Even with the: assumption that, diffusion effects are negligible,

a complete interprctation of the data will be a difficuilt
f-problem. Ideally, one would start with known data on cross
.1sections as a func lon- ofwneutron-energy,;and the spatial -
ﬁdistribution of neutrons of different energies in a pilie rod
'and calculate the rates of the various reaction in all parts
.fof the rod. As. the irradiation proceeded it would be necessary,
‘at suitably spaced intervals, to modify th° neutron flux distri—
hbution in accordance with the changing concentrations of the
t;various nuclides. The calculation of the modified neutron e

-distribution would be difficult, particularly because ofi'the

non-uniform composition.of thehrod,-'Aacomparison of»thevcalculated

p—

T Y
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- cohcentrations with the experimental measurements at the appro-

priate stages would then give more accurate values of those

Ainput_data that were initially known only épproximately. The

Theoretical Physics Branch is working on such an analysis, and

'io view of their expected contribution the present interpretation

has been kept as simple as possible.

The.present-analysis“proceeds in the following way. - In

: pfinciple, for every sample from the rod, thefintegratedoleX‘~
is known either direotly f’rom’U235 depletion measurements or;.

after correction for plutonium fission“ahdvappropriate»nOrmali;

zation, from the cs137 counting data. ‘It is’ assumed thatrU_235
behavés sufficlently like 'a (1/v) neutron absorbef that its -

diséppearance measures the time integral of the neutron density.

" The integrated flux is ,therefore nvg fn (v) av Vys and the

¢ross sections of‘othep nuclides that are to bé used with this
fiux are therefore "effective" cross sections equal to

fo(v) v n'(v) dv/nv,. 'n '"(v) is the distribution fumntion for °

» neutron density in terms of velocity v, n:1S»the~toual-neutron

density, and vy = 2200ﬁm/se0‘(see Westcott, RPI-ll)} “The aim ~

of the analysis is to deduce such effective cross seetiop values

(henceforth the term effective will be omitted) from the
experimental data- their variations with depth in the rod .and

irradiation level will reflect the correspording changes. in - -

_neutron spectrum. - !}

Cross sections can be calculdted in a str raightforward way--

.only if, in a given sample, the neutron spectrum remains unchanged




- does not affect seriously-th

T
¢

: during ‘the irradiation, and the present analysis ‘makes" this,; ;

assumption. The results obtained 2 cross section values that

; 1n general change appreciably,with irradiation - show immediately“

'fthat the assumption is 1nvali‘_kgThe cross section values

'Q_obtained .are more or less complicated averages over the duration :

“'of the irradiation what is requ”red is the. behav1our of the :

’_"instantaneous values as .a’ fu_ ion of" irradiation° .It.can

7f:dbe shown that this information'can be obtained-»fairly simply -

4fand with adequate accuracy, fro‘ che}behaviour of the - verage

value provided that the irrad? ion dependence 1s not too

'f pronounced This problem is di cussed at length in- the Appendix y

”'_with particular reference to, the irradiation dependence of- chef

capture cross section of. Pu239. Neutron capture in- Pu240 is

.too strongly influenced by self shielding to be- treated adequately

by -this method, but it .is shown ‘that- its complicated behaviour

,vtion]ofsthe cross-section

'-values obtained for the other nu lides.-

A practical difficulty remainsf The Cs137 data.have been.
235

« A‘found to be unreliable, and very few measurements of U é

rfjdepletion have been made.. Thus for most samples the estimates

't“ﬂof total integrated flux are not very accurate, and: a quantitative-

'interpretation of the. variation of cross section values: with
fdepth and irradiation level : cannot yet be made._ "-'% R e
lA'g}v Accurate measurements, including very precise U”: 235, depletion
‘data? have been made on complete'discs° Their interpretation

:.ﬂdemands a knowledge of the neutron flux distribution - CTr0SSs the

chR;622(RéV})
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- discs, but fortunately, only an approximate one. The effect

th order neutron

of a non- uniform flux distribution on the n
reaction is given to a first order by the parameter R = ¢n/(3)n.

Since, in the present case, R2 £ 1.02, R3 = 1. 06 R4 + 1.12,

'it is evident that small uncertainties in the flux distribution

will not introduce significant errors It will be appreciated

however that in this case the cross- section value obtained is

" that of the appropriately weighted average across the disc

This matter is considered more fully in the Appendix

B. Measurements of Integrated Flux by U235 Depletion

"At -Chalk River the depletion of - U235 has so far been measured

in only two. samples, the complete discs G (near the centre of

_the=rod).and P (near one'end). Mass spectrometerfanalysis gave

values of 36.30%0.16 and14.98%0.21 respectively for-the percen-

tage of the ini'tial U2~‘35—’fdestroy.ed  Westcott (TNCC(CAN)1) has

'calculated that the absorption cross section of ‘U232 ig 687 -

barns for a maxwellian spectrum at 20° C. An earlier estimate

of 685 barns has" been?used throughout the present—work.*<This

gives; for the average across‘the rod of the integrated neutron

 flux, 0.6611%0.0036 n"iis/l_t{b in -G and 0.2373%0.0036 n"s/kb in P.
. Neglect. of the non-uniformity of the.flux'distribution'would
- reduce these figures'by,‘respectively, 0.4 percent and 0.14

- percent.

A method of'mea3uring U235 depletion by counting methods-

1s being developed but has encountered several difficulties.
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"So far only the same two samples have been measured with results

FEA TR

in satisfactory agreement with those of the mass spectrometer
a KPa H - kR chE Ry
but of somewhat inferior accuracy , As a by product of some of

»‘; ,:,' ‘ng',-_:.-

‘the alpha counting done during this work, the depletion of r.‘

- U234 in sample G was measured and a value of 147+9 barns

| obtained for the total absorption cross section‘of U234'

"This is to be compared with the values of 72 and 92 barns

A 3{4 A “,-t’ﬁ' i :

 quoted’ 1n BNL 325 “for "pile neutrons" "A measurement of the

- “‘I'
: ek

| U236 alpha activity of sample G gave a (- G /o ) in U235

0.189%t0.010: the accepted value “for 2200 m/sec neutrons is

- KA - ,?\
. r, Lo } " T f - “:. s ‘i ol _': .

0. 184+o oo8 (BNL 325)
The _Argonne National Laboratory has measured therdepletion
'of\U235_asla.function of;r@@ﬁradiuﬁ;inrdisciRg"wItgshould,be
- noted thatzthein.samples,wereiobtained.byMCOntrOIIed:dissolving
and therefore represent an average around the rod; in contrast
with the Chalk River radial distribution work, which used
samplesafrom'diametrical bars -and.ishowed the_existencevof a
flux gradient across the rodb-] L . . _ i

235

The A.N.L. réSults on.the U depletlon, expressed as

irradiations in~neutrons per kilobarn, are-shown in Fig. 5.5:1..
The U236 content of each sample Is. consistent with ‘a «wvalue of -
a = 0.198%0.004, except for the: sample at~257 mil depth, ‘where -
this value of a would give a five percent higher irradiation
(shown by the cross in Fig. 5.5. 1). The solid- line curve

'hasfbeen drawn freehand without any attempt to fit thefdata .

to a theoretical expression and is certainly notva unique

A%}

he
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Fig. 5.5.1. Radia% gistribution of integrated neutron flux
in sample R from U 3 depletion megsuremen_ts by A.N.L. . The
point X 1s calculated from the U230 content. The solid curve
is drawn freehand;_ the dotted curve is the function Ip(Xr)
with X = 0.833 cm™' normalized to the same average flux.
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"best fit"' However it probably represents the trué situation .

with an accuracy of two or three percent The dotted curve

is the Bessel function I (XP) with)( O 833 cm normalizedhé
to give the same average irradiation as’ the solid curve-nf 3
(O 611 - neutrons/kilobarn) This value of X was obtained by ,.Vj
jiHone from 8 least squares fit of experimental data on the )

flux distribution across a- fresh rod f These data showed no ;;

W

systematic departure from the Bessel function the difference

n !
wt

' in the present case is- presumably the result of a change in
the neutron absorption properties of the rod following irradi-":
In the absence of any other reliable flux distribution ;T”'
data, the solid curve of Fig 5 5. l corrected for the gradient
across the rod (Part . II), has been assumed to apply to discs
of all irradiation levelS° it will be referred to as . the A.N.L.
v distribution The gradient has been allowed for by multiplying
’the curve by (1 + 0. 045r/a) where a is the rod radius and
f~r (negative for radius " and positive for "B") 1s the radius
"of the sample The use of the A, N L. distribution is- reasohable
) for aiscs H, M, and F,  which had irradiations very similar.
“to- that of R, but for 0, vand even more for Q. it may well be .
',misleading.i It might be thought that the fresh- rod Bessel -
function would be a. better approximation for Q at’ least but
the evidence from neutron capture in Pu239 is against this
' Apart from R, absolute values of the integrated flux are :
available only for H and Q, from the measured averages in the'

.

"adjacent discs G and P

g
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An attempt was made to obtain a more reallstic flux distri-

bution for Q. from the cs!37 data. Fig. 5.5.2 shows the data

- from Q(A) and~H(A) as a“comparison between the measured cst37

activity,.corrected for ‘the contribution . from plutonium fission

~.and the expected‘activity from U235 fission'calculated'from

the A.N.L. flux distribution. The measured corrected activity
was'only about 70 percentiof'that expected and the~data have
been arbitrarily normalized (using the same normalizing factor
for ‘both Q(A) and H(A))to give an average ratio of about unity
in H(A) The data are. not very sensitive to the correction
for plutonium fission, which amounts to roughly 15 percent in'
H an increase of 20 percent in this correction would decrease
the ratio H/Q by about twoxpercent and H(2O mil)/H(centre) by
the same amount

The scatter of the points is too’ great to allow any definite
conclusions to be drawn There is no evidence that the A.N.L.
distribution does- not apply to H(A), except for the curious
skin of Csl37, which remains unexplained (an 1ncrease of a
factor of three in the correction for plutonium fiss1on would
be required to remove" it) “The data from Q(A) suggest that
between O and 200 mil depth the flux is lower than that pre—
dicted by the A N. L. distribution, ‘a feature which 1is also

240

suggested by the Puz39 and Pu concentrations

b

i
L3
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C. Comparison with Expected Irradiation Levels

-The expected irradiation of the various discs may be

calculated from the integrated pile power if the fraction dis-
sipatednin a given rod position and the flux distribution along

‘the rod ‘are known.

The "output .fractions" (Paper I) are based on a flux

distribution measured at low poﬁer in a fresh reactor. Recent

measurementsof the temperature rise of individual rods, averaging

'_over.all rOdsvataa glven:distance from the centre of the pile,
:shQWed<that these output fractions are correct within a few. |

" percent. .Onnthe:qther_hand, these measurements revealed .a

iaquite unexpected azimuthal flux variation, but there 1is no
.evidencevwhether such a variation was present during the

irradiation of rod 683. The rod had a normal complement of -

nearest neighboprs,'and no local anomaly in flux 1s expected.
The observed snortening of the rod ( Paper I) agreed with

thatﬁekpecﬁeddfrom the"cdiculaﬁed total 1rradiation, bhi a

'_discrepancy of 10 to 15 percent would not be considered signi-

- ficant.

The variation'of gamma-ray activity along the rod was

| measured by Henderson and Tunnicliffe (Paper I). The activity

4is due mainly to the longer lived fisslon products of U23

* The writer ié‘indebéed to Dr. W.M. Barss for access to

his unbublished data and ‘for helpfiul discussions on this point.
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and Pu23§; with a small‘contribution'frOm%faSt‘fisSion 1in y238

and- a quite negligible one from Pu 41, both of which have been
ignored. The principal uncertainty in calculating the irradi-~~f
ation from the - gamma activity is the relative fission yields oﬂ
Jthe relevant activities Assuming that the main actlvity 1s
03;37, which has a fission yield ratio Pu/U "4 o%/6.08% = o 81,
1t is® calculated that the ratio of irradiation togamma activity
'increases essentially linearly with irradiation and is 3t3peréent
higher at 0. 6 neutrons/kilobarn than at zero irradiationf 'The

‘1error quoted corresponds to an error of +20 percentzin the - ratio

of fission yiélds. The calculated irradiation distribution is

N .'.r.‘.
R I

The calculated and measured irradiations for P, R, andei

are shown in ‘the table below

R R U
teadit Pl T . Soae i

Table 5.5.1

Sample L P ““R - G ' " “Ratio P/R/G

Calculateéd irradiation 0.21. O.7h,. 0.75, 0.28,/0.98./1
(neutrons/kilobarn) 5 bt T8 IS

Irradiation from;U235 L e e e
depletion 0.237~ 0.61; 0.661 qo;358/o.925/1
(neutrons/kilobarn) N N N R L2

. e

b
R b

The analysis of the other discs (Q, 0, F M and H) has
shown that ; there was no confusion of samples, and that G, and R
are from-the maximum flux. region of the rod The.discrepancy
(~15 percent) between the calculated and measured irradiations

of G and R therefore 1mplies that ‘the actual power diSf,pated

f‘ X "&}\_.:".’..‘
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in the rod in at least one of its irradiation positions (F26, D12)

was. less than that given by the expected output fraction,

perhaps as the result of a local anomaly due to uneven loading.

Although_in'poth cases the rod had a . normal complement of nearest

neighbours, the presenCe of a local anomaly'is also suggested

by thecexperimentally*observedfflux gradient across the rod,

which 1is twice as great as that expected from the gross flux

distribution across the plle. The observed shortening rates

‘of nefghbouring rods also suggest that there was an abnormally

’high'flux gradient across the irradiation position F26 (no data

are available for D12).

The serious discrepancies between the calculated and measured
irradiation ratios P/G and R/G, however, depend only on the
gamma-ray scan measurement and its interpretation. Either this
is completely wrong and the longitudinal flux variation is
much flatter than the expected sine curve - or there have been

errors in the cutting procedure.

D. Plutonium Production

The accurate measurements of the ratio: (Pu239/uranium)
and of the 0235 depletion in the complete discs P and .G glve
values of the average over the rod area of the initial. conversion
ratio (the number of Puz39 atoms formed per U235 atom destroyed)
and the initialfproduction~factor (gm Pu per MWD). The non-
uniformity of the flux distribution has been allowed. for:

neglect of this would give values for the conversion factor
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‘and production rate that are too low by about O 6 percent in

[

G and 0. 2 percent in P The values shown in Table 5 5 2 were

,,.' ~ P 7 g V am e

‘ derived on’ the following assumptions: 09,‘the total cross'segtion 3"'“1

of Pu239: is 1300 barns (CorreSp°nding to” 009.G

x._

N
‘»«.

-Westcott for an NRX rod), f 200 Mev/fission, z 035,

SRy e O
<'~ S N et 3

ahd a = 0. 184 ‘the last three quantities are required only for A

, Grooigieen o Lo e SO
j'the calculation of the production rate. I
y Table 5 5 2 ol o e
¢ hd T v.'.s'lu
P S R T sk S J:"ﬁ‘f ] zs:«fsy,_?érslgv::f; :Q“%véﬁf
Sample P . P - G s

Irradiation (neutrogs/kilobarn

{neutre ';70 2373+o 0036 ‘ o 661l+o OO3b
MWD/ 1 2

Initial conversién factor .-i% Q§753t0?6082a T 0N TO9%0. 007w

& ot

Initfal production rate

901104010 .- =+ 203920+0::008
(gm/MWD) o T

2 PG IR % R x A
¢ i T i e g O P SN ,.& TR ! . . I T
A decrease of lOO barns in the value assumed for 09 would
“ ‘) s W -

decrease the calculated values of conversion factors and pro—-
duction rates by about one percent in P and three percent in G.

A very rough calculation of the expected change in rod blackness

‘.(see Appendix II(iii)) suggestsathat the apparent initial s

conversion rate should increase by only ~O 2 percent between PEANEE

P and G, so that; in principle, with a refinedﬂestimate of
the effects of the change in: blackness,wa fairly acctrate, -Q f,ﬂ.c
value of 09 should be" available from these” data."The ereri-‘

’ mental errors ‘are" however too large at present to give a2 worth—:

do b

e

: S A TR . e e T i Co : :
While Value. ST s b TR ’ iy",g. GO DR & LML TS e s ey

o (,{L
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‘thermal neutron capture cross section of U
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Barss‘has made a careful’study of the eXperimental data

ﬂon the plutonium content of 'NRX rods as a function of integrated
"ﬁpile power “He concludes (NEI- 27) that the 1nitial production

“rate is 0. 904 gm/MWD with an accuracy of about 2. percent.

It should be noted that with 05 = 685 barns a conversion |

factor of O 76+O 01 corresponds to a value of 9g» the capture

238, equal to 3.78%0.04 barns. Since the

238

cTross section ofrU

is 2. 75+O 04

'barns (BNL 325), it appears that 27.2%1.4 percent of the plutonium

is produced by resonance capture

The experimental data on the radial distribution cf the

'plutonium have been examined in detail only for H(A) and Q(A)

V Values of 08 have been calculated from the A, N L. flux distri-

bution. (corrected for gradient as described in. Section B and
with absolute values obtained from G and P). It 1s assumed

that the ratio of fission to capture Cross sections in Pu239
is constant across the rod and equal to 870/425 The results
are shown in Fig 5 5: 3 The data of H(A) indicate that the

skin of plutonium formed by the surface absorption of resonance

'neutrons contributes about 2 5 percent of the total plutonium

production

The average value of 08 in H(A) is ev1dently 1n reasonable
agreement with the value of 3 8 barns obtained from G. . The
data from Q(A) are rather ragged but there is a ‘suggestion
that between o} and 200 mil all the Q(A) points are low ~ This

may well indicate a lower flux than that deduced from *he
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'A N. L. distribution, a feature that was also suggested by the

- Cs:l37 results. The solid triangles of Fig 5.5. 3 are the

values of'08 calculatedﬁf;om the Q(A) measurements with flux

'1data obtained from the Cs137 activities corrected and normalized
‘as for Fig. 5.5.2 (Section B). The agreement with the H(A)

.-data is much better in the O to 200 mil region: towards the

centre of the rod the data are- too ‘meagre.- for any definite

E. The Capture Cross Sections of Pu239,_Pu240, and Pu241

Values’ of o 9’ O’. and o_, have been calculated from the

data of G and P 6n the assumption that 09 ='13OO barns, cl'=

1500 barns, and g, = lOO barns The non-uniformitj of the

flux distribution across the rod has been allowed for The

neutron spectrum’ has been assumed to remain constant during

the irradiation, and corrections to the values of 3 c9 and ¢ 1'

:then made, following Appendix II(11), to take into account

240

» the complicated behaviour of neutron capture in Pu . 'The'

final values, in barns, are given in Table 5.5.3.- They are

i
[

."average" values over the*rdd area and over the duration of.
'hthe irradiation their significance is discussed in the Appendix

‘;Some comments on the values follow the table.
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‘Table 5.5.3
Semple . P . G |
Opg 4318 . A2TH3 .
% - 963ths . 732tl2 . .o
Ty T Mom30 |

: The errors given in Table 5.5. 3 are those arising

from uncertainties in the mass spectrometer measurements of

235

the plutonium isotopic composition and the U depletion

There are other small uncertainties.; An increase of 1OO barns
in the value assumed for 09 will decrease the calculated value
of 009 by ~0.7 percent in G and by ~O 25 percent in P An
increase of 100 barns in the value assumed for o4 will increase

99 by ~0.25 percent in G and by’ainegligible amount in ?;
The correction for the-non;constancy!gf 65 is O;2 percent in
G and 1s negligible in P. Uncertainties'in the neutron flux
_ distribution are not expected to ihtroduce errors of more,
.than 0.2 percent. ‘ P ..: . k _ | .
Before the data of P and G are compared it should
be pointed out that P? which was»near‘thehcooling:waterfexit,
waéiabout 12° ¢ hotter‘than‘Gf"'The corresponding,increase_in
ocg’is expected to be 5 barns (Westcott, TNCC(CAN)—l),Hand'the

' corrected difference between P and G 1is therefore only 1+10

barns.

=40
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An‘earlier value of 395t18 barns was calculated from

- the mass spectrometric analyses of a ldarge number of plutonium
- samples obtalned from different rods with irradiations between

800 and 3000 MWD/T. - (See Pﬁ-320, which gives 009 = 370 barns

. -~
based on cf(U23S) = 549 barns-and E. = 198 Mev/fission). In
this study the neutron flux was calculated from the pile power,
and part of the discrepancy (8%l percent) between this estimate

and the mean value of 427 barns: from Table 5.5.3 may be due to

Aan error - in the assumed relation between flux and power. If

' Ep (2006 Mev) were increased by three percent, the discrepancy

would be reduced to 5t4 Percent. The value of the initial
plutonium prodUCtion rate calculated from the measured conversion
factor‘(Table 5.5.2) would be reduced to 0.88%0.01 gm/MWD, which
is still in satisfactory.agreement with the value 0.90%0.02 due
to Barss |

Westcott (TNCC(CAN)-1) has calculated from neutron
spectrometer data the ‘effective values of G 9 for maxwellian
distributions at different temperatures He has also estimated
the contribution of the epithermal component of the neutron
spectrum in an NRX rod (NDC 11). However, the quite important
effect of the hardening of the neutron spectrum towards the
centre of the rod is still being studied, and no final estimate
of the expected value of o 9 in a pile rod 1is available
Preliminary estimates give a value of about 400 barns for the

average value across the rod
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o] It will be noted that the’ apparent value of oo«is

o:

- some 30 -percent greater inJP than in- G. The apparent decrease

of this cross section with: increasing irradiation has’ been. - sti”

observed previously (PM—320)»and tentativelyiascribed tO‘self' e

shielding -'a hypothesis apparently bornetout by the radial R

' distribution measurements~ No quantitative interpretation S

-of the .data has yet been ‘attempted. P ‘ "‘»':n*‘- ,

-1:¢ A calculation“of=0 ol made on the assumption that GO

' remains constant during the: irradiation with the value given ‘jp,

~in Table 5. 5 3 ignores the fact that ‘the Pugu} is«initially

being produced at a higher: rate “and . therefore underestimates ol
the irradiation it has received.ﬂ Consequently, such a calculation
gives too high a: value for o iﬂ A semi quantitative estimate |
of this-effect_haS'been‘made‘in Appendix-II:,in the case . of G,
,the overestimatelis about five percent” It is not easy to

assess the accuracy of this- correction, and- sinoe the mass

242,

spectrometer -analysis of Pu vis uncertain to about 5 percent

no complete - investigation has- beenfmade

‘F. The Radial.Distribution Of?the,HighermIsotopesfofirlutonium

The detailed interpretation of the . cross sections obtained

e

in Section E requires a knowledge of the neutron spectrum as

waf

a function of depth in the rod and of how this changes with
irradiation. This knowledge is available, in prinoiple at
"least from a study of ‘the radial variation of these cross “"r’

sections 1in discs’ of different irradiation levelso

el
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The_valge-df the integrated f;uk»for each samplé was

 t¥_calcu1atéd from the AJN.L. flux distribution, corrected for

“the gradient écfbss7the rod7(sée Section B), and normalized

no an absolute value by ‘comparison with G (for H(A) and H(B)),
with P (for Q(A),, and for O by assuming that ‘the value of S gy
-at the surface of the roivwas the same as 1n-H The radial J
direution of O is belleVPd to be "B" on the evidenne of the
behaviour of.a c9 thh depch

The data from Q(B) have been excluded because of suspected
éontamination.‘vThose frcm F and M have_beenlomitted since the

radial direction is unknown, oniy a»féw samples between 150

_and 300 mil dnpth were analyzed, and in any case'the irradiation

levels were too clese to. H for thnrc to be any useful incre
ia inxormat;on. '

i The cdlculated uross, cticn valueq‘correspond to the
_appropxiatety weigh*»d averaﬂe, “over. the duration 01 the
irradldui on, of thc 3120 t o scectram at each point. Tneiri

signiflcanco is distDseu mop ully in the Appendix, The .

»resu]t are qhown in Fim 5:50#. The dats. from H(B), H(4},"
' )

e
s

towavds +'he centre oP i“ﬁ rod with a supgestion thaf this

:increase bpcomES‘less wvonounced with inur@a51ng 1rrad1a

Suen behaviour is expectea aq the result of the: thermal oa;t'

o 01 tue neuvron spectvum being ha”duqed hy absorption in t%é?

out@r layers of the rod dDd the \pitherma1 part having a

flatter dlntribufion aovoqs the rod ‘The. latter effect is
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1and the absorption of the 0.3 ev resonance neutrons becomes

‘5f¢iirradiation of oo, the capture cross section of Pu
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PRGN i 3 P

l’expected to decrease‘aslthe pu239 concentration increases

;morerimportanti No quantitative interpretation of this self-

'shielding effEctvhas,‘houever,_been attempted.

“The resultSvfrom Q(A) appear to be anomalous* and suggest

" a- dip below the expected \A N L. ) flux distribution in the

- region of:lOO~milﬁdepth, as do the Cs1§7 and Pu/U data.

.~ It, may be- observed that, 1f the mean value of the integrated

flux across- Q(A) is- correct, no distribution can give the _
:‘expected behaviour of o é, that is, higher in Q(A) than in O
h[at all points Since Q was adjacent to P for which the irra—

:’diation is . accurately known, the mean value for Q(A) is expected

ot

fto be too large only if the gradient across the rod has been

)

‘ underestimated however the radial gamma—"ay scan data, which ‘

indicate that the gradient 1s the same for Q as . for H, are

’ ?approximately confirmed by the Pu/U measurements in Q(A) and Q(B).

Fig 5 5. 4 also shows the apparent change with radius and

2402*,1,he

”~ifimportant contribution from epithermal neutrons is shown by

0

i;the pronounced rise towards the centre of the rod an effect

Tfollowing values for 069

The fresh rod Bessel function distribution would give thev

Depth. (mil) o o _; 21 41 122 © 302 502

- 4

| Cross section :_426; 416 402 406 W4T 47T
' (barns) et . v S AL

~ that . is, a more pronounced anomaly of the same type.



of self shielding A quantitative treatment of this effect

is beyond the scope ‘of the pre ent analysis,_and since it is

not known to what extent the data of Q(A) are 1nf1uenced by;z‘fjs»-
self shielding, 1t doés’ not appear usefur & attempt to derive
a value “for the resonance integral from the expected radial _;_””‘

dependence of neutron spectrum in et fresh rod In any case,,"’~

the flux distribution across“G(A) is not well established

242

The distribution of Pu has been measured in H ‘ands O

£,

but the data are rather 1naccurate.~ At the surface of the

krod the apparent value of:: o 1 is 435+15 barns, and there is

i

'some suggestion of an' ine ase (perhaps 1O or 20 percent)
touardsdthe centre An increase of about f ven ‘percént 1is*
expected to result from the change in the rate of Pu241

production during the irradiation (see Appendix II(ii))nsvww

the surface value would not “be much a fected since ‘the apparent

value of oo at ‘the rod surface remains fairly constant with:

| 1ncreasing irradiation°

G, Sumpaty
N o N

Data from the Complete Discs Pand G . . .

Accurate values of the integrated flux averaged across

these discs have been obtained from careful measurements of -

the U235 depletion. The results, O 661 n s/kb for ‘o and

0. 237 n s/kb for P are not in agreement with predictions

J'i

from pile- irradiation data.:ﬁ

.,_.‘

Cor s P T RN P T
A > e S - P ht R T

o N
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Measurements of the plutonium produced glve a value of

-~ 0. 76+O 01 for the initial conversion factor and 0. 9l+0 01 gm/MWD
»'for the initial production rate These values 1mply that 27
7percent of the plutonium is produced by resonance capture.

e ‘ In both P and G, o_, = 427%3 barns, a value significantly

c9:.

‘rhigher than an earlier estimate (395 barns) based on pile
firradiation data. The apparent decrease of OO with increasing .

'lirradiation noted prev1ously is again evident. . The data of

G give‘c 440*~30 barns.

Data ‘on Radial Distributions

| .'ition ;;A E ?;¢f

235 depletion measurements by A.N. L across disc R

;(o 611 n s/kb) give a flux distribution slightly different
- from the fresh-rod. Bessel function distribution due to Hone.
No-- useful information is obtained from the Cs137 data, and it

"has been necessary to. assume that this A.N,. L° distribution

applies to all rod sections,_although the radial distributions.
o 240 ' | "

.. of. both Pu 39fand;Pu : -sUggest that this is not a.good assump- . |

The distribution OL Pu 39 indicates that about 2 5 percent

.;ﬁffyOf the total plutonium is formed as a thin skin on the ‘rod

’?ffsurface. .1'f“»‘ﬁ<z'e£7"* R 'i: N

The radial variation of © 9 is not unexpected “but a.“-

”,;quantitative 1nterpretation would require more’ reliable flux

':f“data 95" shows an increase towards the centre of the rod .

that 1s rapidly reduced by self shielding as the 1rradiation
' 242

-increases. The measurements of Pu are not very accurate,

~and the radial variation of o_; is not well defined.
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- APPENDIX

The Calculation-ofﬁocgfand~the Sféniffcance

of the "Average" Values Obtained - -

i

SUMMARY

I. Sriall Sample Q'ConstantgNeutronﬁépectrum

* The irradiation equations are given,and ‘the dependence of o
the. calculated value of océ'on the values assumed for other

cross sections is tabulated.

II. Small. Sample - Changing Neutron Spectrum -

The neglect of changes - measured or estimated -~ in other

cross sections introduces verv small errors in the calculation

of 009. ‘
The rather small changes‘ovf)cc9 itself can be interpreted

accurately enough by the simple short-lrradiation-approximation
formulae. For example, if 009 increases linearly with:the irra-f_
diation x from o(0) to o(x), the calculated value 509 = |
o(0) + —(c(x) 6(0)) with high accuracy for values of x in the

range of interest.'

ITII. Complete Disc - Constant Neutron Spectrum

The results of Section E were calculated on the assumption
“that all cross sections were independent of radius. . The effects
of the radial dependence of cross: sections other than_oc9 itself .

.are small. The slgnificance of ‘the average value of 509,13 :

Ve L
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fdi;dussed,’ For.eXample, if‘éég decreases pérabolically wilth
" radius “from o at -the -centre to 0;96 at the surface of the rod,
'the calculated yélue Ecé = Ac,ﬁhere, for an NRX rod with
= 1.24, A-="0.94215 at X = O and 0.94461 at X = 0.9
 neu£roné/k11dbarn¢ The “hypothetical case of a rod across which

X 1s constant gives A = 0.95 at x = O and 0.94968 at x = 0.9.

IV. Complete Disc - Changigg,Neuﬁron Spectrum

This case can be treated adequately by simple extensidns

"‘of the results of II and III.
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I. vSmall Sample - Constant Neutron Spectrum

are the_totalaabsorptidnfcfoss

If 08, 09: QO: Ul, and 02: : » .
sections in kilobarns of U238,,Pu?39,'Pu?4o,qu?%l, and,fu?42
) 239 . 241

and 009, Ocl are the capture cross sections‘of_Pq and Pu- 7,
~all.of, which remain constant during:the,irrediatioﬁ,<then after
an irradiation of x neutrons/kilobarn (the seme‘for all points
in the sample), the concentration of each nuclide as ‘an atom-

fraction of the original U238 present U, is:

U238/U = exp(—c8x);

239 5 _ exp(—osx) exp(-ogx) .
Pu. /U—OB{ (09-—08) + (08-p9) H |
pu240/u ) v exp( 08x) | exp(-09x) . ‘ exp(-oox) -
= c9 (o -08)(0 -08) 168-09)(00-09) '(08-00)(09—00)
Pugul/U . exp(-08x) exp( 09x)
8 %9 % (69-08 (o 08)(0 -08) (08 09)(60 9)(01-097
exp(-o x) ‘ e exp( ol x)
* Tog- 0)(09 Or(ol-oo) (og- RUSSCUCREY
o oi includes the disappearance of Pu241 by bete decay If

the neutron flux, dx/dt, 1is constant during the 1rradiation,
1

o) = ol + At/x. -

The neglect of the finite_lifetimeyof Np239 introduces only

a small error in the quite long irradiation‘of rod 683_and has

been neglected throughout.

These expressions may be expanded as seriles, which are

more useful when x is small or 1in cases where X is different in
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; 2(8 9) = °8 + 080
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_differehtfparts'of7the sample. The series expansions are:

ii]§u2§9/gi;h08x[1 o1(8,9)x/2! 102(8, 9)x2/3 - s

Pu?0sy: = ogo 2[1/2'-01(8 9,0)x/3!40%(8,9,0)x%/41- .....1;

PuPl7y = ogog0,x311/31-01(8,9,0,1)x/4140%(8.9,0,1)x%/51- ... . ];

P2ty = 8o Oéclx4[1/43-c1(8,9,o,1,2)x/53+o2(8.9,o,1,2)x2/6!-
| i, | B

'ipwhere on(8 9 0, l . ) is the. sum of all the products of degree n

that can be formed from 0g> 9,00,01 ..... . For example,

9 + USV They are readily formed by observing

f_(that, for example, O 1(8,9,0) = n(8 9) + 9, (8 9,0).

_ The second -and higher terms of the infinite series parts of

"these expressions will be generally referred to as the "destruction

;fterms S s

From the experimentally measured isotoplc composition of

ithe plutoniumekitkis possible:to calculate %.9% and 0, if
'Q.x, 08’ 09, l',fando2 areiknown As ‘an ald in the successive-
V,iapproximation calculations, it is useful to calculate (from the

':original exponential expressions rather than ‘from the series
;ifor the range of x required here) the quantities L M and N,

71defined by

. QC9X7L'=l(éé240/PUé39),
(/05 /M = (Ri2HL/uPH0) /(P02
(o ag)/ = (2220 (puP41/py240),

, for»i at intervals of 0.1 n's/Kb and for two or more values of
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0, 200 barns apart. 1In the range of x 1nvolved here (O to 0.9

-0
n's/kb?, L, M, and N change rather slowly and very smoothly with
x and o, (and dgs Oy and 02), and 1t 1is possible to interpolatef?v‘
between the calculated values with an accuracy of about 0, 1
percent. - |
It may be seen from the sefies-expeﬂ§icn‘fcfms@of-the ifre;'"
diation equations that,-foy short 1rradia§1oﬁs, the;betavdecajﬂf

of Pu241 during the 1rradiation'may be taken'into account quite

accurately by increasing the observed value of Pu241/Pu240

At/4 and decreasing that of Pu242/Pu‘241

_byf}t/?O;A”Thisjprocegcﬁe“;)‘”
is more convenieﬁt than that of;increaSiﬁg  i'ﬁy Xt/x; and e
for the present work, where At = O 136, it 1ncroduces at worst
errors in the determinations of 009 and o of ;bout:O,Q6 percent
and 0.3 percent respectively. This is not considered important
in view of the fact that, since the flux was not constant during
the irradiation, the effective value of At is uncertain by about =
110 percent. ‘ -

Iﬁ the irradiation range cf interest, the velde calculated

for a4 (which 1s the only cross section that can be determined

with both adcuracy and significance) does not dépend very seriously

on the values assumed fcr‘08, Ogs and oy. For example, in the -
sample from H(A) at 1 mil depth, where x = Q;835‘n’s/kb; Ehe'de¥

" pendence 1s summarized in the taBle:-

For a 10 percent increase in . og 9% 9
The percentage increase in . the -5.5 1043u."~r 4" '4;0}55H

calculated value of 9459 is, R

T w
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Very aﬁbroximatefy, the effect onfocgnof a'change in og or

'céfis 5r6poftion51 to‘xvand&that,of one'in oi'td i2' C

o iI.J'Snall Sample - Chahginé Neutron‘Spectrun'
Fig. 5.5.4 shows that .at a given point 1n the rod, the
jgcalculatedivalne'of'ocgschanges yith.irradiation;vpresumably
‘as,a¢resultdof the_changingfcomposition_of.the,roq affecting the
;neutron sbectrum."it is exéecteq that the,other.cross‘sections
~are also affected,.and inde%d{:near;the.centre‘ofxthe rod, where
»eselfeshielding_effects will ;be most important, .the change in %
”with irradiation‘is very seriousi- The‘data shown in PFig. 5.5.4
.“ﬁfiwere calculated on the assumption that all cross: sections remained .
constant during the irradiation.< The interpretation of these .
%~i;'i.~average ~_09'values willunow be discussed.
In the over-simplified case wWhere all other cross sections -
»l:~’remain-constant,r‘ where the irradiation 1s small enough for
| ithe destruction, terms to be 1gnored and_where.chtincreasesq
,ilinearly with irradiation x such that o9 = ch(o)(l%qx),.then.
| ' Pu239/U238 = 08x,;‘ ' '
240/U238 080 9(0)[x2/2 £ ax3/3]

_09 is- calculated from the constant- cross section relationﬁ;

240/Pu239 och/2

:t;‘ whence o 9‘= o 9(O)(l + 2ax/3), -

g »ztherefore 9e9:= © (O) + (3/2)(009 c9(0)) islthe value at the L
"~ end of the irradiation. P L '
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Given sufficient experimental data, & more complicated A

«

'irradiation dependence could be evaluated by successive approxi—,

Amations

The present section deals ,Wwith the complications that‘are _dh
N introduced by the variation of‘other cross sections’andﬁby the |
necessity of including the~destruction terms:in the~analysisp'“
‘The effects are sufficiently small to be investigated separately,
that is, ‘when the effect of the variation of the cross section(s)
of one: particular nuclide is being studied the cross sections
of all others are assumed to remain constant

I

It is more’ convenient £o" discuss the derivation of o 9

240 qert + "Pu® 240 destroyed)/(Pu 39 ‘left),’

from the ratio R = (Pu

rather than from (Pu24o/Pu239) The relation between o 9 ‘and
240/Pu239) involves' directly, as - well as °8 ‘and og,ﬁ'

~value of 95 which mus® itself be deduced‘from the measured

Pueul content° This requires a knowledge of ol which, " strictly,

22 content and

‘should be the sum of-'0 o1 (obtained from the Pu
a knowledge - fortunately not crucial = of 02) and a value of
ofl‘obtained from some other source and suitably corrected for
_the neutron spectrum involved On the other hand in the deri-
vation of © c9 from R, only 08 and 09 appear explicitly in fact,
for constant ogs © 9, and o 9, "R= (o, 9/0”){[(0 08)(1 ~exp(- 08x))/
'08(exp( c8x) -exp(-0o x))] = 1} ' : *e““

It must be realized, however, that the calculation of R

from the mass spectrometer data does involve ol | 1, and 02. L

in fact, it will be seen that in practice, because of the lack -
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of reliable croSs¥section"data from other sources and the limited

242

'accuracy of the Pu measurement the two methods turn out to

be exactly equivalent. Nevertheless, the effects on the value

c
more easily evaluated by a consideration of their effects on the

derived for o] 9 of variations in these higher cross sections are

calculation‘of R rather than hy a more direct attempt to modify
the equations of Appendixllt |

There would be no difficulty ih calculating R from the mass
spectrometer data if 9, and ocl’were:known accuracely from other
sources,f and if the fu242 content had been measured accurately.
A knculedge of 0y is also required, but in practice a rough esti-
mate is sufficient The calculation of R would then proceed
_in the following way first, an estimate of the PL242 destroyed-
is required, which is obtained accurately enough from the short

irradiation formula (Pu2)+2 destroyed) /(Pu242) = (5/6)(02/0 l)

(P 242/Pu241) This 1s then added to the measured Pu2'2 and

then multiplied by [(o, + Xt/x)/ocll to glve the total Pu2tl
‘destroyed (and lost by beta decay), which 1s then added to the
'measured Pueul'tojgive the'total Pu240 destroyed R-follows
immediately, and o cg may then be calculated if Igs g and -

x are known. It will be noted that R is in no way affected

by any peculiarities in the behaviour of % during the irradinA

ationu

* Since AM/x K Gy an‘accurate value of (ol/ccl) and a

rough value of 0, would suffice.



Now (o] is not known accurately for the spectrum concerned

: 1
(and may vary) this is a fundamental difficulty and introducesbﬁ
a basic uncertainty into any analysis of the results° A -
‘difficulty peculiar to the "R method":of calculating o c9 1s
that 961 is not known'- and,_even if an accurate value were
available, it would be inadvisable to use it because .the Pu242f
content is not known accurately ' It is better to use the |
'value of 901 calculated from the constant - cross section
"equations of Appendix I so that the effect of the experimental
error of the Pu242 determination is minimized (or, in fact, '
completely eliminated if the result is quoted as corresponding
to a definite value of the total cross - section cl), This
calculation of R gives a value of g c9 that is, necessarily,
ldentical with that obtained from the analysis of Appendix I.
The error made in calculating B in this way is due to the
. incorrect estimation of the Pugui destroyed which arises
from the fact that the value calculated for 012 from thel
constant - cross-section equations, is in error. The effect
of variations in 09 Oys and o el during the irradiation on

241

the calculation of the Pu destroyed and hence on 0o9’

wlll now be considered. The very small effects of possible

tohe

variations in 02 may be ignored

(1) Variation in o, and o .
b .
The value of R 1is rot, in the cases of interest here,
very sensitive to these cross~sections;;andsan‘apbroximate

calculation will be sufficient. The7destructiqn,ter@s will
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[

'~ be omitted (for the calculation of suocessive“ratios of the
~higher ‘isotopes, this is quite a close'approximation because

' 3Of'the.negr-cancéllation of the series), and only linear

variations oftol and 901 will be considered. The beta decay

2h1 may'be considered accurately enough as a separate

‘-correction and 1s omitted from the present discussion

| If oy = ocl(o)(1+acx) and 0,y = ofl(o)(1+afx
then, since Pu?ul/U = 0800900x3/3!,: ; .

P22 (pu?*3) /U = ogo g0, cl(O)x /211 + Bagx/s]

" and Pu2*! F.p.'s/U = 98%9% fl(o)x /81 + 4afx/5]
Therefore r = (total Pu241 destroyed)/(Pu242 + Pu243) =
. f (0) (1 + ka.x/5)

15 OV T Fax/5)

The constant - cross section equations would give a value for o

- (4/x (pu242 Pu243) /pu?tl - 551 (0) (1 + ha x/5), "

so that r =1 + ofl(o)(l + 4a.x/5)/0 ;. That is, the value of

g1 Fhat should be used with o, is ofl(o)(l + 4afx/5),

A very rough estimate of the value of ap may be made

241 w111

"be negligible at present concentrations. If it is assumed

that the resonance in Pyt fission 1s about half as important

. (in 1its contribution to the effective cross section) as the

résonahce in.Pu 239 capture and that, being at the same energy,

ﬂit is subject to the same reduction in epithermal fiux, then,

'sinoe‘the‘apparont‘change 1n,309 with irradiation is about
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,2/3‘times,the-true;change~0f”o9 it is expected that afxf%.‘
[(l/é)/(é/3)]f53¢§/szgj;{ At ‘the centre of’the rod a: comparison .fﬁj
7 between H and Q guégééts AG 9 v i 0. 1, whence'ha x/5 < 0-06.;4wffyﬁd
Therefore, 1f ho attempt were made to correct the value ofl(o),,
',an error’ of <4 percent in r would be made In the central H “a{;”.
'sample, the contribution to R from beyond Pu241 18" only three ff;?3;
percent The error in R 'and hence in G- 9, would therefore

be at most O. l2 percent. L a

| The uncertainty in the appropriate value oi ofl(o) is,
.at present more important but this approximate analysis of

the effect of variations is included in the hope that with

more accurate data, it may eventually be useful

(ii) Variations in g, .
As in (i),_approximate equations may be used. It

is assumed that a linear~variation of GO with irradiation is

¢

reasonably representative of the actual behaviour (which is

certainly more complicated than this, out is not yet well

PR

defined). ‘ ‘ o
It is easily shown‘thatfwith oo-= 05(0) (1-ax) ;-

puHl/p, 240 # x/3 (o (O)x/3)(l - 3ax/4)

and. Puz*e/Pu"‘“ = Tox/h = (9x/M) (1 - 3a/20),

where 0, and © i‘are'the.valuesfcaloulated~from the constant - ;

P

Bl -c,»v.r

cross-section equations. [P
There'fore‘ocr1 =7 l/(1 + (oo(O) oo)/Soo(O))
Near the surface of the rod, (O) x UO (compare Q

"and H in Fig, 5.5. 4) but near the centre,'oo(o) (Zo for Q)
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oz 1300 barns, and 30 for H £ 850 barns. Therefore, in the

centre of H, 0_; a 0,i/(1 + 0.35/5) = 0.93 @_4; and if o,

were used with a'hypothetically correct value of Ufl’ the

‘ (’;

.error in r, proportional to (1 + ofl/dcrf; would be -5 percent.
The resulting underestimate of %9 would therefore be (see (1)
above) about 0.15 percent. )

7 Forvheavier'Irradiations,7609 would be more dependent
on r (almost as %), but the change in*&b is '1éss marked in
these samples. - Although the analysis givenAhere is very -
_approximate, 1t is evident that the neglect of the variation

of % leads to ‘an underestimate of o 9 by less than two barns

. 1in all cases.

S

(111) Variation in °8
| | In the absence of reliable experimental data, it
will be assumed - that 08 08(0)(l+ax). The destruction.of
U238 may . safely be ignored since its effect on o 9. is smail
and will be nearly the same 1n the two cases to be compared
;fviz .y a =0 and a # 0 with ax < 1 (see table in Appendix - I)
It can then be shown that
c2(1 - a/o )(o x - [1- exp( o x)]) + aogx 2/2'
9 (1 - a/og)[l -exp(-0 x)] + ax ‘

309_09) [1 exp(- oox)]
| Tlaexp(‘ch)] -

g

-9

where 309 is the value caleulated from the constant - c¢ross-

B

section equations, that is, with a = O,
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"'.f e °c9 1+ [w/(w-1)] z;[(2z 2[1 exp( z)])
‘L o

Whence €9 . 1+ lw/(w-l)] z/Tl exp( z)]
here W= a/o "“ - and ;*LEZ = ﬂ9x;;k %
For small z, 309/009-—9 (1 + ax/3)/(1 + ax/2) (1 - ax/6) |
- It should:also be noted that independent of the e o

:f value of z, the value of;. g+ calculated from the plutonium pro-
:,duced 08’ is equal to 08(0)(1 + ax/2) Numerically, for 08 =uh“¢;
1. 0508(0), ‘that is, gx = O lu and for 09 1300 barns, ?69 is
- less than g 9 by.1.926 percent when X O 5 n s[kb,'and,by )

2, 257 percent when X =1. O n s/kb n t' ' “ | . o

_ ‘“; The experimental data .on the change of 9g with irra-ikk

'i,diation have been discussed in Section D At present, because,f
-of uncertainties in the neutron flux distribution and in the ,a

appropriate value of 09, it is not possible to rule out a

change of up to five percent in 08 It should be: ‘noted,

1however, that since about 75 perc‘ntvof the plutonium is produced

lby thermal neutrons (Section D), a change of lO percent in 084

”(about five percent in 08) would imply a change of nearly 50 '

~percent in the ratio of resonance to thermal flux, which is

. much greater thah that expected to result from the changes in

neutron absorption properties of the rod produced by irradiation.‘

A rather rough calculation suggests that in the centre of the

]

- rod this ratio will increase by about two percent between Q

AN

‘and H. The effect on thefcalculatednvalueiof oc9fwou1d be .

- ~0.1 percent.
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(1v) Variations of ¢ o and o

It is now assumed that the effects of the variation
i of all other cross sections have been corrected for, and it
remains to discuss the interpretation of 009, the value obtained
from thevconstentﬁ- crcss-section—equations, when 009 and 09
’themselveS‘chanée with irradiation; Because‘cf‘dncéftainties
in the\flux distfibution, no firm conclusions on theAexperimentally
obserted behaviour of 369 can yet be drawn, and the present
discussianis limited to the case, which is expected to be
reslized approximately infprectice, where 009 and 09 change
.linearly with irradiation. |

238

Neglecting the destruction of U as in (1ii), then

“e

: ifor 09 =0 (O)(l+ax),

dx(Pu239) + qg(o)(l+ax)Pu239 = ogU.
This may be solved in series form to give
P = P U= ogxl1 - (1+byax) (o (O)x)/2'
- + (l+clax+c a® )(o (O)x)2/3
2 3 3 3
(1+d1ax+d2a X +d3a .)(09(0)x) /3:

| | -+ ete.], . . ‘
where the coefficients'of‘anxn in the (finite) subsidiary series
..are given by ‘
1.—3b1 =2

_4cI: 3(l+b1) - 5¢, = 3by;

5d1,=-4(1+cl) .6d, = 4(ci+c2) .-7d3 = be, ‘
6ey = 5(1+d;) e, 5(d2+d3)' %), = 5ds

.Tfl = 6(l+el) 8f2 = 6(e1+e2) 9f = 6(e2+e3) 10f), = 6(e3+e4)

5(d;+d,) 8e

ete. ete. etec. ete.
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"If, now, °c9 = (0)(l+TX),

2ko left + Pueuo destroyed)/U =.a, (o)j(1+yx)P dx

~then Q = (Pu , -
- 959,5(0)x 2{(1/2 £ /3) < (/3 /) s (1/4 + vx/5>b1mc109<o>x/z"
+ [ (/k + vx/5) + (1/5 +. TX/5)C ax + (1/6 + vx/?)c 2](09(O)x) /3"

- etc.}

e It may heinoted that for W =";§fa; c9(0)/09(0))(08x P)
‘ If the first two terms only of the series for P and Q
'fare retained, then , : A

R=Q/P=o¢ 9(O)(l + EYX/3)(X/2)[1+G (O)(l + ax - vx/6)x/6]

This suggests that, for small x, the constant - cross-
section analysis will give 009 = 009(0)(1 + 27x/3) if a value for
the total cross section 09 = 09(0)(1 + ox - 7x/6) is used

In order to see how close this approximation is for
finite x, two cases have been evaluated numerically for
‘ = 0.661 n's/kb 9(O) = 425 barns | 9(O) = 1300 barns
Case (1) ax = vx = 0.1 R - R'= 0.1728850
whence, with Eé = 1300(1 + 011'5'0.1/6)'= 1408.333 barns, the
constant - cross-section analysis gives

09 = 453, 705 barns. = (l + 27x/3)425 348 barns.
Case (ii1) ox = 0.1 7 vx = 0.15 - = 0.1781039
whence, with‘3§f= l390(l’+ OEI’--O.15/6)'= 1397.5 barns,
Teg gj467;865 barns = (1 + 2vx/3)425.331 barns.
It is evident that, for the irradiation levels of
interest here, first approximation methods are adequate for the. -
study of the variation of o 9 with irradiation, since they intro~

"7‘

" the appropriate values of 09 and ol

duce errors that are smaller than those due to uncertainties in ﬂ4.ny':
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ITII. Complete Disc -‘Constantheutron Spectrum

In this section the significance of the aVerage values
'f.ofo09 derived from the data on the complete discs P and G
will be discussed‘assuming that the neutron spectrum remains:
constant at each-point‘in‘the disc. This necessarily implies
that the flux distribution remains constant during the irradi-
ation. |
It will be assumed that °8 ‘has the same value at each

point This neglect of the plutonium skin introduces a veryJ
 small error; which'has'actually been allowed for'in deriving
the results of Section E, but which is not of interest in the
present discussion The destruction of 0238 may agaln be
~ ignored. ' ' - :

; rIf y.is the»radius og the ring having an irradiation x
(with y = 1 at the rod'surface), then |

R f(auo left + 240 destroyed)dV/f(Pu239 left)av

_f x2/2' - °993/3 * °c9°9 /4' " oenliv gy

y ‘uAs;a reasonahle approximation to the_actual“flux distribu-
'tion,.it is‘assumed that x = x(c)(l+ky2) where i(c) is the | |
' “irradiation level on the rod axis It is evident that the ' ‘

" mean Airradiation of the'disc X = fx 27y dy/fQFy dy = x(c;(l+k[2).. |
| The Observed variations of o c9 and_::9 are adequately

- represented by the expressions
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Ac¢9' = 9(0)(1 aye), R
oy = o (c)(l by2)." '
An exact solution has been attempted only for a = b.
Writing . 9(0) —;»0' and 09(0) = S: : ;;1' -
o nzn o('i)?/e' - N R308(X) 273 & NR, 08 (x)3/u' i
CUNGRJE TN st(x)2/3 ¥ N3R3S (x)3/3
where R = [(1s)™1 0 1]/f(n+1)k(1 ¢ k/2)0] o
and N_ =1 for a(=b) =

and for a(: b)zf b, _ Ml xﬁ J%  fmZ‘ R R . G
. o e ' e ‘»- o . 2 : ."'1",'-.#:.:4? 3 .
No= 1 - z(ﬁﬁ)k } (n-1)a <E cmk a6 aGeel(n2) 00

: (l+k) -1 |

i - L AE R ' e
_ (n-l):(erzl~21a (% N pgk_ . nyggjl‘} ke v n(n~1)fn-J 1{2 > |

EJ

+

(n-l)(mggr(n-ma?’* @4 ;1% E%:_ll K n(n-%ﬁfn%) l_;fr b

- etc.} .

1
- It is evident that, for small i; the value 0 obtained for o_. on

c9
i the assumption that it had the same value at all depths would be
equal to N2 R ' _ o .
For k = O. 6316 }which gives G, = 1. 24 (the experimentally
x,obServed value), N2 = o 94?1505 for & =0.1 and 0. 8843010 for
a=0.2, whereas ‘for k= O N2 % 0.95 for.a = 0.1 and 0.90 for
y a = 0.2. It has been shown that this relationship between c
-;ahdié’is not appreciably altered by 1ncreasing irradiation

;iValues of R have been calculated with 0(1 a) and S(l a), the .

=0l S : 1
r,.v' v" s . L fa v .
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rod surface values of ¢ c9 and 09, equal to 425 and 1300 barns

respectively, for X = 0.3, 0.6, and 0.9 n's/kb and a = O 1 and

0.2. From these values ‘of R, values of 0 were then calculated
Vfrom the series appropriate to the case of 009 and 09 independent
. of radius (that-is, with all N set equal to unity and S

;xreplaced by §).' In this calculation it was assumed that

3 = ?(1300/425), which necessitated successive approximation
calculations: very similar results would have heen obtained
with §f= NQS, the zero-irradiation approximation. The table

below shows the percentage by which o differs from 0N2 (= 0 at

x = 0).
- k=20 0.6316
x 0.3 0.6 0.9 1 0.3 0.6 0.9
a=0.1| -.012  -.023 -.03% |. +.094 +.181 +.261°
a=0.2 | -.059 -.111 -.159 +.181  +.350  +.515

It ‘is evident that the use of the zero- irradiation approxi—

i'>mation will introduce errors that in all practical cases are

vless than that arising from the uncertainty in 09

The case with b # a has not been evaluated completely, but

‘. enough has been done to show that with b { a (which is the case'

1of interest), the deviations for a given a qill be smaller than

‘for b = a.
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It is reascnable to suppose that the irradiation dependence

will also be unimportant in cases where the variation of cross‘”

,,xz,‘

section with radius is non-parabolic, providing it is not too .

e
*-'.‘ R EAR

violent

R : Dt e

¥

The effects of radial variations of the higher cross sectionsn*anuhﬂ'

(oo, 1; etc ) can be examined by integration of the approximate
1. R ey %

(zero x) irradiation formuiae over the rod area in order to

241 destruction o

evaluate the error made in calculating the Pu

(compare Appendix II) The effects on °c9 are negligible

IV. Complete Disc with Changingvspectrum

It is -evident from III that since c/c is not.very sensitive
to k, a reasonably small change in the neutron flux distribution
across the disc will not in itself introduce a significant error.

,However, the accompanying spectrum'change will alter the
vaiue of @ cg 8t any given point in the disc. Now 1t has been
' shown that ¢ 1is very close to the zero-irradiation average 0N2 o
-for all irradiation levels of interest. Therefore, once the

-k weighting (that is, the factor N2) has been taken into account,

the system can be treated accurately enough as a small sample

"

(Appendix II) in which the cross section changes with irradiation )

'1n the same way as the average cross section across the disc “f |

“changes.





