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MEASURED 235U AND 238U FISSIONING NEUTRON FLUENCE

DISTRIBUTIONS IN THE PHOEBUS 2A SHIELDS:

COl@ARISONS WITS MQNTE

by

Clay_tonW.

CARLO CAI.LXJIATIONS

Watson

ABSTRACT

Fissioning-fluence distributions for
235U ad 238U were ~ea,~wed in

the facility and cart shields during the Phoebus 2A reactor tests. These
data formed a diagnostic basis for upgrading both the neutron Monte Carlo
codes and the Phoebus 2A reactor models being used for Rover neutron
environmental calculations at Los Alamos Scientific Laboratory.

Detailed comparisons with corresponding distributions calculated with
both initial end improved codes and models are presented. Initial calcula-
tions gave results that were in poor to fair agreement with experiment,
whereas the improved calculations were generally in good to excellent
agreement. The changes required to achieve this agreement sxe discussed.

Auxiliary studies and data, including calculated fission and absorp-
tion-rate distributions throughout a 5000-MW Phoebus .2Areactor-shield
system, exe presented in appendixes.

INTRODUCTION

The fissioning neutron fluence distributions

for 235U and 238U were measured in the shield of the

Phoebus 2A reactor, during the 1968 tests, as part

of a continuing effort to assess the adequacy of

neutron environmental calculations for the Los Alamos

Scientific Laboratory (LASL) Rover reactors. These

data formed a basis for evaluating the neutron cal.-

culational.methods (particularly neutron Monte Carlo)

and reactor modeling procedures being used at that

time. In a follow-up analytical program, these

studies led to substantial extension and upgrading

of both the neutron Monte Carlo capabilities and the

Phoebus 2A cslculational models.

Principal results of this work were described
1,2

previously. The present report documents these

studies more comprehensively and in considerably

more detail. In addition, results of auxiliary

studies axe given in appendixes.

The Phoebus 2A reactor, designed for 5000 MW a.t

full power, was the largest reactor tested in the

Rover nuclear rocket program. During high-power

operation the reactor was surrounded by an annular

30-in.-thick aluminum/berated-water facility shield

whose dual function was the protection of adjacent

test-cell.structures from overheating and the de-

pression of test-cell activation levels to permit

early reentry after a test series.

The size and internal complexity of this reactor

afforded a degree of ca,lculationaldifficulty that

exceeded the capability of the neutron Monte Carlo

codes being used at that time, especially for neutron

flux calculations in the facility shield. The shield

itself was a neutronically simple geometry, which

tended to preserve distinctive features in the axial

distribution of neutrons incident at its inner sur-

face. These featurea existed because of large varia-

tions, with axial position, in the spectrum and in-

tensity of the Phoebus 2A fast leakage neutrons.

1



Such variations were produced, In turn, by complexi-

ties in the internal construction of the reactor.

Thus, the shield provided a convenient structure for

measuring neutron distributions from which to infer

key characteristics of the neutron transport within

the reactor system, parti.culexlyin the geometrically

complex regions outside either end of the core.

!Ihesedata could then be used diagnostically to as-

sess the adequacy of, and to extend, the cslcula-

tional tools that had been developed for neutron en-

vironmental calculations for the Rover reactors.

Both radial and axial (i.e., parallel with the

reactor axis) sample tubes had been built into the

Phoebus 2A facility shield for this purpose; fission-

ing fluence traverses were made in these tubes by

irradiating full-length uranium wires during prelim-

inary low-power reactor runs and then measuring the

distribution of residual fission-prcducty-activity

along the wires. Ratios of these activities to

those from wires irradiated at the core center were

also measured, permitting the results to be normal-

ized to the core center.

REAC’KIR-SHIELDCONFIGURATION

Except for its larger size and details of its

internal design, the Phoebus 2A reactor strongly re-

sembled the Phoebus 1 reactors.3 Phoebus 2A had en

. 55-in.-diem graphite/enriched-uraniumcore, sur-

rounded by an 8-in.-thick beryllium reflector. Re-

actor control was effected by ~8 rotatinc, fu3l.-

length cylindrical shells, or “drums” in the reflec-

tor, each of which was coated with boron over a 1.20”

sector. Further details of the reactor internal.con-

figuration will be presented later in the discussion

of calcule.tionalmodels.

Figure 1 shows the reactor approaching the test

cell face. The reactor was mounted atop a cart as-

sembly that was made up of a control-actuator and

instrumentationhookup room built onto a modified

railroad flat car. The roof of this room consisted

of a 32-in.-thick aluminum/iron/berated-watershield

similar to the facility shield. (The open facility

shield is alao visible in Fig. 1, at the test-cell

face.) The cart shield protected the equipment in

the hookup room from radiation damage and also en-

abled personnel to reenter this area shortly after

reactor rums.

For testing, the reactor-cart assembly was po-

sitioned at the test-cell face with the cart shield

immediately below the facility shield, as shown In

Fig. 2. During high-power reactor operation, the

shield halves closed around the reactor like a clem-

m.g. 1. Phoebus 2A reactor approaching test cell face.

2



Fig. 2. Phoebus 2A reactor in position

shell.,forming a cylindrical shielding can with the

upper end open.

The facility shield consisted of two movable

semicylinders, each composed of two close-fitting

concentric semiannuli, with four aluminum tanks in

each semiannulus, for a total of 16 tanks. The

closed shield was 174 in. high, with an o.d. of

169 in. and an id. of 107 in. Its overall radial

thickness was - 31 in.

Portions of a horfzontti cross section and a

vertical section through the shield are shown in

Figs. 3 and k, respectively. Concentric aluminum

plates within each of the tanks formed a rnultipass

flow system through which berated water (. 2 wt % B)

was circulated, as indicated by the axrows in Fig. 4.

These plates divided the shield into five radial

berated-water regions with thicknesses, inside to

outside, of 1.0, 6.5, 4.7’5, 4.7’5, and 6.5 in. The

radial aluminum thicknesses, inside to outside, were

0.75, 0.25, 0.7’5, 0.75, 0.75, 2.0, and 0.75 in. The

total radial aluminum thickness was 6 in., and that

of the berated water was 23.5 in., with an - ~.250-in.

for testing, facility shield open.

air gap between the two shield annuli. Locations of

16 rsdisl and eight axial sample tubes are also in-

dicated in the figures. Tubes 1 through 14 were po-

sitioned opposite the center of the reactor core.

In addition, removsble axial sample tubes

porarily fastened to the inner surface of

duxing the first low-power irradiation.

SHIELDm~m

Wire Fabrication and Emplacement

me 235
U measurements were made ~iith

were tem-

the shield

20-mll-

diem eluminum wires containing 10 wt $ enriched ura-

nium (9303~ 2%) . !l!hiswire has been used at LASL

routinely for several years in reactor flux-distri-

bution measurements.
me 238U wires were specialQ fabricated for

the Phoebus 2A shield measurements. Because of the

large thermal-neutron component accompanying the fast-
* 238

neutron fields that were to be measured, U with

T
‘I’hemaximum expected 235U-to-238U fissiontig ratios

were several thousand to one.

3
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Reflector \/

Regions

Pressure Vessel A(~) ,4

/0 L; IC-==4L-1,1 I WI II

Sample Tube Numbers~~ I
4

Fig. 3. Partial cross section of Phoebus 2A

verylittle 235Ucontamination vasrequimd. Approx-

imately 450 g of high-purity 238U oxide, with a 235U

content of 2 ppm, were obtained from Oak Ridge Nation-

SI Laboratory (ORNL). This materiel was reduced to

metal and fabricated at L4SL into . 300 ft of 21-mfl-

diem wire. Several subsequent aneJyses and imxuiia-

tion tests were made in an attempt to verify that the
235

U content of the final wire was, indeed, low. Al-

though the verifications were somewhat inconclusive,

no evidence of’235U contamination was found. These

studies are described in Appendti A.

For the Phoebus 2A irradiations, shield sample

tubes were loaded with aluminum and berated-poly-

ethylene inserts to simulate the internal shield

structure through which each tube passed. Each in-

sert contained pyooves which, atter insert assembly,

formed four full-length 30-mil-diam holes in e~h

sample tube. The uranium wires were then threaded

through these holes.

4

3

reactor and facility shield.

There were five types of wire placement h the

Phoebus 2A shield: (1) 174-in.-long wires were placed

axially at the shield inner s-ace end at radii,

from this surface, of 15 and 30 in. (it is estimated

that the axial position of these wires was known to

withti 1 to 2 in.); (2) 30-in.-long wires were placed

radially through the shield opposite the core center;

(3) 30-in.-long wLres were plscedralkd.ly across the

top surface of the shield; (4) 7.5-in.-long wties

were placed in coolant channels at the center of the

reactor core; and (5) 30-in.-long wires were placed

d.ong the axis of the cart shield. Data from the

cart wires were not used in the subsequent compari-

sons, but exe presented in Appendix B.

Wire Irradiations

Wties were tiradiated during the first two

Phoebus 2A reactor tests, designated Experhnental

Plans 1 and 2 (EP’s-l and -2). Total reactor energy
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TAILS I

PEOEBUS2A‘.fJRS=L4TIONS

235
u Wire8

Shield,Axkl Shield, Shield, Core cd,
~ ti~~ I?aLiial-EEL Center AxIti

1 yea ye8 no no ye8 yes yms

2 no yen ye8 yea yea no no

1
a

yas yee no no yes ye.9 YL2.9

2 no ye8a no ym yea no yes

%res immliated, but tits statisticallyumssble.

releases durhg EP-1 and EP-.2were . 33 and - 1.260

MW-see, respectively. Wires were irradiated as in-

dicated in Table I.

Counting Methods

After irradiation, the wires were returned to

LASL and the distribution of residual ~-activity

along the length of each was measured by scanning

the wtie with aNaI(ll) crystal. (Previous studies

had led to choices of 400 and 800 keV, TeSPeCtiW4Y,
for 235U ~d 238

U counting biases.) The crystal was

a 3 by 3 in. cylinder with a O.1-in.-d.iamhole along

a diameter through its center.

To reduce background, the crystal was mounted

in a cylindrical brass-and-lead shield that also had

a disxnetralhole,eligned with the hole in the crystal.

Wires were scanned by pulling them at a fixed rate

through the hole in the crystal and reading out total

counts accumulated during each of a series of equal,

prespecified time intervals. The time intervals

typically corresponded to a wire travel of . 1 in.;

the traversing speeds were adjusted to obtain sta-

tisticaJJy adequate counting data (typicsJJ.y,1 to

10$ relative error) with reasonable counting times

(typicsJ3y, 5to10min/fi). The oversllspatiel

resolution along the length of a wire was roughly

2 ill.

The traversing system consisted of a horizon-

tal, motor-driven, U-shaped yoke with a pin vise on

either leg. A wire was inserted by passing it

through one pin vise, then through the crystal, then

through the other pin vise. AS the yoke was driven

back and forth, the wire passed through the hole in

the crystal. Maximum travel span of the yoke was

. 26 in.; longer wires were advanced manually by

- 24 in. after each pass until the entire length was

covered. overall maximum uncertainty of the abso-

lute wire position in the yoke was probably less

than - 0.5 in. The time, as well as the total counts,

A, recorded in each time interval,At> were resd out

periodically by an automatic readout system. (TYP-

ica31.y,total counts were recorded during the first

0.5 min out of every 0.6 rein,leaving 0.1 h for

the readout.) Return of the scanning system to its

zero position after each scanning pass, and the

initiation of the next pass, were accomplished auto-

matically so as to synchronize each scan with the

clock in the readout system.

Data Reduction

The scanning-readout system established a one-

to-one correspondence between any two of the folJ.ow-

ing variables:

t = time after irradiation at which a given
counting interval begins.

At = length of the counting interval.

x = location along the wire of the c~stel
(or, more exactly, some point of the
crystal, e.g., the crystslts edge), at
time t.

AX = distance that the wire moves during At.

Thus, with t, At, and A, as recorded by the readout

system, plus fission-producty-decay curves and

background counts per unit time,determined separately,

the distribution of residual fission-producty-

activity as a function of x can be inferred.

Decay corrections were required to account for

the decay of gross fission-product activity during

W given wire scan. These corrections were esti-

mated using decay curves measured in the LASL PARKA
4

critical facfli~, a detailed mockup of the Phoebus

1 reactor. Wires irradiated in PARKA, and counted

with the sae equipment that was to be used for the

Phoebus 2AwLres (for biases of both 400 and 800 kev),

gave counting rate-vs-time curves from t = 600 min

to t = 8250 min after irradiation for 235U ~d mom

238Ut = 450 min to t = 5580 min for . The decay time,

t, for the Phoebus 2A wires was typically between 700

and X420 rein;the maximum decay correction required

for any data point was . 25$ for some of the low-in-

tensity
238

U data, prcducing an estimated maximum

uncertainty of 1 to .2$in the corrected counting rates.

Background corrections were made by periodically

counting unirradiated wires identiccd to the Phoebus

6



2A wires, and subtracting the resulting counts from

the wire-traverse data. Vsxiations in these back-

grounds probably constituted the laxgest uncertainty

introduced inta the final data, ranging from less

than lx for the 235U data to perhaps 10 to 15$ for

some of the low-intensity 238U data.

The final axisiLdistributions were plotted as

@ vs Z, where

z=

f’=

$=
f=
A.

RedisJ.

the distance from the bottom of the shield
to the axial position of the center of the
given Ax interval,

f(A - background),

decay correction,

counts recorded during At.

data were plotted similarly as @ vs r, where

r is the radial distance from the shield inner sur-

face.

1.6

1.5

-1
k 1.1

C!3
z 1.0

0.1

0.1

c

Fig. 5.

, , r 1 I I 1 1 1 , 1 [ 1

The core-center wires (six 235U and six
238U

wires) were counted, averaged, and corrected in the
*

same way. The ratios of these data to flat the

central peak of the axial distributions at the

shield inner surface were used to normalize the

shield distributiona to the core-center values.

Results

Axiti distributions at the shield inner surface

are plotted in Fig. 5, with the normalization being

O = 1.0 at the central peak. Representative data

points are also shown, indicating the relatively

large scatter inthe238Udats.. Toobtain a smoothed

*
The counting distribution along these 7.5-in.-long
wires was essentially uniform. Thus, count rates
measured while the wire was merely centered in the
crystal hole could be taken as representative of
the enttie wire.

1 1 1 1 1 I 1 [ t , , , , I ,

Curves normalized
at this p$ak

o

hReactor Core and

Be Side Reflector+

?

TO

Shi~l

, , , II , 1, 1 1 , ! , ( , L

I 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

DISTANCE FROM BOTTOM OF SHIELD(Z), in,

Axial distributions of
235U -d 238

U fissioning fluences at shield inner surface,

‘5
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238
U curve, the Z-axis was divided into six intervals,

each containing one of the six extrema of Fig. 5, and

independent, least-squares, low-order, polynomial

curves were fitted to the data in each intervel.

(The locationof the extremum in each interveJ.was

also a parameter to be determined in the fitting pro-

cedure.) The sb resulting curves were then joined

smoothly at the ends of the intervals to produce the

smoothed 238Ucurvein Fig.5. !l!hefinalma.ximum

uncertainty at any point on the curves in Fig. 5J

from sJJ.known causes (primarily statistical and

background uncertainties), is estimated to be . 5$

for 235U and 10 to 15$ for 238U.

As mentioned eerlier, substantial structure is

evident inthe238U distribution. The Peak atZG

31 in.is produced by fast neutrons leaking from the

core inlet end. In this shield region, the neutrons

just miss the inlet end of the reflector and stream

through a large aluminum ferrous-metal support struc-

ture Just above the inlet end of the core. A larger

peak at Z~132 h. is the result of the “plume” of

fast neutrons emitted from the core outlet end. This

shield region sees the relatively unobstructed end

of the core, past the reflector outlet end. These

regions wilJ.be discussed more explicitly later.

There is also speak in the
238U dlstiibut,on nem

the top of the shield, probably caused by reflection

of fast neutrons from the surrounding air, or pos-

sibly from the test-cell structure.

me 235U distribution hes en expected overall

shape that is dominated by the leakage of thermel.ized

neutrons through the beryllium side reflector. Here

again, however, the shape and msgnitude of the ends

ofthecurve(Z=Oto. 55in., andZ=.l15to

174 in.) are determined by the reactcm configura-

tions at either end of the core. Note, for exemple,

the absence of any strongly moderating regions above

and below the core.

The measured a%iel distributions for
235U at ~5

and 30 in. from the shield inner surface are plotted

in Fig. 6. (The normalizations are arbitrary, and

different for the two curves.) At 15 in. into the

shield the slow neutrons, all of which entered the

shield as fast neutrons, still. display a peek at

Z= 33 in.,but the peak at . 132 in. has disappe=ed.

This probably occurs because the relatively unscat-

tered fast neutrons from the outlet-end plume enter

the shield at amore glancing angle than those from

the reactor inlet end, end suffer a correspondingly

greater redisl attenuation. A peak at the shield

lower end (ZC 20 in.) is prcduced at r = 15 in.

by neutrons streaming through the . 3-in.-wide eJ.um-

inwn-and-air gap between the facility shield water

and the cart shield water. The corresponding peek

at r = 30 in. is obscured by a much larger peak

which results from the fact that the outer shield

tanks are 6 in. shorter than the inner shield tanks

(see Fig. 4).

The sharp peeks at the upper end of the shield

are due to the backscattering phenomenon mentioned

earlier. The overell curve at r = 30 in. illustrates

dramatice.JJ_ythe rather local (but edequate) depres-

sion of the neutron field that is accomplished by

the shield.

Radial data ere plotted in Fig. 7, with the

normalizations indicated on the figure. The effect

of the w 3-in.-wide aluminum-end-air gap between the

shield annuli can be seen in both the
235U ~ta OPP

238U dati across thesite the core center and in the

shield top. The absence of any perturbation in the

235U data across the shield top indicates that these

lower-energy neutrons are returning to the shield

top from outside the shield, rather than being trans-

mitted axially through the shield structure. Note,

also, the flattening of the distributions across

the shield top, which is especially marked for the

235U distribution. Thie is another manifestation

of the upper-end axitilpeeking, or backscattering

onta the shield top.

The shield data were normalized to the core

center on the basis of (1) the ratio (cOre center$

shield surface opposite the core center), as deter-

mined from the core-center data and the axiel data

at the shield inner surface, and (2) extrapolation

to the shield inner surface of the radiel curves

(Fig. 7)oppaite the core center. Un.fOfiUatel.Y,

both estimates are subject to error. An Uncertcilnty

of perhaps 10 to 15$ exists in the decw factors

required to correct the core-center data to the same

decay time as the shield-surface data. These decay

factors were large (3 to 5) because the high activity

of the core wires meant that they could be counted

only tier a much longer decay time (t ~ 3000rein)

than the shield wires.

me radial curves in Fig. i’weme ~apokted,

with some uncertainty, in three ways: (1) by

8
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extrapolating exponential fits to the data in Fig.

7: (2)W USti the absolute axie3 data at the core

inner surface; and (3) by radial neutronics calcula-

tions (tobe described later). On the basis of

these results, the values (relative) in Fig. 7 at

r = O axe estimated tobe good to within - lq .

FinaXIY, anomalies were discovered in the
238U

data for the core center. Although these anomaJ.ies

proved difficult to ~sess, subsequent irradiations

at LASL indicated that two errors were probably pre-

sent, and a third is possible. Because of the nec-

essarily long delsqfafter irradiation before the core

center wires could be counted, neptunium buildup led

to a very intense low-energy (< 500-keV) activity

in the wires. This apparently produced crystal fa-

tigue, causing the count rate to decrease by as much

as 15$ while the
238

U wties were being counted. In

addition, these low-energy pulses probably piled up

in the crystal, causing the
238

U counts to be hfgh

by a significant, but unknown, amount. Lastly, an

unexplained, inconsistent variation with time of the
235U:238

U ratio was observed after the irradiations

at LASL. This variation w have been a counting-

system problem, or it may have been the result of

relative differences between the 235U and 238U decay

spectra.

The resultent core center-to-shield surface

ratios, with roughly estimated uncertainties, are:

For235U, 5.2 f(20t.030#J);

FOr238U, h&3* (20to? ~).

The ratio of the core-center fissioning fluence

%0 ‘thatat other points in the shield cam be esti-

mated as illustrated in the following example. Esti-

mate the ratio for
235U at

Z = 57’in. (-.opposite the

the point r = 15 in.and

core inlet):

9
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l?romFig. 6, for r = 15 in.,

!zL- .9222. ~.3~5

‘83.5
.

0.620

From Fig. 7, for
235U ~P=iti ~he co= center

(Z = 83.5 in.),

*O “ A .3430.—.
%5 0.0105

Also, * /@
core center shield surface

~ 5.2.

Thus,

+
core cente~@r=~5, .=57A (5.2)(3430)(1.315)

= 23,450.

In an atiiary series of mea-surementstie .
.- ..--- -.O.I--- 4.!-- m--l---- m,A-”.!.. .1. ..”4-, - “..... —>W UI+yb a-l. u=r UIK rLLwuuL! Gfi K- U., U—8UJII .aAII-

ples were taken from the inner surface of the fe&il.-

ity shield, from across the top of the facility

shield, end from across the top surface of the cart

shield. The residual 65Zn y-activity in these sam-

ples was counted to give estimates of the neutron-

absorption distributions in the sJ.uminumfrom the

Fhoebus 2A tests. These data are presented fn

Appendix C.

CAIXUIATION8 AND COMPARISONS

Introduction

The remaining sections describe a follow-up

e.n~icd effort, with emphasis upon the changes

that were required in the Monte Carlo codes and in

the reactor model to obtain agreement between cal-

culation and experiment.

Initial Cdculationa

In the first phase of the calculations, an

existing code was used with a reactor model that

had been prepaxed previously for criticality cal-

culations. This mcdel was known to be too crude

and incomplete for cal.culating external fluxes, and

the goal was to examine the character of the disagree-

ment produced by these known deficiencies.

Neutron enwimnmente.1.problems for the previous

Rover reactors stemmed primarily from fast-neutron

effects, such as direct neutron heat deposition, and

the existing Monte Carlo code had been developed

primarily for such fast-neutron calculatlo!x+. (Ac-

tually, a smies of slightly different, but closely

related, codes is implied whenever the word “code’t

is used. These reflect different stages in the code

evolvement pocess, as well as differences in detail

that depend upon the particular problems being stud-

ied.) The code was based upon an earlier IASL Monte

car10 Cde,5’6 and cenbe qualitatively described

as follaws:

ilnythree-dimensional, time-indeperxlent
geometry made up of first- and second-
degree surfaces can be treated.

Relatively standsu’dVarisrnce-reducing
techniques are included, e.g., importance
sampling for ener~ and spatial.distributions
of the source,plus path-length “stretching,”
splitting, and Russian Roulette as a func-
tion of position.

Detailed microscopic cross sections are used,
with emphasis upon realism in the reaction
physics, even at the expense of comput~
time.

No genuine thermalization routine is included;
below a prespecified energy, Eth, isotropic
scattering from stationary nuclei is ass-d,
with constant energy and cross sections.
(Much of the cross section librsry, from
Lawrence Radiation Laboratory and LASL, was

10



originally designed for fast-neutron
calculations, so low-energy detail is
lacking.)

Tallies include fluxes and currents at
any surface, plus cell-wise tabulations
of a.baorptions,fissions, elaatic-
scattering energy deposition, and fission
cross-section-weightedtotal path lengths.
The Path-length tabulations can be com-
pared directly with the measured fis-
sioning fluencea.

Figure 8 shows the original.reactor model and

the Phoebus 2A shield configuration that was added.

This reactor model included those internal details

that were significant from the standpoint of cri-

ticality calculations, but lacked extra-core features

of significance in determining external neutron flu-

ences, e.g., detail was lacking in the inlet-end

support, plenum, and pressure-vesael dome regions,

as well as in the drum-drive, side-support, end pres-

sure-vessel flange areas. Also, nozzle, nozzle-sup-

port, and nozzle-closure regiona were not included.

The reflector and control drums had been mocked

up In considerable detail (Fig. 9),because they were

among the principal areas of interest in the criti-

cality calculations. The three-dimensional character

of the control drums also was expected to be signif-

icant in determining the external thermal-neutron

distributions.

Results of calculations with this code end mod-

el are compared in Fig. 10 with the measured ‘235U

axial distribution at the shield inner surface. Here,

as in all such comparisons, the measured curve was

integrated over spatial intervals identical to those

in the Monte Carlo calculations, to give the solid

histogram. The calculated histogram was then fitted

(or normalized), in alea.at-squares sense, to the

measured histogram, giving the dotted lines in the

figure. Superficially, the comparison in Fig. 10 is

good. However, there are important discrepancies.

The calculated ahape is too flat, which implies a

poor calculation of the thermalization and attenua-

tion of slow neutrons off the ends of the core, e.g.,

in the support-plate and nozzle regions. Further,

calculated ratios to the core center did not agree

at all well with the measured values, and the redid.

comparisons opposite the core center (not shown) were

in only fair agreement with eqeriment, indicating an

inadequate thermalization treatment in the shield.

Even greater discrepancies were present in the
238

U axial data, as seen in Fig. Il.. Although the

238
U experimental errors are larger than those for

235
U, the fast-neutron calculations were expected

to be relatively gocd. Because, clearly, the ce.l-

culations fail badly to reproduce the distinctive
238

ahape of the U curve, a sensitivity of the ex-

ternal fast-neutron fields to the aforementioned

reactor model details waa indicated, e.g., the

height of the peak at . 132 in. is undoubtedly sen-

sitive to the nozzle structures.

Further analyais of these calculated results

indicated that considerably more detail and geomet-

rical.realiam were required in many areaa of the

reactor model, and that the thermalization routine

in the Monte Carlo code needed substantial.improve-

ment. IQso, new cross-section evaluations with in-

creased resolution at lower energies were available

for incorporation into the Monte Carlo library.

New Cede end Reactor Mcdel

For the above reasons it was decided to over-

haul completely both the code and the reactor mcxiel,

and to determine how closely the experimental data

could be reproduced if the known deficiencies were

corrected. Three ground rules were assumed: (1)

The Monte Carlo thermelization routine and the Monte

Cexlo cross-section library were to be updated, with

the general goal of dealing more adequately with

neutron thermelization in complex moderating geom-

etries. (2) A detailed new physical model of the

Phoebus 2A reactor waa to be prepared with the goal

of calculating external neutron fields rather than

critic~ity. (3) No quantitative inputs from the

measurements were to be used to determine the design

of either the new code or, more importantly, the

new reactor mcdels; i.e., the data were to be ignored

except for the above-mentioned qualitative indica-

tions aa to why bad agreement had been achieved with

the earlier calculations. In other words, the result

was to be an assessment of the adequacy of en up-

dated but unbiased calculation, i.e., a test of cur-

rent ability to calculate the Phoebus 2A reactor-

shield system as if the reactor were yet to be run,

given only the knowledge that considerable improve-

ment over the earlier calculations was needed.

An updated cross-section library tape was pre-

pared which included several new and more detailed

evaluations from LASL and from Aldermaston (U.K.).

The increased energy resolution of these data raised

xl
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the library storage requirements for the Phoebus 2A

calculations from - 6000 to . 26,0cx)words. Since

the existing Monte Carlo code was written in the

FIQCO languege6 for the 32,000-word IBM-7094, the

increased stirage requirement, plus other needed

code changes, prompted the complete rewriting of

the cede in FORTRAN for the CDC-6600 computer

(- 130,CO0 words of fast storage).

The new code contains several improvements in

calculationel efficiency and includes new Input for-

mats that facilitate setting up complex problems.

More important, a new “free-gas” thermal.izationrou-

tine had been developed,7’8 md a modification of

this routine was added. In the modified routine,

collisions below a presepcified energy, Et, are elas-

tic collisions with moving target nuclei, assumed to

be moving with a Maxwellian distr~bution of veloc-

ities at an input temperature, T. Texget nuclei have

mass M, end the scattering cross section is o .t
Both

M and Ut are input parameters and may be specified

as a function of energy over the thermal range.

A new reactor model was also prepared from de-

tailed drawings of the Phoebus 2A system and from

careful tabulations of the materials and weights in

each region. The new model is shown in Figs. 12

throughll. (The reflector, control-drum, and shield

mcdels were the same es in Figs. 8 end9.] Dimen-

sions, in cm, are indicated in the figures for each

material region; the circled numbers correspond to

the material.specifications given in Table II.

Several previously mentioned features have been

added: inlet-end details such as flow diverters end

structural components, pressure-vessel details such

as flanges, pressure-vessel dome details, drum

actuating mechanisms, nozzle, nozzle inlet torus,

nozzle pressure-vessel closure, and nozzle support.

Most of these components are metallic structures

that may be expected to affect the external neutron

fields.

Final Calculations

Three types of problems were run with the new

code end new mcdel: (1) a complete calculation with

the control drums at 90” (as in Fig. 9); (2) a re-

peat of the first problem with the drums at 120”,

to determine whether external fluxes were sensitive

to drum position; and (3)continuations of each of

these two problems with a cutoff energy of 0.1 MeV,

to decrease the statistical errors of the
238Ure-

sults. Total size of each of these problems was

- 65,000words. Running times were -.8 h each

(- 25,W3 histories) for problems (1) and (2), and

en additional . 5 h (each) (- 125,0C0histories) for

problems (3).

An isotropic fission-neutron source was used,

with axial end radial distributions as shown in

l?i&30 15 and16. Tallies included fissioning flu-

ences (weighted path-length tabulations), absorp-

tion, and fissions, for each cell, and currents

and fluxes for selected surfaces. Deposition cells,

cell volumes, end calculated results other than the

fissioning fluences are given in Appendix D.

No statistically significant differences were

observed in the shield results for the two different

COntrOl-tim positions. However, differences were

evident in some reactor internal absorption rates

and in the fission peeking at the core edge (see

Appendix D). For the following comparisons, there-

fore, the shield data from all runs were combined.

Figure 17 compares the measured and calculated
235

U axial fi.ssioning-fluencedistributions at the

shield inner surface. Agreement here is excellent.

Both the relative errors for the Monte Carlo results

and

are

for

18.

the estimated uncertainty of the measured data

- 5$. The agreement is within this uncertainty

sXL intervals in Fig. 17.

A similar comparison for 238U is given in Fig.

The estimated error bars (one standard devia-

tion) are also included for each interval. Agree-

ment here, although far from perfect, is still good,

end much better than that for the initial calculations.
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The comparison is within the estimated uncertainty

for most intervals, and is poor only for the ex-

treme ends of the shield. Because the calculations

included no air or other backscattering media above

the shield, this result is to be expected at the

shield upper end. The disagreement at the lower end

of the shield, however, is not understood.

A more quantitative measure of the improvement

in the final.calculated axial.distributions, as com-

pared to the earlier values, ia seen in Table 111.

A fundamental, and quite general.Improvement is

evident in the final comparisons.

Calculated and measured radial fluence distri-

butions opposite the core center, for
235U ad 238U

are compared in Figa. 19 and20. (C’alculateddata ‘

beyond --15 in. into the shield were not statisti-

cally meaningful.) Again, agreement is excellent,

being within one standexd deviation except for the
235

U in the second and third aluminum layers. (For

235u in these neu%ronically thin layers, the ata-
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TABLE III

RATIOS, l.K)N!lECARIO-!N3-MEASURED,FOR AXIAL FISSIONllJG
FLUENCE DISTRIBUTIONS ALONG THE SHIELD INNER SURFACE.
(DAWI IN!DZGRATEDOVER THE INDICATED LIZINTERVALS).

235U

Z=Distance from (Overall Uncertainty
Bottom of Shield

.. 5 to lq )

z, AZ> Initial Final.
& in. Calculations Calculations

o to 20

20 to 30

30 to 45

45 to 55

55 to 65

65 to 75

-75 to 90

90 to 105

105 to IJ.8

IJ8 tO 130

130 to 140

140 to 150

150 to 160

160 to 174

20

10

15

10

10

10

15

15

13

E

10

10

10

14

1.34

1.1.1

0.92

0.99

0.92

0.96

1.00

0.87

0.79

0.9

1.29

1.28

1.2’j

1.23

1.13

1.09

1.I.I.

1.03

0.%

0.96

0.94

1.01

0.93

1.CO

1.01

1.06

1.09

0.99

238U

(Overall Uncertainty
~ 10 to 2@)

Initial
Calculations

(1.40)

0.70

0.57

0.92

0.53

0.58

0.58

0.44

0.55

0.83

0.9

1.32

0.98

FlnaJ
Cslculations

(1.96)

1.06

1.15

1.20

1.04

0.97

0.94

1.06

0.90

0.91

0.91

1.03

0.95
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tistical accuracy of the calculated relative error

estimates is probably poor. Thus, the indicated

error bars may be too small. This is much less

likely in the barated-water regions and for all
238

U calculations.)

Table IV gives the final absolute comparisons

between the measured and calculated core center-to-

shield surface ratioa. The 235U comparison is good,

whereaa that for the 238U .&only fair. However,

as mentioned earlier, the U core-center data are

suspect. A final summary of comparisons between

calculated and measured results is given in Table V.
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TABLEv

FINAL SUMMARY OF COMPARISONS BWIWEEN CALCULATION AND EXPERIMENT

Error in Final.Calculations, $
Quantity (Comparisonwith Experiment)

235
U, relative fissioning fluence distribution,

axially at shield inner surface < 10

238
U, relative fissioning fluence distribution, e 10 to 20 (except at extreme

axieJ.lyat shield inner surface ends of shield)

235
U, relative fluence, radial distribution e 10 (except in thin Al regions)

opposite core center

238
U, relative fluence, radial distribution

opposite core center

235
U, core center-to-shield surfaze ratio

238
U, core center-to-shield surface ratio

235
U, implied absolute agreement in shield

238
U, implied absolute agreement in shield

?l!hemeasured core center data here are in doubt.

<5

< 10

< 7oa

10 to 30

20 to 100a

3. C. W. Watson, “FissioningNeutron Fluence Dis- 6. R. R. Johnston, “A General Monte Carlo Neutronics
tributions in the Phoebus I.BFacility Shield,” Cede,” LASLReport LAMS-2856. (1963).
LASL Report LA-4166 (1969).

7. W. W. Clendeni.n,“The Monatomic Gas Model for
4. W. U. Geer, P. G. Koontz, J. D. Orndoff, H. C. Thermsl Neutron Distributions in a Physical

Paxton, “Safety Analysis for the LOS Alamos Moderator,” Nucl. Energy, Part A; Reactor
Critical-Assembly Facility,” LASL Report Science, ~ 25 (1960)
LA-4273. (1969). 8. E. D. Cashwell.,LASL, private communication.

5. E. D. Cashwel.1,Unpublished.
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APPENDIX A

EVAILIATIONOF 238U Wz~N ~R ~
PHOEEUS 2A

238U ~iz
235w ciepletionof theSatisfactory

used in the Pho&m 2A shield measurements was of

consifierableconcern. Several afrect mass-spectro-

graphic analyses of the wire were inconclusive,

possibly because of contamination from unknman

sources fiuringpreparation of the samples. Although

most (but not all) of these analwes indicated afie-

quate FieplatiOn,the fiepletionswere genera12y less

than the expectefi2 ppm
235U. ~her aeteminat,ons

were, therefore, consifierednecessam.

Another check was mde by irradiating 235U ~d

238
UWires radially across the outlet end of the

PARKA critical-assembly, where the neutron spectrum

varied from relatively hard at the core center

(235U:238U ratio, < 100) to quite soft across the

berylliunimfkctor (235U~38U ratio, >1000). The

fissioning-fluencedistributions in the two wires,

were expected, therefore, to be distinctiveti dif-

ferent. The results, plotted in Fig. A-1, shw that

the distributions were qualitative as eXpeCtefi.

Them was no indication that the 238U fiistribution

235U fissions, and thewas contaminated by
238U aata

exhibited a rather classical cosine-like shape, to

be e~ctecl for the fast-flux fiistribution.

lh still anokher check, in the Pewee 1 Zepo

assembly (a zero-power mockup of the first of the

LASL Pewee series of Rwer reactors), 238U wires with

lower, but known, depletions (.2~ to 4000:1) were

irradiated in various locations slmultaneouslywlth

Phoebus 2A 238u wires. Counting rates were then

cuapazt?dto dispw dtiferences aue to fiifferences

in 235U content. In principle, the
235U content of

the Phoebua 2Awires coulclbe cletemined from these

data antifrom the known depletions of the other

wires; hwever, at the 2-ppm level, small uncertain-

ties in the tiataanfiin the depletions of the “knwn”
238

Uwires lea to large errors in the estimation of

the unlcmrn depletion. Again, aistfnctfve fiffferences

were observed which indicateilthat the depletion of

the Phoebus 2Awirewas consifierablylarger than that

of the other samples.

1,2

1,1

1,0

Cl-)0,9
t-
Z 0,8
3
30,7

w 0,6

>
~ 0!5

d
J 0.4
w
@ 0.3

0.2

0!1

1 1 1 1 I 1 I 1 1 1 [ 1 1 I 1 1 1 I I I I 1 I 1 1 1 1 I 1 1 1 1 1 I 1 I 1

2 hr after scram 0

1

0

X= U-238,6 hr after scram

Oi
-30RefleCtOr 44 -10-8-6-4-2 0 2 4 6 810 14 16ReflectOr30

RADIAL DISTANCE FROM CORE AX IS, in,
23SU and 238U traverses across outlet end of PARK4.Fig. A-1.
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Also, a series of
235U ad 23% axial fission-

Ing-fluence distributionawas measured in the

Phoebus-lB shield during the NRX-A6 tests at the

Nevada Test Site (Ncv., 196’7). The NRX-A6 (an

Aerojet+est inghouse NERVA test reactor) was neu-

tronically similar to the phoebus lB reactor end

used the ssm shield. Thus, considerable neutronics

data directly applicable to these tests, including

data for the shield,were available at IASL. It was

kncwn, for example, that the 235U ~d 238U distribu-

tions in the shield should be similar but distin-

guishable. Directly applicable Monte Carlo results

235U com-were also available. The w -A6 data for

pared well with both the calculated and the measured

Phoebua Illresults. The
238U t-werses for ~ A6

9

using the Phoebus 2A wire, were in fair sgreement

with the Phoebus lB calculations, and were character-

isticalJy different from the NRX-A6 235U

transverses.

FlnalJy, TASL Group J-n carefuIJY anelysed

for 235U in a Phoebus 2A 238U wire by fission-frag-

ment countins. In this technique, an accurately

weighed sample is deposited as a very thin foil and

irradiated in a kncwn, very thermel, neutron-flux

field (the reflector of the IASL Water-l@iler reac-

tor). During irradiation,the escaping fission

fregm?nts are counted, end, since they can (almost)

all be attributed to 235U, the absolute
235U content

can be determined. This endysis estimated the 235U

content in the wi= to be S 2 ppm, which is the

approximate lower limit of usefulness for the

technique.

APPENDIX B

FISSIONING FLUENCE DISTRIIIJPIONSAIONG PHOEIKIS2A
CART-SHIELD AXIS

Fisslonlng-fluencetraverses along the axis of

the Phoebus 2A reactor cart shield are shcxrnin

Fig. B-1. They are very similar to those measured

radially in the facility shield, at least at dis-

tances greater than .6 in. into the shield. TIIiS

is to be expected, because neutzvn transport in both

shields is determined primarily by the berated water,

and the asymptotic relaxation length in all cases is

the relaxation length characteristic of Phoebus 2A

fast leakage neutrons in the water.

w
c)
Z1
w
3
-1
h-

0
z

z 0.1
0
Gi
UI

c
w 0,01
>
G
a

d
K

0.001

0.0001~

\

Facility-Shield rodial, U-235

!.

Cart-Shield oxiol, U-238
.

Normalization point

\\

;hcar’-shie’do::~’s :

\

L---JhJ
) 2 4 6 810121416182022242628

DISTANCE INTO SHIELD, in,

235U =d
238U fissioning fl.uencedistribu-Fig. B-1.

tions along axis of Phoebua 2A cart shield.

APPENDIX c

AWMINUM ABSORPTION DISTRIKFPIONS
IN PHOEHJS 2A SHIELD

Distributions of
65Zn activity Inamnm

SSJQMShken - 500 days after the Phoebus 2A tests

axe shm.rnin Fig. C-1 for the top surface of the

cart shield, in Fig. C-2 for a traverse across the

top of the facility shield, and in Fig. C-3 for en

axial traverse at the inner surface of the facility

shield. The distribution in Fig. c-2 is compared

with the previously-described
235U ~=verse, ~d a

calculAed absorption-rate distribution, from

Appendix D, is compared with the measured distribu-

tion of Fig. C-3. The differences h Figs. c-2 and

C-3 probably n?suit from the fact that the m?aaured

absorption curves give neutron absorptions from the

total Phoebus 2A test series, most of which included

hydrogen in the reactor (particularlyat the inlet

23% curve in Fig. C-2end). On the other hand, the

and the calculated distribution in Fig. C-3 correspond

to runs in which the reactor did not contain hydrogen.
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Fig. C-1. Measured distribution of residti 7-
activity across top of cart shield.
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Fig. C-2. Measured distribution of residti y-
activity across top of facility shield,
comparison with measured 235u fissioning
fluence distribution.
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APPENDIX D

CALCULATED A.ESORFTIONAND FISSION RATES

Figures D-1, D-2, D-3, and D-4 (in conjunctionwith Figs. 9) U) 13, and

14 in the body of the report) identify tally cells for the final calculations.

The cell numbers correspond to those in Tables D-I, D-II, and D-III, where

cell volumes, calculated fission rates, end calculated total neutron-absorption

rates are given for two different control-drumpositions. A1.ltalJy cells

are cylindrically symmetric except some control-drum cells and those cells

through which the control drums and actuators pass, e.g., CeI.1.a104 to U-2 and

Ceus 7’8to 80. All ~8 control drums are lumped together for the tallies.

For exa@le, Cell.161 represents 18 identical physical regions (beryllium

drums), and the abscn@im rate given in Table D-I for Cell 161 is the total

for an 18 regions. The same is true for the other control-drum regions

shcwn in F@. D-4. In Fig. D-4, twelve different control-vane cells are

shcnm, each corresponding t~ 30° of the total vane rotation; the calculated

control~rum position was fixed, in 30” increments, by loading these regions

with bcmm or unloading them, e.g., boron in Cells 1.64, 165, 166, and I_67

corresponds to a control-drumposition of 90°.

The values in Tables D-I through D-III correspond to N 5000 ~ total

fission power using the nox?mlization factor

p = 4.034X 1020
*

neutrons produced/5000 l.Wfission pcwer.

*
Note again, that these calculations correspond to ~~s -1 and -2 (wire
irradiations),an& include no hydrogen in the reactor.
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= D-I

MUXA!12D NINIR~ ABORFTION RATES
(EXCLUDINGFISSICN)FOR 5C03-hU FNOEIZJS2A

cd-l
NO.—

1
2

3
4
5
6

J

9

10
11
12

13
14
15

16
17
la

19
20
21

22
23
24

25
26
27

28
29
30

31
32
33

34
35
36

37
38
39
40
41
k2

43
44
k5

46
47
48

149

g

52
53
54

55
56
57
58
59
60

61
62
63

2;
66

Cell Voluue,
~3

1.619 + b a
,,
,,

1.133 + 5
1.619 + 4

,,

1.956 + 4
2J02 + 4

“

,,

1.681 + 5
2.402 + 4

“

2.901 + 4
2.W + 4

,,
n

2.0J14 + 5

2.920 + 4“

3.528 + 4

4.391 + 4,,
,,

3.073 + 5
1$.391 + 4

“

5 .;$5+ 4

,,

,,

5 .;g5+ h

7935
96h6
T6CXJ

,,
N

5.320 + 4

76$2

9181

-@

“

5 .%32 4

“

9189
75?

,,

5.32a + k
?599

,,

9180
7425

,,
,!

5.193 + 4

T4~5

8970

6.5w + 4
l.yp + 4
T.q6 + 4

Contrd.Drum at93”
lo-u ~ Rel.

Absorption/ Error,
see

4.82
8.30

10.8

IQ
I-lo

9.01

7.3-I
7.56

11.5

15.6
138

15.4

11.5
10.3
7.96

13.4
18.8

179

17.4
14.6
11.4

12.1
18.3
22.9

25t
19.0
14.8
2.05
3.29
3.G7

36.2
3.66

3.02
2.4T
1.74

2.61
3.Ib2

33.5

2:%
2.53

1.4k
2.31
3.06

31.5
3.02
2.59

1.61
1.36
2.13

3.b5
28.0

3.&5

2.53
1.89
1.15

1.81
2.39

22.9

2.72
2.22
1.42

0.58
3 .n
5.70

a 1.619 + 4 .1.619 x 104

6

z

3
6
5

5

:

5
3
5
k

;

2
3
6
6
4

5
5
5

i?
5
4

1

7
3
6

7
8
9

8
7
4

7

:

:
7

;
8

8

:

7

2

10
IJ.
12

10
9
3
8

11
9

lb
4
4

ControlDrum at 120°

10-17x Rel.
Abso@.ions/ Error,

sec

?:6
10.5
99.11
IJ..3
8.v.
6.89
7.32
I.1.7
14.9
135

15.5

12.1
10.3
8.51

14.1
16.1
162

19.4
lk.4
12.1

11.3
19.2
23.6

2%
22.1

16.1
1.80
3.34

4.08
30.5

4.30

3.38
2.91
1.56

2.33
3.39

31$.7

3.99
3.13
2.92

1.48
2.82

3.38

31.8
3.38
2.73

2.18
1.63
2.17

3.51
29.3

3.85

2.92
1.94
1.32

2.05
2.55

25.9

2.75
2.40
1.81

0.52
4.68
6.94

5

z

3
6
6

5
4
5

5
2
>
4
4
4

4
5
3

5

;

5

;

2
5

4
10
8

;

7

:
9

‘7
6
4

10
8
8

10
8
8

4
7
T
8

10
8

8
3
9

9
8

13.

7
3

7
10
10
7
b
4

Cell
&

67

$

70
V.
72

73
74
75
76
77
78

?9
80
81

82
83
84

85
86
87

E
90

91
%2
93

94

2

97
98
93

100
101
3.02

103
104
105

106
lq
108

109
I.lo
Ill.

IJ2
Q3
11.4

115
116
117

D8
119

121

123

324

Z2

m
228
329

130
131
132

Cell volum,

3cm

2.894 + 4
3.048 + 4
2.303 + 4

2.121 + 3
1.824 + 5
3.399+5

1.607 + 5
5.717 + 4
1.6~ + 5

2.176 + 4
4.705 + 4
1.752 + 5

b.062 + 5
7.277 + 5
1.735 + 5

5.288 + 4
6.lq + 4
2.531 + 4

3.076 + 4
2.042 + 4

,,

m

6.126 + 4
2.042 + 4

6.I!26 + 4
2.042 + 4

,,

4.002 + 4
1.188 + 4,,

,,

3.565 + 4
1..@3 + 4

3.565 + 4
1.I.88 + 4

,,

1 .k35 + 4
6.363 + 4

.

m

1.939 + 5
6.363 + 4

1.$09 + 5
6.363 + 4

“

7.687 + 4
3 .w&+ 4

%;

,,

2.707 + 4
9$25

2.707 + k

902~

1.093 + b

2.035 + 4
51.08

1.386 + 4
-.

1.S79 + 4
2.801 + 4

5.94+4
14.89+k

9.C69 + 4

Control Drum at $0” Control Dm!n at 120”

10-17 x Rel. 10-17 x Rel.

“?
AbsorPticmf

sec

0.061
4.63
0.706

10.3
3.79
6.59

4.03
-.

0.054
--

2.02
-..

--
--
--

19.5
13.7

1.48

17.5
1.89
3.53
4.59

17.8
6.40

18.3
4.93
3.86

3.09
--
.-

--
--
--

--
--
-.

oZ18
1.06

1.44
5.66
2 .Ok

5.53
1.44
1.14

0.851
4.39
0.662

0.17
0.29
0.24

1.2
0.53
1.1

0.32
0.22
0.31

4.88
0.24
o.~

.-
0.15
0 .!Z-f

0.56
0.47
1.07

Error,

6

2

5
4
4

4

1:

i

4
4
9

4
5
5

5
3
5

4

2

5

;
6

:
5

;
6

6

2

16
18
13

1?
8

:2
32

6
19
6

12
9

7
8
6

AbsOrPtIons/
sec

0.088
5.46
0.678

11..6
3.88
6.63

k .17

0:;7
--

2.28
--

--
--
--

20.8
14.7
1.57

18.5
2,37
4.11

5.31
22 .k

8.10

-Z2.4
5.72
4.60

k .18
--
--

--
--
.-

--
--
--

o&3
1.16

1.67
6.04
2.41

6,33
1.61
1.36

0.$?34
k .52
0.662

0.24
0.20
0.24

0.912
0.34
1.11

0.311
0.28
0.22

5.33
0.35
1.13

--
0.17
0.26

0.61
o.k3
1.19

18
5
5
6
4
4

5

1;

i

4
4

Il.

2
5
4
b
4

3
k
5

5

:
5

:
k

3

;

5
6

l-l

g
15

8
12
9

14
14
22

6
19
‘1
.

16
9

6
:
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_ D-I (cmtlnued)

cell
-t&

133
134
135

136
137
138

139
140
141

142
143
144

145
146
147

148
149
150

151
152
153

154
155
156

157
w
159

160
161
162

163
164
165

166
I.@
1.68

1.69
170
l’rl

172
173
174

l’r5
176
177

1?8
l&9

181
182
183

184
1.85
2.86

187
188
U39

19
191
192

193
194
195

1%
lW
198

Cell Volume,

3cm

:.ll&; ;
.

1.638+ 4
,,

1.638+ 4
4.914+ 4

1.638+ 4
II.914+ 4
1.638+ 4

,,

3.210+ 4
2.331 + i

7.517 + k
4.091 + 4
b.605 + 4

2.437 + 4
k532
3267

8365
1.260 + 4
1.272 + k

2.099 + 4
1.851 + 4
3.431 + 4

3643
5h72
6933

8267
5.235 + 5
6.572 + 4

28b9
2849
2849

2&+9
2849
2849

28&9
2849
2849

2849
2W9
2849

4.302 + 4
6.295 + 5

.-

8.299 + k
4.150 + 4
6.q4 + 4

4.3@3 + &
4.150 + &
11.150 + 4

6.224 + 4
6.224 + 4
3.496 + 4

6.878 + 4
4.150 + k
4.150 + 4

4.150 + 4
5.816 + 4
1.11o + 5

5.548 + 4
8.321 + 4
5.749 + 4

5.548 + 4
s.548 + 4
8.322 + 4

ControlDrum at 50”

1O-’Tx Rel.
Abmqtiom.f

sec

1.27
1.93
0.37

0 .6I.
0.690
2.39

1.02
2.40
0.706

0 .51k5
0.5%
0.347

0 .$XW
3.81
3.67

0 .-@
o .2)2
0.135

0.19
0 .2Q
0.20

0.29
0.19
0 .2k

0.049
O.ql
0.128

0.276
12.7
1.48

0.799
134

99.6

62.1
lb3.1
0.266

0 .30b
0.734
1.02

1.27
1.18
0.855

1.67
1.91

TI .8

0.565
0.333
0.621

0.532
0.762
1.21

1.80
1.57
0.645

0.658
0.331
0.214

0.I.84
0.231

~ .0

16.1
26.1
a .5

2k.9
32.4
50.3

52
7
7

13

18
:

9
6

10

l-l
l-l
12

6
6
5

7
10
17

17

z

13
20
15

27
l-r
19

13
2
T

8
2
3

3
4

15

13
10
8

T
7
-1

7
5
3

7

:

;
8

6
8
10

8
3-I
IL

z
3
4
3
4

k

:

Control DrUM at 1.20”
~-lT ~ Rel.

AbaOrPtlonaj
6ec

1.23
1.74
0.32

o.5k
0.625
2.33

0.%4
2.18
0.524

0.456
o.~
0.38

1.17
4.o6
4.41

0 .8q
0.22
0.I.8

0.14
0.19
0.2i

o.=

0.15
0.21

0.06
0.10
0.16

0.35
14.5
1.75

1.12
0.976
139

73.0
3?.5
39.6

0.444
0.718
1.16

1.49
1.43
1.2;

1.98
2.14

81.2

0.569
0.322
0.581

0.569
0.766
1.OJ

1.65
l.si
0.484

0.682
0.31
0.232

0.19
0.209

26.9

16.3
27.5
2Q.3

24.8
29.1
49.6

Error,

6
6

Il.

10
U
7

n
6

s!.

10
12
14

8
6
5

9
12
36

14
18
16

13
U5
14

a
Ik3
IB

2?
2
6

6
8
2

3
4
4

14
10
8

7
7
8

5
5
2

6
8
6

8
8
6

5
5
9

$

9
11

3
4
3
4

4
4
3

Cell
&

199

201

202

%

205
206
207

208
209
21.O

231
212
2.13

!21Jl
215
21.6

21.r
218
21.9

220
221
222

223
224
225

226
227
228

229
230
231

232
233
234

235
236
237

238
239
240

Zkl
242
2k3

2k4
245
246

247
248
249

250
251
252

253
254
255

256
257
258

259
260
261

262

Cell Vol.uue,

3cm

8.322 + II
4.674 + 4
9.195 + 4
5.548 + 4
5.548 + 4
5.548 + 4
7.776 + 4
3.143 + 4
l.ml + 4
2.3m + 4
1.628 + 4
1.571 + 4
l.m + 4
2.357 + 4
2.37r + 4

1.324 + 4
2.604 + 4
1.571 + 4

1.5Tl + 4
l.yrl + 4
2.202 + t

?.%0 + 5
3.930 + 5
5.753 + 5

4.073 + 5
3.930 +5
3.930 + 5

5.895 +5
5.895 +5
3.311 + 5

6.514 + 5
3.930 + 5
3.930 + 5

3.930 + 5
5.503 + 5
3.323 + 5

4.805 + 4
~.~ : ;

.

2.OiT + 6
3.195 +5
4.792 + 5

2.68b + 6
3.399 + 5
1.307 + 5

4.393 + 5
--
--

.-
3.468 + 5
1.3Q + 5

4.505 + 5
2.c8+6

i8. T5+5

2.W3 + 6
1.018 + 6
3.916 + 5

1.316 + 6
3.479 + 6
1.338 + 6

k.4s7T + 6
4.I.87 + 5
1.610 + 5

5.412 +5

Contl=.1 Drum et 90” Cnntrol Drum at U20”

lo-l? ~ Rel.
10-17 ~

Rel.
Ab80rptlon6/

sec

46.8
16.5
25.4

31..2
9.44
8.89

9.a
o.09f3
0.059

0.095
0.268
0 .C83

0.053
0.075
0.075

0.036
0.096
0.039

0.033
0.031
0.038

~ .8
12.8
23,1

12.4
U .0
10.3

lb .1
13.6
7.65

17.0
9.65
8.88

8.26
9.28
0.006

--
--
--

0.89
O.q
0.17

0.87
--
--

.-

. .
--

.-
--
.-

--

0.24
0.025

0.060
.-
.-

--
0.015
-.
--
.-
.-
. .

Error,

3
4
4

5
5
5

5
u
11

9
16
23.

17
15
3.8

20
13
17

15
14
15

3

;

4

2

z
5

4
4
5

5

3?

l-l
37
32

M

23
33

23

5;

Ab80rptinnaj
Sec

40.7
16.1
25.2

12.4
10.6

9.01

9.14
0.286
0.072

0.102
0.058
0.060

0.061
0.101
0.080

0.051
0 .q8
0.039

0.035
0.035
0.031

22.0
u .8
21.2

12.7
11.5

9.27

14.5
13.3
8.28

18.7
10.5

9.83

8.38
8.16
0.065

. .

.-

.-

0.694
0.04
0.19

o.~
--
--

--
. .
.-

. .
--
-.

-.
0.10

--

0 .q4
.-
.-
.-
.-
--
--
-.
--
.-

ErrOrj

~

5
5
5

5

1;
32

%

20
24
13

22
13
v

:i
12

3
4
3

4
4
5

5
5
6

:
5

5

3:

r!.
lb5
30

12

.

23
.

24

-

.

32



TAIIE D-II

MMUMIED R2CICN lWl!4U3,FR02EJ’s2A AW3RPI!IONFWE22

Cdl No.

143
6L67
69-8Y.

82-85
86-94
93-WI
loll-m
U3-U4
I-15-123

324-E-7
128-134
135-143
144-146

cell
NO.

1
2

3
4
5
6

T
8
9

10
U
32

13
14
15

16
17
18

2
23.

22
23
24

25
26
27

28
29
30

31

E
34
35
36

3
39

@al Absorptiona/e.ec-XCOw
control Drum at w Cotltxvl Dnlm at 120-

1.193 + 20
1.01 + M

1.194 + 20
1.2’2 + JE

2.75 + B 2.93 + 38

5.22 + M
6.44 + 18

5.56 + S
~.~ + a

o 0

l.$g + m 2.22 + a
5.05 + q 5.ti + 17
k.38 + 17 3.88 + 17

6.02 + 17
5.72 + 17
9.33 + 17
5.cf3+ 17

ControlDrum at 90-

lo-1~x
Fk3km6jeec

6.26
9.53
3.3.0

128
13.2
10A

::$
13.9

20.0
171
IE.5

14.9
13.5
10.7

19.8
23.6

240

24.0
18.9
15.2

17.4
28.0
33.8

32a
33.5
q .0

21..6
3.15
4.66

5.29
52.7
6.41

4.84
3.74
2.66

W
53.5

Relative

~-

7
6
7

4
7
6

6
6
5
6
4
7
6
5
6

;
3

7
6
5

2
r

:
6

6

:

9
4
10

U
2.3.
15

12
9
4

6.81 + v
5.63 + 17
8.48 + 17
5.61 + 17

CVXLNO.

68, 147-149
150-155
156-362

161-175
1’76-177
lfi-1%1

192-205
206~9
220-233

23h-237
238-2k1
2k2-26J
1-260

lbtal Abso* 10ns/6ec-5003W
centml m-m at controlImm at 120~

6.06
10.2
13.0

m
14.1
10.5

%?
13.7

17.5
175
19.4

lb.5
12.3
10.9

17.3
19.0
m

26.8
19.7
15.1

16.5
26.3
33.5

333
37.6
32.1

26.0
2.67
4.93

6.24
59.6
7.31

b.~
4.W
2.58

3.47
5.53
53.8

Rel%tive
Frror, $

7
7
8

4
7
7
6

:

6

;

5

z

5
6
3
8
6
5
6

;

?
6

6
x!
9

10
5
10

10

:?

10
9
4

cell
~

40
U
\2

43
44
b5

z
48

49
50
51

52
53
54

55
56
7?

58
59
60

2;
63

1-7
8-14
154

22-28
29-35
36-k2

43-49
50->6
57-63

1-63

9.23 + 17 1.10 + Ii3
1.21 + 17 1.14 + 17
7.64 + ).6 8.83 + M

3.61 + 19
7.- + S
9.64 + 17

3.25 + 19
8.79 + 16

3.y3 + 19
8.9o + 1.6

1.80 + 19 1.81 + 19

.-0 .-0
2.03 ; lJ 1.49 + 17
3.4 1.8 + 16
2.372+ 20 2.351+ 20

Control Drwm at ~“

~o-17~ Relative
Fissions/see

5.@
4.54
4.36

2.M
4.36
4.93

48.4
4.94
4.53

2.13
2.75
3.15

6.13
44.9
5.65

3.79
2.76
1.38

1.87
2.53
29.2

3.45
2.70
l.n

1139.6
260.7
352.2

489.3

%;

71.7
:::;

1.635

Control Drum9 at 120”

lo-1~x Relative

FUSw?X?k ~!z!?z

5.@ 10
4.69 U
5.29 12

2.96 14
4.91 .ll
5.34 11

54.5 4
6.33 10
b.45 10

3.28 32
2.99 15
3.54 12

5.13 10
54.3 b
6.26 n

5.34 11
3.28 U.
1.84 19

2.70 15
3.28 l-l

32.3 5
4.21
2.64 g
1.74 14

1.83.0
261.1
P4.8

505.0

%:

81.8
80.8
48.7

X56

KT/db : 2?8 (S0)
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