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A new method of calculaeting neutron. distributions in a cylinder which has
appreciable absorption is described, Measurements and calculatlons on the
small-source theory treatment of resonance absorption in U-238 are given.
.Experimental measurements are reported of the bucklings eof lattices utilizing
hollow uranium slugs., The effects of varying amounts of cooling weter in a

HW-31351
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grephite-uranium lattice have been measured. A detailed mathematical fitting

of experimental reactivity data has been started; somé initial results are
given here. Curves showing the periods. of the lattice testing reactor under
variocus conditions have been calculated in connection with a study of the
nuclear safety of thls reactor. A method for calculating the critical mass
and an estimate (4. 11 kg of-U-235) thereof is presented

A technique for measuring the conversion efficiency for U-233 production of
Henford-type lattices is being developed. In connection with the study of
the temperature coefficient of reactivity, an analysis hes been made of the
errors in reac'bivity change estimatbes producea ‘by errors in cross-section
nmeasurements. o _ .

The depende»nce of Pu-240 content in product plutonium on the :E’lux level at
which irrasdiation takes place, which is produced by the 23-dsy half life of
Np-239 is worked out in some detail. An experiment £or assisting the design
of an internel source for Hanford plles is outlined. A possible. pile load

capeable .of simultaneous U-233 and tritium production is described.” A com-

parison of the conversion efficlencies of thorium metel and thorium oxide is
given, Based on some recemt production data, a new estimate of O, §5 for the
tritium conversion efflciency is obtained. 'I‘his figure includes separa:bions

losses, "~ . & - w. [
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LATTICE PHYSICS - ~- = - . -

Calculation of Thermal Neutron Behavior in & Solid Cylindrical Fuel Rod -
G. W. Stuart and R. W. Woodruff

I. Introduction

The purposé of the following work is to outline a method Por celculating

various quentities which describe the behavior of thermal neutrons with-
in a solid cylindrical fuel rod. The basis for the method is a Monte
Carlo caléulation by D. D. McCracken and G. M, Muller which indicates

that the anguler distribution of thermal neutrons incident on an ebsorber
contained in a reasoneble amount of moderator is hemispherically symmetric.
This information coupled with a knowledge of the scattering and absorption
cross sections of the fuel_rod makes possible the calculation of the dis-
tribution of thermal neutrons within. the rod, the blackness of the rod to
thermal nettroas, and the average angle of escapé of these neutrons, To

this end, it is first necessary to find the collision density per unit
time of each neutron generation and the probability that a neutron of a

glven generation will suffer at least one more collision before escape.*

The g=nerations are distinguished by the number of collisions suffered

¥ This is the tech.nique traditiona.liy uSed to calcula:l:e the fast ef‘f’ect

- e
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subsequen‘c to entering the fuel rod; thus the nth generation neutrons

have haed 1 collisions, = o . T,

Calculations ) -

A, Collision Densities _ =

Consider a fuel rod of radius R and infinite length, as in Figure 1,
vhich 18 subjected to a hemispherically symmetric neutron bomberd- - -
ment., Let J be the constant neutron current density per_unit solid.
angle at the surface of the fuel rod. The nimber of neutrons per _
unit time incident on the surface element RAGAZ which are. directed

toward the the volume element dV is +then j RAGAZ cos '\Ifd_s'/ (e% + z2)
where_dS is the prejection of dV on the planmé perpendicular to the -
line of flight. The probability of penetration to 4V is_ . o

exp(-2 /0% + 22), and the pro’ba’bility of collision in av’ 182 —
5 dS _
<iince cos ¥ equals (R - r cos (-))/»/ + Z ,‘ one can write

A

B () R—rcos@)é - ___ -
(1) | ;_p hjZBJ SD e, A %sme = :

for the collision density, Do(r), of neutrong, of the z‘érsth genera-~
tion, Integration over Z yields . e )

[{la 1

. 77' ‘ ' A A
(2) Do(r) = LR ( o eon o) B [Z(B + 1P - %r cos 9)1/2_] s
D (r) = '

RZ + r? -~ 2Rr cos G
5 - o _ -

where P has “been replaced by R® E r2 - 2Rr %()s 6 &nd Ki:(x) =

( -x’b at A B )
L tn th«-l This integral may 'be tra.nsfg)rmed to _ o

(3) =Dy (:) = lm’JZ"’R - K (ER)Il(Zr) - Kl(ZR)IQ(Sx;j

|if| Ei

b, ‘I {

Q0

G-[ ] I;(-‘t)‘K (t)d__

Il(R't)Ko(t)—;i:g
-t

wm

I
f , Rl
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" Figure 1

The collision densities of succeeding generations are found by con- -
sidering those neutrons of the preceding generation thich are
scattered. Since the fuel has a very high mass number, this is an
1sotropic process; thus the number of neutrons emenating from vol- -
ume element dV' per unit solid angle per unit time is

ZSDn_l(r')dV'/MTE vhere r’ is defined as in Figure 2,

Figure 2

- DECLASSIFIED




(5)

Considering the solid angle subtended by 4V, the probability of
neutron penetration to dV, and the probabili'ty of collision in 4V,
one finds

el i

g Il I

SR B [ 1/e
R
Dy(x) = Z2 1Dy (1) TLLE 1}
; ) oo T (22 .r'2 2rr' cos 9)
=0 = o -

0 ||'|

' v Ioe) : L. -
'
- = —s-ﬁ'v:s— 'il: g r'Dn_'l(r’)dr' ( at IO @t) KO(t)
_ 0 i'r

-
-

S R
B 1:,__.l(r )dr'(v ( K (t)dt
r Trt

for the collision density of the nth generation.

E. Collision Probabilities

The probability, P,, that a neutron of the zeroth generation suffer
st least one colllsion is one minus its probebility of escape, The
latter probability can be calculated by considering the number of
neutrons passing through dA per unit solid angle per unlt time in

the V" direction, This is J dA cos ¥'; thus the number of neutrons ‘

in the increment of solid angle sub‘cended by Rdedz is J dA RdedZ
cos® W /(p® + Z 2y,

oy
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The probability of escape for these neutrons is exp(- = v F§ w22 -5 -
therefore the average probability of escape for the whole generation

is - _
" oy ZTEE
cos”V e = 47d0
. —— - =0 'Z=0 -
(6) = l-Po = m fs ) . e i
. 2 =
jf ( oE s azae ) -
+ 2 :
6=0 'Z=0 P -
In this case — —
2 i _
cos ¥ = el - . S
2RjP24-Za ) .
and . - - i
JE— - - 'A - __9 ‘._
P = 2 R sin 5 i L. - :
thus one obtains
72 e B
) o A ) ) T ]
(7) " Py = 1 -7 g sin © Ki3(QZR sin 0)do .

o _

For géners.tions younger than the zeroth, the collison probability Pj,
of the nth generation can be found, given Dn-i(r), by proceeding in a
menner similer to that above., By referring to Figure 1, one writes

(8) P o=1- =

R ‘ i
- ( ‘ (“’ rDp.1(r) cos ¥ e~ = PE v 2?2 - -
=0 '9=0 zq

dzdaear.
P2 + Z° -

n ~R (77‘
S1*'=O 0=0

After expressing cos W and P in terms of r, O, and Z the equation

rech_zces to

R

o0
( rDy_1(x) cos¥ -
Z=0

dzdedr

f2+22 =

- A > 2 A 1/2
rDy_1(r)(R-r cos @) Kip JZ(R® + r® -2Rr cos )
S dedr

(9) Py =1 - r=0 &0

R —— A

137:[ rDy_q(r)dr

RZ + r2 - 2Rr cos O

' r=0
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From Part A, one recognizes that -- -

/R = o

- g Do (r)Dp.q(T)ar _ . B
(1) o Bymi- g =

- lm“JZ( r Dyq{r)ar_
- o -

C. Blackness

The blackness of the fuel rod (by definition the ratio of the mumber
of neutrons absorbed in the fuel rod to the number of neutrons entering
the fuel rod) may be calcula:bed from the collision probabilities of ea.ch

gen&ra‘tion, thus ﬁ = "-"f' P + ‘x—za "z‘z_ P Pl + 'z-‘a“ (Ss> P PlPQ *so e0 a
where (iz PoPy oee Py is the Praction of the_ total number of neutrons

that are in the (n + IL)Jl"h generation and ~—— %28 Ppyy 18 the probability of
absorption of those neutrons. '-7:

D, AVerage_A:ngle of Escape

e . = = - - v

The angle ¥ in Figure 3 which appears in the calculation of P, is the
angle of escape for neutrons of the zeroth generation; henceforth it
will be called V. The average value of this angle, '\}fo, “can be cal-
culated. most conveniently from the secant. Weighting sec Y with the
number of newtrons escaping in the 1//0 direction, one obtains

T o 2 ZVP2+Z

Sec Y, o8 Vfo{oz + - :_ azae
ay - seme T
cos® Yoe
(—o (z=o P2 + 28
which reduces %o -
(1.2) EE&‘“'E}.’F; = —7?(11‘~—1,J Kio(2XR sin €)d9 .
Tt T 0
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For genere.tions younger than the zeroth - —_

Dp.q(r)r coszg; - SW
sec \J, n-l 2 = dzaear

r-O c-:»o z-o . .

(13) ®ec g, = ' _ - : |
- ZAPP + g® :
T (o) oo ‘Vn ~ —=— 3236dr
r=0 10=0 "Z=0 P + Z )
. R D (R) | ; - - - S

(14) = — g . - «

zs(lf-P)n g rD,_q (r)ar -

o .

In terms of the blackness and the collision probebility and everage
angle of escape of neutrons in each generation, one writes_

) B rer) T (B mmams) ot ..
(15) Vo= 1-F

for the average angle of escape for neu‘tjons of: all g_e_nera.tions 3

n
('—zi‘?) PoPq - ”Pn-l(l"Pn)/ (1- @) being that fraction of neutrons which
escape during the nth generation,

F. Thermel Flux - o L

If. ¢ (r) is the thermel flux, then

(16) LB = A io_Dn(rl
n=

where A is the meen free path of thermel neutrons in the fuel rod.

‘III. Conclusion : -

Since D, (r) will repidly decrease and become leSs dependent on r as n _

increa.ses, it is expected.thet P, and "-}"n will approach a limit alloving
one %o calculate the blackness, the average angle of neutron_escape, and
the flux distribution in the fuel rod. The results thus obtained will
be free from the defects inherent in a diffusional treatment; therefore

DECLASSIFED ~  wamm
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it seems profitaeble to evaluate the intracteble integrals aboye for - .
seversl generations by IBM methods, It should be noted that _Athis

nethod coﬁverg«es most rapidly for }_%1 >> %’4 .= This is exactly the
domain where diffusion theory is least applicable. ’ -

I,
il

Computations for Transport Theory - G. M, Muller

The method of successive generafbions‘l) requires the evaluation of a large
number of integrals whose integrands involve the modified Bessel functions
Ko(x) and Kj (x)_end the closely related functions Ki,(x). Several of the
integrals involved may be evaluated by means °f?é’3"er series whose coefficients
involve the recenmtly tebulated functions Kj,(x)'“/. As en example, the in-

tegral F(x,t) = C Io(tu)Ko(u)du may be computed in ‘I'fge ‘i’oﬁn

|
I 1
i
i

]
1]

where LT oL S e T . = = -

. - 2 2 = -
Ty = ol [["’(—‘?-gl] = (n-1) Tp-2 -
Since the functions an(x) are svailable on IBM cards, it appears quite

feasible to tabulate integrals like F(x,t) as two-parameter functions over

a range of the parameters sufficient to cover almost any reasonable solid-

slug design now under investigation or likely to be proposed in the future,

A definitive tabulation of this sort is less expensive then a series of

piecemeal computations cerried out in comnection with the study of each

particular slng design; moreover, once the tabulation is completed, the o
method of Stuart and Woodruff can be applied %o each new slug design with-

out an unéue amount._ of tedious calculation. It is also worth noting that

several of the integrals which we propose to tebulate are involved in the
calculaticon of the fast effect for cylindrical rods (CP-64L),

i
1
it |

KGR

(1) @. W. Stuert and R, W. Woodruff, "Calculation of Thermel Neutron Be-
havior in a Solid Cylindrical Fuel Rod", this Quarterly Report.

[N YRS

_ o L ) . 4 __— ‘
(2) G. M. Muller, Table of The Function Kj,{(x) = }':?J’ K (u)du, HEW-30323:
2EWEL :

_ . = T . T TEm e - =- L= s ="
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The Solution of Boltzmann's Equation with the Aid of Functions Orthogonal
on a Hemisphere - W, A, Horning = ER

A method for solving the Boltzmann equation which is f;quently uSe__h is the
"method of spherical hermonics”, This involves writing =

(1) TP = Fam By, po= cos

REE-YE

where § is the thermel neutron flux, P (p) is a—iegenajfe polynomial end the
A, are constants to be determined. n gs the cosine of a colatitude, 0O,
which varies from O to 7% :

The suthor hae looked into extensions of this method in whih the newbron Fflux
1s written in the form -

f, co89 >0 B, =X, Aps Pn;(_c;os 29)

(2) g = , el =
$_, cos0 >0 g = Zy A, Py (cos 20)

j—

As in (1), © is here the colatitude of the direction of an elementary pencil
of neutrons with respect +to en axis parallel to V¢. " The interest in the ~ ~ -
expension (2) arises from the fact that, in contrast to (1), it is capsble
of a rapid or even discontinuous variatiom with respect to © in the neighbor-
hood of 8 = 17‘/2, even when the expsnsion is broken off after a few terms.
There is evidence that ¢ is indeed a rapidly varying function of angle near . .
© = TJ/2. We may therefore expect thet the expansion (2) will converge mor?
repidly then (1). The expansion, similar to (2), om page 101 of Kourganoff 1_)
hes also been studied. -

This work should be of use in predicting or interpreting the thermel neutron
flux near a uranium-graphite interface, - o

Measurement of Uranium Resomance for Use in Small-Source Theory - R. K. Cole

According to the small-source model of an infinite grephite pile containing
rod of uranium, the thermal flux is ~-

1, Kourganoff, Basic Methods in Transfer Problems., —

~ DECLASSIFIED wmm




~ A » |P - Pr “
hone) = S - K0OCLe-A]) {z_cowm 7 Ko( th)
! 271D ]
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where SE o T T T T I.E_ - E_ =
Q3 = sink strength of -the wrenlum rod
% = diffusion length in graphite -
© = TFerml age to thermal -
" 8, = Fermi age to uranium resonance .
F = position vector ) = R

Py = position of the rythe pog .
a = radius of the uranium rod _
¥" = Iesonance a’osorption Pactor

B-0, = age from resonance to thermal —

In deriving this expression, the resonance absorption is assumed to be propor-.
tional to a delta function at energy E,. A simple modification is required if
one wishes to take intoaccount two or more distinct resonsnce peaks,

In order to measure ¥ end {(e-0.) the following experiman’c was performed in
the sigms pile of the Exponent ?.al Physics Sub-Unit. _The sigma pile is a large
solld cube of. grephite in which a process tube may be lnserted., Five radium-
beryliium sources of equal strength were placed 4 inches apart and in a line
8-3/8 inches below the uranium rod.
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The uranium was shielded from thermal neutrons by cadmium so thet only

resonance neutrons would be absorbed by uraniunm.

Measurements were taken perpendicular to the uranium rod along the line Z=2,,

..

y=0 with cadmium-covered gold foils. Another measurement was made with the
sources in the same position but the uranium removed from the process tube,
The difference between +these two curves gives a measurement of the flux de-

pression by the uranium resonence.

o

o




_ DECLASSIFIED
- -

In the following, let © be the age to gold resonence, —

The slowing down density at r and for @ > Oo is —

- . r-rs /r~ri}2
R / RN

(1) = q(re) = Z Se 3 °f - gy
o s T(wme)3/Z Zw'(o-oo)7372
where 8; 1s the sink strength, = _ - o
oL e 8 o= eran(eOri) . =
Therefore (1) becomes o - A T =
_ 2 - -3
| - / “"'2'8/2 ~ _[rimrs) /r'rile
(2) axe) = S se M | emay 3\ Se % o X% i
5 (umo)3/e = ). e, )3/2 fmr(e 0 )]3

This must elso be summed over three sges since the sources emit neutrons in
three distinct energy groups.

Then (2) becomes for five-point sources Z -

(b2+Z02+X2) ;( ’+b2+zoa+_X2 ); (Zoazl-Xe)
- 8 B - - -~
(3) o) = F —2 {2 ° v2e L W
T (rg)3/
T~ Sgap o 00 (2o2-%2-4b2)+ 4620 2.7, 26?
8 0,/ 6(6-65)1b73/2 400,(0-9,)

. 00, (2, 2-X2-b2)+1%0,2-2,26% )’ 005 (Zo2-X2)~Z,26%
v Eexp %66_(6-6,) - exp 568,(6-0,)
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From the experimental date, a curve was drawn representing the flux depression

of the uranium resonsnce (the second sum on the right of equation (3)} First, a
trisl-snd-error £it was mede with two paremeters ¥ and o (o= e~eo).t7Then an-
other #1t was made with the four parsmeters ¥' and o' and ' and o, correspond-
ing to two d&istinct resonance peaks

(' = 9-9;, o = e-eg)

Under the assumption of a single resonance peek, the best fit to the data i1s .
given by - _ -~ - . .

y %% _E
2.17 9.0 8.6ev

Under the assumption of two resonance peaks, the corresﬁonding results are _ -

1) 0.71 .2 6.1 ~ -
2) 2,53 29 % = = =

Exponential Pile Measurements in Graphite-Uranium Lattices -~ E. D. Clayton,
C. R. Richey and E, Z. Block B _

I. 1.66" 0.D., 1.10" I.D. Hollow Slug

The dry buckling (internal cooling emnulus dry) has been measured with
these large hollow slugs in four lattices. The results are listed below.

Lattice Spacing Buckling X 106-;h2
— 7 esper T em T T
7-1/2" 103.0 _
‘ 12-3/8" 1k _ _
- 15" L ~61.4 -

The buckling with water in the internal cooling annulus is presently be-
ing measured in the same lattlces and will be reported at a later date.

Iz, Effect. of Cooling Annulus on Buckling

If better cooling of the aluminum-jacketed uranium slugs can be obtained,
then higher pile power levels will be possible. . One method of obteining
this objective iz to increase the water to uranium ratio per unit of cell
by changing the water annulus thickness. The water to uranium ratio (on a
molecular basis) in the Haunford reactors at present is about 0.2, For
two new piles under construction, the cooling annulus has been increased
so that this ratio will be sbout 50% higher which will permit operation
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at a higher power level. The lattices measured under the exponential
pile program with externsl cooling were designed with a water to uranium
ratio of about 0.2. The measurements were taken both wet and dry from
which information was obtained on the water effect for a series of
lattice spacings. Since some designs have been proposed which would

have a water to uranium ratio of 4 or 5 times thet of the présent lat-
tices, a series of measurements heve been plammed to determine the effect
of a greater amoun®t of water on the buckling or reactivity. These exper- -
imenws should also furnish additionel information on the effective water
values such as the cross-section and q value (ratio of thermal neutron
production per cc in water to that in graphite) which are necessary for
the correlation of lattice experiments with theory. The information
which has been obtained from these experiments thus fer iz the result of
adding weter and displacing graphite since the lattice C/U (atoms) ratio.
per unit cell was not kept constant, i.e., lattice spacing was unchenged.
The first results are for the 0.926-inch diameter slug, Measurements had
previously been taken with this slug  in the 6-3/16-inch and 7-1/2-inch
lattices with a waber to uranium atom ratio per tnit cell of 0.174. The
water volume has been increased by factors of 1.94 and 4.42 and dry end
wet measurements taken in both the 6-3/16-inch ard 7-1/2-fnch lattices. -
The results of these eight new lattice measurements are listed below
where, for oonveniénce, the earlier results are also given.

Buckling x 100 cn® Buckling Diff.

Lattice Spacing Ho0/U (atoms) Dry Wet x 10° cm® -
6-3/16" 0.17% 115.0 98.2 - 16.8.
7-1/2" 0.174 95.3 66.4 28.9. )
6-3/16" . 0.338_. . 1216 . 89.1° 32.5. ] -
7-1/2" 0,338 102.7 51.k 51.3.
6-3/16" . 0.768 . 103.8 -12.9- 116.9.
7-1/2" 0768, . 89.7  -h9aT 138.8

With the 0.926-inch slug, the C/U atom ratic per unit of cell is about _
100 in the 6-3/16-inch lattice and about 150 in the 7-1/2-inch lattice.
At these C/U ratios of 100 and 150, the water effect is seen to be al-
most linear within the experimental error of the measurements up to a

HQO/U ratio of 0.338; that is the wet buckling may be expressed in terms

i 0O
of' the dry buckling approximately as: By = Bd-ggg%%). The value of X ‘
is- ebout 97 x 1070 cm2 for the 6~3/16finch lattice and about 166 x ZLO"6Acm"2

o
‘for the 7ﬁ1/2-inch lattice. In going from a,E%-?%atio of 0.338 to 0.768,
the water effect is seen to deviate considerably from linearity. The
water coefficient will have a different wvalue for every slug size and )
each C/U ratio and is known to change sign at the cross-over point buck-

ling (C/U ratio at which dry and wet bucklings are of same value for a
given E%gnratio). It 1s evident that a number of additlional eéxperiments

_ DECLASSIFIED

il




O wmm MERLSSIPR,

II1.

are needed concerning the effect of cooling water on the reactivity or
buckling in grephite-uranium lattices. The results of additfonal experi-
wents on this problem will be reported as completed. The results of the
correlation of theory to the experimental water results will also be ‘
given at a later date upon completion, = =

Cross-Over Buckling

If the buckling is plotted versus the graphite to ursnium ratio, then a
-series of curves is obteined; one for each slugsize. Furthermore, it
is noted that at a certain C/U ratio the wet and dry bucklings are of the
same value. The C/U ratio at which this occurs will be referred to as
the cross-over point. This point has a particular lmportance from the
standpoint of safety, since at this point there should be no_significant
change in the reactivity with the loss of cooling water. If the C/U _
ratio is decreased Prom the cross-over value, then the wet buckling will _
have & higher value than the dry, and a reactor of this design would loose
reactivity with the loss of water. For the standard Hanford-slug size -
(1.36" diemeter) the cross-over point occurs at a lattice spacing of ,
about 6.9 _inches or C/U ratio of about 59. The buckling value is approx-
imately 66 x 10-° em~=, This is a value which is probebly too smell to
rermit satisfactory operation of the present-sized Hanford reactors with
netural uranium. The 1.17-inch dismeter slug has a cross-over point at
6-1/4 inches (C/U=<69.8) and a buckling value of sbout 89 x 100 cm 2,
which 1s large enough to permit satisfactory operation of the present--
sized Hanford reactors with natural urenium. This cross-over point is
somewhat uncertain however, due to the limited nfimber of meastured buck-
lings, one on either side of the cross~over point. From measurements
taken with a 0,926-inch diemeter slug, & cross-over point has been esti-
mated by fitting the theory to the measured values and then_extrapola-
ting the theoretically predicted values to include the cross-over point.

The cross-over point is then seen to be gt about 5-1/4% inches (C/U==Tk.2),.

The predicted buckling is ebout 85 x 10-0° cm-2, :In Figure 1; the cross--
over point buckling end slug radius are plotted against the C/U ratio at
the cross-over point., It should be kept in mind that these curves are -
somewhat uncertain; however, they do suggest that for a givengHéO/U ratio
(==20,2) There is a meximum cross-over point buckling which can not he
exceeded for gny slug size. This value is seen to be approximately

89 x 10'6_qm' » and the C/U ratio ebout 69.8. What the meximum cross- . _
over point will be for a different Hy0/U ratio can not be inferred as yet
until more measurements have been taken to determine the water effect on
the reactivity. - - -

Correlation o}_Buckling Measurements and Theoretical Farmulas.- D, E. Davenport

The exponential Measurements being made on graphite-uranium lattices have two

basic purposes; (1) to develop methods of accurately predicting the reactivity,
conversion ratio, and other lattice constants of any proposed water-cooled, _
graphite-ursnium lattice, and (2) to promote a better understanding of the

neutron physics-involved, the effective cross sections,
etc. T - - ' !

, neutron temperatures,

r . - - =
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The Pirst objective is being pursued through empirically adjusting some of the
constants in the simple diffusion theory equations commonly used (Project Hend--
book, CL-697) to give equations which predict the measured bucklings. The
"gvaileble parameters” for each slug size are chosen s (1) the ratio of the
sil(;{ug disadvantage factor to the thermal neutron cross section of uranium,
= ©_ used in the thermal utilization equation, and (2) the resonance cross
[ E— L o = .. ) -z -
section of uranium, oo, which goes into calculation _of resonence escape .
probebility, and (3) ne . Since these are all gquantities whose value is admit-
tedly subject to question for any lattice, this choice does not seem unreason-
able. B = S

1

The method of selecting parameters to f£it the data is té select a véﬁ.ue of

For, A : : )
-éi—f—‘—)-g-)* and a séries of values for o¢=,' and then calculate n€ from the equation
. = : _

o — ¢ - B(L? + k) + 1
- Y BE

using the measured valnes of the bucklings for a given slug size _(f_o:r‘ which >7¢§
should be constant) and s series of lattice spacings, The "best" value of o'
is thet which will give the minimum varistion in %€ for the series of labtice

spacings, Then & new value of ES;L)- 1s chosen and the process is repeated.
Since this spproach is very long and tedious, 1f attempted by hand calculation,
it was mede practical._only through the wuse of the ‘IBM instellation at Hanford.

The calculations are still in their early stages,and it is not obvious that
the technique will give suiteble fits to all slug sizes and lattice spacings
investigated. However, the calculations are well enough advanced for the case
of the standerd Henford slug (metal dfsmeter 1.36", length 4", alumlnum spacers,
0.38") in a dry channel of lattices varying from 6-3/16" %o 8-3/8" lattice
spacing to indicate the following: :

(1) vValues of the parameters can be selected which will accurately (with-
in 2 x 10~ cm“a) reproduce the experimental buckling measurements in
this range. o~

(2) (me can erbitrarily select one of the three perameters ax}d still find
s combination of the other two which will fit the data..

Thus, for .preliminary velues of 12 and v vhich were selected, ‘the following wide
range of constants were found to gilve an acceptable fit.
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- - g | 0-51351
A } FOforo) Nl . -
- (x 10'2“) (x 102%) (assuming € = 1.033 -

. (1) - 0,10 1.20  1.2546 L1215 -
(2) C 0,15 1.375 1.3032 - 1.2635 ]
(3) 0,16 CoLbh o oa.3sh 1273k | o N

- (k) 0,17 1445 1,3257 _1.2833 T
(5) 0,19 . 1.512. . 1,3460 - . 1.3030 e
(6) T 0.31 1.885 _ 1,4k662 = 1.h19k

These resultis ﬁight be expressed_ in eqnétioﬁ form by_;aying that for an accépt-
able fit to the datse for the one slug size, one chooses the parameters from the

. equations B L - = o = N
— ye = 1.007 x 10-2“ Fﬁv_l:el + 1.1542
_ - - . O-o L === .. = = .
and o . - - S -
L .
o' = 3 263 0"‘8 (oto) , o.88 x 1o~21*

Cmee o

These results are applicable oﬁly over the range of'measurements; of course.

Calculations are presently in progress for the seme slug size and water in the
cooling chammel and will then be carried out for other slug sizes, It is
anticipated that for uranium/moderator ratios much higher than that for the
1.36" slug in the 6-3/16" lattice, the equations will not be adequate because
of meutron spectrum and interaction effects. _However, these cases are not
presently of much interest since the 1attice multiplications are less than one
for natural uranium, ) . =

Exponentia& Measurements in Ly x Lt Exponential Piles - W. B, Farrand - R.C. Lloyd

I. Reloeation of Exponential _TFacilities

During this quarter sbout 50% of the equipment, material and personnel of

the Exponential Physics Sub-Unit have been moved into the new techmical. .

building, 326. Though the actual move from the outer areas was accom- S
the scalers and other electronic equipment functioning to tha _necesssry

precision, modifying tables, cabinets and other laboratory eqnipment to

suit the new quarters and getting the necessary screens welded over win-

dows, hinges welded in place, and door locks changed to meet security re- ‘
quirements, Since the neufron sources to be used in Building 326 have -
about 20 times the neutron emission as those previously used in the expo-

nential experiments, new handling procedures and memsurement techniques

have been developed to make use of the higher available flux without over-
exposing the personnel° ,
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The first exponential piles built in the 326 Building were the small _
4t x 4° piles, previously described (HW-30508) as being of particular _
interest in that theg permit rapid, though rough measurements of the
buckling (* 10 x 10°° cm~2) using only 25% or less as much material as
the 8 x 87 exponential units. An 8-3/8" lattice unit has béen completed
and & 5-3/16" lattice unit is over 50% completed and swaits some special
graplite pieces which are currently being mechined in the Technical Shops.

The 8-3/8" unit was constructed on a graphite bade 37.69" high which has
provisions for source placement at the top of the base or in a plane
near the middle of the base. This provides flexibility in the length of
the thermalizing column ebove the sources which is useful when the units
are used for diffusion length measurements. The lattice portion of the
pile is 58-5/8" high giving a lattice section which is 6 cells wide and _
9 cells high. The pile is completely covered with cadmium to reduce the
thermal neutron exposure of personnel and to prevent the reflection of
thermalized neutrons back into the pile from the walls, floor and objects

Polonium-~Beryllium Source Calibrations

Eight Po-Be source pellets, having a neutron emission of about 7 x 107 e
neutrons per second aplece, were purchased to be used in the 4% x L°
exponential pile measurements. These eight sources were paired to make
four matching pairs, since such an arrangement makes for the simplest
calculation of exponential results when the resulting four sources are.
placed in a diamond array in the pile base., The total neutron emission

of the eight sources was 5.8 x 10° neutrons per second on December 28, 1953
as quoted by the vendor. On this basis, the neutron emission,as of the
same date, of the four pairs of sources as recanned and intercompared in a
graphite column was: )

B} 1,448 x 108 = 7

P #2 2 - 1101"1'1'9 X, 108 ; :_ :_
#3 Lhsh x 108 ST '
“#h 1.450 x 108 = — - =

Flux Traverses Within a Lattice Cell of the 8-3/8" Lattice

One of the outstanding advantsges of the higher intensity sources avail-
able in the 4' x 4' exponentiel piles is that they make possible a de-
tailed intracell traverse including the slug. Previous attempts at
making intracell traverses have always been suspect, since the slug
iraverse has bad to be made in the Test Pile where the high flux was
availeble, but the slug was in a foreign lattice, From accurate intra-

cell traverses, one can calculate the thermal utilization, the lattice - -

diffusion length, and perhaps other lattice constants which would permit
a more thorough anelysis of the exponential experiments, =~ — T
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To check on the validity of theoretical diffusion length formulas avail-
‘eble for heterogeneous lattices, a measurement o the diffusion length
and the intracell traverse was mede in the 8-3/8'” lattice with a dry P-10
(Li-AL alloy) loading replacing the urenium. The details of the traverse
in the graphite portion of the cell were measured with 3/4 indium foils.
The traverse within the slug was made with 1/4" gold foils with two posi-
tions in the graphite being measured to furnish normalization of the two
traverses, In the graphite portion of the cell, the traverses were made
in hoth the vertical and horizontal directions from the horizontal P-10
rods end along the cell boundaries. Intermediste points will be obtained
by interpolation. The results are presently being calculated. R .
A horizontal traverse across the entire pile was made and fitted with a
cosine series to find the effective size of the 4* x L' pile, It was
found that the effective extrapolation distance was about 1.6" as com-
pared with the theoretical value of sbout 0,75" for thermal neutrons in
graephite. The difference apperently represents the amount of reflection
of fast neutrons back into the pile that exists because of the small pile
size. This may cause some difficulty with cbtaining an accurate diffu-
sion length measurement if it cannot be corrected for.

i

v. Uranium Lettice Measurements

The eight-foot rods of uranium have been cut to 4-foot lengths and re-
cenned for use in the 47 x 4! pile to permit accurate intracell traverses
in the urenium lattices whose bucklings have been measured to date.
Materials_have also been ordered to permit measurement of U-235, P-10
lattice bucklings and U-235-Th lattice buckldings. A measurement of the
intracell_traverse in these lattices will aso be made. '

Physical Constents Testing Reactor(l) - D, J. Donehue, D. D. Lennisg

I. Nuclear Safety Considerations o =

In order to eveluate the hazards to be encountered in the operation of the
PCTR, it is necessary to know the behavior of the power level and the
period of_ the reactor as a function of time when various changes are made
in its configuration.
The fastest way to introduce excess reactivity into the pile is simply
to ogren the control rods at the maximum possible rate, This maximum
speed, in the present design, is limited so thats _

~|I
I

e - .%l_é < +3.3x 10" /sec = = -

If, after the pile is critical, the control rod motion is continued at
this rate, large amounts of excess k and dangerous periods could be
encountered, To determine the power level as a function of__'l‘.:'{ms under
these conditions, the pile kinetic egquation derived by Wellac 2) for

T. See Reports HW-30508, BW-2735k, and AW-271L0
2. Wellach, 8., WAPD-13 ' i
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for the case where dk constent has been solved using approximately the
parameters of the PCTR, These parameters ares . . _

4 = 1073 sec

%%— = 3.75 x 107" /sec

f wmﬂ

n i

where £ 1s the meutron generation time.

The meubron generabhion time of 10~3 seconds is approximate, but probebly
represents a lower limit to that which might be expected iE aphite-
uranium pile, -The rate of reactivity increase, 3.75 x 10~ ak sec, is
slightly greater than the meximum possible in the PCTR, This value was
chosen primarily because it 1s the closest one to the actual case 'which
cen be used in Wallach's equetion, Both of these numbers, therefore, are
pessimistic and the resulting curves represent a slightly worse case then
is to be expected in the PCTR. TFigure 2 illustrates the solution of -
Wallach's equation with these conditions., Curve 1 represents the casge
where the plle is just critical with the control rods closed at © = O,
From this condition the rods are opened st the maximum rate.

In curve 2, the pile is subcritical with the control rods closed. If
they are then opened at the maximum rate, the curve of power level vs,
time has a Pinite slope at + = 0, the time when the pile reaches critical-

ity. (%%)L o = b4 was chosen as a regsonable number.

Curve 3 gives the equilibrium period of the pile, assuming that it is just
critical at t = O wher the rod opening begins, The equilibrium period ls
that period achieved if, at a particular time, the rod opening is stopped,
and time is allowed for the delayed neutrons to reach equilibrium with
the rest of the pile neutfo?s. The values on thisg curve were obtained .
from the results of Mills(l ~

TT, Critical Mass of the Physical Constants Testing Reactor

The longitudinal flux along the length of the core of the PCTR will be
leveled by the use of an array of moveble slugs at the ends _of the
reactor. - Assuming the flux can be leveled in this manner, then to study

the necessary critical conditions for the enriched uranium drive rods - -
surrounding the core, the flux can be considered as radially dependent

only. The procedures for finding the critical conditions in this case

were discussed im the last Quarterly Report(g) and will be repeated in _

part here for convenience. = -

1, Mills, M., TID-71
2. EW-30)08 Qu. Early Report, Physics Unit, Jan. 11, 1954, D. E, Daﬂenport,
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Ry is the radius of the 32 U-235 aluminum alloy driver rods, 51.6 cm, N
Ry is the extrapolation edge of the pile, 125.9 Cm. - )
R3 is the radius of the eight _control rods, 70 cm,
The region inside the driver rods contains the removable core and 1s
assumed to be filled with graphite for this calculation.
The small source equation for the flux (#) is given by : -
| R Y
S . - driver . ALY
w2 2 - hsQ T
(1) DR - S - 5 b ET )
| A T BT
and for this case the solution is o . _
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1/p is the aiffusion length in graphite taken as 51.6,
T is the thermal age in graphite taken as 352. :7 T

h is the number of fast mneutrons for thermal neutrons absorbed _
This equation ls adjusted so that the thermsl £lux goes to zero at the
extrapolated boundary Ro and any fast leakage oubt of the edge of the re-

flector has been neglected. The Qi represents the total number of neutrons
absorbed in the ith rod per unit length and hence

. Q = 2-77’8.‘6)1 Ji (a)

where & 1is the rod redius, ﬁ is the probability that a thermal neutron
will be shsorbed in the rod if it enters the surface. J3 is the current
Into the rod end is taken as: o

ey = f— . %]

Using equation (2) for the flux and applying ’che boundary condition (3)
glves two equations for the Q's. The equations will be homogeneous in
the Q's and hence the determinant of their coefficients can be set equal
to zero, glving the critical condition.

g

The pile is assumed to be ;]ust critical with the control rods "open". As
discussed by M. Mills in TID-71, the "open" position of the control rod

consists of alternate lengths of uranium and cadmium which are neerly com-
pletely ebsorbing to thermel neutrons. In this "open" position, h3 and g 3
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of the conjirol rods are estimated to be

F3 = 0.93
- ﬁ3 = 0,89

AR

This leaves only two unknowns in critical condition, by and ﬁl of the
drivers, Substituting the numbers into the equation gives curve 1
on Figure 3 which is the criticsl condition for the driver rods.

The driver rods consist of hollow U-235 aluminum_alloy slugs which are
contained inside a thin steel tube. The outside diameter of the rod is
1-1/2 inches which is the rod radius in the critical calculation. The
outside dlameter of the uncanned U-235 eluminum alloy slug is -1.277
inches and for this calculation it was assumed to_be a hollow slug with
an inner dismeter of 0.943 inches. By means of a rather complicated cal-
culation involving diffusion theory and estimated transport corrections,
it 15 possible to estimate the values of hy and B4 as a function for
varions concentrations of U-235 for the assemb]y of the canned slug in a
steel tube., The results of this calculation are Plotted as curve 2 in _
Figure 3. Curve 3 of this figure represents the number of grams of
U-235 per cm length of the rod and is plotted versus the blackness of the
assembly. The point where curve 1 crosses curve 2 gives the actuel crit-
ical condition of the driver rods and this corresponds to O. 716 gm U-235
per ch. . . =

The next problem is to estimate the amount of U-235 that must be used in
the leveling slugs at the end of the pile. in order to give the level flux
over the length of the core. This is a difficult problem and has only
been solved In an e.pproxima:be manner by W. A, Horning. His solution is

as followss ' . B S Y = = omE—— Coml —
Using a one=group calculation the driver region and leveling slug region _

are assumed to be emitting thermal neutrons to the pile., The effect of

the control rods in theilr open position is taken to be small and is

neglected for this case, giving the following ap;oroxima‘he plcture for a

side view of the pile through the center.
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of the control rods are estimated to be - @gamggagiﬁn

F3 = 0.93 T
0.89

hg

e

This leaves only two unknowns in critical condition, by and £ of the
drivers. Substituting the numbers into the equation gives curve 1
on Figure 3 which is the critical condition for the driver rods.

The driver rods consist of hollow U-235 aluminum elloy slugs which are
contained inside a thin steel tube., The outside dismeter of the rod is

1-1/2 inches which is the rod radius in the critficel calculation. The

outside dliameteirr of the uncanned U-235 aluminum alloy slug is 1.277

inches and for this calculation it was assumed to be .2 hollow slug with

an inner diameter of 0.943 inches. By meens of a rather complicated cal-
culation involving diffusion theory end estimsted transport correctionms,

it 1is possible to estimate the values of h) and £y as a function for

various concentrations of U-235 for the assembly of the canned slug in a

steel tube. The results of this calculation are plotted as curve 2 in

Figure 3.  Curve 3 of this figure represents the_number of grams of

U-235 per cm length of the rod and is plotted versus the blackness of the
assembly. The point where curve 1 crosses curve 2 gives the actual crit- .
ical condition of the driver rods and this corresponds to 0, 716 gm U-235 o
per cm. B}

The next problem is to estimate the amount of 'U-235 that must be used in
the leveling slugs at the end of the pile in order to give the level flux
over the length of the core. This is a difficult problem and hes only
been solved in an approximate manner by W. A. Horning. His solution is
as follows: =

Using a one-group calculation the driver region afid leveling slug region
are agsumed to he emitting thermal neutrons to the pile. The effect of e

the control rods in their open position is taken to be small and is T
neglected for this case, giving the following approximate picture for a’
gide view of the pile through the center.
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(5)

(5)

(6)

Region @ is the core region f£illed with grephite. Reglon @ and @
are grephite reflector reglons, _ )

When the leveling slugs are adjusted correctly the flux in a (Z) directlon in
reglons @ and @ is constant such that

2
254 . -

272

I
|

Hence for reglon O

— . 4en = LAP 5 P<R :

and reglon @

o "Elli a

] Ko (3Ba)
Io(ABy) [Ko(» P) - m%léy_zo(hp)]

(P2

. R
. Ko (0R)- T2y To(ARy)
in re:gion_; @ | : _ B

. V% - ¥4 = 0 |

Using Green's theorem:

i f (Yv2 - 4V V)av = Q (94 - 4V ¥)ds

oo b

and Gaking

72 - )Y = o

i f

glves -

o
L

'\’f‘::

and = :
( (¥YV°8 - 49° ey = [ (¥ é - g ar = 0
v3-& - g€ A
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vhere € is the very small region surrounding the leveling slugs,

Calling 5 the surface of a very small region surrounding the point of
observation in region ;> it is noted that:

11 =
sl__f‘o é (‘Pw‘ W% ds = - kg

I
¥

Combi ning these relations into Green's theorem, equation (5) gives:

' ?.]r_rl : \
(7) 1%71';6 ( (]r-r'} Vé(rr) - ;67;)’ -ds

where Sy 1s the surface surrounding region @

The source of thermal neutrons/cmg/sec at the leveling slug surface is- ___ _ -

s(P) = 'D_Baié_],(/e +67 D%;é]i/a,e

In regions @ and @ %g = 0 for a level flux

hence ‘s};ﬁ(r)ds =_%§-ds = _S_(g_)_d_s =

or from equation (7)

Ale-zt] | -
: (8) ey E-l;-r-( = 5(p) as - = VY as

To evsluate




- |&M$mm?
- @ ‘ C meas

T EN s T
o oo fL YA, B
| VY’;_V Ir-—r'] ) lr‘—?'l )r-_l;'12> P fopt

N
where F-r' is 8 unit vector in the direction of Tor!

Thus

1

—

7(_

([P-P'/ + (Az)7m

Fo= L - - A - P' + (QZ)
[IF’ZT"IQ + (dZ)2]> [ o ? » N

This function has a zero value for AZ = 0 excep"'ﬁ when }P-?:”[ﬂﬂ 0.

éwds- q"f[ﬁmg + (4 2)2]

Next expsnding #(P, Z) about the point Z = 1/2 F'P- rearranging terms
in AZ, end setting _ R

BTN

then

Il||

rrv %V’)" ds = - f[?‘([o)l/a) +42 (O‘ Vﬁ) + ....]‘

Y

1v 2oz , 1 -,)az(iw—
) / (1+q_2’1/2 1+0-%) - O‘dG‘d#

2)1/2

(1+

now let AZ -0 and [f"-—ﬁ' I—?O

in such a manner that ]5? | remeins constant

|||I |
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_K'J:ﬁ[!ﬁV‘f"'ds:- ."02‘()2 = = =

Thus the flux in region @ from equation (8) begomes

- N "/)’r-“;"l y : 1 ..
(9) KPz) = T ( P_l?f:z‘"'?“ 8B o4, BEHE)

[o] o

'i|i!’;|'i |

As stated in eguation (5), the flux in regions @ and @ are known and
equations (5) correspond to ;5(/’,1/ . 'The problem is to find the value
of S(P) necessary to satisfy the cond:’.tion of level flux. This is done
in the following manner:

It is desired to solve equation (9) when

e“hlP‘P" S(P') de B

(10) 7!(9,1/2)- ey 3 e =

.where 95(19,1/2 is known and S(P ) is unknowm.

-l
%;_Pi = C K, (E/f~(3/)

Let

C and E a¥e conStants determlned by fitting the area. and” secd‘hd moments -
of the two kernels C = 223, E =724 : :

Then equation (10) becomes

|
AR

(11) A, o) = 5% f 2)x, WPy ) HEL papgas
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(12)

(13)

(1%)

(15)

(16)

(a7)

but this is the solution of the equation ;_

HW~31351
- B %ﬁiﬁg&ﬂfﬂ
(2~ ) dpaf) = 2 5(e)

and since #(p, #/2) in this'case is the solution of the equation
@2 - P)B(p, 4/2) = 0, then _ -

= s(,o) =P§’>' gp 2y 5 piR ¢t

It is assumed that the leveling slugs are made of the same material as
the driver rods and that the driver rods take up a2 reglon of the pile
having a wvolume ng = 211'Rlbl where b is the spacing between the driver
rods and A is the length of the rods. Using the results of the driver
rod calculation gives a density of U-235 in the driver region of

0.716 (32) 40 -
29rRy b 2 _

ETRE

The problem I8 to wuse S to find the volume .of this material needed
Por the leveling slugs, In order to do this S e is normalized to the
one~group source necessary at the drivers to givé the radlal flux of
equabion (5). , - o

Using equatiom (12) .

Ry+ & . | Bl“*%
lim E "’n’(v - 24P, 4/2)pap = efrf 2 5, (PP p

€->0 Ry- €&

so that ) - : - -
— lim J 24| _ 24 - -238,
- €20 ) PR 2llr-¢ D— -
but : - —
- = pource of thermal neutrons at R.
Ri-€ OR[R,+€

Thus the normalizing equation becomes i _

break “in DV, # at drivers 238, _ Adb §(R;4/2)

—

break in DVy ¢ at levelers 8(P) _ A dz 6 ‘(/2)
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(18)

(19)
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vhere A 1s a constant containing the fission cross section, number of

neutrons per fission, etc., and Z is the length of the leveling slugs . o
measured from the end of the core., The total volume of the leveling B
slugs is given by - o

||| |.||'|
]
[
|
]

Ry
VK { 7. 21 Pa L
0 :

. - o .

i)

and from ‘_equa't-ions (13) and (17)

e

b 8(p) #(Ry #/2) _ Db By, 22y %’#Rl -

538, FPIFE ‘ ’

M
at =Ry, 8(p) = 5,8(P-Ry) but since in this case there i1s a width b
to the B function, then L

5(p) = =2 Rl -b &P 4By +b -
[ i - o+ - ~
P=3 1 <L P 4R
This glves ) N
1 } _ : L oame - e
= o35 BL-PLPLERL4D

In the actuel case, the leveling slugs only extend a distance, Ry, from
the center so it is assumed that the rest of the source from Ry to Rp -
necessary to make the pile critical is placed into the flux of the driver
region. The volume (Vp ) of the leveling slugs becomes from equation (18):

e vy ) Db Ry, H2) 5. TS o ]
N | ) i SO (If Rz ) -';- _T]a_‘._._ = :
A .

3 2P D (p, 42) pap
ok, , o T

The total critical mass (M) is found by using the demsity (d) given in

equation (14).

S Vgd + Ted =

Substituting the values of the paremeters of the reactor; this procedure o=
gives a totsl critical mass of h.k keg. )
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In the actunal case, aluminum dummy slugs will be used as small spacers be-
tween the U-235 aluminum-elloy hollow slugs so that some adjustements can
be made on the criticel loading. This "bunching” of the U-235 in the
driver rods will increase the critical mass, Also, the above calculation
neglects any effects of holes drilled in the graphite. This approximation
is good for the driver rod calculation, but the leveling slug array will
be placed in a region of greatly reduced graphite density on account of
the holes, This effective reduction of graphite density should increase
the critical mass in the leveling slugs. Hence, the calculated 4.4 kg is
expected to be a low estimate; however, it is felt that this calcula-
tion can be used as & guide for better wunderstanding of the reactor.

NUCLEAR PHYSICS

i (||

Development of a Technique for Measuring the Conversion Ratio for U-233 Produc-
tion in Exponential Pile Experiments - W. P. Stinson, H. W, Lefevre

In connection with the current examination of the feasibility of producing
U-233 in Hanford piles, an attempt is being made to develop a technique for
U-233 produced
U-235 destroyed —

requirements on_the technigue are: a) that it shall be usable in @ flux of
105 n cm™2 sec™! attainable in exponmential piles, b) that it shall yield at
least relalive information, i. e., labtice A has a cotiversion ratid which is
larger than thet of labttice B by a factor x, and ¢) that the technique be
capaeble of detecting changes in conversion ratio of 2%,

determining the conversion ratio for-this process The

One technitue has been exemined during the past quarter. This technique -

utilizes the activation of the 23-minute Th-233 activity as a measure of U-233
formation, and the counting of fission pulses in a U-235 fission chamber as a
measure of U-235 destruction,

It was found experimentally that the natural beta activity of the daughters of
Th-232 was larger than the induced Th-233 activity. However, a chemical separa-
tion performed by E. E. Voiland reduced this daughter activity by more +then a
Tactar of 100, This recently separated thorium should be ussble as a detector.

for dbout six hours after the chemical separation. : . —

Neutron Spectrometer Facilities - B, R. Leonsrd, Jr., E, J. Seppl —

I. The Energy Vaeriation of Alpha of U-235 = . :

The c¢hamber to be used for this experiment has arrived from KAPL where it
was built under the direction of ¥F. A. White and his co-workers. This -
chamber consists of two parts, the first being a parallel plate ioniza-
tion chember with a thin enriched boron electrode in which the alpha
pulses from the B0 (n, o) 1iT reaction are discriminated and used to
obtain an accurate 1/v response. The second portion of the chamber is a
double ionization fission chember in which two fission foils may be
mountied back-to-back to monitor the incident and transmitted intensities
through a U-235 transmission disk mounted 'between the two folls. The

- I DECLASS\FIED —
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first U-235 fission foil is also to be used to determine the energy varis-
tion of the U-235 fission crosg section by compa¥ison with the boron (l/v)
chemker. This chember has been mounted, aligned_ and shielded on the
neutron spectrometer and stebility tests on the Boron chamber are now be-
ing performed. ‘ = -

II. Higher Order Corrections _ - e

A Pission chamber has been used as a detector for a series of transmission
meastrements of cadmium at low energies.  This work is preliminary to work
now in progress to attempt to extend the usefnl range of the spectrometer
to neutron energies below 0.020 ev. Figure U4 shows the total cross section
obtained f?r cadmiuvm from 0.02C to 0,20 ev compared to the resulis of
Brockhouse 1), The values obtained before correction for higher order
neutrons ere also shown for comparison. i -

A Study of the Error Associated with Neutron Cross Sections Calculated from
Empirical Formulas - E. J. Seppi -

Tn determining chenges in the reactivity of reactors resulting from changes in
neutron temperature, 4t is necessary to know the neutron cross sections of
reactor materidls as functions of energy. This changé in reactivity is a very
sensitive function of some of the cross sectioms involyed, and as & result it is
important Lo know the accuracy of neutron cross sections determined through the
use of empirical formulas which were obtained by fitting neutron spectrometer
data to proper Tunctional forms, -

At neutron enefgies which are far from nuclear resonasnce, the Breit-Wigner one-
level resonance formula can be expanded in a power series. The neulron cross
section of an element is then releted to the incident neutron energy, E, by
the expression

(1) ) o VE = & + G E¥e B _ o=

where the approximation is valid in a range Fj < EL E_:2 and ey, ey, and ag are

constants which can be determined by fitting the eguation to experimental deta,
These data usually give the cross section at various energy points_in the range;
associated with each point, there is a certain experimental error due to count-
ing statistics, The problem of determining the error in a value of the neutron
cross section celculated using equation (1) due to the statlstical error asso-
ciated with the data used to obtain the constents has been investigated and the
results are presented below. Because these results can be applied to any case
where experimentel dete are fit to a power series, a generel solution will

be presented. _ . , o ! — ¢ =

1 | !||F|
il

1. Brockhouse, B. N., Canadisn Journal of Physics, 31, 432 (1953)
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Suppose a polyncmial of the form . : =
(2) y =

is fit to experimental data consisting of » points [ (v €y

81 + ap X + ag © . ay, B ... agix_j“l

ﬁfgﬂEﬁL%SSHHED

HW-31351

]

)5 Xi] i-=1,23,...n

- vhere the a's are constants to be deteé"mined, ¥ is the experimenta‘.l_.ly determined
value of y when X is equal to Xs, andCyy; is the statistical error associated with
J3. Bach a and consequently, any value of y determined using the resuliting em~

N pirical equetlon will have an error associated with it _due to the error& The

magnitude of this error can be determined in the following manner,

yi-

N When the polynomial equation (2) is fit to the experimentel date by the methods

of least squares, it can be shown that the constants a. are given by

q

o = i=
> S-J s ysxy OV

S I N )
(3) 2g =

Dkq

where the terms are defined as Pollows:

as discussed above; then D is the determinant whose elements are

E (n+m-2) R

(%) S X
=t

and Dy, is the cofactor of the kP2 row and the gth column of D.
standard methods of the

gives, respectively,

Let (y4,X1) be given experimental points

Applying the

propagation of probsble error to equations (2) and (3) _

9=J 2 12 - -
(5) €, =- > (a-1) 5aq) .
P 2
St (5, k1)
’ o . e=n o8 . 2 §=: (15:1 X Dkq de)
© e -5 <—a;ﬂ 6 f - A\

is the error i1in the velue o%
given by equation (3).

Simplified expressions were derived for the cases J=2and j = 3,
fying assumptions wera
tal points was constant » bhat is 6 = E
thet the experimental points were t&en at
such thet X; = X + (i-1) 4X.

for all values of i; 2)
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equal intervels AX slong the X axis

vhere £a, 1s the error in a, due to the statistical eror € vy in y; ena €y
y calculated using equation (2) where the a's are

Two simpli-

made: 1) it was assumed that the error in the experimen-

it was assumed
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Using equation (6) € a, was obtained as a function of % in the transformation
y' =y, X' = T%en noting that for X = O, Ey 468.1 , the following ex-
pressions were obtained For a straight line £it, J = 2,

€y = [13 n(X-X]_) - 124 X(n-1)n(X-Xy) + Q(AX)Q(n—l)(en - l)n]l/e
4% n (0 - 1)1/2 = :

i| i|v~|'||

(K
|
1

and for a quadratic fit, J = 3,

Gy . 3& =72 60 (X-Xl)E-léO(n—l)Axi(x—xl):‘;
[(AX),* n (n-l)(n+1)(3n -12)

+ 12(70 -15n+7)(AX)Q(X-X1)2-12(11-1)(2:? 5n+a)(4x)3(x.-xl) K -
1/2 - =
+ {n-1)(3n3-902+8n- 1) @X)* -

where ey’is the error in y celculated at X using equation (2), € is the
egbsolute error associated with the experimental velues of y, X; 1s the
egbscissa of the first experimental point, 4X is the interval betWeen the
experimental points and n is the number of experimental points, It should
be noted that in genersl these Pormules indicate that the error, £y, at

any point 1s less then the statistical error, &, of the data. ' Thus pro-
viding data are_ fitted to functions having the proper form, the error in a
velue obtained from the empirical function will generslly be less than the
error associated with the data at a given point, |, _

Thermal Neuvtron Temperatures ~ R. E. Heineman

In the last Quearterly Report, a suggested method for measuring the "effective

temperature" of s Maxwellian distribution in a reactor was briefly described,

The Au-198 activity induced in a thick Au-Cd alloy foil is very sensitive to

the energy of the neutrons incident on the foil. The probability that a
NAuJ’Au(E)

Nap Oau(E) + NogTea(E)

recently been found, however, that the proposed method of normalizing the

Au-Cd activity To that induced by unit current of incident neutrons is unsat-
isfactory. A l-mil, pure Au foil which would completely cover the surface —_
of the totelly sbsorbing, thick Au-Cd foil was to perform this function.

This would be unsatisfactory, in general, for two reasons: 1) by taking the
ratio Au~-Cd activity to l-mil Au activity, the sensitivity in neutron tempera-
ture is reduced to an impracticel limit, 2) though the Au-Cd activity is pro-
portional to current and though the l-mil Au activity is proportional to flux,
both being independent of the incident neutron angular distribution, the ratio
of the two activities is dependent upon engular distribution, the ratio of the
two activities 1s dependent upon angular distribution.. This resuli is obtained
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because the relationship between flux and current is -dependeu‘b upon. the incident
neutron anguwlsar distribution.

Alternate possibilities will be considered and any favorable developments will
be reported in the future,

C-12 Absorption Cross-Section Measurement - R. E Peter_éo’n

Of the measurements made in determining the thermal neufron ebsorption cross
section of C¢-12, +those remaining ere perhaps the most crucial. They ares 1)
measurement of the change in C-12 and C-13 abundance ratio in the irradiated
carbon samples, to be done by Dr. R. J, Hayden at Argonne National Leboratory,
2) measurement of the change in Li-~6 to Li-7 abundance ratio in the irradiated
1iI sample, also to be done at Argonne, and 3) measurement of the activity of
the cobalt monitor associated with the carbon samples, to be done at Hanford.

During the past quarter, the two carbon samples and their associated cobalt
monitor have beén removed from the sluminum sample cen in which they were
irradiated in the Materials Testing Reactor. Due to the high Co-60_activity
(~ 1010 3/s), it was necessary to first isolate the cobalt in a sepaerate cask
before work on the carbon semples could proceed, (All the sample capsules had
been wired hogether to maintain a fixed position in MTR). During irradiation,
the capsules accumulsted an apprecisble amount of surface contamination which
was removed by repeated washing in sulphuric acid-water solution. In order to
identify the remainder of the activity, a gemma ray spectrum was obtained from
one of the (-12 samples by use of a scintillation spectrometer, Two outstand-
ing peaks were observed at 1.1 and 1.3 mev which are characteristic of Fe-59.
This does 710t appeayr surprising in view of the fact that iron 1is one of the
impurities presémnt in the unirradiated C-12, = -

Both carbon capsules were inspected closely for damage _at ‘the break-seal and . _
elsewhere but appear to be as sound as before irradiation. Permission to ship
the capsules to Argonne National Leboratory has been requested of the AEC and
should be forthcoming shortly.

Pu-240 Burnout Experiment - D. J _Donahue s J. E. Faulkxgr: f_

Lk

An experiment has been designed to examine the feasibility of reducing the
Pu-240 content of Hanford produced plutonivm by irradiating this material in a_
tailored neutron spectrum. The experiment consists of measuring the relative
concentretions of Pu-240 and Pu-239 in a plutonium semple before and after it
is exposed to an epicadmium flux in the Materials Testing Reactor at Arco, -
Tdsho. Permission to proceed with this irradiation has been granted by the

AEC during the pest quarter. The pieces to be irradiated are nearing completion;

| " DECLASSIFIED

i
i




p - e a = EW-31351
PHYSICS PROBLEMS CONNECTED WITH PLANT OPERATION — Eﬂiﬁ lFsEﬁ -

_—

The Dependence of Pu-2L0 Concentratior in Pile-Produced Plutonium on Neutron

H

Flux Level - B,_R, Leonard, J»r... - - - e . o= ow T T

The Pn-240 concentration of plutonium produced by neutron capture in U-238 in &
constant neutron flux has been investigated considering the time dependence of
the radiocactive members of the decay chain., For neutron fluxes greater than @ _
gbout 1013 cm=2"sec-l, the decay time of Np-239 (Typ, = 2.33 das) becomes a sig-
nificent fraction of the total irradiestion time, For higher neutron fluxes, .
then increasingly more Np-239 exists in the product at the end of the exposure
decaying to Pu-239 after irradiation. This process ther leads to small incresses
in Pu~239 production with increasing neutron flux level_ for the same exposure and
to more significeant decreases in the Pu-240 content since the fraction of Pu-239
produced by Np-239 decay after discherge is mnot available for the production
of Pu-240 by reutron capture. By the same process > however, & possible Np-239
radiative captufé cross section becomes . of importance since this process would
yield Pu-2h0 by the 7.3 minute half-life Np-240. No significent informetion on
the possibility of a slow neutron radiative capture cross section for Np-239 has
been found in a literature search.

The time dependent differential equations describing the concentrations of the .
various members of the decay chain and of Pu-239 and Pu-240 heve been set up,
solved, and numéricsl results obtained for representetive values of neutron
flux level and total integrated exposure, Solutions have been obtained in each
case for Np-239 capture cross sections of 0, 100, and 1000 barns. Other values

of cross sections were chosen to give general agreement with experimental values
of production, - CTE -7 -

The computations at present have been carried out on & desk calculator and Por
this reason several aimplifications have been made. The most important simpli-
fication has been that the calculation of the production of the higher Pu iso- .
topes haes not been maede., In addition, the Pu-239 produded before discharge and
the Pu-240 produced by neutron capture in Pu-239 have been calculated only for
the case of zZerc capture cross section for Np-239. InConverting the results of
the calculations to percentages, the Pu~239 produced for a finite value of the
Np-239 cross Bection has heen corrected by the approximation that the Pu-239
concentraticn is decreased by the concentration of Pu-240 produced by Np-239
capture, o ' ) =

The calculated percentages of Pu-240 in the plutonium are shown in Figure 5
88 a function of total integrated exgosure (%) 5 Curyes are shown for neutron
flux levels of 1, 3, 6, and 10 x 1013 neuts-cm™=-secl for & zero Np-239 capture
cross section. Also shownis a curve calculated for a flux of 1013 and a Np-239
capture cross section (g~39) of 1000 berns, The difficulties attendant with
fitting experimental determinations of Pu-240 concentrafions to single curves
or in the determination of test pile cross-section values from isotopic compo-
sition data with accurate knowledge of irradiastion flux levels are obvious from
these curves. -

The importance of posaible Np-239 éapture cross section_may be more .clearly seen
from the plot of Figure 6, where the calculated Pu-2L0 concentration is plobted.
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for values of O, 100, 500, and 1000 barns for the N -2§9 cross section for the
same totel integrated exposure (¢t = 5 x 1019 neut/cm?).

A more complete description of these calculations and tebulations of the results
has been published in BW-31016. (1) : = . =

Neutron Sources - J.-0, _Erkmen ’ o

Irradiation of BiFy” has been proposed as & method of producing a neutron source. ()
Some of the bisnmtg .is converted to polonium; the of -particles frgiil the latter
then interact with fluorine to produce neutrons. In order to produce sn efficient
and steble source, an attempt has been made to solidify the powdered BiF3 obtained
from the vendor by melting the powder. This approach, however, isdmpractical
because of the tendency of the BiF:; to dissociate at temperatures above its melt-
ing point {much of the fluorine ha® been driven off in_all attempts to melt the
compound)., It is now planned to pack the powder in a thick-welled. aluminum cen
under a pressure of sbout 6 tons per inch® with a resulting density within 10%

of that of solid BiF.3, - . o - -

As an alternative to the above, the Brush Beryllium Compeny, using powder metal-
lurgy technigues, is febricaeting semples containing bismuth metal and beryllium
metel. This type of source in which beryllium serves as the target for the
polonium oX-particles, should be more efficient than a source containing BiF3

Increasing the Buberitical Flux in a Hanford Reactor -=J. 0. Erkman

The flux in a stubcritical reactor is proportional to the neutron source strength
in the reactor.” It has been shown(3) that the source in a Hanford reactor soon
after a shutdown. is due primarily to the (¥, n) reaction on deuterium. The’
magnitude of the suberitical flux is important in determining gtartup procedures. (%)
Safety of operation would be increased, and instrumentation problems would be re-
duced if this subcritical flux could be increased, perhaps by the addition of
beryllium to the reactor. )
In order to estimate the amount of beryllium required to increase the flux sig-
nificantly, the relative yields of neutrons from deuterium (in the form of Da0
in ordinary water) and beryllium (a beryllium selt in water) will be determined.
Freshly pushed slugs will be used as the -ray source, and indium foils will be
used as the detector, The neutron flux in a buckeit containing 143 four-inch
slugs in the diBcharge basin at 100-D is sufficient to__give a saturated count-
ing rate off 52 counts per second on a 1.0 x 2,5" indium foil, corresponding to

(1) Leonard, B. R., The Dependence of Pu-240 Concentrétion in Pile-Produced '
Plutonium on Neutron Flux Level, HW-31016, March 3, 1954 o -
(2) Erkman, J. 0., A Neutron Source Design which Eliminates. Radiochemistry ‘
from the Process of Production, BW-29686, = _
(3)  Xruesi, F, &. » Final Report, Production Test 105-58-P, B-Pile Reactivity ‘
Under Shutdown Conditions, EW-10559, July 19, 1048, Co_ o
(4) Cearson, A. B. and Plumlee, K.E,, Final Report on PT-105-258-P, Supplement
"A", Determination of Residual Neutron Flux at Startup, HW-18058,
June 12, 1950, ) ) ) - Ce e
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a neutron flux in the neighborhood of 500, This flux_ is sufficient to make the
comparison of the yields of beryliium and deuterium a simple matter, (The flux
meagurement was made with the assistance of the Special Irradiations Uhit and
the Exponential Pile Sub-Unit,) : :

g

Xenon Reactivity Iffects - J, 0. Erkman - Co- v -

Document EW-31135, "Notes on Xenon Reactivity Effects_in a Henford Reattor", has
been issued. Expressions have been set up so that pile fractions mey be used
directly to gilve the reactivity effects of xzenon. The equations mey be adepted
to a reactor using conventionsl fuel with dimensions 6r thermal utilizetion aif-
ferent from present reactors., The power level and flattening parameters have
been combined into a single parameter to reduce the nuﬁber of tables required to
cover a given renge of operation. =

Single Reactor Load for Tritium and Uranium-233 Produ&%ion ~- G, WoiStuart

A lattice load composed of alternating N slugs (3.5% Li and 96.5% Al) for
tritium production and M slugs (a canned assembly of alternating disks of
thorium end Al, Mg, or Zr-25 alloy) for 23 production and nuclear fuel require-
ments possesses several attractive features: — =

a) Thoriim is a. relatively efficient y-ray dbsorber and will, therefore,
tend to alleviate the undesirable graphite heating caused by fission
product ¥ radiation, In the conventional method of tritium produc -
tilon employing J slugs (A1-25 alloy), grephite heating is _accentuated.

b) Since the neutron capture cross section of tritium is smell, there is
little product burnout; hence the most efficient manner in which to
manufacture this product is to set the exposure as high as possible,
In this we are limited by slug stability and loss of reactivity due %o
25 burnout end fission product buildup., The proposed M slug should
prove extremely stable because of its excellent heat conductivity,
while lass of reactivity would be compensated for by buildup of 23
which yields 2,3 fast neutrons per thermal neutron absorbed as against
2,1 fast neuwtrons for 25,

¢) Since thorium is a material possessing appreciable resonance cross
section, the reactivity of the M-N loading will, because of the doppler
- effect, possess a metel temperature coefficient Far more negstive then
a J-N loading, thus increesing safety of reactor operstion,

d) Resonance capture of thorium febricated into M slugs should increase
due to increased scattering per thorium stom.” This will have a salutary
effect on resonance conversion to uranium-233, ‘

e) The effect of fast Pfissions in thorium-232 will be enhanceéd by the
intimate arrangement of fuel disks and thorium disks.

f) Separation of the thorium and fuel disks could be done ¢chemlcally,

g) Conversion ratio and uranium-235 investment for the M-N loading scheme
ccmpares favorably with alternate loading schemes. . .

~ DECLASSFgp '
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An emplified discussion of this subject may be found in document HW-30839.

e

Conversion Ratio of Thoria - G. W, Stuart

The Atomic Energy Commission has requested a feasibility report from HAPO on -
utilizing thoria (ThO,) instead of thorium metal for uranium-233 production,
As one aspect of this rroblem the change in conversion ratio (nuclei of 23
formed per nucleus of 25 destroyed) gemerated by such a substitution has been
calculated. An exact mumerical result is not possible at this time, but the
following limits have been obtained. - - R ==

= 0:03 £ Ciporta = Cthorium £ 0.0L
Details of this calculation may be found in document EW-31153,

Conversion Ratio for P-10 Production - R, E, Peterson B

Separate yield? grom four columns which were discharged from DR reactor have -
been reported. 1 The conversion ratio of tritivm production to U-235 depletion

has been calculated for each column and is reported as follows:

Total Energy Generated Hﬁ YTiela - Conversion
Tube No, in the Column (MWD) (Cm3 at NTP) Ratio )
147k = 7 79.97 1,256 0.48 :
2573 = 80.26 1,500 _ 0,57
1875 o 78.96 : 1,766 - 0,68
1966 S 70.98 1,638 = 0.70

The E3 Yields reported here are an average of two measlirements made for each
tube. The calculation is based on the assumption that 56 per cent of the total
tube energy results from the destruction of 25 in the eleven J pieces in the
column and that the energy released per fission is 203 mev. There . is good
reason to disregard the data from Tube 1#7&, since 1t is believed that gas

. was sbsorbed in Saturating the extraction line. If this is done, then the
average conversion ratio of the other three columns ig Q.65. This is in good
agreement with a previous measurement made on the H-10 loading (Oo6q§-AO.67),(2)

A as well as a celZulation made from tke ratio of average fluxes in the target

r and fuel slug as-determined by foil traverses (0.67). -

The desirability of Increasing the conversion ratio is obvious and methods for

accomplishing this ere being studied, Rough estimates oF the neutron economy

indicate thet an increase in the 1ithium concentration will yield a smell in- -

crease in conversion ratio. A report will be issued on this work in the near

future, T ' . - . -

l. Private communication from R, E. Falkoski | ~ T
2. Peterson, R. E., Conversion Efficiency and U-235 Depietion in E-10, BW~-29027
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In the separation of U-233 from the parent material Th-232 it is of interest
to know the expected activity present due to Th-234 and Pa~-233.  The activity
Just at the end of radiaetion will be a function of flux and time, if saturation
is not reeched. In order to find these functions, ‘the equations wére solved _
assuming only that the burnout of Th-232 was negligible. The equatlions and
solutions may be found in HW-31200. The results indicate that at_90% satura-
tion for a flux of 4 x 1013 n/cm? sec, the gh23h-wh232,raxio is about 8,2 x 10-5,
The time for 90% saturation is ebout 7 x 10° sec. Similarly, the 90% satura-’
gion rgtio for Pu233-Th232 is about 9 x 10-% which will occur in approximately
x 10° sec. o= -

I
[t J1g

Proguction of Th-234 and Pa-233 - J. T, Russell

;l

The solution of the complete set of equations leading - to U-233 production and
the U233-u23% ratio 1s pow underway.

Wide Range Flux Met@r - J. T, Russell . I - -

In sterting wup a hjgbrlevel production pile following a shutdowm from full _

power, 1t is often advantageous to know Just what the flux is at the very be-
ginmning of the startup. If this detector would alsc operate over the entire o
pile excursion without the necessity of changing ranges, it would be of further
advantage., The feasibility of —just such a device is now being considered i
Interest centers about a fission chember in a tube of liquid between it amd the
reflector. The neubron attenuation for such an arrangement could be adjustable

from O to 1010 or more., Now the position might be adjusted automatically so

that a constant counting rate is obtained, allowing the _povwer level to be in- - =
dicated as a function of position. - .
This meter is described in more detail, along with isome applications to auto-
matic control, in BW-31200, _

o . . — JHead, Physicg€/Unit
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