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§&{ Conurol of L@d:mm

A chain reacting nila. vhich is in a .»t.eacg stawe “1&5 an
cfi‘actim multiplicazion constant of aitactly uwndty. If a gra%n
substance vhich sbsorbs peuirons is introduced inte the meciium, bhe
mzaltinllcaulon congtant will be redused and the chaln reaction will
stop unless the size of the pile is increased.” The fundamenial

problem of the theory of centrol is %o calculate the shapge in k
caused by a corstml rod cu’t’ glven aize, shape, and absorbing matsrial.

- It iz evident that the increased abso?pu, en of a control
rod is only part of the resson thet a rod decreases k, esrecially if
the rod is largs. For a sizeable rod the nmeutron distribution is
perturbed by the pn..senc@ ol the red (Fig. 1)¢ The inc ’-’faamed curya-

N e by
9 'met
n° ? _‘i‘ "\szs.adls" Pibution with =cd
ot : \vdmtmbution without rod
C’l r}, Y
Fig. 1

i . S A

ture in the nevtron distributicn increases the leskage oatward (as
‘well as increasing the leakage into the rod); for usual sized rods
this increased outward leakage is about as effectivc ag the absorption
in _(or, leakage inte) tre rod in reducing the multiplication factor.

‘Spherical Control "rod

. The s.me.Leat control rod is a black sph'ere of ra,clus ro at
the center of a spherical pile of radius R. - We shall sSuppe se that the
control sphere is’sufficiently 1arge 80 -that the neatron densilty
extrapolates ‘to_zers at a distance. */@ 2 inside the. surfuce of. ths

- rod; this ™/ / 3 correction nay be taken into account by fedef ning vy
to be the physical radius of the sphere decreased by MNE L We
shall suppose at first: that the control asphere -is black to all neutimas,
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fast and slow, and that the fast distribution is affocted by the -

presence of the control sphere in exactly the same way as the slow

distribution. This will be roughly true for very lavme rods; for smalier
rods it is not at all the case; and we shall have to make A more =xten-
sive calculation later to take ‘che fact that b"m rcd is transparent. to
fast neutrons into a,c\.ount : '

" We now pose t‘m following problems Suppese the pile is gust
eritical with radius R, multiplication constant kgs and LaPlaclan oo
If the control sphore of effective radius ry (inelncing A / ¥ 3 correction)

is placed in the center of the pile, what (highesr) value of k and &

ma.st the pile have in order to Just maintain the chain reaction?
"-.“,
' The taerma.l raeutron dlstribution without a contrel is
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with a control sphere it is
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(2) (nv), =
. r

since (mr)l is a solution of the pile eguation which vanishes on the
surface of the control sphere. X the control is black to all neutrons,
{2) also describes the spatial distribution of fast neutrons {except for
a factor e T ) and we could find the value of k mqnwd 1o make R the
critical radius from the condition (nv)y = 0 st © = 5 l.e.;
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which gives the fractional increase in k-1 required by the introduction
of a spherical control which is black to both thermal and fast neutrons.
If k = ko, we find from {2) the interesting result thet a ccmpletely
black sphere at the center of a reacting spherical plle incrsases the
eritical radius by an amount exactly equal to the effective radlus of
the control sphere.

If the sphere is transparent te fast nevlrons and is sc
small that its presence does not appreciably change the fast neutron
distribution, the effect of the rod would of courge bz reduced., To
estimate the reduction in effectiveness, we may calculate the actual
increased leakage caused by the presence of the rod directly.

In the absence of the rod, the per cent thermsl leakage is

bk ® XN 2d
L = _Thermal leskage . _ 3 R dr (v)olg :.f, - 1)
. to Thermal ebsorption Ls N Gav/[‘ r2 (“V)o ar E?
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as may ke verified by direct integration of (1). In the presence cf
the control to compute the corresponding quentity, we use the -

~ distribution (2):

_ - ' é_ﬁﬁx . 5\
L= < Thermal _lfeakaggm_) o - ( B (mr)l’ﬁ v dr (av)y iz 2ol
T Thermal zbsorption with control & N o, J}ﬂ%z (nV)l dr
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The pér cent leakage while fast is given by Ly = l% (ko - 1)
, M o

in both cases since the total leakage is ko - 1 withoul the control, and
we have assumed that the fast distribution is unaffected by the rod.
We have, therefore

(ko-l)-‘:L + L.,k -1
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Since. L /Mgﬂdg, thls result suggests that a rod black to only thermpal
neutrons is only 5 as effeective as a rod which is black to all peutrons,
This result is correct caly if the conbrol can be assumed to have no
affect on the fast distribution; actually the effeciiveness lies
between the all black andxthermal valuas, .

. The effectiveness of a spherical contrel can be cstimaed
from the following numerical values. Simce the w.f.p. in the pile is
about 2.5 cm. ; a rod of actual radius 4.45 om. har an effective radius
ro of 3,0 .cm. . If the pile has a critical radius E-~~300 ca-, the change
in k - 1 is only 2% for sn all black sphere, and somswhat more than 1%
for a thermally black rod, If k=~ 1 ~+.05, the Qﬂer&ll ehange is cnly
aOOl_in the first case, 30005 in the sscond.

g rlcal Control Rod,

For a célimdrlcal rod the theory is mmch the same 2s for a

.sphew1Ca1 rod, hut the analvtic details are somewhat more complicated.

He conulder an all black 1ufin1tely long eylindiical rod of effective

. radiugir..at the center-of an Anfinitely long pxle of radlus Re The
' thermal alsurlbuulon without the rod is

W el

while with the control reod

| /Ti;i'-ﬂ Er=TAY /"“:,: D fe -1
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gince (nv)l is a oolutlnn of the plle equation which satiszfies thp
boundary conditicn (nv)1 ¢ at r,e To determine &k with the rod: Lﬁ
place; we have :

(ov); =0 ‘at r =R, from which

(6) .Yo(‘ o 2 r"o) , Yo'(j
CL K - 3\ )
) s

which is a transcendental equation whose firs root givos the value of .
k=1 witharod. Ifr %0, ¥, ( yf(kel v, =» €& and this equation
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reduces to the usual

which is the usual foranla for the criuical radiug uf an infinitely

long cylindrical pllen.

In,ﬁne generql case, we may wiite
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© and the transcendental-éguaticm hecomgs-

(7 T () T (E)
o TG )

This equation can be solved most readily>by plotting the funciions cn
the left and on the right hand side on the same coordinate system and
reading off on the abscissa the values of § and x Whlch make the two

- functions equal .

L
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Kach pa1r of values X, E correspondu to a vglue of R/I given by R g_E; ';
conversely, £ is a funcfion of r/Ry, & (r/Ky). The value of r, X
K = 1 with the contrel rod is given by '

- k--1= & (v/R,)
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(8) k-1 _ EZ{r/RO) .12 E (r/R ) - 2,405
- Y Ty e IN;
| ko~ 1 (2.405)2 2.405
if the rod is all black, or .
Sndoog g é;j g (x/B)) = 2.405

if the rod effect: only the slow peutron d13t°1butiuno Actually for
rods of the size ordinarily considered (r/R ~s (05), the effectivencss
lies miduay between these tuo values. '

- In the fbllon¢ng table the roots of eguation (6) are
tabulated along with uhe corresponding k= 21_ for rod tlack to ail.

-neutron | N ko -~ 1
® - ‘-ro/a‘.'.:‘\,zif"?"’ﬁ,i e J,A;-iign
_ . o ..’ . ..p .& i ¢ R
0 2,505 o S| 1
;QOS 20682 000186" o 19243 100037
: .ool . '20721 o0037 ‘. 10278 10007‘2}
002 20771 . 00072 ) lo 327 looul}

05 . 2,865  LOL75 L.418 . 1,0350

The last column glves the percentage change in k = 1 for a control
sphere in a spherical pile having the same ratio ry/R as the cylindrical
rod. it is immediately evident that a cylindrical rod is much more
effective than a spherical. one of the same corresponding radius.
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