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14'*‘J'anuary 1947
TO: L, R, Hafstad
FROM: A, E, Ruark
éUBJECT: Transmittal of Progress Report entitled "Nuclear-Powered Flight",
by an Informal Commfittee of the Applied Physics ILaboratory of
the Johns Hepkins University,
In accordance with your verbsl instructions of about 9 .June 1946,
the Committee has considered the general problen; of air vehicles driven
by huclear pever, Three copies of the subject report arc respectfully .

. submitted herewith, A first dz;aft was submitted October 25, 1946, Since

fhat time many errors have been corrected and much new raterial has been
added,  The initial distribution is ‘indicated in the report,

Your comments and those of other interested persons will be
appreclated by the Committee, Review by suitable members of APL is hereby
requested, ‘

- It is believed that any further work on this subjeet at APL
should be carried on by a small steff with fresh instructions, and that
the existing large Acommittee should be discharged in the near futuref

FOR THE COMMITTEE |
i"’: AT
- Arthur E, Ruark, Chairmang
> Technical Supervisor '
for Research Laboratory,
AER:rh

Enol,' 3 «~ Copies 1, 2, and 3 of subjeet report, ﬁ ,

ionage Act,
oR htvewmata@diion of its con-
eriZed persons is prohibited by law.
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CHAPTER II
PART A, CYLINDRIGAL ENRICHED REACTORS

By Nicholas M. Smith, Jr.

We consiéér the sloweneutron reactor ﬂue}ed with enriched fissionable
material (U235 or Pu?39) mixed in a moderaﬁo#, 'We dispense with the use
Aof a tamper because the tamper add;s to the total weight and size of the.
reactgr. The'assﬁmgd surface‘tempefature of the reactor is 3000°K at full
power, Important factors in the neutron éesign of a feastér for power production
are

| a. The critical dimensions,
b. The total mass of fissiomable material,
¢, Extra urénium for control, and the time of response to thé
controls,
d, The effect of poisoning by the prodﬁcts,
.6, Depletion of uranium,

1

1, Solution of Differential Equations for a Czlindricgl_ﬁgacéprvin‘tpe

Steady State,
> We follow elementafy diffusion theory as in the computation of the

critical size of a spherical reactor (see Aprendix 1), For the steady state,
we have the equation: ‘

A0y ?ng 0, - )
where n is the-numbef of neutrons per e, C.$ -

K1l
q2 =

s susagmans

L 2

o
)

K is the ratio of the creation and absorption rates; and

L 1is the diffusion length, discussed in detail further on,

415 039
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In cylindrical coordinates eq. 1, becomes;

2 2 ' ‘ |
&€n 4 1 dn g L—; + a®n = O, )

éfz r dr dz

Solving by separation of variables? letngzR2Z,

where R and Z are, respectively, functions of r and z only. Then

d
R_+ aa

(3a)
dr2 dr

-+a%rR - 0,

aﬁd
627

dz _

where 8 and b must satisfy the relation
K1 e . .

Ldz-, (30)

a2+ bR = q2 =

It follows that

R = Jo(ar), (Za)
the Bessel funotion of zero order, and that

Z ¢ A cos bz + B sin b, (4v)
Putting the center of the reactor at % = 0, we see that the concentration
mugt be an even function of z, so thét the sige term drons out. For the
steady state the neutron density drops off in ail directions from the center,
It is not true that'tﬁe'density is zero at the surface, since there is a
finite flow of reutrons to the ouﬁside. However, in designing the reactor,
it is convenient and satisfactory to use the boundary condition n = O,
because the neutron denaity ié relatively low gt the boundary when the mean
free path is reesonably small compared to the smallest dimension of the
reactor, ‘This condition_will be satisfied for the dimensions we shall cone
éider The theory should not be used for bodies whose smallest dimension

ig of the order of the mean free path

contains information affecting the national defense 040
ted States within the meaning of the Espionage Act, 50
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Teking the zeros of the solution to determine the critical boundaries,
we get, since Jy(x) = O for x = 0,7655 7,
o Bhg e T
a2 + v = g%, (5)
a2
b 20,
Here rc‘ is the critical radius and h, the critical length,
K=V Absorption in fissionable material (6)
S Total absorption ‘
Here we mean by absorption (in Up3s, for example) the ouantity ¥y Cay,
where Ny is the number of atoms of U235 per cc., and gy the absorption
cross=section, V is the average number of neutrons emitted per fission, We
shall assume that V lies between 2,0 and 2,4,
Bk - Absorption in uranium 235
pulng * Absorption in other materials
K takes the form 4
K=V o—Lleu, (6a)
1+ ¢
2, The Reactor Containing Tubes,
Now if the reactor, instead of being solid, contains tubes for heat-
ing a gas stream, we may consider that we have a new reactor of reduced
density of both 1?35 and moderator, Iet {' denote the ratio of the empty
corss-section to the total cross-section in the reactor; so that 1 - T is
the solid cross-seection over the total cross-section, Si:}:;nose that the length
of each tube is great compared with its diameter, Then, we may assume that
all mean free paths increase by a factor 1/(1 =1 ), so that the dimensions of
415 041
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. a critical reac-:tor increase by tl;.e same factor, Averaging over the whole
volume of the tubes and the séiid material, we see that the effective
densities of uranium and modefator vary directly with 1 -, The concen-l
tration factor C which is deffned as the ratio of absorption iﬁ Uz35 to the
absopption in moderator will remain constant as long as the composition of
~ the mixture is not aitered,> The reproduction factor X is indépendént of .'~
However, the diffusion length varies inversely as the overall averége

density, being .
/1 -1, | (7)
L is the diffusion length for a reactor devoid of tubes, ‘

3. QOutline of the Design,

Now we shall find the mass of uranium in the tube-filled reactor of
critical size, Then we shall pick the "optimum" value of C, which permits
the use of the smallest quantity of uranium, These’ steps do not complete
the design, The érifical reactor of optimﬁm concentration has an arbitrary
power output,. demending on the initial neutron flux. This is clear from.
the linearity of the differential.equation for the neutron concentration,

To provide a finite pow;r ou@put, it is recessary to use more than the
critical amount of uranium and %o introduce control rods, . Also, the effect
of poisoning by fission products during operation, and the effect of tempera-
ture increase on neutron mean free paths (and therefore reactor size) must be
" considered, ‘Allowance for ﬁhe depletion of the uranium during the total time
of operation must be made, All these factors result in increase in the
quaptity of uranium neeéed. Tbey will not be considered in our initial

discussion of the steady state,.

415 042
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L, Optimum Concentration,:

For t_he tube=filled reé:ctor the critical dimensions become

are = 0,765571 h
bh
2+b (1 I')z,{ Be d =
g\Ldoz (8)
;4 -rP ( 4.
%3 1+c . [
Now let _ ‘
e | ()
so that
| /‘*-: 0.7655 v/, - ’ (9b)
and (1 '21.')2 (1* il ) 3 (1+ Q;\ﬁg_)b.? (9c)
. PR P %

-{1. 2
5(1‘&' O/f‘se “).a? (9d)

From the definitiom of C, and for the case .of a pure modérator, wifhout
poisoning meterial nroduced by fission,

ce Nu Gy, ( FuRsNy Tay, (10)
N, CEM pM/Wm)Nu O an
The subseript M refers to the ‘moderator msterial,

The Aensity of a constituent of the m,ixftﬁ_re expressed as mags per unit volume,
and the molecular weight are indicated by /-oanc_liw, while Ny is the Avegadro
number. We abbreviate (10) in the form

Pus B B (o)

G Qs Tou

vhere (10b)
By O
= 4.7R x 107 4 in cga units for granhlte . 415 043
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The total mass of fissionabie material in the reactor is 'given by

m = 77 T FU L1ep)

2 ) -
0,586 7L ¥ :
9“”3@ + fooa-1)
4 A2 ( o, 586 ) 3
_0.586 % (1 S e L .
2. 586 Be @)

: 555
(I»F) 4[1+ . ]

Equation (11) does not show the total dependence of the mass of fissiomable

material on C, for L, the diffusion length is a function of C, Only in
special cases, where the contribution to L2 made by the diffusion at thermal
velocities can be neglected (as for the case of a water moderator treated

by €hristy) is I, independent of C,

We set
| (1?) total = (Lz) slowing down -~ (1?) thermal (12a)
and consider (I?) thermal:
' (1) thermal = At .Bv%\fth- (12v)
where /Xth = thermai mean free path for scattering ’
and }\ th = thermal mean free path for absorption,
Now | S pp— =
Ny 6sM" Ng sU (13)

and -.Ath — 1

My Oaut+ Ny Say
where the subscript s r.efers to scattering, and a fo absorptiqn. In the case

of a granhite reactor we shall find on page 2 13 that Ny Oy should be about

18 times Ny Oame It follows that

My Oan¥> Ny Tery

This document containg n affecti tional defense

of the United States wmun the meaning of the Espiomge Act, 50
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and it is permissible to write

1l
Mth = o
but. ) Ath : - 1ﬁ..~r e .1Y ——
1- C- Ny Cam
and we have |
(Lz)th (L ) mod, thermal . (14)

1+ ¢C
where the subscript "mod" refers to a uraniumefree moderator. For the same
reason that we neglect Ny gy in eomperison- with Ny COgy, we can neglect,
the enéire contribution te (L2) slowing made by the uranium crossq;sectign;r--.-'
in other words, Bec.ause the O's are of the same megnitude and Ny >> Ng.
Whenever these conditions do not hold, we no longer have a slow-neutron reactor,
but a slow-.-and-—fa gt=neutron reactor, For the conditions of a -slow=neutron

reactor cons:.dered here, we can rewrite (12a) in the form

(L2) mod. therm,

(%) totel g (I7) sloving dow 4 _ (152)
1 + C
D+ — (15b)
® 1+ ©
where: D z (I%) slowing down
and K g (I?) med, therm,
Now, Equatmn (11) becomes 3 /2
(D+““"€')
Mg rom— 5 (16)
( 'm’ q1>3/
14¢
where N .
' 0%6*4 0,586 )qg , |
Fg 14- : (16e)
- oF ( ( +0586>( g 2 .

This factor segregates all length ratios and other quantities which are not used

. in finding the oftimum value of G, Equation (16) has a minimum as C is varied,

415 045
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which dapends on DQ E, and V, and which gives an optimum concentration of
fissioneble material,

We compute ow/ 2C, let it equal . zero and solve for coptixmm
(mmnv-n+m+ﬁ&1mw-1)+5m +¢ﬂmwm rlﬁ (a7)
4DV » 1)

Cbpt &

For the case in ~hich'L # is indepéndent of C (Equation 11), E z 9, and we

obtain »
oL V+ 4 + (R +‘24V)" (18)
opt ¥ T AW ae1)

Equation {18) ylelds t'_he following values:
Ve 2 2.1 2.2 2.3 2.4
Copt?  3.30 . 3.07 2.8  2m 2.58
"~ These values would be uéefﬁl for a reactor moderated with hydrogen or water,
but £or a éran}nte moderator (and rresumably, one of beryllium oxide), eq. (17)
must be employed, 86 we nroceed to consider the values of D. and E
5. Comnt_xta_’t;log of AD:_Lf.f"usmn Lepeth in Pure P;'!oderato_r.

For use in Equation 15b we desire to compute D and E seperately,
where now we desire these for the case of the pure moderator, heving already
made allovance for the concentration of wranium by introducing the factor
1+ C. The cﬂlculatlons +{11 be oprroximate, We restrict our 'at‘ben'bion to
carbon and U235. Table 1 ~ives absorption cross sections and total cross
sections., In carbon of den;sity 2,25 the mean peth for a cross section of 1
barn is 8.85 cm, so mean paths are given by

» {em) = %—r%m v
Wo write Agy to indieate that the free path we need is that for the slowing-
dovn process; no matter —<hether scattering be elastic or inelastic 1\51 is

taken as 1/(Ny 03),

This document contains information ung the national detmue
of the United States within the ing of the E ., 50
U. S. C, 31 and 32. Ifs transmigsion or the reveladion, ot.ks-cru» s 41 5 0 4 G
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Table 1, Neutron Cross-Seqtions in Carbon end ¥res
mes B |Cgemly | e e
_Electron Volts [~ Ta T 3% . PN A '
Carbon 1/30 0.0045 4,84 | 1970 1.83
' 1 - 4.8 1,84
50 103 R 1,88
100 10° heS5 1.9
200 10° 413 2,14
300 10° 3.7 2.39
) 500 10° 3,23 2. %
1 10° 2.41 3,67
2 106 . 1,67 5.30
3 '106 Resonance o
(scattering)
U235 1/30 420 17
Fast 2.4 (S

References:

e

The uranium cross-sections. and the carbon absorption cross-sections
are from "Nuclear Fission and Atomie Energy," University of
Pemnsylvania Staff; Tables 9.2 and 9.4, The total crossrsections
for carbon were kindly supplied by D, H, Frisch of MIT,
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We have D=z1/3N A?s1

where N is the average number of collisions required to reduce t"he energy
of the neutron from 1,2 MEV to RMS thermal value for 3000°K or 1/3 EV,

)\2 g1 Should be the average of A2 g1 over all collisions,

weighting each oollismn equnlly. As;: an approximation we shall use ‘

E 1 -F)W = = By ' - (19)
as.the relation defining N. Here E, and Ey are the initial and final emergies
respectively, while f 1s the arithmetic avérage ﬁvactionai loss of erergy in
a single collision., From the paper of Condon and Breit.(Phys. Rev, 49, 229
(1936) ), we have for carbon

f e 0.142

We computes, s l 5 106)
log (W‘ - —— : :
N = : S 8 97 collisions, (20)

7
= ( 0.858 )

To get . )\ 312 we have plotted ')\sl against log E ana have picked off values

at equal increments of log E, which means roughly, equal increments of the

collision=-number, The average of Aslz is computed from the values thus

‘chosen, That is,

p————g

N AR = L PYRLIAN . (21)

- We carry this summation from an assumed average initial energy of 1,2 MEV

down to the RMS energy correspording to the renctor temperature. The r;zsults
for D are given in ;fable 2. Inasmuch as the reactor must start aﬁ room tempera-
ture and must run at high temperature we consider the values of D and E under
both cox.1dition_s. D becomes larger by about 10 per cent when the temperature
falls to 300°K, The reazson is fhat mare collisions are reqﬁired to reacﬁ

thermal energy values, We have

. Ee ’Z\-th A /3. (22)
'gfhit.b‘ United ASiate‘c .\viﬂ.:i;n the ;eaning of tht:exspgon:;le Act 50 ®
b g mi i e ge e S . 415 048
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2.11
and from page 2.9, we find that E 2 1200 sqg, om, at room temperature, We
assume that in the region .considere"d, the eross=section for absorption in the

moderator follows the 1/v law and is therefore propartionsl to 1/'1"%'. Thus

E(T) s (-'51:-, )% %T‘?' )&" . (23)

) 3
Finally, in evalusting D% E/(1 -+ Copt) , which is I? for the optimum eritical

reactor, we use several values of C’o'.p‘b’ corres?bnding to different values of V
(see Equation 17), so ‘that the uncertainties connected with our lack of knowl-
edge of V can be appraiéed. The results for critical reactors with opt‘imizéd
uranium oongentrations are given in Table 2,

WWe note here that in addition to an optimum concentration factor there exists
an optimum radius/iength ratio, independent of the value of C. In Equation (16a)

we set 2F/ 3/4 z 0, findirig that the uranium mass will be a minimum vwhen

A2 . L .
W '-2;/‘;“,0.542, (24)

so that the best diameter is 1.084 times the length, The shapes dealt with in
Table 2 range from the compact o.ptimum one to slender cnes, (See also Part B ’
‘and Figure 2,3), The latter require more u;_mnix‘lm, but they may be necessary in
order to provide sufficient temperature iise of the gas in some missile regct.ors!
The uranium masses given, m(1 -‘r )2, are, of course, the masses of the solid
reaotors. To get the mass of a reactor with holes, we divide the figures in the
table by (1 = [*-)%.
From Equations (8) and (9) ye obtain the values of the critical radius and
length, namely,
v, 5 2.405 (1 12/0.586)F L/(K - 1)E, (242)
he & 77 (1-F 0._.586//"2)% L/(X - 1)2, | (24b)
Theso dimensions are also presented in Table 2, 'To obtein the dimensions of a

reactor with holes, divide, the given values by 1 = r' .

This document containg information aff tbe natio ef
of the United States within the m o ‘}\ t 50

of th , 50
ot e P e L
§ o e e e e e e




-

The results in Table 2 for the 3000° temperature are dependent on the
quite-plausible assumption about the teéﬁerature variation of the thermal-neutron
diffusion 1engﬁh in the moderator expreséed by Eéuation (23), Tﬁe presence of
a carbon resonance near the room-temperature thermal region (1/30 volt) could
bring it about that concentrations considerably higher than those in Table 2
would be necessary to minimize the uranium mass for the hot reactor, An experi~
ment on neutron ébsorption in graphite, performed by Bernstein (Reference 5),
indicates that resonance in graphite is a minor effecft if it exists at all.
When the uronium needed to make the hot reactor operate is provided, then thé
body =ill be overcritical when cola; on the basis of any reasonable assumption
about the velocity-dependence of the absorption., Increase of temperature helps

to stabilize the reactor and makes the control problem ‘easier,

This d \J ing inf tion affecting the national def 1
of the United States within the meaning of the Espionage Act, 50 41 5 G 50
V. 8. C,, 31 and 32. Ifs 3 or the reweclasionsof iis eccuws o

transmissios
—CONFIDENTIAL-RD™ = TEE i msmag




2= =='=.='=’='=""

°
'

Table 2. Critical Design Values gor Cylindrical Carbon Reactors

& QQ

(Dimensions in cm,imasses in groms)
Temperature 300% - 30000K
MR -TPR  va2l 2,2 | 24 fv 21 2,21 2,4
10,05 0,414 mc(gr) 23110 | 17040 | 13090 535501 40170} 31540
) W6 42 40 6 42 39
he (cm) 016 | 846 | 7891l 915 | 840 7R
0,0667 0,313 U 17470 | 12880 | 9900 || 40490 | 30370 23840
46 43 40. 46 42 39
689 | 637 | 59| e8| 63| 588
0,1 QpR12 " 11840 | 8730 | 6700 [} 27420 | 20570] 16150
61 13 o0l sl 82, 39
L 424 42T | 398 461 | 4R4: 3%
0.2 0,14 - 6360 | 4690 | 3600 I{ 14750 | 11060{ 8680
f 47 44 41 47 43 40
237 219 204 i| 236 217 202
10,542 0,070 " 3910 | 2880 | 2210 || 9050 | 6790] 5330
56 52 1 48|l 561 52 48
103 9% | 8[| 103, 9 88
D 151 | 133!
! i
E 1200 ! - 3800 |
3 } ; :
Copt 8.09| 7.55 | 7.16 | 18.8; 18.2] 17,7
S i
2 283 | 292 208 |, 35 3311 3%
| !
K 178 | 194 | 211 |l 190! 2,091 227
415 051
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Total Uranium Needed for Fuel
Rocket.

From page 4,17 the total energy needed to propel the rocket is
given as '

Ep = 3.93 x 10! ergs/gram of fuel.

Now, -one electron-volt is 1,60 x 10""12 ergs and one fission produces 170 MEV
or

Ep z 1.70 x 108 x 1,60 x 10~12 ergs/fission,

(The energy released by the fission products is neglected, as the rocket
expends its energy in about 140 seconds), Epf = 2.7 x 107 ergs/fission,
Therefore, '

g/Ef 1.447 x 1015 fissions/gram of fuel,

Thus, the number of Upss atoms burned during the flight, per gram of fuel

1s 1,447 x 1015 and the mass of uranium burned, My, when a mass My of
hydrogen is employed, is

N
35
MU23§ 15 235 = 5.60 x 10~7 grams_ R (25)
Mg B loalt m 105 & © 6,06 x 10%3 Pabl ik _ grams fuel -
On page 4,17

the weight of fuel given is

Mg = 50,8 tons z 4,60 x 107 grams,

Therefore, to propel a rocket of 83,3 tons a distance of 5000 miles, we need

5.6 x 10~7 x 4.60 x i07 = 26 grams of Uags . '
Therefore, we conclude that the 1?35 added to the reactor to allow for fuel

consumption is negligible in view of the inaccuracies of other computations,
Ty | tiona

35 Needed for Control

We work with the spherical case for simplicity

In this section, poisoning of the reactor by fission products is
‘ . neglected, The time dependent diffusion equation is:
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Lg n?"ﬂa Gl 2 dt *
where v is the velocity of. thermal heutrons and Ny 0% is defined below,
We solve by setting n = F(r) T(t).. For the spherical case,

v2F+a2/~«2 F 5 03 dT/at = y° T.
We desire a solution for which n = (;:at the boun&ary R of the sphere s and
which can :anrease exponentlal]v if K is sufficiently large, ‘50

o0
e L —--sm (a/‘qr) ft;a; T/R.
/‘1:—' 1 r
Subsﬁitution in equation (26) shows that
) 2 .2
K-1 = 42 fa

sy Oa L2 [ =5 - — )
YZ,,..Va /8 (1‘2 R2 ¢

(27)

Setting R = Ry, T2/R% = (Ko =.1) L2
and y2 =Vl g (K - Kc/ﬁo\z),

where Ko is the criticel value of K. We 'shall stud'y only the dominant term,
for whi‘chﬂ 1. Basic considerations show that

+ . Ny Cay+ M Tan

N, O, =
a &
Ny Oan

Ny Sy (C"!’l)Nm Cam

and so

| ¥2 = Wy ouy €+ 1K » K). - R (28)
Now l/vNM Cay is the life time of a neutron in the pure moderatorl. _From

page 10,22 of "Nuclear Fis'sic'm'and Atomic Energy," we find that an estimation
of T°, the lifetime in carbon, is 1.4 x io"g second, However, accerding

to page 10,30, the effect of the delayed neutrons is-to replace y2 by

By
oz ¥ - hd;’.‘, by (by+-ek) (29)
where h & X/ T ; . : ' (30)
Tt o punidbs e ting the national defense 415 0353
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and By is the fractional part of the total neutrons emitted which have
a decay time constant of 1/v5 seconds,

Now from p.‘ 10,30, we have this table:

By by (sec"i)
1,1 x'1073 . 0.28
0,37 x 10°° 0.099
0.09 x 1072 0.029
0,005 x 1073 0,012

so that the coefficient of h in equation (29) is a slowly varying function
of @\ , particularly in the region of interest,
_For A very large compared with the bj, the summation term is

practically constant, so that we have
: By By
~CK h T —== Z h
: 2 by(bi+ K ) z by €

where ¢ = 0,011,
Thus, w:;iting t for the desired relaxation time of the pile s We have
| Kz ¥ -h€ : ' (31)
z C+1)(K=-K)/ T -K €/T 21/t

and therefore:

‘ C = Cg - C€ = T _ ’
€+ wrneFn " fe1 w e (B

Solving for C, we get the quadratic,. : :
cz-i—c[l,cc-(é-tf@)(l ‘{""Cc.)-l ~Cc - BC -3 = 0.  (33)
Assuming that a relaxation time of 0.1 second is desirable, and that V = 2,

we get

‘ (5’ = 7x 10"3,_ and € = ,011,

e compute the following table: _ 415 054
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For C, & C aMst be

3

5,04
3,06
4,08
6,11
8.15

.o O M W N

10 10,19

Again, our computations of C, have such inaecuracy that we mayy neglect the
additional uranium needed for dént;'ql. If_, is rather striking that ‘the fission=
able material needed to maintain thé chain peaction at a constant level is so
much greater than the amount needed for control and fuel. The nuclea® reactor
appears to be much better adapted td a vehicle which must be sustained for a
long peri_od of time, tlhan to one which‘need"s a great amounﬁ of ecnergy in s
short time,

Conversely, if C must be increased over Ce for a cold rgactor in order to
maintain a chain reaction at e‘levabg.d temperatures; then the relaxation time
at room temperature will be e#ceed"_ing‘ly short. From Equation (32), taking

C x 18 for a hot and C, % about 8 for a cold pile (Table 2), we £ind

e 4 N -fcq A_cE -]
i C,+1  C+1

s 6,4 x 107 sec.
Because the exces.s of K over K, at room temperature exceeds the contribution
of the delayed neu£rons, this fs the fast period, " When the tempera turé rises
to the design level, the .exc'ess of X over K, falls within the potential contri-
bution of the delayed neutrons, ahd then the Iatter will introduce siow e.on‘.broiv
‘ lable fluctuations of' the péwer level, Kt first sight, it appears that in
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before, namely, creation rate = V x rate of absorption in 11235 whereas the -
total rate of absorption now becomes: Total absorption rate = rate of
absorption in $35 4+ rate of absorption in moderator + raté of absorption
in poisons,

We have,
Y Ny CTaU

Ny Oy + M € aM+ZN1 Tt

where Ny and Opy are atomic density and abserptlion crossesection of the ith

(35)

fission product, These quantities and others in Equatien (35) are functions

of position, X, for instance, is defined as the average of K(r)

K(r) = -— f K(n) av,

An estimation of an-upper limit on the effects of poisoning mey be made by
setting K = K(0), that 1s the value of K(r) at the point of highest neutron
density, the.center of the reagtor,

Rearranging, we get

Yy_TaU
% Ny daM
= T o+ .NU c‘ag.r 3 = Ni OCgai NU UaU ' "
" Wy Cam Ny Oay M1 Oam,
T - Ny O 1VC cx - 6}
- 1+cf1+—MZi ai-l T
L Ny Cay
1+

‘where X 15 defined ag/ T Ny Tp3/My Tay -/v Xy, On the other hand, the
definition for I2 is

R z D + 1 (therml), |
where D is the contribution to L2 made in slowi'ng down the neutron. Only the
thermal term is dependent on C and on poisoning, Furthermore, the absc;rpi;ion
. crogs-section will be‘ expected to fall as e_n'ergy_ increases, Fbr this term we
have | ‘
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- A
I? (thermal) = - t}-‘B_;\th :
i 1. ~ 1 A
where /\th' - e < = th (mod. )
Ny Tsu A Yo Ogu Mg Csu -
Now,
X . 1 /X(mod. alone) (37)
th = Ny Oy +00 Cald- Ti M Cai - 1 <+ CX :
and '
; A (mod ) /\ (mod, )/3 :
1% (therml) = ks - = - (38)
1 + cxX 1-4+CX
Equation (15b) becomes: .
B3 :
=D 4 - (39)
RS Rl
The critical 8izes (Equation _8) are altered to
@=L W .} /1_{_,0586_ 2
. E L 1acx ¥ \ he2
b e ent | L c (40)
14+ CX 2
| 4 2 \ 0,586 |
= ! =
0.586 / rc2
The critical mass is rewritten as .
v
2
[ o+ = -;FGX 3/ : .
\ lr-g————'—'! 1
14X
. \
Available Foots nbout Fission Products,
Data on fission yields have recently been published by the Plutonium
Project (Referenée 2), and alse by Grummitt and Wilkinson of the Canndian
National Research Council ‘(R_ef“erende 3), The two sets of results are in rough
agreement, but fhe former are nmcﬁ"more complete than the latter. Let us
review some of the facts.,
1, The number of neutrons V ﬁ:ay very from one casé of figsion
to another, 'Ingiivi_dﬁal values of V have not been publi-shed; we know only that
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the average value of V for UR35 lies between 1 snd 3, We have no da;t,.ea on the
value of V for plutonium fission, Therefore, the nature of the initial frag-
ments is usually unknowk; often they have short lives,

2, The fraction of the fissions which lead directly or indirectly
to the formation of a particular isotope is called the fission yield of that d
isotope, The yield of the finnl produet in a chain is celled the yieid for

that cha in‘ '
For exomple: the ylelds in the chain for mass 77 are as follows:
‘Isotope: Gegg AS;; Se ;Z
Period: 12 hrs, 40 hrs, Stable
Yield: ,0037 L0091 Unknown
This shows that some As;’; is formed directly and that some is formed by decay
of Ge/!, On general grounds we expect that any given isotope can be formed in

321
many ways, but reference 2 states that in general the fission yield doss not

vary much along a chain and that the yields reported for the chains (Table II
of the article) are usunlly measured on isotopes late in the chains,
3. All producéts produced by the beta«decay of the primary fission

products contribute to the poisoﬁing. We must not forget that fission products

are decomposed by the neutrons,” For each product, (Z,A), Rate of production

by fission, by decay of the parcnt and by neutron sbsorption on the part of

(2, A=) equals Rate of spontencous disintegration plug Rate of destruction by

.neutrons. The last term in this equation is far from negligible for strong

neutron abéorbers, Indeed, we shall see that at the power level necessary for
2 SOGO—mile rocket the time=constant for the build-up or decay of the strongly-

absorblng Xel35 is several thousand t:unes shorter than the natural life of this

substance, Of course, this is an extreme case, The stable atoms listed as
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. end-products of the chains are partially destroyed by neutrons so they are not

] .
true end-products, while the pile is operating, Thus many beta emitters and
stable atoms not listed in the fission chains are produced.in the pile, Sum-
marizing, each fission suprlies two entities ~hose.descendants continue to

absorb, as long as the reactor opverates and the products do not'escape.
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4L, It happens that there is one fission product,--Xel35, which

has an enormous absorptien crossesection, given as 3,5 x 10° berns in "Nuclear

Fission and Atomic Energy,” The yield for the 135rchain is high, 5.9‘per cent,

Of course, there might be other such sbsorbers, not yet announced, but let us

suppose that Xe 135 is the only one, For comparison, we note that the erosg=’

section for Cd 113 is only 80,000 barns, this beiﬁg the second highest value

known to us, Indeed, thermal absorption and loweenergy resonanee crossesections

listed for the stable elements from % s 30 to 2 = 64 run as follows: Twentyr |

two elements yield an average of 11 barns, noné being more than 30 barné. Then

we have nine special cases, as follows:

Element Rough Therm1 Besonanée Comment
fission Barns Barns
yield '
%
Rh A 125 - 6000
Ag 0,06 - 60 7000 14000 for a 50% isotope
cd 0,015 2600 ' 10000 80000 for a 12% isotope
In ' 0,01 g5 ¥ 1800 1800 for one isotope
I 0.2 9 150
Xe 2 , ? = (3.5 108 for isotope 135, not
: steble, with yield 5,9%)
Sm 1 4300
Eu 0.3 3500
cd " 0,007 30000

S

The fission yields given are simply values read off from the fission

yield curve at abscissae equal to the atomic weights of these elements, They

our thoughts in the following way,
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