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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
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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,
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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
This document contains information affecting the national defense
¥ edmra s“n o4 Sunaciapion. to the 7o “"’?"‘(ﬁ"iﬁoﬁ“
: any ﬁauﬂ&ed pttserfsgir.fvioibk%ﬂé’ d Db taw ’,‘
—CONFIDENTIAL-RE- T BS5HEEaEaE]



. . s

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,

enable us to judge roughly the fission yieids for the elements, and to orient

415 061
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If vo agsume that the fission products, regardless of their age, have
an average thermal section co{xxparable to thnt for the stable isotopes studied
above, it is clear that the production j)er second of Xel35 times its crosse

-

section greatly exceeds the sim of similar products for all other fission pro-

ducts,
This does not mean that the total éff.‘ect of Xel35 always predominates

over that of all -the other elements, If Xel35 were }Sroduced solely as a primary

" product, it would predominéte in the early stages of operation, but eventually

it will come up to quasi~equilibrium, and after that wiil‘drop off slowly as
thé uranium is used up, Meanwhile the horde of isotopes with ordinary cross-
sections will be f)iling up; and will be steadily promoted to higher atomic
numbers by neutron-beta processes, They =ill eventually. mn out over Xel35
as poisoners, |

If Xel35 is a daughter or grenddaughter product, then it contributes
to the poisoning at a time of the order of its growth peried, but eventuslly
is overshadowed by general poisoning, just as in the previous ease, We do
noi have the separate fission yields for product.ion of Xel35 as a parent, a
daughter and a granddaughter, and we-do not know the cross-sectiona for its

production from the 134 chain by neutron absorption, but the latter effect will

be neglected in 'bhis report,

We shall show that general poisoning does not mtter in the 5000-mile
missiles discussed in lahter chapters, (It will set a limit to the flying life
of a nuclear ram jet or tﬁrboje‘t, but that limit is so long that we suspect it
e?cceeds the 1imit imposed by radiation damage or by corrosion and creep in the
reactor), Then we shall consider the xenon poisoning of the 5000 mile missiles
in detail, |
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If all the fission products had the some absorption seetion, Cf; the

time-course of the poisoning would be especianlly simple, We would have

2Nt O
- R e 2
X1+ T (42)

where Ng 1s the number of fissioﬁs per cc per sec, For a particular 5000 miie
rocket considéred in Chapter IV, '
Nf t s (4.8 1014 fissions/ec see) x 130 sec,
= 6.3 1016 fissions/cc.
Ny oy . 96 1072
We shall use for(j% rough value computed from the absorption

coefficients of stable atoms in the range of atomic numbers from 30 to 6, so

.far as we know them, The value employed is the thermal or the resonance ecross-

section, whichever is 1arger, As befofe, we assign to each element a fission
yield read from the curve of ylelds, at an abscissa equal to the atomic weight
of the element, The value formed in this rather crude way is 420 barns,

Substituting in.(42), we get .
2 (6.3 % . 101) (420 x 107

Xelse
9, 6 x 1073

= 0,0085,

This value islsmall compared with the value caused by Xel35, The resﬁlt for
a 5000-mile rom jet or turbojet is similar,'though we shall not go into details,
In a flight of-50,000 to'IOO?OOO miles the general poisoning would be of the
same grder as that caused by Xel35, but neither would be large enough to reguire
2 large percentage increase in the uranium requirement? |

Poisoning by Xel35, .

The figures for‘figsion yields in the 135-chain gre:

Te135, (2); T135, 5.6%; Xel35, 5,95,

Since no errors are stated, the genetics of Xélﬁs are not entirely clear,

415. 063
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If the protoneneutron distribution is constant throughout the U236

nucleus, then we should expect to find that the fissxon products are never any

richer in neutrons than the original nucleus. For the ¥el35 case, this would

imply that 1235 is the direct f-issiori product, However, if the protons are
distributed on on near the. su:f*falce of 1R36 quring assymetric fission then because
of surface to volume ratios, the heavy fission product will be expected to bé
richer in nuetrons than 11236, while the light fission product will be less rich,
Thus the chain proposed by Segre' and Wu, Phys, Rev, j_'_?, 552 (1940) can be

understood, With half lives from Reference 2, it 1s,

<2 min 6,7 hr \ 2, 5x10h

13 min
(about 10%)

It 18 logical to suppose that Xe135 my be formed in diffgren’b cases of fission
as g pax;ent, daughter, or granddaughter, Accordingly,lwe consit_ie;' all th;cee
cases, |

Xenon as a secondary or tertiary product gives the réactor very inter-
esting charécteristics If the xenon were the direct fission product the
reactor would stabilize at a given porer level; but, with an apm'ecinble half=-
1ife preceding the formation.of xenon the reactor may oscillate in energy. If
the porer is shut down, the xenon concentration will build up for a time because
it 1s no longer being converted by neutron ab,sorp‘bion.‘ It may even bé impossible
to start the reactor again until the xenon decays away, For conditions of very |
high power optput the operation oi; the reactor mny be unstable, and the slightest
increase of absorption will at once throttle the chain,

We adopt the following nomenclature:

i, j; k = subscripts referring to the parent, secondary, apd tertinry

fission oproducts, respec_:ti'vely, in a given chain,
P & average power per unit volume in eJ:‘gs/cm,3 sec,

:‘fhl&e ott;um::t contains info&natlon aﬁectl.ng the national defengs 4 1 5 O 6 4
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p = total power level ,-,- P x volume,

d; = fission yield of the parent of the fission chain,

M, Ay A

1

decay constantg in 1secf'1,

Ep = ergs pér fission g 272 x 1074,

Ne = number of fissions per second per em’ = P/Ef.
T = time of operation of the reactor

E = total energy required = pI’

We need the abbreviations:

I = . - - “\" A 4 ¢ (1&3 )

J, K = the same expression with J and k replacing 1,

The decay equations are all of the type

dN3 _ rate of formation of Ny » rate of destruction (44)
dt ~ by neutron capture « rate of natural decay. :
d;P
Rate of formation of Ny =dy Ne = ?E:-L-—' (442)
f

co N Oy . N O -
Rate of destruction = : . Ne = - ,i . g - (44b)
Ng Jau T Ny Ohyp § -

(Use of the roomstemperature cross-sections in these expressions amounts to
assuming that Oy and O,y have similar behavior in 'Ehe temperaii.ure range cone
sidered, and .no p'ronou?nced rescma,nces. at higher eﬁergies),

Rate of decay = )\1 Ny -

Thus we get

LTS, ' (15)
dat . '

2

- dt

d g .
%.—' Ay Ny - KN | o (45¢)

43

Ay Ny s Ny | (45b)

Remermbering that N3, N3y, and Ny are zero vhen t = 0; we get

N = (.1..1..3.. (1 - oIt) . . (46a)
Ef I

‘This document containg information affecting defense
of the United States within the meaning ot the Bpiomze Act, 50

D s e i b kD 415 065
e g e e S R e T )

*Hq"q.———.—".



Ag dg P
A e SN PN S T
j= :

EpIJ  Fom 1 T oa J

- E NP .
- N 7‘1 Mg, X Tt . o KL -3t
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pIJ .

« , IJ . ekt (46¢)
@I -K) )

We must now consider .ﬁh;'ée subchains, Taking the data of Reference 2,
quoted above, at face value, the‘yield of Xel35 as a parent is 0,3%., We agsume
0.3% for T 135 and the value 5.3% for Te 135, lLetting t approach infinity in

Equation (46) we find the following maximum velues of Xy, = 1 for the three

subchainss
Subchafln, R “Maximum value of Xye = 1,
‘mass 135 _ o ' , cau§e_d_ by ffhis AsubchaAin
Xe d; in 46a = dye = 0,003
I, Xe : 7 d; in 46b = A, = 0.003
Te, I, Xe o di in 46c = dpg = 0.053

R e " — . ———

It follows that the maximum S(enon poisoning, due to all‘ three mod.es of forming it,
is described by the value Xyxo = 1,059, and this is practically the same as X for
any SOdO—mile missile, .

The effects of such maximum xenon poisoning on X, L, and. the uranium
mass ar.e as follows: |

Kp/x = 0,954 (4.6% decrease)

L2/1? = 0,970 (3% decrease)

MU,p/MU = 1,098 (9.8% increase) .
Here the subscript p indicates the value for the poisoned reactor., As @ matter of
fact, the xenon poisoning in a 5000-mile rocket falls far short of these values,

The flight time for a particular case considered on page 4.17 is only 130-seconds,
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and since I 135 has a half life of 6,7 hours we need only consider the first

subchain, Equation 46a, The data for the case V =2 are:

4 0,003 .

Total energy expended 1.8 10}‘9 ergs,

Power P, per cc, i.3 1011 erg/sec crd.

Ny U .00% cr? (18.8 My Opy)

Ep ' 2,7 1074 ergs/fission
Oxe P

-+ Mg =017 4 1,91 1070

&

. Ep Ny Cay ' '
Thus e=It is practically zero, and the first subchain poisoning rises to the
value Xxo = 1,003, TWe see from the separate terms in I that the high neutron
flux brings the apparent half 1life of Xe 135 doﬁn ﬁ;om 9.2 hours to 3,6 seconds,
Similarly, we can simplify the discussion of -pois'oning in & 5000-mile
ram-jet and -turbojet. The power level in a ty*oical'casé will be of the order
of 1% of the rocket value, and the flight time will be about 100 times greater,
or 13000 seconds say, Assuming destruction cross-sections of only:; few barns
‘ for Te 135 and I 135, it follows that their effective decay constants are
practically unaltered (Equation 43), . That for Xe will be ,00174, so the sub-

chain c,ontributioﬁs at the end of flight boil down to the following:

‘Subchain - Contribution to Xxe = 1 -
et 0,003
I, Xe: Equation (46b); 0,003 (1 - e™Jt)
z 0,003 [1 - 67(2,6 15°)(0.13 x105)_i
< 0.0009 - :
Te, I, Xes Equation (46c)s; 0,053 (1 = e=Jt)
= 0,0153
This document contains information affecting the national defense 415 067
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@ U o = 1,019 ot the endlof rom jet flight,

Summarizing, the e?fects of poisoning on the ursnium mass in all 5000~

mile missiles considered are very slight. The effects on control properties

appear. to be more important, and will require a separate investigation,

415
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& : | ' | ) ‘ ' 2,18
starting the pile control by reds is difficult or unfeasible, However, with
a stronghegative temperature ¢oefficient of readtivity, combined control by
| temperature and by rods can become effective, That is ,-;’or temperatures less
_ than the design valué, the rod§ x;vill control the temperature anly, and the
neutron flux level will be detgrmined by the power dissipation, For such a
control to be at all practical’it is required that the uranium be dispersed
homogeneously, and net lumped., The semsitivity of this type of control my be
determined by computing the stabilized temperature as a function of, say, the
rod-position'.‘ ) .
8, Poisoning,
The effect of poisoning of the reactor by its fission products may be
analyzed by considering its effects on the reproduction factor K and the di:f-
msion-length? The practical situation is that the pile must continue to ‘
function for at least a time t; the duration of the powered flight, W,e'assume
that the number of fissions per.cc per sec, is képt the same by suitable con=
trol, Then it is possible .to solve tixe algebraic problem completely, but the
numerical problem of getting the optimum concentration of uranium, and: the
dimensions which will make the pile just eritical a.t ‘the end. of flight, cannot
be dealt with fully, beecause of lack of information on the absorption eross-
sections of mny ;;roducts in the fission chains,
More GeneralAEguationg. | |
To undeféta.and the effects of the poisoning, i..e.., parasitic aBsorption
of slow neutrons by the fission pr;)ducts, Jet us reexamine the definition of K

and L, (Equations 1 and 15b),
rate of creation of neutrons

‘ et ey e o — (34
_ . * rate of absorption of neutrons )

In the presence of poisoning the formula for rate of creation is the same as
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PART B, DESIGN OF CYLINDRICAL BERYLLIA REACTORS.

By Arthur E, Ruark

In Part A carbon reactors were considered because of their use in nuclear
hydrogen rockets,  Here we discuss oxide reactors for ram jets anci turbo jets,
From Table 1 of C?xapter— VI we find that the fqﬁr oxiaes of highest melting
point ere ThO;, MgO, Zr0p, ond BeO. It is ensy to see that the neutron absorp;
tion properties of the first three .bar them from considera‘gi’on (and the same is
frue of CaZrO3 and ZrSiOg whose mélting points 1ie close to that of BeO). The
field narrows down to BeO and it ié useful to compare its thermal and neutronic
properties with those of carbon, This is done in Table 3,

Details of Table 3, The cross-section data at our disposal for Be and O

are incomplete, We havé used thevfollowing:

Be Ref, 0 Ref, . Sum
Scattering; thermal; 6.1 1 4,1 1- 10,1
Absorption, thermal; . 0.0685 1 0.0016 1 0101
Scattering, fast, 1.6 4 1.8 4 C e

To calculate thermal cross-sections for 3000°K, we use Equation (23) , Part A,
 based on the 1/v law, Since scattering cross-sections are not known as a
ﬁmction.of energy, we have assumed that )‘32 15 a linear function of log Ej
here )\8 is defined as the scattering cross'-.éséction of a Be0 molecule.’_
Computation. of the diffusion length for slowing down, namely, N >\52/3 ,.
requires knowledge of the number of colli isions, N, Iet 2 fraction a. of the
collisions be encounters with Be atoms, Then Equation (19) of Part A my be

generalized to read

Fo (1 - f3e)2N (1 = fg)(l ~a)V g Eny (192)
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and We ¢an define an effective f,. as followse
(1~ f)N s (1= fBe)nN a1 - fo)

b =~
It turns out that £°is 0,140y which is nractically the sdme as the value for™,

(1 - a)N.

.carbon, This discussion is hot a defense of these methods of averaging (which

are good‘enéugh.,-in view of ’f-_he lack of data), but simply an account of what
was done, |

Beryllia Rea'.ctors. The' data of Table 3 vere used to find the design values
for critical enriched beryllia reactors, Table 4 records thé results, Figure

2.3 shows how the critical uranium mass, the radius, and the length vary as

a function of shape; although the r;ass-curve is drawn for the particular case

in which the optimized uranium mass is 3500 grams, the relative values which

" can be read from the curve apply to all eylindrical reactors, because the

dependence of mass on the ratio radius-over-length is the same for all, Similar
remarks apply to the curves showix:xg radii and lengths, The actual data given

are for the case V= 2, T = 300% in Table 4,
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-‘ Table 3. Comparisen of Thermal a

Carbon A ' ~ Beryllia
Density, gr/cc 2,25 3,02
© 1b, feéu, £, 138 189
Melting Point: Deg, ,K. 73'770 2840
Deg, R . »6800 5110
Molecules per 60_,_ ' o - 1.3 1672 7,33 1022
Cross-sections in barns per molecule,
and mean paths: _ .
O 5, thermal 0045 ~,010
N Oy, thermal .000511" . 000740
A thy thermal 1950 em, . 1350 cm,
U g, thermal 4.8 10,2
N O, thermal 0.54 0,748
)\ﬁh’ thermal 1,84 cm, 1,34 cm,
Lyr® (2 E) 1200 enf 639 crf
Ith 34,6 cm, 25,3 cm.
f, average. fraction of energy lost in an -
elastlc colhs:.on o142 <140
No, of collisions to slow down: . -
to 1/30 volt. 114 115
to 1/3 volt- 99 100
M, sloving, to 1/30 velt’ : 3,97 el 3,78 enf
to 1/3 wvolt A 4,04 . 4,04 .
Squaf.e of diffusion length, I%g1: o, .
to 1/30 volt . 151 enf 1) em?
to 1/3 volt : 133 133
' Calculation, Ruark, Degembep 1946
‘ Check, Meyen, Januéry 1947
’ | - of Do niied Sistes within, the ;mg of thtehzl'.sp;me Act, 50 -
¥ leints i5'any SEpIES-lo, SEAPRBOTCGa, PErsgas 1y WURIBIEE oY 1o 415 071
’ -GQNHDEN:”A‘:-RD— e et Tt s e SR



- -1

°
q

.‘ Table 4 . Crltlcal Design Values., OCylindrical BeO Reactors.
(Dlmens:.ons, cm; masses, grams; C is optimum)
Temperature 3009K 3000°K
M FQ ~{?)2 V=2 2.2 2.4 || vs2 2.2 2.4
0.1 .3062 my(grd]| 10574 © | 7650  |5817 || 21978 16333 12735
relcm) 43.5 40.2 37.55 454 41.2 38,4
he(em)| 435 402 375.5 1) 454 412 384
0.2 1648 " 5691 | 4117 | 3131 |} 11829 g790 | 6854
4650 41.2 | 38.50] | 46.6 42,1 3.4
222,8 | 205.7 | 192,2 232.5 | 210.0 197
0.3 .1272 " 4393 3178 2417 9130 .| 6785 5508
46,461 42.9 40,11 47,79 44,02 41.02
154.9 | 143.0 | 133.4 || 159.3 146.7 136.7
0.542 .1012 " 3495 2528 | 1923 726/, 5398 4209
53,0 | 4B.95| .45.76 54,53 50,22 46.8
97.8 0.3 84.43 100.6 92.6 86.3
]
0,75 .1090 ° 3764, 2723 2071 7824, 5814, 4588
60.55 55.92 52,29{{ . 62.3 57.38 53.48
80.73| 74.6 | 69.7 83.1 76.5 71.3
1.0 1329 v 4590 | 3320 2525 9539 7089 5527
70.5 65.3 60,7 72.8 66.6 62.1
70.5 65.3 60.7 72,8 66.6 62.1
2.0  .3268 " 11286 8164 | 6209 23457 17432 13592
120.9 | 111.7 | 104.1 [ 126,0 114.3 | 106.4
60.3 55,7 52,0 62.9 57.2 53,2
5.0 1.,7226 " 50488  |43036 32728 |[123643 91885 71643
286 . | - 264.5 | 246.7 299 - 269.5 252,2
57.1 52.8 49.3 59.7 53,8 50.4
- i ‘
D . 144, 133
E 603 1905
Copt 5,95 5.5] 5.08| 11.35| 10,80  10.40
L 230 | 237 | 243 287 294 300
K 1,71 1.86 - 2.00 1.84 | 2.02 2.19
Th!ldocument contains information affecti "
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Comparison of Carbon and, Beryllia Reactors. Comparing Table 2 (prge 2.13)
and Table 4, we may summarize the essential features as follows:
Table 5. Comparison: mggs of Optimized, Crit1ca1 Cylindrical

Solid Re'xctors " of C-arbon and Beryllia
(Neutrons ver fission assumed %o be 2 8 conservative case)

Item ) Carbon Beryllia
Optimum C, cold 8.1 - 6.0
Optimum C, hot _ 18,8 11.4
m (1 = E‘)g, cold, grams U ‘ 3910 . ’ 3500
hot, grams U 9050 . 7260
Critical radius, hot, cm 56 o 55
Critical length, hot, ecm - k 103 , 101
Total weight for hot operation, kg, 22170 . 2880
lbs, ° 5000 6350

Taken at face, this table says: (1) the uranium requirement changes less

with temperature in the emse of beryllia than in the case of carbong (2) the hot

beryllia reactor requires only 80% as mﬁch U235 as the carbon reactor; (3) the

dimensions of both are substantially the sames (4) the beryllia reactor weighs

27% more.' No emphasis can be laid on these comparisons because of the uncers

tainties in the data, A reasonable statement would be that in gonsidering

uranium costs, the two reactors may be thought of as idéntieal, and that the

ratio, beryllia-weight over carbon-weight probably lies between 1,1 and 1.4.

.'Critigue of the Cylindrical Reae'l',c.:r I'Designs. In these designs fission by
neutrons which are slowing.down has béen n;aglected. The slowing collisioﬁs have
been treated. as elastic, although it is well known that scattering of fast neutrons
in many elementg is largely inelastic, resulting in.hig_h enei'gy losses,

Simple diffusion theory has been employed, We have assumed that the reactor

" is not provided with a reflector, 'Yet, some type 61‘ supporting shell will be

. 415 g7y
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esséntial and this shell will reflect some neutrons, even if it is designed

primarily for lightness and strength at high temperatures, Rough theories of
neutron reflection are availablé and slight corrections to diffusion theory are
at hand (References 1 and 6).

We have not considered lat{ice-type piles since we see no reason, at
present, for believing that a Jattice structure has any advantages for U235
. ~or plutonium reactors. (The deéice of a lattic§~was introduced to avoid the
consequences of resonance'captu;e in U238 piles).

A defect of our designs with unifornm uranium content is the fact that the
power level will be high near the center, low near the outer surfaces, Gradation
of the uranium content appears to be necessary. An increase in the uranium con= '
centration near the outside will permit some decrease near the center, but
frgm the physics of the‘gituation it appears that a net increase in the amount
of urenium will probably result,

Exept for this last point, the several improvements of the theory, listed
above, will result in a smaller uranium requirement and a decrease:of eritical
size, Dr, Harvey Hali of Bufler has kindly discussed .x_vi_th us the gross in-
adequacy of diffusion'theory for the parts of a reactor 1ying within a few mean
free paths from the surface; the éfféct on feactor size is not clear af this
writing, Provision of space for controls willvincrease the size,

We have‘employed the  true ﬁensities of C and BeO; in practice the bﬁlk
densities will be much lower, and the weight should be corrected by multiplying
it by the factor, (True density/Bulk density)?. We shall not attempt refinements
here simply because of the uncertainties of available data, It is felt that the
designs given are correct in order of magnitude but are definitely on the low
side, as regards weight, We cannot set iimits on the errors incurred and remind
the reader that no emphasis should ﬂe placed on the exact number; given in the

tables of reactor=properties, except for comparative purposes,
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' A PAR_T C . CONS IDFRATIONQ C ONCF‘RNING FAST-NEUTRDN REA CTORS
("Amplification Rea ctors")

‘ By Gedrge Gamow
It is éhown in Chapter ItI,-Par'bs A and B, and in other chapters of this
report'; that slow neutron re.actlors may be feasible f§r long range jet p;ropulsion.
It is important to analyze the possibility of reactors built from pure fission-
able materials (plutonium or U235) which work on the principle of fast~neutron
chains., ILet us compare rcactors of the fast ond slow varieties. ' For the sake.
of simplicity, we deal with solid reactors, remembering that in actua‘l:’:ty the
two varietics will overate at different temperat\irés and may have different rela-
tive gas-stream areas vhen made up in tubular form; for use in a missile,
" A solid fast neutron renctar has the advantege of:

(1) Much sm‘aller total weight nnd size due to the absence of moderating
mterial,

(2) Compamtively small importance of poisoning by fission products besruse
for fast neutrons a1l nuclei have about equal crosswsections,

(3) The vossibility of turning the pure fissionmble material used for
propulsion, into the explosive at the end of the trajectory ingtead of use-
lessly dispersing it as in the case of slow neutron reactors,

(4) Smoller mass of fissionable rra'berml, which can be reduced by use of
reflectors,

The disadvantages of such reactors ]_ie in:

(1) The danper of a runaway chain rerction which would premturely turn
the reactor into & low order atomic bomb, '

(2) Necessity of casings to hold the molten or softened fissionable material,
which adds weight and imoedes heat transfer,

2. FastrNeutron Chains,
Iet us consider a sphere of pure fissionable mterinl with the radius R
and calculate the average effective branching ratio of a fast ncutron chain
developing in its interior, The effective branching ratio X is evidently

‘ given by K« V (1 = & ) where V is the nunber of fast neutrons formed in an

individual fission, and U: can be defined a«; the meon relative number of =
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neutrons starting in an arbi_&ary direction from an arbitrary pont within .

the sphere which come out through its surface, Consider é po;i nt B (Figure 1)
at the distance r from the cé:ntér of the reactor, The relat-ive'numbe_r of
neutrons W with the mean free path A coming from this point and escaping 7
through the surface is appra'ximately given by the fraction of the sphere of
radius A which lies outside f.hé sphere of r-adius r, In the case shown this is.

. 2" N2 .2 .
we(l-cos &)/2=1% ( . e L . (1)
: 2 Ar :

Summarizing all the four cases which exist, we have these w-~ vaiues:
< .
ASR: rr &S ReA, wW=o0
r> ReA, wz(l-csd)
f - R =
Ifr §§ A sy w=1l _
I¥ry N-R , w=z(l-cos )2

In the actual case there is always a probability that a neutron will be

11

A

Hy
]

absorbed, The Qiscontinuity in the slope of w is a result of approximating
the true I;roble,m by paths of definite length, As the objective of this compu-
tation is an accuracy corresponding to one significant figure, the approximate
theory will be f%)llgwed because of its simplicity, (A closer approximatioh
worked out by Dr, N, M, Smith is available at APL),

Averaging over ’c.he.volume of the-original sphere we obtain:

For/\gR, : . :
, ‘R 2 2 2 \- _
w e e 3 %(1-3")“:‘ r)é'ffrzdr; (2a)
R \

4/3 7 B3 2 e y

and for A z R,

o At QRIP WY QY PR SEWAGET V7
=\™%R 2 2/\r
| ‘ RS . (2b)
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Introducing X = r/R and KX ¢ A/R, and intégrating we obtain:

For A £ 1,
WER lvl - (1 —0()3] - 3/8 (—1-20{‘-@ [1 - (1 ,-o{)z]-x- Z&E - Q1 uzk)ﬂ
- ' (32)

and forcA > 1,

= : 2 - -
w = (- 1)3+-5-[1 - (A~ 1)3]-1-3/8 Lﬁa;l).[l - (K- 11)2]-:-.--{%3\

1 (k- 1‘)4‘ ' | (3b)
The 'graph of W is shovyn in Figure 2, We see from this graph that for V equal
to about 2, the critical dimensions of -the sphere correspond to o( = 0.69,
160y Rop = 1._1,.5 /\ . Assuming for the free path of fast .neu{:rons in liranium
3.5 cm, we get Rgyp = 5 om. * The correspopding mass is about 10 kg. This
critical mass can be reduced by surrounding the reactor with a good reflector,
For the variation of K with‘R near the critical size we obtain

o d (1 « ; o A
KV (1w v — dR
=V @~ ) dcA SR

The first term is 1 by definition; the velue of the slope (from Figure 2) is
= 0,97/1,44; also d A/aR = -X /R, and it is assumed that V is about 2,

Therefore,
R = R.p

RCI‘

K=1- 0,97 (4)

3. TIwo Ways of Using _Faét Neutron Reactors .

One way of using é fast neutrog reactor would be to run it slightly above
the critical size, preventing the rumavay chain reaction (explosion) by ehecks
ing it periodically through the insertion of a control bar, If T is the
vibrational period of the control bar, and T the time corresponding to one

link of a branching chain, the reactionis amplitude will be given by the

expressions
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R _R : / R -R . .
& (1+o.97 o) Y rvo9r —E 2L (5)
: \ Ry e Rop -
For fast neutrons 'Tr is about QLE—EE-—P——- = 3.5-10‘9 see, If we can build
107 em/sec

a vibrating control rod with a period of one millisecond, the condition that
during this verjiod the reaction rate will increase, say, by only a factor of

two is:
. R-R. "'3
0.97 - ter _10

- = logg 2,
Rep 3,5.10"9 ©

so that
R = Ryp

- - 2,3+1076

This assumes that‘the reaction is undercritical in one cyclg'by such an
amount ‘and such a time that the net multiplication factor is one, The calcu-
lation is'meant.only as an illustraﬁion, The factor of increase could be any
suitable value, Thig accuracy in the over criticgl size is a rather hard
condition to satisfy, Here lies a serious disadvantage of fast-neutron reactors
as compared with:slow-neutron-reactors, ~here the time' period is considerably
longer (of the order of 1074 sec.).

In view of the difficulties of controlling fast-neutron chains even in a
reactor of only a slightly overcritical size, we may consider the possibility

of using the reactor of slightly subcritical size for the purpose of "ampli- -

fication" of a2 neutron beam suprlied by some srontaneous decéx process, . If

the effective branching ratio is smaller than unity, being given by (1 - E),
the total number of fission procesces resulting from one neutron entering the

reactor from outside will be, when E is very smell compared to 1,

-~

fe=y, 1-ER:1E (6)

=0
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If, for example, the reactor is one-tenth of a per cent smaller than critical

size, E g 0.97.10"3 and the amplification factor becomes f = 1030, The
(probably unobtainable) accuraey of radius required for control in the above
example of the supercritical reactor, with (R = Rep)/Rep = 2.3 1076 , would
correspond in a s.ubérif;ical reactor to the amplification factor

£ g 4.5110°F
The aboiré described amplifying arrangement represents a hybrid between the
me thods using the chain reactions and those based on the use of radicactive
-materials, It has the advantage of both, revresenting no immediate danger
of explosion (in contrast to the case of slightly overcritical size), while
on the other hand it can be at least martially controllefi, The radicactive
neutron source represents here in fgect a sort of “pilote-f'iame" liberating
within itself a con;parativej_.y small amount of heat before it is pushed into

the interior of the fissionatble material,

L. Mg'e.qus Neutron Sources

The bgst spontaneous souree of neutroné known at present is a m:"thure of
beryllium with some alpha~decaying substance as for example polonium, Assume
that with a suitable substance we are éble to realize one neutron per 4,000
alpha particles, Since the energy liberated per fission is about 40 times
larger than the energy of an alpha rarticle, an amplifier with £ = 1030 will
) produce an 'amoun.t of heat -Zg-%a- x 1030 212 times larger than the heat
liberated in the radicactive "pilot«<flame," The use of larger amplification
factors, and -possibly also more efficient neutron sources will increase this
amount meny times, It can be suggested, for example, that it fnay be possible
to build an element wh:icfl is subject to spontaneous fission within a comparae

tively short peried -of time, If such an element (2 very light isotope of an
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’_ element with high atomic number) can be built, we ﬁould have a neutron source
giving about two neutrons per elementary decay, In this case the heat-ratio
between the amplifier and the "pilot-flame" could be easily made eqizz;l to’
several thousands, (Editor'!s note, Presumably, the sponta'ne_ous fisse-r would
be very sensitive to neutrons both slow and fast, and its critical mass would

be ‘very small),

5. The 8ize of "Pilot-Flames" for Ram-Jet Motors

In order to operate a ram-jet of reasonable gize we need a total power
supply of about 1015 erg/sec, (comp., Chapter II, Par:t A) which means 4-1018
fissions/sec, With an amplification facter of 10? we would need a pildt stream
of 4+1015 neutrons ver second, With the effic;lency of one neutron per 4,000
alpha particles we will need about 1019 ’3lpha particles per second, The
Tnecessary mass of polonium, M, is determined from the equation:

M A/m = 1019
where m-is the mass of the alpha rayer, 3,5+10m%2 gm, and A is 5.2 10~8 per

- second, We get. .

M = 7°104 gm = 70 ke,
It can be reduced, however, quite considerably by using more efficient neutron
sources and high multip}.iéation factors, Thus if one cduld, for example-, build
a spontaneously fissioning element with a halflife of one year (A= 2.2.10-8 per
sec,), and if the amﬁlif-_ica'bion factor can be increased to 10000, the amount of
such material to serve as the "pilot-flame" in a jet motor would be determined
by’ _

2 AM/m - Le10Y4 or,

=3 gm, (7
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. It may be remarked here thnt, according to the theory of the nuclear fissien
.process the nossibility of having a short-lived spontancously fissioning element
is not at all excluded. Suyénose , for example, that there exists some transurenic
element Z whiclq goes throug't; spontaneous fission as soon as it is formed. If
this element is obtained ﬁ'ibm some lighter and more stable element X through

the process of two beta emiésions (in the same way as P39 s formed from WR39) »
we can use the element X as the pilot flame, The reaction sequen;:e in this case
will be: '

X cmrrrme) Y& ] (1o§g veried),

Y 3 & 4 —g—- +~g— (shorter period)s

This 1s similar to the fomiliar reaction: 118 O(—-—-—} 8 + 22}{e4, It is not
necessary that the element X have its fission barrier equal to zero, since the
‘beta decay leadihg to its production mey vroduce the necessary evcitation.

6. Conclusions

In this silsudy of faste-neutron reactors, the effects of deleyed neutrons have ¥
been neglected for simplicity. As stated on page 11.12 of "Nuelear Fission and
Atomic Energy," it is rossible to construct assemblies which are :ﬂctuallj
ovefc%citical , but which would be subcriticai if the delayed neutrons were not
present, For such sys"bems the effect of the delayed neutrons is to 1n9ir:'ea ge the
relaxation 1_:ime , easing the problem of control, But we shall not pursue the
matter here,

It can be concluded from the above discussion thnt 1t seems fenclble to

eonstruct pure rescters rhich would operate =ithout large daneer of explosion,

on the amplificotion principle. -Such pure re~ctors, having considerably
smaller geometricalidimensions and totel weight, mey prove to be more useful

for many purposes of atomic propulsion then the ordinary moderated systems, They
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. can probably be used with advantrge for the jet propulsion of nirplenes; designed

with the hope of long life, The-'.ir sdvantage in the case of bomb=carrying rockets

©

or ram-jets lies in the fact that here one can at least think about _@9_ possi= -~

bility of turning the fis-signab_ie mterinl used for propulsion into a bomb at

the end of the trajectory, instead of uselessly.dispersing it as in the case of
. i

enriched pile motors,*

o

. * Editor's note, These conclusions still overlook many practical difficulties,

This document contains information affecting the national defense 4 1 [ 0 8 2
of the United States within the meaning of the Espionage Act, 50 J
u. S. 1 apd 32.Its iransmission o tha vevelation afedtc con-

~CONFIDENTIAL-RD™ TREESEaSR0AY




a1
i
i
i
it
i
i
it

PART D, SPECIAL METHODS OF HEAT PRODUCTION AND TRANSFER.

By R. B. Roberts

The difficulties connected-with the eritical size and poisoning of tubular
slow-neutron reactors and faste-neutron reactoré ﬁake it desirable to search
for other means of producing heat by nuclear processes and transferring it to
a gas' stream,

1.  Use_of Separated Fission Products.

The use of radiqactive fission fragments as a source of energy for pro-
pulsion has been proposed and various estimates made of the activity available,
The recent paper S~5, by Way and Wigner, presented at the Chicago meeting of the
American Physical Socienty, June 20, 1946, gives a formule which permits
accurate calculation of the amount available, They give,'"Handy rules of
thumb giving correct values within a factor ‘of two for times between 10 sec,
and 100 days are: .
| ﬁg*'a’Mev/sec./fissioﬁ = 2.66t-1'2

¥ Wev/sec. /fission = 1,26%7% 2u .
Calculating with this formula we find thet twenty-four hours after fission the
activity gives 1,3 kilawatts per grem of uranium fission or per gram of plutonium
produced This includes both gamma rays and beta rays, Taking 10 kilograms as
the weight of the bomb, the total power available would be 1.3 x 104 kilowatts
(one day after the bomb had been nroduced instantaneously)s and this would be
sufficient to power a 16-in ram-jet at sea level (25 per cent .thermal efficiency,
2200 ft/sec, 3000 1bs thrust per square foot of combustion chamber), This -
figure gives the maximum possible availgble power, as it includes both betas and
gammas and makes no allowance for decay during the finite time required to produce

the bomb, As most of the gamma rays would escape from the relatively light
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structure of a ram=jet, thié pover should be reduced by'a factor of two; Other

difficulties~arise from radioactivity and from the lack of control over the

energy release, . _

One gram of this matep{al, which giveé a total of 1,3 kilowatts, correspondsd
to 8 x-lols disintegrations?per second, taking an average of one million volts
per disintegration, Of the;e, 3.85 x 1015 per second will be gamma ray disin-
tegrationsy the eguiva}ent éf 105 curies, Since one curie gives approximately
one R per hour ot one metery this one gram source could give a lethal dose of
500 R in 18 seconds'ét one mgter. The quantities reauired for any sort of jet
propulsion are 16,000 to 100,000 times as large, with correspondingly increased
gamma radiation, As a consequence, the material would have to be handled by
remote control through the entire separation process, fabrication, and insertion
into the missile. During ali the time of fabrication it would have to be cooled
sufficiently to dissipate even more than the final desired power,

The combination of difficulties arising from small quentities, radiation
and cooling, seem to rule out any possibility of the use of artificial radio-
activity in service weapons,

2. Direect Use of Fission Fragments or Eveporated Material in the Gas Stream.

Most'of the nuclear energy is initially cerried by the fission fragments
themselves (170 million volts pf 200 million total), The range of the fission
fragments in air is less than 5 cm's, so that sheets of any material would
have to be extremely thin if the fragment is to dissipate most of its emergy
in a gas surrounding the sheet, Converting the range for the difference in |
density between air and a reasonable material of density 3, which might be a
mixture of uranium and moderator, we find a range of 2 x 10~2 cmis in the

material. Furthermore, the range in the material must be small compared to the
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. I‘ang;in air, giving a further, rediction in the thickness of the material per-
permissible, Allowing also for the angular_distribution of the fragments, we
arrive at a ma#imum thickness of 2 x 10"4 cm's or roughly one=-ten thousandth
of an inoh, These shéets are far ﬁoo thin and fragile to be practieal,

As a second possibility let u% consider a special form of pile which would
"burn" 1like a carbon arc, This miéht conceivably operate at extremely high i
temperatures and transfer heat to the cooling gas by evaporating some of its
material, The basic difficulty here is that the heat'cannot be generated on
the surface, The range of a neutron is roughly 8 cm's, so that the energy

production is distributed throughout a depth of the order of 8 cm,-

3. Direct Use of the Momentum of Fission Fragments,

It has'been proposed in the "Sunday Astonishers" that'rocket ships can be
driven by atomic paint which would be _applied to the rear of a rocket, Uranium,
for example, would be painted on, made to undergo fission by some precess not
desoribed whereby one fragment shoots out to the rear while the other pushes
into the base of the rocket and pushes the rocket 'along. On calculating the
energy and xﬁomentum of such a process we find that 3 kilograms thrust would be
delivered foi‘ 100,000 kilovatts dissipated in the base of fhe rocket, This,

of course, would burn the .rocket up long before it moved,

4, Use_of Artificia) Radicactivity,

Imj:rovement on this idea is to -proéuce polonium artificially and use it as
the painﬁ, If the polonium alpha particle could be squirted out to the rear and
the recoil heavy atoms caught by the base of the rocket, this'; would offer an
improvement of a factor of 20 in the thrust per kilowatt, or 60 kilograms per
100,000 kilowatts, Unfo_rtunafely, there is no conceived mechanism by which the

’ alpha particles could be- directed to the rear, as they have a bad habit of coming
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off in all directions, Sinece the alpha particles have roughly the same velocity

as fission fragments, they would develop the same number of kilowatts per unit'
of thrust as do the fission fragments so that only a factor of 2 could be
realized from the proportion of the alpha particles that happen to go in the
right direction, In additign, a further factor of 2 (unfavorable) comes in
because a large proportion of the momentum is directed out to the sides.and

is not useful, The corresponding energy 1s not so nicely cancelled out, This

matter is considered further in Apvendix 2,

_ 5. Usé of Accelerated Ions,

A further application of this idea lies in directing a beam of high speed
particles to the rear by use of a cyclotron acceleration tube or other mechanisms,
Tﬂis avoids the @ifficulty of absorbing the energy of the recoil particles but
the same or a larger fraction of the energy is still developed in the rocket,
as the electrical energy required to acccleréte the perticles must be derived
fro; heat energy, and.the thermal efficiency of the hest engine is unlikely
to exceed 50 per cent, These considerations effeectively rule out the use of
very high speed exhaust gases,

For very large space ships, a low voitage beam of ions can be considered,
Such a beam, say 100 volts, directed to the rear would give reaéonably high
specific impuise, but the thrust would be limited by the power which could be
dissipated. This, of course, would only work outside the atmosphere as the low
voltage ions would have no penetrating power to emerge thfough a window,’

As an example of this compromise rocket motor, we can consider a 100 volt
ion beam of 100,000 kilowetts emergy, This beam directed to the rear would give
a thrust of 3600 kilograms, a specific impulse of 30,000 and would require 12 grams

of material per second, There may be some minor difficulties, of course, as
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this beam would require 1 million amperes, and it seems hard to bonceive an

ion source with this capa‘c;ilit{y, particularly as the efficiency should be very
high, Tt would be necessary to dissipate approximately 200,000 kilowatts” if the
thermal efficiency can be kept:' up tq 33 per cent,. As a final difficulty, the
missile would quickly acquire a charge so highithat the beam could not escape,
The use of two beams, one positive and one negative, would solve this diffi-

culty, but the others remain,

¥ ¥ ¥ X X K X ¥ X ¥ F ¥R K ¥
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