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- REPCRT TO THZ PRESIDIT
CF TEZ KATICKAL ACADEMY OF SCIZNCIS
by the Academy Committee on Uranium

November 6, 1641

Dear Dr. Jewett:

Your committee, appointed to advise with regard to

uranium fission, begs to submit the following supplement
to its reports of ¥ey 17 and July 11, 1%41. The special
objective of tze present report is to consider the possi-

bilities of an explosive fission reaction with 7235, The

importance of this investigation lies in the possibility

that withinﬂé}few years the use of exrlosive fission mey

become the prgdominant factor in military action.

Since our last report, the progress toward separa-
tion’of the isotopes of uranium has been such aé to maks
urgent a consideration of (1) the prooability of success in
the attempt to produce a fissien bomb, {2) the destructive
effect to be expected from such a bomwb, (3) the anticipated
time before its deéelopment can be conmpleted and production
under way, and (4) a preliminary estimate of the costs
involvead.

1. Conditions for a fission bomb.

. fission bomb of superlatively destructive power

will result from bringing quickly together & sufficient mass

of element U235. This seems to be as sure as any untried

prediction based upen theory and experiment can be.
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cur calculations (Appendix A) indicate further that
the required messss can be brought together quickly enough
for the reaction to become effi¢ient. The destrustive effect
of the resultine fission explosion should be equivelent to
that of vastly larger masses of chemical explosives (Appen-
dix B},

2, Destructive effect of fission bombs.

a. kass of the bomd (Appendix A)

The mass of U235 required to produce explosive fission

under appropriate conditions can hardly be less than 2 kg nor

greater than 100 kg, These wide liﬁits refleot chiefly the

experimental uncertainty in the capture cross-section of
U235 for fast neutrons. It is difficult to improve these
dats until considerable quantities of the separated or en-
riched isotope are available. Because of the greater de-
structiveness of the larger bomb, however, the questicn of
size between these limits is not one of major importance.

b. Tnergy released by explosive fission (Appendix‘A)

calculations for the case of masses properlfﬁloéated'

at the initisl instant indicate that betwsen 1 and 5 per cent
of the fission energy of the uranium should be released at a
fission explosion. This means from 2 to 10 x 108 kilocalories

per kg of uranium. The available explosive snergy per kg of

uranium is thus equivalent to about 300 tons of TNT.
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¢. Destructiveness of a fission explosion (Appendix B)
The destruction ceused by a bomb will depend upon
the megnitude of the pressure wave produced in the outer
part of the devastated region. For an explosion of so short
duration as & fission reaction, a conslderable part of the
energy will be dissipated as heat., Taklng this into account,

we estimate roughly that the destructiveness of & fission

explosion in air liberating the energy estimated above should

be equivalent to about 30 tons of TNT per kg of U235.

e would note that this conclusion differs from & re-
ported conclusion drawn by G. I. Taylor in England, which
gave the destructiveness of the uranium as gqual to that of
the TNT deliveringz the seme energy. Not having seen his
calculation, we are unable to judge its reliebility, and ex-
perimental data on such super-energy explosions are entirely
lacking. It is known from experiment, bowever, that very
fast explosions involving small masses are less effective
than slower explosions of the same energy involving larger
masses. Certain calculations {footnote 2, Appendix B) would
suggest a much smaller effectivness for the fission explosion.
ile thus favor the more conservatlive estimate, made above.

It is possible that the destructive effects on life
caused by the intense radiocactivity of the products of the

explosion mey be as lmportant as those of the explosion itself.
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Time required for development and production of the
necessary U<3).

a., Amount of uraniwum needed (Appendix B)

Since the destructiveness of present bombs is already
an important factor in warfare, it is evident that if the
destructiveness of the-bombs {s thus increased 10,000-fold,
they should become of decisive importance.

The amqunt of uranium required will, nevertheless, be
large. If the estimate 1s correct that 500,000 tons of TNT
bombs would be reguired to devastate Germany's military and

{ndustrial objectives, from 1 to 10 tons of U235 will be re-

gquired to do the sems Job.

b. Separation of U235 {appendix C)

The separation of the isotopes of uranium can be done

{n the necessary amounts. 3everal methods are under develop-

ment, at least two of which seem definitely adequate, and are
approachinz the stage of practicel test., These are the me-

thods of the centrifuge and of diffusion throﬁgh porous barriers.
Cther methods are being {nvestigated or need study which maey
‘ultimately prove superior, but are now farther from the en-

gineering stage.

¢. Time required for precduction of fiasion bombs

An estimate of time required for development, engineer-
ing, and producticn of fission bombs can be made only very

roughly at this time.
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If all possible effort is spent on the program, one
might however expect fission bombs to be available in sig-
nificant quantity within three or four years.

L. Rough estimate of costs (Appendix C)

The separation process will probably be the most ex-
pensive and time consuming part of the work required to pro-
duce fission bombs. The estimates in Appendix C indicate that
unless some new method should appear, a cost of the order of
350,000,000 to $100,000,000 for building the separation plant
should be envisaged. For its operation, large quantities of
electric power will also be required.

The other costs in connection with producing the bombs

will probably be smaller, of the order of $30,000,000.

Tt will be understood that these figures represent only
tne roughest estimates, since the scientific and engineesring

data needed to make them more preclse are not available.,

Immediate Regquirements

Though eventually the funds needed for carrying through
this program to its military use are thus large, the immediate

reguirements are relatively moderate. Etefore any large sums

can be spent, at least the following work must be done:
1. Building end testing of triel units of the cen-

trifugal separator and the diffusion separator.

L oamiadatitiion - o daw s T}
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2. Securingz by the most immediate method of samples
of separated U235 for physical tests on spontaneous fission
in U235, and on the capture cross-section of U235 for neutrons.

3. Certain direct physical tests, including (a) ex-
periments on inelastic collision of neutrons in U238, and
(b) measuremsnt of the energy renge of fast neutrons for
fission of U238,

L. In the meantime, groundwork on the engineering of
the lsotope separaticn plants should be started, so that the
plans can be ready when the requirements are more exactly
known. .

This program, part of which is already in hand, should

have available now some millions of dollars, the exact amount

of which can be estimated better by the working committee on

urenium under Dr. Eriggs%

Looking toward maximum speed and efficiency in carry-
ing through such a program, we woulé note that the isotope

geparaticn has reached the development stage, and should be

placed under the firection or & competent development erginaer,

This developmert progren %ust be coordinated with an intensi-

fied research program.
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For best research progress, we would strongly recom-

mend the selection of certein key research men of proven

ability and integrity, to whom would be assigned certain

major research tasks and adequate funds to be used for these

tasks according to their best judgment.

For satlisfactory coordination of the research and de-
velopment, & reorganization of tlre entire uranium program may

be called for. Suchk reorganization should be given prompt

and careful attention by the appropriate administration

officers.

Conclusion

The possibility must be seriously considered that with-

in & few years the use of bombs such &8 described here, or

something similar using uranium fission, may determine mili-
tary superiority. Adequate care for our rational defense

seems to demand urgent development of this program.

Respectfully submitted, with the unanimous approval of

the members of the committee,

(sizned) ARTYUR ¥. CCLETCN

Buckley Arthur H, Compton, Chalrman
Chubb National icademy of Sclences
Coolidge Cormittee on Uranium
Kistiakowsky

Lawrence

Lewls

Mulliken

Slater

Van Vleck
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APPENDIX A

Conditions and Bfficieney of Fission Explosion
{(Van Vlieck and Compton]

1. Critical Size

a., The condition for a chain fission reaction i{s that
the number of neutrons emitted by fissions resulting from
capture of the initial neutrons shall exceed the number cap-
tured and lost., If the captured neutrons all produce fis-
sion and the loss 18 due wholly to escape from the mass of
uraniun, as 1s presumably the cage for U235, there is a cri-
tical size of the mass ébove which the probgble gain of neu-
trons exceeds the probable loss. If the uranium forms a
sphere, 1ts critical radius is of the order of magnitude of
the average distance from the point of origin of a neutron to
the point of 1ts capture. Independert approximate célcula-
tions by various physicists give results in good agreement
(cf. Footnote 1), and which are oI substantielly the forz,

R = x/T; 1z, (1)

Fere R 1s the critiocal radius, k is a quantity of the order
unity, involving the average number n of neutrons emitted per
neutron captured, l; and Lf are the mean free paths between
collisions and before capture respectively. Typical of these

calculaticns is that of Ferm!i, who obtains

k=1.82 //1In n (2)

= 1,73 for n = 3 (case of U235)

lSee end of appendix for footnotes.
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If the uranium sphere is surrounde\d by a shield of material
which scatters the neutrons that escape so that there is good
chance of their return, the criticel radius is thus reduced by
approximately a factor of 2, and by a greater ratic if a sur-
rounding medium of higher scattering power can be used

(cf. Footnote 2).

b. The greatest uncertainty in the value of R arises
from the uncertainty of the mean free paths. These paths are
usually described in terms of the cross-sectional areas of the
nuclei of the uranium atoms, with the following relation be-
tween the cross-section and the mean free path:

oy = 1/Nly end g = 1/Nle. (3)
Here g is the total cross-section for collision with a
neutron, S¢ is that for capture of the neutron resulting in
fission, and N is the number of uranium atoms per cm.3 Simi-
<larly we use the scattering cross-section 5, which refers
- to the deflections of a neutron without capturs. Thus

g_t -GS+J' (h)

Determination of Fission Cross—Section‘S}
As pure UZ35 is not available at present, fission
cross-sections can only be measured in commercial urenium
(conteining 238 and 235 about in the ration 140:1). Since 238

decomposes only for fast neutrons, the fission observed for
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thermal neutrons (i.e. neutrons of energies of the order kT)

must be attributed entirely to 235. The corresponding fis-

sion cross-section is 4 x 10-22 om2. This 1s, however, not

the relevant quantity for a superbombd of pure 235, as the
neutrons coming from the fission of 235 have energlies of the

6

order 10~ volts, and usually will escape before being slowed

to the thermal region, so what is needed is the cross-section
for neutrons of the order 105 to 106 volts. EZxperimental data
are available on the cross-sections of ordinary uranium for
fast neutrons of approximetely known energy (produced by gemma
rays from disintegrating beryllium). The fission cross-
sections of ordinary uranium for neutrcns of energy .2y .6,

.8, and 5 million volts are respectively about .017, .011, .0l4,
and .4 X 10-2L cm2. It 18 reasonably certain, theoretically,
that the fission cross-secticn of 235 is at least as high as
that of 238, and tends to decrease with increasing velocity.

2k

Thus .4 x 10 can be regarded as a lower 1imit to the cross-

section for the fast neutrons in U235, with an estimate of

5 ox 107%

as & rough average over the range of energles of
the fission neutrons. '

A4 higher estimste of Tp is obtained by assuming that
the observed fission in the range .2 to .8 million volts is
due mainly to 235, i.e. that the effect of 238 has practically

disappeared when the neutron ‘energy hes sunk much below 106
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volts. If all the capture is due to 235, values ofc‘f (235)
are thus obtained between 2.4 and 4 x 10_2A cm2 for the range
of energies tested, leeding to an average value of about
3 x 10-2L for fission neutrons. In favor of this higher value
of<7} i1s a reasonable but not well verified theory thet there
is a sharp threshold of neutron energies, below which impacts
on U238 will not cause fission and above which the probability
of fisslon increases linearly with the neutron energy. Tests
have been made (Westinghouse, reportsd by Ereit) which seem to
show such a linear increase for neutron energles greater than
some 2 X 106 volts. This would indicete a threshold for U238
at about this emergy. Since ths tests have not, however, been
made with neutrons of definite energies, the significance of
the results is open to guestion.

It will be noted thet on the former interpretation U238
1s subject to fission from capture of the fast neutrons, with

a cross-section for 106 volt neutrons of between .0l arnd

-2 2
02 x 10 b cm . On the latter interpretation the capture

cross-section of 238 for these neutrons is negligibdle,

Determination of the Scattering Cross-Section, Cg
The uncertainties in GE are much less serious than those

inS¢. For the normal mixture of uranium isotopes 9 has been
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- 2
measured as about 12 x 10 2k em . 4 very small part of this

T T

corresponds to Cp, but perhaps half is due to small angle
scattering that has little effect upon the range of the neu-
tronss Thus the effective value of the scattéring cross-
section for normal uranium is about 6 x 1072 on®. A1 evi-
dence indicates that Oy should be nesrly the same for U235

and U238, This value may, therefore, be used for the scatter-
ing cross-section of either isotope.

Tt should be noted that an error of a factcer of as much

ot e SOPPRNI RN PR M0 <~ s i Yr e $37 s = 470 Bt W (LE S

as 2 in the value of Gg (235) would not be importent, since a
smaeller value of g could be compensated by using a surrcund-

ing shield of larger U;, as indicated in paragraph la.

¢. Until further experiments are pérformed, we must,
therefore, consider two possibilities, which may be surmarized
thus:
TABLZ Al

=2 2
SR0SS SICTIONS FCX URaNTUM (Units, 10 hcm<l

—

Cs <t St

Definite high threshold for U238

6 3 G
6 0 6

no definite high threshold for U238

6 0.015 6
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From present information it seems that alternative a
is the more probable. A choice batween the two cases can pe
made experimentally by pregent technique if & sufficient
quantity (perﬁéps .0l g) of U235 ocan be isolated. Using im-
preoved technique 1n_more neerly homogeneous high energy neu-
trons & more definite indication should also be possible
without separating the isotopes,

Substituting the values of Sy and G% glven abdove, as-

suming & sphere of metallic U235 (density 18.6, which gives

N=4.8 x lO22 cm-B), and using Fermi's value of K the criti-

cal sizes are
TABLE ATX

CRITICAL BQMB SIZ3S FOR U235

le 1¢ R(baréT“thielded)Mass(bare)Lmss(shield)

7cm j2,3cm |7 em 3.5 cm 26 kg 3.4 kg

L2 en «oem - 21 cml| 10.5 em 720 kg 87 ke

The critical sizes for the shielded bombs are calculated for
large thicknesses of material with the Same scattering cross-~
section as the U235, & condition which should be attainable,

Thus the final column represents a reasonable expectation for
the two cases. The experimental errors mighg maxe the criti-
cal masses uncertain by a factor of perhavs 2 for each case

in question. As mentionead above, however, we cannot now say

whether cage & or b will prove correct.

T S T D P
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2, Possible Explosive Fission with U238,

Unless ‘he energy of the fission neutrons is rapidly
reduced by inelastic collisions in the uranium, explosive
fission should occur with U238 as well as with U235. fThe
critical radius calculated as above for the shielded sphere
of U238 is 70 cm, or a mass of 27,000 kg. Thers is some ovi-
dence that inelastic collisions oceur which will slow down
the neutrons until a non-fission type of capture occurs, pre-
venting the chain reaction; but this is not certain.

at first sight it miznt appear to be of advantage to
dilute the UR35 with U238 in order to obtain additional energy
from the latter isotope. Calculation does not, however, sup-
port this suggestion, Thus if equal guantities of U235 and
U238 are mixed, because of the much higher capture cross-
section of the lighter i1sotops, &t any instunt after the chain
Teaction has started the ration of U235 fissions to U238 fis-
slons will be Cp (235) : Cp (238), which is of the order of
30:1, That is, the U238 will add but little to the energy of
the reaction, while 1t will copsiderably increase the size
of the bomb'required. ’

In cass g, the presence of U238, as far as can be seen
at present, woulé act merely as a dilutant, enlarging the
critical value of the radius, and not affecting the fission

reaction.
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3. Percentage of Available Fnergy Relsased at Explosion.

If the bomb has a larger mass than that oorresponding
to the crit}cal radius, it will initlally be highly explosive.
Eowever, because pf the heat produced it will start to expand.
This expansion lengthens the mean free paths, which increase
inversely as the density. The critical radius 2 increases at
the same rate, i.e., it is proportional to 33, whare r is the
actual radius of the sphere. The chain reaction will develop
in intensity until R = r, beyond which value the number of
neutrons produced will be less than those that are absorbed
and escape, so that the reaction will decline in intensity.
The question arises as to what fraction of the total avail-
able energy of fission is released when the expansion is
complete.

The appropriate mathematical problem has been studied
by Pryce (Secret Zritish ms Pl), and in this country indepen-
dently but with rougher approximatioﬁs by Fermi, (ppenheimer
and Compton (see Footnore 3). The results of Ferm!l and Compton
are in good agreement with Pryce's calculations. Oppenheimer
(probably through neglect of some factor considered by the
others—details of his calculation have not been submitted)

finds efficienoies about 10 times larger.
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The results of Pryce, for a sphere of 235 enclosed
in a container.of about half the mass of the uranium, and
of 2 times the critical mass, give an efficiency of 3.5 per
cent. Compton, for a bére sphere, finds 1.4 per cent, and
a somewhat higher value for the shielded sphere. Fermi es-
timates roughly (within a factor of 10) 1 per cent. A value
of 2 Egr_cent can hardly be in error by more than a factor
of L.

| If the mass is n times the critical value, the effi-

ciency is proportional to 22. If the explosion occurs be-
fore the parts are placed together the efficiency will be
reduced by a factor lying between [Za-l)/(ao-li}o and
[‘a-l)/(ao-;ﬂ 2, where & is the actual effective multiplica-
ticn factor and 8,5 18 the value of thefactor when the parts
are brought together. 7In the case of partial approcach the
efficiency will thus be reduced by.a& factor sstimated
roughly as (a-1)/(ag-1).

In the cases considered below, where the reaction is
triggered by a neutron at the instant of critical approach, *
this ratio is about 25 per cent. This would reduce the

efficlency of the explog}on to about .5 per cent.

Le .Avoidanoe of Predetcnation.

.In order to have a superbomb one puts two or more parts
together such that combined they exceed the critical velums,
but separately they do not. The possibility must be exemined

that stray neutrons may trigger off a reaction before the
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parts aré thoroughly put together, so that the bomb "fizzles"
instead of explodes. Uranium has some spontaneous fisaion,
which will tend to introduce this effect. MNeasurements can
be made at present only on commercial uranium, which has about.
5 spontaneocus fissions per kg per second. The question is
how much of this is to be apportioned to U235. The theoreti-
cally favored viewpoint is that all the observed spontanecus
fission is to be attributed to U235. On this basis, for a

7 kg bomb, about 2 x 107k gseconds, and for a 150 kg bomb,
about 1 x 10'5 seconds, would be avalilable to bring the parts
of the bomd together.

In the opinion of some competent theoretical physicists,
however, there is no conclusive theoretical reason why the
observed spontaneous fission of uranium should cogé eniirely
from 235, or even why the spontaneous fission of 235 should be
pronouncedly larger than that of 238. If the probability of

spontaneous fission is the same for 235 and 238, the available

.times are 1increased by a factor of 140, and the detonation

difficulties to a large extent disappear.

The development interval of the chain fission reaction
is also long enough to be significant. after the introduc-
tion of the first neutron, the time interval until the explo-
sion 1s complete varies from about 3 x :LO"6 to lO'h seocond
according to the initial conditions. For a sphere above the
critical mass, the interval after the first fission until ¥

fissions have occurred is
t =T% In N _ (L)

FUNPP= SO PSRN DY GPUSILE SUIPIES PR ST RER R
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where'reis the time required for a multiplication by a
factor s. This is in turn calculable from the relation

r, =7/ln a, (5)

e
where T is the mean time spent by each neutron in the
uranium, and a is the average number of neutrons produced
per initiel neutron. & is less than the multiplication
factor n used in section 1 above, because of the probability
of escape c¢f neutrons without fission capture. For a sphere
of twice the critical mass, a = ca. 1.4, and for a shielded
U235 sphere of radius 4.4 cm, T = ca. 25108 sec, Thus
Te = 6 x 10-8 sec, Uslng in equation (L) the value N = 3 x 1025
(10 per Lent of the total number of atoms}, we obtain
t =ca. 3 x lO-6 sec,

Now consider the initial condition of two hemispheres,

each having the critical mass, appfoaohing each other with

P
!
i

a velocity v. When the parts reach a certain critical dis-
tance from each other the value of a will rise to unity, and
an explosion becomes possible., If at this. instant a neutron
i1s present, the rate of inorease is given by the equation
dN
T — = (a-1) N, (6)
dt
where a is increasing according to roughly,

a = 1 + AvVt,
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Substituting in eq. (6), and sclving,

3-;§MN (8)

" The value of A will depend upon the geometry, but for the
smaller size bomp (case a) could prcbably be made as8 great
ag 0.1 per cm. Assuming v = 10° om/sec, and Tand N as given
above, this gives
(case a) t = 1l.5x 10-5 sec.

During this interval the hemispheree_will have approached
closa snough to raise (a-l) to some 30 per cent of its maxi-
mun value, and the efficiency of the explosion may be expec-
ted\to be roughly the same fracticn of that from the bomb
in its spherical form.

For the large sized bomb (case b) and base sphere the
appropriate values of the constants are ~( = 6 x 10-6 sec,,
N=Lx 1026, A= 0,02 and v= .52z 105 cm/sec. Using these
values, the development interval for the sphere of twice_the

5 second. For the ap-

critical mass is by eq.4, T =1 x 10~
proaching hemispheres triggered at the instant of critical
separation, equation (8) gives

(case b) t =1 x 10°% sec.

- mAARENA A e 1ot S g
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This interval is long enough‘for (a=1) to gfow to about
25 per cent of its value for the completed sphere, so
that the explosion will be of high energy.

The total interval available to bring the parts of
the bomb together is the sum of the probable interval be-
tween fissions and of the~development interval., Consider-
ing all spontanecus fissions to occur in U235 {most unfavor-
able case), these total intervals are:

case &, 2 x 10™% seconds

case b, 1l x 10'” seconds,

These times should be reliable within a factor of 2., For
the lighter bomb the interval 1s long enough to bring the
partg to their optimum positlons. For the heavlier bomb, as
noted above, though the interval is too short for optimum
placing, it 1s nevertheless sufficient to ensure a high
energy reaction,

Footnote Al. (A. H. Compton)

¥athematical calculations of the oritical radius.

The only pertinent published paper is a ﬁreliminary
calculetion of Pelerls (Ceamb.Fhil.Soc.PFroc.35, 610 1639).
Van Vleck sets up & differential equation equivalent to

DV = N (n-i)p, (1)
where © 1s the neutron density, and D is éhe diffusion

coefficlent, given by

Drheliva, 0;:1
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N is the number of atoms per cm3, Cy and Ty the fission and
total cross sections, n the number of neutrons emitted per
fission capture, and Ct the neutron's meeh free path betwesr
collisions. The left hand side of (1), when multiplied by
dV, represents tre loss due to diffusion from a small vol-
ume 4V, while the right side, when similarly multiplied, gives
the rate of neutron birth in dv. The spherically symmetric
solutions of (1), finite at the origin, are
P> {;cuuia-[g7= &%%QEQ;] o (2)
The proper boundary condition is ocne which states that at the
boundary of the sphere the neutrons. diffuse into free space.
The requisite anelysis for this condition has been made by
I. Hopf for an analogous astrophysical problem (Caembridge
Tracts ¥o.31, 1934, eé.l?h). The result is that at r = R
we must have -
G35 re (3)
Combining this with eq. (2) gives the transcendental equation
kRet kR= 1-R /77 )
fcr determining R.
Following apparently a similar prccedure (his calcula-

tions have not been available to us), Pelerls is said to ob-

tain the formula:

2 12 /7,
s e ¢ - 4
R s i) [

= 07210 ¢, ﬁzrz:s.

|
|
!
|
!
i
|
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It i8 not clear to us whether this result is for a shielded
or an unshielded sphere.
Fermi using a different procedure, obtains for an un-

shielded sphers,

D L
-T?9bunb o tir??

= 13168, (n:3)

Cppenheimer, for unshielded sphere, gives approximately,

r R S
N b (% ¢

U L o % & (he3)

Aapproaching from two different 1imiting cases, ZJompton finds
for.the bare sphere the twe approximations, -

P =2 [E -4 (527 ]

- S 42 (h= 3

= 2.98(&{’.‘/)%(% ‘J% €,

crr?‘v
pi ~ L 3SIECy [ he8)

It is possitle that Peierl's value ¢of R refers to a
shielded sphere, which would then be in line with the other
calculations in light of footnote 2,

In the text we have used Fermi's value of k = 1.73,
which is the largest of all. Very possibly a valus of 1.4
would be nearer the truth., This would reduce the critical
radii by the faotor 9.8, and the critical masses by the
factor 0.5. The sizes caloulated in the text should thus

be considered as upper limits.
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Footnote AZ2.
Effect of surroundipg shield, Cppenheimer has cal-

culated the affect of surrounding the uranium with a shield

-~

of material that will scatter the neutrons, thus increasiné;
the chance of their absorption in the uranium. If lf and lg
are the capture and totsl mean free paths respectively, and
L is the scattering mean free path in the surrounding shield,

Uppenkeimer obtains,

v/ .LE_ g L, >
F‘. l——-__(i (/“/g ltl+ )/‘{ z L-,
h-t
7? e N ﬁ{-jz = L
Targ ey '
For compariscn, the equivelent (though less accurate) formula
for the bare urenium is
F:LL\/-Z#:J‘
3 - |
Thus for L = li, the shield reduces the critical mass
by a factor of 8, Tt is probable that a sutstence can be
used for which L< lt' in which case the reduction in size
will be even greater.
Tt will be noted that the addition of the shield also
* increases the efficlency of the explosion (cf. footnote 3).

A highly dense shield is to be preferresd.
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Footnote A3. (A. H. Compton)
caloulation of zfficlency of ZTxplosion.

4 good approximation to the rate of expeansion of the
' U235 results from assuming thet as it becomes hot all por-
tions of the sphere will expand at the saﬁe rate. If r is
the radius of the sphere at any instant,/f its density, and
v the radial velocity of its outer surface, its kinetic
energy cen be shown to be -
T: 2._.5_’7_7/_,”5“7-. o {1)
The rate of increase of this kinetlic energy can be equated
to the rate at which work is done by the outward pressure of
the high energy uranium. It is to be noted that no import-
ant part of. the motion occurs until the temperature is over
lO5 deg. C., or 10 volts, and that after this temperature is
resched the uranium may be treated as a perfect gas. Below
103 volts, where the pressure is due to molecular (and elec-
tronic) motions, the pressure is ecual to .67 x the energy

b volts the radiation pressure is predomi-

density. Above 10
nant, and equals .33 X the energy density. Jonsider first

only the molecular pressure. ‘e have
?xéi":_él‘
at 4z 4
1Ay 4T i .4
L{TT?%m, iz * —?=r/0 Al it

or since dr/dt = v,

dv
Pz pr o
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The rate of fission energy increase is however given by
Ti—flf"’)EJ (3)

where % is the energy per cm3, o 1s the mean 1ife of & reutron
end a is the multiplication factor, i.e., the ration of the

number of neutrons in the second generation to the number in

the fifst. ) ‘
Writing = (Q")/TJ (&)

eq. (3) becomss

and

e T ST T AP AESMIBIT S 477 BT B AR BRIV UTPIN 5 Pl ANQIPs ort pvm A, T 8 b

2
Also, since F= €,

[ e

Substitufging in eq{2) we have:
. Pz
A d«f - ?/%_’P {LV‘ , (7)

r
Kote that if the mass is twice the critical valus, the initial

1/3 2

value r, of the radius is 2 o+ Secause of the lowered

density, however, the critical radius at a later instant is
,L‘l
‘Rt;;,'a’ 0
The critical condition is reasched when r has expanded to the
value R, i.e., \
ARz ih Fo.
The increase in r until the critical radius is reached is thus

An T (25-25)= 1S R,

= 2y
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Thus in eq. {(7) r, ané hence also A » change only
slightly during the critical part of the expansion, and a
sufficient approximation is obtained by asoribing to them a

constant average value of
Fr= D0y

2q. (7) mey then be written, Y ’L-
ei/é—ﬁ:BdVI E:.’i/aan‘o;./g?a—‘a]
T7 R
or integrating, z[-(g"’f_/) - B(U'- U'o>, (8)

: Z
Since e >»1, and v»vo, this becomes, to a good approximation,

Y 4
- U:7% € =T {S)

The critical radius is however reacted when r has

reached r, + «12r,, l.e., when

etz 02 /?./,)

=]

or by egq. (9) %
¢t
g5 ) e e,
o

_ /,ff s

13(5 ">= /2 b
or again since e »21,
Gﬁf; ,[2/\/,;515}

tag b (13 F*B):

For the unshielded sphere of case &,
A,r2%Re = 88 cm
;: (Q-/)/’Z,",
¥or the value of a, it can be shown that for n = 3, and

Ty = 21/3 Ry, under the initlal conditions ay = ca. 1l.4.

At the critical radius, & = 1. Since the efficiency is
proportional to (a-l)z, and since the value of t will be
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determined chiefly by the forces in the first part of the

expansién, where (& - 1) 18 large, the larger values of

(a - 1) shoudd be heavily weighted in taking the average.
We shall use ry—y = -85(8, - 1) = .3k T = 10° seconds.
Thus £=.34x 0%

For evaluating B, we have at once/, = 18.6 g. em™3

y To = 8.8 cm.
If we consider the zero inmstant to be when the pressure is
Po = lOl2 dynes em—2 (corresponding to a temperature of 10
or 20 volts, éccording to the degree of ionization), we ob-

tain H

B=3x 10

Thus by eg. (11},

-7
- o)
T = 3.3 x (12)

But corresponding to the initial pressure of 5012
dynes cm-z, the energy per U235 atom is 20 ev. As in
eq. (5), the energy at the time t is thus
£r s
E=z20e "o (x/cav (13)

This is the energy developed by the time the reaction
has reached its maximum rate of energy production. e may
expect the energy developed after the maximum to be roughly
the same as that before. Thus the total should be 2E. Ve

note also that at the higher stages of temperature the pres-

sure, being due tc radiation, is ®¥ only half our>es£imated
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value. This leaves & longer time for the growth of energy.
Pryce estimates this effect as introducing sbout an addi-
tiocnal factor of 2, which appears to us (without however any
good caloulation) as reascmable, Thus finally for the bare

sphere the efficiency will be about

5
L x6x1 -
T.-'?TTGg_ l.4 per cent (14)

It 1s rot impossible that the higher value of 3.4
per cent calculated by Pryce may result from the shield
whick he assumes surrocunding the sphere, The inertia of
this shield skould slow down the expansion, giving more time

for energy development.
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Report on
The Probable Destructive Zotlon of Uranjum Fission Bombs
G. B, Kistiakowsky.

The following is an attempt to evaluate the effects

of the use of atomic fission for military purposes. The in-
formation given to the writer is that a bomb containing 20 kg
of uranium may be expected to release some 20% of its nuclear
fission energy within a time interval of one microsecond.
Although these figures are edmittedly uncertain, they will™e
taxen as & basis for the following considerations in absence
of more positive infopmation. Taking the ene;gy per atomic
fission as 175 m.e.v,, (Henderscrh, Thys.Rev.56, 703 1$39)

we obtain 3.4 X 109 kilocalories totul evallable energy from

the above-mentioned bomb. This is epproximately the same

energy as ccntalned in 4000 toms of TNTl; "he simplest es-

gumption is tc suppose that the destructive action of & bomb

ig proportional to the released energy and hence thet the 20

kg uranium bomb will have the same destructive action as &

vomb containing 4000 tons of THT. This quentity of TNT is of
courss, VvVery much greater.than grything that has ever been
used in & single bomb. lowevsT, some unintentional detonations
of explosives megazines and some dellverate detonations of

land mines in the last war approximate the conditions. Cf

lCn the basis of data avallable November 6, 1941, Total

fission energy per kg U235 = 1.7 X 10%° kg cal/kg. Efficlency
6

of bomd = 2 per ocent. Txplosion enesrgy of TNT = 1,2 x 10

kg cal/ton. This gives energy released in fisslon explosion

of 20 kg U235 bomb = energy released in explosion of 6000 tons TNT.
AHC

— aid 2l
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the former, the case occaslonally cited in the Halifax Fx-
plosion of a munitions ship during the last war. The damage
there extended to a radius of much more than a mils but in

the opinion of the.Qrftéffkhis is not‘;q};;frgase to consider
because the conditicns for large damage were unusually favor-
able in that the exploded ship was in the middle of the harbor
and the city forms a sort of a natural amphitheatre with no
barriers to reduce the effects of the blast. The land miﬂes
detonated in the last war, oﬁ the other hand, are very unfavor-
abls cases because the detonations occurred at a grsat denth
underground ané¢ their effect was mainly tc produce large:
craters rather than to spread the damage over a lasrge area.

Consequently, for instance, the opinion found in many articles

in Zeitscorift fur das allgemeine Schiess- and Spreng-

stoffwesen, on the effect of land mines of the last war is
rather deprecatory and the radius of action from a charge of
several hundred or even a thousand tons of explosives 4n a
mine was found to be rather limited. In this war the RBritish
have gathered very extended information on the effect of
German aerial bombs dropped over Inzlish citles. Tt is
noteworthy that the destructive effects were found to vary
from one bomb te another in a very striking manner, depend-

ing on th' exact relation of the point of detonation to the
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location of nearby buildings, the type of construction of
these buildings, the type of fuse used {(instantaneous or de-

lay), nature of the soil, etc.. It is possible, thereforoe,

.to drew only very rough estimates of the average effect of

large German bombs. In that sense only, therefore, one can
say tnat e destructive action from a one-fon bomb extends over
a radius of about 100 meters, being naturaslly more intense near
the origin and decreesing roughly linearly with the distance.
Cver this radius, however, the damage is guite serious in
most Instances, unless the strucfures are of reinforced con-
crete construction, The British have also established, on
the basis of a large amount of experimental materliel, a d4i-
mensional law which says that 1f all distances are expressed
in terms of charge dlameters, the effects of all detonations
are similar. Since the diameter of a LOOC-ton NTN bomb is
15 times the diameter of a one-ton bomb, it may therefore be
expected that the damage from & bomb of thls size would ex-
tend to 1500 meters, varying of course very greatly from one
bomb to another.

It is now necessary to consider whether there is any
Justification to the assumption made abcve that the section

of the uranium bomb will be similar to that of & TNT bomb re-

leasing the same amount of energy. Unfortunately there is no

way of proving this contention theoretically and only some

plausible arguments in its favor can be mads.
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A8 mentioned above, a one-ton TNT bomb causes serious
damage over an area of 100 meters' radius. Now the weight of

air in a sphere of this radius is 5000 tons and we see that

1 By LARTIE AR O e e L ARt 4

the weight of the explosive relative to the mass of eir which
is blown aboﬁt within the effective volume 18 very insignifi-
cant., Hence 1t would seem to be reasonable to believe that the
welzht of the explosive itself is unessential for the effects
produced and thus that nearly the same effect will be produced
ty a lighter but more powarful explosive. The Eritish report
that DX bombs have about 10% greater radius of actlon than
TNT bombs of the same weight, hence about 30% greater action
volume. The energy content of 3DX bombs is soms 30% greater
than that of TNT bombs which agrees well with the above fig-
ure for increased action. _No guantitative data ars available
on the increased effectiveness in air of mixed explosives
containing aluminum, but the British informed the writer that
the effects of such bombs are greater than those of pure TRT
bombs. This, quelitatively at least, is again in agreement
with the increased energy content. Stronger experimental evi-
dence has been obtained by the Eritish to show that in under-
water explosions the effectiveness is to a large extent de-
termined by the energy content of the explosive. These con-
ciusions, however, cannot be extended to cover the case of
uranium which is so far beyond the range of available ex-

plosivaes, even with the aid of the now avallable mathemati-

cal theory of shook waves (for theory of shock waves see,
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for Instance, reports of Division B, NDRC, by &. E. Kistiakowsky
end Z. B. Wilson, 7r., and also by John von Neumann). Cnly
certain qualitative arguments can be here presented: the shock
wave is an irreversible phenomenon and its passage through air
(end through weter, but to & very much lesser extent) 1s ac-
companied by an increase of entropy of the medium, that is, by
an irreversible conversion of mechanicael into heat energy. The
fraction of energy thus dissipated cannot be calculated
quantitatively because of the iﬁgbmbieteness of the theory,
but qualitatively one xnows that the greater the intensity of
the wave, that i3 the greater the deviation from infinitesimsl
acoustic waves, the more, proportionately, is this dissipa-
tion. Therefore, in the immediate vicinity of the uranium
bomb, where the shock wave will be thousands of times more
intense then in the vicinity of a larger TNT boamb of the seame
total energy content, greater fraction of mechanical energy
will be converted into heast and hence will be lost as poten-
tial source of damage. In water, bacause of its low com-
pressibility, shock waves with a maximum pressure of as much
as 2 tons/sq. inch behave as infinitesimal acoustic waves and
it has been found that as muech as 40% of the total explosive
energy is transferred into the shock wave in water. 1In eir,

on the other hand, & very much smaller fraction of the total
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‘ ' energy is transferred to the shock wave because of higher
compressibility and shock waves with a maximum pressure of )

2 tons per square inch are already very different from
acoustical waves {(i.e. much faster) and are accompaniead by

a considerable (not known wuantitatively) dissipation of
energy. Because of the absence of a quantitative theory of
shock waves even of such intensity as caused by ordinary ex-
plosives and because of additional difficulties of extrapo-
lation into regions which correspcond more closely to condi-
tions in the interior of the stars than anything met with on
Zarth, nc calculations can be now made. Tre opinion of the
writer is that uranium bombs detonéted deep under water will
have a destructive action which is very nearly the same as
that of TNT of the samé energy content. 1Imn regard to uranium
bombs detonsted in air or on the ground, the writer is not
convinced of their equivalence with TNT bombs and rather be-
lievas that they destructive Fction will be proportionately
less, perhaps by as much as 8 factor of ten.

Some words now on a subject which is perhaps outside
of the scope of this report but which is noretheless of in-
terest to the writer. This is the question of the economics
of uranjum bombs. If one takes, as the basis of comparison,

the cost of TNT per pound, some fifteen cents, then evidentiy

2 See following page 6a.



sh Docume nts

' Avvevican Documents

DECLASSIFIED
I Dop 3%03942A°HS : DECLASSIFIED
T T Y YT : R120(8 ,
— f By m &C [ATT Deta :»;Z‘ !!i

~ba-
Note added November &, 1SG41,

The following calculation qualitatively supports this
lower effectiveness of U235 for the same energy, but suggests
a much greater reduction factoi.

Tt we assuze that it is the outward momentum of the ex-
plosion which produces the destructive alr wave, we have

pPp = WV = 2mY, (1)
where m is the effective mass of the bomb, and W is the
energy released. For equivelent explosion, therefore,

2 mpWe = 2 myily
where my and m, are the effective masses of the expleding ma-
terials for the fission and chemicel explosions respectively,
and wf and We are the corresponding energiss. Thus

- w.
. I

Be = w; OBt (?)
Under optimum conditions of surrounding shield we may rcughly
assume I, = 1.5 Dy » and me = 10 mp 35,
tig/My = B35 T235/Mmmem Jmeps WheTe I is the energy releasad

-a¥

per unit mass. 2q. (2) then bacomes
]

Moy = 2+6(7235/ Typ)” 2350 (3)
Using (footnote 1) J235/JTNT = 3 x 107, we thus obtain

e = 1400 m235.

This would mean that 20 kg of U235 would be equivalent to about
30 tons of TNT, a reduction factor of:2000 as cqupared with the
estimate based on equivelent energles,

From the evidence presented by ¥istiakowsky, it would
appear that the reduction factor of 10 is much more probable.
fet in our present state of inexperience with such super-
explosions more theoretical attention should be given to this

point. AYC
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a TNT bomb of 4LOOO tons costing $1,200,000 ig incomparabdbly
cheaper than a uranium bomb, in terms, which, in the last
analysis, represent man hours of work and hence the strain
on the national economy. It seems, however, that this is
not a feir basis of comparison. Rather, ome should include
in the cost estimates the auxiliary costs, such as those of
aircraft, crews, flying flelds, etc.. 4Although the writer
{s pot in possessiocn of exact figures on these matters, the
following is probably nct too far from the truth to be un-
worthy of consideretion, The cost of & heavy bomber will

be taken a3 3350,00C an¢ the cost of trairing its crew &s
3150,000. 5% of all bombers will be asswied lost ir each
operational flight, which means that each flight costs $25,000.
To this must be added the cost of meintaining ground crewé,
flying fields, service on the bombers, etc. which will prob-

ably double tre figure, giving 250,000 per flight, in which

L tons of explosives will be assumed to be dropped. There-

fore the cost of drcpping 400C tons of TKHT bombs, which were
assumed to be the eguivalent to one uranium bomb, is
350,000,000. This 1s then a sum which in all fairness should
be compared with the cost of uranium bombs except that the
actual figures must be treated as subject to revision in light
of more exact information which is undoubtedly available to

the proper authorities.
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There are further, tactical, considerations whioh the
writer will not attempt to assess. They are the greater
facility of getting to the objective one bomber with a urenium
bombt zs contrasted with 1,000 bombers carrying 4000 tons of
TNT; but on the other hanc there is the advantage of a greéter
area of moderate damage caused by, say, 4000 one-ton TNT
bombs dropped at random as contrasted with the intense end
concentrated damage by one uraniur bomb.

In regard to the problem cf starting the rapid fission
reaction in the bomb, two methods appear peossible at present,
glthough others are decidedly worthy of further consideration.
The two methods are:

1. The firing of two halves of the bomb towards each
other, until, on clcse approach, the fission reaction sets 1n,
initiated by an artifiqial source of neutrors or spontanecusly.
Tt seems entirely feasible to bring together the two pleces of
uranium, welghing some ten {or even hundred) kg. each witk a
speed of several thousend feet per second. One alternative
{s to use a double gun with the uranium pleces acting as
projectiles and facing each other, the other is to adopt the
principle of the "fragment gun", developsd by the Eritish,for
this purpose. The second alternative has the advantage that
the weight of the auxilieary parts of the bomb will be greatly
reduced, the length of the acoeleration period also reduced

and yet the terminal velocity maintained. Cf course consider-

able development work must be done on both devices before they
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can be considered as practical.

2. The second method is tc have a barrier betweéen
the two halves of the bomb, which is impenetrable to neu-
trons and which is shot out in the instant before fission 1s
to occur. This is algo entirely feasible, as one migﬁt use a
mixture of metallic boron, for i{nstence, and TNT, which may
be made to zive any degree of brisance (.o, speed of explo-

sion) depending on the oompositicn, particle size, etc.. If

" this mixture is not too brisant, the damage to the uranium

hemi spheres between which the explosive is placed as a layer
of proper thickness, will be minimized and yet the detcnation
will progress through the explosive layer at a speed cf seversl
thousand meters per second and the products of the detcnation
will be ejlected st a speed of about 1000 meters per second.
During this time interval the motion of the uranium hemis-
pheres, because of their large mass, will be gquite smell "and
may be reduced still further by backing them up with larger
masses of properly dimensioned inert metal. The details of
the procedure must again be worked out by experimentation,

but a priori the method appears to be feasible.

-
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AFPENDIX C

Report on Feasibility of Separation lethods
R. 3. 1ullTken

Summary and Conclusions

There are several separation methods which show pro-
mise for large-scale production, using the hexafluoride.
Three of these are in & more or less advanced stage of de-
velopment. (1) Ve cannct adequately judge the promise of the
Znglish method for molecular diffusion of vapor at low pres-
sures on the basis of information now available; in about
two weexs we should heve a first-hand report. For 1 kg/dey
production of metal, the estimated diffusion area is 70,000
sq. ueters arnd rlant cosf 350,0C0,000, (2) The atmospheric-pressure
vaper diffusion method looks feasible but may be slow in de-
velopment. For 1 kg/day production the estimated diffusion
area 13 10,000 sq. meﬁers, plant cost 327,000,000., and power
consumption 72,000 kw, For 10 kg/day production, the esti-
mated plant cost is 280,000,000, 4 study of this method from
engineering viewpoints should be begun at once, (3) The
vapor-centrifuging methods look femsible and their engineer-
ing and certain other aspects are farther advanced than for
the vapor diffusion method. For 1 kg/day production, the
present estimate is that 22,000 separately-drives 3-foot
centrifuge units would be needed at a cost of 244,000,000,
The centrifuge method also looks promising for relatively
prompt, small-scale production of material for experimental
work. The study of the centrifugal method on both experi-

merntal and engineering sceles should be pushed. {4) Work




»',".{-{sln Docume nhs

Avnevican Décqmgy\

DECLASS!FIED
. 24- H S ‘ : . DECLASSIAED

now in progress on the possibility of separation by elec-
trolysis and by other methods should be continued, and a
study of certain recently proposed new methods should be
undertaken: in particular, methods involying the use of ..
positive rays, At the moment, the use of positive rays in
the mass spectrograph furnishes the only means of obtaining
large concentrations of the rare isotope, although only in
extremely small quantities; the use of this method to ob-
tain semples for experimental work should be pushed. (5)
The feasibility of molecular evaporation at low pressures
from a solvent, including engineering aspects, should be
studied. If a suitable sclvent can be found, this method
appears to involve fewer new experimental and engineering
problems than the diffusion methods. (6) Study of the pos-
sibility of separation by ordinery fractionsl distillation
should be pusned in collaboration Qith cherical engineers.
“hile at the momént the methed looks relatively unpromising,
it may, if feasible, offer the minimum of expense and cf
r.ew problems to be solved. .

The development of certain compounds which promise to
be suitable as lubricants resistantvto, and as solvernts of,
the fluoride should be strongly puskhed. As lubricants,
these compounds are important or possibly essential for the
sucecess of methcds (l)-(3), or as sclvents, essential for

(5). Search for possible liquid uranium compounds of
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moderate volatility shoula be intensified, since if a suit-
able compound could be found, the relatively quick and in-
expensive evaporation method could be used,

In general, to accelerate progress: {l) closer con-
tact or unifiocation should be effected between projects lo-
cated at different institutions but closely related in their
objectives; {2) increased support, including added personnel,
should be brought to some of the work now golng on, ané pro-
vision should further be made for developing certain addi-
tional phases of fhe whole problem, particulerly along engi-
neering lines; (3) in view of the crucial importance of the

time element, the principle of parallel development should

be very extensively applied, (a) in the simultaneous study of

all methods of separation which have any promise, at least

until one or more methods have conciusively outdistanced the
others, (b} in simultaneous study ;f successive stages of de-
velopmsnt of & Ziven separation prooess (e.g. laboratory and engin-
eering stages; and in each stage, simulteneous study of dif-

ferent phases when possible).

General Consgiderations

In zerneral, any system of separation is based on the
coordineted operation of a large number of individual sepera-
tion units arranged in a number of stages. In the operation
of each unit the ratio ¢;/8y of the concentratioms of the

light and heavy isotopes is changed in the light fraction to

0 A s B
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a value °<(31/32)’ & being the enrichment ration for a-single
unit. In our raw material, 31/32 = 1/139; let us oall this
(91/32)£' It is desired to secure a final product with a re-
latively large terminal valﬁé, say (31/32)t’ of cy/cp. At

the other end of the apparatus, waste heavy fraction must be

0 TR, P B e B W ey o

discharged in which El/22 has been decreased to a value
(21/32)ﬂ perhaps half as large as (01/02)1- Let
(g3/e2)y = & (ea/erly. . ¥or (e1/e2), = 100 and (e1/cp),, = 1/278,
G = 27,800, - -

For a type of unit in which the separating process is
molecular diffusion operating at theoretical maximum efficlency,

X gqp =¥/ (1n0)/(C-1), (1)

where J?E;?ﬂi = 1.00426 for our compound; the cut C is so
defined that 1/2 ig that fraction of the materiel entering the
untt wkich undergoes diffusion. a4 simple and convenient pro-
cedure is to divide the entering material into two egqual frac-
tions (C = 2); 3q. (1) then giveséﬁ(d1f -1 =0,00295, In
practice, efficiency must be sacrificed more or less tc speed,
and o beccmes

& g4p - 1 = 0.00426 £ (1n g)/(c-1),  (2)
wherz £ is the efficlency of the unit.

In order to operate the process witih an over-all factor

must send the material through a number n of successive
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stages of enrichment such thatX2 = g, o¢r,
n = 1n G/1nX®1n G/(X -1). , (3)
For the diffusion process just considered, assuming I = 0.7,

which seems feasibvle for rapid operation, and G = 27,800, we

3 .
S P - & 0 PPONRRB R ITRIVPY, 11 oY

rind nxy LG50,

Tn operation, the inflow into each stags divides into
a light fraction which goes into the next stage forward and a
heavy fraction which goes to the next stage backward (see
Fiz.1). TIn the rectifying stages 21/9_2>(_gl/9_2)i),there is
8 net excess of forward fiow (the transport T), in the stripping
stages (21[2241 (21/32)1) a net excess of backward flow, The
inflow intc each stage has a maximum at the input or feed
stage, and tapers off toward both outflow ends (see e.z.7Fiz.Z2,
which cerresponds epproximatsly to the operating conditions of
the previous paragraph). If there is one unit per stage, its
flow capacity must be varied proportionally; or a proportional
nuwnber of units of uniforw capacity may be connécted in
paralle. The total required capacity A of the installation
is proportional to the area under a curve such as that in
Fig. 2. Since both the ordinate and the absclssa are propor-
ticnal to n of Zq. {3), the area 1s proportional to 32. It
is found that A4 is glven by

AwraT/F(1-%)%(e;/25),, . (&)

where T is the output rate and ¥ 1s_the rate of flow per unit

of operating capacity. F¥or a diffusion system, A is the
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total diffusion area in square meters, and a = 21, if F is
the rate of diffusion in kg/per square meter per day and
T is in kg/day. If a centrifuging systen is used, 4 may
represent the number of units if £ is the inflow per unit.

It is Important to notice that the final stages of
enrichment require relatively small flow capacity. In fact,
Just as much capacity is required to change cj/0, from 1/139
to 1/25 as from 1/25 to 1.

An important feature of any installation is the hold-
up E, equal to the total amount of lizht isotope present in
the installation at any moment. The larger the holdup the
longaer 1t will taxe to build up the necessary steady state
which must be produced before the installation will begin
to deliver an output approximating the desired composition.
E 1s evidently proportiocnal to A, and to a depth factor
{1.e. hold-up per unit of diffusicn area or per centri:uge
unit) dependinz on the desizn of the units and their pumping
connections,

Vapor-Diffusion and Centrifugal }Methods

In general, the following problems must be faced in
congection with all the proposed separation methods which are
being mcst actively pushed at present (vepor-diffusion and
centrifugal methcds): (1) design and testing of a rapid effi-

cient single unit; (2) pumpingz system to transport material
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from one unit or stage to the next; (3) provision for auto-~
matic control of the flow and for cutting out and replacing‘
defective units. Cormon to all of these 1s the question of
obtaining resistant meterials for walls, pipes, membranes, and
so forth, and the question of a lubricant which is not attacked
too rapidly. If the vapor is kept free from moisiure (a suit-
able getter is avallable for removing the products produced by
moisture), there are metals which sesm not to be‘attacked,
thus probably answering the first guestion. For a lubricant,
an cil is known which is asttacxed only slowly and may prove
usable; cn the other hand, & program is under way toward the
synthesis of lubricsnts which ere not sttached at all. 1In
case thls program should be unsuccessful, it may be necessary
tc turn to labyrinth glands; these are now being studied. The
matter of a punping svstem ané that of automatic controls

are engineering problems whose solution may be difficult and
time-consuming.

There are at present the following four more or less
promising tvpes of single unit in various stages of develop-
mert, (1) The low-pressure vapor diffusion unit (pressure
2 mm on the high-pressure side), with molecular diffusion
through very thin membranes with fine holes; Zg. (2) applies.
(2) The high-pressure vapor diffusion unit (upper pressure
about 1 gﬁgggpggre), with diffusion through thin submicro-

scoplcally porous membranes; 2q, (2} may be used, although
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possibly the nature of the diffusion process is s cmewhat
altered. (3) The flow-through centrifuge unit, in which

vapor flows through a fairly large metallic oylinder rotating
at perhaps 550 r.p.s. and 1s divided into & heavier fraction
taken ocut near the pefiphery and a lighter one taken out nearer
the center. (&) A unit in wbich fractional distillation or

a related type of counter-current flow taxee place in a cen-
trifuge to zive a multiplied separation,

The type (1) or inglish unit, of wnich preliminary
sketches are avallable, includes a rotor which serves at the
ssme time as pump, and accoxrding to theoretical calculations
shouid give good efficiency at high speed. (£ = 0.4 or per-
haps 0.5, £ =2 in ig.(2), A of 3q.(4) perhaps 70,000 square
meters for 1 kg/day output). Preliminary practical tests are
encourazing, but we do not yet have full details, This unit
seems to have the fcllowing adventages: (1) & membrane which
{s highly permeable ernéd probably sufficiently rugged seems tc
be available; (2) the preliminary testing and engineering de-
sign are probably fairly well advanced. Tt is not clear
whether automatic control and easy repair can readily be ar-
ranged, nor how the lubrication problem {3 being solved.

The pumping workK and frictional losses should be large be-
cause of the low pressures used. The cost of & plant for

1 kg/day of metal output is estimated as $50,000,000 with a
time-lag of only 5-12 days, after construction 1s caunplete,

to build up the steady gtate.
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The type (2) unit might consist of flat diffusion
screens on grills, or of say fifty diffusion tubes between
two headers, with a very thin lamipar feed box at the input
header, into which the input vapor is forced in a thin sheet
with turbulent flow at 1 atmosphere pressure by a centrifugal
pump. Zncouraging progress has been made (Columbia: experi-
ment and theory) in the laboratq?y production of sultable mem-
branes resistant to the gas and suitably porous; tests with
other gases Indicate that I = 70 per cent or better can be
secured at F = 7000 kg per square meter per day, but direct
tests for our vapor have not yet been finished. a4 5-stage
pilot plant is about to/:Zt up to test the performance of
these membranes in the separation of carbon isotopes in €Oz,
The date now available indicate thet a total diffusicn area
of 10,000 square meters should give an output of 1 kg/day.
Determination of the best type of membrane, and its indus-
trial fabrication, remain to be worked cut. 4Assuming that
this problem can be solved, it Is estimated that a plant to
produce 1 kg/day of metal can be built for 327,000,000. Of
this estimate, more than half is for pumps. For operation, &
power requirement of 72,000 kw is estimated, or 43,000,000 per
year at 1/2 cent per kw hr. For a plant of 10 kg/day capacity,
the estimated cost of construction is about 380,000,000 and

the power consumption 700,000 kw. Tt should be noted that

these cost estimates are preliminary; no detailed engineering
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lay-out has yet been made. The pfoblems of automatic control
and replacement of defective units remain to be worked out.
The hold-up tends to be high, but it is hoped that it can be
kept downeio 4 tons-of total UFg for 1 kg/day output. The
time required to reach the steady operating state, barring
accldents, is estimated as 100 days. Although prediction is
uncertain, it seems very unlikely that such a plant coulid be
set up ready to operats in less than two years.

The type (3) and (L) units appear promising for prompt
results in that the mechanical problems of materiels and
operation appear to have been solved. Lubrication may present
difficulties es already noted. An experimental type (3) unit
in actual operation may be ready within two weeks. The general
theory for this type of unit car bs counted on, and has been
tested for other gases ard other relasted types of units; several
tests just reported for our substence indicate that it sepa-
rates in accordance with the theory. &I enrichment ratio
X of 1.04 in eaca unit, as compared with 1.003 in the diffusion
units, appears practicel {gt11l larger values could be obtained
if the peripheral speed could be increased), but theoretical
calculations indicate thet for large-scale operation this ad-
vantage must be partially sacrificed,o( peing cut to about
1.01, in order to obtain speed. according to these calcula-
tions, the best procedure would call for a large number of

separate units, each a cylinérical tube of 6 or 8 inches
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diameter end 1 to 3 meters length. For & production of
1 kg/day of metal, it is estimated that 58,000 units of
3j-foot length would be needed, and that 60 days would be
required to reach the steady state needed for production.

The type (4) unit shows theoreticel possibilities of
using much greater enrichment in & single unit: A values as
large as 4.0 .may be feasible, although only for a low rate
of flow per unit. This looks promising for the prompt pro-
duction of reletively small amounts of material for experi-
mental work, since a relatively small number of units arranged
1n relatively few stages would suffice. However, the calcu-
letions indicate that the uze of large A values and slow flow
would require units cf excessive length, also a scmewhat ler=-
ger instellation for a ziven Tate of mreéuction than the use
of % values near 1,7 with more rapid flow. Thus the latter
appears to be preferable for large-scele production. Using
an arrangement of tre latter type, 1t is estimated that 22,000
3-foot units wculd separate 1 kg/dey, ené thet 20 days or less
would suffice to set up the operating steady stete.

Zneineering ﬁlans have already to a considerabtle extent
been worked out for e system using elther type (3) or (4)

units. The cost of comstruction is estimeted as about 32,000
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per unit, or about 344,000,000 for tke type (L) system pro-
ducing 1 kg/day., The cost per unit includes about 31,000

for building the unit, 3250 for the electrical drive (a éepa-
rate 7 H.,P, motor for each unit), ané the remainder for
accessories, It may be possible to reduce t-e costs by in-
creasing the lersth and alterins the metal used in construc-
ting the units. The problems of control arnd certain other
ltems of equipment may also be simpliried if tre type (4)
unit is successful. Two varieties of the type (4) unit have
been proposed, cne with liquicd end recently one with vuapor
reflux; the latter appears to be the more nromising fér suc-
cessful operztion. A preliminary experimentel unit using
liquid reflux is alreedy being tested, and one using vepor
reflux should be ready within three months.

The diffusion and centrifugal methods both appear suf-

iclently promising that the experimental ard engineering de-
veiopments should bve pusked as fast as possible, "This would
be & sefeguard against unexpected difficulties with'either
method, loreover, it has been suggested that one method,
perhaps the diffusion methéd, mizht prove to-be better adapted
to the earlier or quantity stages of enrichment, end the cen-
trifugal method to the later or quality stages.

svaporation and Distillation l'ethods

If a liquid compound having moderate or small vapor

pressure at room temperature were avallable, a very simple
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type of unit could be used in which the active process is
i{rreversible evaporaticn at low pressure, The theory is
similar to that for diffusion, and K is «iven by the sane

formula., Such units could easily be combined intec a frac-

e v b AP TRIIPTITIOND AP IO LTI R L

tionating scheme requiring only heating and cooling and
practically no mechanicasl power. The absence of moving parts
and the probable eass of automatic control indicate that the
method (which hes been tested in the leboratory with mercury
and works excellently), mizhit be the simplest and most rapid
to prut into operation if a sultable liquid compound could be
found. Although nc satisfactory compound hes yet been pre-
pared, progress has been nmade, and efforts in this drection
should be intensified.

Tf & suitable solvent can be found, our compound dis-
solved in this could be evaporated at low temperatures
(perhaps Oo or -2000) very much as if it were itself e liquid,
although the ccmplexities of the method would be greater. It
{s estimated that the evaporation area needed would be com-
rareble to the diffusion ares needed in the high-pressure
diffusion methods. Pumping equirment would be needed, but the
problem would be far ecasier than that of pumping gas as in the
diffusion methods. It seems probable that & stable solvent of
sufficiently low vapor pressure can be made, altbough con-
siderable time might be required to produce this in adequate

quantities. FHowever, it would seem that efforts in this
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direction should be pushed, especielly since the same or
relaeted compounds may be valuable as resistent lubricants,
(This latter use is the basis of a research prcjeot Just
being orgenized cn the preparation of such compounds.)

Tt is possible that the liguid metal itself might bs
sublected to separation by an eveaporation process, although
the high temperatures needed nake it questionable that this
would be feasible. B

“nstead of differential evaporation, differential con-
censetion also offers possibilities.

Simplest and least expensive of ell to put into opera-
tion would be fractional distillation, 1f it would work. It
has been estimaeted from theoretical considerations that A =1
for distillation is only 5-7 per cent as large as for diffu-
ston. Zven with this handicap, the method onrobadly would be
successful if it were not for the relatively enormous hold-up,
which 1t is estimated would entall a delay of years tefore
the steady state necessary to begin production weould be reached,
even using a very efficient column packing. levertheless, in
view of tne remerkable achievements in the oil industry in
cutting down hold-up in fractionating columns, the method seems
worgh\examining as soon as possible in collaboration with
chemical engineers. :=xperiments already made in ouércompound
using & 30-foot, 100-plate column were negative, but the work

is being continued with a 200=-plate ' column and improved

technique.
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Other Diffusion Yethods

Thermel diffusion of the vapor of cur compound has been
tried with negative results in three different laboratories.

In general, thermsl d@iffusion in vapdr is a rather effective

- AP BAEIY BY: + NV SR AIPHIPTTRPYCCY o\ AP PP R T

method, bBut the theory is complicated and the results depend
on molecular parameters of thre particular compound. If dif-

ferent temperature conditions or a different volatile compound

aram b rae—_

could be used, there might te a possibility of success.

Theremal diffusion of some compahnd in solution {(1liquid
therme]l diffusion) is another possibility. Some trials made
recently with a solution using this method in an-ingenious
laboratory apparatus showed an astonlshing rate ard degree of
separation of a dissolved salt }rom the water,

Diffusiohvof the vapor through a streaming gas, a method
which offers considerable promise, is being tried. Unfortu-
nately the ottaining of a high efficiency is dependent on
a:ffusion through an inert gas of high molecular weight. Con-
pounds of the same class as the heped-for lubricants end sol-
vents mentioned mbove may be of value here.

Blectrolytic Methods

sxperiments on certain salt solutions indicate 1t to

pe probable that isotopic loms ¢iffer in mobility. If this
is confirmed, extremely. great enrichment ratiocs may be secured

by keeping the lons on a sort of electrolytic tread-mill for

e i B a R m R e b
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gome deys. Tests are now being made in suitable compounds.

This method may, even if successful an¢ valuable for obtair-
ing smell samples, prove to be too expensive (cost of elec-

tric power) for large-scale production; but calculations on
this should be rechecked.

Partiel separation in the process of electro-deposition
or electro-solution is a remote possibility.

!"ethods of separation depending on differences in chemri -~
cal equilibria (such as have proved successful fcr lighter
lements) do not look premising.

Photochenical methods, although possible in principle,
are unpromising,

4 method using differential adsorption of uranyl ions
from acid solution was proposed at the committee mseting on
Cctober 21. This deserves further examination. 4 method
using dialysls was also proposed, and seems worthy of atten-

tion. Counter-current extraction of uranyl ions between

weter and ether has been tried with negative results.

The possibllities of the positive ray method, giving
large separations but very small samples, are well known,
but should be re-exemined with respect to large-scele opera~-

ticn., The use of tkis method for obtaining small quantitiss
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of separated material, much needed for experimental pur-
poses, should in any event be pushed. Two attractive
positive-ray methods for completly separating the isotopes
in considerable quantities in a single operetion were pro-
posed at the meeting of the committee. although the diffi-
culty of getting enocugh positive rays, and the electrical
power cost, might be prohibitive for large-scale productiqn,
these methods deserve investigation.

“he foregoing report is based on a series of interviews
arnd consultations, “uring a period of abcut three weexs, with
members of the uranium committee and others working on its
projects, and with members of the present committee. It em-
bodles information and idees fror all thedse sources. Alttough
it canrot be expected that the re-ort is entirely complete
or accurate, the writer btelieves thet it vresents a roughly

correct view of the situation,
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