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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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FOREWORD

In writing this report no use whatever has been made of classified
information from the Manhattan Project., This noliéy'was adooted because

of our feeling that recipients of this report should understand how far we

“can go on the basis of genmerally available information and general physical

principles, The authors of each section are primerily reSpohsible for the
views expressed therdin, Because of pressing dutiés not all members of the
Committee have been able to contribute written material,‘but thanks are

due for their discussions with the other members of the Committee, We
express our appreciation for unclassified information on materials suitable
for hiéh temperature structures, contributed by Mr, D, J, McKinzie, Chief
Engineer; Dr; John R, Dunning, Consu}tant; and Dr, Alfred O, Nier, Con-
sultant, of the Kellex Corporation, We also express éur thanks to Dr,
Sebastian Karrer, who kindly écquainted us with the content of his memo=

randum dated Moy 13, 1946 entitled "Electrical Gemerator Using Radioaétive

" Materials,"

An early stimulus for the work Qf this group was a memorandum by R. B,
Roberts, which demolished some superstifions as to methods of driving vehicles
with nuclear energy, Partly because of Roberts! memorandum, L. R, Hafstad
asked A, E, Ruark to organlze an informal study, Early exploration of the
properties of smoke-fllled nuclear energy ravaets was carried out by George

Carlton, later joined by C, F, Meyer, When their preliminary results were

known, the group was expanded to its present membership,

~

. a LS
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@  ABSTRACT

 This report considers the use of nuclear power for supersonic jet

propelled missiles, and airplanes operating in the high subsonic range,

Nuclear satellite and eécape rockets are also bricfly discussed, In all

cases comparison is made with missiles using conventional fuel to accomplish

a comperable task. A payload of 12,000 pounds in the form of a spheré six feet
. in diameter is assumed, 'In the case of rockets, a range of 5,000' miles is
assumed, for the most part, From the standpoint of aerodynamic and propulsive
design, it is not necesséry to state a range for missiles flying in the upper
atmospfmere and carrying no oxygen, because the range is 1imited only by failure
of the nuclear reactor. "./,';/

Chapter I is a summary of tl;xe revport,

Consideration of ?311 'rzt;cltear propulsion schemes|which eame to our at-
tention showed that the use- of a slow neutron reactor is the most attractive
p’ossibility,‘ though reactors making use of both slow and fast neutrons are not
ruled out, Accordingly, unshielded cylindricai slowsneutron reactors, pierced
with a multitude of holes for heat trensfer to the hot gases, have been
designed (Chapter II), These reactors utilize substantially pure wranium 235
or plutonium, uniformly mixed with a graphite or beryllium oxide moderator,

, .}/jChapte.p III discusses a nuclear turbojet, a convent_iona_l turbojet and a
nuclear air turbine driving propellors.'/
£ Chapter IV deals with nuclear rockets expelling hydrogen, and with hydrogenv
.oxygen rockets of the same range, als’o with singlerstage satellite and escape
rockets using nuclear power, .
Chapter V is concerned with development of basic heat transfer relations
. for both convective heating of. the gas (the scheme adopted), ‘and for radiative

This document contains information a!fecting the national defense 4 1 3 0 O 8
of the United States within the

' Act, 50 .,
C., 31 and 32. Its 18 the ,myexmon'cz tn $°° o
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heating of a smoke-filled gas (which is unattractive), A family of nuclear

ram jets is presented and the conventionalrfuel opposite number is described,

A section is devoted to a suversonic nuclear turbojet,

 Chapter VI deals ﬁ;iefiy.ﬁith material problems, which constitute the

limitation and the cﬁief ie search problem in all these cases. The lower the
temperature of the reactor the larger and hcav1er the m38511e must be. '/
- fﬂ/J:r Yed 5 .
<The eseentlal properties of the several types of missiles areﬁé@Splayed ’/j}L

-in Table 1, on' the following page No, emphasis is 1aid on the exact weights

and sizes quoted, because the study was made on the basis of unclassified in-
_formation and there are important uncertalntles in the nuclear data used for
the reactor d951gns The table indicates only orders of magnitude, and serves
\for comparlson of the varloue types.

I l ‘.

! —Conclusions" The nuclear ram Jet and turbojet considered in these pre~

Jdiminary de"igns are technicallx feasible provided the enriched reactors ggg

‘operate at surface tempgrature in the neighborhood of 2000°C A similar

statement:can be:made for the nuclear hydrogen rocket evcept that the reactor
eurface temperature should be 2225°C.or more, Development of any of these types
ﬁould.certainlyjbe long and costlylaﬁd the emounts of U235 or plutonium required
are large;}judged on‘the-baeis of present production} Unless there are revos
1utionary discoveries in regard to lowering the cost of highly enriched fissions
able material, it appears unjustifiable'te give further consideration to any
supersonic vehicle which makes a one-way 5,600-mile trip, resulting in loss of
the reactor at the target:/ .; ﬁ»

It is conceivable that a nuclear ram jet or turbojet could be made to return
from a target at 5,000;mile distance, It is ppssible that a nuclear ram jet or
turbojet may be attractive as a satellite vehicle for Jargeescale reconnaissance
or fon a continuing threat to a possible aggressor, The nuclear escape rocket

United States within the meaning of the Espionage Act, S0

:I"fhh document contains information affecting the national defense 41 5 0 {)9
U. C.. 31 and 32. Its transmission or the ,reve]quo o& lt‘u:oa-. '
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COMPARISON OF -NUCLEAR-PONER AND CONVENTIONAL-FUEI, VEHICLES
Reactor Aprroxirate . Assumed
i Surface Wt, of - Body Wt. of Neutrons
. Tem§.- Missile Dimensions  Uranium See per
Missile Feactor Mach No, (OC ('lbs.. ) ('f'b, ) (lbﬁ. ) - Page Fission
Nuclear Turbojet . c High 1950 46000 7 (diam,) 50 3,5 2.1

. BeO Subsonic 1950  ~50000 " 44, 2.1

18 . &

; oEConventional Turbojet ——— " 1950 85000(1) " . 3,7 L

§u§§ - " 1950 £8000(2) -n - .
8 : .
ngg Nuclear Air Turbine ‘C n 1950 © 59000 1 50 3,8 2,1
8-’:"5 with Propellor " BeO " 1950  ~630n0 " 4L 2.1
. 8Fe )
:..Ig E:E
.:::g gg Hydrogen=Nuclear Energy c Very 2725  ~115000 -— ~4l, 42 2,0
: 58 Rocket (3) High
o Es Supersonic 2225  ~160000 ——— ~4 ), 4,25 2,0
L £t/sec).
..:.Gg EE
: 38 : - )
ST ggsg Conventional Ram Jet ——— 2,2 - 137000(1) 8 x 80 -= 5,4 ——
=11 : 60700(2) 8 x 80 -- '
-t , '

%858 Nuclear Ram Jet BeO 2,0 1840 74800(4) 8 x 48 T - 5,40 2,1
$°°*t  Nuclear Ram Jet BeO 2.0 2060 80000(4) 8 x 48 71 2,1
‘wn’  Nuclear Ram Jet BeO 2,0 2280 85000(4) 8 x 48 yal 2.1

(I3
Nuclear  Turbo Jet Cc 1.4 1950 90600 8 x 80 89 5.48 2,1
< 3 !
b 2 (1) Takeoff weight; (2) Irnding weight, : |
© & (3) Payload & controls, etc, about 10 tons. Range about 5000 miles, The corresponding "conventional" hydrogen

1 oxygen rocket would haveessentially the same weight and size as the 2225°%C nuclear=-rocket, \

(4) Permissible weight of missile, As reactor temperature increases, the weight aveilable for structure 1ncreas%m

—CONFIDENTIAL-RD-
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merits gemeral attention from scientists, though it is hard to think of any im-' ‘

portant military application of such a vehicle.’
i /.*’,:.:

"

To settle such questions definitively, access to classified information on -
fissionable materials and slow—ﬁeutron reactors is necessary, wifh perticular
emphagis on reactor control, Basic studies of material proverties at high
tempergtures are essential, and would be of value, not only for exploratory
desigﬁ of nuclear vehicles; but alse for improvement of types using conven-

tional fuels,

This document contains information affecting the national defense .
of the United States within the meaning of the Espionage Act, 50
U. S. C., 31 and 32. Its tggnsrpjssion or, the revelgidoneef ith eone ooe oo
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CHAPTER I. INTRODUCTION AND SUMVARY

By Arthur E, Ruark

1. General Considerétions

The extremgly compact source of very hiéh energies made possible by
recent developpponts in nuclear research suggésts the use of nuclear energy
for the propulgion of high performance vehiéles, Used in connection with the
rocket propulsion principle such a device m?ght offef the possibility of con-
structing extremely long range rockets, including satellites or even so~called
escape &ehiclea, For vehicles which remain within the earth's atmosphere many
" other possibilities suggest themselves, in particular ram-jets, turbo-jets,
and_air”tunbinea'with‘propeliers. Fbr the sake of definiteness,‘we assume,
for the vehiales which must remain within the earth's atmosphere, that the
rayload is a 6! srhere weighing 12,000 1b, For the rocket vehicles we make
the same assumptioﬂ, but shall glso consider a zero payload in connection with
the possibility of an escape rocket,

It is.natural to suppose that the use of nuclear power will make it possible
to build a miesile of sufpassing speed, agginst which defense would be difficult,
,However, the thgrmal limitations of materials prevent us:from usingAfhe great
available energy éf the nucleus at any rate we pléase. In this study it has be-
come elear that we should think of nuclear energy as a means for providing
gfeat range, Feor any ranee specifiied, the nuclear energy plane or missile should
be compared with an "opposite number" driven by conventiomal fuel,

Ranges,

This ]:alboratory has made stuciies (rvefe.rences 1 and 2) whicﬁ indicate the
feasibilit&'of erdinaryafuel ramejet missiles with ranges of the order of 2,500

to 3,600 miles, The reports of the. Gilliland panel (reference 3) give a rough

This docume‘;xtsotgntaﬁt{‘nlormaﬂon aﬂecté?gtbth% na‘tlonnl ddengs
£ the Unite tes thg, pregning e owe At
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. outlihe of the range an&;,‘ 'speed domains in which the rocket, ramejet and turbo-
jeﬁ, resnectively, give ﬁﬁe best performence, Since the publication of these
reports, design knowledgéihas been ad;ancing, and more work is meeded to bring
the advantage*chart up to?ﬁgte andlt; exten@ it'to‘greater ranges,

' . The shorter the range:{,}, the less we have to make use of the sssumed "stay-

v 4

ing power'" of the nuclear éﬁ}nergy drive, Therefore, we confine our attention
to ranges higher than B,SOOEIﬁ‘iles._ |
From Alaskan bases, the distance to any point in the Nérthern hemisphere-
is less than 7,950 miles., From locations in the northern part of the United
States, the distance to any such pc;int is less than 9,400 miles, But these
figures are misleading, as top ranges, From Arctic cirele locations in Alaska,
all the domain above 450 is mthin a distance of 4,750 miles, Figure 1 st
the end of - this chapter is a polar world map provided by the Aerodynamics group
of APL, Airline distances from several strategic pomts are marked on it,
For a nuclear-energy vehlcle, it is desirable to have ‘the expensive powver
.source return to basa, This indicates that we should eventually consider a
round trip range of 10,000 miles, But who wishes to have a highly dangerous
pile coming back to the base that sent it out? We decided to deal with a range
of 5,000 miles, leaving greater ranges for later considerdtion,
. It is reasonable to assign a range £o ény nuclear~energy miésiles s because
the power source must work under extreme conditions of temperature_in order
to cash in on the vast amounts of'energy available in nuclear fuel, It may be
highly advantageous to work a pile at temperatures so high that the range is
determined by corrosion, by the creep of hot mterialg s rather than by damage
due to fission apd fission=products,
_ Recént discussions of satellite vehicles by Galcit, the Glemnn I, Martin
” " Company, and the Douglas Aircraft Company, Inc,, (Reference 5) indicate the

. feasibility of hydrogen-oxygen rockets flying at-an altitude of 90.miles or

This document contains information affecting the national defense
of the United States within the meaning of the Espionage Act, 50

s . 8. C, 31 and 32. %jfﬁwwvehﬁt%ﬁg 415 013
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more, circling the earth in about 90 pinutes and continuing without much loss

of altitude for weeks or even months, Such devices are designed for extremely

high velocity, with a light load of scientific instruments.

Explanation of Viewpoint,

‘ In a study of this kiﬁd it is not feasible at the start to lay down
specifications for werformance, .We had to begin by assuming reasonable types
of structure and working out the properties of nuciear power sources with
sufficient heat transfér surface to give the necessary net thrust and 1ift,

In searching_for designs, no attention was paid to present cost and availabi-
lity of fissionable materials, Considerations of this kind might block off an
answer to the following technical questions, Can a nuclear-ﬁowered, high-
speed missilé be made to fly the paylcad over the desired range? Does it have
any advantage over‘missiles using conventional fuels? It can be assumed at the
outset that a very 1arge, slow airplane can be lifted off the ground by & pile,
using more or less conventional methods for transferring heat from the pile to
a turbine, and for cooling the Wgrking fluid, Our problem is to consider
faster and more compact vehicles,

Questions of launching, guidanee, navigation, and homing are oritted, It
was not poésible to give aéequate oonsideration to problems of strength and
short-time dufability of the neower éource, Indeed, the necessary data do not
exist? and ﬁheir accumulation is the sine qua non for further progress in this
field, We have considered reactof surface temperatures ranging from 1725°C

to 2725°C, Inside the reactor material, still higher temperatures would pree-

‘vail, These surface values lieo well bélow the melting peint of carbon, but

not much below the melting veint of beryllia, which are the only knowm possibi-

lities for the reactor bodies,

This document contal orma ecung = /
of the United States withis: the som irerUng, the national Sise - 415 01%
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. 2. Summary :0_1: Chapter II, Nuclear Reactors.
In this report the term "fast-neutron reactor" refers to a body of
fissionable méterial with little or no moderator, while "slow-neutron reactor"
means a body in which most of the neutron collisions oecur against atoms of a
moderator, | .

A. Iypes,
(1) Slow-neutron reactors, (Parts A and B of Chapter II), It requires

-little'oonéideration to rule out natural urenium, Attention has been focussed
on reactors using enriched fissionable material (U235 or Pu239), mixed in a
moderater; earbon woulé be suitable for a rocket carrying iiquid hydrogen, .
while beryllia would.be better adapted to 5 ram-Jet or turbojet, Carbon
coated with thin layers of bxidé may be an slternate possibility as a moderator
for ram-jets and turbojets,

Roberts noticed a very interesting possibility connected with the nuclear
'1iquid hydrogen rocket, Since the hydrogen has to be earried anyway, it is
worthwhile to consider its use as a combined moderator and pile coolant, prior
to the stage at which it ié strongly he;ted and ejected, The difficulties are
great: we cannot say at this time that they are insurmountable, The scheme
has been studied by'éémoﬁ, MeClure and Kershner (Appendix 4),' The idea of
ejecting a mixture of hydfogen and uranium has been considered by Roberts, It
is out of the realm of consideration, because the quantities of uranium-thrown

away would be enormous,

(2) gggtenguﬁrdn‘reaétors. In Part C the properties of these resctors
are examined, The multiplication factor is examined for sizes very close to
the critical one, with a view to (a) controlling the overcritical reactor or

_ ” (b) using a subcritical one with a subsidiary neutron source to act es a "pilot

0 ) : g ' ’
flame™ and meintain the reacti?m.‘ 415 015

‘This document contains information affecting the national defense
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Part D contains the fellowing ﬁiems:

(3) Radipgetive fissign n:odué%s. At £irst sight the use of separated
fissien nroducteg as a sourge of heagzlooks very attractive, As Reberts has
shéwg, the propgeal falls dowa for several reasons, Rapld deecay makes the
supply question very difficult, Theéradioactivity involved would require remote
contrel during separation, productioh of the reactor, transpertatien and
insertion into the miséi;e. During and after fabpication, the material would
have to be cooled, te dissipate pover much in excess of the power available
duripg flight,

- (4) Direct use of fission fragments from anjenriched pile, in the gas

stream, If a lsrge fraction of the fission fragments of a pile could be caused
to dissipate their kinetic energy iy the gas stream, our problem would be much
easier, The difficulﬁy is that the fissionable matériai would have to be in
vefy thin layers, one miecrom thick er less, Since we have not érrived at any
practical desigw, the matter has been dropped, . |

(5) Miscellaneous possibilities, In a memorandum of May, 1946, ﬁhich

furniéhed a stimulus for this étudy, Roberts destroyed the superstition that

a missiie ean be driven by direet use of the momentum of fission fragments, alpha
partieles, aeceierate§ electrons or accelerateq ioné. The thrusts obtainable by '
such means ﬁre minute, The alpha partiéle scheme is examined in detail by Gamow
in Appendix 2, Sources of the order of onme million curies.per square em, would
be required, He alse considered a method for obtainipg neutron~thrust from a

fastepgeutron reactor, The thrust is minute,

B. Genersl Facte about Slop-Neutron Remctors Using Uranium 235 or Plutonium.
In this diseussion we shall supnose that UR35 is employed, The rough

design equations for a slew-neutron reaotor depend on very simple phyéical

ideas, Neutrems produced by fission are assumed to behave like a diffusing
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gas. As a neutrbn moves out from the place of origin, it is slowed down by

collisions with nuclei, the moderator atoms being the effective "slowers,"

In any collision the neutroh'méy be absorbed, it may lose a fraction of its

energy by exciting the interior structure of the.nucleus, or it may be

scattered elastically, The essence of the game is to pick a moderator with

a low absorption cross-section, so that most of.the fissions are produced

by collisions of slow neutrons with uranium, The average fission cfossssection

of U235 fonr thermal.neutrons is over 400 x 10"24
4

defined average for fast ones is about 2 x 104 sq. cm. (An area of 10~24

sq. cm, while a rather ill-

sq., cm, is called a barn, in the parlance of the Manhattan District,) We

have no exverimental information on the fission créss-aectidns for plutonium 239,
In "Nuclear Fission and Atomic Energy," Table 9,2, it is suggested that they

are about the same as for UR35, Apparently, this view is based on rough
theories of the fission process,

Optimum Concentration.

The use of a moderator leads to an interesting feature, thé fact that
for a given shape of pile there is an "optimum" uranium coneentration which
leads to the use of less urenium than any otﬁer concentration, In'order that
a pile may operate, the number of neutrons absorbed per sgcond in both the uranium
and the moderator must be less than the number created, If the concentration
of uranium is too iow, the action is not self-sustaining. On increasing the
concentratisn, we arrive at a condition in which a very large pile is required,
Although U concentration is low, the volume to be supplied is so large that
the totai mass of U is also large., Further increase of concentration reduces
the oritical sizé and the total uranium requirement. There is a limit to this
. improvement, because decrease of pile size is associated with increasing rela~-

tive importance of neutron-escape at the pile surface,
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When the pile becomes too small, the amount of uranium becomes larger

again, This shows that there must be a conecentration which Jeads to the

.greatest economy of uranium in the barely-critical pile,

The Spherical Rgaqtor.

. An uhderstanding of the essentials of rough pile design can be obtained
from a study of the simplest case, that of a sphericel reactor,. Apvendix 1;
a reproduction of a talk by Dr, R, F, Christy, deals with a spherical reactor
consisting of UR35 or plutonium in water solution, He gives the following
values: -

Optimum mass of U235 for critical operation: 1,5 kg,

Critical radius corresponding to this mass: 22 cm,

Power dissipated: ' 10 kw,

Christy states that the optimum mass i1s "of the same order" if the
moderator is ﬁeavy water, graphite, or BeO, Capture by the moderator is

much less which implies. that the optimum concentration is smeller. However,

the neutron paths are longer, so the critical size is greater, All these

effects cooperate to make the optimui mass somewhat insensitive to choice of

moderator, However, we have reason to believe that it may vary several-fold
when the moderator is changed, so that Christy's statement must not be taken
to mean that the cboice of the moderator is unimportant from the standpoint

of uranium economy, |

The Critical Condition.

The differential equation for the neutron density in a steadily operating
pile is

AN?n4n (K -1)/12 2 0, | (1)
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1.8

Here K, the reproduction factor, is™ the ratio @f neutrons created te neutrons
lost in a}l possible absorbing proeesses, incliding fission; L is the diffusion
length, which can be ecalculated from the mean free paths for Bcattering and for
absorption, Ome's first reaction is te suppoée that steady operation will
occur only when K is one, Horever, K must exéeed one so that the leakage.
cuirent at the surfaecce of the reactor ean be?brovided, The aporepriste

spherieally symmetrical solution is ‘ '
n g -%—.sin(/..ﬁ.:.hr ; @

With K and L fixed, we may require that the neutron éensity steadily decreases
from center to boundary and thét it becomes zero at the boﬁndary. Thus the
guantity in parentheses must be 7*J; This means that n is zero at the boundary,
but the neutron flux, ¢ﬁ grad n, is.nbt zero, It is Just sufficient to take
care of the excess of creation over absorption in the sphere as a whole, The
reader will detect & flaw in this argument, If n is really zero, the flux

at the boundary must be zero, because the velocity of the neutrons is finite,
This flaw arises from the use of simple diffusion ﬁhéory, which pays no attene
tion to the actual velocity of the diffusing neutrons an& simply assumes that
the net flux is that stated above, In actuality the mean free paths of the
neutrons are finité, and diffusion theory does not apply to those which orig-
inate within a few mean free paths from the houndary, Finally, n is hot -zero
at the'boundapy. The assumption that it.is zero yields a good approximate value
for the critical radius, nemely (in the sphericel case),

RC: ’77'L/ \fK"-l ] : (3)

C. Rough Design of a Cylindrical Reactor Conteining Tubes.

(Parts.A and B of Chapter 1I). To reduce weight we assume ihere is no

shielding and no neutron reflector, The reactor must be pierced from.end to
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end with a multiplicity of tubes in which the gas is heated, Absorption of
i

neutrons by the gas is neglected, for simpiicity, although this correction
x
may introduce errors of several per cent, The fraction of the crossesection
taken up by the tubes is denoted by 17",
Gamow suggested a simple metﬂod of aliowing for the tubes, If the length
of each tube is great compared with its d{;meter, we may assume that practically
all neutron mean free paths are increasediﬁy a factor 1/(1 = [" ), so that the

dimensions of a critical reactor are increased by the same factor, The net

result is that the mass of the reactor is increased by a factor

1P, N SO
1 =p arl): Q-ry "’

because only a fraction 1 « I?1of the cross-section is occupied by moderator.

Thus we can consider a solid reactor, and when the job is done we may suppose

it is replaced by a tubular structure of the same overall shape, the tube area
being chosen to provide the surface needed for effective heat transfer to the

gas, Let us summarize the investigation..

(1) How the mass of urapium‘is determined. The first step is solution of

Equation (1) to find the condition imposed on the radius r and length h by the
requirement that the re~ctor be at least of critical size, There is one .

equation of condition, . :
. 2 \
- 1 =
.0.586 + ‘ 1 ( ) / ve 1\ (4)

2 - o - le
P \J.1‘C }

Here rc and hy are the critical radius and the corresponding critical length,

and we write
ro/he E A : (5)
L is the diffusion length in the solid material and V the average number of

neutrons produced per fission,
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C is a dimensionless number proportional to uranium concentratiohj We

call it the concenﬁration, but actually its definition is
s N Tev | (6)
Ny Cam '
The N's are the numbers of atoms of uranium and moderator, respectively, in one
cubic centimeter, and the sigra's are the absorption cross-sections of these
substances, For the case of carbon, the density “)U of urégium in the mixture
is Py = 4.7 107 c, | | (7)
By Equations (4), (5), and (7), we see that for eaeh shape and each coneen~
tration C, the critical radius, critical iength, and thereby the uranium méss,
are completely determined (provided, of course, that the concentration is not
too low). The mass of uranium, m, turns out to be the product of a function
of C, a function of , and a factor (1 «{ )2_. '

(2) Shape, The best shape is independent of the best concentration, By
differentiating m with respect to./we find it is given by ro/h, = 0,542, Other
values can be used, buf they requjre'more uranium, In this report, we shall
not attempt to optimize the range or speed by changihgafq; the value 0,542 is
used, unless the contra?y is stated, '

(3) Temperature effects, The best concentration depends on the temperature,

At higher. temperatures thermal-neutron absorption cross-sections are smaller, i,e.,
the mean free paths are greater. Table 2, page 2,13 and Tahle 4, page 2,33, show
the results of critical.reactor calculations for carbui and BeO piles, re=-
spectively. The conditions considered are:

(a) Temperatures of 300°K and 3000°K,

(b) Values of V from 2 to 2.4 neutrons per fission, because we do not know
V. Within tais range the mass values are quite sensitive to ‘the value of V,
although the dimensions are not, |
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- ‘ (¢) Several values of l‘c/hc’ 1nclud1ng the optimum value 0 546
(4) Critical Sizes and Uranium Regulyements,' The results show that if

K

the concentration is properly increased, we do not have to change the pile size

.

appreciably in going from room temperatureito the operating temperature, Hows
ever, when the pile is stocked with uraniurn;i to prévide critical operation at

high temperature, it‘ is highly supercritic'é:l at room temperature, This makes
the control problem vefy difficult, Taki_ﬂ"g V equal to 2,1 and T = 3000°K, we

find for a solid reactor of optimum shape ‘the following data (see also Table 5,

pege 2,34),
Material gy CM, he, om Uranium, kg. Moderator, kg,
Carbon . 56 103 9.1 5000

BeO 55 101 7.2 6350

(5) Depletion is negligible in a 5,000 mile flight, This simplifies

operating conditions, but it means what we already knew, that the bulk of the

uranium sorves only to make the pile operate. Only about 25 grams are used as
fuel in the flight of & particular 5000-mile rocket (page 4.17).

(6) Poisoning and Control Problems, The poisoning in a 5000-mile flight

is mainly due to a single exceptional :'_Lsc;tope, xenon 135, which has an absorp=
tion crossesection for slow neutrons of 3.5 million Sarns, far greater than that
of any other known isotope, Information on this isotope was released, but has
since been reclassifieds t{uerefone these remarks about its crossesection must
be treated as confidential, It is formed in relatively large quantities (about

6% of all fissions) either directly, or as a member of the chain

(6.7 hr,) (9.2 hr,)
or of the chain .
W | To 13§ vy I 135 r—er—) Xe 135
: (<2 min,) (6,7 hr,) 9.2 hr, (90%)

13 min, (10%)
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. on xenon diffusion at high temperature are needed,

As long as the pile operates, Xe 135 is rapidly Qestroyed by neutron-abéorbtion,
the equilibrium amount is low, and the extre uranium required to overcome this
neutron=loss is always less than 108 of the«totgl, In a 5000;mile missile the
~ extra ‘amount will be considerably less than 108, Thus the effect of poisoning
on the uranium requirement is not serious for these missiles,

The effect of poisoning on the contr§1 characteristics aprears to be much
more sérious. It may cause thé reactor to g¢scillate in energﬁ in such a way that
control is greafly complicated, The reason for this is easily explained, The
function of the controls is te maintain the average reproduction factor at the
value unity, That is, the operation must be of the on7off type, because the
neutron flux growé steadily when K is grecater than one;, (While it 4s limited
by the decrease of X when the temperature n;seé, we cammot afford to let the
temperature rise far above the design level, Thus eontrol rods must be prov1ded)
Now con31der what happens when operation is interrupted, The destruct;qn of
Xe 135 ceases, and more is produced by deoay of I 135, Thus the control rods
must be ﬁoved further to start the operation again, The longer the interruption,
the more pronounced this effect'becomes, Estimates indlcate that this sffect
may be a2 ma jor difficulty. Further study is regquired before definite state-~
ments can be made, .

One poinf empha sized by Dr, LéGalley of BuOrd in conversation must be brought
out, Our discussion refers to the worst case, in which all the poison xenon is
retdined in the reactor, It is a heavy rare gas, We have no evidence at all on
the rate at ~hich this large atoﬁ can diffuse through graphite or BeO, It is not
possible ts make even a rough estimate begause the damage to the moderator by fast

varticles, radiation and nonuniform heating cannot be envisioned, Experiments

415 023
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D. Fast Neutron Reactors, (Part C),

It may be possible to design a fast neutron reactor which serves first for
propulsion and then for an A-bomb at the end of the flight,. Whether this is
true or not, these reactors must be studied, Presumably they would be fairly
free from poisoning effects; there is no reason to believe that slow=neutron
swallowers such as Xe 135 would have exceptional crossesections for fast neutrdns.-

The first step is to study the multiplication facter K of a spherical .
fast neutron reactor with a radius in the neighborhood of the critical value,

The result is

Kzl+ 0,97 mmmlor__ (8)
(05 4]

The critical radius Rgr is probably about 5 cm and the critical mss about»lo kgs
we adopt these values, |

The next question is, can we control a slightly overcritical reactdr to
obtain useful power? Aside from the fact that it -would be hard te obtain perw
sonnel for such a project, 1t turns out to be very difficult, techn:cally.

Therefore We consider the sllghtlx suboritical reactor, a device suggested
by Gamow, in which the chain of fissions started by a single neutron eventually
dies out, but in which eacﬁ fission chain contains hundreds or thougends of }
steps. (We call the ngﬁber of steps the amplification factor,) Now, the action
of a glightly subcriticai reactor could be mnintained by a neutron source,
genorat;ng;a power which is small compared with that libérated by the main
reactor, A rough estimate shows that with existing neutron sourees such as
polonium or radiumgberylliumé‘the power dissipated would be several-per cent of
the.mgin power and the amounts of active material heeded‘are embarfaSsingly

large, These difficulties could be overcome if #we had better neutron sources

This d in# affecting the national defense 7
of the Unned States wlth.ln the meamne of the Espionage Act, 50 41 5 0 2 +
U. S. C., 31 and 32. Its transmission or the revelation of its con-

. any manner to unauthorized ie law.
CONFIDENTIAL-RD-FSSE=smigEs



_CONFIDENTIAL-RE-TSF==m 578

‘ available, ‘A spontaneously fissioning moterial with suitable halflife would
be ideal for the purpose, We do not preseﬁt aﬁy missile designs using fast
reactors, since the ‘exact amplification properties would have to be known to
avoid guesswbrk, but the possibility oﬁ such devices must be kept in nind,

Tt must be remembered that the detailed conclusions of this chap ter about

~ the critichl size, optimum concent;ation and optimum shape of reactors may be

‘afflicted with éonsiderable errors, There are uncérteinties in regard to the
cross=géctions and the number~of neutrong per fission, Also we have used the
actual densities of graphite and BeO erystals, while the bulk densities of the
moderator mterial may be ap-rcciably smaller, Wo cannot say what meximum
demsity may be attainable bj proper fabrication. The degree of compactness
will also affect the thermal conductivity, Thg whole treatment is based on a
simplified solution of the diffusion equation, which itself is ogly an aporoxie-
mate description of popditions in the pile, The neutron diffusion constant
depends on temperature, which itsclf varies within tbé pile; depending on the
neutron density and_the surface heat flow conditions, Thus the real problem ine
volves two coupled difforential equations, one for the neutron donsity and one
for the temperatufe. Inde?d, the uranium concentration should be.gradcd to
uniformize the temperature,

Attentlon should be focussed on the ideas acveloped and the general trend
of the data; not on the numerical values presented, Theso Qaluos eannot be
‘wrong in ordér of maknitude, but we can be fairly certain that the sizes and

weights presented are underestimtes,

2. SUMVARY OF CHAFTER IIT

ELIMINARY DESIGN OF LONG RANGE PILOTLESS AIRCRAFT

Tt is desired to find the‘optimum type of design of a fast pilotless air-

,.‘ plane to carry a payload of 12,000 1bs. a distance of at least 5,000 miles. The
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three possibilitles discussed are:

The turbo~jet with nuclosr energy as the héat source,

Tukrvo-jet with conventional fucl,

An air'turbine driving a conventional prdpeller, wth nuclear energy sgain -
supply heat, Families of such vehicles could be designed, but in, this report
computations are carried through for only one of each type,

_ The body shape is éhat of an elongated tear drop with the nose cut off to
permi% the entrance of thg air and the teil cut off to allow it to exhaust
through a jet at the rear, ?he maximum body diameter ié.? feet‘and length is
of the order of 40 = 58 feet,

In the case of the nuclear turbo-jet the reactor design is'deteg?ined by
the simultaneous solution of equations expressing the following requi%emcnts:

| (1) Mass flow neces§ary.to produce the thrust required for flight under
tﬁe postulated conditions,

(2) Optimum critical reactor size as a function of the cross-sectional
free area through which the éir flows, This relation follows from the study of
cylindpical enrichca reactors given in Chapter II,

(3) Heat trensfer relationships, leading to a’lengthrdiameter ratio for
cach tube perforating the reactor, For these calculations a reaetor wall
temperature of 4O00°R, is aSnged,-qalvalue not believed unrealistically high
from the materials standpoint, .

The procedure in evaiuafing (1) is to model the nuclear design after a
commercial gasoline burning prototype. A gesoline turborjet of recent design
uses 1,08 1bs, of fuel per hour per pound of thrust in nroducing a thrust of
4000 1bs, It is shom in Section 2 of Part A that firom such a thrust a speed

of approximately 600 MPH can be realized st 40,000 ft, for this design, From
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this information the pover consﬁﬁption of the vehicle follows at once, Now the
intake and exit stagnation tempé}atures at the reactor are knom., The former ..
nié 625°R, which ié calculated frém the value existing at the compressor intake,
plus an increment due to compression, . The latter is 2000°R, which the turbine
struéture will stend, From thesé:temperétures and the total heat requifement
the mass flow is determined, From this figure the gns stream cross-sectional
area and hence the overall reactéﬁ.dimensions can be ealeulated, as mentiongd
in (2), Then the application of ghe heat transfer equations outlined in (3)
gives us the dilameter, and finallyv the total number, of the tubes perforating
the reactor, Thus the three conditions enumerated abave can be met simultaneously
to give a uﬁique reactor design of the following dimensions:
Diameter 6 ft,
Length b5 Pl

Weight (assuming earbon moderator with ‘
average density of 132 1b/ft3) 12,800 1lbs,

(Fraction of eross-sectional area

21llotted to gas stream) Al
Diameter of individual tube * L5 in,
Number of tubes _ 868

'?he power added to the gas stream turns out to be approximately
33,600 H,P. while the power output of the engine (thrust times velocity) is
6,400 H,P, This gives an overall efficiency of 19%'

The weight Breakdown, wing afea required and approximate performance

are as follows.-for the three types considered,

415 027
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2 1 2 3
‘Turbo-jet Turbo-jet Nuclear Air
) Nuclear Conventional Turbine w=ith

Design Type e 7 Energy Fuel Propellers
Piles or fuel waight, 1bs,* 13,500 36,700 13,500
Payload 12,000 - 12,000 12,000
Powsr Plent "2,300 2,300 6,000
Propellers, gesr boxes, etc. - - - & 4,000 ,
Structure 118,200 34,,000 23,500
Gross weight,at takewoff, lbs, 46 ,000 85,000 59,000
Gross weight at landing 46,000 48,300 - 59,000
Thrust at flight speed, 1bs, 4,000 4,000 3,800
Approximate average air speed, MPH 600 465 550
Wing area, sq. ft. ' 440 1,870 ‘ 685 .
Moximum range *% 4,000 *x

I4

** Probably limited only by material failure,

* Ap_nroximaté for carbon reactor, See page 3,18 for details on C and BeO
reactors,

On the basis of these figures, it is concluded that the nuclear tﬁrbo—jet
has the best performance for a pilotless airplane operating in the domain of
high subsénic speed, This conclusion depends on the agssum~tions tkkt the reactor
weights of Chapter IT are substantially correct and that the reac;tor materials
will stand up to their task., Cost is not considered; performance-only has been

analyzed,
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4, Summary of Chapter IV, Nuclear Energy for Rocket Propulsion.

This chapter deals with rockets in which liquid hydrogen is heated by
an enriched pile. Such a device may be compared with a liquid-hydrogen liquid-
oxygen rocket. The optimum specific impulse (pounds of thrust developed by
a discharge rate of one pound per second) for the'latter is expected with a
ratio of 5 moles of hydrogen to one of oxygen. This specific impulse would be
about 395 1b. sec, per lb., and the exit temperature about 2760°K, On the
other hand, a nuclear energy ¥ocket would yield a.specific impulse of 730 1b.
sec. per lb, when ejecting hydrogen at 2500°K, or 2225°C, These figures alone
do na¥t furnish a valid comparison.of the two types. With a fuel of low molec-

ular weight the tank and structure weight required to carry it increases.

. Furthermore, in a long-range nuclear energy rocket, the reactor must be carried

all the way, because there is no advantage in.jettisoning it when the missile
gets outside the atmosphere and the fuel is exhausted. A detailed célculation
(Table 3 in Chaptef IV) shows the weight distribution for hydrogen-oxygen
rockets and hydrogen nuclear rockets having ranges from 1000 miles to infinity
(escape), when working at the exit temperatures mentioned. No impossibility
is encountered at these temperatures, up to ranges of 10,000 miles. Thus the
question to be attacked is whether a suitable nuclear reactor of the weight
alleed by the overall design can be provided. The requifements are that the
reactor must have enough surfacé, and the operating temperature must be high
enough, to heat the hydrogen to 2500°K. A number of high-surface designs could
be considered. Suppose the reactor is a bundle of rods of radius X. Iet j be
the average rate of energy transfer per unit of heating surface. Then for a
carbon strgctﬁre, it is found that

i/% = 7.4 x 107 4 (2)
where j is in ergs per sq. cm. per sec, and X is in cm.
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Now éonsidering heat transfer by radiation above, X must be about 0.6 cm;,
on the assumption that all radiation can be absorbed in the gas channels, by
loading the gas with an opaque smoke. This would be most difficult., On the
other hand, the size found for the reactor elements together with the optimum
pile size calculated in Chapter II, suggests that heat transfer by eonduction
may be very effective. We calculate this transfer by standard equatioﬁs (their
validity under such conditions is not experimentally established, but one must
have general faith that they yield answers correct in order of magnitude) . VIt
is found, for example, that a pile with circular tubes as heating channels

will supply the necessary heat, under the following speéifications:

Assumed surface temperature, 3000°K
Length and diameter 7.4 feet
Tube;diameter, about - 1.5 em,

Minimum wall thickness between

tubes 0,52 cm.
Per cent of cross-section occu-
pied by tubes 50%
. Weight ' _ 10.8 tons

Now it happens that this pile is slightly larger than the critical, opti-
mum concentration carbon pile discussed in Chapter II, We can say they are
identical within the limits of accuracy of the calculations, The cpitical
uranium requirement of the nuclear energ& rocket outlined above is abouf 36 g,
of U235, - |

Although the precision of the nuclear energy and r&cket calculations may

not warrant more detailed figures, the effect of various design parameters can

be indicated by calculation which should shﬁw the proper relative sizes. Accord-

ingly dimensions of several complete families of rockets are presented, It is

found that an increase in the rate of flow of gas over that assumed in the
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‘ example abox.re can lead to a decrease in reactor weight of as much as 60%.
Correspondingly, the initial rocket weights for a ten ton payload can be
brought down to yalues of the order of 60 tons, Also decrease in the critical
dimensions of the reactor (for example by the use of higher U235 concentration)
can lead to a very considerable decrease in the requifed reactor size.

Calculations at lower gas temperatures, down to 1600°K, indicate that,
with a 5000 milé range and payload (including controls, etc.) of the order of
10 tons a nuclear energy rocket might compete with a hydrogen-oxygen rocket
with gas temperatures as low as 2000°K but cannot compete at much lower gés
temperatures. Reactor temperature must be several hundred degrees above the
gas temperature. . |

It is interesting that application of the design procedure outlined indi-
cates fhat a one-stage satellite rocket carrying a 10-ton payload can be driven
by nuclear energy; the rocket weight involved is less than 100 tons and the
reactor weight is gbout 4.5 tons. This assumes the fegsibility of mass flows
(per unit area) of approximatel& 40 gr./cm?sec,

In conclusion, the nuclear energy rocket ﬁor a payload of 6 to 10 tons
can be made superior to any conventional rocket in the sense that thé weight
required.for a given range is smaller or the range obtainable at a giyen weight
is greater. It must be emphasized that these conclusions are sased‘on several
assumptions, namely:

(a) Substantial validity of the reactor design carried out in Chaptér 11,

(b) Feasibility of a reactor operating at a surface temperature of BQOO°K

for about 200 seconds without structural failure, under the gas pressures en-

countered,
' (c) Sufficiently slow erosion of carbon by hydrogen at the temperatures
specified herein.
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2. Summary of Chapter V. Supersonic Nuclear-Powered Ram-Jets and Turbo-Jets.

This chapter indicates the technical feasibility of supersonic ram-jets
and turbo-jets using nuclear powén under certain assumptions and restriotioﬁs
on the characteristics of the reaétor, the flight condiiions and the aerodynamic
design. These conditions are outlined in the conclusions and discussions sec-
tion of Chapter V.  To have a basi§‘for evaluating such designs it is necessary
to compare them with a previously conceived design using conventional fuels.

Conventi;nalhnggigg. Part A of the chapter is therefore Aevoted to a
description of a long-range ramajetépropelled guided missilé, using gasoline
as a fuel, This is essentially a summary of a previous report issued by this
laboratéry, It is conclﬁded that such a design éan have a range of 3,070 miles
when flown at a Mach number of 2,2 and an altitude of 70,000 feet, The state-
ment is also made that a range of 5,000 miles is in the realm of possibility
if certain increases in ram-jet performance can eventually be obtained,

Designs Using Nuclear Energy. It.is neéesséfy to lay aside the unsol?ed
questions of mechanical and chemical integrity and to make designs covering a
range of operating temperatures which dees not completely rule out the use of
desirable reactor materials, and which, in the light of existing experience,
may provide-sgfficient thrust to meet our speed requirement., Aside from
these considerations, it is desirable to have on recerd basic calculations
concerning heat ﬁran;fer to a gas stream, by radiation and by convection,
in single=tube and multi-tube reactors, It is also desirable to study the
aerodynamic characteristics, particularly the internal drag of such réactors,
the reactor weights and. volumes involved, and thé'effect of these factors on

the size and weight of the bird.
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Heat Transfer in Reactor-Heated RamrJets. In Part B, a nuclear ram-jet

flying at 50-60,000 feet at a Mach numbér‘of 2 is considered. First, a formula
is derived fér thé'power reguired per unit volume of reaétor material, in prep-
aration for determining the design necessary for transfer of the heat to the
gas.

Thé possiﬁility of radiant heat transfer from a single large tube to e
gas-containing smoke was analyzed early in this'investigatiqn, It became clear

that such a device has no value in connection with 5000-mile vehicles. (See

"also Part F,) However, the analysis of radiant transfer to a smoke-filled

gas is presented because of its possible value in other fields.

A study of conyective heating then shows that it is hopeless to qonsider.
a single large tube., Such a design is ruled out for a 5060 mile vehicie be-
cause the reactor weight would 59 very great. A multi-tube reactor is clearly
indicated, The importapt resuit of this section is an equatjon connecting
the temperatures, the ratio of length to diameter, L/D, for a single tube.

and other quantities; namel&,
Tw =~ T4o 0.003 L/D

= T (5a)
Ty = Teo (Dﬁ&MiAi/hd)o'z

in

Here lengths are in feet, and density in 1b./cu.ft.; f? is the intake density
and M; the flight Mach number, while Aj/Ay is the ratio of intake and diffuser
areas, Ty is the wall-surface temperature, and Tge, Tgo 8re the stagnation

temperatures at the entrance and exit of a reactor tube, (The diffuser area

is defined to be the gas<s£ream area in the reactor itself.)

Propulsion and Aerodynamic Analysis.
The subsequent analysis now runs as follows:
(a) The relation between gas exit temperature and net thrust

coefficient is worked out for any type of reactor-heated ram-jet or turbo-jet,
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in form suitable for numerical computation, in Part C.

(b) The aerodynaﬁic analysis could be carried out for whole
families of ram-jets. The calcﬁlatioqsxof Part D are restricted to a flight
aititude of S0,000.feet and a Mach number of_2.0. For these conditions, the
ratio of body cross section to intake area is chosen to be 3.33 (on the basis
of previous oalcuiations) and the reactor is chosen to be a cylinder of the

¢

following properties:

Diameter, - 8 ft.
Length, 7 ft, approx.
- I ‘ 0.556

-(Ij'is determined from the bird diameter and the diameter of the critical
reactor of optimum shape ahd'conqentrgtion.) 'Stability considerations make
possible a reasonéble determination of the tail ares. By'trial,'a wing area -
and g missile weight (74,400 1bs.) are found which satisfy the relation

Lift = Weight. Then drags are computed, and it is found that the drag coeffi-
cient is 0,371; this then is the value of the thrust coefficient required for

flight under the specified conditioms.

Copneqtiqnlpf.ReactovSprfgce Temperature and Weight which Can ge_FiOQQ.
The weights discussed in Part D are necéssarily estiﬁates; therefore it
is reasonable to calculate a series of values of fopal weiéht, c;rresponding
to various reactor temperatyres. This is done as follows in Part E.
(a) |” 4s 0,556, so the gas-stream area in the reactor is 28 sq.
ft. for an 8 ft, bird diameter.
(b) It is assumed, as an educated guess, that the exit gas stagnation
temperature is 1000°F, less than the wall-surface temperature. (Equation 5a
is emplbyed,) The thrust coefficient can then be computed for a series of

reactor temperatures (Table 2, p., 5.09).
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(c) For each thrust coefficient, Ct', we have a vlue of the missile

weight, namely,
W = (Lift/Drag)qhpCy’.

Here q is the dynamic head, Ag the body cross—éection. The value 6 for opti-
mum lift/drag appears to be attainable.

The results, in Figsf 5-4 and 5-5, show the total weight as a function of
' Ty; also the weights available for structure for the cases of carbon and B0
as moderators. The conclusion is that a wall temperature of 3600°R (2000°K)
or more is required to provide sufficient structure'weight in this type of
vehicle, |

The designs considered may be far from optimum. It may be that a larger
reactor and greater length/diameter ratio for.the reactor will improve per-
formance and permit 1ower reactor temperatures. However this may be, a nuclear
ram-jet with 12,000 1b, payload'appears feasible, éubject only to the usual
restriction, that the reactor must stand up at the operating temperature of
about 3600°R. |

In similar vein, in Part G the analysis of a supersonic turbo-jet with

* - exhaust heating, capable of flight at a Mach number of 1.4 is presented. It

seems likely that éuch a design is feasible if reactor wall temperatures of
‘at least 4000°R are used but the uranium requirements are twice as large as
those in the ram-jet since two reactors are required. The structure of the
vehicle is aléo much more cqmplicatéd than that of the ram-jet because of the

addition of the turbine~compressor unit,
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6. Summary of Chapter VI, High Temperature Materials

Earlier chapters dealt with very high reacﬁor surface temperatures, from’
2000°K to 3000°K. Ph&sic&l and Chemicgl data in this range are required for
further progress. We shali give some facts which wili help to outliﬁe the
general trend of necessary invegtigations. . A

A, Materials for Piles and Their Supports. Table 1 of Chapter VI summa-
rizes the melting points of ﬁaterials which can be cOnsidefed fér the pile
moderator or for supporting structures., It is indicated that carbon is the
ﬁost probable choice for a moderator for rocket;. Carbides of some fourth and
fifth group elements, (Hf, Ta, 2r) and their alloys and @ixtures, may be useful
for supporting structufes. (These carbides and a few related ones are the
highest-melting compounds known; M.P. of 3800 to 3900°C., Reactors for ram-
jets and turbo-jets should.be Bg0, thougﬁ a carbon skeleton or matrix coated
with BgO is a remote possibility, Tungsten, which has the highest tensile
strehgth of any known met&l at room temperature, might be used in minor quan-
tities as reinforcing material deep within the refractory matrix.

B. Control Rods. The materials suggested for control rods are ﬁypified
by tﬁe'following: .

CrB or CdC enclosed in carbon tubes.
. TaC or HfC with small percentages of gadolinium or its compounds,
Materials containing a few per cent §f the cadmium isotope 113,

C. Protection of atomic warhead from neutrons. If the warhead body is

TNT, then é one~mm layer of gadolinia deep in its structure will provide suf-
ficient protection., Alternatively, about 1 ft. of highly hydrogenous material
and a thin leyer of gadolinia will suffice, Protection of liquid-hydrogen

fuel against boiling under the influence of nuclear radiations can be accomp-

lished in similar fashion.
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