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PREFACE

IT ranium metal may have the potential of forming a metal exeimer with

nnc. cadmium or mercury. Kxcimer~ are the most efficient electronic

transition lasers known, and metal excimers have spectra in the visible
wavelength regions. Metal exeimers of interest are lnZn (5308, 5(i25 A ~~.

i ned (5544 . 5760 A” ~~. m U g  (5226 A”), TIZn (4680 , 62(X) A ’) , TR’d (4872, (i .l0()

A”), and TIHg ~4590, 6560 A”). A laser is proposed where uranium is both the

pumpi n g source, via fission fragments, and the hisant , via exeimer

formation (tTZn. UCd. UHg) wit-h output in the visible wavelengths. The

metal excimers mentioned have not yet been made to last’.

In this initial study, reactor physics calculations with the computer code

AN ISN , a multi-geometry, one-dimensional Holtzmann neutron transport

code, were made to examine different reactor configurations. The uran ium

is required to be in a vapor state, and therefore reactor design is based

heavily on the N uclear Light l3ulb Engine. Dependent up m  the density

requirements (of ur anium and mercury , for example) for transmitting laser

light , the reactor options include lasers that are self-critical to lasers that

require critica lity drivers .

Sd (-critic al rca rtor-lasers and criticality driven reactor-lasers arc

inve’stigated. (‘urves are presented for the reactor options depicting the

rat io of tission source in laser cells to fission source of the total system given

~I specifi c L -235 density in the laser cells. It is not known what fuel density

can be employed before seriously degrading laser light , nor were any last’r
physics calculations attempted .
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1. INTRODUCTION or U-235 that is coated on the inside of
a tube. Fission fragments escape

Direct nuclear pumping of lasers from the wall coating and enter the gas
promises to have many advantages region where they, and the electrons
over present day electrically excited produced , excite the gas. The B-b
high energy lasers. Nuclear fission is reaction yields:
the most c(-znpact energy source

‘ ° B + n — a + 7Li + 2.3 Mev.
known , with the potential for high
power deposition to lasant gases.

The U-235 reaction yields:
Nuclear pumping also holds great
promise for overall higher efficiencies , 

~~~~~~~~~ + n — F ~,+ F1 + — 170 Mev ,
by-passing the conversion of energy-
to-heat-to-energy by directly exciting where Fh and F1 are heavy and light
l a s a n t  m a t e r i a l s  w i t h  f i ssion  fission fragments. A main disadvan-
fragments and the accompanying tage of wall coatings is that much of
electrons. Simplicity of design over the fission energy is deposited in the
electrically excited lasers is another wall, the range of fission fragments
possibility with nuclear pumped being so small that only fissions
lasers. The high voltage power occurring at the surface of the coating
supply technology required for high escape to the gas. With the optimum
energy electric lasers is avoided, coating thickness only about 50

percent of the fission fragments , and
Since 1975, several groups have only about 20 percent of the total

demonstrated nuclear pumped lasing. fission energy, escape to the gas. [81
11-61 The principle of nuclear pumping Gas pressures are extremely important
is the absorption of a neutron by a to the range of the fragments to obtain
f i s s i o n a b l e  n u c l e u s , and  t h e  uniform energy deposition in the gas,
subsequent release of energy in the
fission process which is then used to With He-3 as a laser gas, the
pump thelasergas. The experiments of f i s s ionab l e  m a t e r i a l  is mixed

t 
References (1-7) have used either wall uniformly with lasant gases. Fission
coatings of boron-lO or uranium-235, fragments are created throughout the
or volumetric pumping using helium-3 gas uniformly with very little fission
to pump the laser gas. energy lost to the walls. The He-3

volumetric source yields:
With the wall coating method , a

Vneutron is absorbed in a layer of B-b 3He + n — 
p +

3H + 0.76 Me

9
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He-3 has two main disadvantages as a The idea of using UF6 in a gaseous
pumping source. As with the B-b core reactor is an old one, but is
coating, He-3 cannot support a nuclear receiving new emphasis in nuclear
chain reaction , and therefore must pumped laser and space propulsion
have a neutron source (nuclear research I 10-12J. However , U F11 has
reactor). Also, the He-3 reaction proven to be chemically aggressive
produces relatively little energy per and unstable at high temperatures. A
neutron absorbed , and would therefore uranium plasma would consist of U-
require high neutron fluxes to yield 235 metal heated by the fissioning
large energy deposition to the gas. process to its plasma state (or at least

to a vapor state). It would not contain
the contaminants that a dissociating

An important method for the UF~ would. Current emphasis is onsimulation of nuclear pumping is to UF6 since it is readily in gaseous form ,use a charged particle accelerator for and does not propose the confinement
optimization studies [7J .This method problems of a high temperatureis being pursued by using a proton plasma 111 ,131.
accelerator and an electron accelerator
to simulate fission fragments while One type of highly promisings e a r c h i n g  for  o p t i m u m  gas nuclear pumped laser system that has
mixtures 191- been generally ignored is a self-critical

excimer laser system 113, 141. Such a
Optimum nuclear pumping of lasers concept could use free flourine from

in the future will require the use of U- UF~ decomposition to generate the Ar-
235 as a volume source mixed F or Kr-F excimer reaction. Another
uniformly with the lasant. Two concept is one proposed in a patent
possible forms the U-235 could take application by T. G. Miller 1151, using
would be enriched UF~; or an enriched uranium for both pumping energy and
uranium metal plasma. Volumetric as one of the metals in a meta l excimer
uranium sources promise uniform laser system.
laser gas excitation , large energy

2. URANIUM-EXCIMERdeposition , little energy lost to the
CONCEPTwalls , and the possibility of being a

self-critical system. This method may The term excimer (also exciplex ,
he the ’ ultimate goal ofnuclear pumped dissociation , bound free) applies
laser research — the direct conversion generally to molecules that are bound
of fission energy into light energy in a only in an excited state, and radiate to
self-sustaining system. an unbound ground state (16 1. An

10 
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example of excimer formation is the type of excited molecule consisting of
KrF molecule, which, for the ease of one element , an excited dimer, are the’
an electrical discharge and Penning noble-gas excirners. represented by
ionization with a buffer gas (Ar), is Xe~ , and metal e’xcimers . represented
formed by the following 1171: by 1lg~ 

*
• Other types of excimers

e + AR — Ar * + ~ involving nwtals are metal-noble-gas
excimers , represented by Tl Xe *, and

e’ + Kr - . Kr * e metal-metal excimers.

M e t a l  excime ’r s  e x h i b i t  g rea t
Ar* t Kr - Kr* + Ar promise as candidates for highly

A * + F — A ~~ + F 
efficient, moderate pressure’ visible’

r r laser systems 1191. q he metal t ’xclmers
of interest to this study have ’ spectra in

ArF* Kr - KrF* f Ar t}w visible ’ regions (Table ’ 1): these’
include InZn (5308, 5625 A) 120 1, ln( ’d

Kr * KrF* + 1~ (5544 ,~~760 A) , I nH g ( 522 6A )j2 l J , T lZn
(62(X) A), TlCd (4872 A) I 221, and TIUg

KrFt Kr f F 4 he (4590, (1560 A) 1191. Indium an(I

When the excited molecule radiates to thallium have one electron in the oute ’r
the ground state the atoms repel and suhshell : zinc , cadmium and mercury

the molecule dissociates to its have’ a closed outer suhshe ’Il . l f Zn . Cd ,
c o n s t i t u e n t  e lements .  Thus , for or Hg has an electron excited , they

excimers , any excited molecule formed may form an e’xcite’d molecule’ by
represents an automatic population combining with the ’ outer electron of Fl
i nversion 1161. The KrF* molecule is a or In. A pote ’nt ial well of ’ sufficient
rare-gas — halide excimer. Other binding energy exists for the ’ excited
examples of this type are XeFt , ArF*, mOl~ (’ule’, hu t  the ’ ground s ta te
and XeHr *. it is possible that - tJF~ could possesses a repulsive potential and th~
he’ the ’ donor of free fluorine in ii molecule file’s apart upon radi ating to
nuclear t’xeimcr laser , supplying the the ground state’ . Figure ’ 1 depicts the
pumping energy and contributing to potential energy curve’s of the TIlig
the formation of rare-gas — halide mol k.
exeimers.

Drummond 1191 reports the poten-
Another type of excimer formation tial of TIHg * to be’ ahoy - fou r times

e’an occur between alkali and noble- as deep as those of other excimer
gas atoms, which include NaX, KX , systems involving noble-gases. This
RbX , and CsX (X = Ar, Kr, Xe)[l8J. A leads to stronger bonding in the

I I
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TABLE 1. METAL-EXCIMER LASER CANDIDATES AND THEIR SPECTRA.

IN TL
EXCITED ME1~~~ ’.~~ 

~,2 4d ’° 5p 1 5~2 
~ 

14 5d 1° 6p 1

ZN 5308

4 2 3d 1° A 6200 A
$ 

5625

CD
A 4872 A

4p6 5~2 4d10 
5760

11 G 

— 

4590

2 14 10 
5226 A A

6. 41 5d 6560

U: 7~ 2 5f ~ 6d 1

CANDIDATES

METAL EXCITED U EXCITED

U-CD
U-Z N U- IN

U-HG U—TL
WAVELENGTH -VISIBLE?
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FIgure 1. PossIble potent Ial curves fo r the TIHg molecule.

e’xcirner stat-c and more intense in an~ in ho in ge n cit ~ p l o  hi c e n~ t hat
rnolt’cular emission. Nobh ’-gase’s anse in other excimer systt ’ms that
require S eV energy or higher for require high pressure’s. High pressure’s
excitation to the’ metastabk state, a re’ additionall y le’ss desn-ahle’ in
whereas mercury require’s only about S exeinwr systems involving noble ’-
eV , giving rise to more efficient energy gases due’ to decre’nse’d elect ron density
transfer , and in a more direct manner and increased formation of ’ triplet
than noble-gas exeimers, to metals stat-es (22 1.
r a d i a t i n g  in t h e ’  v i s ib le  f 19 J .
Drummond also reports that th~ TIHg It is proposed by Miller ~15I th at
system can he efficiently run at less uranium can he’ substituted for one’ of’
than one atm. pressure, eliminating the’ nu’t-als in the’ exeimer f’nrn~ation .
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Possible excimer candidates are TI and In each has one electron in the
UU g *, UZn *, or LJ Cd * . The uranium outer p suhshell (s2 p ’ ).
would not only provide the pumping

The metal t ’xcimer is formed whenenergy , it would he a part of the
excimer formation. A self-sustaining Hg. Cd or Zn is e’xcited. There can he

u ranium- excim er nu clear laser would strong polarization binding due’ to the

result. As in already discovered metal exchange of the ’ cxcite’d electron with

excimers , transitions , and possibly the ~ e’le’ctron of TI or In. The’ e’lectronic

lasing, in the visible ’ wavele’ngth figt~’~ tio~ of’ uranium is (24 .25 ,26~:
regions would be expected . 

-U: (Mercury core’) 6p” 7s ’ St” (Id ’
The’ belief tha t  an excimer can he’

formed stems from its electronic’ It is suggested tha t  the ’re ’ can be’
configuration. The atoms that have ’ binding between e’xcitcd 11g. Cd or Zn
formed the ’ metal e’xcimers of ’ interest with the 6d’ e’le’ctron of U. L Tra n iu rn
involve’ molecules that , in the ground does not strictly me’et the assumed
state , have one’ atom with a (‘losed c ri t t’r i a foe’ ox c im e  r for in at  ion ,
outer suhshell and one atom with Oflt ’ howeve’r , for the’ following reasons:
electron in the outer suhshe’ll. The
ground state’ configuration ol ni&’rcury, 1. U has a d~ e’Iectron i-athe ’r than a
cadmium and -zinc are as follows 124 1: p’ electron as does TI and In.

Hg: (Cadmium core)Spb 682 4f 1 sd’11 2. The’ 7s suhsheli , rathe’r than  the

- 
(Id subshcll containing f-he ’ single ’

Cd: (Zinc core) 4p” SS 1d1~ electron , is the outermost in U ,
whereas the’ p subshell is

Zn: Is 2s 2p” 3s ’ 3p1’ l~ ’ 3d~ outermost in TI and In.

— l~iie’h has closed out-er d t s subshelis ,
3. All the previous suhshells of TIand Hg also tills the’ 4f suhshell (noble-

and 1 n are’ filled . hut  U has angases are’ obtained whe’n the p subshe’ll
is outermost and full , with the unfil l ed SI’ subshe ’ll .

exception of He). Thallium and
indium, however, have orne electron in Because of reason 2 above , if U can
the outer suhshell J25J : form e ’xcimer s wit - h metals  t h e

probability is high that Pu , or any of
TI: lis” 4f ’ Sd” lip ’ the actinides having one’ electron in

the’ lid suhshell , could also form an
In: ~~~~~~ 4d”’ Sp’ excimer. The shielding effec t of the 7s ’
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subshell causes the actinides to be state and simplified geometries are’
chemically similar (27J . It is not considered for criticality t calculations,
certain at this time whether uranium investiga ting densities, materials and
will or will not form an excimer. More d im e ’n s ions  of a laser  re ’actor.
research on the uranium-excimer, as E x t e n s i v e  resea rch  has  been
well as the other metal excimers , is conducted by United Technologies
required. Unt i l  the other metal Research Center (UTRC) and by the ’
excimers are better understood , the National Aeronautics and Space
possibili ty of forming u ran iu m -  Administration (NASA) in uranium
excimers cannot be decided , except plasma rocket engines. Many of their
through experiment. It is possible concepts of plasma confinement and
uranium may form excimers with reactor housing can be directly applied
metals other than Hg, Cd or Zn. The to a laser housing containing uranium
at t rac t ive  features a u r a n i u m -  fuel in a vapor state’. Technological
excimer proposes are too great to be’ achievements and breakthroughs
dismissed without further research. accomplished by IJTRC . NASA and

l is  Alamos Scientific Laboratories

The reactor concept for a uranium- (LASL) can be’ applied to provide a

excimer laser will be described in the complete and comprehensive’ system

following section. It should be demonstrating engineering feasibili ty

mentioned at this time , however, that of the ur anium-excimer laser. Except

for a uranium-excimer to form , free U for low uran ium densitie ’s that are

atoms or molecules are required . UF~, projected for the fue’l , additional

UF.~ or UF 1 will not form with another metals for excimer format-ion in the

meta l to create an excimer. For a fuel , geometrical variations and size,

uranium-excimer to become a reality, ca re’ has been taken not to deviate from

“pure ” u r a n i u m  vapors wi l l  be established design criteria of the’

required for the fuel. - lasant mixtures, par t i cu la r  plasma rocket engine
investigated intensively by UTRC —
the nuclear light bulb engine.

3. URANIUM PLASMA —
REACTOR CONCEPT Since much of the success of the ’

u r a n i u m - e ’x c i n u ’ r n u c l e a r  laser
In this ini t ial  study of a u ran ium-  depends on the ’ success of the Iase’r

t ’xcimcr nuclear laser , only steady- housing, the ’ nuclear light bulb , the

~Sct’ Appe’ndix (‘ f01 description of nuclea r terms.
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design of the engine will be briefly buffer gas [30,31J. The buffer gas is
described . Much of the theoretical tangentially injected through the
investigations and design concepts are transparent wall to form a swirling
being performed by UTRC (formerly vortex around the plasma in order to
United Aircraft Re8earch Labora- avoid plasma contact with the wall.
tories) with much of the experimental Thermal radiation passes through the
efforts to be provided by LASL, all transparent wall and into silica tubes
under the auspices of NASA. [28,291 through which the working fluid flows.

The working fluid (typically hydrogen)
A. Nuclear Light Bulb Design. is seeded with particles to enhance

absorption of the thermal radiation.
Figure 2 shows the design of the The vortex volume is normal ly

nuclear light bulb engine [30]. The assumed to be one-half of the total
engine consists of seven separate fuel cavity volume, the radius of the
cells housed in a moderatorTpressure confined plasma being 85 percent of
vessel. Newer designs have eliminated the radius to the transparent waIl [30J.
the central fuel cell , often adding a
thorium region to exploit the Th-U233 Laser cavity potential of the fuel cell
breeding cycle [31], but the proposed will depend heavily on the transparent
design of the uranium-excimer will wall and the ability of the vortex to
retain the fuel cell, confine the fuel. Since laser light must

pass out the end of the cell , to a mirror
The fuel cells are embedded in and eventually out of the reactor,

moderator and surrounded by a common moderator materials would
pressure shell. A working fluid , such as not be compatible with laser operation.
seeded hydrogen gas, is flowed A possible transparent wall would
around the outside of the cells. The consist of single-crystal beryllium-
seeded gas absorbs thermal radiation oxide. BeO is a strong moderator and
from a fissioning uranium plasma in reflector ,t would allow light to
the fuel cells, and expands through transmit to a mirror , but would not
nozzles. Figure 2b depicts a single fuel allow excessive loss of neutrons at the
cell. The fuel is physically contained ends of the cell.
by an internally cooled transparent
wall , but  the plasma is f luid The most pressing technological
mechanically confined by an argon problem with the nuclear light bulb is

tSee Appendix C for a description of nuclear terms.
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REGION FOR PUMPS, A .~~~

PLUMBING. SEPARATORS . ETC. FUEL CELL

A) OVERALL CONFIGURATION. (TAKE N FROM REF. 28)

Figure 2a. Overall configuration.

INTERNALLY COOLED
TRANSPARENT WALL

INJECTION PORT ~~~~~ FLUID
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- - 0 0 FUSED SILICA WALLS
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‘\

\ 
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I
’ FUEL ’ • ; — MODERATOR

B) UNIT CAVITY (CELL) (TAKEN FROM REF. 29)
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U ~(‘I. •‘lf~~~ ,l, l~~f t l ~~S ~~~~~~~~~~~ If
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‘~ A SWi r l I n g ~~f I I I ’, ‘ li ’~~ I I i~~ I’ f  ,f ,f~ T P I , ’ I f f I ,I 1 i l _ f l

lf ’~,’, I’n,I t’~ A SSilI ~~ If i ~ f lu,d .i ’’ if tPfp h~ fh tnm~ff’Inlii ,’ ~% , ‘, 
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If,~ cf - allowed lil e.piind Ill ‘n’ :: i. ’s

Figure 2b. Unit cavity (cell).

Figure 2. PrInciple of the nuclear light bulb engine.
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the f lu id  mechanica l confinement of or rods could be arranged within the
the fuel. Because of the difficulty of reactor should it prove the uranium
co n f i n i n g  a p l a s m a , at h i g h  density must be kept low I2~ 1.
temperatures and pressures, dense
enough to achieve criticality and not C. Non - Lasing Energy
allow depositions on the wall Conversion.
(particularly the end walls for a laser), Methods of extracting energy from
most current research has emphasized the nuclear light bulb are numerous.
the use of UF1, as a fuel rather than a The original intentof theengine was to
uranium metal plasma 1331. The power a spacecraft with the hot
uranium-excimer laser , however , will hydrogen gases expanding through
require uranium metal in a vaporous nozzles. The same or similar gases
state , or at least a high density of could be allowed to drive turbines for
free’ uranium atoms. generating electricity. The working

fluid would be not only hot , but highly
B. Critical Fuel Density. ionized after flowingover the fuel cells ,

and efficient electrical conversion
Fuel density considerations in laser could be achieved by allowing the gas

cells were of prime importance in this to expand into ducts and through
initial investigation of a uranium- MHD generators. A type of piston
e’x imer laser. The uran ium density engine, the Otto engine, has also been
must not be so hi gh as to degrade or proposed (24Because of the predicted
inhibi t  laser light. Vortex confinement high temperatures of the working fluid
with a buffer gas dictates that , for (> 5000°K), all thermodynamic cycles
stal) i l ity, the fuel density must he less wou ld  be more e f f ic ien t  t h a n
than or equal to the buffer gas density , conventional energy sources. Mention
J :~4 J (‘ritica lity conditions , however , has already been made of the
require a uranium density on the order possibility of using the nuclear light
of ’ the molecular density of gases at bulb engine in a breeder mode.
standard conditions 1 1 1 1. These two
conditions leave little latitude in Should it prove necessary to employ
(‘hoi(’e of fuel density (for a self-critical criticality drivers in the reactor the
syste m), and that density may be too fuel plates, pins or rods would require
high for laser operations. cooling, and conventional steam

generating cycles could be used . Hea t
Criticality drivers may be employed pipes could be used to cool the fuel

to drive the reactor critical , at the clusters, and electric conversion using
expense of eff iciency . Fuel plates , pins thermionic devices in conjunction with

18
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heat pipes could be accomplished undes rabk ~ a~-elen gths . and suttable

135. 36 1. Another means of extracting gas mixtures  are all problems tha t
energy from the light bulb is laser lig ht , p lague the  aho~ e potentials (or

described in the following section. extract ing energy as laser li ght.

0. Laser Potentials Other Than 4~ URANIUM EXCIMER
Uran ium-Excimers . NUCLEAR MODELING

It has been proposed that lasing A. Physical Characte ristics.
could be achieved by using the thermal
radiation from the plasma to optically This report makes no at tempt to
pump gas mixtures 127 ,321. The gas model the laser physics of the
mixture could substitute for the u r a n i u m - e x c i m e r  sy s t e m .  O n l y
working fluid and/or the buffer gas. nuclear considerations on geometry,
Neutrons from the fissioning plasma dimensions , materials and lasant
could be used to pump He-3 gas density are explored in an effort to
mixtures , if neutron poisont effects establish a reference’ laser housing
can be overcome. A uranium plasma design. Metal excimers are in their
may not be in thermodynamic infancy in comparison to other
equi llibrium and , thus , may possibly excimer systems, with litt le theoretical
be optically thin. The electromagnetic studies having been performed . In
radiations from an optically thin a d d i t i o n , no d a t a  on ex c imer
plasma could be used to optically pump formation involving uranium exists.
~as mixtures 137 ,29,33,34 1.

To retain generality , insofa r as fuel
With emphasis on the use of UF6 as is concerned , all ur anium density

fuel rather than a metal plasma , lasing considerations are for 100 percent
may be achieved in UF6-gas mixtures U-235. Oxygen , carbon , nitrogen and
directly pumped by fission fragments. fluorine was not added to lasant
Free fluorine from dissociating UF~ mixtures to simulate UO~, U101.. t JC.
might be utilized In excimer systems, UN or UF6 in the  c o m p u t e r
such as KrF5. Excursions in fuel radi- investigation.
us , density i n h o m o g e n e i t ie s,
inefficiency, hi gh temperatures and The most l imiting factor as regards
pre ssur e s . n e u t r o n  p o i s o n i n g ,  the  nuc lea r  mode l i ng  was the

tSee Appendix C for description of nuclear terms,
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requir e ’me’nt for low uranium density. laser , a high density of ’ u r an i u m  would
‘Fe e avoid absorption of l ight  created in be preferred , to not on ly int ’I’cilse’ the
t he’ proposed exc ime ’r reaction , a number of’ fissions Lwt also to insure
design criteria established t~r the ’ th e fission f r ag m e n t  range ’ ~~~~ ins
t i t a n i u m  d e n s i t y  was I -

‘ I (1 short so as to deposit m a x i m u m  efle ’rgv
atoms harn_ c .m t (I ‘ 10 atoms cm i ) in the  la sant  m i x t u r e ’ . Last’,’ ~le ’sigit
I ;~.~I It was because’ of low (lensity w il l  hC ’ base’d on a u r an i u m  densi ty  of I
I’eq ut re m en  t s pr ed It ’ t ed for  t he “~ I t )  ‘ at urns  h— cm . .i rid then  e~ eui ~ioti ~
u r a n i u m  f u e l tha t  the ’ mul t ip l e ’  cell iri  t h e  d e i i s t t ~ in the  ce l l . _ t i id  the
design concept of ’ t TTR ( ‘ was adopted . i e s t i l t an t  I nelease ‘U I ‘~~ i ut i  dei ts i t ~ . ~~ i l l
I, ‘TR( ‘ chose’ t he’ use of ’ mul t ip le  eel Is he e ~ plo t  ed ( ‘oppet ~ .i~ eho~en to
pr imar i ly  to increase’ the total surface’ t in  u Li t e the  01 he e.’ ~e i me r m e t  a t
r a d i a t i n g  area y i e l d i n g  t h e r m a l  hee ,iuse 01 t e a d i l ~ a~ ail.ihk ’ n c u t r o n
ra il iat ion to •e hydroge ’n propel Ia nt  ci Oss ~‘~‘t 1005 to m eoppe i a rid it
I :  ~9J ‘t’he use’ of’ mul t ip le ’ , small  cells Isotopes . ., rid ~ as gi~ cii t he  sj me atom

Ve ’I’ fe’~%- e’r , large’ cells or a single , large ’ densi t  as ri t . t i i  t u r n .

~-a~ it v a llows a lower criti cal nt imbci-
den sity of ’ f u e l - lO J Ot  her reasons f’rn’ e since ’ the reactor laser is to be a
mu lt i  plc e’e’I I con t’igu rat ion , sepa ra t ing  se’i len t ical system , whet her intern al
fuel and moderator , is tha t  outer crit icality drivers are required or not ,
moele r itt or-r eflee ’tor cii n also provide ’ i’e’t le’e’tor and moderator materials
shie lding of ’ n eu t r on and gamma ~vene ’ l imited to those ’ w i t h  low neutron
i -~ul t a t  ion , and tha t  the  fission de ’ns itv absorption cross sect ions Mater ia ls
d is t r ibu t i on  can be made more ne arly considered we’re b eryl l ium , grap hite ’
ti at  I I I  ‘l’h is results in lower svst eni çcarbon a nil Re’t ). L ‘ r an i urn was in put
weight , and more ’ un i  form energ as I 0(1 percent I, ‘ ~~~ to si In ph t~
deposit ion in prospective laser cells. corn pute ’r ope’t ’a l ion s.

e de’ n s i ty  re’q u i re ’me n Is for Three ’ main con t’igurat ions ut th e
u r a n i u m  are ’ a critical issue’ to be reactor we’re e’onside’red (wi th  two
resolved. High de’nsities favor e’xcime’r ect her con f’ig ur i i t ions discussed in the
formation hut degrade light. More’ appendices) . ‘l’he’ fi rst , shown in Figu r e
i mportant , however , is the effect on the ,Th. is essentially the’ same ’ as the
laser pumping  source—fissions. Sine ’e ntit ’le ’iii ’ l ight  bulb design proposed by
fiss ion fragme’nts are to pump the I. i’ll-U ’. It consists of ’ seven fuel cells

t See’ Appe ’ndix (‘ for a description of nue’Ie’ar terms.
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Figure 3b. 7-celled reactor homogenized.

Figure 3. Seven-celled reactor/lase r concept.
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arranged in a hexagonal pat tern , plat e’ c -an let ’ used to (In vi’ th e ’  re ’acteem ’
i m h e ’d ded in moderator and critical with  l i ttI ~ chan ge ’  i t i  re ’su lts
su r round e d  by a re ’fl e ’( ’tor. The ’
Cc em pu ter code’ used to perform neutron ‘l’ht ’ t hi i’d re ’ac ’te C l -  ( t e l l  t i g u  i’~ i 1 1 , 1 1 1

c - , t l c - u l . e t l o n s , de’sc r i he d  in  ‘LU . ,  inves t ig ated  is t h a t  s l i i t w i i  in
i’e’ e~U h t e ’ 5  one ’~dime’ns ional  geometry ;  ,ie: , i t s  h ee t in tge ’i i t t e ’ d  e ’c i u i v a l c ’ i i t  s hown
t h t ’ i ’ e’ t o i ’ c ’ , t h e ’  T - ( ’ e ’ll e ’d r e a c t o r  ~~ J”i ,~,’i i ~

- - .~~/ Th~’ l~ e l l i s  .t r -  au
coil I tg u i . t t  ion was chitnge ’d te e t h a t  a t t em pt  to  l i i ( ’Ft’~L S e ’ t i i ’ a t i i u t i i  mass . hu i
s het ~e u tu ~‘i~,’u i t  ‘~b ‘I’h~- centra l fue l r etain ui i i  form ‘iv of fu e l  e ’t ’l ls l ’he ’
t~~l I and c lad r e ’mn a i  n i i i  t he ’ii ’ or igi nal  outer  r i n g  ee l  c e l l s  may lee ’ ine ’t’ e’ased in
e - i e r i f ’t g i i i ’a t i o n .  w i t h  the  ceu t e ’r f ue ’I  cel ls u i ’an iu in  e l e ’n s t t \  as c-an t h e ’ cc - r i t u a l
h t t m n t e g c ’ r c i t e ’ e l  by  ‘~ o l uine ’  w e i g h t i ng Ce ’11 , te ’  d r ive ’  t h ’  i’em’ t o t  c t - i t  u -al
u i i t  u - en • in  n e i l  us ‘[‘he’ met hod ot ’ vol unit ’ Ret ’e’i’eue ’e’ ~~ I t ’te nsede’i ’s the ’  use 1 ‘I ma ii~
w e ’ i g h t i i i g  is cle ’se i ’ih e ’eI i i i  Section l I ~ s i l l a I l  t ue ’ l  c e l l s , and o t t i l u  l i e s  i t ’, i S o i i s

t~ ei’ t h i s  ce enc ’e ’t e t -

.\ st c o i l t l  i c ’~L e ’toi’ ce e i i t ’igura t ion is .-~ t ’ie ’r a pl ’e ’ l i nh in a i -v i t l ~~c ’St I g a t i o l i ,

t h a t  c lc ’p ie ’tc - e i  in / ‘ “&_‘ u r -  /o. w i t h  I t s  t he ’  fti e ’l c c ’ 11 t l l m n e ’ n s i c t n s  \~ e ’t’ e ’ s e t  a t  ~~
hrtmo g. ’niie ’el e ’e iui ~~aIe ’nt  show ii i i i  ciii el taif le ’te ’i ’  a ml .~t ft 1 t ’in long -
/“ i~ ’u ’e  lb. l ’h ts  re ’ac ’toi ’ c ’nlplovs .-~ l t h o u g h  some ’what ai ’leit t ’ai’v u n t i l

l i t  l i i i li ii i l l  Li t’~ t I i i  U iii  P1 a t e ’  as a pa t’as i t  U’ i i e ’  L i t  i’O ii c a p t  Li I’ e ’ sc I t
c i i i r t a l i t ~ dn iv e ’ i ’ . ( ) l e t i o n s  a lso s l i i e ’ l d i n g ~ e f f e c t s  oc ’ t ’ U t ’ , t h es t -
c’\ ~el~ ~

i’e’ , I wi t  Ii t Ii is eie slg ii inc lu de ’  i i i f l l e ’t l s i c t f l s  we -re ’ c ’~~t a hI isl l e ’el  I~ e i’ a l l
d i ?  ?c - r e ’ i i t  pt ’r t - t ’ r l t a g e ’ s  Icy ~e e i g h t  tu e - I  e ’t ’l l s so t h a t  t hey may lee ’ use ’d as
u t ’ a t i i t i i n in  t he ’  :~ I L ‘ plate ’. a nt i lase ’I ’ t ’e’I ls t i t h e r  i sc ’la te ’d c e t ’  i i i  a

i t  t e ’r e ’i i t  u ra  Ui urn de’nsi t ie ’s  in the ’  t ’ol de ’d -pa it h mee ci e ’ . ( )nt ’ em t h i c ’kne ’ss cet ’

t I l l  1 . 1 1  f u t ’l ce ’l l te e  he ’l ~ d i’i Ve ’ t h e ’ Ue’( ) clad was chosen t e ’ let ’ ielact ’ci
.‘a t t t ’ i ’  c riti cal. ‘ftc’ p l a t i n g  mu dt ’le -ci a l o u  t i e 1  e ’ , i e ’h t u e ’ 1  ‘~‘ l I .  l ’ l l c s e ’

- is I t )  and ~I) perc e ’il t 1ev we ’ig hi  d i in e ’i i s i on s  are ’ sonue ’~ - h a t  si naI  It~i~
u r a n i u m  in ~S a l u m i n u m , t ) .~ cm th i ck  t h a n  t h e ’  t ’’l’R( ’ de’s igu lii  a cle l i t i teul  to

ri d  ‘i )  ~~~ , t c m  uss , sit iit l , ti t e e  t i h i t  t t sed i i i  siii alle ’i’ I’t ’ac ’t oi’ s. o th e r aei~ .in t age’s a l t ’
the ’  A rgon ne ’ l~e’se’.ti’ e ’h I~eat ’toi’ . I. ‘I ~~~~ l e ta ine ’ ( i  w i t h  smie I Ie’I’ fuel Ce ’l Is ,

I .\s wi l l  he ’ explained in section ind u cing big ht-i’ pl ’e’ssul’e’ ,u l l cew a ne ’e’s
I ~,, t he ’ c i  t m n p u  te ’l ’ t e et h ’ used Is see I ;  ;~) I ‘l ’he ’ t t~e ’ i ’mu a I ne u t ron  f l ux  shape ’

I t h a t  me’t he eds c et  he ’t ’ t h an  A I - I, was t I l e ’  me ’ails le~ w h ic ’h mc ede ’i ’atur

~~~
-
‘

- 
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Figure 4b. Aluminum-uranium plate driver homogen ized.

Figure 4. Reactor/laser concept using Al-U plate.
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Figure 5. Thirteen-celled reactor/laser.
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t h i c ’kne sse ’s  wer e ’ j u d g e d ,  More  (‘ross sections may he i n p u t  fro m a
impeertant t h a n  effect on ket ’t ’ee(ive .t library ape and ni’ from card s,
rnoe le ’ratoi- t hie ’kn esses we’re’ c’htesi ’n to
vie’Id relat ivel y flat f lux shape’s ~tt ’i’eess The’ method of so lut i eni  c ’niplo > ’e’d is
t he’ lase’r c_t i lls (those l’uel cells having (he d iscrt ’(c ordinates or ( ‘arlson ’s 5,,
Iee%s ’ u r a n i u m  den s i ty ) , re ’suling in method using a ( l i a rn e emid ( li ff e ’I ’e’nce
U ni f~erni fue ’I burn - up and nea i’lv sol Ut ion I e’c’h n iet u e .  I -i~ The’ see lut  ion in
U i i i  f~errn f ’iss ieen density across the  (l ie ’ i ’eed e ’ w i l l  approach the  e’x act
lase’r c’e’ll ,  seelut i ien of ’ the  UceI t zm ~i nn equation

W Ith  I nci’easi ng orders of a pproxi ma -

B. Computer Modeling . I ion as the  Spa(’(’ . angle’, and energy
me’s h appl ’e)aches (I i f t e I ’ e’n t ia l  size . I -i:t I

l’he ii LIe ’Ie ’~li’ reactor compu tei’ model An S i
~~ 

ua (i t’a I ti i.e se’t was feeu iid
used tee i nve ’st igate (he s impl i f i ed  sri f f i c i e ’ i i t  as in Re ’fei ’e’n cc -I-I , and a P
h e e n u e e gi ’nj i . es(l e ’qu tva len t s  c e f ’ t h e  scattering ap prte x in iat i een was use ’eI.
reac tor conl ’igurati ons was AN ISN,
obtained froni Oak Ridge Nationa l  N cut  rd n (‘FOSs 5Ve ’ I i  Oil s WI ’ i’e
I at bora tor ies  (ORN I ~) a tid m ode eht ~eine ’d from 1) 1 A ‘-2, a 10(1 gro u p
operatiemal on a (i)C 7(i(N) syn c’s ne’ut i-on cross sect ion dat a set obt ained
co iii pu t e r. A N [SN So lv e s  t Ii e from ORN I - _ The I Ut) tine groups were
one-dimensiemal , energy dependent. collapsed m i ce I - I  c’oili’se groups aiicl
lineai’ Uoltzinann transport equation weighted liv (he ’ n e ’utne n f lux  ene ’rgy
with general anisotropic scattering for dis t r ibut  leemi in fuel , meed c ’raior or
s l ab , c ’y Ii tid ri cit I or sph  e ’r ica 1 rc fle ’t ’Ior regions pl ’ieer t e e  i np u t  tee
geometries. A N ISN s elves forward or A NI SN , The’ I -1-go CU p e’nei’gy j u t  e ’rVa Is
adjoint . honitige ’neotis or inhomogc’n- au ~e’ shown in ‘l’aleh ’ 2.
e’ous problems. Vacuum , ref lectiv(’.
periodic , white ’ or aihedo boundin-v Some e’l’i or is inher ent in AN 1 SN
c ’( ) il ( 1 i t  ions iiia~’ lit ’ 5[)I’(’~ fie’cl . Ti lilt ’ si lit _ es i t  seel \‘c’s ~l eene ’ -il j i l l ( ’ i lSI dCti ~l I
ahseerpt ion ca l(’u l i l t  ions . concen ira- con t’i gui  u’a h o  ii . N cu t  F ee ii l eak  ii g c’

t i e~ i s( ’ilnc’)lys outer radius searches, corrections arc made axially with a
hu c ’k ling searches , zone thickne’ss bucklingf terni , supplied in the input
sea rches , or eigenyalue ’ calculat ions as the reactor length. Fuel cells are not

i , m ’ , kvf ’fective) nia~’ be performed . located spatially as they would he’ in

Si’,’ A ppi ’nel a ~ ( ‘ I~er ii tI. ’seri let ion of ’ n iiele ’nr terms .
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TA BLE 2. ENERGY INTERVALS FOR FOURTEEN GROUPS.

GROUP # UPPER ENERGY

__________________________ 
(MeV)

1 14.92

2 3.67

3 2.23

4 1.35

5 0.498

6 0.183

7 0.067

8 0.025

9 3.35 x l0’~

10 4 .54 x 10’~
11 6.14 x 10’

~

12 8.32 x

13 2.38 x 10~~

14* 5.31 x

*The lower enerqy bound is zero .

the ’ reactor , hut appear as zones eompe’ns~tk ’ for any overly opt imist ic
homogenized with surrounding clod results. ‘l’he’ k ef ’l’ calculation ( i f it iun
and moderator. In addition, no WOS used to establish reference designs
temperatur e or pressure’ broadening hav ing  a ur anium density of ’ I \ 10
corrections were mode’ to neutron cross atoms b-cm in the ’ laser cells , and the
sections. Hecause’ of these’ inherent concentration search t ep t i ot i  W~IS used
errors in ANI SN , a keffective (ke’ff) c)f w he’ n iii vt ’s I i  got  lag i n c  rca s i n g
1.2 was chosen as criticality criteria to uranium density in the’ fue’l cells .
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Outer fuel cells (or Al-U plate) were 5. RESULTS OF NUCLEAR
homogenized with clad and moderator CALCULATIONS
into annular zones for compatibility
with the cylindrical geometry option of A. Seven-Celled Reactor.
ANISN. The zones were homogenized
by volume weighting uranium (plus Considered important in establish-
the other excimer metal, copper), clad ing a design basis, the 7-celled reactor,
and moderator appearing in the shown in Figure 3, was investigated
annulus circumscribed by the inner thoroughly. The design criteria of a U-
and outer radius defined by the 235 density in the fuel cells of 1 X 10
diameter of the fuel cells. If Ra is the atoms/b-cm proved too low to yield
radius of the fuel cell , Rh the radius of meaningful results, keff being small.
fuel cell plus clad , R the inner radius of Initial investigations were directed at
the annular fuel zone , and Ru, the outer using the central fuel cell as a
radius of the annulus , the volume criticality driver by increasing its
weighting was performed as follows: uranium density , resulting in higher

values of keff and permitting useful
results on material dimensions to be
obtained. From initial work described

~~ I U+Cu [( # fuel cells) . Ra21/[Ro2 R i 2l in Appendix A, the reflector for all
investigations of the 7-celled reactor
was 10 cm of Be.

— 1f ;, Clad = [( I/ fuel cells)’ (Rb2-Ra2)J/[R02- Figure 6 shows the results of
R,i increasing the U-235 density in the

central fuel cell, hereafter termed the
driver , while maintaining a density of

% Modera tor = 1 - ([( // fuel cells) . R~
2]/  1 X 10 atoms/b-cm in the Outer fuel

[Ro2-R111 cells, hereafter termed the laser cells.
The inner moderator was 44 cm of
carbon for the results shown in Figure

The thickness of the annular zone, R0- 6. A density of 1 X 10 ‘ atoms/b-cm(l X
R4, is always equal to the diameter of 1020 atoms/cm3) was chosen as an
a complete fuel cell, 2Rb. These upper limit for maintaining uranium
percentages would multiply the in a vapor state. Figure 6 clearly
desired material number density and demonstrates that merely increasing
the adjusted density would be input the vaporous fuel density will not drive
into the homogenized zone. the reactor critical.
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FIgure 6. CrIt icality not attained w ith a vapo r density in driver.

FIgure 7 shows how keff varies as thickness . It can be’ seen tha t  the ’ effect
the ’ i n n e r  modera to r  t h i c k  nc’s s on ki’ff is slight with  moderator
increases , with different densities in thicknesses greater than  60 cm.
the driver. At the higher densities in Hereafter , outer moderator thickness
th e’ dri vet’, large’ thicknesses of inner was maintained at 60cm. with I 0cm of ’
carbon moderator increase the keff of He reflector surrounding the entire ’
the reactor, hut not enough to attain reactor, in Figu re 8. extra moderator
criticality. The results of Figur es6and refers to the’ thickne’ss of the inner
7 we’re obtained with an outer moderator.  No ext ra  moderator
moderator of 1(X) cm of graphite, implies the fuel cells are e’mhedded in
F igure 8 depicts the results of carbon moderator but have their wall s
investigating the outer moderator in contact- . Extra moderator refers to
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Figure 7. UranIum density and moderator effects on criticality.

the radius to the centerline of the laser keff. It was felt this effcct mi ght be
cells having been increased with the attributed to thermal neutron flux
resultant gap occupied by moderator, suppression at high inner moderator
Extra inner moderator (44 cm in thicknesses. Figure .9 vxhibit.s a plot of
Figure 8) again demonstrates higher thermal neutron flux in a reactor wit -h
values of keff, and also makes the 44 cm of inner moderator and a density
choice of outer moderator thickness of I \ 10 atoms b-cm in the driver. It
less critical, can be seen that the flux 1)eflks early in

the moderato r, and is affected little in
Referring to Figure 7, at low the low density laser cells. The flux

densities in the driver too much shape is similar to that calculated in
moderator had a damaging effect on Reference 46, except that the flux in the
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FIgure 8. CritIcalIty at dIfferent moderator thicknesses.

laser cells of Figure 9 is higher than in E x p e r i m e n t s  p e r f o r m e d  at  t h e
the central driver , due’ to relatively National Reactor Testing Station 140 1
l i t t l e  absorption of thermal neutrons in also found the ’ se’lf-shie’lding e’ff ’eet in
the’ low density cells. Plots of thermal fuel cells in tests with and wi thou t
flux in Reference’ 46 also exhibit a flux sim u l a t e d  gases. Referen ce  40
depression in fuel cells as does the attributes t he self’s hi e I d i n g  to
driver of Figure 9. This was attributed uranium density, indicating ne’utron
to an “apparent self shielding” due to capture without tIssion in higher
the large scattering cross section of hot densities of uranium. Flux peaking in
gases included in the calculations of the moderatm’ re’gions is a typical
Reference 45. The results shown in phenomena of thermal neutron build-
Figure 9, however, are without any up, and is reported in both Reference’s
hot gases, buffer or propellant. 45 and 40.
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‘l’he t hernial flux peaked at about ~2 results of replacing some u r a n i u m
em ot ’ inner moderator in F igu re 9, and vapor with carbon moderator , and
Figure ’ It.) was generated with this replacing the’ vapor wi th  solid l’ue ’l
th ickness. The flux peaks as it enters wi th  vary ing amounts  ot me)deraliu ’.
the  laser cell region, and does not ‘l’he’ bottom curve ’ of ’ Fig ure l:~
e ’xh ihit as steep a decline through the demonstrates the et ’fe’ct on ke’t ’t’ if .
laser. From F igure /0 , it  would appear instt ’nd (it 100 percen t ~~ a certain
t hat 1~ em of inner moderator would be percentage of the’ volume ’ of the’ dr ive ’r
opt imum as far as thermal flux shape, cell was U-235 at I \ 10 ‘ atoms b-cm
but , referring to Figur e 7, ‘,%‘~u)d yield a and the’ rest was graphite . The top
lower kt ’t’f for the reactor. ‘t oo much curve dememstrates the ’ results of ’
inner moderator has a negativ e ’ t ’fft ’t ’t removing the large , single cell and
on ke’t’f, as doe’s too little . but opt imum re ’placing it wi th  14) : fuel rods
thickness for best flux shape’ doe’s not e’ni bed de’d ui de’rator , R eta in in g th e ’
e’omcide with that  for highest ke’l’f. A same’ :I2 cm diameter region as the
possible’ ex planation for this might lie’ single cell and volume’ weighting th e
in the -’ neutron energy spectrum. Figur e’ 11): and mode ’rator to cre’att ’ a
ii shows a plot of ’ neutron flux versus horn oge no n  s / 0  it e. h ~-‘ \ a i~ it

ent ’rgv grou p for differe ’nt inner percentages of moderator are obtatne d
niode ’rator thicknesses.  A sm a l l  h~ \-ar~-ing the nu m ber (or s~ie) ot fuel
eptthe ’rmal peak exists in thespec rum rods . A broad ra nge ot ’ opumum F
that  is shift ed toward lowe’re ’nergies as percentage of moderator cxkts for the
inner  moderator is increased . It is large , single cell , hut th e’ reactor sti l l  t!s
possible that too small a thickness of not driv en critical. Ihe use of ( O~ fuel
moderator would shift the epith ermal rods. eemfineei in the ’ central region of
peak in to an energy range’ where large’ I ~ em ra (litIs , w i th  small pe’rce’nt age’s
ne ’u t ron capture resonances exist. oi’ca rhon mode’ra for  ~ ‘ou Id e’asi ly drive
Further study on the 7-et’lled reactor the i’t’actor critical.
was performed w i t h  t he’ i nn  e’r
flhe )d ’rfl t-Or thickness set at 22 cm, Figure ’ 1.’~ shows the spatial shap ’ of
thermal neutron flux shape being most the ’ thermal ne ’utron flux for the driver
important  as explaine’d in section 4.A. eharaete’r isties examined in Figure 1~.

The’ flux is seve’reiy depressed in the ’
In an attempt to drive the reactor tTt)~

, dri~’e’r . and higher percentage’s of
( ‘ri fle-al . the ’ addition of ’ moderator to moderator in the driver yields higher
the ’ driver and replacement of t.he’ thermal fluxes. Note ’ also tha t  higher
driver with solid fuel rods was percentages of ’ moderator in the driver
investigated. Figur e 12 depicts the results in earlier flux pe ’aking in the
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FIgure 11. Flux energ y dIstribution for the 7-celled reactor ,
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Figure 13. Thermal flux for varying density and percent moderator: 7-celled
reactor.
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inn er mo d era to r , th e ’  o p t i m u m  dr i v e i ’ s p o s i t i o n t ’e l  in  I he ou t e r
hit ’knt ’ss being a bout I 2 cm for a mode’ra f or  y ield i it g he f t  e r  t ht ’rmnal

single ’ cell drive’r with 25 percent neutron f lux  shape’s.
u r a n i u m  vapor and 75 perce’ut cabron.
Sedid f’ue’l drivers yield a more flat  f lux B. Al—U Plate Driven Reactor.
shape’ across the laser cells , with the 25
pe’rce’nt moderator cast’ re ’sulting in a The’ seveit -e ’e’l led l’C’Ifl’I ( Ir  el i s e ’usse ’el
late ’ peak and there ’fore ’ rne re f la t  f lux  above did not ite ’hit ’v e ’ t ’i ’it i ca l i ( v  unless
than the 75 pt ’i’re ’nt mode rator e ase’. sol id fu e l  e’le ’rn e ’n Is ( I he ’i ’ehv I nt ’re ’asi it g
The shape of ’ the ’ thermal f lux in a solid fue ’l  (lt ’tlsi I y )  we’re em di )y e’ ( I - ‘l’he use o I ’

ve’r (‘a n he’ set-n in Figur e ’ 1-I . SOI id int ’l in th e ’ cent i’a I d ri \‘eI ’ (1 i d  l t (  it

F • de- ’m onstt ’ating the ’ se ’vt ’rit v of ’ f lux  yield desirable ’ uniioi ’m f lux  shape ’s
(le’pre’ssion in a U( ).- cr it i ca l i tv  dnve ’r. across laser cells, Ih’ p lac in g solid

I I l U m i I t u f l t - U I ’ I I n i U m  ( I  ( I t )  f)t9 ’ s ’e’ U I I
Ij n i f o , ’m it v  of ’ fu e l cells would in th i s  stu d s- ) p l a t i ng  outs ide ’ t h e  last’, ’

p rul ) iehlv he a desirable ’ feature  in a cells , and by increasing the  u r a n i u m
I’eitt’toi’ of ’ this  typ e ’ , but  i’e ’t a in in g  a vii pot’ ele ’n sit v in l i t e ’  cen I i’a I Inc’1
vaporous ( Ii’ iVv r wi l l  not a l l ow th e ’ ( F igu, ’e ’ - 1), th e ’  last ’i ’ cells c u t  l) e ’
I C  ‘~t ctoI’ 14) ).~ ()  (‘I ’it ica I with a laser main  t ai ned at a fue l  de ’nsi I of I 1( 1
(l( ’i lSi tV of 1 ‘ 1( 1 - a b u t s  it—em , Else of ’ a toms h—cm and t h t ~ ~~~~~~~ (‘1111 Itt ’
s did f ’ue’ I (In vet’s , in addi t ion ( 4 )  lowe’r m ade’ c r i t ic a l ,  l i t  the ’ i nte t ’e’sI of ’ using
t h er m a l  flux , would requir e a separa te ’ common m~it e ’rua l s  an ( I  , ‘educing
f l t t ’ I IUS  ( I t  cooling,  and. (ci ma in t a in  c omp u t a t i ona l  t j u n e , oul  two type ’s of ’

e ’t t ’i e ’Ie ’ ncv . wou Id req ul re’ an alt -e ’rnat e’ A I -1 1 1)1 ate ’ were ’ in vest iga I e ’e l Ie ’ i t  It i t t i
mnt ’i i i is  ( if  ex t r a c t i n g  energy from (-he tW e ’i i t v  pci’c( ’nt by w eight  Ui’~t u i i u i i t , 11)1)
he at  gt ’n e ’l ’ it t e d ,  The ’  f i n  a l l  -it ’d percent I ~-2R , .
( ‘h lt ra( ’te ’nst n’s of the ’  7-eel le ’el t’t ’~it ’t eit’
are’ su mm5tr ’,zt’d in Ta 1)11’ 1. The’ / t ’j g u re ii, she iws i te  w ke ’I ’f vii ru ’s , as
con f igura t ion  using a large’, single’ the ’ mode ’I’II t en ’ t h i ck  ness bet we ’e ’mt t i t e ’
centr al cell with u r a n i u m  vapor w i l l  he laser cells and A I - I, I p lai t ’  is I Itcre ’IIse ’eI

e liscusse’d furthe ’r in se-ct ion 6, w h ere i’e)i’ I he two type’s of ’ 
~il~t Ie ~ 011 ( 1 or va p01’

Hfl investigation of ’ vary ing  (he ’ 0,’ solid fuel in th e ’  cent ,‘al drive l ’ , I n ne’r
u r a n i u m  density in the ’ lase’l’ (‘e’l Is was moderator  I hie ’k ness (li t ’t we’en e ’e’ nt  t’al
performed. With a slightly higher di’i vt’r and last’,’ eel Is ) is 22 cm
density of’ fue’I in the ’ Iase’r ce’I Is , th e’ gi ’aJ)h i t t ’ , Its ele ’I e’i’m i ned from se’e’t ion
re’ae’tor en n easily he made’ e’ri (lea I. I rst ’ 5, A. All ii u te’i’mosl nu eIe ’rl t  tot ’  is 61) e ’in
i i i ’  a solid fuel ce’n t i’a I (It ’I v es t ’ was not gm ph it e, a itel a l l  i’eflecl or is 11) c u t  I te ’ .
(‘xplor(’d iu , ’the ’, ’ , the ’ use of ’ solid As seen in Figur e - /. 3 . cri i  icalilv is
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Figure 14. Thermal flux in the U02 driver.
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Figure 15. Keffect lve versus moderator thickness between laser cells and
Al-U plat ing .

easily achieved in all cases, and, The thermal neutron flux across the
therefore, solid fuel elements in the reactor is depicted in Figure 16. The’
central driver will not be discussed . flux across the laser cells is very
f)ue to close coupling between the unitbrm as compared to the 7-celled
intense neutron sources of the central reactor. Presumably due le t the greater
driver and Al-U driver, the reason for neutron source, the’ 20 percent by
decreasing keff with increasing weight uranium case yields better

F moderator thickness (contrary to, say, shapes than the 10 percent case. The
Figure 8) was not clear, central driver has a density of I \ 10 I
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The thermal neutron flux is show n In th. rlsa,’to, ’ Ns ,I,- the fl uu
depr.smion .,‘rose (he Al (I p1st,’. ,i rn( tb. ’ fl~’~ UIIl(,,FI IiII’, oS 11111, “h,.~u’

i, the I~ser ,-eIIs The ,(,mens,00. shown here arc ,ons,drn’s( ,,ra r

optImum (~
,r he Al - LI dnv .’n res,’tor

&4J PLATE

DRIV~R ‘ II~~ER I LASER EX TRA OIJTER I R
10’ i~~

4 
~WERATDRI CELLS I t’WERATCS I’II)€RAT(Jt I (

— 
I
I ~

t. 3—
20 ~ &) 80 im 120 1~Q 11(1

POS IT IDR IN REP4’T~~ 
(cm)

FIgure 16. Spatial flux for Al-U dr Iven reactor.

atom/b-cm, and 30 cm of graphite laser cells are the outer fuel region ,
moderator between laser cells and Al- expected thermal neutron build-up
U plate. Experiments reported in occurs in the outermost moderator.
Reference 40 were performed using
thin sheets of metallic uranium After further computations, the final
(orally) to simulate the plasma, a’ ~d dimensions for the Al -U driven reactor
reported the same self-shielding effects we’re chosen , and are presented in
as Figure 16 shows across the solid Table 4. Both types of Al -U plated
plate With more numerous fissions in reactors will have density investiga-
the Al-U plate, in contrast to when the tions performed in section 6. There’ are’

4’
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TABLE 4. SUMMARY OF Al-U DRIVEN REACTOR .

I

DRIVER ~~~~ LASER CELLS Il il 
~.l-U PLATE s REFLECTOR : REFFECTIVE :

1 x10~ ato.. 22 cs 1xl0”
~ atoss 20 c. 28 Al , b / b E  60 cc 10 irs thick , 102 by ve igh t

1-235/b—c . thick , (0—235 4 Cu)/ th ick , by v.i .ht thick barylitu. U——l.l l
no add.d 1raphit. b—cs 32 c. graphit. 0—2 35 0.5 cc grap hit. 202 by w .ight
.od.rator 01* (sass a. thick , 20 cc U——l ,25
32 cu 01* dri,. r) 1.14th 6 p latss
(15 c~ fuel squally space d
radiu s . I cc
th ick D.O
clad)

I

no magic reasons for the choice of the in any number or spatial arrangement
Al-U plate dimensions or quantity. for a one-dimensional treatment.
Figure 4a demonstrates a possible These many options should be
positioning of the plates, but since the investigated f*u ’ther with a two-
zone was homogenized into a thin dimensional neutron transport
annulus for input to ANISN, the computer code. The results presented
positioning has no effect, Al-U plating here are intended to help reduce the
was considered a common type of fuel cost and time of performing two-
easily machineable, but fuel rods or dimensional computer code calcula-
pins could perform the same function tions.
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C. Thirteen-Celled Reacto r. different inner and extr a heR%~ en th e
outer laser cells and dr i~er)

The Al -U driven reactor exhibits a moderator thicknesses. All outer
more uniform flux shape across the inoderatesr is 60 cm graphite, with 10
reactor than does the 7-celled reactor, cm of Be refl ector, as determined
and can easily be made critical. A earlier. The’ sell ’-shielding effec t of the
problem with design uniformity still dense ’ d ri v e’r ee’I I s  is ele ’a n v
exists with the Al-U driven reactor, demonstrated , us is thermal neutron
however, in that different means of bu ild-up in the ’ oute’r moderator. cFh(.
cooling must be supplied to the solid reactors of Figure s 17 and 18. as well as
fuel plates, and someother means than 19 and 20, where ’ equal tota l amount s
laser light must be used to extract of moderator is present , have ’ equal
energy, Also, only six of the seven cells values of keffeetive. The moderator
can he used for lasing. To retain thicknesses examined in Figure s 17
uniformity of fuel cells but still and 18 did not yield good flux shapes
maintain criticality, a 13-celled reactor across the outer laser cells. The
(Figure .5) was investigated , where an moderator thicknesses of F igure 7.9, 40
extra ring of six fuel cells, identical to cm inner and 2~ em extra , exhibit vtsrv
the laser cells, replaces the solid A l .t T uniform thermal flux across the outer
plates. 

5 

laser cells, but the flux drops sharply
in the ’ inner moderator resulting in a

The thirteen fuel cells of this reactor relatively low magnitude of ’ thermal
have’ the same’ dimensions as given flux in the central laser cell. l-~e~’ersal
earlier. Laser cells have a U-235 (plus of the’ thie.’knesse’s between inner and
(‘u) density of I \ 10 atoms - b-em and extra moderator wors(’n(’d the tiux
include the central and middle six shape. us seen in Figure 20. From
cells. The outer six cells, or driv er cells, Figure 20. ht~~’.’~’e’r, one’ can see a peak
have a U-235 density of I \ ~~ 

I in the flux at about 3t) (Sm of’ eXtra
atoms~’b-cm. with no additives (except moderator. Figur e 2! depi(’ts the  f lux
BeO clad homogenization). Theresults for the  m o d e r a t o r  t h i c k n e s se s
presented here have values of keff of considered optimum , ~ ! em inner and
around 1.5, indicating the driver cells 30 cm extra. The shape’ of the’ thermal
can be reduced in density. flux is uniform tl.rtiugh the laser cells

— and does fleit dr ip sharply in the inner
Figures 17 through 20 show thermal moderator, though the’ outer cells

flux shapes across the reactor for continue’ to have a slightly higher flux.
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A summary of the 13-celled reactor laser - reactor efficiency. In the ’ results 
- 

-

chosen as best is given in Table F). In to be presented , copper was added to
section 6. the density required in the the driven cells at the same de ’nsi tv as
driven for the desired value of keff is the I L23F) fuel. At the value  in which
gi ven , as we’ll as the effects of u ran ium density is equal  in all  fuel
increasing the laser cell density . cells , all f ’ut ’l cells are considered laser

cells , irrespective ’ of densities suitab le ’ 
- 

-

6. FUEL DENSITY to lasing. l)ensities greater than I
VARIATIONS IN 10 atoms h-cm were not considered
LASER CELLS in the fuel cells , th at  being considered

Earlier it was explained about the near maximum for main ta in ing  or

importance of determining ~~‘h~it 
confining) a plasma or vaporous state

u ran ium de’nsitv can he used in a laser of u ranium.

cell before light can no longer escape or
is severely degraded . This determin- !‘igur e 22 presents curves for  t he  four

ation also has an important  beaningon reactor conf Igura t ions  ma in ta ined  at a

fission densi ty .  Too low a density kt ’ff of ’ I _  I h e  I 3 &’t ’llt ’d i’e’actor and 20

requirement negates the advantage of percent b~’ weight u r a n i u m  A 1-I .

using u ran ium as an e’xcimer metal, driven reactor can be’ made ’ (‘i’iti(’~L l at a

that  being the laser pumping source l aser e’e ’ii density of ’ I \ 10 - atoms h-

via fissions. The’ results presented in (~~L l) i s c rcp an cie s  i i i  v a l u e s  of ’

th e previous section we’re based upon a ke llective versus Iase’i’ cell densit ~’. in

fuel di.’nsitv criteria , in laser cells , of I t his section as compared to section ~~. is

10 
- 

atoms h-cm. This section ~ a result of hav ing  added copper to th e

investigate increasing the laser (‘eli d river cells Uh e dnivei ’ cells of ’ section ~ ‘

d e n sit ie s ,  and  t h e  subsequen t  were pure tI-235). :\S th e  de ’nsity in the ’

decreasing of criticality driver fuel laser cells is increased , densi ty in the ’

de’nsit ies , maintaining a kefi’ of 1.2 in drive ’r cells corre ’spondingly decreases.

the reactor. In the 7-celled reactor and Al -U driven
reactors, the driver cc’11 he ’ing atfecte ’d

As the density of the laser cells and is the (‘eflte’i’ fuel cell only. In the 13-
(iriver cells approach equal value , the celled reactor , the ’ drivei ’ cells include
ratio of fissions in the laser cells to the outermost six cells only,  th e ’ central
fissions in the total system increases, cell being a lase’r cell, The 10 percent
This is one measure of neutron Al- t i  driven reactor and 7-celled
eff i  cie n cy,  and  re I a ted to t h e  reactor can not he made (Ti t ical at a
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TABLE 5. SUMMARY OF 13-CELLED REACTOR.

INNER EXTRA OUTER
LASER CELLS DRIVER CELLS pg~ REFLECTOR KEFFECTIVE

lxlO 7 ato ms 22 cm 30 cm ixlO~~’ atoms 60 cm 1.0 cm thick . 1.501
(U— 235 + Cu)/ thick , t hick , U— 2 35 /b—c .  thick , berylliu m
b—c m 32 cm DIA graphite graphite No added wd- graphite
(15 cm fuel eyator/copp .r
r adius . 1 cm 32 cm DIA
ErO clad) (same as laser

cell) Six celia

keff ’ective of 1.2 with a density of 1 \ density, 2.05 \ 10 atoms b-em,
10 atoms - b-cm in the laser cells. At a followed by the It ) percent Al- t i  driven
fuel density of I \ 10 atoms/b-cm in reactor , 5.35 10 ‘ , the 13-celled reactor ,
the driver cell , the 10 percent Al -U 8.2 \ 10 ‘~

, and the highest density is
driven reactor requires a laser cell required by the 7-celled reactor , 1.25 \
density of approximately 2.4 X 10~ 10 -, atoms b-cm ( 1.25 \ l0~ ’ )
atoms-- b-cm, and the 7-celled reactor atoms cm i ).
requires a laser cell density of
approximately 9.() X 10 ‘ atoms/b-cm. Figure 23 presents the results of the
Also shown on Fig ure 22 is the density ratio of fission source in the laser cells
at which all fuel cells have the same to fission source in the total system as
density of uranium, and , therefore, all the laser cell fuel density increases.
become laser cells. The 20 percent Al-  The abrupt jump to maximum ratios is
U driven reactor has the lowest a result of not considering all fuel cells

so
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as laser cells until all cells have ’ equal internal  re flection may lit ’ i l l

fuel  densities. Uoth the 13-eel led and 7- Most uni form th ermal  f lu x shapes
celled reactor achieve ratios of 1.0 across laser cells occur in the  Al  - I
because’ all fissioning fuel is in a laser driven reactors (b ’:~ :,i’e 2.1). pr obably
(‘(‘II at th8t  density. The 13-celled due more’ to the  lowe,’ fuel den s i ty  in
reactor reaches a ratio of 1.0 at a lower the fue’l (‘(‘115 (h an any (I(’sign
density than the 7-eel led reactor due to ad V 801-ag e’ . ‘I’ll v 7-c ell e’ d ,‘t’ ar t  or
the greater IliflOUli t of fuel contained demonstrates  th e  IllOs t severe se’li
with the additional six fuel cells, shielding in fu e l  cells , also hav ing  th e
Al though the Al -U driven reactors highest fuel density of th e  t’t ’aelo rs.
have ’ a lower fuel  density when all cells
have equal (Ie ’flsitV (Figure 22), the ~ • CONCLUSIONS—
solid fuel drive’n reactors can not SUMMARY OF
achieve ’ a fission S( iUr ( ’e’ ratio of 1.0. REACTOR DESIGN
The’ A I-I T plates can not be’ used us If cx penmen t (I e’t e’ I’m ne’s ( Ii at
laser cells. The 20 percent Al -L i driven uranium number density must he low
reactor achieves a m a x i m u m  ratio of to he com patible ’ w i th  lasing, so lid fu e l
4) . l$ . and the ’ It )  percent reactor reaches cr it lea I i ty (I I’i vers w i l l  Ii~ ye’ te i  lie’
I ) . -16, employed. ‘l ’he’se’ fuel ek’rne ’n ts shun 1(1

lit ’ posit ione ’d arci t ind I he ’ out side’ c u t  he ’
Ti me did not pe’rrn it a reexamin at ion laser eel Is to yield u n i f o r m  t hei’m a I

of ’ optif l 3U t fl  fl1odCI’atOI’ dimensions at neLi t re in f l u x  shapes iii  t i l e ’ last ’t ’ cells .
he ’ h ighe ’r Inset- e’ell densities . F igur e,~’ Poot’ Use’ ( i f  fission ~io~iti I at ioIl wi ll

2-1 I i i  t ough  26 pI’ese’n 1 t herma I neu t ron  i’esu It ~ ‘it h th i s  (1(’SigIl  . he nvevc’r . ‘I ’h ’
f lux sha pc’s ae’t’oss the ’ rea(’toi’s (i f I 3-ct’l le’d i’e’iI elot’ (‘1 1 ( 1  lii be itse’d at
prey b usty dt ’ ei’mi ned dimensions at ext rI ’rn(’Iy low dt’nsit it ’S . bu t h as a~i
t h e  I ti e’1 (l( ’Il Si tie ’s ~li which  all  f ’uel eel Is even lower f i ss ion  -tist ’ c ’fli e ’a ’iiev I h a  ii

ar e’ last ’,~ eel Is. ‘i’ht’ f igures  i nd icak’ solid fuel  crit R’ali ty di’i yen I’eae’t cii’s . At
hat some adj List ment of modera tot ’ laser ce’l I nu m  her densities ot ’ I

thit’kne’sses would be required in order less t h a n  1 \ 10 “ a te u ins  li-em , a solid
to I1~ai nt .ain it high and Li inform fuel di ’iven I’eth ’t eut’ , ha vi Ii~~ it t t ic ’l
he ’,’iuitl flux across laser cells. I )et ’inite loading equivalent  in 20 pe’i’ei’fli 1w

• peaks and sharp decline of ’ t het -ma l weight ut ’ani urn A 1 - I p l at  ug . Wo o Id
fi L I X  is seen in th e ’ in net’ moderator of lie ’ best. At nurn  bet’ densit it ’s bet we’e’n I
he ’ 7-eel led I’(’a( ’t(ir (Fig ure 2.!) and 13— \ 1 1) ’’ 811 (1 5 \ II ) “ atoms b-em , i seu l id

ce’hIe ’d i-eae’teii’ ~ I ”igu ri ’ 26). The I 3-ee’Iled fiue ’l dt’i ve’n i’eae ’loi’ Wi t  11 an equi~’;tI cnt
i’e ’iie ’ tui’ e x h i b i t s  pout’ flux shape ii i  (li e ’ f ’ue ’l loading ~is t h e ’  10 pe’i’c’e’nt e ’85e’ IS

cl i i  te ’i ’iiic isl 185(9’ ce’l Is , i n( licat i ng some opt I fli u rn .
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l he’ 1 3-t ’elle’d reactor yields the by majeur lab eurat tur ie ’s to I ’ I” ,, t ’ue ’Ied
hight ’st f’ission-use c’ffi e-it’ncies at laser r t’ a e t c i r s . T h e s U ecc’ s s ci I a
c’l I number densities he’twc’en S \ 10 “ U ran i t i  In . e ’xc 1w C~ ti ti c I en i’ l a s  c ’ i’
and 1.2 \ 10 atcims b-cm (wi th  de’pends in large’ part ciii t he  success of
corre’spei nding driver cell (1t ’flsity (‘of lfi i l i f l g 8 Vitpc il’ de’ttse e ’ti ough I I I

depicted in Figur e ’ 22), At number wari ’ant t ht ’ use’ cut ’ uran ium as an
densities greate’r than 1.2 \ 10 ‘ excimt’i’ metal.
atoms b-cm , either the 1 3-ce’lled or
7-celled reactor ‘de’sign can he’ utilized , At prc ’se’nt . it is neil kn eu w ,i it
hot 1~ having a fission use’ e’tticie ’ney of urun i  urn wi l l  (ui-rn an e’xci rne’l’ Wit ii
I 4$ ) pe’ree’nt - The 1 3-celled reactor allot he’i’ Iii e ’t ul . Wit  Ii reg a ,’ds to t ’u I n  i’e

of ’fe’t’s more’ laser ce’lls and, the’retore’, re’seai’e’h c ul l  litse ’I’ e ’.i~ai’ite ’te ’i’ist ics , he ’
Inure ’ Inset’ pciwe’I ’; tile ’ , .cel led reactor f~i llei%v iI1g lii’euitd i’e’comnie’tiel~i t ions are

cit fers sinaI le’i’ dimensions, less weight , made’:
le’ss (‘(1111 ple’x it y - The’ 10 pt’reen t A 1- LI
dr ivc ’n 1’(’~n ’(cir is opt imUn ~ i t t  llLIflll ) e ’r • Me’tnl e ’xcime ’r s ‘l’ l- I 1g. TI-Zn,
(l e’nSltie’s just  civ c ’r I \ I t ) ” atoms b-cni. e’tc,) have ’ t~cit vet been i~iadc ’ I i i  l i t Se ’ .

but the 13-celled reae’toi’ offers the ’ Proof ’ cut ’ achieving su f’l’icie ’nt gain l e u

~t dv: t n t ~tge ci f ’ lower i tumber density in lase’ should he’ iit ’e’ornplishe’d .
i t s  (ll’iVeI’ e’t’lls as eeifllp~Il’ed to the’
cent rat ce’It of ’ the’ solid fuel  driven • I )ensit ii’s cut ’ ui’a niniu  condue ’ive
I’c’a e ’l cu I’ . Th e plasma could be’ more to lasing mtt st  bc’ dc ’tc ’i’minc ’d . I u~155 1111 C

c’~t s i Iv  confined , there ’foi-e , in the  forms of ’ u ran ium Int ’l must  b ’
13 ce’l led t’e’ac tcir dri vet’ cells. in vest iga ted . such as I he’ use’ cuf

u r a n i u m  n i t r i d e  ~VN ), w h i c i i
i’a b/c 6 pI ’e’se’nts a summary of the  disscic ’i ate’s a t lowe’i’ temperal ttres I han

t oni ’ main reacleir configu,’ations pu re’ t T .me ,fal  ~ic ’le1i ng fi’ee’ I ~- mc ’Iit I
e ’xamine’d 10 tills s tudy .  811(1 N :I .Ia I .

• A t t e m p t s  t e u  f c i i ’ i ~~ III’ i t I i l t i l i l
8. RECOMMENDATIONS e’xe ’iniers should lie ’ Illadi’. \~‘it i~ i t s

FOR FUTURE RESEARCH e’lectronic ccin f ’igui’ati cun , ul’anitlm wily
iii’ Ii l iLv not teii’iii 811 e ’Xe ’imel’ w i th  11g .

I’f’f’ort.s to combine nucle’ar pumped Zn . ur Cd. Wit ii i ts  cu u tc ’r 7s suh shc’ll .
lasers with plasma core reactors is an tlt’ aIl itiIn s l igh t ly  rc’sentluie ’s ( hic ~ abut - c ’
~irnh i t ious  coflce’pt. The eomplexit-y of metals , 811(1 wily form I’x(’IInc ’I’s t n t  h ‘Ii
achu ’ving plasma confinement is or In inste ’ad, A diff erent rn c ’laI front
il lustrated by the change (if emphasis those ’ men t icuti ed i~~ th i s  si ti dy l t l i l ~
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prove successt’ul (witness the metal sy st e’m s, a ii d res ( 1 1 100  t en v i  t ~~

e’xeimer Cd-Hg) . materials, More realistic re ’act or
lengths (500 cm in this  s tudy) should

• This nuclear study, as an initial b~ determined.
a t t empt , wa s very general and
somewhat simplistic. More refined No pressure ’ or temp (’ra ture
(‘alculations should be made with more corrections to cross-seetieins in fuel
suitable cross-sections, especially and moderator were included in this
including ups~atter , and with a study, High pressures and tempera-
two - dimensional neutron transport tore’s are’ to be’ encountered , and
code, Detailed modeling, for the effects quantitive results presented here may
(In nuck ’ar considerations , should be be far from realistic , Qualitative ’
made of heat exchangers , fuel results and trends , however , m a y
injection ports , fuel recirculation assist in providing guidelines for
loops , pumps , pressure shells , coolant future calculations.
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APPENDIX A
SINGLE CAVITY ANNULAR REACTOR

An early reactor configuration vs. energy group for a point in the
considered in this study was one center of the fuel cavity (energy
proposed by Miller in his patent intervals of the 14 groups are given in
application 114). It consists of a large Table 2 of the main text). The flux is
single cavity in the shape of an shown for two densities, and both
annulus , shown in Figure Al , with exhibit peaks in the epithermal energy
moderator at the core and reflector region , at al)out 3.3 keV, substantiaL-
(moderator) blanketing it. A variation ing the possibility of resonance absorp-
of this configuration employed a thin tion self-shielding in the fuel. In an at-
Be shell surrounding the fuel cavity, tempt to correct the self-shielding effects ,
shown in Figure A2. Although this increasing moderation by increasing the
reactor could not be made critical central moderator size wasinvestigated, As
except at high U-235 densities, it shown in Figure A5, a larger central
provided design data on optimal moderator did decrease the epithermal
modera tor and reflector thicknesses, peak and increase the thermal peak ,
materials, and cavity dimensions. but the result was not great enough to

remove the reactor from an epithermal
spectrum. Increasing the reactor

Initial investigations at a U-235 length from 500 cm to 1000 cm increased
density of 1 X i0 7 atoms/b-cm proved the keff of the reactor, but did not
this too low a density to obtain change the self-shielding effect , as can
meaningful results. Figure A3 depicts be seen in Figure A6, Figures A3
how keff varies as the fuel cavity through A6 are results for a U-235
thickness increases for different U-235 density of 3 X 10 ~

‘ atoms/b-cm , unless
densities. At a density of 6 x 10 6 atoms otherwise noted , and with graphite as
U-235/b-cm, the reactor is still far fro m a central moderator, Replacing the
crit ical .  In addition , upon re- graphite with beryllium increased the
examination of Figure A3, there fuel thickness at which self-shielding
appeared to be an optimum thickness first becomes evident, From Figure A3,
of fuel zone , and the higher the density the optimum fuel thickness at a U-235 

-

of U-235, the smaller was this optimum density of 3 X 10 6 and carbon core was
thickness. This effect was attributed to approximately 60 cm , whereas it was
self-shielding of neutrons by the fuel . about 75 cm for an inner moderator of
Figure A4 shows a plot of neutron flux beryllium , as shown in Figure A7,
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Figure Al. Single cavity annula r reactor.

REFLECTOR
BE REFLECTOR-7~’ODE~~ToR

FUEL CAVITY
MODERIATOR

Not,.

A — L ’ -2 -~ ,-o r, . hnr,. I-I — - 2-L c’,,r,’. eh,,-k ,-.‘fl ,’,-t, ,r; U — 2~,- ; -  U
7) °1 LI-2 ~t$ , thi,k r.’flc’~-t.’,- 4t, ,k,n from Rt’f,’ren,-,. 44).

FIgure *2. Annular reactor w ith inner Be shell.
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Figure A4. Neutron flux exhibiting epitherma l peak.
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Figure A5. Epithermal flux for different moderator thicknesses.
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0.65 -

LU
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Figure AT. Self-shielding evident with beryllium as inner moderator and
added shell.

!‘igur e .‘%.~ depi(’t-s the effe ( ’t of th i( ’kflt ’Ss is appt ’ox imately a h. em
i m’rf ’ass ng refk ’tor thiek ness J~~i. r adius.
carbon and be ’rv llium. Op t i m u m  . . . . . .ilecaust ’ of sel f- sh ie ld ing  effects , I he
I hn ’kn ess for carbon appears to he tOO epit hi’rm al f lux 5~~(’(’( F UW , 811(1 t he
cm or more, while that for the beryllium ~ i’tj~ t~ii~ Of 8( ’h i ( ’V i ug cr0 i( ’alit y wi th
shell (with carbon on the outside) is this  design , th e single cavity annu l a r
about 10 cm. A beryllium shell inside react-or conf igura t i on  was deemed
th e carbon ref lector yields slightly inappr opriat e fur  a last ’i’ housing.
higher results for ket ’f ’, HS can be seen in I~nsie design ilaOi on reflector and
hgur i ’ .49. Figure A 10 depicts the  moderator thicknesses was cxl i’aeted .
results  of ’incrensing central moderator however , to lend a base to I hi ’ three
size, with and without a Uc shell eon t’igurat ions discussed in t hi’ ma in

~I(Ith’d . Op timum inner moderator t ext.
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O 65- BERYLLIUM SHELL WITH CARBON REFLECTOR
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Figure A9. Improvement on criti cality with beryllium shell.
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Figure AlO. Effect of moderator thickness on criticality.
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APPENDIX B
SINGLE CAVITY FAST REACTOR

An early reactor configuration asymptotic solution of the integral
considered in this study was a single form of transport theory is given bye
c a v i t y  r eacto r  w i t h  r e f l ec to r

— 1surrounding the outside, as shown in ‘1’B tan 
~~

1
~~tr ~~’ (1)

Figure Bi. The neutron flux spectrum
of such a reactor would be fast. A fast It is assumed the spatial flux, 4 (r), can
reactor is one in which there is very be expressed as ‘I’F(r), where F(r) is a
little moderator present to degrade the factor dependent on position in the
neutron spectrum to low energies, The reactor only, and is the same for all
single cavity reactor would be such a neutron energies (this implies the
system in the absence of a central core neutron energy spectrum is the same
of moderator. ANISN was not used to at all positions in the core, not
analyze this configuration, rigorously true near boundaries),

A simple method to approach critical When extended to a multigroup
size calculations for a fast reactor is treatment, the group fluxes (n groups)
outlined by Glasstone and Sesonske. are given by,
[46] The most satisfactory treatment of
fast reactors is by multigroup p 1(r)  = ‘Y1F( r ) ,
methods, with neutron transport
theory applied , because the neutron =

spectrum varies considerably with - - - ~ = ‘-Y F ( r )

L 

core composition, and cross-sections
are highly dependent on neutron

and (1) becomes,energy at high energies. Figure B2
depicts typical neutron fluxes in a fast ~f’ B = (neutrons entering gth
reactor. 146] Note the absence of a 

—1thermal neutron spectrum, due to the group) .  tan (B/: ;
~ r

)
absence of neutron moderation , or,

The following treatment assumes a r g
non-multiplying, “thick” reflector, and ~gB = ~~~~ig)Y i + X gY ( ’ ~~ f )

g~~g
that, for a single neutron group, an — 

g

— . ~~~_‘l (~ /~~ 
~~~,*f ) ~fj~j (j~n ofay mbolM are given in Table B-I. tr (2)
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Figure B2. Fast-neutron spectra in three systems.

_ _ _ _ _ _ _ _  _ _  - _ _ _ __ _ _ _ _ _ _ __ _ _ _ _



- 
- —~~~~~~~~~~ 

-
~~~~~~~~~~~

-- -
~~ 

- ~~~~~~~~~~~~ 
- - - - 

~~
,-5---

~
—-- --- - - -

TABLE Bi. DEFINITION OF SYMBOLS —

B — buckling ‘ Dr — diffusion coefficient in the re-
flector

v — the number neutrons liberated
for every neu t ron absorbed lfl Lr — thermal diffusion length in the
fission reflector

— macroscopicfission crosssection ND U ~ 
number density of uranium
(atoms/cm 3)

~~.,, — macroscopic transport cross
sect ion ND,Fe~ number dens it y of i ron

_, — macroscopic absorption cross O t r . .  m i c roscop i c t ransport  cross
section section (~ = N ~~)

~~~~~~~~~ macroscop ic cross section for x~— frac t ion of neutrons appear i ng
scattering from the ith group to g with energy of group g from all

neutrons p roduced by fissions
R — radi us of the core

— neutron f l ux d istri but ion in the
L — length of the core core separated from boundaries

— reflector savings it’ — magnitude of the neutron f lux

Dc — diffusion coefficient in the core

‘See Append-i C for definition of nuclear terms
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where Y5 is the fraction of neutrons With the critical value for buckling,
appearing in group g from all neutrons B, known, and if the group cross-
produced by fissions (v~.r’P), and ~~~ sections are known, the ‘P5’S can be
is the neutron source from scattering computed from Equation (3). If the - -

in the ith group into group g. reactor is critical , then , from I 
1

definition ,
It is customary to normalize the

fission source to 1,

~ 
(vE t ) ‘P = 1 .  (4)

fl g=l g g

~ (VZ~ )g ’Pg E l~~g=l
If Equation (4) is greater than 1.0, the
number density of fissionable fuel is

and scattering events that remain in too high , and if Equation (4) is less
group g are separated , than 1.0, the numberdensity is too low.

g g— l To determine the critical buckling,
~~~ ‘i, =~~ E ‘!‘ . + ~~~ ‘P
i i  ig 1 ig ~ gg g the approximation for a partially

reflected cylindrical thermal reactor
was used:

Equation (2) can now be written as

B2 
= [2 .4O5 / (R-1- ~ ) ] 2 + E r r / U 2 

- (5)
g—l

‘P — L=1 ~ ~ + X gJ (B/ )~~~~~ 
-g — Here, iS is the reflector savings, which ,

B — E tan (B/Z ) -gg t r for a thick reflector is
(3)

and , 
~ = (D /D )L

~ =~~~~ —~~~~~—~~~gg total a g-~g+1

— 
where D~ is the diffusion coefficient ing-”g+2 ‘ g~n

’ the core, Lr is the thermal diffusion
length in the reflector, and Dr is the

In fast reactors, ~~ 
— 
~~ because most diffusion coefficient in the reflector.

core material has high mass (if this is Recommended value to use in the core
not the case, substitute ~ for ~.tr in in a multigroup treatment is the value
Equations (1), (2), and (3)). of the group with the highest flux
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(usually group 3 in this work: a ten 144 1, w i t h  data  for iron be ing
group  t r ea tmen t  was used , as substituted f’or copper. and 100 percent
discussed below). In the absence of like U-235 assumed. Calculations were
group data for a graphite reflector, performed on a Hewlett-Packard
epithermal values were used. From 9810A programmable calculator.
1431, 1) = 1.016cm and L = 51.8cm for
graphite. Using the relation, The procedure used was to calculate

an initial buckling for a specific
D = ~ reactor radius and length  w i t h
~ , t r

Equation (5), solve Equation (3) for the
= [3 ( N D, u ot r , u+N D, F Otr ,Fe)l

’ group fluxes, and then perform the
summation (Equation (4)) . Values of
Equation (4) were determined for aand obtaining values of o~- in group 3 number of values of buckl ing andfrom Tahl~’ B! , one obtains an . -plotted, as shown in hgure Ba. Using

expression for reflector savings: . .this iterative procedure, the critical
buckling could be determined and used

iS ( l 7 ) / [ ( 5 • l ) N D~u+( 5 • 5 )N D I Fe
] in Equation (5) to determine the

critical length of the reactor. This was
Once a number density is chosen, iS can repeated for each U-235 number
be calculated; and once a radius and density investigated.
length are chosen, buckling can be
calculated from Equation (5). This Figure 84 depicts the length of the
provides a rather (‘rude estimate of the reactor required for crit icality vs.
bu ckling . hut one that is quickly and number density of tT-235. The core
simply determined. Use of this gross radius was 50 cm. It can be seen that at

~~f imate  of buckling will at least allow the low number densities predicted
qual i ta t ive  results to be obtained, necessary for the uranium-excimer

system, this reactor configuration
Ten groups were used for the fast becomes an untenable size, ever~ for

reactor calculations. Cross-sections, this very crude treatment of the fast
shown in Tab!~’ 82, were obtained from reactor system.

ii
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APPENDIX C
DESCRIPTION OF NUCLEAR TERMS

BARN (h ) : l b  = I \ ~~~ cm~. CRITICAL: One neutron is used in
the fissioning of a nucl eus , with many

BUCKLIN G (B !): In a multigroup neutrons released. If one of the
n u m e r i c a l  a n a l y s i s  of nuc lea r  released neutrons causes one other
reactors , the reactor equation is fission , a chain reaction is created and
represented by a series of equations of the reactor is critical. If. over an
the form average of many fissions , there is less

than one-to-one correlation the reactor
~~~ f !1~~ = 0. is subcritical and cannot sustain a

chain reaction at that power level. If
In developing the reactor equation,

- , there is greater than a one-to-one
various terms describing the material . .correlation the reactor is supercrittcal
properties of the reactor core were

- - and the power level will rise.
grouped into B2. This is called the
material buckling, and its magnitude
bears an inverse relation to the size a KEFFECTIVE (keff) : The multip l i-

core must have to be critical. When the cation factor for an infinite core size is

reactor equation is solved for a expressed as a product of four factors,

particular geometry, B2 becomes an called the four-factor equation:

eigenvalue solution and a function
only of the geometric size of the core. k . = ~pfij- .

When the reactor is critical the
harmonics die out and only the The four-factor equation describes the
principal eigenvalue remains, called neutron life cycle. In the equation , is
the geometric buckling. Mater ial the fast fission factor (ratio of all fast
buckling and geometric buckling are neutrons to the number of fast neutrons
equal when the reactor is critical, from fission), P the resonance escape
Buckling, then , isa measure ofthesize p r o b a b i l i t y  ( r a t i o  of n e u t r o n s
of a critical core. If a cylindrical thermalized to the total of all fast
geometry is being analyzed , the neutrons), f the thermal util ization
reactor equations can be solved with factor(ratioofneutronsabsorbedinthe
radial geometry in detail , and a fuel to all neutrons absorbed in the
buckling correction to the length of the core), and ‘i the thermal fission factor
core can he added to account for error (number of fast neutrons produced per
in not considering the axial geometry. thermal neutron absorbed in fuel) . If k.

- ~~~CZDjj~ ~~~ ___ I
I 

—
~
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is equal to 1.0, Ieakage and absorption high p robab i l i t y  of sca t ter ing
are just balanced against fissions, so neutrons back into the core. A
that one neutron absorbed in fission moderator material is often used as a
will result in one other neutron that will reflector.
induce fission. For a real core, the
multiplication factor must accountfor SELF-SHIELDING: Includes
leakage of neutrons, buildup of fission resonance absorption in this study.
fragments, consumption of fissionable
nuclei,andcharigesintemperatureand A. Resonance absorption — A
pressure in the core [49]. The real core large number of resonances are
multiplication factor is keff and is present in uranium which leads to
larger than k= to account for the finite parasitic absorption of neutrons ,
size ofthecore. lfkeffis equal tol .Q, the removing them from the chain
reactor is critical. If keff is less than 1.0 reaction. If a neutron remains in the
the reactor is subcritical , and a keff fuel lump or region too long it may be
greater than 1.0 defines a supercritical scattered into an energy range
reactor. containing a large resonance and

become absorbed. Once born, if a
MODERATOR: The fission cross- neutron can escape the fuel the
section of nuclei is highest for neutrons moderator can slow the neutron to
of thermal energy. Fission events emit thermal energies, past the medium
neutrons across a wide energy energy range where resonances are
spectrum , the average of which is 2 predominant , before the neutron re-
MeV. A moderator is a material of light enters the fuel.
atomic weight which is used to slow
down neutrons to increase the B. Self-shielding — A flux of
likelihood of fission. thermal neutrons that are incident on a

large lump of uranium experiences
POISON: A m aterial of high muchabsorptionnearthesurfaceofthe
absorption cross-section that removes lump, and the deeper into the lump the
neutrons from the chain reaction more are absorbed. This depletion of
without inducing fission. thermal neutrons reduces the thermal

neutron flux in the center of the lump,
RE FLECTOR: A material of light which decreasestheneutron utilization
atomic weight with a high albedo, i.e. a of the fuel.
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