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PREFACE

Uranium metal may have the potential of forming a metal excimer with
zine, cadmium or mercury. Excimers are the most efficient electronic
transition lasers known, and metal excimers have spectra in the visible
wavelength regions. Metal excimers of interest are InZn (H308, H625 A"),
InCd (5544, 5760 A°), InHg (5226 A°), T1Zn (4680, 6200 A°), TICd (4872, 6400
A°), and TIHg (4590, 6560 A°). A laser is proposed where uranium is both the
pumping source, via fission fragments, and the lasant, via excimer
formation (UZn, UCd, UHg) with output in the visible wavelengths. The
metal excimers mentioned have not yvet been made to lase.

In this initiai study, reactor physics calculations with the computer code
ANISN, a multi-geometry, one-dimensional Boltzmann neutron transport
code, were made to examine different reactor configurations. The uranium
is required to be in a vapor state, and therefore reactor design is based
heavily on the Nuclear Light Bulb Engine. Dependent upon the density
requirements (of uranium and mercury, for example) for transmitting laser
light, the reactor options include lasers that are self-critical to lasers that
require criticality drivers.

Self-critical reactor-lasers and criticality driven reactor-lasers are
investigated. Curves are presented for the reactor options depicting the
ratio of fission source in laser cells to fission source of the total system given
a specific U-235 density in the laser cells. Itis not known what fuel density

can be employed before seriously degrading laser light, nor were any laser
physics caleulations attempted.
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1. INTRODUCTION

Direct nuclear pumping of lasers
promises to have many advantages
over present day electrically excited
high energy lasers. Nuclear fission is
the most ccmpact energy source
known, with the potential for high
power deposition to lasant gases.
Nuclear pumping also holds great
promise for overall higher efficiencies,
by-passing the conversion of energy-
to-heat-to-energy by directly exciting
lasant materials with fission
fragments and the accompanying
electrons. Simplicity of design over
electrically excited lasers is another
possibility with nuclear pumped
lasers. The high voltage power
supply technology required for high
energy electric lasers is avoided.

Since 1975, several groups have
demonstrated nuclear pumped lasing.
[1-6] The principle of nuclear pumping
is the absorption of a neutron by a
fissionable nucleus, and the
subsequent release of energy in the
fission process which is then used to
pump the laser gas. The experiments of
References (1-7) have used either wall
coatings of boron-10 or uranium-235,
or volumetric pumping using helium-3
to pump the laser gas.

With the wall coating method, a
neutron is absorbed in a layer of B-10

or U-235 that is coated on the inside of
a tube. Fission fragments escape
from the wall coating and enter the gas
region where they, and the electrons
produced, excite the gas. The B-10
reaction yields:

"B+ n— a+ 'Li+ 2.3 Mev.
The U-235 reaction yields:

U+ n—F,+ F, +~170 Mev,

where F;, and F, are heavy and light
fission fragments. A main disadvan-
tage of wall coatings is that much of
the fission energy is deposited in the
wall, the range of fission fragments
being so small that only fissions
occurring at the surface of the coating
escape to the gas. With the optimum
coating thickness only about 50
percent of the fission fragments, and
only about 20 percent of the total
fission energy, escape to the gas. [8]
Gas pressures are extremely important
to the range of the fragments to obtain
uniform energy deposition in the gas.

With He-3 as a laser gas, the
fissionable material is mixed
uniformly with lasant gases. Fission
fragments are created throughout the
gas uniformly with very little fission
energy lost to the walls. The He-3
volumetric source yields:

‘He + n — p +*'H + 0.76 Mev.
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He-3 has two main disadvantages as a
pumping source. As with the B-10
coating, He-3 cannot support a nuclear
chain reaction, and therefore must
have a neutron source (nuclear
reactor). Also, the He-3 reaction
produces relatively little energy per
neutron absorbed, and would therefore
require high neutron fluxes to yield
large energy deposition to the gas.

An important method for the
simulation of nuclear pumping is to
use a charged particle accelerator for
optimization studies [7].This method
is being pursued by using a proton
accelerator and an electron accelerator
to simulate fission fragments while
searching for optimum gas
mixtures [9].

Optimum nuclear pumping of lasers
in the future will require the use of U-
235 as a volume source mixed
uniformly with the lasant. Two
possible forms the U-235 could take
would be enriched UFs or an enriched
uranium metal plasma. Volumetric
uranium sources promise uniform
laser gas excitation, large energy
deposition, little energy lost to the
walls, and the possibility of being a
self-critical system. This method may
be the ultimate goal of nuclear pumped
laser research — the direct conversion
of fission energy into light energy in a
self-sustaining system.

The idea of using UF; in a gaseous
core reactor is an old one, but is
receiving new emphasis in nuclear
pumped laser and space propulsion
research |[10-12]). However, UF; has
proven to be chemically aggressive
and unstable at high temperatures. A
uranium plasma would consist of U-
235 metal heated by the fissioning
process to its plasma state (or at least
to a vapor state). It would not contain
the contaminants that a dissociating
UFs would. Current emphasis is on
UFs since it is readily in gaseous form,
and does not propose the confinement
problems of a high temperature
plasma [11,13].

One type of highly promising
nuclear pumped laser system that has
been generally ignored is a self-critical
excimer laser system [13,14]. Such a
concept could use free flourine from
UFs decomposition to generate the Ar-
F or Kr-F excimer reaction. Another
concept is one proposed in a patent
application by T. G. Miller [15], using
uranium for both pumping energy and
as one of the metals in a metal excimer
laser system.

2. URANIUM-EXCIMER
CONCEPT

The term excimer (also exciplex,
dissociation, bound free) applies
generally to molecules that are bound
only in an excited state, and radiate to
an unbound ground state [16]. An
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example of excimer formation is the
KrF* molecule, which, for the case of
an electrical discharge and Penning
ionization with a buffer gas (Ar), is
formed by the following [17):

et AR —~ Ar* + e
e+ Kr -~ Kr* + e
Ar* + Kr - Kr* + Ar
Ar* + F, - ArF* + F
ArF* + Kr - KrF* + Ar
Kr* + F, - KrF* + F

KrF¥ - Kr + F + hv

When the excited molecule radiates to
the ground state the atoms repel and
the molecule dissociates to its
constituent elements. Thus, for
excimers, any excited molecule formed
represents an automatic population
inversion [16]. The KrF* molecule is a
rare-gas — halide excimer. Other
examples of this type are XeF™*, Ark*,
and XeBr*, Itis possible that UFs could
be the donor of free fluorine in a
nuclear excimer laser, supplying the
pumping energy and contributing to
the formation of rare-gas — halide
excimers.

Another type of excimer formation
can occur between alkali and noble-
gas atoms, which include NaX, KX,
RbX, and CsX (X = Ar, Kr, Xe)[18]. A

.

il s okt e, hi it e

type of excited molecule consisting of
one element, an excited dimer, are the
noble-gas excimers, represented by
Xe*, and metal excimers, represented
by Hg.* Other types of excimers
involving metals are metal-noble-gas
excimers, represented by TIXe* and
metal-metal excimers.

Metal excimers exhibit great
promise as candidates for highly
efficient, moderate pressure visible
laser systems [ 19]. The metal excimers
of interest to this study have spectrain
the visible regions (Table 1): these
include InZn (5308, 5625 A)l:l()l. InCd
(5544, 5760 A), InHg (5226 A)| 21), T1Zn
(6200 A), TICd (4872 A) [22], and TIHg
(4590, 6560 A) [19]. Indium and
thallium have one electron in the outer
subshell; zine, cadmium and mercury
have a closed outer subshell. If Zn, Cd,
or Hg has an electron excited, they
may form an excited molecule by
combining with the outer electron of T
or In. A potential well of sufficient
binding energy exists for the excited
molecule, but the ground state
possesses a repulsive potential and the
molecule flies apart upon radiating to
the ground state. Figure I depicts the
potential energy curves of the TIHg
molecule.

Drummond [19] reports the poten-
tial of TIHg* to be abou! four times
as deep as those of other excimer
systems involving noble-gases. This
leads to stronger bonding in the

SR | el o i Mo i




TABLE 1. METAL-EXCIMER LASER CANDIDATES AND THEIR SPECTRA.
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Figure 1. Possible potential curves for the TIHg molecule.

excimer state and more intense
molecular emission. Noble-gases
require 8 eV energy or higher for
excitation to the metastable state,
whereas mercury requires only about 5
eV, giving rise to more efficient energy
transfer, and in a more direct manner
than noble-gas excimers, to metals
radiating in the visible [19].
Drummond also reports that the TiHg
system can be efficiently run at less
than one atm. pressure, eliminating
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many inhomogencity problems that
arise in other excimer systems that
require high pressures. High pressures
are additionally less desirable in
excimer  systems  involving noble-
gases due to decreased electron density
and increased formation of triplet
states [22].

It is proposed by Miller [15] that
uranium can be substituted for one of
the metals in the excimer formation,




Possible excimer candidates are
UHg*, UZn*, or UCd*. The uranium
would not only provide the pumping
energy, it would be a part of the
excimer formation. A self-sustaining
uranium-excimer nuclear laser would
result. As in already discovered metal
excimers, transitions, and possibly
lasing, in the visible wavelength
regions would be expected.

The belief that an excimer can be
formed stems from its electronic
configuration. The atoms that have
formed the metal excimers of interest
involve molecules that, in the ground
state, have one atom with a closed
outer subshell and one atom with one
electron in the outer subshell. The
ground state configuration of mercury,
cadmium and zinc are as follows [ 24):

Hg: (Cadmium core)sp® 6s° 4f'' 5d"
Cd: (Zinc core) 4p° Hs” 4d"
Zn: 1s° 28° 2p° 3s° 3p° 4s” 3d"

Each has closed outer d''s” subshells,
and Hg also fills the 4f subshell (noble-
gases are obtained when the p subshell
is outermost and full, with the
exception of He). Thallium and
indium, however, have one electron in
the outer subshell | 25):

TI: 6s” 4f'' 5d" 6p'

In: 5 4d" 5p'

Tl and In each has one electron in the
outer p subshell (s’p').

The metal excimer is formed when
Hg, Cd or Zn is excited. There can be
strong polarization binding due to the
exchange of the excited electron with
the p electron of Tl or In. The electronic
configuration of uranium is [ 24,25 26]:

U: (Mercury core) 6p° 7s” 5f° 6d'

It is suggested that there can be
binding between excited Hg, Cd or Zn
with the 6d' electron of U. Uranium
does not strictly meet the assumed
criteria for excimer formation,
however, for the following reasons:

1. U has ad'electron rather than a
p' electron as does TI and In.

2. The 7s subshell, rather than the
6d subshell containing the single
electron, is the outermost in U,
whereas the p subshell is
outermost in Tl and In.

3. All the previous subshells of Tl
and In are filled, but U has an
unfilled 5f subshell.

Because of reason 2 above, if U can
form excimers with metals the
probability is high that Pu, or any of
the actinides having one electron in
the 6d subshell, could also form an
excimer. The shielding effect of the 7s°




subshell causes the actinides to be
chemically similar {27]. It is not
certain at this time whether uranium
will or will not form an excimer. More
research on the uranium-excimer, as
well as the other metal excimers, is
required. Until the other metal
excimers are better understood, the
possibility of forming uranium-
excimers cannot be decided, except
through experiment. It is possible
uranium may form excimers with
metals other than Hg, Cd or Zn. The
attractive features a uranium-
excimer proposes are too great to be
dismissed without further research.

The reactor concept for a uranium-
excimer laser will be described in the
following section. It should be
mentioned at this time, however, that
for a uranium-excimer to form, free U
atoms or molecules are required. UF;,
UF: or UF, will not form with another
metal to create an excimer. For a
uranium-excimer to become a reality,
“pure’”’ uranium vapors will be
required for the fuel/lasant mixtures.

3. URANIUM PLASMA
REACTOR CONCEPT

In this initial study of a uranium-
excimer nuclear laser, only steady-

state and simplified geometries are
considered for criticalityt calculations,
investigating densities, materials and
dimensions of a laser/reactor.

Extensive research has been
conducted by United Technologies
Research Center (UTRC) and by the
National Aeronautics and Space
Administration (NASA) in uranium
plasma rocket engines. Many of their
concepts of plasma confinement and
reactor housing can be directly applied
to a laser housing containing uranium
fuel in a vapor state. Technological
achievements and breakthroughs
accomplished by UTRC, NASA and
Los Alamos Scientific Laboratories
(LASL) can be applied to provide a
complete and comprehensive system
demonstrating engineering feasibility
of the uranium-excimer laser. Except
for low uranium densities that are
for the fuel, additional
metals for excimer formation in the

projected

fuel, geometrical variations and size,
care has been taken not to deviate from
established design criteria of the
particular plasma rocket engine
investigated intensively by UTRC —
the nuclear light bulb engine.

Since much of the success of the
uranium-excimer nuclear laser
depends on the success of the laser
housing, the nuclear light bulb, the

tSee Appendix C for description of nuclear terms.
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design of the engine will be briefly
described. Much of the theoretical
investigations and design concepts are
being performed by UTRC (formerly
United Aircraft Research Labora-
tories) with much of the experimental
efforts to be provided by LASL, all
under the auspices of NASA. [28,29]

A. Nuclear Light Bulb Design.

Figure 2 shows the design of the
nuclear light bulb engine [30]. The
engine consists of seven separate fuel
cells housed in a moderator-pressure
vessel. Newer designs have eliminated
the central fuel cell, often adding a
thorium region to exploit the Th-U233
breeding cycle [31], but the proposed
design of the uranium-excimer will
retain the fuel cell.

The fuel cells are embedded in
moderator and surrounded by a
pressure shell. A working fluid, such as
seeded hydrogen gas, is flowed
around the outside of the cells. The
seeded gas absorbs thermal radiation
from a fissioning uranium plasma in
the fuel cells, and expands through
nozzles. Figure 2b depicts a single fuel
cell. The fuel is physically contained
by an internally cooled transparent
wall, but the plasma is fluid
mechanically confined by an argon

buffer gas [30,31). The buffer gas is 1
tangentially injected through the |
transparent wall to form a swirling :
vortex around the plasma in order to
avoid plasma contact with the wall.
Thermal radiation passes through the
transparent wall and into silica tubes
through which the working fluid flows.
The working fluid (typically hydrogen)
is seeded with particles to enhance
absorption of the thermal radiation.
The vortex volume is normally
assumed to be one-half of the total
cavity volume, the radius of the
confined plasma being 85 percent of
the radius to the transparent wall [30].

Laser cavity potential of the fuel cell
will depend heavily on the transparent
wall and the ability of the vortex to
confine the fuel. Since laser light must
pass out the end of the cell, to a mirror
and eventually out of the reactor,
common moderator materials would
not be compatible with laser operation.
A possible transparent wall would
consist of single-crystal beryllium-
oxide. BeO is a strong moderator and
reflector,T would allow light to
transmit to a mirror, but would not
allow excessive loss of neutrons at the
ends of the cell.

The most pressing technological
problem with the nuclear light bulb is

tSee Appendix C for a description of nuclear terms.
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Figure 2a. Overall configuration.
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Note

2a) depicts the overall contiguration of the Nuclear Light Bulb
engme It consists of seven unit cavities embedded in moderator
2b) shows one of the unit cavities The uranium plasma s confined
by a swirhing vortex flow of argon gas Thermal radiation s
absorbed by a working flund. and the high temperature working
flurd 18 allowed 1o expand through nozzles

Figure 2b. Unit cavity (cell).

Figure 2. Principle of the nuclear light buib engine.
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the fluid mechanical confinement of
the fuel. Because of the difficulty of
at high
temperatures and pressures, dense

confining a plasma,

enough to achieve criticality and not
allow depositions on the wall
(particularly the end walls for a laser),
most current research has emphasized
the use of UF; as a fuel rather than a
uranium metal plasma [33). The
uranium-excimer laser, however, will
require uranium metal in a vaporous
state, or at least a high density of
free uranium atoms.

B. Critical Fuel Density.

Fuel density considerations in laser
cells were of prime importance in this
initial investigation of a uranium-
excimer laser. The uranium density
must not be so high as to degrade or
inhibit laser light. Vortex confinement
with a buffer gas dictates that, for
stability, the fuel density must be less
than or equal to the buffer gas density.
|34] Criticality conditions, however,
require a uranium density on the order
of the molecular density of gases at
standard conditions [11]. These two
little latitude in
choice of fuel density (for a self-critical

conditions leave
system), and that density may be too
high for laser operations.

Criticality drivers may be employed
to drive the reactor critical, at the
expense of efficiency. Fuel plates, pins

or rods could be arranged within the
reactor should it prove the uranium
density must be kept low [28).

C. Non- Lasing Energy
Conversion.

Methods of extracting energy from
the nuclear light bulb are numerous.
The original intent of the engine was to
power a spacecraft with the hot
hydrogen gases expanding through
nozzles. The same or similar gases
could be allowed to drive turbines for
generating electricity. The working
fluid would be not only hot, but highly
ionized after flowing over the fuel cells,
and efficient electrical conversion
could be achieved by allowing the gas
to expand into ducts and through
MHD generators. A type of piston
engine, the Otto engine, has also been
proposed [28].Because of the predicted
high temperatures of the working fluid
(> 5000°K), all thermodynamic cycles
would be more efficient than
conventional energy sources. Mention
has already been made of the
possibility of using the nuclear light
bulb engine in a breeder mode.

Should it prove necessary to employ
criticality drivers in the reactor the
fuel plates, pins or rods would require
and steam
generating cycles could be used. Heat
pipes could be used to cool the fuel
clusters, and electric conversion using
thermionic devices in conjunction with

cooling, conventional




heat pipes could be accomplished
[35.36]. Another means of extracting
energy from the light bulb is laser light,
described in the following section.

D. Laser Potentials Other Than
Uranium-Excimers.

It has been proposed that lasing
could be achieved by using the thermal
radiation from the plasma to optically
pump gas mixtures [27,32]. The gas
mixture could substitute for the
working fluid and/or the buffer gas.
Neutrons from the fissioning plasma
could be used to pump He-3 gas
mixtures, if neutron poison' effects
can be overcome. A uranium plasma
may not be in thermodynamic
equillibrium and, thus, may possibly
be optically thin. The electromagnetic
radiations from an optically thin
plasma could be used to optically pump
gas mixtures [37,29,33,34].

With emphasis on the use of UF¢ as
fuel rather than a metal plasma, lasing
may be achieved in UFs-gas mixtures
directly pumped by fission fragments.
Free fluorine from dissociating UFs
might be utilized in excimer systems,
such as KrF*. Excursions in fuel radi-
us, density inhomogeneities,
inefficiency, high temperatures and
pressures, neutron poisoning,

undesirable wavelengths, and suitable
gas mixtures are all problems that
plague the above potentials for
extracting energy as laser light.

4. URANIUM-EXCIMER
NUCLEAR MODELING

A. Physical Characteristics.

This report makes no attempt to
model the laser physics of the
uranium-excimer system. Only
nuclear considerations on geometry,
dimensions, materials and lasant
density are explored in an effort to
establish a reference laser housing
design. Metal excimers are in their
infancy in comparison to other
excimer systems, with little theoretical
studies having been performed. In
addition, no data on excimer
formation involving uranium exists.

To retain generality, insofar as fuel
is concerned, all uranium density
considerations are for 100 percent
U-235. Oxygen, carbon, nitrogen and
fluorine was not added to lasant
mixtures to simulate UO,, U:Ox, UC,
UN or UFs in the computer
investigation.

The most limiting factor as regards
the nuclear modeling was the

tSee Appendix C for description of nuclear terms.




requirement for low uranium density.
To avoid absorption of light created in
the proposed excimer reaction, a
design  criteria  established for the
uranium density was 1 N 10

atoms barn-em’ (1 X 10" atoms em’)
[38]. It was because of low density
requirements predicted for the
uranium fuel that the multiple cell
design concept of UTRC was adopted.
UTRC chose the use of multiple cells
primarily to increase the total surface
radiating area vielding thermal
radiation to a hyvdrogen propellant
[39]. The use of multiple, small cells
over fewer, large cells or a single, large
cavity allows a lower critical namber
density of fuel [40].Other reasons for a
multiple cell configuration, separating
fuel and moderator, is that outer
moderator-reflector can also provide
shielding of neutron and gamma
radiation, and that the fission density
distribution can be made more nearly
tlat [41] This results in lower system
welght, and more uniform energy

deposition in prospective laser cells.

The density requirements for
uranium are a critical issue to be
resolved. High densities favor excimer
formation but degrade light. More
important, however, is the effect on the
laser pumping source—{fissions. Since
fission fragments are to pump the

laser, a high density of uranium would
be preferred, to not only increase the
number of fissions but also to insure
the fission fragment range remains
short so as to deposit maximum energy
in the lasant mixture. Laser design
will be based on a uranium density of' 1
N10  atoms b-cm, and then excursions
i the density in the cell, and the
resultant increase in fission density, will
be explored. Copper was chosen to
simulate  the other excimer metal
because of readily available neutron
Cross  sectons  tor coppet and s
otopes, and was given the same atom

density as uranium.

Since the reactor laser is to be a
self-critical system, whether internal
criticality drivers are required or not,
reflector and moderator materials
were limited to those with low neutron
absorption cross sections. Materials
considered were bervllium, graphite
(carbon) and BeO. Uranium was input
as 100 percent U235 to simplity
computer operations,

Three main configurations of the
reactor were considered (with two
other configurations discussed in the
appendices). The first, shown in Figure
Ja, is essentially the same as the
nuclear light bulb design proposed by
UTRC. It consists of seven fuel cells

tSee Appendix C for a description of nuclear terms.

T T

[ —

ey ——

——rre

L,




REFLECTOR
MODERATOR

Figure 3a. 7-celled reactor.

REFLECTOR

HOMOGENIZED FUEL
MODERATOR

Note

T deprets a nuclear reactor faser desien simialar to the desaign shown
mn bigure 2 The computer code used in this studv, ANISN 15 a one

dimensional code, and. therefore. the reactor 1x homogenized into
concentrie zones which can be solved in one dimensional evhindrical

weometry shown i Y

Figure 3b. 7-celled reactor homogenized.

Figure 3. Seven-celled reactor/laser concept.
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| arranged in a hexagonal pattern, plate can be used to drive the reactor
imbedded in moderator and critical with little change in results
surrounded by a reflector. The
computer code used to perform neutron The third reactor configuration
] calculations, described in 4.B., investigated 1s that shown in Fi_ re
requires  one-dimensional geometry; Sda. its homogenized equivalent shown
theretore, the 7-Celled reactor in Figure 5b. The 13 cells are an
configuration was changed to that attempt to increase uranium mass, but
shown i Frgure 36, The central fuel retain uniformity of fuel cells. The
cell and clad remain in their original outer ring of cells may be increased in
configuration, with the outer fuel cells uranium density, as can the central
homogenized by volume weighting cell, to drive the reactor entical.
: into an annulus. The method of volume Reference 39 considers the use of many
é welghting is desenibed in Section 1B, small tuel cells, and outhines reasons
' tfor this concept.

A second reactor configuration is
that depicted in Figure ta, with its
homogemized equivalent shown in
Figure 4b. This reactor emplovs
aluminum-uranium plate as a
criticality driver. Options also
explored with this design include
different percentages by weight
urantum in the AL-U plate. and
different uranium densiites in the
central tuel cell to help drive the
reactor eritical. The plating modeled
was 10 and 20 percent by weight
uranium in 28 aluminum, 0.5 ¢m thick
and 20 cmacross, sinular to that used in
the Argonne Research Reactor, CP-5
[12] As will be explained in section
o B the computer code used is so

general that methods other than A1-U

After a preliminary investigation,
the fuel cell dimensions were set at 30
cm diameter and 500 ¢m long.
Although somewhat arbitrary until
parasitic neutron capture self
shivlding“' effects occur, these
dimensions were established tor all
tuel cells so that they may be used as

laser cells either isolated or in a

tolded-path mode. One em thickness of

BeO clad was chosen to be placed
around each fuel cell. These
dimensions  are somewhat  smaller
than the UTRC design. In addition to
smaller reactors, other advantages are
obtiauned  with  smaller  fuel  cells,
mcluding higher pressure allowances
[39] The thermal neutron tlux shape
was the means by which moderator

e

See Appendiy Clor a deseription ol nuclear terms
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REFLECTOR
MODERATOR

ALUMINUM-URANIUM
PLATE

FUEL CELL

CLAD

Figure 4a. Aluminum-uranium plate driver.

Note
A depicts o desgen simadar to Figgure U but ALU alloy has been
positioned around the outside of the unit cavities to add reactivity tothe

assembly by s the homogemized equivalent of 4.0

REFLECTOR

MODERATOR ..

HOMOGENIZED
AL-U PLATE

MODERATOR

HOMOGENIZED
FUEL ZONE

MODERATOR

FUEL CELL

Figure 4b. Aluminum-uranium plate driver homogenized.

Figure 4. Reactor/laser concept using Al-U plate.
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REFLECTOR

MODERATOR
CLAD

FUEL CELL .

Figure 5a. 13-celled reactor.

REFLECTOR
MODERATOR

FUEL e
MODERATOR

FUEL ; i
MODERATOR : - *

At deprets aconcept simlar to that i Foggure 1 but an extra region of
umit cavities has been added to merease reactiviey rather than the

AU plate abas the homogeniced equivalent

Figure 5b. 13-celled reactor homogenized.

Figure 5. Thirteen-celled reactor/laser.
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thicknesses were judged. More
important than effect on keffective,!
moderator thicknesses were chosen to
vield relatively flat flux shapes across
the laser cells (those fuel cells having
low uranium density), resulting in
uniform fuel burn-up and nearly
uniform fission density across the

laser cell.
B. Computer Modeling.

The nuclear reactor computer model
used to investigate the simplified
homogenized equivalents of the
reactor configurations was ANISN.,
obtained from Oak Ridge National
Laboratories (ORNL) and made
operational on a CDC 7600 series
computer. ANISN solves the
one-dimensional, energy dependent,
linear Boltzmann transport equation
with general anisotropic scattering for
slab, cylindrical or spherical
geometries. ANISN solves forward or
adjoint, homogeneous or inhomogen-
ecous problems. Vacuum, reflective,
periodic, white or albedo boundary
conditions may be specified. Time
absorption calculations, concentra-
tion searches, outer radius searches,
buckling searches, zone thickness
searches, or eigenvalue calculations
(ie. keffective) may be performed.

Cross sections may be input from a
library tape and or from cards.

The method of solution employed is
the discrete ordinates or Carlson’s S,
method using a diamond difference
solution technique. [43] The solution in
the code will approach the exact
solution of the Boltzmann equation
with increasing orders of approxima-
tion as the space, angle, and energy
mesh approaches differential size. [43)
An S, quadrature set was found
sufficient as in Reference 44, and a Ps
scattering approximation was used.

Neutron cross sections were
obtained from DLC-2, a 100 group
neutron cross section data set obtained
from ORNL. The 100 fine groups were
collapsed into 14 coarse groups and
weighted by the neutron flux energy
distribution in fuel, moderator or
reflector regions prior to input to
ANISN. The 14-group energy intervals

are shown in Table 2.

Some error is inherent in ANISN
since it solves a one-dimensional
configuration. Neutron leakage
corrections are made axially with a
bucklingt term, supplied in the input
as the reactor length. Fuel cells are not
located spatially as they would be in

tSee Appendix C for a deseription of nuclear terms,




TABLE 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 1073
10 4.54 x 107
11 6.14 x 10°°
12 8.32 x 107°
13 2.38 x 107°
14* 5.31 x 10~

*The lower energy bound is zero.

the reactor, but appear as zones
homogenized with surrounding clad
and moderator, In
temperature or pressure broadening

addition, no

corrections were made to neutron cross
sections. Because of these inherent
errors in ANISN, a keffective (keff) of

1.2 was chosen as criticality criteria to

compensate for any overly optimistic

results. The keff calculation option
was used to establish reference designs
having a uranium density of [ X 107
atoms. b-cm in the laser cells, and the
concentration search option was used
when investigating increasing
uranium density in the fuel cells.




Outer fuel cells (or A1-U plate) were
homogenized with clad and moderator
into annular zones for compatibility
with the cylindrical geometry option of
ANISN. The zones were homogenized
by volume weighting uranium (plus
the other excimer metal, copper), clad
and moderator appearing in the
annulus circumscribed by the inner
and outer radius defined by the
diameter of the fuel cells. If R, is the
radius of the fuel cell, R, the radius of
fuel cell plus clad, R; the inner radius of
the annular fuel zone, and R, the outer
radius of the annulus, the volume
weighting was performed as follows:

% U+Cu = [( # fuel cells) - R.’]/[R.%R?

% Clad = [( # fuel cells)- (Ry*-R.%)]/[Ro*
R}

% Moderator = 1 - {[(# fuel cells) - R+*])/
[R:R“N

The thickness of the annular zone, Ro-
Ri, is always equal to the diameter of
a complete fuel cell, 2R.. These
percentages would multiply the
desired material number density and
the adjusted density would be input
into the homogenized zone.
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5. RESULTS OF NUCLEAR
CALCULATIONS

A. Seven-Celled Reactor.

Considered important in establish-
ing a design basis, the 7-celled reactor,
shown in Figure 3, was investigated
thoroughly. The design criteria of a U-
235 density in the fuel cells of 1 X 10
atoms/b-cm proved too low to yield
meaningful results, keff being small.
Initial investigations were directed at
using the central fuel cell as a
criticality driver by increasing its
uranium density, resulting in higher
values of keff and permitting useful
results on material dimensions to be
obtained. From initial work described
in Appendix A, the reflector for all
investigations of the 7-celled reactor
was 10 cm of Be.

Figure 6 shows the results of
increasing the U-235 density in the
central fuel cell, hereafter termed the
driver, while maintaining a density of
1 X 10" atoms/b-cm in the outer fuel
cells, hereafter termed the laser cells.
The inner moderator was 44 cm of
carbon for the results shown in Figure
6. A density of 1 X 10 ' atoms/b-cm (1 X
102° atoms/cm?3) was chosen as an
upper limit for maintaining uranium
in a vapor state. Figure 6 clearly
demonstrates that merely increasing
the vaporous fuel density will not drive
the reactor critical.




Note
Reff increases as the uranam atom density of the central fuel cethin the
Teelled reactor mereases The outer sy cells have an atom density of
uranium and copper of 1~ 10 atoms bem Even at 1~ 10 "atoms b
em in the central drver. considered a maximum tor creating and
confining a wramum plasma. the reactor does not achieve enticality
10T
-+
8
6 o
.
U |
-
Q
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w
w
W
= 44
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i //.
| —
l } i
0.0 7 e 6 ) r‘ || “
107 10 10 10
NUMBER DENSITY OF DRIVER (Atoms/b-cm)

Figure 6. Criticality not attained with a vapor density in driver.

Figure 7 shows how keff varies as
the
increases, with different densities in
the driver. At the higher densities in
the driver, large thicknesses of inner
‘arbon moderator increase the keff of
the reactor, but not enough to attain
criticality. The results of Figures 6 and
7 were obtained with an outer
moderator of 100 em of graphite.
Figure 8 depicts the results of
investigating the outer moderator

inner moderator thickness
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thickness. It can be seen that the effect
keff is

thicknesses

on moderator
60

Hereafter, outer moderator thickness

shight with

greater than cm.
was maintained at 60 em, with 10 em of
Be reflector surrounding the entire
reactor. In Figure 8, extra moderator
refers to the thickness of the inner
moderator. No extra moderator
implies the fuel cells are embedded in
carbon moderator but have their walls
in contact. Extra moderator refers to




Note
In the

the central fuel cell and the zone

in not achieved

1.0 v

Teelled reactor. the extra moderator s that moderator between
contaiming the six outer fuel cells
Curves are shown for difterent atom densities wn the central ooll; the
outer six cells remann aconstant 1> 10 atoms bem Avan enticahity

1x10°Y4 AToms/b-cm

leﬂ's ATOMS/b-cm

;_>' 1x10'5 ATOMS/b-cm
§ —o
&y
5x10°8 Aroms/b-cm
12
/~1x1077 atoms/b-cn
- —e ———————
0.0 1 | o + + +
10 20 30 40 50

EXTRA MODERATOR THICKNESS (cm)

Figure 7. Uranium density and moderator effects on criticality.

the radius to the centerline of the laser
cells having been increased with the
resultant gap occupied by moderator.
Extra inner moderator (44 cm in
Figure 8) again demonstrates higher
values of keff, and also makes the
choice of outer moderator thickness
less critical.

Referring to Figure 7, at low
densities in the driver too much
moderator had a damaging effect on

29

keff. It was felt this effect might be
attributed to thermal neutron flux
suppression at high inner moderator
thicknesses. Figure 9 exhibits a plot of
thermal neutron flux in a reactor with
44 cm of inner moderator and a density
of 1 X 10 ' atoms b-cm in the driver. It
can be seen that the flux peaks early in
the moderator, and is affected little in
the low density laser cells. The flux
shape is similar to that calculated in
Reference 46, except that the flux in the




Note

the spatial arrangement in the

seven tuel cells are in contact

1.0-[»

Rett mereases as the outer moderator thickness increases. but 60 cm
can be considered optumum . The curve with no extra maoderator is tor

Teelled reactor where the walls of all

/’EXTRA MODERATOR PRESENT

y--

KEFFECTIVE

9

o
©

NO EXTRA MODERATOR

AQ"-
0.2 + —+ + | - |
20 40 60 80 100 120
QUTSIDE MODERATOR THICKNESS (cm)
Figure 8. Criticality at different moderator thicknesses.
laser cells of Figure 9 is higher than in Experiments performed at the

the central driver, due to relatively
little absorption of thermal neutrons in
the low density cells. Plots of thermal
flux in Reference 46 also exhibit a flux
depression in fuel cells as does the
driver of Figure 9. This was attributed
to an “apparent self shielding” due to
the large scattering cross section of hot
gases included in the calculations of
Reference 45. The results shown in
Figure 9, however, are without any
hot gases, buffer or propellant.
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National Reactor Testing Station [40]
also found the self-shielding effect in
fuel cells in tests with and without
simulated 40
attributes the self-shielding to

gases. Reference
uranium density, indicating neutron
capture without
densities of uranium. Flux peaking in

fission in higher
the moderator regions is a typical
phenomena of thermal neutron build-
up, and is reported in both References
45 and 40.
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The thermal flux peaked at about 22
cm of inner moderator in Figure 9, and
Figure 10 was generated with this
thickness. The flux peaks as it enters
the laser cell region, and does not
exhibit as steep a decline through the
laser. From Figure 10, it would appear
that 18 em of inner moderator would be
optimum as far as thermal flux shape,
but, referring to Figure 7. would vield a
lower keff for the reactor. Too much
inner moderator has a negative effect
on keff, as does toao little, but optimum
thickness for best tflux shape does not
coincide with that for highest keff. A
possible explanation for this might lie
in the neutron energy spectrum. Figure
11 shows a plot of neutron flux versus
for different
thicknesses. A
epithermal peak exists in the spectrum

energy  group inner

moderator small

that is shifted toward lower energies as
inner moderator is increased. It is

possible that too small a thickness of

moderator would shift the epithermal
peak into an energy range where large
exist.
Further study on the 7-celled reactor
performed with the inner
moderator thickness set at 22 c¢m,

neutron capture resonances

was

thermal neutron flux shape being most
important as explained in section 4.A.

In an attempt to drive the reactor
critical, the addition of moderator to
the driver and replacement of the
driver with solid fuel was
investigated. Figure 12 depicts the

rods

‘ot
[3¥]

results of replacing some uranium
vapor with carbon moderator, and
replacing the vapor with solid fuel
with varying amounts of moderator.
The

demonstrates the effect on

bottom curve of Figure 12
keff 1if,
instead of 100 percent U-235, a certain
percentage of the volume of the driver
cell was U-235 at 1 X 10 ' atoms b-em
and the rest was graphite. The top
curve demonstrates the results of
removing the large, single cell and
with UO. fuel

embedded in moderator. Retaining the

replacing it rods
same 32 cm diameter region as the
single cell and volume weighting the
UO: moderator to
homogenous zone, the

and create  a
varving
percentages of moderator are obtained
by varving the number (or size) of fuel
rods. A broad optimum
percentage of moderator exists for the

range of

large, single cell, but the reactor still 1s
not driven critical. The use of UQ: fuel
rods, confined in the central region of
16 cm radius, with small percentages
of carbon moderator would easily drive
the reactor critical.

Figure 13 shows the spatial shape of
the thermal neutron flux for the driver
characteristics examined in Figure 12,
The flux is severely depressed in the
UO: driver, and higher percentages of
moderator in the driver vields higher
thermal fluxes. Note also that higher
percentages of moderator in the driver
results in earlier flux peaking in the
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NEUTRON FLUX (RELATIVE MAGNITUDE)
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0.1 -+

Note

The neutron cross sections in this study were grouped into 14 groups.
the 14th group being the thermal group  1he tlux is plotted here tor
the tourteen energy groups at a point in the center of the laser cells
The spectrum is shifted toward thermal encrgies as inner maderator iy
added Reter to JTahle 2 1or the energy tange corresponding to the

group
'
!
]
\ :
® |
\ T -
= ]
l -
] " U
——s
| 2
O- NO EXTRA MODERATOR
O - 10 cM EXTRA MODERATOR 3

O- 24 cM EXTRA MODERATOR
O- 44 cM EXTRA MODERATOR

t t t e t t -
13 11 9 7 5 3 1

ENERGY GROUP

Figure 11. Flux energy distribution for the 7-celled reactor.
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Figure 12. Different types of fuel in the central driver.
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the
thickness being about 12 em for a

25

inner moderator, optimum

single cell driver with percent
uranium vapor and 75 percent cabron.
Solid fuel drivers yield a more flat flux
shape across the laser cells, with the 25
percent moderator case resulting in a
late peak and therefore more flat flux
than the 75 percent moderator case.
The shape of the thermal flux in a solid
14,
demonstrating the severity of flux

driver can be seen in Figure

depression in a UO. criticality driver.

Uniformity of fuel cells would
probably be a desirable feature in a
reactor of this type, but retaining a
the

laser

vaporous driver will not allow

reactor to go critical with a
density of 1 < 10 atoms b-em. Use of
solid fuel drivers, in addition to lower
thermal flux, would require a separate
means of cooling, and, to maintain
efficiency, would require an alternate
means of extracting energy from the
The
characteristics of the 7-celled reactor
Table 3. The

configuration using a large, single

heat generated. finalized

are summarized in
central cell with uranium vapor will be
discussed further in section 6, where
the
uranium density in the laser cells was
performed. With a slightly higher

an investigation of varying

density of fuel in the laser cells, the
reactor can easily be made critical. Use
of a solid fuel central driver was not

explored further, the use of solid

A e
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drivers positioned in the outer

moderator vielding better thermal

neutron flux shapes.

B. A1-U Plate Driven Reactor.

The seven-celled reactor discussed
above did not achieve criticality unless
solid fuel elements (thereby increasing
fuel density) were emploved. The use of
solid fuel in the central driver did not
vield desirable uniform flux shapes
across laser cells. By placing solid
aluminum-uranium (100 percent U-235
in this study) plating outside the laser
cells, and by increasing the uranium
the

laser

density in central  fuel

4), the
maintained at a fuel density of 1 ~ 10

vapor

(Figure cells can  be
atoms ' b-cm and the reactor can be
made critical. In the interest of using
common materials and reducing
computational time, only two tvpes of
A1-U plate were investigated: ten and
twenty percent by weight uranium, 100

percent U-235.

Figure 15 shows how keff varies, as
the moderator thickness between the
laser cells and A1-U plate is increased,
for the two types of plate and for vapor
or solid fuel in the central driver. Inner
moderator thickness (between central

driver and laser cells) is 22 ¢m

graphite, as determined from section
H.A. All outermost moderator is 60 em
graphite, and all reflector is 10 em Be.

As seen in Figure 15, criticality is
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Figure 15. Keffective versus moderator thickness between laser celis and

A1-U plating.

easily achieved in all cases, and,
therefore, solid fuel elements in the
central driver will not be discussed.
Due to close coupling between the
intense neutron sources of the central
driver and A1-U driver, the reason for
decreasing keff with increasing
moderator thickness (contrary to, say,
Figure 8) was not clear.
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The thermal neutron flux across the
reactor is depicted in Figure 16. The
flux across the laser cells is very
uniform as compared to the 7-celled
reactor. Presumably due to the greater
neutron source, the 20 percent by
weight uranium case yields better
shapes than the 10 percent case. The
central driver has a density of 1 X 10
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optimum for the Al-U/ driven reactor
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Figure 16. Spatial flux for A1-U driven reactor.

atom/b-cm, and 30 cm of graphite
moderator between laser cells and Al-
U plate. Experiments reported in
Reference 40 were performed using
thin sheets of metallic uranium
(orally) to simulate the plasma, aud
reported the same self-shielding effects
as Figure 16 shows across the solid
plate. With more numerous fissions in
the A1-U plate, in contrast to when the
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laser cells are the outer fuel region,
expected thermal neutron build-up
occurs in the outermost moderator.

After further computations, the final
dimensions for the A1-U driven reactor
were chosen, and are presented in
Table 4. Both types of Al-U plated
reactors will have density investiga-
tions performed in section 6. There are




ARSI

TABLE 4. SUMMARY OF A1-U DRIVEN REACTOR.
INNER EXTRA 5 OUTER 2
DRIVER WOD., LASER CELLS MOD. Al-U PLATE: MOD., REFLECTOR: KEFFECTIVE:
1 xlo‘ atoms 22 cm 1:10-7 atoms 20 cm 28 Al, 10/20% 60 cm 10 cm thick, 10X by weight
U-235/b-cm thick, (U-235 + Cu)/ thick, by weight thick beryllium U--1.11
no added graphite b-cm 32 cm graphite | U~235 0.5 cm graphite 202 by weight
moderator DIA (same as thick, 20 cm U--1.25

32 cm DIA
(15 cm fuel
radius, 1 cm
thick Be0
clad)

driver)

length 6 plates
equally spaced

no magic reasons for the choice of the
Al1-U plate dimensions or quantity.
Figure 4a demonstrates a possible
positioning of the plates, but since the
zone was homogenized into a thin
annulus for input to ANISN, the
positioning has no effect. A1-U plating
was considered a common type of fuel
easily machineable, but fuel rods or
pins could perform the same function
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in any number or spatial arrangement
for a one-dimensional treatment.
These many options should be
investigated fu:rther with a two-
dimensional neutron transport
computer code. The results presented
here are intended to help reduce the
cost and time of performing two-
dimensional computer code calcula-
tions.




C. Thirteen-Celled Reactor.

The A1-U driven reactor exhibits a
more uniform flux shape across the
reactor than does the 7-celled reactor,
and can easily be made critical. A
problem with design uniformity still
exists with the Al1-U driven reactor,
however, in that different means of
cooling must be supplied to the solid
fuel plates, and some other means than
laser light must be used to extract
energy. Also, only six of the seven cells
can be used for lasing. To retain
uniformity of fuel cells but still
maintain criticality, a 13-celled reactor
(Figure 5) was investigated, where an
extra ring of six fuel cells, identical to
the laser cells, replaces the solid A1-U
plates. ‘

The thirteen fuel cells of this reactor
have the same dimensions as given
earlier. Laser cells have a U-235 (plus
Cu) density of 1 X 10 " atoms/b-cm and
include the central and middle six
cells. The outer six cells, or driver cells,
have a U-235 density of 1 X 10
atoms/b-em, with no additives (except
BeO clad homogenization). The results
presented here have values of keff of
around 1.5, indicating the driver cells
can be reduced in density.

Figures 17 through 20 show thermal
flux shapes across the reactor for

different inner and extra (between the
outer laser cells and driver)

moderator thicknesses. All  outer
moderator is 60 em graphite, with 10
cm of Be reflector,
earlier. The self-shielding effect of the

driver

as determined

dense cells is
demonstrated, as is thermal neutron
build-up in the outer moderator. The

reactors of Figures 17 and 18, as well as

clearly

19 and 20, where equal total amounts
of moderator is present, have equal
values of keffective. The moderator
thicknesses examined in Figures 17
and I8 did not yield good flux shapes
the The
moderator thicknesses of Figure 19, 40

across outer laser cells.
cm inner and 22 em extra, exhibit very
uniform thermal flux across the outer
laser cells, but the flux drops sharply
in the inner moderator resulting in a
relatively low magnitude of thermal
flux in the central laser cell. Reversal
of the thicknesses between inner and
extra moderator worsened the flux
shape, as seen in Figure 20. From
Figure 20, however, one can see a peak
in the flux at about 30 cm of extra
moderator. Figure 21 depicts the flux
for the moderator thicknesses
considered optimum, 22 cm inner and
30 ¢cm extra. The shape of the thermal
flux is uniform through the laser cells
and does not drop sharply in the inner
moderator, though the outer cells
continue to have a slightly higher flux.
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A summary of the 13-celled reactor
chosen as best is given in Table 5. In
section 6, the density required in the
driver for the desired value of keff is

given, as well as the effects of

increasing the laser cell density.

6. FUEL DENSITY
VARIATIONS IN
LASER CELLS

Earlier it was explained about the
importance of determining what
uranium density can be used in a laser
cell before light can no longer escape or
is severely degraded. This determin-
ation also has an important bearing on
fission density. Too low a density
requirement negates the advantage of
using uranium as an excimer metal,
that being the laser pumping source
via fissions. The results presented in
the previous section were based upon a
fuel density criteria, in laser cells, of |
X 10 atoms b-cm. This section will
investigate increasing the laser cell
densities, and the subsequent
decreasing of criticality driver fuel
densities, maintaining a keff of 1.2 in
the reactor.

As the density of the laser cells and
driver cells approach equal value, the
ratio of fissions in the laser cells to
fissions in the total system increases.
This is one measure of neutron
efficiency, and related to the

49

laser/reactor efficiency. In the results
to be presented, copper was added to
the driver cells at the same density as
the U-235 fuel. At the value in which
uranium density is equal in all fuel
cells, all fuel cells are considered laser
cells, irrespective of densities suitable
to lasing. Densities greater than 1 X
10 ' atoms b-cm were not considered
in the fuel cells, that being considered
near maximum for maintaining (or
confining) a plasma or vaporous state
of uranium.

Figure 22 presents curves for the four
reactor configurations maintained at a
keff of 1.2. The 13-celled reactor and 20
percent by weight uranium Al-U
driven reactor can be made critical at a
laser cell density of 1 X 10 " atoms b-
cm. Discrepancies in values of
keffective versus laser cell density, in
this section as compared to section 5. is
a result of having added copper to the
driver cells (the driver cells of section d
were pure U-235). As the density in the
laser cells is increased, density in the
driver cells correspondingly decreases.
In the 7-celled reactor and A1-U driven
reactors, the driver cell being affected
is the center fuel cell only. In the 13-
celled reactor, the driver cells include
the outermost six cells only, the central
cell being a laser cell. The 10 percent
Al-U driven reactor and T7-celled
reactor can not be made critical at a
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TABLES. SUMMARY OF 13-CELLED REACTOR.

INNER EXTRA OUTER
LASER CELLS MOD. MOD. DRIVER CELLS MOD. REFLECTOR KEFFECTIVE
1x107 atoms | 22 cm 30 ca 1x10™* atoms | 60 cm 10 cm thick, 1.501
(U=235 + Cu)/ thick, thick, U-235/b-cm thick, beryllium
b-cm 32 cm DIA graphite graphite | No added mod- graphite
(15 cm fuel erator/copper
radius, 1 cm 32 cm DIA
BeO clad) (same as laser
cell) Six cells

keffective of 1.2 with a density of 1 X
10 " atoms b-cm in the laser cells. At a
fuel density of 1 X 10 ' atoms/b-cm in
the driver cell, the 10 percent Al-U
driven reactor requires a laser cell
density of approximately 2.4 X 10°
atoms/b-cm, and the 7-celled reactor
requires a laser cell density of
approximately 9.0 X 10 ‘atoms/b-cm.
Also shown on Figure 22 is the density
at which all fuel cells have the same
density of uranium, and, therefore, all
become laser cells. The 20 percent Al-
U driven reactor has the lowest

density, 2.05 X 10° atoms. b-cm,
followed by the 10 percent A1-U driven
reactor, 5.35 10", the 13-celled reactor,
8.2 X 10°, and the highest density is
required by the 7-celied reactor, 1.25 X
10 ° atoms/b-cm (1.25 X 10"
atoms/cm®).

Figure 23 presents the results of the
ratio of fission source in the laser cells

to fission source in the total system as
the laser cell fuel density increases.
The abrupt jump to maximum ratios is
a result of not considering all fuel cells
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as laser cells until all cells have equal
fuel densities. Both the 13-celled and 7-
celled reactor achieve ratios of 1.0
because all fissioning fuel is in a laser
cell at that density. The 13-celled
reactor reaches a ratio of 1.0 at a lower
density than the 7-celled reactor due to
the greater amount of fuel contained
the additional
Although the AIl-U driven reactors

with six fuel cells.
have a lower fuel density when all cells
have equal density (Figure 22), the
solid fuel driven reactors can not
achieve a fission source ratio of 1.0.
The Al1-U plates can not be used as
laser cells. The 20 percent A1-U driven
reactor achieves a maximum ratio of
0.18, and the 10 percent reactor reaches
0.46.

Time did not permit a reexamination
of optimum moderator dimensions at
the higher laser cell densities. Figures
24 thvough 26 present thermal neutron
flux shapes across the reactors of
previously determined dimensions at
the fuel densities in which all fuel cells
are laser cells. The figures indicate
that some adjustment of moderator
thicknesses would be required in order
to and
thermal flux across laser cells. Definite

maintain a high uniform
peaks and sharp decline of thermal
flux is seen in the inner moderator of
the 7-celled reactor (Figure 24) and 13-
celled reactor (Figure 26). The 13-celled
reactor exhibits poor flux shape in the
outermost laser cells, indicating some

53

internal reflection may be in order.
Most

across laser cells occur in the A1-U

uniform thermal flux shapes

driven reactors (Figure 25), probably
due more to the lower fuel density in

the fuel cells than any design
advantage. The 7-celled reactor

demonstrates the most severe self-
shielding in fuel cells, also having the

highest fuel density of the reactors.

7. CONCLUSIONS—
SUMMARY OF
REACTOR DESIGN

If experiment that

uranium number density must be low

determines

to be compatible with lasing, solid fuel

criticality drivers will have to be
emploved. These fuel elements should
be positioned around the outside of the
laser cells to vield uniform thermal
neutron flux shapes in the laser cells.
Poor use of fission population will
result with this design, however. The
13-celled

extremely low densities, but has an

reactor could be used at
even lower fisston-use efficiency than
solid fuel eriticality driven reactors. At
laser cell number densities of U-235
less than 1 X 10" atoms b-em, a solid
fuel driven reactor, having a fuel
loading equivalent to 20 percent by
weight uranium Al1-U plating, would
be best. At number densities between |
N 10" and H X 10 " atoms b-em, a solid
fuel driven reactor with an equivalent
fuel loading as the 10 percent case is

optimum.
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The

highest fission-use efficiencies at laser

13-celled reactor yields the

cell number densities between 5 X 10 °

and 1.2 X 10" atoms b-em (with

corresponding driver cell density
depicted in Figure 22). At number
densities  greater than 1.2 X 10°

atoms b-cm, either the 13-celled or
7-celled reactor design can be utilized,
both having a fission use efficiency of
100 The 13-celled
offers more laser cells and, therefore,

percent. reactor
more laser power; the 7-celled reactor
offers smaller dimensions, less weight,
less complexity. The 10 percent Al-U
driven reactor is optimum at number
densities justover 1 X 10 “atoms. b-cm,
but the 13-celled reactor offers the
advantage of lower number density in
its driver cells as compared to the
central cell of the solid fuel driven
reactor. The plasma could be more
therefore, in the

casily  confined,

13 -celled reactor driver cells.

Table 6 presents a summary of the

four main reactor configurations

examined in this study.

8. RECOMMENDATIONS
FOR FUTURE RESEARCH

Efforts to combine nuclear pumped
lasers with plasma core reactors is an
ambitious concept. The complexity of
achieving plasma confinement
illustrated by the change of emphasis

is

by major laboratories to UK, fueled
The

uranium-excimer nuclear

reactors. success of a
laser
depends in large part on the success of
confining a vapor dense ecnough to
warrant the use of uranium as an

excimer metal.

At if
uranium will form an excimer with

present, it is not known
another metal. With regards to future
research on laser characteristics, the
following broad recommendations are

made:

e Metal excimers (T1-Hg, TI-Zn,
ete.) have not vet been made to lase.
Proof of achieving sufficient gain to
lase should be accomplished.

e Densities of uranium conducive
to lasing must be determined. Possible

forms of uranium fuel must be
investigated, such as the use of
uranium nitride (UN), which

dissociates at lower temperatures than
pure U-metal, vielding free Umetal
and N[ 35].

e Attempts to form uranium
excimers should be made. With its
clectronic configuration, uranium may
or may not form an excimer with Hg,
Zn, or Cd. With its outer 7s subshell,
uranium slightly resembles the above
metals, and may form excimers with T
or In instead. A different metal from
those meationed in this study may

sl o g
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prove successful (witness the metal
excimer Cd-Hg).

e This nuclear study, as an initial
attempt, was very general and
somewhat simplistic. More refined
calculations should be made with more
suitable cross-sections, especially
including and with a
two-dimensional neutron transport
code. Detailed modeling, for the effects
on nuclear considerations, should be

upscatter,

made of heat exchangers, fuel
injection ports, fuel recirculation

loops, pumps, pressure shells, coolant

systems, and resonant cavity

materials. More realistic reactor
lengths (500 em in this study) should

be determined.

No pressure or temperature
corrections to cross-sections in fuel
and moderator were included in this
study. High pressures and tempera-
tures are to be encountered, and
quantitive results presented here may
be far from realistic. Qualitative
results and trends, however, may
assist in providing guidelines for
future calculations.
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APPENDIX A
SINGLE CAVITY ANNULAR REACTOR

An early reactor configuration
considered in this study was one
proposed by Miller in his patent
application [14). It consists of a large
single cavity in the shape of an
annulus, shown in Figure Al, with
moderator at the core and reflector
(moderator) blanketing it. A variation
of this configuration employed a thin
Be shell surrounding the fuel cavity,
shown in Figure A2. Although this
reactor could not be made critical
except at high U-235 densities, it
provided design data on optimal
moderator and reflector thicknesses,
materials, and cavity dimensions.

Initial investigations at a U-235
density of 1 X 107 atoms/b-cm proved
this too low a density to obtain
meaningful results. Figure A3 depicts
how keff varies as the fuel cavity
thickness increases for different U-235
densities. At a density of 6 X 10 ® atoms
U-235/b-cm, the reactor is still far from
critical. In addition, upon re-
examination of Figure A3, there
appeared to be an optimum thickness
of fuel zone, and the higher the density
of U-235, the smaller was this optimum
thickness. This effect was attributed to
self-shielding of neutrons by the fuel.
Figure A4 shows a plot of neutron flux
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vs. energy group for a point in the
center of the fuel cavity (energy
intervals of the 14 groups are given in
Table 2 of the main text). The flux is
shown for two densities, and both
exhibit peaks in the epithermal energy
region, at about 3.3 keV, substantiat-
ing the possibility of resonance absorp-
tion self-shielding in the fuel. In an at-
tempt to correct the self-shielding effects,
increasing moderation by increasing the
central moderator size was investigated. As
shown in Figure A5, a larger central
moderator did decrease the epithermal
peak and increase the thermal peak,
but the result was not great enough to
remove the reactor from an epithermal
spectrum. Increasing the reactor
length from 500 cm to 1000 cm increased
the keff of the reactor, but did not
change the self-shielding effect, as can
be seen in Figure A6. Figures A3
through A6 are results for a U-235
density of 3 X 10 ® atoms/b-cm, unless
otherwise noted, and with graphite as
a central moderator. Replacing the
graphite with beryllium increased the
fuel thickness at which self-shielding
first becomes evident. From Figure A3,
the optimum fuel thickness at a U-235
density of 3 X 10 ® and carbon core was
approximately 60 cm, whereas it was
about 75 cm for an inner moderator of
beryllium, as shown in Figure A7.




REFLECTOR
FUEL CAVITY

MODERATOR

Figure A1. Single cavity annular reactor.

REFLECTOR
Be REFLECTOR-MODERATOR

FUEL CAVITY
MODERATOR

Figure A2. Annularreactor with inner Be shell.
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NEUTRONS/cm’-SEC (RELATIVE MAGNITUDE)

100 +

50 4
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l.5x10'6atoms U/b-cm

6x10—6atoms U/b-cm

=

12 10 ¢ R
ENERGY GROUP (14 1s THERMAL)

L

—

Figure A4. Neutron flux exhibiting epithermal peak.
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Figure AS. Epithermal flux for different moderator thicknesses.
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Figure A7. Seif-shielding evident with beryllium as inner moderator and

added shell.

Figure A8 depicts the effect of
increasing  reflector thickness for
carbon  and Dberyllium. Optimum
thickness for carbon appears to be 100
cm or more, while that for the beryllium
shell (with carbon on the outside) is
about 10 em. A beryllium shell inside
the carbon reflector yields slightly
higher results for keff, as can be seen in
Figure A9. Figure Al0 depicts the
results of increasing central moderator
size, with and without a Be shell
added. Optimum inner moderator
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thickness is approximately a 65 em
radius.

Because of self-shielding effects, the
epithermal flux spectrum, and the
difficulty of achieving criticality with
this design, the single cavity annular
reactor configuration was deemed
inappropriate for a laser housing.
Basic design data on reflector and
moderator thicknesses was extracted,
however, to lend a base to the three
configurations discussed in the main
text.
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KEFFECTIVE

0.65+ BERYLLIUM SHELL WITH CARBON REFLECTOR

0.55

——

60T CARBON REFLECTOR ONLY

IL 1 1 [ R
100 110 120 130 1ho
REFLECTOR THICKNESS (cm)

Figure A9. Improvement on criticality with beryllium shell.

KEFFECTIVE

BERYLLIUM
REFLECTOR
0.654+ / ——
-4 O—
60+ ‘/‘/,,/a/"*""'———> CARBON REFLECTOR
0.5 L—¢ YRR SR
50 60 70 80

INNER MODERATOR RADIUS (cm)

Figure A10. Effect of moderator thickness on criticality.
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APPENDIX B
SINGLE CAVITY FAST REACTOR

An early reactor configuration
considered in this study was a single
cavity reactor with reflector
surrounding the outside, as shown in
Figure Bl. The neutron flux spectrum
of such a reactor would be fast. A fast
reactor is one in which there is very
little moderator present to degrade the
neutron spectrum to low energies. The
single cavity reactor would be such a
system in the absence of a central core
of moderator. ANISN was not used to
analyze this configuration.

A simple method to approach critical
size calculations for a fast reactor is
outlined by Glasstone and Sesonske.
[46] The most satisfactory treatment of
fast reactors is by multigroup
methods, with neutron transport
theory applied, because the neutron
spectrum varies considerably with
core composition, and cross-sections
are highly dependent on neutron
energy at high energies. Figure B2
depicts typical neutron fluxes in a fast
reactor. [46] Note the absence of a
thermal neutron spectrum, due to the
absence of neutron moderation.

The following treatment assumes a
non-multiplying, “thick” reflector, and
that, for a single neutron group, an

*Definition of symbols are given in Table B-1.

P e dtdiie, b
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asymptotic solution of the integral
form of transport theory is given by*
¥B = VI ¥ tant (B/Z_). (1)
f tr
It is assumed the spatial flux, ¢(r), can
be expressed as ¥F(r), where F(r) is a
factor dependent on position in the
reactor only, and is the same for all
neutron energies (this implies the
neutron energy spectrum is the same
at all positions in the core, not
rigorously true near boundaries).

When extended to a multigroup
treatment, the group fluxes (n groups)
are given by,

$1(r) = ¥ F(x),
9,(r) = ¥,F(x),
cee 0,(x) = \YnF(r) 5

and (1) becomes,
WgB = (neutrons entering gth
-1 i
group) - tan (B/Ltr)
or,

8 n
‘{’B=[Z Tio¥s + X.J (vZf)‘i’]
8 juy 81 8y-1 g8

-

. -1 g
tan (B/ztr)’ @
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Figure B1.

Single cavity reactor.
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Figure B2. Fast-neutron spectra in three systems.

76




TABLE B1. DEFINITION OF SYMBOLS

B - buckling °
)

v — the number neutrons liberated
for every neutron absorbed in
fission

X — macroscopic fission cross section

Y.— macroscopic transport cross
section

Y, — macroscopic absorption cross
section

Y. — macroscopic cross section for
scattering from the ith group to g

R — radius of the core
L — length of the core
& — reflector savings

D¢ ~ diffusion coefficient in the core

D, - diffusion coefficient in the re-
flector

L, — thermal diffusion length in the
reflector

- B AT

NDU_ number density of uranium
" (atoms/cm?)

Ao T R GNP TR 15N,

ND.Fe" number density of iron

Ov— microscopic transport cross
section (X =NY)

Xz — fraction of neutrons appearing \
with energy of group g from all

neutrons produced by fissions

@(r) — neutron flux distribution in the
core separated from boundaries

¥ — magnitude of the neutron flux §

‘See Append’x C for definition of nuclear terms

7




where X, is the fraction of neutrons
appearing in group g from all neutrons
produced by fissions (vX(¥), and X,V
is the neutron source from scattering
in the ith group into group g.

It is customary to normalize the
fission source to 1,

n
£=l(vzf)g ¥

g T

and scattering events that remain in
group g are separated,

g g=1
L. ¥, = L R S
1£1 ig'i 2;1 igi "gg's

Equation (2) can now be written as

=l
: -1, ,.8
I§=1Lig ¥ & Xgl.tan (B/Ztr)

g -1 g
B -3
- tan (B/Ztr)
3)
and,
Zgg = Z:total.za-zg->g+l
e RS

= ¥

—tr

In fast reactors, X, because most
core material has high mass (if this is
not the case, substitute X, for X in
Equations (1), (2), and (3)).
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With the critical value for buckling,
B, known, and if the group cross-
sections are known, the ¥,’s can be
computed from Equation (3). If the

reactor is critical, then, from
definition,
g
b A S (e 4)
T B

If Equation (4) is greater than 1.0, the
number density of fissionable fuel is
too high, and if Equation (4) is less
than 1.0, the number density is too low.

To determine the critical buckling,
the approximation for a partially
reflected cylindrical thermal reactor
was used:

8% = [2.405/(R+8)1% + [1/L]% . (5)

Here, § is the reflector savings, which,
for a “thick” reflector is

§ =(d./D L,

where D. is the diffusion coefficient in
the core, L. is the thermal diffusion
length in the reflector, and D, is the
diffusion coefficient in the reflector.
Recommended value to use in the core
in a multigroup treatment is the value
of the group with the highest flux

i masitscaane 3.




(usually group 3 in this work: a ten
group treatment was used, as
discussed below). In the absence of like
group data for a graphite reflector,
epithermal values were used. From
[43], D, = 1.016 cm and L., = 51.8 cm for
graphite. Using the relation,

(=
1}

e C
LT

-1
[3(ND,uotr,u+ND, Feotr,Fe) ]

and obtaining values of o, in group 3
from Table BI, one obtains an
expression for reflector savings:

§ = (17)/[(S.l)ND’u+(5-5)ND'pe]

Cnce a number density is chosen, § can
be calculated; and once a radius and
length are chosen, buckling can be
calculated from Equation (5). This
provides a rather crude estimate of the
buckling, but one that is quickly and
simply determined. Use of this gross
estimate of buckling will at least allow
qualitative results to be obtained.

Ten groups were used for the fast
reactor calculations. Cross-sections,
shown in Table B2, were obtained from
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[44], with data for iron being
substituted for copper, and 100 percent
U-235 assumed. Calculations were
performed on a Hewlett-Packard
9810A programmable calculator.

The procedure used was to calculate
an initial buckling for a specific
reactor radius and length with
Equation (5), solve Equation (3) for the
group fluxes, and then perform the
summation (Equation (4)). Values of
Equation (4) were determined for a
number of values of buckling and
plotted, as shown in Figure B3. Using
this iterative procedure, the critical
buckling could be determined and used
in Equation (5) to determine the
critical length of the reactor. This was
repeated for each U-235 number
density investigated.

<

Figure B4 depicts the length of the
reactor required for criticality vs.
number density of U-235. The core
radius was 50 cm. It can be seen that at
the low number densities predicted
necessary for the uranium-excimer
system, this reactor configuration
becomes an untenable size, even for
this very crude treatment of the fast
reactor system.
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----------------- 7.4 x 107°; 1=5,32x10° om
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Figure B3. Buckling versus Keff at 10" atoms U/cm?®.
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Figure B4. Density versus length at criticality.
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APPENDIX C
DESCRIPTION OF NUCLEAR TERMS

BARN (b): 1b =1 X 10*" em”.

BUCKLING (B°):

numerical

In a multigroup
analysis of nuclear

reactors, the reactor equation is
represented by a series of equations of

the form
Ao+ B =0.

In developing the reactor equation,
various terms describing the material
properties of the reactor core were
grouped into B2 This is called the
material buckling, and its magnitude
bears an inverse relation to the size a
core must have to be critical. When the
reactor equation is solved for a
particular geometry, B> becomes an
eigenvalue solution and a function
only of the geometric size of the core.
When the reactor is critical the
harmonics die out and only the
principal eigenvalue remains, called
the geometric buckling. Material
buckling and geometric buckling are
equal when the reactor is critical.
Buckling, then, is a measure of the size
of a critical core. If a cylindrical
geometry is being analyzed, the
reactor equations can be solved with
radial geometry in detail, and a
buckling correction to the length of the
core can be added to account for error
in not considering the axial geometry.

CRITICAL: One neutron is used in
the fissioning of a nucleus, with many
neutrons released. If one of the
released neutrons causes one other
fission, a chain reaction is created and
the reactor is critical. If, over an
average of many fissions, there is less
than one-to-one correlation the reactor
i1s subcritical and cannot sustain a
chain reaction at that power level. If
there is greater than a one-to-one
correlation the reactor is supercritical
and the power level will rise.

KEFFECTIVE (keff): The multipli-
cation factor for an infinite core size is
expressed as a product of four factors,
called the four-factor equation:

k.= tpfn .

The four-factor equation describes the
neutron life cvcle. In the equation, e is
the fast fission factor (ratio of all fast
neutrons to the number of fast neutrons
from fission), P the resonance escape
probability (ratio of neutrons
thermalized to the total of all fast
neutrons), f the thermal utilization
factor (ratioof neutrons absorbedin the
fuel to all neutrons absorbed in the
core), and 7 the thermal fission factor
(number of fast neutrons produced per
thermal neutron absorbed in fuel). If k«




is equal to 1.0, leakage and absorption
are just balanced against fissions, so
that one neutron absorbed in fission
will resultin one otherneutron that will
induce fission. For a real core, the
multiplication factor must account for
leakage of neutrons, buildup of fission
fragments, consumption of fissionable
nuclei, and changesintemperatureand
pressure in the core [49). The real core
multiplication factor is keff and is
larger than k- to account for the finite
size of the core. If keffis equal to 1.0, the
reactor is critical. If keffis lessthan 1.0
the reactor is subcritical, and a keff
greater than 1.0 defines a supercritical
reactor.

MODERATOR: The fission cross-
section of nuclei is highest for neutrons
of thermal energy. Fission events emit
neutrons across a wide energy
spectrum, the average of which is 2
MeV. A moderator is a material of light
atomic weight which is used to slow
down neutrons to increase the

likelihood of fission.

POISON: A material of high
absorption cross-section that removes
neutrons from the chain reaction
without inducing fission.

REFLECTOR: A material of light
atomic weight with a high albedo, i.e. a
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high probability of scattering
neutrons back into the core. A
moderator material is often used as a
reflector.

SELF-SHIELDING: Includes
resonance absorption in this study.

A. Resonance absorption — A
large number of resonances are
present in uranium which leads to
parasitic absorption of neutrons,
removing them from the chain
reaction. If a neutron remains in the
fuel lump or region too long it may be
scattered into an energy range
containing a large resonance and
become absorbed. Once born, if a
neutron can escape the fuel the
moderator can slow the neutron to
thermal energies, past the medium
energy range where resonances are
predominant, before the neutron re-
enters the fuel.

B. Self-shielding — A flux of
thermal neutrons thatareincidentona
large lump of uranium experiences
much absorption nearthesurfaceofthe
lump, and the deeper into the lump the
more are absorbed. This depletion of
thermal neutrons reduces the thermal
neutron flux in the center of the lump,
which decreasesthe neutron utilization
of the fuel.
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NOTE ADDED IN PROOF: An excellent publication has been released since this report was written that will be of
interest to any party engaged in nuclear laser research: E. W. McDaniel, et. al., “Compilation of Data Relevant to
Nuclear Pumped Lasers,” US Army Missile Command Technical Report H-78-1, Vol. I1I and IV, December 1978.
For copies write T. G. Roberts, address in the distribution list.
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