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Abstract

A model for a Solid State Nuclear Pumped LaSSNPL)systemwas developedThe

model consits of alternéing layers of GalNpure uranium metal, and diamofithe MCNP
simulations are used to estimate the minimum core size necessary to achieve criticality.
The use otlectron beam pumped lasers (EBlgs demonstrated aest effective analogs

for testing SSNPLsystems.The reason that EBLs are an effective analog for SSNPL
systems is due tacommon mechanism responsible for creathmgglectronhole pairs in

the semiconductor materid. laser model is given a@nanalyzed for a GaAs bas&L

system using MCNRimulations of an electron beam. The EBL laser model is modified
for fission fragment excitatioand applied to the SSNPL systef system lifetime is
estimated based on the dislocations produced by fission progodtsninimum laser

threshold calculatiomn



1 Introduction

1.1 Solid State Nuclear Pumped Lasers

Lasers pumped by nuclear reactors have the potéagmbduce high energy/high
power beamsThe large energy density of nuclear fuels allows for systems signifi
smaller those which use trédnal power sourcesHowever, due to thaatureof fission
fragments and #ir coupling to laser media high power nuclear pumped 3stems are
large. Additionally,performing a full scale test for a Nuclear Pumped Laser (NPL) is a
long andcostly endavor. Thecost of fuel and reactor time severely lintite ability to
quickly and easily test potential systenmsthis study a Solid State Nuclear Pumped Laser
(SSNPL) is developedt will be demonstrated that a full SSNPL system can reach
criticality with a total dimension less thamabic meterA cost effective method of testing

SSNPLs through Electron Beam Pumped Lasers (EBL) is analyzed.

1.2 Objectivesand Methodology

A primary designwas developednd analyzedThe basic structure of the laser
mateaials and fuel intdfaces is given with analysis assumingogtimized geometry based
on fission product energy distributions. The effects of defects created by fission products
will be quantified based on the various types and their generation rateat@&la which a
semconductor can repair itself [sglfannealing is used to dictate an operating temperature
andis discussedrhe rate of the defect formation in the laser volume will ultimately dictate

the systemlifetime.

A laser model will be presentéor both an EBL and SSNPIThe EBL model is the

far more complicated issue and is discussed first. Data from MCNP simulations will be
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given to demonstrate the true energy deposition profile. This data will then be applied to
the EBL modelo quantify theresults The SSNPL laser model is closelyateld to the
EBL mode| due to commonalitied the mechanisms for the formation of electiaie

pairs,with the major difference being the pumping term.



2 Literature Review

2.1 Review ofNuclear Pumped Lasers
Nuclear Pumped Lasers (NPL) are systems where population inversion in a lasing

medium is achieved through ionizing radiation from nuclear readtignslPLs are not a
widely studied topiavith the majority of research performed by th® in the 70s and 80s.

This workwasperformedargelyas pat of the Strategi®efensdnitiative (SDI)[2]. China

[3] and Russi§4-9] have remained mo&ctive in the areal he potential high power CW
beam produced ctd be used for missile deferndd)], space minin§ll1], space propulsion

[12], power beaming13], low orbit debris eliminatiof14], and even meteor deflection

[2]. However, the primary driver of research has been military applications.

Nuclear fuels make for an attractive pumping source owing to their immense energy
densities. In principle thisallows for high energy lasers in small dimensions and reduced
external power needR]. The mgor drawback of nuclear fuels atbeir low power
densities eg the rate at which this energy can be extradibd fuel materials require
neutronsand only reactors can provide the necessary neutron flux. Furthermore, only
pulsed reactors can provide a neutron flux large enough to induce[Zsifigere are only
a few ways one could interface the fuel with the lasing media which require low material
densities within the systerAll NPL systems have been gaseous, ekogg,which have
large lasing power threshold#/ith the exception of C&£and CO, none of the gas mixtures

have a particularly high efficiency which

The most common NPLs studied ga@seous where the laser mediuns wantained

within a metal tube. The fuels usually consisted of uranilsxl9] and B10[20-22] film



coatings or H&8 [23-27], BR [28], and Uk [29] gasses mixed with the lasing medium.

The gas is kept at around atmospheric pressure giving the noidacts a range of a few

cm. The tubes were designed such that the energy deposited in the gas is nearly uniform
down the central axiarticles born from nuclear reactions are emitsadopicallythus

half of all energy from the film coatings fuel isst to the wall and some of the particles

may take paths that do not effectively deposit their energy into the plenum. The range of
the particles also puts a constraint on the size of a lasing cavity. If the radius of the cavity
were to become too largeropared to the average range of a particle very little, if any,
energy will be deposited in the center regibarthermore, the gasses used in previous
studies had high power thresholds thus requiring a reactor to be pulsed to produce a large
enough neutrofiux to reach lasing threshold. In the end such lasers had efficiencies barely
above 1942]. The goal of these NPL systems is to group enough tubes together to create

a selfcritical reactor. To do so with this sort of design leads to large reactor syS@ms

Gaseous fuelsounter he primary drawback of film coatings simply because as long
as a fuel particle is not near the cavity wall its emitted particles will deposit the entirety of
their energy to the surrounding volume. In this case much laayety volumes are
permitted. Thalisadvantage of gasus fuels ishere are few to choose from. Fissile fuels
must be aerosolized or be contained within another molecule egUBEcan readily
absorb light output from the lasing media and quench lasing action on it2pwn
Theoretcal calculations have shovpowering an NPL with UgEis feasiblg31, 32], and
even NASA has made such desi¢@38], but no NPL has yet to be constructed that does
so.It has been suggested that fissile fuel could instead be aerosolized and suspended in the

laser cavity[34]. This provides aourceof fissile particles without thdeleteriouseffects



of UFs such as chemical reactivity asttonglight absorpion. It should be noted that light
absorption from thaerosolwill become sigificant if the particulate density becomes too
large With the fuel being containgd an aerosolparticle offinite volume some of the
fission energy will be lost to the particlen exotic fueltype that has been suggested
Uranofullerenes [35, 36]; uranium atoms trapped \Wwih a carbon cage. These could
potentially overcome the disadvantages of both other fissile fuel types since fission
products need only break out of the carbon cage and it avoids the issue of fluorine
chemistry. No designs using Uranofullerenes have bablished. The only gaseous fuel

that has been used for NPLs is-BI§23, 25, 37-41]. The energy released from neutron
absorption is not large compared to any other fuels discussed but its enormous 5000 barn

cross section makes it very efficient with a given neutron flux

Only one solid state NPL has ever beenstructed41]. This laser was not driven
directly by charged patrticles like other NPL designstelad the lasr was pumped by a
rare gasiuclear driven flash lamj@2] containing He3. The advantage herettse gas only
needs to be induced to fluoresce @ie-3 reactionand then directhat light towards a
ND:YAG crystal Fluorescence requires a significantly Eavpower densitand wherthis
light is concentrated to a much smaller volumean photolytically pump another medium

to lase[43].

The holy grail, so to speak, of NRtould be a seltritical high power steady s&a
(ie. continuous wave) system, which unsurprisingly have been sought after since the first
NPLs were demonstratedihis is of particulatinterest to space based systdi33 34]
whereminimization of mass and volume are essenfiadelf-critical reactor wold only

require a cooling and reactivity control system
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Thefirst NPLs to show lasing webée [44] and HF[45] systens pumped by gamma
rays from a nucleaweapon detonation. $h laserswere more interest to theory than
application since their intent was to prove lasing could be accomplishednizing
radiaton These systems do however idamausX-ry cl os e
laser concefdid6], where a nuclear warhead is placed within a bundle ofileen rods so
when detonated ttgamma ray$rom the event will pump theods and lase before blowing

the system apart.

2.2 Review of Electron Beam Pumped&emiconductorLasers

Semiconductor lasers puregby an electron beamre callecElectron Beam Pumped
Semiconductor lases (referred to a&PL here) Electrons with energidsom tens of keV
to hundreds of keY47] travel through theemiconductor crystadttice creating electron
hole pairs along its patkinlike injection laserse-h pairs must be generatdulecly from
ionizations where thagnergy is itsW value [47] which places theupperlimit on the
efficiency toany EPL Many lasers have efficiencies from3% [48] but some have
reported valueas high as 109#9], 15%[50], and even 26%b1]. The lasers are usually
analyzed at standard, liquid nitrogen, and liquid helium tempgesatln general it is found
power and current thresholds increase with increasimperature[52]. The total power
output of the lasers can vary widely. Fractipa8, 52], tens[49, 53], hundredq51, 54-
57], thousand$50, 57-60], and millions[61, 62] of Watts have been reported, however
short beam pulses (on the order of ~) mst total energyutpus to less than 1 J. CW
lasersare difficult to construct due to the power limitations of most electron gun devices
operating in steady state conditions. Typical optical power outjut ise order of 1 mW

[52, 63]. Methods to increase effectiveness of CW lasers include construction of variable



bandgap structures which reduce the lasing power threpbdjldt was foundmaterials

with larger thermal conductivities have a lower power threshold oW statg63].

EPL come in two flavors: lonmidinal and transverse. These terms describe
whether the optical output leaves the semiconductor parallel to the electron beam
(longitudinal) or mrpendicudr to it (transverse)Hgure 1]. A longitudinal EPL is
constructed by tang the sample and coating both sides with a reflective material, the side
with the higher reflectivity is pointedwards the doeam[65]. In some studies themitting
side will not have a reflective coating but will instead have mamsome distance away
from the surface (ofterecl | ed a i r a[89 6&10] tareduenbeamdivergénge
Spontaneous emissian transverse directiancan negatively affedongitudinal lasers.

The efect is usually reduced bgutting small square grooves onto the surfamethe
semiconductof57-59, 61, 70]. This hinders the formation afansversenodes by limiting

the latitudnal area of the active region.

R

hv

Figure 1: Comparison of Longitudinal (left) and Transverse(right) electron beam pumpedasers



A transverse EPL hasdges of a sample are cleaadng a crystal plane to form
resonance cavity ih the edges functioning as reflectfsd, 55]. Transversdasers often
suffer more from seléibsorption than longitudinal owing to the typically larger volumes
needed to be traverseslome high power transverse las@eseconstructedn a stair case
geometry witha copper substrate avoid self absorptiofb0]. GaAs was attachdd each
step creating pieces that are small in cross section but long in the perpendicular direction.
Light is emitted in the direction perpendicular to the beam and the long axis of the
semiconductofFigure 2]. To prevent transverse modes along the wide portion of the
semiconductor grooves were cut along the length analogoush&t is done for

longitudinally pumped lasers.

/ (2)

hv

Figure 2: Staircase geometry. Copper substrate (1) with notched semiconductor material (2)

EPL are capable of producing light in a wide spectrum from IR to[4X].

Particular designs areapable of creating tunable lasers with continuquectsa. The



technique variethe composition of a semiconductor crystal dovspdial axis[54, 55].
For exampleZnyCd.«S, if x is continuously changedown an axis of the crystahe
bandgap down the axis will varfhe electon beam can then l@med at any particular

spot to produce light with the wavelength equivalent to the bandgap at that position

The vast majority of research done on EPL has been performed by the Russians

[47]. The firstto demastrate lasingrom electron irradiatiorwas built by the Russian
scientist and Nobel laureate Nikolay Bag@\]. His systen used CdS cooled to liquid
helium temperaturegsumped by 200 ke\électrons It was found that the qlity of the
crystalis a large factor in the magnitude of threshold poBeasov[69, 72] and his ce
author, Bogdankevic[b3, 54, 70, 73-77], have been prolific on thgubject.Some of the
early work on EPLlwas on the use of satbntained electron beam/semnductor tubes
for television orprojectors[53, 72], as well as high resolution optical microscopey.
Much of the research oBPL through the 80s and 9@®ntered on binary and tertiary
materials, modern research has concentrated on quanturfi7@&8l?] and quantum dot
[78, 82] heterostructuresModern research inEBL is virtually nonexistent due to the

superior efficiency and simplicity of injection and flash lamp pumped lasers.

The most common materials to be used in EPL ar¥l 1l[48, 66, 72
semiconductors and GaAs2, 56, 67, 68, 76, 83]. The majority of all studies used doped
samples both p and n type, various kinds of dopants, and concentratienstudies on
doped andundoped samples showahin generaddoping always outperforms intrinsic
materials[84)]. Indirect bandgap semiconductdrave yetd produe a laserlt is unclear
if indirect is impossible or simply just requires enormous power densigs.paper by

Hurwitz [85] showedGaAs «xPx (x=0.46) doped with nitrogen at LN2 temperatures can

9



turn an indirect bandgap structure into a cuagct structure which achievéaking.This

change was attributed to the presence of nitrogen traps.

2.3 Relevance of EBL toSSNPL

EBL and SSNPlare comparable through their mechanisms for achieving population
inversion.High energy elections ands$ion fragments as they pass through magtadily
ionize and exciteatoms along their paths. While te#ective W value (energy expended
for e-h production)for heavy ions anelectrons are not identical they species in the
creation of eh pairs are secondary and higher order electronsdatiisions. Thus, the net
effectiveWvalues are equivalent. The spatial distribution of ion pairs, however, are vastly
differentand will be covered in sections 323,and 4.4 1In this study the semiconductor
material used for the EBL is GaAs whiletire SSNPL model that material is GaN for its

superior properties in harsh environments.
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3 Solid State NPL Design

3.1 Basic Structure

The primary design of a single laser cell will be alternating layers of nuclear fuel and
lasing mediaDiamond layers are depited onto the sides of the cells to serve as neutron
moderators and heat conductofsgure 3 shows a view from the emitting face. The
thickness of the fuel (a), semiconductor (b), and diamond (c) can be adjusted as needed for

various configurationsThe width of the laser/fuel cell is arbitrary and can be set as needed.

A —

C)

A~
N
~—

A 4

) 4
—
(e)
S~—

Figure 3: Single laser module (front view)

The dimensions of these cells will be dictated by the range of fission fragments and

heat tansfer requirements

3.2 Spatial Energy Distribution of Fission Fragments Approximation

The most critical quantity to be determined for the system is the fission fragment
range and energy deposition distribution. The range of fission fragmesakdmatteris
extremely short. The fuel must be thin enough to allow the majority of fission fragments

to escape but it cannot be too thin or the power density of the core will be too small. The

11



laser cells must be large enough to catch all fission fragments.délihis too thin fission
fragments could completely traverse the layer and deposit the rest of its energy in the next
fuel cell. If the cell is too thick thenergy distribution across the cell could drop so low as

to hamper, if not inhibit, the abilityof the system to lase

Modeling fission fragments with transport codes to calculate a spatial distribution
with transport codes is the most straightforward procedure. The basic assumptions for this
model are: The system is critical and in steady stagefudl is emitting the typical
independentthermal neutron induced fission spectrdor U-235 The independent
spectrum was chosen because it would most accurately represent the spatial distribution of
the actual fission products. A more thorough model @@$o account for the decay of

the fission products. This is beyond the scope of this study.

To a first approximation beuristic argument to estimate what fraction of energy is
deposited in the semiconductor layer is as follows. Consider a fissionievbetcente
of a fuel cell. The isotropic nature of fission dictates that a fragment has equal probability
of emission in the spherical solid angle. Given the symmetry of the system conglusred
analysis can be confined to two dimensions. The averatielength an ion will take in a
given material can be calculated based on its stopping p@veen any calculated
maximum range for any ion of intere®, it can be calculated what emission angle will
result in the particle escaping the fuel laysse Figure 4. The fraction of ions emitted

which penetrate the layer is then based on the anglke total fraction which meets this

criteria is then @/2p. If L is the thickness of the fuel layer this fraction is

2
f =—cos 1
> =R (1)



Table 1is a list ofthe 20 most common independéssionfragments based on ENDB~/
VII.1. Thistable contains the isotopiés massits relative probabilityits most probable

energ, its range in Uranium and Gabindf calculated for L=3, 4, &m.

(a)

Figure 4: Basic model for calculation off. R is the range of a given isotope with its tabulated energy found with
SRIM, (a) is the width of the fuel region andq is the angle which quantifies what fraction of emitted partioks have
enough energy to escape the fuel region.

Table 1: Most probable isotopes, kinetic energies, and ranges

Kinetic Range
Yield Energy (mm)* f

(MeV} U | GaN| L=3nm | L=4mm | L=5mm
Tel34 | 133.91154| 6.22E02 | 70.10675606| 4.63| 8.13| 0.789962| 0.71564| 0.636881

Mass

Isotope (amu}

Zr-100 99.91776| 4.98E02 | 94.19072949 5.92| 9.92| 0.836916| 0.780609| 0.722448
Xel138 137.91399| 4.81E02 | 67.68461458| 4.06| 7.12| 0.759087| 0.672085| 0.577695
Sr95 94.919358| 4.54E02 | 98.02335652| 5.71| 9.51| 0.830776| 0.772185| 0.711496
Kr94 93.91536| 451602 | 98.73146936| 5.71| 9.96| 0.830776| 0.772185| 0.711496
Kr90 89.919524| 440202 | 101.5524926| 5.95| 9.92| 0.837757| 0.781761| 0.723942

Xel39 | 138.918787| 4.32E02 | 66.97664348 4.05| 7.12| 0.758462| 0.671195| 0.576466
Bal43 | 142920617| 4.10E02 | 64.15543671| 4.36| 7.78| 0.776411| 0.696619| 0.611252
Ba-144 143.92294| 3.97E02 | 63.44750738| 4.34| 7.76| 0.775336| 0.695104| 0.609197

Zr-99 98.916511| 3.58E02 | 95.20135294| 593 | 9.93| 0.837198| 0.780994| 0.722948
Sr96 95.92168| 3.57E02 | 97.31538542| 571 | 9.51| 0.830776| 0.772185| 0.711496
Xel140 139.92164| 351602 | 66.26853064] 4.04| 7.12| 0.757833| 0.6703| 0.575229
Kr-89 88.91763| 3.44E02 | 101.9894647| 5.94| 9.90| 0.837478| 0.781378| 0.723446

Te135 134.91645| 3.22E02 | 69.79864706| 4.63| 8.19| 0.789962| 0.71564| 0.636®81
Xel37 | 136.907084| 319502 | 67.97732775| 4.05| 7.12| 0.758462| 0.671195| 0.576466
Kr91 90.92344| 3.16E02 | 100.8445633| 5.96| 9.92| 0.838035| 0.782142| 0.724437
Rb92 91.919725| 3.13202 | 100.1415751] 6.08| 10.0| 0.841301| 0.786612| 0.730231
Rb93 92.922033| 3.07E02 | 99.43380404| 6.08| 10.1| 0.841301| 0.786612| 0.730231
Bal142 | 141.916448 3.01E02 64.8633533| 4.37 7.8| 0.776945| 0.697371| 0.612272

[-135 134.91005| 2.93E02 69.8039875| 4.59| 8.13| 0.788061| 0.712981| 0.633316
Massedrom Shultis appendix B86]. 2Yield datafrom ENDF/B-VII.1[87]. *Kinetic energy based on
sister isotopes given a fission emission ¢ Beutrons?Ranges calculated with SRI}8§]
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The information shows fuel layers should be no thicker thaam5while the
semiconductor lagrs should be in the range oflB nm. This as it turns out greatly

overestimates the ranges of the particles and the energy they deposit along their paths.

3.3 Spatial Energy Distribution of Fission Fragments: MCNP Calculations
The modeled MCNP geometry consistawb cylindrical fuel regions sandwiching
a semiconducto(GaN) region embedded in arnge carbon sphere. SEgure5 for a

cutaway diagram

Figure 5: Cut away diagram of modeled MCNP geometry. Grey regions are fuel layer, green region is the
semiconductor, and the hatched region is the absorbing carbon sphere. Red circles are example paths fission
products could potentially take. Diagram is not to scale

The cylinders hve a radius of 0.5 cm while the sphere has a radius of 10 cm. The
radii of the cylinders were chosen to be much wider than their thicknesses such that the
energy distribution across the semiconductor layer varies only in the axial direction. The
carbon spere has a much larger radius to ensure all particles including any potential

secondary particles are captured.
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There were two sets of tallies calatdd in the simulations. First6 tallies were
takenin all regions to calculate the total energy depdsiteeach region from b$ources
Second a TMESH tally waakenaxially across the semiconductor consisting of 16 evenly

spaced mesh points. A representativéMIP code example is given appendixD.

It was quickly discovered the previous analysis gyeatlerestimated the optimal
thicknesses for the fuel and semiconductor layers. The fuel layesthave a thickness
no greater than fim and was fixed at this valu€he semiconductor regions could have
thicknesses no larger thamwh and it was also found no matter how small this layer was
made the energy distribution across the volume was newvirm. The semiconductor

layer thicknesesmodeled were &m, 4nm, 5nmm, and 6rm.

The data from the separate simulations can be averaged together through their yield

fractiors. For a particular region thdé-6 tally could averaged as such

aN[partches]YL:re Mev faeg

&g Gparticle 8 cm gem @)

WhereN is the number of particles consider¥ds the yield fractiorfor a particular
isotope E; is the tally datadis the material density for the regiomdavi s t hat r egi
volume. In this cash would be the number of fissions but in reality the number of fissions
is unimportant to this analysi$he quantity of interest is the fraction of energy deposited

in each regionSpecifically,the energy not gmsited into the fuel

fo=——" ©)
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Where the sum goes over all regio@ensideringhe true geometry is frofigure3 it is
assumed in the MCNP analysis any energy which would be deposited into the diamond
region is deposited into the fuel in the MCNP simulations. It is also assumed any energy
deposited by productwhich travel across both semicomtior and diamod regions is
negligible. Table2 summarizes the relative fractions deped into each region from the

+F6 tallies

Table 2: Fraction of total fission energy deposited into MCNP geometry.

Semconductor Fuel Fuel Carbon
Semiconducto Not in Fuel

Thickness Region | | Region II Sphere
3mm T8 OTMO | TI& O TG TOoCXT| M| ™M 0CWOo
4 mm T WO Q| TP WO U TMNCCT| TMPTU| TP X
5mm T WPT| TP WNW| TWTYPYULT TMNTWU | TP YT
6 mm ™ WTT | T WMo T TMTWYXP| TMMTWU | TP WG

The Mesh tallies are averaged together in a similar fashion as in eqx#xeept mesh
tallies are given in unitsfdVleV/(cm® source particle) so the density is not necessary.
Figure6 shows the axial spatial energy distribution across the semiconductor for the four

thicknesses.
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Figure 6: Averaged tally results from TMESH tallies across semiconductor volume. Top left: 3m. Top right: 4
mm. Bottom left: 5 mm. Bottom right: 6 mm.

3.4 MCNP Ciriticality calculations

A basic criticality calculation can be performed if a few more assumptions are made
on the dimensions of the i First it is assumed the core is cubic, the length of the layers
shown in Figure 3 extend the entire volurtine, fuel and semiconductor widths arersn,
the fuel is pure k235 metal,and the diamond layer is 3@n thick. A single cell for

computatioml purposes is given iRigure7

“’—\
(@]
S

> (b)

Figure 7: Single cell for criticality calculations. This structure is repeated until it fills the desired volume. (a) is the
fuel layer, (b) is the semiconductor layer, andc) is the diamond layer
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This model allows for a quick and easy calculation ofdbee density, material
ratios, andnoderator to fuel ratio before any criticality simulations are performbd.
moderator to fuel ratio can be calculated by

Aerdiamond/ mC3 NA — Ab rdiamond mU-23 (4)
AJ I‘ruranium/ rnU—2353 NA AJ ruranium mC

Ne
NU

WhereAc, rdiamond @andmc are the face area of the diamond, diamond density, and carbon
mass. LikewiseAu, ruranium andmy are the face area of the fuel layer, uranium metal

density, and k235 mass.

To perform a critality calculation the core wase modeled as a homogeneous

mass. This can be justified by noting mean free path of a neutroi23% s 15;, where
S, Nys, E4.89 18 cm®)( 698.9p 34.18cH (5)

Giving a mean free path of approximately 288, which is much larger than any layer
thickness considered@o homogeize the region first consider a cubic core of lerigtin
each sideand there are aN number of cells which can fit onto one fadée density of

the core is then

p Voru Ve £ Ny £ NL(AT A £ A )
“ Vo Vs M N(A A A) (6)
= fAUru +fAs ,; 1'1-Ad dr

Wheref is the fractional area each component takes up for one laser cell.
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To calculate minimum criticality the dimensions of the core were vanid a value of
k>1 is reached. An example MCNP eochn ke found in the appendiXable3 summarizes

the results

Table 3: Summary of critical cubic core properties.

Thickness 3mm 4 mm 5mm 6 nmm
fau 0.15625 0.125 0.10417 0.08929
fas 0.46875 0.5 0.52083 0.53571
fad 0.375 0.375 0.375 0.375
Core Density (g/cri) | 7.183 6.779 6.509 6.316
MTF Ratio 8.631 10.789 12.947 15.105
k 1.01339 1.01915 1.00682 1.00911
Standard Deviation | 0.00167 0.00166 0.00165 0.00159
Core Length(cm) 40 42 45 49
Total Core Mass @) | 459 502 593 742

Table3 shows a core of the dimensions specified could easily be launched intoFspace.
reference, the Mars Science Laboratory had a mass of nearly 4 metric tons with a volume

of approximately 17 rh[89).

3.5 The Role of Defects in Semiconductor Lasers

As fission products pass through matter in addition to ionizatlemswill cause a

variety ofpointdefects Voids, dislocations, intersials, andFrenkel pairg90, 91]. Large
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scale clusters can form as a result as well. As irradiation continues the various point defects
can diffuse to form clusters on their owRurther clustering can form large stable
complexes. The presence of these dsefecreate traps for -l pairs, and
scatteringabsorptioncenters for light in the cayit When the defect density becomes too
great lasing action will cease. This is what witlmately decide the lifetime of a SSNPL.

To mitigate this effect the reactor caperate at elevated temperatures high endagh
activate annealing. For GaNis range is around 2680 C [92]. Data must be generate

to have a clearer picture of repair rates of semiconductors while under irradiation.

3.6 Estimated Minimum Lifetime
Even the purest semiconductor materials contain an intrinsic impurity rdostoen
on the order of 1% cm. To this end a minimum life timean be estimated by calculating
the rate at which impurities are generated in the absence of any annealing effects. Using

SRIM the number of dislocations createda heavy ion are shown Trable 4

Table 4: Dislocation estimates ér selected heavy ions

Heavy lon | Dislocations per ion| Dislocations per MeV
Te 59000 843
Zr 39000 414
Xe 56000 823
Sr 35000 357
Kr 34000 347
Ba 64000 1000
Rb 34000 343
I 60000 850

Each isotope of the heavy ions have roughly the same kineticyesedgas such
all had similar values. In an effort to compress the data into a single parameter to estimate

dislocation creation as a whole by the fission process the third column divided the total
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dislocations per ion by its kinetic energy. For a veryidastimate this shows the heavy
fission fragments create approximately 80000dislocations per MeV of kinetic energy,
while the light fission fragments create apgmately 346400 per MeV. The light fission
fragments carry roughly two thirds of thediign fragment energy. Thus the total number
of dislocations a singléssion even can produce in GaN

d|slocat|ons 02 3 _dislocations 1 a MeVv 5. . dislocatg
70— 9@7 — 16 :87%)97 7
% Q 3 9 f§sion b2 iSSi @)

¢ MeVv fission

As dicussed in the previaguwsection it is estimated only 80% of the fission eergy will

make it into the GaNbringing the value of7) to 4370052500 dislocatims/fission. The

actual value may in fadte lower because the higher dislocatg@neration rates come

from the heavy fragments which have much short ranges, thus depositing a much larger

fraction of their energy into the uranium fuel as opposed to theeligragments.

If the critical impurity density value for whetaser action ceases is set10'
cmi®, the total energy released by fuel can be calculated and a lifetime can be estimated for
a given reactor power.

TEDmaX:(lo‘s om )2916 MeV 8%5:8IS|OCB.UOHS %455 J )
¢ > c fission * cm

Where (8) is the cumulativeenergy dengy of the core as a wholetegrated over its
operating lifetimen its most compact stat€he laser would be designed with disposability

in mind akin to a lightbulb.
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4 Laser Model

This section introduces the mathematical model used to analyze b&Blirend SSNPL
systems.This model was originally derived with electron beam pumped lasers in mind
however by modifying the source term and boundary conditions it can be applied to the
SSNPL model. This is due to the fact the key species modeled by th®egisthe éh
plasma generated by collisions from electrons/fission products. The EBL model is

presented first followed by the SSNPL model.

4.1 Electron Beam Pumped Semiconductor Laser Model

Electron beam pumped lasers are able to reach oscillation wihspmiconductor
materials. However, a model based on the population difference between electrons and
holes is not sufficient. Additionally, due to the nature of free carrier generation through
ionization the distribution of-& pairs is not uniform acrosise volume. By considering a
temporally and spatially dependent complex permittivity coefficient these issues can be
accounted for. This ithe approach Bogdankevich and others have takesolve these

problemg93-96].

4.2 Constants, Equations, and Pertinent Material Properties

The semiconductor is assumed to have a spatially and temporally varying relative

permittivity coefficient of the form
e(xt)= e+ (ka) H i i e(xith 9)

Whereeg is the relative permittivity in the absence of any fieldrepresents the change in

refractive index due to th@mhomogeneous-le plasma,gj relates the permittivity to the
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photon lifetime(Zp) and ej relates the electron population which contributes to gain. In
real laserglg ej, andej are typically on the order of £810“. These terms are defined as

follows

ei(}(,t)=%N(x,t) (10)
gqt ¢ A 1 3@_6 (12)
d_'Wfp’ J cc RR 2

dbet)= —F N =2 Kiey bl 2

m*e, w m ,e*w

Wherewis the angular frequency of the principle laser emissionlimgethe cavity
length,R; andR: are the reflectivities of the front and back mirragsis the linear loss
coefficient e is the electron chargey* is the ekctron effective mass is the vacuum
permittivity constantk is the wave vector, arglis the emission cross section. Specifically,
in the literatureswas defined as At he c¢cr odomaveragedt i on f

over the linewidth[93]0 I n t hi s studysihe definition us

ng+ Dih2 2

s=( f = g,( )a (13

o mSpn %

Wherern is the centerline frequencs, is the free carrier lifetime; is the speed of
light, g«(7) is the spectrum lineshape, dbdis the spectrum line widtfhis is essentially

the averagdantegral of the typical stimulated emission cross section found in many laser

texts[97-99]. It was chosen to use this form to keep in line with the literature.
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The line width is dictated by various forms of broadening mechanikash
broadening mechanism will have an assecdalineshape function: Lorentzian for
homogeneous broadening, and Gaussian for inhomogeneous broadening. The two
considered in this study are natural broadening (homogeneous) and temperature

broadening (inhomogeneous).

Natural broadening is related to tthiéference in lifetimes of upper and lower lasing

states. For a generic laser system it is given as

Qo

1

Dn, (14

~

§
. e

1
P ¢
In thecase of a semiconductor laser system the lower state is stable and hence one of the

terms in the parentheses becomes zero. Its associated lineshape is a Lorentzian given by

(D12 9
(- @) £ Qr2)

9,(n)= (15)

Temperature broadeni{glso known as Doppler broadening)due to the random
motion of atoms within the lasing medium. At high temperatures this can be a significant
effect and will be of mportance to this studylemperature broadening and Gaussian

lineshapes are defin¢dl0( as

2k, TIn2
Dn, =2 Q/W (16)

é _ 2
g, () = 212 expé 4in 2@ (17)
mDa g D
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Whereksi s Bol t z ma mMnisGle mass of thé alhding species, ani
the temperature of the medium. For this study only binary semiconductor materials
(semiconductor matet&a made from two different atomsre considered ani will
simply be the average of the atomic masEgsiation(13) can be explicitly be written for
both fams of broadening in a simplified form. If the dimensionless variablaq is

introduced the Lorentzian cross section becomes

== 5 -k
1ac 8% , abn1 09
S =—3 6 N 9°&a 1) a&—— 5Qdq (18

A similar expression is found for a Gaussian cresstion where a new term is

defined,Drr=rvo

9 2% 140/ 2 a 2 3
a 0 -1)° O
6= 2 hlzw c P 1 & q'zexpae-4ln2(q 2) dq (19
: & 0
8o C Mo + ol o!2 o do =

To modé the dynamics of a system like &BL, the basic rateequations are not
sufficient because the spatial distribution of active atoms in most lasers is irrelevant by
design. This is not the case for electron beam pumped lasers where the nature of the
interactions between high energy electrons and matter pr@ugghomogeneoudose
region and hence, creates mhomogeneous-k plasma. To model the laser intensity as a
function of space one must appeal to the fundamental equations for electromagnetic fields.

Assuming a nonmagnetic materiak(l), the electric field in the cavity is

pE == (e) (20)



It is assumed the derivatives of the permittivity are small coaaptr those of the field
[95] and soemay be pulled out of the time derivatives. Nexit i assumed the spatial
variance is only in the-girectionand thus the electric field is assumed to have the form
E =E(xt)expli(m-k2)] [96] and scequation(20) becomes

WE

- kK’E =
L

2 4E (21)
tu

uﬁa

It is also assumed the laser frequeiscmuch greater than the time derivatives of the
field, thus the second order time derivative of the field can be ignored. Applying the

definition of ein equation(9) and statind?=u#?g/c? the equation for the field can be derived

+ - o} ~

p.|25 e 2I%l/ [ 0’&2((; ie )gélez-%W—E e 8

2 .2 + 5 o ~ R PR
CHE e & d (i 'e)ge'ezﬁwf 0 __itde )ief 22)
& X e 77 p? e

o 2 2 H . M . - . -
(A€ e soilie )g b, v ile ban o

ger ﬁVHX . € - ¢ € [

wa i WE 6’|-|1Ideo 0 R
T Tk a @

r

Where in the final stege~1 withe>>de & , e.
The rate equation for the permittivity was giy&3] as

il s
r flel Tg() 2 4 (24)

26



Whereg(x) is the spatially dependent carrier generation tatethe field intensity given

by

lc 2 2 @photons
(1) =~ a[E(x Y] = dE(x 1) gimz—@ (29

Equations(23) and (24) are reduced to nondimensionalized forms by defining the

variablesx=x/k, t=t 1S

2 W _. U *(l-icl)e'roﬁ
wips o px . e

(26)

u—:;i:iQ(x) {1 #uf) i 27)

Where the new terms are defined as

E(x- w9 Qy=.Ld )" 2, 4 @9

Whereup is a scalingconstant which carriers the dimensions of the field. Its value is

arbitrary and is set to 1 V/m.

The next step is to determine the carrier generation distribuRi@vious work
assumed the distribution took the form of a Gausf®@h and Seckx) [94, 96]. The
Gaussian distribution is the more accurate representation, hovikgeSech model

permits exact solutions in the form of hypergeometric functions. This requires the

additional assumptiorei (k,t) ~ g(X),which is egivalent to a zeroth order solution to

(27) (see appendiB). To calculate the number of carriers generated an MCNP simulation
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will calculate energy depositicas a function of volume. The carrier number is calculated
by dividing the energy values by tkiévalue of the material, which is approximated by the
Klein formula[10]]

W=283E @4e\ (29

The following table gives a list of constants and terms evaluated for GaAs.

Table 5: Evaluated constants ad pertinent semiconductor properties

Name Symbol | Value Units
Free Carrier Lifetime t ~10® S
Photon Frequency (1.42 eV) o 3.43x104 | st

W Value (29) 44 eV
Cavity Length L 1 cm
GaAs Index of Refraction n 3.6 unitless
Relative Permittivity Constant a 12.9 unitless
Photon Lifetime(11) t 2.07x10° |s
Threshold Permittivity Constaiit 1) ad 2.4x10° unitless
Speed of Light C 3x10'° cm/s
Front Plane Reflectivity R 0.32 unitless
Natural Broadening Drv 1.9%x10 st
SECross SectionLorentzian(18) SL 9.549x10' | cn?
Electron Effective mass m 0.0631e MeV/c?
Intensity Coefficien{25) o 5.838x16! | sty2
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Second Relative Permittivit@oefficient(12) | c1 2.973x1C® | unitless

Delta coefficieni(28) d 3.608x1@ | unitless

In MCNP a 1cm diameter electron beam with electron energy E=100 keV was
modeled impacting a slab &faAs. The slab was a 1ertcnx0.06cm block divided into
a 100<100x100 mesh. A total of 500 million electrons were transported averaged across
10 simulations of 50 milliormapiece Each si mul ati on used the
number generator rather thdretstandard MCNP default because of its significantly larger
period (9.%10'° vs 7.x10*). Each simulation had its own unique seed number and
number starting positioto ensure no crossover from the random number generators. In
total the simulations hadran time of approximately three weekisthe simulations are in
fact unique the data from each result can be averaged together. The uncertainties for each

cell are averaged in accordance with typical independent measuré¢htshts

N 1 2
2

Y

1,
X=—ax § 30
N QX (30)

N

0 ghloe
|- O: Oe

Where X and § are the averages for a single cell overlteenulations A full 3D

plot of the raw datas givenin Figure8
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Figure 8: Full 3D Dose results from MCNP simulation. Electron beam impacts from the bottom plandJnits are
in MeV/(cm? source particle)

To simplify the model such that only one spatial axis is considéredenter row
down one axis perpendicular to the beaas usedThe data is symmetric in the plane so
which axis is chosen is irrelevant. Examination of the data along this row shewata
values and uncertainties are approximately constant, and as such the values are averaged
over the volumeln generait is notat all accurate to average uncertainlilkesother normal
guantities, however, the argument presented here is thiesespis the average of the
uncertainty over the volume and not the average of various uncertainties from separate

measurements.
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Figure 9: Plot of raw MCNP data down a center axis perpendicular to the beam axis. The x values in thegend
give the range covered by a particular data cell.
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Figure 10: Plot of uncertainty data down a center axis perpendicular to the beam axis. The x values in the legend
give the range covered by a particular data cell.

With these assumptions the final éageometry considered is a 2xh@0nmx60mm
crystal. Down thisaxis the finbAMCNP data is shown ifigure 11 whereFigurel2is a

plot of the uncertainties at each step
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Figure 11: Final carrier distribution curve based on MCNP simulations.
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Figure 12: Associated cell uncertainties for MCNP data. During data processing cells with zerdose recorded in
them had their uncertainties set to zero. This most likely explains why the curve suddenly drops off.

To transform the data into a usable form for the system of equations it is important
to consider a new set of evaluations for the data. MCNP accounts for reflections and
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electras scattering out of the medium so it was necessary to calculate what fraction of the
beam energy was deposited into the volume. The energy deposition was calculated using
the TMESH tally in MCNP which gives results in units of MeV/fsuource particle). fie

energy fraction deposited into the volume is then

MeV
e ell_Volumegcni g Electron_Ener@ly k¢ (31
e g?k e”‘ g:"c:m Gource partcheHD?C gom g o kg D

Whereejx is the energy tally in thigk-th cell. Each ell has the same volume which
allows the secontkrm to be taken out of the suithe result is still in units of energy and
is then divided by the electron energy to find the total fraction of the beam energy which
is deposited into the volume. If this vearot a monoenergetic beam the last operation could

not be used. The total energy fraction delivered into any single cell is then

-1
MeV

f. =e 32
i = S g?k "?k ecm Osourcepartlclqu B (32

This allows the energy deposition in any single cell to be related to the total electron
beam energy: Total Energfy. The carrier generation rate in a single cell is then easily
calculated. A 1 Amp electron beam of 100 keV elecirbas a power output of V.

Using theW value calculated previously the total carrier generation rate in any cell is

Oy = Ty / Vi T @10 W/A) /W[ 4.4eVipai} &,

_ pairs g
= f,, §964597 W e o 7o

(33

The model can now be easily manipulated for any electron beam current. With the data in
proper form the data was fitted to the following function
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1 é, (X- ﬂf 9
g(x) =/ expg E eclﬁ x) (39

The fitting parameters ares{ /7 b}={8.43937x10* cm, 5.2319810°3 cm, 6630.2 cr}.

The following plot is 0fQ(X) compared to the MCNP data.
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Figure 13: Comparison of MCNP data to fitted curve

4.3 EBL Model and Results

Before the EBL model can be solved thmubdary conditions must be stated. The

BC are as follows

U (0,t)=U(Lk,t) =0, (35



WhereL is some distance deapto the bulk wher¢he electric field is assumed to be zero
which is chosen to be 60m for this study Since equatiorf26) is homogeneous the
boundary conditions cannot be identically zero everywHegeation(26) lacks a seed

term found in most laser intensity equations so instead a complex seed field is set as the

initial condition
U(x,0)=exp(i ¥, 0 kk (36)

This satisfies the required IC because the average integral is zero and the expected
solutions are much greater than 1. This creates discontinuities at the boundahebut w

the spatial component is discretized the end result will appear to be closer to random noise.

Solving equations(26) and (27) with Mat hemat i cads NDSol ve
impossible with the computational power availalde instead the problem needed to be
tackled directly using finite differencing schemisvasdiscoveredhe most effective and
economical method was a semiplicit scheme employed by Kubicek and Hlavacek for
solving nonlinear boundary value problems by the method of false trafisdsht More
specifically the eleic field is handled serimplicitly, while the permittivity is handled
fully implicitly. It turns out that when backwards Euler differentiation is applied to
equation(27) it can be solved exactly. This is especially fortuitous because this equation
contains theyf? term.

e|n+l _ I%
Ds
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Where the superscripts represent the time step and the subscripts represent the spatial

discretizaéion poins which run froml= 0 , 1 m.2n edquation26) basic finite difference

is employed on the derivative and only the derivative is handled impligi#ynonlinear

term i s handled explicitly. That 1is the
2 U|n+1_ U n Ulrlli _2U n Ul_n11+ (1 ic ) E, _ é'ﬂn (39)
|
wt  Ds D%x . €
é‘ 2 2 ~n+1 nt 1 icl)&-é 6n
+ ¢ U U, + 3" (40
= 05 =8 — (U .f‘) r (f\é (40

Which alternatively could be written

é 2 i :‘n+1 £
EEIMDS[l]- DZ)ID][% = (41)

Where [] is the identity matrix,fa vect or whoo6és components

of equation(40) and D] is defined as

&2 1
g1 -2 1

[D]=¢ ' (42)
e
é 1 -2 1
8 1 -2

The main advantage of equatiffil) is that it can be solved directly, there is no

need for a newtomaphson sumethod at each time step. Additionally, there is only one
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matrix to invert which geatly speeds up computational time. In this scheme, eqydtpn
is evaluated first, and then equati(@®) is evaluated using the resultant solutions. It is

restated here the solution of interest is the field intensity
1 (x,t) = eog‘uou (x, t)‘2 (43)

The first quantity sought was the threshold pump magnitude. This was found by
varying the pump magnitude and observing when the firstzeom solutions appear.
Figurel4is aplot of the average integréd4) of the steady state solution vs electron beam

current density

1
I =Em| (x)dx (44)

oL aser Intensity (W/om? )
.
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)

Electron Beam Current Density (A/cm®

Figure 14: Plot of average laser intensity vs. electron beam current density near threshold.

FromFigure 14it is evident that, according toishmodel, the threshold & a current

density just above 2 nA/cGnA typical plot of the field intensity over spaand time is
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shown inFigure 15, a plot along the path of peak intensatyd a plot of the steady state

solutionis given inFigurel6
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Figure 15: Full 3D Plot of the laser intensity over space and time. Data taken with P=6.36 nA/ém
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Figure 16: 1D Plot traced alongthe peak intensity infigure 15 (left), steady state profile (right)

It would appear fronFigure 14 the average laser intensity increases linearly with

electron beam current and that is indeed the case. To verify this the system of equations
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was soled for electron beam current densitresll beyond thresholdzigure 17 plots the

average laser intensity vs. electron beam current in the range 1660Q A/cn?.

Averagelaser \nlun:.'lly:W.-umz‘

Electron Beam Current Density (A cm®

Figure 17: Average laser intensity vselectron beam current density. The fitted line is given by equatioA5

Figurel7 was fitted to an excellent degree by the linear function

oV 45)

|y (P) ° 53059.3173B + 0.069050860
cm

A plot of a few of the solibn curves is given ifrigurel18
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Figure 18: Steady state solution curves for laser intensity at a given electron beantensity.

Total laser efficiency is calculated from the following

n(p)= L3 (width) 31,,, _L 53059.31738+ 0.069050860
2R3 (width) 3P 2R (10° wA)P

'L 53069.31735

2R 10

(46)

o]

°0.00318

WhereRis the radius of the electron meaThis model is appropriate when the beam

radius is much larger than the width of the active region under consideration.

4.4 SSNPL Model and Results

For the SSNPL, thesame solutionmodel is used again however the boundary
conditions are different. Becaud® width of the semicwuctor is much smaller ariidis
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being pumped from both sideBirichlet boundary conditions are not satisfactory. It is
believed the electric field cannot be considered zero at the boundaries for this problem and

has been approadh&ith Neumann boundary conditions instead.

MU & Lk oW LK 1
e s = s 8 47
PR ETE

These conditions are handledusing2"? order forwards/backwes differencing

I-lU (O)z-&JO +4U1 UZ’ _ug(l_k) —3Jm 4L-Jm-l Um-':Z (48)
WX 2 Dx vl 2 Dx

Which when applied to the Neumann boundary conditions yields for the end points

1 1
Uo = (4U1 UZ)’Um ;(Mml U'm-z) (49)
This will modify equation(42)

€2 2
g 3 3
é 1 -2 1

[ol=g o (50)
é 1 -2 1
é
é 2 2
é 3 3

A table of calculated coefficients and parameters for the GaN laser is given below

Table 6: List of constants and coefficients for SSNPL model. Any constants not listed here are considered to be
identical to those from the EBL table.

Name Symbol | Value Units

Free Carrier Lifetime f ~1010 s
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Photon Frequencyd(4eV) o 8.22x104 s

W Value (29) 10.02 eV
GaNIndex of Refraction n 2.716 unitless
Relative Permittivity Constant a 8.9 unitless

Natural Broadening Driv 1.5%1¢° st

SE Cross Section, Lorentzigh8) SL 1.66x101° cn?

Temperature Broadening T=200 C° Dric 1.979x16 st

SE Cross Section, Gaussian (T=200 C°) | sg 9.55x10! 113

Temperature Broadening T=400 C° Drc 2.361x16 st

SE Cross Section, Gaussian (T=400 C°) | s¢ 9.01x10% cn?

Electron Effective Mass m* 0.2me MeV/c?
Intensity Coefficien{25) o 2.43621x16! | s1V2

Second Relative Permittivity Coefficie(it2) | c1 2.3610° unitless
Delta coefficien{28) d 9.000<10° unitless

As stated previously it was assumed for simplicity the laser cavity extends the entire

length of thereactor cubevhosedimensions were given ifiable3.

Next the source terms must be properly defifidte distributions fronfigure 6

were fitted against the following function

f (x) = aCosh(bx) (51)
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This was done by fitting the function against the MCNP data twice. This is allowable
because the slope coefficiehf,depends only othe ratio of the minimum and maximum
values, not on the actual minimum valtie. calculatéb directly from the TMESH MCNP

data the following equation was used

nL/2 aCosh(bx) dx—— Slntgely (52)

WherelL is the depth of the semiconductaris the average of the two minimum MCNP

tally valuesE; is the tally data from thie, mesh cell, andl is the width of that mesh cell.

To calculatea conside the total carrier distribution density of every semiconductor

volume.

g(x)-Wf(X) (53

Wheref, is the fraction of energyagbosited by the fission fragments into the semiconductor
volume,f; is the fraction of usable fission energy (set to 824} the total power of the
entire cube)V is the volume of every semiconductor, andis the W-value for the
semiconductor. Next oallate the total number of carriers generated in a single

semiconductor volume

(width)(length nU2 fof P

f( § dx( width( Iengt)hf"vf—\;vp (54)

Where the right hand side kiown immediately because the fractiiarwas calcuhted

directly from the 6 tallies. The value fax can then be calculated by the following
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bL
2Sinh(bL/ 9

(59)

A table contain the parameters for each thickness is given below along with the total

number of cells which can fit onto one reactor core

Table 7: Source term properties for SSNPL

Semiconductof hickness| 3 nm 4 mm 5mm 6 mMm

a coefficient TYOoOYPYPT I T QU PW(TH QX P O]T O QT
b coefficient ¢ wycu QT @ct ¢ T BQo ¢ P By
Total cell number 5x10° 4.41x10° 4.2187%1C° | 4.287510°

The solutions sought are similar to those for the EBL dagere19 shows the threshold

characteristics of the laser for the 4 thicknesses with three different cross sections. The data

presented is found from the formula

I’[otal = Acell NI avg

(56)

WhereAcel is the face area of one laser cell &hi the total number of laser cells in the

reactor cubeTable8 summarizes the threshold data.
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Figure 19: Threshold characteristics for SSNPL for semiconductor thicknessesrn (top left), 4 mm (top right), 5
mm (bottom left), and 6mm (bottom right).

It is clear that as temperatures increase the threshold power increases as expected.
However,the slope of the average laser intensity slope is identical for all three forms of
broadening. Meaning the maximum efficiency of the laser is unchanged with differing

broadening mechanisms. The efficiency can be calculated by

/7 — _total (57)

The maximum efficiency can be calculated from the slogew®wffar beyond thresholdt
was calculated the SSNPL would have the higbiéisiency of any NPL in existence going

as high as 7.55%.
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