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A NUMERICAL MODEL FOR SIMULATING THE DYNAMIC RESPONSE OF
AN INERTIAL CONFINEMENT FUSION CAVITY GAS TO A TARGET EXPLOSION
Thomas J. McCarville

Under the Supervision of Professor Gerald L. Kuléinski

One of the methods suggested for protecting the first wall of an
inertial &onfinement fusion ¢avity from the x-rays and ions emitted
by an exploding target is to fill the cavity with a buffer gas. A
&omputer &ode paékage is developed in this thesis for studying the
radiative and hydrodynamic response of the gas to an exploding
target.

The x-rays emitted by the target are one of the ma jor energy
sources that influenée the gas response. This work shows that the x-
ray deposition can be accurately modeled using the point source model
in most instances. The intense x-ray flux ionizes the gas surround-
ing the target and reduces the photoelectric attenuation coefficient.
To aé&ount for this reduétion a method of computing the photoelectric
attenuation coefficient as a function of ionization was developed.

The internal energy and momentum deposited by target ions also
influences the gas response. In the model developed here, the energy
and momentum deposition rates from target ions are éomputed using the
results of a time independent ion transport code that gives the
spatial distribution of ions as a funétion of energy. Knowing the

energy dependence of the spatial distribution, the time dependent
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energy and momentum deposition rates are then computed in an approxi-
mate fashion.

The x-ray and debris deposition models that were developed in
this thesis have been added to the equations solved by the FIRE radi-
ation hydrodynamiés code. In addition, the method of computing the
radiation temperature used in the two temperature nonequilibrium
radiation transport model has been improved. The improved method was
inspired by modeling the spectral radiation energy density as a
dilute Planckian function.

A number of examples using the FIRE code are presented that
illustrate how the response of a cavity gas varies for different gas
densities, gas types, target yields, and Lagrangian zoning schemes.
One of the surprising observations was that a &ooling wave was never
observed in the simulations of the cavity gas response. By develop-
ing a new analytic¢al analysis of energy transport at a é&ooling wave
front, it was shown why a é&ooling wave will not occur for yields on

the order of those anticipated from ICF targets.
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CHAPTER 1

INTRODUCTION

The inertial confinement fusion (ICF) reactor design studies
that have been conduéted over the last dedade have succeeded in
identifying many of the technological challenges that must be ad-~
dressed before a &ommeréial readtor will be feasible. The first wall
of a readtor éavity has been of parti¢ular interest beiause an unpro-
teéted first wall will be subje&ted to an intense flux of target x-—
rays and ions. As a result of the erosion induéed by this flux, an
unproteéted first wall probably éannot be designed to last the 1ife-
time of a éommeréial power plant and still be acceptable from both an
e¢onomi¢ and engineering standpoint. To resolve this problem, two
options have been explored: either replace the unprotected first
wall periodic¢ally, or provide a method of protecting it. This study
conéentrates on the latter option.

A review of the first wall proteétion éoncepts that have ap—
peared in the literature is given in Chapter II. This thesis focuses
on the gas protection éonéept, where the energy of the x-rays and
ions is attenuated by a cavity gas. The deposited energy produces a
thermodynamié state in the gas that is similar to that produced by
very high temperature explosions (i.e. nuclear explosions) in
standard density air. The radiation hydrodynami¢ response of
standard density air to a high temperature explosion is reviewed in
Chapter III. The response of a ¢avity gas to the energy released by

an ICF target will differ from what is described in Chapter III for



several reasons. One reason is that the characteristic dimension of

an ICF buffer gas is on the order of meters instead of hundreds of

meters. Another reason is that the density and composition of the
gas in an ICF reactor wili most certainly be unlike that of the
atmosphere. Because of these differences, simulating the radiation
hydrodynamic response of an ICF buffer gas is a unique and inter-
esting challenge.

The objective of the work presented here is to provide an im-
proved computer model for simulating the response of a buffer gas to
the energy released by an ICF target. The FIRE code(l) has been sub-
stantially modified during the course of this effort. Chapters IV
and V describe in detail the principle improvements that this author
has contributed to the code. These modifications include:

* the introduction of a new model for computing the nonequilibrium
radiation spectra;

* the introduction of driving terms into the radiation hydrodynamic
equations to simulate the interaction of the target debris with
the gas;

* the introduction of a new model for computing the deposition of
the target x-rays into the gas.

The model for computing the nonequilibrium radiation spectra
that is introduced assumes that the frequency spectra of thermal
radiation remains Planckian during its transport. With this as-
sumption the frequency dependence can be integrated out of the

radiation transport equation and a radiation temperature is defined



in a natural way. The details of this model are presented in Chapter
1V,

The model used to compute the attenuation of target x—rays is
presented in Chapter V. Exponential attenuation is assumed, and a
simple method for computing the reduction in the photoelectric
attenuation coefficient due to "electron bleaéhing” is introduced.
Without inclusion of the bleaching effect, the x-ray energy depo-
sition near the target would be over—estimated.

A model for computing the intera¢tion of the target debris with
the gas is also presented in Chapter V. To Gompute this interaction
in its full detail, a time dependent ion transport calculation is
required. The model developed here saves &onsiderable effort and ex-
pense by using some simplifying assumptions and a few input para-
meters from the output of a relatively inexpensive time independent
ion transport code.

Finally, some applitations of the FIRE code are presented in
Chapter VI. Although some of these calculations have already ap—
peared in publiéations, others appéar here for the first time. A
list of the publiéations eminating from this work is given in Table

I-lo



*1861 3sn8ny ‘@y3jeag ‘sTeraalel 1030y UOFSng uo Juyleady [edfdol puodag ayl I kucwwwumﬁpv

‘6,61 3Isndny ‘ujyaeg
‘430Touyd9] 1030EIY UT SOTUBYDI) T[RANIDONIJS UO PDUSIBIJUO) [BUOFIBUISIUT yic 8yi e kucwmwumﬁmv

(€zy-Hadmn ‘3aoday

Suti9auduy UOFSnNg UTSUODSTM JO AITSIaATup) FRSUTOINy
uoT3Od30ag sen SuFzITTI[ SI0IOBDY UOESNY DITFAIBII|
juswauijuo)y Jejlasuy uy uorjleaodeay TIBM 3ISITJ ujsuessey (q) 1861 3sn8ny L8
(L0y-Raimn ‘3aodesy Burassutduy uolsnyg
UTSuodsSIM JOo A3Tsadajup) suofsoldxy 398aey uofsng SOSOR 9
juswauTJuo) TeIIIBUT 0] Seq A3Tae) B JO asuodsay uos19layg b
°43 SuypjeTnwig I03 @po) FYId Y3 UT sIjuduwdsoadu]  STTTAIRIN L 1861 2unrp 08
(90y-Hadmn ‘3zoday
ButasduTduy UOTSN UTSUODSIM JO LITSA9ATU() ysuroIny
sen A37AB) B 0Ojul STIqdQ I9[[9J PUEB SABI-Y UOTSnY S9SO
JuswauTyuo) [eFiIIvul Jullfsodsqg I0J ISPOW V  OSTITAIEBION 1861 TTady 68
(sov-RadMn ‘3Iaoday Butassurluyg
UOTSNng UFSUODSTM JO AJFSABATUQ) SBYH I9JJNng UOTSN] S3SO| °*V°*9
JUDWAUT JUO) TRTIADUT LITSUd(Q MO B Jo asuodsay PSUIINY °1°9
SATIBIPEBY PUB UOTION dY3 I0J [oPON TEOFIL[RUY UY  STTTAIBIIN °r°lL 1861 Axenuep 88
(787-WadmMn ‘31iodsy Buraosurduy UOFSNG UTSUODSTM IYSUTO TNy B
3O A3TsSIaATuf)) I0IDBIY UOISN] I9SE] B UF STIqaQ ulauessey v
I9TT24 943 03 [@331g SSITuUfRl§ JO 9suodsay ay] SITFAIBIIK 1 (2)8L61 J2qu3A0N 01
d1LIL SYOHLANV 4Lva dONAdTATE
SUOTl1eOTTqNg °I-I °1qEL



CHAPTER II
TYPICAL FEATURES OF THE ENVIRONMENT

IN AN INERTIAL CONFINEMENT FUSION REACTOR

The physié¢s of inertial confinement fusion is briefly reviewed
in Section A of this ¢hapter in order to provide some insight into
how the target yield is partitioned among photons, target ions, and
neutrons. The response of an unproteéted first wall to the radiation
emitted by the target is then desé&ribed in Seétion B, where it is
shown that an unproteéted first wall will erode by a variety of
me¢hanisms. Finally, a éondise review of the first wall protection
s¢hemes that have appeared in the literature is given in Section C.

A. The Target Spedtra

Although target physiés is still in an early stage of research
and development, some general characteristics of the radiation
emitted by the target can be identified from the current state of the
art. Figure II-1 shows a series of targets designed to be driven by
laser beams. The surfaée of the outer shell ablates outward as the
laser energy 1s absorbed, ¢carrying with it about half of the de-
posited energy.(z) In reattion to the ablation process, a shock wave
&onverges on the fuel and é&reates the &onditions neéessary for a
sustained fusion reaction. It was found during the course of experi-
ments with COj and neodymium glass lasers that energetié electrons
from the plasma layer stream through the fuel and heat it before the
shodk arrives. This preheating is undesirable because a stronger

shock is required to compress the fuel along a higher adiabat. One
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Figure II-1. Examples of laser driven targets (Ref. 5).

PbLi
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Figure II-2. An example of a high gain ion driven target (Ref. 6).



function of the pusher layer is to attenuate these energetic
electrons. The pusher can also be designed to improve the implosion,
efficiency, and reduces the need to tailor the beam power.(3)

At the present time, the commercial applications of laser driven
fusion are a long way from being economically feasible. This is
partly because the efficiency of the lasers within current technology
is only a few percent, and partly because 20% or more of the beam on
target 1s reflected from the plasma surface by Brilloin scattering.
These conditions dictate target gains ranging from 200 to 1000 for
commercial feasibility, which puts demands on target design technolo-
gy that have not yet been met.

The difficulties in designing laser driven targets have prompted
an interest in driving targets with ion beams; Figure II-2 is a
schematic of a high gain, ion driven target. The ions pass through
the lead tamper and deposit their energy in the lead-lithium pusher.
With the aid of the tamper's inertia, the pusher then compresses the
fuel to ignition conditions. One of the advantages of using an ion
driver is that hot electrons are not generated during beam depo-
sition. Another advantage is that nearly 100% of the beam energy is
absorbed by the target. But the main advantage of using ion driven
targets for commercial applications of inertial confinement fusion is
that the efficiency of ion accelerators appears to be much higher
than that obtainable by lasers. The efficiency of a light ion or a
heavy ion accelerator is typically between twenty and twenty—five

percent.



The principles governing ignition and burn propagation in the
fuel are independent of the type of driver used. The driver deposits
energy into the target on a time scale much shorter than the hydro~-
dynamic relief time, so a shock wave with a pressure gradient on the
order of 10 TPa (108 atm.) is launched toward the fuel. The fuel is
compressed to a thousand times solid density at the center of shock
convergence, where a Lawson number (fuel density x confinement time)
of about 1014 s/cm3 must be attained before the burn can begin. As
the hydrodynamic energy of the shock is converted to internal energy
at the point of convergence, temperatures on the order of 108 °K are
reached and ignition begins. 1In a successful burn, ignition con-
ditions then propagate outward as alpha particles and thermal radi-
ation heat the surrounding fuel. The radius of the compressed fuel
times the density (pr) should be between 1 to 5 gm/cm2 to sustain the
burn propagation. The burn lasts about 10710 seconds, and terminates
as increasing pressure expands the fuel.

Without interactions between the fusion reaction products and
the pellet structure, 20% of the fusion energy from each deuterium-
tritium reaction would be in a 3.5 MeV alpha particles and 80% in
14.1 MeV neutrons. However, the alphas collisionally transfer energy
to lower temperature particles, so the spectra of each ion species
emitted from the target has a distribution of energies. The neutron
spectra also has a distribution of energies because the mean free
path of 14 MeV neutrons in a target with pr between ! and 5 gm/cm2 is

on the order of the target radius.(4) The x-ray spectra consists of



a high energy component (= 100 keV) emitted from the fuel during the
burn, and lower energy x-rays emitted from the shells surrounding the
fuel. Table II-1 1lists some nominal charac¢teristiés of the radiation

emitted by the target.

Table II-1. Nominal Charaéteristiés of ICF Targets

Laser Ion

Driven Driven
Minimum Desirable Gain for 200-1000 80-100

Driver Effiéienéy x Gain = 20

Refleéted Beam Energy (% of Driver Energy) 10-20 -—
Ablated Ions (% of Driver Energy) 50 50
X-rays (% of Yield) 1 2-25
Neutrons (% of Yield) 75-80 70
Ions (% of Yield) 20-25 5-28

B. The Response of An Unproteéted Surface to the Target Spectra

B.l. The Transient Thermal Response

Studies of the response of an unproteéted first wall to the
pulsed radiation emitted by the target abound in the litera-
ture.(7—10) One of the domputer models developed during the tourse
of these studies is the T*DAMEN code,(ll) which computes the thermal
response from laser light, x-ray, and ion deposition. The method

used by T*DAMEN to solve for the temperature is unique in that



10

Green's function techniques and some approximate expressions for the
energy deposition functions allow the temperature equation to be
solved semi-analytically., Figures II-3 and II-4 show the thermal
response of a stainless steel first wall computed using T*DAMEN. The
radiation spectra used is listed in Figure II~3., The heating rate
from neutrons was neglected in these calculations because it is less
than a few degrees Celcius. The code neglects to take into account
the phase change that occurs at about 1430°C. The erosion rate from
evaporation and sputtering was estimated at a few microns per shot
for this spectra.

Hassanein(lz) has shown that there are some subtleties in using
Green's functions that were overlooked in developing T*DAMEN. A
finite difference code has since been written for first wall analysis
that incorporates temperature dependent thermal properties, phase
changes, and a moving surface boundary condition.(13) The versatili-
ty that can be gained by using finite difference methods instead of
Green's function methods 1s often worth the increase in cost.

Behrisch(14) conducted an interesting study that shows when it
is appropriate to use a surface deposition approximation rather than
a volumetric deposition function for computing the temperature. The
difference in temperature was found to depend on the penetration
depth of the source, §, and the duration of the pulse, t. If the
first wall is a metal that can be modeled as a conductive, free
electron plasma, then the penetration depth of low energy photons

(= 1 eV) is related to the wavelength, A, by(ls)
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- A

The difference in the surface temperature computed using each depo-
sition model is shown in Figure II-5 for a value of § equal to 0.25
um. The difference begins to become significant for a pulse width
shorter than about 1077 seconds. The pulse width from reflected
laser light is shorter than this, so a volumetric deposition profile
should be used to compute the thermal response. (These findings are
also of interest when choosing a deposition model to compute the
temperature rise of the wall from thermal radiation emitted by a gas-
filled cavity.)

B.2. Impulse Stress and Evaporative Recoil

As the pellet debris decelerates in the first wall, the trans-
ferred momentum will manifest itself as a pressure normal to the
surface. The rate of momentum transfer is given by particle slowing
down models, and the pressure imparted to a surface can be expressed
as

N

. ©
Pp =35

(2)

[oF NN
®im

where: Pn is the pressure from momentum transfer,
N, is the number of debris particles,

S 1s the surface area,

gE-is the energy change per unit distance per pellet

dx
particle.
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Figure II-5. The fractional difference in the surface temperature of
stainless steel when computed using a surface depo-
sition function (Tg) and a volumetric deposition
function (TV).
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For a complex spe¢tra of debris particles, the total pressure is the
sum of the &ontributions from eaéh debris speéies.

The impulse pressure from the debris spectra listed in Figure
II-3 is shown in Figure II-6. The dip in the pressure is due to a
time lapse between the arrival of fast alpha particles and the other
debris. The resulting hoop stress is given by

oh=—i—g£ . (3)

where R 1is the ¢avity radius and AR is the first wall thiékness. One
¢an show that the hoop stress from the impulse pressure is not more
than a few ksi if AR is on the order of &entimeters.

An additional éontribution to the surface pressure occurs from
evaporative re¢oil. The pressure from evaporative reéoil can be

estimated from
p, = mv , (4)
where m is the evaporated mass flux and v is the speed that the

evaporated mass leaves the surfade. A reasonable estimate of v is

the speed of a perfect gas expanding into a vaéuum.(16)

_/ 2y R
v 1+YKT » (5)

where: Y is the ratio of spe¢ifié heats, Cp/Cv,
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R is the universal gas constant,

A is the atomic mass of the wall material,

T is the surface temperature.
The pressure from evaporative recoil is shown in Figure II-6 for the
spectra listed in Figure II-3.

B.3. The Thermoelastic Response

The three characteristic times that are of interest when con-
sidering the thermal and elastic response of the first wall to a
pellet spectra are: the thermal conduction time Ty, the mechanical
response time T,, and the energy deposition time T. The mechanical
response time and the thermal conduction time are related to the

deposition depth of each component of the spectra, §, by

_ 6
T (6)
2
and Tt - (7)
o

respectively, where a is the thermal diffusivity of the material and
¢ is the sound speed. Hovingh(7) has examined the thermoelastic re-
sponse of a carbon first wall to each component of the radiation
emitted by a laser driven target. Table II-2 shows the character-
istic times, the energy fluence, and the thermoelastic response from
each energy source.

The deposition time of the neutrons, laser light, and x-rays

listed in Table II-2 is much smaller than the conduction times, so
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the temperature rise ¢an be approximated as

ar o= 22 o) (8)
where AT is thé temperature rise at position x, q''' is the volu-
metrié energy deposition at x, and K is the thermal conductivity.
Fourier's law must be used to compute the temperature rise from the
high energy alphas and other target debris, because T, 5T for these
components.

The mechanical response to the x—rays, neutrons, and target
debris is much faster than the thermal conduction time, so a quasi-

static model can be used to compute the elastic thermal stress:

_ _ _YEAT
% ~ T%LTVY ’ (9)

where: o, is the thermal stress,

Y 1is the thermal expansion coeffiéient,

E 1s the elastié modulus,

v 1is Poisson's ratio.
The neutrons deposit their energy in a large enough volume that their
¢ontribution to the thermal stress &an be ignored. However, the
target debris deposit their energy in a layer that is a few to tens
of miérons thick, and the stress in this layer is well above the
elasti¢ 1limit. Upon cooling, residual tensile stress may encourage

&rack growth in the region of plasti¢ deformation. Whether these
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¢racks Continue to grow into the load carrying volume or are arrested
in the region of plasti¢ deformation is a question yet to be re-
solved. The synergism between thermal éreep, fatigue, cra¢k growth,
and radiation effeéts should be studied in a &omprehensive lifetime
analysis.

The material with the highest figure of merit for thermal
stress, f, should be used if it is nedessary to minimize thermal
. stress. The figure of merit is defined as(17)
o K(1 - v)

F = — , (10)
Ey Ya

where oy is the yield stress. Table II-3 lists the figure of merit
for some materials.

The thermal response time to reflected laser light is on the
same order of magnitude as the me&hanical response time, so the
expression for a static stress is inappropriate for this component of

the spectra. The equation for the time dependent elastic stress

normal to the surfaée is

2
o C
—_f —_ . (11)

9x éz at2 ¢ ot

Both Hovingh(7) and Hunter(lg) have found that refleéted laser light
c¢an launéh a sho&k into the first wall, and &oné&luded that the
tensile stress that follows the sho¢k is éapable of producing surface

spallation.
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Table 1I.3. Figure of Merit for Some

Construction Materials (Ref. 18)

Material £ Preference
SicC 18,7 1
Graphite 18,2 2
Ziréaloy 14,2 3
Stainless Steel 0.6 4

C. A Review of First Wall Prote&tion Designs

The various first wall proteétion designs that have appeared in
the literature are reviewed below. Each design ¢an be &lassified as
a dry wall, liquid wall, or gaseous proteétion é&onéept. Table II-4
lists some characteristié&s of each concept.

C.l. Dry Wall Designs

The dry wall concept consists of an easily replaceable, solid
liner that proteéts the permanent first wall from target x-rays and
debris. The two designs that have been ¢considered are a roll of
movable éarbon éloth(zo) and mounted ceramic or metal plates.(ZI)
Both designs are applicable to reat¢tors driven by laser or ion beams.

The dry wall éonéept is suitable for cavities with a very low
gas density, where it is possible to directly convert the energy of

the debris ions to electric¢ity. An analysis of direct éonversion in

an ICF cavity has shown that MHD conversion may be more suitable than



22

adsn ¥V SATHId DILANOVW JI AT9YDITddy 94 ION AvVH
*

ONILVAH LITIAd.
arINOM NOILOYEIXT SIYddds
ARINOTd LIANVIE TVNIALXE «
{AINO €IT)STANSSTIINO TLVIIAOW
SNOD!
NOILDALO¥d TVILIL&O.
TTYM AIT0S OL XNTd IVAH FIOVNNAS STONAT » SYIHLO
TIYM dI'TOS IV IOUYAWI SIHHAd ON+ SNOI SNOI| SNOI IHOIT XIdISS0d o
sodd SNOLOHA SNOLOHJ ¥ASYI| SASVO TTAON SUD
A IN0MI NOILOVMIXA SIdgdd-
AIVd NOILILAdTN QILIWIT MOTd»
ATAWHSSYSTIA TIVA ONINNd STINSSTARTAO ALWIHAOW
SNCO
NOISOYE ¥O X014 IVIH FDVAUNS ONe
ATIINOR ITANYTE TYNIILXE ONe SNOYLNAN
TTYM AITOS OL IOVWYd NOIIVIAYY TYWINIW. SNOI SNOI XAVHH
sodd -— SNOLOHd HASVT TIAd ‘71| TTYM MDIHL
A 1IN0 INIWIOTIAZA NOILOWIIXH STHEHd.
AN IN0TY LIINVTE TYNYILXHe
SSMILS NOLLVTEY SSRIAANS OL ALIAYD IOV
ALV NOILILAATS QALIWIT MOTds
SNOD
TTYM dI70S 40 NOISO¥A d0 X(OTd IVAH ADV.NNNAS ONe SNOI} SNOI AAWIH
sodd —— SNOILOHd Jasv1 TIqd‘ 1] TIM NIHL
STTYM a1n0I1
ADINOD ITINYTE TYNIIIXE » , Lam
NOISOYE SSTMAANS OL ALIAYD WAOUVT- STELA »
SNOD AUMm 02g)
SAIVId
AR INOMI LNAWJOTIAHA SSATe DINVYED »
SSTILS aisn HIOTO
TIODEY HATLVIO4VAT ANV IOVAWI JTavydIoLe| =miv sa1ara SNOI IHOTT FLIHAWHD »
ONIdWNd ALIAVD MOT¢ DLLANOYH SNOT| *SNOI AAVEH SALV'Id
Sodd|dI SNOI Wodd SNOLOHd} * HASVT FLIHAYED « TTYM X4A
NOL.LDALOdd aa103daY SYIATHA STYTHALYW
SNOILVAMISEO |SOILdo TUNId NOIIVIAWd| E18¥DITddY HIAISSOd LAIONOD
§3do9douo0) u0T3O2301d TIBM 3ISIAT4 JO sOT3IsTaeldeiIRYy) °*H-1]1 2IqE]L




23

the use of eleétrodes,(zz) but the efficacy of using any type of
direét é&onversion remains to be shown.

Magnetié¢ guidanée of the debris to either heat sinks or direct
¢onversion units has also been ¢onsidered in conjunétion with the dry
wall concept.(23) The main advantage of magnetic guidanée is that
the replacement time of the sacrifiéial &omponents will be incéreased.
The disadvantages are that the blanket modules are less accessible,
and that 1liquid metal é&oolants will require more pumping power to
overcome the magnetié fields.

C.2. Liquid Wall Designs

The first liquid wall proteétion scheme was the Blascon de-
sign.(za) The idea was to produde a swirling, bubble filled flow of
lithium with a stable vortex through the center. The target would be
injeéted down the vortex, where it is ignited by a laser beam as it
reached the &enter. The entire target speétra would be absorbed in
the thid¢k layer of lithium, exlept what traversed along the axis of
the vortex. A shot¢k wave is transmitted through the lithium as a
result of the energy deposition, and the purpose of bubble injeétion
is to reduce the shock strength.(zs) Despite the bubble injection,
the stress induced in the c¢avity struéture by the shock would still
be formidable.

A porous, paraboloidal structure covered with a thin layer of
liquid lithium was proposed in an attempt to satisfy the need to
irradiate the target uniformly.(26) Multiple beams of laser light

refle¢ting off the lithium surfaée were to arrive at the foecal point
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of the paraboloid simultaneously with the pellet. The non-neutronic
components of the pellet spectra would evaporate the lithium layer,
so it must be replaced after each shot by extrusion through the
structure. The efficacy of this design remains to be shown, in
particular the ability of the lithium layer to serve as a laser
mirror.

The notion of extruding a thin lithium layer through a porous,
spherical first wall was applied by Booth et al.(27) in an early con-
ceptual reactor design, and was later chosen as the first wall pro~
tection scheme for a Westinghouse laser fusion study.(zs) A spheri-
cal first wall enables the target to be irradiated uniformly by
passing the beams through holes in the cavity. Booth et al. showed
that hundreds of grams of lithium evaporate per shot, and the ac-
companying ablation can produce pressures on the first wall up to 100
atmospheres. Fatigue failure was estimated to occur after just 100
to 1000 days of operation, even if radiation effects are neglected.
It has been suggested that lithium ablation can be suppressed by in-
creasing the surface area,(zg) but questions concerning the complete
wetability of a porous structure have yet to be answered.

The use of a thick, cylindrical, free falling curtain of liquid
lithium (or PbLi alloy) that is detached from the first wall eradi-
cates the need for a porous structure. However, deposition of the
pellet energy into the curtain produces pressure waves that launch
high velocity, spalled projectiles and slugs of slower fluid toward

the wall.(30) The erosion and impact fatigue that result can limit
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the first wall lifetime. 1In the HYLIFE(31) design of a laser fusion
reactor it was suggested that these problems could be circumvented by
subdividing the curtain into many columnar falls, which has the same
effect as the bubbles in the Blascon design. The increased entropy
of the design reduces preferential flow because momentum becomes dis-
organized among the jets. One of the disadvantages of the HYLIFE de-
sign is that it is difficult to control the temperature rise of the
coolant because it is only subjected to one target explosion. As a
result, some control over the thermodynamic efficiency of the plant
is lost.

In the HIBALL(6) design of a heavy ion driven reactor it was
suggested that the coolant flow could be more closely controlled by
directing the jets through tubes of porous silicon carbide fabric.
The temperature rise of the coolant can then be optimized while still
maintaining the other advantages of the HYLIFE design. The porosity
of the weave enables the SiC surfaces facing the target to be wetted
enough that the x-rays and ions are attenuated in a thin layer of
coolant rather than the tube material. The porosity also allows the
coolant to extrude through the tubes after it is shock-heated by
neutrons, which reduces the hoop stress on the tube. Despite the
attractiveness of the HIBALL first wall protection design, uncertain-
ties about the fatigue lifetime of woven SiC tubes and the compati-

bility of SiC with the coolant have yet to be resolved.



26

C.3. Gaseous Protection

A gas in the cavity of an ICF reactor will help to protect the
first wall from target x-rays and debris. The gas aéts as a thermal
¢apatitor by storing the energy it absorbs and radiating it to the
first wall at a slower rate than it would otherwise readh the wall.
The degree of protection is dependent upon the density and the atomic
weight of the gas, whiéh in turn 1s dependent upon the driver beam
propagation requirements. At present, it seems the gas density
should be less than about 3.5 x 1012 atoms/ém3 for targets driven by
heavy 1ion beams.(32) A gas at this density will allow the debris and
x-rays to reath the wall virtually unimpeded, so the gas proteétion
concept does not apply when heavy ion beam drivers are used. Laser
beams may be transmittable through gas densities as high as 3.5 x
1016 atoms/t:m3 without signifiéant defocusing,(S) which is high
enough to attenuate the target debris but not all of the x-rays. The
density of a ¢avity gas used to assist in the propagation of light
ions may be between 1.7 x 10!7 atoms/ém> to 1.7 x 1018 atoms/6m3,(33)
whi¢h is high enough to absorb virtually all of the non-neutronic
energy emitted by the target.

The SOLASE(3%) and soLASE-H(18) 1ager fusion reactor designs
utilized the gas prote&étion &onéept. A six meter ¢avity filled with
1 torr (0°C) of xenon gas was examined in the SOLASE-H study. Esti-
mates of the heat flux radiated by the gas indiéated that the temper-
ature of the first wall would be low enough to avoid evaporation, and

the pressure from hydrodynami¢ motion of the gas &ould easily be
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tolerated. It was concluded that under these conditions the zircaloy
first wall of the SOLASE-H reactor would last the lifetime of the
plant.

There are many questions concerning the radiation hydrodynamic
response of the gas that went unanswered in the SOLASE and SOLASE-H
studies. Since those studies three important improvements have been
made in the methods used at the University of Wisconsin to analyze
the gas. The improved areas are:

* the equations of state and opacity data of the gas,

* the method of computing the transport of nonequilibrium radiation
in the gas,

* the models for computing the x-ray and debris deposition in the
gas,

The first of these improvements is due to the work of Peterson,(35)

who has written a code for computing the opacities and equations of

state that 1s more economical than comparable codes. The second and

third improvements are the result of this author's efforts, and are

the subject of the following chapters.
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CHAPTER III
THE RADIATION HYDRODYNAMIC RESPONSE OF A GAS

TO A HIGH TEMPERATURE EXPLOSION

One of the features that distinguishes a nuclear explosion from
a chemical explosion is that a nuclear explosion heats the surround-
ing medium to higher temperatures. The influence of radiation trans-
port is more prominent at higher temperatures, so the response to a
nuclear explosion can be quite dependent upon the optical properties
of the medium. The response of standard density air to a nuclear ex-
plosion is discussed in great detail in the literature, and a brief
review of that work is presented in Section A of this chapter. The
review provides some necessary background for understanding how an
ICF cavity gas will respond to a target explosion.

The theory of blast waves can be useful in ICF reactor design if
the fusion energy is strongly coupled to hydrodynamic motion of the
gas. The literature on blast waves is briefly reviewed in Section B.
However, the theory of blast waves does not apply if the gas density
is low enough to decouple the fusion energy from hydrodynamic motion.
An analysis that is applicable to explosions in a low density gas is
presented in Section C.

A. The Response of Standard Density Air to a High Temperature

Explosion
Standard density air responds to the energy released by a
nuclear explosion in the four stages shown in Figure III—1.(36_38)

The radiation emitted from the device is absorbed in the surrounding
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air and heats it to temperatures that can exceed tens of electron
volts. The air becomes highly ionized and radiates a high intensity,
Planckian spectrum of radiation. At these temperatures the radiating
plasma is transparent to its own radiation because of a lack of bound
electrons with binding energies suitable for photoabsorption. But
the radiation is strongly absorbed in the surrounding cooler air. A
thermal wave propagates outward as emission and reabsorption con-
tinues in this way. The air heated to these temperatures 1s referred
to as an isothermal sphere because gradients in temperature are
quickly reléxed.

The propagation speed of the isothermal sphere eventually be-
comes less than the sound speed as it continues to engulf more air
mass. A shock wave can then form at the thermal wave front as the
energy released becomes coupled to the hydrodynamic motion of the
gas. Stage B begins when the shock is launched ahead of the iso-
thermal sphere. The shock is strong enough to heat the ambient air
to temperatures between a few to tens of electron volts. These
temperatures are high enough for the shock heated air to radiate at a
moderately high intensity, so the thermal wave front and the shock
front are coincident during stage B. The shock heated gas isropaque
during stage B, because at these temperatures the bound electrons
have the right binding energies for a strong photoabsorption inter-
action. The only radiation that can propagate ahead of the shock is

emitted within a thin layer extending a few mean free paths into the
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shock. As a result, only about 1% of the yield is radiated ahead of
the shoék during stage B.

The radiation emission rate deéreases rapidly below a &ut off
temperature of about one eleétron volt. Stage C begins when the
thermal wave falls behind the shock front because the shock is too
weak to heat the ambient air above the éut off temperature. Be&ause
of thermal expansion, the thermal wave front tontinues to propagate
outward for awhile after stage C has begun. But then the thermal
wave front is observed to reverse its direc¢tion and propagate in-
ward. After it reverses direétions it is referred to as a éooling
wave.(38-40) The reversal in direétion ¢an be understood by examin-
ing the temperature profile during stage C simultaneously with the
radiation mean free path, as shown in Figure I1I-2, The radiation
mean free path of the air en¢losed by the cooling wave is short, so
the emitted radiation is all reabsorbed except within the layer a few
mean free paths thié¢k at the boundary of the opaque region. Some of
the energy emitted in this layer escapes into the cooler, transparent
air. The energy that eséapes from this layer is not replenished by
energy from deeper within the opaque region because radiation dif-
fusion is a slow energy transport me&hanism when the volume of the
opaque region is this large &ompared to the mean free path. As a
result, a &ooling wave propagates inward and éools the opaque gas to
transparenty.

When the cooling wave reaches the center and all of the air has

been Cooled below the radiation &ut off temperature, stage D begins.
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During stage D the air cools mostly by convection as buoyancy forces
push the air upward.

A description of what a distant observer will see during a
nuclear explosion in standard density air is given in the review by

Glasstone,(36)

and explanations for the observed phenomena are given
by Raizer.(AI) The emission rate of light from the thermal front is
at a maximum during stage B. The ultraviolet component of the
Planckian spectra emitted from the thermal front is strongly absorbed
in the ambient temperature air ahead of the shock. But the ambient
air is transparent to the visible component, so an observer sees a
bright ball of fire. The light intensity that reaches an observer
drops sharply séon after the thermal wave falls behind the shock.

The reason for the sharp drop in intensity is that a layer of NO,
forms between the air bounded by the 2000°C and 6000°C isotherm, as
shown in Figure I1I-1. The NO, layer absorbs the visible light
emitted from the thermal wave front, so the light that reaches a
distant observer is radiated from the air at 2000°C. The NO, layer
decomposes before the cooling wave reaches the center. The light
intensity seen by a distant observer increases again as therNOZ layer

decomposes and the thermal wave front becomes visible again.

B. The Hydrodynamics of Blast Waves

The analysis of strong shocks has been of interest since the
mid-1940's, when it became desirable to predict the effects of blast
waves from nuclear explosions. A strong shock is characterized by a

sudden pressure rise an order of magnitude or more above the ambient
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pressure. The solution to the hydrodynamics equations can be shown
to be self-similar for a strong shock in a perfect, thermally and
radiatively nonconducting gas with constant specific heats. Self-
similarity means the functions that describe the thermodynamic
variables retain their shape, although not their magnitude, with
time. This enables the three partial differential equations of
hydrodynamics to be condensed into a single, ordinary differential
equation for a variable that is a unitless combination of the space
and time variables., The solution of this equation provides the
position of the shock as a function of time. The thermodynamic
variables can then be solved for from a set of ordinary differential
equations that are simpler in form than the original equations of
hydrodynamics.

Taylor used similarity methods to numerically solve the hydro-
dynamic equations for a strong blast wave,(az) and solutions for
cylindrical and planar shocks(43) have since followed. A compilation
of some of the results of these efforts is reproduced in Table III-1.
Sedov(45) later used similarity methods to analytically solve the
hydrodynamic equations for all three goemetries. Some of Sedov's
results are reproduced in Figure III-3 to illustrate the behavior of
thg thermodynamic variables.

The assumption of constant specific heats is not valid for

shocks that ionize or disassociate the propagation medium. This can

be seen by writing the ratio of specific heats as
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10 1.0
--~"‘ U(r)/u]
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%8 o5 1.0
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Figure III-3. Pressure, density, velocity, and temperature distri-
bution for a point explosion with vy = 1.23 (Ref. 45).

= L
Y 1+ e (12)

where e is the specific internal energy. Equation (12) shows that y
approaches unity as the internal energy increases from ionization and
disassoclation. The values listed in Table III-1 are only appropri-
ate if the translational component of the internal energy is domi-
nant. However, y is a slowly varying function, and the similarity
solutions are still very accurate if the proper value of y is used.
The value of the constant, B, also differs from that listed in
Table III-1 when ionization and disassociation decrease the value of

Y. Fortunately, an approximate expression for B as a function of ¥y
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can be derived. Chernyi(46) derived such an expression by assuming
all of the gas swept over by the shock is concentrated in a thin
layer at the shock front. That this is a reasonable assumption for a
strong shock can be seen by examining Figure III-3, Chernyi's

expression is

B =G Gy - 1) 5 (13)
(y - D(y+ 1)

by
T for spherical geometry,

]

where: G

= 41 for cylindrical geometry,

1 for planar geometry.

There have been attempts to adapt the theory of strong blast
waves to circumstances more general than those for which it was
developed. For instance, Freiwald and Axeford(47) attempted to pro-—
vide an analysis for explosions in low density gases by modifying
shock theory to include the source mass. But as discussed in the
next section of this chapter, the effects of radiation transport can-
not be neglected for a low density gas, so their theory has.few
practical applications.

A more useful extension of shock wave theory was offered by
Jones.(48) Jones combined theory with experiment to produce an ex-
pression for the pressure increase from a shock of any strength. The

expression is

-=p 2 (5 2 2)2 1 5 +P, (14)
e[(1 + nedy(28-D/26%
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- s + 2 ~1/6
where x = R[(——Z__)z F%F_] 1/ .
o
and ¢ = 0,611 h = 5,89 § =3 for spherical geometry,
c = 0.555 h = 4,80 § =2 for cylindrical geometry,
c = 0.500 h = 4,00 § =1 for planar geometry.

Equation (14) extends the ability for predicting the pressure rise at
a shock front to distances two orders of magnitude beyond that of
strong shock theory.

The pressure exterted on an obstacle during shock reflection is
greater than the pressure rise at the shock front. The Hugoniot
equations, which describe how the thermodynamic variables change
across a shock front, can be used to derive an expression for the
pressure exerted by a reflecting shock. Figure III-4 shows how two
colliding shocks of equal strength can be used to model a shock
reflecting from a wall, and Figure III-5 {llustrates the pressure-
velocity Hugoniot during shock reflection. The pressure during shock

reflection can be shown to be

(3y = 1)P) = (y = 1)P

L S O DF, ¥ (7 ¥ D, °

(15)

where the subscript "w"” denotes conditions at the wall. Equation

(15) is valid for shocks of any strength. It is misprinted in some

(90)

of the standard reference texts, so to insure its correctness a

derivation is provided in Appendix A.
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L
|

WALL
BOUNDARY

Uw=0

Figure III-4. Pressure and temperature profile of a shock reflecting
off a wall boundary.

Figure III-5. Pressure-velocity Hugoniot curve at a wall boundary.
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C. The Radiation Hydrodynamiés of a Debris Driven Shock

C.l. The Hydrodynamié Motion of a Debris Driven Shock

If the density of an ICF cavity gas is low enough that the gas
mass is &omparable to the target mass, then the gas response is
sensitive to how the target debris deposits its energy in the gas.
The target debris &an aét as a spherically expanding piston that
drives a shock wave through the gas, or it éan simply stream through
the gas without indu¢ing hydrodynamié motion. The partitioning of
the debris energy into kinetié and internal energy of the gas is

analyzed by ¢onsidering &onservation of energy and momentum;

+ AKE + AINT (16)
g g

2 MaYq

12
2 ™a%o

- 7
mgug = mgug t mu, (17)

where: AKEg is the kinetié energy imparted to the gas,

AINTg is the internal energy imparted to the gas,

my is the mass of the debris,

my is the mass of gas accelerated by the debris,

4, is the initial speed of the debris,

uy is the instantaneous speed of the debris,

ug is the speed of the gas acéelerated by the debris.
Equations (16) and (17) can be combined to write

AINT m (
g£_-_8

-1 . (18)
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This ratio will have a value near zero if there is a debris driven
shock, and values around one or greater if the debris streams through
the gas. The mass of gas through which the debris will traverse, my,
can be computed from the final range of the pellet ions in the gas,

c*. At the end of range, ug = 0, and Equation (18) can be written as

%*
AINT brp T3
g (o]

m—=——3-a—-l . (19)
g d

Thus the pellet mass, gas density, and projected range of the debris
can be used to predict whether or not a debris driven shock will oc-
cur. The value of the range, r*, used in Equation (19) should be
that of a projectile slowing down in a stationary gas. If the ratio
on the right-hand side of Equation (19) is much less than unity or
negative (negative values imply outward radial deformation of the gas
has extended the range beyond the value chosen), then a debris driven
shock can be expected.

Figure ITI-6 is an illustration of a debris driven shock. The
position of the shock, R, will be expressed as a function of time.
This is done by first assuming that the debris does not penetrate
very far into the compressed gas, so the speed of the compressed gas

layer, u_, is nearly equal to that of the debris. Hence,
u =u,=r |, (20)

where r is the speed of the debris—compressed gas interface. The
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COMPRESSED GAS:
DENSITYF: » SPEED Ug

AMBIENT GAS;
DENSITY P, SPEED u

EXPANDING
DEBRIS ;
SPEED uy

gs©

R

Figure I1I-6. A cross section of the ambient gas, compressed gas,
and expanding debris.

shock at R is strong as long as the shock speed, R, is much greater
than the sound speed. The Hugoniot equation for a strong shock in a
perfect gas with constant specific heats relates the gas densities

across the shock;

P
_1.=Yfi . (21)
Po Y
Writing conservation of mass flux across the shock as
pR=p (R-1) (22)

and combining this with Equation (21), the speed of the debris-

compressed gas interface can be related to the shock speed by
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o

r = R . (23)

The relation between the mass of the compressed gas zomne, mg, and the

sho&k position will also be required;
m =-% nR3p . (24)

Combining Equations (17), (20), (23), and (24), an expression for the

shodk speed as a funé&tion of its position is found;

2
y+1

s 4 3
+ = = . 2
R[md 3 mR po] LI (25)
The position of the debris driven shock can then be expressed as a
funétion of time by integrating Equation (25), whidh gives

39
RS =] =t . (26)

x
do 3 T4

THT g O
As the debris sweeps out an inéreasing mass of gas, the pressure
increase across the shock front eventually becomes less than a factor
of ten, and Equation (21) will be&ome invalid. As a result, Equation
(25) intorrectly predicts that R will become less than the speed of
sound when the shodk is of weak or intermediate strength. The
equations derived here should only be used when the debris driven

sho¢k is strong.
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C.2. The Radiation Emitted from a Debris Driven Shock

An expression for the heat flux emitted from a debris driven
shock, &, &an be derived by &onserving energy in the volume element
shown in Figure III-7. ‘The element is fixed to the shoék front. The
rate of &hange of the shodk speed is small &ompared to the acéeler—
ation of the gas atoms passing through the sho¢k, so the element is

in a quasi-steady state. Conservation of energy requires that

P

la-]

® - o 1 l2 L d - 1 1 [ d - L ] 2 [ d - L]
q—(e0+—p:+7R)poR (e1+p—1+7(R r) )p1 (R - r). (27)

Equations (21) and (23) can be used to rewrite Equation (27) as

. 2 .2 i Pr.
q=[———-——2R + e +—--el——]pR . 28)
(y+1) ° o S| °

If the energy radiated ahead of the shock is very small, then
Equation (28) relates the enthalpy jump at the shock to the shock
speed. Figure III-8(a) illustrates the temperature profile for this
¢ase. The sho¢k is said to be subcritiéal. The blast wave theory
deséribed in Seétion B of this &hapter is appliéable to a subéritical
sho¢k. If, on the other hand, some energy is radiated ahead of the
shock, then the temperature profile may a¢quire the characteristics
of a critical sho¢k. Just enough energy is radiated ahead of a
criti¢al shoék to equalize the temperatures on both sides of the
shock. If the shock is superéritiéal, as illustrated in Figure

I11-8(&), then radiation transport drives a thermal wave ahead of the
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Figure III-8. Temperature profiles for a: (a) subcritical,
(b) critical, (c¢) supercritical shock wave. These
profiles illustrate the trend of radiation transport
in a high density, intermediate density, and low
density gas, respectively.
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shoc¢k front. This is analogous to Stage A of the response of the

atmosphere to a nuclear explosion. Stage A might be the only stage
that oécurs if the gas density is low enough. For a supercritical
shodk, the enthalpy differenée between the gas on eaéh side of the

shoé¢k éan be negleéted to write Equation (28) as

q = _—2-—2- po§3 (29)
(y+1)

Onc¢e the thermal wave has reached the wall at R,,» the radiation flux

emitted from the debris driven shoé&k to the wall is

L e
I

2 s3 R |2
=—= - »HR ) . (30)
(y + 1)2 o Rw

C.3. An Example of a Debris Driven Shock in a Low Density Gas

The expressions that have been derived in this section are com
pared here to a numerical solution of the radiation hydrodynamic
equations. The numerical solution iné¢ludes the effects of the
debris-gas interaction. Other details of the numerical model are
given in the Ehapters that follow. Argon gas mixed with two volume
percent sodium was ¢hosen for the example presented here. Thé densi-
ty of the mixture is 1015 atoms/ém3 (2.8 x 10™2 torr at standard
temperature), and the radius of the spheriéal ¢avity containing the
gas is 4 meters. A total of 15 MJ of 0.3 keV blackbody x-rays were
assumed to be emitted from an ICF target at the ¢enter of the ¢avity.

An x-ray deposition calculation shows that only 2.5 MJ of the xrays
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are absorbed by the gas. One gram of iron with 15 MJ of the yield
was assumed for the pellet debris. The range of the iron ions is
about 71 em in a stationary gas with this composition and density.
Equation (19) is negative for this gas density, target mass, and
debris range, so the debris will drive a shock rather than stream
through the gas.

The shock position as a function of time as computed by Equation
(26) is compared to the numerical solution of the radiation hydro-
dynamic equations in Figure III-9, The value éf Y used in the
analytic equations was l.1. Equation (26) initially predicts a
swifter shock than the numerical solution because its derivation
assumes all the debris energy goes directly into kinetic energy of
the gas, whereas the numerical solution accounts for the fraction
that goes into increasing the enthalpy of the gas. At later times,
when the shock is of intermediate strength, the numerical solution
predicts a larger shock speed than the analytic equation. The reason
for this discrepancy is that the ambient pressure was neglected in
deriving Equation (26). As a result, Equation (26) overestimates the
time to reach the wall by about 207%.

For the low density gas in this example, the thermal front moves
much faster than the debris driven shock. The numerical solution
shows the thermal front reaches the wall about 107/ seconds after the
pellet begins to expand. Any subsequent radiation emitted by the
shock is absorbed by the wall. Figure III-10 compares the heat flux

at the wall computed by Equation (30) with that from the numerical
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SHOCK POSITION VS. TIME

SHOCK POSITION, METERS
N ol
! !

~— EQUATION 26
——NUMERICAL SOLUTION

J 1 | |

40 80 120 160

TIME AFTER BURN, Microseconds

Figure III-9.

The shock position as a function of time for the
analytic equation and the numerical solution of the

radiation hydrodynamic equations.
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solution. At small times the assumption that the enthalpy of the
sholk heated gas is negligible breaks down, so Equation (30) over-
estimates the heat flux. But for the times between 7 x 1076 s to

1 x 10"4 s the two heat flux turves show the same general behavior.
This ¢orresponds to the time it takes the debris driven shock to
traverse from one meter in radius to the wall. Equation (30) under-
estimates the heat flux emitted to the wall during this period be-
¢ause the energy emitted by the gas behind the shock has been

negleéted.
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CHAPTER IV

A TRANSPORT MODEL FOR NONEQUILIBRIUM RADIATION

Nonequilibrium radiation is defined in this thesis as thermal
radiation that is emitted by a region at one temperature and trans-
ported into a region that is at a different temperature. A two
temperature model for nonequilibrium radiation transport is deséribed
in Seé&tion A of this chapter. In the two temperature model, one
temperature deséribes the thermodynamié state of the radiating medi-
um, and the other, the radiation temperature, deséribes the frequency
spetétra of the radiation field. One of the ¢ontributions of this
thesis is that a reasonable method of computing the radiation temper-
ature is arrived at by deriving the two temperature model from
general equations of radiation transport. The conditions required
for applicability of the model beéome &lear during the derivation.
The motion of the medium and thermal c¢onduction are neglected in
Seétion A, so as to emphasize the details of the model.

The two temperature model is applied in Seétion B to a uniform
medium in whi¢h a spheri¢al volume is heated to a very high tempera-
ture. The equations are used to follow the development of the heated
volume through four stages, eath stage illustrating how the tempera-
ture dependence of the opac¢ity affects radiation transport. A new
analysis of a ¢ooling wave was developed to study one of the stages.
The new analysis can be applied to determine whether a cooling wave

will or will not oc¢cur for any particular explosion, and some
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examples are discussed. As in Section A, the motion of the medium
and thermal &onduétion are negleéted.

A. The Two Temperature Model

The radiation energy density at a point of interest tan be com—
puted by aétounting for the radiation transported, scattered, ab-
sorbed, and emitted throughout the medium. The transport equation
used to compute the radiation energy density is similar in form to
the transport equation used in other fields, su¢h as neutronics. But
unlike these other fields, some of the terms in the radiation trans-
port equation are strongly influenced by, as well as strongly
influenée, the temperature of the medium. Beiause of this inter—
dependence, the radiation transport equation must often be solved
simultaneously with the temperature equation of the medium.

The ions and eleétrons that comprise the medium are assumed to
be perfeét gases in equilibrium with eaéh other. Hence, the tempera-
ture and one other thermodynamié variable is enough to specify the
thermodynamié state. The temperatures of interest in &omputing the
response of an ICF cavity gas range from a fraction of an electron
volt to about 100 eV. At these temperatures, the Thompson séattering
éross seétion is muéh smaller than the photoelectric cross seétion,
so the stattering term éan be omitted from the transport equation.

In order to fotus attention on the radiation transport model, the
terms that aé&fount for the motion of the medium and thermal &on-
duétion will not be introduéed until Chapter V. In one dimension,

the spectral energy density and temperature are deséribed by
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v, (r,t) _

———sz———-+'V'sv(r,t) = emission rate - absorption rate , (3l.a)

p(r)Cc (r,t) 32%2;31 = - emission rate + absorption rate (31.b)
v t ?

where U, is the spectral energy density, and 3; is the spectral radi-
ation flux. The subscript "v" denotes the frequency dependence. The
divergence of the flux has been left in vector notation because it
depends on whether planar, cylindrical, or spherical geometry is
being considered.

An expression for the absorption rate follows from the defi-

nition of the radiation mean free path, £,(T):

ch(r,t)
absorption rate = ‘I;TTT" s (32)

where ¢ is the speed of light. When solving the radiation transport
equations, values for the mean free path are obtained from models of
the interaction of radiation with matter.(49’50)

An expression for the emission rate is obtained by first con-
sidering emission in an infinite medium with a uniform temperature.

The spectral radiation energy density in such a medium is given by

the Planck function,

3
v_(r) = 8Thv L , (33)
vP 3
c exp(ETJ -1
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where h is Planck's constant and k is Boltzmann's constant.
Kirchoff's law states that emission exactly balances absorption in

such a body, so

ission rate = <Uyp (T (34)
emi ate —m—r .

If thermodynamic equilibrium between the electrons and ions of the
medium is dominated by collisional processes, then equilibrium is
independent of the radiation field, and the medium is said to be in
local thermodynamic equilibrium (LTE).(SO) The concept of LTE is
very important, because it allows the emission rate to be computed
from Equation (34) even when the spectral radiation energy density is
not given by the Planck function. In this thesis, the radiating
medium is always assumed to be in LTE, If the assumption of LTE is
not valid, then the emission rate must be computed by solving rate
equations that describe the various electron transitions, which can
add substantially to the cost of solving the radiation transport
equations.

Before Equations (31.a) and (31.b) can be solved, the radiation
transport term must be expressed as a function of the spectral energy
density. Let r, represent the characteristic dimension of a radiat-
ing medium that is surrounded by a vacuum. If r /2, >> 1 within the
body, then the emitted radiation is all reabsorbed except near the
edges, where some escapes. Thermal radiation is emitted isotropical-

ly, so the spectral radiation intensity within the body will also be
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isotropic, except near the edges. It has been shown that radiation
transport is diffusive under these conditions, so the flux is related
to the spectral energy density by(49'51)

. ¢4, (T)
(Sv(r’t))diff = -—T—vuv(r,t) . (35)

Radiation can escape from the layer that extends a few mean free
paths into the medium, and be emitted into the surrounding vacuum.
The assumption of an isotropic radiation intensity does not apply to
this layer, and Equation (35) may give values of the flux that exceed

physical limitations. The maximum flux possible is
(EQ(r’t))slip = Tcl (r,t) , (36)

where f is a measure of the isotropy of the radiation intensity. The
magnitude of T lies between 1 and 1/4, corresponding to a completely
anisotropic and completely isotropic intensity, respectively. The
direction of T is opposite to the direction of the gradient in radi-
ation energy density. Methods of evaluating T in single(sz) and
multidimensiona1(53) configurations have been discussed in thé liter-
ature. However, for computational convenience, the magnitude of f
will always be taken as unity in this thesis.

Having established the limiting expression for the flux in the
diffusive and the free streaming (or radiation slip) limit, a more

general expression for the flux will be presented. For planar geome-
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(54)

tries, Probstein suggested the expression

— O Y
s,(r,t) = — .
[(s ) ¢! (37)

1G]

1 +
slip

Deissler(35) and Kershaw(56) have since derived Equation (37) from

(33) also

the general equations of radiation transport. Deissler
derived similar expressions for cylindrical and spherical geometries,
and compared the accuracy of these approximate expressions to Monte
Carlo solutions of the transport equations. It was found that
Equation (37) differs by only a few percent from the Monte Carlo
results. Equation (37) is the expression for the flux that is used
in this thesis. The justification for using Equation (37) in cy-
lindrical and spherical geometries 1s that these geometries can
always be divided into approximately planar cells when the problem is
one—~dimensional.

The effect of stimulated emission on a medium in LTE can be
accounted for by dividing the mean free path by the factor
(1 - exp(hv/kT)).(SO) When averaged over frequency, this factor is
tlose to unity for a medium in LTE. But under special conditions,
such as in lasers, stimulated emission can be the dominant emission
mechanism. The radiation transport model presented here is only ap—

plicable if the contribution from stimulated emission is small, be-

cause otherwise the assumption of LTE will be violated. For brevity
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in writing the equations that follow, the stimulated emission factor
will be omitted. However, stimulated emission will be included when
the two temperature equations are written in their final form.
Substituting the above expressions for radiation transport, ab-
sorption, and emission into Equations (3l.a) and (3l.b), the trans-

port equations become

3y, (r,t) . 7. <§§(r’t))diff ) el ,p(T) ) U, (r,t)
ot — L (T) 2. (T) >
L 1Bl Y v (38.a)
l(sv(r,t))slipl
aT(r,t) _ CU\)P(T) ch(r,t)
p(r) Cv(r,t) T = 2v(T) + ‘v(T) . (38.b)

The independent variables in these equations are time, space, and
frequency. If the frequency dependence of the radiation energy
density is not of interest, then it is desirable to eliminate the
frequency variable by integrating each term over frequency. The
emission term can be integrated easily because the frequency depend-
ence of both Uyp(T) and £,(T) is known. But in general, the remain-
ing terms cannot be integrated because the frequency dependenée of U,
is not known before the equations are solved.

Some special circumstances that allow the remaining terms to be
integrated are now investigated. By considering these circumstances
it becomes clear how the two temperature model can be derived from

more general radiation transport equations. If a medium is composed
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of only very opaque and very transparent regions, or if the radiation
mean free path in a medium is independent of frequency (a grey body),
then the radiation spectra emitted from any point retains its
Planckian shape as it is transported to other regions. Under these
conditions, it may be reasonable to approximate the spectral energy
density at any point by what will be referred to as a dilute

Planckian function:

3
U (r,e) = er,e) BB 2 : (39)
c exp (ET'—) -1
r

The radiation temperature, T,., specifies the frequency distribution
of the spectral energy density, and should be assigned a value that
reflects the temperature of the point that created the radiation. In
most instances, the radiation that arrives at a point of interest has
originated from surrounding points with a variety of temperatures, so
a suitable average value of Tr must be defined. The amount of radi-
ation energy that reaches the point of interest from each of the sur-
rounding points is a suitable averaging factor. Hence, the radiation
temperature is evaluated by following the flow of radiation energy.
The dilution factor, €(r,t), specifies the magnitude of the spectral
energy density. Deviation of the dilution factor from unit reflects
convergence, divergence, and absorption of the photons during trans-—
port. Note that in the limiting case of a blackbody, T, = T and

€ = 1, so Equation (39) reverts back to the equilibrium Planck

function.
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Using the dilute Planckian function to integrate Equations

(38.a) and (38.b) over frequendéy results in

W(r,t) , < Sq1£f T t) _ cUp (T) ; cU(r,t)
ot = 2, (T) TT)
L Bt T (40.2)
'sfslip(r’t)|
BT(r,t) - _ CUP(T) cU(r,t)
plr) € (r,t) =57 25 (T) p(T,T) (40.b)

where Up(T) = 40T4/é,
and U(r,t) is the radiation energy density.
The equilibrium Planck mean free path appears in the emission

term, and is defined (including induced emission) as

1 T Gl(u(T)) 1)
= du , 1
LM M
3
_ 15 u
where Gl(u) = “—4;—”7-‘1)—_—1 N
= h
and u = ﬁ,— .

The equilibrium Planck mean free path is the frequency averaged
distance that photons will travel in a blackbody at temperature T.

The nonequilibrium Planck mean free path appears in the absorption

term, and is defined by
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1 =°’G1(U(Tr))
HT,T) - ) T

du , (42)
_ ¢hv
where u(Tr) = (——kTr) .

The nonequilibrium Planédk mean free path is the frequendy averaged
distance that photons éharacéterized by the radiation temperature, T.,
will travel in a medium at temperature T.

Integrating the flux term over frequency in both the diffusion

and the free streaming limit gives

et (T,T ) _
84,0 (Tst) = ;”R_3__r_ W(r,t) (43)
and
;;lip(r’t) = fcU(r,t) . (44)

The nonequilibrium Rosseland mean free path appears in Equation (43),

and is defined as (including induéed emission)

2 (T,T ) = 2,(T6(T )) du (45)
(o}

15 u4exp('u)
bn (1 - exp("u))2

where G(u) = .
The nonequilibrium Rosseland mean free path is part of the frequency
averaged diffusion coefficient, <2p(T,T_.)/3, and should not be con-

fused with the frequency averaged mean free path, QP(T,Tr). These
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two mean free paths are not equal unless 2, 1s independent of fre-
quency. When radiation is free streaming, the Rosseland mean free
path is a useless number, whereas the Planck mean free path is still
useful.

Figure IV-1 illustrates the equilibrium Planck and Rosseland
mean free paths for both air and argon at standard density. Air is
completely disassociated at temperatures greater than a fraction of
an electron volt, so above this temperature the differences between
the mean free paths of air and argon are solely due to differences in
the atomic structure of the constituent atoms. The "well" shape of
these curves is characteristic of all gases at these temperatures.
For the Planck mean free path the depth of the well is determined by
the strength of the photoelectric interaction, whereas for the
Rosseland mean free path the depth is sensitive to both photoelectric
and line absorption. The steep gradients at the edges of the wéll
indicate that there are cases where a medium will be composed of very
opaque and very transparent regions. The two temperature model just
discussed is applicable to such cases.

In special instances, Equations (40.a) and (40.b) can sometimes
be simplified further to arrive at the radiation heat conduction
mode1(49’50) (sometimes referred to as the equilibrium diffusion
model). If the radiation mean free path in a medium is much smaller
than the temperature gradient, then the radiation energy density at
any point is given by the expression for a blackbody, UP(T). The

only unknown left is the temperature distribution, so Equation (40.a)
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Figure IV-1. The equilibrium Planck and Rosseland mean free paths
for air and argon at standard density. These curves
were produced for the author by the Theoretical Physics
Group, T-4, at Los Alamos National Laboratory, and are
the result of theoretical calculations.
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and (40.b) can be combined to write the equation for radiation heat

conduction;

U (r,t) s, . (r,t)
o(r) Cv(r,t) aTgE,t) + Pat + 7. Qiff =0

I's (r,t)|
1+ _diff (46)

|sslip(r,t)|

s s . S

where s, .. and Sg11p 2TC defined in terms of Up(T) ome radiation
transport codes(57) use the radiation heat conduction model instead

of a nonequilibrium radiation model. However, the radiation con-
duction model does not apply to many of the cases of interest in this
thesis, so Equations (40.a) and (40.b) will be used for the numerical
solutions.

B, Radiation Transport in a Sphere Heated to a High Temperature

Radiation transport in a sphere of gas heated initially to a
temperature To, with radius Tos will be considered in this section.
Figure IV-2 shows the initial temperature profile of the heated
volume. The ambient temperature outside of the heated sphere is
Tamb‘ The temperature at the center is denoted by T' as the sphere
cools, and the radius of the heated volume by r'. The equilibrium
Planck and Rosseland mean free paths are also shown in Figure IV-2 as
a function of temperature. The temperatures Ty, Ty, T3, and T4 de-
note transition temperatures where the Planck or Rosseland mean free
path changes rapidly with temperature. As the temperature of the

sphere falls below each transition temperature, the character of
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radiation transport can change dramatically. The four cases indi-
cated in Figure IV-2 will now be considered.

B.l. Case 1: To >T' > T1

Case 1 is analogous to Stage A of the atmosphere's response to a
nuclear explosion. As illustrated in Figure IV-2, the temperature of
the gas within r, 1s above the upper transparency temperature, T1e
Hence, the gas there is transparent to its own radiation. The radi-
ation emitted from the gas within r, is transported out to r', where
it is absorbed as nonequilibrium radiation. The thermal wave at r'
propagates outward as the absorbed radiation heats the cooler gas to
transparency.

Because the gas within r, 1s transparent, the absorption term in
the transport equations can be neglected, and the flux is given by
the free streaming limit. In many instances it is also reasonable to
assume the radiation energy density within the sphere is in a quasi-
steady state, because the time for changes in the radiation energy
density is usually much greater than the time fo£ radiation transport

(r,/c). Applying the above assumptions to Equation (40.a) results in

UL (T")
1 4 2 _Yp
7 & (r"0(x, ) = vy - (46)

The transparent sphere remains isothermal as it cools because it
loses energy uniformly. Then the Planck mean free path is constant
within the sphere, and Equation (46) can be solved for the flux out

of the sphere:
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r, 4 4r°
Cu(ro!t) = éUP(T )W = oT TEI"—(T—'—)- . (47)

¢

This flux is much less than that of a blackbody because ro/lp K1,
The temperature equation can be applied to the transparent
sphere to evaluate the time dependence of T'. Neglecting the ab-

sorption term in Equation (40.b) results in

ar' cUp (T')

& Ta (48)

pC,(T")

Once the temperature dependence of the specific heat and Planck mean
free path is specified, Equation (48) can be solved for T'(t).

The propagation speed of the thermal wave front at r' is denoted
by r'. It can be evaluated by equating the energy absorbed at r' to
the increase in enthalpy there. In the reference frame fixed to r',
this equality is

2. - ' 2 -
4wrocU(ro,t) 4rr pCvl(Tl T ' (49)

amb

where Cvl is the specific heat averaged between Ty and T Once

amb*
the time dependence of T' is known, the time dependence of r' can be
found by integrating Equation (49).

B.2. Case 2: T; > T' > T,

Case 2 begins as the gas within r' cools below the upper trans-—

parency temperature, T;. The Planck mean free path then becomes
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small enough that the absorption term in the transport equations can
no longer be neglected. The Rosseland mean free path is still very
large, so radiation transport is still flux limited. A thermal wave
continues to propagate outward as the radiation transported to r' is
absorbed as nonequilibrium radiation.

Assuming the radiation energy density within r' is quasi-steady,
Equation (40.a) can be written as

1 d 2
~ 5= (£ U(r,t)) = - : . (50)
r2 dr zP(T ) zP(T )

The gas within r' is assumed to be isothermal because flux limited
radiation transport is fast enough to relax any gradients in tempera-
ture. Henée, the Planck mean free path is constant within the
sphere, and Equation (50) ¢an be solved by the methods applicable to
ordinary differential equations. The solution for the flux at r' is

24,(T")  285(T") o

(', e) = Wy (T)[1 - —— + 7 (et ry))le 6D

The maximum flux, ¢Up(T'), is that of a blackbody, and occurs when
2p(T') << r'. The minimum flux occurs when 2p(T') >> r', and can be
found by expanding the exponential and canceling the appropriate
terms. The result is identical to Equation (47), but with r, re-
plaéed by r'.

The time dependen¢e of the temperature T' is found by solving

Equation (40.b), whiéh in Case 2 1is
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' U(T') - U (T")
pCV(T') L. ¢ P

At 25 (T") * 52)

!

The funétion U(T') is given by Equation (51). Given the temperature
dependenée of the speéifié heat and Planék mean free path, Equation
(52) &an be solved for T'(t).

The propagation speed of the thermal wave front, f', is found in

a manner similar to Case 1. The appropriate equation is

4nr'2cU(r',t) = 41rr'2pCV (T' - T, r' (53)

2 mb

where C,» is the specifi& heat averaged between T' and Tompe The
time dependence of r' is determined by integrating Equation (53)
after T'(t) is known.

B.3. Case 3: Ty > T' > Tj

There are two thermal waves to be ¢onsidered in Case 3. Radi-
ation transport is diffusive in the region with temperatures between
Ty and T3, which is between r = 0 and rqy in Figure IV-2, The energy
radiated in this volume is all reabsorbed extept near the edges,
where the radiated flux is about dTg. Radiation is transportéd more
rapidly in the region between rq and r', so the radiation eséaping
from the diffusive volume is transported‘to r' and absorbed there as
nonequilibrium radiation. Thus, a thermal wave develops at the edge
of the diffusive reglon, where energy is being emitted, and at r',

where the energy is being absorbed.
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In Case 3, the temperature profile can develop in one of two
ways. If energy is radiated at ry faster than it is replenished by
energy diffusing from deeper within the diffusive region, then a '
cooling wave will sweep inward. On the other hand, if energy dif-
fuses to rq faster than it is radiated away, then a diffusion wave
will propagate outward. To determine which of these possibilities
will occur, an energy balance at rqy is considered. Figure IV-3 shows
two control surfaces moving with T4e The net enthalpy flux across
these surfaces is balanced by the radiation diffusion flux in from
the left, and the free streaming radiation flux out from the right.
The speed of energy transport by diffusion is denoted by r

diff"®

Using the energy balanée to solve for the speed of the thermal wave

at rd,
r oC_(THT' - oT>
= diff v 3 (54)
[} Y o d
d pCv(T )T pCv<Tamb)Tamb

Equation (54) &an have positive and negative values, corresponding to
a diffusion wave and a cooling wave, respectively.
To utilize Equation (54) in a practical way, the speed that

energy 1s transported by radiation diffusion, , must be evalu-

Taiff
ated. This can be done by solving the radiation heat conduction
equation for a completely opaque gas (i.e., no free streaming).

Equation (46) applies to such a gas, and neglecting the radiation

energy density, can be written as
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— (r T 5 =0 . (55)

Barenblatt(ss)

used similarity methods to analytically solve Equation
(55) for an instantaneous point explosion in a medium with a tempera-

ture independent specifié heat and 2R(T') = AT'™®, Using that so-

lution, the radiation diffusion speed &an be approximated as

Lo L BT GGt/ 16 e Pui1/3  Ger)/3 (s,
diff 3n+ 2 '3 3pCV E
5,1
2+ 2
CBn+2 1/6e) [ TG TR) wem)
where g = [m] 1 3 ’
27 “nn ral + =)re)
n’"" "2
I' = the gamma funétion,
and n=m + 3,

Equation (56) shows the radiation diffusion speed decreases inversely
with the &ube root of the deposited energy, E. Hence, the tendency
for a cooling wave to occur increases as the deposited energy
in¢reases.

Equations (54) and (56) ¢&onstitute a more complete analy;is of

(38-40) ,_4

the ¢ooling wave than has been provided in the literature,
will now be applied to an explosion in standard density air. A 30 MJ
and 1014 MJ yield will be &onsidered, éorresponding to the nominal

yield of an ICF target and a nuélear weapon, respectively. These

examples illustrate how the magnitude of the deposited energy
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influences the observed phenomena. In eac¢h case the explosion pro-
duées gas motion that sweeps out most of the air mass, leaving the
density in the diffusive region about two orders of magnitude lesE
than standard density. For simplic¢ity, a éonstant mean free path is
assumed (n = 3). The minimum Rosseland mean free path is about 2 cm
at this density, and o&éurs at T' = 5 eV. The spe&ifié heat is about
1012 erg/gm/eV at this temperature and density. The transparency
temperature, T3, is about 1 eV, as ¢an be seen from Figure IV-1.
Using the above information, Equations (54) and (55) indicate that a
diffusion wave at ry will propagate outward at about 3 x 108 ¢m/s for
the 30 MJ yield. This is &donsistent with what has been found with
numeriéal solutions to the radiation Hydrodynamié equations.(sg) For
ol4

the 1 MJ yield, a &ooling wave propagates inward at about 2 x 104

&m/s. This result is consistent with what has been observed in
weapons tests.(49)

B.4. Case 4: T, > T' D Tomb

Case 4 begins as the temperature of the heated gas drops below
the lower transparenéy temperature, T,. The sphere is transparent
below this temperature, and the radiation emission rate decregses to
the value given by Equation (47), but with r  replaced by r'. After
the decrease in the emission rate, the sphere cools mainly by convec-
tive mixing with the éooler surroundings.

In the design of a gas filled ICF reactor, it is useful to know
the size of the sphere when it beéomes transparent. If the sphere

does not bec¢ome transparent before it reathes the wall, the heat flux
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absorbed by the wall can be much higher than otherwise. The sphere's
size when it becomes transparent can be estimated by equating the

¢

energy absorbed by the gas, E, to the enthalpy increase,
), 537

where C, 4 is the specific heat averaged between T4 and T For

amb*
pure argon gas, T, is about 1.5 eV and C,, is about 4 x 104 J/eV/gm.
Figure IV-4 shows the size of the sphere when it becomes transparent
for various pellet yields and gas densities. In a laser fusion re-
actor, where the gas density is on the order of 1073 atm (0°C), the
size of the heated volume when it becomes transparent will be about

4 m for a 30 MJ yield. For a cavity smaller than this, a significant
amount of first wall evaporation can be expected. By the same
reasoning, little evaporation is expected for the first wall of a

light ion driven reactor, where the cavity gas density is about 10-2

atm (0°C).
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CHAPTER V
NONEQUILIBRIUM RADIATION TRANSPORT WITH HYDRODYNAMIC MOTION,

THERMAL CONDUCTION, AND SOURCES OF ENERGY AND MOMENTUM

The radiation transport model described in the previous chapter
is modified in Section A of this chapter to include the effects of
hydrodynamié motion, thermal ¢onduction, and sources of energy and
momentum. The equations are written in the Lagrangian reference
frame, which follows the motion of a point moving with the fluid.

One of the goals of this thesis is to provide a suitable method
for computing the deposition of target x-rays in a cavity gas. In
Section B, the justification for using an exponential attenuation
model is discussed. The calculation is complicated by the fact that
the attenuation coefficient decreases as the x-rays ionize the gas.

A method for computing the attenuation coefficient as a function of
ionization is also presented.

Another goal of this thesis is to provide a method for computing
the deposition rates of internal energy and momentum from the target
debris into a cavity gas. The method that has been developed is
described in Section C, and requires a few parameters from the output
of an ion transport code. These parameters are used to compute the
energy of the debris ions as a function of time and space in the gas,

from which the energy and momentum deposition rates easily follow.
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A. The Equations of Radiation Hydrodynamics

A.l. The Momentum Equation

In Lagrangian coordinates, the one-dimensional equation of !
motion for a cavity gas is

plr,e) 2LE) = = 2 (p(r,e) + P _(r,t) + q(r,e)) + 5 (r,6) , (58)

mom
where: P is the gas pressure,

P is the radiation pressure,

T
q is the artificial viscosity,

S is the rate that momentum is imparted to the gas.

mom
If the ions and electrons that constitute the gas are in equi-
librium with each other, then the local gas pressure is related to

the local temperature and density by the perfect gas 1aw,(6o)

P=n(l +2) kT , (59)

where n is the number density of gas atoms, and Z is the number of
free electrons per gas atom. The number density of gas atoms is com-
puted by following the initial density profile as a function of time
and space. The degree of ionization, on the other hand, is a
function of the thermodynamic state of the gas, and is computed by
statistical mechanical and quantum mechanical models of matter,(Ag)

or is measured by experiment. The degree of ionization is usually

given as a function of temperature and density.
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An exact ¢alculation of the radiation pressure vector, Pr’
requires taking the first moment of the radiation intensity over all

angles. The first moment yields ¢

Fr(r,t) = f(r,t) U(r,t) , (60)

where f is the Eddington factor.(SO’SI) The Eddington factor is a
measure of the isotropy of the radiation field and ranges in magni-
tude from 1/3 to 1, depending on whether the radiation intensity is
completely isotropic or completely anisotropic, respectively. For
the range of temperatures and densities of interest in the gas pro—
tection contept, the radiation pressure is a very small component of
the total pressure. Henée, the value used for the Eddington factor
will not affeét the aécuraéy of the solution. In this thesis,

£l = 1/3 will be assumed, implying the radiation pressure is iso-
tropic.

The purpose of the artifiéial viséosity, q, is to spread gradi-
ents in the thermodynamié variables over distances resolvable by the
Lagrangian mesh &¢hosen for the numerical solution. The first re-
searéher to derive an expression that preserves the Hugoniot ’
relations across the shock was von Neumann.(61) The function used in
this thesis is somewhat easier to evaluate than that derived by von

Newmann, and 15(62)
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where Au is the velocity difference between adjacent Lagrangian
zones, and p is the time rate of density change.

The momentum of the target x-rays has a negligible influence on
the motion of the cavity gas. However, this may not be the case for

the target debris. The momentum deposition rate of the debris is

audr(r,t)
Smom(r,t) = —pd(r,t) 3t (62)

where pd is the density of the debris, and audr/at is the acceler-
ation of the debris in the direction of gas motion. A method for
evaluating the debris acceleration is described in Section C.

A.2. The Energy Equation

When the two temperature radiation transport equations are
modified to include hydrodynamic motion, thermal conduction, and

sources of internmal energy, they appear as

4

au — . 40T cU
— = =Veg - P 8§V + - 3.
at s - POV Iy T T (63.2)
P P r
T _ 1 3 . 6-1, 3T, _ 3P & _
pCv e r6-1 r (r K ar) aT VT aeV
(63.b)
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where: K is the thermal ¢onductivity of the gas,
\ is the rate of spe¢cifié volume change,
Sint 1s the internal energy deposition rate, '
§ is 1, 2, and 3, for planar, é&ylindrical, and spherical

coordinates, respectively.

In writing the temperature equation, the thermodynamic identity(62)
L130ce) 4 py = BT 4 2R gy (64)

p ot v 3t ot

has been used to express the specifié internal energy, e, in terms of
temperature.

Spitzer's(63)

expression for the thermal conductivity of free
electrons interaéting with stationary ions i{s a suitable estimate for
the thermal conductivity. The theoretically derived expression is
usually modified with an experimentally determined constant to pre—

vent it from diverging as the ilonization, Z, approaches zero. The

modified expression is

72/2 J
k=12 o177 s-cmevV (65)

where T is in eV, and 1n A is the Coulomb logarithm. For the temper-
atures and densities of interest in the gas protection concept, the
energy transported by thermal éonduétion is mulh smaller than the
energy transported by radiation. Hence, the thermal conduction term

does not significantly influenée the solution of the energy equations.
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The target x—rays deposit their energy on a much smaller time
scale than the hydrodynamic relief time of the cavity gas, so the x—
ray deposition can be modeled as instantaneous. However, the endrgy
deposited by the debris must be computed dynamically. An expression
for the deposition rate of internal energy from the debris, Sints

follows from conservation of debris energy:

- B =35 4 (ﬂ) (66)
Pa"d Bt int © PY Gelp=0

The quantity in parenthesis is the acceleration of the gas due to the
debris alone, that is, excluding pressure gradients. It can be

evaluated from conservation of debris momentum:

du audr

° GGedp=0 = Pa 3¢ ¢ 67)

Combining the above equations and solving for the source term yields

Ju Ju
s = dypu—38 | (68)

int ~ Pa%aTr T Pa" "ot
Once the debris acceleration, Bud/at, and the component of thé debris
acceleration in the direction of gas motion, Budr/at, are both known
as functions of time and space, then the internal energy deposition

rate can be evaluated.
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B. Energy Deposition from Target X-Rays

B.l. The Point Source Model

The attenuation of target x-rays in the buffer gas is parti-~
¢ularly simple to model if selondary emission from the gas is negli-
gible. Sedondary emission occurs by scattering of the primary x-rays
or fluores&enée of the gas. If se&ondary emission is negligible,
then the target ¢an be modeled as a point source of x-rays that are
attenuated exponentially. The point sourée model is used in this
thesis to ¢ompute the x-ray energy deposition, and the ¢onditions for
appli¢ability of the model are discussed in the following paragraphs.
In instanées where the point sourée model does not apply, more so-
phistiéated methods of &omputing x-ray transport &an be applied.(64)

Figure V-1 illustrates the energy dependenée of the x-ray at-
tenuation ¢oeffiéient for three noble gases at 1 torr (0°C). At the
lower energies (< 10 to 100 keV), where the attenuation éoeffiéient
1s strongly energy dependent, the photoelectri¢ effeét is the domi-
nant interaction. At the higher energies (> 10 to 100 keV), where
the energy dependente of the attenuation coefficient is weak,
s¢attering is the dominant interaction. Hence, scattering can be
negletted as long as the energy of the x-rays is less than about 10
keV. To illustrate that this ¢ondition may be satisfied, Figure V-2
shows the time integrated x-ray spe&tra emitted by a possible ICF
target.(65) By examining Figures V-1 and V-2, it is evident that for

this speétrum x-ray séattering will be negligible.
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Fluorescence of the gas must also be negligible if the point
source model is to be applicable. Fluorescence can occur after an
atom ejects a photoelectron and is left in an excited state. The
excited atom ¢an undergo radiative electron transitions and emit
fluorescent radiation. If, however, the excitation energy that would
have appeared as fluorescent radiation is instead transferred to an
outer shell electron, then the relaxation process is radiationless.
The outer shell electron that is ejeéted in the radiationless process
is referred to as an Auger electron.

The fluorescent yield is a measure of the probability that an
extited atom will undergo radiative transitions rather than Auger
transitions. The magnitude of the fluoreséent yield depends on the
energy of the incident x-rays, and also on the atomic number of the
gas. Some experimental and theoretical data on the fluorescent yield
from transitions to the K shell that was compiled by Burhop(67) is
illustrated in Figure V-3. If the incident x-rays are energetic
enough to be photoabsorbed by electrons in the K shell, then Figure
V-3 can be used to estimate the fluorescent yield. For instance, the
spectrum shown in Figure V-2 is energetic enough to interact with the
K shell electrons of helium, neon, and argon. Figure V-3 shows that
the fluorescent yield from transitions to the K shell will be less
than 10% for these gases. The K shell of xenon has a muéh larger
fluoreséent yield than the lighter noble gases. But as seen in
Figure V-1, x-ray energies on the order of 30 keV are needed to

intera¢t with the K shell electrons of xenon. If the x-ray energy is
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less than the K shell binding energy, then the x-rays can only inter-
aét with L or M shell eleétrons. The L series fluoreséent yield is
much smaller than the K series yield, ranging from 0.05 for krypton
up to 0.40 for uraniume The M series fluorescenée has not yet been
measured acéurately, but appears to be less than 0.05 for even the
heaviest of elements. Hente, if the target x-rays have energies less
than about 30 keV, fluoreséence will not be too significant for any
buffer gas.

B.2., The Effeét of Ionization on the Photoelectrié Absorption

Coefficient

After a gas atom photoabsorbs a target x-ray, it emits a photo-
ele¢tron, and as previously indidated, probably one or more Auger
eleétrons. The duration of the xray pulse (= 10_8 s) is much
shorter than the time for a photoelectron to slow down and be re-
éaptured (= 10—6 8), so a defiéienéy of bound electrons builds up as
x-rays are absorbed. The la¢k of bound eleé&trons, sometimes referred
to as x-ray bleac¢hing, causes a reduétion in the photoeleétric at-
tenuation éoeffiéient that limits the number of x-rays a gas atom can
absorb. Near the target, where the x-rays far outnumber the gas
atoms, x—ray bleaching has a noticeable influence on the deposition
profile.

To model the bleaching effeé&t, the x-ray spectrum will be treated
as if it is ¢&omposed of a number of identi¢al subpulses, with each
subpulse having the same frac¢tion of the total x-ray yield. After

eath subpulse passes through the gas and is exponentially attenuated,
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the number of photoelectrons ejected per gas atom can be counted by
assuming one eleétron is ejeéted per x—ray absorbed. This counting
s¢heme neglec¢ts Auger emission, but is adequate for a conservative
estimate of the bleadhing effect. Before the next subpulse traverses
the gas, new attenuation coefficients are computed at each point in
space and for each energy group by assuming that each electron in a
given atomic shell contributes equally to the photoelectric cross
section of that shell. For instance, Figure V-4, shows the attenu-
ation coefficient of argon gas with O, 4, 8, 12, and 16 electrons
missing from the L shell. The corresponding reductions in the
attenuation coefficient of neutral argon are 0%, 25%, 50%, 75%, and
100%, respectively. With this model, computing the bleaching effect
for x-rays that interact with the L shell electrons is simply a
matter of keeping track of the number of electrons left in that shell
after every subpulse.

A similar calculation can be made for x-rays that interact with
the K shell electrons. However, a question arises as to which shell's
electrons will be ejected, because an x~ray with enough energy to be
absorbed by a K shell electron might also be absorbed by an L shell
electron. Auger transitions occur on a time scale on the order of
10713 s, so an atom that has ejeéted a photoelectron from the K shell
will probably undergo an Auger transition before the next target x-
ray is absorbed. Thus, there are never any vacant inner levels until
all the outer shell electrons have been removed. After all the outer

shell electrons are removed, further ionization reduces the
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attenuation coefficient of the K shell in the manner depicted in
Figure V-4.

Figure V-5 shows the specific energy profile in argon gas af%er
60 MJ are emitted from a 0.3 keV blackbody point source of x-rays.
The two curves correspond to the specific energy computed with and
without taking into aééount the x—ray bleaching effe&t, and represent
the same total deposited energy. When the bleaching effect is
ignored, the specifié energy ¢omputed near the sourée deéreases
rapidly as the distance from the source increases. But when the
reduction in the attenuation coefficient is included using the model
described above, the specific energy has an almost constant value for
the first 50 cm,

After the photoelectrons have thermalized with the gas ions, the
gas temperature can be computed. If the transport of energy is
negligible on a macroscopic scale during the equilibration period,
then the x-ray energy deposition profile can be used directly to
compute the gas temperature, charge state, pressure, and radiation
mean free paths that are necessary to begin the radiation hydro-
dynami¢ calculation. Including the x-ray bleaching effect helps to
avoid unrealistically large temperature gradients near the peilet,
and thereby decreases the computer time required to solve the radi-

ation hydrodynamiés equations.
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Ol TORR ARGON (AT 273°K)
60 MJ OF 03 keV BLACKBODY X-RAYS

\ WITHOUT X-RAY BLEACHING EFFECT
\\/ WITH X-RAY BLEACHING EFFECT

Fig. V-5,

00 300 300
DISTANCE FROM SOURCE, cm

Specific energy profile after x—ray deposition in argon
gas, with and without the bleaching effect.
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C. The Deposition of Target Debris

C.l. The Path of Debris Ions Slowing Down in an In&ompressible Gas

Figure V-6 shows two different paths that a debris ion might'
travel after entering an incompressible gas at point O. If the ion
interacts only with electrons of the gas atoms, then it will slow

down along the straight path OR_. The path is straight because the

p

mass of an electron is much smaller than the mass of a debris ion, so
deflections of the ion are small. For a straight iine trajectory, uy
is equal to uyys and the driving terms to the radiation hydrodynamic
equations ¢an be computed from slowing down models.(68) On the other
hand, if an ion loses most of its energy in elastic collisions with
the gas nuclei, then the trajectory will follow the path OR. The
driving terms are mu¢h more difficult to compute when nuclear col-
lisions are influential, because each ion follows a different path.
Bohr(69) has suggested £hat nuclear stopping is dominant if the
ion speed is less than about one~tenth the speed of the electrons
orbiting the ion. Using the Thomas-Fermi(7O) model, the average

speed of an orbiting eleé¢tron, u_,, is

e?

2
- Z2/3 27e

e 1 h ? (63)

u

where: Z; is the atomic number of the ion,
e 1s the electron charge in esu,
h 1is Planc¢k's constant in cgs units.

Curves corresponding to u, and 0.1 u_ are shown in Figure V-7 to

e e
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illustrate the parameters where eleétronic or nuclear stopping will
dominate. These &urves are only rough guidelines, but suitable for
order of magnitude estimates. (

To estimate whether the dominant slowing down mechanism for tar-
get debris traversing a buffer is nuélear or eleétronic interactions,
the kineti¢ energy per atomic mass unit can be assumed to be initial-
ly equal for each debris ion. Henée, all of the target ions have the
same initial speed. Given this assumption, the initial speed of each
ion éan be &omputed from the fraétion of the yield in debris energy
and the number of debris ions. From Figure V-7 and this estimate of
the initial speed, it follows that for a target éonstructed from ma-
terials with an average atomic number greater than about ten, the
ratio of debris energy to mass must be greater than 3000 MJ/gm for
electronic interactions to dominate. It is not likely that this con-
dition will be met by ICF targets, so it is concluded that nuclear
collisions will be the important slowing down mechanism. Hence, the

trajectory of the ions will not be straight as they traverse the gas.

C.2. The Slowing Down of Debris Ions in an Incompressible Gas

An inexpensive method of ¢omputing Uy, U4y, and the time deriva-
tive of these quantities for target debris slowing down in a ¢avity
gas will now be described. The gas will be ¢onsidered stationary
while diséussing the method, with the effeéts of &ompressibility

added in Section C.4.

Using the Boltzmann equation, Williams(7l) has developed a

transport equation for the distribution function of an initially
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THE DOMINANT SLOWING DOWN
INTERACTION OF IONS AT DIFFERENT SPEEDS
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Fig. V-7. The dominant slowing down interaction of ions based on the
Thomas~Fermi model.
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monoenergetic ion pulse as a function of time, space, and energy in
the slowing down medium. Although a few analytic solutions to the
ion transport equation exist for simplified interaction po- !

tentials,(71’72)

even a numerical solution is exceedingly difficult
when realistic interaction potentials are used. Lindhard(73) derived
a more manageable expression that describes the spatial distribution
as a function of energy, with the time dependence neglected. That
intergro—differential equation was developed using heuristic sta-
tistical arguments, but Williams(71) later showed how it can be
derived from the adjoint of the time dependent ion transport
equation. Other arguments supporting the derivation of Lindhard's
equation have also been refined since it was first derived,(74) and
it is still the cornerstone of ion transport calculations.

In Lindhard's classic work it was shown how the first spatial
moment of the intergro-differential equation leads to a simpler
integral equation for the average path length, R, as a function of
energy. A second moment leads to another integral equation describ-
ing the straggling (i.e., standard deviation) in R as a function of
energy. Other moments of Lindhard's equation lead to integral
equations for the average projeéted range, Rp, and the straggling in
Rp, both as func¢tions of energy. It was also i1llustrated how the
integral equations for R, Rp, and the straggling in these quantities
¢an be solved by expanding the integrands as a power series, and

retaining the lower order terms. Brice(75) has further developed

Lindhard's expansion of the integrands, and has written the RASE4(76)
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¢ode to solve for the ranges and standard deviations. These quanti-
ties are computed by RASE4 when the initially monoenergetic ions have
slowed down to the speed ug, but no information is given about the
time it takes the ions to slow down to u4, or the standard deviation
in that time. The information concerning the time has been sacri-
fi¢ed by taking Lindhard's approach instead of solving a time depend-
ent lon transport equation. The approach taken here will be to add
the time dependence in an approximate manner to the results computed
by the RASE4 code.

The path length, R, projected range, Rp, and speeds uy and ug,
are stothasti¢ quantities that have some standard deviation associ-

(77) used the

ated with them at any given time. Oen and Robinson
nuélear and electroni¢ éross sections developed by Lindhard(78) to
compute the standard deviation in the slowing down time, and found
that it is always less than 15% of the average slowing down time.
This result indicates the ion speed is fairly precisely defined at
any given time as the ions slow down. The time derivative of uyq can
then be approximated with a total derivative instead of a partial
derivative. If R and Rp are defined as the average path length and

average projelted range, respectively, then the slowing down of ions

in an initially monoenergeti& pulse can be defined as

dud dud dr
it dt ® ° (70)
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du, dR
=, =22 (71)
d dR drR
P
du, dR
- d “p ¢
“dﬁ;a— . (72)

The motivation for writing the time derivative of uq in the form of
Equation (72) is that the three terms on the right-hand side are pro-
vided by RASE4 as a funétion of Rp. The ion speed at any instant is
given by a time integration of Equation (72).

The average projected speed of an ion pulse, Ugps is defined in

a similar manner,

dR

- PR
Y4r T dt ® ° 73)
drR
= P
LR -l (74)
Like Equation (72), Equation (74) is exaét for a single ion, but
applies only in an average sense to the ions in an initially mono-
energetic pulse. Differentiating Equation (74) yields another
quantity required for the driving terms,
d du, dR dr
U4r _ a4 Ty +u 4 G—Jz) (75)
dt dt dR d dt ‘dr :
2
dud dRp 2 d Rp
T ® Tz - (76)
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Ea¢h term on the right of Equation (76) can be evaluated using the
RASE4 results.

To evaluate Equations (72),.(74), and (76), the RASE4 results
have been fit to ¢onvenient analytiéal functions. The functional fit
for the debris speed, ud(Rp), that was developed during this research
is

u, R ) =u . (77)
p
where Rp* is the final average projected range of ions that began
with an initial speed ugxe The &onstant &; is evaluated by substi-
tuting in an intermediate value of uyq and Rp from the RASE4 output,

along with the corresponding value of uqx and R Once the value of

p**
¢; 1s known, Equation (77) &an be used for ealh energy group of an
arbitrary spectrum of debris ions. Only the initial speed and the
final range of the ions in eaé¢h group need be known. Figure V-8
shows how Equation (77) fits the RASE4 results for 10, 20, and 30 keV
iron ions slowing down in 107 atm. of argon. The derivative,
dud/dRp 1s also required in Equation (72), and is readily computed
from Equation (77).

The analytié expression developed during this research for RP(R)

is

R =R &.R . 78
> exp( R, ) (78)
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A value of the path length, R, corresponding to the intermediate
speed used in evaluating €1, and a value of the final path length,

I3

Ry, from RASE4 are needed to evaluate the constants ¢y and cj3.

Solving for ¢y and &5 yields

ln-g—
R
¢y = —e— In [—]
2 R_ " UTR e (79)
1n <2 1n-i——
p* p*
o1 . R o
and ¢y = —Ez-ln i—:— . (80)
p
Rp*

The derivative of Rp(R) is needed in the driving terms, and is ob-
tained by differentiating Equation (78),
dr 1

dR <y ¢y (81)
exp(c3Rp J(1 + cpeaR )

Equation (81) is &ompared with the RASE4 output in Figure V-9.
Differentiating Equation (81) yields another quantity needed to

evaluate the driving terms,

2 ¢yl <y ¢y
d°r R c,c (1 + & 8,R “ + ¢,) exp(e,R )
P__ P 273 2°37p 2 3'p (82)
2 .

[od
dr [exp(c3Rp2)(1 + é2¢3R;2)]3
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Six parameters from the RASE4 results are used in evaluating the
¢onstants, ¢y, &y, and &3. Equation (77) also requires values of the
final projected range, Rp*, for each energy group in a debris !
spectrum. However, Rp* ¢an be evaluated from the initial speed, Ugxs

66
using an expression suggested by Hunter( ),

s

IR (83)

R
The constants ¢4 and ¢g are evaluated using another value of ugx and
Rp*’ bringing the number of parameters used from the RASE4 results up
to eight.

C.3. The Spatial Distribution of Ions Slowing Down in an

Incompressible Gas

The linear density (gm/é¢m) of ions in an initially monoenergetic
pulse becomes Gaussian after the ions have undergone many collisions
with the gas nuclei. The volumetric¢ debris density, Pq> 1s obtained
by multiplying the linear density by a faétor that aéiounts for di-

vergence of the ions:

1 2 1 .
pd(r,Rp,o) =M, c exp(- 5—( P 1] , (84)

where: G =1 for & =1 (Gartesian),
= 2n for 8§ = 2 (cylindrical),
= 41 for § = 3 (spherical).

o is the standard deviation in the projected range R and My is the

p)
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total mass of the debris. The normalization factor, ¢, is computed

so as to conserve debris mass in a semi-infinite medium:

* 1 TRy
1l = cfexp(-i—(——a—-g) ) dr N (85)
o
or
1 2 1
é=°' -_ -
o L R
1 + erf@~£—) (86)
V2o

The average debris density in ea¢h Lagrangian zone, py J#+1/2° is

b
needed to evaluate the driving terms by finite difference methods.
Integrating Equation (86) between zone boundaries Ty and ry, and
dividing by the factor that accounts for divergence, VOLj+1/2,

results in

T, - R r. - R

jtl P hj P
erf —————————) - erf(—————~-)
M ( /2o /2o
P4, y+1/2 ~ VoL, 172 [ R ]. @n
¥ 1+ erf(-2)
Y20

The error funétions in Equation (87) can be evaluated numerically
using rational approximations.(79)
The three independent variables appearing in the equation for Pq

can be reduced to two by relating o to Rp. The relation developed

for this ié
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R exp(c6Rp)

o(R ) = o® ,) =2
p p

. (88)
Rp*exp(c6Rp*)

The standard deviation at the end of range, o(Rp*), is needed in
Equation (88). It can be computed from the initial speed using a

relation proposed by Hunter,(66)

o(Rp*) = c7Rp*exp(- csud*) . (89)

To evaluate the constants ¢y and cg, only one more parameter from the
RASE4 results is required, and that is a value of o(Rp*) correspond-
ing to the initial speed ug%s Evauating cg requires yet another
parameter from the RASE4 results, and that is a value of the standard
deviation at some intermediate position, o(Rp). Equations (88) and
(89) were used to compute the standard deviations in Figure V-10, and
are compared to the RASE4 results.

Figure V-11 illustrates the application of the ion transport
model described in this section. A pulse of initially monoenergetic
iron ions that have entered a slab of stationary argon gas with a
density corresponding to 0.028 atmospheres at standard temperature
was used in this example. The initial energy of the ions is 20 keV.
The spatial distribution when the ions have slowed down to 10, 5, and
0 keV was reconstructed using Equation (72) to estimate the slowing

down at time t, from the average projeéted range at t Integrat-

n-1°

ing Equation (76) over the time step gives the radial speed, and a
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second integration gives the average projected range at t. The
spatial distribution follows from Equation (87) and (88). The pro-
cedure begins anew as the average projected range at t, is then used
to compute the slowing down at ot The time for the ifons to slow
down to 10, 5, and O keV was recorded during the time integration,
and is shown in Figure V~-11,

C.4. The Energy and Momentum Deposition Model Extended to a

Compressible Gas

The scheme for computing the energy and momentum deposition
rates from target debris can easily be modified to account for hydro-
dynamic motion of the gas if it is assumed that the speed of the gas
is much smaller than the speed of the debris. Given this condition,
the slowing down of ions in a deforming gas is equal to that of ions
slowing down in a stationary gas when the debris has traversed an
equal number of gas atom layers. To apply the equations developed in
Sections C.2 and C.3 to a deforming gas, the projected range of ions
slowing down in a deforming gas must be related to the projected
range of ions slowing down in a stationary gas when an equal number
of atom layers have been traversed. Figure V-12.a shows the average
projected range of an ion pulse traversing stationary Lagrangian
zones, and Figure V-12.b shows the same pulse and zones when hydro-
dynamic motion is included. Equating the atom layers traversed, the

projected ranges are related by the expression

R' - r'
= - P h|
Rp = rj + (rj+1 rj) T—:——;r . (90)

i 3
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ZONING OF A
STATIONARY GAS

Fig. V=12,a. The average projected range of an ion pulse slowing
down in a stationary gas.

ZONING OF A
DEFORMING GAS
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Fig. V-12.b. The average projected range of an ion pulse slowing
down in a deforming gas.
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The positions of the primed zone boundaries are computed from the
equation of gas motion, and the positions of the stationary bound-
aries are known from initial conditions. The average projected r%nge
in the deforming éoordinate system, R;, follows from the equation of
debris motion. To evaluate the slowing down, the value of Rp com—
puted by Equation (90) is used in the fitting functions.

In some instandes, the radial speed of the deforming gas may be
¢omparable to that of the debris, in which ¢ase the energy and momen-—
tum deposition model described in Sections C.2 and C.3 cannot be
readily extrapolated to a deforming gas. This occurs when the ex—
panding debris pushes the gas out like a spherically expanding piston
rather than streaming through. As the gas is accelerated to speeds
comparable to the debris speed, the rate that internal energy and
momentum are transferred approaches zero. To insure that these rates
approach zero in the model used here, the accelerations computed by

Equations (72) and (76) are multiplied by (u4q, = u)/uq,, which

approaches unity for uy, >> u, and zero for ugy = Ue
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CHAPTER VI

NUMERICAL SOLUTIONS TO THE TWO TEMPERATURE EQUATIONS

The FIRE code solves the equations of radiation hydrodynamics
that were described in the previous chapter. The original version of
the FIRE code has been modified as part of this thesis work. The
modifications include modeling the radiation field as a dilute
Planckian, as described in Chapter IV, and adding the driving terms
from target x-ray and debris, as described in Chapter V. Figure VI-I
indicates how the effort put forth for this thesis was part of a
larger effort to analyze the response of an ICF first wall in a
systematic fashion. The parameters that are input into the FIRE code
to describe the target x-ray and debris spectrum are provided by a
target analysis code, and the equation of state and opacity data is
provided by an atomic physics code. The output of the FIRE code is
used by other codes that determine the thermal response, stress
history, and first wall lifetime.

A brief introduction to the code that provides the opacity and
equation of state data, MIXER, is given in Section A. This data is
the weakest link in the solution of the radiation hydrodynamic
equations because the data is computed from theory, and usually can-
not be verified by experiment. In Section A the mean free paths com~
puted by the MIXER code are compared to those computed by another
computer code, and the discrepancies between the results of the two

codes are discussed.
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COMPUTER CODES USED AT UW IN THE ANALYSIS
OF ICF CAVITIES PROTECTED BY A BUFFER GAS

(PHD)
DRIVER ENERGY DEPOSITION
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FUSION OF FUEL
NEUTRONS| |X-RAYS{ |DEBRIS
— et ———— . — — — — —— — — —
(FIRE)
DEPOSITION OF X-RAYS
INITIAL TEMPERATURE PROFILE
(MIXER) DEPOSITION OF PELLET DEBRIS |«a- ANA:;LA\:SSIS of
EQUATION OF STATE & RADIATION & HYDRODYNAMIC
RADIATION PROPERTIES RESPONSE
HEAT FLUX | JGAS PRESSURE
(A*'THERMAL)
(A*THERMAL or WALL)
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Vi

Fig. VI-1. A block diagram showing the relationships hetween com-
puter codes used in ICF reactor design at the University

of Wisconsin.
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Some applications of the FIRE ¢ode are given in Section B. The
parameter studies that were conducted show how the gas response
varies with the ambient gas density, gas type, target yield, and '
Lagrangian mesh. In some instances, the results from the FIRE é&ode
are compared with the results from an analytic description of the gas
response, and the disérepancies are discussed.

A. The FIRE Code and Its Input

The original verison of the FIRE code was written by Moses and
Peterson.(l) In that version, the equations of radiation transport
are solved numerically using a fully implicit finite difference
scheme that guarantees unconditional stability. The equations are
solved for a Lagrangian mesh, which eliminates mass and momentum
transport across zone boundaries. Most of the programming in the
original version has been retained in the version that was developed
as part of this thesis. The programming details of the new version
of the FIRE code are documented elsewhere,(go) and will not be con-
sidered here.

The ionization is provided as a function of temperature and
density by the MIXER COde.(35) The MIXER code uses either the
Saha(ag) or Corona1(81) equilibrium model to compute the ioniéation.
The Saha model assumes collisional ionization is balanced by col-
lisional recombination, and the Coronal model assumes collisional
ionization i1s balané¢ed by radiative reéombination. The MIXER code
automatically determines which model will be used at a given temper-

ature and density. In general, the Saha model applies at lower



114

temperatures and greater densities than the Coronal model. Both of
these models are consistent with the assumption of loéal thermo-—
dynami¢ equilibrium that was described in Chapter 1IV.

The MIXER code also provides the Planék and Rosseland mean free
paths as a function of gas temperature, density, and radiation
temperature. These mean free paths are arrived at by first computing
the frequency dependent mean free path from the photo—-ionization,
inverse Bremsstrahlung, line absorption, and Thompson scattering
éross sections. The frequency dependent mean free path is then inte-
grated in the manner desé¢ribed in Chapter IV to arrive at the Planck
and Rosseland mean free paths. Although there is very little experi-
mental opaéity data at the temperatures of interest to compare with
the MIXER code calculations, these calculations ¢an be compared to
the ¢aléulations of other computer ¢odes. Suc¢h a comparison will at
least verify some consistency between computer codes. Figure VI-2
compares the equilibrium Planck and Rosseland mean free paths of
argon from the MIXER code with those computed by a physics group at
Los Alamos. The Plan¢k mean free paths agree as well as can be ex-—
pected for independently developed codes. However, the Rosseland
mean free paths differ by orders of magnitude at temperatures below
about 10 eV, This disagreement may be due to large increases in the
line absorption &ross seétion that oétéur over narrow frequendy inter-
vals. As seen by examining the definitions in Chapter IV, the inte-
gral that defines the Planék mean free path is insensitive to line

absorption, whereas the integral that defines the Rosseland mean free
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path can be very sensitive to line absorption. Accepting this expla-
nation for the dis&repanéy, then the Rosseland mean free path that
was computed by the Los Alamos group is probably more adé&urate tHan
the MIXER &ode é&aléulations, bedause the large &omputers at Los
Alamos are capable of integrating over the lines more carefully than
the smaller é&omputers for whi&h the MIXER é&ode was designed. Efforts
to improve the MIXER results are currently underway by the authors of
that c¢ode.

In order to compute the attenuation of target x-rays in the
buffer gas, a library of x-ray attenuation &oeffidients must be
provided to the FIRE code. A library based on the work of Biggs and
Lighthill(82'83) and arranged for computer a&cess by Adams and
VBiggs(84) is used in this thesis. The library iné¢ludes the photo-
ele¢trié¢ absorption, inéoherent stattering, and coherent se¢attering
interaétions.

B. Appliéations of the FIRE Code

Simulations of the buffer gas response in a 4.12 meter spherical
¢avity are presented in this seétion. In all of the examples that
are disc¢ussed, fifteen peréent of the target yield was assumed to be
released in the kinetié energy of one gram of iron target debris.

The initial energy spectrum of the iron ions was assumed to be mono-
energeti¢, and other ¢onstitutents of the debris suéh as unburnt fuel
and fusion by-produéts were ignored. Another 15% of the yield was
assumed to appear as x-rays emitted by the target. The frequency

speétrum of the x-rays was assumed to be that of a 0.3 keV blackbody,
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and a pulse duration of 10~8 seconds was used. The remainder of the
target yield c¢onsists of energetic neutrons, whose interaction with
the ¢avity gas was ignored. A 100 MJ yield was assumed for all &f
the examples, ex¢ept those in Seétion B.3, where the target yield was
varied.

B.l. The Influence of the Ambient Gas Density on the Gas Response

In this subsection, the response of a buffer gas to a target
explosion is described for gas densities varying over four orders of
magnitude. The ambient gas densities used in these examples corre-
spond to 50, 5, 0.5, and 0.05 torr at standard temperature (0°C).

The equations of state used are for argon mixed with two volume per—
cent sodium. This mixture was choosen beéause it might be plausible
to ignite the target using beams of light ions that propagate through
ionized éhannels in the gas.(ss) The ionized ¢hannels are created by
a laser, and the sodium helps to decrease the required laser ener-
gy.(86) The results of the FIRE éode ¢aléulations show that for this
range of densities, all of the kinetic energy of the debris is at-
tenuated by the gas. The FIRE ¢ode results also indiéate that virtu-
ally all of the x-ray energy is attenuated by the 50 and 5 torr gas,
but only 11.7 MJ is deposited into the 0.5 torr gas, and only 4.9 MJ
1s deposited into the 0.05 torr gas. Of course, x-rays unattenuated
by the gés are absorbed in the first few microns of first wall ma-
terial.

Table VI-1 shows the pressure from shock reflection at the wall

that was computed by the FIRE code for the four gas densities of
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Table VI-1, A Comparison Between the Peak Pressure Computed

at the Wall by the FIRE Code and an Analytic Estimate

Analytic Estimate Fire Code
Ambient Ambient Deposited Shock Reflected | Reflected
Density, Pressure, Energy, Pressure, Pressure, Pressure,
Torr* J/cm3 MJ J/cm3 J/cm3 J/cm3
50 1.42 x 1072 30 0.10 0.40 0.38
5.0 1.42 x 1072 30 0.10 0.59 0.04
0.5 1.42 x 1072 26.7 0.09 0.55 0.01
0.05 |1.42 x 1072 20 0.07 0.42 0.05

*At standard temperature.
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interest. Also listed is an analytic estimate of the pressure at the
shodk front when the shock reaches the wall. Jones' expression for
the pressure increase at a shock front of arbitrary strength ¢
(Equation (14)) was used for the analytié¢ estimate. The pressure
from shock refleétion was then &omputed using Equation (15), and this
result is also listed in Table VI-1. The ratio of specific heats for
a monatomié, unionized gas was used in the analytic estimate of the
refle¢ted pressure. For the 50 torr gas, the FIRE results agree to
within a few percent of the analytid estimate. But at lower gas
densities the deposited energy becomes deéoupled from hydrodynamic
motion, so the analytié estimate overestimates the shock pressure.
This is illustrated in Figure VI-3.a through VI-3.d. Figure VI-3.a
shows how the thermal wave is coincident with the shock until 1074
seconds after the burn, at whiéh time the thermal wave falls behind
the shock in a manner similar to Stage C of the atmosphere's response
to a nuclear explosion. As explained in Section IV.B.3, a cooling
wave 1s not expeéted when the deposited enmergy is only 30 MJ, and the
results of the FIRE ¢ode bear this out. For an ambient gas density
less than 50 torr, the deposited energy produces higher temperatures
and henée a higher radiation emission rate. The propagation speed of
the thermal wave inéreases as the emission rate increases, and if the
gas density is low enough then the thermal wave will overtake the
shock wave. This situation is shown in Figures VI-3.b through VI-
3.d. 1If the thermal wave overtakes the shock wave, a portion of the

deposited energy is decoupled from hydrodynamic motion, and the
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pressure gradient driving the sho¢k is reduced. The analytic esti-
mates of the pressure rise at the shock front listed in Table VI-1
fail to account for this decoupling, so the pressure rise was over—
estimated.

Figures VI-4.a through VI-4.d show the deformation of the
Lagrangian zones as a function of time. With an ambient density of
50 torr, the deformation is induced by adiabatic expansion behind the
shock. For an ambient density of 5.0 torr or lower, the expansion is
no longer adiabatié because a portion of the deposited energy is un-
coupled from hydrodynamié motion. For ambient densities as low as
0.5 and 0.05 torr, the deformation is due mostly to the momentum of
the target debris.‘

The energy absorbed by the first wall is comprised of low energy
photons (= 1 eV), and unattenuated target x-rays. The heat flux
reaching the wall is strongly dependent upon the gas temperature,
partly because of the strong temperature dependenée of the Planck
mean free path. Figure VI-5 shows how the equilibrium Planck mean
free path varies with temperature for the four ambient densities
being ¢onsidered. The mean free path is not quite inversely pro-
portional to density bedause the photon interaction é&ross secfions
a;e also slightly density dependent. Figure VI-6 illustrates the
heat flux from unattenuated target x-rays and gas radiation as com
puted by the FIRE éode. The inérease in x-ray flux with a decrease
in density is expec¢ted because the attenuation coefficient is pro-

portional to the density. The in¢rease in flux radiated from the gas
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EQUILIBRIUM PLANCK MEAN FREE PATH OF
‘ARG%'! MIXED WITH TWO VOLUME PERCENT SODIUM
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Fig. VI-5. The equilibrium Planck mean free path for argon mixed
with two volume percent sodium.
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is also expedted with a decrease in density because the average
temperature of the gas increases as the density deéreases. Table
VI-2 lists the average energy fluenée and energy flux from targeé x=
rays and gas radiation.

The results of the FIRE code calculations that have been dis-—

(87) to determine the minimum

cussed here were used by Hassanein
buffer gas density required to protect the first wall of a commercial
reactor from erosion by evaporation. Figure VI~7 shows that for a
power plant operating at 1000 MW thermal with a first wall designed
to last over 30 full power years, over 1/3 of a torr is required to
prevent evaporative erosion of a carbon first wall, and 1 torr is
required to prevent evaporative erosion of a stainless steel first

wall.

B.2. The Dependence of the Buffer Gas Response on the Gas Species

The FIRE code &aléulations that are presented in this subsection
illustrate the response for four gases that are c¢andidates for use in
a light ion driven reactor; pure argon, argon with two volume percent
sodium, pure xenon, and xenon with five volume percent cesium. A gas
density corresponding to 50 torr at standard temperature was chosen
for these examples. The results of the FIRE ¢ode calculations indi-
cate that this density is high enough to attenuate all 30 MJ of the
x-ray and debris energy.

Table VI-3 compares the peak pressure from shock reflection at
the wall that was computed by the FIRE code with that c¢omputed by

Equations (14) and (15). The ratio of specific heats for a mona-
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Table VI-2. The Energy Fluence and Energy Flux from Gas

Radiation and Unattenuated Target X-Rays

Ar (0.2% Na) Unattenuated X-Rays Gas Radiation

Gas Energy Average Energy Average
Density, Fluence, Flux, Fluence, Flux,
Torr (0°C) J/cm2 W/cm2 J/cm2 W/cm2
0.05 5.66 6.55 x 108 8.5 8.5 x 10°
0.5 2.33 2.33 x 108 12 8.0 x 10%
5.0 0.15 0.15 x 108 14 1.0 x 10%
50.0 1074 1.0 x 10% 14 2.0 x 102
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First wall evaporation as a function of gas density for
carbon and stainless steel first walls (Ref. 87).
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A Comparison Between the Peak Pressure Computed

at the Wall by the FIRE Code and an Analytic Estimate

Analytic Estimate FIRE Code
Ambient Deposited Shock Reflected |Reflected
Buffer Gas | Pressure, Energy, Preésure, Pressure, |Pressure,
J/emd MJ J/émd J/en J/en
Pure Argon |l.44 x 1072 | 30 MJ 0.10 0.40 .35
Argon 1,44 x 1072 | 30 MJ 0.10 0.40 .38
27% Sodium
Pure Xenon |1.44 x 1072 | 30 MJ 0.10 0.40 .35
Xenon 1.44 x 1072 [ 30 Mg 0.10 0.40 .38
5% Cesium
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tomic, unionized gas was used in Equations (14) and (15). The rela-
tively good agreement between the FIRE code estimate of the peak
pressure and the estimate using Equations (14) and (15) is an indi-
cation that for these gases most of the deposited energy is coupled
into hydrodynamic motion. However, the FIRE code results reveal how
the coupling is slightly stronger for the gas mixtures than for the
pure gases. The reason for this is that the gas mixtures are more
opaque to thermal radiation than the pure gases.

Figure VI-8.a shows that the position of the thermal and shock
waves in pure argon and the argon-sodium mixture are identical.
Although the gas motion is the same, the strength of the shock and
the character of radiation transport differs somewhat. With pure
argon, some of the radiation emitted behind the thermal wave is
transported ahead of the shock, and is thus decoupled from hydro-
dynamic motion. But when two volume percent sodium is added, virtu-
ally all of the radiation emitted behind the thermal wave is absorbed
before it reaches the shock. Figure VI-8.b shows the position of the
shock and thermal wave for pure Xenon and Xenon mixed with five
volume percent cesium. Mixing cesium with a noble gas has the same
effect on the opacity that mixing in sodium does. Comparing figures
VI-8.a and VI-8.b shows how it takes longer for the shock to traverse
the xenon gases than it does to traverse the argon gases. This is
expected because the shock speed is inversely proportional to the

square root of the atomic number of the gas. The propagation
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THERMAL AND SHOCK WAVE FRONTS FOR THE
.3 PURE ARGON AND ARGON SODIUM MIXTURE
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Fig. VI-8.a. The position of the thermal wave and the shock wave as
a function of time for pure argon and argon mixed with

two volume percent sodium.
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THERMAL AND SHOCK WAVE FRONTS FOR THE
-3 PURE XENON AND XENON-CESIUM MIXTURE
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Fig., VI-8.b. The position of the thermal wave and shock wave as a
fun¢tion of time for pure xenon and xenon mixed with
five volume percent cesium.
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speed of the thermal wave is also faster in the argon gases, because
the thermal wave speed is somewhat dependent upon gas motion.

Peterson<87) has investigated how mixing two volume percent<
sodium with pure argon affeéts the equilibrium Planék mean free path.
The Planck mean free paths computed by MIXER are illustrated in
Figure VI-9.a. At temperatures below about 1 eV, the equilibrium
Planck mean free path is smaller for the argon-sodium mixture than
for pure argon. Sodium has a similar effeét on the nonequilibrium
Plan¢k mean free path, but it is difficult to illustrate this effect
because the non-equilibrium mean free path is a funétion of both the
gas temperature and the radiation temperature. Figure VI-9.b shows
the results of MIXER &ode &aléulations for the equilibrium Planck
mean free path of pure xenon and xenon mixed with ¢esium. The mean
free path of the xenon—&esium mixture is less than that of pure xenon
at temperatures below about 1 eV.

Figure VI-10.a shows the heat flux at the first wall as a
funétion of time for pure argon and the argon-sodium mixture. With
pure argon, the gas ahead of the shodk is semi-transparent to radi-
ation, so some radiation rea¢hes the wall before the shoék does. The
oséillations in the heat flux o&dur beéause the radiation emiésion
rate of the gas within the &avity oscillates as the sho¢k oscillates
baék and forth. With the argon-sodium mixture, the heat flux at the
wall does not begin to inérease until the shock reaches the wall. As
the shoék is reflected, some of the internal energy is radiated to

the wall. There are no oscillations in the heat flux when the argon—
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EQUILIBRIUM PLANCK MEAN FREE PATH WITH AND
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Fig. IV-9.a. The equilibrium Planck mean free path of argon with and
without two volume percent sodium mixed in.
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EQUILIBRIUM PLANCK MEAN FREE PATH WITH AND
WITHOUT 5% CESIUM BY VOLUME

103 M ‘ | 1 T ' T T
| 50 TORR (0°C)
\ ]
|
e XENON-CESIUM MIXTURE
‘ r
102 L . <——PURE XENON
b
\\ |
£ W
Q
r
= 1L
= 10
o
w
w
[
w
4
m
s 10° L
¥
Q
Z
<
-
a
10}
10-2 R L | A N | N .
0.1 1.0 10 100

GAS TEMPERATURE, eV
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sodium mixture is used because the gas at the wall is opaque to
os¢illations in the radiation emission rate that occur deeper within
the cavity. Figure VI-10.b shows similar curves for pure xenon and
xenon mixed with five volume percent cesium. Mixing a small amount
of cesium with the xenon buffer gas has the same effect on the heat
flux at the wall as mixing a small amount of sodium with argon does.

B.3. The Dependence of the Buffer Gas Response on Target Yield

The pressure and heat flux at the wall are studied in this
sec¢tion as a funétion of target yleld. As in previous examples, 157%
of the target yield is assumed to be in 0.3 keV blackbody x-rays, and
15% in the kinetié energy of 1 gram of iron target debris. The
opaéity and equation of state of argon mixed with two volume percent
sodium was used in these examples, and the ambient gas density corre-
sponds to 50 torr at standard temperature. At this density, all of
the x-ray and debris energy is attenuated by the gas.

The peak pressure during shock reflection that is computed by
the FIRE code is compared to that computed by Equations (14) and (15)
in Figure VI-1l. The ratio of specific heats for an unionized,
perfeét gas was used in Equations (14) and (15). The analytic esti-.
mate predicts a larger peak pressure because those equations assume
all of the deposited energy is é&oupled into hydrodynamic motion. But
in fact, some of the deposited energy is converted into potential
energy as the gas is ionized. Both the integration constant, B, that
appears in Equation (14), and the ratio of specific heats, y, are

funétions of the ionization. The values for an un—ionized gas are
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Fig. VI-11. The peak pressure at the first wall as computed by the

FIRE code and Equations (14) and (15).
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correét only if the point of interest is far enough from the point of
explosion that the potential energy of the gas behind the shoék is a
small fraction of the total internal energy. The realistic equations
of state used in the FIRE c¢ode ¢aléulations have acéounted for the
increase in potential energy.

Figure VI-12 shows the heat flux at the first wall for 30, 60,
and 150 MJ deposited into the gas. In each case, the peak heat flux
at the wall occurs during shock reflection. The magnitude of the
peak heat flux inéreases rapidly with an increase in the kinetic
energy of the shock. When 30 and 60 MJ are deposited, the layer
between the wall and the thermal wave absorbs most of the emitted
radiation. When 150 MJ is deposited, the absorbing layer is thinmer,
so more radiation reaches the wall after the shock is reflected.
With even larger yields, the absorbing layer will disappear
altogether, and the thermal wave will tou¢h the wall.

B.4. The Influence of Zoning on the FIRE Code Results

The influenée of zoning on the FIRE code results is studied in
this seétion. The subroutine ZONER was used to subdivide the reactor
cavity into 23, 45, and 90 Lagrangian zones. The equation of state
and opacéity for pure argon was used in these calculations, and the
ambient density corresponds to 50 torr at standard temperature. The
deposited energy is 30 MJ in these examples, and all other parameters
are the same as in previous examples.

Table VI-4 shows how the peak pressure at the wall varies by

less than 10% for the three Lagrangian meshes. The shock arrival
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Table VI-4, The Peak Pressure at the Wall and the Arrival

Time of the Shock Computed Using 23, 45, and 90 Zones

Number of Zones Peak Pressure, J/cm3 Arrival Time, s
23 .370 1.67
45 .356 1.65
90 .386 1.65
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time is also shown. The calculation using 90 zones required ten
times as muéh éomputer time as the calculation that used 23 zones,
and four times as much computer times as the calculation that used 45
zones. Table VI-4 shows that the ¢caléulation of hydrodynamié motion
is not very sensitive to the mesh used, so the increase in acéuracy
gained by using more zones is often not worth the inérease in cost.

Figure VI-13 illustrates the heat flux at the first wall that
was éomputed for each mesh. The computed heat flux can be sensitive
to zoning because the emission rate is proportional to the fourth
power of temperature. However, the improvement in acéuracy that is
gained by using 90 zones instead of 23 zones is probably not worth
the inérease in cost, because the equation of state and opacity data
produced by MIXER is not that accurate.

When the subroutine ZONER sets up the Lagrangian mesh to be used
in a &aléulation, the last few zones near the wall are arranged so
that they eaéh have equal mass. There has been some question as to
whether or not this would give the é&orreét peak pressure at the wall,
because results from previous versions of the FIRE code have indi-
cated that the &omputed pressure is sensitive to the thickness c¢hosen
for the last zone. The results in Table VI-5 show how the péak
pressure computed at the wall is not sensitive to the thickness of
the last zone when the éurrent version of FIRE is used. Hence, the
method used by the ZONER subroutine to set up the Lagrangian mesh is

adequate.
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Table VI-5. Variations in the Peak Pressure Computed at the Wall

with the Thiékness of the Last Zone

Mass of last zone
Mass of next to last zone

3

Peak Pressure, J/cm

1/4 344
1/2 .359
1 .355

2 .330
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CHAPTER VII

SUMMARY AND CONCLUSIONS

A. Summarz

The objective of this thesis has been twofold:

* to develop a better understanding of the phenomena that occur as
an ICF cavity gas responds to a target explosion;

* 1improve the analytical and numerical models that are available for
simulating the gas response.

In addressing these objectives, both the literature on the
response of the atmosphere to a nuclear explosion as well as the
analytical models that have been developed to describe the hydro-
dynamic motion of a shock wave were reviewed. These models are often
not appropriate for describing the hydrodynamic response of an ICF
cavity gas, either because the density of an ICF cavity gas is too
low for the target explosion to be modeled as a point energy source,
or because the deposited energy is not strongly coupled to hydro-
dynamic motion. In the case of a very low density gas, the hydro-—
dynamic response is driven by the momentum of the debris. Conser-
vation of energy and momentum were used in this thesis to develop a
criterion for determining whether or not a debris driven shock wave
will occur from a target explosion in a low density gas. Analytic
models of the radiative and hydrodynamic response of a debris driven
shock were also developed using global equations of mass, momentum,

and energy conservation.
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A detailed deséription of every point in the gas ¢an be obtained
by numeriéally solving the differential equations of radiation hydro-
dynamiés. One of the unique aspe¢ts of the radiation transport model
that is used in this thesis is that the spe¢tral energy density is
assumed to be given by a dilute Planckian function. Thus, the fre-
quenéy spectrum is des¢ribed by a radiation temperature, so the
frequenéy variable éan be integrated out of the radiation transport
equations. This two temperature model of nonequilibrium radiation
transport is appliéable if either the opacity of the gas is frequency
independent, or if the gas is ¢omprised of only very opaque and very
transparent regions. By ignoring hydrodynamié motion and implement-—
ing various other assumptions, the two temperature equations were
used to analyti¢ally examine four stages of radiation transport that
oflur as a result of the temperature dependence of the opacity.

While studying the diffusive stage, it was found that the tendency
for a &ooling wave to oécur increases with an inérease in the yield.
For the first time, an analytié expression was derived that céan be
used to determine whether or not a ¢ooling wave will be observed.

One of the goals of this work was to develop a model for com
puting the deposition of target x-rays in the gas that could be |
¢oupled to a radiation hydrodynamiés code. After examining the
magnitude of the seé&ondary radiation emitted by the gas, it was
determined that the point source model will usually be adequate for
computing the x-ray deposition. The attenuation &oeffiélent of the

gas near the target was found to decrease significantly because of
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ionization, so a model for ¢omputing the attenuation coefficient as a
function of ionization was developed. The x-ray pulse is brief
enough that the energy deposition &an be assumed to be instantaneous
for the radiation hydrodynamiés éaléulation.

Another goal of this thesis was to develop a model for computing
the interaétion of target debris with the gas that &ould be used in a
radiation hydrodynamics code. It was determined that the target ions
would not follow straight line trajectories as they slow down because
nuclear ¢ollisions are the dominant interactions. Hence, a time-
dependent ion transport ¢aléulation is needed to rigorously compute
the energy and momentum deposition rate. To avoid such complicated
and &ostly &alé¢ulations, an approximate approaéh was devised. The
approximate approaéh uses the solution of a time—independent ion
transport equation that deséribes the spatial profile as a funétion
of energy for ions slowing down in a stationary medium. The solution
is fit to analytié fundétions that are then used to estimate the
average energy and momentum deposition rates as funétions of time and
spate. By expressing the projeéted range in terms of atbm layers
traversed rather than distance, the analytié functions can be used to
desc¢ribe ions slowing down in a deforming medium, suéh as an iCF
cavity gas.

In this thesis work the FIRE radiation hydrodynamié¢s code has
been modified to Gompute the radiation temperature in an improved way.
Terms for computing the interaétions of target x—rays and debris with

the gas were also added to the equations solved by the code. These
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modifiéations inérease the ability of the code to realistically simu-
late the response of a ¢avity gas, especially if the gas density is
low enough for nonequilibrium radiation transport to be important, or

if the debris momentum affeéts the hydrodynamic motion.

B. Conclusions

B.l. The Results from Analytic Models

Using an analytié¢ expression that was developed to determine
whether a debris driven shoé¢k will form in a low density gas, it was
found that if the debris spectrum ¢onsists of 1 gram of initially
monoenergetié iron ions slowing down in argon at a density of 1015
atoms/é&mo:

* a debris driven shoék will form if the initial kinetic¢c energy of
the debris is less than about 150 MJ;

* the debris will stream through the gas without forming a debris
driven shock if the kinetic energy of the debris is greater than
about 150 MJ.

These analyti¢ predictions were verified using the version of the

FIRE éode that was developed as part of this thesis.

Using an analytic analysis of radiation transport at a thermal
wave front, an expression was derived to determine the propag;tion
speed of the thermal wave as a funétion of the deposited energy, gas
density, and opadity. It was found that for an explosion in standard
density air:

* a thermal diffusion wave will propagate outward if the yield is as

small as a few hundred mega joules.
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This analysis explains why a cooling wave is not observed in the FIRE
¢ode simulations of the &avity gas response.

B.2. The Results from FIRE Code Simulations ‘

Four different parameter studies were conducted with the FIRE
¢ode. In eaéh study it was assumed that 15% of the target yleld was
in the kinetic energy of one gram of iron target debris. The initial
energy of the debris ions was assumed to be monoenergetié, and alpha
parti¢les and unburnt fuel were ignored. Another 15% of the yield
was assumed to be in target x-rays. The spherilal reaétor cavity was
assumed to be 4.12 meters in radius.

In the first parameter study, the gas response was studied as a
function of gas density. Densities c¢orresponding to 50, 5, 0.5, and
0.05 torr at standard temperature were &onsidered. The equation of
state and opacity data for argon mixed with 2% sodium was used, and a
target yield of 100 MJ was used. It was found that:

+ for densities less than 1,77 x 10!8 atoms/&m> (50 torr at 0°C) the
deposited energy betomes deéoupled from hydrodynamic motion;

« for densities less than 1.77 x 106 atoms/'cm3 (0.5 torr at 0°C),
most of the hydrodynami¢ motion is induéed by the momentum of the
target debris.

The ¢aléulations from this parameter study were used to determine the

minimum gas density required to prote&t a éarbon or stainless steel

first wall from evaporative erosion. It was found that for a power
plant operating at 1000 MW thermal, a first wall about 4 meters from

the target will be protedted from evaporation 1if:
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+ more than about 10!© atoms/cm’ (1/3 torr at 0°C) is used to
protett a &arbon first wall;

+ more than about 3.5 x 1016 atoms/cm> (1 torr at 0°C) 1is used to
proteét a stainless steel first wall.

In the second parameter study the buffer gas response was
studied for four different gases: pure argon, argon mixed with two
volume percent sodium, pure xenon, and xenon mixed with five volume
percent cesium. The gas density used in these examples ¢orresponds
to 50 torr at standard temperature, and a target yield of 100 MJ was
assumed. It was found that:

* the deposited energy is more strongly &oupled to hydrodynamié
motion for the gas mixtures than for the pure gases;

* for the pure gases the radiation flux at the wall increases before
the shock arrives, and then fluétuates as the emission rate of the
gas within the ¢avity fluctuates;

* for the gas mixtures, the radiation flux at the wall inéreases as
the kinetic energy of the shock is converted to internal energy
during sholk refleétion, and is independent of the emission rate
of gas away from the first wall.

In the third parameter study the gas response was studied for
target yields ranging from 100 to 1000 MJ. The opacity and equation
of state of argon mixed with two volume peréent sodium was used, and

the ambient gas density corresponds to 50 torr at standard tempera-

ture (0°C). The results showed that:
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* the fraction of the deposited energy that goes into ionizing the
gas and is thus deéoupled from hydrodynamié motion inéreases as
the deposited energy inéreases; ¢

* the magnitude of the heat flux absorbed by the wall during shock
refledtion inédreases rapidly with an inérease in the kineti¢
energy of the shoék;

* the thermal wave will touéh the first wall of a cavity 4.12 meters
in radius when the deposited energy beéomes greater than about 150
MJ.

The influence that the Lagrangian mesh has on the result of a
¢alculation was examined in the final parameter study. The equation
of state and opa¢ity data of pure argon was used, and the gas density
éorresponds to 50 torr at standard temperature. A target yield of
100 MJ was assumed. It was found that:

* when the number of Lagranglan zones was inlreased from 23 to 90,
the &ost of the éalédulation increased by an order of magnitude,
whereas the results &hanged by only a few peréent;

* the pressure éomputed at the wall is not very sensitive to the
thiékness of the last zone, éontrary to what has been observed
with previous versions of the FIRE &ode.

C. Relommendations for Further Study

Although the development of the FIRE ¢ode was the primary
purpose of this thesis, this work was only a part of a larger effort
to analyze the thermal and meéhanical response of an ICF first wall

in a ¢omprehensive, systemati¢ fashion. The various codes that have
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been part of the effort were shown in Figure VI-1l, and have yet to be
integrated into a unified padkage for determining the lifetime of an
ICF cavity first wall. ¢

In addition, there are still a few improvements that can be made
to the FIRE &ode. Probably the most important of these is a better
method of estimating the isotropy of the radiation flux. In some
instances, a better estimate of the isotropy will deérease the flux
by as much as a factor of four. Another area that was not addressed
in this thesis was the reduétion in the radiation flux absorbed by
the wall that can be obtained when the surfaée reflectance is non-
zero. This area is somewhat intraé&table beéause of the difficulty in
predicting the surface finish. Finally, the results of the FIRE code
should be éompared to the results of a multifrequency éode so that
the applicability of the two temperature model of nonequilibrium

radiation transport ¢an be tested.



10.

11.

159

REFERENCES

G.A. Moses and R.R. Peterson, "FIRE - A Computer Code to Simu-
late the Cavity Gas Response to Inertial Confinement Target Ex-
plosions,” University of Wiséonsin Fusion Engineering Program
Report UWFDM-336 (January 1980),

M.K. Matzen and R.L. Morse, "Structure and Observable Charac-
teristiés of Laser Driven Ablation,” Physics of Fluids 22,
(April 1979).

G.S. Fraley, "Implosion Characteristics of Deuterium-Tritium
Pellets Surrounded by High Density Shells,” Los Alamos National
Lab,, LA-6378-MS, September 1976,

J.A. Blink, P.E. Walker, and H.W. Meldner, "Energy Partition and
Neutron Spec¢tra from Laser Fusion Reactor Targets, " Transactions
of the ANS Winter Meeting 70, San Franéisco (1977).

D.B. Henderson, “Pulse Unfocusing Within Laser Fusion Reactors, "
Nuclear Engineering and Design 30, (1974).

B. Badger et al., "HIBALL - A Heavy Ion Beam Fusion Reactor De-
sign Study,” University of Wisconsin Fusion Engineering Program
Report UWFDM~450 (September 1981).

J. Hovingh, "Materials Considerations for Inertially Confined
Fusion Reactors,” Lawrence Livermore Lab., UCRL-81208, June
1978.

T.G. Frank, I.0. Bohachevsky, and L.A. Booth, "Heat Transfer
Problems Associated with Laser Fusion,” AICHE Symposium 73(168).

T.0 Hunter and G.L. Kuleinski, "Surface Damage and Thermal Ef-
fects from Transient Thermonuélear Radiation in Inertial Con-
finement Fusion Reactors,” University of Wisconsin Fusion Engi-
neering Program Report UWFDM-233 (April 1978).

T.J. McCarville, A.M. Hassanein, and G.L. Kulcinski, "The
Response of Stainless Steel to Pellet Debris in a Laser Fusion
Reactor,” University of Wisconsin Fusion Engineering Program
Report UWFDM-282 (November 1978).

T.0. Hunter and G.L. Kulecinski, "A Computer Code for Transient
Radiation Damage Analysis,"” University of Wisconsin Fusion
Engineering Program Report UWFDM-247 (April 1978).



12,

13,

14,

15,

16,

17,

18.

19,

20,

21,

22,

23.

24,

160

A.M. Hassanein and G.L. Kulcinski, "Numerical Methods for Caleu-
lating the Temperature Increase in ICF First Walls," University
of Wis¢onsin Fusion Engineering Program Report UWFDM-397 (Nov.
1980).

¢
A.M. Hassanein and G.L. Kuléinski, "A*THERMAL Computer Code
Des¢ription,” University of Wisconsin Fusion Engineering Program
Report UWFDM-461 (December 1981),

R. Behriséh, "First Wall Erosion in Fusion Reactors, Nucl.
Fusion_lZJ (1972).

M. Born and E. Wolf, Priné¢iples of Optics, Pergamon Press, 5th
Ed., 1975,

L.E. Levine, "Two—Dimensional, Unsteady, Self-Similar Flows in
Gas Dynamics,” ZAMM 52 (1972).

J.A. Dalessandro, "First Wall Thermal Stress Analysis for Sud-
denly Applied Heat Fluxes,” Proc. 3rd ANS Topical Mtg. on The
Tech. of Controlled Nuclear Fusion, GA-A14931, (1978).

B. Badger et al., "SOLASE-H: A Laser Fusion Hybrid Study,"”
University of Wisconsin Fusion Engineering Program Report UWFDM-
270 (May 1979).

T.0. Hunter and G.L. Kulcinski, "Transient Energy Deposition,
Temperatures, and Displacement Rates, " University of Wisconsin
Fusion Engineering Program Report UWFDM-217 (Oct. 1977).

S.G. Varnado and G.A. Carlson, "Considerations in the Design of
Electron Beam Induced Fusion Reactor Systems, " Nucl. Tech. 29,
(June 1976).

J. Hovingh, "Ion-Beam Reactor First Wall Design,” Appendix 1.3,
ERDA Summer Study of Heavy Ions for Inertial Fusion, USERDA
Report LBL-5543, De¢, 1976,

S. Chow and 1.0, Bohachevsky, "MHD Deceleration of Fusion Re-
altion Produéts," Los Alamos National Laboratory, LA-7778-Ms,
April 1979,

J.J. Devaney, "Magnetically Protected First Wall for a Laser
Indué¢ed Thermonuclear Reactor,” Los Alamos National Laboratory,

LA-5699-MS, 1974,

M.J. Lubin and R.A. Axeford, “"Fusion by Laser,” Scientific
American 224, (June 1971).



25,

26.

27.

28,

29.

30.

31.

32,

33.

34,

35.

36.

37.

161

A.P., Fraas et al., "Analytical and Experimental Investigation of
the Blascon Energy Conversion System for Laser Fusion Reactors, "
ASME 72-WA/Ener—1, presented at the ASME Meeting, New York, Nov.

1972,
4

J.K. Baird and V.V. Anderson, "Combination First Wall and Para-
bolic Lithium Mirror for a Laser-Driven Pellet Fusion Reactor, "

6th Symposium on Engineering Problems of Fusion Reactors, 75CH-
1097-NPs, 1975.

L.A. Booth, "Central Station Power Generation by Laser Driven
Fusion,” Los Alamos National Lab., LA-4858-MS, Feb. 1972.

"Laser Fusion Power Reactor Systems,” Westinghouse Electric
Corp., WFPS-TME-070, December 1977,

J. Hovingh et al., "The Preliminary Design of a Suppressed
Ablation Laser-Induéed Fusion Reaétor,” ANS lst Topical meeting

of Controlled Nuclear Fusion, San Diego, 1974.

J. Maniséalco et al., "Civilian Appliéation of Laser Fusion,"
Lawrence Livermore Lab., UCRL-52349, 1977,

Laser Program Annual Report, Lawrenée Livermore Lab., UCRL-
50021-78, Vol. 3, 1978.

ERDA Summer Study of Heavy Ion Inertial Fusion, Final Report,
LBL-5543, Lawrence-Berkeley Laboratories, December 1976, p. 93.

Particle-Beam Fusion Progress Report, July 1980 through December
1981, SAND81-0683, Sandia Laboratory, Albuquerque, NM, October

1981.

R.W. Conn et al., "SOLASE: A Conceptual Laser Fusion Reactor
Design,” University of Wiséonsin Fusion Engineering Program
Report UWFDM-220 (December 1977).

R.R. Peterson and G.A. Moses, "MIXER - A Multi-Species Optical
Data and Equation of State Computer Code,” University of
Wisconsin Fusion Engineering Program Report UWFDM-372 (Sept.
1980).

S. Glasstone, ed., "Effects of Nuclear Weapons, " Department of
Defense and Atomic¢ Energy Commission, U.S. Government Printing
Office, 1962,

H.A. Bethe et al., "Blast Wave,” Los Alamos National Laboratory,
LA-2000, Maréh 1958.



38.

39.

40,

41,

42,

43,

44,

45,

46.

47,

48,

49,

50.

51.

52.

162

H.A. Bethe, "Theory of the Fireball,"” Los Alamos National
Laboratory, LA-3064, June 1964,

Ta. B. Zel'doviéh, A.S. Kompaneets, Iu. P, Raizer, "Radiation
Cooling of Air; I. General Deséription of the Phenomenon and the
Weak Cooling Wave," Soviet Physiés JETP 34(5), (Nov. 1978).

Ia. B. Zel'dovi&h, A.S. Kompaneets, Iu. P. Raizer, "Cooling of
Air by Radiation; II. Strong Cooling Wave," Soviet Physics JETP
34(6), (De&. 1958).

Iu. P. Raizer, "Glow of Air During a Strong Explosion, and the
Minimum Brightness of a Fireball," Soviet Physiés JETP 3&12),
(August 1958).

G. Taylor, "The Formation of a Blast Wave by a Very Intense
Explosion; I. Theoretiéal Diséussion,” Proc. R. Sod. A201(159),
(March 1950). —

A. Sakurai, "On the Propagation and Struc¢ture of the Blast Wave
I,” J. Phys. Japan 8(662), (1953).

D.L. Jones, "The Energy Parameter B for Strong Blast Waves," NBS
Te¢hnical Note 155, NBS Boulder Laboratories, July 1962.

L.I. Sedov, Similarity and Dimensional Methods in Mechanics,
(English translation), Adademic Press, 1959,

G.G. Chernyi, "The Problem of a Point Explosion,” MOA
TIL/T.4871, Ministry of Aviation, Great Britian, 1959.

D.A. Freiwald and R.A. Axeford, "Approximate Spherical Blast
Theory Inéluding Sourée Mass,” Journal of Applied Physics 46(3),
(Maréh 1975).

D.L. Jones, "Intermediate Strength Blast Wave,” Physics of
Fluids 11(8), (Aug. 1968).

Y.B. Zel'doviéh and Y.P. Raizer, Physiés of Shock Waves and High
Temperature Hydrodynamic Phenomena, ed. W.D. Hayes and P.F.
Probstein, Aéademic Press, 1967,

G.C. Pomraning, The Equations of Radiation Hydrodynamics,
Pergamon Press, 1973,

A. Eddington, The Internal Constitution of the Stars, Cambridge
University Press, 1926.

G.C. Pomraning, "An Extension of the Eddington Approximation,”
Je Quant. Speétrosé. Radiat. Transfer 9, (1968).



53.

54,

55.

56,

57.

58,

59,

60.

61.

62,

63.

64.

65.

163

G.N. Minerbo, "™Maximum Entropy Eddington Factors,” J. Quant.
Speétrosé. Radiat. Transfer 20, (1977).

R.F. Probstein, "Radiation Slip," AIAA Journal, Technical Notes
and Comments 1(5), (1963). ‘

R.G. Deissler, "Diffusion Approximation for Thermal Radiation in
Gases with Jump Boundary Condition,” Transactions of the ASME
May 1964,

D.S. Kershaw, "Flux Limiting Nature's Own Way - A New Method for
Numeriéal Solution of the Transport Equation,” Lawrence
Livermore Lab., UCRL-~78378, July 1976,

S.L. Thompson and H.S. Lawson, "Improvements in the CHART-D
Radiation Hydrodynamics Code II, A Revised Program,” Sandia
Lab., SC-RR-710713, June 1970.

G.I. Barenblatt, "On Some Unsteady Motions of a Liquid and a Gas
in a Porous Medium,” Prikl. Mat. i Mekh. 16, (1952).

R.R. Peterson and G.A. Moses, "Blast Wave Calculations in Argon
Cavity Gas for Light Ion Beam Fusion Reaétors,"” University of
Wisconsin Fusion Engineering Program Report UWFDM-315 (Oct.
1979),

D. Halliday and R. Resnick, Physics, 2nd Edition, John Wiley &
Sons, 1966.

J. von Neumann and R.D, Richtmyer, "A Method for the Numerical
Calculation of Hydrodynamic Shocks,” Journal of Appl. Phys. 21,

(March 1950).

R.E. Kidder and W.S. Barnes, "WAZER, A One-Dimensional, Two
Temperature Hydrodynamic Code,"” Lawrence Radiation Laboratory,
UCRL-50583, Livermore, CA, January 31, 1969,

L. Spitzer, Physies of Fully Ionized Gases, Second Edition,
Interscience Publishers, New York, 1962, ’

R.J. Cole, Jr., "A Program for Rapid Calculation of X-Ray Depo-
sition,” SC-RR-69-855, Sandia Lab., Albuquerque, NM, July 1970.

G.A. Moses, R.R. Peterson, M. Sawan, and W. Vogelsang, "High
Gain Target Spectra and Energy Partitioning for Ion Beam Fusion
Realtor Design Studies," University of Wisconsin Fusion Engi-
neering Program Report UWFDM-396 (1980).



66.

67.

68.

69.

70,

71,

72.

73.

74,

75.

76.

17.

78.

79.

164

T.0. Hunter and G.L. Kulé¢inski, "Description of the Response of
Materials to Pulsed Thermonué&lear Radiation, Part III," Univ-
ersity of Wisconsin Fusion Engineering Program Report UWFDM-232
(April 1978).

¢
E.H.S. Burhop, The Auger Effeét and Other Radiationless Tran—

sitions, Cambridge, University Press, 1952,

P. Sigmund, "Energy Loss of Charged Particles in Solids," Proc.
of NATO Advanced Study Institute on Radiation Damage Processes
in Materials, Corsiéa, Franée, 1973.

N. Bohr, "The Penetration of Atomic Particles Through Matter,"
Mat. Fys. Medd. Dan. Vid. Selsk. 16(8), (1948).

J. Lindhard, "Thomas-Fermi Approach and Similarity in Atomic
Collisions,™ NAS-NRC Publ. 1133, 1, (1964),

M.M.R. Williams, "The Role of the Boltzmann Transport Equation
in Radiation Damage Calculations," Progress in Nuclear Energy 3,
(1978).

J.B. Sanders, "On the Application of Boltzmann Transport
Equations to Ion Bombardment of Solids,” 5th International
Conferen¢e on Atomic Collisions in Solids, Gatlinburg, TN, 1973,

J. Lindhard, M. Sé¢harff, H.E. Schiott, "Range Conéepts on Heavy
Ion Ranges," Mat. Fys. Medd. Dan. Vid. Selsk. 33(14), (1963).

P. Mazur, J.B. Sanders, "On the Derivation of the Range Equation
for Energetid Particles in Amorphous Materials,"” Physica 44,
(1969).

D.K. Briée, "Spatial Distribution of Ions Incident on a Solid
Target as a Fundtion of Instantaneous Energy,” Radiation Effects

11, (1971).

D.K. Briée, "Ion Implantation Range and Energy Deposition Codes
COREL, RASE4, DAMG2," Sandia Lab., SAND-75-0622, Albuquerque,
NM, 1977,

0.S. Oen, M.T. Robinson, "Slowing~Down Time of Energetic Ions in
Solids,” Jour. of Appl. Phys. 46(12), (1975).

J. Lindhard, V. Nielsen, M. Scharff, “"Approximation Method in
Classital Scattering by Screened Coulomb Fields," Mat. Fys.
Medd. Dan. Vid. Selsk. 36(10), (1968),

M. Abramouritz and I.A. Stegon, eds., Handbook of Mathematical

Functions, U.S. Dept. of Commerce, AMS 55, June 1964,



80.

81.

82,

83.

84,

85.

86.

87.

88.

89.

90.

165

T.J. McCarville, R.R. Peterson, G.A. Moses, "Improvements in the
FIRE Code for Simulating the Response of a Cavity Gas to ICF
Target Explosions,” University of Wisconsin Fusion Engineering
Program Report UWFDM-407 (1981).

{
D. Mosher, "The Coronal Equilibrium of High Atomic Number
Plasmas,” Naval Research Laboratory Memorandum Report 2563,
(March 1973).

F. Biggs and R. Lighthill, "Analytical Approximations for X-Ray
Cross Sections II," Sandia Lab., SC-PR-71-0507, Albuquerque, NM,
(Dec. 1971).

F. Biggs and R. Lighthill, "Analytical Approximations for Total
and Energy Absorption Cross Sections for Photon—-Atom Scatter-—
ing," Sandia Lab., SC-PR-72-0685, Albuquerque, NM, Dec. 1972.

K.G. Adams and F. Biggs, "Efficient Computer Access to Sandia
Photon Cross Sections,” Sandia Lab., SC-RR-72-0683, Albuquerque,
NM, (Dec. 1973).

G. Yonas, "Fusion Power with Particle Beams," Scientific Ameri-
can, (Nov. 1978) 239,

R.R. Peterson, G.W. Cooper, and G.A. Moses, "Cavity Gas Analysis
for Light Ion-Beam Fusion Reactors,” Nuclear Tech./Fusion 1,
(July 1981).

A.M. Hassanein, T.J. McCarville, and G.L. Kulcinski, "First Wall
Evaporation in Inertial Confinement Fusion Reactors Utilizing
Gas Protection,” presented at the Second Topical Meeting on
Fusion Reactor Materials, Seattle, (August 1981).

T.J. McCarville, G.L. Kulcinski, and G.A. Moses, "An Analytical
Model for the Motion and Radiative Response of a Low Density
Inertial Confinement Fusion Buffer Gas," University of Wisconsin
Fusion Engineering Program Report UWFDM-405 (Jan. 1981).

T.J. McCarville, G.A. Moses, and G.L. Kucinski, "A Model for
Depositing Inertial Confinement Fusion X~Rays and Pellet Debris
into a Cavity Gas,” University of Wisconsin Fusion Engineering
Program Report UWFDM-406 (April 1981).

L.D. Landau and E.M. Lifshitz, Fluid Mechanics, Pergamon Press,
Oxford, 1959, p. 365.




166

APPENDIX A

THE PRESSURE EXERTED BY A REFLECTED SHOCK WAVE

In the text by Zel“dovich and Raizer,49 the Hugoniot relations for
a reflecting shock (see the notation in Chapter III, Section B of this

thesis) are shown to be:

o (v + l)Po + (y - l)Pl
0, (v - DP_+ v+ 1P, ° (A1)
Py (v + DPy + (v - l)Pw
pw (y - 1)Pl + (y + l)Pw
= _ 1 1
and (P - P )(“‘; - l) (Pw Pl) (pl pw)- (A3)

The above equations can be combined to eliminate the densities, leaving
@ - 2D’[G+ DP_+ (v - DP,] =
\ 1 o 1
2
(Pl - Po) [(v + 1)Pw + (y - l)Pl]. (A4)

After some straightforward algebraic manipulations, Equation (A4) can
be written as:

2 (3y - l)P + (y + 1)P2
P -

w w (y - l)P + (v + l)P

By - Py - (v - P

- B 1 (y - l)P + (v + 1)P -0 “3)

Equation (A5) is a quadratic equation for the pressure of a shock wave
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reflecting from a wall. To show that Equation (15) is indeed a root,

Equation (A5) can be factored by writing it as:

P

2 2
2, [(y - DPP o+ (v + DR+ 3y - DP] - (v - 1)P0P1]
w w

(y ~ 1)Pl + (y + 1)PO

3y - DPy - (v - P,
o 1 (v - l)P + (v + l)P

= O’ (A6)

and then

3y - P, - (y - 1)P
p? _ p [ P +P 1 °
w W (o]

1 (y - 1)Pl + (y + l)PO

3y - l)P - (y - P
o l (y - l)P + (v + l)P

= 0. (A7)

Equation (A7) is easily factored into

3y - )P, - (v - 1)P0] . )
= A

(B, - Po)[%w SR Ry cva DP, + (v + DP_

The root Pw = Po is the trivial case for no shock. The other root shows
that Equation (15) is the correct expression for the pressure from a re-

flecting shock.





