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SECTION 1
INTRODUCTION

From 1983 through the present, the NRL laser group has performed

a large number of experiments that are of interest to the HANE community
with the Pharos II and Pharos III Nd-laser and target facilities. The
maximum laser energy for the eariier Pharos II experiments was on the order
of 100 J, whereas the energy in experiments of interest to us with the new
Pharos 111 facility ranged from 5 to 300 J in each of up to three beams,

In most of these experiments, a single beam from the Nd-glass laser A =
1.054 um, T whm
polystyrene (CH) target that is immersed in an ambient medium (such as
nitrogen) at a pressure of between a few mTorr and 10 Torr. The laser

~4 ns) is focused onto a solid planar aluminum or

focal spot diameter is typically between 0.2 and 1.0 mm, and the targets
are thin, usually between 4 and 25 um thick. In the subset of those
experiments designated as being in the "collisional" or "high-pressure"
regime, the ambient pressure is above 1 Torr. The laser, with irradiance
petween 102 and 10'* Watt/cm?, ablates target material and imparts to the
ions a controllable velocity distribution (0.1 < au/u < 1.0) around a peak
of a few 107 cm/sec (Grun, Stellingwerf, and Ripin, 1986, Ref. 1). In the
"high-pressure" regime, expanding target plasma couples to the ambient
material so that, on time scales long compared to the laser pulse length, a
thin, almost spherical blast front is observed (Ripin, et al., 1986, Ref.
?). Because the debris expands in the direction of the laser beam, the
blast front is not centered about the tarqget hut rather expands prefer-
entially toward the source of the laser light.

A complete tabulation of the NRL laser shots through early 1985
is available in Reference 3 (Stellingwerf, 1987), including all shot param-
eters and blast wave configurations.

A variety of diagnostic tools were used to investigate the laser-
target-ambient interactions (Stamper, et al., 1986, Ref. 4). Although the
~adius of the axpanding shell scales as a classical hlast wave [Ripnin,

A




Stamper, McLean, 1984, Ref. 5), a number of non-blast-wave features are
aevident from the diagnostics. We have modeled the laser-target-ambient
jnteractions with the two-dimensional MHD computer code, MACH2 {Frese, 1987
and Peterkin, et al., 1986, Refs. 6 and 7), and are able to simulate the
formation and time-development of the nearly-spherical blast wave
(Stellingwerf, Peterkin, Longmire, 1986, Ref. 8).

The most prominent non-blast-wave feature of the expanding bubble
seen in diagnostics of the "high pressure" experiments is the aneurysm. It
appears as an outward-pointing protrusion attached to the otherwise spheri-
cal blast wave, In shadowgraphs from experiments done with the Pharos II
facility, the aneurysm appeared at various locations within an imaginary
cone of about 30 degree half angle that was centered about the target
normal. The laser beam was always at normal incidence to the target.
Because the aneurysm appeared to be aligned with neither the the laser beam
nor the target normal, the mechanism responsible for its formation was not
obvious.

To explain the aneurysm, a number of interesting ideas were put
forth, These include:

non-uniform laser intensity across the laser spot,

1.

2. a jet of material from the target that catches up with the
leading blast front (as suggested by C. Longmire),

3. instability of blast wave induced by thermally generated

magnetic fields
4, laser heating of the plasma within the laser path.

We modeled the first of these processes with MACH2, and concluded
that it was not the cause of the aneurysm {(Stellingwerf, Peterkin,
Longmire, 1986, Ref. 8). Subsequently, experiments were done at NRL with
the Pharos III facility that employed an ISI-smoothed laser pulse
(Lehmberq, Obenschain, 1983, Ref. 9). The aneurysm persisted, thus ruling
out a spatially non-uniform pulse as the driving mechanism. As for the
second idea, the material that is ablated from the target at late times
travels through a region from which ambient gas has been swept away by the




.

leading blast front. The leading front may be overtaken by later debris.
This may explain aneurysms that appear normal to the target when it is
illuminated by a low energy laser pulse with non-normal incidence. Such is
seen in one of the three NRL experiments done at very low energy with the
Pharos III facility. (Experiments 86-582, -583, and -586 were low energy
shots; 86-583 shows the feature.) We have modeled thermally generated
magnetic fields, the third from this list, with MACH2 (Peterkin,
Stellingwerf, 1987, Ref. 10). In a model with parameters from NRL shot
85-544 (109 J with 5 Torr ambient nitrogen), we calculate that less than
one percent of the laser energy is converted to magnetic field energy near
the target, and this field is convected with the expanding bubble. Qur
simulations show no disruption of the shell from this magnetic pertur-
bation. Experimental work is under way to investigate the magnitude and
Tocation of thermally generated magnetic fields. It has been suggested
(Guillani, 1985, Ref. 11) that such fields may explain the turbulent-
looking structure that seems to exist in front of the blast wave as seen in
shadowgraphs of some experiments with low energy laser pulses.

Clearly, the second and third ideas from the above list deserve
further consideration in attempts to explain deviations from classical
blast wave behavior seen in laser-target-ambient experiments. In this
paper, however, shall limit our discussions to the laser heated channel.
We illustrate that if the laser energy is sufficient, an aneurysm will form
centered about the laser axis. This idea has been investigated previously
(Lyon, 1985, Ref., 12) with a null result. Our two-dimensional modeling
shows, haowever, that laser heating of a narrow channel does cause an
aneurysm when the laser energy is at least a few tens of Joules and when
the ambient pressure is above a Torr (Stellingwerf, Peterkin, Longmire,
1986, Ref. 8).

Although an aneurysm is always present centered about the laser
axis when the laser energy is above a threshold on the order of 10 J in
experiments with the new Pharos [II facility, small aneurysm-like oro-
trusions are often visible off-axis as well. It seems likely that there is
nore than a single mechanism responsible for the production of such




features on the shell, However, the experimental reproducibility of the
on-axis aneurysm, and our ability to simulate it by modeling a laser-heated
channel in the real experimental geometry, suggest that the laser heating
of the photoionized plasma in the channel is the driving mechanism for the

on-axis aneurysm,

Structure similar to the aneurysm is seen in photographs of the
blast from nuclear devices that are suspended from tethered balloons or
support towers and stabilized by guy-wires (Jones, Childers, Kodis, 1987,
Ref. 13). Called "cabie spikes", these conical-shaped protrusions emanate
from the expanding blast front along the guy-wires. Cable spikes are
thought to be caused by absorption of radiation by the wires and the
development of a heated, low density channel (similar to the present case).

In this report the aneurysm is discussed primarily from the view-
point of the channel heating mechanism, but other physical processes are
addressed as well, Section 2 presents motivation, background, and results
of several series of two-dimensional MHD simulations that demonstrate
aneurysm formation and its dependence on various parameters. In Section 3
a simple channel heating model is developed that explains the detailed MHD
results. Section 4 discusses the method of computing self-aqenerated
magnetic fields used in the code, while Section 5 shows a their effects in
sample computations. Finally, Section 6 shows a preliminary computation of
a case with both self-generated fields and an ambient magnetic field
parallel to the laser path.

A summary of the experimental and theoretical results of this
investigation have been submitted to The Physics of Fluids and should
appear in late 1988 or early 1989.
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SECTION 2
THE ANEURYSM
L 2.1 THE CHANNEL-HEATING MECHANISM.

A simple calculation illustrates how the temperature of the gas
y within the path of a high-irradiance laser can rise from room temperature

to many electron Volts, Let us assume that X-rays emanating from the
laser-irradiated target singly ionize a fraction of the constituent atoms
of the gas nearby during the early stages of the laser pulse. Subsequent
laser light is absorbed by the ionized atoms near the target, raising the
Tocal temperature substantially. This hot plasma close to the target then
itself radiates, ionizing ambient gas nearby in the process. This process
cascades outward from the focal spot of the laser. We approximata this
complicated radiation transport process by simply assuming the ambient gas
is preionized in a manner that falls as the square of the distance from the
focal spot. Such 1/r2 behavior follows from the soherical divergence »f
the laser oeam. To be orecise, our nodel for preionization s used as a
Tower bound on the ionization fraction of the ambient medium, The doniz-
ation fraction, g, decreasas with the sauare of the distance from a 20int
1 at the focal spot of the laser and is normalized to have the vilue, gq, at
a distance one cm from that point, We tried various values of g and
conclude that a value of five percent gives results most consistent with
experiment. This value, however, is thought to be higher than that of

~eality.

In a distance, dr, some fraction of the laser light is absorbed
by the free electrons via inverse bremsstrahlung. The fractional power
absorption (Johnston and Dawson, 1973, Ref, 14), f, in mks units with
temperature in eV, is:

2
bg' InA x~ dr
f=1-exp[-ja ] (1)
Y
5




where o is the zonstant 1.0779 10'5, b is taken to be 9.5, ¢' is the laraer
of the fractional jonization, ¢, and unity, In A is a Coulomb logarithm (of
order unity), A is the laser wavelength in meters, T is the temperature in
eV, x is the dimensionless ratio of the electron number density to the
critical number density, and dr is an increment in the direction of laser
propagation. The laser light that arrives at the critical surface is
absorbed there. If the integrand in Equation (1) is small and x € 1 (that
is the case in low density regions), the absorption coefficient is:

bz In A x2
K, % @ e X (2)
AS T
which can be written as
?2 2
. 2g' ¢ o InA
x, * 8D A RIS (3)

where g8 is 3.133 1015, p is the mass density, and A is the atomic weight of
the plasma. If a fraction, K of the incident laser power, Pq, that
passes through a disk of radius r and density p is absorbed per unit length
hy that disk, the temperiture change is:

at . v 7o "
T —— (4)
orr Cv

where c_ is the specific heat of the material., If we assume an ideal jas
equation of state, the specific heat is

- 8 (1 +z) Joule
c, = 1.4 10 T ART (5)
6
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independent of the temperature, and we can estimate the size of the temper-
ature rise for some particular values of the parameters. Equation 5 does
not take into consideration the energy that ionizes rather than heats the
plasma. The ionization energy is in general! not negligible (see Section 3,
Figure 20). Combining Equations (3), (4), and (5), we have

dT bezc' csznAPO
T 2 AT (1 + g

where v = 6,925 10%, If ', ¢, P, In A, and r are approximated as time
independent quantities, we can integrate Equation (6). The time integral
of the incident laser power is the incident laser energy, E,. We then have
for the final electron temperature, Tf, after a time interval, t

2 . 2

5/2 .5 YA E L elnAbEy g

T. = [T + 5 ( ) (7)
£= (T vi T o ]

where Ty is the initial temperature.

Let us try to estimate the temperature rise in the laser channel
for NRL experiment 85-544. Dark field shadowgraphs from this experiment
show a well-formed aneurysm centered along the laser axis as illustrated in
Figure 1. A 109 J laser beam propagates through room temperature Nitrogen
gas at 5 Torr pressure. This corresponds to a mass density of 8.2
10-% gm/cc, which if five percent ionized (five percent of the jons are
singly ionized) at a distance of 1 cm above that focal spot of the laser
produces an electron number density of 8.77 10'3/cc. The laser is focused
to a circular spot approximately 100 um in radius, and the beam converges
to this spot with an angle of 2.86 degrees from the target normal (as
illustrated in Figure 2). At a distance one cm from the focal spot, the
radius of the laser disk is almost 600 um and the cross sectional area of
the ambient gas that is pierced by the laser beam there is a larger than
the laser focal spot by a factor of 36. During the first half of the




Figure 1. Dual time shadowgram (71 ns and 140 ns) of NRL 85-544,
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Figure 2b. Outline of the target region for MACH2 simulation, showing
dimensions.
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pulse, 54.5 J of energy is incident on any slice of the ambient gas if

f << 1. From Equation (7), we can estimate as a lower 1imit that the
temperature of a plasma slice 600 wm in radius will rise from room tempera-
ture to be on the order of 1.33 eV if an ideal gas specific heat is assumed
and if the ionization and mass density are assumed to be almost constant.
At this density, nitrogen is fully ionized at 100 eV. If we assume full
ionization and calculate In A to be 3.3, we find an upper limit of 108 eV
on the temperature 1 cm from the target. Clearly, a self-consistant model
that takes the ionization into account is required to accurately estimate
the temperature rise in the channel. Because of the strong focusing of the
laser beam, laser energy density, and hence the change in temperature of
the gas, are expected to vary essentially with the inverse of the cross-
sectional area of the beam, If we use our simple model to estimate the
rise in temperature of the gas at the focal spot of the laser--where the
intensity is 36 times as large as it is 1 cm away--we obtain roughly 3 KeV
as an upper limit on the temperature at the target.

Our estimate for the fraction of the incident power absorbed 1 cm
from the laser focal spot is rough because as the temperature rises a few
tens of eV, the fractional ionization does change appreciably (the average
nitrogen atom in a 5 Torr, 5 eV plasma is twice ionized). As the tempera-
ture rises so does the fractional jonization, but as the heated plasma
expands its density falls. Because the fraction of the laser energy that
is absorbed by the medium increases as the fractional ionization rises, but
decreases as the temperature rises and the density falls, a linear analysis
is not sufficient to determine the exact nature of the laser channel.
Clearly, though, additional heating of a fully ionized material will serve
to decrease the fractional absorption as the temperature increases.

These effects are included in a more comprehensive model in
Section 3 of this report. The present results clearly indicate channel
heating will be an important process, and justify detailed numerical models

to verify this conclusion.
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2.2 TWO-DIMENSIONAL MODELS.

We have performed 2 1/2 dimensional computer simulations of the
NRL laser-target-ambient system with MACH2, an MHD code which is described
in detail elsewhere (Frese, 1987, and Peterkin, et al., 1986, Refs. 6 and
7). Briefly, MACH2 is a single fluid, single temperature MHD code that
carries all three spatial components of vectors, but allows no quantity to
depend on the azimuthal coordinate when it models cylindrically-symmetric
problems. Accurate equations of state that assume local thermodynamic
equilibrium are used by accessing SESAME tables at Los Alamos National
Laboratory (LANL) during each computational cycle. The ions and electrons
are assumed to be in equilibrium and hence are characterized by a single
temperature. The net charge in any cell is zero. The code solves the
following equations in MKSA units in a fractional time-split manner:

Magnetic Induction

%% =7 x(VxB8) -9x(nvx8
(8)

1 1 1
AR O SRR O )

Fluid Momentum

i

i i

h] i podi Ji .1 ,pdgi _ 12 Ji
vjv +Vj(Pg + g +u_0‘88 ZBq)(9)

Specific Internal Energy

2

©
1]

oV Ve (Pgdl 4T VooV,

j + iy J

4
-mj°7P+VO(KVT)-apr +fP~|
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Mass Continuity

)
o=V (ov) (11)

In the above, § is the magnetic induction, u, the permeability of free
space, ; the fluid velocity, n the electric diffusivity (electric resis-
tivity divided by ug), N and n, the electron and ion number densities, P
the thermal pressure, p the mass density, o¢J1 the viscous stresses, ¢ the
plasma specific internal energy, T the temperature, 3 the current density
({1/ug) curl E), x the thermal conductivity, e the magnitude of the charge
of an electron, gji the spatial metric, yx the Planck mean opacity (cross-
saection per unit mass), a Stephan's constant, P] the instantaneous laser
power per unit volume at infinity, and f the fractional absorption given by

Equation (1).

The code is axisymmetric with the axis of symmetry appearing as a
vertical line to the left in computer-generated pictures. Rotation about
this axis is assumed. The MACH2 simulations discussed herein take place on
numerically-generated Eluerian meshes. The difference equations are of the
finite volume type which is well suited to non-rectangular meshes required
for problems with complex shapes.

Results from four MACH2 calculations of a focused laser pulse
interacting with the partially ionized gas are illustrated in Figure 3. 1In
this figure we plot the temperature on a log scale as a function of
distance from the laser focal! spot through a slice down the laser channel.
To simplify our computations, we modeled only the ambient gas (without a
solid target) in each of the simulations. The sole difference among these
simulations is the degree of preionization. Recall that our model for pre-
jonization decreases with the square of the distance from that focal spot.
Four values for the initial fractional ionization at 1 cm from the focal
spot were chosen (one percent, three percent, five percent, and ten per-
cent). The temperature rises to approximately 600 eV at the laser focal

12
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spot (where the laser intensity is 6 1013 watt/cm2) in each of these simu-
lations., The front of the temperature gradient is further from the focal
spot as the amount of preionization is increased. For example, 54.5 J from
a laser raises the temperature in the channel 1 cm from the focal spot to
almost 1 eV when the initial ionization fraction is five percent there (not
inconsistent with the previous analysis), but to only 0.25 eV when the
initial ionization fraction is one percent. The front of the hot channel
extends further from the focal spot as the degree of preionization
increases. By varying the preionization in simulations with a target in
place, we have found that it is necessary for the hot channel to extend
beyond the blast wave at early times if an aneurysm is to form,

The physics is further complicated when a dense target is presaent
to absorb the large fraction of the laser energy that is not absorbed in
the ambient gas. Fiqures 4a-c illustrate a simulation of NRL shot 35-544,
complete with a target at the focal soot of the laser, where we have ore-
ionized the ambient nitrogen to a level of five oercent 1 cm from the
target surface. As seen in the 10 ns nicture, Fiqure 4a, the hot shell
¥ithin the channel (where the temperature is 0.15 V) axtends 1.33 zm from
the target. The exoanding bubble is substantially behind at this Simae--3
{istance of 7.6 c¢m from the target surface. The target surface is 10t
(610 ev) at 10 ns, but cools to A0 eV at 71 ns. Figures 4b (at 30 as) and
4c (71 ns) illustrate that the shell gets closer to the temperature front
as time progresses. However, the large separation at early times allows an
aneurysm to begin to form. The aneurysm is clearly defined by 71 ns. Tne
velocity nicture at this time shows a jet Jf high velocity material con-
fined to the region near the axis. The electron number density contours
are closely spaced at the lncation of the shell. It is this shell, the
Tocus of points at which there are large gradients in electron number
density, that is to be compared to shadowqraphs of the axperiments. The
aneurvsm, while evident in Fiqure 4c, is not quite as larage as that seen in

the axperiment at 71 ns,
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Heating of the narrow laser channel induces a weak cylindrical
shock as material flows radially outward. Consider a particular location
some distance from the target surface., If the density at that axial loca-
tion in the channel falls before debris from the laser-ablated target
reaches that location, the debris will advance more rapidiy in the axial
direction within the semi-evacuated laser channel. Without increasing thz
total laser energy, a hotter channel, and hence a stronger cylindrical
shock, is obtained with a larger initial fractional ionization of the ambi-
ant medium, Fiqura 5 shows accumulated eneray as a function uf time for
the duration of the 109 J laser pulse. Slightly less than 0.1 J from the
incident laser enerqy is absorbed in the channel. The channel is here
defined as that material with mass density less than twice the ambient
density of 8.2 10-° gm/cc that is in the path of the laser. 0Of course,
simulations with no preionization (and hence no absorntion of laser energy

Hy the ambient medium) produce spherical blast fronts without aneurysms.

Fiqure 6 illustrates electron number density and plasma velocity
in the region close to the target on a finely-zoned grid at 2 ns intervals
“or the first 10 ns of the simulation. 7ne can see clearlv the Fformation
of the laser-neated channel outside the exnandina hlast front, and a jot >f
nlasma moving 3head of the blast inside the channel.

We have chosen not to compute the effects of radiation cooling on
the hot plasma for the simulations discussed in this section, so the
temperature of hot spots are too large. This defact should not change the
zonclusions concerning the laser-neated channel. Our computacions show
that the laser channel is not significantly heatad by thermal conduction
from hot regions near the target. Thermal conduction from an essentially
point taraet would not be confined to a narrow channel, but would isotro-
pically heat the ambient medium.
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The issues of radiative cooling and thermal conduction are
addressed via numerical simulation in the next section. However, we can
estimate analytically the importance of thermal conduction over large
length scales. Conduction of heat energy from hot regions obeys a tempera-

ture diffusion equation

T _ 1
3.{- -EE:;V . (K‘VT) (12)

where we assume Spitzer conductivity, x, that is proportional to T3/2,
In addition, thermal flux is limited to some fraction, t, times the energy
flux carried by free-streaming electrons, i.e.,

Kk VT <tTuv (13)

where t is often taken to be 0.4, u is the electron internal energy
density, and v is the electron thermal speed. The Spitzer thermal conduc-
tivity for a 500 eV plasma is approximately 3.6 10° J/m-sec-eV. On length
scales of 1 mm, the time scale for thermal conduction near the target where
the density is 3 10-3 gm/cc is 60 ns. This is long compared to the laser
pulse length, so thermal conduction in the hot, moderately dense region
near the target is not expected to be a dominant effect.

The debris/air interface outside the laser channel lies, at a
particular time, at the radius of a blast wave that emanates spherically
from a point source according to the similarity relation (Zel'dovich,
Raizer, 1966, Ref. 15):

1/5
r(t) = f(v) &) t¥5 em (14)

for energy (£) in Joules, ambient pressure (P) in Torr, and time (t) in ns.
f(y) is a function of the adiabatic index and is generally of order 0.1.
The NRL experiments fit Equation (14) with f(y) =~ 0.123 (Ripin, Stamper,
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McLean, 1984, Ref. 5). For a 109 J laser and 5 Torr ambient aressure, the
radius of the blast front at 70 ns is 1.25 cm. To facilitate a comparison
between the MACH2 simulation and experiment, we display a digitized plot of
the shadowgraph for NRL shot 544 in Figure 7a. In Figure 7b, we display
the contour plot of the electron number density from the simulation with
five percent preionization, drawn to the same scale as the shadowgrapn.

The MACH2-simulated location of the debris/air interface away from the axis
agrees with that of the experiment. Further, this location, estimated from
Figqures 7a and 7b to lie 1.2 cm from the target surface, agrees with that
predicted from the blast wave equation. The location and size of the
central aneurysm simulated by MACH2 looks remarkabiy 1ike that produced by
the experiment. Figure 8 is a superposition of the digqitized version of
the NRL shadowgraph and the electron number density contour plot from
MACH2. We speculate that numerical diffusion in our Eulerian calculations
together with the lack of resolution in the laser channel {recall that
there are but 4 cells radially through the channel) causes the MACH2 simu-
lated aneurysm to be flattened at its tip rather than to protrude as far
from the target as the experimentally generated aneurysm,

Aneurysms were seen in most high-enerqgy experiments done witn
ambient pressure above 1 Torr, Figure 9 is a shadowgraph of NRL shot
86-625 taken early, 14 as after peak laser power. The plastic {CH) target
was in a nitrogen medium at 5 Torr. The laser pulse Tehm Was 3 ns and
delivered 238 J towards a focal spot of 500 um radius. The pulse was TSI
smoothed and produced a cylindrical shock about the laser axis as seen in
the Jicture. We simulated this NRL shot with MACH2, again assuming five
percent preionization 1 c¢cm from the focal spot, and nlaced 3 computational
cells across the laser spot. Fiaure 10 shows the electron number density
from the simulation at the same time as the shadowgraph in Figure 9, The
simulation shows a laser-induced channel similar to that seen in the
axneriment. Fiqure 11 is a supernosition of a digitization »f the shadow-
1raph and the simulation, drawn to the same scale.
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Figure 7a, Digitization of NRL laser/HANE shadowgraph for shot 85-544 showing
shell and aneurysm at 70 and 140 ns.
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Figure 7b, Contour plot of electron number density at 70 ns for MACH2 simu-
lation of NRL shot 85-544,
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Figures 7a and 7b superimposed.
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The laser axis and the target normal coincide in nost VRL experi-
ments of relevance to us. There are a few exceptions, however, Figura 12
is a shadowgraph from NRL shot 86-581 taken at 59 ns after peak power. The
beam, carrying 95 ISI-smoothed Joules, strikes the target 30 degrees from
the target normal. The aneurysm is centered about the laser axis--not the
target normal.

2.3 EFFECTS OF VARIOUS PHYSICAL PROCESSES ON ANEURYSM FORMATION.

The purpose of this section is to investigate the effects of some
of the ohysical processes that accur in the laser-ambient-target system and
that may affect the partially ionized channel that causes aneurysm pro-
duction and development.

A possible criticism of our earliest models of the laser-ambiant-
target system (Stellingwerf, Peterkin, Longmire, 1986, Ref, 8) is that hoth
the target and the ambient consisted of a single material. The earliest
models included a target and an ambient medium both composed of aluminum,
Room-temperature gasaous aluminum dJoes aot 2xist at 3 Torr, so our -nodel
for the eauation of stats was certainly suspect. Subseaquent nodels,
including those discussed in Section 2.2, included 2 nitrogen medium ani 3
cryrogenic nitrogen target, These models are reasonable because the
equation of state for the ambient nitrogen is undoubtedly correct given our
assumption of local thermodynamic equilibrium, and the tarqet material that
is dynamic in the simulation is heated to KeV temperatures early in the
simulation and Secomes a fully ionized nitrogen nlasma and henca not unlika
aluminum plasma. As target material expands in and hehind the blast front,
it adiabatically cools to tens of eV. In this reqgion of phase soace, the
differences between Al and N may be noticeable. Of course the radijacion
spectrum is quite different for these two materials, but this is not of
conseauence for our models that lack sophisticated radiation transoort., Tn
ameliorate the inadeauacy of 3 nodel with 31 sinale material, we added <o
MACHZ the ability to transport distinct materials across an Zularian zaizu-
Tation mesh., The differences between the recilts from multi-material and
s3ingle material simulations are not significant, so earlier zonclusions

28




Figure 12,

Shadowgram at 59 ns of NRL shot 86-581, Aneurysm is aligned with
laser beam and is 30° from the target normal.
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concerning the blast front and the aneurysm remain unchanged. The benefits
of two-material simulations are two-fold. The approximate position of the
debris-air interface is now predicted by the simulations, and the inclusion
of distinct materials allows the attention of the reader to be focused on
the most important physical issues.

An additional criticism levied against our earliest models
addressed our neglect of thermal conduction. Earlier versions of MACH2
contained an explicit treatment of the thermal diffusion process. This
treatment required the entire simulation to progress at the numerical
thermal diffusion timestep if that timestep was the smallest in the
problem. In our models of a high-intensity laser interacting with a solid
target, the target achieves temperatures in excess of 1 KeV. Within the
Spitzer model for a fully ionized plasma, the thermal conductivity is pro-

portional to T>/2. From the thermal diffusion Equation (12), we extract
an explicit timestep for this process, dttherm:
dt =0 C 22 /e = 10-!3 sec (15)
therm \

where Cv is the specific heat {which we take to be approximately 0.77

108 J/(ev-kg)) when the temperature is on the order of 1 KeV !for which

« =5 10'% J/(m-sec-eV)) and the density is 10-* gm/cc on a mesh with
linear cell dimension, 2, of 25 micron. Computing at this timestep for the
10 ns laser pulse would require 10° computational cycles. At a typical
MACH2 rate of 150 cycles per CRAY X-MP cpu-minute, such a computation would
require over 10 hours of cpu or 2 orders of magnitude greater than other-
wise required by the other physical processes modeled by MACH2. This is
clearly undesirable. Hence, we neglected thermal conduction in our
earliest models.

To ameliorate this shortcoming, we added an implicit multi-grid

treatment (Brandt, 1977, Ref. 16) for thermal conduction to MACH2. This
treatment, similar to our existing model for magnetic field diffusion,
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allowed us to compute at large thermal Courant numbers. This implicit
treatment allowed us to achieve the quasi steady-state solution to the
thermal diffusion elliptic equation without a severe computational cost.
The results of simulations that include thermal diffusion are discussed
below.

In addition, we investigated some other physical processes that
have been thought at various times to be of possible consequence to aneu-
rysm production. We have, in the numerical laboratory, the luxury of
choice when investigating a physical process. We have varied the degree of
preionization of the ambient medium, investigated the effect of thermally
generated magnetic fields, allowed the low-density ambient medium to
radiate energy without reabsorption, included a 1 Tesla ambient magnetic
field, and varied our model for thermal conduction. Our model for the
thermal conduction includes the suppression of the thermal conductivity in
the direction orthogonal to a strong magnetic field. Thermal energy is
carried by electrons, and their mobility in a direction perpendicular to a
magnetic field is suppressed as the electrons gyrate about the field lines.
The electron gyro-radius is inversely proportional to the magnetic
induction, so thermal conduction is most suppressed in regions of the
strongest field strength. In Section 5, we shown that the magnetic fields
that arise from thermal energy are large, on the order of tens of Tesla,
near the edge of an intense laser beam. These fields are anisotropic, and
hence, may effect the conduction of energy via electrons from hot regions.
This anisotropy may effect the time development of the blast front and the
associated aneurysm. The results of these interesting simulations are
discussed below. Discussion of the effects of an ambient magnetic field
is deferred until Section 6.

Our parameter search is by no means complete. We have not, for
example, investigated with our two-dimensional code the effect of ambient
prassure on the aneurysm, nor have we investigated the effect of target
thickness. The size of the laser focal spot and the magnitude of the
incident laser energy has not been varied. Our modest parameter search
includes 12 numerical simulations that are described and compared below.
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A1l simulations discussed in this section model the interaction
between a 1,06 micron laser beam that delivers 109 J to a solid Al target
through a 5 Torr ambient medium of dry air which is 80 percent N,. The
half convergence angle of the beam is 2.86 degree, The laser pulse endures
for 8 ns, and peaks at 4 ns with an essentially Gaussian temporal profile.
These parameters correspond nominally to the NRL shot 85-544 with the
Pharos II facility, and are the same as those simulations discussed in
Section 2.2, The spatial character of the beam is uniform with a discon-
tinuous drop to zero intensity at the edge of the beam. Previous research
(Stellingwerf, Peterkin, Longmire, 1986, Ref, 8) indicated that a spatially
non-uniform laser beam does not strongly affect the character of the aneu-
rysm in the absence of a model for themally generated magnetic fields.

The attributes of the twelve simulations discussed in this section are
tabulated below, For each, the computational region measures 1/2 cm x
1/4 cm.

Table 1. Parameters that denote the various physical
processes for the 12 models discussed in
Section 2.3,

Model Fractional Thermal Radiation
Number fonization Conduction Cooling (1) sgmf (2) Qther
1 0 on of f of f
2 0.25 % on of f of f
3 1% or~ of f of f
4 3% on of f of f
5 5% on of f of f
A 5% on (3) of f of f
7 5% of f of f of f
8 5% nn on of f
9 1% (4) on of f of f
10 5% on of f of f no
target (5)
11 5 anisotropic (5) off nn
12 5% isotropic of f on
32




(2)

(3)

(4)

‘6)

Table Notes:

Qur model for radiation cooling involves no radiative trans-
port, but rather assumes an optically transparent medium
whereby energy is removed from the plasma in proportion to
an average Planck opacity times the fourth power of the
plasma temperature. As such, it represents an upper bound
to local! energy loss via radiative recombination.

Self generated magnetic fields (sgmf) arise by conversion of
thermal energy in the plasma to magnetic energy in regions
where the pressure and density aradients are not narallel:
i.e., near the edae nf the laser beam. Self-generated
magnetic fields are discussed in detail in Sections 1 and 3.

The implicit model for thermal conduction was made more
accurate for this simulation by limiting the timestep {2
10-1! sec per computational cycle. This is the only differ-
ence between simulations 5 and 6. There is somewhat more

~ =

thermal diffusion in model 5 than in the companion model 5.

In all but model 9 above, our preionization of the ambient
medium falls as 1/r® from the laser focal spot and has the
value guoted in the second column above at a point 1 cm from
the laser focus. For model 9, the preionization still falls
as 1/r<, but from points 1 cm distant from the center of the
laser focus in the direction tangent to the taraet surface.
This is perhaps the best that we can do with our 2 1/2
dimensional code in nodelina a laser beam that nisses the
target, but interacts with the blast wave {and a preionized
medium} *hat is oroduced bv 1 second lasar beam that Adoes
strike a solid target, traveling oarallel to the first 3t 1
distance 1 <m from the first. This simulation <ould be
compared to the NRL Pharos 111 experiment 86-590,

Model 10 includes the 1/r2 model of preionization, but
contains no target--clearly an unphysical situation, How-
aver, this model is of interest hecause it §l1lustrates tha
Sehavior of the laser-inducad cylindrical shock sithout its
jnteraction with a spherical hHlast wave.

The issue of the isotropv of thermal conduction is ralayant
only in the presence of a strong magnetic field (suf-
ficiently strong so the oroduct of the self-collision time
and the gyro-frequency, which is linear in the magnetic
induction, is qreater than unity). Onlv modals 11 and 1?2
contain magnetic fields of any <ind, and these ara
thermally-generated from thermal eneray in the 1lasma.

Figures 13 through 13 are snapshots of various physical

quantities of interest in the models listed above at the time of 12 ns--
2 ns after the laser pulse ends. To facilitate a comparison Hetween the 12
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Electron number density contours for the 12 simulations in

Section 2.3.

Figure 15,
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Material contours noting the approximate location of the
debris-air interface for the 12 simulations in Section 2.3.

Figure 16.
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models, each figure contains 12 snapshots of a single physical attribute
from the simulations--one from each model. Recall that the axis of syme-
try is a vertical line on the left of each snapshot. The laser enters from
above and is constrained to the channel that is marked by a line to the
immediate right of the symmetry axis.

Figure 13 illustrates velocity vectors and the magnitude of the
largest vector is noted below each snaoshot. As we increase the degree of
nreionization in modeis 1 through 5, the size of the protrusion in the
laser channel grows. This is the aneurysm, and the distance that it
extends beyond the surrounding spherical blast front is sensitive to the
degree of preionization., The maximum velocity in models 1 through 5 is the
same: 5.7 107 cm/sec. Model 6 is most similar to model 5; the accuracy of
the implicit thermal diffusion model is somewhat better in model 6. The
velocity snapshots look similar, but the maximum velocity is somewhat
smaller in model 6 indicating that the increased thermal smoothing sup-
presses only the maximum plasma speed. Model 7 is 5 percent preionized,
but has no thermal conduction. The peak velocity and the extent of the

-

aneurysm are not as great as any of the models that are also 5 percent ore-

-
v

ionized but include thermal conduction. Model 3 radiates, but the affe

O

r

of radiative cooling on the hydrodynamics seems from Fiqure 13 not *2 b

1

great. Model 9 shows no aneurysm when the source of preionization is 1 c¢cm
off-axis. While not conclusive, this does indicate that experimentally one
should not axoect to see a laser-aligned aneurysm when the laser heam 1oes
not strike a target (as is the case in NRL shot 36-590). Model 10 contains
no target, but includes the 1/r? model for oreionization that oriainates
from the laser focal spot {an unnhysical situation), The neak velocitvy
profile indicates axpansion from the heated channel. Models 11 and 17
include simulations of thermally-generatad magnetic fields. The peak
velocities in these two models are suppressed somewhat by the maanetic
fields, but the relative position of the spherical hlast front and tae
aneurvsm are similar %0 model 5 that has the same value for the oreigni-
zation,
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Figure 14 illustrates iso-temperature contours on a logarithmic
scale. The location of the maximum temperature is indicated bS5y a 2lus (+)
sign, and this peak value is noted at the top of each frame. An average
temperature that is characteristic of the shell is noted also in sach
frame. The temperature contours in model 1 show a laser-heated channel not
to be present, of course, as there is no preionization to seed laser
absorption. A small dimple in the blast front appears in the laser channel
at the smallest nonzero value of preionization in model 2. As the
fractional oreionization increases between models 2 and 5, the cylindrical
laser-heated channel becomes nore pronounced, Recall that it this laser-
induced cvlindrical structure that we interpret as the orogenitor of the
aneurysm. Tnterestingly, models 1 through 5 have the same model for
thermal conduction, and all 5 models produce the same shell temperature and
maximum temperature, independent 5f the fractional asreionization. ‘odal 3
is somewhat cooler than the first 5 models because that nodel ancourages
thermail diffusion, Model 7 has no thermal conduction and is about 20 oner-
zent hotter than models 1 through 5. However, the relative size nf the
cylindrical laser-heated channel and the spherical Hlast front is the sane
in models 5, 5, and 7. This strengthens our claim that thermal 1iffusion
is not an important mechanism for aneurysm Jrowth at this moderate valiue »f
the laser energy. Model 3 has the same nodel for thermal zonduction 35 “he
first 5, but has our simple radiation cooling nechanism turned on. The
cylindrical laser-heated channel persists, and the plasma temperature is
about 10 oercent smaller than the similar non-radiative models. Becausa
the source of preionization is further away from the laser channel in model
9, the laser-heated channel is not 1s aronounced as in mode! 5, ‘“adel 1,
without a target but with the same model of areionization and thermal :on-
duction as model 5, shows a strong laser-induced cylindrical structure.
Yodels 11 and 12 are 5 nercent areionized just is model 3, Hut include
thermally-aenerated magnetic fields. The structure of the laser-heated
~hannel is similar for these 3 models. Notice, however, that nodel 11,
with anisotropic thermal conduction, aroducas Yarner “emoeratures in the

shell and in the Hubble.
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Figure' 15 illustrates electron number density iso-contours an 23
ITngarithmic scale. The structure of these snapshots essentially mimics the
corresponding temperature features of Figure 14,

Fiqure 16 illustrates the approximate position of the depris-air
interface. The broadness of the band is a consequence of numerical d4if-
fusion of material across our Eulerian mesh, The middle of this band
represents the location of the interface. This interface is essentiaily
spherical outside the laser channel. Models 1 through 5 show that the
debris-air interface protrudes ahead of the blast front at points within
the channel by an amount nroportional to the fractional preionization.
This indicates that the aneurysm is made of target material. The laser-
heated channel exists far in front of the aneurysm and consists of ambient
material. Model 10 has no target, hence no debris.

Iso-density contours on a logarithmic scale are illustrated for
our 12 models in Fiqure 17. They clearly illustrate the position of the
spherical blast front and the laser-induced cylindrical blast wave. The
nass density within the channel is less than the ambient zhannel, and :nis
allows tarqget debris to 2xpand oreferentiailv along the laser axis and

create the aneurysm,

Finally, Figure 13 illustrates thermal flux vectors for 10 of :the
12 models. <Recall that model 7 does not compute thermal conduction. In
all except model 11, the thermal flux is directed away from the fnot shell
in an essentially symmetric manner. However, in nodel 11, the thermal 'ux
is seen mostly within the laser channel, and is suppressed outside the
channel where thermally-generated magnetic fields are strong. These fi=2lds
axist mostly within the shell away from the symmetry axis, and are toroidal
in character. (Netails are aiven in Section 5.) It is possible that for
Tow anergy lasar pulses, where the preionization is not as great as we have
3ssumed in these models, the anisotropic thermal conduction mav aniso-

tropize the Hlast wave.
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2.4 CONCLUSTINNS.

Simple analytic analysis suggests that the channel of ambient
room temperature air through which the laser propagates can be heated to
many e¥ via inverse bremsstrahlung laser absorption by that air if it has 1
non-zero ionization fraction. The change in temperature of the ambient
gas is proportional to the ionization fraction of the aas (Equation 7).
Therefore, there must exist some mechanism for preionizing the room temper-
ature ambient medium in order to initiate laser absorption. There is soma
experimental evidence that the ambient medium is oreionized hv a faw ner-
cent at a distance of 1 cm from the target surface, perhaps due to ¥-rays
amanating from the laser-irradiated target and other hot nlasrma. This
degree of oreionization is sufficient to initiate heating of the channel
material by the laser.

MACH? simulations give conclusive evidence that a laser-heated
channel leads to the formation of a central aneurysm in NRL laser/HANE
experiments. The seed for the fgrmation of an aneurysm apnears by the fimae
°f neak laser nower 31s 31 weak cylindrical shock centered apout the lasar
axis. If the heating is appreciable far from the target on a “ime scala
comparable %0 the ienath of the laser oulse, an aneurvsm will 2e 2yvident it
Tater :imes. eating in the 'aser channel is oroportional to the foni-
zation fraction, as w#ell as to the laser intensity, so the aneurysm nay
scale with laser energy {(this is consistent with snadowgraphs from louw
energy shots). Figure 3, a superposition of the electron number density
denerated Sy “ACH2 for a simulaticn that is five nercent areipgnized * :m
from the target surface upon 1 digitization of an 'RL shadowgraph from
2xperiment.al shot number 35-544 illustrates 2xcelilent agraement saetween
axperiment and theory., Figure 11, a superposition of an 2arly-time shadow-
araph from NRL experiment 86-525 and a nicture from a < mputer simylation
2f that shot at the same time, shows the laser-induced cylindrical shock
front from the axperiment and a computer simulation »f the same,
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SECTION 3

A SIMPLE MODEL FOR LASER CHANNEL-HEATING IN FEW-TORR PLASMA

A hot, low density laser channel has been shown to De important
in many of the simulations discussed in this report. The cylindrical blast
from the heating is seen in the shadowgraphs at early-time (10 ns), and we
has shown that it is the primary cause of the on-axis aneurysm seen in the
NRL experiments. Because of this direct cause-and-effect relationship, it
is of interest to inguire how the laser heating depends on the a2xperimental
parameters, Since this heating takes place during the laser pulse (1 -

5 ns), it is reasonable to ignore the hydrodynamics and other slower
orocesses, and consider the extent and nature of the initial 1eated ragion
3s a separate oroblem. In this section we develop a simple mode! »f *he
heated channel that aarees very well with the detailed two-dimensional
models, and allows computation of scaling laws for the heating process,

“le will thus demonstrate that direct inverse-bremsstrahlung deposition of
laser enerqy can account for the opbserved and comouted featuras of the
channel, and that 1o shock ar detonation machanisms ipnear %3 Ye dperit nn
in this reqime dJurina the Taser oulse. The .nodel usad here is 3 direcs
axtension of that »f Jection 2.1, used Lo motivate the zthannel-neating

simulations.

The incident ‘'aser enerny oronagates through the underdense
ambient medium and deposits the bulk of its energy at the critical surface,
whict s the tarqget surface at the anset of the laser pulse. Zxperimental
avidence indicates that a brief ourst of X rays are emitted from the :target
during the early stages of the laser puise. These X rays ohotoionize the
ambient gas {(bound-free absorption) and »rovide the seeds for invarse
Yremsstrahlungen (free-free) absorntion of the incident laser heam hv Sha
ambient qas. We do not attempt to model this initial target neating and

antoionization arncess Nere, nut instead simnlv assune that the ambient
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gas is initially fonized with an jonization fraction that drops as 1/r?
where r is the distance from the target. The degree of jonization is found
experimentally to be in the range of one--few percent at a distance of 1 cm
from the target.

The laser intensity in the channel is given by I = I exp(-] K
dr), or, for small absorption, [ = Iy (1-/ K dr), where I, is the incident
intensity, and K is the absorption coefficient (units of m‘l). The formula
for the inverse bremsstrahlung absorption coefficient has been given by
Johnston and Dawson, 1973 (Ref. 17). For the present case {electron
density much less than critical), this coefficient is given by Equation (3)
and is repeated for clarity:

.22 .
23 g o In A 116)

Al 9/¢ '

k = 38b A
v

where X is the laser wavelength, 1n(A) is the coulomb logarithm (varies
from 1 - 5 for these cases), ¢ is the number of free electrons per nucleon,
-t = max(z, 1), 4 is the atomic number of the gas, o the density of the
gas, and T the local gas temperature. The product 38b is 1.5666 x 10'%/m
for mks units with T in V. The important point here is that the absorp-
tion depends strongly on ionization state and inversely on the ambient
temperature. The 7' factor accounts for the presence of neutral ambient

atoms at low degrees of ionization.

The time derivative of temperature at a point in the channel is
given by:
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where <, is given by Squation (16), I is the local laser intensity, and CV
is the specific heat. The intensity will depend on the time variation of
the laser energy as well as the distance from the tarqet. For a perfect
gas, C, = 1.44 x 10° (1 + g)/A J/ev=kg.

We may integrate Fquation (17) directly to ohtain an estimate of
the final temperature of the laser-heated channel, We assume fully ionized
nitrogen as the ambient gas, p = 5 Torr, A = 1 micron, 1n(A) = 3, and find

2/5

T. = (5 £/r%) , (13)

f

where £ is the laser energy in Joules, and r is the lncal channel radius in
centimeters, Tf the final temperature in eV, and we have assumed that the
initial channel temperature is small. Given these assumptions, fquation
(18) in consistant with Zquation (7). Taking E] = 100 J, and r = 0.05 cm,
we find Tf = 142 eV, so a hot channel is axpected and should extend a con-
siderable distance along the laser channel, since the dependence on
distance is weak. On the other hand, the final temperature is aoproxi-
mately linearlv jependent uoon the degree >f ionization, arnducing a1 faed-
back mechanism that should shut aoff the heating at 1 distance whera the
availanle dennsited anerqy is too small to ionize the amhient nas.

A hetter 2stimate of the channel tamnerature as 31 function »f
time [during the laser pulse) and distance from the target is obtained by
numerical integration of Zquation (17) with “ime dependent juanti%ias
‘ncluded. “or this estimate a Raussian pulse shape is used for the 'i3saer
J0wer, neakina at 1 ns, anding at 3 ns, the nosition in the channel
Jetermines the level »f arejonization and the channel radius, the Zouiombd

Tngarithm is given by (Spitzer, 1962, Ref. 13):

In(A) = 'n(ain {4,939 757 a/z, 3.9%e8 T A}) RER

gith In{A) »>= 1,
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The ionizatiom fraction, z, is given by a fit to Saha equilibrium
at 5 Torr pressure of atomic nitrogen shown in Figure 19, At this pressure
nitrogen begins to ionize at about 1 eV, is five times ionized at 10 -

30 eV, and is fully ionized at 90 eV.

The specific heat, Cv’ for nitrogen is shown in Figure 20. The
irregular line is taken from a tabular equation of state for nitrogen at 5
Torr pressure, the line labeled "fit" is the rough fit used for the present
models, and the dashed line is the oerfect gas value ignoring ionization
energy. By comparing the areas above and below the dashed line, we con-
clude that for temperatures in the 0.1 - 100 eV range most of the laser
energy absorbed in the channel is needed to ionize the gas.

We have integrated Equation (17) for target distances ranging
from 0.1 to 3 cm. We call the result of these integrations the "zero
dimensional™ (or 0 D) model, since each point in the channel is heated
completely independently of all other points. The results depend on the
degree of preionization of the channel., Figure 21 shows the case of 5 per-
cent ionized at 1 c¢cm from the target. Temperatures are shown as a function
of distance along the channel for times of O (room temperature) to 8 ns
fend of laser pulse). The result from Equation {18) is labeled "simple
estimate." As expected, Equation {18) is a good estimate of channel nheat-
ing for regions that become fully ionized (0 - 0.5 cm), but beyond 0.5 cm
the temperature in the channel drops, with little heating beyond 0.9 cm.

An ionization front moves to larger radii in this figure with a mean
velocity of about 108 cm/s, heating the gas from ambient temperatures to
about 100 eV, but it is not a progressive wave, since no coupling between
different radii is included in the model.

The result is a channel heated to about 100 eV extending from the
target to about 0.9 cm along the channel, This heated region expands
nydrodynamically as a cylindrical shock wave and forms a low density
channel at later times. The spherical blast wave expands more rapidly in
this channel, resulting in aneurism formation. When the blast wave moves
beyond the heated region, the aneurism should decay.
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Figure 19. Fit to tabular equation of state for the ionization fraction of
nitrogen at 5 Torr pressure as a function of temperature. These
numbers agree with Saha equilibrium values.
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Figqure 20. Fit to tabular equation of state for the specific heat of nitrogen
at 5 Torr pressure as a function of temperature. Both the exact
tabular vaiues (irregular solid line) and the simple approximation
used here are shown. The dashed line is an estimate of the perfect
gas value obtained when ionization energy is ignored.
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Figure 21. Run of temperature versus position in the channel at various times
during the laser pulse for case 1 of Table 2. Also shown is the
result obtained from Equation (18) labeled "simple estimate®.
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Table 2 shows the results of a number of models run with various
values for the laser energy (E), ambient pressure (P), and degree of pre-

jonization at 1 cm (gg). The listed parameters are: L = extent of heated

region from target of preionization of the ambient gas (cm), Thigh =

temperature at the top of the ionization wave (eV), T1ow = temperature at

the bottom of the ionization wave (distance = size)(eV).

Table 2. Laser heated channel characteristics.

E A p % angie L Thigh Tlow
1 109 1.0 5.0 5.0 2.86 0.9 25 1.0
2 109 1.0 5.0 2.5 2.86 0.7 45 1.0
3 109 1.0 5.0 10,0 2.86 1.1 20 1.9
4 109 1.0 2.5 5.0 2.86 n.8 16 1.0
5 1n9 1.0 10,0 5.0 2.86 1.0 a0 1.9
6 50 1.0 5.0 5.0 2.86 0.3 16 1.0
7 200 1.0 5.0 5.0 2.86 1.0 30 1.n
8 109 1.0 5.0 5.0 10.0 0.6 45 1.0
9 109 1.0 5.0 5.0 8.0 0.65 22 1.0
10 109 1.0 5.0 5.0 6.0 n,7 20 1.0
11 109 1.0 5.0 5.0 1.5 1.1 50 1.9
12 109 1.0 5.0 5.0 0.0 2.5 AnD 1.0
13 109 0.5 5.0 5.0 2.86 9,7 20 1.0
14 109 2.0 5.0 5.9 2.36 1.2 100 1.0

The size of the heated region in models 1 - 7 is fit to an
accuracy of 2 percent hy the scaling law:

L= 0.19 gN-16 50,16 _ 0.33

0 ’

where L is the length of the heated region in centimetars, P is the
amhient pressure of N,, and gy is the percent preionization at 1 cm
109 J, and © = 5 Torr,

from the target., For example, for gy = 5%, £
we find L = 9,89 cm,
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The scaling law for a simple Dlast wave (Equation (14}) is:

R = 0.123 (e/p)0-2 04 . (21)

The energy scaling of Equation (20) is that of a normal blast wave, but the
oressure scaling is the opposite of the blast wave case. This means that,
as the ambient pressure is increased, the size of the aneurism produced
increases while the position of the blast wave at a fixed time decreases,
causing the pressure dependence to be the most obvious in the 2axperiments.
Increasing the lasar energy causes both the heated channel and the blast
wave position to increase similarly, so the size of the aneurism appears to
be independent of this quantity.

The results from Table 2 for the temperature at the head of the
jonization wave are fit to 10 percent accuracy by the scaling law:

T 0.48 PO.oG c -0.53 p

2.45 £ 0 . {2

high ~
The temperature increases with laser energy and ambient pressure, out
decraases strongly as the orefonization is increasad. The 2ffect 3f rarv-
ing the preionization is simply to change L while maintaining the <smpera-
ture as 3 function of distance nearly unchanged, thus producing higher
"head" temperatures for the shorter channels,

The models 8 - 12 in Table 2 show the dependence uyoon the con-
vergence angle of the laser beain. We see that for longer focal length
lasers the size of the aneurysm is nuch longer, while the temperature
increases for Hoth small and larqe deam anglas, This orobably exnlains whv
the aneurysm became much more obvious when the laser at NRL was upgraded to
a higher energy confiquration and the focal length was changed from a £/3
4,75 dears=e half-anale) to a f/123 {2.356 dearne half-anale) focal ratio,
The iependence of size (L) on half-anale of the heam s qiven aooroximataiv
oy




L = 1.26 (half-angle) 0+32 . 123)

where the angle is in degrees and L is in cm. The dependence of tampera-
ture upon angle is shown in Figure 22. In both Equation (23) and Figure 22
the zero angle model has been omitted, and should be regarded as a limiting

case.

We now consider the details of the absorption process. Figurs 23
shows the absorption coefficient, «_ (Equation (16)) versus distance for
model 1 in Table 2 at times 1 - 8 ns. At very early times the absorption
occurs near the target, but as early as 2 ns the peak absorption has moved
away from the target and henceforth occurs near the head of the channel
where the number of free electrons is high and the temperature is still
relatively low. Absorption near the target is very low at later times due
to the very high temperatures in this region. Integrating these curves, we
obtain the total fraction absorption versus %ime curve shown in Sigure 24,
The absorntion increases during the first half of the lasar pulse (9 -

2 ns), then levels out at about 0.5 percent. This rasults in about 9.5 J
anerqy ibsorbed in the channel for 2 100 J laser oulse, in agreement with

the “wo-dimensional nodsis.

Finally, models 13 and 14 show the offect of varying the laser
wavelength., The size of the neatad region is given to an accuracy of 1
percent by

L= 0.91 2 23 : 1)

wnere L is in zm and A is in microns. The tamperature >f the plume is
ralatively constant below X = 1 nicron, and increases rapidly for longer
wavelengths to 100 eV at 2 microns and several keV at 10 microns (not
shown) .

This model makes no allowance for a variety of possible coolina

mechanisms, and thus represents an upper 1imit estimate of the channel
heating. I[n the first 3 ns of target irradiation, however, there is no
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time for hydrodynamic expansion, thermal conduction, or radiation cooling,
so these estimates should be guite reasonable. 'n fact, the two-
dimensional simulations show almost identical temperature profiles to those
shown here, proving that this model is an accurate representation of the
laser channel heating.




SECTION 4

CAN THERMALLY GENERATED MAGNETIC FIELDS
BE INCORPORATED INTO A SINGLE FLUID MODEL?

4.1 INTRODUCTION.

This section addresses the guestion of whether it is r2asonanlia
to include the orocess known as thermally (or self) generated magnetic
fields into a single fluid magnetonydrodynamics (MHD) model. OJur con-
2lusion is that it is indeed possible to model this effect in this way. Aan
outline of the path along which we travel to arrive at this conclusion
follows. We then, in the following section, illustrate the thermal jener-
ation of magnetic fields with a two-dimensional MHD code, MACH2.

4.2 THEORY FOR EACH PLASMA SPECIES,

de begin with the fluid equations for charged particles of spec-
ies s. The species are 2ither ions (s = i) or electrons /s = a) aach of
which is characterized by a mass, ns ind charge, qs. The momenta of tne
particles are assumed to be influenced only hy electric and magnetic
fialds, ; ind %, and Yy collisions. The 2quation of =motion for in 2nsampia
of particles of species, s, with a number density, ns(;,t), follows from
the Vlasov equation if we assume a suitably smooth thermal spread in the
velocity distribution:

>

dvS

M - +
sNs TE 95N

>

x3 +T-K =0 . 125)

[ IS

O < ¥
w

Ae will employ cgs units throughout this section. The 7luid velocity, VS,

is an ensemble average of single particle velocities. The pressure, P, is

§?
ralated to the temperature Yy an e2quation of state. The temperature is
simply a measure of the mean square thermal speed, Vsz’ for particles of
mass, ms. The final term in Equation (25) is a source of momentum*oer Enit
volume that is caused hy inter-species collisions. L2t us assume Kp= -Kj
for a nonviscous fluid.
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The fluid of each species obeys a continuity equation

dn)+ vj(nSvJs') = 0 . (26)

if the total number of particles of each species is conserved. We employ
the summation convention whereby a sum from 1 to 3 over repeated indices is
implied.

4.3 MHD EQUATIONS.

A single fluid comprised of electrons and ions may be character-
ized by its total mass density, momentum density, current density, charge
density, and thermal energy density (pressure). Each is defined as the sum
of the contributions from each species. Therefore, with the convention
e = 4.803 10-10 esu, the charge of each free electron is 4 = -€ and the
charge on the average ion is g = +ze. ¢ is between 0 and the atomic number
of the jon species. Because we allow 5 less than unity, we may include
neutral atoms among our ions. Hence:

mass density: o(F) = mi"i(F) + mene(F) (27)

charge density: oC(F) = e(cni(F) - np(;)) (28)

momentum density: ov = mini(F)Ji(F) + mene(F)Ve(F) {29)

current density: J = e(;ni(F)Vi(F) - ne(F)Ve(F)) (30)

Pressure: P =P +P (31)
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8y combining the continuity equations and the equation of motion
for each species with the above definitions, one may derive single-fluid
equations. For example, by summing over both species the product of the
continuity equation and the mass for each species, one obtains the mass
conservation equation:

$E+ 9 v =0 (32)

To obtain a single-fluid equation of motion, it is desirable to
express the velocity for each species in terms of the center of mass veloc-
> >
ity, v, and the net current, J. One obtains:

-1
m.n m Im
ee e > A
i 1+ m.n, 1+ m, & v ep : (33)

> ( me )-1 4 p.\7 j
v l1+—¢ - = . {34)
a s I eng |

in order to proceed further, we assume quasi-neutrality: o, = 0. In this
o

<y
"

and

case, the electron number density, Nas is related to the ion number density
via Equation (28); i.e., ng = ons. Hence

> - > +j me (-
Vi BVt g 5 (35)
and
m.
> > j 1
Ve \ -EE (26)
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Note that the difference between the velocities of the two species is
parallel to the current density,

i e eng ﬁ?j . (38)

<
+
<
u
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neglecting ¢ me/mi compared to unity, and using Equation (36), we find that

V., = V.
1

In going from the particle description to a fluid model, we

ar Nis Mg with the eight fluid
variables, 7, 3, Py Pee In MHD, we restrict our attention to quasi-neutral
fluids with . = 0. An additional assumption is that of ion-electron equi-

replace the eight particle variables Vi’ V., n

Tibrium, in which case the electron temperature is equal to the ion temper-
ature, Te = Ti' [n this case, 7 = ;Pi, and as the total pressure is
simply Pe + 7., we have Pe = (¢/1+g) P and P. = (1/1+¢) P,

By adding and subtracting the two particle equations of motion
Equation (25), we obtain a fluid equation of motion and a generalized Ohm's

law.

Under the assumptions of quasi-neutrality and electron-ion
aquilibrium, we obtain

_g.xé-vP (39)

e
a2
<3

as the eaquation of motion for a quasi-neutral conducting fluid. If ‘luid
viscosity is included in our model, we must add to Equation (39) the tarm
7 « 3 where 5 is a viscous dyad. lInder these same assumptions, neglecting
terms of order me/mi when compared to unity, we have
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to lowest order as a generalized Ohm's law. The various current generating
terms on the right hand side of Equation (40) are the electric field, E,
the electromotive induction, (;/c x E), the Hall effect, (5 x g), the
electron pressure, VP, and a collisional source term, (. This source term
will be censidered to arise solely from interspecies collisions, and hence
can be identified with the familiar resistive term

R=--—= (41)

where ¢ is the electrical conductivity of the fluid. Other sources of

momentum for the particles such as radiation pressure or a thermoelectric
force are not considered here. We may use the mass conservation Equation
{(32) *5 axpress the left hand side of Equation [40), the electron inertia

term, as

g_f(g_e)= r11— [%‘g' +j(v.$)] . (42)

e

The electric and magnetic fields, and the current density, are
related via Maxwell's equations. By solving Equation (40) for the electric
field and taking its curl, we obtain from Faraday's law an equation for the
time derivative of the magnetic field. We express the current density in
terms of the curl of the magnetic field (Ampere's law) by neglecting the
displacement current. Such neglect is consistent with our assumption of
quasi-neutrality whereby the charge density is approximately zero, as is
it's partial derivative with respect to time. After performing some
algebra, we obtain the equation for magnetic field generation:
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e

The current density occurring in the last term can be repliaced with
-
¢/4n V x B, and the curl of J with -c/4% V2B,

Note that if the gradient of the number density, the velocity,
and the gradient of the conductivity all vanish, and if we can ignore the

>
d(v x J)/dt term, we recover the familiar diffusion equation for the
magnetic field:
B _ 2 2
< 70 : (44)

In general, however, all of the terms of Equation (43) contribute to the
generation of B, although the contribution from higher-order terms may be
small in some cases.

Jnder certain circumstances, the electron inertia and the Hall
terms from Equation (39) may be small. In this case,

saly gl 1w . (45)

e(l+z n;
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The last term in the above equétion is an effective electric field in the
direction of the fluid pressure gradient--similar to the thermoelectric
effect. The curl of this last term generates a magnetic induction in the
direction of Vne x VT, In other words, crocssed gradients in electron
number density and fluid temperature extract magnetic field energy from
internal energy of the fluid.

The energy equation for a nonrelativistic conducting, viscous
fluid may be written as:

p -‘aj% = j . E -(Pgij - oij) vivj + ¥ « (9T)
(46)

ind 1 132

where ¢ is the specific internal energy, o'J the viscous stress dyad, and «

Y
the thermal conductivity of the fluid. Inserting the electric field, E,
from Equation (45) into the above yields:

o de _ .1..J2 - (ng - JU) V.v., + ¥ « {(x9T)
t g i) (47)
1

" J
The last term in Equation (47) is the source of energy for thermally
generated magnetic fields.
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SECTION 5

TYE THERMAL GENERATION OF MAGNETIC FIELDS
5.1 INTRODUCTION.

Recent experiments performed at NRL with the Pharos II and the
Pharos III design involved the illuminating of thin planar targets by
nundred-Joule laser pulses with intensities between 102 and 10'" Watt/cm?
that endure for a few nanoseconds. The computer code MACH2 (Peterkin, et
al., 1986, Ref. 7), designed to perform two-dimensional simulations of
plasmas in complex geometries, was used to simulate some of the NRL experi-
ments that took place in environments of Nitrogen gas at pressures of a few
Torr. In a previous report (Stellingwerf, Peterkin, Longmire, 1986, Ref.
3), we presented results of simulations of the laser-target-ambient systam

- with MACH2 that illustrated the time development of the bubble that
emanates from the laser-irradiated target and the laser-induced cylindrical
H axpansion that leads to the formation of the aneurysm. In this section, we

investigatae the formation and development of magnetic fields'that ara
generated from thermal enerqgy near the laser focal soot.

5.2 LASER AND TARGET PARAMETERS.

The purpose of our investigation is two-fold. First, we wish to
learn the magnitude as well as the spatial and temporal development of
laser-induced magnetic fields. Second, we wish to learn what effect these
fields may have on the dynamics of the lasar-target-ambient system. 7o
accomplish this, we performed two simulations from the same set of initial
conditions. In the first, we do not nodel thermally-generated magnetic
fields and in the second, we do. We then compare the state of the two
simulations at identical times to lzarn what effect, if any, the thermally-
Jenerated magnetic fields have on the dynamics of the system,




Laser ghd target parameters used for the MACH2 simulations dis-
cussed herein are similar to those of 4 particular experiment performed at
NRL in late 1985 (shot 85-544). The computational mesh used for the
present sequence of MACH2 calculations is illustrated in Figure 25. The
vertical line at the left of this figure is an axis of symmetry; rotation
about this line is assumed. The target, located at the bottom of the mesh,
is 100 um thick, initially of density 2.7 gm/cc and at room temperature
(0.025 eV). The ambient nitrogen pressure is 5 Torr and extends 5 mm from
the target surface. For this investigation, we are interested in early-
time development (the first 15 ns). To obtain sufficient resolution with a
modest number of computational cells, we restrict our attention to the
region close to the target surface. The laser spot is a circle of diameter
100 um. The laser beam, centered on the axis of symmetry, propagates from
the top of the mesh to the critical surface--that is the target surface at
early times. The full opening angle of the converging laser beam is 5.92
degrees. The computational mesh is 36 x 36 cells with four cells across
the beam and 4 cells across the thickness of the target. The boundarias of
the computational region allow flow of material through them, and are
alectrically non-conducting.

The taraqet in shot 35-544 was nade from aluminium, and the 3ni-
ent 7Jas was nitrogen at an initial pressure of 5 Torr at room tzmperature.
The target was a flat aluminium disk with a radius of 750 um and a thick-
ness of 5.6 wm. The thickness should have little offect on the bHlowoff
emanating from the laser side of the target, so to avoid an unnecessarily
small time-sten, we model a 100 um thick target in the simulation >f thnis
shot.

[n these simulations, a pulse of 1.054 um wavelength laser liaht,
with an essentially Gaussian temporal shape, illuminates the target for
8.168 ns. The peak power occurs at 4.084 ns, and the full width at half
maximum is 6.0 ns. Peak power is 2.29 10!0 Watt, and a total of 109 J of
energy is delivered to the target. The peak intensity is 6 103 Watt/cm?.
The laser is focused onto a 100 un radius circle on the target. All of the

energy that is not absorbed by the ambient gas in the laser channel is
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Figure 25. MACH2 calculation mesh for models sgmf2 and sgmf4,
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absorbed at the critical surface (the surface in three-dimensional space at
which the laser light first encounters material with density above the
critical density--3.435 10-3 gm/cc for aluminium and 1.054 pym Tight).

Laser light is assumed to be absorbed via inverse bremsstrahlung. The cold
ambient gas is preionized in our models, presumably by X-rays from the
target induced by the laser precursor. Our preionization model falls as
1/r% from the target surface with five percent of the ambient atoms singly
ionized 1 cm from the target. The preionization does not affect the
temperature of the ambient gas.

Thermally-generated magnetic field arise from a curl of the
pressure gradient divided by the sum of the electron and the ion number
densities. Because these lie in the computational plane of MACH2, the curl
is orthogonal to that plane and the resulting magnetic field is in the
azimuthal direction.

5.3 SIMULATION RESULTS.

The diagrams in Figure 26 illustrate the first simulation {(with-
out a model of thermally-generated fields) 10 ns after the laser pulse
oegan. The pictures of electron number density and temoerature clearly
show the cylindrical expansion from the laser heated channel. As the
temperature in the channel rises, the density there falls below its ambient
value in order to maintain approximate oressure equilibrium., The picture
of velocity vectors shows a jet of material propagating up the low-density
channel ahead of the expanding bubble outside the channel. (It is worth
Hoting that simulations without laser heating of the channel show 10 such
oerturbation of the otherwise spherical bubble that =2manates from ihe
laser-heated target.)

The diagrams in Figure 27 illustrate the second simulation {(with
a model of thermally-qenerated fields) 10 ns after the laser pulse Segan.
As with the first simulation, the oictures of 2lectron number density and
cemperature clearly show the cylindrical expansion from the laser heated
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channel. In addition, a contour plot of rB (essentially current stream-
lines) is shown in Figure 27. Toroidal regions of field, with a peak value
of 37 kG, appear concentrated directly behind the bubble. This toroidal
region is oriented approximately 60 degrees from the laser axis. Poloidal
current loops, with a peak current of 15 kA, circulate about the toroidal
field lines. At this time 100 kA is flowing in the region between the axis
and a location 2 mm from the axis. At 5 ns, immediately after the time of
peak laser power, the magnetic induction reaches a maximum of nearly 1 M5
in a limited region (one computational cell) near the laser focal spot. At
this time, 100 kG fields envelope an extended region (a few computational
cells) centered about the focal spot. '

Despite the size of the current and magnetic field at early
times, the state of the simulation at 10 ns is essentially unaffected by
the thermal generation of magnetic fields. This leads us to conclude that,
although rather strong fields are generated, they are a small perturbation
and do not change the dynamics of the laser-target interaction by a notice-
able amount. Although multi-kilogauss fields are generated, the fraction
of laser energy that is converted to magnetic energy peaks at less than ane
percent as can be seen in Figure 28 if one recalls that the laser energy is
199 1.

Note also from Figure 28 that the magnetic energy peaks at the
end of the laser pulse (8.2 ns). After this time the magnetic energy,
which arose from plasma thermal energy in the first place, returns to
plasma energy by the Joule heating mechanism. We conclude from this that
the magnetic field is generated not by dynamics in the expanding bubble,
but rather by the laser interacting with plasma near the critical surface.
The non-zero size of the laser spot and the extent of the target create
two-dimensional effects that are important to the early-time evalution of
the expanding nlasma and that create the crossed gradients of temperatura
and density that give rise to magnetic fields.
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Figure 28. Magnetic energy versus time for MACHZ2 model sgmf4.
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The expanding bubble is hot (tens of eV) and has a relatively
high electrical conductivity. The magnetic field is therefore transported
with the expanding plasma so field tends to reside within the bubble. This
view is supported by Figure 29 where we show the state of the problem at
1 ns intervals for the first 10 ns of the second simulation. The nlasma is
not diffusive and the magnetic field is essentially trapped within the
bubble,

OQur model for thermal conduction is isotropic. However, it is
well known that thermal conduction in a direction orthogonal to a strong
magnetic field (mere>>l) is suppressed because of the small gyroradius of
the electron. Figures 30 and 31 illustrate the same simulation at 10 ns,
but now with the anisotropic effects included (model sgmflQ). The overall
plasma configuration is very similar to that seen in Figure 27. The only
significant difference between the two runs is a strong suppression of the
thermal flux from the heated expanding shell in sgmflQ, except in the
heated channel. This has some effect on the temperature distribution in
the shell and in the channel, but has little effect on the dynamics of the
axpanding sheil and the aneurysm,
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SECTION 6

MAGNETIC BUBBLE FORMATION IN EXPANDING LASER PLASMA

As discussed in previous sections, the 2 1/2 D MHD code MACH2 has
the capability of modeling an expanding plasma in the presence of 2 complex
magnetic field configuration, Large toroidal fields generated by thermal
gradients have been discussed in Sections 4 and 5. It is of interest to
inquire whether such fields will interact with an ambient magnetic field,
and what the evolution of the ambient field would be in such a case. In
this section we present the results of initial tests of a laser/target
simulation with a 10 kG ambient magnetic field, a value accessible to the
NRL experimental setup. This run is designated "laser29”,

The geometry of the simulation is shown in Figure 32. The param-
eters for this test computation are listed in Table 3.

Table 3. Laser?9 parameters,

Laser Energy 110 J
Ambient Pressure 5 Torr
Pulse FWHM 6 ns

Spot Size 200 microns
Ambient Field 10 kG

Grid Height 0.5 cm

Grid Width 0.25 cm

The field configuration used here is unusual: the ambient field
is parallel to the laser beam. This configuration has heen chosen to
preserve the cylindrical symmetry assumed in the simulation, and is a
possihle experimental configuration. Although the “ulk of the plasma
motion is along the field lines in this case, there remains 3 substantial
cross-field motion as the spherical hlast wave expands. In addition, this
case allows a study of the behavior of the field near the plasma/
(conducting) tarqet interface.
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are given in Table 3.
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The results of this run are shown in Figures 33 through 37. The
overall plasma configuration and plot diagnostics are very similar to the
models discussed in previous sections, and detailed descriptions will not
be repeated here. Each of these figures shows the situation at 5 ns, just
following the peak of the laser pulse (at 4 ns), and also at 10 ns, just
after the laser intensity drops to zero (at 8 ns).

We note from Figures 33 through 37 that the development of the
shell and aneurysm is unaffected by the ambient field in this case. A com-
parison with the models in Section 5 indicates that the evolution of the
self-generated magnetic field is also unaffected by the ambient field. The
configuration of the field itself, shown in Figure 36, shows the field
Tines swept aside by the expanding plasma, while maintaining their con-
nection at the target. The enhanced field at the axis near the target is
an error, and does not occur in problems that are run with the most recent
version of MACH2. The magnitude of the ambient field is not greatly
changed by the motion of the plasma, and remains small compared with the
size of the self-generated fields within the cavity,

This test computation is intended to be a test of the code for
this type of problem, and to give some hint of what to expect. In a future
report we will discuss the physics of the expanding magnetic cavity, and
present a fuil series of models of various cases.
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Figure 36.

Maximum values at the two times are 36 kG and 40 kG.
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ATTN: J WOLCOTT
ATTN: J ZINN
ATTN: R JEFFRIES
ATTN: R W WHITAKER
ATTN: T KUNKLE

DEPARTMENT OF DEFENSE CONTRACTORS

AUSTIN RESEARCH ASSOCIATES
ATTN: J THOMPSON

BERKELEY RSCH ASSOCIATES, INC
ATTN' C PRETTIE
ATTN: J WORKMAN
ATTN: S BRECHT

JAYCOR
ATTN: J SPERLING

KAMAN SCIENCES CORPORATION
ATTN: DASIAC

KAMAN TEMPO
ATTN: B GAMBILL

ATTN: DASIAC
ATTN: R RUTHERFORD
ATTN: W MCNAMARA

LOCKHEED MISSILES & SPACE CO, INC
ATTN: J HENLEY
ATTN: J KUMER
ATTN: R SEARS

MiISSION RESEARCH CORP
ATTN: B R MILNER
ATTN: C LAUER
ATTN: D ARCHER
ATTN: D KNEPP
ATTN: F FAJEN
ATTN: F GUIGLIANO
ATTN: G MCCARTOR
ATTN: K COSNER
ATTN: M FIRESTONE
ATTN: R BIGONI
ATTN: R BOGUSCH
ATTN: R DANA
ATTN: R HENDRICK
ATTN: RKILB
ATTN: S GUTSCHE
ATTN: TECH LIBRARY

MISSION RESEARCH CORPORATION
2CYS ATTN: R PETERKIN, JR.
2 CYS ATTN: R STALLINGWERF

NORTHWEST RESEARCH ASSOC, INC
ATTN: E FREMOUW

PACIFIC-SIERRA RESEARCH CORP
ATTN: E FIELD JR
ATTN: F THOMAS
ATTN: H BRODE

PHOTOMETRICS, INC
ATTN: | L KOFSKY

PHYSICAL RESEARCH INC
ATTN: W. SHIH

PHYSICAL RESEARCH INC
ATTN: HFITZ
ATTN: PLUNN

PHYSICAL RESEARCH, INC
ATTN: R DELIBERIS
ATTN: T STEPHENS

PHYSICAL RESEARCH, INC
ATTN: J DEVORE
ATTN: J THOMPSON
ATTN: W SCHLUETER

SCIENCE APPLICATIONS INTL CORP
ATTN: C SMITH
ATTN: D HAMLIN
ATTN: D SACHS
ATTN: £ STRAKER
ATTN: L LINSON

Dist-1
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DNA-TR-88-112 (Dt CONTINUED)

SRI INTERNATIONAL
ATTN: O MCOANIEL
ATTN: W CHESNUT
ATTN: W JAYE

TOYON RESEARCH CORP
ATTN: JISE

VISIDYNE, INC
ATTN: J CARPENTER

Dist-2
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