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SECTION I
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 earlier Pharos II experiments was on the order
of 100 J, whereas the energy in experiments of interest to us with the new
Pharos III 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 x
1.054

Vm,

Tfwhm -4 ns)

=

is focused onto a solid planar aluminum or

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
focal spot diameter is typically between 0.2 and 1.0 mm, and the targets
are thin, usually between 4 and 25 pm thick.

In the subset of those

experiments designated as being in the "collisional" or "high-pressure"
regime, the ambient pressure is above 1 Torr.
between 1012 and 101

4

The laser, with irradiance

2

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 target but rather expands preferentially toward the source of the laser light.

A complete tabulation of the NRL laser shots through early 19806
is available in Reference 3 (Stellingwerf, 1987), including all shot parameters and blast wave configurations.
A variety of diagnostic tools were used to investigate the lasertarget-ambient interactions (Stamper, et al., 1986, Ref. 4).

Although the

radius of the expanding shell scales as a classical blast wave (Ripin,

1,ii

q

II

i

l

Ii•I

Stamper, McLean, 1984, Ref. 5),
evident from the diagnostics.

a number of non-blast-wave features are
We have modeled the laser-target-ambient

interactions 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 spherical 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 out
forth. These include:
I. non-uniform laser intensity across the laser spot,
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
(Lehmberg, Obenschain, 1983, Ref. 9).

The aneurysm pe,sisted, thus rulinq

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

2

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.

Our

simulations show no disruption of the shell from this magnetic perturbation. Experimental work is under way to investigate the magnitude and
location of thermally generated magnetic fields.

It has been suggested

(Guillani, 1985, Ref. 11) that such fields may explain the turbulentlooking 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
olast wave behavior seen in laser-target-ambient exoeriments. 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, however, 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 1 in
experiments with the new Pharos III facility, small aneurysm-like orotrusions are often visible off-axis as well.
It seems likely that there is
nore than a single mechanism responsible for the production of such

3

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 "cable 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 viewpoint 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-qenerated

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.

4

SECTION
THE ANEURYSM
2.1

THE CHANNEL-HEATING MECHANISM.
A simple calculation illustrates how the temperature of the gas

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
local temperature substantially.

This hot plasma close to the target then

itself radiates, ionizing ambient gas nearby in the process.
cascades outward from the focal spot of the laser.

This process

We approximate this

complicated radiation transport process by simply assuminq the ambient qas
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 of

the laser beam. To be orecise, our nodel for oreionization 's ;jsed as .i
lower bound on the ionization fraction of the ambient nedium. -he ;oni:ation fraction,

, decreases vith the souare of the distance from a ooint

at the focal soot of the laser and is normalized to have the value, €0, at
a distance one cm from that point. We tried various values of ;o 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 inks units with
temperature in eV, is:

f

I5

=

I

exp

[

..

bi'
ln A
2
T31?

x-

dr
_

(1)

where a is the constant 1.0779 10- 5, b is taken to be 0.5, C' is the laraer
of the fractional ionization, c, and unity, In A is a Coulomb loqarithm (of
order unity), A is the laser wavelength in meters, T is the temoerature 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
propaqation. 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:
6

"

b ;' In A x
2

(2)

7772

which can be written as
(V"

m8

0 X2

. A2
- T3/2
2
2 ln A-()

(3)

where 8 is 3.133 1018, p is the mass density, and A is the atomic weiqht of
the plasma. If a fraction, K., of the incident laser power, PT, that
passes through a disk of radius r and density p is absorbed per jnit lengtn
by that disk, the temoeriture chanqe is:

dT
Ur

where c

(4)

K VO

p w r2 c

is the specific heat of the material.

eauation of state, the specific heat is
=144 108 (1 +

c

v

A

)

Joule

eV-g

6

If we assume an ideal ias

independent of the temperature, and we can estimate the size of the temperature 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
yb X2
2 p In A PO
ff"
r A T3 /2 (1 + 0
where y

=

6.925 109 .

If r',

c, p, In A, and r are approximated as time
The time integral

independent quantities, we can integrate Equation (6).

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

Tf

=

[To 5/2 +5(

Y X

22 p In A b E0 )]2/5

(7)

r2 A (I +

[ 2

where To 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 6 gm/cc, which if five percent ionized (five percent of the ions are
singly ionized) at a distance of I cm above that focal spot of the laser
produces an electron number density of 8.77 10

5

/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

im 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.

7

During the first half of the

Figure 1. Dual time shadowgram (71 ns and 140 ns) of NRL 85-544.

8

2.86

SYMMETRY
AXIS
LASER EDGE

NITROGEN AMBIENT
DENSITY z 8.22 10-6 gm/co
TEMPERATURE z 0.025 eV
PRESSURE = 5 TORR

m

2

NITROGEN TARGET
DENSITY a 2.7 gm/cc

750 MICRON
Figure 2a.

Outline of the calculation mesh for MACH2 simulation, showing
dimensions. The target region is enlarged in Figure 2b.

NITRGENAMBENT

100 MICRONI

NITROGEN TARGET

s-750 MICRON

100 MICRON

Figure 2b.

Outline of the target region for MACH2 simulation, showing

dimensions.
9

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 limit that the
temperature of a plasma slice 600 um in radius will rise from room temperature 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 ln A to be 3.3, we find an upper limit of 108 eV
on the temperature I 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 crosssectional 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 I 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 chanqe appreciablj (the average
nitrogen atom in a 5 Torr, 5 eV plasma is twice ionized).

As the temoera-

ture rises so does the fractional ionization, 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 mnodels
to verify this conclusion.

10

TWO-DIMENSIONAL MODELS.

2.2

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 sinqle 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
The ions and electrons

Laboratory (LANL) during each computational cycle.

are assumed to be in equilibrium and hence are characterized by a single
The code solves the

The net charge in any cell is zero.

temperature.

following equations in MKSA units in a fractional time-split manner:
Magnetic Induction

(8)
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(KVT)

-
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4
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Mass Continuity

-p

_

(

(11)

(P+

In the above,
B is the magnetic induction, uO the permeability of free
+
space, v the fluid velocity, n the electric diffusivity (electric resistivity divided by PO), ne and ni the electron and ion number densities, P
the thermal pressure, p the mass density,

jiithe viscous
stresses, e the
+

plasma specific
internal energy, T the temperature, J the current density
+
((1/iio) curl B), c the thermal conductivity, e the magnitude of the charge
of an electron, gj

the spatial metric, x the Planck mean opacity (cross-

section per unit mass), a Stephan's constant, P1 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.
this axis is assumed.

Rotation about

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.

In

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.
simulations is the degree of preionization.

The sole difference among these
Recall that our model for pre-

ionization 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 percent).

The temperature rises to approximately 600 eV at the laser focal
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soot (where the laser intensity is 6 1i
lations.

3

Watt/cm 2 ) in each of these simu-

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 I 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. gy 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 present
to absorb the large fraction of the laser energy that is not absorbed in
the ambient gas.

Figures 4a-c illustrate a simulation of IRL shot 35-5a4,

complete with a target at the focal soot of the laser, where we have preionized the ambient nitrogen to a level of five oercent 1 cm from the
target surface.

As seen in the 10 ns oicture, Fiqure

4

a, the hot shell

4ithin the channel (where the temperature is 0.15 eV) extends 1.53 ci fr~fn
the target.

The exoanding bubble is substantially behind at this ti-e--a

listance of 0.6 cm from the taraet surface.

The target surface is iot

(610 eV) at 10 ns, but cools to 60 eV at 71 ns.

Figures 4b (at 30 is) 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.

The

velocity oicture at this time shows a let 3f high velocity mvaterial ,:onfined to the region near the axis.

The electron number density contours

are closely spaced at the location of the shell.

It is this shell, the

locus of points at which there are large gradients in electron number
density, that is to be compared to shadowqraphs of the experiments.

The

ineurvsm, while evident in Fiqure 4c, is not ouite as lirie as that seen in
the xneriment at 71 ns.
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LA

E

Heatinq of the narrow laser channel induces a weak cylindrical
shock as material flows radially outward.
some distance from the target surface.

Consider a oarticular location

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 rapidly in the axial
direction within the semi-evacuated laser channel. Without increasing the
total laser energy, a hotter channel, and hence a stronger cylindrical
shock, is obtained with a larger initial fractional ionization of the ambiSent medium.

Figure 5 shows accumulated enermy as a function uf time For

the duration of the 109 J laser pulse.

Sliqhtly less than 0.1 J from the

incident laser energy 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 10-6 gm/cc that is in the path of the laser.

Of course,

simulations with no preionization (and hence no absorption of laser energy
by the ambient medium) produce spherical blast fronts without aneurysms.
Figure 6 illustrates electron number density and plasma velocity
in the reqion close to the target on a finely-zoned grid at 2 ns intervals
for the first 10 ns of the simulation. One can see clearlv the Formation
of the laser-heated channel outside the exoandina blast front, and . jet )f
olasma movinq ahead 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 defect should not change the

':onclusions concerning the laser-heated channel.

Our c~xnoutacions show

that the laser channel is not significantly heated by thermal conduction
from hot reqions near the target.

Thermal conduction from an essentially

point tarnet would not be confined to a narrow channel, but would isotropically 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
at

1 7
pcv

(,vT)

(12)

where we assume Spitzer conductivity, K, that is proportional to T
In addition, thermal flux is limited to some fraction, T, times the energy
flux carried by free-streaming electrons, i.e.,
VT < T u v

(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 3.6 109 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):

r(t) = f(y) (

1/5 t2 /5 cm

(14)

for energy (E) 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,

21

McLean, 1984, Ref. 5). For a 109 J laser and 5 Torr ambient pressure, 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 shadowgraph.
The MACH2-simulated location of the debris/air interface away from the axis
agrees with that of the experiment.

Further, this location, estimated from

Fiqures 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 remarkably like that produced by
the experiment.

Figure 8 is a superposition of the diqitized 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 simulated 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-energy exoeriments done with
ambient pressure above I Torr.

Figure 9 is a shadowgraoh of IRL shot

36-625 taken early, 14 ns after peak laser power.
was in a nitrogen medium at 5 Torr.

The plastic (CH) target

The laser pulse Tfwhm was 3 ns and

delivered 238 J towards a focal spot of 500 4m radius.

The pulse was 1SI

smoothed and produced a cylindrical shock about the laser axis as seen in
the picture.

We simulated this NRL shot with MACH2, again assuming five

percent preionization 1 cm from the focal spot, and placed 3 computational
cells across the laser spot.

Figure 10 shows the electron number density

from the simulation at the same time as the shadowqraph in Figure 9.

The

simulation shows a laser-induced channel similar to that seen in the
ixneriment.

Piqure 11 is a supernosition of a digitization of the shidow-

iraoh and the simulation, drawn to the same scale.

22

EDGE OF

140

9

MESH

0n

1

z

MACH2

~CALCULATION

El

0

cc

04
-1

0

1

2

3

DISTANCE FROM TARGET (ca)
Figure

7a.

Digitization
shell

of

NRL

laser/HANE

and aneurysm at

70 and

shadowgraph

for

shot 85-544

showing

140 ns.

1
Ps

0I

-10

DITACEFRM
Fiue7.

Cnorpo

lain

42

f

fNL

lcrnnme

ht8554

ARE
est

a

0n

o

AH

iu

FILE
1

0

z
Go

0

42

544

10 JUN 1986 2:04 pu

-

Cj

IiI
z
4-J

25E

Cj

4.1

i00
'51

rj26

iO

I

0

0
g--i---~

~

I

I~t~

-

*

C

0%

I

U,

4'
L
0%
LL
I.-

C
C
C
4.h
U,

C
L

4'
C.
U,

o

4'
L

0%
'A-

~o

~

cq

0

0

0

0
0

cq

~'

0

0
I

£

27

0
S

The laser axis and the target normal coincide in nost
ments of relevance to us.

There are a few exceptions, however.

RL exoeriFigure 12
The

is a shadowqraph from NRL shot 86-581 taken at 59 ns after peak power.

beam, carrying 95 ISl-smoothed Joules, strikes the target 30 degrees from
the target normal.

The aneurysm is centered about the laser axis--not the

tarqet 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 physical processes that occur in the laser-ambient-target system and
that may affect the partially ionized channel that causes aneurysm production and development.
A possible criticism of our earliest models of the laser-ambienttarget system (Stellingwerf, Peterkin, Longmire, 1986, Ref. 8) is that both
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 gaseous aluminum does not exist at 5 Torr, so our noael
for the equation of state was certainly suspect.

Subsequent ,nodels,

including those Jiscussed in Section 2.2, included a nitrogen ledium
cryrooenic nitropen target.

i

i

These nodels 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 becomes a fully ionized nitroaen plasma and hence not unike
aluminum plasma. As target material expands in and behind the blast front,
it adiabatically cools to tens of eV. In this region of phase soace, the
differences between Al and N may be noticeable. Of course the radiation
spectrum is quite different for these two materials, but this is not of
consequence for our models that lack sophisticated radiation transoort.

To

imeliorate the inadeauacy of a nodel qith i sinale -iaterhal, we added to
'1ACH2 the ability to transport distinct inaterials across an %lerian
lation mesh.

The differences between the re'rlts from multi-material

:al:uand

single !naterial simulations are not significant, so earlier :onclusions

28

Figure 12.

Shadowgran 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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The benefits

concerning the blast front and the aneurysm remain unchanged.

The approximate position of the

of two-material simulations are two-fold.

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 proportional to T5 /2 .

From the thermal diffusion Equation (12), we extract

an explicit timestep for this process, dttherm:

dt ther m

p Cv 22

/

= i0-1

3

sec

(15)

where CV is the specific heat (which we take to be aoproximately 0.77
108 J/(eV-kg)) when the temperature is on the order of I KeV (for which
K

5 I010 J/(m-sec-eV)) and the density is 10- 4 gm/cc on a mesh with

linear cell dimension, Z, of 25 micron.

Computing at this timestep for the

5

10 ns laser pulse would require i0 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 otherwise required by the other physical processes modeled by MACH2.
clearly undesirable.

This is

Hence, we neglected thermal conduction in our

earliest models.
To ameliorate this shortcoming, we added an imolicit multi-grid
treatment (Brandt, 1977, Ref. 16) for thermal conduction to '1ACH2.

This

treatment, similar to our existing model for magnetic field diffusion,

30

allowed us to compute at large thermal Courant numbers.

This implicit

treatment allowed us to achieve the quasi steady-state solution to the

4The

thermal diffusion elliptic equation without a severe computational cost.
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 aneurysm 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.
discussed below.

The results of these interesting simulations are

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
pressure on the aneurysm, nor have we investigated the effect of tarqet
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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All 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 N2 . 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 discontinuous 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 aneurysm in the absence of a model for thermally 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
Number
1
2
3
4
5
S5%
7
,
9
10
11
12

Fractional
Ionization
0
0.25 %
1%
3
5%
5 %
5%
1 Y (4)
5 %
5 %
5 ,

Thermal
Conduction
on
on
orton
on
on (3)
off
on
on
on
anisotropic (6)
isotropic

32

Radiation
Cooling (1) sgmf (2) Other
off
off
off
off
off
off
off
on
off
off

off
off
off
off
off
off
off
off
off
off

off
off

on
on

no
target (5)

Table Notes:
(1) Our model for radiation cooling involves no radiative transport, 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.
(2) Self generated magnetic fields (sqmf) arise by conversion of
thermal energy in the plasma to magnetic energy in regions
where the pressure and density gradients are not narillel:
i.e., near the edae of the laser beam. Self-qenerated
maqnetic fields are discussed in detail in Sections 1 and 5.
(3) The implicit model for thermal conduction was iade more
accurate for this simulation by limiting the timestep to
10- 11 sec per computational cycle. This is the only difference between simulations 5 and 6. There is somewhat iore
thermal diffusion in model 5 than in the companion model S.
(4) In all but model 9 above, our preionization of the ambient
medium falls as 1/r2 from the laser focal spot and has the
value quoted in the second column above at a point I cm from
the laier focus. For model 9, the preionization still falls
as I/r , but from points I cm distant from the center of the
laser focus in the direction tangent to the target surface.
This is Derhaps the best that we can do with our 2 li/
dimensional code in modelino a laser beam that misses the
taroet, but interacts with the blast wave (and a Preionized
medium) that is oroduced bv a second laser beam that Ioes
strike a solid target, traveling oarallel to the :irst at *
Jistance I :m from the first. This simulation coull be
comoared to the NRL Pharos III experiment 86-5gO.
(5) M4odel 10 includes the 1/r2 model of preionization, but
contains no target--clearly an unphysical situation. !owever, this model is of interest because it ilbjstrat-s the
behavior of the laser-induced cylindrical shock qithout its
interaction with a spherical blast wave.
(6)

-he issue of the isotroDv of thermal --)nduction s relevaint
only in the presence of a strong magnetic field (sufficiently stronq so the oroduct of the self-collision time
and the gyro-frequency, which is linear in the Tiagnetic
induction, is greater than unity). Only models 11 and I?
contain magnetic fields of any kind, and these -re
thermally-generated from thermal enermy in the ?lasma.

Figures 13 through 18 are snapshots of various physical
quantities of interest in the models listed aoove at the time of 10 ns-2 ns after the laser pulse ends.

To facilitate a comparison between the 12
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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 symme-

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

oreionization in nodels 1 through 5, the size of the orotrusion in the
laser channel qrows. 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 nodel 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 suppresses only the maximum plasma speed.
but has no thermal conduction.

Model 7 is 5 percent preionized,

The peak velocity and the extent of the

aneurysm are not as great as any of the models that are also 5 percent -reionized but include thermal conduction.

Mlodel 3 radiates, but the effect

of radiative cooling on the hydrodynamics seems from Figure 13 not '
great.

be

Model 9 shows no aneurysm when the source of oreionization is I cn

off-axis.

While not conclusive, this does indicate that experimentally one

should not exoect to see a laser-aliqned aneurysm when the laser beam loes
not strike a target (as is the case in NRL shot 36-590).
2

no target, but includes the I/r

Model 10 contains

nodel for oreionization that oriainates

from the laser focal spot (an unohysical situation).

The oeak velocity

profile indicates exnansion from the heated channel. Models 11 and 12
include simulations of thermally-generated magnetic fields. The peak
velocities in these two models are suppressed somewhat by the raanetic
fields, but the relative position of the spherical blast front and tie
ineurvsm are similar to model 5 that has the same value for the )reionization.
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Figure 14 illustrates iso-temperature contours on a logarithmic
scale.

T

he location of the maximum temperature is indicated by a olus (+)

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 each
frame. The temperature contours in model I show a laser-heated cnannel 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 nodels 2 and S, the cvlindrical
laser-heated channel becomes -nore pronounced.

Recall that it this laser-

induced cylindrical structure that we interoret as the oroqenitor of the
aneurysm.

Tnterestinqlv, models 1 through 5 have the same model for

thermal conduction,

and all 5 models produce the same shell temperature Ind

,aximum temoerature, independent of the fract-onal ireionization.

lodel

is somewhat cooler than the first 5 models because that model encouraaes
thermal diffusion. Model 7 has no thermal conduction and is about 20 nercent hotter than models 1 through 5.

However, the relative size of the

cylindrical laser-heated channel and the spherical blast front is the sane
in models 5, ,5, and 7.

This strengthens our claim that thermal liffusion

is not an important nechanism for aneurysm growth at this moderate va!lie ,f
the laser energy.

Model 3 has the same nodel for thermal :onduction is the

first 5, but has our simple radiation cooling nechanism turned on.

-he

cylindrical laser-heated channel persists, and the plasma temperature is
about 10 percent smaller than the similar non--adiative models. 3ecause
the source of preionization is further away from the laser channel in model
q, the laser-heated channel is not is .ronounced as in model
. 'lode! "),
without a target but with the same model of :reionization and thermal

-on-

duction as ,nodel 5, shows a strona laser-induced cylindrical structure.
Iodels 11 and 12 are 5 percent preionized just as model 5, but include
thermally-qenerated magnetic fields.

The structure of the laser-heated

c:hannel is similar for these 3 models.
with 3nisotropic thermal conduction,

'otice, however, that nodel 11,

iroduces

shell and in the bubble.
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arner temoeratures

in the

Figure'15 illustrates electron number density iso-contours on a
The structure of these snaoshots essentially mimics tie

loarithmic scale.

corresponding temperature features of Figure 14.
Figure 16 illustrates the approximate position of the deoris-iir
interface.

The broadness of the band is a consequence of numerical dif-

fusion of material across our Eulerian mesh.
represents the location of the interface.
spherical outside the laser channel.

The middle of this band

This interface is essentially

Models I through 5 show that the

debris-air interface protrudes ahead of the blast front at ooints within
the channel by an amount proportional 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
mnaterial.

Model in has no target, hence no debris.
Iso-density contours on a logarithmic scale are illustrated for

our 12 models in Figure 17.

They clearly illustrate the position of the

soherical blast front and the laser-induced cylindrical blast wave.

-he

nass density lithin the channel is less than the -mbient channel, and :;Iis
ailows tarnet debris to 3xoand oreferentlally along the laser axis and
create the aneurysm.
Finally, Figure 13 illustrates thermal flux vectors for 10 of 'he
12 models.

Recall

that nodel 7 does not compute thermal conduction.

Tn

all except model II, the thermal flux is directed away from the hot shell
in an essentially symmetric manner.

However, in -odel 1!, the thernal

F,×iX

is seen mostly within the laser channel, and is suppressed outside the
channel where thermally-generated maqnetic fields are strong.

These yields

exist mostly within the shell away from the symmetry axis, and are toroidal
in character.

(fetails are given in Section 5.)

It is possible that for

low energy laser pulses, where the ireionization is not as great as we have
assumed in these models, the anisotropic thermal conduction may anisotropize the blast wave.
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CONCLUSIONS.

2.4

Simple analytic analysis suggests that the channel of ambient
room temperature air through which the laser propagates can be heated to
many eV via inverse bremsstrahlung laser absorption by that air if it has a
non-zero ionization fraction.

The chanqe 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 temperature ambient medium in order to initiate laser absorption.

There

some

4s

experimental evidence that the ambient medium is oreionized by a few nercent at a distance of 1 cm from the target surface, perhaps due to X-rays
emanatinq from the laser-irradiated target and other hot plasra.

This

degree of preionization is sufficient to initiate heating of the channel
material by the laser.
MACH2 simulations give conclusive evidence that a laser-heated
channel leads to the formation of a central aneurysm in NRL laser/HAE
experiments.

The seed for the Formation of an aneurysm aonears by the tiae

if peak laser oower as a weak cylindrical shock centered aoout the laser
axis.

if

the heatina is appreciable far from the target on a 'ine scal

:omDaraole to the length of the laser oulse, in ineurysm .%ill De vient it
later times. leatino in the 'aser channel is iroportional to the ionization fraction, as .ell as to the laser intensity, so the aneurysm nay
scale with laser enerqy (this is consistent with snadowqraDhs from
eneray shots).

'I

.4

Figure 3, a superposition of the electron number density

ienerated by 1ACH2 For a simulation that is five )ercent oreionized
from the target surface uipon a diqitization of an IRL shadowgraph from
experimental shot number 35-544 illustrates excellent aareement oetweel
experiment and theory.

ligure 11, a superposition of an early-time

,hadow-

oraph from IRL experiment 96-529 ind a oicture from a c)mouter simu'ation
of that shot at the same time, shows the laser-induced cylindrical
Front from the =xoeriment ind a computer simulation of the same.
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shock

SECTION 3
A SIMPLE MODEL FOR LASER CHANNEL-HEATING IN FEW-TORR PLASMA
A hot, low density laser channel has been shown to be important
in many of the simulations discussed in this report.

The cylindrical blast

'rom 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
1iRL experiments.

3ecause of this direct cause-and-effect relationship, it

is of interest to inquire how the laser heating depends on the experimental
parameters.

Since this heating takes place during the laser pulse (I -

5 ns), it is reasonable to ignore the hydrodynamics and other slower
orocesses, and consider the extent and nature of the initial ieated region
as a seoarate oroblem.

in this section we develop a simple rnodel of the

heated channel that aarees very well with the detailed two-dimensional
models, and allows computation of scaling laws for the heating process.
'Iewill thus demonstrate that direct inverse-bremsstrahlung deoosition of
laser energy can account for the oDserved and comouted features of the
:hannel, and that io shock )r Jetonation
in this regqie Jurina the 7aser oulse.

echanisms aopear to ')e Doe-it-nn
-he node! ised here is a dir-ct

-extension of that 3f Section 2.I, 'ised lo iotivate the -nanne!-heitinn
simulations.

The incident 'aser enerqy orooaaates through the underdense
ambient medium and deposits the bulk of its energy at the critical surface,
which is the target surface at the onset of the laser pulse.

7xper 4 ,nental

evidence indicates that a brief ourst of X rays are emitted from the target
durinq the early stages of the laser pulse.

These X rays ohotoionize the

ambient gas (bound-free absorption) and orovide the seeds for inverse
bremsstrahlunqen
ambient ias.

(free-free)

absorotion of the incident laser beamn hv the

We '1o not attemot to model this initial target heating and

ihotoionizat-on orr)cess here,

)ut

instead simol,
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ssume that tie aTmren;

1/r2
gas is initially ionized with an ionization fraction that drops as
where r is the distance from the target. The degree of ionization 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 = I0 exp(-' K
dr), or, for small absorption, I = 1o (1-f K dr), where I0 is the incident
intensity, and K is the absorption coefficient (units of m-1). The formula
for the inverse bremsstrahlung absorption coefficient has been given by
For the present case (electron

Johnston and Dawson, 1973 (Ref. 17).

density much less than critical), this coefficient is given by Equation (3)
and is repeated for clarity:

<V

bX

2

P2 In i
' A422 T3/2T-

(16)

where X is the laser wavelenqth, In(A) is the coulomb logarithm (varies
from I

-

5 for these cases),

r is the number of free electrons per nucleon,

is the atomic number of the gas, o the density of the

;' = max(c, 1),

gas, and T the local gas temperature.
For 'iks units with T in eV.

The product 3b is 1.5666

101'/m

The important point here is that the ibsorp-

tion depends strongly on ionization state and inversely on the ambient
The r' factor accounts for the presence of neutral ambient

temperature.

atoms at low degrees of ionization.
The time derivative of temperature at a point in the channel is
given by:

dT

-V

I

'(17)

ll

V
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where K is given by Equation (16), 1 is the local laser intensity, and
is the specific heat. The intensity will depend on the time variation of
the laser energy as well as the distance from the tarqet.
gas, Cv = 1.44

x

For a oerfect

108 (1 + ;)/A J/eV-kg.

We may integrate Equation (17) directly to obtain an estimate -f
the final temperature of the laser-heated channel.
nitrogen as the ambient gas, p = 5 Torr, A

(6 E/r2)

Tf

=

We assume fully ionized

1 micron, ln(,\)

3, and find

=

(13)

/

where E is the laser energy in Joules, and r is the local channel radius in
centimeters, Tf the final temperature in eV, and we have assumed that the
initial channel temperature is small.

Given these assumptions, Equation

(18) in consistant with Equation (7).

Taking E l

we find Tf

=

=

100 J, and r

=

0.05 cm,

142 eV, so a hot channel is expected and should extend a con-

siderable distance alonq the laser channel, since the dependence on
Jistance is weak.

In the other hand, the final temperature is aooroxi-

lately linearlv JeDendent uoon the deqree if ionization, oroducina i f-edback -nechanism that should shut off the heating at i distance where the
available Aeolsited enerqy is too small to ionize the ambient ias.

) better esti-nate of the channel temneritur-e is a function if
time (during the laser pulse) and distance from the target is obtained by
numerical

inteqration of Equation (17) with time dependent luantities
-cluded.
or this estimate a ,aussian oulse shape is used :or the 'Ise

i)ower,

ieakinn at A ns,

endinn at 3 qs, the losition in the channel

jetermines the >evel if Preionization and the Thannel
logarithm is iiven by

ln(A)

ith 7n(A) >

-adius,

Spitzer, 1962, Ref. 13):

'n(.oin ;..9e9 -

x/ ,

.
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the Tuloi

The ionizatiorr fraction, ¢, 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 0) model, since each point in the channel is heated
completely independently of all other points.
cent ionized at I cm from the target.

The results depend on the

Figure 21 shows the case of 5 per-

degree of preionization of the channel.

Temperatures are shown as a function

of distance along the channel for times of 0 (room temperature) to 8 ns
Iend of laser pulse). The result from Equation (18) is labeled "simple
estimate."

As expected, Equation (18) is a good estimate of channel heat-

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 temoeratures 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

hydrodynamically 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.

3.0
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1.0
LOG T

1.5

2.0

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.

TABLE VALUES

FIT

2.5 S2.0
>1.5

1.0
0.5

PERFECT GAS
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Figure 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 values (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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3
8 nl
4 ns

SIMPLE ESTIMATE

3 ns

- 2 "

2 ns
I ns
0

0 ns
-2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

DISTANCE FROM TARGET (cm)
Figure 21.

Run of temperature versus position in the channel at various times
during the laser pulse for case I of Table 2. Also shown is the
result obtained from Equation (18) labeled "simple estimate".
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CHANNEL TEMPERATURE vs. BEAM HALF ANGLE
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Figure 22.

6
HALF-ANGLE (deg)

8

10

Temperature at the head of the heated channel as a function of the
convergence angle of the laser beam. The two laser configurations
used at NRL are shown.
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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 preionization at 1 cm (so).

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), Tlo w

=

=

temperature at

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

Table 2. Laser heated channel characteristics.
E

x

P

1

109

1.0

2

i1

1.0

3
4
5
6
7

109
1Oq
109
50
200

log

8
9
10
11
12
13
14

109
109
109
109
109
109

L

Thigh

2.86

0.9

25

1.0

2.36

0.7

45

1.0

10.0
5.0
5.0
5.0
5.0

2.86
2.86
2.86
2.A6
2.86

1.1
0.8
1.0
0.8
1.0

20
16
40
16
30

1.0
1.0
1.0
1.0
1.0

5.0

5.0

10.0

0.6

45

1.0

5.0
5.0
5.0
5.0
5.0
5.0

5.0
5.0
5.0
5.0
5.0
5.9

8.0
6.0
1.5
0.0)
2.86
2.A6

0.65
0.7
1.1
2.5
0.7
1.2

22
20
50
400
20
10n

1.0
1.0
1.0
1.0
1.0

Co

angle

5.0

5.0

5.0

2.5

1.0
1.9
1.0
1.0
1.0

5.0
2.5
10.0
5.0
5.0

I.n

1.0
1.0
i.3
1.0
0.5
2.0

Tlow

1.0

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

L

=

0.19 E0 16 pO.

16

0.33)

where L is the length of the heated region in centimeters, P is the
ambient pressure of N2 , and co is the percent preionization at I cm
from the target.

For example, for ;0 = 5%, E = 100 J, and

we find L = 0.39 cm.
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=

5 Torr,

The scaling law for a simple blast wave (Equation (14)) is:
0 2 t0 .4
R = 0.123 (E/P) .

The energy scaling of Equation (20) is that of a normal blast wave, out the
pressure 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 experiments.
increasing the laser 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
ionization wave are fit to 10 percent accuracy by the scaling law:
2.45. E .48 P
T =ig
Thigh
p0.66

0-0.53

'(2,2)

(22

-he temperature increases with laser energy and ambient pressure, out
decreases strongly as the oreionization is increased.

The iffect ,f /ary-

ing the preionization is simply to change L while maintaining the "emperature as a function of distance nearly unchanged, thus producinq higher
"head" temperatures for the shorter channels.

'he models 3 - 12 in Table ? show the dependence ,ioon the convergence angle of the laser beami. We see that for longer focal length
lasers the size of the aneurysm is nuch longer, while the temoerature
increases for both small and larqe beaml angles.

This probably exolains vhv

the aneurysm became much nore obvious when the laser at NRL was upgraded to
a higher enerqy confiquration and the focal length was chanmed from a F/5
(2.36 Jeor,.e half-anale) foc~l3 ratio.
',.75 dear-ie half-anale) to a f/fl
The lependence of size 'L) on half-anale of the beam 's ilven aooroxiatel
by
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L = 1.26 (half-angle) "0 .32

'23)

where the angle is in degrees and L is in cm.
ture upon angle is shown in Figure 22.

The dependence of tempera-

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.

Figure 23

(Equation (16)) versus distance for

shows the absorption coefficient, K
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 time curve shown in Figure 24.
The absorotion increases during the first half of the laser pulse (1 This results in about 0.5 3
energy absorbed in the channel for a 110 J laser )ulse, in aqreement q'ith

4 ns), then levels out at about 0.5 percent.

the two-dimensional .rodels.
Finally, nodels 13 and 14 show the effect of varying the laser
wavelenqth.

The size of the heated region is given to an accuracy of 1

percent by

(2

L =0.91 X
where L is in cm and x is in microns.

'he temperature )f the plum-e is

relatively constant below A = I 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 limit estimate of the channel
heating.

In the first 3 ns of target irradiation, however, there is no
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1ns
1.2
1.0

2 ns

0.8

3 ns

0.6
4 n$

0.0I
0.0

0.2

0.4

0.6

0.8

1.0

1.2

DISTANCE FROM TARGET (cm)
Figure 23.

Absorption coefficient (Equation (16)) versus position in the
channel at various times during the laser pulse for model 1 of
Table 2.

1.0
FRACTIONAL ABSORPTION IN CHANNEL vs. TIME
0.8

z

0

0.6

I-

o 0.'4
0.20.0I 0.2

4

6

TIME (ns)

Figure 24.

Instantaneous fractional absorption as a function of time during
the laser pulse for model 1 of Table 2. Peak laser power occurs
at 4 ns.
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time for hydrodynamic expansion, thermal conduction, or radiation cooling,
so these estimates should be quite reasonable. Tn fact, the twodimensional simulations show almost identical temperature profiles to those
shown here, proving that this model is an accurate representation of the
laser channel heating.
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SECTION 4
CAN THERMALLY GENERATED MAGNETIC FIELDS
BE INCORPORATED INTO A SINGLE FLUID MODEL?
4.1

INTRODUCTION.
This section addresses the question of whether it is reasonaole

to include the process known as thermally (or self) generated magnetic
fields into a single fluid ,nagnetonydrodynamics (MHD) model.

Our con-

:lusion is that it is indeed possible to model this effect in this way.

An

outline of the path along which we travel to arrive at this conclusion
follows.

We then, in the following section, illustrate the thermal gener-

ation of magnetic fields with a two-dimensional MHD code, MACH2.

4.2

THEORY FOR EACH PLASMA SPECIES.
We begin with the fluid equations for charged particles of spec-

ies s.

The species are either ions (s = i) or electrons (s = e),

which is characterized by a iass, 1Snd charge, a

he momenta

.

each of
f

n

particles are assumed to be influenced only by electric and iaqnetic
+

aields,
nd 1, and by collisions.

The *.Quation )f

for in ensl2m1ole

7notion

of particles of species, s, with a number density, ns (r,t), follows from
the Vlasov equation if we assume a suitably smooth thermal spread in the
qelocity distribution:
4-.

mSn

s

5

V

dv+

-

qssn S

+

5

+

+

x 3

+ 7P

0

- s

We will employ cgs units throughout this section.

.

The fluid velocity,

is an ensemble average of single particle velocities.

25)

aV

The pressure, PSI is

related to the temperature by an equation of state. The temperature is
simply a neasure of the :nean square thermal speed, v s2 for particles Df
mass, m

.

The final term in Equation (25) is a source of momentum per unit

volume that is caused by inter-species collisions.
for a nonviscous fluid.
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Let is assume K= -K

The fluid of each species obeys a continuity equation

a (ns) + Vj(nsv)

=

0

(26)

if the total number of particles of each species is conserved.

We employ

the summation convention whereby a sum from I to 3 over repeated indices is
implied.
4.3

MHD EQUATIONS.

A single fluid comprised of electrons and ions may be characterized by its total mass density, momentum density, current density, charge
density, and thermal energy density (pressure).
of the contributions from each species.

Each is defined as the sum

Therefore, with the convention

e = 4.803 10-10 esu, the charge of each free electron is q= -e and the
charge on the average ion is q = +ce.
of the ion species.

€ is between 0 and the atomic number

Because we allow

neutral atoms among our ions.

less than unity, we may include

Hence:

)

(27)

ne(r))

(28)

mass density:

p(r) : mini(r) + mern(

charge density:

Pc(+)

momentum density:

pv

current density:

Pressure:

=

e( ni(r)

-

mini( )vi(+) + me n (r)v (r)

=

e;ni( ) i( ) - ne r vr

P : Pi + Pe
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(29)

(30)

(31)

By 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:
-p + V. (pvj ) = 0
at

(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 velocity, v, and the net current, .1. One obtains:

v

vi

5 _ii---

i

ve'a

I+i

nemi

p33)

(

and

en e

4

o. In this
0.
case, the electron number density, ne, is related to the ion number density

:n order to proceed further, we assume quasi-neutrality:

via Equation (28); i.e., ne

vi

ni

Hence

(35)

v + e

e p

and
+
+
ve M v

mi
e p4

(36)
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Note that the difference between the velocities of the two species is
parallel to the current density,

+ - v+e
v.i
1

ee(37)
ene

(7

and the sum is,
+

.+ v

e

1

neglecting
Vi

m:

e

11 epc I

2

(38)

m.

me/mi compared to unity, and using Equation (36), we find that

4~ +

V.

In going from the particle description to a fluid model, we
replace the eight particle variables vi, Ve9 ni, ne with the eight fluid
, p,
P9C
In MHD, we restrict our attention to quasi-neutral
0. An additional assumption is that of ion-electron equi0

variables, ,
fluids with Pc

librium, in which case the electron temperature is equal to the ion temperature, Te = Ti.
simply Pe + ?

''

In this case, R, =

.,

and as the total pressure is

we have Pe = (W/I+ ) P and Pi

=

(I/i+¢)
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
IdW.

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

-

5

-

P

(39)

as the equation of motion for a quasi-neutral conductinq fluid.

If fluid

viscosity is included in our model, we must add to Equation (39) the term
7 • 3 where -uis a viscous dyad.

Under these same assumptions, neglecting

terms of order me/mi when compared to unity, we have
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c

- m
e

d4n

me c
mne
(40)

+

e + )meni

Vp + e_ _
V

e

e

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, (v/c X B), the Hall effect, (J x B), the
+

electron pressure, VP, and a collisional source term, K. This source term
will be considered to arise solely from interspecies collisions, and hence
can be identified with the familiar resistive term
en
1

=

1(41)

where a 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) tj express the left hand side of Equation (40), the electron inertia
term, as

L)
--

[dI

+1(74

(42)

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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~

d (V x

(43)

g

(V x )

The current density occurring in the last term can be replaced with
+
+
c/41r V x B, and the curl of J with -c/4r 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 eauation for the
magnetic field:

c2- 721

(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.
Under certain circumstances, the electron inertia and the Hall
terms from Equation (39) may be small.

In this case,

4

S

v

c

.

e(l+)n

V
i
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(p45

The last term in the above equation 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
In other words, crossed gradients in electron

direction of Vn e x VT.

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:

-(Pg 1

- a1 3 )

vj + V.

(vT)
(46)

- viVj (BiB

j

- j giJB

the viscous stress dyad, and c
where e is the specific internal energy, a
the thermal conductivity of the fluid. Inserting the electric field, E,
from Equation (45) into the above yields:

dE

-

I j2

_

a
-e(1+¢)n

Vij

ij

VP
93
i

V

The last term in Equation (47) is the source of energy for thermally
generated magnetic fields.
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SECTION 5
T4E THERMAL GENERATION OF MAGNETIC FIELDS

INTRODUCTION.

5.1

Recent experiments performed at NRL with the Pharos II and the
Pharos III design involved the illuminating of thin planar targets by
and 10' " Watt/cm 2
nundred-Joule laser pulses with intensities between 10
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 experiments that took place in environments of Nitrogen gas at pressures of a few
Torr.
8),

In a previous report (Stellingwerf, Peterkin, Longmire, 1986, Ref.

we presented results of simulations of the laser-target-ambient system

with MACH2 that illustrated the time development of the bubble that
emanates from the laser-irradiated target and the laser-induced cylindrical
expansion that leads to the formation of the aneurysm.

In this section, we

investigate the formation and development of nagnetic fields'that ar
generated from thermal energy iear 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 laser-target-ambient system.

To

accomplish this, we performed two simulations from the same set if 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 learn what effect, if any, the thermallygenerated magnetic fields have on the dynamics of the system.
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Laser and target parameters used for the MACH2 simulations discussed herein are similar to those of d 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 vm 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 earlytime 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 4m.

The laser beam, centered on the axis of synnetry, propagates from
the top of the mesh to the critical surface--that is the target surface at
early times.
degrees.

The full opening angle of the converging laser beam is 5.92
The computational mesh is 36 x 36 cells with four cells across

the beam and 4 cells across the thickness of the target. The boundaries of
the comDutational region allow flow of material through them, and are
electrically non-conducting.
The tarqet in shot 35-544 was nade From aluminium, and the i:i)ient gas vas nitrogen at an initial pressure of 5 Torr at room tamnerature.
The target was a flat aluminium disk with a radius of 750 -m and a thickness of 5.6 im. The thickness should have little effect on The )lowoff
emanatinq from the laser side of the target, so to avoid an unnecessarily
small time-steo, we model a 100 um thick target in the simulation )f this
shot.
In these simulations, a pulse of 1.054 uvm 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 1010 Watt, and a total of 109 J of

energy is delivered to the target. The peak intensity is 6 1013 Watt/cm 2 .
The laser is focused onto a 100 pi radius circle on the target. All of the
energy that is not absorbed by the ambient gas in the laser channel
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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 um light).
Laser light is assumed to be absorbed via inverse bremsstrahlung.

The cold

ambient gai is preionized in our models, presumably by X-rays from the
target induced by the laser precursor. Our preionization model falls as
I/r2 from the target surface with five percent of the ambient atoms sinqly
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 AACH2, the curl

is orthogonal to that plane and the resulting magnetic field is in the
azimuthal direction.

5.3

SIMULATION RESULTS.

The diagrams in Fioure 26 illustrate the first simulation 'without a model of thermally-generated fields) 10 ns after the laser pulse
began.

The pictures of electron number density and temperature 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
noting that simulations without laser heatinq of the channel show 1o suci
perturbation of the otherwise spherical bubble that emanates from the
laser-heated target.)
The diagrams in Figure 27 illustrate the second simulation (with
a :iodel of thermally-generated fields) 10 is after the laser pulse beoan.
As with the first simulation, the pictures of electron number density and
temperature 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 MG
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 nagnetic 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 noticeable amount.

Although multi-kilogauss fields are generated, the fraction

of laser energy that is converted to magnetic energy peaks at less than one
percent as can be seen in Figure 28 if one recalls that the laser energy is
119 J.
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 evolution of
the expanding olasma and that create the crossed gradients of temperature
and density that give rise to magnetic fields.
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Magnetic energy versus time for MACH? 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 plasma is

not diffusive and the magnetic field is essentially trapped within the
bubble.

6well

Our model for thermal conduction is isotropic. However, it is
known that thermal conduction in a direction orthogonal to a strong
magnetic field ( e e>>)
the electron.

is suppressed because of the small gyroradius of

Figures 30 and 31 illustrate the same simulation at 10 ns,

but now with the anisotropic effects included (model sgmf!O).
plasma configuration is very similar to that seen in Figure 27.

The overall
The only

significant difference between the two runs is a strong suppression of the
thermal flux from the heated expanding shell in sgmfl0, 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
expanding shell and the aneurysm.

70

-

C4

'ID

717

LA

z
0-L
u

z
LU

z

'4-

AD

C.-

u-

C..

.

z

'ii

.....

'4-

w

ujw0
L00

LA

72

~

LU,

<

U,

w

-1eA.

4-

to

vi

c v
L

4-) 4..

4u

41
-

-nc
C-4-

IDv

U.r

U

f.73

41

SECTION 6
MAGNETIC BUBBLE FORMATION IN EXPANDING LASER PLASMA
As discussed in previous sections, the 2 1/2 0 MHD code MACH2 has
the capability of modeling an expanding plasma in the presence of a 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 des 4 gnated "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. Laser2q parameters.

Laser Energy
Ambient Pressure
Pulse FWHM
Spot Size
Ambient Field
Grid Height
Grid Width

110
5
6
200
10
0.5
0.25

J
Torr
ns
microns
kG
cm
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
possible experimental configuration. Although the 'ulk of the plasma
motion is along the field lines in this case, there remains a substantial
cross-field motion as the spherical blast 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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Geometry used in the ambient B-field simulation.
are qiven in Table 3.
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Parameters

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
lines swept aside by the expanding plasma, while maintaining their connection 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 maqnitude 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 full series of models of various cases.
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