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Two-Dimensional Simulations of Magneticaiiy-Driven
Instabilities

D. Peterson, R. Bowers, A. E. Greene, and J. Brownell
Applied Theoretical Physics Division
Los Alamos National Laboratory
Los AIarnos, NM, USA

A two-dimensional Eulerian MHD code is used to study the evolution
of magneticallydriven instabilities in cylindrical geometry. The code
incorporates an equation of state, resistivity, and radiative cooiing model
appropriate for an aluminum plasma. The simulations expiore the effects
of initiai perturbations, electrical resistivity, and radiative cooling on the
growth and saturation of the instabilities. Comparisons are made between
the 2-D simulations, previous 1-D simulations, and resuits from the
Pioneer experiments of the Los Alamos foil implosion program.

A goal of the Los Alamos foil implosion project, “Trailmaste~, is the
laboratory production of x-rays in the keV energy range from the
magnetically driven axial implosion of thin foils.’ One problem which
arises in the design and evaluation of experiments is the potential
degradation of radiation output due to magnetohydrdynamic instabilities
which may exist in the foil or plasma during the impiosion.2 The results
of a series of two-dimensional (axisymmetric) simulations of
magnetically driven instabilities will be presented assumin~ energies,
densities and temperatures characteristic of the piasmas imploded in the
Pioneer series of experiments recently fielded at Los Alamos3 and of the
upcoming Qguna experiment series.

The foils Incorporated in the Trailmaster experiments are typically
2000 ~ thick, 2 cm in height, and several cm In radius. A peak current of
the order of 5 MA is delivered to the foil with a pulse width of about
1 ~sec. Figure 1 shows the typical behavior predicted for an impiosion
with the foil at an initial radius of 5 cm and assumin~ that the Impiosion



is one-dimensional. Curing the initial several tenths of a ~sec the current
vaporizes the foil, which expands to a 1 cm thick plasma with
p-10+g/cm3andTB- 3-5 eV. For ts 0.6 Ysec there is little net inward

movement of the pl~ma; the motion is essentially thermal expansion
about the intital radius. Ths Rosseland mean free path, AR, is small

compared with the plasma thickness, ID,during this initial stage. In the

example shown here, the magnetic field is not effective in decelerating
the outward expansion of the plasma until t -0.7 ~sec. Consequently,
during this time, perturbations which may exist on the back side of the
plasma will be magnetohydrodynarnically stable. Unstable growth would
be expected only fort a 0.7 Psec. This corresponds roughly with the run-in
stage of the implosion. For 0.7 Sts 1.1 @cc, the plasma is optically thin
(k~ >> lP),and bulk radiative losses nearly equai the Joule heating rate and
the plasma temperature remains approximately isothermal (both spatially
and temporality). Finally, for t ~ 1.1 psec the one-dimensionai calculations
indicate that the piasma becomes opticaily thick (LR<< ID)and predict

plasma temperatures of severai hundred eV. Notice that the onset of this
stage occurs after a covergenoe ratio of the initial to finai radii of about
10:1.

There are many weii known sources of magetohydrodynamic
instabilities which may arise during the axial implosion of a plasma.
These inciude instabilities arising from surface perturbations, density
inhomogeneities, and those setup by interactions with the eiect:odes
(waii instabilities). The Traiimaster foiis fieided in the Pioneer series of
experiments had surface ripples with characteristic wavelengths -0.1 cm
and amplitudes -0.01 cm (it shouicl be recalied that the foii thickness was
oniy 2000A). Consequently, deviations from one-dimensionality are to be
expected in the implosion.

The resuits presented beiow represent selections from a series of
2-D numericai simulations performed tc evaluate the reiative importance
of various perturbations on Trailmaster-type piasmas. Several represent
what might be considered as “worst cases”. We have aiso compared the
results from two 2-D MHD codes which use very different numericai
algorithms. Ir] the next section we review the physics issues beiieved to
be most important for muiti-dimensional modeiiing. Section ill discusses



the numerical codes used and the initial perturbation models. Sections IV
and V present results of MHD and radiation MHD calculations respectively.
Our conclusions are summarized in Section W.

It is evident from the discussion of Section I that a complete
description of magnetically imploded plasmas enmuntered in the
Trailmaster program requires the modelling of non-smooth fluid flow,
magnetic field diffusion and some model of radiative transport which
incorporates diffusion and bulk radiative emission ( ~ <<1Pand 1~ >> lP).

We will now consider each of these effects and the extent to which they
have been included in our simulations.

of non smooth flow...

A primary issue In these studies Is the extent to which initial
perturbations will grow during the implosion, and the extent to which they
may degrade the final radiation output. Surface, aensity, or velocity
perturbations will lead to the well known Rayleigh-Taylor spike and
bubble formation during run-in. This and subsequent behavior (including
energy exchange between the plasma and the electrode walls) can be
modelled with Eulerian MHD codes.

In addition, me results will be sensitive to the exact form of the
equation of state (EOS) used. several models have been used for the EOS
quantities (including SESAME tabular values) for a high-temperature
aluminum plasma. Although the detailed behavior is sensitive to the model
used, the qualitative behavior is not.

.
etic Field Diff- t

The magnetic field diffusion timescale during the Implosion stage is
comparable to the dynamic timescale and for small wavelength
perturbations may be comparable to the Inatabllity’s linear growth time.
The details are somewhat sensitive !~ the elwtrical resistivity model
used and to the plasma temperature. In the bulk of the plasma, the
resistivity is essentially Spitzer-like with negligible contribution from



electron-neutral collisions. At larger radius, behind the plasma, and in the
near-vacuum region between the spikes, models of anomaJous resistivity
may play an important role. Some calculations have been canied out with
different analytic and tabular reslstivities. The results show some
sensitivity to the specific model used, but again the qualitative results do
not. Comparative MHD code calculations (Section IV) have been done using
identical but idealized aluminum resisti~ities, EOS, and ionization states.

In MHD calculations wh,ch include Joule heating of the plasma, but do
not allow for radiative cooling, the plasma temperature rises steadily
from a few eV at vaporization to values of the order of 25-50 eV during
the run-in. Such results are clearly incorrect, since k~ >> 1Pduring this

stage (see Fig. 1). Bulk radiative losses must be included in order to
maintain a nearly isotherm~l implosion (the effect of radiative diffusion
is important during some stages and should aiso be inciuded). in this
study, an attempt has been made to inciude buik radiative cooiing effects
in a simpie way in the HAM code by requiring that the eiectron
temperature, T@,satisfy the foliowing reiation on a zone-by-zone basis:

(1)

Here kP is the Pianckian mean opacity, GOis the eiectron specific energy, a

is the Stefan-Boitzmann constant, c is the speed of light, and p is the
totai mass density. A simple Ai EOS is used to reiate Cato the electron

temperature T~.

Buik radiative cooling plays a significant roie in determining the
extent to which the magnetic fieid penetrates the plasma, primarily
because of the the temperature sensitivity of the raslstivity. For MHD
calculations with no cooling, the resistive mean free path (AM- 4dM2/nJ
where IMis the diffusion scaie iength) is small relative to the density

scale height (- ip) and the current follows the plasma density mntours.

When bulk radiative cooling is inciuded h~ z 1Pund the current diffuses



through ?hespikes formed initially on the back side of the plasma. This
mode of saturation limits the instability growth and can quickly saturate
the growth of short wavelength modes.

The principal initial pertutiations observed in the Pioneer foils are
ripples which develop after the foil has been mounted in the vacuum
chamber and the chamber has been evacuated. Typically 20 to 50V0of the
sutiace of the foil was observed to contain parallel striations making an
angle of the crder of 15 to 30 degrees with respect to the cylindrical axis.
The foil perturbations are thus truly three-dimensional, existing not only
in the r-z piane, but also in the r-e plane. However, the growth of r-o
perturbations involves bending of magnetic field lines and it is expected
that these will develop on a much longer timescale than r-z variations.4
The wavelength and amplitude of such striations were estimated to be on
the order of a few tenths of a centimeter and a few tenths of a millimeter,
respectively.

We do not know exactly how to characterize the perturbations of the
plasma at the end of the stable vaporization and expansion phase. Several
reasonable possibilities are, however, obvious. Extensive density
variations, of a more or less random nature, may arise as a result of the
initial ripples in the thin foil and subsequent (possibly turbulent) motion
of the vaporized foil as it expands 100 fold in radial extent. These effects
should also produce a distribution of fluid velocities thoughout the plasma.
Inhomogeneities in the magnetic field will arise in the plasma,
particularly If the plasma temperature varies with the density.

Because the exact nature of the perturbations of the plasma at the
onset of the unstable stage of the imp!~s!m is not known, several generic
forms have been adapted based on fJUrbest guess as to those actually
present. These are

1) periodic variations in tluld velocity, characterized by an initial
wavelength k and amplitude;

2) random mass density variations, characterized by an ensemble of
scale lengths {+) and amplitudes;

3) a surface perturbation In the form of a notch on the back side of



.

plasma.
All of the perhmbations are imposed on an otherwise uniform plasma
corresponding to the point of maximum expansion of the vaporized foil in
the 1-D implosion (see Fig. 1 as an example). The 2-D simulations to be
discussed use this point as t-O.O.

Finally, we note that energy transport into the electrode walls can
lead to additional (wall) instabilities during the implosion stage.5 No
systematic effort has been made to include these effects in this study
for two reasons. First: for the parameters characteristic of the Pioneer
experiments, earlier simulations which included wall effects suggested
that they do not significantly alter the results if no other perturbations
are present. Second, the plasma already contains large scale perturbations
at the onset of the unstable stage and these appear to dominate those
perturbations introduced at the walls.

Finally, we note that the 2-D calculations are intrinsically
axisymmetric, and do not show effects from angular variations which may
be present initially. Furthermore, 2-D simulations such as these probably
tend to underestimate the growth in the non-linear regime where
three-dimensional effects are certain to arise. Evidence of this in gravity
driven, Ra leigh-Taylor experiments and simulations have been obsewed

2by Youws and Read.7

Three codes have been used to simulate the plasma implosion in this
study. The first is the 1-D RAVEN code8, which is a fully implicit,
Lagrangian radiation-magnetohydrodynamic code, using tabular EOS,
resistivities and opacities for aluminum. The code includes flux-limited
radiation diffusion, separate plasma and radiation temperatures, and true
vacuum regions. It also incorporates an extensive (multiloop) exterr~al
electrical circuit package which is capable of modelling the generator,
transmission lines and switches used to deliver current to the foil. This
code has been used to establish the unperturbed behavior o! the knploding
plasma, as shown in Fig. 1. In particular, the RAVEN results were used to
calib;ate the EOS, resistivity, and Plankian opacity (eqn. 1) used in the 2-D
radiation-MHD calculations, to determine the onset of the unstable
implosion stage (where the magnetic field begins to accelerate the



plasma), and to establish the initial conditions for the 2-D calculations.
Figure 2 shows the initial model adopted from one of the RAVEN

results. In this case the initial foil radius was 3 cm. A uniform density
PO-104 g/crn3 and uniform temperature TO-5 eV have been assumed.

There is little net radial velocity at this stage. The regions around the
plasma are vacuum, treated in the 2-D calculations as a odd, low density
(p= 10-8g/cm3) gas of high resistivity. The 2-D simulations discussed
below begin with this configuration as initial model, imposing various
ext~lrnal magnetic fields as appropriate.

The 2-D radiation-MHD calculations have been done using the Eulerian
code HAM, which is written in axial coordinates, and is uses an operator
split algorithm.g The hydrodynamics is explicit, but the magnetic field
diffusion is implicit. The radiztkce cooling model (eqn. 1) has been
incorporated by the authors &Mdescribed in Section Il.

In order to assess the sensitivity of our results to the solution
methods used, a series of calculations were performed on a second 2-D
MHD code, MHRDR.1° MHRDR is an Eulerian 2-D axle using a non-split ADI
algorithm, which treats the MHD in a fully implicit manner, and iterates on
non-linear terms. The MHRDR algorithm is substantially different from
the HAM algorithm, and the comparison between HAM and MHRDR results is
considered to represent a significant test of code sensitivity of the
results.

A series of MHD calculations have been run on HAM and MHRDR to
determine how sensitive the development of instabilities is to the
numerical algorithm used to model it. For these comparisons, the codes
were run without radiative cooiing or thermal conduction. Through this
comparison, we hoped to determine the extent to which zoning resolution
and the treatment of non-linearities affects mode growth and saturation.
It is also possible that the electrical current may cross over (reconnect)
between the Instability’ss ikes, thus “shorting out” the bubble region and

Psaturating the instability.’ This is a complicated physical phenomenon
and we wished to study it using different codes. In addition, h is
necessary to determine whether small wavelength distutiances (typically
a few zone widths in extent) damp out physically or numerically. These



features have been tested without radiative cooling, in part because
cooling tends to further reduce the effect of the perturbation, as will be
shown in the next section.

The comparative calculations used exactly the same EOS and
resisitivity throughout. Both codes modelled the vacuum region as a low
density gas of high resistivity and identical zoning was used for each
calculation.

Each of the three types of perturbations discussed in Section II were
modelled on the two codes. In each case a constant externally imposed
current of 1.7 MA was applied to the back side of the plasma (no initial
field penetration into the plasma was modelled, although this certainly
occurs). Reflecting boundary conditions were used on the right and left
boundaries (the electrodes were not modeled) and the outer radius
boundary was open.

Figure 3 shows an initial periodic velocity distribution (of amplitude
VO= .25 cm/usec) consisting of 2.5 wavelengths across a 2.0 cm high

plasma ( A = 0.8 cm, approximately the initial plasma thickness). Figure 4
shows density and current contours (the latter are also contours of rBO)

predicted by the two codes after 0.58 psec into the unstable stage of the
implosion. Both codes show that the perturbations have evolved well into
the ]on-linem stage, with only moderate field penetration of the spikes.
The resolution obtained on MHRDR appea”s to be better than on HAM. There
is no evidence in these results of mode coupling during the implosion, or of
current between the spikes across the back of the bubble region at late
times. The latter is not surprising, since current cross over is likely to
involve the effects of anomalous resistivity in the very low density
regions between the spikes, which was not modelled in these
calculations.5~10

The second perturbation, shown in Fig. 5, is a notch on the back side
of the plasma. This represents an extreme case. The remairider of the
initial conditions were the same as in the previous problem, but in this
case the zone size in the z-directiu? was decreased by a factor of two in
the MHRDR simulation and by a factor of four in the HAM simulation from
that of the other examples discussed in this paper. Figure 6 shows the
density and current contours for 0.0s zs 1.0 cm (the simulation is
symmetric about z -1.0 cm) predicted by the two codes at 0.48 psec into



the calculations. In the HAM results, the instability continues to grow and
the bubble (through which all of the current flows) reaches the axis about
0.3 ~sec ahead of the unperturbed portions of the plasma. TWOsignificant
departures from this behavior are seen in the MHRDR results. First, a
smaller scale bubble is evident on either side of the original bubble.
Second, a significant portion of the current (about 40Yo) has crossed over
between the spikes and is flowing behind the bubble. As a result, the
growth rate of the original perturbation has begun to be reduced. The HAM
code, with increased zonal resolution, shows a similar tendency for the
spikes to converge, but does not show current reconnection between them.
The effect of anomalous resistivity (not included here) is expected to
enhance this phenomenon. However, as we shall see in the next section,
radiative cooling reduces cument flow in the spikes and may thus inhibit
cross over of the current.

The final example considered in this section is the random density
variation (of amplitude up to ~ 3096 of the unperturbed density) shown
schematically in Fig. 7. For this example all fluid velocities are initially
zero. The results after 0.38 psec are shown in Fig. 8. Substantial
differences in detail are seen here. Small scale features rapidly damp out
in the HAM calculation due, we feel, to field diffusion through the spikes
in the linear growth phase. This has been seen in finely zoned calculations
of portions of the plasma. In the MHRDR calculations, wavelengths of the
order of 2 zone widths grow rapidly, and then saturate due to current
cross over (for example, the feature in density at z -0.4 cm shows
substantial current flowing behind it), leaving larger wavelengths which
continue to grow.

V Bad iation-MH17Simulation~

In the Introduction it was noted that magnetic field diffusion is
enhanced at the lower temperatures (TP -3-5 eV) expected during the

implooion stage. The three types of pe-fiurbations considered above were
a!sc simulated on HAM using the simple bulk radiative cooling model
(eqn. 1), with ~ adjusted to reproduce the plasma temperature predicted
by the 1-D RAVEN results (these included radiation diffusion, but the
primary effect in the optically thin regime during run-in is due to



emission). The initial models were identical to those discussed in the
previous section except that a shorter wavelength (A= 0.4 cm) was used in
the velocity perturbation case.

The general trend when cooling is included is illustrated by the
results in Fig. 9, which show the relative growth of velocity perturbations
after 0.65 psec. Because the resistivity varies as T3R in this regime,
cooling greatly increased magnetic field diffusion, and the spikes are
essentially saturated. The amplitude of the spikes in the simulations
without cooling is about 50% greater than that in the simulation with
cooling.

The notch perturbation, shown in Fig. 10 at 0.25 psec and 0.53 psec
into the calculation also shows less spike growth due the diffusion of the
magnetic field through them. This suggest that current reconnection
between the spikes will be less likely to occur (compare correspor~ding
HAM results without cooling in Fig. 6), at least when anomalous resistivity
effects are ignored.

Figure 11 show density contours for the random density model at four
times (the current density contours are not shown, but are nearly constant
in radius). The perturbations have not grown as much as in Fig. 7. The
smallest scale perturbations saturate during the linear growth stage (as
has been verified by fine zone simulations of a 0.2 cm x 0.2 cm segment of
the plasma) because the field diffusion time is much smaller than the
growth time. Larger scale modes are then obsewed to grow, but again
saturate before entering the non-linear regime. Finally, the modes shown
at t = 0.7 psec appear to be the only ones which suwive. The wavelength
of these modes is comparable to the radial thickness of the plasma at the
onset of the unstable stage. Although the modes at t -0.7 ~sec are no
longer in the linear reg;me, their effect on the plasma implosion is not as
catastrophic as that of the notch perturbation.

Finally, Fig. 12 shows similar results for a different set of initial
random density perturbations. The general features are the same as in
Fig. 11. In particular, we again observe that the dominant modes near
pinch have wavelengths ~mparable to the initial plasma thickness.

The 1-D radiation-MHD simulations predict plasma temperatures at
pinch in excess of several hundred eV. A significant consequence of MHD
instabilities is to spread the plasma over a greater volume during the late



stages of the implosion. This is evident if we compare the mean plasma
thickness in Figs. 11-12, about 0.6 cm, with the thickness in the 1-D
implosion (Fig. 1) of about 0.2 cm at a comparable center of mass stage.
The plasma temperature predicted by the perturbed 2-D model is of the
order of 50 eV. Furthermore, the notch perturbation spreads the radiation
pulse from the plasma out over about 0.3 psec. The peak temperature and
radiation pulse witch from the notch case are comparable to values
deduced from measurements from the Pioneer experiments.3 The peak
temperature is about the same for the other perturbations, but the pulse
width is reduced.

The rise time for the voltage pulse due to the inductance change of
the imploding plasma is comparable to the radiation pulse rise time in our
calculations. Experimental data from the Pioneer series suggests that the
actual voltage rise time is substantially smaller than the radiation pulse
rise time, and is better represented by the 1-D calculation than by the 2-D
calculations with perturbations present. This disparity has not been
resolved although it is possible that current reconnection (aided by
anomalous resistivity) across the back of the plasma may make the
electrical performance of the plasma appear one-dimensional, while the
material pushed ahead by the instabilities causes a longer radiation pulse
to be observed, consistent with the two-dimensional simulations.

VI ~onclusionq

In this paper we have described our study of the growth and
saturation of MHD instabilities in imploding cylindrical aluminum plasmas.
These simulations used initial conditions derived from 1-D simulations
performed on the RAVEN code, and included a variety of initial
perturbations. Two codes, HAM and MHRDR, which use very different
numerical techniques, gave qualitatively similar 2-D results, although
there are still questions of zonal resolution and detail to be resolved in
the comparison. A saturation mechanism, current cross over or
reconnection between spikes has been seen to possibly be important in the
instability saturation, in the absence of radiative cooling.

Physically, it can be seen that radiation plays a major role through
cooling. The plasma temperature does not then increase as it would
othenvise, the resistivity is higher, and the magnetic field diffuses



through the spike regions, decreasing the growth of all wavelengths and
completely saturating the smaller ones. It is thus very important to have
accurate models for radiation transport and resishvity as well a proper
plasma-vacuum interface transition.

The simulations as of current date can expiain some, but not aii, of
the experimental data consistently. From the wide variety of initial
perturbations studied, we currentiy beiieve that the effect of the
two-dimensional instabilities wili not be catastrophic in the Traiimaster
foii implosion experiments.

.

The authors very gratefully acknowledge the vaiuabie assistance of
Dr. Norman Roderick of the University of New Mexico and Dr. iwin
Lindemuth, author of the MHRDR code.

1. D. J. Erickson, et al, “Design of foii impiosion system for Pioneer i
experiments,” ~: “Digest of Technicai Papers, SthIEEE Puised Power
Conference,” Ed. by M. F. Rose and P. J. Turchi (1985), pg 716

2. D. Peterson, R. Bowers, A. E. Greene and J. Browneii, “Two Dimensianai
Simuiation:t of Magneticaiiy Driven Rayieigh-Tayior instabilities in
Non-Linear Growth Regimes,” ~uli, Am. Phys. SOCJ30 (1985), pg. 1558

3. P. H. Y. Lee, et ai, “Diagnostics for Pioneer I imploding piasma
experiments,” ~: “Digest of Technicai Papers, 5ti IEEE Puised Power
Conference,” Ed. by M. F. Rose and P. J. Turchi (1985), pg 720

4. see, for exampie, J. A. Wesson, “Piasma Stabiiity Theory”, ~: “Piasma
Physics,” Ed. by B. E. Keen (The Institute of Physics, London, 1974) pg 93.

5. N. F. Roderick, et ai, Theoretical modeiing of eiectromagneticaiiy
impioded lines,” ~wd Particle Beam -1 (1983), pg. 181

6. D. L. Youngs, “Numericai Simulations of Turbuient Mixing by



Rayleigh-Taylor Instabilities”, _ 12D (1984), pg 32.

7. K. 1.Read, “Experimental Investigation of Turbulent Mixing by
Rayleigh-Taylor lnsiability”, Phv@ 12D (1984), pg 45.

8. T. A. Oliphant, RAVEN Phv~cs
.

=, IA-8802-M (June 1981), Los
Alamos National Laboratory Publication. Revision in preparation.

9. J. L. Eddleman and J. LeBlanc, private communication.

10.1. R. Lindemuth, The ANIM_, UCRL 52492(1979), Lawrence
Livermore National Laboratory Publication

11. N. F. Roderick and T. W. Hussey, “A model for the saturation of the
hydromagnetic Rayleigh-Taylor instability,” -1. Phv& 56 (1984),
~. 1387



X1OW62154

FOIL IMPLOSION IN ONE-DIMENSION
AR<<i~.

m

B

-.

. ...

. ..

AR- Tp[asma●

1

0

5n
o
c

o-

0.0 0.2 0=4 0.6 0.8 1.0 1.2

lime (ps)

/

/-’..------
I



X1OW6 2153

FOIL IMPLOS1ON SIMULATION

4

3

1

Eloctrodo~

o
0 1 2

— Electrode

Z (cm)
.



INITIAL CONDITION ● SINOL~
WAV-LENOTH V~LOCITY PERTURBATION

3

E02

a

1

o0 1 2
Z (cm)

f- -,
.’.-. . , ~



Q

3

2

1

3

2

1

0

●

1 20

Z (cm)

/. ‘-f.&-?

1 2

t = .58ps

HAM

MHRDR



PERTURBATION

3

E02
a

1

0
1 2

Z [cm)



X1OW6 2163

Q

‘o 1
Z(

?’Bg
\ /

m -

m

m -

●. i

m

.— .-—— -.—

m

0 1

cm)

t =m48ps

HAM



X?OW6 21M

INITIAL GONDITIOH ● RANDOM
DEHSiTY PERTURBATION

3

E

a

1

00

D

1

B

2
Z (cm)

-. ... --- /



~Be

3

2

1

4--lr--

“o 1 2 1 2
z (cm)

t = ●38@

HAM

MHRDR



HAM
4

3

2

1
n
Elao

1

I 1 J

velocity
IWturbat[on

With Radlatlve
Cooling

t=om65p8

“o 1 2CJ 1 2

z (cm)

[- ‘.,.

Ho Radiative
Coolhlg

t =o.85p8



4

3

2

1

Zg
0

a4

3

2

1

Q rBe
—.——- .

o 1

■

✌

,

1’

2

,

1 2

HAM

Notch
Perturbation

t=o.25ps

t =om53ps

z (cm)



4

3

2

u

a4

3

2

1

1-1
—-—-..t==0.lpa

-= .:J”- .*-. ‘-.l

01’ I 1[
o 1 2

m

r——...... .t=O.apa i

m

—— -— ----- .-— —.

.

I

I
●

I
1

w

r ————.---● ~.t=O.?pa
1

I
I I

o 1 2

HAM

RANDOM
DENSITY
PERTURBATION
CASE No. 1



4

3

2

1

Ego
fq

3

2

1

00

.

.

m

#

,

m m
●

t=om7p8

RANDOM
DENSITY
PERTURBATION
CASE No. 2

2 n

Z (cm]

1- *n

--+ -


