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diode imaged in the plasma on the CO, laser focal
spot shows a twofold increase in light emission
(dominantly free-bound and free-free radiation)
from that region at the time of the interaction.

The interaction observed in the interferograms
appears to be interpretable with classical models.
However, the formation of Fresnel rings is only
observed when the plasma is initially overdense
or slightly underdense. Currently, we are un-
able to explain this. Furthermore, the Fresnel
pattern would indicate a quiescent state; thus,
the increased modulation of the transmitted light
is also unexpected. Experiments are presently
underway to study the power dependence of these
phenomena and to time resolve the backscatter.
A subnanosecond high-power CO, laser is under
construction so that our experiments will more
nearly simulate current laser-pellet experiments.

(The formation of a hard aperture as evidenced
by the Fresnel rings, and the propagation of radi-
ation through the initially overdense plasma, have
recently been predicted theoretically by Sodha
and Tripathi. ")
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Double-Layer Forward Shocks in a Magnetohydrodynamic Fluid
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We have observed forward-facing slow wave shocks created by an obstacle in a magneto-
hydrodynamic flow in runs on a magnetohydrodynamic particle stimulation code. The
shocks have a double-layer structure composed of the compressive and accompanying
rarefactive slow-wave fronts.

One of the most striking features of the magneto-
hydrodynamic (MHD) shocks is the possibility
of a forzoard-facing (upstream) shock. "' Craig
and Paul' first observed in a laboratory experi-

ment slow-wave shocks in a one-dimensional
configuration. Chao and Olbert' inferred the ex-
istence of forward slow-wave shocks from solar
wind data which showed discontinuities in physi-
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cal quantities consistent with the relations pre-
dicted by theory. However, experimental' or ob-
servational~ difficulties have hampered observing
clear evidence of the forward propagation of the
shocks so far. We report in the Letter what we
believe to be the first direct observation of for-
ward propagation of the slow-wave shocks in
runs on a newly developed MHD particle simula-
tion code.' The forward slow-wave shocks are
created by an obstacle in an MHD flow. We have
also observed a novel double-layer structure to
the upstream shocks composed of a compressive
slow-wave shock and a rarefactive slow-wave
front.

Propagation of the phase fronts (characteristics)
of shock waves may be most easily depicted by
the Friedrichs dia, gram. "In contra, st to hydro-
dynamic supersonic shock' or MHD fast-wave
shock, ' the Friedrichs diagram for the slow-wave
shock has a concave envelope and indicates the
possibility of the forward-facing characteristics
[see Fig. 1(a)] created by an obstacle. When the
Alfven velocity VA is larger than the sound velo-
city C, , for production of slow-wave shocks by
the obstacle & (C~ is necessary. The diagram
also suggests that there appear skew shock fronts
when the magnetic field is tilted with respect to
the zeroth-order flow. On the other hand, fast-
wave shocks point downstream.

In order to realize the necessary conditions for
the shocks and observe them, we set up the MHD
code as follow s. A plasma is modeled as an
ideal dissipationless MHD fluid with isothermal
temperature. The equation of motion is integrat-
ed in a Lagrangian way employing finite-size par-
ticles' to represent elements of the fluid. The
hydrodynamic pressure force is calculated from
the density by utilizing the nearest grid method
for finite-size particles and the fast-Fourier-
transform technique to find a pressure field,
while the Maxwell stress forces are obtained

12

B =

(pv)

FIG. 1. (a) The Friedrichs diagram and the slow-
wave characteristics for V~/C. = 1.5. (b) Schematic
"rays" of B and pv around the obstacle.

through a, finite-differencing scheme to advance
the magnetic field. The code is conservative of
the magnetic flux, total plasma mass, as well
as momentum. ' We have used a 2~-dimensional
(two spatial dimensions and three velocity and
field dimensions) version of the code. The most
appealing property of the code for the present
problem, however, may be the stability of the
code: Not only does the code never experience
negative-density difficulties, but it also turns
out to be stable against local violation of the Cou-
rant- Friedrichs-Lewy condition that conventional
Eulerian code has to satisfy. Thanks to this
property, we are able to investigate the problem
of an obstacle in an MHD flow in spite of the for-
mation of the shadow behind the obstacle where
the density of particles is very low or even local-
ly zero; there is some sacrifice in accuracy
here but not in stability. ' To stimulate the ob-
stacle, we introduce a force potential f, =f

&& exp[- [(x —x,)'+ (y -y, ) ]/2a') which repels the
fluid. Initially the particles assume a uniform
flow velocity v «Bx. A periodic boundary condi-
tion is taken for the fields, while the particles
crossing through the boundaries at x =0 and L„
are scrambled in their y coordinates after their
reentry in order to avoid artificial interference
from downstream disturbances affecting the up-
stream region and vice versa. (There is some
effect of this kind due to periodic boundary condi-
tions on the fields but it appears much less im-
portant. )

Basically two types of runs are performed.
The first type is the case where the flow velocity
is parallel or antiparallel to the external magnet-
ic field. The second is one where the flow veloc-
ity is oblique to the magnetic field. Under an
appropriate choice of parameters one expects
for the first case symmetric forward shocks with
respect toy =y, . For the second case, tilted
shock fronts should appear as predicted by the
Friedrichs dia. gram [Fig. 1(a)]. We have chosen
2& 2 particles in a cell, the system sizh Lz +Ay
=326 &324 with ~ being the cell length, the par-
ticle half-width=la, f/m, =0.8C,', a =1.0&, and
x, =y, =164. When we increa, se the number of
particles in a cell and/or the system size we
have not observed any significant qualitative dif-
ference from the present choice. Figure 2 shows
the results of the simulation of the pa, rallel type
of flow at t =30C,/&. The Mach number M=u/C,
=0.9 and VgC, =(P/2)' '=M/A =1.5 (A being the
Alfven number) have been taken. In each frame
of Fig. 2 are seen discontinuity fronts at the
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FIG. 3. Contour plots of the flow and field quantities
with oblique magnetic field. The flow is still from left
to right. Each has twenty contours. The last two
frames are B iiv but with temperature gap. (a) Density
contour; LC = 0, HC = 11.4. (b) B„contour; LC = —0.122,
HC = 0.069. (c) V„contours. (d) The magnetic field
lines for the case C ' =1v BC and p' = Bp where the
primed quantities are iny =[0 10l. Bii v and V~/C~ 1.5.

FIG. 2. Contour plots of the flow and field quantities
with B ii v. The flow is from left to right and the obsta-
cle is located at the center of the diagrams. Each has
twenty contours. (a) Density contour; the lowest con-
tour (LC) is 0, the highest (HC) 12.4. (b) Velocity in x
contour; LC = —0.218, HC = 1.024. (c) Velocity in y
contour; LC = —0.221, HC =0.212. (d) B„contour; LC
= —0.102, HC=0.087. (e) B„contour; LC =- 0.055, HC
= 0.057. (f) The magnetic field lines excluding the ex-
ternal field.

same positions stretching forward from the ob-
stacle with the same shock angle o. =52 with re-
spect to the magnetic field. The angle a predict-
ed by the diagram is 49.6'. After an initial tran-
sient period, this structure emerges and becomes
clear about t = (15-20)CJ'&; afterwards it main-
tains a rather stationary pattern with a slow
stretching of its fronts until t =35CJA. Later
the pattern becomes chaotic due to reentering
field interference. Figures 3 (a) and 3 (b) exhibit
the oblique case at t =30CJA with M=0.9, VgC,
= 1.505, and B„JB,o =0.09. T'he forward- stretch-
ing fronts tilt at approximately the same angles
as predicted by theory [Fig. 1(a)]. In addition we,
as expected, do not observe any forward-facing
fronts, for example, in the case of M=2.0, Vg
C, = j..5. These signatures along with the follow-
ing analysis of the jump conditions strongly sug-
gest that forward-facing slow-wave shocks have

been observed in these model calculations.
In the fine structure of the patterns in Fig. 2

one notices a double-layer structure composed
of two parallel forward-stretching fronts as
schematically exemplified in Fig. 1(b). The
width of the double layer is constant in time and
approximately 2~. As one closely examines the
jump conditions of physical quantities across
each discontinuity line, one can conclude that the
leading front, 1, in fact satisfies all the condi-
tions associated with the compressive slow-wave
shock, while the latter front, 2, satisfies jump
conditions for the rarefactive slow wave. The
set of ideal MHD equations for a steady isother-
mal flow embraces" a class of solutions of the
type

B =~pv,

where p is the mass density and & is assumed
here a constant determined by the boundary con-
ditions at infinity. If the flow is parallel to the
external magnetic field, e )0, and if antiparallel,
e& 0. Introducing the unit normal n to the spa.tial
discontinuity and transverse unit vector t ortho-
gonal to n, and writing v-v„n=—v, =v, f and v„
= v - n, the characteristic equations' for p, v„,
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and v, are

»„=-v„5p/p,

ps„~v„+pv,~ 6v, +C,'6p =0,

(e'/4n)6 (pv, ) = 6v„

(2)

(3)

(4)

where ~ denotes the jump of each quantity from
the downstream to the upstream. V ~ B =0 im-
plies M„=Qand

5B, = (4m/e)5v, . (5)

Equations (2) through (5) reduce to

(v„—C~ )6p/p = v). ' 6vg~

(v„'- C.')/v' = (M' -1)/a'M'.
(6)

(7)

Equation (7) gives the theoretical value of the
shock angle as a = sin ' [(M'+A' —1)/A'M']' '
=49.7', which is again in good agreement with
the simulation. For a compressive change &p & 0
and for a rarefactive change &p& 0; for a slow-
wave shock M & 1 and for a fast-wave shock I& 1.
From Eqs. (6) and (7)

», &0 when [6p&0, M &1]

or [6p & O, M & 1],

», &0 when [6p&0, M& 1]

or [6p&0, M&1].

(8)

(9)

With the aid of Eq. (5), the above implies that if
&&0 andM -1&0

5B,&0 for 5p&0,

5Bg&0 for 5p&0.

(10)

(11)

Either of the sign changes in & andM-1 will re-
verse the inequalities in Eqs. (10) and (11). From
the simulation results [Fig. 2(a)] we learn that 6p
& 0 at the discontinuity 1 and ~p &0 at 2. From
Figs. 2(d) and 2(e) we find that 6B,& 0 at 1 and
6B,& 0 at 2; from Figs. 2(b) and 2(c) we obtain
&v, & 0 at 1 and W, & 0 at 2. We also note that
when we ran the cases with B antiparallel to
v («0), we had», & 0 and 68, & 0 at 1 and», & 0
and M, & 0 at 2, as is suggested by the relation
given by Eq. (5). Therefore, from simulation we
find the magnetic pressure difference &P~& 0 at
1 and 6P&& 0 at 2 for both & & 0 and e & 0. All
these findings are consistent with Eqs. (8)-(11).

Moreover, once &p is known, other theoretical
jump conditions may be calculated through Eqs.
(2)-(5) and can be compared to the simulation

tan x
1

&p

tan' p A. ' —1' (12)

Across each front the B and pv vectors refract"
more deeply or more shallowly depending on the
sign of the density jump. Formation of the double
layers may be physically understood. Since the
fluid element sees" the obstacle, it deflects off
the obstacle or stagnation point at 1. After it
travels past the obstacle it sees the vacuum be-
hind the object and starts to flow into this region
and thus the stream line should bend the other
way at 2. Eventually it should come back to the
original y coordinate, which also creates distur-
bances downstream as seen in Fig. 2 (= the sec-
ond double-layer downstream). Since in the up-
per half-plane (y &y, ) v, & 0 in front of the ob-
stacle, e, &0 behind it, the current induced by
vx B sets up a current flow pattern (= the up-
stream double layer and the downstream double
layer) which leads to the quadrupole structure in
the magnetic field lines illustrated in Fig. 2(f).
In contrast to the present subsonic flow, we have
observed only a dipole magnetic line structure
in the supersonic flow case. This is because the
flow past the obstacle in the latter case does not
squeeze its stream lines in the shadow area, but
it carries field lines away from the obstacle.

Finally we mention the case of runs where the

results. We find 6p' =1.96+ 0.4 and 5p'=1.95
+ 0.4, where the superscript refers to the discon-
tinuity, either 1 or 2. Consequently, the simula-
tional and theoretical values are»„'= (0.26+
+ 0.06)C, [-0.39], »„'=(0.21+ 0.16)C, [0.24]; », '
= (0.042 + 0.016)C, [0.036], », = (0.028 + 0.016)C,
[0.024]; 16vA, 'l(~B, ') = (0.021+ 0.009)C, [0.018],
l»A, 'I (~B,') = (0.017+ 0.0008)C, [0.028]; and 6Pgg'
= —0.064, 5P„'=0.043. Here the quantities in
brackets correspond to the theoretical coeffi-
cients. Thus not only the signs of the jumps are
in agreement with the theoretical prediction,
but also the absolute values are quite consistent
with the theory. Possible reasons for the devia-
tions may come from (i) error in the assumption
that e is constant in the theory, (ii) reading of
discrete contour lines, and (iii) numerical errors
in the simulation.

One may be able to interpret Fig. 1(b) in terms
of a "Snell-like" law. Since 6B„=O,tanr/tani =1
+6&,/B„where i and &are the incident and "re-
fractive angles of 8 (and pv), and a weak shock
is assumed. Utilizing Eqs. (5)-(7) and noting 4n/'
e'=A'p, we obtain
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lower 3 of the fluid (y -10b) had 3 the tempera-
ture and three times the density of the rest of
the fluid; then in the lower area the slow-shock
conditions do not apply. The forward shock front
seems to be discontinued at around the y =104
boundary in this case [see Fig. 3 (c)]. In addition
we no longer observe the quadrupole pattern but
instead the pattern in Fig. 3(d).
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Observation of the Orientation Dependence of Interface Dipole Energies in Ge-GaAs
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The interfaces between a thin (- 20-A) abrupt epitaxial layer of Ge grown on substrates
of (111), (110), and (100) GaAs have been investigated with x-ray photoelectron spectos-
copy. Observed changes in core-level binding energies have been directly related to the
crystallographic orientation dependence of interface dipoles and variations of band-gap
discontinuities. The orientation variation of the band-gap discontinuities is found to be
a significant fraction (= 4) of the total band-gap discontinuity.

There has been considerable theoretical inter-
est in the properties of ideal abrupt interfaces
between different semiconductors, stimulated in
part by the recent progress in molecular beam
epitaxy (MBE) whereby truly abrupt interfaces
can now be achieved. A basic property of the
abrupt semiconductor interface is the relative
alignment of the energy bands of the two semicon-
ductors; i.e. , how the energy difference in the
band gape (b,E,) is distributed between the va-
lence- and conduction-band discontinuities (bE

„

and b.E,) such that b.E,=b,E„+b,E,.
The first and most widely used model for esti-

mating bE, (or bE„) is based on electron, affinity
differences. ' Critical evaluations" have been
made of this model. Alternative models for pre-
dicting AE„have appeared, +' and two self-consis-
tent calculations of the Ge/GaAs-interface elec-
tronic structure have been completed. " Although
it has long been recognized that interface dipoles
could produce energy-band discontinuities which
depend on crystallographic orientation of the in-
terface plane, such effects have generally been
ignored. Transport measurements' on vapor-
grown Ge/GaAs heterojunctions suggested that

there could be substantial (a few tenths of an eV)
changes in valence- and conduction-band disconti-
nuities, 5(b.E„)and 5(b.E,), dependent on crystal-
lographic orientation. Unfortunately, it is rela-
tively difficult to determine these dopant-level-
independent quantities from transport measure-
ments and the scatter in these data is as large as
the measured effect.

To investigate the interface dipole orientation
dependence, we have developed a contactless x-
ray photoemission spectroscopy (XPS) technique
which allows a direct probe of interface potential
variations. Herein, we report the observation of
sizable and systematic variations in AE„for the
Ge/GaAs interface as a function of crystallograph-
ic orientation. Figure 1 is a schematic energy-
band diagram of an ideal abrupt Ge/GaAs inter-
face. The relative positions of the average bulk
crystal potential within the two semiconductors
determine hE „andhE, .~~~ An orientationally
dependent change in the interface dipole magni-
tude may shift the relative positions of the va-
lence and conduction bands in the two semicon-
ductors as shown schematically by dashed lines
in Fig. 1. Figure 1 also shows the position of a.
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