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Stationary oblique shock waves produced by a laser-produced plasma (carbon and lithi-
um) expanding over a wedge and related phenomena have been investigated experimentally.
Such a plasma is characterized as an ionization-frozen multicomponent flow which consists
of a number of different charge-state groups with different flow velocities. Well-defined
multiple shock fronts which are formed around a wedge are differentiated using a spec-
troheliographic method. Data obtained from an ion-charge collector and from spectrohelio-
graphs indicate that these shock fronts (with different inclinations) result from different
flow components. The plasma behind the shock is predominantly recombining rather than
ionizing. In addition, the innermost shock is found to be more like a transverse shock where
the flow particles are transported along the shock plane. This is also evidenced by a large
charged-particle cumulation (and collimation) which occurs when two such oblique shock
waves are brought to intersect each other. The measured shock inclinations as a function of
wedge angle indicate a considerable departure from a simple gasdynamic flow model. It is
believed that the self-generated (reversed) magnetic field associated with the laser-

produced-plasma shock greatly influences the shock behavior.

I. INTRODUCTION

When a high-power laser beam is focused onto a
target, a multiply ionized plasma of target material
expands at a high streaming velocity. If such a su-
personic plasma flow is made to collide obliquely
with a solid wall, it is found that thin, highly lumi-
nous fronts develop with only a slight or no decay in
plasma temperature. In this paper it will be shown
that these luminous fronts represent oblique shock
waves' which are generated by a deflection of the
plasma flow. Although a collisional shock wave
produced in a steady, uniform, and neutral plasma
flow with no magnetic and electric fields may, in
principle, behave like a gasdynamic shock, the ex-
panding laser-produced plasma is far more complex
than an ideal flow assumed in the theory. First of
all, the high-temperature plasma flow consists of a
number of flow groups representing different charge
states with different velocities. It is also well
known?~? that there is a sizable magnitude of mag-
netic field and current associated with the laser-
produced plasma. In addition, the plasma ions are
not in ionization equilibrium with the ambient elec-
tron temperature, i.e., the plasma flow is in an
ionization-frozen state.® It is of great interest, there-
fore, to investigate characteristics of oblique shock
waves produced by such complex flow; characteris-
tics such as the effect of the presence of highly
stripped plasma ions and of multiple flow com-
ponents, as well as temperature and density jumps
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across the shock. A systematic study of oblique
shock waves which are produced over a wedge by
such a highly stripped, high-temperature plasma
flow has not been reported previously to the best of
our knowledge.

In this study, the oblique shock waves which are
generated by a laser-produced-plasma flow of car-
bon and lithium ions over a wedge are compared
with those expected from a gasdynamic flow. It will
be shown that the plasma flow produces a multiple-
shock front with different shock inclinations and
that each shock front represents a plasma com-
ponent of a different charge state within the flow.
It is also noted that the flow components of the
high—charge-state plasma partially overlap in time
and space. In order to differentiate between the
multiple-shock fronts produced a spectroheliograph-
ic technique is utilized, which allows one to record
the images in the shocked plasma of an individual
flow component. The experimental arrangements
including this technique are described in Sec. II. In
Sec. III, the phenomenology related to the interac-
tion of the expanding laser-produced plasma with a
flat solid wall and also with a wedge is described in
order to show that the observed enhanced luminosity
represents an oblique shock wave. In order to deter-
mine the free-stream Mach numbers of the plasma
components, the flow velocity and the local electron
temperature are estimated mainly using spectroscop-
ic methods. The shock inclinations measured as a
function of wedge angle (or incident angle of a flow)
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are then compared with the Mach numbers deter-
mined using gasdynamic relationships. This result
is also included in Sec. III along with some features
of stationary oblique shock waves produced around
the wedge by the laser-produced-plasma flow. Some
apparent discrepancies which exist between the ex-
periment and what is expected from gasdynamic
theory are investigated and a possible physical
mechanism is considered in Sec. IV. Some of the
phenomenology described in this study is probably
also observed in other laser-produced-plasma experi-
ments by previous investigators. In Sec. V, these re-
lated experiments are explained using the present re-
sults.

II. EXPERIMENTAL ARRANGEMENT

Two different Pockel-cell—switched Nd:glass
lasers were used to provide a plasma flow
throughout the study. The beam energy of laser 4 is
2.5—10 J, with a 10-ns [full width at half maximum
(FWHM)] pulse duration and that of laser B is
10—20 J at 35 ns (FWHM). An aspheric lens of 30-
cm focal length was used to focus the laser beam for
both lasers: Laser A to a spot about 600 um in di-
ameter and laser B to a 150-um-diameter spot. As
will be described later, laser A was used to produce a
near-cylindrical column of streaming plasma in con-
junction with the wedge interaction experiment, and
laser B was used to produce a conically expanding
plasma for oblique interaction with a flat wall.
Both laser beams produced a power density of ap-
proximately 2 10! W/cm? at the focal spot. This
value is lower than the anomalous flux-density
threshold but large enough to produce fully stripped
carbon and lithium ions. Both carbon and pure me-
tallic lithium disc targets were used in this study. A
polyethylene [(CH,),] disc was also used as a carbon
target to ascertain any effect of an electrically insu-
lating material as the laser target. The materials
used for deflecting wall or wedge included electrical-
ly conducting (aluminum, tungsten-nickel alloy, and
stainless steel) as well as insulating (glass and plas-
tic) materials. The target chamber in which the tar-
get and the deflecting wall (or wedge) were con-
tained was evacuated to a pressure of 107° to 10~*
Torr for most of the experiments performed unless
otherwise stated.

The spectroheliography technique has been used
frequently to observe spectrally resolved images of
the solar disc. A similar technique was also used to
record an expanding laser-produced plasma in the
extreme-ultraviolet (xuv) spectral region by Doschek
et al.” In the present study, a half-meter Czerny-
Turner mounted spectrograph was utilized to obtain
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spectroheliographs of shocked plasma in the spectral
region of visible and the near-uv region. This was
done simply by removing the entrance slit assembly
from the spectrometer and by focusing the plasma
image onto a plane where the entrance slit was locat-
ed using a quartz lens. Because the image magnifi-
cation (at the film plane) along the dispersion direc-
tion and along the direction perpendicular to it was
generally different, a calibration of angle is made
whenever the wavelength or grating is changed in
order to obtain shock angle from the spectrohelio-
graph. The calibration is made directly by il-
luminating a wedge of known wedge angle with a
mercury lamp and taking a spectroheliograph of the
wedge at one of the mercury line radiations close to
the spectral radiation of interest. The same spec-
trometer (with the entrance slit) is also used as a
monochromator to measure the plasma expansion
velocity with the use of photoelectric detection.

A miniature ion-charge collector was used for
both the flow velocity measurement and for detect-
ing the plasma flow behind the shock. The charge
collector is similar to the one used by a previous in-
vestigator® and consists of a collector electrode and a
125-lines/in. copper mesh screen placed in front of
it. These are built into a BNC coaxial-cable connec-
tor.

III. DEFLECTION
OF A LASER-PRODUCED PLASMA
AND OBLIQUE SHOCK WAVES

A. Deflection by a plane wall
of a laser-produced plasma

The beam from laser B was focused onto a carbon
target and a portion of the conically expanding plas-
ma was made to collide obliquely with a plane solid
wall which was parallel to the target normal and dis-
placed 1 mm from the laser axis (see Fig. 1). The
lower end of the wall is located 0.5 mm above the
target surface. The incident angle of the C>*-
plasma flow to the wall is roughly the same as the
half cone angle of the plasma expansion and is ap-
proximately 15°. Figure 1(a) shows typical spec-
troheliographs of the deflected plasma in C3+ 3434-
and C** 2982-A radiation. Notice that the spectral
luminosity of the deflected plasma is many times
that from the portion of (freely) expanding plasma
which does not interact with the wall, and it forms a
thin sheet (< 1-mm thick) according to spectrohelio-
graphs obtained viewing perpendicular to the wall
surface. The laser-produced plasma was also made
to interact at an incident angle much smaller than 5°
by shaping the wall. Figure 1(b) is the resulting
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FIG. 1. Spectroheliographs of the deflected plasma in
C5+ 3434-A and C** 2982-A radiation. In (a) the deflect-
ing wall is parallel to the target normal and in (b) the wall
plane makes an angle of 10° with the target normal.

spectroheliograph in C°* 3434-A radiation and one
sees a marked difference between Figs. 1(a) and 1(b),
i.e., in the case of Fig. 1(b) the C>* 3434-A radiation
is not emitted from a well-defined thin sheet but
from a broader and diffused region.

Initial experiments described above suggested that
the thin plasma sheet observed in the case of Fig.
1(a) is associated with a stationary oblique shock
wave produced by a supersonic plasma stream
across the wall, which is similar to corner flow in
the gasdynamic problem. The bright spectral lumi-
nosity observed is due to enhanced atomic transi-
tions taking place, caused by a jump in plasma
parameters across the shock (see Sec. IIIE). In the
case of Fig. 1(b), on the other hand, it represents a
weak wave or Mach wave which is a weak compres-
sive disturbance with an infinitesimally small entro-
py change across the wave front.

B. Oblique shock waves around a wedge

In this subsection, the oblique shock waves which
are produced by the expanding laser-produced plas-
ma around a wedge are described. For this experi-
ment, the beam from laser A4 is focused onto either a
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FIG. 2. Schematic diagram of laser-produced-plasma
and flow-wedge interaction experiment.

carbon or a metallic lithium target. A wedge is
place at 3.2 mm above the target so that the expand-
ing laser-produced plasma interacts with the wedge
(see Fig. 2). Both conducting (stainless steel and
aluminum) and nonconducting (machinable glass)
materials were used as a wedge, but most of the data
presented here were obtained with a stainless-steel
wedge which is electrically grounded. The focal
spot diameter of the laser beam at the target is typi-
cally 600 um. This large focal spot size provides a
relatively large-diameter plasma flow with stream-
lines as parallel as possible in the vicinity of wedge
apex. The laser flux density is maintained at a level
of 2X10"" W/cm? unless otherwise stated. The
orientation of the wedge with respect to the laser
beam and the target is shown in Fig. 2. In this case
the incident laser is directed at an angle of about 5°
with respect to the target normal. The wedge axis is
parallel to the target normal, and the closest dis-
tance between the wedge wall and the laser beam is
adjusted to be 1 mm in order to prevent the laser
beam from grazing the wall. Also, the laser beam is
in a wedge axis-apex plane in order to assure genera-
tion of a symmetrical oblique shock wave at both
sides of the wedge wall.

Figure 3 shows typical spectroheliographs of an
attached oblique shock wave in C’* 3434, C*
4658-, C2* 4070-, and C*+ 4267-A radiation. A
bnght streak across the entire spectrum which ap-
pears in each photograph is the continuum radiation
emitted in the immediate vicinity of the wedge apex,
and is possibly due to the bombardment of the apex
by energetic electrons and ions. One can see a thin,
well-defined luminous front developing symmetri-
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FIG. 3. Spectroheliographs of an attached oblique
shock wave in (a) CS‘: 3434- and (b) in C* 4267-, C**
4070-, and C** 4658-A radiation. In (b), two different
laser energies (5 and 2.5 J) were used to demonstrate
change in shock angle. ©=10° wedge is used for both (a)
and (b).

cally with respect to the wedge axis off both sides of
the wedge wall, which has different shock angles
(with respect to the wedge axis) depending on the
laser energy and on the ion species from which the
spectral radiation originates. The thicknesses of the
luminuous fronts observed in C>*+ and C** radiation
are much smaller (< 1 mm) than those observed in

low—charge-state spectral radiation (see Sec. III E).

Besides the attached shock front, the detached
shock waves are also observed with wedges of apex
half angle exceeding a critical angle ©,,,,. Figure 4
shows an example of a detached bow shock observed
in C** 2297-A radiation at ©=10" and 20°. The de-
tachment angle ©,,,, is sensitive to the incident laser
energy on the target, particularly for a low—charge-
state plasma flow (or low—Mach-number flow), be-
cause Op,, sensitively depends on the upstream
Mach number in this case (see Sec. IIIC). For
high—charge-state plasmas (or high—Mach-number
flow), the shock detachment is not clear due to the
fact that the detachment distance is small, and this
small separation is further obscured by intense con-
tinuum emitted near the apex region. However, an
indication of the detachment is readily detectable by
apparently constant shock angles (although it must
be a curved shock) which occur beyond ©,,,,.

C. Gasdynamic oblique shock relationship

Applying the three conservation laws of mass,
momentum, and energy, the relationship between
the flow variables on both sides of a normal shock in
a steady and uniform gas flow is given by the fol-

lowing equations® '°:
piVi=p.V,, (1)
Pi+pVi=Py+pV3, (2)

6=10°

+ o

c2*2297 A
FIG. 4. Spectroheliograph in C** 2297-A radiation,
showing detached bow shock with ©=10° and 20° wedges.
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FIG. 5. Conversion from a normal shock to an oblique
shock wave.

and

h Vi h & (3)

1+ 2 - 2+ 2 ’

where p, P, V, and h are, respectively, the density,
pressure, flow velocity (normal to the shock front),
and the specific enthalpy. The variables with the
subscript 1 and 2 denote, respectively, those qualities
in the front and behind the shock. The normal
shock relationship shown above can be converted® '°
into an oblique shock case by introducing the
viewpoint of an observer moving with a velocity V
perpendicular to the flow as shown in Fig. 5. Thus,
a shock wave forms an angle { with respect to the
upstream flow and

tan= 4)

U
The downstream flow is deflected by an angle ©
from the upstream flow and
Va

U

For an ideal gas flow with constant specific-heat
ratio 7, the specific enthalpy can be expressed by

he—t_ L (6)
y—1p
The oblique shock formula which relates the shock

inclination and the flow deflection in an ideal gas
flow is given by'®

(M3sin% — 1)coté

tan(£-0)= (5)

tan®@ = (7)

l%le —(M3sin%—1)

The above equation represents the attached oblique
shock relation. For a deflection angle greater than a
certain critical angle ©,,, for a given Mach number
M, the shock front detaches from the corner (or
wedge apex) and becomes the detached oblique
shock. The detached shock is curved and the flow
pattern behind it differs markedly from the attached
shock (© <O,,,,). There are two sets of shock an-
gles for a given © according to Eq. (7); i.e., a value

for £ which is smaller than the shock angle corre-
sponding to ©,,,, defines a weak shock, and a strong
shock corresponds to the opposite case. The oblique
shock waves which are dealt with in the present
study belong to the weak shock case. For a negligi-
bly small deflection angle ©, &=sin"'(1/M,),
which represents Mach waves. The Mach-wave-like
feature generated by a high—charge-state carbon
plasma flow was shown in Sec. IIT A.

D. Flow parameters

In order to compare the present plasma result
with a gasdynamic oblique shock relationship such
as the one shown in Sec. III C, the flow variables of
the expanding plasma should be determined. The
expansion flow velocity and the electron tempera-
ture were determined in order to estimate Mach
numbers for each flow component. For this experi-
ment, laser system A with focal spot size 600 um
(2x 10" W/cm?) was used throughout and no de-

C5+* 3434 A

—

c*t 2278 A

1\ c3+ 2530 A
Mmﬁ
|

ct 2837 A
/]
/TN L%+ 4499 A
L1 I I T |
—_—t 40 nsec/div

Z=3mm
FIG. 6. Photoelectric signals of C3* 3434-, C“+¢2278-,
C3* 2530-, C2* 2297-, C* 2837-, and Li** 4499-A lines
observed at a distance of 3 mm from the target. Entrance
slit of the monochromator was oriented perpendicular to
the target normal.
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flecting wall was used in order to obtain the flow
variables for the free expansion.

1. Flow velocity

The free expansion velocities (into vacuum) of
plasma components were determined by observing
spectral line signals using the monochromator-
photomultiplier combination. The entrance slit of
the monochromator was oriented perpendicular to
the target normal so that the arrival time of spectral
signal at various normal distances could be recorded.
Figure 6 illustrates spectral signals of various
charge-state ion species at a distance of 3 mm. Most
of these spectral lines observed are from transitions
between the highly excited states and generally
represent!! the ground state of the next-
higher—charge-state ion. It is seen that the duration
of the spectral signal gradually increases as the ion-
charge state decreases. Notice also that the C%*-,
C3*-, and C**-plasma flows closely follow each
other and, in fact, partly overlap at this distance.
However, as the distance increases the separation be-
tween the signal peaks widens. Each flow com-
ponents named in this paper therefore is character-
ized by its flow velocity rather than by its consti-
tuent ion species composition, e.g., the C®*-plasma
component does not solely consist of C%* ions but
rather a mixture of other ions such as C**. The
peak signal arrival is plotted versus the distance
from the target surface in Fig. 7. The time of con-
tinuum peak (near 3434 A) at the target is taken as
t=0 in this plot. For all of the ionic species, the
measured arrival times follow approximately
straight lines, implying constant velocities at least
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FIG. 7. Line signal arrival time vs distance from the
target surface; t =0 corresponds to the time of continuum
peak at the target.

up to 15 mm from the target. The velocities
(cm/sec) obtained are, respectively, 25%10° for
C8*-, 19%x10° for C°*-, 12x10° for C**-, and
8 10° for C3*-plasma flows, with an experimental
uncertainty of +15%. The expansion velocities ob-
tained here agree well with the previous study,'?
where a carbon target with a comparable laser power
density was used.

The flow velocity of C®* and C°* plasmas are
also measured from time of flight using the ion-
charge collector described in Sec. II. The velocities
obtained with the ion-charge collector are in good
agreement with the spectroscopically determined
values within the experimental uncertainty, i.e.,
26 10® cm/sec for C®*- and 20X 10° cm/sec for
C3*-plasma flows.

2. Electron temperature

The electron temperature of carbon plasmas pro-
duced from laser-irradiated solid targets has been
measured by previous investigators using different
techniques, and the scaling between laser flux densi-
ty ¢ and the peak electron temperature at the critical
density region has been reported.'> One such scaling
is given by Galanti and Peacock'* who obtained a
semiempirical relationship of T, ~6x10~%%" for
the flux-density range of 10'' to 2X 10 W/cm?,
where ¢, ~0.3¢ is the actually absorbed laser flux
density (¢ is the incident laser flux density). Using
this relationship, T, ~ 100 eV at the focal spot is ob-
tained with ¢ ~2x 10! W/cm? for the present case.
The high-temperature and high—charge-state plas-
ma then expands into vacuum. If an adiabatic ex-
pansion with an exponent of y=% is assumed, the
electron temperature and density would fall off ac-
cording to T, «d 2 and n, «d 3, where d is the
distance from the focal spot. Boland et al.!! who
measured electron temperature and densitites of an
expanding carbon laser-produced plasma obtained
the results which appear to support such an adiabat-
ic expansion. According to their results, the elec-
tron temperature at a few millimeters from the tar-
get drops to below 10 eV. A number of other previ-
ous studies'>'>~!7 with comparable laser power den-
sity and a carbon or polyethylene target are also sug-
gestive of T,~10 ev at d =3 mm. In the present
study an electron temperature of 10 eV is assumed
for the C8*-, C3*-, and C**-plasma components'!
and for the Li**,Li** plasma components at a dis-
tance of 3 mm from the target. Using an absolute
spectral line intensity measurement of carbon ions,
Irons'® estimated ion population densities of the ex-
panding laser-produced plasma at d =2 mm. Their
result showed the most populous species of ions, in
decreasing order, to be C°* (~1.2x 10" cm™3),
C* (~0.8x107 cm™3), and C®* (~0.3x10"
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cm™3). The electron temperatures of the C3*
(E; =64.5 eV) or lower—charge-state carbon plasma,
which is well separated from the high-velocity com-
ponents, drop to a much lower value'! (T, <5 ¢eV)
than the higher—charge-state plasmas. As will be
described later, an observed rapid recombination of
such ions as C** and C**, which takes place even
behind the shock, supports the existence of such a
low-temperature plasma which is in an extreme
frozen ionization state.

3. Effective specific-heat ratio

Since the specific heat is not a constant in the
plasma flow, an effective value of it has to be deter-
mined. The effective specific-heat ratio y is given
by!9:20

1
y'zl-{- Z
2+ S E/kTAZ+1)
i=1

, (8)

where EIZE, represents the sum of ionization ener-
gies of all the ionic species involved in a flow com-
ponent. ¥’ is that of an ideal gas (=~1.67) when ei-
ther

Y4
> E;>>kT(Z+1)

i=1

or a flow component consists solely of a fully
stripped (e.g., C®*) ion plasma. On the other hand,
v'~1.2 when

zZ
S E ~3.5kT,(Z+1) .
i=1

As described earlier, each flow component of the
laser-produced plasma consists of two or more dif-
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ferent charge-state ions with a certain population
density distribution among them (depending on T,
and N, at the focal spot). Therefore, for the iso-
thermal plasma components under interest, which
are in an ionization frozen state, one expects'® %2
Y '=1.2.

4. Mach number

The upstream Mach number of a plasma flow is
given by

172

2
vim;
b , 9)

kT, (Z+1)

Uy
M=—=
a

assuming that 7; ~7T, and that charge neutrality is
valid, where v, a, m;, and Z are, respectively, the
flow velocity, the ion sound velocity, the ion mass,
and the ion-charge state. Taking the most populous
charge state, i.e., Z=5 for the carbon plasma and
Z =3 for the lithium plasma, the isothermal ion
sound velocities are 2 10% cm/sec for the carbon
and 2.7 X 10% cm/sec for the lithium plasma. Table
I shows the ionization energies, the upstream flow
velocities, the electron temperatures, the ion sound
velocities, and the corresponding upstream Mach
numbers for C®*-, C°*., C**., C**-, Li’*-, and
Li2*-plasma flows. The Mach numbers are relative-
ly insensitive to T, (and particularly to T;) and the
uncertainty introduced by the temperature is small.
By the same reason, the local ion sound velocity
(and the Mach number) of a flow component does
not vary noticeably over the distance of 2—6 mm
from the target. The uncertainty in determining the
gasdynamic Mach number (M )gp is estimated to
be about +30%.

TABLE 1. E;, ionization energy; a, ion sound velocity; (M )gp=v,/a (M})¢.e; Mach numbers inferred from the -6
plots. Uncertainty involved in determining higher Mach numbers ( > 6) from the {-© plot is considerable because the
shock angle is relatively insensitive to the Mach number in this regime.

Plasma flow E; v, T, a Shock luminosity

component (eVv) (10 cm/sec) (eV) (10 cm/sec) (M1)sp (M) observed in
64 CS+ 3434 A
C 25 12.5 3->6 {C“ 2082 A
C*t 2530 A
Ccs+ 490 19 ~10 2 9.5 24-3 [ 2906 A
4658 A
cH+ 392 12 6 2.1 (C“ 4070 A
C+ 4267 A

Cc 64.5 8 ~5 1.1 7.2 C* 2297 A?
Lid+ 20 7.3 35->6  Li** 4499 A

~10 2.7

Li2+ 122.5 14 5.2 Lit 4678 A




E. Shock front and shock luminosity

Before analyzing the spectroheliographic data
such as shown in Fig. 3, it is important to ascertain
what this recorded luminous front really represents.
One may define two different thermodynamic tran-
sition layers?® associated with a shock front; one is
the viscous shock or shock compression layer, and
the other represents the relaxation region where
equipartition between ions and electrons is establish-
ed. Because of large ion viscous force, compared to
that of electrons, it is the ions which are heated
abruptly through a rapid ion-ion collision interval
(;) in the compression layer. The thickness of the
viscous shock front is therefore of the order of r;7;,
where U; is the ion thermal velocity, or of the order
of the Coulomb mean free path of the ions,?*?’ i.e.,
in cm,

Ai ~6X10T?/Z*N,InA . (10)

Taking Z=5 for C°* plasma, T;~30 eV, and
N;~10'" cm~3, A, becomes 6X10~* cm. The
thickness of the luminous fronts observed in C°+
and C** line radiation are of the order of 1072 cm.
Noting the Z —4 dependence on A;, it is also under-
standable why the shock luminous fronts observed
in line radiation arising from lower—charge-state
ions are much thicker than those from
high—charge-state ions. The heating of the electron
gas in the compression layer is due to an adiabatic
compression, and the electron temperature is much
lower than that of ions. Because the characteristic
time of electron-ion collision, 7,;, is much longer
than 7; by a factor of Z%(m,/m,)!’?, the equilibri-
um between the two groups of charged particles is
slow and will be established during the declining
period for T;, at a location further from the shock
compression region. The characteristic distance?’
which may be roughly Ad ~7,v, (v, is the flow
velocity at behind the shock) is much greater than
10 cm for the carbon plasma in the present experi-
ments. Therefore, the thin luminous fronts observed
in the spectroheliographics clearly represent the
compression shock rather than the extended relaxa-
tion region described above.

Another question which arises concerning the
luminous shock front concerns what atomic transi-
tion is mainly responsible for the enhanced spectral
luminosity in the compression shock layer, if it
represents the viscous shock. As mentioned above,
the electron temperature in this region may be deter-
mined by adiabatic compression, i.e.,

TeZ/Tel"‘(NeZ/Nel)y‘_l .

Figures 8(a) and 8(b) show the gasdynamic jump re-
lation in p,/p; (or N,,/N.) and T,/T; and
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FIG. 8. Density (a) and temperature (b) ratio across an
oblique shock wave as a function of M ;sin{ and y'.
Electron-temperature ratio (in dashed lines) is obtained as-
suming an adiabatic compression.

T,,/T,,, respectively, as a function of oblique shock
Mach number M sin{ for three different values of
y'. Unlike T, /T, the ratio T,,/T,, reaches a pla-
teau (corresponding to that in p,/p,) at a relatively
small value of M,sin{, depending on y'. In the
present experimental condition, the shock strengths
are Msin{ <6 and T,,/T,; is generally not greater
than 1.5 in most cases for y'~1.2. Since the
upstream plasma flow is already in an ionization-
frozen state as is seen in Table I, the small electron-
temperature jump is not likely to cause vigorous ion-
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ization of such ions as C°* (E;=490 eV) or C**
(E; =392 eV). It is therefore likely that the shock
luminosity observed in this experiment is mainly due
to recombination, which is enhanced by a large elec-
tron density jump (see Fig. 8) across the shock front.
This consideration is supported by the observation
of line radiation arising from a lower ionization
state than the upstream plasma ion component,
which will be described in Sec. III F (see Table I).
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FIG. 9. (a) Shock angle ¢ as a function of wedge (half)
angle O for the carbon-plasma flow, measured from the
spectroheliographs in C°* 3434- (and C**+ 2982-) (0),
C3* 4658-, C3‘: 2530- and C3* 2906- (O), and C2* 4070-
and C* 4267-A (A) radiation. (b) Shock angle { as a
function of wedge (half) angle © for the lithium-plasma
flow, which is obtained from the spectroheliographs in
Li%* 4499- (0), and Li* 4678-A (X) radiation. Solid
curves included are gasdynamic {-© plots obtained from

Eq. (7).

F. Shock inclination
and plasma flow behind the shock

The shock inclination can be measured from the
spectroheliographs using the calibration method out-
lined in Sec. II. The measured shock angles depend
on the wedge angle (or the incident angle of a flow
to the deflecting wall), the plasma flow component
(or Mach number), and the incident laser energy.
The shock angle is found to be independent of the
wedge material and target material [i.e.,, C or
(CH,)x] used, whether it is a conductor or an insula-
tor, and they are also unaffected by electrically
grounding or insulating the wedge. The shock angle
is also insensitive to the target-wedge apex distance
within the range of ~2 to 5 mm in agreement with
the T, estimation mentioned earlier. However, the
shock angles become somewhat smaller at locations
closer than 1.5 mm. It is likely that the presence of
the wedge in a location so close to the focal spot in-
terferes with early expanding characteristics such as
temperature. The shock angles were measured using
a number of wedges with different apex angles, and
these are plotted as a function of wedge half angle
©; Figs. 9(a) and 9(b) show, respectively, the plot for
the carbon- and lithium-plasma flows. The angles
of the oblique shock wave observed in C>* 3434 A
and C*+ 2892 A are about the same within the ex-
perimental uncertainty, as are the C?* 4070-A and
C+ 4267-A angles. The wedge angles corresponding
to the largest shock angle plotted for each group
represent approximate values of ©,,,, beyond which
shock detachment occurs or the shock front disap-
pears. A carbon-plasma shock which is represented
by C*+ 2297- A radiation is not included in the
£ —O shown in Fig. 9(a). This shock front becomes
a detached shock at as small a wedge angle as
©=10° (see Fig. 4), sensitively depending on the in-
cident laser energy.

Since a multiple flow is present and a rapid
recombination takes place across the shock front, it
is not clear from a time-integrated spectroheliograph
which upstream flow component is responsible for a
shock front which is observed in a particular spec-
tral radiation. In order to correlate each flow com-
ponent with a resulting oblique shock, an ion-charge
collector (probe) was utilized, i.e., the probe was
used to identify the upstream components (of C%*,
C3*, and C** plasmas) from their time of flight,
since each component is characterized uniquely by
its flow velocity. The probe was also used to exam-
ine the flow direction behind the shock. The direc-
tional sensitivity of the probe was improved by plac-
ing a collimator in front of the probe with an accep-
tance angle of 8°. The probe is movable along a cir-
cle (with a radius of 9 cm) in which the wedge apex
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FIG. 10. (a) Experimental arrangement for angular scan of an ion-charge collector around a wedge (©=20°), (b) the
probe signals at 5° intervals, and (c) the polar plot of probe current around the 30° region, indicating charged-particle flow

parallel to the C*-plasma shock plane.

is the center, as shown in Fig. 10(a). The plane of
the circle makes an angle of about 10° with respect
to the wedge front face. Figure 10(b) shows the
probe signals obtained from such an angular scan at
5-deg intervals using a © =20° wedge. The early sig-
nal, which appears in each oscillogram, indicates the
laser firing and provides a reliable time reference
from which the time of flight is measured to identi-
fy the flow component. Similar probe signals are
also obtained at the same angles for the free expan-
sion case (i.e., without the wedge) for comparison.
The flow signals behind the shock rise more rapidly
compared with the free expansion case indicating a
shock compression. It is also noted that each probe
signal with the wedge is a composite of two separate
signals, owing to a relatively wide acceptance angle
and an- existence of nonparallel flow components;
one is due to a plasma flow which is deflected by the
wedge wall and the other is due to a flow which is

not influenced by the wedge, such as a flow which is
coming directly from the focal spot. Since the latter
part of the signal has the same waveform as the free
expansion flow signal at the same angle, the deflect-
ed flow signal can be obtained by subtracting the
latter (background) signal from the observed probe
signal. The angular scan [Fig. 10(b)] then shows
clear peaks at 30°, 40°, and at an angle greater than
45°. Comparing these angles with the shock inclina-
tions measured for a ©=20° wedge [shown in Fig.
9(a)], the 30°, 40°, and >45° peaks coincide, respec-
tively, with the obhque shock observed in C>*
3434-A (and C** 2892-A), C** 2530-A, and C**
4070-A radiation. The timing of these peak signals
(at 9.3 cm from the focal spot) suggests that the cor-
responding oblique shock waves are associated with
CS*., C*-, and C**-plasma (upstream) com-
ponents, respectively (see Table I). This result indi-
cates that the incident plasma rapidly recombines
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across the shock front to become up to two charge
states lower than the upstream flow charge state.
Figure 10(c) shows a polar plot of the net ion (probe)
current (arbitrary unit) as a function of scan angle §
in the region of {=20° to 35°. One sees a large peak
at £~ 30° which corresponds to the shock front pro-
duced by a C®* upstream component. The plot sug-
gests that a predominant portion of the C®*-plasma
flow is transported along the shock plane rather
than parallel to the wedge wall, in disagreement
with the gasdynamic corner flow model (see Fig. 5).
This tendency is particulary significant for the
C%*-plasma component and will be discussed fur-
ther in Secs. IV an V.

G. Comparison with a gasdynamic oblique shock

Being able to identify the upstream flow com-
ponents associated with each shock front, the mea-
sured shock angles can now be compared with those
expected from the gasdynamic relationship in Eq.
(7), using the Mach numbers determined earlier.
The three solid curves included in Fig. 9(a) are {-©
curves of the gasdynamic (GD) oblique shock which
closely fit with the measured shock angles and the
detachment angles. One notices that the shock an-
gles due to the C**-plasma component [called
&(C**) hereafter] follow the GD (-6 curve of
(M)o=~2.1 well with ¥'~1.2. For both §(C®*)
and £(C>*) they seem to agree with GD £-© curves
of (M))re>6 and (M)r.g~3, respectively, with
v'~1.2 for large wedge angles (6 > 30°). For small
wedge angles (O < 30°), however, both £(C®*) and
£(C**) deviate considerably from the GD curve. In
all cases, the measured shock angles indicate much
smaller (M)..g by as much as a factor of 2 to 3 of
the estimated gasdynamics Mach numbers (see Table
I). Although there is less deviation, the similar ten-
dency is apparent for £(Li**) as shown in Fig. 9(b).

The plasma flow which is incident on the wedge
is assumed to be a parallel flow in this study. Al-
though a relatively large laser focal spot ( ~600 pm)
is used to generate as parallel a flow as possible, this
is obviously not the case, particularly at the peri-
phery of the expanding plasma column. Such a
nonparallel flow component tends to give somewhat
smaller effective incident angle (or smaller wedge
angle ©) than the actual wedge (half) angle used.
However, even if an adjustment for such a tendency
is made, it would make the actual shock angle larger
than the data points, which in turn makes even
smaller (M)g.g, still in a gross disagreement with
the (M] )GD-

As mentioned earlier, the shock inclination
changes according to the incident laser energy or
laser power density on the target [see Fig. 3(b)], i.e.,

a larger beam energy tends to give a greater shock
angle. This is interpreted to be related to the lower
upstream Mach number (owing to a higher T,) at
the higher laser power density. Since the flow velo-
city of a plasma component does not decrease by in-
creasing the laser energy, this is likely to be due to
the increase in the ion sound speed. The free expan-
sion flow velocities of C®* and C** plasmas are
measured using the spectroscopic method by varying
the incident laser energy from 2.5 to 5 J. This result
indicates that the flow velocity is not particularly
sensitive to the laser energy within the energy range
used and that the velocity variation is about the
same as the uncertainty of the velocity measurement
(15%). The shock angles £(C®*) and £(C*Y) are
measured by varying the laser energy, and these an-
gles are plotted as a function of laser power density
at the focal spot [see Fig. 11]. If one assumes that
the local electron temperature ahead of the shock
T., is proportional to that at the focal spot within
the power density range used, then M;«¢ '/
since T,,<¢*® and M, «(T,;)""/2 The solid
curves included in Fig. 11 represent the shock angles
expected for a plasma flow with M, <¢~'/* and
v'=1.2, which is normalized to the measured angle
at ¢=2%x10"" W/cm? One finds a reasonable
agreement between the solid curves and the experi-
mental values for the £(C**)-¢ plot. In the case of
the £(C8%)-¢ plot, the data points seem to vary a lit-
tle or nearly stay constant over the range of power
density used.

H. Magnetic field associated with shock waves

It is of interest to know of the current paths and
the associated magnetic fields in the presence of the
expanding laser-produced plasma, the shock wave,
and the wedge. A magnetic probe of 1 mm in diam-
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FIG. 11. £(C%*) and &(C**) as a function of incident
laser power density. Two solid curves included are ob-
tained from Eq. (7) assuming M; «¢~'* and y'=1.2.
Shock angles are normalized to the measured angles at
¢=2x10" W/cm?



eter and 15 turns is used to examine the magnetic
field near the shock wave. The physical size (2.5-
mm-o.d. glass tube) of the probe prevents the map-
ping of the field close to the wedge and apex region
and in the vicinity of the individual shock fronts. It
is also noted that the probe itself produces bow
shocks by the plasma flow. Figures 12(a) and 12(b)
show typical probe signals when the probe is placed
20 mm from the wedge apex: (a) right against the
wedge wall and (b) 10 mm from the wall. One sees
that the signal polarity changes across the shock
front (in this case probably across C®*- and C°>*-
plasma shocks). The direction (conventional) of the
current flow is found to point towards the wedge
apex and from there presumably to the target and
partly to the wedge itself, which is grounded. The
wedge wall is generally covered by a boundary layer
of plasma consisting mainly of C** and C*. In the
case of a glass wedge, the layer includes bright lumi-
nosity arising from ionized silicon atoms according
to the spectroheliograms obtained. This may be tak-
en as evidence that a current path is also provided
along the wedge wall to a support which is ground-
ed, in the case of an insulating wedge. A similar re-
turn current along a long insulating support has
been previously®® observed in laser-produced plasma.
If this is the case, the magnetic field (and the mag-
netic pressure) behind the innermost shock (C8+-
and Li**-plasma shocks) must be significant, partic-
ularly near the apex region (the magnetic field in
this region must be large although the field has not
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FIG. 12. Magnetic probe signal across the shock front:
(a) The signal when the probe is placed right against the
wedge wall 20 mm from the apex and (b) 10 mm from the
wedge wall.

27 CHARACTERISTICS OF OBLIQUE SHOCK WAVES IN AN ... 2093

been measured owing to the probe size). The flow
parameters (including the magnetic field) in this
small region determine the shock behavior because
the lateral dimension of the flow is only 3 to 4 mm
at the apex and also because of a strong flow com-
ponent along the shock.

Since no external magnetic field is applied in this
experiment, the magnetic field and the current path
described above should be understood in terms of
the self-generated magnetic field>~> associated with
the laser-produced plasma. Bird et al.® reported a
significant field reversal, which is observed when an
expanding laser-produced plasma impinges onto a
flat glass wall. Since this is apparently related to a
normal shock ({=90°) formed in the front of the
wall, a similar field reversal is also expected in the
case of the oblique shock wave under interest. The
magnetic fields generated are due to

aB k = 1
o =2 iTeaxX 5 : V,N,, (11)
e
and
%—?:kV*TeZX N VHNeZa (12)

where €,| and V 1 denote the gradient parallel to and
perpendicular to the shock plane. The magnetic
fields generated by these two combinations of the
orthogonal temperature and density gradient are op-
posite each other in direction and both fields are
strongly dependent on the density gradient term.
The (1/N,,;)V lNe2 of Eq. (11) is significant in front
of the shock and the direction of the field generated
is such that it weakens® or cancels the initial field
(the field due to the free expanding plasma) ahead of
the shock. The reversed magnetic field generated
behind the shock is believed to be owing to the
v 1T,., [in Eq. (12)] near the wedge apex region
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FIG. 13. (a) Self-generated and reversed magnetic
fields, and associated current loops in the case of a normal
shock (£=90° in the front of a glass wall and (b) of an at-
tached oblique shock wave around a wedge (nonconduct-
ing material).

TARGET
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where the shocked plasma is relatively close to the
(cold) wegde wall. Assuming that the ratio N,,/N,
is to be constant for a given oblique shock,

1 = 1 =
E’Z’VHNez:'}'\_’;‘VHNel ) (13)
where €||Nel is the electron density gradient parallel
to the shock plane ahead of the shock. The VN,
will be significant when the shock angle is small,
since the density gradient is steepest along the axial
direction in a free expanding plasma.

Figure 13(a) shows a possible self-generated mag-
netic field and current path in the case of a normal
shock. Since both the self-generated and the re-
versed magnetic fields are azimuthal,® the current
paths associated with the reversed field will have a
similar shape as the current loops due to the non-
reversed field. It is, however, considerably flattened,
and one side of the current loop is parallel to the
shock front while the other side is parallel to the
wall surface. Similar configurations of the field and
current loop are expected for the oblique shock case
as indicated in Fig. 13(b), which is in agreement
with what was described earlier. Note the current
path along the wedge wall (insulating wedge case)
and a possible loop connecting this current path to
the current sheet associated with the shock front.

IV. DISCUSSION

Although a simple gasdynamic shock relationship
such as Eq. (7) is compared with the experimental
results, it is obvious that such idealized conditions
assumed do not prevail in the present case. The
discrepancy which exists in the £-O plots (shown in
Fig. 9) is therefore believed to be caused mainly by
such factors as the presence of multiple components
in the flow and the self-generated magnetic field. A
comprehensive analysis of the oblique shock wave
which includes all of these effects is complex and
has not been attempted here; instead, some con-
siderations are made to offer a qualitative explana-
tion to the experimental results.

For a given wedge half angle O, the shock angle ¢
is a function of upstream Mach number M, and the
effective specific-heat ratio ¥’ according to Eq. (7);
i.e., the smaller the M the larger the shock angle §
results and the larger values of ¥’ tend to give some-
what larger {. For instance, in order to satisfy the
measured £(C%*) for ©=10°, the M, —y’ combina-
tion should be somewhere between M,;~3 with
y'~1.2to M, ~3.5 with y'~1.67. In any case, the
lower effective Mach numbers are needed to explain
the experimental shock angle. The lower values of
M, are not likely to be due to a larger ion sound
speed in the flow because this requires a local elec-

tron temperature of as much as ten times ( ~ 100 eV)
that which is estimated (7, , ~ 10 eV).

The lower effective Mach number may result
when a magnetic field of (B2/8wN,kT,)>1 is
present in the plasma flow, since the magnetosonic
contribution becomes significant in this case. A
number of previous investigators have made detailed
analytical studies?’ ~3° of an oblique shock around a
wedge (nonconducting material) produced by a mag-
netohydrodynamic (MHD) flow under the presence
of a uniform externally applied magnetic field.
However, these analyses do not apply to the present
case because the magnetic field observed in this ex-
periment is not an externally applied one but is rath-
er associated with the current itself, which is in-
herent to the expanding laser-produced plasma. The
magnetic field reverses its sign across the shock
front in the present case.

As described ealier, multiple plasma flows are
present which are partly overlapping each other.
These flows produce three or more separated shock
fronts in the case of the carbon plasma, the inner-
most shock front being due to the C®*+-plasma com-
ponent, i.e., {(C8F) <&(C*H) < E(CH). Since these
shock fronts carry current and a large portion of the
return current (see Sec. III H) takes a path to the
wedge or along the wedge wall, the innermost shock
front [£(C®) or £(Li**)] is under a strong influ-
ence of j X B force which is directed outward. The
shock angle will increase until the magnetic pressure
balances the kinetic pressure p, of the shocked plas-
ma according to the snowplow model.*!"* The pres-
sure ratio p,/p; across an attached shock increases
rapidly with M sin{ and therefore the influence of
the j XB force will be greater for small shock an-
gles for a given M. However, the influence of the
j XB force becomes less important for larger shock
angles probably because the j X B force does not in-
crease as rapidly as p, as the shock angle increases.
This explantion is in good qualitative agreement
with the experimental £(C°*+)-© plot described in
Sec. III.

The j X B force exerted onto the current sheet de-
creases rapidly along the shock front as the distance
from the wedge apex increases due to a decrease in
the magnetic field. This is the case for p,, since p,
decreases rapidly (at least p «d > in the present
case) as the distance from the focal spot increases.
Assuming the pressure ratio p,/p, for a given ob-
lique shock is constant along the shock front, the
pressure gradient V, p, is given by

— P =
V”p2=—’V||p1 ’ (14)
P

where V” py is the pressure gradient parallel to the
shock front, ahead of the shock. Since p, is bal-
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FIG. 14. £(C*) as a function of £(C®*).

anced by the magnetic pressure and there is a large
pressure gradient along the shock front as is shown
in Eq. (14), one would expect a considerable flow
component which is parallel to the shock front (see
Sec. V). This plasma particle flow is believed to be
responsible for the ion-charge collector data
described earlier [see Fig. 10(c) and Sec. V].

If the C°*-plasma shock results from the deflec-
tion of its flow which largely overlaps with the
C8*-plasma flow by the wedge wall (disregarding
the magnetic field) then the deflected flow will be
incident on the C®*-plasma shock at an angle of ©
and the flow will not experience the second
compression (or entropy change). It is more likely
that the C3*-plasma flow is influenced directly by
the innermost shock rather than by the wedge wall.
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The C**-plasma flow is believed to be deflected by
the innermost shock front because of the effective
snowplowing, i.e., the innermost shock front acts as
if it were a wedge itself to the following
low—Mach-number flow. In order to examine this
possibility, the shock angle £(C>7) is plotted in Fig.
14 as a function of £(C®*) (instead of the wedge an-
gle). The solid curve included in the figure
represents a GD curve with M;>6 and y'=1.2.
One finds that the data points seem to follow the
curve well and the Mach number thus inferred is in
approximate agreement with the (M,)gp. The evi-
dence that the C**-plasma flow does not penetrate
the innermost shock is also seen in the ion-charge
collector signal as is shown in Fig. 10(b), i.e., no (sig-
nal) component corresponding to the C>*-plasma
flow is detected at scan angles smaller than £(C®*).

The C**-plasma flow may be affected by both the
C3*- and C®*-plasma shocks. However, a similar
relationship which exists between ¢(C°*) and
£(C%Y), as shown in Fig. 14, is not expected be-
tween £(C**) and £(C3*) because the {C°*-plasma
shock does not snowplow the following flow. A plot
of £(C**) and £(C®F) showed that the data points
roughly follow a GD curve with M,>6 and
v'~1.4. So far a conclusive understanding of the
C**-plasma flow and its shock wave remains to be
developed.

V. RELATED PHENOMENA

It has been reported®® that an expanding laser-
produced plasma can be guided to a shape of a thin
(<1 mm) sheet of plasma up to a distance of more
than 10 mm from the target using a pair of parallel
walls (or a guiding channel). Judging from the ex-

10 mm
5
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——"X

FIG. 15. Spectroheliographs of two obliquely intersecting shock fronts, in C** 3434-A radiation obtained using a guid-
ing channel (2-mm wide, 5 mm in height), (a) viewed along the channel, and (b) across the channel.
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periment with a single wall described in Sec. IIT A, it
is quite conceivable that the plasma collimation pre-
viously observed could be related to the interaction
of two oblique shock waves which are generated by
the two facing walls, respectively. Figure 15 illus-
trates a spectroheliograph in C>* 3434- A radiation
guided by a channel of 2-mm gap with 12-mm wide
and 5-mm high metallic walls, viewed along (a) and
across (b) the channel. One finds that the plasma
has a shape of a fan and that the plasma thickness
just beyond the channel top is significantly less (=1
mm) than the channel width and remains collimated
(<2 mm) as far as 15 mm from the target surface,
in agreement with the previpus result. 33" The spec-
tral intensity of C3* 3434- A radiation beyond the
channel top exceeds by many times that measured
without the channel, i.e., in the case of free expan-
sion. An examination of the spectroheliographs ob-
tained clearly shows an oblique interaction of two
luminous fronts which originate from the opposing
walls.

Electron densities of the intersecting plasma and
those of the free expanding plasma (without the
guiding channel walls) are compared in order to see
any charged-particle cumulation in the former case.
This is done by measuring the Stark width of the
C5* 3434-A line, which is determined from space-
resolved photographic recording of this line. The
orientation of the spectrometer entrance slit is paral-
lel to the target normal and is coincident with the
midplane of the channel gap. Spatial resolution is
simply obtained by placing a 0.5-mm wide slit in
front of the spectrometer (3600 grooves/mm grat-
ing) entrance slit. The orientation of this 0.5-mm
slit is orthogonal to the entrance slit. A portion of
the linewidth attributed to the Doppler effect (main-
ly due to the conical plasma expansion) and the in-
strumental width are determined by measuring the
linewidth at a distance 15 mm from the target suffi-
cient for the Stark width to be negligible but with
the plasma still expanding conically. Figure 16
shows the thus obtained Stark FWHM of the Cc3+
3434-A line as a function of distance from the target
for both cases, i.e., with and without the guiding
channel.

Until recently, no detailed calculation on the
Stark line profile of the C°* 3434- A line has been
available. The difficulty has stemmed from an un-
certainty as to whether electron impact or ion quasi-
static contribution dominates the broadening. Re-
cently, Kepple and Griem®* have made a
comprehensive calculation of the C3* 3434- A line
profile based on the ion quasistatic approximation
and also taking into account the contribution from
the electrom collisional broadening. Using their re-
sults, the Stark linewidths are converted into elec-
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FIG. 16. Stark width (FWHM) of the C3* 3434-A line
as a function of the normal distance from the target, with
and without the guiding channel.

tron density assuming plasma uniformity along the
line of sight and charge neutrality. Figure 17 shows
the electron density as a function of distance from
the target. It can be seen that the electron density
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FIG. 17. Electron density as a function of distance
from the target with and without the guiding channel.




27 CHARACTERISTICS OF OBLIQUE SHOCK WAVES IN AN ... 2097

begins to increase beyond the 4-mm distance from
the target and peaks at about 6 mm (corresponding
to 0.5 mm above the channel top) to a value greater
than 10'7 cm~3 Beyond this distance the density
decreases monotonically. In the case of the free ex-
pansion, the electron density decreases rapidly, in
agreement with previous work.'® Note that the elec-
tron density at the “normal” distance of 6 mm with
the guiding channel is nearly 20 times greater than
the free expansion case.

However, an oblique intersection of two shock
waves neither necessarily brings about a flow parti-
cle cumulation nor the collimation as is seen in Fig.
17. According to the gasdynamic corner flow
model, the streamlines behind an attached oblique
shock wave are parallel to the deflecting wall.
Therefore, the two flows deflected by the two paral-
lel walls should also be parallel to each other and are
not likely to interact [see Fig. 18(a)] to make a sheet-
like collimation. The situation can be explained by
the fact that a large portion of the charged-particle
flow behind the shock waves are transported parallel
to the shock front as shown in Fig. 18(b), in agree-
ment with the ion probe measurement described in
Sec. III F [see also Fig. 10(c)].

The plasma collimation above the channel is then
reduced to the problem of two obliquely colliding
plasma streams and is similar to that observed in the
collapse jet*> and the plasma jet.*® The plasma jet is
observed when a laser beam is focused onto a small
conical recess made on a solid target. According to
the collapse jet analysis, a jet is formed when two
streams intersect at an angle greater than twice a
certain critical angle a ~tan~!(y*—1)!/2

Conturie et al.’’ reported the collimation of a
laser-produced plasma using a pair of thin foil
(~100-pum thick) which are placed at a few hundred

(a) (b)

FIG. 18. Streamlines behind the obliquely intersecting
shock waves, (a) streamlines parallel to the deflecting wall
(possible expansion waves at the top of the wall are ig-
nored here), and (b) streamlines parallel to the shock
plane.

micrometers above the Al-target surface. The plas-
ma collimation observed is considered to be associat-
ed with a mechanism similar to that of the guiding
channel as described above. Their space-resolved x-
ray spectra showed a pair of bow shocks of Al'!*
and Al'?* plasma around the lower corner of each
foil edge. The shock luminosity could be predom-
inantly due to the vigorous recombination of the
high-Z ions enhanced by the electron density jump
across the shock front, in agreement with their re-
sults. Since the mean free path [see Eq. (10)] of the
high-Z plasma ions is extremely short, a shock wave
can be generated around a small object, such as the
edge of a thin foil or a particle.

VI. SUMMARY AND REMARKS

When an expanding laser-produced plasma is de-
flected by a flat wall or a wedge, it generates Mach
waves and both attached and detached oblique shock
waves, depending on the incident angle and the
Mach number of the flow. However, there are a
number of aspects which are significantly different
from what is expected from a simple, uniform gas-
dynamic flow. A flow of laser-produced carbon
plasma, for instance, produces at least three separate
oblique shock waves around a wedge, each of which
are produced by a plasma component with a dif-
ferent velocity (and charge state) within the flow. A
thin, well-defined luminosity as observed in the
spectroheliograph represents a shock compression
layer and is mainly associated with enhanced recom-
bination (rather than ionization) caused by an elec-
tron density jump across the shock front. It is
found that the self-generated magnetic field and the
associated current greatly influence the shock
behavior. A discrepancy exists between the Mach
numbers determined from the experimental £-©
plots and those determined from the flow velocity
and the local ion sound speed. This is believed to be
caused by the j XB force exerted onto the inner-
most shock front. A considerable portion of the
flow particles are transported parallel to the shock
front, which results in the charged-particle cumula-
tion when two such shock waves obliquely intersect
each other. This tranverse-shock®-like feature is
caused by a steep pressure gradient parallel to the
shock front and the magnetic pressure behind it.
The C3*-plasma flow (and also possibility the Li®*
plasma) is believed to be deflected by the innermost
oblique shock front instead of the wedge wall. The
shock inclination £(C**) as a function of £(C%™)
agrees well with that of the gasdynamic flow.

Obviously, more study is required in order to fully
understand the physical picture of the oblique shock
waves produced by an expanding laser-produced
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plasma flow. A comprehensive analysis of the
shock requires a shock relationship which takes into
account the following effects: (1) The existence of a
multiple flow component, (2) the self-generated (re-
versed) magnetic field associated with the shock
front, (3) the axial and radial gradient of tempera-
ture and density in the flow, and (4) the flow of an
ionization-frozen state. The spectroheliographic
technique is successfuily applied in order to dif-
ferentiate the shock fronts produced by a multicom-
ponent flow here. However, it fails to give time
resolved information on the shock formation. Inter-
ferometry®® using a subnanosecond laser as a light
source, in addition to the spectroheliography, should

yield information on more detailed aspects of the
multiple-shock formation.
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FIG. 1. Spectroheliographs of the deflected plasma in
C*7 3434-A and C** 2982-A radiation. In (a) the deflect-
ing wall is parallel to the target normal and in (b) the wall
plane makes an angle of 10° with the target normal.
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FIG. 10. (a) Experimental arrangement for angular scan of an ion-charge collector around a wedge (6=20°), (b) the
probe signals at 5° intervals, and (c) the polar plot of probe current around the 30° region, indicating charged-particle flow

parallel to the C®*-plasma shock plane.



(b)

FIG. 12. Magnetic probe signal across the shock front:
(a) The signal when the probe is placed right against the
wedge wall 20 mm from the apex and (b) 10 mm from the
wedge wall.
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FIG. 15. Spectroheliographs of two obliquely intersecting shock fronts, in C** 3434-A radiation obtained using a guid-
ing channel (2-mm wide, 5 mm in height), (a) viewed along the channel, and (b) across the channel.
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FIG. 3. Spectroheliographs of an attached oblique
shock wave in (a) C°* 3434- and (b) in C* 4267-, C**
4070-, and C**+ 4658-A radiation. In (b), two different
laser energies (5 and 2.5 J) were used to demonstrate
change in shock angle. ©=10" wedge is used for both (a)
and (b).
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FIG. 4. Spectroheliograph in C>* 2297-A radiation,
showing detached bow shock with © =10° and 20° wedges.



