STRONG SHOCK WAVES

Strong shock waves can create very hot plasma. What tempera-

tures can shock waves produce? What physical phenomena be-

come important with increasing shock speed? What is the present

state of our understanding of shock waves, where do they occur

in nature, and how strong a shock wave can now be produced

By Robert A. Gross

To put strong shock-wave research in perspective
it is appropriate to recall its origins, In 1848,
Stokes and Challis observed that simple sound-
wive theory will break down when the disturb-
ance amplitude becomes large. Subsequent work by
Earnshaw, Riemann, Rankine, and Hugoniot
placed the early theory ol large-amplitude gas dy-
namic waves, or shock waves, on a firm theoretical
basis. Laboratory experiments with shock waves
began about 1899 with the work ol Vielle. About
1900, detonations and explosion research by Chap-
mun and Jouguet revealed that supersonic propa-
gation of combustion waves have shock-like be-
havior. From that time on, basic research in phys-
ics, chemistry, mathematics, and aerodynamics
has accelerated our state ol understanding of
shock waves, and the scope of this research field
now encompasses nearly all of physics.

In the 1940%, as a result of the need for an
expanded knowledge about explosives and super-
sonic flight, experimental shock-wave research was
undertaken by Bleakney at Princeton, Kantrowitz
at Cornell, and Laporte at Michigan, In 1950,
deHoflman and Teller studied theoretically for the
first time shock waves in gaseous plasmas with
attendant magnetohydrodynamic and relativistic
effects. Pioneering experimental work with strong,
plasma-producing shock waves in a variety of elec-
tromagnetically driven shock devices was begun,
principally by Fowler, Kolb, and Patrick. Present
high-speed (above Mach 50) shock-wave research is
primarily motivated by controlled thermonuclear
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in laboratory devices? These are the questions discussed below.

[usion research and the desire for understanding
astrophysical phenomena.

The major physical feature of a shock wave is
that it separates two regions in space, the up-
stream, cold, low-pressure and low-density gas and
the downstream, hot, high-pressure gas. The shock-
wave structure is the region ol very steep gradients
which separates the uniform states of matter on
each side of the shock wave. Shock waves move at
supersonic speed  (i.e., greater than the acoustic
speed) relative to the preshocked gas. A shock wave
propagating through a gas at a speed of several
times the speed of sound is only a few mean free
paths thick, so the gradients are very large. At
higher speeds where chemistry becomes important
the shock thickness may be much larger. The
postshock gas temperature increases rapidly with
the wave speed, roughly as its square. or more
appropriately as the square of the Mach number,
which is the ratio of the shock to upstream acous-
tic speed. For low-speed shock waves (below about
Mach 5) in a given gas, the jump in physical con-
ditions across the wave depends solely on a simple
quantity, the Mach number. The extent of the
uniform postshock hot-gas region depends upon
how the shock wave was created; i.e., by an explo-
sive release of energy, a rapidly (supersonic) mov-
ing object, in a shock tube, etc. The determina-
tion of this extent of the uniform shocked gas is
a boundary-value problem.

As the shock speed increases, new physical ef-
fects become manifest in the postshocked gas,
bringing to the fore interesting and important
phenomena. The postshock gas dissociates and
then becomes ionized. The flow field can then in-
teract with electromagnetic fields. The plasma radi-
ates and, at very high speed, behaves relativisti-
cally. At relativistic shock-wave speeds the gas en-
ergy can become of the order of the rest mass of
the electron (kT = m,c2 = 0.5 x 108 eV = 6 X
10" °K) . Such hot plasma will exhibit pair produc:




e collisions create electrons and posi-
Somewhat analogous with slower-speed
waves, where dissociation and ionization are
rtant, very high-speed shocks have their par-
lar high-energy chemistry.
'I'n gain perspective, consider a shock wave prop-
agating through room-temperature hydrogen at a
@tmure of 0.1 torr. Dissociation of the postshock
gas begins at a shock-wave speed of about 6 x 10%
m/sec (about March 5). and all the postshock
is monatomic at a wave speed ol 25 x
10% m/sec (about Mach 20). At this latter wave
apmd the postshock gas begins to become lightly
Jionized, and at a wave speed of 70 x 10¢ m sec
@Lach 36; 25 000°K) it is an jonized hydrogen
asma consisting solely ol electrons and protons.
Q&t about Mach 20, where ionization of hydrogen
| becomes significant, electromagnetic phenomena
become impnrlanl and it is here that the study of
strong, mnmng shock waves begins. Figure 1
shows the postshock temperature produced by a
shock wave in hydrogen.

Let there be an applied magnetic field perpen-
dicular to the plane of the shock wave. Such waves
are called normal ionizing shocks. The variety of
phenomena caused by the presence of a magnetic
ﬁeld interacting with a shock wave has generated
a whole new vocabulary of shock  terminology
which as yet hasn't become standardized. One
might expect that with a dielectric medium in front
“and a highly conducting plasma behind, the ioniz-
ing shock-wave behavior would be a mixture of
~an ordinary gas-dynamic shock (dielectric both up
~and downstream) and a pure magnetohydrody-
namic shock (high electrical conductivity on both
ﬁdes) This is only partally true since ionizing
waves have some unique properties of their own.

ﬁﬂlﬁ unique effects arise from the fact that a trans-
"’me electric field can, and often does, exist
the cold gas ahead of the ionizing wave. The
&mm field, even when small, causes important
m.lﬁcauons in the shock behavior. In magnetohy-
odynamic shock theory it is assumed that the
' - conductivity is large, and consequentially in
e preshock plasma there is no electric field. The
dilure to take into account the electric field in
y studies of ionizing shock waves has caused
derable confusion.
ikovskii and Lyubimov, in the USSR, first
ed the importance of the upstream electric
‘but their brief paper did little to give any
insight. Recently Chu and Taussig at
nbia University have extensively investigated
1zing shock-wave properties. They have shown
L for ionizing shock waves one cannot arbitrar-

ily specily the preshock electric field. This electric

field is determined by the solution of an initial-

value, boundary-value problem. The ionizing
shock-wave solutions are bounded lor a given ini-
tial electric field, and below a certain speed  (de-
termined by the preshock conditions) there are no
steady-state solutions.

In Fig. 1 is shown a numerical solution of the
appropriate shock equations when there is an ini-
tial transverse electric field. Besides the gas-
dynamic solution, which is the single curve be-
ginning at the lower lelt corner of the figure and
proceeding toward the upper right-hand corner,
the ionizing wave with an initial electric field has
a horizontal branch (shown about tangent to the
10t °K line) and a vertical branch indicated by
the letter & on the abscissa. There are three rele-
vant signal speeds lor normal ionizing shocks: a,
the acoustic speed; b, the Allvén wave speed; and,
¢, the speed of light, All three are shown on the
abscissa ol Fig. 1. The Allvén wave is charac-
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Fig. 1. Temperature produced by a shock wave
propagating through hydrogen. The closed tri-
angular loop in the lower left is the jonizing
shock wave with a trunsverse electric field.
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Fig. 2. The bounding curves are mag
dynamic shock waves. The enclosed
tions represent jonizing shock waves
transverse  electric  field. The dotted
the locus of the extremal points.

teristically found in hydromagnetic problems. The
horizontal branch of the ionizing-wave solution is
analogous to the null (1; = wa) gas<dynamic soiu-
tion. In magnetohydrodynamic shock-wave theory
there is a special type of wave, first predicted by
Friedrichs, called a switch-on (or ofl) shock wave.
It is characterized by the property that momen-
tum transverse to the plane ol the shock wave is
switched on (or off) as the wave swallows plasma.
This component ol momentum results lrom an
impulse imparted to the plasma by the Lorentz
force present in the shock-wave structure. Cur-
rent flows through the shock wave, interacts with
the normal magnetic field, and imparts a trans-
verse force on the plasma. Such a pure switch-on
shock is shown in Fig. | as the nearly vertical
curve beginning at u,; (the shock speed) equal to
b (the Allvén speed) . In magnetohydrodynamics,
switch-on waves are only lound in the speed range
b = u, = 2b,. lonizing shock waves have a branch
analogous o the switch-on wave in magnetohy-
drodynamics, For a given wave speed the post-
ionizing shock temperature is higher than that pro-
duced by the corresponding zero electric-field wave,
There is also a

vialue ol the electric held, above

which there is no steady solution for ionizing
wiaves,

Figure 2 shows another view ol solutions of
the shock-wave jump properties. The outer bound-
ing dark curves represent the gas-dynamic, null,
and with no electric
field. These correspond to the magnetohydrody-
namic (zero electric held) case. The curves to the
left of wy; = ay are not physically relevant. Within
the points ABC all the ionizing waves (nonzero
electric field) form closed nested curves. The ex-
tremal points ol these curves, indicated by circles,
are analogous to the Chapman-Jouguet condition

switch-on  wave solutions
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in detonation theory. At these points, the er
is stationary, and the posishock plasma
i, is equal to the plasma slow-wave®, sn
turbance speed. Such a condition in aerodyn
is descriptively called choking. In the upper right
hand part of Fig. 2, the ionizing waves are open-
ended curves with only one extremal point,
From these ionizing-wave solutions an interest-
ing and physically appealing picture has evolved
for the switch-on shock-speed regime (b = u, = 21))
which helps to explain the multitude of puzling
observations of laboratory electromagnetically
driven ionizing shock waves. Consider a metallic-
wall, coaxial, elecoromagnetic shock tube contain-
ing a cold, nonconducting gas. When a high volt-
age i1s placed across the shock tube, a series of
electromagneric waves propagate, back and lorth
along this wave guide. These waves die down in
a lew nanoseconds to produce a radial electric
field in the cold gas just equal to the impressed
field. Then the gas in the tube begins to break
down electrically, and current starts to llow across
the tube. Electric charges along the tube walls
redistribute themselves with some flowing through
the gas, and the newly formed ionizing shock
wave starts to accelerate into the cold gas, which
contains an initial electric field that is continually
changing  (decreasing). The postshock  plasma
speed increases until it attains the slow, small-
disturbance signal speed. The flow behind the
ionizing wave is then choked, and further ac
celeration is no longer possible. The ionizing wave
continues to propagate at a steady speed with con-
ditions representative of the extremal points of
ionizing shock-wave theory in the switch-on speed

* The slow wave speed is the slowest of three acoustic SPm
that are found in plasmas containing a magnetic field.




regime. It is a property of the extremal points

that the driving current moves contiguous to the
shock front, This helps to explain the previous
frustrations of numerons investigators who [ailed
o find the uniform plasma sample behind an
nizing shock wave. At shock speeds greater than
20, the initial electric field appears to be essen-
tially zero, and gas-dynamic shock-like behavior is
expected.

In recent laboratory experiments at Columbia
University. performed with the electromagnetic
shock tube shown in Fig. 3, B. Miller found rea-
sonable agreement between measurements and the
thoking theory just described. He has been able
10 clearly identily ionizing switch-on shock waves
by means ol magnetic-field probes. A very small
{one- to two-centimeter-thick) unilorm plasma sam-
ple was found under some conditions between the
ionizing shock wave and the drive-current expan-
sion fan. On the other hand. Patrick and Pugh
of AVCO Research Laboratories have made meas-
urements in an electromagnetic shock tube that
are very suggestive ol the null branch ol ionizing
Waves. The conditions necessary to produce either
the gas-dynamic ionizing shock or the null ioniz-
g wave remain confused among different ex-
perimental devices.

L;ubor;:lm-} experiments with hydrogen ionizing
shock waves in shock tubes have produced wave
Speeds up to about 4 % 105 m ‘sec and temperi-
tures of the order ol a million degrees Kelvin.

Fig. 3. Electromagnetic shock tube at Columbia
University. Longitudinal magnetic-field magnet
is at right. The shock tube, removed from the
magnet, is the metallic cvlinder pointed toward
the shaped-pulse capacitor in the background
at left,

Experiments with theta pinches in thermonuclear
research have generated wave ~.[u-ul\ in excess of
10% m /sec. Such ionizing waves must be similar to
those I've described, but the details tor evlindrical
geometry are ol course different.

With an increased understanding of ionizing
shock waves, what are the possibilities of pro-
ducing higher wave speeds, and  hence higher
plasma  temperature, by strong shocks? I think
that shock tubes can and will be built in the near
future that will produce plasma temperatures in
the range 107 1o 108 °K. Fortunately, thev will
not require larger and more expensive capaci-
tor banks or energy storage systems

What new physical phenomena lie ahead in re-
search with strong shock waves?

Radiation plays an important role, and at highe
wave ‘-ill'l'l!\ 1| -qunn.ur:w I'wo ||r|1|l1||_'_: cases ol
racdiative shock waves have been recognized: the
1:f||ir,r]|\ thick and optically thin cases. If the
]a}m[un mean free path is short tl-m]v.llw! to the
shock thickness it is called an optically thick shock,
and vice versa, Unfortunately, the photon absorp
tion cross sections are strongly dependent upon

[requency, and most photon mean free paths are
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many orders of magnitude larger than laboratory
apparatus. Some astrophysical shocks may be opti-
cally thick, but all laboratory shocks are essen-
tially optically thin over most of the spectrum.
Radiation from the shocked plasma, which at
high temperatures is principally bremsstrahlung, is
absorbed by the walls of the device. Hence, this
energy loss from very strong shock waves pre-
vents a truly steady-state situation in the labora-
tory.

Paul Koch of the Columbia Plasma Labora-
tory has computed the postshock temperature for
the optically thick case, and he has also estimated
the maximum temperature for the optically thin
case. The results can be seen in Fig. 1. The opti-
cally thick shock wave has a lower postshock tem-
perature than the nonradiative wave moving at
the same speed. The optically thin shock produces
a maximum temperature (just behind the shock)
that is essentially the same as the nonradiative
case up to wave speeds of the order of 107 m/sec.
This is understandable when we remember that a
shock wave is relatively thin, and at high wave
speeds there is little time to radiate significant
energy while the plasma is in the shock structure
itself.

For the optically thin, strong shock wave, a sig-
nificant number of the plasma electrons become
relativistic at a wave speed slightly in excess of
107 m/sec (T ~ 10° °K). The entire plasma be-
havior is relativistic at wave speeds greater than
108 m/sec (T ~ 10" °K). The effect of a rela-
tivistically correct equation ol state and equations
of motion produces postshock temperatures as
shown in Fig. |, At wave speeds in excess ol about
107 m /sec the plasma may exhibit pair production.
Collisions of particles may be accompanied by the
production of electron pairs (electrons and posi-
trons), and the number of particles will depend
again on thermal equilibrium conditions. The en-
ergy density of positrons at relativistic wave speeds
becomes important and for AT » mc* is equal
to seven-ecighths the energy ol black-body radiation
in the same volume,

If the hydrogen consists of deuterium or tritium,
the isotopes of hydrogen, the high temperature
created by a strong shock wave will cause thermo-
nuclear reactions. The resulting exothermal ther-
monuclear shock wave will have dynamic charac-
teristics somewhat like combustion detonation
waves. A thermonuclear shock temperature and
wave-speed locus are shown in the upper right of
Fig. 1. Shock waves heat the ions, which is what
is desired for a fusion device. It can be shown,
however, that because ol the thermonuclear reac-
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tion rates an electromagnetically driven shock
of unreasonable length would be requ
fusion.

Experiments with strong, ionizing shock waves
are being performed in many laboratories around
the world. Electromagnetic shock-tube work is be-
ing done at Columbia University, MIT, AVCO,
Caltech, University of California, the Naval Re-
search Laboratory, and many other places in the
United States. Experiments of importance are in
progress at Novosibirsk in the USSR, Nagoya Uni-
versity in Japan, at the University of Sydney in
Australia, and elsewhere.

Finally, I must mention that strongly ionizing
shock waves are found in nature if one looks to
the heavens., Some relevant natural phenomena are
shown along the abscissa of Fig. 1. Solar noise of
type-11 radio bursts have been suggested to origi-
nate from plasma created by strong shock waves.
The pulsating star W Virginis has been observed
and analyzed in terms of shock waves very similar
to those now produced in the laboratory. Fowler
has recently postulated that very strong shocks play
a significant role in his quasar model. Shock waves
are thought to play a significant role in heating
the upper regions of our sun's atmosphere. Wher-
ever there is a sudden large energy release in a
galaxy, surely there is an accompanying strong
shock wave. There must be numerous shock waves
in the plasma that swretches across our universe;
these shocks help redistribute the energy in space.

There is a collisionless shock wave that precedes
our earth as it sails through the solar plasma wind.
It has many [ascinating properties now being meas-
ured by satellite probes. It is also attracting the
attention of many theoreticians. There is an im-
portant difference, however, between ionizing
shock waves and collisionless shock waves; the
ionizing shocks are collisional. Many researchers
have assumed that ionizing shocks become colli-
sionless shocks at sufficiently high speeds. This is
not so, and recently it has been pointed out that
collisional interactions such as charge exchange
dominate strong ionizing shock structure. Colli-
sionless shocks will surely form another branch of
shock-wave theory and technology.

In summary, there is a satisfactory theory for
ionizing shock waves up to speeds of about 10°
m/sec and temperatures of the order of 107 °K.
Laboratory experiments are probing this region.
It appears that much higher speeds and tempera-
tures can be generated by strong shock waves.
Their creation and study will be helpful in the
quest for controlled thermonuclear fusion and un-
derstanding important astrophysical phenomena..




