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LASER SHOCK WAVE GENERATION, PROPAGATION, AND INTERACTIONS
IN LOW PRESSURE AIR

by
Mark David Wilke

ABSTRACT

Strong spherical shock waves were generated in 1 to 50 torr air
by irradiating 3.4-ug plastic-shell targets with 5 to 30 J, 300 psec
Nd:glass laser pulses. The shock wave trajectories were measured
with an electrostatic framing camera during the luminous phase and a
shadowgraphy system during the nonluminous phase. A holographic,
two-wavelength interferometer obtained both trajectory information
and fringe patterns which, after Abel inversion, yielded electron
and gas density profiles. The data taken during the early expansion
when the target mass has a significant effect were compared with
existing analytical calculations and with numerical calculations. A
description of the early expansion is given, in which the target
mass is taken to be an isentropically expanding gas that supplies
energy to a variable-energy blast wave in the surrounding air. The
description is consistent with the numerical calculations and not
inconsistent with the data. Two-dimensional experiments were con-
ducted by reflecting the spherical shock wave from a plane and by
allowing two near-identical shocks to collide. The two-dimensional
results are compared to a scaled nuclear shock and to two-

dimensional numerical calculations.
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INTRODUCTION

This thesis investigates the formation, propagation, and inter-
action of strong spherical shock waves in low-pressure air. The
shocks were produced by high-power laser irradiation of microshell
targets. The investigation includes single spherical shock waves,
the compound shocks produced by reflection from a plane, and the
interaction of two nearly identical shock waves. The majority of
the data were taken in air at pressures of 1 and 50 torr. The hol-
Tow-shell plastic (CH), targets had a mass of ~ 3.4 yg each and were
irradiated by a 300-ps Nd:glass laser pulse with energies of ~ 5 to
30 d.

The one-dimensional and two-dimensional shock wave experiments
are interrelated because the shock interaction investigations re-
quire an understanding of the structure of the individual shock
waves durina the period of time when the interactions are to take
place. This understanding includes measuring peak gas densities and
electron number densities. The density measurements are of special
interest because, in previous experiments, there is a lack of agree-
ment between measured densities and theoretically or numerically
calculated densities.

The formation of the laser shock waves from the target plasma is
also of interest in this thesis. There appears to be little pre-
vious information regarding this phase of the shock wave propagation

for experiments using subnanosecond pulses and microgram targets.



Measurements were made with a variety of plasma and gas-dynamic
techniques. High-speed electrostatic framing cameras were used
to photograph the Tuminous shock and plasma at times as early as
50 ns after the Nd:glass laser pulse. Multiple-frame shadowgraphy
photographs were taken during the period of time 1 to 30 us after
irradiation. The most detailed diagnostics were obtained with a
two-wavelength ruby-laser holographic interferometer that recorded
single holographic images at predetermined times. Measurements of
maximum particle velocities in vacuum were also made, using ion
detectors.

The photographs, shadowgraphs, and interferograms provided
radius-vs-time data which were used to determine the energy content
of the shock wave during the blast-wave phase of expansion for
comparison with the 1laser energy that initiated it. The inter-
ferogram fringe patterns were digitized and inverted to determine
the gas density and electron number density behind the shock.

An Abel inversion technique was developed and tested for best
possible applicability to the type of interferometric data ob-
tained. The method was found to give good results when compared
with other techniques.

The early radius-vs-time data have been compared with a variety
of analytical approximations and self-similar fluid solutions to
facilitate understanding of the early expansion.

A pre-existing finite-difference Lagrangian hydrodynamic
computer code was also used to simulate the experiments. The code
already included radiation transport, and for these simulations it

was modified to include electron heat transport.
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Shock interaction experiments were carried out to investigate
two-dimensional shock structures such as Mach stems. Scaling
relations were used to compare the laser experiments with two-
dimensional nuclear shock data. The experiments were also modeled,
using an existing two-dimensional hydrodynamics code.

Interest in the type of self-similar fluid motion generated by a
near-instantaneous, near-point release of energy or blast wave began
in the early 1940s in conjunction with efforts to develop the atomic
bomb. Self-similar motions (which are discussed more fully in later
chapters) have the property that plots of a given flow variable at
different times can be made identical by multiplying the axis by
time-dependent values. G. I. Taylor and J. von Neumann were both ap-
proached with the problem and they presented their solutions nearly
simultaneously (June 27, 1941 and June 30, 1941, respectively).
Both solutions remained classified for several years, during which
time Sedov [see Sedov (1959)] independently arrived at the same
solution. Taylor's work was later published [Taylor (1950)], and
von Neumann's appears in Bethe (1958). For self-similar fluid
motion, the partial differential equations that describe spherically
symmetric, inviscid, adiabatic flow convert to ordinary differential
equations that can be integrated. One of the conditions of the
conversion is that the shock radius be given by Rg = At® where A is
a dimensional constant, a is a number, and t is the time. The form
of A and value of o can be determined from the dimensional constants
describing the problem.

The Taylor-von Neumann-Sedov (TVS) solution 1is based on the

dimensional relation Eg = £(y)p, Rss/t2 where E; 1is the energy




released in an ambient atmosphere of density p,. The dimensionless
variable £(y), a function of the specific heat ratio y, is ~ 1.
This relation has been shown to be a good approximation for nuclear
shock waves [Glasstone (1962)] and to some extent for high-explosive
shock waves [Baker (1973)].

The TVS instantaneous point source solution is a special case
of a large class of self-similar motions partially investigated by
Freeman (1968) where, in general, the energy is supplied to the
shock front with a power-law dependence on time. These solutions
are discussed in Chapter IV. The time dependence of the shock-wave
energy is given by E. « tB, where g = 0 for the TVS solution. The
general relation between 8 and a« is «a = (B + 2)/5. Other special
cases of variable-energy self-similar blast waves that have been
studied include the shock formation in a circumstellar medium by a
strong stellar wind where B = 1 [Avedisova (1972)] and in the air
surrounding a uniformly expanding sphere where g8 = 3 [Taylor
[1946)].

Several approximate expressions have been obtained for the case
of spherical fluid motion from an instantaneous point-energy re-
lease. Chernyi [see Zel'dovich and Raizer (1967)] and Bethe (1958)
developed similar approximate solutions by assuming the ambient air
is swept up in a thin shell. Bethe's method of approximation can be
extended to obtain approximate solutions for non-ideal situations
exemplified by Fuchs' (1958) inclusion of source mass, which is
described in Appendix C.

Early experimental observations of self-similar spherical shock

expansions consist mainly of nuclear shock-wave data [Glasstone




(1962)] where the expansion is described very well by the TVS solu-
tion. These observations show that the TVS solution accurately
describes the expansion for some period of time regardless of non-
ideal initial conditions that may include much source mass from the
crater and tower debris, and the extended source energy of the iso-
thermal sphere, which does not represent a point energy release.
TVS shock waves will result from non-instantaneous energy releases
if the time and radius of energy deposition are small compared to
the time and radius at which the shock expansion is observed.

Many experiments have now been performed using lasers as an
energy source [see Hughes (1975) for a review] that indicate the
laser-initiated fluid motion goes through a period of self-similar
expansion where Ry = £2/5, Again, the eventual o = 2/5 expansion
applies for a variety of initial conditions. Basov et al (1973) and
Leonard and Mayer (1975) used this fact to determine laser-target
coupling in fusion experiments by measuring Rc(t) and relating it to
Ege In both cases, the influence of target mass on the early expan-
sion was suggested, and Basov et al further suggest a possible
influence from electron heat transport.

The capability of conveniently producing strong spherical shocks
in the laboratory and of measuring not only Rs(t) but also density
profiles provides a research tool for spherical experiments that
complements planar shock studies done with shock tubes. It may also
be possible to study astrophysical problems as well as phenomena
previously investigated only with high explosives and nuclear tests.
For example, Barasch, Stone, and Wilke [see Wilke and Stone (1979)]

demonstrated the use of laser-generated shocks for two-dimensional




shock-wave interaction studies previously done with high explosives
[Dewey, McMillin, and Classen (1977)]. Properties of the laser-
initiated shocks are also of interest for applications in inertial
confinement fusion development. Booth et al. (1976), for instance,
suggested the use of a “buffer" gas in the reactor chamber to pro-
tect the walls.

Although many measurements of the electron number density pro-
files and gas density profiles have been made, comparisons with
calculations are typically not good. For ekamp]e, Director (1975)
and Guenther et al (1973) showed agreement in shape but not magni-
tude of the profiles. The discrepancies probably resulted from
their method of Abel inversion [Pikalov and Preobrazhenskii (1974)].

Except for the Basov et al and Leonard and Mayer references for
experiments with pulse lengths < 1 ns, there is little information
on the initial post-pulse éxpansion, when o > 2/5. There have been
investigations of the expansion of plasmas resulting from finite-
length laser pulses focused in gases, where the plasma dimensions
were measured during and after the pulse. Ramsden and Savic (1964)
showed that the front toward the laser expands as a detonation wave
(e = 3/5) during the pulse. Director (1975) pulsed a target many
times to simulate the Eg = t (B = 1) situation. He found a ~ 3/5,
as predicted by Freeman's theoretical result. More applicable to
this thesis is Dabora's (1972) consideration of the results of Hall
(1969). A 20-ns, 0.5-J ruby-laser pulse was focused onto a tantalum
slab in ~ 1 torr of argon to produce a hemispherical blast wave.
Hall found relationships between p,, Eg, Rg> and t for t < 1 us in

reasonable agreement with the TVS solution. Dabora found even



better agreement was possible if he assumed the tantalum target
continued to supply energy to the shock front after the laser pulse
ended, with a g = 0.1 time dependence. Lampis and Brown (1968)
observed periods during the early expansion of laser sparks where
a ¥ 2/5. They attributed the o« # 2/5 expansion to geometrical
effects. Finally, Leonard and Hammerling (private communication)
compared the data of Leonard and Mayer with the approximate thin-
shell theory of Freiwald and Axford (1975) that includes the source
mass. The agreement is not very good.

The subject of two-dimensional planar-shock interactions has
been extensively investigated, both experimentally and theoretic-
ally, by Ben-Dor (1968). Two-dimensional spherical shock interac-
tion data exist for reflected nuclear shocks (Glasstone), but so far
no convenient way has been developed to study interactions of strong
spherical shock waves on a small scale.

The first chapter of this thesis describes the experiments and
the diaanostics. Chapter II describes the measurement of radius-vs-
time and how the shock energy is assigned based on the radius mea-
surements at times when the data indicate a« = 2/5. Chapter III
describes the interferometry method and compares the results with
analytical predictions. Chapter IV considers the early expansion in
analytical terms. A variable-energy blast wave interpretation of
the data 1is suggested and qualitatively examined. Chapter V
describes the one-dimensional computer modeling and compares model
results with the data. Chapter VI describes the two-dimensional
experiments. The results are scaled and compared with an equivalent

nuclear shock. Modeling, using an existing two-dimensional code, is




described and the results are compared with the data. Appendices
are included for description of the experimental design, the Abel-

inversion formulation, and Fuch's solution.




CHAPTER 1
EXPERIMENTAL APPARATUS AND PROCEDURE

This thesis deals with both individual spherical laser-generated
shocks and two-dimensional laser-generated shock waves. The two-
dimensional shock waves were generated by reflecting individual
shocks off a plane surface, or by allowing two simultaneous laser
shocks to collide. The techniques and overall diagnostic geometry
were selected for their applicability to both single and double
shock experiments. A single method of shock generation, as well as
a standard diagnostic system, facilitated comparison of the one- and

two~-dimensional data.

Shock Wave Generation

The shock waves were generated by irradiating spherical shell
targets with a high-power laser. The targets were mounted in a
vacuum chamber that was first evacuated to < O.l-torr pressure, then
backfilled with dry air to the desired pressure (usually 1 or 50
torr). The chamber air was allowed to reach room temperature before
each shot. The chamber was evacuated to ~ 1 x 1072 torr with no

backfill when ion time-of-flight measurements were made.




The Laser

The Los Alamos Scientific Laboratory (LASL) Nd:glass laser was
used to irradiate the targets. The laser's current configuration
consists of a single front-end beam, which is split into two beams
that are amplified and expanded to produce 30- to 40-J maximum
energy output per 86-mm beam. One beam was used to generate an
individual shock wave, reserving the second beam for the double-
shock experiments. Figure I-la shows the diagnostic geometry and
the alignment of the output beams with the targets for a double
shock-wave experiment. To investigate reflected shocks, an 8x8x4-cm
clear acrylic plastic block was supported 0.9 cm above the target.
The faces of the block were aligned parallel and perpendicular to
the interferometer "scene" beam in Fig. I-la. The final beam focus-
ing was done with ~ f/4, 10-cm diameter aspheric lenses and was
essentially diffraction limited; however, the laser-beam divergence
resulted in ~ 100-um spot sizes.

The laser pulse was generated in a passive mode-locked cavity.
A single pulse was extracted from the resulting pulse train using a
Pockells cell. Pulse length was selectable from 70 ps to 1 ns by
using different cavity etalons. I chose 300-ps pulse lengths exclu-
sively for this experiment. They have the highest successful pulse
yield (~ 70%) and lowest multipulse production, and they permit
higher total energy outputs than 70-ps pulses. Moreover, numerical
modeling showed little hydrodynamic motion prior to 300 ps, thus
permitting the assumption that the energy is deposited instanta-

neously.
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Calorimeters monitoring a fraction of each beam provided laser
pulse energy measurements. The final output measurement was good to
the larger of 10% or 1 J. The variation (due to electrical noise)
was random. Both the oscillator-cavity pulse train and the switched-
out pulse were monitored with high-speed silicon diodes to check for
double pulses. The degree of focus was occasionally monitored by
splitting off a fraction of the output beam, which was again split
into equal parts. Each equal part was passed through a long focal-
length lens and a different sized aperture. Calorimetry measurements
of the throughputs determined the beam fraction within a given spot
size. Degradation of the laser focusing could be checked by noting
the oscillator-pulse spot size in the target-alignment microscope.
The irradiances calculated from the measured pulse lengths, spot

sizes, and maximum pulse energies were ~ 1 x 1015 w/cmz.

_The Targets

12

Targets were provided by the Los Alamos target fabrication
group (L-7). The targets were composed of polymerized para-xylene
(CgHg)n, with a density of 1.18 g/cm3. Hollow spherical shells with
500 + 25-uym diameters and 4 + 0.5-ym thick walls were used. The
mass was taken to be 3.4 ug. The shells were epoxied onto 10-um
glass stalks drawn from 2-mm 0D, O.7-mm ID glass tubing. The mass of
the stalk tip is ~ 1.6 x 1077 g/mm.

The hollow-shell targets were irradiated with a single laser
beam, focused on the near side of the target. Some asphericity in

shape and optical emission of the early plasmas occurred because of



"blowoff" outward from the front and back walls and from air break-
down. A sizeable fraction of the beam passed through the target,
presumably before the plasma reached the critical electron density.
This was indicated by burn marks on "footprint" paper at the oppo-
site side of the chamber from the focusing lens.

The targets were irradiated ~ 30° off center with respect to
the laser beam. Irradiating the target along a chord permits dif-
ferentiation between blowoff and beam-aligned air breakdown. The
irradiation geometry for a B-beam shock wave experiment is shown in
the overhead view of Fig. I-1b. The targets were irradiated along a

similar chord on the opposite side for the ion measurements.
Diagnostic Systems

Figure I-la shows the general 1layout of the diagnostic
system. The schematic for the shadowgraphy and interferometry
optical system are shown in Fig. I-2.

Jitter-free triggering of the electronic components and
monitoring oscilloscopes was obtained by directly observing the
laser oscillator output. A fraction of the oscillator output beam
is split off, amplified, and sent directly to the target room, where
it is detected by a high-speed silicon diode [McCall (1972)]. The
diode provides a fast rise-time voltage trigger pulse which is used
as a pre-trigger 200 ns before the main beam strikes the target.
The trigger voltage pulse 1is split; and additional delays, when
desired, were added for each instrument.

Zero-time is defined by the voltage pulse generated by another

high-speed silicon detector that observes the laser light scattered
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from the target plasma. The pulse is supplied to the various oscil-
loscopes for a reference marker. The timing of the emission expo-

sures, shadowgraphs, and interferograms is described in Chapter 1I.

Interferometer

The holographic interferometer is similar to that used by
Jahoda and Siemon (1972), in which the object of study (in this case
a shock wave) is imaged on the photographic plate. The interfero-
meter may be operated in one of two modes: by itself at two wave-
lengths (694.3 and 347.2 nm), or with the shadowgraphy system at
694.3 nm only, by inserting mirrors Ml and M2. A single exposure
(or simultaneous pair of exposures, if the two-wavelength mode is
used) is taken of each shock wave at a selected time from 428 ns to
30 us after target irradiation.

Thelruby laser produces a 15-ns, 10-mJ pulse 1.5 mm in diameter
in the lowest order transverse electromagnetic (TEMOO) mode. A
temperature-tuned doubling crystal converts about 10% of the energy
to 347.2-nm light. Beam-splitter BS is coated to reflect ~ 30% at
each of the cross-polarized wavelengths for use as reference beams.
In the two-wavelength mode, mirrors Ml and M2 are removed and both
the 347.2 nm and 694.3 nm beams (scene beams) pass through the cham-
ber. Lens L3 is used to project the target-plasma emitted 1ight into
a near-parallel beam and to focus the interferometer light through
the 2-cm aperture, Al. The majority of the target light is blocked
by the aperture so that it will not cause noise on the hologram.

The calculation in Appendix A confirms that the apertures are large
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enough not to block interferometer rays refracted through the shock.
Mirrors M4 and M3 reflect near-uv light and pass red, therefore
separating the 694.3- and 347.2-nm beams. The target is focused on
the photographic plates by lenses L1 and L2 to yield 0.67X magnifi-
cation for the red and 0.8X magnification for the uv images. All
components that the 347.2-nm beam passes through are made of fused
silica.

A red filter is mounted at the entrance to the 694.3-nm camera
and an ultraviolet filter at the 347.2-nm camera entrance. The fil-
ters further limit target-emitted light and permit operation of the
interferometer in subdued room light. Agfa-Gaveart 10E75 4 x 5-inch
plates were used to record the 694.3-nm interferograms and Kodak
125-02 4 x 5-in plates recorded the 347.2-nm interferograms.

The resolution and spatial calibration were determined from
interferograms of resolution targets at the laser-target position.
The resolution was found to be 50 to 100 ym at 694.3 nm and 400 um
at 347.2 nm.

The interference fringes are actually a Moire pattern resulting
from the double exposure of two sets of microscopic fringe patterns
with slightly different fringe spacings. The microscopic fringe
structure acts as a grating between the interference fringes. This
makes it possible to reproduce the interferogram in white 1light.
The exposures are purposely heavy so that the interferograms may be
reproduced in reflection, eliminating the need for plate bleaching.
The plate is illuminated with a slide projector, and the first-order
spectrum is intercepted by a te1ephoto lens, bellows, and 35-mm

camera.



Interferogram timing was provided by monitoring the output at
the rear of the ruby laser and comparing it to the zero-time refer-

ence pulse on an oscilloscope.

Shadowgraphy

The shadow formation in this system can be understood in terms
of the virtual image formed in front of the photocathode as shown in
Fig. I-éa. The shadows are equivalent to those that would be pro-
duced by the shock wave if it were at the location of the image and
backlighted by the divergent beam. A detailed ray tracing, assuming
an approximate shock-wave density profile, is done through the
entire shadowgraphy system in Appendix A. The appendix provides
information for interpretation of the shadowgraphs.

The xenon flash lamp was imaged onto a 0.3-mm aperture (A2) to
provide a 17-us pinhole backlighting source. The 6.4-mm aperture
(A3) was used to limit target-emitted light.

An electrostatic framing camera (Imacon 700) was used to record
ten shadowgraphs per laser shot on Royal-X pan film. Resolution has
been determined in the static mode to be 0.35 mm at the shock wave.
The camera was framed at 108 frames per second with 200-ns exposure
times. Therefore, shock velocities greater than 1. to 2. x 10° cm/s
lead to image degradation comparable to the static image resolution.
The 50-torr shocks in these experiments have a velocity of typically
3 x 10° cm/s at 1 ps, decelerating as t-0.6, Typical 1-torr shocks
have a three times larger velocity; hence, they are difficult to
resolve. The poor resolution is compounded by the weaker refraction

of light by the 1-torr shock waves.
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Timing is determined by monitoring the voltages on the electro-
static deflection plates within the camera that sweep the electron
image of the cathode across the phosphor to form the frames. The
deflection voltage is compared with the voltage pulse from the zero-
time detector on an oscilloscope. The time of exposure of the frames
relative to the deflection voltage was later determined by monitor-
ing the phosphor with a high-speed photodiode and comparing the
diode's output to the deflection voltage while the camera photo-
graphed a high-intensity strobe. Spatial calibration was determined

from shadowgraphs of two target stalks a known distance apart.

Emission Framing Camera

The emission-framing camera is mounted above the plane contain-
ing the Nd:glass laser beams. The shock waves are viewed from above
through a chamber window over the interferometer-beam entrance win-
dow via a turning mirror suspended above the targets. Magnification
is varied by relative positioning of a telephoto lens and a relay
lens that are used to form the image.

An Imacon 700 electrostatic framing camera was used to record
the image. The S20 photocathode was protected from scattered
Nd:glass laser light by an infrared blocking filter which passed the
majority of the visible spectrum. For each laser shot, eight to ten
frames were formed on the P11 phosphor and recorded on Royal-X pan
film. The camera could be framed at rates of 2 x 107, 1 x 107, and
1 x 10° frames per second. The corresponding exposure times were
10, 20, and 200 ns. Satisfactory exposures could generally be ob-

tained only for times earlier than about 800 ns, due to the rapidly

18



decreasing source radiance. There were about 90 resolution elements
across the field of view. This was determined from frames of strobe
back-Tighted resolution targets. For a 3-cm field-of-view and a
10-ns exposure, the resolution is degraded for plasma velocities
> 3 x 108 cm/s.

Spatial calibration was obtained from static-mode photographs
of scales mounted at the target position. The timing of the frames
and timing calibration was identical to the shadowgraphy timing and

calibration.

Microchannel Plate Image Intensifier

An ITT F4111 18-mm pulsed microchannel plate image-intensifier
(MCPIZ) was used to generate a high-resolution picture of the lumi-
nous phase of the target expansion. The MCPI2 viewed the targets
perpendicular to both the vertical stalks and the Nd:glass laser
beam. The MCPI? could be operated with a maximum luminous gain of
about 10,000 and was therefore used to photograph the luminous
plasma at late times (~ 5 us) as well as during the early expan-
sion. The magnification was 1X.

The MCPIZ was pulsed with an avalanche transistor pulser [Lundy
et al. (1978)], resulting in 8-ns exposures. Resolution at the
shock wave was ~ 0.04 mm. This was degraded, for an 8-ns exposure,
by any velocity over 5 x 10° cm/s. The S25 photocathode was protec-
ted by an infrared blocking filter. Gelatin neutral-density filters
and the apertures on the multi-element camera lenses were used to
control the cathode exposure. It was also possible to control the

luminous gain of the MCPI2. The P20 phosphor image was recorded on
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Panatomic-X film pressed against the channel-plate coupler on the
phosphor side of the tube.

The MCPI2 was added during the last session on the laser and it
was found afterward that a faulty trigger-delay circuit caused a
slow risetime pulse on the avalanche pulser input. This resulted in
exposure-timing jitter of + 100 ns. However, accurate timing can be
ascertained by comparison of radii with those measured from the
framing camera. Spatial resolution and calibration was determined

from photos of resolution targets.

Ion Detectors

20

Time-of-fl1ight measurements of the thermal ions were made using
charge-cup detectors. The detectors were placed 56 cm from the
target at the four positions indicated in Fig. I-la. Each charge
cup had a 0.11-cm? detector area. The ion detectors were capaci-
tively coupled to oscilloscopes and were biased at -180 V. For the
time-of-flight measurements, the chamber was evacuated to, typi-

cally, 10-5 torr.

Summary
We have described an experiment for producing and observing
laser-generated one-dimensional and two-dimensional shock waves in
Tow pressure air. The shocks are initiated by irradiating 3.4 ug,
500 um hollow plastic spheres with a high power Nd:glass laser. A
two-wavelength holographic interferometer provides radius-vs-time
and gas and electron density information from 400 ns to 30 us after

shock wave initiation. A multi-frame shadowgraphy system begins



coverage at 1 us, and emission photographs are taken as early as 50
ns with anAe1ectrostatic framing caﬁera and a gated microchannel
plate camera. Charge cups were also used for measuring maximum
plasma velocities in vacuum.

Appendix A describes the computer-aided optical design of the
shadowgraphy system and provides help in interpreting the shadow-

graphy images.
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CHAPTER II

SHOCK WAVE EXPANSION AND ENERGY MEASUREMENT

Radius Measurements

Figure II-1 shows a set of data taken for a 50-torr shock wave,
including an interferogram and sets of exposures from the emission
and shadowgraphy framing cameras. Figure II-2 is an emission set
for a l-torr shock. Fig. II-3 is an example of a microchannel-plate
image-intensifier (MCPIZ) exposure of a 50-torr shock wave. Because
the targets are irradiated off-axis in the horizontal plane (see
Fig. I-1b) and the "blowoff" is axial, the "blowoff"” from the front
and back is at an angle on the framing-camera image showing a view
from above. Figure II-2 shows the angle between the rear and front
blowoff at l-torr Measurements of the emission radius are made
from the photographic negative by taking the diameter along the line
bisecting the angle between the front and rear blowoff and dividing
by two, as shown in Fig. II-2.

Radius measurements for MCPIZ data were taken perpendicular to
the Nd:glass beam line as indicated in Fig. II-3. Again, to deter-
mine the radii, diameters were measured from the photographic nega-
tives and divided by two.

The bulges produced by the uneven laser illumination disappear
by 900 ns for the 50-torr shock waves and 600 ns for the l-torr
shock waves. The shocks are only slightly ellipsoidal at these

times and become increasingly spherical. Due to the one-sided
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(a) Interferogram at 5.6 us, R

(stalk supported target from below).

(c) shadowgraphy framing camera result. Frames
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Fig. II-2. Emission framing data for 1 torr, E = 17 J, and sche-
matic of diameter measurement.
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Fig. II-3. Microchannel plate image-intensifier picture and sche-
matic of diameter measurement. Time "t = 200 ns" is
highly approximate (see text).

29




illumination for all experiments and the slight air breakdown at 50
torr (to be discussed), the shock centers on the interferograms
and shadowgraphs are slightly displaced from the target toward the
Nd:glass laser. The displacement is actually greater than observed
because of the 450 viewing angle with respect to the Nd:glass laser
beam (Fig. I-la). The interferogram shock radii are determined by
fitting circles to four points positioned on the shock boundary as
shown in Fig. II-1. The digitization and fitting processes are
described in Chapt. III.

The shadowgraphy radius measurements are made in a manner simi-
lar to the holographic interferogram measurements. Shadowgraphs
result when light is refracted by the shock to produce an uneven
illumination on the recording medium. Because of the refraction
(discussed in Appendix A), .it becomes difficult to determine what
part of the image of a strong shock corresponds to the shock
radius. For the case where the interferogram is taken during the
shadowgraph sequence (true in most cases), the shadowgraph measure-
ments give good agreement with the interferogram measurement.

Basov et al. (1976) measured the radii by relating them to
the volume of ellipsoids determined from their elliptical shock
images. Due to the asymmetric illumination and the ratio of the
small spot size to target radius in our experiment, the lobes pro-
duced at very early times preclude the use of this technique. Our
radius measurement technique must be kept in mind when comparing the
data with analytical and numerical solutions assuming spherical sym-
metry, particularly at early times. An estimate of the error can be

made by comparing the volume of a sphere with the measured radius to

26




the actual volume of the luminous region. The result for Fig. II-3

is 0.78. The image is most intense in the irregular areas, as would
be expected from the way the target is irradiated. Therefore, it is
likely that most of the energy is in the protrusions, further

complicating the early expansion.

Data Reduction

1 torr

There is essentially no adjustment necessary for the 1l-torr
data. At low pressures (< 10 torr), the data are well-behaved and
reproducible. No shadowgraphy data are available; the shock does
not refract light sufficiently to give a clear image of the boundary
for reliable measurement, and quickly leaves the field of view.

The emission and interferometric radius-vs-time data for
t <1 us and l-torr pressure are plotted in Fig. II-4 for several

shots of varying energies.

50 torr

The 50-torr data are handled somewhat differently. The inter-
ferometric data provide by far the most accurate measurements of the
shock radius during the nonluminous phase. This is true mainly be-
cause of their higher resolution and sharper image of the shock wave
boundary. However, only one interferogram was taken per laser shot
and comparison of radii for different shots is difficult because of
a + 10% random variation in laser energy from shot to shot. The
method for overcoming this problem is explained in a following

section.
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There is a second problem at 50 torr. Air breakdown occurs at
the laser focus and acts as a shutter, unpredictably scattering some
of the laser energy. This breakdown Tleads to nonreproducibility in
the early luminous expansion for shots of the same laser energy. For
the energy ranges used in this experiment, more energy is delivered
to the target-generated shock than to the breakdown-generated shock.
This was determined by measuring the radius of the shock produced by
breakdown alone at a given time and comparing it to the radius of a
target-generated shock at the same time and laser energy. The times
considered were 5 and 10 us when the expansion is Taylor-von

Neumann-Sedov. The similarity law for a Taylor-von Neumann-Sedov

E (l? ) 5

1 1
Y , (11-1)
E2 R2

where subscript 1 is with no target, subscript 2 is with a target, E

shock implies

is the shock wave energy, and R is the shock radius. Comparison of
eight different shock radii yielded an average energy ratio of 0.32.
Therefore, the energy coupled to the breakdown-generated shock is
about one-third of the energy in the shock resulting when a target
is present.

Superposition of emission pictures of laser shots with and
without targets also show that the breakdown is nearly centered at
the focus of the laser. At higher pressures, the center of break-
down moves from the focus toward the focusing lens. The luminous
radii of the air-breakdown shocks are always less than the target-
generated Tuminous radii at a given time.
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There is a third problem involving the luminous radii measure-
ments. Several 50-torr shots show an atypical luminous expansion,
but the differences disappear at times greater than 1 us. An
example is shown in Fig. II-4. Two explanations are possible. The
luminous phase at 50 torr is short-lived, with a large variation in
total emission. The emission framing camera has poor dynamic range,
and it is necessary to expose early frames heavily in order to
obtain normal exposures at later times. Heavy exposures cause image
distortion (the image "pincushions" and shrinks). It is also likely
that the breakdown causes the early luminous-expansion rates of the
50-torr shocks to be a sensitive function of the laser beam charac-
teristics (e.g., degree of focus). This could possibly cause highly
aspherical energy deposition and irregular initial expansion, but
would have little effect on the later shock-wave expansion.

The atypical data showed random initial expansion rates at
velocities which are always less than the typical data. For this
reason, the atypical luminous data were not used.

To overcome the problem of getting only one interferogram per
shot, interferograms for several shots were taken with a constant
time and different laser energies between ~ 5 and 30 J. This was
repeated for exposure delay times of 0.425, 0.700, 1.0, 2.5, 5, 10,
20, and 30 ps.

For each time, a log-log plot was made of the shock radius at a
given time [Rs(t)] vs laser energy on target (E ). This process was
lTikewise applied to the MCP12 photographs, which are also taken one

per shot.
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Fig. 1I-4. Linear plot of radius-vs-time data from several experi-
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Figure II-5 shows a log-log plot of E vs Rg(t) taken from
interferograms for several shots at a common time t = 10 pus. Note
that the points fall on a fairly straight line of large slope; the
major source of error in the data is the uncertainty in E . 1

assumed that

E, = aRr (1), (11-2)
where a and b can be determined by a fit to the data. There is no
a priori reason to believe the 50-torr data should obey a functional
form of Eq. (II-2); coupling of the laser energy to the targets is
not a simple process, and the air breakdown at 50 torr comp]icatés
it further. However, linear correlation of the interferogram data
points for a given time on log-log plots of Rg vs E is very good
(> 0.9 for four or more points in the interval 0.7 us < t < 10 us).
Therefore, fitting Eq. (II-2) as described below provides ade-

quate interpolation for the energy range of this experiment

(5 < E < 309).

Fit of Rc(t) vs E; Data

The fit to Eq. (II-2) was done in a straightforward manner

[Bevington (1969)]. Taking the log of both sides, one obtains
'loglOEL = b longS + logloa . (11-3)

The equation takes the form of a straight line of intercept A and

slope b with the correspondence A = logjpa, y = TogoE s and
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x = logjgRg. Weights for the fit oEL' are obtained from the uncer-

tainties in E, (oEL) by

Tog,ne

v _ dly) _ 10

o = o} - [o] . (11-4)
E, dE E B

Once A and b and their associated uncertainties op and o are
obtained from standard linear least-squares fitting, the uncertainty

in a, (o) is given by

o
- A _ a _
% "3 " Tog e A (11-5)
da

Interpolation can be used to obtain Rg for a given E at some

time t, as well as the probable error (o) in Rg. That is,

BRS oR

2 2
)l/b and op = (-55— oh ) + (-335 ca) . (I1-6)

_ 1y 1/b .
Rs = (3) (E,

Figure II-4 shows a plot of Rg-vs-t data for two shots in 50-
torr air, with 11.5 and 27.6 J laser energy on target. An interfero-
gram point was taken at 0.7 ps for the 11.5-J shot and is plotted.
The points interpolated as described above from the EL-vs-RS(t) data
are plotted for t = 0.7 and 1.0 us, using EL = 11.5 and 27.6 J.

Figure II-6 is a plot of radius points for EL. = 25J and 50
torr, interpolated from plots such as Fig. II-5 for both the MCP12
and interferometry data. The large error bars for the MCPIZ data
are due to the random error in timing of the MCPI2 exposures created

by the previously mentioned trigger jitter. This results in scatter
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of the radius measurements in the EL-vs-Rs(t) plots, which are
assumed to have no error in t.
Assignment of Shock Energy

The shadowgraphy sequences and the interferometry and MCP12

data of Fig. II-6 show that, from about 1 to 15 us, the 50-torr



shock expands at a rate approximately obeying the Rg = £0-4 ideal,
instantaneous point-source blast law. A fit to the 1-, 2.5-, 5-,
and 10-us points of Figs. II-6, using the method described in the
previous section and ignoring the error bars, gives Ry = 10-4140.01,
The linear correlation coefficient is 0.993. It is therefore rea-
sonable to assume that in this range of times, ES can be determined
from the similarity equation for a point explosion. Here Eg is the
energy of the shock wave as distinguished from E , the energy of the
illuminating laser beam.

For the experiments at 1 torr, Fig. II-4 indicates that, at
about 600 ns, the luminous expansion of the shock begins to slow and
the luminous radius falls below the measured interferometric radius.
At this point, the shocks have entrained 5 to 10 target masses of
air. An examination of "the corresponding point in the 50-torr shock
data shows that the 50-torr shocks have begun to expand as Rg =
0.4, Furthermore, fitting Eq. (II-2) to the 1l-torr interferometer
data at 600 ns yields b = 4.7+0.8, close to the value of 5 expected
from the point-source similarity solution. Breakdown does not occur
at 1 torr, so it can be assumed that the fraction of Bl coupled to
E¢ is approximately constant and independent of E . Therefore, it
is reasonable to assume that the 1l-torr interferometric radii at
t > 600 ns as well as the 50-torr radii at 0.5¢ t < 10 us can be
used to assign a shock energy, Eg, to the shot using the self-
similar equation relating Ry and t to Es-

Chernyi's approximate expression, as given by Zel'dovich and

Raizer (1966), was used to assign a shock-wave energy Eg:
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’ (11'7)
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RS _ 16n 3y -1 RS
2 75 2% 2
t (v - 1)(y +1) t

where p, is the ambient density and t the time. This approximate
expression for & yields values close to those given by Sedov's
(1959) expression (especially when the heat capacity ratio cp/cv =y
= 1.2), and is much simpler than Sedov's equation.

The value of y for air at temperatures below about 3000 K is
1.4. Above this temperature, dissociation and eventually ijonization
lower y to ~ 1.2. The values for & from the approximate expression
in Eq. (II-7) (exact calculation) are 1.8 (1.8) for vy = 1.2 and .93
(.85) for y = 1.4, so the error in £ calculated from the expression
in Eq. (II-7) is at most less than 9%. The critical feature is that
£, and therefore E., varies by a factor of nearly 2 for a choice of
vy = 1.2 to 1.4. Therefore, calculating E; from a value of R mea-
sured at some t can lead to considerable error, depending on the
choice of y. The value of y, and therefore E, will vary for a
strong shock as it expands and weakens. The true value of Eg s
constant (neglecting radiative losses), and therefore the Rg = £2/5
relation does not strictly hold. The influence of the variation of
£ on the R¢ = £2/5 relation, however, is small because Rg = 5'1/5.
A factor of 2 variation in £ implies Ry is modified at most by ~13%.
(This is discussed in more detail in Chapt. IV, in considering the
target equation—of-—state.) Some radius-vs-time curves derived
from Eq. (II-7) with y = 1.2 are plotted in Figs. 1I-4 and -6 for
values of E; that best fit the appropriate interferometry data. The
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50-torr, 2.5-J curve in Fig. II-4 was selected based on the fit to

the interferometer radius of the 27.6-J shot measured at 2.5 yus.
Other Features of the Radijus-vs-Time Data

We are interested in the fraction of laser energy coupled to
the shock wave, f. = E¢/E . Although the physical processes that
determine fo are outside the scope of this thesis, the values
obtained here are worth comparing with other works where the shock
energy was used as a diagnostic to determine fee

The fact that E, « RSP [Eq. (II-2)] with b = 4.740.8 for
l-torr data makes it reasonable to assume that Es = fcEL, with f.
independent of E; . The Rg-vs-t data yield values of fc = 0.4 to
0.5. In the l-torr case with t ~ 600 ns, ES was calculated from Eq.
(II-7) with y = 1.2. The estimate for the shock front temperature
in Chapt. IIl indicates y = 1.2 is probably very good. Actually, fe
might be expected to depend on the irradiance of the beam, since
reflectivity should vary with irradiance. For the target geometry
and irradiance range of about 0.3 to 1 x 1015 W/cm2 used here, f.
appears to be independent of E, for the 1-torr data.

Using a multibeam Nd:glass laser, Basov et al. (1976) found
fe = 0.40 for (CHp),, spherical targets irradiated with 300 J at
irradiances of 1 x 1019 W/cm2 with 1.5-ns pulses in 8- to 12-torr
deuterium. They used Chernyi's approximation to get Es. Leonard
and Mayer (1975) found values of about 5 to 10% from shocks in 20-
torr helium generated from 140-ng 100-um glass-shell targets irra-

diated by two 90-J 900-ps Nd:glass lasers. Leonard and Mayer used a

different approximation to find Eg-
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Unlike the l-torr data, the 50-torr data show a dependence of
fc on E . The average value of b in Eq. (II-2) for the 50-torr data
between 1 and 10 ws is 10.3+0.5. The shock expands as Rg = t0-4,
Assuming the motion is self-similar, Eq. (II-7) holds and Eg = Rss.
With Rg also proportional to ELl/b, we have f. = Eg/E| « RSS/EL «
ELs/b/EL, or

£« £ (5-D)M/b (11-8)
With b = 10, this implies that fo = 1//?[ and gives the energy

dependence of the "shuttering" effect due to air breakdown in front

of the target under the conditions of the experiment. Eg-vs-R¢ at

10 us and 50 torr, derived from Eq. (II-7) with y = 1.2, is plotted
in Fig. II-5 for comparison with E| -vs-Rg. Comparison of the simila-
rity curve and interpolated data of Fig. II-6 indicates fo = 0.1 for
E, = 25 J and a pressure of 50 torr.

There are several phenomenological features of the radius-vs-
time data that can be compared to analytical and numerical predic-
tions. The self-similar expansion at moderate times (t 2 600 ns for
1 torr, and 1 <t < 10 us for 50 torr) has already been mentioned.
We will point out several more features of the data here.

Figure II-4, as well as other data, show that the velocity of
the transverse luminous expansion is at most weakly dependent on Ess
being nearly always constant at about 105 cm/s in the 50-torr case
and always constant at 3 x 106 cm/s in the 1-torr case. Two sets of
data, taken at 0.5 torr, gave initial velocities of 4 and 4.2 x 106

cm. Finally, a maximum transverse thermal plasma-expansion velocity
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of 1.040.1 x 107 cm/s for Ey = 25 J was found in vacuum, using the
charge cups.
The 1luminous region expands at a nearly constant velocity

(Rg = t0.9240.1 ¢ 50 torr, Re = £0.9510.06 5 3 torr) until about

s
300 ns for the 50-torr data and about 400 ns for the l-torr data.
At these times, the luminous expansion slows and extrapolation
indicates the shock breaks away from the luminous region, eventually
expanding with R¢ « £0-4 The transition to a blast wave from R = t
to Ry = 10-4 s apparently abrupt. The radius of this transition
will be called the radius of maximum deceleration (RD) of the shock
front and is equivalent to the value of Ry where the curvature of
the Rg-vs-t curve is maximum, or equivalently 'R; = 0. Rp can be
estimated by taking the intercept of an R-vs-t curve of constant
velocity Vo and a self-similar curve of given energy Es. Using Rg

= Vot to eliminate t in Eq. (II-7) yields

ES 1/3
R, = (—2) . (11-9)
EpoVo

If V, were proportional to /E;, Rp would be independent of Eg. This
would be in accordance with several theoretical models considered in
Chapt. IV that include source mass.

The data of Basov et al. (1973) indicate a period of time when
Rg = t® , with « > .4 and an initial velocity of 5 x 107 cm/s. In
their case, deuterium gas was used with po ~ 1.4 x 10-6 g/cm3. Laser
energies of ~ 300 J and solid spherical (CDp), target masses of
~ 10 ug were used. They measured shock-wave energies of 50 to 100 J.

The shock-energy to target-mass ratio is therefore typically 5 x 10°
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to 10 x,106 J/g, as compared to the ratio of 0.7 to 3.3 x 106 J/g in
the present experiment.

The data considered by Leonard and Hammerling (private communi-
cation, to be published) were obtained by irradiating glass micro-
balloons with an Nd:glass laser in a background of helium at 4.4
x 1076 g/cm3. Laser energies of 20 to 200 J resulted in shock
energies of 10 to 20 J. In one set of data for a 137-ng target, a
time-independent velocity of ~ 7 x 107 cm/s can be inferred, cor-
responding to a shock-wave energy of 10 J. However, an experiment

using an 8l2-ng target apparently has an Rg = t~0.7

relationship.
Leonard and Hammerling used emission cameras, whereas Basov derived
his measurements by shadowgraphy
Once the shock wave has broken free from the luminous region
and begun to expand as a blast wave, the expansion velocity of the
luminous region itself abruptly decreases. Assigning a maximum
radius is difficult; the edge becomes indistinct and is, to a large
-extent, a function of the camera sensitivity. Empirical formulas
for nuclear explosions near sea Tlevel [Glasstone (1962)] give the
maximum radius of the "fireball" as Rpg = (ES)0'4. Extrapolation of
the luminous 1l-torr data in Fig. II-4 as the expansion slows would
seem to indicate a somewhat smaller power. The breaking away of the
shock from the luminous region shows that care must be taken when

assigning shock energies to radius-vs-time measurements made in

emission [e.g., Leonard and Mayer (1975)].
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Summary

This chapter has presented the shock wave radius-vs-time data
and describes the methods of data reduction that were used.

The shock wave expansion exhibits two phases. The later phase
has a strong-shock (Rg = t2/5) expansion rate, which begins at about
1 us for the 50-torr data and at about 600 ns for the l-torr data.
The early phase, which is luminous, exhibits considerable aspheri-
city due to non-uniform target irradiation and (in the 50-torr case)
air breakdown. The early radial expansion velocity, transverse to
the Nd:glass 1laser beam, is nearly constant. The initial near-
constant velocity is 3 x 108 cm/s in l-torr air and 1 x 100 cm/s in
50-torr air.

The Ry = £2/5 relation, during the later phase expansion, is
used to assign an energy to the shock wave by comparing the data
with an approximate similarity relation. The shock wave energy is
then compared to the laser energy to determine coupling efficiencies
for comparison with similar previous experiments.

The energy dependence of the "shuttering" effect caused by the
air breakdown was also considered. Coupling efficiency was 45%

for shocks in l-torr air, independent of laser energy, and 10% for

shocks in 50-torr air with EL 25 J. Coupling efficiency for
50-torr experiments exhibited a 1//?[ enerqgy dependence.

Other features of the radius-vs-time data are pointed out for
comparison with analytical and numerical calculations in following
chapters. Features include the abrupt transition to the self-

similar expansion and the energy dependence of the radius of shock

breakaway from the Tuminous region.
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CHAPTER III
INTERFEROGRAM REDUCTION
Interferogram Interpretation

The holographic interferograms are equivalent to those of a
standard interferometer such as a Mach-Zehnder type. The background
fringe pattern of a standard interferogram is created by a slight
misalignment of the optical system. The background fringes of a
holographic interferogram result from a slight displacement of one
of the optical components (prism Pl in Fig. I-la) at some time
between the preliminary reference exposure and the event exposure.

The scene beam in Fig. III-1 travels parallel to the z-axis
through a hypothetical spherical shock wave of radius Rg. The
nearest approach of a beam with position (xj,y;) to the shock-wave

center is

. (111-1)

The incremental optical path length, ds, in units of wavelength, is

related to the increment of travel, dz, by

ds(¥) =%n(F) dz . (111-2)
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