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Stress waves generated in thin metallic films by a Q -switched

ruby laser*

L. C. Yang

Jet Propulsion Laboratory, Pasadena, California 91103
(Received 18 February 1974)

Vacuum-deposited thin films of B, C, Mg, Al, Si, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, Zr, Mo, Ag,
In, Sn, Sb, Pt, Au, Pb, and Bi in several thicknesses, confined between glass substrates, were
irradiated by a uniform Q-switched ruby laser beam. The laser pulse was 15 ns in duration, with a
maximum energy of 5 J in an area 6.35 mm in diameter. The stress waves were studied using the
piezoelectric response of X-cut quartz-crystal disks of the same diameter. The peak stresses are
presented as a function of the energy fluence, with possible interpretations of the phenomenon.

INTRODUCTION -

The generation of stress waves in thin metallic films
by a @-switched laser is of interest here mainly in
terms of its applicability to the detonation of insensitive
high explosives. The detohation of such explosives can
be initiated directly by a shock wave generated by @~
switched laser irradiation of a thin metal film confined
between a glass window and the explosive.l+2 The rele-
vant experimental observable of such a confined con-
figuration is the magnitude of the stress. X-cut quartz
crystal is a valuable sensor for high-amplitude short-
duration stress waves.® Limited experimental work!:+7
using this technique has shown that stress of the order
of tens of kilobars can be generated in transparent sub-
strate-confined film$ using a Q-switched laser at mod-
erate energy levels. It is the purpose of this paper to
report the results of detailed experimental studies of
the peak stress as a function of the film thickness, film
material, and laser fluence ¢.

DESIGN OF THE EXPERIMENT
Film thickness

The choice of film thickness was based on two con-
siderations: heat conduction and light absorption. Pre-
vious studies®® on laser interaction with bare metal tar-
gets have shown that the depth of the damage or the in-
teraction corresponds closely to the depth of thermal
penetration I=(xt,)*/2, where x is theé thermal diffusiv-
ity of the metal ahd ¢, is the laser pulse duration.
Therefore, using nominal values of « and ¢, for a @-
switched laser, 110~ to 1073 cm.

Limited data on the optical properties of metals and
semiconductors as well as the formulas for the physical
optics of a substrate/thin film/substrate system are
available in the literature.!® At the ruby laser wave-
length (6943 A), the absorption and transmission be-
haviors of the system are similar'to those of the bulk
film materials, except in the case of semiconductors
such ag carbon, germanium, and silicon, where inter-
ference effects are present.

It was decided to examine both thin and thick films.,
The thinner films selected were about 10 times the
optical skin depth at room temperature to absorb the
laser beam efficiently, since there is evidence that the
absorption coefficient decreases at high temperatures.
[see Fig. 5(a)]. The thicker films were about three to
four times thicker than the thinner ones in order to show
‘the influence of heat conduction.

f,
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The films from reagent-grade materials were vacuum
deposited on borosilicate glass disks (windows) 7. 62
mm in diameter and 5.2 mm in thickness by means of
tungsten filament, boat, and electron~beam vaporization
techniques. The film thicknesses were monitored and
controlled by a 5~-MHz AT-cut quartz-crystal micro-
balance with an accuracy of +3%. For some materials,
excessive film stress prevented the growth of the thicker
films, so that only thinner films of these materials were
prepared for the study.

X-cut quartz crystal

Synthetic X-cut quartz crystals, 1.27+0.075 mm
thick and 6.35+0.025 mm in diameter, were used for
the experiment. With this rather large diameter-to-
thickness ratio, a guard-ring electrode was not neces-
sary,?® which considerably simplified the design of the
crystal holder. The crytals had a flatness of a 0.75
wave (5500 A), less than a 0.25-min deviation from
parallelism, a 0, 3- um surface finish, and 8- um-
thick chrome plate~based gold electrodes. The relation-
ship between the piezoelectric current I and the stress ¢
is linear® for o< 25 kbar:

I’

I= (0~ 0 )F(EnD?)V, /h, tY)
ASSEMBLY NUT o BNC
R CONNECTOR
HIELD
oLass  BRSS INDIUM NYLON
WINDOW FoIL PLUG
3 2
LASER
ix : STAINLESS
QUARTZ  STEEL SCREW
FiLm— BLUE STAINESS ELECTRODE +
GLASS steeLgooy VO

FIG. 1, Scale drawing of i tal fixture,
#o drawing O expe Ceing Ex. 1009, p. 8 of 15
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FIG. 2. Relative laser fluence ¢ as a function of radial position
7 and distance d from 30-cm focal-length convergent lens.

where D and h are the diameter and the thickness of the
crystal, respectively; V,=5730 m/s, the speed of
sound along the x axis of the quartz; F is the piezoelec-
tric coefficient®=2.05%10"® C em=2kbar™* for D/h=5;
and ¢, is the stress at the electrode opposing that of o.

Experimental fixture

Figure 1 shows the design of the easy-to-assemble
experimental fixture. The blue glass disk, 1.9 mm
thick and 7.62 mm in diameter, was made of polished
cobalt-blue glass (density =2.5 g/cm?®, speed of sound
V=5500 m/s) commonly used for welding view shields.
It served both as a heat insulator between the film and
the brass foil and as a light absorber to prevent possi-
ble laser residue from interaction with the foil. Be-
cause of the small absorption coefficient (~20 ecm™) of
the blue glass at laser wavelength, the stresses gener-
ated in it were insignificant (<0.7 kbar) even under di-
rect laser irradiation (¢ =14 J/cm?).

The function of the 250- um-thick 5-mm-diam indium

>
=
S
[V
50 ns/DIV.

-3 T

-

=

o 10ns/DIV. =
=
=

350 MWIDIV.

10 ns/DIV. 10 ns/DIV.
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disk was to allow uniform pressure to be applied during
assembly so that hermetic contacts were achieved at
the window/film/blue glass and the blue glass/brass
foil/quartz crystal interfaces. Application of hand
torque was sufficient to assure a zero-order interfer-
ence fit across the entire area of the film interface.

The 25- um-thick 1, 26-cm-diam brass foil disk was
held in contact with the steel body by the nylon plug to !
complete the ground lead of the crystal. The disk is rigid ‘
enough to withstand the assembly procedure yet suffi-
ciently deformable to form hermetic contact with the
blue glass disk and the crystal. The acoustic transmis-
sion at this interface has been calculated! to be greater
than 98%. The aluminum shielding fixture was neces-
sary to eliminate the interference from the electrical
noises generated by the Pockel cell. The piezoelectric
signal was transmitted via a 2.5-m-long RG/58-C
cable to a 50-Q load at the input of an oscilloscope.

Laser system

A Korad K-1Q Pockel cell laser system consisting of
a 5-kV 500~ uF energy bank, an eight-turn helical xenon
flashlamp (7X9-mm quartz envelope), a temperature-
controlled cooling system, and a 1.43X7.62-cm ruby
crystal was used for the experiment. The system was
capable of producing a maximum prelasing-freed @-
switched output of 5 J.

The energy output was monitored by a system includ-
ing a transparent diffuser, attenuators, a spike filter,
and an S-1 vacuum photodiode, located behind the 100%
cavity reflector. It was calibrated with independent
measurements made by a liquid-cell-type laser calo-
rimeter. The laser beam was imaged by a double-con-
vex lens (diameter X focal length =5X30 em) into a
6.35-mm-diam spot onto the thin film 48.0 cm away
from the lens, while the experimental fixture was rigid-
ly mounted on a fully adjustable alignment fixture. The
target feedback effect was found to be negligible. Tests
both in vacuum and in air demonstrated that the expo-

L PSR P—

Wi

P

s RN

SRRPESE S

c)

2VIDIV,

o

FIG. 3. (a) Typical high-am-
plitude stress signal, as seen
by a Tektronix 7704 oscil-
loscope. (b) Same signal with
better time resolution. (c)
Typical low-amplitude stress
signal. (d) Typical high-am-
plitude stress signal as seen
by a Tektronix 519 oscillo-
scope after attenuation. (e)
Laser pulse power trace. (f)
Laser pulse energy trace. (g)
Intensity of visible radiation
emitted by an irradiated film.

-~

50 ns/DIV.

-

50 mVIDIV.

50 ns/DIV.
Boeing Ex. 1009, p. 9 of 15
Boeing v. Regents Univ. Cal.



2603 L.C. Yang: Stress waves in thin metallic films

sure of the focal point in air did not result in any
noticeable laser attenuation; therefore, the experi-
ments were performed in air.

The beam profile was $tudied at a few locations along
the beam axis by Eastman-Kodak high-speed infrared
film.*2 The results are shown in Fig. 2. It is evident
that the local laser fluence ¢ is uniform within +7% at
the thin-film position. Both this profile and the pulse
duration were found to be insensitive to the laser output
as controlled by the initial energy-bank voltage, except
near the threshold of lasing. Low laser fluences (¢
<3 J/cm?) were obtained by attenuation of the beam (¢
~#12 J/em?) via a cupric sulfate solution cell.

Oscilloscopes

Only two oscilloscopes were suitable for measuring
the short-duration stress signal: Tektronix models 519
and 7704. Model 519 has a rise time of 0.3 ns and a
fixed voltage sensitivity of about 10 V/em. Model 7704
has a rise time of 2.4 ns and a variable voltage sensi-
tivity ranging from 5 V/cm.to 5 mV/em. The latter has
the higher voltage resolution and was selected for the
experiment.

EXPERIMENTAL RESULTS

Figure 3 shows some typical characteristics of the
stress signal and the laser pulse. Comparison of Fig.
3(b) to 3(d) verifies that the response time of Tektronix
7704 is adequate. In Figs. 3(a) and 3(c), the signal in
the first wave transit time (h/V,=221.6 ns) records the
true stress history. The negative peaks are due mainly
to the change of the sign of the factor (¢—0,) in Eq. (1)
rather than being a rarefaction or reflection. In com-
paring Figs. 3(b) and 3(f), it can be seen that the stress
appears to correspond to the laser energy, but its dura~
tion up to the peak is slightly shorter than the latter (by
about 5 ns). The laser energy trace in Fig. 3(f) exhibits
a slow tailoff due to the signal decay characteristic of
the photodiode. Figure 3(g) shows a record of the visible
radiation emitted by a confined 1000- A-thick aluminum
film under laser irradiation of ¢=12 J/cm?. It was ob-
tained by the same S-1 photodiode via a 4-mmX15-cm
plastic fiber optics bundle inserted in place of the steel
screw, and after the removal of the crystal and the
brass foil in the crystal holder. It is evident that the
light pulse had approzimately the same shape as the
stress pulse.

Figure 4 presents tlie main experimental results. The
ordinate of each graph is the peak stress o,,,, converted
from the peak voltage of the stress signal according to
Eq. (1). The abscissa is the laser fluence ¢, calculated
from the laser energy after deduction of the Fresnel
reflections at the lens (8%) and at the front surface of
the glass window (4%), then divided by the disk area
(6.35 mm in diameter). The highest value of 0, of
about 21 kbar was well within the linear regime of the
crystal response.® The peak stress decreases very
rapidly when ¢ <1 J/cm?, characterizing the transition
from a pressure stress'to a thermal stress!?; however,
this latter regime was not studied in detail.

Postexperiment examination showed that if o, ex-
ceeded 3 kbar, the window/blue glass/crystal assembly
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was damaged. At 3 <0, <7 kbar, these components
were crack damaged, and the film interface showed
fusion and bonding effects. When o_, > T kbar, they
were completely crazed into fine particles, preventing
further examination. The damage was apparently pro-
duced when the stress waves reached the-external
boundary of these confining substrates, where there
were large mechanical discontinuities. Therefore,

the damage in the glass window always appeared more
severe than in the rest of the components. Symmetrical
damage was observed under identical mechanical con-
ditions, i.e., when the lilm was sandwiched between two
identical glass windows and clamped in the same way.

The negative polarity of the crystal was always chosen
as the ground electrode, so that a positive stress cur-
rent (voltage) was observed. However, the reversal of
this polarity did not result in abnormality of the pulse
shape as reported in Ref. 14. Applying bonding com-
pound (Eastman 910) to the film/blue glass interface did
not appear to change the experimental results, Gaps at
this interface created by deliberately loose assembling
caused a large decrease in the observed o, . At thick-
nesses below 3 mm, the attenuation of the blue glass
disk had no noticeable effect on the measured results.

The condition of a high explosive in contact with the
thin film was simulated by replacing either the glass

, window or the blue glass with a Lucite disk. The 7, at

¢ =12 J/cm? with a 1000-A-thick aluminum film was
about 14 kbar in both cases. (Acoustical impedance mis-
match and the resulting reflection must be congidered in
the latter case.)

Irradiation by a defocused beam (Fig. 2, d=20 ¢m),
in which ¢(®14 J/cm?) varies by approximately a factor
of 4 over the film surface, yielded an “average peak.
stress” (o;m) equal to that of a homogenous beam with
the same laser energy. This seems to imply that the
linear relationship between o, and ¢ holds for ¢ up to
four times larger than 14 J/ cm2 The decrease in {0} )
upon further sharpening of the beam profile (Fig. 2,
d=25 and 30 cm) was probably due to the loss of one-
dimensionality of the stress wave propagation.

DISCUSSION

In general, Fig. 4 shows that (i) in most cases, o,
varies linearly with ¢; (11) different film materlals do
not yield greatly different results; and (iii) the depen-
dence on the film thickness is much smaller than would
be predicted by heat transfer calculation. Aluminum
was studied for eight different film thicknesses. It is
apparent that a thickness of 250—=500 A or so is suffi-
cient to generate stress efficiently. This fedture should
also be qualitatively true for other film materials.

The total acoustical energy per unit area, E,, asso- ,
ciated with the stress waves in both confining substrates
(glasses) up to o_, can be approximately estimated as
follows. Since

oso  t/T

where ¢ is the time and 7' =2.0X10"® s is the duration

of oup to o,,,

._2f—dt
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202

B, =37 Tz’

@)

where Z is the acoustical impedance of the confining
substrates. For t=T,, ¢=~12 J/cm? and Z~1.3%X10® g/
em? s; O nax = 20 kbar, Therefore, E, =0.4 J/cm2

The internal energy per unit area E,of the plasma.
produced by the film-'can be estimated by assuming an-
ideal gas law:

k]

2604 -

=0 Opazl®

R =321, i

@
therefore, for i{=7,, ¢$=~12 J/ecm?* and o, ~20 kbar;
2R~3.1X10™ ¢m and E,;~0.93 J/cm?, 'I'he sum E +E,
=1.3 J/em?® is about 10% of the laser fluence of ¢=12
J/ cm?, This discrepancy is, of course, even more
severe at lower o, and correspond@ng ®, because E,
+E, is proportional to o2

The transmission and reflection factors (7% and R%)

—opd
Ey=2Rz0, . ) ®3) of confined thin aluminum films were measured and are
where 2R is the thickness of the plasma. Since shown in Figs. 5(a) and 5(b). Since the transmitted and
- reflected beams were found to be collimated, these
R= f 7 di measurements were performed by common MgO block-
o photodiode techniques, with calibrations and deduction
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FIG. 4. Peak stress 0., as a function of film material, film thickness, and laser fluence- ¢.
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2605 L.C. Yang: Stress waves in thin metallic films

of Fresnel reflections at the free surfaces of the con-
fining glass $ubstrates It is evident that for a 250-A-
thick aluminum film, the laser absorption is more than
90% in the high-¢ regime. The typical shape of a
transmitted pulse through a 250~ A-thick aluminum film
at ¢=6 and 12 J/cm? is shown in Figs. 5(c) and 5(d),
respectively. For purposes of comparison, some data
on unconfined films (mark_ed U) are also shown in the
graph. The relationship 7%« ¢! appears to be a gen- °
eral feature in all cases.

In the early stage (i.e., from 0 to 5 ns), the phenom=
enon occurring at the film window interface, including
the laser absorption, heat diffusion, and propagation of
melting, is quite easy to understand in tetms of the

2605

usual heat transfer estimations. After the melting, the
electrical conductivity, and thus the light absorption
coefficient, is much smaller in molten glass than it is
in a liquid metal. Therefore, the laser-energy absorp-
tion remains in the metallic part of the interface and
heats the system above the normal boiling point (BP).
According to Grosse’s assessments, 15+18 the critical
temperatures T, of metals are about three to four times
higher than the BP, and the critical densities p, are
about four times less than those at the BP, It is felt that
the same situation should be true for ionic solids, such
as glass.

Because of the high viscosity and low kinetic velocity
of the liquid, this anomalous volume expansion should
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FIG. 5. Time-averaged laser transmission factor {a) and time-
averaged laser reflection factor (b) of aluminum films of dif-
‘ferent thicknesses (U=unconfined condition with films facing
laser on glass slides, C=films under confinement by two glass
substrates), with records of laser pulses after transmitting
through a confined 250-A-thick aluminum film at (c) ¢ =6 J/
cm?-and @) ¢ =12 J/cm? (relative vertical units and 10 ns/div).

be one dimensional along the direction of film thickness,
The magnitude of a “thermal stress” so generated can
be roughly estimated by the relation 0=Z dR/dt to be
much larger than the corresponding vapor pressures, !’
Therefore, the system will be superheated to the criti-
cal temperature(s) in a liquid state. The apparent shift
of'the onset of stress wavesg in both high-thermal-con-
ductance thick films and very thin aluminum films can
be attributed to ipefficient heating due to the large con-
‘duction loss or poor laser absorption.

In’the critical regime, rapid decreases in the elec-
trical and thermal conductivities and the laser absorp-
tion coefficient are expected. The subsequent process
is presumably similar to the gas breakdown under in-
tense @-switched laser irradiation.!® Two facts en-
courage such an interpretation: (i) in this type of break-
down, the threshold decreases with the gas density and
(ii) the initial breakdown should be much easier in the
critical regime, since the degree of ionization, m, is
already of the order of 10~%, The narrowing of the trans-
mitted laser pulses in Figs. 5(c) and 5(d), as compared
to the original pulse in Fig. 3(e), is quite similar to
that observed in laser-induced gas breakdown.!® The
knees at about § ns from the start of these pulses could
be an indication of such a breakdown.

The breakdown under laser irradiation will rapidly
heat up the gaseous phase. The model of the phenomenon
is such that a high~temperature highly light absorptive
plasma is confined by the solid substrates buffered by a
thin layer of superheated liquid. Further growth is
governed by the ablation—a combination of heat conduc-
tion and electronic bombardment. Very limited data are
available on ablation of solid targets by a high-energy-
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discharge plasma gun.? However, the drastic differ-
ences in experimental conditions make them inapplica-
ble to the present problem. The breakdown of the gas
at the rear plasma boundary could be a.self-regulated
mechanism.? As can be seen in Fig. 3, after the
termination of the laser pulse, the internal energy of
the plasma is sufficient to radiate more stress energy
than during the irradiation.

The foregoing discussion implies that a highly light
absorptive thin film of the order of several hundred
angstroms thick is sufficient to serve as a “seed” for
stress generation. After the creation of a plasma, the
subsequent event is only slightly material dependent,
since properties such as thermal diffusivity, ionization
potential, and electron penetration depth are not very
different for materials at high temperatures. The
amount of the gaseous phase (total mass or number of
atoms per unit area N) is time dependent and is not ac-
curately known. A reasonable guess in terms of an
equivalent solid thickness L is L=2ip /p=(1—2)X10? &,
where p'is the solid density, ! is estimated by the dif-
fusivity at T,, x~0.05—~0.5 cm?®/s.?* The number of
atoms per unit volume n is then equal to N/2R. How-
ever, using this information and standard formulag??-2s
for free-free absorption yielded too-large a laser ab-
sorption coefficient as compared to that shown in Fig.
5. This presumably reflects the inapplicability of these
formulas to such a high-density plasma.

The following three energy-loss mechanisms were
considered to be insignificant. (i) The presence of a
stress wave in the glass window should not affect the
laser transmission, gince in the solid, ionization will
not occur and the change of refraction index under
stress is small for <30 kbar.?® (ii) The radiation is
essentially blackbody in character, because with such a
high-plasma density, the calculated Rosseland radiation
mean free path® is much shorter than the plasma thick-
ness. During the laser pulse, the total radiation is not
significant as compared to the absorbed laser energy
until 7> 4x10% K or mean radiation wavelength <1000
A. The ultraviolet radiation will be readily absorbed by
the 11qu1d boundaries in a skin depth®’ of the order of
102 A and will contribute to the ablation; i.e., energy is
trapped in the plasma rather than appearing to be lost.
(iii) Since the plasma expansion rate dR/dt~10% cm/s is
small, the consumption of energy by kinetic expansion is
small in contrast to a freely expanding laser-induced
plagma 2528

Two 51gn1f1cant processes occur. (i) To.illustrate the

" effect of ionization, let us assume that L=1600 A of

aluminum, o, =20 kbar, ¢~12 J/cm?, and 2R=3.1
X10*¢ ¢m. Then N=10'® cm™2, #+3.3X10* cm*3, and
the energy per atom ¢~ 70 eV. Using Raizer’s approxi-
mation for the Saha equation,? one finds T=~10° K, m
=2.65, the total ionization energy per atom Q{m)=23
eV, and the total kinetic energy per atom ¢, =k, T(1
+m)=47 eV. Therefore, the ionization energy is im-
portant but cannot totally account for the energy im-
balance. This is, of course, even more true in the low-
o regime. (ii) Even though there is a large acoustical
1mpedance mismatch at the interface between the liquid
phase and the confining solid, the reflective attenuation
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should be small because of the small thickness of the
former. On the other hand, in an ablation process, the

' transfer of kinetic energy and momentum between the
gaseous and liquid phases is inelastic; therefore, large
stress wave attenuation could occur. In other words,
Eq. (3) is invalid in this case. In any event, the system
is probably too dense to be considered an ideal gas.

Further work that should be done to gain a better
understanding of the phenomenon might include the
following:

(i) Measurement of the electrical conductivity of the
confined plasma.

(ii) Experiments on very thin films for all materials
similar to aluminum.

(iii) Measurement of the stress generated by a con-
fined film, including precisely controlled air gaps (e.g.,
vacuum deposition of a ring-shaped dielectric film
around the interaction interface).

{(iv) Extension of the experiment to higher laser
fluence.

(v) Studies of the @-switched laser-induced breakdown
of solids in the critical regime, which can be created by
exploding confined films either electrically or by the
irradiation of a pulsed free-running laser.

(vi) Studies of the effect of laser pulse duration. In
every respect, a picosecond laser pulse should be more
efficient in stress generation than a normal Q-switched
laser pulse, as has been indicated in Ref. 5. However,
oscilloscopes with picosecond rise times are currently
unavailable.

(vii) Experiments using a pulséd CO, laser and an
ultraviolet laser, even though the phenomenon is not
expected to be as strongly dependent on the laser wave-
length as in an unconfined irradiation study.

Finally, it should be noted that the phenomenon offers
a unique condition, simulfaneously high in temperature,
pressure, and shock velocity, favorable to the detonation
initiation of insensitive explosives compared to other
techniques such as exploding wire and flyer foil. There-
fore, a small initiation time transient and excellent
simultaneity for multiple initiations can be achieved.®
Within the experimental range of ¢, o, has already
reached the shock sensitivity of PETN, RDX and
Tetryl.! Using a focused beam, direct initiation ean
now be achieved with energy of the order of 0.5 J, and
use of a compact @-switched laser with such an output
has recently become feasible® in laser-initiated
explosive systems.*®

CONCLUSIONS

Stress waves generated by @-switched ruby laser ir-
radiated thin films under ¢onfinement have been studied
for a wide range of film materials and several film
thicknesses. It was found that the dependence on these
parameters was much weaker than would be predicted
‘by heat transfer estimations commonly used to de-
scribe the interaction of laser irradiation with uncon-
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tined bulk-solid surfaces. For example, an aluminum
film 250—500 A thick was highly efficient in generating
stress. In general, the peak stress is linearly dependent
on the laser fluence. The energy of the stress wave was
considerably smaller than the energy absorbed by the
film. Quantitative interpretations were hindered by the
rather high plasma density and the lack of an accurate
knowledge of the total plasma mass. A reasonable
qualitative picture of the phenomenon based on the
critical properties of solids, laser-induced breakdown
of gases, thermal ionization, and ablation is suggested.
The mechanism is favorable for practical applications
such as the direct initiation of insensitive explosives or
as a tool for generating high-amplitude short-duration
stress waves.
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