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Non-Doppler shift related experimental shock wave measurements using velocity interferometer
systems for any reflector
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Velocity interferometer system for any reflectgdd SARs), are becoming increasingly popular in the mea-
surement of shock waves in solids and liquids. VISAR techniques are used in measurements of transit time,
speed of shock waves in flight in transparent m¢tieC. Chhabildas and J. L. Wise, Proceedings of the 4th
APS Topical Conference on Shock Waves in Condensed Matter, Spokane, Washingtoedlife385y Y. M.
Gupta(Plenum, New York, 1986 P. M. Cellierset al., Appl. Phys. Lett.73, 1320(1998], and in measure-
ments of particle velocity. However, in cases where shock compression or release may change the index of
refractionn+ik of the material being studied, the VISAR technique must be applied with care. Changes in
andk introduce phase shifts into the VISAR results that are not associated with changes in velocity. This paper
presents a derivation of the theoretical output of a line VISAR that includes the effects of charagidg and
an experimental observation of a non-Doppler shift related effect.
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Velocity interferometer system for any reflectfiISAR) I=E*E, 2
measurements are typically designed to be sensitive to the
changes in the velocity of a reflecting surface on a movingvhere
target. In the vast majority of the existing body of work the E=E e (W E e i(-0y+d9, @)
material state of the reflecting surface itself undergoes little, s
if any, changd1-5]. However, recent advances in equation-E is electric field and the subscriptsandSrefer to the light
of-state studies involve the use of VISARs to measure th@rriving at the output beam splitter from the long and short
velocities of shocked surfaces at multimegabar pressures ai@ths, respectively. An approximation involved here is that
in nonmetallic medid2]. These are both significant depar- the imposed fringe term constafit will not change signifi-
tures from many of the traditional experimental conditionscantly for Doppler-shifted light. This is a good approxima-
diagnosed by VISARs and as such a close examination of théon since the total path length changesiné is several
effects of changing reflective properties is warranted. Thidvavelengths, much smaller than the several millimeter to
paper addresses the relation of nonvelocity related changes f¢veral centimeter lengths typical of.
targets to the apparent velocities of those targets as measured¥L. @nd ¢s bear close examination. They represent the
using streaked optical imaging VISARSs. The type of VISAR remaining contrlbu_tlons to the phase of the light at Fhe output
considered is shown in Fig. 1, where the light reflected fromP€2M Splitter. Owing to the presence of the optical delay
the target enters the VISAR and is directed along two path Iem_ent, thfh“ght coming through the long arm is delayed by
having different optical path lengths. The light is then re- e timer. Thus,

combined at the output beam splitter, which is also where an tdg

image of the target is formed. This image is then relayed dL(t)= LW dt’,

onto the slits of optical streak cameras to record the measure- t-r

ment. The optical path length difference is customarily ex- tde

pressed as a delay time, and for this reason the path length ¢S(t):f — dt’, (4)
difference will be referred to asr, wherec is the speed of odt o

light and 7 is the delay time.

In order to facilitate interpretation, the user frequently im- Ad(t)=ps(t) = oL(1).
poses fringes on the output beam splitter by giving the oUPUyg initial timet=0 is arbitrary. It simply refers to a time
beam splitter a slight tilt. In the treatment in this paper, tilt is ygfore anything has happened to the target. If we use these
included through the parametefsandy, where expressions for the phases in E@3.and(3) to calculate the

intensity distribution we get
B 2w sing n y 9

A ' I
The probe-laser wavelength s 6 is the angular excursion ~
from the position of the output beam splitter that would yield Delay Tnput .
the perfect “bulls-eye” in the interference pattern, ands Element Beamsplitter Mirror
the distance across the surface of the beam splitter.

The interference pattern formed at the output beam split- FIG. 1. Schematic drawing of the VISAR used in the present
ter can be expressed as work.

Output Beamsplitter
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Pesition: () > FIG. 3. Simulated streak camera record of VISAR output corre-
sponding to simple acceleration. Only the central portion of the

FIG. 2. Simulation of streak camera record of VISAR OUtpUttarget is being accelerated. The total sideways fringe shifts, .

produced by a steady-state target.

I(t,y)=E2{2+2 co§2Qy+AH(1)]}. (5) A¢p(1)=0, t<a,

This expression assumes that the effects of the beam splitters A¢D(t)=2WCJa+t

are equal. In order to illustrate the way that velocity and a

material property changes of the reflecting surface affect the

interpretation of VISAR results, we perform three case stud- 1 1

ies of the temporal behavior of the VISAR output. A¢D(t):2’7TC(X— 7) T, t>a+r,
First, there is the steady-state condition. By steady state,

we refer to a target at constant velocity and unchanging sur- ) . .
face condition 'Igherefore y ging where\' is the wavelength of the Doppler-shifted light.

This expression is plotted in Fig. 3 and shows that as time
dé 2mc proceeds from the beginning of the experiment to the time at
— = which the Doppler-shifted light arrives at the output beam

dt A splitter, no fringe shifts will be observed. Then, as the

Doppler-shifted light arrives at the beam splitter from the

Since the target is in a steady state, time dependence vaghort arm but not from the long arm, a linearly increasing

1
— —|dt’ <t<
o . )\t,}dt, a<t<ar, (8

ishes and the expression for intensity, E9), is thus fringe shift will be observed. A simple method of visualizing
this process is to consider two hypothetical phase meters at
I(t,y)=1(y)=E3[2+2 cog2Qy)]. (6) the output beam splitter, one registeridg and the other

registeringes. When both meters are seeing light of equal
This is the pattern we record when this VISAR is beingWwavelength arriving at the beam splitter, both meters ad-
aligned and is plotted in Fig. 2. vance at the same rate. However, since the Doppler-shifted
The second case is that of simple accelerafish By  light arrives first through the short arm, then for a time
simple acceleration, we refer to a target that changes insta@dvances at a faster rate, and the resulting phase difference
taneously to a different velocity but undergoes no other appears in the VISAR output as a fringe shift. After the time
changes. Let us, for convenience, definas the time when interval 7 the Doppler-shifted light propagates through the
the Doppler-shifted light arrives at the output beam splittedong arm as well and then the two phase meters once again
of the VISAR through the short arm of the interferometer.advance at a common rate, so no further fringe shifting is
Then Eq.(5) is observed.
The third case is a change of material properties. For the
1 sake of discussion, the target instantaneously undergoes
o )\—}dt’, changes in velocity and in andk and the time=a. Then,
vor R there are two time dependent terms in the VISAR output
() equation,A ¢p andA ¢r, where ¢y is the change of phase

t
A¢D(t)=2wcfo

1(t,y)=Ej{2+2 co§2Qy+A¢p(t)]}. upon reflection.
The subscripD has been added to the time-dependent term Apr(t) =[ Prli=a— Prli<al
since in this case the phase shifts arise from a Doppler shift .
in the light reflected from the target. The contributidmbp > f [8(t'— r—a)— &(t' —a)]dt’ 9)
develops between the tireeanda+ 7. Thus, 0 ’
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FIG. 4. Simulated streak camera record of VISAR output corre- ™ 05 0.10 015
sponding to a target that is simultaneously accelerated and subjec FosRicn {awp)

to changes in material properties. The sideways discontinuity is

Adr. FIG. 5. Streak camera record of shock wave breakout from sili-

. . . con. Left half, bare silicon. Right half, aluminized silicon. Shock
where ¢ changes at time=a since that is when the mate- peakout is at zero time. These images have been subject to slight
rial properties of the target change. Thus Es).becomes image processing9] to reduce the noise arising from pixelation.

The sensitivity is 4.9 km/s fringe.

1(t,y)=E5{2+2 co§20y+ A ¢p(t) + Apr(t)]}. (10)

reflection from the silicon wafer is going to undergo a dif-
This obviously gives rise to a transient effect whose duratiorferent change from the phase change upon reflection from
is equal tor and whose magnitude is equal to the change irthe preshocked state of the wafer. To establish an order-of-
the change of phase upon reflection of light from the targetmagnitude estimate of the change in phase due only to the
This is plotted in Fig. 4. This easily fits into the phase meterchange in state of the silicon, we employ Fresnel's equation
argument since the sudden change in phase of reflection aris-
ing from the change in material properties may be viewed as
putting a discontinuity in the wave train reflected from the
target. Therefore, when this discontinuity reaches the output
beam splitter via the short arm, that phase meter movewhere R will be a complex quantity containing phase and
ahead a discrete amount and the transient feature appeamsagnitude information. For re660 nmj light the index of
When the discontinuity reaches the output beam splitter viaefraction for normal, unshocked, silicdi] is 3.8+i0.016,
the long arm, that phase meter moves ahead the same dmsad we will use the values of aluminum, %.57.8, for
crete amount, causing the transient feature to disappear. shocked silicon. The usage of aluminum data for metallic

In the foregoing illustration, changes in the phase of thesilicon is acceptable for estimation since the electron densi-
reflected light were treated as step functions. In actual pradies, mass densities, ionization states, and electrical conduc-
tice changes occur over some time. Figure 5 shows thévities [8] are similar. According to the preceding equation,
VISAR record from a 140 kbar shock emerging from a sili- the change of phase upon reflection for normal silicon is 0.3°
con wafer. The shock is driven through the 26+thick wa-  and the change of phase upon reflection of the metallic sili-
fer by a 1.8-ns laser pulse. One-half of the silicon wafer iscon (aluminum, in our estimajeis 194°. In the absence of
coated with 1000 A of aluminum. There are two salient fea-any other processes such as shock release, this change will
tures to this figure. The time scale of the VISAR response isnanifest itself as a shift of slightly more than one-half of one
70 ps, slightly longer than the streak camera response timdringe.

At time t=0 the fringes start moving to the right. On the In the case of the present data, how this phase change
aluminized side, they move and reach a new, final, positionmanifests itself is a function of both the skin depth of the
On the bare silicon side they move right, and then back partinshocked silicon, approximatelym, and the breakout of
way to the left att=150 ps. the shock wave. Both the phase and the wavelength of the

The differences between the two sets of fringes can beeflected-probe light will change as the shock wave crosses
qualitatively understood by considering the pressure inducethrough the skin depth to the free surface. During this transit
band gap closure in silicon at 140 kbar and the process dime, typically <1 ns, the reflected light interacts with the
shock wave arrival at and rarefaction wave propagation intaoeacuume-silicon interface, the metallic shocked silicon, and
the surface of the silicon wafer. Following band-gap closurehe intervening unshocked silicon. Although reflection in this
[6], the shocked silicon may be considered to be in a metallicase is a nonlocal phenomenon, the slarZ0 p9 rise time
state. Upon arrival at the surface of the wafer, an opticabf the shock breakout signal suggests that the reflection is
probe will be reflecting from a metallic state instead of adominated by the vacuum-silicon interface rather than by the
semiconducting state. This means that the phase change upsimocked-unshocked material interface. When the shock wave

1—(n+ik)
1+(n+ik)

: (11)
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arrives at the vaccum silicon interface, the light will be re- effects will appear, but two potential cases are worth men-
flecting from a metallic surface. The higher reflectivity of tioning here. First, in applying the VISAR to the study of
this state is evident in the data as an increase in the refle¢igh pressure free-surface shock wave releases, where the
tivity at the time of the shock breakout, the duration of whichtarget surface disassembles on time scales that are of the
is determined by a convolution of the target reflectivity his-order of or shorter than the VISAR delay element timene
tory and instrumental response. Immediately following thewould expect a series of overlapping transients. In such a
arrival of the shock wave at the surface, a rarefaction wavgityation, extracting the velocity information is not necessar-
sets in and the silicon relaxes toa Iower.pressure nonmetalliﬁy straightforward. The importance of these transients to the
state and will be moving outward at twice the speed of th&ing) fringe shift also depends on the fringe constant of the
shock-compressed material. This quickly obscures the metal; AR, The second case involves the use of transparent win-
lic state. o _ dows to prevent a free-surface release of the shock wave. If
The fringes from the aluminized portion of the target do yne chooses a time delaylonger than the response of the

not show any “slowing down™ or changing response rates.qpica| recording system but shorter than the time required
This contrast with the bare silicon data show that only bysor the shock to transit the window, then observation of a

considering the effects_of changing material states on th?ringe structure like the one shown in Fig. 4 becomes pos-
phase of the reflected light, can the features of the data bgp)e. Hence, a measurement of the changes in the index of

explained. , _ refraction and consequently the electronic properties of the
Non-Doppler effects in VISAR measurements man'feStshock-compressed materials would be obtained.

themselves on time scales less than the delay time inherent in
the VISAR and have been observed in silicon shock waves
in the present work. It is beyond the scope of the present This work was performed under the auspices of the U.S.
work to list all possible circumstances in which non-DopplerDepartment of Energy under Contract No. W-7405-ENG-36.
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