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A laser velocity interferometer instrumentation system has been developed which can measure the velocity history of
either spectrally or diffusely reflecting surfaces. The system provides two interferometer fringe signals in quadrature to
improve resolution and to distinguish between acceleration and deceleration. Accuracies of 2% or better are attainable
for peak surface velocities of 0.2 mm/psec or more. The system has been applied to the measurement of free surface
motion in plate-impact experiments, and to the measurement of the velocity history of a projectile during its

acceleration down a long gun barrel.

. INTRODUCTION

Laser interferometry has become generally accepted as
a precision tool for obtaining velocity-vs~time profiles
of the motion of the surfaces of shocked specimens. !
However, most interferometer techniques have required
(a) specimen surfaces which retain a mirror finish and
(b) very little specimen surface tilt during the motion of
interest. These requirements have either complicated or
precluded the use of interferometry in a wide range of
shock instrumentation problems.

The velocity interferometer instrumentation system de-
scribed here retains the 1—-2% accuracies of previous
techniques®® while monitoring the motion of either spec-
trally or diffusely reflecting surfaces, or of surfaces
which are neither perfectly spectral ror perfectly dif-
fuse. The new system has been called a “velocity inter-
ferometer system for any reflector” (VISAR). It is by its
nature also quite insensitive to tilting of the specimen
surface during the experiment, especially when a diffuse
specimen surface is used. Thus, the VISAR is expected
to greatly expand the usefulness of interferometry in
shock-wave research at very high shock pressures for
porous, composite, and geological materials and in
multiaxial wave experiments. The VISAR can also be
used in a mode which provides a very large depth of
field, such that, for example, the velocity history of a
projectile during its acceleration from the breech to the
muzzle of a long gun barrel can be accurately measured.

This paper describes the new interferometer instrumen-
tation system, presents some of the first measurements
made with the device, and discusses the factors contrib-
uting to its accuracy.

11. BACKGROUND

The Sandia laser velocity interferometer (Fig. 1) is
probably the most widely used interferometer configura-
tion for shock profile measurements. It uses a laser
light beam which is reflected from a mirrorized surface
of a shocked specimen. The beam is then split, and part
of it is delayed (usually by a few nsec) before being re-
combined with the undelayed portion of the beam. Thus,
the light frequency consisting of the laser light frequency
plus the Doppler shift imparted by the moving specimen
surface is constantly being combined with the light fre-
quency which existed a short time 7 earlier, where 7 is
the delay time.

A derivation is given in Ref. 2 which relates the fringe
count F(f) to the specimen surface velocity u(f - 57):

AF(t)

u(t—%T)=m. (1)
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Here, fis time, A is the wavelength of the laser light,
and Av/y, is an index-of-refraction correction factor

which is equal to zero unless a “window” material? is
placed on the specimen’s reflective surface.

Unfortunately, being a long path length difference inter-
ferometer, the velocity interferometer of Fig. 1 re-
quires a good mirror finish on the specimen surface so
that spatial coherence of the laser beam is maintained on
reflection. A displacement interferometer® also requires
a good mirror specimen surface, since that surface is
one of the two mirrors in a Michelson interferometer.
However, it is well known that spatially incoherent light
(such as laser light which has been reflected from a dif-
fuse surface) can be used as the incident beam on a
Michelson interferometer, provided that the two legs of
the interferometer are nearly the same length. Thus,
one might illuminate the Michelson interferometer of
Fig. 2(a) with the Doppler-shifted light from either a
spectrally or a diffusely reflecting specimen surface.
Good fringe contrast could be obtained, but no motion
would be detected because neither of the mirrors in the
interferometer would move. Or, if viewed as a velocity
interferometer, no motion would be detected because the
difference in transit times of the light through the two
legs of the interferometer is zero. With 7 equal to zero,
it follows from Eq. (1) that the fringe count must also
remain equal to zero for all finite velocities.

What is needed is a modification to the interferometer of
Fig. 2(a) such that the two legs of the interferometer ap-
pear equal, yet such that the light in one of the legs is
delayed with respect to the light in the other leg. These
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FIG. 1. Sandia velocity interferometer—this configuration is
widely used for shock profile measurements, but it requires
that the specimen surface retain a good mirror finish during
the experiment.
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FIG. 2. Michelson and WAMI—a Michelson interferometer
with equal leg lengths is shown in (a). The configuration shown
in (b) is such that the two legs of the interferometer appear to
the detector to be equal, yet it takes longer for light to
traverse the leg containing the etalon.

seemingly contradictory requirements are met with the
so-called wide-angle Michelson interferometer (WAMI)*
configuration of Fig. 2(b). The apparent position of the
mirrorized rear surface of the transparent etalon, as
viewed by the detector, is closer to the beam splitter
than the actual mirrorized surface by an amount?

x=h(1-1/n), (2)

where 7 is the length of the etalon and # is its index of
refraction. If the apparent mirror position is placed at
the same distance from the beam splitter as the mirror
in the other leg of the interferometer, spatial coherence
of the light is not required, and very good fringe con-
trast can be obtained even with light reflected from a
diffuse surface. The light in the leg containing the etalon
is delayed with respect to the light in the other leg be-
cause it has farther to travel and because it travels
slower in the etalon material. It is not difficult to show
that the delay time is given by*

T=(2h/c)(n~1/7), (3)

where c is the velocity of light in free space. Thus, the
velocity interferometer Eq. (1) applies, and the WAMI
can be used as a velocity interferometer for any reflec-
ting surface.

The WAMI was described in the literature as early as
1941.° It has the property of enlarging the acceptance
angle of the Michelson interferometer, i.e., of enlarg-
ing the field of view for which an all-dark or an all-light
fringe pattern can be obtained.* The WAMI has therefore
proved useful in cases where the source is broad and of
low light level, such as the nightglow and the aurora.®

The WAMI was first used as a velocity interferometer by
Gillard. "® However, to the authors’ knowledge, Gillard’s
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“velocimeter” was never adapted outside his own organi-
zation, and it is now no longer in use.® The VISAR de-
scribed below is another adaptation of the WAMI for use
as a velocity interferometer. The VISAR configuration
contains several features which give it an accuracy ad-
vantage over Gillard’s velocimeter, and whi¢h make its
precision comparable to that of the Sandia velocity
interferometer.

lll. VISAR

A schematic of the interferometer section of the VISAR
instrumentation system is shown in Fig. 3. The incident
light beam has been collected from the laser light re-
flected from the surface of a specimen, and hence al-
ready contains the Doppler shift resulting from the sur-
face motion. The beam is incident at a few degrees from
the normal on one part of the large beam splitter (63~
mm diameter). The reflected part of the beam is re-
turned by the mirror M1 to a different part of the large
beam splitter, where it is recombined with the initially
transmitted part of the incident beam. At the time of the
recombination, the transmitted part of the beam has
been delayed with respect to the reflected beam by one
or more etalons in the right-hand leg of the interfero-
meter. The substrate of the large beam splitter must be
considered as an etalon since it is not balanced by an
equal thickness of material on the left of the beam-split-
ting surface. The amount of the delay attributable to
each etalon is given by Eq. (3), where & is the effective
length of the etalon. The effective length is slightly lon-
ger than the physical length because the light travels
through the etalon at a small angle to the longitudinal
axis. There is also a slight delay due to the presence of
the quarter-wave plate, whose function is described be-
low. Only one-half of the thickness of the quarter-wave
plate is used in calculating its contribution to the total
delay, because the transmitted beam passes through it
only once.

The mirror M2 of the interferometer is adjustable in
angular orientation to facilitate alignment of the inter-
ferometer. Its distance from the beam splitter is also
adjustable to accommodate the various etalon lengths
which may be required. The distance of M2 from the
beam splitter is equal to the distance of M1, plus the
sum of the x's given by Eq. (2) for each etalon.

The mirror M1 is mounted on a piezoelectric translator
about 30 cm from the large beam splitter (Fig. 3). The
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FIG. 3. VISAR interferometer.
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FIG. 4. Schematic of the VISAR instrumentation system—
except for the lens L, the mirror M4, and the specimen, all
of the components shown here are permanently mounted on a
special roll table which provides mobility and minimizes the
optical alignment time. The laser, its power supply, and the
photomultiplier power supplies are also located in the roll
table.

translator varies the length of the left-hand leg of the
interferometer by a few wavelengths of light as the volt-
age to the translator is varied. This feature allows one
to produce a few fringes by varying a potentiometer set-
ting, which is a convenience for the alignment of the in-
terferometer, for subsequent checking of the alignment
and fringe contrast, and for setting the deflection sensi-
tivities of the recording oscilloscopes.

All of the surfaces of the optics in the interferometer are
flat to fﬁ?\. The etalons are made of Schlieren-grade
fused silica with less than 152 distortion of the wave
front. Low-loss dielectric coatings are used on all sur-
faces to enhance the desired transmission or reflection
properties.

The individual etalons have lengths up to 10 cm. As many
as five etalons at a time (in addition to the beam splitter
and the X plate) have been used to achieve a total of 32
cm of etalon material in the delay leg. The resulting de-
lay time was over 1.6 nsec. Although much longer de-
lays are theoretically attainable simply by inserting
more etalons into the delay leg, practical considerations
will generally limit the delay to a fraction of that nor-
mally used in the Sandia velocity interferometer. Thus,
instead of having the peak measured velocity correspond
to a fringe count of 5—10, the fringe count may be only
1-2 fringes for the VISAR. In order to attain compara-
ble velocity resolution, it therefore is necessary to de-
crease the error in determining the fringe count at any
given time.
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One feature incorporated into the VISAR for improving
its accuracy is the simultaneous monitoring of two fringe
signals which are 90° out of phase. These signals are
obtained in quadrature by the method of Bouricious and
Clifford!® where the incident light beam is polarized at
45° to the vertical, such that it consists of half-S and
half-P polarized light. The quarter-wave plate (Fig. 3)
is arranged to retard the P component of the light by a
phase angle of 90° with respect to the S component of the
transmitted beam. Thus, when the recombination occurs
at the beam splitter, the S and P components form two
90°-out-of-phase fringe patterns. The two patterns are
separated from each other by the polarizing beam split-
ter and are then sent to their individual photodetectors.

In order to optimize the performance of the interfero-
meter, it is desirable to have the large beam splitter
transmit and reflect 50% of the incident light of both S
and P polarizations. However, for most beam splitters
the § and P reflectances differ progressively as the an-
gle of incidence increases. The VISAR interferometer
was therefore designed such that the angles of incidence
of the light beams onto the large beam splitter are only
a few degrees from the normal, thus assuring nearly
equal reflectances for the S and P polarized components.

The advantage of recording two signals which are 90°
out of phase can be appreciated by noting that a plot of
the interferometer’s output light intensity I vs the fringe
count F is simply a sine wave. Thus, dI/dF =0 at inten-
sity maxima and minima. This means that a slight
change in the fringe count is not accompanied by a de-
tectable change in the output light intensity whenever the
intensity is passing through a maximum or a minimum
value. The maxima and minima of a given fringe record
therefore represent points of poor resolution of the
fringe count. Having two fringe records which are 90°
out of phase solves this problem because one or the oth-
er of the signals will always be in a region of good re-
solution, A second benefit of 90°-out-of-phase signals is
that acceleration can be distinguished from deceleration,
for in the first case one of the signals leads the other by
90°, whereas in the second it lags by 90°. One signal or
two signals 180° out of phase are by themselves ambigu-
ous, for acceleration and deceleration are indistinguish-
able, as are reversals in acceleration which occur near
fringe maxima or minima.

A schematic of the complete VISAR instrumentation sys-
tem is presented in Fig. 4, where a diffusely reflecting
specimen surface is assumed. The ingoing laser beam
passes through a small hole in the mirror M3 and then
through the 50-mm-diam focusing lens L. The mirror
M4 directs the beam onto the specimen surface, which
is at the focal point of the lens L. The mirror M4 then
illuminates lens L with the diffusely reflected light if a
diffuse reflecting surface is used or it returns the re-
flected light beam to an off-center position on lens L if a
spectral specimen surface is used. The lens L recolli-
mates the reflected light for use in the interferometer.
The mirror M3 separates the reflected beam from the
incident beam, and, in the case of a diffuse specimen
surface, the telescope condenses the reflected beam to a
convenient diameter for use in the interferometer (about
7 mm). In the case of a spectral specimen surface, the
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FIG. 5. Oscillogram of the iron impact experiment. At the

top is a 5-MHz timing trace. Second is the zero-light baseline
for both photomultipliers. The positive light direction is down-
ward. The third trace is the signal from one of the two data
photomultipliers, and the fourth trace is from the beam-inten-
sity monitor.

telescope localizes the reflected beam to within a 7T-mm
diameter for transmission through the rest of the optics.
Following the telescope, a polarizer assures that the
light is polarized at 45° from the horizontal to give the
equal intensities of S and P light required by the inter-
ferometer.

About one-third of the light is then split away from the
main beam and directed to the beam-intensity monitor
photomultiplier tube (Fig. 4). The purpose of the beam-
intensity monitor is to detect any change in the intensity
of the light reflected from the specimen surface. Inten-
sity changes are caused mainly by shock-induced
changes in surface reflectivity. By providing a record of
the beam intensity vs time, the beam-intensity monitor
makes it possible to correct the interferometer data for
any variations in beam intensity. Notice that the light
for the beam-intensity monitor is sent around a delay
path en route to its photomultiplier. Without such a de-
lay, the longer light paths to the data photomultipliers
would cause the data signals to be slightly out of syn-
chronization with the beam-intensity signal.

Because of the unequal splitting of S and P components
of polarized light by beam splitters, the beam splitter
which provides the beam-intensity monitor light can al-
ter the 45° polarization of the incident light. This pro-
blem was overcome by tilting the beam splitter such
that the reflected beam goes upward at an angle of 45°
with the horizontal. In this position, the 45° polarized
light is all S polarized with respect to the beam splitter,
and the polarization angle is therefore unaltered on
transmission. A small mirror next to the beam splitter
{not shown in Fig. 4) brings the reflected beam back to
the horizontal direction.

The operation of the interferometer portion of the VISAR
has already been explained. The beam-intensity signal
and the two 90°-out-of-phase fringe signals from the in-
terferometer are sensed by three RCA C 7291D photo-
muitiplier tubes with a current gain of about 10* and less
then 2-nsec rise time. The data are recorded with dual-
beam oscilloscopes. One trace on each scope shows the
variation of the beam intensity, while the other trace
shows the signal from one of the fringe-sensing
photomultipliers.
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The only remaining component of the VISAR which has
not been discussed is the laser light source. Although
spatially coherent light is not necessary in the VISAR
interferometer, very good temporal coherence is re-
quired because one of the two interfering beams may be
delayed with respect to the other by nearly 10° light-fre-
quency periods. Thus, one should use a laser operating
at a single frequency, i.e., in a single longitudinal as
well as single transverse mode. The laser light power
required depends strongly on the reflection characteris-
tics of the specimen surface, including its reflection co-
efficient and whether it is primarily a diffuse or a spec-
tral surface. The photomultipliers need 10—30 uW of
power to give reasonably good signal-to-noise ratios.
Thus, a 200-uW laser power is sufficient when a spec-
tral specimen surface of high reflectivity is used,
whereas 0.1 W or more may be needed for diffuse sur-
faces of poor reflectivity. Fortunately, cw lasers pro-
viding at least 0.4 W of single-frequency power are now
commercially available.

iV. DATA AND RESULTS

Only a few experiments have been done using the VISAR,
and although they were performed without the benefit of
the much higher laser power available in ion lasers,
they nevertheless demonstrated the VISAR’s accuracy
and flexibility. Two of the early experiments are de-
scribed below. With the incorporation of an ion laser,
and with other improvements which derive partly from
experience in using the system, even better experimen-
tal results can be expected in the future.

In the first experiment the objective was to measure the
free-surface velocity profile of an Armco iron specimen
after an impact which produced a peak stress of about
170 kbar. Of special interest was the shape of the veloc-
ity profile corresponding to the phase transition wave!!
above 130 kbar. Earlier attempts to measure this por-
tion of the velocity history using the Sandia velocity in-
terferometer have failed, apparently because the arriv-
al of the phase transition wave ruined the mirror sur-
face on the iron.

The projectile nose piece was a 3. 36-mm-thick disk of
tungsten carbide of density 14,7 g/cm®. The impact ve-
locity was 0.615 mm/usec. The specimen was a 3.11-
mm-thick disk of Armco iron with a diffusely reflecting
iree surface which had been lapped but not polished. One
of the oscillograms of the VISAR data is shown in Fig.

5. The fine structure on the data traces is attributed
partly to shot noise in the photomultiplier. The shot
noise should vary as the inverse root of the laser power,
and hence should decrease markedly with the use of a
high-power ion laser. Part of the fringe signal occurred
at too high a frequency to be followed by the 50-MHz
bandwidth oscilloscopes and thus, the fringe count was at
first uncertain beyond the high-frequency region. How-
ever, the fringe levels corresponding to zero velocity
and to the peak velocity reveal that the fringe count at
the peak velocity is n+0. 16, where # is an integer. It is
easily determined from the boundary conditions of the
experiment that n=4.

The reduced data from the iron experiment are shown in
Fig. 6. Much of the measured velocity history could not
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FIG. 6. Reduced data from the iron experiment—inset shows
the impact configuration. The velocity profile is computer
plotted, and shows the data points read from four oscillograms
of the interferometer output.

have been obtained by an interferometer requiring a
spectral specimen surface. In the first place, as men-
tioned above, the phase transition wave ruins a mirror
surface. Second, the later oscillations in velocity are
due to the ringing of a layer of iron which was spalled
off from the rest of the specimen, and experience has
shown that the occurrence of spall results in the de-
struction of the free-surface mirror. Finally, good data
were obtained well beyond the time of arrival of edge ef-
fects at the measuring point and, again, experience has
shown that edge effects ruin a mirror surface. Thus, the
ability and the value of being able to monitor a diffusely
reflecting specimen surface was conclusively demon-
strated in this experiment.

T
—\

FIG. 7. Projectile acceleration measurement experiment—
trace identifications are the same as for Fig. 5. The time
mark frequency is 200 Hz in this oscillogram.
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The objective of the second experiment was to measure
the velocity history of a 10-cm-diam projectile during
its acceleration from the breech to the muzzle of a 4-
m-long gun barrel. A 2.5-cm square of Scotchlite tape
was attached to the center of the projectile nose plate to
reflect the incident laser beam. The tape acts as a dif-
fuse reflector, but the reflected light is highly concen-
trated in the direction of the incoming beam. Thus, suf-
ficient light for the experiment was reflected back onto
the telescope objective. The lens L of Fig. 4 was re-
moved for this experiment, and the light path length be-
tween mirrors M3 at the VISAR and M4 at the muzzle of
the gun was lengthened to about 10 m. The laser-beam
diameter at the projectile nose was about 5 mm. The
reflected light entering the telescope was very nearly
collimated because of the large distance from the pro-
jectile nose to the telescope. The rest of the VISAR con-
figuration remained as shown in Fig. 4.

One of the oscillograms of the data is shown in Fig. 7.
The beam-intensity monitor trace shows an increase in
the light level as the projectile comes down the barrel.
This is caused by the decrease in the inverse-square
attenuation of the light as the distance from the projec-
tile to the telescope objective decreases. The fringe
frequency is much more nearly constant than it was for
the iron experiment because of the more constant accel-
eration of the reflecting surface. The light levels drop
to zero when the projectile impacts the mirror M4 at the
muzzle of the gun. The measured velocity history from
this experiment is shown in Fig. 8.

V. DISCUSSION OF ACCURACY

The VISAR data reduction assumes that the fringe am-
plitude at time ¢ on the oscillogram is a sinusoidal func-
tion of the fringe count at time ¢ 12:
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FIG. 8. Projectile velocity vs time—two different symbols in
the graph are used for plotting the data from the two 90°-out-
of-phase signals from the interferometer.
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FIG. 9. VISAR data-reduction procedure.

A(t) = 3A il + sin[27F(8) + 8]}, (4)

where A, is the fringe-peak—to—fringe-trough excur-
sion and 0 is the phase angle determined by the ampli-
tude corresponding to zero velocity. This equation can
be solved for F(#), and the surface velocity can then be
obtained from Eq. (1). The value of 4, varies with the
intensity of the light coming through the telescope of
Fig. 4. The value of A, as a function of the time is
therefore determined from the beam-intensity monitor
record.

The assumption that A(f) is related to F(¢) by Eq. (4) is
imperfect because of the presence of shot noise in the
photomultiplier outputs, slight nonlinearities of the pho-
tomultipliers and oscilloscopes, and finite rise times of
the electronics, for example. The shot noise problem
should be decreased significantly by the use of a much
more powerful argon-ion laser. The linearity of the sys-
tem has been measured and is better than 3%. Neverthe-
less, in view of these uncertainties, and inasmuch as the
oscillograms of Figs. 5 and 7 are much less than out-
standing in appearance, the reader may logically ques-
tion any claim of 2% accuracy of data reduced from such
oscillograms.

The key to the accuracy of the VISAR lies in the fact that
it essentially magnifies the recording of the velocity
when the peak velocity is large enough to produce one or
more fringes. For most transducers the maximum ver-
tical deflection on an oscillogram corresponds to the
maximum excursion of the measured parameter. How-
ever, with the VISAR, 70% of the maximum vertical de-
flection may typically correspond to only about 10% of
the maximum excursion in velocity. Thus, any noise or
erroneous deflections on the data trace are strongly de-

J. Appl. Phys., Vol. 43, No. 11, November 1972

R.E. HOLLENBACH

magnified (by a factor of about 7 in this example) in the
final plot of the data. The reason for this effect is illus-
trated in the drawings of Fig. 9, where the two 90°-out-
of-phase signals at the top are the idealized interfero-
meter outputs which would result from the linearly in-
creasing velocity shown in the graph. Having obtained
the oscillograms of the interferometer output, one would
retrieve the velocity versus time by taking readings on
data trace II from o to a,. This defines the velocity from
0 to A. Readings would then be taken on data trace I
from a, to by, which gives the velocity from A to B. The
next readings would be taken on data trace II from b, to
¢y, etc., until the entire velocity history had been de-
termined. Figure 9 thus shows how a large excursion on
a data trace maps into a small percentage of the total
excursion in velocity. If F, is the total number of
fringe oscillations corresponding to the peak surface
velocity, it can be seen from Fig. 9 that the total excur-
sion in velocity is broken down into 4F,, high-resolu-
tion velocity increments which are obtained from the two
90 °-out-of-phase oscillograms. Thus, the iron experi-
ment velocity history of Fig. 6 is a composite of over
16 high-resolution velocity increments. The influence of
the oscillogram noise on the velocity data is therefore
greatly demagnified.

The rise time of the system was limited largely by the
50-MHz frequency response of the dual-beam recording
oscilloscopes. Very significant improvements in rise
time can be made by using faster oscilloscopes and pho-
tomultiplier tubes. These improvements are also under
consideration. Note in Fig. 3 that the interferometer
produces two signal beams, one going to the right and
one to the left of the large beam splitter. The left-hand
signal beam, which is not used at present, could be
sent through a second polarizing beam splitter, and the
two resulting 90°-out-of-phase signals could be used
with a very fast photomultiplier and oscilloscope re-
cording system. This could better define the rise times
of shock fronts, for example, while still using the rest
of the system for the accurate measurement of the lon-
ger-term aspects of the velocity history.

There is an inherent rise time in the output of the veloc-
ity interferometer itself which has the effect of aver-
aging the velocity over the delay time 7.!* Although
there are data-reduction techniques which can decrease
the response time of the reduced data to less than 7, 21
the simplest way of decreasing the rise time is to re-
duce 7 itself. The VISAR has a distinct advantage here,
since the delay times are quite short. The VISAR used
for the data presented in this paper has a maximum de-
lay time of only 1.5 nsec.

The specimen surface tilt and a depth-of-field effect can
be two further sources of error. Their magnitudes are
related to the degree of imperfection of the optics in the
interferometer portion of the VISAR. When the interfer-
ometer has been aligned for an experiment, certain
paths are taken by the laser light in going through the
optics in the interferometer. If the light paths change
during the time of data collection, and if the optics are
not perfect, then a fringe shift due to the change in the
optical path through the interferometer may be super-~
imposed upon the desired fringe data.

Downloaded 17 May 2006 to 128.115.175.8. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



LASER INTERFEROMETER

One of the main causes of a change in the optical path in
a shock-wave experiment might be a tilting of the spec-
imen surface during its motion. When a spectral speci-
men surface is used, the light reflected from the sur-
face falls onto some small part of the lens L (Fig. 4).
The subsequent path through the rest of the optics de-
pends slightly upon the location at which the reflected
beam passes through the lens. This location, of course,
is a function of the tilt of the specimen surface. Exper-
iments with the present VISAR have indicated that a
spectral specimen surface tilt of 0.1° can produce a
fringe shift error of about 0.01 fringe. Tilts of less than
0.1° are attainable in most shock experiments.

One would expect the optical path to remain essentially
unchanged even for several degrees of tilt whenever the
specimen surface is a Lambert diffuse reflector, for in
this case all of the lens L is uniformly illuminated by the
reflected light at all times, regardless of the tilt. How-
ever, although the original alignment of the VISAR calls
for the specimen surface to be at the focal point of the
lens L, the surface begins to move away from its ideal
location as soon as the motion starts. When this occurs,
the lens no longer exactly recollimates the reflected
light. This causes the diameter of the beam through the
interferometer to vary during the motion, which again
represents a change in the optical path. The magnitude
of the fringe count error resulting from this finite depth-
of-field effect was also investigated by experiment. Us-
ing the configuration of the iron experiment (Fig. 4), it
was found that the specimen surface motion caused a
fringe shift of no more than 0.02 fringe per mm of dis-
placement. Since there were slightly more than four
fringes in the iron experiment, and since the surface
moved only about 1.2 mm during the period of observa-
tion, the depth-of-field error was probably less than
0.6%.

It is interesting to estimate roughly how the depth-of-
field error varies with the diameter and the focal length
of the lens L. As the distance between the surface and
the lens decreases, the light transmitted through the
lens ceases to be collimated and becomes more and
more divergent. It seems reasonable to assume that the
depth-of-field error is proportional to the angle of di-
vergence of the light transmitted through lens L. If E is
the depth-of-field error, a simple calculation indicates
that

Exyax/fi, Ax<f

where 7 is the lens radius, f is its focal length, and Ax
is the distance moved by the specimen surface. In the
iron experiment, » was 25 mm and f was 300 mm. These
values, together with the experimentally determined
fringe shift of 0.02 fringe per mm, allow the proportion-
ality constant for the above expression to be evaluated.

If AF represents the error in the fringe count, we find
that

|aF| <75rax/f2.

A much more powerful laser will provide sufficient light

4675

to allow f to be doubled or tripled while keeping v con-
stant. This will greatly enhance the depth-of-field capa-
bility in shock experiments.

A depth-of-field effect also applies to the case of a spec-
tral specimen surface, but the effect will generally be
smaller because the reflected beam usually passes
through the lens at a radius of 17 or less. This advan-
tage of the spectral reflector is countered by the greater
sensitivity to light path changes due to specimen surface
tilt.

With a given VISAR design, one will have a “built-in”
error factor which is determined by the degree of per-
fection of the optics and by the maximum possible delay
time 7. In order to obtain 2% accuracy with the present
design, the peak velocity to be measured should corre-
spond to a fringe count of at least one fringe, such that
the errors from noise and nonlinearities, for example,
are effectively demagnified. Thus, the minimum veloc-
ity for 2% accurate data is at present about 0.2 mm/
usec. Much smaller velocities can be measured, of
course, but the uncertainty of the measurement will in-
crease correspondingly.

V1. CONCLUSIONS

The VISAR still requires light of high temporal coher-
ence, but spatial coherence is not necessary for good
fringe contrast. Thus, single-frequency laser light can
be reflected from any moving surface, whether spectral,
diffuse, or neither quite one nor the other, and the
VISAR can detect the Doppler shift of the reflected light.
The VISAR is especially insensitive to tilt when oper-
ated with a diffuse specimen surface. It can be used in a
very large depth-of-field mode, such that the velocity
history of a projectile accelerating through a 4-m gun
barrel can be measured, for example. The VISAR allows
very accurate laser interferometry to be applied to a
large range of situations which were difficult or impos-
sible to instrument with previous techniques.
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