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Holographic recording of fast phenomena
Zhiwen Liu,a) Gregory J. Steckman, and Demetri Psaltis
Department of Electrical Engineering, California Institute of Technology, Pasadena, California 91125

~Received 29 August 2001; accepted for publication 19 November 2001!

We report on a holographic method for recording fast events whose speed is limited by the laser
pulse duration if the recording material has sufficient sensitivity to reliably record a frame of the fast
event with a single pulse. The method we describe uses the angular selectivity of thick holograms
to resolve frames that are recorded with adjacent pulses. Two specially designed cavities are used to
generate the signal and reference pulse trains. We experimentally demonstrate the system by
recording laser induced shock waves with a temporal resolution of 5.9 ns, limited by the pulse width
of theQ-switched Nd:yttrium–aluminum–garnet laser used in the experiments. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1446205#
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Since the early days when holography was invent
people have been studying high-speed events using h
graphic techniques. A well-known example is double exp
sure interferometry.1 Multiple frames can be stored and r
constructed separately using multiplexing techniqu
Previous work has focused on spatial multiplexing2–4 where
holograms are recorded at different locations of the record
medium. Pulsed holograms have also been angularly m
plexed taking advantage of the thickness of the record
medium. In one method, three lasers are used to gene
three reference beams with different angles and each l
fires a pulse in a different time.5 A rotating mirror6 or electro-
optic switches7 have also been used to generate the refere
beams. In these efforts, the speed is limited by electronic
mechanical scanning. In the system we describe the spe
limited by the pulse width of the laser~5.9 ns!. With proper
modification the method can also be used with subpicos
ond pulses. During recording, a sequence of signal and
erence pulses are incident on the holographic medium.
signal pulses all travel in the same direction while the ref
ence beam direction changes from pulse to pulse in orde
angularly multiplex holograms. After the recording, a cw
ser at the same wavelength is used to readout individ
frames. Depending on the incidence angle, different fram
can be readout separately due to the angular selectivity o
thick hologram.

In the experiments, both the signal and the refere
pulse trains are generated by a single pulse from a freque
doubled Q-switched Nd:yttrium–aluminum–garnet~YAG!
laser ~wavelength 532 nm, pulse width 5.9 ns, energy p
pulse 300 mJ, and beam diameter 9 mm!. The system is
shown in Fig. 1~a!. In the signal cavity, a polarizing beam
splitter is used to couple the vertically polarized~perpendicu-
lar to the paper! incident pulse into the cavity. The Pocke
cell is timed to behave like a temporaryl/4 wave plate~ef-
fectively al/2 wave plate since the pulse passes it twice e
round trip! to rotate the polarization of the incident pulse
horizontal direction after it first enters the cavity. It is turn
off afterwards while the pulse travels back towards the
posite mirror. The pulse is then trapped inside the cav

a!Electronic mail: zliu@its.caltech.edu
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since the polarizing beam splitter transmits beam with ho
zontal polarization. Al/4 wave plate is used to slightly rotat
the polarization of the pulse and the induced vertically p
larized component is coupled out of the cavity from the p
larizing beam splitter. In the reference cavity, the incide
pulse enters the cavity via a small coupling mirror. After t
coupling mirror, it travels as if it had originated from th
center of the lower mirror. The two lenses form an imagi
system and the pulse hits the center of the upper mirror.
break the symmetry of the cavity by slanting the upper m
ror slightly. The reflected pulse then travels at a sma
angle with respect to the axis, just missing the coupling m
ror. The pulse hits the center of each cavity mirror at sligh
different angle after every round trip. Pulses are coupled
of the cavity by making the lower mirror partially reflecting
We generate five signal and reference pulses out of a si
pulse from the Nd:YAGQ-switched laser using the earlie
method. The pulse separation is about 12 ns which can
changed by tuning the cavity length. Our current signal c
ity is quite lossy due to the reflections from the optical co
ponents and the spatial filtering that is used to improve
beam profile and this limits us to only about five sign
pulses. We recorded five plane wave pulsed holograms in
Aprilis material.8 The diffraction efficiency of each frame
and the angular selectivity curve are given in Fig. 1~b!. The
Aprilis material yields a diffraction efficiency of approxi
mately 1% for a 1.6 mJ/cm2 exposure of cw illumination or a
single 5.9 ns pulse. The diffraction efficiency whenM holo-
grams are superimposed goes ash5(M]/M )2 whereM /]9

is a material dynamic range parameter. The measuredM /]
of the Aprilis material is 6. Since we typically can obta
high fidelity reconstructions withh51024, movies with sev-
eral hundreds of frames can be recorded with an impro
cavity design.

This apparatus is used to record optical breakdo
events. We split part of the pulse from the laser and focu
on the sample. This pumping pulse induces opti
breakdown.10–14Figure 2~a! shows the optical breakdown o
a poly~methylmethacrylate! ~PMMA! sample. Frame I shows
the plasma created by the pumping pulse. The tail is lik
due to the discharge in the air in front of the sample. In fra
II, a shock wave is clearly seen. The average propaga
© 2002 American Institute of Physics
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speed of the shock wave between frame I and II is abou
km/s and that between frame IV and V is about 4 km/s.
Fig. 2~b! we show the breakdown in air. Similarly, plasma
created in frame I and soon a shock wave forms. The
discharge happens in a region near the focal point of the
and the length of that region is about equal to the depth
focus. A line of spark is visible during the experiment.
Fig. 2~c! we focus the pumping pulse near a blade~the dark
rectangular shadow!. The threshold of optical breakdown
lowered dramatically by the presence of the metal blade.
optical breakdown happens mainly at a small region aro

FIG. 1. High speed holographic movie camera.~a! Optical system.~b! Dif-
fraction efficiencies of five pulsed holograms and the selectivity curve of
first frame. Both the reference and signal pulse train have a total energ
about 37 mJ. The pulse energy in the reference and signal pulse train d
and the successively recorded holograms get weaker and weaker. A
material ULSH500-7A-22 is used as the recording medium. The thickn
of the material is 200mm. The pre-exposure energy is about 2 J/cm2 ~white
lamp!.
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the focal point which is close to the metal and produce
more spherical shock wave. We also focus two pump
beams on PMMA and generate two shock waves as show
Fig. 3. In ~a! the lower pumping pulse has higher energy
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FIG. 2. Optical breakdown.~a! Optical breakdown in a PMMA sample
Frame I is recorded about 1 ns before the pumping pulse vanishes. I, II
IV, and V are the recorded frames with frame interval 12 ns. VI is the fi
direct image of the sample after the optical breakdown. The intensity of
pumping beam is 1.631012 W/cm2. ~b! Optical breakdown in air. The in-
tensity of the pumping beam is 5.231012 W/cm2. ~c! Optical breakdown in
air with a metal blade near the focal point of the pumping beam. The in
sity of the pumping beam is 1.631012 W/cm2.

FIG. 3. Interaction of two shock waves.~a! Unbalanced double shock
waves.~b! Equal intensity waves.
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we can see from the plasma size in frame I. When the
shock waves meet, the one with higher pressure penetrat
shown in frame III. In~b! the two shock waves roughly hav
the same pressure, they balance with each other in
middle.

A unique feature of the holographic recording is that
records the field and thus has both the amplitude and p

FIG. 4. Holographic reconstruction of the object field.~a! Interference be-
tween a reconstructed frame and its reference wave.~b! and~c! focusing at
different depths. The angle between the pumping beam and the signal
is about 20°. The pumping pulse is focused at about 1 cm in front of
PMMA sample which is consistent with the measured image depth pos
difference between~b! and ~c!.
Downloaded 11 Jun 2002 to 131.215.135.158. Redistribution subject to A
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information. We interfere the second frame of an air d
charging event with the reference~a plane wave!. The fringes
are shown in Fig. 4~a!. Apparently, the refractive index insid
the region surrounded by the shock front is different fro
that of the outside and there is an index gradient. In
holographic reconstruction we can focus at different dep
since the object field is reconstructed. In Fig. 4~b! the plasma
created on the PMMA sample is in focus while in Fig. 4~c!
the shock wave due to the discharge in the air~in front of the
sample! comes to focus by changing the position of t
charge coupled device camera.

In conclusion, we have demonstrated a system wh
can record fast events in nanosecond scale. The techn
can be extended by using shorter pulses and generating
signal beam pulse train through wavefront division or no
linear optics rather than the electro-optically switched cav
described here.

This work is supported by the Air Force Office of Sc
entific Research and the NSF Neuromorphic Engineering
search Center.
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