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PICOSECOND AND SUBPICOSECOND MEASUREMENTS

Chung-Yee Leung

Institute of Electro-Optical Sciences
National Central University
Churig=L1, Taiwan 320
Republic of Chins

’ ABSTRACT

This paper gives a review of picosecond and subpicosecond measurement
techniques using ultrashort optical pulses from modelocked laser systems.
Availability of these short pulses has provided researchers a powerful tool
for the study of ultrafast phenomena, where direct measurements in the time
domain were not possible before. Generation methods and measurement schemes
are described. Recent rapid progress in the area of opto-electronic measure-
ment techniques using high speed photoconductors is also discussed.

1. Introduction

Record of man's interest in accurate measurements of high speed pheno-
mena dates back to the time of Galilei, when he used his pulse to time brief
events. Since that time, the ability to measure short intervals has advanced
from 1 second to tens of femtoseconds (10°1% sec). Fig.1 shows the progress.
Most motable from Fig.1 is the sharp improvement in the past two decades,
relating to rapid advances in the capability of lasers to produce ultrashort
pulses. Until 1965, the shortest time interval which could be measured was
limited to about 1 nanosecond (1072 sec). With the invention of mode-locking
lasers, this capability suddenly increased by 3 orders of magnitude to the
picosecond (10712 sec) regime. When Fig.l was drawn in 1977 [1], the short-
est pulse generated was about 0,3 psec [2]. Recent progress has allowed us
to put another point In that Fipure below the 10717 sec mark [3,4] .

Availahility of picosecond and subpicosecond optical pulses has provided
scientists a powerful research tool for the probing of ultrafast phenomena
where direct measurements in the time domain were previously impossible.
Today, research activities in this field is bleoming, Studies of a wide
variety of ultrafast phenomena in physics, chemistry, hiology and engineering,
covering all sorts of materials : solids liquids, pgases and plasmas have been
carried. out.
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Flg.1. Progress in measurement of brief time intervals (after Shapiro [1]].
A : Galilel (1580)- pulse timing, 1 sec vesolution; B : Von Segner (1740} -
image persistence en retina, 0.15 sec; C ¢ Wheatstone (1834) - streaked image
of spark by rotating mirror, 10°% sec; D : Abraham (1899) - d,c. Kerr shutter
10°% sec; E : DeMaria (1966) - modelocked Nd:glass laser, 10711 sec.

2. Ultrashort Optical Pulse Gemeration

The progress in ultrashort light pulse generation is illustrated in Fig.Z.
Picosecond optical pulses were first genmerated by passively modelocked solid-
state lasers [6,7]. MNd:glass lasers can easily be designed to provide pulses
less than 10 psec in duration. Their major shortcomings are low repetition
rate, due to thermal problems of the active medium, and output fluctuations,
The flashlamp-pumped dye laser produces pulses 1.5 te 5 psec covering a broad
range of wavelengths [B-10]. Being a flashlamp-pumped system, however, it
still subjects to fluctuation and low repetition problems. Continuously-
pumped passively modelocked dye lasers have generated the shortest optical
* pulses. The first laser of this kind by Ippen et al. [11] produced pulses as
short as 1,5 psec. That system was later improved to generate pulsewidths
00,3 psec [2]. With the colliding-pulse-modelocked (CPM) ring configuration,
the cw dye laser has recently generated pulses shorter than 0.1 psec [3].
Self-phase modulation in an optical fiber followed by compression with a
grating pair have shortened the durations of these pulses to approximately
30 psec [12].
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The basic features of mode-locking can be understood from a simple ana-
Iysls in the freguency domain. FPor each transverse mode of a laser resomator,
there corresponds a set of longitudinal modes separated in frequency by dv =
c/ink, where c is the speed of light, L is the resonator lemgth and n is the
effective refractive index of the medium between the mirrors. Fig.3 shows
typical spectrum of a laser, such as that of a HeNe laser measured with =
scanning Fabry Perot interferometer. These are resonator modes with enough
gain to overcome losses., The total field of the laser output is a sum of the

oscillating modes
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E(t) =2 Ey expl i [2nv_smEv)e + ¢ (t)]} (1)
m

where v is an arhitrarily chosen reference frequency, E_, ¢ arc mmplitude
and phagu, respectively, of the mth mode. In general ¢ 's Wury randomly with
time, causing output intensity to fluctuate. Mode- Iu-:kiﬁ'g peeurs when the
different modes are locked together in phase. Assuming all phases g Bquﬂl

to zero, and that there are N oscillating modes with equal nmp]itudcs E the
output intensity I({t) becomes

I(t) = |[E(£}|? = (2]

EE sin? (NZrdut/2)
sint [dxdut/2]

A plot of the square root of I[t), for N=5, £ =1 i3 shown im Fig.4d.

Some properties of mode-locking are apparent : thePoutput contains @ train of
pulses separated one from the other by T=Inl/c, with peak power oquals to N
times the average power, and individual pulsewidth t =T/N=1/&u, where Av is
the spectral linewidth of the lascr. The modelocked? pulse duration is thus,
theoretically, inversely proportional to the laser bandwidth. Table I gives
the bandwidths of some of the lasers most comsonly used in mode-locking and
the Fourier transform-limited pulsewidths, Actual pulse duration achieved
depends on the method of mode-locking and properties of the material used.

Incomplete locking of modes leads to pulses wider than the theoretical expec-
tation.

There are two catepories of mode-locking technigues . active and passive.
Here we choose to describe only passively modelocked systems because they
produce the shortest pulses. In passive mode-locking, a saturahle ahsorber,
whose transmission increases with light intensity, such as shown in Fig.5, is
inserted into the optical path between the mirrors of the resonator. The
resonator modes with random phases will not survive due to high losses at
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Fig.4. Theoretical piot of YIntensity versus t/T, where T=2nl/c is the round-
trip time of light propagation in the resonator [after [13]1,
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Table 1. Bandwidths and Potential Pulsewidths of Some Commonly Modelacked
Lasers
Laser Medium Typical Bandwidth Transform-Limited
fw [Hz) Pulsewidth
tP (psec)
HeNe 3.5 =% 10 600
Argon lon 5 % 109 200
Nd: YAG 3 x 1018 30
fuby & x 1010 15
Nd:Glass 3 x 1003 0.3
Semiconductor 1 x 1013 0.1
Dye 3 x 1013 0,03

low intensities, The situation is different for those modes in phase with
each other to form & pulse train according to Bq.(2), which are transmitted
with slipht attenuation due to the higher intensities of the pulses. Thus

the insertion of the saturable absorber "forces" the laser to "lock™ its modes
through this "survival of the fittest" process.

The first picosecond optical pulses were obtained by modelocked solid-
state lasers, A carefully-designed Nd:glass system typically produces pulses
5-8 psec in duration. Major disadvantages of the Nd:glass system are low
repetition and fluctuation of pulse characteristics., Pulse energies and dura-
tion vary greatly from shot te shet. Even within the same train, pulse pro-
perties vary a lot according to its position in the train. However, with a
before-amplification peak power typically w1 GW, the neodymium laser remains
a powerful tool in the study of nonlinear processes wheye power is lmportant.

Fig.6, depicts o typical neodymium system : the one we are using at

National Central University in the study of hot electrom phenomena in semi-
conductors. It uses a 5" long Hoya LHG-8 Nd-doped phosphate glass rod as

A TRANSMISS ION

Fig.5. Transmission vs intensity
in a saturable absorber.

3 INTENSITY
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Fig.6. A modelocked Nd:glass laser system for picosecend studies.

oscillator medium and a 9" rod in the amplifier., Phosphate glass is chosen
mainly for its low monlinear refractive index n. (about 1.02x1071? esu), such
that glass damage due to self-focusing can be a%uided. Besides, the rela-
tively large cross-section for stimulated emission (about 4.2x10729 cm?] of
this glass iz also attractive. The laser is modelocked by Flowing a 10:1
solution of dichloroethane and Eastman Kodak Q-switch dyve 45860 through a cell
in contact with the rear mirror. Operating at low repetition (below & ppm)
and nedar threshold, it produces mJ pulses at 1.054pm, in &8 TEM__ low diver-
gence [z 1 mrad ) beam. The mode-locked output from the oscillator consists
of a train of about a hundred picosecond-pulses separated one from the other
by approximately 10 nsec (Fig.7). To minimize fluctuation, a single pulse
near the beginning of the train is switched out for our experiments. As shown
in Fig.6, an electro-optical shutter is used in pulse selection. Laser heam
deflected by the Glan polarizer illuminates a photodiode which, when power
detected reaches a predetermined level, triggers a 6 nsec high voltage pulse
which is applied to the Pockels cell to rotate lipght polarization by 90°,
letting a single pulse to pass through the shutter. Typical pulse duration,
measured by type 11 second harmonic generation in a nomlinear crystal (see
Mext section), is about 8 psec., Other yseful wavelengths can be generated by
nonlinear optical methods : EETUE, 35138 and 26358, for example, are produced
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Fig.7. A mbdlocked pulse train.

by second, third and fourth harmonic peneration, respectively. Recently, we
have generated 0.85 - 1.dpm near infrared tunable output by optical parametric
amplification in a temperature-tuned CDA crystal [14].

Passively mode-locked cw dye lasers have generated the shortest laser
pulses. Fig.B shows the system used by Ippen and Shank [2] to produce the
first subpicosecond pulses. The gain medium, rhodamine G in a free-flowing
stream of ethylene glycol, is located at a focal polnt approximately in the
center of the resonator. The saturable absorber : a mixture of DODCI and
malchite green dyes in ethylene glycol, another free-flowing stream, is lo-
cated near one end of the resonator. Near the other end of the resonator is
an acousto-optical cavity dumper that can dump optical pulses from the system
at a rate up to 10° pps. This arrangement produces pulse energies that are
at least an order of magnitude higher than that obtained from conventional
putput scheme with a partially transmitting mirror. In addition, this lower
repetition rate is needed in many experiments to allow for complete sample

ARGON LASER
INPUT

GAIN

MEDIUM SATURABLE

ABSORBER

CAVITY
DUMPER

Fig.8. Cavity-dumped, passively modelocked cw dye laser (after [2]1.
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Fig.%. Pulse compression on passage through a slow saturable absorber,
saturable gain, and linear losses of the system.

recovery between pulses. Subpicosecond optical pulses have been generated,
with this system, at 615nm, with ~5x107%) single pulse energy, equivalent to
~SkW peak power.

Measurements on DODCI has revealed a slow recovery time about 1.2 nsec
[15]. This is in sharp contrast with the fast recovery ( <pulsewidth) satur-
able absorbers used in mode-locking solid-state lasers, Here, in the absence
of a fast absorber dye recovery, it is the combined effect of pain and ab-
sorber saturation that act to produce short pulses, With & slow recovery,
the saturable ahsorber incresses in transmittance during the passape of s
pulse. As a result, the front portion of the pulse is attenuated more than
the back portion. During passage through the gain medium, however, the back
portion receives léss amplification than the front due to gaein saturation.

On completing an oscillation, other
resonator losses reduce the pulse
energy to its original value. This
pulse shortening process is illus-
trated im Fig.9.

Fig.1U. Bleaching and generation of
an absortion grating in a saturable
absorber by a pair of colliding op-
tical pulses. Time sequence from top
to bottom (after[5]]. - +
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The first optical pulses shorter than 0.1 psec were penerated by 8 colli-
ding-pulse mode-locked [CPM) ring dye laser, In this laser, counterpropagating
pulges "collide" in the saturable absorber, interfering to create a transient
grating, as illustrated in Fig.10, in the population of absorber molecules,
which in turn coherently scatters light from one pulse to the other. The mode-
lacking dynamics are similar to those of conventional cw dve lasers with slow
absorbers, except here generation of the transient absorption grating tend to
synchronize, stabilize, and shortens the pulses in a surprisingly effective
way [3]. Schronization of the two counterpropagating pulses occurs because
the minimum energy is lost to the absorber when the two pulses meet in the
thin absorber stream. CQuancitative analysis has shown that coherent coupling
between the colliding pulses has a pulse shortening effect similar to an
increase of the effective absorber cross-section [5,16]. The principal requi-
rements for CPM are that the difference in arrival time of the two pulses be
small compared to the pulse duration, and that the optical path in the ab-
sorber be equal to or less than the pulse duration. The first CPM laser is
schemetically shown in Fig.1l. The rhodamine 6G dye laser is pumped with a
3-7W cw argon ion laser at 51458, The free-flowing saturable absorber stream
{3,3"-Diethyloxadicarbocyanine iodide dissolved in ethylene glycol) is appro-
ximately 10um in thickness, The gain dye stream is 50 located that the coun-
terpropagating pulses arrive at well-separated times. The focussing mirrors
for the gain region have a 10-cm radius and those for the absorber have a 5§
em radius. The optical pulse duration has been measured to be about 90 fsec.

| RPUT SFECTAALLY ESDADERLD
PULSE

PULIE
LET= J

COMPRESRED
PULET

Fig.12. Experimental arrangement for short pulse compression (after [17]).
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Fig.13. Result of an autocorrelation
measuresent on a 30 fsec pulse (after

INTEMSITY [ ARBITRARY UNITE)

T, 50 fase
[17]).
| i i I =
32 -04 L] 04 o2
TIME |panz]

Shorter CPM laser pulsewidths have been reported by Shank et al.[17] and
Halbout and Tang [1B].

Femtosecond pulses generated by & CPM dye laser have been further com-
pressed to even shorter pulses, This is done with an arrangement shown in
Fig.12. The femtosecond pulse is first focused Inte a short length of single
mode optical fiber, in which self phase modulation causes a frequency chirping
with lower frequencies leading higher frequencies. The chirped pulse, without
a change in shape, may be compressed by passage through an anomalously dis-
persive medium. This is accomplished by having the spectrally broadened pulse
pass through a matched grating pair, as shown in Fig.12, a method originally
devised by Treacy [19-21]. The compressed pulse has a duration of 30 fsec,

PULSE
ouT

Hd: YAG LASER

G
—t-pwHamposc) GRATIN

e "~ - Fig.14, A d4-stage femtosccond
: optical pulse amplifier (after
& @ [17]3.
i

e Ne | o/

SATURABLE ABSORBERS

the shortest optical pulse reported today. Fig.1F shows the result of an

gutocorrelation measurement (see next section on pulsewidth measurement tech-
nigques) on this pulse,

The relatively low intensities (typically 1-10 kW peak power) of dye
lasers pose a problem in experiments where more intense pulses are essential.
It is thus often necessary to amplify dye laser pulses to the required power
levels, A system used by Shank et al. [17] to amplify their femtosecond
pulses to energy levels in excess of a gigawatt is depicred in Fig.14. It
has four dye amplifier stages, three transversely pumped, one longitudinally
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pumped by pulses splitted off, at successively larger fractions, from a fre-
quency-doubled Q-switched Nd:YAG laser pulse. Single subpicosecond pulses
from a CPM dye laser are selected in synchronism, with a timing jitter less
than 1 nsec, with the pump pulses to ensure gain optimization. Beam diameter
is expanded appropriately between stages. Streams of saturable absorber mal-
chite preen are used to isolate the stages from each other, to suppress ampli-
fled spontanecus emission, and to reshape the amplified pulses. An incident
80 fsec pulse is broadened to about 400 fsec during passage in the dispersive

Dyw Wivam Fig.16. Generation of pulses shorter
Fu.um than 70 fsec with a synchronously-
pumped cw dye laser {after {&]}.
Fregpaency Daudybed

e

amplifiers. A grating pair is used after the final amplifier stage to com-
press the chirped pulses. The pulse iz restored to 70-90 fsec duration with
& peak power at gipawatt levels I]?,E]].

For high speed time-resolved spectroscopic measurements, white light
continuum picosecond and subpicosecond pulses are extremoly useful. They
enahle one to measure, for example, the entire absorption spectrum of a sam-
ple in & single shot. A continuum can be generated by focusing an intense
pulse into a nonlinear médium such as glass, calcite, quartz, H,O, D.0 and
€c1, [23-25]. Fig.15 shows an experimental arrangement which Fark &t al.[26]
uses in femtosecond continuum generation. A pump pulse at 627 nm of 65 fsec
duration, generated by a CPM dye laser and amplified by a 4-stage Nd:YAG
pumped dye amplifier system to 1.2 GW peak power, is focused into a 500 um
thick jet of ethylene glycol. The recollimated pulse, and a delayed reference
ﬂulse splitted off from the pump, are focused at a thin (100um) KDP crystal.

peenverted light Ls observed with an optical multichannel analyzer. Cross-
correlation functions are cbtained by varyving the optical path of the re-
Ferepnce pulse., The contlnuum pulse generated is measured to have a broad
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spectral range of 0.18-1.6um, with a pulsewidth of about 80 fsec, and a peak
power sbout 1 GW.

As @ last comment, optical pulses shorter than 0.1 psec have been
generated by methods other than CPM, As an example, Fig.1l6 shows scheme-
tically a synchronously-pumped cw dye laser system that generates femto-
second optical pulses Td . The gain dye : rhedamine &G and the fast recovery
saturable absorber : DOOCI are mixed in a solution of ethylene glycol. The
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Fig.18, An excite-and-probe setup for measuring excitation dependence of free-
carrier absorption in semiconductors.
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Fig.1%a. A plcosecond ellipsometer used to measure photo-induced refractive
index change in a semiconductor (after [28]],

dye mixture jet [200pm thick]) is synchronously pumped by & frequency-doubled
cw mode-locked Md:YAG laser of matched cavity length. The laser 1s tunable
over 500-615nm,. Pulzewidth measurements using a background-free autocorre-
lator indicate that the shortest pulsewidth : 70 fsec, is obtmined at 615nm
where the laser exhibits s maximum stability and maximem outpud power, Te-
flecting the dramatic effect of the saturable absorber, For a 300 nW average
pusp power, the output is 30 wW. The large laser spectrum [IIHE.':I and evidence
of Frequency chirp observed indicate that pulses as short as 30 fsec may be
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Fig.19h. Ellipsometer transmission vs time delay. The solid line is a theo-
retical fit using an ambipolar diffusion model, with effective diffusion
constant D [after [28]].
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Fig.20a. A femtosecond interferometer for nonlinear optics studies. BS:
beam splitter, EOM: electrooptic modulater, M-I: Mach-Iehnder interfero-
meter, P: polarizer, PD: photodetector, S: sample cell (after [151]»

ohtained with the use of a grating pair pulse compressor, and the design of a
dispersion-free cavity. With this setup, the pump pulses and the generated
pulses can easily be synchronized to a picosecond accuracy. Therefore,
efficient amplification of the pulse energy to the mJ level with a syn-
chronously pumped dye amplifier system can readily be achieved.

3. Measurement Technigues

The availability of ultrashort optical pulses has provided scientists an
extremely useful tool for direct measurements of ultra-hipgh speed phenomeni.
Numerous experiments, in all major areas of science : physics, chemistry,
biology and engineering, have been performed since the first appearance of
modelocked lasers more than 17 years ago. Major methods of measurement are
described in this section. The powerfulness of these technigques are illus-
trated with a number of representative examples.

3.1 Excite-and-Probe Technigues

The modelocked laser pulse, with its extremely high peak power, can
easily create & highly excited region in a sampleé. The state of the medium
can then be probed with another short pulse (Fig.17). Splitted-off from the
same¢ modelocked pulse as the excitation, the probe is allowed to pass through
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a variable optical delay path. By varying the delay of the probe pulse, tran-
sient phenomena in the excited medium can be investigated, with a time reso-
lution equal to the pulse duration, as a function of time after excitation.

To avoid significant perturbation of the state of the excited medium, the
probe is generally much wesker than the excitation. Since the entire inte-
grated pulse energy is monitored, no high detector or electronics is needed,

The excite-and-probe method has been applied to studies of photo-induced
transparency, ahsorption, refractive index change, birefringence and other
phenomena in a8 medium. It is the most widely-used technique for ultrafast
measurements., In fact, the first picosecond measurement with optical pulses

Fig.21l. A frequency-doubled Nd:glass laser-pumped optical parametric amplifier
[OPA) system for excite-and-probe studies. P5: pulse selector, AM: amplifier,
M: mirror, P! prism, L: lens, D: detector, B: beam splitter, A: attenuator; F:
narrow band filter, 5: sample. Laser, pump, sipgnal and idler wavelengths are
indicated by Ay lp. Ay and A., respectively.
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was an excite-and-probe experiment [27]. Shelton and Armstrong used their
laser to saturate the absorption of & -switching dye. Absorption recovery
was then monitored by delayed pulses. The entire pulse traln was wsed in
both excitation and probe in this early experiment.

Fig.1B illustrates a typical experiment in which the transmission of a
sample is measured. We have used this setup to study excitation dependence
of free-carrier absorption in semiconductors. A single pulse, selected From
a modelocked Nd:plass laser and upconverted to Thy photon energy in a XKDP
second harmonic penerator, is used to excite a semiconductor whose bandgap E
is such that hw< E_< Zhu. The excitation pulse is entirely absorbed, via
direct interband transition, creating a dense electron-hole plasma at the
interaction spot. The unconverted portion of the pulse is uwsed to probe the
oxcited medium, With photon energy less than bandgap, this pulse is absorhed
by intraband transitions. A measurement of probe transmission thus reveals

density and state of the free-carriers. Experiments have been performed on
GaAs, CdTe and Inp.

An oxample where measurement is made on the reflectivity is shown in Fig.
18a. In this particular experiment, photo-induced refractive index change
is measured with an ellipsometer which monitors the change in ellipticity of
light reflected from the sample surface [13]. Purpose of the experiment is
to investigate the transient behavior of a photo-generated electron-hole
plasma in a semiconductor. A single pulse selected from a modelocked Nd:glass
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Fig.23. Probing of laser-induced
transient grating [after [37]].

laser pulse train is splitted by a beam
splitter into two parts. The strong part
is used to excive the sample, which is a
piece of intrinsic Ge crystal. A dense
electron-hole plasma is created, by direct
interband transitions, at the interaction
spot. As a result, there is a slight
change in refractive index. The plasma is o Y
= %
o X
4 \

; PHOTO EXCITED
ARIRANE SAMPLE

intially confined, due to high sbsorption,
in a laver about 1 micron within the irra-

diated surface. It rapidly diffuses into R
the bulk after its creation. The diffusion f; \ oo
rate can be measured by monitoring refrac- PULSE

tive index change, as a function of time

after excitation, with the weak part of

the splitted pulse which passes through the ellipsometer as shown. Polariters
of the ellipsometer arc set such that no light passes through when excitation
is blocked. Then the transmission through the ellipsometer is ATe= |[é&n/n|Z,
where n 1s the index of refraction and 4n i% the index change. Incident
energy is monitored shot by shot with a reference detector. Each data point
in Fig.19b is an average of 10 shots, Peak ellipsometer transmission of 5 x
10°% corresponds to a negative index change én/n = -0,051. The solid line
is a theoretical curve according to the ambipolar diffusion model. Free-
carrier density is estimated to be sbout 1.7 x 10°" em™*, The diffusion con-
stant D = 230 em?/sec obtained is much higher than the known constant of 65
cm? faac obtained from low carrier density measurements. This diffusivity
increase can be accounted for with a degenerate eleéctrom-hole plasma model.

Induced changes in index of refraction has also been measured by an in-
terferometer method. An arrangement which Halbout and Tang [18] have used

in the study of third order nonlinearity in C5, is depicted in Fig.20a, The
laﬁEr used is B culliding—puld:

modelocked [CPM) rhodamine 6G ring
dve laser emitting in two beams
highly stahle 70fsec long pulses,
at 619.5 nm wavelength, at a repe-
tition rate of 100 MH:., For a

Fig.24. Measurement of diffusion
and recombination effects in a
semiconductor by diffraction from
an optically-induced picosecond
transient grating.
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Fig.25. The ultrafst optical shutter.

pump power of 5-6W from an argon ion laser, output power in each beam is 30mW.
The strong excitation and the weak probe, derived from the two output heams

as shown, overlap both spatially and temporally in a l-cm C5, cell which is
placed in one arm of an actively stabilized Mach-Iehnder int@rferometer. The
strong excitation introduces, via third-order nonlineéar refractive index, a
phase shift between the two arms of the interferometer. This phase change 15
phserved by the probe beam as a function of the time delay betweoen excitation
and probe, The excitation beam is amplitude modulated at 1 kHz by an electro-
optic modulator to avoid the interferometer being perturbed by a spurious com-
ponent at signal frequency. Feedback stebilization of the interferometer is

Fig.26. Experimental
arrangement for the
photography of a light
ulse in flight (after
40]7.

S 1
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Fig.27. A picosecond optical pulse
photographed "in flipht" as it pro-
pagates from right to left through
a cell of milky water, The scals
ig in millimeters. The shutter
open time ls about 10 psec,

achigved by synchronous detection at
twice the modulation frequency followed
by an integrator and a high-voltage
cperational amplifier which drives the
PET. Only one detector is needed for
both stabilizatlion and signal detection.
Data cbtained |s depicted in Fig.20h,
which exhibits a double-exponential decay
characteristic., Fitted te a function of

the form : Aexp(=-tST.] + Bexp(-t/T.], the
best fit i1s obtained with A=0.86, "B=0.14,
T1=H.3ﬁ psec, T.=L.07 psec. There are

two intrinsic contributions to the third
order nonlinearity. First, a "purely
electronic" contribution arising from
nonlinear distortion of the clectronic
distribution around a fixed nuclear con-
figuration of the molecules. Second, a contribution of '"nuclear" origin due
to optical field-induced nuclear motion of the molecules which indirectily
affects electronic polarizability. Since the purely electronic contribution
should not extend bevond the width of the cross-correlation between the two
beams, experimental result thos confirms that the prodominant contribution
ta the third-order nﬁTIl-l.rll‘!u:l'j.t}' in C5.., down to -'\.IJ]'IE:-jL'L'--_.EL'i:ln.J regime, is of
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nuclear origin. This interferometry technique can readily be extended to the
study of other materials including solids.

Passively modelocked cw dye lasers, such as the one used in the above
example, featuring subpicosecond pulsewidth, high repetition rate, excellent
pulse stability and wavelength tunability, are ideal for ultrafast phenomena
studies, particularly when small offects ar being measured. DOperating at
high repetition rates, powerful signal averaging methods can be applied to
enhance signal/nolse ratio. Recent improvements of pulse reproducibility
with OPM systems have further improved detection seasitivity and signal-to-
noise ratio. Recently, detectibility as low as 1077 has been achieved in a
sampling experiment [29].

Since both the excitation and the prebe are derived from the same laser
pulse, care must be taken in interpreting experimental data for delay times
equal to or less than pulse duration. Here, coherent couplimg between the
two beams occurs. Speatial interference produces in the sample medium &
periodic nonlinear polarization, which scatters the excitation beam into the
ErThE beam. This effect has been observed in a number of experiments [15,30,

1].

In investigation of ultrafast processes, it is often needed to excite
the sample at one wavelength and than probe it at ancther wavelength far
apart in the spectrum. One convenient approach is the wse of nonlinear
aptical devices. Nonlinear crystal parametric amplifiers (OPA] are particu-
larly wseful in the generation of short pulses in the infrared. A system
using Likbd. crystal (Laubereau et al. [51}]. for example, may be tuned be-
tweéen 1.4 afid 4ym. This wide tuning range has find useful applications in
the studies of the vibrational dymamics of palyatomic molecules. Fig.Zl

SINGLE MODE- L OCKED
PULSE Ma:GLASS
SELECTIR LASER
*'Pﬂ"r_ - = A |
CINOLE PLILSE
PULSE MR IN
W
BEAN
SPLITTER oo
Fig.29, Optical gating [  EXCITATION

setup for time-resolved [ BEAM
abservation of photo-
luminescence in semi-
conductors,
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shows an optical parametric amplifier system which we have used in the study
of the transient behaviors of photogenerated electron-hole plasmas in semi-
conductors Il4], Picosecond pulses at 1.054um avre selected from a passively
medelocked nepdymium-doped phosphate glass epscillator-amplifier laser system.
Typical single pulse energies are 5-10 m]. An angular phase-matched tempe-
rature-stabjlized KDP crystal is used to generate, at a conversion efficiency
» 30%, second harmonic wave at 0.527um, which in turn pusps a 1.5 cm long
temperature-tuned CDA crystal OPA. The CDA crystal is cut in the 45 degrees
r-out orientation, with the pump beam,polarized aleng the optiec axis, pro-
pagates along the Illﬂ] direction. To avold crystal damage, irradiance on
the crystal is kept below 500 MW/cm® by careful control of beam diameter.
Output from the OPA is tunnhlE over the range 0.B85-1.4um by varyving cryvsatal
temperature between 40 and 70°C [33]. Strongly dependent on pump power and
output wavelengths, conversion efficient of the OPA varies from 0.1% to a few
percont in our experiment. The unconverted 1.054um pulse, geinh through a

TE=HILE TaEIF BICEELHARNELFLATR
FiFSTRATIOR
AWEEFING
. ELEFTRADE IEREFiE S REEs

Fig.30. Operation of a Fi
streak tube. -:\—)_: B
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variable delay path and a set of attemuators, is used to excite the samplo,
Probing of the interaction spot ultilizes converted pulses at different wave-
lengths.

Picosecond and subpicosecond continuum, gemerated by focusing a short
pulse into a nonlinear medium in the manner described in the last section,
enables researchers to record ultrafst response In a broad spectrum in &
single shot [3#], As an example, Fig.2Il shows an experiemntal arrangement
pused by Fork et al. [EE,EEJ for picosecond continuum spectroscopy of morphous
and crystalline semiconductors. Subpicesecond pulses (0.5 psec) from a pas-
sively modelocked dye laser operating at 0,61 ym are cavity-dumped at 10 Hz
rate. These pulses are amplified to 2 GW peak power in a dye amplifier sys-
tem and divided into two beams. The first beam excites the sample after
passing through a variable delay line. The second is focused into a cell
containing H,0 or HCl, to generate & broad continuum from 0.35 to 1.6 um.
The ﬁuhpi:usécund confimum is used to probe the absorption of the pump-
Cxcited sample.
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3,1.1 Laser-Induced Transient Etating Mt had

Coherent coupling between two heams in a medium, & source of artifact in
excite-and-probe experiments when the delay time between the two pulses is
shorter than pulsewidth, ean be ultilized to measure ultrafast processes in
the laser-induced tranzient grating method : a variation of the excite-probe
tochnique. In this technigque (Fig.23) the excitation is splitred into two
pulses which spatially and temporally overlap in the sample. Interference
between the two excitation beams results in a peériodic intensity distribution
which induces n photo-excited grating in the sample. This grating rapidly
decays in time when the photo-excited state relaxes or diffuses away. A
delayed probe pulse passing through the interaction spot at some angle is
diffracted into different orders by the transient grating. Thus the decay
mechanisms can be measured by monitoring the intensity of the diffracted light
in pne of the side orders. This method has the advantage that the measured
signnl iz background free whenm only one side order is detected. In addition,
spatial diffusion effects can be studied by varying the grating spacing,
which is determined by the angle between the excitation beams. Phillion et al.

used this technique to study the rotational relaxation of rhodamine 66 mole-
cules in solution [EF].

Thizs technique has been used hy Moss et al. [33] in 8 measurement of
diffusion and recombination effects in germanium [Fig.24). The light source
used is a Kd:¥YAG laser, operated in the TEHED transverse mode, penerating

Fig.31. Experimental arrangement for time-resolved emission studies
using a streak camera [after [50]7.
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[
i | H Fig.32. Fluorescence decay
[ profile of erythrosin dye
Iv\‘ in water, recording with a
streak camera, The first
- | J peak is a pre-pulse marker
| (after [50]).
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35-psec pulses at 1.06um, The excitation pulses are focused onto a t-micron
thick Ge sample. A spatially modulated carrier density is produced by direct
absorption of the excitatien pulses. Decay of the grating is menitored by
measuring the first-order diffracted light from a probe pulse at 1.55um &s a
function of time delay between excitation and probe. The probe pulse is pene-
rated from the 1.06pm pulse by stimulated Raman scattering in benzene. Since
the photon energy of the probe is less than the direct bandgap of Ge, it inter-
rogates principally an index grating. By measuring the lifetimes of gratings
of different spacings (controlled by varying 26), and data fitting with a
linear diffusion-recosbination model, diffusion coefficient has been obtained
along with an estimation that the bulk recomhination lifetime is longer than

1 nsec. 1

3.2 EEEh‘ Gating Methods

3.2.1 The Optical Kerr Shutter

The operation of an ultrafast optical shutter 1% illustrated in Fig.25.
Originally, light from a fast transient event Cannot pass through the shutter
composed of a carbon disulfide cell situated between two crossed polarizers.
When an intense, polarized ultrashort optical pulse (the gating pulse) tra-
verses the CS. cell, it induces a short-lived birefringence duc to orientation
of the polar fiolecules. This “gpens" the shutter, allowing light from an
event to be transmitted for 8 brief interval ( ~ duration of the gating pulse).
By varying the delay of the gating pulse with respect to the event, different
time-sectione of the signal can be obtained. F in Fig.25 is a filter used to
to block the gating pulse. This fast shutter was first proposed by Duguay
and Hansen [39]. To demostrate its speed, they have used the setup in Fig.26
to photograph a light pulse in flight [40]. An infrared pulse from a mode-
locked Nd:glass laser opens the Kerr shutter, which replaces the mechanical
chutter of a camera, for about 10 psec. A green pulse, frequency-double from
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the IR pulse, traverses a cell of milky water. Light scattering makes the
pulse wisihle from the side, so that it can be "stop-motion" filmed in flight
(Fig.27).

The Kerr shutter described above has been widely used in time-resolved
light emission studies [41—43]. Compared to the optical gating by frequency-
mixing technigque described below, this method has the advantages of hroadband
frequency transmission and large angular acceptence, Time resolution of the
gate is limited by both the gating pulsewidth and the Kerr lifetime. Orien-
tation re-ramdomization time of C5., molecules has been measured to be about
Z psec [41]- Using subpicosecond gatjng pulses, resolution of the gate is
thus Kerr response-limited. We have used the setup in Fig.29% in time-resolved
observation of photoluminescence in semiconducters. The photo-excited sample
is placed at one focus of an elliptical mirror while the Kerr shutter is posi-
tioned at the other focus. Part of the amplified 1.054um picosecond optical
pulse, selected from a passively modelocked Nd:glass laser, is used to open
the shutter. Photoluminscence from the front surface is collected as shown.
Strong excitation with picosecond pulses has enabled us to observe photo-
luminscence across the direct bandgap in Ge, which is an indirect gap semi-
conductor.

3.2.2 QGating by Nonlinear Optical Mixing

In this technique, the optical signal of interest is mixed with a pico-
second or subpicosecond laser pulse in a nonlinear crystal for sum frequency

T
RIFTE-EL
Ok &Y

Fig.33., Transiont absorption measurement using a streak camera (after {51]],
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generation. In the first experiment reperted by Mahr and Hirsch [45]. lumine-
sconce was studied by mixing with picosecond dye laser pulses in a phase-
matched ADP crystal. Up-converted signal which was in the uv was detected.
The setup acted as an optical gate which was opened by the picosecond pulse.
Strength of the up-converted light pulse was propertional to the signal power.
Temporal behavior of the signal was obtained by measuring the converted power
while the arrival time of the gating pulse was varied. Recently, this tech-
nique has been applied in the measurement of pulse delay in a single-mode
optical fiber [46].

A "read-in" - "read-out" measurement scheme using optical gating is illu-
strated in Fig.2B [d?.dE], A subpicoseond optical pulse train at w, is di-
vided into two beams. One beam, modulated by a chopper, excites a sample.

A tunable ¢w or long pulse laser is used to probe the response of the excited
sample at w,. The change in the probe is then monitored by optical mixing
with the de%ayed part of the subpicosecond pulse train in & LiI0D, crystal.
With gating pulses at 615nm and probe wavelengths > 560nm, upconVersion effi-
ciency in the LiI0, crystal is typically about 10%. One advantage of this
technique is its 3ﬁeed : temporal resolution is completely determined by the
gating pulse. Also, detec-

tion is background-freec

since upconverted signal MODE -LOCKED ®NG  DYE  LASER

exists only in the pre-

sence of the gating pulse, T

However, for efficient L& SER

conyersion, Bocurate angu-

lar positioning of the non- Koy

4 . LN

linear crystal is required

for phase-matching between

the mixing waves. Eiinm
20imw
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Fig.34. Time-resolved
photoluminescence by the
population-mixing tech-
nique (after [52?}.
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3.5 Measurements with a Streak Camera

Basic operatlion of a streak camera is illustrated im Fig.30. Light from
a transient event strikes the photocathode, cauwsing emlssions of electrons in
proportion t0 instantancous light intensity. The electrons are then accele-
rated by an accelerating mesh and deflected by a voltape ramp applied to a
sweeping electrode. Temporal shape of the light signal has thus been con-
verted into s spatlal distribetion of electron flux, The electrons, multi-
plied in a mierochannel plate, them strike a phospher screen, forming a streak
image which may be photographed or viewed with a vidicon.

For intensity and time calibration, a picosecond optical pulse of known
pulse energy and duration 15 allowed to pass through a pair of mirrors before
incident on the streak camera. A train of pulses separated in time by At=2d/c,
where d is the air separation between the reflecting surfaces and ¢ is the
speed of light, emorges as a result of multiple reflections. The intensity
decays by (1-T)<, where T is the transmission of a mirror, from one pulse to
the subsequent pulse in the train, providing a convenient calibration.

Temporal resolution of a streak camera is determined by a number of
factors. For examplé, photoelectrons emitted from the photocathode at the

P | COSECTMO
w PULSE
A 2 SAMPL
PICOSECOND = “TWFLE Sl IR
PILSE e
_,;-'f"-:‘:__ . - - Fig.35. Single pulse
- experiments,

e
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same time may have different velocities, causing & transit time spread.

Finite width of the camera slit causes another spredad. Streak cameras with
a time resolution better than 2 psec are now commercially available [dﬂ],

Experimental arrangements for time-resolved emission studies using streak
cameras are simple. For example, Fig.31 shows a setup for recording fluore-
scence [50]. A picesecond optical pulse is splitted into three. One pulse
is used to excite the sample. The fluorescence from the sample is imaped into
the slit of the camera. Another pulse, of known temporal separation, is used
a5 i pre-pulse marker. A third pulze, detected by a photodiode, i3 used to
trigger the streak cameora. The streak image is viewed with a SIT (silicon-
intensified target) camera and displayed on a video monitor. Fig.32 shows &
trace of the fluorescence of erythrosin dyve in water recorded with this system
[50]. The first peak is the pre-pulse marker. Transient absorption in a
medium can also be studied with a streak camera. As shown in Fig.33, the
transmission of a picosecond laser-excited sample is probed with fluorescence
{(nanosecond duration) from a laser-excited dye. Yoshlhara et al. used this
system to study the transient absorption of trans-stilbene [51], Capability
of the streak camera to directly record transient light intensity with pico-
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second Tesolution has made it & desirable tool for ultrafast phenomena studies.
The major drawback is its high cost.

3.4 The Population Mixing Method

Population mixing is a recently-developed method for time-resolved light
emission studies which does not require a costly streak camera. Unlike the
gating by optical mixing technigue, critical adjustment of angular alignment
is not necessary. Yet it offers a temporal resolution that is optical pulse
duration-1imited. Fig.34 shows such an experiment by Rosen et al. [52] in the
study of time-resolved luminescence from a photo-excited semiconductor. The
light source used is a modelocked dye ring laser operated at 6llnm and 125 MHz
repetition rate, producing 0.5 psec pulses of 40 pJ pulse energy. The pulse
train is evenly divided into two besms, one modulated at 1.43 kHz and the
other at 2 kHz. Both beams, one of which goes through a variable delay, are
focused onto the sample which is p-type GaAs doped at 6x10'8/em® In concen-
tration at 115 K. Photoluminscence at 840nm is collected and imaged into the
s1it of a spectrometer. An RCA7265 photomultiplier and a PAR lock-in ampli-
fier set at the difference frequency 570 Wz are used for detection. In this
manner, only the photoluminescence signal produced by the mixing of the popu-
lations created by the beams is measured. Take n{t) and n{ter) be the free-

carrier populations created by
I the two beams. Signal detected

LAY
IIII I‘1. Flat Airram ey j's'
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=] where v is the time delay he-
b tween the excitation pulses.
——— T Relaxation behavior of the pho-
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5. E exponentially with time comstant
"2 F T then
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for example, the density of the photogenerated carriers is estimated to be
kot EFJHLEfyn3, at least two orders of magnitude less than the bacﬁgruuﬂd
density. This technique has proved to be useful in Raman studies [53;.

3.5 Single Pulse Measurements

Most of the methods described above require more than one pulse. The
simplest experiment is one in which only a single pulse is involved. As illu-
strated In Fig.35, measurements can be made on the transmission or reflec-
tivity of a sample, This gives information about processes that occur within
the duration of the pulse. The first part of the pulse induces a change in
the medium which affects the later of the pulse. Nonlinear saturations in
semiconductors have been measured by studyving the transmissions as a function
of the intensity [54,55]. We applied this technique to study the reflectivity
of germanium as & function of picosecond irradiance [iu,S?J. A sipnificant
increase in reflectivity at high irradiances was observed, which we inter-
preted as a contribution to the dielectric function arising from direct-free-
hole transitions within the branches of the valeénce band.

3.6 Optical Pulsewidth Measurements

The streak camera is a useful tool for ultrashort pulse diagnostics.
The temporal profile of the intensity of a single pulse can be directly
recorded. Special svstems offering resolution better than a psec has heen
built [5&1591 However, the initial high cost prevents it from being a po-
pular tool.

The most common technigque used in ultrashort pulse evaluation is auto-
correlation measurement by second harmonle generation (SHG). Fig.36 shows n
setup we have wsed. A KD*P crystal cut for type II S5HG is used as the non-
linear medium. The pulse messured is splitted inte two at the beam splitter.
Two crossed linear polarizers P, and P, are used to make the polarizations
of the splitted pulses perpendicular té gach other. Second harmonic pene-
ration In the ¢ryvstal occurs only where the two pulses overlap. Thus, by

Fig.37. Pulse diagnostic by TPF
measurement and a photograph of
HO% HEAM SFLITTER a fluorescence trace (after [60]).
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monitoring the second harmonic green light as one pulse is delayed with res-
pect to the other, the duration of the pulses can be calculated from the
signal profile, with an assumed pulse shape,

Mnother common technigue is two-photon-flouorescence (TPF). As shown in
Fig.37, an input pulse is splitted into two beams which then traverse an
organic dye solution in opposite directions. Fluorescence from the two-photon
excited dye 15 photographed from the side. A densitometer trace of the film
reproduces the autocorrelation functionm of the pulse inteonsities.

4, Picosecond Opto-Electronic chhniqycﬁ

The combination of picosecond optical pulses with ultrafast photocon-
ductors has led to new measurement techniques for high speed electronics. In
this approach, electronic switches and sampling pates are msd:_with ultrafast
photoconductors illuminated by picosecond or subpicosecond optical pulses.
Using radiation-damaged silicon-on-sapphire films, opto-glectronic switching
with & response time less than 8 psec has been demostrated [61]. This po-
werful technigue has been applied in the characterization of high-speed photo-
detectors and electronic devices.

The first demonstration of picosecond electronic pulse switching using
modelocked laser pulses was done by Auston in 1975 [E‘T As i1llustrated in
Fig.38, the switch consists of a thin slab of silicon (10" f-cm) about 0.43mm
thick on which an aluminum m4¢1nqtr1p transmission line consists of a ground
plane and an upper conductor is fabricated, The upper conductor has a gap
0.34mm by 0.34mm. The input coaxial cable on the left is charged to a dec
voltage of +20V. With a high resistance in excess of 10°Q, the gap prevents
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Fig.39. Picosecond microwave pulse
generation by subpiccsecond laser-
activated Cr-doped GaAs switch
driving a coaxial cable terminated
by a small dipple attenna. The

elliptical reflector focuses the
microwave burst through a thin Ge-
el deleciod slab to a detector monitored by a
A
Guhs

fast oscilloscope (after [65]).
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transmission of a signal across the device. As shown in the photographs of
the oscilloscope traces in Fig.38, initial veltage across the output is
neglipible.

A 530nm optical pulse of about 5 psec duration incldents on the device
at the gap. Since the photon energy (2.34eV) is higher than the direct band-
gap of 5i, absorption coefficient a ( > 10%m~ ) is high such that all the
photons are absorbed by direct interband transitions in a thin layer within
1 micron { « a”! } of the surface, creating an electron-hole plasma with a
carrier density as high as 1029 em*3 [28]. A thin layer of high conductivity
greater than 10%(0cm) ™! is thus produced near the top surface of the crystal.
This turns the switch on allowing transmission of a signal as shown in the
top photograph of Flg,38,

A B psec long optical pulse at 1.06pm containing about the same amount
of energy as the turn-on pulse, is used to turn the switch off. In this case,
since hv is smaller than the bandgap, the pulse is abserbed via indirect ab-
sorption and two-photon absorption. The longer absorption depth (hundreds of
microns) results in a high conduetivity region that extends through the
thichness of the crystal to the ground plane. This shorts the transmission
line, forbidding further transmission of signal as shown in the lower osci-
llescope photograph of Fig.38, which corresponds to a delay of 2.4 nsec of
the turn-off pulse with respect to the turn-en pulse. Both optical pulses

Fig.40. MNormalized output from the 0o - 1
microwave detector vs time delay bet- . '

ween the gating and switching pulses, o
Time derivative of a smooth curve drawn £
through the data has a FWHM of 2.8 psec § L
(after [65]). 5
8
z
E
“_ L]
50
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k=l

¥y o ] 11 T o i Fig.41. Transmission
} line electrode patterns
- used for picosecond opto-

electronic correlation
measurements. [a) Tandem

foi ; 5 two-gap correlation
r ¥ g scheme; (b) in-line gap
F}._ and sampling gap; (&)
symmetTic injecting and

sampling gaps on trans-
Yy a i mission line (after {53]].
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-

l.g_r_ EHJ"' I_1:.

are derived from a single pulse switched out from a modelocked train of a Nd:
glass laser, The 0.53um pulse is generated by second harmonic generation in
a KDP crystal.

The speed of this device is limited by the combination of a number of
factors : optical pulsewidths, bandwidth of the coaxial cables and switch cir-
cuit, dielectric relaxation time and RC time constant of the gap. The micro-
strip structure with a submillimeter substrate thickness has a bandwidth of
a few hundred GHz. Since gap capacitance is typically 10°'“F, photo-induced
conductivities are sufficiently large that both the RC time constant and the
dielectric relaxation time constant t=cfoare less than 1 psec. The intrinsic
switching speed is thus primarily limited by the optical pulsewidths.

To determine switching speed of the device, correlation function of the
transmission factors of the two gates in tandem was measured. The first gate,
biased with a dc wvoltape,was used to generate a 15 psec long electrical pulse,
which propagated down the transmission line. Output from the second gate,
which had an aperture time of 15 psec,was displayed on a fast oscilloscope.
Signal amplitudes for various delay between the two gates wero méasured.
Accounting For pulse broadening due to dispersion, the response times of the
gates were determined to be about 14 psec,

The initial work of Auston [62] has stirred up wide interest in the area
of picosecond opto-electronics. FRecent progress has led to epto-electrenic
gates that are switchable at much lower optical intemsities and have higher
speed. They have been applied towards the switching of microwave and milli-
meter wave signals, the switching of multi-kilovelt pulses, and the measure-
ment of the response of high speed eléctro-optical and opto-electrenic devices.

As discussed mbove, a suitable design of switch peometry and eircuit
results in a device whose speed is optical pulsewldth-limited. In order to
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obtain faster speeds, it is thus desirable to use optical pulses of shorter
durations. Modelocked dye lasers synchronously pumped by modelocked argon-
ion lasers producing optical pulses 2-4 psec in duration [51.54] and subpico-
sccond pulses generated by cow passively modelocked dye laser systems [&5 arc
typically used. In order to make switches operational with dye lasers, which
produce % 107? J pulse energies, and semiconductor dicde lasers [66], pro-
ducing pulses in the 10712 3 regime, a small-pap design is necessary. Typicael
gap widths range from 50 um down to 3 um [66],

If the transmission line is not shorted with the application of a second
pulse as described in above, switch-off of the device will depend on decay
time of the electron-hole plasma due to sweepout or recombination, In the
case of 51, thils decay time is in excess of a microsecond. The need of a
switch-off pulse presents severe limitations on the vse of different materials
&nd lasers. In addition, the maximum allowable repetition rate is limited
by free-carrier relaxation time. To make switches operable with a single
optical pulse, there has been an active search for photoconductive materials
with short lifetimes. Semi-insulating Fe-doped InP [66]and Cr-doped GaAs [67],
for example, are found to hawve short lifetimes 50-100 psec. The shortest
carrier lifetime (v 4 psec) has been found in amorphous silicon films [68].
The extremely fast decay is due to capture of photo-generated carriers from
mobile extonded states into deep localized states arising from structural
defects [bﬁ]. However, the amorphous 5i device suffers from having a low mo-
bility on the ordér of 1 cm’/Vsec. Recently, this situation has been improved
by using radiation-damaped <ilicon-on-sapphire films, which exhibit a slightly
longer carrier lifetime of about B psec but a carrier mobility at least an
order of magnitude higher than amorphous 5i [61]. Besides being useful in
ultrafast pating of electrical signals, these materials have also been used
in making photoconductive detectors with response times below 10 psec [El,&E].

With an extremely broadband up to 100 GHz, pleosecond opto-electronic
devices decribed above are capable of switching microwave and millimeter wave
signals. With microwave 1-10GHz, Johnson and Auston demonstrated gating of
signals as short as a single rf cycle [55]. Using a dielectric waveguide, Lee
et al. succeeded gating millimeter wave signals with frequencies higher than

W
; Fig.42. G&Schemetic diagram

of the circuit used in the
characterization of a high-
1,0 :p&cd siliign p?ptﬁdinde-
perture time of the sam-
LFi”ﬁ_h PHOTQOIO0E pling pate, formed of proton-
S irradiated GeAs, is appro-
ximately 12 psec (after [Tﬁ]]-

SAMPLER
PHOTOCONCUCTOR
= Lair+T) =

STl
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(A} (k)

Fig.43. (a) Photodiode response measured with photoconducting 5aup1jng
gate. (b)) Same phntnﬂinde measured on a sampling oscilloscope with a
specified rise time of 25 psec. The horizontal scale in these photo-
graphs 1s 50 psec /div (after | ﬁJ]

30 GHz [T“]. Recently, Mourou et al., [65] demonstrated a methud to generate
microwave pulses shorter than 3 psec in duration. Their experimental scheme
15 shown in Fig.3%. Short optical pulses, 500 fsec width at 610nm, generated
by & ¢w passively mode-locked dye laser, are amplified to the m] level by a
10 Hz, actively Q-switched Nd:YAG laser pumped three-stage dye amplifier,
Each pulse is splitted into two by a dielectric beam splitter. One of them
15 used to activate 4 Cr-doped GaAs photoconductor switeh which drives a
coaxial cable terminated by a small dipole antemna. Upon illumination, the
de-bissed Gads switch generates a step voltage which propagates down the
coaxial cable to pulse the antenna. An elliptical reflector is used to focus
the microwave burst, Lthugh a Ge slab, at a detector, Upon illumination by
the other half of the optical pulse, which generates a dense electron-hole
Plasma, the thin Ge slab acts as a gate to the microwave. fGate reflectance
can be regarded as a step function with a rise time dictated by the optical
pulsewidth. The normalized microwave detector cutput is shown in Fig.d40 as a
function of time delay between the switching and gating pulses. This is the
correlation function between the microwave signal and the gaté reflectance,
corresponding to the time integral of the microwave burst., Timeé derivative of
the data curve has a FWHM of approximately 2.8 psec, which corresponds to the
microwave pulse duration, The generated microwave has an expected central
frequency of 800 GHz. Picosecond microwave pulses have potential applications
such as precision radar, probing of low density laser-generated plasmas in
semiconductors, investigation of photoinduced phase changes in silver halide
materials, and peneration of quasi-particles in the study of nonequilibrium
superconductivity,

Fast switching in silicon has been demostrated up to 1.5 kV by LeFur and
Auston [71] and to 10 k¥ by Antonetti et al, [72]. 5i, with a resistivity of
2x10%0em at room temperature, is not an effective insulator. To aveid thermal
dissipation problem, a nanosecond pulse bias is used. Recent experiment
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Fig.44, Picosecond opto-electronic measurement of impulse response
of a GaAs FET (after [77]).

demonstrated that semi-insulating Cr-doped GaAs (resistivity > 1070cm), with

a much less severe thermal instability, can hold off up to 8kV de and switch
with an 90% efficiency [73]. Efficient multi-kilovelt opto-electronic swit-
ching in de-biased CdS SSG 5 has also been reported [74]. The high voltage
pulse generated has be®d used’to drive a fast Pockels cell [71,73]. The elec-
tronic switch-Pockels combination makes an efficient high speed optical switch
triggered by light.

4.1 Pleosecond Opto-Electronic Sampling and Correlation Measurements

The picosecond photoconductive switch described above has found potential
applications in characterization of high apeed detectors and electronic de-
vices. Advances in recent years have produced new photoconductors and solid-
state devices of tremendous speed. A photoconductor made of amorphous silicon
film deposited on fused silica, for exemple, has a response time less than 40
psec [68]. GaAs and silicon FET's with effective channels less than a micron,
as a further example, have prepagation delays which are estimated to be 30
psec [75]. Although sampling oscilloscopes with tise times as short as 25

psec exist, trigger jitter, noises and reflections limit their useful speed
to opproximately 50 psec,

Typical arrangements used are shown in Fig.41, which shows the top views
of the transmission line electrode patterms 163]. Two picosecond laser-acti-
vated photoconductors are used. The first photoconductor, biased with a dc
voltage, acts as a pulse generator. Its output is sampled by the second photo-
conductor, which is trigpered by a delayed optical pulse, If v WV, are the
sipnals produced by the photoconductors with de bias, total Ehﬂ}ge Q measured
at the putput of the second photoconductor is proportional to the correlation
function

atr) = §7 v, (t)v, (eendar
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where 1 is the delay time.

This approach resembles the correlation technique used to measure the
response time of the Si photoconductive switch [62], However, unlike the S5i
switch which needs two optical pulses for operation, esch photcconductor here
is switched by a single pulse. The response time is thus determined by the
relaxation of the photo-generated free carriers. Besides, each photoconductor
here operates in & linear, rather than a saturated regime.

The geometry shown in Fig.4la, called a tandem two-pap autocorrelator
circuit, has an impedance-matched attenuator in between, which dampens re-
flections and ensures that minimal dc bias is applied to the second photo-
conducter. This geometry has the advantage of being more flexible that sam-
ples can be interchanged and cross correlation are possible hetween unlike
samples. In the geometry in Fig.d4lb, the second photoconductor samples the

= FET
Vos=—108 ¥
Fig.45. Hesponse of Gads Vpat oA ¥
FET measured using cir- SELIT —
cuit of Fig.44 {after iaq S -108 ¥ 10 anee
[T? }- 'Vna-ﬂ‘.ﬂ

==== 50 ghm conxipl cable
in plage ol FET

electrical signal on the main transmission line produced by the first gap
which is dc biased. Since the main line is terminated, an attenuator is not
needed to isolate the two conductors. In the scheme of Fig.4le, the biased
electrode injects a charge into the main transmission line when the first gap
i5 activated. 3Served as a load, the main transmission line permits the charge
to propagate away rapidly. The second gap, activated by a delayed optical
pulse, samples the current before its dissipation. Using high-defect-density
amorphous semiconductors such as a-5i, these measurement schemes have shown

te be capable of measuring electronic transients with a temporal resolution
less than 10 psec [53]_

Fig.42 depicts schemetically an opto-electronic sampling circuit used in
the characterization of high-speed photodetectors [?ﬁl, The photedetector,
In this case a silicon p-i-n diode, is mounted on a 504 microstrip aluminum
transmission line and dc biased at -48Y de. When activated by a picosecond
optical pulse, the photo-current is injected into the maln transmission 1ine
that is terminated at both ends. Gap between the sampling line and the main
transmission line has a width of 12 ym. The sampling photoconductor is a
small chip of semi-insulating GaAs which has been irradiated with 3x10!%
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protons Jem® at 300 keV. Carrier relaxation time, as estimated from cross-
sections of electron traps, i about 3 psec. Optical pulses of » 4 psec du-
ration from a synchronously pumped, modelocked R&G dye laser operating at 580
nm and B2MHz repetition rate are used to operate the device. Since the two
pulses used to activate the photodiode and the sampling gate are splitted

from the same beam, and time delay is produced to high precision with a varible
optical path, time jittering in synchronization between photocenductor and

and sampling gate is essentially eliminated.

Response of the photodiode measured with the photoconducting sampling
gate is depicted in Fig.43a, showing a FWHM of 36 psec. Fer comparison,
the response of the same diode, under the same optical power and bias voltage,
is measured with a sampling oscilloscope with a specified rise time of 25 psec
(Fig.43b). The sampling oscilloscope result shows a FWHM of 55 psec, indi-
cating considerable instrument broasdening. The photograph clearly indicates
that noise level and reflection are also much severe in the sampling oscillo-
scope. Using an autocorrelotion measurement, aperture of the photoconducting
sampler has been estimated to be about 12 psec.

The photoconducting sampling gate has found applications in direct
probing of high-speed solid-stete electronic devices. Fig.44 illustrates the
first experiment of this kind, performed by Smith et al. in 1981, in which
the impulse response of a GaAs microwave field effect transistor (FET) is
studied with a time resolution better than 10 psec [?H . One micron thick
silicon-on-sapphire films, bombarded with argon ions at I MeV, are used as
photoconductors. Short electrical pulses, generated by applying a dc bias Vg
to the side microstrip line and illuminating photoconductor 1, as shown in
Fig.44, are applied to the gate of the FET. These pulses are measured by
illuminating photoconductor 2 so that it acts as a sampling gate, Impulse
response of the FET is then measured with photoconducter 1 generating elec-
trical pulses and photoconductor 3 being activated to sample the output of
the FET. To obtain a circuit response for comparison, the same measurement
is repeated with a 500 coaxial cable in place of the FET. Typical results
of these measurements are shown in Fig.45. The dashed line, measured with
the FET replaced by a coaxial cable, represents the system response which has
a FWHM of 33 psec. The dashed-dot curve shows the capacitively coupled res-
ponse when the FET is measured without a drain-source bias. With a de drain-
sgurce hias, a net pgain i% obtained (solid curve). The signal reveals two
components : one with a FWHM of 40 psec is almost as fast as the circuit res-
ponse, and 4 slower tail indicating a fall time of about 75 psec,

These examples demonstrate that photoconductive sampling is a powerful
technigue for the evalution of high-speed solid-state devices. Time reso-
lution [+ 10 psec) is hetter than the fastest existing sampling oscilloscope.
It is essentially jitter-free, and has excellent signal-to-noise properties.
In additien, this method can be used in remote environments such as low tem-
perature cryostats without requiring high speed interface [78] . The technique
ean be readily applied to measurements of & wide variety of devices and ma-
terials. Instead of dye lasers, a modelocked semiconductor laser can be used
to make a compact integrated device. With further improvement in the speed
of photoconducting materials and circuits, using shorter optical pulses, it
is expected the time resolution of these opto-electronic measurement systems
can reach 1 psec [?H].
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