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1.0 INTRODUCTION

Future signal processing and computing requirements present an ever increasing
demand for speed, bandwidth, and parallelism of systems. Recent developments in
electronics technology have pushed electronic systems to their physical limits of speed and
bandwidth. However, optical systems promise further advances because, instead of
electrons, they use photons which have much higher limits on these parameters. Optical
systems also offer the potential for a high degree of parallelism since beams of light do not
interfere with each other as electrons do. These possibilities provide a strong motivation
for the study of ultrafast optical events in materials and newly emerging devices not only
to understand the mechanisms behind these events, but to use this understanding to
improve the state of the art.

Recently developed materials and devices exhibit measurable picosecond and even
femtosecond optical responses. These include Multiple Quantum Well (MQW) structures,
IIT — V semiconductor compounds, and organic polymers. A picosecond pulse laser facility
such as the one at RADC provides the means to test new devices and materials, to validate
the performance of devices, and to assist in the design of new material structures which can
improve the state of the art.

This report shall describe the picosecond pulse laser facility and related equipment




used in the facility. It will also describe our procedures for setting up, aligning, and
characterizing the facility. Finally, it will discuss some possible applications of picosecond

pulsing in research and development of materials and devices.

1.1 Equipment

Our facility currently consists of a Spectra Physics 171—09 Argon Ion Laser (18 W
all lines output), a Spectra Physics mode locking system with 452A Mode Locker Driver,
453 Mode Locker Stabilizer, and 342A Mode Locker, a Spectra Physics Sync Pumped 375B
Dye Laser operating with Rhodamine 6G dye and a Spectra Physics 409 Autocorrelator.
All this 18 mounted on a Newport 16' x 4' Research Series Table Top. We are using a
Tektronix 7104 Oscilloscope with 7B10 Time Base and 7A26 Dual Trace Amplifier for
autocorrelation measurements, a Tektronix 7511 Sampling Unit and 7T11 Sampling Sweep
with S6 Sampling Head and an Antel Optronics AR—S2 Photodetector for measurements of

the Argon Laser's mode locked output.

2.0 Theory of Picosecond Pulse Generation

The method used to generate the picosecond pulses is called synchronous pumping.
The dye laser is pumped in synchronism with an actively mode locked argon ion laser.
Thus the argon laser and the dye laser interact with each other. This interaction can be
explained by first beginning with the mode locking of the argon laser, then by showing how
the dye laser is excited by the output of the modelocked argon laser to produce picosecond
pulses. The method of measurement of the pulses also is of interest and the use of

autocorrelation techniques will be explained.
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A laser cavity can support a number of optical frequencies or modes. For a mode

locked laser output, these frequencies are separated in the frequency domain by the

relationship .
v I ®
and are periodic in time as
_ 21
T=% (2)

where | 1s the length of the laser cavity and T is the round trip transit time inside the
cavity. This property arises from the phase relationship of the total optical field, e(t),

where
e(t) = §Enei[(wo+nw)t+¢n] (3)

where n corresponds to the nth mode, d’n 18 the phase of the nth mode, and W, 18 some
arbitrary frequency. The laser can be mode locked either by shortening the cavity length,
1, which increases the mode spacing (w = #c/l) to the point where only one mode can
oscillate, or by fixing the phases and amplitudes of the modes to some relative value. The
latter mode locking technique is used with our equipment.

The mode locking is achieved by producing losses in the cavity modulated at a
frequency which corresponds to the modal spacing. An acousto optic modulator acts as a
shutter which 18 closed most of the time except for a brief opening every T = 21/c seconds
corresponding to the round trip transit time of the cavity.

The acousto optic cell in this application is a crystal made in the form of a prism as
3




shown in figure 1. A piezoelectric transducer is8 mounted to an end face of the crystal.
When an electrical signal is applied to this transducer it vibrates producing an acoustic
wave propagating through the material. This acoustic wave, traveling at the speed of
sound in the material, causes a perturbation of the density of the material which, in turn,
causes a sinusoldal change in 1ts index of refraction. The acoustic wave travels the length
of the material and bounces off the end face back towards the transducer. If the frequency
of the applied electrical signal corresponds to a resonant frequency of the acoustic cell the
traveling acoustic wave will set up a standing wave pattern in the cell modulating the
index of refraction. This appears as a shutter to the laser light that opens periodically for a
brief interval. Incident optical beams that have a frequency relationship which corresponds
to that of the electrical signal on the transducer will propagate through the cell and not be
attenuated.

Either the cavity length of the laser or the acoustic resonance of the acousto optic
cell can be adjusted so that the round trip transit time and frequency spacing of the modes
in the laser correspond to the applied electrical frequency of the acousto optic cell. This

optimizes the efficiency of the mode locking. This optimum condition is described by
A = Av=c/2 (4)
where f 13 the center frequency of the acoustic resonance and Av is the frequency difference

between adjacent longitudinal modes of the laser. The relationship between the cavity

length of the laser and the parameters of the acoustic cell are

L
-k ®

£~




DIRECTION OF ACOUSTIC WAVE
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Figure 1., Schematic representation of the acoustic optic
modulator used in argon ion laser mode locking.




where L 18 the length of the acoustic cell, n is the number of acoustic wavelengths in one
round trip through the acoustic cell, and V 18 the acoustic velocity.

Both the acoustic velocity and the acoustic cavity length are temperature
dependent so some means of stabilizing the temperature is required, otherwise the acoustic
frequency will drift. When electrical and optical power 1s applied to the modulator it tends
to heat the modulator. This heating must be controlled or the resonant frequency of the
acousto optic cell will drift away from the driver frequency of the electrical signal resulting
in & lowering of coupling efficiency and mode locked laser performance. A stabilizer which
feeds back information about drift and automatically adjusts the driver power level can
maintain a constant temperature.

The previously described mode locking technique has the effect of locking modes of
equal amplitude and phase into a fixed relationship as shown in figure 2. A useful case is
when ¢n = 0 in equation (3). For N oscillating modes with equal amplitudes and En =1,

equation (3) becomes

-2 -
" i(Nzl)/;l(WOJHW)t = o’ I e (6)

Then the average laser power output 1s given by

2
P(t)c sin“(Nwt /2) (7)

sin“(wt /2)

The power consists of a trace of pulses with period T = 2l/c, as shown in figure 3,
corresponding to a pulse occurring for each round trip cavity transit time of the laser.

Each mode adds to the amplitude of the pulse. It also can be det>rmined that the
6
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Figure 2. Amplitude, frequency, and phase relationship in a mode
locked ion laser.
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Figure 3. Output of a modelocked laser. This plot was done
assuming N = 15 in equation (7).




pulsewidth, Tor has the following relationship to the lager linewidth

T, %4 [%‘—’:] = K—t (8)

This shows that the pulsewidth 1s inversely proportional to the gain linewidth of the laser.
The shortest pulses are obtained from mode locked lasers which have a relatively broad
linewiuth. For the argon laser with a linewidth of 5 GHz, the minumum pulsewidth can be

expressed by
a~ . 4 -— ]
TR O = 80 picoseconds

This also explains why dye lasers are so effective at producing narrow pulsewidths. The
linewidth of a dye laser is typically approximately 1000 GHz which is much broader than
that of an argon laser. This corresponds to a pulsewidth of approximately 400
femtoseconds that is achievable with this type of laser.

Once mode locking of the argon laser is achieved the dye laser must be aligned and
1ts cavity length adjusted to match that of the argon laser for synchronous pumping to
occur. The cavity length of the dye laser is matched to that of the argon laser so that the
round trip transit time of a pulse within the dye laser cavity corresponds to that of the
argon, or other, pump laser. In this way, the modal frequency spacing of the dye laser is a
multiple of that of the pump laser. This synchronigation causes the gain medium of the
dye laser to be excited in such a manner that the argon pumping pulse and the mode locked
pulse of the dye laser arrive simultaneously and overlap spatially and temporally in the dye
stream. The longer pumping pulse of the argon laser brings the population of the dye up to

its threshold value which is the point where a population inversion exists. The dye laser
9




pulse arrives at the jet stream of the dye just as this threshoid is reached and rapidly
depletes the population. This results in a much shorter pulse than the pump pulse. This 18
illustrated in figure 4.

As mentioned before, the short pulsewidths of the dye laser are a function of the
linewidth of the dye laser. The broad linewidths of dye lasers allow them to be tuned over
a much wider range of wavelengths than many other types of lasers with the exception of
Ti Sapphire lasers. Several different types of tuning elements are available. Tuning
wedges and birefringent filters can be used in this dye laser. These are illustrated in figure
5. A tuning wedge consists of two mirrors separated by a wedge shaped material. As this
wedge 1s slid across the path of the optical beam the distance the beam must travel
between the mirror surfaces changes and the allowable frequencies resonant in the cavity
shift as well, thus changing the output wavelength. The output linewidth of a tuning
wedge 1s approximately 240 GHz corresponding to Ty = 1.7 picosecond pulsewidths. A
birefringent filter is the type we used in our picosecond pulse system. Birefringent filters
consist of one or more quartz plates which exhibit birefringence. The filter is oriented at
Brewster's angle within the laser cavity. The plates are cut so that their optical axes are
parallel to their surface. A plate of thickness, t, will introduce a phase difference, o,

between the polarized transmitted waves of

o=4m, —n,) 9)

where n o and n o 1€ the refractive indices of ordinary and extraordinary rays, respectively.
This birefringence causes the linearly polarized incident laser beam to become elliptical.
As the previous equation suggests, there 18 a dispersion relationship between wavelength

and phase shift, hence, wavelength selectivity arises because only certain wavelengths can

10
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Figure 4. Pulse shortening in the synchronous pumping process.
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Figure 5. Tuning wedge and birefringent filter designs.
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make a complete 7 polarization shift. All other wavelengths will be deflected at angles
which will cause them to suffer losses at the dye stream and fail to reach the lasing
threshold. Tunability of the birefringent filter comes as a result of rotating the filter about
an axis that 1s normal to the plates. This will vary the wavelengths that are allowed to
pass through the plates. The birefringent filter typically has a range of tunability between
80 and 10C nanometers. When additional birefringent plates are added the selectivity of a
particular wavelength is increased. This selectivity is referred to as finesse and 1is
determined as shown 1n figure 6.

However, this decreases the linewidth of the dye laser which also has the effect of
increasing the pulsewidth. With a two plate filter the linewidth becomes less than 60 GHz
corresponding to a pulsewidth of 6.6 picoseconds. For three plates the linewidth becomes
less than 40 GHz corresponding to a pulsewidth of 10 picoseconds.

When all the aforementioned parts; argon laser, modelocker, and dye laser, are
working properly, pulses of from 1.5 to 3 picoseconds are produced. These pulsewidths are
beyond the capability of most currently available direct methods of measurement. The
method used in our case is based on obtaining an autocorrelation trace using a nonlinear
process called second harmonic generation in a Michelson interferomenter configuration.
This method can be described by considering figure 7. A mode locked pulse from the dye
laser is divided by a beam splitter into two pulses of equal intensity, one of which is

delayed with respect to the other. The following equations describe this situation
e, (t) = E(t) cos ut (10)

e2(t) =E(t—17) cos w(t—17) (11)

13
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The delay i1s accomplished by a variation in path length induced by a rotating block of
silica The two beams enter the block at complementary angles, § and ¢, to the normal of
the block surface. As the block rotates, the variation in optical path length as a function of

the incident angle is given by

() =L +t[ ng - singﬂ —cosﬂ] (12)

where L is the path length of the beam outside of the block for § = 0, n is the index of
refraction of the block, and t 18 the thickness of the block. A similar expression holds for
the complementary angle ¢. However, since it i8 complementary to # it decreases as #

Increases.

1($) =L —t(V n? — sin’4 + cosd) (13)

The relative change in path length or delay induced is given by the difference between
these expressions.

As the block rotates the pulses will move together and overlap at the point where
the angle for both pulses is such that the path lengths are the same. Thus, the intensity of
the optical beam is a function of the correlation function between the recombining pulses
which i8 directly related to their pulse width. The two pulses are then incident on a
nonlinear optical crystal such as KDP. This crystal produces a second harmonic pulse.
According to theory, the amplitude of the second harmonic is proportional to the square of
the incident optical field.

(1) = (&1(t) + e9(8))% = ¢,(t) + 2e enft) + e5(t)? (14)

16




This second harmonic signal is then incident on a photomultiplier tube or other "slow"

detector. Its output voltage 1s the integrated intensity of the second harmonic over a time,

T, that is long compared to the optical pulse duration. A filter blocks the fundamental

frequency and intensity is the square of the optical field. Equations which describe this

situation are

T/2 .
V(@) = l £(t)dt
— /2
for
where
T/2 T/2 T/2 T/2 T/2
%l e fdt = l eytdt = i E4(t)dt£ coswtdt:%l E*(t)dt
-T/2 -T/2 -T/2 -T/2 -T/2
and

T/2 T/2 T/2
ﬂ e12e22dt=%{£ i(1+cosm)[1+cos2u(t-f)]dt} [ E(t)2E(t—r)at
/2 /2 42

17
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T/2
=g£ E2(t)E2(t—r)dt
- /2

The odd powered terms, 461623 and 4e13e2, average to zero when integrated. Therefore,

T/2 T/2

vm:;}l E4(t)dt+%L E2(4)E2(t—r)dt (17)
/2 /2

where the term

T/2
3 £ E2(t)EX(t—r)dt
/2

is the autocorrelator function of the intensity envelope of the light pulse. If we define G(7)

as
T/2
_ /EQ(t)Eﬁt—r)dt
G(r) = l " (18)
_ /2E (t)dt
then
T/2
V(t)=%£ E4(t)dt[14+2G(7)] (19)
! /2
where

18




T/2
%l E4(t)at
/2

i8 not a function of 7 and thus represents only a background DC voltage we'll call V.
When no autocorrelation is present, ie G(7) = 0, then V(t) = V. When the pulses are
overlapping and autocorrelated, G(7) = 1 and V(t) = 3V. So a plot of V(t) versus 7 will
consist of a peak of height 3 against a background of height 1. The peak will have a width
proportional to the pulsewidth. The relationship of the actual pulsewidth to pulse shape 1s

a function of the type of waveform observed. A gaussian pulse defined by

V(T) = exp [‘@-’%2)22] (20)

7o
will have a relationship between the actues pulsewidth, T of t/r o=‘ﬂ 80 1'°=.7t. Whereas

a transform limited pulse defined by

V(T) = exp [‘ in2 t] (21)

0

will have an actual pulsewidth, T related by 7 0=.5t.1

3.0 Experimental Procedures

We achieved successful modelocking of the argon laser which produced
approximately 150 picosecond pulsewidths at 900 mW output power. This procedure was

extremely touchy. It was difficult to maintain a consistent rf frequency match with that
19




of the laser cavity. This may have been caused by problems with the 342A mode locker or
changes in the ambient temperature of the air in the room. We found that the mode locker
was somewhat loose in its mounting and corrected this problem. We had an additional
problem with the cooling water into the argon laser. The setup that we had was very
sensitive to pressure drops from outside sources. A more accurate means of regulating
water pressure was needed to replace the simple pump and pressure regulator we had
installed. We eventually switched over to a closed loop water chiller system.

After mode locking was achieved and output power was maximized we aligned the
argon laser with the dye laser and adjusted the cavity of the dye laser to match. Using a
two plate birefringent filter and R6G dye we were able to achieve 300mW of output with a
pulsewidth of 2.0 picoseconds with 5% sidelobes. Figure 8 1s a photograph of one of our
pulse shapes. The calibration factor of the oscilloscope 18 measured by inserting a
calibration etalon in the path of one of the beams of the autocorrelator. This will produce

a shift in the o'scope trace corresponding to a delay of At where

At = (n—l) (1:315mm (22)

where n 18 the index of refraction of the etalon, 13.15 mm i8 the thickness of the etalon, and

c 18 the speed of light. Therefore,

At = (.456) (ﬁ) . 15mm) _ 20 picoseconds.
3x 100 mm/sec

The autocorrelation width is measured by taking the ratio of this delay to the actual
number of divisions shifted on the o'scope, then applying this calibration factor to the

measured full width at half maximum (FWHM) of the pulse on the o'scope, ie
20
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Figure 8. Photograph of the picosecond pulsed laser's
output. Assuming a Gaussian pulse shape, the pulsewidth
at full width half maximum (FWHM) was measured to be
3.1 picoseconds.
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Autocorrelation width = go— u5§?v(1) T 5Epi(1 -3 subdivisions at FWHM)

=4.4]1 psec.

The pulse shape that you assume will determine the actual pulse width. The
autocorrelation trace does not provide any details about the actual pulse shape. The
relationship between the pulse shape and the actual pulse width varies depending on the
pulse shape assumed. If you assume a transform limited single sided exponential, as shown
in figure 9b, the decorrelation factor is .5 for this pulse shape. Therefore, the actual
pulsewidth would be 2.2 psec. If you assume a Gaussian shaped pulse, as shown in figure
9a, the decorrelation factor would be .7; thus, the pulr . ~.u.n would be 3.1 picoseconds.

4.0 Applications of Picosecond Pulse Fquipment

This section will explore possible uses of the picosecond pulse facility in the
development of materials and devices. Time resolved measurements of nonlinear optical
effects, measurements of electrical dispersion in transmission lines, photodetector
characterization, ultrafast transistor characterization, and noncontact testing of GaAs

integrated circuits are just a few of the uses that are possible for this system.
4.1 Characterization of Nonlinear Optical Materials

This picosecond facility is suitable for the temporal characterisation of nonlinear

optical materials. The third order nonlinear optical susceptibility, x3.can be measured

with pulses of suitably high peak powers. The x3 parameter is related to the intensity

22
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dependent refractive index of a material. It determines how readily the refractive index of
the material will vary upon the application of an optical signal. This parameter 1s
important to the use of these materials as all optical switches and logic devices. x3( W) 18
the quantity that describes the change in dielectric constant, €. with optical intensity.
The dielectric constant, ¢, of an isotropic material (one that has the same properties in all

directions) can be described by
c=~f1+41rx3|E|2 (23)

where € is the linear dielectric constant and E is the optical field. This relates to the

expression for the intensity dependent index of refraction of a material, ie
n= nl + n2I (24)

where n is the linear index of refraction and I is the optical intensity, through the

coefficient n, defined by

3
n2 = 16—5—— (25)

Lt C€1

In organic materials the x3 nonlinearity is due primarily to electronic effects at
nonresonant frequencies and can have an extremely fast response time in the femtosecond
regime.

x3 effects can be determined by using a degenerate four wave mixing (DFWM)

scheme as shown in figure 10. Three incident beams with a common frequency, w, interact

24




Figure 10. Degenerate four wave mixing. All beams are of the same
frequency.
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in the medium creating a fourth beam. Beams 2 and 3 are counterpropagating pump
beams. The probe beam, labelled 4, overlaps the pump beams at any arbitrary angle. The
generated signal beam, 1, will have the same frequency, w, as the incident beams and will
be the phase conjugate of the probe beam.

An experimental arrangement for measurement of x3 by DFWM 18 shown 1n figure
11.  There are a number of constraints necessary in order to realize efficient phase
conjugate 1reﬂectivity.2 First, the source laser should operate in a single longitudinal and
transverse mode. This maximizes the laser coherence length, thus enabling one to use
longer interaction lengths as well as relaxing path length difference constraints. The pump
waves should be nearly planar and spatially filtered for efficient and precise conjugation.
The source laser must be isolated from the experimental apparatus; retroreflection of the
beams back into the laser may affect its mode properties and/or coherence characteristics.
The propagation directions of the two pump beams must be antiparallel to optimize the
conjugate reflection coefficient, R. Also, the temporal overlap of the three pulses in the
nonlinear medium must be maximized for efficient phase conjugate generation. This is
accomplished by the adjustment of the optical delay lines. Care must also be taken with
respect to the ratio of the amplitudes of the pump beams, .ff/fb, and to the maximum
pump beam intensity. Also of significance is the probe to pump beam amplitude ratio.
Calibration of the DFWM signal for measurement of the DFWM reflectivity, R, is usually
done by removing the nonlinear medium and inserting a 100% retroreflector in the path of
the probe beam.

The magnmtude of x3 18 estimated by measuring the signal to probe reflectivity, R,
as a function of the interaction length in the nonlinear medium and of \/I}Tg, where I, and
Ib are the intensities of the forward and backward pumps, respectively. Then, for low

reflectivities and low material absorption coefficients, x3 can be estimated from the
26
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expression
R = |x?L? (26)
where
k= 2mw/ne) ety (27)

and L is the interaction length in the nonlinear medium. For absorbing samples, one must
consider the attenuation of the beams as they propagate through the sample. The
reflectivity, R, versus ‘/Iflb equations of Yarv and Pepper3 and AuYeung et a.l4 can be

used to estimate the magnitude of x3 from the linear portion of the InR vs ln Jlflb plot.
4.2 Electro Optic Sampling

The electro optic sampling technique can be used to measure a variety of effects.
This technique is useful where ultrafast electrical pulses suitable to characterize electronic
and optoelectronic devices and circuits are difficult, if not impossible, to generate by any
other means.

Figure 12 shows the layout of an electro optic sampling system.5 The optical pulse
train of a picosecond laser system is split into two beams. One beam triggers the
generation of an electrical signal which is to be measured. The other beam samples the
field induced birefringence in the electro optic medium due to the electrical signal. The
electrical signal can be generated by a photosensitive device which converts the picosecond

optical pulses into electrical energy. The sampling optical beam is passed through a delay
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system are split up into two beams. The trigger beam generates the electrical
signal from the circuit to be characterized. The sampling beam travels through

Electro optic medium which has been modulated by the previously generated

electrical signal
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device which synchronizes it with a display device for scanning. This sampling pulse is
then focused onto the electro optic medium. The electro optic medium is modulated by the
electrical signal previously generated in the trigger beam. This, in turn, modulates the
intensity of the sampling beam corresponding to the amplitude of the electrical signal. A
lockin amplifier measures the amplitude of the modulated optical signal giving a time
representation of the electrical signal under study.

This technique can be applied to the measurement of dispersive effects in stripline
electrodes. This dispersion is a function of the dielectric constant of the material and of
the specific electrode geometry. These effects can be considerable for high frequency
operation and may not be measurable with state of the art electronic equipment. This
measurement technique can aid considerably in the design and characterization of new
materials such as superconductors and the optimization of electrode geometries for specific
high frequency applications.

The electro optic sampling technique can also be applied to the characterization of
photodetectors, ultrafast transistors (MODFET) and noncontact testing of GaAs

integrated circuits.

5.0 Summary and Conclusions

In short, we have set up a picosecond pulse laser facility in the Photonics
Laboratory. =~ We have examined the theory and have made some experimental
measurements to characterize the optical output of the laser. We recommend that the
picosecond pulse laser be used to perform characterization of high speed nonlinear optical
effects and electro optic sampling for characterization and optimization of electronic and

optoelectronic devices and circuits.
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