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ACHIEVING PICOSECOND AND SUBPICOSECOND PULSES

A NEWERAIN
FAST SPECTROSCOPY

by A.G. Doukas and R.R. Alfanc

t the Ultrafast Spectroscopy and

Laser Laboratory (USL) of the
City College of New York's Depart-
ment of Physics, we use picosecond
and femtosecond lasers and associ-
ated techniques to study the dynam-
ical processes in matter, The past ten
years have seen the arrival of a new
cra in spectroscopy, that of ultrafast
time-resolved spectroscopy. Each
advancement in the technology of
ultrafast pulse generation has open-
ed up new areas of research in
physics, chemistry and blology, hut
the race among investigative groups
has been particularly keen in the last
few years. Currently, pulses as short
as 30 femntoseconds (30 x 10-15 sec-
ond) have been generated by pas-
sively mode-locked dye lasers. We
will consider the generation of pico-
second and femtosecond pulses by
passive mode-locking, and the two
types of lasers involved, describe sol-
id-state and dyes,

Fourier analysis tells us that any
repetitive pulse train in the time do-
main can be expressed as the sum of
many sine waves of frequencies that
are integral multiples of some basic
frequency and that have fixed
phases. The story of the generation
of short pulses is the attempt to bring
the modes of the laser into fixed
phase with each other. Ways of do-
ing this are locking the modes by
amplitude or phase moduiation.

" Consider some theory. A laser res-
onator will only allow certain dis-
crete frequencies to build up and
propagate within the cavity. These
frequencies, or modes, are determin-
ed by the fact that the field inside the
resonator reproduces itself, forming
a standing wave. In addition, the
fluorescence of the lasing medium
helps determine the frequency and
bandwidth of the emitted light. The
lasing frequencies are those allowed
by the resonator inside the fluores-
cence profile of the lasing medhum.

i Depending upon the lasing medi-
um and the length of the resonator,
ithe number of modes can be very
large. For Nd +3:glass, to take one ex-

r

ample, the number of modes under
the fluorescence profile of Nd in a
one-meter cavity is about 10% So the
means of producing short pulses are
there; all it takes is making the
laser’s modes oscillate in phase. For
a passively mode-locked laser, that
means putting a saturable absorber
inside the laser cavity.

Figure 1 Is a schematic of a solid-

'state laser, The oscillator consists of

an appropriately doped glass rod
with both ends cut at the Brewster
angle and a cell of bleachable dye be-
tween two highly reflective mirrors.
A flashlamp provides the energy for
exciting the laser’s active medium.
In a free-running laser, the phase of
the differing modes’ coscillation is
random with respect to each other,
and the laser’s intensity in the time
domain has the characteristic of
thermal noise,

The formation of a short pulse has
three distinet qualitative phases.! In-
itially there is only spontaneous ftue-
rescence inside the cavity. Because
the absorbance of the saturable dye
is nonlinear, it will absorb noise
pulses that are above the back-
ground less than it does the back-
ground noise. In the second step the
ultimate pulse will be amplified
more than the low-intensity noise
pulses. When the intensity of the
pulse goes above 10MW/cm?, the ab-
sorber bleaches, and the pulse is am-
plified even more, But the pulse
width increases because of disper-
sion inside the rod. In passing

through the absorber, the wings of
the pulse are absorbed more than
the peak. The streak camera makes
it possible to observe the evolution of
a short pulse from the noise,? Figure
2 shows a streak microdensitormneter
trace of the pulse evolution in a ruby
laser.? The pulse duration depends
on the recovery time of the saturable
absorber. Pulses as short as 3psec
have been reported for Nd:glass
lasers.®

A unique tool

Mode-locking of dye lasers has
made available a new tool for re-
search. To begin with, the extremely
large bandwidths of dye lasers can
produce ultrashort pulses in the fem-
tosecond regime. In fact, the current
record for short pulses is less than
100 femtoseconds? and for external-
ly dechirped pulses 30fsec.5 Pulse
duration is only 15 optical wave-
lengths in space. In addition. dye
lasers can operate at very high repe-
tition rates, greater than 108 Hz, and
can be tunable,?8 :

Figure 3 is a schematic of a pas-
sively mode-locked ring dye laser.
The lasing dye (Rh-6G) and the
mode-locking dye {DODCI) are flow-
ed through two nozzles that are set
at the Brewster angle. The Rh-6G jet
stream Is located between mirrors 7
and 8, whose radil are 10cm, and the
DODCI stream between mirrors 3
and 4, whose radil are 5cm. Thick-
ness of the jet stream is about
160um. Three other flat mirrors,

MIRROR 100%R
DYE CELL
Figure 1. POWER SUPPLY
Schemalic of a

solid-state laser.

LASER ROD

L

FLASH LAMP

LASER
BEAM

MIRROR 50 %R

August 1982 PHOTONICS SPECTRA




(o)

(b)
(c)

sp0ps
(d} TIME

Figure 2.

Streak-camera microdensitometer trace shows the evolution of a short
pulse from the noise. The laser Is ruby, mode-locked by DODCI, Time
resolutton {s 30psec. Traces a-d correspond to 3psec, 2.5ysec, 1.5us5ec
and lpsec, respectively, before the peak of the giant pulse {see Ref, 2.
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Figure 3.

Schematic of a passiu'ely mode-locked ring dye laser.

numbered 1, 2 and 5, complete the
cavity. A Brewster prism (6) in the
cavity provides the means of tuning
the laser’s wavelength over 200A.
To obtain more eflicient use of
pumping energy, a M2 retardation
plate {9) is placed in the path of the
pumping laser beam and changes
the polarization of the argon laser's
light to match that of the dye laser.
When the polarizations match, the
threshold pump power of the dye
laser is only 900mW. Normally,
however, the polarization of the ar-
gon laser is “*S” and that of the dye

laser “'P." In this ease, the threshold -

is more than 3W. The decrease in the
threshold power arises from the ani-
sotropic absorption and gain cross-
sections of the Rh-6G dye, and
makes for more efficient pumping.’
The laser produces pulses of 300-
500fsec at the rate of 125MHz.

What limits the pulse duration
seems to be the thickness of the
DODCI jet stream, which should be
less than the pulse width. Shank and
his coworkers* have recently dem-
onstrated that a DODCI jet stream
10pm thick can produce 90fsec
pulses.

With the ring dye laser, the proc-
ess of pulse formation is quite dif-
ferent from that described for the sol-
id-state laser. For one thing, the re-
covery of the saturable absorber
does not have to be very fast. Be-
cause the leading edge of the pulse is
more absorbed by the bleacher dye
than the peak portion, the absorber
will sharpen a pulse propagating
through it at the leading edge, and

(the rest of it goes on through the
bleached dye without absorption, At
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the lasing medium, on the other
hand, the fast depletion of the excit-
ed state because of the lasing action
causes the trailling edge to sharpen.
These two effects combine to gener-
ate ultrashort pulses.

Dye laser pulses are of low energy
{in the picojoule to nanojoule range).
Therefore, they must be amplified
for most applications. In a typical
three-stage amplifier, three dye cells
are pumped by the second harmonic
(0.53pgm) from a Nd:YAG laser,
which is operated at 10Hz — that is,
only 10 pulses of approximately

“125MHz can be amplified. Total

boost of the system is 10+8 to 10+7,
which yields a pulse with energy of
about Y2mdJ, but when the beam is
focused, it can produce power den-
sities of 10-100 gigawatt/em?,

How it works ]

The method for time-resolved
spectroscapy is a basic one: the mo-
lecular systemn is excited by a strong

laser pulse, and the subsequent re--

laxation of the system is studied by
such spectroscopic techniques as
fluorescence, absorption and Raman
spectroscopy.

Most widely used for fluorescence
measurements is the technique that
incorporates a streak camera.® Pho-
toelectrons emitted by light striking
the photocathode at different times
are deflected by an applied voltage
ramyp that causes electrons to be

‘transversely streaked across a phos-

phorescent screen at the same time
that they are accelerated through
the ancde. Such photoelectrons, re-
leased at different times from the

photocathode, wilt strike the phos-’

phorescent screen at different posi-
tions, causing a track whose spatial
intensity profile is directly propor-
tional to the incident temporal pro-
file of the Nuorescence,

A recently developed technique
for time-resclved fluorescence spec-
troscopy is population mixing.® The
technique does not require a multi-
stage amplifier and streak camera,
yet it provides a resolution limited
only by the pulse duration. Figure 4
shows a schematic of the apparatus,

Population mixing is accomplish-
ed in the following manner. The
pulse train is divided by a bearnsplit-
ter into two trains modulated at fie-
quencies w, and w,, A variable delay-
(7) is added to one of the heams, and
both beams are focused by a lens.on-
to the sample. The photolumines-
cence is then collected, focused on
the slit of a monochromator and de-
tected by a photomultiplier and .a
lock-In amnplifier set at the difference
frequency |w; —w,|. In this way, the
loek-in amplifier measures only the
photoluminescence signal produced
by the mixing of the populations
generated by the two pulse trains.
The two pulses create free-carrier
population n(t) and n(t+7), respec-
tively. The detected signal is

Q0
ls(t}wj n(t)n (t+7) at
o

- a single exponential decay time (T}

of the carrier is assumed, we obtain
L () wexp (-7[T)
The correlation function suppties in-

formation abhout the relaxation of the
photogenerated carriers. Similar
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methods developed by von der Linde
and coworkers have been used for
time-resolved photoluminescence?
and Raman'® measurements.

In a schematic of the picosecond
absorption apparatus, the timing
mechanism of the kinetics device is
the speed of light itself. Light takes
3.3psec to travel 1mm In air, and if
the pathlength of the pump pulse is
decreased 1mm by moving a delay
prism, the pump pulse will arrive at
the sample site 6.6psec — twice the

change of the pathlength — before

the probe pulse. The kinetics of any
absorption changes can be followed
point by point by moving the delay
prism across the time domain of in-
terest,

The probe beam, or super-contin-
uum, is generated by focusing the
1060nm pulse into a CC1, cell ten
centimeters-long.!! The super-con-
tinuum of subpicosecond pulse du-
ration can also be produced by focus-
ing the pulses from the subpicosec-
ond dye laser into CC1, or optical
fibers. Changes in absorbance mea-
sured through the difference in opti-

cal density at a given delay time be-
tween the arrival of the exciting and
probe pulses are easily obtained as:

AOD (t)=-log [ Ie(t) IR ]
15 1P (1)

where the superscripts e and p de-
note the transmitted intensity of the

probe with and without the exciting -

pulse, respectively, at delay time (t).
Typically, AOD approximately equal
to 10-2 can be measured. A similar
experimental apparatus has been
used with a mode-locked dye laser to
study absorption kinetics with fem-
tosecond resolution. ]
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