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Abstract

PART 1 The construction and qualitative explanation of the pulsed,

mode-locked laser are described: the generation of a train of
picosecond 1.06ﬁ pulses is achieved by properly aligning a sat-
urable absorber in the Nd3+ : glass laser cavity. The pulse-
width, being on a picosecond time scale, has to be measured by a
special two-photon method. In order to make the laser more
chemically useful, second harmonic generation of the fundamental
(1.06 u) pulses is necessary. A phase-matched KDP crystal is
employed in this process. Some non-linear optical techniques,
such as stimulated Raman scattering and self-phased modulation,
which generates continuum 1ight from a monochromatic pulses,
also enrich the usage of the laser. Azulene experiment is tried

with our laser set-up.

PART II The dephasing times and vibrational lifetimes of C-H

stretching vibrations are studied systematically in a series of
liquid alkanes and alkenes, using the Raman effect. The results
indicate that the vibrational energy loss takes place primarily
through the methyl groups in these molecules. A preliminary
result of the methylene C-H stretch vibrational lifetime is

conducted in Tiquid CD5-CH,-CH,-CD,.
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A. Introduction

A typical solid state Taser consists of an open optical resona-
tor, which consists essentially of a pair of opposing flat or curved
reflectors, and some laser gain medium within this resonator [1]. The
arrangement of reflectors and the medium (a ruby or a Nd glass rod)
constitute one form of Fabry-Perot interferometer. Standing light
waves may be set up within the cavity at a series of discrete optical
frequencies over which the gain of the laser medium exceeds the resona-
tor lTosses. These frequencies are known as the Fabry-Perot modes, and
the Tlaser output consists of radiation at a number of closely spaced
frequencies with variable durations (microsecond or less). The total
output is dependent on many parameters, such as the amplitudes, fre-
quencies, and relative phases of all of these oscillating modes. If
there is nothing to fix these parameters, the random fluctuations and
nonlinear effects in the laser medium will cause them to change with
time and the output will vary in an uncontrollable way. If the oscil-
lating modes are forced to maintain equal frequency spacings with a
fixed phase relationship to each other, the output as a function of
time will vary in a well-defined manner. The laser is then said to be
"mode-locked" or "phase-locked" [2].

The technique of mode-locking the laser is done by employing a
saturable dye inside the laser cavity to "Q-switch" the laser (i.e., to
cause the laser to emit a short high power burst of energy). The
properties of the dye must be such that the relaxation time is very
short compared to the round trip time within the cavity Tength of the

original Tlaser pulse. By employing the right dye solution, one can
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obtain the laser output consisting of a number of short, intense pulses

12

of light, the duration of which is on the order of 10" '“sec, and the

peak power is on the order of 109watts.

B. The Laser

Theory

1. A General Description of a Solid-State Laser

A laser oscillator consists of an active medium, having a complex
refractive index as given by n = I ik (where o Ais the index of
refraction of light in vacuum, and k = %g), which is inserted between
a pair of coaxial planes of spherical mirrors, separated by distance L,
as shown in the q1agram in Fig. 1.

The flash Tamp, when triggered by a power supply, acts as an ex-
citing source, inducing the population inversion in the upper energy
state of the amplifying medium. There are in general two types of
energy level structures: a three-level and a four-level type (shown in
Fig. 2). Excitation is supplied to the solid by radiation of frequen-
cies which produce absorption into the broad band [4] (consider the
four-level type as an example). Most of the absorbed energy is trans-
ferred by fast, radiationless transitions into the intermediate sharp
level [3]. The energy difference is given up to the crystal lattice as
heat. The emission of radiation, associated with the spontaneous re-
turn from level 3 to 2 , is ordinary fluorescence. Such fluores-
cence will take place even at a Tow level of excitation. When the

exciting radiation is sufficiently intense, it is possible to obtain
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more atoms at level 3 than are left at ground state. The spontane-
ously emitted photons travelling through the crystal will stimulate
additional radiation, and emission thus induced is superposed on the
spontaneous emission. This emission is the Taser action.

The laser light then travels back and forth inside the laser
cavity (Fig. 1). In each passage, the loss factor of the intensity
is vy per pass, due mainly to reflection losses, whereas the gain

factor is éﬂ

1
Yy = - §-1og riro

a = gain per unit length

= k(v)on'

where risrs are reflection coefficients of the mirrors,

k(v)0 is the absorption in the unexcited laser material
at frequency v ,

n is the relative population inversion
19
= — (=— N,- N;)
N0 gp 2 1

g9y,9, are the multiplicities of levels 1 and 2 (ground
and excited states), respectively

N],N2 are the populations of energy levels 1, 2

N0 is the total population.

If aL >y , the intensity of radiation of the proper frequency
will build up rapidly until it becomes so large that the stimulated

transitions will deplete the upper level and reduce the value of o .
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This is the dynamic situation that in most solid lasers gives rise to

pulsations. On the other hand, if oL < vy , the intensity of radiation

does not build up; so the threshold of the laser oscillation is required

ol =y (1)

The resonances of such a system are determined by the spectral
linewidth of the Tlaser transition and by a number of half wavelengths
existing between the two mirrors which form a type of Fabry-Perot inter-
ferometer. The gain of a laser line profile superimposed on the reson-

ances of a Fabry-Perot interferometer is shown in Fig. 3.

_ _mc
Ym = 2Ln (2)
0
where v is the interferometer resonant frequency

m 1is an integer representing the number of half wave-
lengths stored between the two reflectors

L is the resonator optical length or optical distance
between the two mirrors

n_ is the index of refraction inside the cavity which
is assumed constant.

In general, the optical paths between the mirrors is inhomogene-
ous (amplifying material and air); it is advantageous to introduce the
optical distance

L" = J n(z) dz
0
integrated along the cavity length.

Then (2) becomes



Vm = 2LT (3)

Since the threshold condition is met only in a restricted frequency
range, laser oscillations will occur only for a few discrete frequen-
cies Vi which satisfies (3) and which Tie in this restricted range.

The separation between modes is given by
£
so the round trip transit time is just,

_ 1 _ 2L
Gl (5)

Since the solid state laser resembles a long cylindrical cavity
with conducting walls and parallel end surfaces, it is advantageous to
introduce transverse electromagnetic modes to the laser wave inside the
resonator. The longitudinal modes are those along the axis of the
resonator, whereas the transverse modes refer to the one on the plane
perpendicular to the axis. In the ordinary case the resonator output
contains a number of longitudinal resonator modes (IO6 or more) [3].

An appropriate resonator must be designed for the laser to operate at a
single longitudinal mode. For example, the laser resonator should be
sufficiently short so that c¢/2L' 1is greater than the bandwidth of the
gain of the laser material. However, for each longitudinal mode num-
ber, there exists a set of transverse modes. For a curved mirror
resonator with rectangular symmetry, the cross-sectional amplitude dis-

tribution is given closely by:



-9-

_ v2 x /2y 2, 2:, 2
Alay) = Ay (THO S5 H (5505 Jexp (= (x 4y ™) /w®) (6)
where X,y are the transverse coordinates
Am . is a constant whose value depends on the field strength

of the mode

W is the radius of the fundamental mode (m=0,n=0) at 1/e
maximum amplitude
th

H_(b) 1is the a~" order Hermite polynomial with argument b

m,n are called the transverse mode numbers, often referred
to as TEM .
mn

Theoretically, the higher the TEM modes are, the more the
energy of the Tight wave gets distributed into Tittle modes away from
the axis. Since the reflectors have finite dimension, some of the beam
energy will not get intercepted and hence will be Tost. Also, it turns
out that for a good mode-locking pattern, it is best to operate at
TEMOO or as low TEM modes as possible. Hence, it is necessary to use
some device which will give high Tosses to all transverse modes except
the desired one. Since the higher order modes spread further from the
axis, the easiest way to obtain the single TEM mode is to use an aper-
ture whose size is large enough to let TEMOO moce through, but small

enough to increase substantially the losses of the higher order modes.

2. Mode-Locking of the Laser

In general, a solid state laser is an inhomogeneous [5] laser.
The oscillating modes (the ones that Tie in the region where the gain

curve is above the loss line in Fig. 3) may vary in frequency spacing,
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relative phases, and amplitude. This causes the intensity of the laser
output to fluctuate randomly and greatly reduces its usefulness. In
order to fix the relative phases or phase-lock the laser, a modulator
is needed inside the laser cavity.

It is reasonable to assume that one resonant frequency ¥ will
be nearest the peak of the laser gain profile and will therefore be the
first to oscillate. If an electro-optic amplitude modulator [6] operat-
ing at a frequency f is inserted in the Tlaser feedback interferometer,
the frequency i will be amplitude-modulated at a frequency f , such

that the time dependent intensity output will be of the form [6]

Io 1
7= 5 [1+ M sin 2nf t] (7)
j
where I0 is the output intensity o Eg
Ii is the input intensity o E?
M is the modulation index (i.e., the degree of modulation)
From (7)
E- « ES(t)[1 + M sin 2rf t] (8)
Now
Eo(t) = E'cos 2m v t (9)
| PR 1/2
Eo(t) « E'[1 + M sin 2nf t] cos 2w vt (10)

In general, M << 1 ; using Taylor's expansion (10) becomes,

m
—
—
~
fl

E[1 + M cos 2nf t] cos 2m vt (11)
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By expansion of Eq. (11), the equation of a wave with a simple

sinusoidal amplitude modulation can be written in the form

ME
E,(t) = E cos 2my t + 1= cos 2n(v ~f)t +'o cos 2n(v +f)t (12)

If the modulating frequency f 1is chosen to be commensurate
with the axial mode frequency spacing f = Af (Fig. 3), superposition
of the upper (vm+f) and lower (vm-f) side bands of the amplitude modu-
lated light beam with the adjacent resonances, couples the (vm+f),
(vm-f), and Vi axial modes with a well-defined amplitude and phase
[7]. As the (vm+f) and (vm-f) oscillations pass through the modulator,
they also become amplitude-modulated; their sidebands, in turn, couple
the (vm+2f) and @m-Zf) axial modes to the previous three modes. This
process continues until all axial modes falling within the oscillating
linewidth are coupled.

In order to compute the peak power of the pulses, the phases
are made equal to zero and, writing the total optical field in the

simplest form,

(N-1)/2 2mi(v_+nf)t
E(t)= ) e m (13)
-(N-T)/2

iw t .
- n" sin(Nwt/2
e sin(wt/zg 14

where N 1is the number of modes locked together; the average laser

*
power output is proportional to E(t)E (t):
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. sin®(Nwt/2)

P(t) 5
sin“(wt/2)

thus the peak power is N times the average power.

The above discussion is called "active mode-locking". In our
experiment a "passive mode-locking" technique is used. They have, how-
ever, the same principle, as will be seen later in Section 4.

Since the "passive modulator" which is utilized in generating
picosecond pulses serves both as a Q-switch and an amplitude-modulator,

it is appropriate to first discuss the Q-switching principles [8].

3. Q-Switching Principles

It has been shown in Eq. (1) that the laser reaches the thresh-

old of oscillation when « reaches the value

a = vy/L (16)

where the quantity o 1is proportional to the population inversion

g
N=N, —- N

2 9, 1

In order to relate Q to the loss of the resonator, a decay
Tifetime (p hoton 1ifetime) t. of a cavity mode needs to be defined as

follows:

Q_Qté (17)
C

where & s the energy stored in the mode. We can also write the in-

tensity loss per unit time as
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ié _ _ %o
dt
From (17) and (18),
nL
t = — (19)
ccyY

The quality factor is defined as [8]

_w€ . uwé
=" d&€ /dt (20}
_ _d§ . _ .
where P = - qt s the rate of energy dissipation.
By comparing (19) and (20), we obtain
_ _ wnlL
Q—wtC—C_—Y_ (2])
0
Y - wn_ (22)
L cOQ
or
wn
o= — (23)
cOQ

The Q—switcﬁing technique is done by keeping the Q factor of the
resonator very low during pumping, which will increase the loss rate of
a system (Eq. (22)) so that the population inversion can build up to a
very high value without oscillation. This high inversion serves as an
energy reservoir. When the inversion reaches its peak, the Q is
restored suddenly to the (ordinary) high value. The gain per pass in
the Taser medium is now well above (ordinary) threshold (Eq. (23)).

This causes the extremely rapid build-up of the oscillation and a
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simultaneous exhaustion of the inversion by stimulated 2- transition.
This process converts most of the energy that was stored by atoms
pumped into the upper laser level into photons, which are now inside
the optical resonator. A1l this happens in an extremely short time,
resulting in very short pulsewidth (nanoseconds), high power, and
intensity.

Q-switching may be accomplished by changing the reflectivity of
one of the mirrors, by inserting or moving the diaphragm, by changing
the path of rays between the mirrors, and also by changing the trans-
parency of the material within the laser cavity. For the efficient
production of the single Targe pulse, it is essential that the Q-
switching process be fast compared to the photon-decaying time in the
cavity, and that the time of switching from low Q to high Q be chosen
so as to assume the accumulation of the greatest possible inversion of
the material. \

Most typical pulsewidths are 10 to 50 nsec, with the pulse peak

on the order of megawatts.

4. Saturable Absorption and Passive Mode-Locking [9]

Mode-locking a laser oscillator with an active modulator requires
the critical adjustment of mirror spacing and modulating frequency. In
order to avoid this problem, a passive modulator which simultaneously

serves as a Q-switch and as an amplitude modulator is utilized.

Saturable Absorption [10]

If a material is normally absorbing at w due to the transition

between levels |1> and |[2> , the rate of absorption may become so
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great at high intensities that a sizable population N2 builds up in
the excited level |2> . Since the absorption rate is proportional to
the population difference (Nl_NZ)’ the absorption coefficient will de-
crease at high intensities. Thus, at optical frequencies, the material
~acts as a bleachable filter, i.e., it absorbs at low intensity and
becomes transparent at high intensity. Such an absorber turns out to

be well suited for the role of passive modulator in mode-locking lasers.

However, certain properties are required:

1. That it have an absorption line at the Taser wavelength;

2. That it have a linewidth equal to or greater than the
laser linewidth;

3. That the dye-recovery time be shorter than the loop-time
delay (the time it takes for a pulse to travel back and
forth between the two reflectors) of the laser.

The simple mode-locking laser set-up is shown in Fig. 4.

Consider a pulse propagating back and forth in the laser cavity.
As the pulse propagates through the absorber (assuming a two-quantum
level system), the leading edge (which is the low-intensity part) of
the pulse is heavily absorbed and molecules make transitions to the
upper state. As a result, the absorber tends to saturate (i.e., becomes
transparent only at high intensities). This process represents the
opening of the passive modulator. After the pulse has propagated
through the system, the atoms make transitions back to the ground state
which corresponds to the shutting of the modulator. As the pulse is

reflected back and forth between two mirrors, more and more of the low
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intensity parts of the pulse get absorbed, until the sharpness of the

pulse continues to increase to the point that harmonic content of the
pulse equals the overall bandwidth of the system. When this occurs,
the pulse cannot become narrower. This pulse is then let out of the
cavity through the partial reflector.

When viewed from the phase relationship of the modes in such a
pulse, the simplified explanation of the mode-locking of the pulse can
be given with the aid of the diagram in Fig. 5. When the Tlaser action
begins, several axial modes are inevitably excited in the resonator,
and the beats (or couplings) between them give rise to intensity fluc-
tuations with a characteristic time ~T/m , where T 1is the time
necessary for the light to travel through the resonator; and m is
the number of the excited modes. . In the region of the linear develop-
ment (the ordinary absorption of the dye), natural mode selection by
the amplifying medium takes place, owing to the preferred amplification
of the modes near the center of the gain Tine. If an optical carrier

frequency v_ (which is the mode at the center of the gain line in this

0
case) along with two sidebands voi f are superimposed, an amplitude
modulation of the light results at a frequency f = Af with some peak
to peak variation M, and a peak intensity IO [see Figs. 5b and 5c].
When this beam is passed. through a saturable absorber having the typi-
cal characteristic illustrated by Fig. 5a, and the relaxation time is
much shorter than T/m , then the absorber builds up intensity fluc-
tuations in the nonlinearity region. As a result, the most intense

fluctuation parts become stronger and are compressed much more rapidly,

and the peak to peak excursions of the fluctuations will be increased,



=i

3 L0SS 1
S |of == -poms -
» [
= |
0
Z I
= I
g i
INTENSITY
(@)
Ml "I. Ma
] o L4 ~
| | ‘
SATURABLE SATURABLE
ABSORBER ABSORBER
(b)
Vi [V v
Q.‘-; Vs At f \d:z& k‘& v;‘l:l *"’ JPra—— AL—.
(¢)

Figure 5



] e
i.e., M2 > M] , and the time duration of the fluctuation will be

shorter as a result of the non]inéar transmission characteristics of
the saturable absorber. With the sharpening of the amplitude varia-
tion, additional sidebands are added to the spectrum. 1In the optical
cavity of length L = c¢/2Af , this process is repeated over and over
again by reflecting the Tight beam back and forth between the two
mirrors. The fluctuation will continue to sharpen until a discrete
pulse is circulating in the cavity. The laser media provide gain to
compensate for the residual saturation loss of the absorber and the
mirrors. The circulation rate Af 1dis given by c¢/2L . The pulse
will eventually acquire a steady-state w{dth At determined by the
bandwidth of the Taser media. The repetitive output pulse train emit-
ted from the laser mirrors will have discrete spectral components
defined by the Fabry-Perot resonances of the cavity extending *mAf

on either side of Yo for a bandwidth Av , as illustrated in Fig. 5c.
The frequencies are all multiples of Af, and the narrower the pulse
width At , the larger the bandwidth required for reproducing the

repetitive pulse, i.e.,

A= Lo 10'125ec
Av

The magnitude and characteristic of pulse sharpening depends
mainly on two factors:

1. The relaxation time of the saturable absorber Tb as
compared to the pulse width At : The shorter the relaxation time
is, the shorter and more sharpened the pulse will be. When the bleach-

able absorber relaxes to the initial state within the time interval
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Tb << At , the absorber is predominantly bleached by the most intensive
peaks. As a result, the pulse width is reduced (all other parts of the
pulse being absorbed) and a significant intensity discrimination of
large peaks against the background of numerous weaker peaks takes place.
On the other hand, when Tb Y AT or when the inertia of the absorber
becomes appreciable, the absorber does not have time to "collapse" on
one trailing edge of the pulse. As a result, absorption occurs only on
a leading front, and the trailing edge of the pulse remains practically
undeformed, as has been shown experimentally by [9d]. For the best non-
linear absorbers that are available for ruby and Nd-glass lasers, the
values of Tb are: for Kodak dye #9740 = 35 psec; for Kodak dye #9860
= 6 psec; DDI = 14 psec; cryprocyamine = 22 psec [11,12].

2. The number of passes of the pulse through the absorber in

the laser cavity.

Experiment

Picosecond Pulse Generation. The Nd3+:g]ass laser rod is used
3+

as the laser amplifying medium in our experiments. The Nd~ :glass
energy levels and laser lines are shown in Fig. 6. The laser operation
in these transitions depends on the suppression of the favored
4F3/2 > 4111/2 transition by proper choice of frequency dependent mir-
rors. Moreover, the 0.918 um line cannot be observed above 77°K. The
main advantages of glass as a laser host as opposed to the crystal
(YAG or Y3A150(2) for example) are:

1. flexibility in size and shape and excellent optical activity;

2. flexibility in refractive index, which may be varied from
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approximately 1.5 to 2.0 by selection of the glass. It is possible to
adjust the temperature coefficient of the index of refraction so as to
produce thermally stable optical cavities, which is very critical in
mode-locking the laser.

3. Glass hosts produce broader spectral lines than crystal.
This is useful because it provides for absorption of a greater position
of the pumping radiation. Also for the mode-locking operation, the
broader spectral lines (containing more modes) lead to the shorter
pulse width (initial T/m or final At = 1/Av as discussed above).

The disadvantages are:

1. The low thermal conductivity of glass which imposes limita-
tions on continuous operation or high repetition rate operations.

2. The broad spectral lines make it more difficult to attain
threshold because a 1arger‘1nversion is required to compensate for the

lower peak of the Tineshape.

In this laboratory a Nd3+:glass rod, 8 inches long and 1/2 inch
in diameter is employed. The rod is constituted of 3.1 wt.% of Nd3+
ions which gives 2.83)(102010ns/cc glass. The fluorescence decay time
(1/3) is 300 microsecond. The threshold required for this laser is
1.4 joules. Both faces of the rod are polished with extreme care (a
scratch on the face may cause great damage to the rod when high-powered
laser pulses travel back and forth through the rod in the cavity), and
cut at Brewster angle: 57016/. The rod must be cleaned by using a dust-
free microduster each time before operation. The excitation source
or the laser head is a helical xenon flashlamp (by Korad Laser Systems,

Union Carbide) which is connected to a 5 KV power supply (Korad, model
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K-1). The Tlaser rod is placed inside this laser head and is cooled by

filtered water (chemical ion-free)--at the rate of about 2 gal/min (ITT
self-pumping pump; the rate is controlled by a Variac set at 120V out
for 120V in). A 99.99%R (at 1.06u) 10M radius mirror and a 55% R (at
1.06u) wedged mirror (both from Optical Coating Division) are used as
the back and front reflectors for the Taser cavity, respectively. The
Q-switch dye solution is Kodak #9860 which is 1light- and acid-sensitive.
The solvent used to dilute the dye down to the appropriate concentration
for the laser cavity is acid-free dichloroethane (provided with the
#9860 dye). A 40 mm diameter; 1,0 cm thick (Pyrex Opticell) is used as
the dye cell. The cell is placed at the Brewster angle, 55%41" to the
laser light so as to eliminate the unwanted reflection back to the rod.
At the Brewster angle, the optical path Tength of the cell becomes
1.229 cm (see Figs. 7 and 8).

70% T at 1.229 cm path length of the dye solution is made up
using dichloroethane as solvent. The absorption is checked by Cary 14
(infrared region adapted) at only one wavelength of 1.06u .

Result (from the first run as an example):

absorption at 1.0 cm path length = 0.125

at 1.229 cm path length = 0.125x1.229 = 0.1533

which is 70.30% T

The #9860 solution is very strong; in order to obtain 100 ml of the de-
sired solution, only 1.35 ml of the dye is needed.
Figure 9 shows the result for this run from Cary 14.

Aligning the laser cavity. A He-Ne laser (at 63288, 1.0 mwatt,

Astrophysics model 133) is used to align the cavity as shown in Fig. 10
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Figure 8. A Saturable Absorber Cell, Filled
with Kodak Dye #aseo in Dichlovoethane,
at Brewster Angle (6p).
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Figure 9. Absorption Spectrum of #9860 Dye
Solution from Cary 14 set at 1.O6u
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It is to be noted here that all our optics are mounted on mag-
netic bases (from Rutland Company, Japan), which are placed on a
4" x 9' steel board on top of a wooden table. A piece of foam is in-
serted between the board and the table in order to absorb the vibration
from the floor. The center of the Taser rod is 5-3/16" above the steel
board, which becomes the height of our laser beam. The alignment is
such that the reflections of the He-Ne Taser from the mirrors are on
top of the Taser beam itself at the laser output (point A in the dia-
gram).

The He-Ne laser is bolted on one corner of the table; the laser
beam is aligned by moving the Tlaser and also mirror M] until the beam
becomes level. One must check, also, whether the He-Ne beam is on the
axis of the mode-locked beam. This is done by using a photograph as a
target for 1.06u pulse. The high-powered pulses will make a burnt spot
on the photograph. Then unblock (the He-Ne beam is always blocked when
the Taser is fired) the He-Ne beam and see whether they are superimposed.
This should be done at far field in order Eo increase the accuracy. If
they do not superimpose, the correction can be made by moving M] side-
ways. This part is very critical, since we will be using the He-Ne
beam to align all the optical systems.

The threshold of the power input depends on how well the laser
cavity is aligned. It is always better to operate the laser at the
threshold or very close to the threshold, in order to generate a good
mode-Tocking pulse train or good pulse structure, for some analytical
purposes. In doing so, an extra mirror may be placed at the very far
end of the table, to make this alignment more sensitive. First align

the reflection spot from the mirror on the He-Ne laser, split this
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reflected beam by the beam splitter BS (see Fig. 11) and then align
the cavity mirrors so as to get the reflected spots from them on the
spot from the far-field mirror. An interference pattern will occur if
the three spots are superimposed.

After the cavity alignment, we look at the threshold of the
conventional mode laser first (i.e., without the dye solution). The
values observed are in the range of 2.2-2.6 KV (power supply), which
was quite Tow. In order to check whether it lases, we put a photograph
as a target and Tooked for a burnt spot. Then we put the 70% T (for
example, the concentration of the dye is about 70% T to 65% T) dye
solution in, realigned the cavity because the dye solution at Brewster
angle changed the laser direction. The threshold was 3.0 KV (the range
is from 3.0 to 3.90 KV, depending on the concentration of the dye solu-

tion).

At the threshold, usually there is only one TEM mode which can
sometimes be observed from the burnt spot. Operating at higher volt-
ages, many TEM modes are produced and that may distort the pulse train.

The pulse train is observed by means of the oscilloscope,
Tektronix 519 model, which has a rise time of 0.35 nsec. This is the
fastest time resolution available so far. Tﬁe photodetector is a pin
photodiode HP 5082 (Hewlett-Packard) which is an ultrafast light detec-
tor for visible and near infrared radiation. Suitable filters (e.g.,
Corning 1-64) together with a ground glass are needed to attenuate the
incident radiation on the diode. The pictures are taken by Polaroid

camera type C-17, using 410 Polaroid film. A typical good mode-locked
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pulse train is shown in Fig. 12a.

If the pulses are not well mode-locked, or the diode is over-
loaded, the baseline of the pulse train does not stay at the same Tlevel
as shown in Fig. 12b. Also, if the dye solution cell is not placed at
the Brewster angle, the picture will show more than one pulse train
(the additional ones are called "satellites") due to the reflection
at the cell window back to the Taser rod. These trains do not arrive
at the oscilloscope at the same time. The separated distance depends
on the position of the dye cell inside the cavity [1a]. Or, if the
laser rod is overpumped, the pulse patterns are shown in Fig. 13b.

The deviation from an ideal picture [1a] in this case is due to
the nonlinear losses in the optical media--due to powerful radiation
[9d]. The change in the refractive index of the laser glass matrix re-
sults in self-focusing of the radiation and spectral broadening. The
influence of the nonlinear Toss is suggested in the following way.
Beginning from a certain level of intensity, amplification of the most
intensive ultrashort pulses decreases, i.e., there occurs a limitation
on the pulse power. At the same time, less intensive USP can be ampli-
fied and reach the same power level as the most intensive pulses. This
should result in an increase in the number of satellite pulses at the
end of the train. The wide pulses with shoulders probably
contain many substructures of picosecond widths as shown in Fig. 14.
Some of the very intense and powerful spikes cause the self-focusing

and hence "hot spots" in the optics, and damage then.
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Figure i2a. A Well- Mode-Locked Pulse Train
(from 512 Oscilloscope ) at 20nsec/div.

. N

Figure 2b. A Bad Mode-Locked Pulse Train
at 50 nsec/div.
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Figure13a. A Pulse Train with Satellites.

Figure 3b.  An Overpumped Mode-Locked
Pulse Train.



POWER (GW)

~34-

| h] | I |
ULTRASHORT PULSE
Af=45cm™! h

Figure 14
A Calculated Mode-Locked Nd:Glass Pulse Shape
with Substructuves (ref.31)
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C. Two-Photon Method as a Pulse Width Measurement

Since the direct electronic techniques are not yet capable of
measuring time durations down to 10-]25ec, a special technique is re-
quired in order to measure the picosecond pulse widths. The first
technique developed for measuring ultrashort light pulses is based on
two-photon absorption [13]. Excitation of a molecule under very in-
tense irradiation takes place by absorption of two photons, provided
that the molecule has an excited energy level corresponding to Zv]
where V1 is the frequency of the exciting light. Such two-photon
absorption takes place via a virtual state of essentially zero 1ife-
time and can occur only when the two photons are absorbed simultane-
ously. If the resulting excited state fluoresces, one can monitor the
extent of two-photon absorption by following the emission study. The
method is done by directing a mode-locked train of pulses through a
cell containing a suitable solution; the resultant trail of two-photon
excited emission can be photographed and will appear as a bright
streak. If the pulse train is reflected back on itself by a 100% R
mirror, the instantaneous light intensity at the mirror and other
points where the pulses overlap will be higher and a brighter fluores-
cence spot will be observed. Thus, the length of the bright spot is a
measure of the length of the pulse.

For a Nd3+:g]ass laser, rhodamine 6G (fluorescence is centered
at SSOOR) has proved to be one best detector for the TPF method. Two
methods have been conducted as follows:

1. The correlation of one pulse with the succeeding pulse (cross

correlation). From the picture of the pulse train (Fig. 15), one can
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Figure 15. Cross Correlation Two Photon Method..
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see that there are more than 50 pulses. These pulses are separated

from the succeeding ones by twice the round trip time in the cavity. A
mirror (usually a dielectric 100% R at 1.06 u is used) is then placed
at a distance of roughly the cavity length away from the cell of Rh 6G.
The telescope is put in to reduce the size of the beam, in
order to give a better depth of the field of the pulse train to the
camera.
The distance x must satisfy the following condition, in order

to observe the TPF at the middle of the cell. Assume the cell is 5 cm

long:
b 2%
2L = =—+ == (1)
where L = optical path length of the cavity

Cp = c/nR > Np is the index of refraction of Rh 6G
10

c = velocity of Tight = 3 x 10 “cm/sec

Note: The distances must be measured and calculated accurately in order

to observe TPF picture.

2. The correlation of the pulse with itself (autocorrelation).
This seems to be experimentally easier than the first method; the meas-
urement is not as critical.
In this method the laser pulse is split into two equal parts by
a 50% R beam splitter (at 45° to the beam). Then the two pulses are
reflected to meet in the Rh 6G cell (see Fig. 16).
The pictures are taken by Polaroid film type 47, speed 3000,

and by transparent type 46L. The transparent pictures are read by the
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Figure le.  Autocorrelation Two Photon Method.



=30=
Jarrel1-Ash microdensitometer. The length of the bright spot is the

width of the pulse which is read from the half-width of the curve from
the densitometer. Some results are shown in Fig. 17.
The calculation is rather simple: for example, from Fig. 17:
The densitometer is run at 1 mm/min
The scale is 32 sec/1.25 cm

The half-width readings are 3.7 -3.9 cm

3.7 cm corresponds to Tgéé-x %%—= 1.58 min, or 1.58 mm
d xn
pro= —2 (2)

Np is equal to 1.344

1y 1,300

T = N T0 = 7.015 psec

3x10

A

The curve from the microdensitometer is not sharp--there are
many shoulders. This is due to the glow around the bright spot. The
half-width is then read from the adjusted curve, taking the highest
peak in the curve. However, the results are probably within #2 psec.

The factors involved in obtaining good TPF pictures are:

1. The two pulses are exactly superimposed.

2. The background is very dim.

3. The camera is not overexposed and is in focus.

The intensity ratio between the TPF and the background is 2.5

which is close to the theoretical value of 3 .
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Theory

If we consider the center of the cell to be the origin (z=0)

and denote the pulses approaching the cell from the left and right as

E, (t—%) sin(kz-wt) and E,(t+2) sin(-kz-wt) (3)
respectively, the intensity Iw in the dye cell will then be given by

Y z _Z z 2 z
s = E](t-c) + 2E1(t C) E2(t-+c) cos 2kz + Ez(t-fc) (4)

If we assume that the fluorescent intensity is proportional to

the intensity squared: IF o Ii (or IF o« Iw.Iw" for TPF from two dif-

ferent frequency pulses), then

4 z 2., Z
(t+2)+ 267(t - 3)

: £ (t +2)+ [1+2(cos 2kz)?]

2

4 z
IF o« {E-I(t-'(':")+E

+A[E(t-2) Ey(t+2) + Ej(t-2) Ej(t+Z)cos 2kz}  (5)

)

The time-and-space averaged through the photographic process of
IF is given by

e o]

Ayt Z 2re Zy 24002
S(t) « J E?(t--é—)dt + J Ez(t+E)dt + 4 J El(t—E) Ez(t+E)dt

- ) ) (6)

Letting E](t) = E2(t) at z =0 , the second harmonic pulse

2ww

energy is given by



2w
The normalization of S(t) gives

S(t) « 1 + 26(x) (8)

where G(t), the autocorrelation function of the pulse energy, is given

by ©
J E2(t) E%(t-t)dt

G(t) = =1 at t=0 (9)

=3 when t1=0 (10)

This intensity ratio is also the degree of mode-locking of the
laser as suggested by J. R. Klauder, et al. [14]. If the intensity
ratio is 3, that means it is mode-locked; if 1.5, it implies the free
running Taser (randomly phased modes). Our results are then interpreted
to be quite well mode-Tocked.

In order to narrow the pulse width and increase the peak power,
the following techniques may be considered:

1. Decrease the %T of the absorber dye solution.

There is no theoretical way of predicting the % T of the
dye solution in order to obtain the narrowest pulse width or well mode-
locked pulse train. This varies from one system to another.

2. Decrease the %R of the front mirror, to obtain higher

powered pulses.
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3. Decrease the path length of the dye cell. D. J. Bradley,
et al. [32] reported that the shortest pulses and the most reliable
mode-Tocking were achieved when the saturable dye was placed in con-
tact with one of the cavity mirrors and the dye cell length was reduced
to = 30p.

4. Better alignment of the cavity.

D. Second Harmonic Generation (SHG)

The mode-locking laser, in spite of the fact that it produces
very short pulses in picosecond time scale, seems to be of Timited
usage with only one wavelength in the infrared (1.06y). However, in
1961, Franken, et al. [15] reported the second harmonic generation
experiment by focusing the ruby laser beam at 69408 on the front sur-
face of a crystalline quartz plate. One of the emerging beams was
found to Have the frequency twice that of the input. Later Giordmaine
[16] and Maker [17] independently reported the method of index-match-

ing of the KDP crystal in order to obtain the best output of the SHG.

Theory

SHG is a nonlinear optical phenomenon which has been observed
in some crystals, such as quartz, ADP (ammonium dihydrogen phosphate)
and KDP (potassium dihydrogen phosphate), etc. A suitable material
for this process must be relatively transparent to the fundamental op-
tical frequency and the desired harmonics. In addition, lack of an
inversion symmetry of such crystal is a prerequisite for the SHG

crystal, in order that the second order (P<xE2) nonlinear optical
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properties can be displayed.

In general, a schematic expression for the dependence of the
optical polarization P as a function of applied electric field E
is:

P=XE(1 + a]E + a2E2+ o) (1)

where X s the linear optical polarizability, of order unity
a; is the nonlinear coefficient.
The second term xa]E2 is of interest, since it gives rise to the SHG.
Consider the nonlinear coupling of two optical fields, the
first,having its electric field of frequency o along the j-direction,

is given by

wy iyt iwt
() = Re(E;' e )=z (e | +cuc) (2)

the second field at Wy along the k-direction is

W, 1w,t

_ 2 2

E () = Re(E," e ©) (3)
If the medium is nonlinear, the presence of these field com-

ponents can give rise to polarization at frequency nwy+ mo, and n

and m are any integers. Taking the polarization component at

W= w]+ W, along the i-direction

w3=w]+w2 w3=w]+w2 Ew] sz

P {1t} = dijk ;B (4)

w
where di?k is a third rank nonlinear susceptibility tensor and has

the following properties:

(1) It is nonvanishing only in noncentrosymmetric crystals.
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(2) 1t is independent of frequency, since the material is trans-
parent over the region which includes Wy Wy 5 and w3 - We can then

write

Pi(t) = dijkEj(t) Ek(t) (5)

(3) Since no physical significance can be attached to an ex-
change of Ej and Ek in (5), it follows that dijk = dikj .
therefore can replace the subscripts k,j by a single symbol and hence

We

reduce the full form of d tensor from (3x3x3) to a contracted one

which is (6 x3)

The contracted dij tensor obeys the same symmetry restriction
as the piezoelectric tensor, and in the crystals of a given point group
symmetry it has the same form. For KDP, the symmetry is 42m, and the

tensor is

di5 14

30
where the full equation of P s
2
Py diy dip dy3 dyy di5 4y .
E
i} y
Pol = | do1 dop dpz dpy  dpy dyg o2 (7)
Z
2F_E
Py d3y dgp dgg Ay dgy  dyg z7y
2F E
Z X
2EE,

and the components of the nonlinear polarization are
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Py = 241 EE,
Py = 2dyy EJE,
P, = 2436 ELE (8)

In order to obtain an expression for one power of the second

harmonic, Maxwell equations are the starting point:

<5
Hor 9D _ 93 (7
VxH=T+& =1+ 2 (efF+ B)
- 9 >
VxE=-o= (gt (9)
h P = E+P 1
and (PNL)i = dijkEjEk (11)

The derivations are given in Ref. [18], and the power output of

the second harmonic in cgs units is

s D L
(2w) sin®(ak =)
P~ - T sine o d°., E2. E2, 1% —0 2 . (12)
area 2cn 3 ik "11 "1k AkL (2
3 (%)
where wy = Zw] s 0T WyT W is the fundamental frequency
w3 is the second harmonic frequency
Ny = index refractive of second harmonic in crystal
& = the angle between the j direction of the second harmonic
and the direction of propagation
L = length of the crystal



and

k= k4 ({1 kfk) (13)

Index-Matching Technique. From (12), it is clear that in order

to get appreciable SHG, the condition Ak = 0 must be satisfied, and

if the i and k components of wy propagate with the same phase velo-

city, then

2
k3" = 2ky (14)

or, using k“ = wn®(8)/c , we obtain

8) = n(e) (15)

where we recognize that in a uniaxial crystal (i.e., the crystal in
which the highest degree of rotational symmetry applies to no more than
a single axis), the index of refraction n for a given frequency de-
pends on the angle 6 between the direction of propagation and and =z
(optic) axis. KDP is a negative uniaxial crystal so that ng < ng
(where ng is the index of refraction along the extraordinary ray, and
ng is that along the ordinary ray, for a birefringent crystal). Index
matching can be obtained if the fundamental beam is an ordinary ray,

while the second harmonic is an extraordinary beam, both beams propa-

gating in a direction making an angle em with one z-axis, so that

(Note that, once we choose an appropriate optical axis, Ay

(ordinary ray), but not n_ (extraordinary ray) is independent of the

e
propagation direction. This subject can be seen in detail in Ref. [18],
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Chapter 18). A plot is shown in Fig. 18.

Experimentally, the crystal face has to be adjusted both hori-
zontally and vertically with respect to the incident fundamental beam
until the maximum second harmonic is obtained (i.e., the incident beam
is now in the propagation direction, making 6 angle with the optic
axis). Once this condition is satisfied, both the fundamental and
second harmonic beams emerge from the KDP crystal (in our case) at the

same time and in the same direction, but with cross polarization.

Experiment

The experiment is shown in Fig. 19; a fraction of the incident
1.06p , which was our monitoring beam, was split off by the beam split-
ter BS] and fed into a fast photodiode filter with appropriate'output.
The 0.534 was also sent into the fast photodiode with 1.06u 6ut-off and
neutral density filters. Both photodiodes were connected to a dual
beam oscilloscope, Tektronix model 555. Since the fastest time scale
on this oscilloscope is 100 nsec/div, no fin€ resolution of the pulse
trains was observed. Only envelopes of the pulse trains could be re-
corded. The ratios were taken from the maximum points of both pulse
train profiles.

The 1 inch-Tong KDP is placed in a doubler holder filled with
0il. This whole piece is then placed in an adjustable holder (verti-
cally and horizontally). The best positions of KDP were obtained from
the maximum ratio of the output intensity of 0.53u to that of the inci-

dent 1.06u.
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Z (OPTIC) AXIS

Figure 18. Normal (Index) Surfaces for the
Ordinary ancl Extraordinary Rays in
a Negative Uniaxial Crystal (from
vef. 18).
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The ratios are shown in the table and the plots on Figs. 20 and

21 from various vertical and horizontal settings, respectively.

vertical settings horizontal settings
(horizontal position is at 2.50) (vertical position is at 2.18)

setting ratio setting ratio
2.25 4.43 2.90 10.62
2.20 8.89 2.80 13.78
2.19 10.478 2.70 12.00
2.18 21.818 2.60 10.91
2.16 15.33 2.5b 10.00
2.15 13.53 2.52 11.26
2.10 5.45 2.51 9.54
2.05 2.361 2.50 17.00
1.95 0.60 2.49 16.15
1.85 0.336 2.45 15.00
1.75 0.200 2.30 9.00
1.65 0,15 2.20 9.14

The best position of the doubler for index-matching is

vertical reading: 2.18
horizontal reading: 2.50
From the plot, one can see that the vertical setting is much
more critical than the horizontal. Hence, one must be very careful at
this point. If the doubler is not index-matched:
1. The 1.06u and 0.53u do not lTeave the doubler at the same
. e
time (n? # "2(6))'
2. The 1.06p and 0.53p do not travel the same direction. This

is very critical at the far field when the superposition of the beams
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is required in analytical work.

The 1.06u polarization is vertical, whereas that of 0.53u is

norizontal. The conversion factor is 5-10%.

E. Two-Photon Method of Two Different Optical Frequencies

TPF from Picosecond Pulses of Two Different Optical Frequencies.

We use the same technique for the measurement. However, the method in
setting up the experiment was quite different, following Rentzepis and
Duguay's, as shown in Fig. 22.

We made use of the difference in the indices of refraction of the
two frequencies, assuming that the doubler was index-matched, i.e.,
1.06u and 0.53u left the doubler at the same time. After passing
through a 10 cm cell of bromobenzene, 1.06u pulse led 0.53u by 27 psec
(calculated from the table of observed dispersions as reported by Topp
and Rentzepis [18]. The pulses then entered a 5.0 cm cell of BBOT in
methyl cyclohexane with a dielectric mirror placed at the end of the
cell. This mirror is 100% R at 1.06u which was aligned to reflect the
leading 1.06u beam back into the cell, exactly along the same direction,
in order to meet the 0.53u beam and create the TPF in the solution.
The picture was taken using Polaroid film speed 3000. A filter (Corning
7-59) was placed before the camera to eliminate the scattering of 0.53u
light. In order to attenuate the intensity of 0.53u when entering the
cell from causing too bright background (2 photons of 0.53u absorption
in BBOT solution), a Corning 1-64 filter was used. The 1.06u and 0.53u

pulse trains were checked by Tektronix 519 scope. The pictures are

shown in Fig. 23.
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Figure 23a.  1.obu Pulse Train (fromsiq
Oscilloscope) at 50 nsec/div.

Figure 23b. 0.53u PulseTrain (from 519
Oscilloscope) at 50 nsec/div.
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The pulse widths were read by the microdensitometer and yielded
the pulse duration jn the range of 4-8 psec (+ 2 psec in each read-
ing); see Fig. 24, for example.

We had a lot of trouble with this experiment, and it was learned
that:

1. If the vertical setting of the doubler is off, the two pulses
do not travel in the same direction, i.e., they are not superimposed.
Hence, the TPF are not observed.

2. If not enough intensity of 0.53u pulse enters the BBOT cell,
the TPF will be too weak to be observed.

3. Weak 0.53u Tight is always due to weak 1.06u, which means the

dye solution is degraded and a new fresh solution must be made.

One should check the burnt spots periodically, to get an idea of
how high the power and the structure of pulse are (from the sound and

the shape of the burnt spot).

4. If the alignment of the dielectric mirror is off, then 1.06u
and 0.53u are not superimposed.

5. After the first four points have been corrected and still no
TPF is observed, then check whether the reflection from the dielectric
mirror goes right back into the laser cavity or not. If it does, this
will ruin the outgoing mode-locking beam and no output is to be ex-

pected. The reflection must be pushed off a little.

This Tast point is actually very important in all experiments
having to do with reflecting the beam by mirror or by other optical

pieces. It may not ruin only the pulse train but also may damage the



-58-

NP AT

Figure 24. 1obm and 053, Two Photon Fuores-
cence in BBOT Solution,and the
Microdensitometer Trace (6 mm|min.)
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laser rod. Care must be taken not to let the reflection go right back

into the rod.

F. Synchronization of Two Optical Paths

Most of the picosecond spectroscopy experiments that have been
applied to chemistry are involved in the studies of time dependent
reactions of various molecules. In general, two light beams are used
as the exciting and the probing pulses. The time delay between the
two beams has to be known in picosecond time scale. There are two
methods that have been of use in many experiments:

1. The C82 optical shutter method [23]. The fact that power-
ful optical pulses can be used in lieu of electrical pulses to induce
a birefringence in Tiquid traditionally used in Kerr cells, is employed
in this technique. The experimental diagram is shown in Fig. 25. The
1.06u pulses are used to induce the Kerr effect in C82 liquid in cell
C. Such an effect in 052 is due to a field induced reorientation which
has the relaxation of about 2 psec. The C32 cell is placed between
cross polarizers which are in the 0.53u light path. The 0.53py passes
through the first polarizer and the C82 cell. If there is no Kerr
effect in the cell, the light will be blocked by the crossed polarizers
and not observed in the picture (camera placed behind the polarizer).
However, if the 1.06u and 0.53p light paths are synchronized (by means
of an optical delayer), the 1.06u pulses will arrive at CSZ’ inducing
the Kerr effect which will rotate the polarization of 0.53pu beam by 90°.

The rotated beam can then pass through the crossed polarizers.
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2. The two-photon method. Tne experimental setup is shown 1in
Fig. 26. The 1.06u path can be adjusted using a variable delay which
consists of a prism placed on a micrometer which has a very fine scale
on the order of 10_2 millimeters. The variable delay is such that the
1.06u pulses will Tead the 0.53u into the BBOT (2,5 bis[5-terbutyl-
benzoxazolyl-(2)]thiophene) solution. After being reflected by the
mirror (99.9% at 1.06u), the 1.06p will meet 0.53u (if the variable
delay is placed at the right position) and the two-photon fluorescence
spot can be observed by means of a camera. Knowing the distance of
the bright spot from the mirror, one can calculate the position of the

variable delay that will synchronize the two 1ight paths.

Experiment

Assuming 1.06u pulses are ahead of 0.53u by a distance vy ,
the TPF-mirror distance is x , and a variable delay is set at position
3.00 (see Fig. 27).

The time 1.06u travels in the cell: (BBOT in dichloroethane)

(48.6 min + x) x 14%l§-+ (1.8 mm) x ]'ﬁ65

The time 0.53u travels:

1.447 ,

y + (48.6 min - x) x =

where o 53y in dichloroethane = 1.447 (interpolation from the values
given in the International Critical

Table, Vol. VIL (from Ref. [22])

1]

n1.06u in dichloroethane 1.412
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Figure 27 BBOT Cell
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n0_53}J in pyrex 1.476

n].06u in pyrex 1.465

Now the time taken by both Tight beams until they meet at x

must be the same, so

(48.6 + x) x 1.412 + (1.8) x 1.465 =y + 48.6 - x) x 1.447 + (1.8)

x 1.476

and y can be calculated once x 1is known. Then we know that the
variable delay has to be set at the position (3.00 - %J.

A result from one variable delay position is not sufficient,
however. This is due to the fact that the 99.9% at 1.06u reflector
also reflects some 0.53u . The two-photon spot observed can then be
from the reflected 0.53u meeting the 1.06u in the cell. A simple check
can be done as follows:

1. Move the variable delay ahead, i.e., shorten the 1.06p path
source. If 1.06u is leading by y' , y' >y and x should move away
to the mirror. On the other hand, if 0.53u is leading, then x will
move closer to the mirror.

2. Move the variable backward, the opposite effect should be
observed.

For example, some results are shown in Table I.

Once the proper variable delay setting is obtained, a time-

dependent experiment can be operated.
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TABLE I
Variable delay
position
(moving backward down % proper
the row) (cm) setting
3.00 1.25 19.91
8.00 0.96 20.76
13.00 0.60 20.60
18.00 0.30 21.40

The proper setting (average) = 20.70 min

G. Experiment on Radiationless Transitions of Azulene

Azulene exhibits anomalous fluorescence in that the emission
originates not from the lowest excited singlet (S] > So), but from the
second excited singlet (S2 > SO). Furthermore, the first excited

1

singlet state lies substantially lower in energy at ~ 14400 cm (S

2
lies at 28000 cm']) than in other chemically similar systems. The
energy diagram is shown in Fig. 28. Rentzepis [19,20] reported the
experiments on measuring the radiationless transition--vibration relaxa-
tion in the first electronically excited state, and the emission from
the singlet and triplet state of azulene [20].

From the diagram, the radiation from 0.53 Taser pulse (vz =
18863 cm_]) photolyses azulene, raising to approximately the fifth

vibrational level of the first excited singlet. The subsequent arrival

of the laser fundamental, vy = 9431 cm'] which acts as the interrogating
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Figure 28. Energy-Llevel Diagram for Azulene
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or probe beam will raise azulene molecules up to S2 singlet state,

provided they are still in the vibrationally excited state when the
1.06u pulse arrives. The fluorescence produced as a function of the
delay between the arrival of two pulses provides a direct measure of
the lifetime of the vibrational level. This can be done using the TPF
technique.

In our experiment we looked for the absorption of 1.06u (a probe
pulse) as a function of time delay. The experimental set-up is shown
in Fig. 29. Right after KDP, a special dichrometer beam splitter
(transmitting maximum at 1.06u , reflecting maximum at 0.53p ) was
placed to separate 1.06u and 0.53p beams into two different paths, with
appropriate filters to purify the wavelengths in each path. The two A
beams were rejoined again at 852 (also a dichrometer BS) and travelled
coaxially into the sample cell. A small amount of the light (~4%)was
deflected out by a glass plate (BS3) and fed into the fast diode with
two RG715 filters as a 0.53u cut off. This 1.06p signal was a monitor-
ing beam for the experiment and will be referred to as "b". The rest
of the light, after passing through the sample cell, was also fed into
the same photodiode as "b", which was connected to a 519 Tektronix
oscilloscope. By adjusting the path length of "a" (the interacting
1.06p pulses) such that "a" would arrive about 2-3 nanoseconds after
"b", a double pulse train picture can be obtained as shown in Fig. 30.
The decrease in the ratio a/b as a function of time delay (by moving
the variable delay backward so as to delay 1.06u from 0.53u) would
yield the decay curve for the 5th vibrational excited state of S] state

of azulene.
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Figure 30. b-a Pulse Train from
Azulene Experiment (519
Oscilloscope set at 20nsec/div)
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The experiment turned out to be much more difficult than expected,
and many problems were gradually realized and corrected, as follows:

1. The He-Ne laser beam and the mode-locked beams did not always
travel exactly in the same direction. The problem was due to the fact
that all systems had been aligned by means of the He-Ne beam.

The correction was made by adju;ting mirror M] (diagram in Fig.
10).

2. The 1.06p and 0.53p pulses were not superimposed. It was
checked by the burnt spots of the two reduced beams at the far field.
This problem was caused by the index-mismatching of the KDP crystal,
resulting in 0.53p not travelling coaxially with 1.06u. This accounted
for difficulties in doing the experiment (bad TPF, no effect from the
azulene experiment, etc.)

The correction was done by adjusting the doubler (vertically)
until the two beams were superimposed (the other optical pieces had

been well aligned).

3. The 1.06y (interrogating) beam was of higher intensity than
the 0.53y (photolysis) beam. The effect was then not marked enough to
be observed. Stronger absorbing filters were needed to attenuate the
1.06y beam.

4. The 1.06y beam was of the same or slightly larger size than
that of the 0.53p beam. Corrections were needed to be made (e.g.,
reduction of the 1.06u beam by Tenses) so that the 1.06u pulse would

"see" only the molecules excited by 0.53u pulse.
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5. The 0.53u could be too intense and caused two-photon absorp-
tion in azulene.

6. It is important to realize that the high accuracy in the
measurement of distances is required for this type of experiment. One
psec in air corresponds to 1 mm. Hence, we are working with the ac-
curacy in the range of 1 or 2 mm. Besides, doing the experiment at the

far field makes the measurements become extremely critical.

A result was finally obtained. The decay curve
is shown in Fig. 31 where A refers to the ratio of
a/b normalized to the maximum absorption of 1.06u . The maximum absorp-
tion was observed when the variable delay was set at 14.00. From the
curve (1/e) point was at variable position 15.90, corresponding to the
time

(15.90- 14.00) x 2 x 3.3 = 12.5 psec
cm psec/cm

The maximum absorption was only 16% and each point on the curve was the
average of four readings. This result, however, did not agree too well

with Rentzepis' work, which was reported to be 8 psec.

H. Generation of Continuum from 1.06u Laser Pulses

A very important technique,which has become an important tool
in many picosecond spectroscopy experiments, is the generation of con-
tinuum from 1.06p or 0.53p pulses in BK-7 glass [24], water and heavy

water [25], toluene, benzene, CC14 , liquid N2, and the laser amplifier
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itself [26]. The 1.06u pulses generate the continuum from 1.06u to
4000&, whereas 0.53p generates the whole visible region 4000-70003 .
Two mechanisms have been proposed for this nonlinear phenomenon.

1. Broadening of stimulated Raman emission [25,27]. First the
stimulated Stokes-Raman (SSR) and the stimulated anti-Stokes-Raman
(SASR) emissions are built up by the pumping laser. In addition the
Stokes and anti-Stokes waves are coupled individually to the field of
the pumping Tight, causing the gain as well as a broadening from both
SR and ASR [28]. Simultaneously, this coupling leads to broadening
of