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Abstract

A new technique utilizing the electro-optic frequency switching
of a single mode ( 6 Mhz) dye laser was used to observe free induction
decay and optical nutation in iodine gas and optical nutation in an
organic mixed crystal (pentacene in p-terphenyl) at low temperature.
A new techniaue, incoherent resonance decay (IRD) was also developed.
These experiments allow one to determine Ty and T2, the longitudinal
and transverse relaxation times of the excited ensemble, in analogy
with magnetic resonance. For I2(g) at 0°C; Ty = 2.3 x1077 sec, Top=

1 x 1077 sec. These techniques are limited to a time scale >10 nsec.

The construction and characterization of "cw", m.de-Tocked
dye laser capable of putting out a continuous trafn of reproducible
sub-picosecond pulses is described. Experiments utilizing this laser
for the measurement of picosecond coherent transients and time resolved

absorption spectroscopy are proposed.
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I. Nanosecond Coherent Transients

A. Introduction

The cobservation ¢f coherent transients, fast or shortlived tran-
sient signals due to interference between coherently prepared ensembies,
dates back to 1950 when Hahn] demonstrated the refocusing of an oscil-
lating, macroscopic spin magnetic moment in his classical spin echo
experiment, These experiments allow one to determine the so-called
transverse relaxation time T,, the 1/e time for the loss of phase co;
herence, As any observable property such as the bulk magnetization in
magnetic resonance is necessarily an ensemble sverage over the iudivid-
ual spins, both the Tifetime (T;) and the phase (T,) of the spins are
important.

| In the optical regions the question with which we have concerned
ourselves focuses on the time evolution of a "primary" state following
absorption. Historically, the observed lifetime as well as the wicth
and shape of optical resonances has comprised the available information.
e now know that in most cases these resonances are inhcmogeneously
broadened., That is, the optical resonance observed with an absorption
spectrum does not reflect the true homogeneous linewidth of a molecule
as determined by the various decay channels. Rather, the line is
broadened due to the fact that various homogeneously broadened ensembles
see slightly different environments leading to small variations in their
resonant frequencies. This can be c.e to the dopp]e} effect in gases or
the so-called strain broadening in solids.

To fully understand the decay of an excited ensemble, one must know

“the true homogencous linewidth. In addition, one would like to sort out



accurately the various contributions to the broadening from decay chan-
nels (optical T; properties) as well as dephasing of the molecular
transition dipoles in the excited ensemble. What we desired was a
fairly routine optical measurement that could yield both T; and T,
information for a variety of systems. As will be shown, the techniques
developed aiso allow us to extract u, the transition dipole moment.

In 1964 Kurnit g}_gl,z demonstrated the photon echo, the optical
analog of Hahn's experiment. Rather than working with permanent nuclear
spin moment, in the optical region one works with the transition dipole
moment formed from a coherent superposition of states.

Consider coherent excitation of a two-level system yielding a

superposition of the two states

b(rot) = € ™oty (r) + ey () )

where subscripts g and e denote the ground and excited states respec-
tively and w = E/R. The expectation value for the moment u, assuming

neither state has a permanent dipole moment, is given by

<w> = <p(rit) fulvlrit> = CC 40 '@l +cc. - (2)

g ge

where w, = w, - vy and Mg = <wg(r)[ulwe(r)>. This pure state can be

represented with the density matrix formalism as

Y 9 _[f99  Pee (3)



Now consider the interaction V(t) such that the hamiltonian for

the system is
H=H + V(t) (4)

Using the equation of motion we can show the rate of change of the ele-

ments of the density matrix are given by

S
“Paa ﬁ_(vabpba = VpaPab) (5a)
. i
b = g‘(vabpba = VbaPab’ (5b)
B ! (5¢)
ab - Paa ~ Pbb’ ab '

Defining, in analogy with magnetic resonanée, phenomenalogical decay

constants T a and T b and dipole dephasing time constant T, , we write

;
“Paa = Paall1a ~ ﬁ'(vabpba = VbaPab) (6a)
j
Pbp = fbb/T1p * = (apPha = Voalan (60)
I N 1 i
Pap T It —”_Q}pab Tt (paa - pbb)vab (6c)

This illustrates the difference in the observed decay if one monitors
the polarization component (oab) or population difference (paa - pbb)

of the excited ensemble.



4 proposed that an optical transient nutation in COy

Tang and Satz
might be observed when a step-function of light pulse was passed through
the medium. Optical nutation is the damped oscillation (mainly by Ty)
seen in an intense, transmitted coherent beam due to molecules being

driven coherently between the ground and excited state at the Rabi

frequency give by

u-k
— (7)
h

“R
where ¢ is the transition dipole moment and E is the electric ficld of
the 1ight. Hocher and Tang5 later observed this in a rotational-vibra-
tional transition in SF_.

In 1971 Brewer et a1,6

introduced a Stark-switching technique that
allowed them to rapidly switch molecular ensembles in and out of
resonance with a laser of fixed frequency. By this technique they were
able to observe optical nutation, photon echos, and free induction decay
(FID).* The obvious limitation of this technique is that the system
studied requires a permanent dipole moment.

Telle and Tang7 demonstrated an electro-optic device that modulates

laser frequency with applied voltage. Brewer and Genack8 placed an

*FID is the decay of the e]ectfic dipole radiation of an ensemble of
coherently excited molecules in the -bsence of a regonant fieid. 1In the
Stark-switching technique, one switches between ensembles and the FID
appears as a heterodyne signal on top of the slowly varying nutation

" signal o the ensemble just being excited.



electro-optic device intracavity in a cw dye laser allowing them switch
laser frequency with applied voltage pulses. They observed forward co-
herent transients of IZ(g)'

Utilizing the same Taser frequency switching technique, we reported9

the coherent optical ringing (COR) and right angle* incoherent resonance

decay (IRD) of gaseous I, and solid pentacene in p-terphenyl.

*
By right angle we mean perpendicular to the exciting laser beam.



B. Experimental

These experiments utilize the electro-optic, frequency switching

of a single mode, tunable dye 1aser‘7’8

A Spectra-Physics Model 170
argon jon laser (all Tines) is used to pump the free-flowing, horizontal
jet stream of Rhodamine 6G in ethylene glycol, of a modified Spectra-
Physics Model 580A dye laser. .In the dye laser, which normally contains
three intracavity etalons for very narvow band (-6 Mhz), single mode out-
put, we added a specially designed, ADP (ammonium dideuterium phosphate),
electro-optic device (Lasermetrics). The crystal is oriented such that
a medium vo1tagé pulse (10-100 V) changes the dispérsion by modulation of
the refractive index, thus causing a change in laser “requency propor-
tional to the pulse voltage. While the exact disﬁersion is critically
dependent of the orientation in the cayity (as is mode quality), typical
dispersion is =1.4 Mhz/V. The switching is clearly demonstrated in
Figure 1. Optical alignment and achievement of the desired waveléngth
were quite difficult, but single TEMy, output of 90 mi, vertically
polarized, could be achieved.

Figure 1 shows a schematic diagram of the final experimental set-up.
A small portion of the beam was split with an uncoated beamsplitter (4%
each face). One reflection was sent to a calibrated 1/2 m Jarrel-Ash
spectrometer, equipped with RCA 1P28 phptomu]tip]ier whose anode was con-
nected to a digitat voltmeter. This allowed wavelength determinatl:ion
within 0.5 K. More accurate wavelength adjustment was later made by

observing the sample fluorescence. The other reflection was directed to
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a scanning Fabry-Perot Interferometer (Spnectra-Physics Model 476) with
a free spectral range of 2 Ghz and an approximate finesse of 200 cor-
responding to a bandwidth of 20 Mhz. The output of the photodiode
backing the interferometer was displayed on an oscilloscope (Fairchild
Instruments Model 701) for a continuous display of the mode frequency
spectrum.

For the gas phase experiments, the beam was directed unfocused to
a 10 cm cylindrical samb]e tube with flat optical windows. A cold
finger on the side of the tube was used with a variable temperature
bath to control the pressure in the cell. For the COR experiments, the
transmitted beam was attenuated and focused on a fast risetime (<1 nsec)
HeW]ett Packard 5082-4203 photcdiode, reverse bfased to 15 V. The out;
put was amplified with a Princeton Applied Research Model 115 amplifier,
past through an AC highpass filter, and to a PAR Model 162 Boxcar Inte-
grator w/ith Model 164 gated plug-in. The boxcar was triggered from the
pulse genefator (HP Model 214) driving the electra-optic crystal. The
averaged signal was sent to an HP Model 7590 x-y plotter for permanent
record.

For the IRD experiment, the fluorescence is collected and focused
onto an EMI 9558 photomultiplier in a cooled (-78°C), rf and magnetically
shielded housing. The photomultiplier signal is likewise sent to the
boxcar integrator. A sharp cufoff optical filter was used to remove the
scattered laser Tight. |

For the solid state experiments, an optically thin sample, sliced

from a single crystal grown from a melt by the Bridgeman technique, was



mounted in the tail of an optical Tiquid helium dewar (Kontes-Martin).
The crystal was cooled very slowly to prevent cracking. Following
helium transfer, the dewar is pumped (Sergeant-Welch Model 1374) below
the x-point of Tiquid helium to eliminate scattering from bubbles and
reduce phonon population. As the dewar has three windows, both the
transmitted beam and right-angle emission can be monitored.

We should note at this point that the extreme requirements on laser
stability and the high frequency and Tow amb]itude of the signals make
these experiments very difficult indeed. Not until we moved the labora-
tory downstairs to a carefully temperature-controlled room and cnvered
the laser with an insulated box to minimize acoustic and thermal fluctua-
tions was the laser sufficiently stable. During the development of the
technique, many electronics problems, such as cable reflections and
ground loops, had to be carefully traced to their source and eliminated
or shielded. As these high frequency, low amplitude electronic trin-
sients resemble the signal we were searching for, a detailed routine of
diagnostic procedures were developed to distinguish between them.

Iodine used in the experiments was commercial material (Mallinkrodt),
freeze~degased and sublimed into the sample cell. Pentacene (Aldrich)
was twice sublimed. P-terphenyl (Adrich) was zone refined (~100 passes)

and only the center portion of the sample was used.
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C. Demonstration of Coherent Transients in Gases and Solids

I, represents a prototype system as the COR experiment was also
done by Brewer and Genack8 and we can expect a minimum amount of vi-

o 1 4+ 3
bronic scrambling. The gas was excited at 5897.5 A (X z,f+B H0+u) and

g
Figure 2 shows the IRD on and off resonance wifh the transition, the
optical nutation, and the vo?tage‘puTse to the electro-optic crystai

for a pressure of 105  torr (0°C). The IRD yields a decay of 0.23 usec.
The total decay can be partitioned into a radiativé part and a part due

to deactivating collisions. Stern and Vo1mer~]0

have shown how the Tater
depends on pressure. From our results, we extracf a radiative Tifetime
of 7.5 x 1077 sec, in gond agreement with literature va]ues;]j The
experiment was tried at room temperature (very strong emission) and 77°K
and no signal was éeenq

The FID of I, at 0°C is shown in Figure 3. The FID decay can he

12

shown = to be

(8)

By extracting the Rabi oscililation frequeﬁcy from the optical nutation
and T; from the IRD, one solves for é T, =1 x 1077 sec.

Recently, this experiment has been performed in a collisionless
molecular beam13 yielding T; =T, = 1.24 + 0.02 usec as expected.

As mentioned, we now have a way of extracting the transition dipole
moment 1. The optical nutation, Figure 2, is at the Rabi oscillation

frequency as defined in equation 7. By measuring the laser power and
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beam diameter, we get u = 0.05 debye for 12(X12q+ > B3H0 +3.
¢ u

Pentacene, as a guest in a p-terphenyl host, has been shown to occu-

V415 ith a Yinewidth of 1-3 em™! at 1.8%K. The

py four distinct sides
optical nutation9 from excitation into the 0; origin (5921.7 K). FID
was not observed because it is too fast for our detection system. From
this data we extract a crude value of y = 0.25 debye. From the disper-
sion of the electro-optic crystal and the voltage required to see nuta-
tion, we find a homogeneous linewidth of ~40 Mh}:.]6 This is in contrast
to the much broader lines observed before.14’]5 The significance of
this is that now the linewidth characteristic of the actual dynamics
(i.e., exciton-phonon coupling and nonradiative decéy) is available. A
systematic study of the temperature dependence as wel! as investigation
in a collisionless molecular beam are now qnderway to probe these dy-
namical processes.

We have demonstrated here techniques that allow us to extract both
T, and T, ihformation on a time scale 210 nsec. For highly allowed
transitions or systems where the damping prgcessés are much larger, decay
is 1ikely to occur on a picosecond time scale. In the following section
we describe techniques we hope will allow us to extend our observation

of coherent transients to the picosecond regime.
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IT. Picosecond Coherent Transients and Time Resolved Absorption Spectroscopy

A. Introduction

When, in 1965, the saturable absorbtion of certain organic dyes was

17,18 a new domain of

used to Q-switch and mode-lock solid state lasers,
time resolution was opened to the scientist. As the accuracy of any
measurement can only be as good as the unit of measure, the availability
of picosecond (10712 sec) pulses pfovided a new "yardstick" with which
fundamental events could be probed.

Since then, the development of time resolved spectroscopy has'
centered on the development of the mode-locked Nd:glass laser or flash-
lamp pumped dye Taser. HWhile the high powey available from these
sources makes them attractive for many experiments, the pulse-to-pulse
and shot-to-shot irreproductability as well as the time delay between
shots has often dictated the selection of a single pulse from each train
for acct ~ate measurement--a clumsy and time consuming affair for many
experiments; In addition, the lasing wavelength of the Nd systems (1.06u)
requires frequency doubling in non-linear cryﬁta]s, an inherently inef-

ficient process, to provide radiation capable of probing the electronic

structure of molecules. The recently developed passive mode-locked,
19,20

cwW
dye laser, charaéterized by a stable, reproducible, continuous out-
put of picosecond and even subpicosecond pulses, combines picosecond
resolution with the signal averagihg advantages of a cw experiment.

To date, most picosecond exneriments have concentrated on time re-

solved fluorescence of liquids and so]utions.Z] The high power of a glass

system is required for this as is very fast detection, such as a streak
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camera. However, many experiments, particularly those probing radia-

tionless processes, cannot be done this way as the details of the pro-
cess in question do not manifest themselves in the emitted light. An

alternative procedure is to use a preparation pulse/probe pulse tech-

nique commonly used by Kaiser gﬁmglxzz Our version of this technique,

time resolved absorption spectroscopy, will be detailed later on.

To our knowledge, only two‘pigosecond experiments have been pub-
Tished in solids. Solids not only offer the opportunity to study an
“isolated molecule” (Tow concentration mixed crystal) at low temperature
(1.7°K) where vibrational complications are minimized, but the entire
field of excitation dynamics and energy transfer in these systems 1e5ds
itself nicely to picosecond experiments. Lauberau gg_gl:zz have measured

the decay of hot TO phonons in diamond, while Alfano and Shapir023

have
measured the optical phonon 1ifetime in calcite.

Ouvc interests center on the optical electronic structure of solids.
e are particularly interested in understanding the various radiative
and nonradiative processes that contribute to the homogeneous Tinewidths
of excited states as well as the precise time evolution of such states.
In Section T of this report, a description was given of new techniques
we developed to allow us to routinely measure true homogeneous line-
widths and, by varying parameters such as pressure or temperature, gain
insight into the contribution df collisions in gases or phonon population
in solids. However, these experiments are limited to a time reso’ution
of ca. 10 nsec.

With the laser we have built, detailed in the following section,



time resolution of ca. 1 psec is attainable. With such resolution, we
can not ohTy monitor the time evolution of an excited state but we be-
lieve by the method described in Section C that we will be able to

measure ultra-fast dephasing times (T,) as well.
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B. Experimental

We have constructed a passively mode Tocked, cw, tunable dye laser.
Such lasers have been built in a variety of configurations.]9’20’24
Figure 4 illustrates schematically our seven mirvor, three beam-waist,
astigmatically compensated cavity.

A Spectra-Physics Model 170-00 argon ion laser (all lines) is used
to pump a vertical free-flowing jet stream of rhbdamiﬁe éG chloride
(Exciton Chemical Company) in ethylene glycol (3 x 1073 M). The argon
laser and all dye laser components, except the c}rcu]ation systems, are
mounted on a Newport Research Corporation vibration isolated optical
table. Components on the table are covered with a lucite box for pro-
tection from dust. The vertical polarization of the Pt laser is rotated
(NRC beam steering device) and directed to fhe input coupling mirror
(LET breadband high reflectance) and focused into the dve jet. PQmp
powers as high as 18 W are available, although typical pump powers are
4-5 W (40 amps, 450 V).

The dye circulation system, shown schematically in Figure 5,
equipped with Weldon S-105 variable speed pump, 0.8 p filter and Spectra-
Physics nozzle (Model 375 dye laser) is capable of pumping speeds of
approximately 8 m/sec without cavitation in the jet. The dye reservoir
is externally cooled to room temperature to minimize dye decomposition.
The nozzle and collector are mounted on a Line Tool Company X-y-z ricro-
positioner for optimum positioning in the beam waist. The nozzle can

also be rotated while in operation to assure orientation at Brewster's
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angle to the lasing path.

The cavity utilizes LEI high energy mirrors (>GV/cm?2) in modified
Lansing Research Corporation 2" mounts. Key mirrors are mounted on
micrometer translators for optimum cavity length adjustment.

Experimentally, alignment of the cavity required the most effort.
Originally, a four mirror cavity was got to lase in order to acquaint
ourselves with the important alignment parameters of the confocal mirror
arrangement around the jet. The threshold (minimum pump power required
for lasing) was minimized at this configuration and we then proceded to
a six and finally to the seven mirror cavity. While time consuming,
this step-wise increase in cavity complexity was necessary in order to
allow us to develop a systematic procedure for cavity alignment.

The procedure developed was an iterative one involving alternatle
adjustments of mirror tilts and cavity length. After rotation of polar-
jzatior, the argon ion laser beam is djrected into the cavity via two
plane mirrors indicated schematically in Figure 4. The beam Waé very
carefully adjusted to be parallel to the table surface and its height
from the table established the height of the plane in which the laser
would oscillate. The argon beam was directed to the input mirror ap-
proximately one half the radius from the center, and the dye stream was
located at its focus (by eye).

Next the 10 cm cavity end mirror was removed and replaced by a lens
of the same focal length through which a He-Ne alignment laser was '
directed. The He-Ne laser had been adjusted parallel with the table

surface and to the correct height. The He-Ne beam was then directed
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through the entire cavity. Its height was measured before and after
each mirror to allow adjustment of the vertical tilt of each mirror and
ensure lasing would be in a plane parallel to the table surface. The
beam was made to go through the fluorescent spot (due to the argon ion
laser) in the jet and directed on a complete round trip through the
cavity and back on itself. -

Next, the end mirvror was replaced and the argon ion power increased
to "4 W. At this power, a number of bright, fluorescent spots were
visible at the plane cavity mirror. Their sizes were determined by the
distaaces of the various con%oca] mirror pairs. It should be noted that
the beams here are not perfectly collimated and, in fact, slightly con-
vergent beams are required to achieve lasing. The appropriate fluorescent
spot sizes, indicative of the appropriate convergence, were determined
empiracally by trying hundreds of combipations, and these were adjusted
approprately.

Changing the path length changes the round trip path such that the
He-Ne laser was again coupled into the cavity and made to come back on.
itself following a round trip. Care was paid that it hit approximately
in the center of all the mirrors and intersected the jets in the center.
The end mirror was again replaced and the power increased. By watching
the overlap of the fluorescent spots on any mirror while adjusting the
two cavity end mirrors, lasing could be achieved.

Following the initial Tasing of the full caevity, there was a neriod
df several weeks where we became familiar with it and effort was made to

reduce the threshold. It is important to have a lTow threshold before
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attempting mode locking. With a high threshold, hence high intracavity
power, the mode Tocking dye apparently saturates and no pulses are seen.
Before attempting mode 10ckiqg, the threshold was reduced to ~900 mW
with a tuning range of approximately 5850-6200 ﬁ.
Mode Tocking was achieved by the slow addition of the saturable
absorbing dye, 3,3'-diethyloxadicarbocyanine iodide (DODCI), to the
second free-flowing jet stream of ethylene glycol. The dye was dissolved
in methanol at high concentration and added dropwise to the ethylene
glycol reservoir, allowing ample time for mixing. At DODCI concentration,
<107% M modulation of the Taser output was seen. The dye has the
characteristic of non—11near‘absorption. That is, its absorptien de-
créases with increasing intensity. Thus, the dye disrriminates against
low intensity cw oscillation in favor of‘high peak intensity, short
pulsed oscillation. Measurements of the photobleaching recovery time
of DODCI vary from 10-250 psec, depending on the experimenta]lconditions.
However, no clear demonstration has been made as to how pulses as short
as 1 psec are generated, although there is a fair amount of theoretical
work in this area.22¢7
Using DODCI at an optimum concentration of ~3 x 107° M, pulses as
short as 0.9 psec have been achieved.20a Addition of the dye Malachite
Green, which has a very fast recovery time, generates pulses as short
as 0;5 psec, although these pu?ses have been shown to be frequency
chirped.ZOb Compression in time by use of a grating\pair has real:zed
pulses of 0.3 psec.

The laser output is monitored via the small transmittance of one of
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the cavity mirrors focused on a fast diode detoctor.13 The photodiode
is an HP 5082-4220 buiTt in a special mount and reverse biased to-150 v,
yielding a risetime of ~200 psec. The signal is fed to a Textronix Type
1S1 sampling unit in a Type 547 oscilloscope for a combined resolution
of ~400 psec. Figure 6 shows the detection limited pulses.

Mode locked glass lasers and cw dye lasers commonly use a slightly
transmitting mirror in order to couple 2-5% of the available power out
of the cavity. As our system is of inherently lower power than a glass
system, in order to increase our output power we employ an a]ternate
method. In the third beam waist a Spectra-Physics Model 365 acousto-
optic cavity dumper is p]aced.29 The dumper is an ~1 cm3 quartz crystal,
oriented at Brewster's angle, upon which has been sputtered a zinc oxide
transducer. The transducer, powered by a qgted 470 Mhz oscillator,
pulses a traveling acoustic wave in the quartz crystal. The acoustic
wave serves to induce the equivalent of a diffraction grating in the
crystal by creating alternate areas of higher and lower fefractive index.
The laser pulse is "diffracted” out of the crystal. We have been able
to couple ~509 of the intracavity energy out of the cavity at a repeti-
tion rate of 105-106 sec™! without damping oscillation. Figure 6 shows
the dumped pulses and the subsequent build up of the cavity energy.
Triggering is achieved by taking the output of our photodiode monitor
into a Textronix 454 osci1loscbpe. Approximately 100 pulses are displayed
on the CRT and the "gate A out" of the scope is used to trigger ancther
pulse generator. In this way we getvone pulse for every 100 laser pulses.

The triggered pulse generator (Rutherford Model B16) is used to gate the
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rf oscillator powering-the dumper. The pulsewidth and delay of the
pulse out, relative to the trigger pulse in, are adjustable at the pulse
generator.for maximum dumped power and synchronization. Changing the
time base of the oscilloscope changes the repetition rate of the dumped
output.

Utilizing this laser time resolved absorption experiments require
a preparation pulse/probe pulse technique. The set up for this is shown
schematically in Figure 7. An output pulse from the laser is beamsplit
into two components of approximately 90% and 10%. The more intense
portion is directed through a fixed optical delay of approximate}y 70 cm.
The weaker portion is directed to a variable delay of the same length
and the pulses directed parallel to a lens where they are focused to
the same spot in a sample. The variable delay is controlled by a high
precision stepper motor run translator (Klinger Scientific Mode1‘MT 160).
By scanning the variable delay, one delays the weaker or probe pulse
relative to the more intense or preparation pulse. As the pulses are
coming at a high rep. rate, one can scan the delay very slowly and signal
average at each point. By measuring the attenuation of the probe pulse
as a function of the delay, one maps out the time resolved absorption
spectrum. The system can step in increments of 10 u which corresponds
to a time delay of 6.6 x 107 1% seconds with reproducibility within 1 y.
Hence, the resolution of the syétem is only limited by the pulsewidth.
For hig.a intensity signa]é, the Tight is detected with an RCA IPZ8
photomultiplier and sent directly to an x-y recorder. The x-axis drive

of the recorder is provided by a ramp from our programmabTe stepper
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motor controller (Chemistry Department Electronics Shop). In the event
of low level signals, single photon counting techniques will be used.
Light is focused onto & high sensitivity, Tow noise, RCA C31034 A photo-
multiplier housed in a cooled (-78°C), rf and magnetically shielded
housing (Products for Research). The PMT is biased to -2000 V by a
Victoreen Model THVN high voltage supply.

The signal 1is carried through a double-shielded cable and terminated
into 50 ohms at an LG and G counting module. The signal is amplified up
to 64 times by AN 101 amplifiers and passed into a TR 104S discriminator
set to maximize signal to noise. The output of the discriminator, a
series of standafd pulses, is fed into a Nuclear Data Series 2200 multi-
channel analyzer (MCA). Tﬁe channels of thé MCA are acvanced by the
stepper motor controller as the delay is scanned. |

To analyze the pulse width, this same configuration is employed
with the sample replaced by a thin slice (0.7 wm) of KDP, in a gonio-
meter-type mount. The crystal is cut for ahg1e—tuned phase matching
across the region 5800-6300 X (Cleveland Crystals Inc.). As one scans
through the overlap of the pulses in the KDP, the high intensity causes
generation of the second harmonic (~3050'K).A One scans the delay,
filters out the fundamental, and records second harmonic intensity vs.

30-32

pulse delay T. It can be shown that a plot of second harmonic in-

tensity vs. T yields a function f(T) given by
f(r) = 1 + 2G2(7)

where G%(1) is the so-called second order correlation function of the
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pulse defined by

<I(E)I(t + 1)>
G2 (T) =

<12(t)>

If one then assumes a pulse shapg, the pulse width can be extracted from
f(1).

Currently, we are in the process of characterizing our pulses via
this technique., Following characterization, the experiments detailed
in the following sections will be started. As the detaiis of the ex-

perimental configuration required are dictated by the experiment, thesc

are included in the following discussion of the specific experiments.
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C. Planned Lxperiments

1. Measurement of Radiationless Transition Rate in Pentacene

The question, "Given an el%ctronica]]y excited molecule, how does
it decay or relex," is probably the fundamental question in molecular
photophysics. Historically, for an excited singlet state, it has been
said that the available decay channels are: emission {coupling with the
céntinuim radiation field); non-radiative internal conversion to a vibra-
tionally excited ground state; non-radiative intersystem crossing to a
vibrationally excited tripiet state; resonant singlet-singlet energy
transfer to another molecule. While the radiative decay routes are
seemingly understood, there still eXists much confusion in the under-
standing of the non-radiative decay channels for molecules. In fact,
the very language in which the problem has been couched, that of "sing-
lets" and "triplets,” "intersystem crossing," "fluorescence" and "phos-
horescence," while necessary, has contributed to tiis confusiocn by the
shaping of our conception of the problem in some misleading ways. It is
our feeling that the large scope of theoretical work in this area, when
tested by experiments now possible with tunable, coherent 1ight sources,
can be unified to provide us with a reasonable description of these
fundamental processes.33

The time evolution of a discrete excited state in the presence of a
coupling continua (phonon field, radiation field, molecular vibrations,
etc.) is a well-studied prob1em.34 In particular, Bixon and Jortner35

have treated the coupling with the vibrational manifold of a nearby
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electronic state as a model for electronic relaxation. Consider the
zero-order system (i.e., no vibronic coupling, no interaction with
radiation field) diagrammed in Figure 8. This system, the eigenstates
of the so-called Born-Oppenheimer Hamiltonian (HBO), consists of a
molecular ground state ¢O, excited state ¢S with radiative bandwidth Pp,
and the manifold of vibrational levels ¢1 with uniform density p = e .
We will assume ¢p carries all the oscillator strength from the ground

state. The true Hamiltonian for the system can be expressed as
H= Hpg + Hy + Hoq * Hing (1)

where Hv is the intramolecular coupling term arising from the nuclear
kinetic energy operator, Hrad corresponds to the free radiation field,
and Hint is the matter-radiation interaction term.

In the absence of the radiation field, the molecular eigenstates
are superpositions of the quasi-degererate, zero-order states given by

o .n h
I T og 05 T 1By ¢y (2)

In the presence of the radiation field, the eigenstates are superposi-

tions of the first-order statesz and the continuim of one-photon states

¢E'
IIIE = rl;anllln + ICEI¢E|dEl (3)

07 interest is the excited State prepared by a short 1ight pulse at

t = 0. In terms of wE's, it is represented as
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M

FIGURE 8
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¥(t=0) = [<¢ | Tlop>pdE (4)

where T is the transition operator. The transition matrix element in
(4) is proportional to the amount of ¢ in state Vg (as only dg carries

oscillator strength). This amplitude, obtained from (2) and (3), becomes

a (E) = <¢ |yp> = ﬁan<¢slwn> = Lo (5)
Substituting, this yields
N = n_ .
y(t=0) = fganas Vg dE (6)

To examine the time evolution of this state, we need only include the

phase development of the individual eigenstates.
.S .
¥(t) = 2oy Japbg exp(-iE t/R)dE (7)

At this poiit, one might ask how we can probe the time evolution of
state ¥. An equivalent question is, how does the amount of 5> Our
primary Born-Cppenheimer state, in vy evolve in time (i.e., what can we
learn about "“intersystem crossing?").

The time-resolved absorbtion of a weak probe pulse by our system,
following preparation of state ¥ at t = 0 by an intense pulse, is a
method by which we can probe the time evolution of v(t). If we assume
that the probe pulse is sufficiently weak so as to not perturb the evolu-

tion of ¥(t), then the absorbtion rate is given by:
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. 21
ait) = ~F|<¢01T1W(t)>lzp (8)
i

where pis the density of rediation field states. Letting T'/h be the

absorbtion probabitity of ¢S, given by

o= 2nf<o | Tlog>]% (9)

then we can express (8) as
|A_(t)]2 (10)

where As(t) is the amplitude of ¢ in v at time t given by

-iEpt

E
A(t) = <ig|¥(£)> = B0 " fag<og | og>exp (—=)dE
-1kt :
nm
= Lla, o, ja,a_ exp(-—-)dE (11)
nmSS n h

Making use of the appropriate expressions for the coefficients a, and

ans and suitably perform the summation (see (19)), we get an expression

for As(t)
-ikt ‘ AT 1
o exp(—p){[2(E-Eg)/alcoth () + cot[H{E-E )]
— : dE (12)
=i 1+ (16/0202)[(E-E)? + 02/4]2
o2nv? -
where A % > VT <¢s,HvI¢f>’ E is the energy of the-wE states, ES is

the energy of the zero-order, primary state ¢S, and € = 1/p is the
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spacing hetween the {¢1}.

Before Continuing, it is advisable to point out that the approach
outlined here is only one small part of the Targe volume of work in
this area.33c This, however, while an instructive example that illus-
trates the basic approach to the probiem, provides us with a framework
within which we can dﬁscu;s the relationship between preparation of a
state and its subsequent time evolution. o

Let us now consider equation (12) and what simplifications we can

35 have treated two cases in detail: the sta-

make. Bixon and Jortner
tistical case and the so-called sparse intermediate case. The former
is characterized by a very high density of states {¢1} in the region of

¢S such that

1 )
Vo> =g (13)
p
In this limit, intramolecular relaxation occuirs on a time scale
t << hp ' | (14)

where hp defines the Poincare reoccurance time.

lost 1arge‘mo1ecu1es might exhibit a mixed coupling scheme whereby
¢S couples strongly with a few active vibrational 1eve]s and weakly with
a large number of inactive vibrational levels. The former, the sparse

intermediate case, is characterized by
v > — (15)

The low density of states implies their separation excedes the radiative
t
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bandwidth of ¢
e > T (16)

Consequently, with slow intramolecular relaxation, the time scale of the

experiment may now excede the recurrvance time
t > hp (17)

As we shall see, it is this fact that may allow us to see fluctuations
in the amplitude of b in v(t).

Since,

A
— = Tv?p > ]
2¢ (18)
then, in equation (12)
A
coth — 2 1
2¢c

Furthermore, we can see that As(t) will only be large where cot(nE/e)

diverges at the points E = nc, n = 0, =1, #2.... Near these points we

n

may approximate

nk . e
cot(—) T ——-— (19)
€ H(E-ne)

Introduction into equation (11) allows us to express As(t) as a sum of

integrals whose arguments are functions centered about E = ne. Following
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integration and substitution into equation (10), one gets an expression

for éx(t), the absorbtion rate of a weak probe pulse

+

‘ VAT € 4% A?
o(t) = —— 1 2(2-s_ )cos[(n-m)(—)I[(ne)* + —] 1[(me)? + —]!
h n<m i h 4 4
AT A2 Az
x exp(-(—=N[(ne)* + —1"1 + [(me)? + —]71}t) (20)
41h 4 4

The absorbtion rate is characterized by two contributions, an exponetial
decay and a superimposed - cosinusoid with period 2 fip 7 10711 sec.
Classically speaking, this corresponds to population crossing over into
the {¢i}’ then crossing back, etc., convoluted with ah exponential decay.
While the so-called den-e intermediate T1imit has not been worked out in
detajl, it is anticipated it too may have oscillatory behavior.*

Before considering the proposed experiment designed to probe this
excited state behavior, let us examine the quest{On of exactly whav
state does one prepare and how this influences the time evolution of

36 has clearly demon-

the system. Very recent work in our laboratory
strated that excited state lifetimes differing by two orders of maani-
tude result from broad or narrow band excitation of a molecular system.

Following reference 20, consider monochromatic excitation of a

*. i
This analysis has not considered the role of phase coherence in the

. 37
ensemble of excited states. Only rccently™ has the role of T, processes
in molecular relaxation been considered and it is our hope that experi-

ments detailed in the next section may shed some 1light on this problem.
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molecular eigenstate, as described by equation (2). The time evolution

of this stationary state is given by

where
By’ B 1 ag ]
~¥ﬁ»= _9_" _ prad _ __rnon—rad (22)
h h 2 2

t

The relaxation information is contained in the damping matrix elements.
Assuming no correlation between decay channels, T is diagonal and can
be expressed as

= |a5n|2r + zlsinlzr. (23)

m P i

One can see that if the coupling between ¢p and {¢i} is effective, then

T> T (24)

and the large molecule will obey the sma1f molecule 1imit whereby the
observed Tifetime is Jonger than the‘radiative 1ifetime inferred from
oscillator strength measurements.

The broad band excitation prepares a linear combination of molecular
eigenstates such as considered by Bixen and Jortner [equation (4)].
§-function excitation prepares what is essentially the primary state at

t = 0 since it carries all the oscillator strength:



W(t:o) = 'i<d)plquOld)O>r§|q)n><wn|¢p (25)
The probability of finding the system in ¢p at some later time t is
given by:

o, -iHt/R ) ~iE't/h
v{p(t) = I<¢ple iHt/ I¢p>lz = ,alasnlz e E t/hiz

As v(t) is mostly ¢p’ it will effectively decay by rpr and Fpnr’ thus
giving lifetimes indicative of the primary Born-Oppenheimer étate.

Without going into the details of the experiment,36 the lifetime
of pentacene in p~terpheny137 was measured at 1.7°K. While pentacene
is a iarge molecule with 102 fundamental vibratidns, Tt oexhibits a\
mixed counling scheme as described earlier whereby only certain vibra-
tions built on the first excited triplet state can actively couple to
the first excited singlet state (the primary state in question).
Broadband excitation yielded a lifetime of approximately 90 nsec while
narrowband excitation yielded a lifetime of approkimate]y 30 usec.

We propose tb measure the primary state decay (both radiative and
non-radiative channels) of pentacene in p-terphenyl at low temperature
with picosecond resolution, utilizing ouf "cw" picosecond dye laser de-
tailed in the previous section. Our short, approximately transform-
limited pulses should prepare ¢p such that any features in the decay,
such as oscillations predicted by the Bixon-Jortner model; should Ye
seen. In as much as the detailed theory for those processes is diffi-

cult to evaluate experimentally, time-resolved observation of such



phenomena is very important.

The experimental configuration utilizes the preparation-probe-
pulse technicue mentioned earlier and is represented in Figure 4. The
first intense pulse excites the system into ¢p' The probe pulse,
slightly delayed in time, samples the population difference between the
ground and excited states. By varying the probe pulse delay, one maps

out the time resolved absorbtion curve.

2. Picosecond Spontaneously Detected Photon Echo

The photon echo,2 the burst of light produced when a dephasing en-
semble of two-level electric dipoles are made to rephase, is a clear
demonstration of the coherence properties of excited states. Experi-
ments of this type allow one to measure T,, the characteristic dephasing
time of the system, the inverse of the homogencous line width, directly.
However, the detection of such a signal is quite difficult as it follows
the wwo intense preparaticn pulscs (ﬁ/Z, n)vthat can easily overlead the

d39 the first observation

detector. Recently, our laboratory has reporte
of a spontanecusly detected photon echo. By this we mean a technique,
utilizing a three-pulse sequence, which converts the refocusing polar-
ization to a change in excited population, whereby the echo is emitted
spontaneousty and thus can be monitored at right angles to the exciting
pu]ses.k We propose; utilizing the "cw" picosecond dye laser already
described, to make measurements of coherent transients on a sub-nano-

second time scale.

0Of what interest is T,? This optical analogue of the magnetic
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resonance transverse relaxation time gives direct information about
optical phase coherence in excited states. Any theory attempting to
give the time evolution of excited primary states must contain this
phase information. Furtherinore, the width and shpae of optical reso-
nances, historica]]y a problem of great interest, is dependent on this
information. T,, as a measure of the loss of this coherence, contains
detailed information about phase destroying processes such as collisions
(gas), electron-phonon coupling, radiationless transitions, and excita-
tion-impurity state interactions.

As the three pulse echo is well described e]sewhere,39 only the
details of the picosecond experiment will be presented here. Since we
are not at liberty, except perhaps through great difficulty experimen-

tal]y,40

to change our pulse widths, instead we change our pulse inten-
sities to yield the proper echo sequence (H/Z, m, n/2). As the pulse
widths cequired are determined by the period of the Rabi oscillations,
changing the magnitude of the electric field (i.e., pulse intensity)
changes the oscillation frequency). Thus, one can determine, given the
pulse width and the transition dipole moment of interest, the required
Taser intensity to correspond to any pulse width such that (u-E/R)t =
Mmi/2) where u is the transition dipo]é moment and t is the laser pulse

o and a pulse

width. For pentacene in p-terphenyl with u = 0.25 debye
width of 1 psec, a n/2 pulse reduires a peak power density of 1.4 x
1012 W/m2. For a beam focused to a diameter of 25 u>and a pulse rape-
tition rate of 10° sec™!, this is equivalent to an average power of

60 uW.



The experimenta1'configuration is shown in Figure 9. A single
pulse from the laser is beamsplit into threce pulses of the desired in-
tensity ratios (1:4:1). Because of this, the average power required
for the cxperiment is =400 uW. The second and third pulses are variably
delayed with respect to the first. The experiment consists of fixing
Ay and scanning 4, to get the echo, over an entire range of Ay's to get

27 and is much less than

the echo decay. As T, of pentacene is =90 nsec
the time between laser pulses, signal averaging can be used.

It is our belief that with picosecond resolution detailed studies
of the temperature dependence of T, in solids, yielding electron-phonon
scattcriﬁg cross sections, will be possible. Furthermore, coupled with
other experiments in our laboratories and those already described, a

description of the roie of phase coherence in radiationless relaxation

can be found.
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