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Abstract

This paper presents our recent work on coherent optical spectroscopy of molecules and molecular
beams. The theory for these nonlinear optical effects is summarized and related to the measurements in
the gas phase and in the condensed phase. Finally, we discuss the importance of these methods, which dis-
entangle the inhomogeneous optical resonances, in understanding nonradiative and optical dephasing
processes.

Why Coherent Optical Spectroscopy ?

In conventional optical techniques the molecular ensemble is excited in a way such that the excited state
population density can be at most half that of the total population density. This incoherent coupling between
the molecules and the radiation field gives rise to the following upper state population at any time t:

NBD

Na(t) = (m) [1 - exp -(A + 2BD)t] (1)

where D is the energy density of light turned on at t = 0 when the molecules are in their ground state, N is
the total number of molecules, and A and B are the well-known Einstein coefficients.

If all the molecules are the same (homogeneous environment) then when the light is turned off
g0 At _ 0 -t/T
N (t) = Ny e™™ " =N] e (2)

where T is the lifetime of the upper state and N; is the steady state population. This shutter experiment is,
of course, what every spectroscopist can do to measure 7 directly.

Quaa’sum mechanically, one arrives at the s(%ne conclusion by using the Wigner-Weisskopf approxi-
mation or by quantizing the radiation field . Knowing that the upper state has a finite lifetime, the
Fourier transform of the emission probability tunction will give a Lorentzian resonance that can perhaps be
measured in the laboratory. One might therefore conclude that careful measurements of the linewidth of
optical transitions will give the dynamics of molecular excited levels. Unfortunately, these molecules are
not isolated from the rest of the ensemble which may or may not be "homogeneous''.

In gases, there are different eigenpackets (i.e., the distribution of molecular states that are homo-
geneous) which form an inhomogeneous resonance. The Doppler resonance is therefore a weighted
statistical distribution for the population among all packets. To characterize the dynamics one must there-
fore know the actual width of the homogeneous packets as well as the relative importance of pressure
induced broadening (caused by collision-induced phase interruptions) and pressure induced velocity changes
during the optical pumping.

In solids, although the sites are not "moving'", the problem is similar because '"Doppler solids' do exist.
In other words, different molecules (or ions) experience different crystal fields and thus are located at
slightly shifted energies which appear in the frame of the on-resonance transition as being moving. Equiva-
lently one says that the crystal ensemble is '"'inhomogeneous''.

In molecular beams, although there is no collisional broadening, intramolecular relaxation processes
can destroy the phase coherence of the ground-excited system and may cause the homogeneous width of the
resonance to be different from the width due to spontaneous emission.

With the advances in laser technology, spectroscopists have tried to narrow these inhomogeneous optical
resonances using different methods. All these methods extract a linewidth that is smaller than the inhomo-
geneous width. However, the contribution of the different coherent and incoherent decay processes cannot
be extracted in a straightforward manner.

This paper will focus on the importance of coherent optical spectroscopy in studying molecular dynamics
in gases, solids and molecular beams. These techniques are capable of disentangling the inhomogeneous
resonances and give information about the nature of homogeneous packets hidden under the inhomogeneous
transitions. Furthermore, it allows one to directly measure both optical T, and T,, thus giving information
about spontaneous radiative and nonradiative processes, and about the origin of vibronic dephasing in the
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excited ensembles. The questions we have in mind are:

1. What are the radiative and nonradiative decays (optical T, processes) that contribute to the width of
the resonance ?

Are excited electronic states coherent?

Why do excited states lose their phase coherence (T, processes) ?

Is there any energy threshold for the dephasing processes ?

Does il)ltramolecular relaxation lead into a dephasing process even at zero pressure (molecular
beams) ?

What is?the role of excited state preparation on the coherent and incoherent time evolution of the
system ?

[o} U W DN

Theory of Coherent Optical Effects

Our interest at Caltech has focussed on the problem of measuring coherence effects via laser spectros-
copy as a means of probing inter- and intramolecular dephasing processes and their contributions to the
observed linewidths and lifetimes of (electronic) molecular states. This problem may be restated as an
attempt to monitor the off-diagonal elements of the (mixed-case) density matrix describing the group of
molecular resonances under observation. In particular, one is concerned with measuring the time-decay of
these components as a result of the various dephasing processes (e.g., collisions in gases, lattice inter-
actions in solids, intramolecular congested level structure in large molecules, etc.z. As is well-known, (2)
these off-diagonal elements a(r4.3 related to the macroscopic transverse polarization (or, alternatively,
Dicke's "'cooperation number 3 ) induced in the sample by forming a coherent superposition of the ground
and excited states. This, in turn, is proportional to the amplitude of coherent (superradiant) emission

in the direction of the incident radiation,

In a single molecule with a zero-order Hamiltonian (3), the wavefunction at any time may be written as a
linear combination (4). If the states [a) andaF)) are coupled by the radiation field, a dipole moment, oscil-
lating at the transition frequency w,, will be formed (5) as a result of the superposition of states:

hw, hw, hw,
SCO |a) = —2— |a) 3(30 |b> = = ——2—' |b> C‘Co = —2— S (3)
W, wo
-i=t i—t
() = at)e 2 Ja) + blt)e 2 |b) (4)
-iw,t iw,t
(E@) [T |e() = ab* Hpg © +ba*p e (5)

where 0, is the Pauli matrix and pyp is assumed to be real, i.e., ugp = M?a = u. We define ppy as the
density matrix in the "rotating frame" (at frequency w) which is rela?ed to the laboratory densit% matrix p’
-by the transformation in equation (6), allowing us to write the macroscopic polarization B for "thin" samples

as in (7):
-iw,t
- iwogt/2 | (aa*) {ab*e Y| -iwogt/2
ppr=U p'U=c¢e e
RF = ~ (c.c.) (bb*)

(@a%  (ap*e) (o ey ©

= = = p

(c.c.) {bb*) Ppg Ppb

P=N “(pab elwt | Poa eiwt) and w+ A= w, . (7

Here the brackets indicate an N-molecule ensemble averaged over the indicated density matrix elements of
the individual molecules, Wl('\is:h may have different w,'s, and hence different A's. As shown by Feynman,
Vernon and Hellworth (FVH'?) picture) the off-diagonal elements of p are related to the components of the
so-called r vector in the following way:

I Pap * Ppa
r, | = i(pab - Ppg) . (8)
s Paa ~ Ppp
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The significance of the r vector is that its crgfs product with an effective field Eq¢; gives a torque equation
analogous to that used in magnetic resonance( spectroscopy, i.e.,

T = I_Tfeff x T (9)
where . Eeff = (-p&m, 0, A) . (10)

The induced polarization is therefore related only to r, and r, since by equations (7) and (8)

P = I-‘-Ei(r1 - irz)e'lwt +§2‘i (r1+ir2)eic"’t . (11)

This polarization acts as a source term in the following Maxwell's equation (in MKS units) to form a "signal"
field Eg 5 > - . s

VXV XEg+uoo Eg+uo€o Eg=-pg P . (12)

If the field ~]*Esand polarization i; are assumed to take the following form, where € and 4 are slowly varying

Eglz,t) = 2 gs(z, t) e-i(wt-kz) + c.c. (13)
P(z,t) = £ P(z,t) emilwt-kz) | c.c. (14)
envelopes (SVEA)(Z) in z and t over an optical wavelength or cycle, equation (12) becomes
o0& . .
s 1 _ -w

Ignoring k = o0 /2ce,, the loss per unit length, and considering typical experimental conditions where 0&/0z >
(1/c) (3 &/at), the following equation may be integrated over the length of the cell L to give

E= g € . (16)

The fact that a radiation field can induce a macroscopic polarization that oscillates in
time depending on u, & and A, and damps by T, and T,, has led to a variety of experiments for the obser-
vation of coherent optical transients és]utation, free induction decay, photon echoes) in solids, es and
more recently in molecular beams. (6) The experiments were performed using pulsed(7) or cw\°/ laser
techniques. Optical T, measurements together with measurements of spontaneous emission lifetime, which
monitors the decay of the diagonal elements of the density matrix, have lead to a characterization of the
decay processes of the two states selected by the laser. The solutions to these two-level problems are well-
known in the literature and in several texts, and only a brief discussion is in order.

Emission Detection of Optical Coherence ! 10)

Recently we have develoged a technique for the measurement of optical coherence in a variety of sys-
tems by monitoring the incoherent emission. This method is based on the notion that if the off-diagonal
elements of the density matrix (representing a polarization) can be converted at a given time into a change
in the diagonal elements (population) there will be a measurable alteration of the spontaneous emission. In
this way, the coherence of the system can be monitored by measuring the right-angle resonance emission,
giving a much smaller background signal. Simple considerations indicate that a #/2 pulse has this property
of quantitatively converting the in-plane (transverse) polarization (in the FVH picture) to a population by
rotating the vector r from the r, axis to the r, (population) axis. Thus an echo experiment may be repre-
sented pictorally as in Figure 1.

From these general considerations, one can see that in this picture, the spontaneous (esnission from a
group of N molecules should start at zero (a), rise to a value of approximately (N/2) [T,\*/]"! (i.e., half
the population times the radiative rate constant (b)), and fall slowly as the excited population is depleted.
If, as the echo maximum is reached, a 7/2 probe pulse is applied, the polarization will be converted into
ground state population, and the emission will drop to zero. Further, the total integrated emission (over
47 sterradians and t — «) withouf the probe pulse will be ~ N/2 photons, and with the probe pulse ~ 0.

The Hamiltonian for the system can be written as the sum of the zero-order Hamiltonian (3) and an
interaction term representing the coupling of the two molecular states by the field:

hw
K:—Egos-u-golcoswt (1m
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where o, is the Pauli matrix (9 (1)). The equation of motion is therefore given by
ihg' = [5¢,0"] . (18)

Using equation (6) (i.e., p’=Up U'l), one obtains the following equations for the Hamiltonian in the rotating
frame: MR

_ -t hw
8. = g 3 g -5 O
HA iwogt/2 -iwo.t/2
= 5 Og- 4 e 1 € cos wt

'z% 0'3-#—2&. o, . (19)

The last step in equation (19) was done by using the following identity and ignoring terms that oscillate at
twice the frequency w:
ei""%t/2 g, e"i""%t/2 = 0, cos wt - 0, sin wt . (20)

Given this time-indeglendent Hamiltonian (19), one can solve for the time evolution of the density matrix
in the rotating frame, which is
-itf(irt/h i&Crt/h .
p(t) = e p(0) e =8 p(0) S (21)

~
~

where § is given by

w
coszﬂ—t+igA—lsin§t -iTl;sing—t

(22)

Qwm
i

w
—i%sing—t cosg—t-issing—t

1
The Rabi frequency is wp, and @ = (w;2 + AY)Z,

r3
Y
e {
(a) (b)
(f) (e)

Fig. 1. A schematic for the description of the
right-angle photon echo: (a) all the molecules
are in the ground state; (b) after a 7/2 pulse;

éc; inhomogeneous dephasing; (d) after a 7 pulse;
e) the echo; (f) storage of the echo in the ground
state (i.e., termination of the spontaneous emis-
sion from the upper level).

(d)

The experiment may now be simulated as follows. Consider a group of molecules having different
transition frequencies w, and centered around w. At t = 0 these molecules are all in the ground state when
the laser is switched into resonance (at w). For a 7/2 pulse (A = 0, wgrt = 7/2) the system evolves in time
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0
1

from p(0) = (8 ) to

1 1 i
Prj2 = Er/2 PO Eryg = 5(_i 1) : (23)

The laser is then switched off for a period of time 7,. During this time, several processes must be
accounted for. First, the different molecules $panned by the effective width of the laser (i.e., the intrinsic
width and the power broadening of the transition, for a Lorentzian resonance, the FWHM = 26 centered at
w) will get out-of-phase with each other. A homogeneous packet at frequency w, = w+ & will then precess
in the rotating frame at a frequency 6, i.e.,

pM(r) = 87 pa/2) 8. (24)
Ty rTy
Explicitly, equation (24) gives
1 ie'iﬁTl
oDy -4 (29)
_iet10T 1
since
o10t/2 0
§T = . ° (26)
~h 0 e-16t/2

Second, decay processes (T, and T,) must also be taken into account. If T, and T,}, are, respectively, the
lifetimes of the excited and ground states and T,’ is the pure dephasing term, then l()25) becomes:

@ e'Tl/Tla ie-ié 71e"71/T2

p®(r) = 2 , = p(m) @7
-jeti0T =T/ T, o~T1/Tib

where
1 _1(1 1) 1
T:—z(f;+T1b)+'-1‘_zr : (28)

At t = 7, the laser is switched back to frequency w for a m-pulse (A = 0, wgt = 7), the result being indi-
cated in (29) Switching back off-resonance for a time 7,, and using the previous considerations, the density
matrix at t = (7, + 7,) is given in (30).

o~T/Tib _jgtidmg-1/ T,

plr,m) = 87 p(m) §, = 3 (29)
- c.c. e'Tl/Tla

e-’;i/lee-Tz/Tla -ie~16(7= 1) g~ (11+7,) /T,
(30)

p(7y+7,) ) )
o 1eti0(5- g (i 7)/T, e 71/Trag=72/Tib

The 'probe’ 7/2 pulse is now applied by switching the laser again to frequency w. Looking only at p,, (since
the spontaneous emission is determined by this term), we get the result (31). This is averaged over the
(previously mentioned) Lorentzian distribution of §'s to give (32).

2 p,, = 3 G-Tl/lee-Tz/Tla N e-Tl/Tlae-Tz/le)
- e"(Tl'”'Z)/T2 cos 8(7, 1) (31)
2,y = 2 (e'Tl/lee'Tz/Tla + e"/T12g=5/Tib |

- e'(Tl+T2)/T2 e” ’7‘2-7'1 ’9 ] (32)
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The echo may be measured by looking at the difference in emission before and after the pulse, which
would be proportional to the difference of paya from (30) and (32) One notices that other than the second
term in (32), which gives a sloping baseline, the echo signal, I, for fixed 7, and varying 7, is

I(r) = -A e-(Tl+T2)/T2 e |72'7'1 ’ 6 (33)

where A is a constant. This result can also be obtained if the emission resulting from the pulse sequence
(characterized by different 's for the on and off pulse periods) is integrated over all time. It should be
mentioned that expression (3’%? iis for the case where the laser is turned off during 1, and 7, periods. How-
ever, our earlier experiments( were done by frequency switching which resulted in the modu&rlt}on of the
echo shape at the switching frequency. A full account of this treatment will be published later. Similar
expressions for the free induction decay (FID), the optical nutation, and the incoherent resonance decay
(IRD) can be obtained.

Experimental

The Right-Angles Coherent Transients(g’ 10)

In these experiments, an intense single mode tunable dye laser was used for the excitation. An Ar* ion
laser (Spectra Physics Model 170) was used to pump a free jet stream dye laser. A modified Spectra
Physics (Model 580 A) dye laser was uigsi so a single mode could be switched out of the transition resonance
frequency by an electro-optic element. Special attention was given to the alignment procedure so the
dispersion of the crystal in the electric field was caused by the modulation of the refractive index along a
principal axis of the dielectric ellipsoid. . The modulation is done transversely and is different from the
switching procedure of Telle and Tang 2) used for very rapid tuning of cw dye lasers. From the frequency
spectrum and the heterodyne pattern we obtained an electro-optic dispersion for the AD*P crystal of 0.6
Mhz/V. The net laser power of the single mode can be varied up to 90 mW and the field is linearly
polarized.

The single mode beam was split so both the frequency of the transition and the '"quality' of the single
mode could be checked during the experiments. The single-mode spectrum was monitored with a Fabry-
Perot interferometer that is scanned to allow the observation of on-resonance and off-resonance mode
structure of the laser beam. Most of the laser beam intensity was used in the forward direction for the
excitation of the sample. For the study of low pressure gases, a sample tube with Brewster-angle optical
windows was used. A cold finger at the side of the tube was used to control the pressure of the gas. For
solid state experiments, the crystal was oriented in a liquid helium Dewar that could be pumped to tem-
peratures below the A-point. For beam experiments, the laser was focussed on a spot near the slit of the
beam apparatus, as shown schematically in Figure 2.

,ignol processingI——LPhotomuItiplier]

Emission

Pump station

—Molecular
beam

Fig. 2. A schematic for the
crossed molecular and laser
beams for the studies of coherent
transients at zero pressure.

The emission was collimated at a right angle to the exciting beam and focussed on a cooled photo-
multiplier (EMI-9558). The photomultiplier was magnetically and electrostatically shielded. Since
noise will be introduced because of the laser light scattering, a sharp cutoff glass filter and/or a 0.5 m
Jarrell Ash spectrometer was placed in front of the phototube. The output of the photomultiplier was
terminated in a boxcar integrator (PAR Model 162) or a sampling scope (Tektronics Model 1S1). The
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photomultiplier was coupled AC into the boxcar and the output was traced on an X-Y recorder.

The Forward Coherent Transient Experiments(s)

In these experiments we monitored the laser intensity in the forward direction. Carefully mounted
photodiodes were used in combination with filters to obtain the transients. These transients appear either
as a coherent absorption and emission, as in the o?_tical nutation, or as beating with the incident beam, as
in the free induction decay signal. The output of the biased diode was amplified and fed into either an
oscilloscope or the boxcar integrator. The laser power was measured by a Spectra Physics power meter
(Model 4?1 B). Knowing the power of the single mode and the beam diameter gave the radiation density at
the sample.

Optical Coherence of Two- and Many-Level Molecules

Consider a molecule with a state |s) (i.e., |s) = ¢g is the |a) state in the previous formalism) that
carries most of the oscillator strength from the ground state [0), and that is imbedded in a manifold of
{¢} states. The {f} states (triplet or hot singlet levels) essentially do not couple radiatively to the ground
state. If there were no intramolecular interactions, vgy, the slates are characterized by T, and T,.
These decay times represent the dephasing times of the levels (T,'s) and the spontaneous decay times (T,'s)
which contain the radiative and nonradiative (say, the coupling to hot vibrational levels of the ground state)
contributions:

11 1
T;__G;-FW
Il Il
1 1 1
T; :'—1-,1‘2+T;' . (34)

The total dephasing time contains both the pure dephasing term and the spontaneous loss for the levels
involved. Under these conditiong,_the elec%lc field of the laser couples with the transition moment of the
Born-Oppenheimer (BO) states, ) Mo thus recovering the classical two-by-two Rabi limit:

|0) |s) {e}
|
_ 1 1 4 1 t , |
2 't/Tlo * -iAE,st 2 T:)_ T]._S_ 't/Tz |
leo| e cocs™ e e e .0
R = | (35)
- 2 -t/T,g :
c.c. leg] 1 ] 0
0 0 0

where p is the density matrix and J;Ci |2 is the probability of finding the system in staz:e li) . Note that the
diagonal elements are the same as those derived by the effective Hamiltonian method 14) for isolated
molecules with no correlation among the decay channels, e.g.,

. 1 . 1
E.=¢€_ -i/2 — -1i/2 . (36)
s s Tlr Tlnr
Therefore in this no coupling limit the system decays by T, and dephases by T,’ of the ground and excited
ensemble.

Turning vgy on produces the true eigenstates which diagonalize the molecular Hamiltonian:(15)

U = ¥ 18 + B IO} (37

Now, if we prepare(16) the Y, 's states, we have the same situation as before. The difference, however,
will be the change in the transition moment which is now smaller due to the dilution of ug among the
effective {IZ} manifold. Therefore, one expects the Rabi frequency to change to

wgn) = (@ ghos + Byghot) - E/M . (38)

The density matrix contains the information about all the levels involved in the coupling and the exact time
evolution of it is given by:
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iﬁgt-p'—“— [(GCBO+v(s|!i)- pw- Ecoswt), p']1-i® - p’ (39)

where ® is Redfield's superoperator(”) and contains the T, and T, terms. The intermolecular dephasing
of the H%e molecular eigenstates (TME) can therefore be handled if we a(ﬁslme a large phonon reservoir in
solids or a large reservoir of optically inactive molecules in gases. As pointed out before, the
total rate of dephasing at any temperature T in a solid is given by 8) where |0) and Im) are the two states

1 1 m
Iqtotal(T) =z (’T‘lm + ﬁ)T R pz;p' nT(p)

x [¢m, o |TIm, B - <0, 0" IT)0, ) [ 0B, - By (40)

involved and the T, terms have a temperature dependence similar to T, terms. This expression which con-
tains the T matrix and the phonon temperature function, n, brings a subtle point about the dephasing of

Im) states by phonons p, p’'. If the two levels pumped by the laser have the same scattering amplitude, no
loss of coherence is expected by any phase interruption mechanisms; only the spontaneous decay will
destroy the correlation of the excited ensemble. This implies that electronic dephasing will be faster than
IR dephasing and that pure singlet states might have different dephasing rates from those of pure triplet
states.

To relate the dephasing of these TME to the original BO states, one uses equation (40) and the
properties of ®¢/;’ ¢ between the final and initial states. For example, armed by ?gu?tion (40) and using
equations (37) and ’(?9), one concludes that the intermolecular T, dephasing rate is:(20

2
(i)m = (_l_)s Vst (41)
T AT 2 2 2 2 .
! JTME 1 /BO (Em-ES) + (ﬂvsﬁpi) + Vg

Equation (41) which contains the intramolecular density of states p., gives a Lorentzian distribution for the
decay of TME. It is interesting to note that the radiative decay of TME also scales by the same mechanism
[see equation (38) ]. Similarly, one obtains expressions for T,, which contain the cross terms of a and 8.

(18)

The preparation of the BO state by broad band excitation results in an additional channel for the loss

of optical coherence. This is because

-iE_t/Mh],
Ft/ (42)

(51601 | = 2 [mls) e
-i%e,t/h

where G is the molecular propagator; e At short times the Fourier integral will therefore give:

2
2 FVeehit (43)

(slG ®)]s)

which is the intramolecular decay that destroys the phase coherence of the BO state that is in quasi-
resonance with many states. At longer time the system decays by the radiative lifetime of the state and
exhibits oscillations when considering the radiation field in, and the Fourier sum of equation (42). Note
that the oscillations depend on the phase angle between Im) and |m’) states. The conclusion of this
section indic?%‘is therefore that the narrow and wide band excitation of molecules in condensed phases(ls)
and in beams(%) may help us in identifying the different dephasing processes described above.

Bulb vs Beam Experiments

In the bulb, collisional relaxation ensures that the system reaches equilibrium at long times. This
means that the coherent excitation can be described by Bloch equations of a closed two-level ensemble.
The method described here for the detection of coherence on the spontaneous emission monitors two sub-
ensembles, a and B; those which are on-resonance with the laser field, i.e., w= w,, and those which are
off-resonance, i.e., w - w, > 1/T,. The solution of the density matrix gives, therefore, the following
emission intensity at any time t and into any vibrational level v:

T,T,( - &/B (T E)™
LM - -3 k
[1 + Tsz(ﬂ . g/h) ]

8 (e o4 Tl—)]_ F-t(Ed) (44)
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which indicates that in addition to the_usual T, decay, one expects the emission to exhibit a damped
oscillatory function with a frequency §2, on resonance. Therefore, as the laser is switched between dif-
ferent packets, one expects to see population build-up in the a-packet and decay in the B-packet, together
with beats. This expression is derived for the cases where the lower state relaxes with the same 1/T,
rate as the excited state.

Two distinct kinds of beats are expected on the decay of molecules. The first kind is a genuine intra-
molecular beating among the molecular levels. As discussed, before, this is expected in large molecules
when the laser excitation prepares the BO state. The second kind of coherent oscillation on the emission is
due to the optical nutation of a homogeneous packet, as discussed above.

Figure 3 depicts the decay of iodine gas in a bulb at 12 mtorr. Shown in this figure is the cemputer fit
for all the data points. The match is excellent and gives T, = 1.20 + 0.02 usec. The decay is due to the
molecular eigenstates which have the Rabi frequency of eq&a1 ion (38). It is also different from the decay
that has Zeeman quantum beats due to hyperfine coupling. The insert in this figure shows the beats
seen at short times in the decay together with the computer plot for the theoretical curve. The procedure is
as follows. The entire experimental curve was fed into the computer to give the best T, fit. The computer
then subtracted the T, curve from the experimental points to give the best pattern shown in the insert. This
pattern gives both the decay of the coherent oscillations and the beating frequency: € = 16.5 + 1.5 MHz and
T =0.44+ 0.06 usec. These results, when compared with the dephasing time (0.55 usec) obtainecz om
the photon echo experiments discussed later, indicate that the decay is not totally due to dephasing 22) and
that the oscillation frequency is in excellent agreement with that of the nutation observed in the forward
direction at the same laser power density. Moreover, these oscillations describe the true molecular
eigenstates and are not due to intramolecular radiationless processes.
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Fig. 3. The observed IRD signal (at short times) for I, at

12 mtorr. The solid line is the least squares fit for the
observed decay. The single mode laser power at 5897.5 A
was 35 mw and the electro-optic switching frequency was

18 MHz. Insert: An enlarged view of the difference spectrum
obtained by computer subtraction of the actual data points
from the corresponding computer fit (T,) values. The oscil-
lation frequency is 16.5 + 1.5 MHz and the damping time is
0.44 + 0.06 usec.

The incoherent resonance decay (IRD) which gives the optical T, in the bulb is analyzed at different
pressures. The results show that

1 (usec™) = (0.775 + 0.029) + (0.0158 + 0.0004)P (45)
1

where P is in millitorr. Two observations can be made from these results. First, the natural radiative
decay time of the selectively excited state is 1.29 + 0.05 psec which gives a homogeneous linewidth of |,
123 + 5 KHz. Secondly, the quenching cross section for the pressure induced broadening is 0 = 70 + 2 A",
Knowing the exact radiative lifetime from the Stern-Volmer plot and the beam experiments, we concluded
that Q' (specific quenching rate times the radiation lifetime) is 3.6 X 10° liters/mole. This means that the
collision efficiency is 1.1 considering the long-range energy correction to the hard sphere cross section of
the Lennard-Jones potential.
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In the beam the situation is different. One must consider the feeding(23) into the ground state as well as
the transit time for the molecules in the laser beam. The transient following the electro-optic switching
of the laser out of the transition frequency of the iodine beam is shown in Figure 4. The IRD signal is not
seen when the switching frequency is below 0.3 MHz which is close to the width of the homogeneous
resonance. Figure 4 also depicts the absence of the signal when the laser is off-resonance. The on- and
off-resonance conditions are also checked by observing the emission of I, in the bulb.

T T T T T T

MOLECULAR BEAM RESONANCE DECAY AND
QOPTICAL FREE INDUCTION DECAY FOLLOWING
THE SINGLE MODE LASER EXCITATION
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Fig. 4. The resonance decay and optical free induction decay
of the coherently excited I, beam. The top two traces were
taken with an electro-optic voltage of 50 and 0.2. The bottom
trace was taken when the laser was off-resonance with the
beam. The background pressure during all these measure-
ments was 3 X 107¢ torr. The insert in this figure shows the
optical free induction decay signal. As expected, the beat
signals which disappear in the absence of I, follow the electro-
optic switching frequency. Of course, the signal disappears
when the laser is blocked. The least squares fitting of all the
data points gave a single exponential whose time constant is
determined by T, and the Rabi frequency. The Rabi frequency
in the beam was computed by measuring the nutation frequency
of the bulb and scaling it by t}ze ﬁquare root of the power
density ratio (beam-to-bulb). (23

Since u - £ (laser power is up to 100 mwatts) is much larger than T,”", a fast build up is expected for
the absorption which reaches the saturation limit, and a decay determined by T,. The coherent oscillation
seen on the IRD of clean iodine samples is not observed in the beam because the depth olf these oscillations
is very small due to the power and transit time averaginé. A»s in the optical nutation, (24) the averaging
of the beam I(t) equation must be taken into consideration. (6, 23) It should be noted, however, that even in
the presence of the oscillations, the overall decay will still give T,. We, therefore, conclude that for I,
in a collisionless beam T, = 1.24 + 0.02 ysec. These results show that (a) the beam decay is in excellent
agreement with the zero-pressure value of I, in the bulb; and (b) Egg IRD of the beam is different from the
decay following the 5145 A excitation done by Ezekiel and Weiss. ) The reported lifetime is 3 + 0.5 usec.
These differences in lifetimes are due to iodine dissociation whose probability does not change monotonically
as the rovibronic energy increases. Finally, the natural width of the selectively excited X 12§ — B 3oty
rovibronic state at 5897.5 A is 128 + 2 KHz.

The bulb result which is in agrea‘xéent with the beam IRD result gives a nonradiative quenching similar
to previous emission measurements ) which utilize broa gand excitation. Thus the influence of state
preparation, on T, decay encountered in large molecules, is not important. éshe results, however, give
a CrOSf fection that is different from those measured by absorption techniques. (8) 1t was pointed out
before(8) that this difference is because inelastic processes between the pumped level and neighboring levels
will not necessarily produce a nonradiative decay into the ground state. In other words, the IRD gives the
overall nonradiative cross section of the excited state population to the ground state. However, recent
calculations have yielded a cross section of 64 A" for cross relaxation and phase shifts. This value is in
reasonable agreement with our results.

To obtain the optical dephasing in the beam, the forward coherent signal which rides on top of the laser
was detected. This way we observed the optical free induction decay in the iodine beam following the
coherent excitation by the laser. The heterodyne signal which shows beats between the emitted light and the
switched laser frequency is depicted in Figure 4. The results demonstrate that coherent optical transients
in molecular beams can be observed even if the density is low. The beat frequency follows the electro-
optical switching frequency while the decay is consistent with the conclusion that 2T, ~ T, in the collision-
less beam, considering the above mentioned approximations. This is an important conclusion because it
says that in molecules like iodine there are essentially no intramolecular relaxations that destroy the
phase coherence, and that the spontaneous loss is responsible for the optical dephasing at zero pressure.

In large molecules (e.g., pentacene) and in molecules like NO,, where intramolecular decay processes
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may occur, the optical dephasing in the beam should not necessarily rs&ate to T, at zero pressure. The ex-
periments on these systems should be feasible since we already know(9) that opfical nutation can be observed.

The above measurement of optical T, from FID suffers from power saturation effects since the decay of
the signal depends on Hle) averaging over the inhomogeneous broadening of the transition spanned by the
laser. Our technique 0) of the right-angle photon echo eliminates this problem completely and monitors
the total dephasing process on the emission into different vibrational-rotational levels of the molecule. The
theory is already discussed and in what follows we present the results.

Figure 5 depicts the spontaneously detected photon echo in iodine as the probe pulse is swept through
the echo position at 7, = 7, = 180 nsec. At longer time 7 and large switching frequenc¥_. P to eight
oscillations have been observed on the echo profile. The decay of the echo follows e~2 /T, (see Figure 5)
and at 10 mtorr gas pressure we found that T, = 500 + 50 nsec. The decay of tae "forward' echo gives T,
which is in agreement with previous work 8) and with the probe pulse results. 0)

SPONTANEOUSLY DETECTED PHOTON ECHO
900 -

ECHO DECAY

RELATIVE EMISSION INTENSITY
~n 3 53
S ° <
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T T
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Fig. 5. The right-angle photon echo in iodine
at 10 mtorr pressure using a three-pulse
sequence. Here, T, = 180 nsec and 7, was
scanned to locate the echo. Note the maxi-
mum amplitude is at 7, = 180 nsec where the
photon echo appears as emission loss. The
insert is a least squares fit of the amplitude
of the photon echo (at 7, = %) as a function of
pulse separation.

Using one pulse the IRD gives T, = 1.08 usec at 10 mtorr for the transition. The molecular beam and
bulb results indicate that in the collisionless regime T, = 1.24 usec. Since the ground state radiative decay
rate is essential zero, the echo decay indicates that the radiative and nonradiative broadenings of the
homogeneous resonance (X' — B3IIy+,) in iodine are 128 KHz and 451 KHz, respectively. This total
homogeneous width of 579 KH% is much smaller than the Ca. 400 MHz inhomogeneous width which cor-
responds to a dephasing time of 796 psec. Furthermore, if we assume that ag this Iow pressure the
excited state nonradiative decay due to quantum jumps into radiative levels is small and that the ground
state nonradiative decay time is relatively long, one concludes that the broadenings due to pure dephasing
and nonradiative processes are 368 KHz and 83 KHz, respectively. This means that 64% of the width is due
to dephasing. Note that the echo measurements of T, should not be sensitive to effects due to power
broadening as in cw frequency scanning techniques. The overall elastic scattering which leads to phase
interruptions is determined by the microscopic anisotropy of the scattering events in the ground and excited
states. On the other hand, the inelastic loss is due to coflision-induced radiationless deactivation. As
expected, therefore, the echo amplitude must change when the gas pressure increases, as confirmed
experimentally by the three-pulse echo. These experiments are now being extended in our laboratory to
nozzle and effusive beams in a variety of systems (e.g., NO, and pentacene) in order to examine the nature
of optical dephasing at zero pressure.

Condensed Phase Experiments

Molecules in solid matrices (e.g., mixed crystals) are called "isolated'" from the host influences.
However, phonons play an important role in the dephasing process and it is, therefore, important to
separate intra- and intermolecular relaxation processes. The system we studied is pentacene in
p-terphenyl at low temperatures (1.7 K and atz%e). Using this system we have reported recently on the
first observatign of optical nutation in solids. ) Subsequently, the FID in this system was observed by
deVries et al. ) The photon echo of this system using broad band excitation was also reported last
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year. (30) Figure 6 shows typical coherent transients observed in our laboratory.

Optical Free Induction Decay and Nutation in Pentacene at 1.8°K

2
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g r E
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, — .
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Fig. 6. Optical nutation (left) and optical free
induction decay (right) of pentacene in p-
terphenyl at 1.8 K.

Figure 7 d and e depicts the observed Hg‘ng]i)of pentacene in
’ were made:

modulation method. Several observations

The vibronic structure in a large molecule-like
pentacene with 102 optical modes belongs to the
statistical limit where the density of vibrationally hot
ground states in the neighborhood of ¢g is very large.
However, pentacene is known to have nearby BO
triplet states. Moreover, not all the modes of the {¢}
states are active in the coupling because of the sym-
metry requirement and/or the Franck-Condon overlap.
Therefore, the coupling between ¢g and the discrete
{€ } levels will give rise to molecular eigenstates that
have a resonance width determined by the strength of
the coupling to the molecular continuum formed on the
ground state and to the continuum of the radiation
field. Narrow band excitation should therefore select
these states while wide band excitation should prepare
some packets that evolve in time differently. The T,
decay in the narrow band excitation will reflect the
relative amplitude of the singlet state in the molecular
eigenstates. Excitation of a large number of ¢ ,'s
yields a short decay (like a dephasing decay process)
and a long decay of essentially the state ¥,,,, in
addition to a complicated beat pattern whircrh depends
on the level structure [see equation (42)]. The
amplitude ratio of the fast decay to long decay depends
on the number of states involved in the coupling. This
explains why it is sometimes not feasible to see the
long decay in such experiments.

-terphenyl (1.7 K) by the electro-optic (EO)
(1) the decay changes from ~ 15 usec to ~25

nsec when the effective laser width changes from 6 MHz to 18 GHz; (2) at high temperatures, the signal

lodine Pentacene
>
2
QL
<
s
E
w
Time
Fig. 7. The AO and EO laser modulation of iodine

gas and pentacene in p-terphenyl at 1.8 K: a is the
AO light pulse (width = 3.4 usec) and b is the
iodine response (raw data). Note the decay on the
falling edge of the pulse and the build up on the
leading edge. c is the AO signal from pentacene
(10 psec/div). d (20 usec/div), and e (5 usec/div)
are the signals of pentacene when excited with long
and short EO pulses, respectively. Note that in e
on the leading edge the system is excited by a long
pulse while on the falling edge the system is
excited only by ~ 10 usec pulse.

disappears; (3) there is a magnetic field effect on the
decay in the narrow band laser excitation; (4) the decay
signal is absent when the molecule is excited above the
0, 0 electronic origin, and the emission is detected at
the same d.c. level as that of the origin; (5) the decay
time does not change when the power level of the laser
is reduced in the range we studied; (6) the T, decay is
exponential and changes as we scan the narrow-banded
laser in the manifold of the first electronic origin;

(7) the "narrow' band coherent transients give a T, of
45 nsec when the laser is on-resonance with the 0, 0
transition, but less than a few nanoseconds when the
laser is in resonance with the vibronic line at 267
cm~! above the 0, 0 transition; (8) the signal gets
larger at higher switching frequencies; and finally (9)
the measurement of dephasing rate vs temperature
shows a transition temperature for the loss of co-
herence; the system response is almost flat at low
temperatures and undergoes the transition at ~ 3.7 K.
These observations forced us to conclude that the
preparation of molecular eigenstates can be done if
the laser width is narrow enough and the resonances
are not smeared to form a continuum. On the other
hand, the broad band excitation prepares packets
which as mentioned before, decay by a fast dephasing
component (~vp,) and a low amplitude slow-decay
component. It should be mentioned that in pentacene
low-pressure gas and at zero pressure, a transient
spectrum(32) of hot excited levels in the neighborhood
of ¢5 was found when the system was excited by broad
bancfs excitation. The decay time (100 u sec) becomes
shorter at high pressures. However, EO methods
monitor both the decay of the off-resonance molecules
and the transient build-up of the newly excited mole-
cules. To separate these effects we used an acousto-
optic (AO) technique which we discuss in the following
section.

Recently our laboratory has completed optical coherence experiments on iodine and pentacene isolated in

p-terphenyl using an acousto-optic technique to rapidly switch the single-mode dye laser on and off.

The
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technique involves focusing the output of the dye laser into a quartz crystal which has a thin film transducer
bonded to it. Phonons injected by an RF oscillator create an acoustic wave in the crystal which diffracts up
to 50% of the incident light at the Bragg angle. This diffracted beam, shifted in frequency by the acoustic
phonon frequency is deflected into the sample for the duration of the RF pulse (7/2, 7 or any length). Thus
the acousto-optic modulator acts as a fast shutter. The characteristics of the laser pulse this technique
provides are determined by (1) the RF pulse width and the rise/fall times, and (2) the transit time of the
acoustic wave across the focused laser beam in the crystal. Before focusing the laser pulse on the sample
it is passed through a Glan-Thompson polarizer to insure clean linear polarization. Analogous with the
frequency switching experiments, the emission intensity from the sample is monitored at right angles to
the exciting beam.

We tested this technique on an iodine transition previously studied by the frequency switching technique
and found an emission lifetime (at 30 mtorr pressure) consistent with earlier results as shown in Fig. 7
However, when we tried this technique on pentacene in p-terphenyl our results were dramatically different
from the frequency switching experiments.

Monitoring the emission from the lowest excited singlet state (O, site) while the laser was switched on
and off, we found a decay pattern similar to that observed in our frequency switching experiments when the
laseli was on and a very rapid (~ 29 nsec) decay following the falling edge of the laser pulse (10 nsec decay
time).

This result, in addition to all of the other experimental observations for this system reported earlier
had led us to reevaluate the coupling scheme in the molecular eigenstate picture.

If the molecular eigenstates described earlier are of the form(37) and one assumes that the coupling
provides one eigenstate, 3, * that carries a large fraction of the oscillator strength of the transition (i.e.,
apyg* > amg) then one can construct a model consistent with both the electro-optic and acousto-optic
experimental observations.

This eigenstate decays rapidly by T',,,x Since it is mostly singlet in character and slowly communicates
(Vim») with the other molecular eigenstates providing a nonradiative pathway (T',) to the ground state.

The time evolution of the population of #,,* will give us the emission dynamics of the frequency switching
experiments. Considering a group of molecﬁes brought into resonance with the level structure described
above one can show that the population of ¥ ,+ and thus the emission intensity is

T + P, (00" + T. + Py (0~ - K T.
% m 9 ety m 0 _0 et . p+ m (46)

I
P *(t) =
m AT At by At

where r refers to a group on resonance, Ky is the pumping rate, i"—m is the average lifetime of the weakly
coupled eigenstates, P, is the population of the ground state and

At = -%(ZKp + _fm +Tow) £ 3 l/2Kp - —I‘—m + Tpos) - 4Kmem* . (47

However, in the frequency switching experiments we must consider the contribution to the observed emis-
sion intensity of two groups of molecules; those originally on resonance (a), and those switched into
resonance (b). Thus, for a complete description we need the off-resonance (or) solution for the time
evolution of Y, x. This is easily shown to be

-T, .t
PO = P ,0)e ™ . (48)

With appropriate boundary conditions one can now determine the IRD emission dynamics in the frequency
switching experiments at all times. Initially on resonance with group a we have simply to consider equa-
tion (46). When the laser frequency is switched into resonance with group b we then have for the total
emission intensity

1) = P2 + PRI . (49)

Equation (49) also holds (with resonance and off-resonance conditions for groups a and b reversed) when
the laser frequency is switched back. By examining the form of equation (46) one can see that if the pump-
ing rate is not significantly greater than the lifetime I', x then there will be a smooth build-up in the IRD
emission intensity as the laser is switched resulting froim the difference between the increase in emission
due to group b and the decrease in emission due to group a followed by a slow decay to an equilibrium
condition (see Fig. 7).
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In the acousto-optic shutter experiments equation (46) holds during the laser pulse while equation (48)
applies when the pulse is switched off. Since no long component is observed in the (AQ) experiments
when the laser is shut off we must conclude that the weakly coupled molecular eigenstates decay primarily
nonradiatively (by I'yy) back to the ground state.

This mechanism can fit both the observed decay pattern in the frequency switching experiments as well
as the acousto-optic shutter experiments and we are now studying the system as a function of laser pulse
width (in both cases) to understand further the effect of pulse width on state preparation.

It should be mentioned at this point that an equivalent mechanism involves the preparation of a
singlet state which intersystem crosses to the triplet manifold. Molecular beam experiments should allow
one to decide which mechanism is appropriate since in a collisionless molecular beam, communication (by
spontaneous emission of phonons) between eigenstates is not possible and so one would not see the long decay
during the laser pulse while intersystem crossing can indeed occur and the long decay should still be present.
1S beam experiment is now in progress.

Epilogue

The experiments discussed in this paper have focused on the disentangling of the inhomogeneous reso-
nance transitions in gases, solids and molecular beams. The importance of these experiments lies in their
provision of direct information on the optical dephasing processes that take place within the molecule and in
the ensemble. However, this is just the beginning. Indeed, many more experiments are needed. We take
this opportunity to mention a few of these experiments that are already started in our laboratory.

We are currently studying NO, in bulbs and in beams. The obz’gg&ive is to resolve the a?o aly found by
Zare in his recent experiments of the Hanle effect. Zare's group and Demtrsder et al. (34) have found
that the homogeneous linewidth at zero pressure does not equal the width expected from the spontaneous
lifetime for well-behaved state g-factor. We have shown before that optical nutation can be observed in NO,.
Therefore, direct measurements of optical T, and T, using the techniques mentioned in this paper will
resolve this dilemma, and tell us whether or not intramolecular processes are operative at zero pressure.
To understand the transient signals in NO, (and also in pentacene) one must consider the velocity distribution
in the beanﬁ, the ground state feeding and the transit time of the molecules in the laser beam. The complete
solution(23) for the density matrix for molecules in a laser beam is shown in Figure 8. The calculation
included the effect of velocity inhomogeneity, the detector geometry and the beam temperature and is dif-
ferent from the unphysical analysis given by Allen et al. (35% We conclude from our work that special care

should be given to the analysis of transients in the beam and that the bulb analysis is not applicable.

Finally, these coherent optical techniques are now being extended to the sub-picosecond region using
our laser (p&lge %idth = 0.6 psec, and transform limited) which operates on the principles of mode-locked
dye lasers.\99, 37) This way we hope to learn about dephasing at higher temperatures in solids or higher
pressures in gases, and to hopefully probe the "ergodic' behavior of molecules in gases, solids, and beams.

Optical Free Induction Decay of Molecules
in a Crossed Laser and Molecular Beams

T»r-ne
900 (nsec)

Fig. 8. Optical free induction decay in penta-
cene beam. The Rabi frequency is varied from
0.3 to 20 MHz. The beats seen in this figure
are due to the heterodyne detection scheme.
Note that the decay gets faster as (u - £/h) gets
larger, but different from the bulb results.
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