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;. 1. ULTRASHORT PULSE GENERATION AND PROPAGATION
1.} Introduction

Short flashes of light have long provided a means for cap-
turing events in time and for studying high speed wotlon (Shapiro,
1977). As shorter light pulses have become avallable, an increa-

: sing variety of physical phenomena have become amenable to study
- aod new areas of research have opened up. Strobe photography,
ploneered (Edgerton, 1932) in the early thirties, offers micro-
second temporal resolution which can be used to freeze the most
| rapid mechanical motion of microscoplc objects. Sclentific use
,l ¢} of these high speed flash techniques pushed ahead rapidly in the
fifties after thelr usefulness for initlating and studying fast
- ¥ photo-chemical reactions was demonstrated (Porter, 1950). With
—‘. the invention of the laser even more rapid advance occurred. The
dramatic increases in optical intensity and monochromaticity made
possible by lasers were accompanied by a shortening of pulse dur-
stions from the nanosecond (10_9 sec) to the picosecond (10 12
'. gec) regime. Exclting opportunities for accurate study of pre-
4 _. viously unresolved, fast photoprocesses in physics, chemistry and
- biology were opened up. The possibility of enormously expanding
4 the bandwidth of communication technology was aluo recognized.
In the decade between 1965 and 1975 major advances were made

ip the measurement, control, and utilization of ultrashort light
’ pulses. With measurement required on a timescale too fast for

i "conventional electronics, new techniques had to be invented. In-

:A‘ ther progress in short pulse generation has been achleved. In

i 1974 the first pulses shorter than a picosecond (10_12 sec) were

gooerated (Shank and Ippen, 1974) and juat recently the 10713 gec

B pcieotific investigations of a varlety of high speed phenomena are
.. petng pursued into femtosecond (10-15 sec) dowain. At the same
1
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time, compact opto-electronlec devices are being developed for
the purpuse of making picosecond slgnal processing and trans-
mission a practical reality.

The progress in short pulse generation 1s illustrated
graphically in Flgure 1.1, Passive modelocking of the Nd:
glass laser (DeMaria et al., 1966) first led to the generation
of pulsvs less than 10 psec  in duration. This achievement
provided much of che stimulus for picosecond technologlical
development in the next decade. During this time, because of
the high peak powers [t provided, the Nd:gluss alse remalned

the work-horse of the field. A well designed system can pro-

vide transforw-limited pulses in the 3-6 psec  range, although
repetition rates remain very low.
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FIGURE 1.1 The decrease in optical pulsewidth as a function
of time gince 1965,
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The passively-modelocked flashlamp-pumped dye lascr (Schmidt
and Schifer, 1968; Bradley, 1977) provided both a decrease in
:: pulseuldth and a broad extension of wavelength coverage., It was
 otill a flashlamp system, subject to fluctuation and low repeti-
. tion, but it generated pulses 1n a way that was fundamentatbly
different from that of the Nd:glass laser. Streak camera inves-
o glgations of ultrashort pulse formation In flashlump-pumped dyc
J lagers (Arthurs et al., 1973a; Arthurs et al., 1973b; Ucmpster wt
al., 1972) revealed that the mechanism of modelocking in dye
lasers was different from that occuring in glant-pulse lasers.
¢, pate equatlon analysis (New, 1974) confirmed that, in these
lasers, the combined action of gain and absorber saturation can
produce rapid pulse compression even in the absence of a fast
_gesponse time in the absorber. It was this mechanism, then,
passively modelocked, continuously oper-
With the first operation of such a cw system
hf}(lppen et al., 1972) pulses ay short as 1.5 psec were genera-

tod.

Subsequent improvements and modifications of that system

W) ring laser (Fork et al,, 1981), pulse durations have moved
'.‘um the 0.1 psec (100 fsec) mark. Further manipulation of
ﬁ-‘h-.e pulses by self-phase modulation in a short optical fiber
compression with a grating pair has produced pulses as short
30 fsec (Shank et al., 1982).

Perhaps just as important as the ultrashort pulse durations

aging techniques can therefore be applied to plcosecond and
osecond studies and measurements can be made with low inten-
Y pulses that do not distort the process under investigation.

decrease in "shortest" pulse duration documented in Figure
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ever {ncreasing wavelength coverage and measurement versatility,
We discuss some of these fn Chapter 2,

As optical pulse durations from lasers have decreased dra-
matically during the past decade so have the capabilities of
vptical transmission systems expanded enormously. Optical fi-
bers with losses as low as 0.6 dB/km near 1.3 um and 0.2
dB/km near 1.6 um (Mija et al., 1979) are now available.
Fiber dispersion, of primary importance for sho.t pulse propa-
gation, can also be minimized {or optimized for speclal cases)
in this long wavelength regime. The predicted "zero-dispersion"
behavior (Li, 1978) has been confirmed by pulse-delay measure-
medts using wavelength-tunable radiation generated in a fiber
by stimulated Raman effect (Cohen and Lin, 1977; Lin et al.,
1978) and by the transmission of plcosecond pulses over kilo-
meter-lengths of single mode fiber without observable pulse
broadening (Bloom et al., 1979). Recent work with double-clad
single mode fibers (Mija et al., 1981; Jang et al., 1982) has
produced fibers with two dispersion minima and a resulting low
dispersion over a broad spectral range to accomodate use at both
1.3 um and 1.6 ym. The chromatic dispersion of such a fiber
is plotted in Figure 1.2 and compared with that of a conventional

&
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FIGURE 1.2 Transmission bandwidth of a double-clad single-mode
fiber (Jang et al., 1982),

{Reprint with permission trom “The Ball System Technical Journal®, Copyright © 1982, AT&T)
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single mode fiber. From the point of view of wub-picosecund
technology, it is interesting to note that withiln the range of
1.5 m to 1.66 um the dispersion of this fiber is leas than
0.7 ps/km/nm. With additional tailoring the limit could be

pushed well into the femtosecond regime.
1.2 Short Pulse Generationm

The method by which short laser pulses are generated is
called "modelocking" (Smith et al., 1975). That is: laser modes
at different eigenfrequencles are locked together in phase to
produce 4 coherent oscillation over the relatively broad band
necessary for a short optical pulse. Although we shall see later
that the most convenlent treatments of short pulse formation and
propagation rely on time domain analysis, a brief review of the
frequency domain implications will also he helpful.

For each transverse (spatial)} mode of a laser resonator

there corresponds a set of longitudinal modes separated in fre-

4 quency by ¢/2L, where ¢ 1s the speed of light and L 13 the

optical pathlength between the two mirrors, If the medium be-

tween the mirrors is dispersive, as it 1s in semlconductor diode

. laser for example, the spacing between resonator modes is more

precisely:
c C
- (1.1)
TR

¥ vhere c/ns, the group velocity in the medium, is expressed in

terms of the derivative of the index of refraction with respect

flgu frequency v. Note that for linear dispersion (i.e. dn/dy =

const.) the modes remain equally spaced.
Consider now the n-th mode to have amplitude En' angular

frequency W and phase ¢, then the total laser output field

' "l‘ can be written
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L, - ¥ Eooexp tile (0 - 2/} + g Mo+ el (1.2)
n

wlhere ©.¢. represents the complex conjugate and the observed

output is travelling in the positive =z direction. With equal

mode spacing W, T w, tond, where 4= 21(c/2L), we can

write

ET = cxp tiuo(t - z/c)) E En exp Lilna(e - z/c¢) + ¢“}} + c.c.

(1.3)

This correspunds to a carrier wave of frequency Wy whoue enve-
lope is periodic with period T = 2L/¢  and travels with the
velocity c¢.  For ¢n a constant (i.e, all phases locked toge-
ther) che envelope cunsiscs of a single pulse per period with a
pulsewidth given approximately by the reciprocal of the frequency
range over which the En's have appreciable value, That is, tlhe

pulsewidch
- a1y 11
tp = {N(c/2L)} (1.4)

where N is the number of oscillating modes, This frequency
domsin picture is illustrated in Figure 1.3. The lurger the
luser bandwidth, the shorter the potential pulse durations,

Table I gives a rough indication of the available bandwidths fo
some of the most commonly mode-locked lasers. Actual pulseshapes
depend upon the method of modelocking and a variety of material

properties. Incowplete locking of modes results in an envelope

TABLE 1.1 Bandwidths of several common lasers

138 At
HeNe 1 CHz 400 psec
Argonlon 3 GHz 130 psec
Nd:YAG 10 GHe 30 psec
Nd:Class 3,000 CHz .25 psec
Scemiconductor 10,000 GHz (100 A°®) - .05 psec
Dy 30,000 CHz (300 A®) .02 psec
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FIGURE 1.3 Oscillating spectrum wnd potent ial pulse duration
of & multi-lungitudinagl mode laser.

larger than that predicted by the oscillating mode spectrum,  The
pinimum pulsewidth obtalnable from a given wode spectium is re-
ferred to as the Fourler transform-limited pulsewidth. When cal-
culating this limlt one should remember that the medasurable
quantity, spectral density, is not the Fourler transtorm of the
intensity but rather of the electric field autecorrelution. Lt o
pulse is to be considered 'transtform limiced' the timc-bandwidll
product must correspond to the minlmum value for its particular
pulse shape (see Chapter 3).

Techniques for producing modvlocking tull into two categorics
as illustrated in Flgure 1.4, active and passive.  In oaclive mode-

locking, loss or phase modulativn is introduced intu the luaser
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. FIGURE 1.5 Loss modulation can be considered elither as means of
wmdelocking by sideband generation or by transmission gating.

FIGURE 1.4 Schematic representations of active and passive pulse
generation with an intracavity element near one end of the laser
resonator.

resonator. If the modulation frequency is approximately equal to
the mode frequency separation, the sidebands generated cause a
phase locking to cccur as illustrated in Figures 1.5 and 1.6,
Such analysis can be difficult for many modes. An equally obtainable with a given laser medium.
valid and more tractable approach 1s to consider the shaping that
occurs as the pulse of light passes through the modulator each 1.3 Active Modelocking

period near the point of minimum loss.

Passive madelocking invelves the use of an intracavity sa- Much of the early theoretical work on modelocking focused on

turable absorber that passes intense pulses of light with less ¥ bomogeneously broadened lasers with active, internal modulacion.
loss than experienced by a constant low level of light. Under "It was the first case to yileld analytical solutions for steady
the proper conditions the laser Output spontaneously breaks up state pulse shapes and pulse duration (Kuizenga and Siegman,
into a train of “modelocked" pulses. The difference between :‘:19703). For homogeneous broadening and long upper-state 1{fe-time
active and passive modelocking is simply that, 1in the latter,
thie optical pulse provides {ts own modulation. Passive mode-

locking, when pessible, generally results in the shortest pulseg
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FIGURE 1.6 Frequency spectrum of (a) an unmodelocked laser and
(b) the same laser after modelocking (Smith et al., 1975).

v -1
G = Go(l + 1/15) (1.5)

where 1 1s the average {nternal lncehsity and Is is the
saturation intensity. The loss consists of two terms, a con-
stant L and a time varying modulaticn Lm(l ~ COoS mmt), which
can act to shorten the pulse with each roundtrip. Pulse sprea-
ding is produced by the frequency dependence (i.e. bandwidth
limitation) of the gain. If the gain profile 1s approximated te
be parabolic in frequency about line center: 1 - [{w - mo)/wcjz
then its effect in the time domain can be represented by its

Fourier transform equivalent: a term proportional te the second
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derivative of the pulse profile (Haus, 1975a; Haus, 1982), a

wiill mismatch between modulatlon frequency and cavlvy roundirip
time, can be accounted for by addiclon of a turm proportivnal to
the flrst derivative of the pulse. One then has a difterentisl

equation for the steady state pulse amplitude (envelope) (Haus,

1982):

. R O E (R L [
iG-1L- Lm(l - Ccus uml:)} E{t) = {éTR it + "‘U’idtz} E{t} (l.o)

where GTR is the detuning parameter and “e is the bund-
width of the guin. This is a Mathieu ecquation (Abrawowitz and
Stegun, 1972) which yields solutions periodic at b Furcher
gimplification 1s achieved by letting sS’I‘R = 0 and by appro-
. - 2y A . m be-
ximating cos wmt by 1 (umt) /2. Equation (1.6) then be

comes the Schroedinger equation for a particle in a parabolic

ﬁ; Po;ential. Its solutions are known to be of the form

—w 2c?

E(E) = M (u t) exp {+} (L.7)

where H 1s the Hermite polynomlal of order n and
n

v = (ww )Y et (1.8)
p my o

‘?‘. the steady state. So, pulses obtained by active mudelocking

6! homogeneously broadened lasers with low emission cross-sections
.pre Gausslan in shape and have a pulse duration that is inversely
-"coportional to the square root of the galn bandwidch. These feua-

tures of the theory have been verified experimentally with Nd:Yac
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tdsers (Kulzenga and Siegman, 1970b) and with high=pressure C02
systews (Smith e al,, 1972}, One word of caution is in order
regarding the above analysis, In high gain laser systems such

das dyes, F-centers and semlconductors galn saturation during

the pulse is appreciable and the galn cannot be assumed constant.
This dynamlc saturation and recovery between pulses can then lead

te a shorter pulse than that predicted by (1.6).

1.4 Passive Modelockling with a Fast Saturable Absorber

The shortest pulses have been produced by passive modelocking,

flrst demonstrated with the ruby laser (Mocker and Collins, 1965)
and the Nd:glass laser (DeMaria et al., 1966) and since utilized
in virtually every type of laser (Smith et al., 1975). Results
obtained with passive modelocking vary considerably from system
to system, depending upon the medium regponse times as well asg
galn and absorber cross~sections. It is convenient for ‘purposes
of analysis to separate saturable absorbers into two classes:
fast (or hard) and slow (or soft). A fast saturable absorber ig
one that recovers on a time scale shorter than the pulse duratiop

so that it represents a loss given hy

-1
L, =L [1+—II—(51} (1.10)
° SA

where ISA is the saturation intensity of the absorber and LD
is the small signal loss. 1In a dye, L0 = OANE where 9, is
the absorber cross-section, N is the concentration and ¢ ig
the path length. The saturation intensity is hmo/UAT where 1
1s the dye absorption recovery time,

The steady state theory of fast absorber modelocking can be

discussed in terms of an electronic regenerative pulse generator

(Cutler, 1955). With a nonlinear element, called an expandor, ig -

the feedback loop, Cutler showed that such a generator produced

pulses with separation equal to the group delay of one roundtrip
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and with a duration foversely proporticnal to the bandwidth.
Cutler's analysis even provided expressions for pulse duration
in the presence of group velocity dispersion in the loop.

If we expand the saturable loss to first order in I{t) =

[E(t)lz such .nat

2
L =L l_l&)_l_ (l-ll)

ve can agaln write a differentigl equation for the steady pulse

envelope (Haus, 1975b):

G - L} E(t) = - 5 9 + E{t) (1.12)

for which the gain, loss, and bandwidth limiting terms have the
sape meaning as in the previous section on active modelocking.

Bere again we note that the gain plays no dynamic role in pulse
shaping. All of the self-narrowing comes from the instantaneously

responding saturable absorption term. This self-narrowing aéhieves

" a balance with the spreading due to limited gain bandwidth. The

. solution is

E(t) = E0 sech(t/tp) (1.13)

wvhere

(1.14)

G
L-G=m. (1.15)
G p

beveral features are worth mentioning. The pulsewidth is now in-

wersely proportional to the bandwidth, and the wings of the pulses
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arc exponent bal rather than the Caussian characleristic ol active
modelocking.

Comparison of experiment with theory in this case is some-
what more difficult. Lasers for which fast saturable absorber
modelocking is important (i.e. Nd:glass and Nd:YAG) tend to be
uperated in a transient rather than steady state regime. By
the time steady state s reached, pulses In the laser can be so
intense that nonlinear effects give rise to spec 1 broadening
and pulse distortion (von der Linde, 1972; Dugu al,, 1970;
Korobkin et al., 1970). For most scientific appi tions, there-
fure, single pulses are selected from the pulse train during
transient build-up (von der Linde, 1972; Zinth et al., 1977).

The selection and evolution of picosecond pulses fr 1 noise
fluctuations has been analyzed [n considerable detail theoreti-
cally and numerically (Fleck, 1970; Kryukov and Letokhav, 1972;
New, 1979). Various experimental studies with different systems
liave found Rulsus approximately sech (t/tp) in shape (Auston,
1971}, pulses with Gaussian leading edges but exponential tails
(von der Linde, 1972) and well-defined Gaussian pulses (von der
Linde and Laubereau, 1971). One final, practical point is that
the saturable absorbers used in these lasers are onlv "fast" ip

o relative sense.  In fact, they have recovery times in the

range 8-9 psec (von der Linde and Rodgers, 1973) v ich may work
well to select pulses but which is not shorter th-  the pulses

in most cases. This will certainly introduce some Symmetry inte

the shaping process.
1.5 Passive Modelocking with a4 Slow Saturable Ab- er

Studies of passively modelocked flashlamp-pumped dye lasers
(Arthurs er al., 1973a, 1973b; Dempster et al., 1972) revealed
that the saturable absorber recovery times in these lasers were
in the range 100 psec to 1 nsec, much longer than the dura-
tion of the pulses being generated. An insightful rate equacion

analysis by New (1974) then confirmed that the combined action
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FIGURE 1.7 Transmission of a pulse through a slow saturable
absorber, saturable amplifier, and linear loss wall Fesult [
pulse shortening.

eof gain saturation and absorber saturation could guberate ultra-
short pulses even in the absence of a fast recovery time. The

idea 1s illustrated lno Figure 1.7, As the pulse passes through
the slow absurber, its front edge is absorbed more strongly than

the peak and the trailing edge. The absorber simply becomes in-

creasingly more transmissive with time since fcs recovery tiwme

is longer than the pulse duration. A simple dye rate vquat ivn

- in this limfc yields:

OA t
= - —— ] 2
L) = L exp{ s, J-w [ECE) | dt} (l.1i6)

tyhere |E()|? 1s again the aptical intensity in watts/em,
% # is the photon energy, N is the absorber cruss-section,
' o

".nd L0 = OANE is the small signal absorption.

When the pulse passes through the gain medium it receives

" less amplification in the trulling edge because of guin saturd-

tion. The gain, which also recovers slowly on the time scale

(el



el the pulse, s given by

G(t) = G exp {— 17:“: f_: |ECey|? dt} . (L.17)
Finally, the other (D.C.) losses of the system reduce, in the
steady state, the pulse energy to 1ts inictial value, To com-
plete the cycle, both gain and absorber elements recover sub-
stancially'but not completely before the pulse returnk. Within
certain ranges of round trip time and under the basic condition

¢ > g, (1.18)

it can be shown (New, 1974; Haus, 1975c) that a pulse of constant
(steady state) energy can be progressively shortened with each
round trip. Although an excess of gain is needed to start pulse
build-up, in the steady state the absorption is at a higher value
than the gain until arrival of the pulse. The greater saturabi-
lity of the absorber results in the peak of the pulse receiving
net gain; then gain saturation leads to net loss for the trailing

edge. Figure 1.8 illustrates this behavior as a function of time.

PULSE
DURATION

—ef

REPETITION
P FPERICD -

FIGURE 1.8 Steady state dynamics of a laser modelocked by a slow
saturable absorber. Note that the gain recovers less rapidly than
the loss so that the leading edge of the pulse experiences loss.
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FIGURE 1.9 Gain and loss as a function of pulse energy.

Flgure 1.9 illustrates the saturation of both gain and loss ac-
cording to (1.16) and (1.17) and the inequality of (1.18). The
integrated pulse energy ¢ advances in time from zero, where
there is net loss, through the region of net gain to the end of
the pulse where the gain is again less than the loss. 1In (1.16)
sod (1.17) we have used the same pulse intensity [E(t)|2. 1In
practice it 1s common to focus more tightly in the saturable
absorber. In our notation this can be accounted for by an
“offective" o, which is increased relative to 9 by the In-
verse ratio of the beam areas.

With certain approximations we can again write a differential

squation for this cagse (Haus, 1975¢; Haus, 1982):

2 B
{6(t) - L&) - T} E(t) = - {:“g 3‘3{2— + ;‘S—E"?] E(t) (1.19)
c

where the gain G(t) and the loss L(t) have the dependence on

pulse energy discussed above. A detuning term (proportional to
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JdAde ) wusLt be added here tu tacilitate o swlution. Kumveber
that for active modelocking and for modelocking with a fast
absorber it was possible fo find a solution with zero detuning,
but that is not the case here. To obtain an analytical solu~

tion we expand (1.16) and (1.17) to second order in pulse en-

urgy
00252
(L) = Ui {l - v e{t) + 2 (t)} (1.20)
and
a 2£2
. _ A
L(t) = Li {l cAa(t) + 3 (t)} (1.21)
where
1 4
o(r) = “Tu j_m [E(L) |2 de (1.22)

and Gi and Li are the "initial values of gain and loss just
prior to pulse arrival, Both Gi and Li depend upon recovery
times and cavity round-trip time.

The solution of (1.19) is

E(t) = Eu sech(c/tp) (1.23)
where
L4 [ 1/2
[p o [UAEQ](L/Li) . (1.24)

Here €, 1is the total pulse energy {i.e. t + = in (1.22)) and
L/Li 1s the ratieo of D.C. less to saturable absorber loss. The
pulsewidth is again proportional to the inverse of the resonator
bandwidth which we have called the gain bandwidth. If the solu-
tion (1.23) is plugged back into (1.19), one gets, in addition
te 41.24), two other characteristic equations for the pulse
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awp i frudue L-‘,U dud the detunlug parameter o,

This analysis by Haus (L975¢) provided the first cluosed form
solutions of pulse shape and the first predictions of pulse dura-
tion 1n the presence of bandwidch limitation, Althuugh several
approximations are made, namely parabolicity of the frequency
restriction and second-order expansion of loss and guin, the
results obtained from this theory have been found to be sur-
prisingly accurate when compared with more involved numerical
calculations (Hermann et al., 1981; Hermann and Weldner, 1982;
S5tix and Ippen, 1982).

With successful operation recently of the passively mode-
locked dye laser in a bidirectional (CPM) rlug configuration
{Fork eq al., 1981}, some interest has been focused on the ef-
fect of coherent pulse coupling and inceration in tlhe saturable
absorber. The modelocking dynamics of this system are simllar
In many respects to those of conventional sluw absorber mode-
locking. Impurtant differcences are: (3} pulses traveling in
opposite directions puss through the absorber at the same time
(if the absorber is thinner than the pulses) but through the
gain medium at different, well-separated times; and (b)) the
colliding pulses fn the absorber interfere to form an absorp-
tion grating which in turn coherently scatters light from each
pulse into the other. The flrst conditlon results in an cffec
tive Increase in the ratle of absorber cross section 0, tv
galn cross section UB by a factor of 2. This provides in-
creased stabllity and can help generate shorter pulses. The
coherent coupling interaction (b) can be included in the ana-
lysis numerically (Hermann et al., 1981; Stix and Ippen, 1982).
The bleaching and generation of an absorptivn grating as a
funcrion of time in the thin absorber are illustrated in Figure

1.10. Pulse shaping due to these dynamics are given in Figure

1.11 for a single pass through the absorber. The dash-dut line

{a the shape of the inpur pulse; the dashed shape would be the
transmitted shape of one of the pulses If it passed through the

sbsorber by itself; the dotted line 1s also for a single pulse,
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FIGURE 1.11 Numerical computed pulse shapes before and after
pagsage through a slow saturable absorber (see text).

bl

shortening velocity, begins to decrease, but pulges do continue

to get shorter until a balance 1gs Btruck with the dispersion of

the resonater. At the current, femtosecond, state-of-the-art,

small amounts of dispersion in dye streams and in mirror coatings

become increasingly problematic. Schemes for gemerating shorter
FIGURE 1.10 Pulses incident from opposite ends interface and

¢reate an absorption grating. Time sequence from top to bottom, J}? pulses will most Likely {nvolve clever, dispersion—compensating

_:1 design of these passive elements. An alternative approach is

o 1 1cal
but focused to one-third the area: and the solid line is the “‘h. nonlinear optical compression described below.

actual result obtained with colliding pulses and inclusion of the
grating effect. Surprisingly, the complication introduced by
coherent coupling can very closely be mimicked by tighter focu-
sing (er by an increase in the absorber crogs-section). The ep~
hancement due to the coupling 18 a factor of 1.5, 8o that the
overall enhancement in CPM is the factor of three. Although
Figure 1.11 shows only one pass through the saturable absorber, i
3 banduideh (in the spectral amplitude sense we have uged above) .

% In such medis, and optical fibers are good examples, the primary

, forces of pulse distortion are group velocity dispersion and non-

similar results have been obtained for steady state pulses in g 2
system with gaturable loes; saturable galn, and dispersion. Ap
the pulses begin to get shorter than the thickness of the absor-

¥ 1dne
ber, the cross-section enhancement factor, and hence the pulse 2y 4 phase changes. We now write the wave equation for the
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clovtraie taeld amplitude fo the Torm (Whiltham, 19745 lHaua, Lyol)

E. (L.25)

The left hand side of this equ%tiun describes free propagation
of the pulse with the group velocity vg = (Bﬁ/Ow)-l. The usual,
slowly-varylng~envelope approximation has been assumed., On the
right hand side of the equation, the first term is a diffusion
term arising from variation of the group velocity with frequency;
the second term can be thought of either as a nonlinear velocity
tuerm or as a nonlinear (self-phase modulation) driving polariza-
tion. With a rather simple transformation, (1.25) reduces to the
nonlinear Schroedinger equation (Mollenauer et al., 1980;
Nakatsuka et al., 1981; Haus, 1982).

Let us first consider the distorting terms separately. After
propagation over a long distance a pulse will spread out due to
gruuﬁ velocity dispersion with (for normal dispersion 096/3w?
< (3} the high frequencies trailing the lower frequencies. It
can be shown (Unger, 1877; Marcuse, 1980) that a coherent Gaussian
pulse of duration (full 1/e¢ intensity width) 1 will broaden

Lo a width

! = r.[+ (rch)‘* (1.26)
whure the 'critical" pulsewidth is

o= L YE

c
for a propagation length L. Clearly pulses shorter than To
spread rapidly.

If a pulse is dispersed in the above manner, no spectral am-
plitudes have been changed and the pulse can be reconstructed by

transmission through an equivalent length of opposite dispersion,

as has been suggested for optical fiber systems (Marcuse and Lin,
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COMPRESSED
PULSE

MATCHED H
GRATING PAIR |

CHIRPED
PULSE

FIGURE 1.12 Compression of a chirped pulse by a matched puir
of gratings (Treacy, 1964).

{Copyright & 1869 The lnstitute of Electrical and Electronics Engineers, inc.)
1981). A laburatory technique for this recompression of a
chirped pulse is shown in Figure 1.12 (Treacy, 1969). The
grating palr technlque is versatile because the degree of ano-
milous dispersion 1s easily variable by changing the distance

L between the pratings

a%p L3
2ac4d? {1 - (A - sin RS

where d is che number of lines/em on the grating and | is
the angle between the Incident light and the grating normal.
Recompression has also recently been demonstrated in sodium

vapor (Nakatsuka et al., 198l) and with excitonic dispersion

" {n CaAs (Fehrenbach and Salour, 1982).

Through the self-phase modulation term on tiw right hand
slde of (1.25) a pulse can cause a rapld modulation of Its own
phase and hence a frequencyd:;;hift on the rise and andewmshiftt
fn the trailing half. Sioce the pulse shape is not changed by
this action, ané;oluus dispersion, such as that provided by a

grating pair, may then be used to compress the pulse (Laubereau,
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Iva9; bLehmberg and McMahon, 1976). Pulse compression is limited
in general because the frequency chirp 1s not linear over the
entire pulse,

The advantage optical fibers presented for enhancing self-
phase modulation was recognized early (Ippen et al., 1974;
Stolen and Lin, 1978) and interesting pulse shaping effects
that occurred in tne presence of dispersion were pointed out
(Fisher and Bischel, 1975)}.

(Crischkowsky and Balant, 1982) that the proper combination

More recently, it was realized

of fiber dispersion and self-phase modulation could produce a
more uniform chirp over the entire pulse length. This principle
then led (Shank et al., 1982) to the compression of pulses to

30 tsec with a 15 cm fiber and a grating pair.

A number of years ago it was also polnted out (Hasegawa and
Tappert, 1373) that the self-phase modulation term could be used
to compensate for the pulse broadening effect of dispersion. In
the simplest case, with the proper sign of dispersion and with a
sech(t/tp) pulse envelope, the two terms on the right hand side
of (1.25) can cancel. The pulse then propagates distortion free
as a 'soliton'.
in thefr propagation characteristics are also possible (Zakharoy
and Shabat, 1973; Satsuma and Yajima, 1974). With the advent of
length regime of negative group velocity dispersion
experimental demonstration of soliton formation and propagation
was made possible (Mollenauer et al., 1980). 1In addition to
opening up the possibility of interesting, sclentific studies
of soliton behavior, this work may point the way to eventual,
practical control of ultrashort pulse propagation in optical

fibers.

180

Higher order soliton solutions that are periodie

(~ 1.55 ym),
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2. PICOSECOND AND SUBPICOSECOND LASER SYSTEMS

2,1 Introduction

Although the first picosecond pulses were generated more
than fifteen yecrs ago (DeMaria et al., 1966}, we are now wit-
nessing & rapidly increasing interest in ultra-short pulse
techniques and their application to dynamic studies. This is
- largely due to the emergence of new laser systems that offer

. broader wavelength coverage, sub-plcosecond resolution, more
m- sensitivity, high repetition rates, and greater reliabilicy,
Hgure 2.1 compares, in two dimensions at least, several of
the most important ultrashert pulse laser systems curreatly
avallable. The dots indicate the primary oscillating wave-

‘ lengths and easily generated harmonics of the Nd:glass and cw
passively-modelocked Rhodamine 6G systems. Connecting lines

- jndicate that all intermediate wavelengths have been generated
by vonlinear optical, frequency conversion techniques. As in-
‘. dicated by the bars, aynchronously-pumped dye lasers and color
canter lasers offer continuously tunable cw pulse trains, al;

Iy beit not with & single pumping scurce or gain medium. It should

1 T T T T
lor Nd: GLASS 7
-— o - =221
e ———— COLOR CENTER
a SYNCH-PUMP DYE
z w»- -
2
<
§ ol PASSIVELY MODELOCKED ]
“ RING OYE :
5‘ .—.————_
[+ %
ey i ] 1 | 1

2 K] I 2 -]
WAVELENGTH (MICRONS)

JIGURE 2.1 Wavelength coverage and typical pulse durations of
Bk gwailable ultrashort pulse lasers.
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be noted that specific experimental considerations influence the

cholce of system for a particular application; pulse duration

may not be the only factor determining temporal resolution in ‘ IT

each case. Nevertheless, the passively-modelocked cw dye laser IO |

has a clear advantage in this regard. It is alsoc a high repeci- I

tion rate system that can take advautage of powerful signal I R= 5
A =

averaging techniques.
In this chapter we review and discuss some of the charac~

teristics of the systems indicated in Figure 2.1.

2.2 Nd:Glass Laser

Over the years the pulse output characteristics of this
laser have perhaps been the moet extensively investigated
(Shapiro, 1977). These investigatious have to a certailn ex-
tent been necessitated by the variety and variability of pulse

outputs obtained. Pulse characteristicse vary greatly with dif-

ferences in laser design, from shot to shot in a particular

system, and with position in the train of pulges produced by a

single flash. Much of this behavior can be explained in terms 2 )
_ - JIGURE 2.2 An antiresonant ring configuration for effective

of transient laser build-up from an initially statistical dis ‘ yaturable absorber modelocking

tribution of fluctuations (Kryukov and Letokhov, 1972), Selec- f

tion of a single, short, isolated pulse under these conditions 3g|ctions around the ring always have the same path lengths and

requires careful control of a variety of parameters. It is B actly cancel in the transmission direction. A saturable ab-

especially important that the laser be operated in a low order

transverse mode, near threshold, and that spurious reflections ftl effectively at the end of the resonator, It can be inserted
v

and beam irregularities be avoided. In order to avoid satellite & Brevster's angle to reduce the usual etalon effects of a con-

pulses the saturable absorber is generally placed in direct comn- ;.:ted dye cell. Pulsewidth reduction from 30 psec to 15 psec

tact with one of the end mirrors of the laser (Bradley et al., Tiiln a passively mwodelocked Nd:YAG laser has recently been obtalned

1970). A fast (picosecond recovery time) saturable absorber 14 :;"‘h this scheme (Vanherzeele and Siegman, 1982).

required. An interesting alternative to using a contacted dye The build-up of Nd:glass laser pulse trains and the varia-

cell involves the use of the anti-resonant ring (Siegman, 1973) glon of pulse characteristics during this build-up have been

shown in Figure 2,2, With a 50% beamsplitter, the antiresonant "%

0 studied by many workers {Shapiro, 1977). During the first part
ring has the property thrt all of the incident light 18 reflecred

.i.fthe flashlamp pumping, spontaneous emission fluctuations are
back along the incoming path. Pulses traveling in oppoaite di- '
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amplified linecarly. When they reach sufficient intensity te
begin bleaching the saturable absorber, the largest fluctuation
peak grows most rapidly and takes over. Although gain satura-
tion plays a role in emphasizing the largest peak {Glenn, 1975)
it probably does not have a dramatic effect on pulse shape.
(This 18 in direct contrast to dye lasers where strong galn de-
pletion and gain recovery can occur within a cavity round-trip
time.) As the main intensity peak (now a "mode-locked pulse")
continues to grow in amplitude, nonlinearities of the glass
laser medium (self-phase modulation and self-focusing) start to
introduce new spectral broadening and temporal sub-structure
(buguay et al., 1970; Korobkin et al., 1970). If the gain is
too high, the pulse can literally be torn apart {Eckhardt et
al., 1974).

Because:of this great variation between pulses within a
train, accurate plcosecond measurements must be made with sin-
gle, properly selected, pulses {von der Linde, 1972; Zinth et
al., 1977). Pulse selection is accomplished by passing the
pulse train through a high speed Pockels cell or Kerr shutter
that is activated by a high voltage spark gap (von der Linde
et al., 1970}. When the laser output reaches a predetermined
level, the spark gap fires and the next pulse is transmitted.
Usually the pulse is chosen to be near the beginning of the
train (as viewed on an oscllloscope)}. At this point the laser
is already in the regime where the primary fluctuation peak
has been isolated but subsequent broadening has not yet come
strongly into play. In a carefully designed system it 1s pos-
sible, in this way, to obtain pulses with an average pulsewidth
of ahout 35 psec and an rms width fluctuation of about 0.5
psec (Zinth et al., 1977). These pulses can be in a low order
transverse mode and have energles of several millijoules. Thus
peak powers are arocund 109 watts, already sufficient for ef-
ficlently driving a variety of nonlinear processes. In non-
linear experiments, however, the fluctuation of pulse charac-

teristics becomes increasingly problematic. Care must be taken

188

to characterize each pulse used.
Some applications require even higher powers than can be ob~
tained by & alngle Nd:glass oscillator. Just a few comments are
in order here. FPicosecond pulses saturate amplifier gain with
pulse energy. In the case of Nd:iglass, saturation energy den-
sity i about 5J/cw?. This means that Nd:glass amplifiers can
only be operated in a small-signal-gain, low efficiency configu-
ration. Even with 5 psec pulses, operatlon near saturation
¥ would result in peak powers of 10t? watts/cw?. At this peint
‘ destructive nonlinear effects in the glass would be overwhelming.
Mthough pulse energles of several joules can be achleved, such
very high power systems are complicarted, expensive, and are
needed only for a very few applications such as very short wave-
length generation (Reintjes et al., 1977; Attwood et al., 1977).
An area In which Nd:glass systems have been especially use-
ful has been in the generation and utilization of picosecond
infrared pulses (Kaiser et al., 1980; Kaiser and Laubereau, 1977).
with 9400 cm-l(l.Oﬁ um} pulses it is possible to generate tun-
if able infrared pulses between 2500 |:|11-l and 7000 cm_l by three-
photon parametric mixing in LINbO, (Laubereau et al., 1974).

) /Htth two LiNb03 crystals, separated by about 50 cm, consider-
able reduction in divergence and bandwidth is achieved (Seilmeier
P ot al., 1978). By addition of yet another stage, and by intro-
';_ ducing appropriate delay between the pump and signal beam, pulse
‘F-durntions have reduced into the sub-picosecond regime (Fendt et
;'.1” 1979). Generation of broadband tunable plcosecond pulses
‘i;‘or spectroscopy in the 10 um - 20 ym by difference frequency

11.3 Synchronously Pumped CW Dye Lasers

*’

The most common picosecond laser systems at this time are

rclally available, synchronously pumped dye lasers. They
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' ' GURE 2.4 Galn dynamics a8 a synchronously-pumped dye laser.
FIGURE 2.3 Schematic of a typical synchronously-pumped laser. ;n ympume

The dye 1s contained in a free-flowing jet and birefringent
plates provide tuning and bandwidth limitation.

 plerashore pulse operation 1s attempted. Satellite pulses form
BE a8 the gain rises above the loss line for a second time. Some

modelocked pump laser (usually eilther an argen or krypton fon '.”rove.ment in this regard may be achleved using a very small

laser) is used to pump a cw dye laser of matching cavity length. fgadius end mirror so that the gain jet is within several milli-

A typical arrangement is ghown in Figure 2.3. Pump pulses of B paters of the end of the resonator (Heritage et al., 1981).

about 100 psec in duration can be converted to dye laser pulses ’: J fhen the dye laser pulse makes two passes through the gain in

of several picosecond or lesa. The dye laser gain dynamics in- ¥ papid succession.

volved in this process are illustrated in Figure 2.4, Gain in- Figure 2.5 indicates the broad spectral coverage provided

creases as the integral of the pump pulse until 1t exceeds the ¥)y a relatively small number of dyes. Of lncreasing importance

losses. The pulse within the dye laser then arrives and drives .'u the 800-900 nm region (Kuhl et al., 1977) of interest for

the gain below the loss line. Actual pulse~shapes are very cri- "  resolved spectroscopy of GCaAs and GaAlAs macterials and

tically dependent upon the round-trip time (hence arrival time)
of the dye laser pulse (Ausschnitt and Jain, 1978). Sub-pico-

ructuzres. Dyes in this range have tended to be unstable and

to require unpleasant solvents. Very recently, stable and ef-
second pulse durations are possible but very difficult to obtain P fclent operation from 760 nm to 900 nm has been achieved

in practice. Recent streak camera results (Shapiro et al., 198l) ﬂth the single dye Oxazine 750 dissolved with propylene carbo-

have shown pulse break-up and satellite pulse formation when . sats in ethylene glycol (Aumiller, 1982; Eilenberger et al.,
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2.4 Synchronously-Pumped Color Center Laser

H7 Although not yet in such wide usage as dye lasers, color
COUMARIN RH 700 y

515 DCM IR140

—— . —— . — i — —

TiLBENE RH6G OX750
420

center lasers offer many similar qualities, i.e., tunability and

efficlency. Most importantly, they can provide cw picosecond

+
pulge trains at wavelengths unreachable with dyes. An F2
color center pumped by Nd:YAG and operating in the range 1.25 -
1.45 mm  (Mollenauer and Bloom, 1979) made possible the first

demonstration of long distance transmission of plcosecond pulses

{n optical flbers (Bloom et al., 1979). Very recently, discovery

—

1 1 | I ] l
3 4 5 6 7 8 9 1.O

WAVELENGTH (MICRONS)

of & new TEU(I) color center in KCR (Gellerman et al., 1981)
has made possible (also with Nd:YAG pumping) the development of

4 picosecond source for the range l.4 ym to 1.6 pm (Mollen-

FIGURE 2.5 Efficient dyes for wavelengths spanning the visible

aver et al., 1982). Both lasers are valuable diagnostic tools
and near infrared.

0
for this long wavelength regime. The new T2 (1) center In

particular is stable at rvom temperature and, under laser exci-

1982). Bandwidth limited pulses of about 5 psec 1in duration cation, free from orientatfonal bleaching.
have been obtained over most of the range. Frow a modelocking point of view the TEO(l) centers in
The ring geometry has been utilized by several groups for

T

Ré: ki have interesting properties. In contrast to dyes they have
synchronous modelocking (Heritage and Isaacs, 1961; Halbout et ‘. relatively low gain cross-section and a long (1600 nsec) ra-
al., 1981; Eilenberger et al., 1982), but the advantages of col- “-dintive decay time. As a result, the shortest pulses are pro-
liding pulse interaction here are still less clear than they are

¢ SRAITLaE s -

.'duced with synchronous pumping as far as possible above thres-
for passive modelecking.

bold in a high Q resonator (Mollenauer et al,, 1982). The
Synchronous pumping also opens the possibility of operating

R s,

galn dynamics of such a system are illustrated in Figure 2.6.
two modelocked dye lasers simultaneously for experiments re- The long gain lifetime implies little relaxation in a round-trip
quiring pulses at two wavelengths. The two lasers can be oper-

fl:;i.e. Thus the gain prior to each pumping pulse is essentially
ated in parallel (Heritage and Jain, 1978) pumped by the same

_ clamped to its value following the previous lasing pulse. This
argon laser, or in tandem (Jain and Heritage, 1975), where the .ni.‘. the {mportant consequence of both stabilizing pulse energy
first dye laser pumps the second. Most recently, a system pro=- '

viding two separately tunable, highly stable, cavity~-dumped
trains of 8 psec duration and low Jitter has been developed
(Heritage et al,, 1982). Such & system will find many important I:
applications in nonlinear, particularly Raman, spectroscopy
(Heritage, 1980).

The first sub-picosecond pulses were generated by the pas-

|1ve1y modelocked cw dye laser. A version of this laser that has
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FIGURE 2.6 Gain dynamics in a synchronously pumped color center
laser with a long gain lifetime.

been used successfully in a variety of picosecond studies is

shown in Figure 2.7. The gain medium, rhodamine 6G in a free-

ARGON LASER

e

FIGURE 2.7. Cavity-dumped, passively modelocked cw dye laser.

flowing stream of ethylene glycol, 1s located at a focal poiunt
spproximately in the center of the resonator. Near one end of
the resonator 1s a second, free-flowing stream of ethylene gly-
col contailning the saturable absorber dyes for modelocking. The
peas walst in this stream 18 about a factor of two smaller than
; that in the gain medium. Sub-picosecond pulses can be gunerated
v vith only the dye DODCI in the mudelocking stream, but in this
linear laser, addition of a second dye, malachite green, im-
proves reproducibilicy and stabilicy (Ippen and Shank, 1975a).
The recovery time of DODCI in this system has been measured to
be 1.2 nsec (Shank and Ippen, 1975), confirming its behavior
a8 a "slow" absorber. Malachite green provides some absorption
. recovery on a plcosecond time scale (Ippen et al., 1976} dis-
. eriminating against satellites and facilitating sub-plcosecond
_;f’ulse operation in a stable regime well above threshold.
At the other end of the resonator 1s a commercially avail-
shle cavity dumper that can dump gingle pulses from the laser

J;.,: a rate of more than 105 pps. This arrangement is often

) The output pulses of the system shown in Figure 2.7 have
.Tbccn well characterized., Sub-picosecond pulses are generated
615 nm. Energy in each pulse is about 5 x 10-9 J and
‘th. peak power exceeds 5 kW. 1In a focused beam, energy densi-
tiss of several millijoules per square centimeter are easily
"h;hieved. When the highest temporal resolution is required,
"ulnes can be compressed and filtered (Ippen and Shank, 1975a)
\#bo produce bandwidth-limited pulses with a duration of 0. psec.
The shortest of all pulses are produced by the colliding-
.'nae-modelocked (CPM) ring laser (Fork et al., 198l). A system
¢ 4p our laboratory similar to that of Fork et al., is 1llustrated

-". pigure 2.8, The prism and cavity dumper have been removed to

195




24

" OUTPUT COUPLER

GAIN STAGE

RHODAMINE &G
10 ¢m MIRRORS

PUMP .
{3145 A)

5 cm MIRRORS ~
< N \ 7 ABSORBER STAGE
DODC!

FIGURE 2.8 Femtosecond pulse generating CPM ring laser.

reduce dispersion. Since pulse collision in the saturable ab-

sorber 1s energetically favored (Fork et al., 1981), the RH6G
gain stream is placed one-fourth of the way around the resonator
so that oppositely traveling pulses are equally spaced in arri-
val time at the gain. The absorber stream, requiring now only

DODCI, is wmade as thin as possible (v 20 um)

coberent coupling enhancement for ultrashort pulses. With a

to maximize the

selected set of mirrors the CPM laser in our laboratory gener-

ates pulses approximately 80 fsec in duration. Similar, and
even somewhat shorter, pulsewidths have been reported by Shank

et al. (1982} and Halbout and Tang (1982). Output pulse dura-

tion can be greatly influenced by mirror selection which can
present frustrations but may also provide opportunity for stil]
shorter pulses.

Ferhaps just as lmpressive as the reduction in pulsewldch

achieve by CPM is the improved amplitude stability. This trang=
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lates directly into improved sensitivity and signal-to-noise.
Recent sampling experiments performed with this laser have de~

7 (Valdmanis

monstrated sensitivity to modulation depths of 10
ot al., 1982).

2.6 High Power, Sub-Picosecond Amplification

Although high repetition rate and pulse reproducibility make
it possible to perform a great variety of picosecond experiments
with continuously operated lasers, there are several important
reasons for pushing toward higher power. Some time-resolved ex-
periments (especially in low density systems) simply require more
pulse energy. High power facllitates the conversion of pulse
, snergy to other wavelengths for more experimental versatility.
8 Finally, well-controlled sub-picosecond pulses make possible
3 gome very high power experiments not amenable to longer pulse

3 durations.

An amplifier system used in our laboratory in conjunction

' with sub-picosecond pulses from a CPM ring laser is shown in Fig-
ure 2.9 (Migus et al., 1982; Shank et al., 1982).

¢ bubled ’

A frequency-
Q-switched Nd:YAG {s fired at optimum time for the
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.{ JICURE 2.9 Four stage dye amplifier for femtosecond pulses.
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selection of a single pulse from the CW dye laser. Successively
larger fractions of the resulting high power pulse at 35300 K
are split off to pump four dye amplifiers. The pumping dura-
tion 1s about 10 nsec, synchronization with the sub-pilcosecond
pulse is within 1 nsec, and the whole system can be operated
at a rate of 10 pps.

Considerable care must be taken to prevent excessive losses
due to amplified spontaneous emission (Ganlel et al., 1975),
Geometrical design can be optimized to avoid sélf—dumping of a
single stage (Wallenatein and Hanach, 1975). Strongly absorbing,
malachite green, absorber streams are used to 1solate stages
from each other and to reshape ﬁulses after amplification. A
grating pair (see Chapter 1) is used at the output ro compress
the pulses by compensating for chirp introduced in the ampli-
fiers. An optimized system such as this can produce output
pulses of B0 fsec in duration and 1.2 GW peak power (Fork
et al., 1982a,b).

An alternative amplification scheme for femtosecond pulses
has recently been demonstrated (Kafka et al., 1982; Sizer et al.,
1981). Ultrashort pulses are generated by synchronously pumping
a RH6G-DQOCI (saturable absorber) dye laser with frequency-
doubled pulses from a cw modelocked Nd:YAG laser. Unconverted
1.06 ym pulses from this laser are used in parallel to seed a
high power Nd:YAC amplifier. The resulting intense pulses are
then selected, frequency doubled, and used to pump & chain of
dye amplifiers. By pumping the dye amplifiers with plcosecond
pulses, in synchronism with oscillator pulses to better than
50 psec, it 18 possible to achieve high gain with much less
amplified spontanecous emission (ASE) coupling between stages.

4 further advantage of this pilcosecond synchronized system is
its adaptability to higher repetition rate amplifiers (Kafka et
al., 1982).
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1.7 Continuum Generation

For spectroscoplc purposes, high power pulses can be used to
peoerace other wavelengths by stimulated Raman scattering, para-
mtric converslon, or continuum generation. The latter techaique

by focusing amplified pulses into a cell containing H20. DG, or

cclk we have generated subplcosecond (continuum) pulses wfth a
wavelength content extending from the near ultra-violer (» 300
ap) to the infrared (™ 1.6 um). Measurements on selected por-
}";1onn of this continuum show sub-picosecond pulse durations.

- yich all reflective optice and gemeration in a thin (300, um)
fij.: of ethylene glycol, continuum pulses as short as 65 fgec
L..nd with negligible chirp over a broad range have been demon-
strated (Fork et al., 1982b). This continuum, with an optical
multichannel analyzer to obtain high resolution time spectra
'lf‘ih‘nk et al., 1978a), 1is now being applied to a variety of
Epslecular and solid gtate studies.
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THREE-PULSE-SCATTERING FOR FEMTOSECOND DEPHASING STUDIES:
THEQORY AND EXPERIMENT
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Massachusetts Institute of Technology
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ABSTRACT

A novel transient three-pulse scattering technique for measuring ultrafast dephasing
times in condensed matter is analyzed using a perturbative solution of the density matrix
equation. The advantages of this technique include sub-pulsewidth resclution, a clear dis-
tinction between homogeneous and inhomogeneous broadening and sensitivity to spectral
cross-relaxation. Its application to the case of a multilevel resonance is also considered.
We report resulta of femtosecond dephasing experiments with dye molecules in liquids and
in a polymer host. The dephasing time ia determined to be less than 20 fsec for dyes in
solution at room temperature. At low temperatures in polymers, a transition from ho-
mogeneous to inhomogeneous broadening has been observed and studied as a function of
temperature.

* Permanent Address: Bell Communications Research, Holmdel, N.J. 07733

**Permanent address: Centro di Elettronica Quantistica e Strumentasione Elettronica
del CNR Istitute di Fisica del Politecnico Milano [taly

. Introdnction

Optical dephasing experiments can be used to investigate fundamental static and
dynamic properties of condensed matter and to elucidate the nature of photo-physical
and photochemical interactions. Recent applications have included studies of guest-guest
and guest-lattice interactions in mixed molecular ¢rystals |1], tunneling mechanisms in low
temperature amorphous solids 2] , dynamics of dye molecules in solution (3-4], and exciton
localization in multiple quantum well strectures [5]. In many cases of interest, dephasing
may occur on a very rapid, sub-picosecond timescale and inhomogeneous broadening may
obscure the true phase relaxation dynamics. A variety of nonlinear optical techniques, such
as hole burning [6-9], fluorescence line narrowing |10}, resonant Rayleigh scattering (3], and
polarization spectroscopy [11], have been developed for frequency domain measurement of
the homogeneous linewidth within an inhomogeneous broadened line. For time domain
measurements, technique such as the photon echo [12-14} and two puise self-diffraction
[15] have also been valuable. We have recently developed a transient three-pulse scattering
scheme which seems particularly advantageous for femtosecond dephasing studies [4,16-18].
Qur niethod provides sub-pulsewidth resclution, clear distinction between homogeneous
and inshomogeneous broadening and sensitivity to spectral cross-relaxation effects.

In this paper we present a comprehensive theory of our three-pulse acattering tech-

nique, considering both homoegeneoua and inhomogeneous broadening. The possibilities
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of spectral cross-relaxation and of a multilevel system are also incorporated. Further, we
report the application of three-pulse scatiering to a study of dephasing of dye molecules, in
solution and in a low-temperature palymer host, on a femtosecond time scale. The results
in solution indicate the validity of the homogeneous broadening model and substantiate
the predictions of our theory in this case. Inhomogeneous broadening effects are clearly
evident in the low temperature polymer and demonstrate the ability of our technique to

discriminate between the two broadening mechanisma.

II. Theory

A. General Formalism

The interaction geometry for three pulse scattering is illustrated in Fig. 1. The
method relies on an optically induced grating formed by the interference of pulses #1 and
#2. When the two pulses are separated temporally, a grating can still be formed provided
that the dephasing time T3 is sufficiently long. By measuring the grating amplitude as
a function of the delay between pulses #1 and #2, one can measure the dephasing time.
This is accomplished using pulse #3 as a delayed probe to scatter off the grating into
background-free directions kg = ka + (k) ~ k) and ks = ks - (ki — k).

We have analyzed three-pulse scattering in an optically thin medium, using a third

order density matrix expansion in the rotating wave and electric dipole approximations

2

<

[19-20]. For a three level system {an excited state coupled to a reservoir and a ground
state), which is appropriate for materiale such as dye molecules or semiconductors, this
third order term may be written as follows:
toa 1
A7, ) ~ [ dt'E(7, ¢ )ezp [(«sﬁ- + fAw)(t - t')]
¢ o

x [ dt"j di™ {ezp |- (t' - t")/T,] + ezp[-{t' — t"}/Te]} (1)

x {E (F eV E(F, 1" exp [(—Tl,2 +iAw)(e” - c"')] + c.c.}
where £ and ,5[,‘1' refer to pesitive frequency amplitudes, i.e. E(f,t) = E(F, yezp(iw ) +
e, piNF ) = A3, t)ezpliwt) and Aw is the frequency detuning defined as the mate-
rial resonance frequency w, minus the laser frequency wy. T, is the ground state recovery
time; T, is the excited state relaxation time. We have agsumed T 3» T, Ty. For the more
general case in which vibrational relaxation, ground state recovery and dephasing occur on
comparable timescale, the analysis becomea more complicated; but three pulse scattering
can still be used to extract information about these processes. Although simple exponen-
tial dephasing (with time constant T3) has been assumed here, an arbitrary transverse
relaxation function Ar(t) is easily incorporated and will be used interchangeably through-
out {21] . For homogeneous broadening the polarization positive frequency amplitude P
is simply the product of ,533’ and the eleciric dipole matrix element; when inhomogeneous
broadening is present, one must integrate the expression for ﬁ(g‘:) over the distribution of

resonant frequencies g{w.).



If we now write the electric field as a superposition of the three plane-wave input
pulses of the same shape, we can identify the source terms for the scattering. Specifically,

we write:
E(7,1) = arelt + r)ezp(—ik, - 7) + aze(t)ezp(—~ika - 7) + aze(t ~ T)exp(~iky-7)  (2)

where e(t) is the (complex) electric field envelope function and the a; allow for different
pulse intensi;igs. The delay r is positive when pulse #1 precedes pulse #2. With the
restrictions that pulse #3 arrives at least several pulsewidths after pulses #1 and #2
and that the population does not change appreciably within the duration of pulse #3

(generally valid if pulse #3 arrives after any rapid excited state relaxation is complete},

the polarization source term for scattering inte direction k¢ is written as follows:

PI(7,t) ~ exp(—ike - 7) [ duog(wo) j et - Tyeap [(—%1 +iAw)(t - t‘)] (s0)
 e2pl~T/T,)atr, Bw)

where

A(r, Aw) ~ [ T f Y (e ()elt” + rYesp [(-%2 +iAw)(t” - :"‘)] "

et + e (e (- - sdw)(” - )]

4{r, Aw) represents the complex grating amplitude generated by the interference of the
second pulse with the coherent polarization left bebind by the first. The source for scat-

tering into direction ks can be obtained by substituting —7 in place of r in eqs.(3). This

4

50

is equivalent to replacing 4 with 3. The actual population grating is written:

1(F, 7, Bw) = exp(=T/Ty} x {3(r, Sw)expl-i(ky — ko) 7] + c.c.} (4)
where the maximum positive value of + correspends to the maximum ground state deple-
tion.

The quantity actually measured is the total scattered energy U/ as a [unction of the
delay 7 between pulses #1 and #2 and is proportional to the time integral of the squared

polarization:
U fr) ~ [ aPE (7,0 (5)
ky N *
and similarly for direction ks.

B. Homogeneous Broadening

In the case of homogeneous broadening, the scattered energy as a funciion of r is

proportional to the squared complex grating amplitude, i.e.

Ug, = U, ~ |3(r, aw)|? ]

The scattering curves are always symmetric with respect to the delay r between pulses
#1 and #2 , independent of pulse #3. The scatiered energy depends on the delay T' of

pulse #3 relative to the ground state recovery time T, (see ¢q.{3a)). However, because the
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dephasing is revealed through the shape of the scattering curve as a function of 7, we omit

the ezp(-2T/T,) factor in eq.(6) and following expressions.

For pulses much shorter than the dephasing time T, the scattered energy has the

following simple form:

Ui, = Ug, ~ ezp(-2I7|/T2). (7)

On the other hand, for pulses much longer than T}, the expression for the scattered energy
reduces to the squared envelope of the electric field autocorrelation, for both homogeneous

and inhomogeneous broadening:

3
s, = s, ~ | et e+)

This property was used previously to measure the coherence properties of modelocked
pulses |22]. Even when arbitrary pulse shapes are considered, the electric field autocorre-
lation function is still sufficient to characterize the scattering. This feature is particularly
advantageous in the picosecond and femtosecond time domains, in which pulse shapes
themselves cannot yet be directly measured. By rewriting the compiex grating amplitude

% from eq. (3b) as a symmetrized convolution of the transverse relaxation Function hr(r)

with the electric field autocorrelation G(r), we obtain the following expression:

A(r, Aw) ~/dr'h1- (r' + r)ezp[idw(r’ + 1) G(r'}+
(9
+ / dr'h{r’ - r)ezp |~iAw(r’ - )| G"(r")

where G(r') = [dte(t}e(t + ') and Ar(r) is zero for negative values of r. Because
the electric-field autocorrelation Function is readily measured (4], fast dephasing times
can be resoived by locking for small differences between the scattering data and IG(r)|3,
which represents the response for T = 0. Furthermore, because |G(r)|? depends not on
the pulsewidth but on the pulse coherence, resolution well below the pulsewidth can be
achieved using spectrally broadened pulses.

Equation (9) can be restated more elegantly in the frequency domain; the Fourier
transform of the complex grating amplitude 4 is the product of the absorption spectrum
a(w) and the laser power spectrum $(w):

A(r, Aw) ~ fdﬂczp(iﬂr)a(w;, + Mwy +11) (10)
where wy is the laser carrier frequency and ! = w — wy. The derivation of eq. (10) is
based on the Fourier transfortn relationships between the laser power spectrum and the
electric Geld autocorrelation and between the absorption spectrum and the phase relaxation
function, respectively.

Figure 2 shows caiculated curves for the scattering produced by Gaussian pulses ¢{t) =

e::p(—lzft?,) in a homogeneously broadened medium with simple exponential dephasing.
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The laser frequency is exactly coincident with the material resonance. Dephasing times
as short as 0.3 ¢, should be observable, provided that a 10% broadening of the squared
electric field autocorrelation can be measured. Assuming a pulse duration of 70 fsec full-
width half-maximum (FWHM), this corresponds to a resolution of 20 fsec. In practice
the resolution will depend on the experimental signal-to-noise ratio and on the accuracy
of the instantancous response measurement. Based on our previous experimental results,
resolution down to 20 fsec is indeed feasible [4,16-18].

Figure 3 shows off-resonance scattering curves for Guassian pulses for a fixed T} =
2.5¢, but for various frequency offsets Awiy/2x. As the detuning is increased, the scat-
tering curve deviates from the Aw = 0 curve and eventually approaches the instantaneous
response. For intermediate frequency offsets (i.c.Awt, /2% ~ 0.5) the scattering curve can
actually be narrower than the T; = 0 responce. This behavior can be explained on the
basis of eq. {10). For large detunings only the wings of the Lorentzian, which are very flat
far from line center, are of importance. In this case the product in eq. (10) is dominated by
the power spectrum, and the scattering reflects the pulse charactristics only. The narrower
scattering curves calculated for intermediate detunings arise becanse of the positive curva-
ture of the absorption at these frequencies. Note that the off-resonant behavior discussed

above may not be of general validity but depends on the assumed Lorentzian lineshape.

C. Inhomogeneous Broadening

34

In the case of inhomogeneous broadening, the scattering curves are asymmetric in 1, in
contrast to those for homogeneous broadening. This asymmetry provides a simple criterion
for ;liﬁerentiating between the two types of line broadening. For an inhomogeneously
broadened system, pulses #1 and #2 create a series of popuiation gratings y(Aw), spatially
shifted with respect to each other because of the different sub-group frequencies. This is

particularly evident from eq.(4), evaluated for the case of delta-function pulses:
~(F, 7, Aw) ~ ezp(—|7|/T2}cos [(El —kq)-F - Awr] (11)

If the inhomogeneous broadening is large, the total population may become almost uniform
spatially. Nevertheless, scattering may still occur, as follows. The arrival of pulse #3
at time T generates for each grating a third order polarization, whaose initial phase is
determined by the spatial shift of the grating and which oscillates at the appropriate
resonant frequency. The total polarization, again for delta function pulses, is obtained for

each scattering direction from eqa.(3) using eq.(11):
(B + B ~ezp (¢ =T+ 1/Ta] [ dua(u)
{ezp{~i[ks 7~ Bufe-T + )]} + (12)
+exp{—i[ks -7 — Aw(t—-T-r)]}}
At time T' + |7[, all the polarization components interfere constructively to form a phased

array for radiation in direction %, for r < O or in direction kg for r > 0. Thua, for a

9
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fixed value of 7, scattering occurs preferentially in a single direction. In the limit of T
much longer than the inverse inhomogeneous width (wide inhomogeneous broadening), we

obtain the following expression for the scattered energy:
T >0: Uy, =0;Ug, ~ ezp(—47/T) (13a)

T <0:Ug, ~ezp(d4r/Ta)iUg, =0 (138)

Note that the inhomogeneous limit of our three pulse scattering technique gives the same
result as the weak-feld limit of the stimulated photon echo [13]. We wish though to
emphasize the generality of three pulse scattering, which includes both the homogeneous
and inhomogene.oua limits within its framework.

Figure 4 shows calculated curves for the scattering of Gaussian pulses into direction
ks, in the case of wide inhomogeneous broadening. The characteristic exponential decay
is evident only for T; > 2t,. Even for small dephasing times, however, the rising edge
and peak of these scattering curves exhibit a pronounced shift towards positive delay with
increasing Tz. The normalized peak shift r, {defined as the total separation beilween the
peaks of the k, and ks scattering curves normalized to ¢,) is plotted in Fig. 5as a function
of 73/t,. The graph is close to linear for T3 < ¢, with ry, ~ T3. Thus, r, can serve as a
sensitive measure of dephasing times shorter than the pulsewidth.

As in the case of homageneous broadening, the electric field autocorrelation alome

10

is sufficient to provide a reference for the three-pulse scattering. In the limit of wide

inhomogeneous broadening, substitution of eq. (9) into eq. (3] yields after some further

“simplification the following:

PIF, 1) ~ exp(—iky - 7) [ dt'|hr(t — ) 2q(t' —TIG™(t -t + 1) (14)

We have written g{t' — T) instead of ¢(t' — T) as previously te allow for the possibility that
the shape of pulse #3 differs from that of the other two pulses. The scattered emergy is

evaluated using eq. (14) in eq. {5), with the following result:
Ug, (r) ~ f f dr'de” |hr(# )RR (P )PQU — )G + )G (r + ") (15)

where Q(r) = [dtq(t)q"(t + 7). Equation (15} demonstrates that the scattering curves
depend directly on the experimentally accessibie electric field autocorrelation functions, as
claimed. Also in the case of an arbitrary inhomogenecus distribution, the scattered energy
can be expressed entirely in terms of the field autocorrelation; however, the forinula is

rather cumbersome and is not given here.

D. Spectral Cross — relaxation

We consider now the possibility of spectral cross-relaxation within an inhomogeneously
broadened line, which arises when the resonant frequencies of individual absorbers are not

fixed but can migrate within the inhomogeneous distribution. In the presence of spectral
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cross-relaxation, the scattering behavior is sensitive to the delay T of pulse #3. For delays
longer than the characteristic spectral diffusion time (T >> T3), the rephasing discussed
in connection with eq. (12) can no longer occur since the various gratings are no longer
distinct. There exists then only a total population grating, whose amplitude is equal to
the sum of the individual complex grating amplitudes, expressed according to eq. (9) and

weighted by the inhomogeneous distribution, as follows:

sroras(r) ~ [ duog(we)i(r Aw) (18)

This expression simplifies considerably upon substitution of eq. (10) for the individual

complex grating amplitudes, with the result:
Sroraslr) ~ jdﬂ!zﬂ(fﬂf)ﬂroru.(w. + Mglws +10) (17

Here arorar{w) = [ dwogl{wo)amom{w —- w,o) is the total absorption lineshape, given by
the convolution of inhomogeneous distribution with the baseband homogeneous lineshape
function agonm. Equation (17) is exactly analogous to eq. (10) for homogeneous broad-
ening. Thus, for T 3 T3, the scatiered energy is a symmetric function of i however, the
width of the scattering curve reflects the inverse absorption width rather than the actual
dephasing time T%.

We have investigated analytically the transition from asymmelric to symmetric scat-

tering curves with increasing T'/Ty for the case of delta-function puises and a Gaussian

12
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inhomogeneous distribution g(w,) = (1/6wy/#)exp [~ (w — w,)?/8w?]. The probability per
unit time that an absorber initially resonant at w,, jumps to a new resonant frequency w,

is assumed to have the following simple form [23):

Plw, ~ wa) = g{wo)/Ts. (18)

Scattering curves for direction kg are shown in Fig. 6 as a function of  for several values of
the pulse #3 delay T /T3, assuming wT; = 10 and that the ground state recovery time T,
is much longer than the time scale of interest. As the delay of the third pulse is increased,
the scattering curves become narrower but more symmetric. The scattering efficiency for
7 = 0 i3 insensitive to the spectral diffusion since all gratings are created in phase.
According to the discussion above, three pulse scattering can yield information about
spectral diffusion as well as dephasing. This i3 accomplished by repeating the experiment
for various settings of T and looking for a transition [rom asymmetric to symmetric scat-
tering curves. The ability to investigate spectral diffusion using our transient three pulse
technique constitutes an advantage cver recently proposed techniques which use incoherent

light [24-25).

E. Multilevel Systems

We have already scen how the three-pulse scattering can be sensitive to spectral cross-

relaxation, We discuss now a (urther potential complication which arises when a multilevel
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rather than a two-level energy structure is appropriate. When several transitions are
excited simultaneously, interference between the various coherences leads to dephasing
faster than that due to one line individually. Ualike inhomogeneous broadening dephasing

due to multi-line excitation is an ureversible process.

We have considered analytically a simplified multilevel model in which the ground state
is still an isolated level but in which the excited state consists of a aet of discrete lines, each
with its own matrix element and dephasing rate. Each individual transition is assumed
homogenecusly broadened. The possibility of a smooth, unresolved absorption spectrum or
of a continuum is included as a special case {when the individual homogeneous linewidtha
exceed the level spacing}. Even for a general homageneously broadened multilevel system,
we find that the scattering is still a symmetric function of r (with the same restrictions as
previously on the delay of pulse #3). The scattering curves may be calculated by eq. {10}
in a fashion exactly analogous to the homogeneously broadened two-level system, except
that now the total absorption spectrurn, rather than that due to a single line, must be
used. Thus, when the individual transitions are unresolved even in the absence of any
inhomogeneous broadening, three pulse scattering yields an eflective dephasing time which
is the inverse of the total absorption width and which must not be considered an average

dephasing time for the individual resonances.

This discussion does not preclude the possibility of observing inhomogenecous broad-

14

ening behavior in multilevel systems. For example, inhomogeneous broadening may lead
to a totallabsorption spectrum still wider than the multi-level absorption spectrum of an
individual absorber. Alternately, inhomogenecus broadening may result in a amooth ab-
sorption spectrum even when the spectrum of a single molecule consista of discrete, resolved
lines. When inhomogeneous broadening significantly influences the multilevel absorption

spectrum, asymmetric scattering curves and peak shifts may be chaerved.

1t is interesting to compare dephasing measurements performed in the time domain
(three pulse scattering) and in the frequency domain (apectral hole burning). For a two
level system these techniques yield the same dephasing time. In the case of a multi-
level system or of a continuum, however, temporal and spectral measurements are no
longer directly related. In a homogeneously broadened, unresolved multilevel system, three
pulse scattering measures a dephasing time which is the inverse of the total absorption
bandwidth. A spectral hole burning experiment, however, can yield hole widths related
to the linewidth of a single transition. This difference between the temporal and spectral
measurement techniques must be considered when describing complex multilevel systems

in terms of tw:-level atom concepts.
III. Experiment

As an initial application of three pulse scattering, we used pulses form a colliding-
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pulse-modelocked {(CPM) ring dye laser [26] to investigate the dephasing of dye molecules
in solution [4,18]. Our laser produced pulses with a duration 70 fsec FWHM at a wave-
length of 620 nm and with a repetition rate of 125 MHz. In the case of parallel polarization
for all three pulses, the scattering amplitude was strongly enhanced due to the formation of
a cumulative thermal grating. When thermal gratings dominate, our technique measures
the total absorption width, independent of the actual dephasing time T3; and scattering
curves are always symmetric. Nevertheless, the thermal grating effect can be exploited to
test the theory developed for the case of homogeneous broadening. Figure 7 shows par-
allel polarization scattering data for the dyes Nile blue and rhodamine 640 in methanol.
Alsa shown are curves calculated on the basia of eq. (10), using the measured laser power
spectrum and dye absorption apectra. In the case of Nile blue, the calculated curve is indis-
tinguishable from the squared electric field autocorrelation, due to the shallow curvature
of the absorption spectrum at the laser wavelength {which coincides with the absorption
peak). In the case of thodamine 640, the excitation is shifted 50 nm to the red of the
absorption peak; in this region the absorption varies sufficiently rapidly that significant de-
parture from the instantaneons scattering response is predicted. The excellent agreement
of the calculated curves with the data in Fig. 7 demonstrates the validity of our theory in
the case of homogeneous broadening, for instantaneous and noninstaneous dephasing and
for resonant and off-resonant excitation. The rhodamine G40 data substantiates our claim

16

(see Fig.3) that scattering curves narrower than the instantaneous response may occur.

True dephasing information can be obtained if the thermal grating is eliminated nsing
orthogonal polarizations for pulses #1 and #2. Scattering curves for Nile blue are still
symmetric and indistinguishable from the instantaneous response. This indicates homo-
geneous broadening with an apparent dephasing time less than the 20 fsec experimental
resolution. Similar results were obtained with several other dyes. This very rapid dephaa-
ing results from the simultaneous excitation of many different atates within the absorption
band and does not torrespond to the dephasing time of an individual transition. Our
experiments do show, however, that the temporal response of these molecules in solution
may be modeled as homogeneously broadened at room temperature.

We have also studied the dephasing of dye molecules in thin films of PMMA polymer
[18] using amplified CPM laser pulses (27| with a duration of 75 fsec FWHM and a 10 Hs
repetition rate. As a preliminary experiment, we measured the grating lifetime by scanning
the delay T of pulse #3 with the delay 7 between pulses #1 and #2 set to zero [28]. Data
are shown in Fig. B for two typical dyes, cresyl violet and oxasine 720, at a temperature
of 15 K. The scattering ia zero when pulse #3 arrives before pulse #1 and #2; this
demonstrates that no persistent grating develops. For large T' the scattering approaches
an almost constant level (for our 2 psec delay range) that decays on a nanosecond time

scale. The large peaks near T = 0 are an artifact which occurs when all three beama
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interact coherently. The tails of the T = 0 peaks are evidence of intraband excited state
relaxation of the dye molecules occurring on a time scale of several hundred femtoseconds.
Similar rapid excited state relaxation has also been observed for several dyes molecules in
liquid solution at room temperature [29].

We now proceed to a discussion of the dephasing measurements. Scattering curves
for cresyl violet taken at a temperature of 15 K are shown in Fig. 9a for both scattering
directions. The delay of the third pulse was set to 1.3 psec. The asymmetry of the curves,
illustrated by the 60 fsec peak shift, shows that inhomogeneous broadening is present
and demonstrates the ability of onr technique to distinguish between homogeneons and
inhomogeneous broadening. With increasing temperature the asymmetry and peak shift
decrease. At room temperature the peak shift is no longer evident, as shown in the data
of Fig. 9b. At this temperature homogeneous broadening apparently dominates.

To check for spectral cross-relaxation, we repeated the dephasing measurements with
the delay of the third pulse varying between 200 faec and 200 psec. The observed peak
shifts of 60 fsec at 15 K and 33 fsec at 100 K were found to be independent of the third
pulse delay. Thus, spectrai diffusion is not evident in this time scale and temperature
range.

Despite the clearly resolved peak shifts in our low temperature scattering data, we do

not observe a pronounced tail indicative of a long T;. According to the simple analysis of
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Section IL.C this would indicate dephasing on a time scale comnparable to the pulsewidth,
However, low temperature nonphotochemical hole burning measurements on cresyl violet
in polyvinyl. alcahol polymer indicate that the dephasing time should be on th; order of
one or two picoseconds [9]. Our results can be explained on the basis of a multilevel
rather than a two-level energy structure. From the hole burning spectra, we infer that
for our laser bandwidth several lines are indeed excited. Because the lines of a single
cresyl violet molecule are well-resolved at low temperature, inhomogeneous broadening
still contributes to the dephasing; and a peak shift is detected. As the temperature ia
increased, the individual lines broaden and eventually overlap; the molecule behaves like a
homogeneously broadened two-level aystem with a linewidth equal to the total absorption
width. This explanation applies to the room temperature data shown in Fig. 9b aa well

as to the room temperature data for dye molecules in solution.

In additon to cresyl viclet we have alsc investigated the dephasiag of Nile biue and
oxazine 720. For both dyes the scattering curves are symmetric over our entire temperature
range (15 Klto 300 K), and no peak shifis are detected . The 15 K Nile blue data are
shown in Fig. 10. The results are again explained in terms of a muitilevel structure. For
Nile blue and for oxazine 720, the laser photons have in each case an excess energy of

1

several hundred em™! relative to the absorption onset; for cresyl violet , however, the

laser frequency is coincident with the absorption edge. Therefore Nile blue and oxazine
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720 should have considerably higher denaities of states than does cresyl violet. Due to
higher densities of states, the individual lines may not be resolved, even at 15 K. In this

case, the dephasing should appear instantaneous.

IV. Sommary

Using a third-order density matrix expansion, we have analysed three-pulse scattering
as a method for studying ultrafast optical dephasing. The technique provides a clear
distinction beiween inhomogeneous and homogeneous broadening , and it does so in a
way that facilitates measurement of dephasing times comparable to or shorter than the
pulsewidth. We have also developed the theory to include the effects of spectral cross-
relaxation and the behavior of a muitilevel system. By varying two of the relative delays
in the three pulse geometry, we show that it is possible to monitor spectral cross-relaxation
effects and to separate them from dephasing and energy relaxation phenomena. With a
multilevel system three-pulse scattering exhibits the same advantages predicted for a two-
level system. Unlike dephasing in an inhomogenous ensemble, however, dephasing due to
excitation of multiple levels of the same molecule is irreversible; and its scattering signature

is determined only by the input pulse and its muitilevel absorption spectrum.

To illustrate the principal characteristics of three-pulse scattering, we have presented

results of femtosecond dephasing experiments with dye molecules in liquida and in a poly-
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mer host. At rcom temperature the results indicate apparent dephasing times of less
than 20 fsec and support the contention that the dye absorption bands are homogenously
broadened. At temperatures below 100 K, using cresyl violet in PMMA, we have observed
asymmetric scattering due to inhomogeneous broadening. These results demonstrate the
predicted sensitivity of three-pulse scattering to the two different broadening mechanisms
and establish three-pulse scattering as an important tool for studies of ultrafast dephasing

n condensed matter.
Acknowledgement

This research was supported in part by a grant from the Joint Services Electronics
Program under contract DAAG 29-83-K-003. A.M. Weiner was a Fannie and John Herts
Foundation Graduate Feflow. S. De Silvestri is a NATO Science Fellow. We would like to

acknowledge Dr. J.G. Fujimoto for valuable discussions.

21



teferencea

{1

[

3

4|

|5

6

(7l

D.E. Cooper, R.W. Olson, and M.D. Fayer, "Iniermolecular interaction dynamics
and optical dephasing: picosecond photon echo measurements in mixed molecular
cryatals,” J. Chem. Phys. 72, 2332-2339 (1980).

B. Golding and J.E. Graebner, "Relaxation times of tunneling systems in glasses,” in
Amorphous Solids, W.A. Philips, ed. (Springer-Verlag, Berlin, 1981), pp. 107-134.
H. Souma, T. Yajima and Y. Taira, "Ultrafast relaxation study by resonant Rayleigh-
type mixing spectroacopy using picosecond pulses,” J. Phys, Soc. Jpn 48, 2040-2047
{1980).

A M. Weiner and E.P. Ippen, "Novel transient scattering technique for femtosecond
dephasing measurements,” Opt. Lett. 9, 53-55 (1984).

J. Hegarty, L. Goldner, and M.D. Sturge, unpublished.

J. Friedrich. H. Wolfrum, and D. Haarer, "Photochemical holes: a spectral probe of
the amorphous state in the optical domain,” J. Chem. Phys. 77, 2309-2316 {1982).
H.P.H. Thijssen, R. Von Den Berg and S. Volker, "Thermal broadening of optical
homogeneous linewidths in organic glasses and polymers studied via photochemical
hole-burning,” Chem. Phys. Lett. 97, 295-302 (1983).

B.L. Fearey, T.P. Carter, and G.J. Small, "Efficient nonphotechemical hole burning

of dye molecules-in polymers,” J. Phys. Chem. 87, 3590-3592 (1983).

22

“t

(9

[10)

(1)

(12]

(13]

[14]

[15]

T.P. Carter, B.L. Fearey, J.M. Hayes, and G.J. Small, "Optical dephasing of cresyl
violet in a polyvinyl alcohol polymer by non-photochemical hole burning,” Chem,

Phys. Lett. 102, 272-276 (1983).

A. Szabe, "Observation of the optical analog of the Mossbauer effect in ruby,” Phya.

Rev. Lett. 27, 323-326 (1971).

M.D. Levenson, R.M. MacFarlane, and R.M. Shelby, "Polarization-spectroscopy mea-
surement of the homogeneous linewidth of an inhomogeneously broadened color-center
band,” Phys, Rev, B22, 4915-4929 (1930).

ILD. Abeila, N.A. Kurnit, and S.R. Hartmann, "Photon echoes,” Phys. Rev. Al4]l,
301-406 (1966).

T. Moasberg, A. Flusherg, R. Kachru, and S.R. Hartmann, “Total scattering croas
section for Na on He measured by stimulated photon echoes,” Phys. Rev. Lett. 42,
1665-1669 (1979).

W.H. Hesselink and D.A. Wiersma, "Picosecond photon echoes stimulated from an
accumulated grating,” Phys. Rev. Lett. 43, 1991-1994 (1979).

T. Yajima, Y. Ishida and Y. Taira, "Investigation of subpicosecond dephasing pro-

cesses by transient spatial parametric effect in resonant media,” in Picosecand Phenomena [I

R.M. Hochstrasser, W. Kaiser and, C.V. Shank, eds. (Springer-Verlag, Berlin, 1980)

p-190-194

23

<+



|16] A.M. Weiner, S. De Silvestri, and E.P. Ippen, "Femtosecand dephasing measurements
using transient induced gratings,” in Ultrafast Phenomena IV, D.H. Auston and K.B.
Eisenthal, eds. (Springer-Verlag, Berlin, 1984}, p. 230-232.

[17] A.M. Weiner, "Femtosecond Optical Pulse Generation and Dephasing Measurements
in Condensed Matter”, Sc.D. dissertation, Massachusetts Institute of Technology,
1984.

(18] S. De Silvestri, A.M. Weiner, J.G. Fujimots and E.P. Ippen, "Femtosecond dephasing
stufiies of dye molecules in a polymer host,” Chem. Phys. Lett., in press.

(19] N. Bloembergen, Nonlinear Optics (Benjamin, Reading, Massachusetts, 1965).

[20] Y.R. Shen, The Principles of Nonlinear Optics (Johs Wiley & Sons, New York, 1983).

[21] R. Kubo, "A stochastic theory of line-shape and relaxation,” in Fluctuations, Relax-
ation and Resonance in Magnetic Systems. D. ter Haar, ed. (Plenum Press, New
York, 1962), p. 23-68.

[22] H.J. Eicher, U. Klein, and D. Langhans, "Coherence time measurement of picosecond
pulses by a light-induced grating method,” Appl. Phys. 21, 215-219 (1980).

{23] G. Mourou, "Spectral hole burning in dye solution,” IEEE J. Qantum Electron.
QE - 11, 1-8 (1975).

[24] S. Asaka, H. Nakatsuka, M. Fujiwara, and H. Matsuoka, " Accumulated photon echoes

with incoherent light in Nd3*-doped silicate glass,” Phys. Rev. A20, 2286-2289

24

(1984).

[25] N. Morita, T. Yajima and Y. Ishida, "Coherent transient spectroscopy with ultra-high
time-resofution using incoherent light,” in [Jltrafast Phenomena IV, D.H. Auston and
K.B. Eisenthal, eds, (Springer-Verlag, Berlin, 1984) p. 239-241.

[26] R.L. Fork, B.I. Green, and C.V. Shank, "Generation of optical pulses shorter than 0.1
psec by colliding pulse mode-locking,” Appl. Phys. Lett. 38, 671-672 (1981).

[27] R.L. Fork, C.V. Shank, and R.T. Yen, " Amplification of 70-fs optical pulses to gigawatt
powers,” Appl. Phys. Lett. 41, 223-225 (1982).

(28] D.W. Phillen, D.J. Kuizenga, and A.E. Siegman, "Subnanosecond relaxation time
measurements using a transient induced grating method,” Appl. Phys. Lett. 27,
85-89 (1975).

[29] A.M. Weiner and E.P. Ippen, unpuoblished.

25



Figure Captions

‘ig. 1 Interaction scheme for dephasing measurements by the three-pulse scattering tech-

'ig.

Fig.

Fig.

Fig.

o

nique.

Calculated scattered ensrgy for Gaussian pulses as a function of the normalized delay
r/t, between pulse #1 and #2, in a homogenecusly broadened medium for several
values of T;/t,. The laser frequency is on resonance.

OHf-resonance scattering curves for Gaussian pulses as a function of 7/t, for variona
frequency offseta Awt,/2x. The dephasing time T; was set to 2.5 ¢,.

Caleulated scatiered energy, for Gaussian pulses as a function of r/t, for different
values of T3/t, in the case of wide inhomogeneous broadening.

Normalized peak shift r,/¢, as a function of the normalised dephasing time T3/t,.
Calculated scattered energy for delta-function pulses as a function of r/T; for different
values of T /T3, in a inhomogeneously broadened medium with §wT7 = 10. To>»Tis
assumed.

Scattering data for rhodamine 640 and Nile blue in methanol, using parallel polariza-
tion.

Scattered energy for (a) cresyl vialet and (b) oxazine 720 in PMMA at 15 K as a
function of the delay T of pulse #3. Pulses #1 and #2 are set at zero relative delay.

Scattered energy for cresyl violet in PMMA as a function of delay r between pulses
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#1 and #2. The temperatures are: a) 15 K, b) 290 K. The delay of pulse #3 was set

to 1.3 paec.

Fig. 10 Scaitered energy for Nile blue in PMMA at 15 K as a function of the delay t between

pulses #1 and # 2. The delay of pulse #3 was set to 1.3 paec.
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