Subnanosecond Optical Free-Induction Decay

A novel form of laser frequency switching is devised that extends coherent optical transient studies to a 100-picosecond

time scale, the measurements being performed in real time. Free-induction decay (FID) on a subnanosecond time scale
reveals new features, such as a first-order FID that dephases with the inhomogeneous dephasing time T: and interferes
with the well-known nonlinear FID. A complete analytical expression for optical FID is derived and supports our FID

observations for the sodium D transition.

Introduction

Coherent optical transient phenomena, such as the free-
induction decay (FID) effect, have been detected recently
on a 100-picosecond time scale by using a novel form of
laser frequency switching [1]. This development repre-
sents a fiftyfold improvement in temporal resolution over
our initial version [2] of laser frequency switching which
incorporated an intracavity electro-optic phase modula-
tor. The present device is a traveling wave electro-optic
phase modulator that is external to the laser cavity; the
earlier advantages are still preserved, namely heterodyne
detection, high sensitivity, and the ability to monitor the
entire class of coherent optical transients by preselecting
the voltage pulse sequence. Hence, quantitative coherent
transient measurements in this time domain are now fea-
sible.

New aspects of optical coherence become evident as
the time scale is reduced. This article explores additional
properties of optical FID that are noticeable in the sub-
nanosecond region for the sodium D line transitions. Our
observations confirm a complete density matrix solution
of the Schrédinger wave equation, which we consider
first.

Theory

A general expression for optical FID is presented here
along with its physical interpretation; the detailed deriva-
tion will appear elsewhere [3]. Theoretically, the appear-
ance or nonappearance of first-order FID depends on the

manner in which the optically induced dipole is averaged
over the atomic velocity distribution. In earlier theories
[4—6] where the laser frequency or Stark switching was
assumed to be small compared to the Doppler broad-
ening, the Gaussian lineshape was assumed to be con-
stant over the region of integration, and therefore could
be factored outside the Doppler integral. Foster, Sten-
holm, and Brewer [6] first predicted a rapid transient aris-
ing from the entire inhomogeneous line by retaining the
Gaussian in the integral and evaluating the result approxi-
mately. Indeed, an exact analytical evaluation of their
Eq. (10) forms the basis of this work where we adopt the
same notation.

Let us write down Eq. (10) of Foster, Stenholm, and
Brewer and examine the consequences of an analytical
evaluation of the Doppler integral. Here p,, is the familiar
off-diagonal density matrix element of the transition lev-
els 1 and 2, expressed in a frame rotating at the prepara-
tive laser frequency ). The Doppler-averaged density
matrix element is given by
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Figure 1 Schematic of the optical layout for detecting sub-
nanosecond coherent optical transients with a traveling wave
electro-optic phase modulator. The microwave guide is greatly
simplified to show the crystal element (the focusing and collimat-
ing lenses to either side of it are not shown).

where the tuning parameter A(v,) = —Q + w,, — kv,, the
power-broadened homogeneous linewidth I' = (1/ T; +
Xle/Tz)”Z, the Doppler width o = ku (u = velocity), y =
1/T,, the Rabi frequency x = u E/#, and Ap;, is the level
population difference in the absence of excitation. This
integral is just the convolution of the Lorentzian suscepti-
bility of each velocity group with the Gaussian velocity
distribution. The phase factor exp [iA(v,)?] corresponds
to the free transient decay of each velocity group; i.e.,
regardless of the excitation frequency, each velocity
group decays at its own free resonant frequency.

We change the variable of integration from v, to x =
A(v,) and define

=0, — 0.

Then the integral (7) in Eq. (1) becomes
gy + -8’

1= J %—ll exp (ixt) exp [~ Q%de. @)
e x +T o

This integral can be expressed analytically in terms of
the error function W(z) of complex argument [7, 8], taking
the form for r < 2I'/o?,
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For t > 2T'/a”,

I=a(n - 1)exp {—(IF—S ) ] exp (—I't)
a
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where the saturation parameter

n=1y/I.

It then follows in a sample of length L and atomic number
density N that the FID heterodyne beat signal [9] is

E} = Kexp (—t/T,) exp [i(d — Q')1]

I = Eq. (3a), 1 < 2I'/5*
‘ <. 4
I=Eq. Gb), 1> /e € @

where
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This general expression reduces to the limiting cases
which follow.

Long time limit  For decay times longer than the inverse
Doppier width such that o7 >> 1, we may use the asymp-
totic form [7] of the error function

i

1/2
T Z

W(z) =

4o e 7 —> ®

and Eq. (4) yields a heterodyne beat signal

Ex(t) = Km(n — 1) exp [—(1/T, + D)t] exp [i(Q — Q)]

[ iC — 8\*
X exp —( ) tee., s)
a

where ot >> 1 > 2I'/o. The imaginary part of the term
exp {— [(i,T — 8)/a ]’} introduces a small phase shift in EE
for I'/o << 1 and therefore makes EE slightly dispersive.
However, we neglect it here and obtain

ENt) = 2Km(n — Dexp[— (1/T, + D))
x exp [~ (8/c)*] cos (O — Q)t. (6)

This result is identical to earlier approximate derivations
[4—6] where the Gaussian was factored outside the Dop-
pler integral. We shall refer to Eq. (6) as the nonlinear
FID signal since Eﬁ o x* at low light intensities when
)(ZTIT2 << 1. As has already been verified by experiment
[4, 6, 9], the long time limit of FID displays the properties
predicted by (6). First, the sample radiates at the initial
laser frequency Q and produces a heterodyne beat signal
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of frequency Q — Q' that is absorptive, and second, it
decays at the rate 1/T, + I' due to the preparative and
postpreparative stages.

Short time limit  For short times, we retain the first two
terms of the power series expansion [7)

W= 3
n=0

n
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2iz

=1+ —z+ " |Z|<l.
™

In addition to the condition
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we require that
t << 20/6",

thereby allowing the o#/2 term to be dropped in (7). With
these conditions, Eq. (4) reduces to

E? = 2K exp (—t/T,) exp [~ (c1/2)"]
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We refer to (8) as the first-order FID since E. x x*. Fur-
thermore, the decay is now Gaussian, exp [—(o7/2)"],
where the characteristic dephasing time T’; = 2/o. This
signal contains both absorptive and dispersive parts that
depend on the initial laser frequency through the factor
{w,, — Q)/o. From (8), itis evident that the atomic sample
radiates at the Doppler peak w,,, independent of the initial
laser frequency (2, and produces a heterodyne beat of fre-
quency w,, — Q. We conclude, therefore, that ih the first-
order FID the various velocity packets destructively in-
terfere, except at Doppler line center. By contrast, the
nonlinear FID radiates at the initial laser frequency and
therefore possesses memory of its preparation. We view
these two forms of FID as the transient analogues of
steady state linear and nonlinear (hole burning) laser
spectroscopy of an inhomogeneously broadened transi-
tion.

Limit of no inhomogeneous broadening In the limit
o — 0, the Doppler integral for (5 ,,(1)), Eq. (1), must re-
duce to a form identical to (v, = 0, ), thus checking
our calculation. As o — 0, 21"/0-2 — o, 50 the short time
form of the integral must be used. The argument of the
W(z) function approaches z = (£8 + il')/o and its modu-
lus approaches infinity as o — 0, so we may again use the
asymptotic form
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Wz)=—5 +---, |z =, Im(z) > 0.
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In this limit,

., 2Kom'? t
= 3 €Xp|—
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X [y cos (w,, — Q') — & sin (w,, — Q')1], )
where § = w,, — Q and Ko = (7'"/2) khNLx*Ap,,.

As expected, Eq. (9) can be derived [9] directly from
p,(1) without Doppler averaging when v, = 0. The radia-
tion now occurs at the atomic transition frequency w,, re-
gardless of the laser excitation frequency (), with an am-
plitude, frequency, and relaxation dependence identical
to that of 5 ,(v, = 0, r). The FID again exhibits a linear
intensity dependence. Equation (9) also agrees with the
well-known FID theory of nuclear magnetic resonance

[10].
Experimental technique

® Traveling wave modulator

To study subnanosecond coherent transients by laser fre-
quency switching, new techniques are required. At such
speeds, it is no longer advantageous to place the electro-
optic modulator inside the laser cavity as in the past [2],
since the transient dies away before the laser beam com-
pletes one round trip through the optical cavity. On the
other hand, when the modulator is external to the laser
cavity, the modulator design can be varied easily while
still retaining the advantages of undiminished laser in-
tensity and stability. A novel traveling wave electro-optic
modulator that permits such measurements is described
here.

Two requirements must be satisfied in laser frequency
switching to insure the generation of intense coherent
transient signals. First, the laser frequency switch must
exceed the homogeneous linewidth 1/7T,, and second,
the switching time should be less than the dephasing time
T,. Therefore, measurements on a subnanosecond time
scale imply a shift of several gigahertz with an approxi-
mately 100-ps rise time. A schematic diagram of our appa-
ratus is shown in Fig. 1. It consists of a stable continuous
wave (cw) dye laser, a traveling wave electro-optic modu-
lator, the sample, a fast photodiode detector, and a sam-
pling oscilloscope. The frequency-shifted laser beam pro-
duces in the sample coherent transients which are detect-
ed in the forward direction in real time. All emission
signals, such as the FID or the photon echo, appear as
heterodyne beat signals, as discussed previously [4, 9].
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Gold electrode

Figure 2 Detailed drawing of the LiTaO, traveling wave elec-
tro-optic modulator crystal elements mounted on an aluminum
substrate of the microwave guide.

The traveling wave electro-optic modulator was in-
vented initially by Kaminow [11]in 1961. We have used it
in a new configuration. Compared to intracavity frequen-
cy switching, the rise times and frequency shifts are at
least one order of magnitude more favorable. The prin-
ciple of operation of our configuration is the following. An
electro-optic crystal constituting an integral part of a mi-
crowave transmission line allows a cw laser beam and a
direct current voltage pulse to simultaneously propagate
longitudinally along one crystal axis, as shown in Fig. 2.
As the dc field advances down the crystal, it produces a
zone of increasing refractive index n, — n,, which shifts
the phase ¢ of the light wave uniformly in time and hence
its angular frequency ) where

, _ do
Q-0 = r (10
This behavior is easily derived by noting that the phase of
the light wave emerging from a crystal of length ¢ at time ¢
is
€

b€, = J kn(z)dz

[
[4

v
= [ kndz + f kndz, (an
0 o

where £ is the optical propagation vector and v and ¢ are
the velocities of the dc field and light wave in the crystal
medium. Consider first the case of copropagating fields. If
a step function dc field pulse enters the crystal at z = 0 at
time ¢ = 0, then at the intermediate time ¢" when the light
wave is just at the boundary of n, and n , the obvious
relation

of +ct—1)=¢ (12)

holds. Inserting 1 = (¢ — ¢f)/(v — ¢) into (11), the fre-
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quency shift according to (10) is

Q»Q/zﬂw( ° ) (13)
HO c*v

where the minus sign corresponds to copropagating
fields. By a similar argument, for counterpropagating
fields the plus sign follows. The singularity in (13) for v =
¢ is artificial and results from our neglecting the pulse rise
time, which is zero for the step function just mentioned.
For typical values of these parameters, to be discussed,
gigahertz shifts are easily accomplished, particularly in
the visible or ultraviolet region due to the large factor () ~
10" Hz. Of course, once the dc pulse reaches the end of
the crystal d¢/dr = 0 and the frequency shift is zero.

This technique possesses several advantages over more
conventional traveling wave modulators [12a]. First, con-
ventional devices do not employ dc square wave pulses
and require additional microwave techniques to phase
match the microwave wave velocity to the light wave ve-
locity. This matching is never perfect and degrades the
rise time of the crystal. In our design the rise time is de-
termined primarily by the crystal connections which we
believe can approach 20 ps. Second, a conventional trav-
eling wave modulator, when driven by a dc¢ voltage ramp
where V(1) = ¢, can produce a frequency shift but it is
impractical. Producing a ramp with constant slope, a
sharp corner at 1 = 0, and no ringing appears to be a for-
midable task in the 100-ps region. Also, in our design,
once the modulating wave is launched into the crystal, it
will attenuate slowly and the frequency shift will be high-
ly uniform.

Third, previous devices require microwave sources
which generate a distribution of optical sidebands corre-
sponding to the various microwave harmonics. There-
fore, the modulation efficiency is often low. In our ar-
rangement with dc¢ voltage pulses, all of the light is shifted
uniformly.

Fourth, as already stated, intracavity switching [2],
which requires the application of a transverse field, will
not satisfy our requirements either. For example, electro-
optic AD*P (ammonium dideuterium phosphate) crystals
cannot be frequency-switched fast enough or far enough.
The electro-optic coefficient is too low for gigahertz fre-
quency shifts with available voltages. Furthermore, these
crystals are not easily matched to a 50-Q driver imped-
ance, since their characteristic capacitance of ~40 pF im-
plies an RC rise time of 2 ns. More importantly, the mod-
ulating voltage takes at least 500 ps to travel across the
crystal. However, rather than trying to overcome the
transit time problem, we have used it as the operating
principle of our traveling wave modulator.
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The unique features of our traveling wave modulator
therefore facilitate rapid FID measurements and other co-
herent transient effects by a variation of the pulse se-
quence.

® Apparatus

The optical phase modulator consists of two lithium tan-
talate crystals of dimensions 0.5 mm X 0.65 mm X
25 mm, as shown in Fig. 2. The end faces are polished
and anti-reflection-coated, and gold electrodes are depos-
ited on opposite faces to form a parallel plate transmis-
sion line. A voltage between the electrodes produces an
electric field parallel to the ¢ axis. For a given applied
voltage, the electric field, and hence the frequency shift,
is inversely proportional to the electrode spacing. The
crystal therefore is chosen to be as narrow as possible up
to the optical diffraction limit. Kogelnik [13] has calcu-
lated the optimum focusing arrangement for such a case.
We used a 10-cm lens which produces a 1/¢ field spot
diameter of 150 um at the crystal apertures. The crystal
must consequently be aligned to an angle of ~1 mrad and
to a position of 50 um to avoid beam distortion. A second
10-cm lens recollimates the beam before it enters the
sample cell.

The ratio of height to width of the crystal (0.65 mm to
0.50 mm) was chosen so that, given the microwave di-
electric constant of lithium tantalate (e = 43), the crystal
appears to be a 50-Q transmission line. The electrical rise
time of the crystal and the quality of the impedance match
to an external 50-() line were tested with a time domain
reflectometer that revealed 100-ps rise times. Using the
known electro-optic coefficient [ 12b] of lithium tantalate,
re = 3.04 x 107 cm/V, we calculate An/V =
—2.43 x 1077/V using standard techniques [12c]. In-
serting this into Eq. (13), we obtain  — Q'/27 =
13.9 MHz/V, which agrees with our experimental value
to within 10%.

The beam from a single-mode cw dye laser (Coherent
599) passes through a focusing lens, the LiTaO, modula-
tor crystal, a collimating lens, and a sample cell contain-
ing sodium vapor. It emerges together with the forward
FID emission and is focused to a 40-um-diameter spot on
a fast GaAs-GaAlAs photodiode (Rockwell International
Corp., Thousand Oaks, CA 91360) [14]. The photodetec-
tor of 50-um diameter has a response time of 30 ps or less
and is mounted directly on an S-4 sampling head (25-ps
response) of a Tektronix 7904 oscilloscope with a 7S11
sampling unit. Because the photodiode has a low cw
power rating, a Pockel’s cell optical shutter blocks the
laser light except for a 2-us interval, immediately before
and after the frequency switch, so that the FID signal can
be seen during this period.
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Figure 3 Experimental FID heterodyne beat signals where y =
0.8 GHz and 6 = (w,, — )/27 in GHz equals (a) 1.5, (b) 0.7, (c)
0.0, and (d) —1.0. The laser frequency shift is (Q — Q)27 =
S GHz, corresponding to a 335-V dc square wave pulse. The gain
in (a) is 2X.

The step function dc modulating voltage is generated at
a 700-Hz repetition rate by a Tektronix 109 reed relay
pulser, where the output is delayed by 75 ns to permit
triggering the Pockel’s cell and the 7T11 sampling time
base.

Measurements

Coherent transients on a 100-ps time scale were detected
for both I, vapor and atomic sodium. However, the large
number of closely spaced hyperfine transitions in I,
which are distributed over one Doppler width, produce
heavily modulated FID signals and at present are difficult
to interpret. Therefore, to avoid unnecessary complica-
tions in these initial studies, experiments were performed
on atomic sodium vapor, which permits a quantitative
test of the above FID theory.

The transition monitored is the sodium D, line °P, , <

’S . at 16 956.16 cm™'. As is well known, its hyperfine

1/2
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Figure 4 Numerical solution of the FID heterodyne beat
signal Ej(L, 1) of Eq. (4), where y = 2.3GHz,
Q- Q")/2r = 5GHz and (w,, — ©)/2m in GHz equals (a) 1.5,
(b) 1.0, (c) 0.0, and (d) -1.0.
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splitting, 192 MHz (2P1 »)and 1.772 GHz (2S1 «»)» produces
two pairs of lines. The initial laser frequency () is tuned to
the center of the low-frequency pair, and the traveling
wave modulator voltage adjusted to shift the laser fre-
quency downward by 5 GHz. This procedure avoids
sweeping the laser frequency through the remaining two
lines at higher frequency.

Figure 3 shows the observed FID heterodyne beat sig-
nals for different values of the initial laser frequency ( or
8 = w,, — ), where w,, is the frequency of one of the
transitions of the low-frequency pair. The numerical solu-
tions of Eq. (4) are shown in Fig. 4, where for the Na D,
line (Q — Q)27 = 5GHz, o = 5.8 GHz, I = 1.6 GHz,
x = 2.3 GHz, T, = 32 ns, and v = 0.019. The laser power
density is 3 W/em® (n = 0.055), and 5% of the beam is
absorbed in a 10-cm path of Na at a pressure of 3 x 10~*
Pa (2 x 10 ¢ torr). Note that the large frequency switch
makes it possible for the first time to switch completely
outside the Doppler linewidth, which is 0.77 GHz for Na.

As shown in Fig. 3, first-order FID and nonlinear FID
can be distinguished by varying the preparative laser fre-
quency . This is because the intensity of nonlinear FID
depends on the optical dipole induced in a single velocity
group. Since the density of any given velocity group is a
Gaussian exp [—(8/0)’], the nonlinear FID signal will de-
crease rapidly with laser detuning [see Eq. (6)]. First-or-
der FID, however, is primarily a nonresonant phenome-
non in which all velocity groups participate weakly. Ex-
amining Eq. (8), one can see that the first-order FID
varies slowly with laser tuning 8. By tuning off resonance,
therefore, one should see a slow reduction in first-order
FID and a rapid disappearance of nonlinear FID.

A more physical explanation of the frequency depen-
dence of first-order FID is that it behaves like the dis-
persive part of a Lorentzian lineshape in which Doppler
broadening has been ignored. For example, a Lorentzian
(y + ix)/(A* + x°) approaches i/x at large detuning and
yields the slow tuning behavior described above. For
small detuning, we also expect the first-order FID signal
to change sign as we pass through resonance, and further-
more to equal zero exactly at resonance. These character-
istics are evident in Figs. 3 and 4.

Figure 3(a) shows the observed FID signal for the laser
tuned 1.5 GHz below the transition frequency (§/2% =
1.5 GHz). The nonlinear FID is reduced by a factor of ¢’
and does not appear. The observed decay is obviously
nonexponential and is completed in 500 ps as expected
since T} is 340 ps. A careful analysis shows that the beat
frequency is =~6.5 GHz, which is equal to (0,, — Q')/27
rather than (Q — Q')/27 = 5 GHz.
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Figure 3(b) shows the FID for §/27 = 0.7 GHz. Here
there is a large amplitude preparation due to the satura-
tion of a resonant velocity group. The decay, which per-
sists beyond the first-order FID, is exponential in agree-
ment with Eq. (6), being given by exp (—x¢) in this power-
broadened regime with y = 0.8 GHz. The observed beat
frequency is equal to the laser frequency switch of
5 GHz. These signals are also absorptive since their
phase is invariant to laser tuning.

Figure 3(c) shows the FID for w,, — Q = 0. Note that
here the first-order and nonlinear FID cancel at the time
origin, and the decay of the first-order term manifests it-
self as a Gaussian build-up of the nonlinear FID. The cor-
responding theoretical result in Fig. 4(c) for § = 0 shows
this interference effect again but in a more dramatic way
since x = 2.3 GHz.

In Fig. 3(d), 8/2m = —1 GHz and we see that tuning the
laser from the low to the high frequency side of the transi-
tion reverses the phase of the first-order FID. Compare
the theoretical curves of Figs. 4(b) and 4(d), where
8/2m = 1 and —1 GHz, respectively, which show the
same phase reversal.

Figure 3(d) also gives evidence of a hyperfine inter-
ference beat because the laser is now tuned midway be-
tween the two pairs of lines so that all four transitions are
prepared. The FID is now modulated at =1.8 GHz, which
is the ground state hyperfine splitting of Na. The mecha-
nism for this process is very likely a coherent Raman beat
effect [15], but further studies are needed in testing this
idea. In any event, it now becomes possible to detect mi-
crowave splittings by a transient method where the beat
frequency exceeds quantum beat [ 16] measurements by at
least one order of magnitude.

Summary

We have described a laser frequency switching technique
that permits coherent optical transient investigations on a
subnanosecond time scale. A key feature of these mea-
surements is that they are highly reproducible and lend
themselves to quantitative analysis. This point is illus-
trated by optical FID, which shows new characteristics
when the temporal resolution is =100 ps. Detailed theo-
retical predictions of these new coherence effects are
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faithfully observed. It is evident that other coherent tran-
sients can be observed in this way where the time scale
may be reduced even further.
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