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Picosecond time-scale phase-related optical pulses:
measurement of sodium optical coherence decay by

observation of incoherent fluorescence
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A technique for producing phase-related picosecond optical pulses is described. A sequence of two phase-related
pulses, well separated in time, is applied to the D, line in Na vapor. When the phase between the two pulses is
scanned, oscillations in the incoherent fluorescence are observed. This demonstrates the well-defined phase
relationship between the pulses. Measuring the amplitude of the oscillations as a function of pulse separation
yields the Na optical coherence decay. A beat arising from the ground-state hyperfine splitting is observed, and the
results agree well with calculation.

INTRODUCTION

The development of optical coherence techniques for prob-
ing the properties of systems of atoms and molecules has in
many instances closely followed the path of development
taken by nuclear magnetic resonance techniques. Optical
pulses of well-defined duration, frequency, and amplitude
have been employed. Some pulse sequences used in the
optical regime, e.g., transient grating and coherent anti-
Stokes spectroscopy experiments,1 2 have no magnetic reso-
nance analogs. In general, however, optical pulse sequences
that parallel magnetic resonance have not been able to em-
ploy one important property of the pulses in most nuclear
magnetic resonance sequences3 4: well-defined phase rela-
tionships. For instance, the photon echo, the stimulated
echo, and other phase-independent techniques have been
used to probe optical dephasing and population dynamics.5-9
Additional information could be obtained with optical ex-
periments analogous to various phase-related nuclear mag-
netic resonance sequences.

Phase-related optical pulse sequences in the microsecond
and submicrosecond ranges have been employed by utilizing
acousto-optic phase-shifting techniques to modulate cw la-
sers.10'4 The fastest phase shifts in these experiments oc-
cur on a nanosecond time scale, however. Although nano-
second time-scale experiments are useful for probing gas-
phase phenomena, many interesting condensed-phase
phenomena occur on picosecond or femtosecond time scales.
Thus it is desirable to be able to control the phase of pulses
of these durations.

In solid-state applications, the simplest useful phase-
related pulse sequence is a three-pulse fluorescence-detect-
ed photon echo.14 This technique provides the same infor-
mation as a normal (two-pulse) photon echo, but it has the
advantage of being able to be applied to samples of poor
optical quality because incoherent fluorescence is measured.
This eliminates the need to detect a coherent pulse of light
after it has passed through a sample of low optical quality.
In such an experiment it is necessary only to be able to lock

and scan the phase relationships among pulses; knowledge of
the absolute phases is not required. The two-pulse experi-
ments presented below could be precursors of a picosecond
or femtosecond three-pulse fluorescence-detected photon
echo.

The locking of the phase between temporally overlapping
nanosecond and picosecond time scale pulses has been re-
ported.15' 6 The technique used in the picosecond experi-
ment is an interferometric one and will work only if the
pulses overlap in time. For sequences such as the fluores-
cence-detected photon echo, however, it is necessary to lock
the phase between pulses separated in time. Warren and
co-workers have employed a technique based on a pulsed
laser injection locked to a single-mode dye laser to generate
phase-related pulses in the nanosecond and subnanosecond
regimes.17"18 Cw-laser-based techniques employing pulse-
shaping methods and pulse compression have been used to
produce pairs of phase-related pulses.18"19 Here we report
the successful phase locking of picosecond pulses with a
method that, in principle, can be extended to subpicosecond
pulses. The method can be applied to existing picosecond
or femtosecond laser systems without incorporation of a cw
laser.

To demonstrate the phase-locking method, a phase-relat-
ed two-pulse sequence was applied to the D, Na transition
and used to measure the Na optical coherence decay. A
pulse from a tunable mode-locked dye laser is beam split to
form the two pulses. The beams propagate along separate
paths and are combined collinearly in the sample. On any
single shot of the laser, there is a well-defined phase relation-
ship between the pulses at the sample. The problem is to
maintain that phase relationship over many shots of the
laser. The phase fluctuations are relatively slow, i.e., less
than 100 Hz (which is an order of magnitude slower than the
laser repetition rate). Therefore it is possible to use a feed-
back system that compensates for time-dependent relative
phase errors by driving a piezoelectric translator (PZT),
which moves a corner cube along one of the beam paths, thus
locking the phase relationship between the beams. Further
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along the beam path, a second PZT and another corner cube
are used to scan the phase relationship between the pulses.

Na vapor has frequently been used as a proving ground for
optical coherence techniques.2 0 The two-pulse sequence is
applied to the Di line in Na vapor to demonstrate the well-
defined phase relationships between the pair of pulses. The
first pulse puts the Na atoms into a coherent superposition
of ground and excited states with a well-defined in-plane
coherent component. After some evolution time (short rela-
tive to the free induction decay time), the second pulse
arrives. Depending on the relative phase between the. two
pulses, the second pulse may leave the vector representing
the in-plane coherent component unchanged or tip it up-
ward or downward to some extent (corresponding, respec-
tively, to increasing and decreasing the excited-state popula-
tion). As the phase between the two pulses is slowly
scanned, the probability of finding the system in the excited
state after the arrival of the second pulse oscillates. Obser-
vation of the incoherent fluorescence intensity as a function
of the phase shift reveals well-defined oscillations. This
demonstrates the locking and scanning of the phase relation-
ship between the pulses.

The depth of the fluorescence modulation with phase scan
is determined by the magnitude of the in-plane coherent
component at the time of the application of the second pulse.
As the pulse-separation time is increased, the free induction
decay reduces the amplitude of the in-plane coherent com-
ponent, therefore reducing the amplitude of the fluorescence
oscillation. The amplitude of the oscillations as a function
of the pulse separation is proportional to the magnitude of
the in-plane coherence. The use of incoherent emission to
detect coherent effects was previously developed extensively
in the context of optically detected magnetic resonance by
Breiland et al.

2 ' Zewail and co-workers have performed
fluorescence-detected photon echoes in a gas-phase sample
on a nanosecond time scale.14 Warren and Zewail have
treated fluorescence-detected photon echoes theoretically.2 2

EXPERIMENTAL APPROACH

The experimental setup is shown in Fig. 1. Picosecond dye-
laser pulses tuned to the Na D, line at 5896 A are split into
two equal pieces (the experimental beams) by a 50% beam
splitter. One of these pulses traverses an optical delay line.
On the delay line is a corner cube mounted upon a PZT,
providing a means of changing the path length on an ang-
strom distance scale. This PZT is used to scan the phase
between the split pulses by making slight path-length ad-
justments to the delayed pulse. The split beams are recom-
bined collinearly with a 50% beam splitter. At this point the
spot size (lie intensity diameter) of each beam is -3 mm.
The beams are passed through a 1-mm-diameter pinhole
such that the variation of the intensity over the area of the
pinhole is less than 10%. A lens is placed two focal lengths
away from the pinhole to image the pinhole into a Na cell,
which is also two focal lengths away from the lens. The
pinhole is imaged as close as possible to the front window of
the Na cell to avoid optical density effects. The cell is
covered by heating wire and insulating material. The heat-
ing wires are used to keep the temperature at a constant
value, in this case approximately 560 K. The solid Na is
kept in a cooler sidearm of the cell, which is used to maintain
the vapor pressure at approximately 10-6 Torr.23 Holes in

the insulating material at the front and rear windows of the
cell allow the beam to enter and leave, and a 1-mm-wide
vertical slit is left open on the side of the cell to allow the
detection optics to view, at a right angle, the spot in the cell
at which the pinhole is imaged. Fluorescence that emerges
from the slit is detected by a thermoelectrically cooled pho-
totube, a lock-in amplifier, and a computer (which is also
used to control the phase-scanning PZT).

To stabilize the phase relationship between the pulse
pairs, a small amount of each pulse is picked off by a beam
splitter. The phase-scanning PZT is located farther along
the beam path of the delayed beam than is the phase-locking
pickoff. Thus only phase fluctuations caused by optics be-
fore the delay line can be corrected for; because of this,
optics following the pickoffs are kept to a minimum. These
picked off phase-locking beams are made time coincident
and collinear by using another beam splitter. The intensity
of this combined beam is then a sinusoidal function of the
phase difference between the two pulses. The combined
beam is detected by a photodiode. Another photodiode is
used to detect an intensity reference beam, which is picked
off elsewhere. The output of each photodiode is fed into its
own sample-and-hold circuit, which is triggered at the laser
repetition rate. The intensity reference signal is used to
remove laser intensity fluctuations from the phase reference
signal. The remaining fluctuations in the phase reference

Sample

Fig. 1. Laser and experimental setup. A frequency-doubled
acousto-optically Q-switched and mode-locked Nd:YAG laser
pumps a cavity-dumped dye laser. The dye-laser pulses are split
into two equal pieces, one of which is run down a delay line. The
beams are recombined before the Na sample cell. Small portions of
each beam are picked off, made time coincident, and recombined to
make an interference pattern. This interference pattern, along
with a picked-off intensity reference beam, allows the feedback
electronics to stabilize the phase between the two pulses and the
intensity fluctuations of the dye laser. AOM, acousto-optic modu-
lator; PD's, photodiodes; PT, phototube.
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signal are due to phase fluctuations between the phase-
locking beams.

The timing (path length) between the phase-locking
beams is adjusted such that the intensity of the combined
beam is halfway between its maximum (constructive inter-
ference) and minimum (destructive interference) values.
This maximizes the sensitivity of the phase reference signal
to the phase fluctuations. This error signal is used to con-
trol a PZT-driven corner cube in the path of one of the
experimental beams. If the error signal gain is adjusted
properly, the PZT will compensate for phase fluctuations
between the phase-locking beams, which are combined to
form the phase reference beam. This locks the phase rela-
tionship between the experimental beams that give rise to
the phase-locking beams. Thus the effects of phase fluctua-
tions that occur at frequencies of the order of 100 Hz or
slower can be removed. The major source of phase fluctua-
tions is movement of optical components; since the mounts
and other hardware are relatively massive, these fluctua-
tions occur at low frequencies.

The computer scans the phase between the pulses by ap-
plying a ramp voltage to the phase-scanning PZT. Fluores-
cence data are simultaneously collected from the lock-in
amplifier. The signal is not normalized for laser intensity
fluctuations, although the computer may be used to average
many scans to improve the signal-to-noise ratio.

Tunable pulses are generated by pumping a dye laser with
the second harmonic of an acousto-optically Q-switched and
mode-locked Nd:YAG laser. The dye laser is cavity
dumped to produce single pulses of 40-psec duration and
0.3-A bandwidth. A feedback circuit is used to reduce long-
term dye-laser intensity fluctuations.

EXPERIMENTS AND RESULTS

Figure 2(a) displays fluorescence data taken as the phase
between the two pulses exciting the Na sample is scanned.
For these data the time delay between the excitation pulses
is 107 psec, long enough to ensure that the two pulses do not
overlap in time. Depending on the signal-to-noise ratio at a
particular delay time, anywhere from 10 to 50 scans are
averaged. The well-defined oscillations demonstrate the
well-defined phase relationship between the two pulses.

To analyze the data quantitatively, initially consider the
ground electronic state and the first excited state (the lowest
energy component of the spin-orbit doublet) as a two-level
system (hyperfine splitting neglected). The first pulse
places each system in a coherent superposition of the ground
and excited states, which is equivalent to rotating the Bloch
vector toward the x-y plane and producing excited-state
population. If the field is applied along the x axis in the
rotating frame, the vector will be rotated toward the y axis in
the y-z plane. Because the spectrum is inhomogeneously
Doppler broadened (1.80 GHz FWHM), the ensemble begins
to undergo free-induction decay (FID). The projection of
the Bloch vector on the y axis shrinks. If the second pulse is
brought in with a phase identical to that of the first pulse,
the Bloch vector will be rotated further in the y-z plane
toward the +z direction. If, however, the phase of the sec-
ond pulse is shifted 1800, the vector will be rotated back
toward the -z direction, because a phase shift in the lab
frame appears as a change in the direction of the application
of the field in the rotating frame. Phase shifting 180 is
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Fig. 2. (a) Fluorescence data from a two-pulse sequence as a func-
tion of relative phase. The delay between the two pulses was 107
psec. These data demonstrate the well-defined, scannable phase
relationship between the pulses. The units of fluorescence are
arbitrary. (b) Same as (a) but with a delay of 200 psec. The FID
has reduced the intensity of the fluorescence oscillations.

equivalent to applying the field along the -x direction, and
since the Bloch vector always rotates with the same sense
around the field (or around the effective field if off reso-
nance), the vector is rotated back down.

To simplify the discussion, take the two pulses to be 7r/2,
i.e., each moves the resonant Bloch vector through ir/2 rad.
After the first pulse the total Bloch vector points along y.
The second ir/2 pulse, having the same phase, rotates the
vector to the +z direction. For a given pulse delay this
produces the maximum possible excited-state population,
and subsequent fluorescence will be maximum in intensity.
If the second pulse is phase shifted 1800, the vector is rotated
to the -z direction, and fluorescence is a minimum. Follow-
ing the first pulse, the FID causes the length of the vector to
shrink. Therefore all the population is not returned to the
ground state by the second pulse, and there is still some
fluorescence. As the relative phase is shifted through sever-
al cycles, the excited-state population (and hence the fluo-
rescence) oscillates. This behavior is independent of the
pulse intensities, which determine only the absolute amount
of fluorescence.

Scans were taken from 16 to 66 mm along the delay line,
corresponding to delays of 107 tp 440 psec between the
pulses. Figure 2(b) shows data for a delay time of 200 psec.
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Fig. 3. (a) Average peak-null fluorescence difference as a function
of delay between pulses. The pulse areas are 0.57r. The solid
curves are a calculation based on the Na absorption spectrum and
the laser bandwidth. The units of fluorescence are arbitrary. (b)
Same as (a) but with pulse area of 1.2ir. It can be seen that the data
are qualitatively the same.

reality, the ground and excited states are split by the hyper-
fine interaction. The excited-state splitting is 189 MHz,'24
which is smaller than the Doppler line width and is not
observed. The ground-state hyperfine splitting, however, is
1.77 GHz. This splitting gives rise to a beat in the coherence
decay. A single oscillation is observed because the FID has
destroyed the polarization before another beat can occur.
The solid curves through the data in Fig. 3 are from a calcu-
lation based on the known absorption spectrum of Na. The
details of the calculation are given in the next section.

A FID contains both phase and amplitude information.
The measurement made in this experiment contains only
amplitude information. Therefore this technique cannot be
used to reconstruct the FID. The relative phase between
the two pulses is scanned through many cycles, and the
fluorescence peak-null differences are recorded. However,
when the phase-locking scheme is used the absolute phase
difference between the pulses at each maximum and mini-
mum in the fluorescence is unknown. The phase-locking
scheme developed by Warren and co-workers'8' 19 does allow
one to know the absolute phase between pulses. As was
discussed in the Introduction, to perform a fluorescence-
detected photon echo it is unnecessary to know the phase
relationship among the pulses. It is necessary only to lock
the phase between pulses 1 and 2 and scan the phase be-
tween pulses 2 and 3. As in the experiments presented here,
the information is contained in the amplitude of the oscilla-
tions in the incoherent fluorescence as a function of delay
time between the pulses.

To test the power dependence of the experiment, data
were taken at various pulse intensities. The data sets shown
in Figs. 3(a) and 3(b) were taken with pulse energies of 1.5
and 7.8 nJ, respectively, which correspond to flip angles of
0.57r and 1.27r rad. Data were also taken at higher and lower
powers. As can be seen from the figure, the data at these
powers are basically the same, as is true for data taken at all
powers.

The extent of the oscillations is greatly reduced compared
with that in Fig. 2(a).

The amplitude of the oscillations in the fluorescence de-
pends on the extent of the FID. As the delay time between
the two pulses increases, the in-plane component of the
Bloch vector (polarization) shrinks, and the magnitude of
the oscillations decreases. For large enough delays, the po-
larization disappears entirely, and the phase of the second
pulse does not have an effect on the final state of the system.
Therefore, by measuring the amplitude of the phase scan
oscillations in the incoherent fluorescence as a function of
pulse-delay time, the coherence decay can be measured.

For each scan, the height of each peak and each null is
measured. The average null height is subtracted from the
average peak height, and this difference is plotted as a func-
tion of pulse delay. Data of this type are plotted in Fig. 3.
It can be seen that there is a beat in the coherence decay
where the signal reaches a local minimum. The FID is the
Fourier transform of the absorption spectrum and is equiva-
lent to the coherence decay in certain cases. If the Na
transition were actually a two-level system with Doppler
broadening, the absorption spectrum would be a Gaussian,
and the coherence decay would be the same as the FID. In

THEORY AND CALCULATIONS

The experiments presented above will be described by using
the density matrix formalism25 following the notation of
Warren and Zewail." The density matrix is p, the radiation
field frequency is wo, the electric field amplitude is E, the
pulse duration is t, and the transition dipole moment is u.
The frequency offset Aw and the Rabi frequency are
defined as

AX = W -o (1)

and

W1 = MuE/h. (2)

Also, the flip angle 0 and the flip axis t are defined by

o = [(AW)' + WJ12]12 t

-'Wefft
(3)

and

P -tan1(cwAw) if AmI =-- -tn1i-w< (4)
= r + tan'(w,/Aw~) ,if Aw < 0.(4

IU
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At time t = 0, the atoms are in the ground state. This is
represented by the density matrix

P(0) [° °] (5)

The experiments described above were performed on the
Na D1 line. There is a 1.77-GHz ground-state hyperfine
splitting and a 189-MHz excited-state hyperfine splitting.
Therefore the Na D1 transition is a transition not between
two levels but rather among four. For high-power pulses,
multiple transitions will be pumped up and down among the
four levels. This general problem is not solvable. In the
low-power (small flip angle) case, however, the problem sim-
plifies and can be solved exactly. In the low-power limit, we
assume that each isochromat is influenced only by the fre-
quency component of the laser pulse that is at the resonance
frequency of the isochromat. This is the linear regime of
interaction of the radiation field with the atoms.

First we will calculate the response of a single isochromat
to the pulse sequence. Because the laser pulse is a wave
packet, all the different frequencies associated with the
plane waves that make up the packet have well-defined
phases relative to the center frequency of the packet. The
center frequency is wo and Aw = co- wo. Because we are
considering the low-power linear regime, each isochromat is
driven as if it is interacting with an on-resonance field, i.e.,
the frequency component of the packet that is at the isochro-
mat's transition frequency. The evolution of a two-level
system under the influence of an on-resonance radiation
field depends only on the area of the applied pulse, not on its
shape; therefore the pulses can be taken to be square. In the
frame of reference rotating at wo, however, each isochromat
precesses during each pulse, and this much be taken into
account. The flip angle of each isochromat depends on the
amplitude of the field at Aco and is denoted (Aco). The
effective time during which the first pulse acts on the iso-
chromat (length of the square pulse equivalent of the actual
laser pulse) is t. With the initial condition given in Eq. (5),
the density matrix after the first pulse is

broadened width of the Na absorption. If we rename t2 as T

(the time interval during which FID occurs), the probability
[as a function of phase so, the flip angle 0(Aw), and the time r]
of finding an isochromat of transition frequency Aw in the
excited state is

Pll(t3 , Aw) = 1/2 sin2[0(AW)][1 + COS(< - Acr)]. (8)

Because the FID time is much shorter than the 16-nsec
fluorescence lifetime,26 emission before the end of the sec-
ond pulse is not included in Eq. (8). Also, the experimental
pressure is low enough that there are no collisions during the
FID time.

Because the flip angle is small, sin[0(Aw)] 0(Aco). This
leads to the result that

p 11(t3, AW) = [02(Acw)/2][1 + COS(# - Awr)]. (9)

The flip angle at a given frequency is proportional to the
electric field at that frequency. Since the frequency-depen-
dent intensity, I(Aw), is proportional to the square of the
electric field at Aw, we find that

P1 1 (t3 AW) I(Aw)[1 + cos(p - AT)]. (10)

Relation (10) is for a single isochromat at frequency AQ.
We want to calculate the fluorescence from an ensemble of
atoms distributed in frequency across a spectral line and
interacting with a laser pulse with a frequency spread.
Therefore it is necessary to integrate relation (10) over fre-
quency with pl weighted at each frequency by the probabili-
ty that there is an isochromat at the frequency (spectral line
shape) and by the intensity of the laser pulse at the frequen-
cy (laser pulse line shape). The laser pulses used in the
experiments and a Doppler-broadened spectral line are both
Gaussians. The laser intensity distribution has a standard
deviation al, and the spectral line oUL. The center of the
intensity distribution is at Am= 0, and the center of the
spectral line is at WL. Following the second pulse, the ob-
served fluorescence, F(-r, (p), as a function of r and so is

P(t1 , AW)

[ sin2 [0(Aw)/2]
[i/2 sin[0(Aw)]exp(iAwtj)

-i/2 sin[0(Aw)]expJ-itj)
co2[0(AW)/2] 

F(i-, (p) = A exp[-WL2 /2(oiI2 + U1L
2
)]

X 1 + exp[-r2 ,I 2,L 2/2(,I2 + L2)]

X cos[P - WLr0I2/(I2 + 0L2)]l.

(6)

The system then evolves freely until time t2. The density
matrix is now

P(t2 , A@)

[ sin2 [0(AW)/2]

[i/2 sin[0(Aw)]exp(iACt2)

-i/2 sin[6(AwC)expf-i/cot2)l

cos2 [0(Awo)/21 

(7)

The second pulse begins at t2 and ends at t3. Since we are
interested in the fluorescence resulting from the two-pulse
sequence, it is necessary to calculate the probability of the
system's being in the excited state, i.e., p11(t3, Ac). In the
experiments, the flip angle is the same for the two pulses.
The flip angle is a function of frequency, because the intensi-
ty of the laser pulse does vary somewhat over the Doppler-

The factor A contains phase- and time-independent con-
stants such as sample concentration, illuminated volume,
and total laser intensity.

Equation (11) is for a single Doppler-broadened line. As
discussed above, the Na D1 line is split by the hyperfine
interaction. Therefore it is necessary to incorporate the
spectral line shape. The 189-MHz excited-state hyperfine
splitting corresponds to a beat time of the order of 2.5 nsec.
This is much longer than the FID time and so cannot be
observed. It is necessary to take into account the ground-
state splitting of 1.77 GHz, however. Furthermore, each
ground-state energy level has degenerate magnetic sublevels
(of multiplicities three and five). This degeneracy factor
weights the amplitude of the two spectral lines that arise
from transitions from each of the ground states. Taking the
center frequency of the laser to be between the two peaks, we
find that

(11)
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F(T, p) = A(1 + exp[-7 2
2 rL2 /2G(r12 + a 2)]

X 0.625 cosko - wLraI2 /(UI 2 + L2)]

+ 0.375 coso - WLToI2/(,1 2 + oL2)]j). (12)
Equation (12) is used to calculate the curves through the

data in Figs. 3 without recourse to adjustable parameters.
The beat is at approximately 300 psec. in this equation is
measured from the leading edge of the first pulse. This is
when the FID begins.

It can be seen from Fig. 3 that the agreement between the
calculation and the experiment is reasonably good. While
the calculation is done for the low-power (linear) limit, the
agreement with high-power experiments is the same as with
low-power experiments. The calculation is possible only in
the low-power limit, where the experiment can be treated as
the interaction of the radiation field with two levels. The
results of a high-power calculation are unknown. Such a
calculation would have to include the nonlinear interaction
of the radiation field with the four-level system and the
temporal shape of the laser pulses. The experimental data,
however, show that the low- and high-power determinations
of Pl cannot differ to any significant extent.
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