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Linear propagation of light was investigated by using a white-light Michelson interferometer. This method
gives the full information on the deformation of broadband optical pulses by the passage through samples in

the linear regime.

decay signal for oxazine 1 in methanol, and the increase of peak velocity for nigrosine in water.

We observed the delay of pulse propagation for cobalt chloride in pyridine, free-induction

By Fourier

analysis of the interferograms, complex optical constants of the samples were also obtained. © 1997 Optical

Society of America [S0740-3224(97)01805-5]

1. INTRODUCTION

The progress of ultrashort-pulse laser technology has en-
abled us to study ultrafast phenomena occurring in the
femtosecond regime.! Great care must be taken in pro-
ducing or handling ultrashort laser pulses because the
dispersion of optical elements causes the deformation of
pulse shapes. It is well known that in the linear regime
we can predict the deformation if we have the full infor-
mation on absorption and refractive-index spectra of the
sample. ’

Recently, white-light Michelson interferometers were
used to measure the group delay or the dispersion of laser
cavities and optical components for femtosecond optical
pulse generation.?”® Fourier transform spectrometers
(FTS), which are common in infrared regions, use Michel-
son interferometers. But in almost all the commercially
available FTS’s the sample is inserted behind the output
side of the Michelson interferometer, and the autocorrela-
tion interferogram of the transmitted light is obtained.
To measure the dispersion or the spectrum of refractive
index, we have to insert the sample into only one arm of
the Michelson interferometer and obtain not only the au-
tocorrelation interferogram of the incident light but also
the cross-correlation interferogram between the incident
light and the transmitted light.

In the linear regime, we can see the pulse deformation
by comparing the autocorrelation and cross-correlation
interferograms. If the waveform of the incident light is
the autocorrelation, then the waveform of the transmitted
light is the cross correlation.?5

In the present experiment we used the white-light
Michelson interferometer in the study of the deformation
of broadband optical pulses by the passage through
samples with a different kind of dispersion.

2. EXPERIMENTAL SYSTEM

A schematic diagram of the experimental system is shown
in Fig. 1. The input light source was a normal incandes-
cent lamp with a power consumption of 650 W. The un-
polarized light from the lamp was guided to a vibration-
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isolated bench through a multimode optical fiber with a
core diameter of 0.9 mm. We used the very-large-core-
diameter fiber to utilize as much light power as possible
and to increase the signal-to-noise ratio even in the mea-
surement of the interferograms of strongly light-
absorbing samples. The light output from the fiber was
collimated by a lens and was passed through a Michelson
interferometer composed of a nonpolarizing beam-splitter
cube and two corner-cube prisms. Since the light source
is an incoherent incandescent lamp, the coherence area is
much smaller than the beam cross section; therefore we
need to make adjustments so that the same areas of the
two beams from the both arms overlap spatially. The
path length of one arm of the interferometer was modu-
lated at f = 1-2 kHz by a piezoelectric actuator with the
amplitude of ~250 nm. The path length, or the delay
time 7, of the other arm was changed by a corner-cube
prism moved on a translation stage with a stepping mo-
tor. The light output from the interferometer was de-
tected by a photomultiplier tube and fed into a lock-in am-
plifier.

We measured two kinds of interferograms: one is the
autocorrelation, C4(7), of the input light, and the other is
the cross correlation, Co(7), between the input light and
the light transmitted through the sample. As is shown
in Fig. 1, two other interferograms were simultaneously
monitored with the above-mentioned interferograms.
The first is the autocorrelation interferogram of the light
from a He—Ne laser, and it was used for calibration of the
path length. The second is that of the white light that
did not pass through the sample, and it was used to iden-
tify the position where the path-length difference between
the two arms is zero.

3. THEORETICAL CONSIDERATION-

The autocorrelation interferogram C,(7) is written as

Calr) = (EX(E( + 1), ey
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Fig. 1. Schematic of the white-light Michelson interferometer.

where E(t) is the electric field of the white light and ()
denotes time average. In the linear response approxima-
tion the electric field of the light transmitted through the
sample, E'(¢) becomes as

E'(t) = J dt'h(t — t")E(L'), (2)
where h(¢) is the response function of the sample. The
cross-correlation interferogram, C (1), between the input
light, E(¢), and the output light, E'(¢), from the sample
is written as

Co(r) = (E*(t)E'(t + 7). 3)
If we insert Eq. (2) into Eq. (3), C¢(7) becomes

Ceolr) = J dr'h(7 — 7)C4s(7'). (4)
By comparing Eqgs. (2) and (4), we can say that if the
waveform of the light input to the sample is the autocor-
relation C4(7), then the waveform of the output from the
sample is the cross correlation C¢(7). Therefore, in the
linear regime, we can see the deformation of ultrashort
light pulses by propagation through samples with a
white-light Michelson interferometer.

On the other hand, Fourier analysis of the autocorrela-
tion and cross-correlation interferograms gives us com-
plex transmission coefficients of samples without relying
on the Kramers-Kronig relation. By Fourier transfor-
mation of Eq. (2) we obtain

h(w) = E'(0)/E(w), (5)

where E(w) and E'(w) are the Fourier transforms of the
input field, E(¢), and the output field, E'(¢), respectively,
and A(w) is the Fourier transform of the impulse re-
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sponse function, A(¢), and is called the complex transmis-
sion coefficient. The Fourier transformation of Eq. (4)
yields a relation similar to Eq. (5):

h(w) = Col(w)/Calw), (6)

where C4(w) and Cc(w) are the Fourier transforms of the
autocorrelation, C,(7), and the cross correlation, C¢(7),
respectively.

Because we measured the signal with a lock-in ampli-
fier by using path-length modulation, our interferograms
are not the autocorrelation or the cross correlation in a
strict sense. Both the autocorrelation and the cross-
correlation functions are modified from the true correla-
tion functions in the same way as described by the follow-
ing relation:

. Aw) _
C'(w) = 2iJ1(T)c(w). (7)

Here C(w) and C'(w) are the Fourier transform of the
true correlation and that of our interferogram for either
the autocorrelation or the cross correlation. J;(Aw/c) is
the first-order Bessel function, where A is the path-length
modulation amplitude and ¢ is the light velocity. Since
J1(2) is proportional to z in the lowest order of z, we see
that when the path-length modulation amplitude, A, is
much smaller than the wavelength of light, \; that is,

A<\ )]

Our interferogram, C'( 1), corresponds to the time deriva-
tive of the true correlation function, C(7). By using Eq.
(7), we can get the relations for our interferograms:

h(w) = Ch(w)/Ch(w), 9

Co(r) = j dr'h(r ~ 7")Cu(7"), (10)
which are exactly the same relations as Eqgs. (6) and (4),
respectively, for the true correlation functions. In this
sense we can consider our interferogram autocorrelation
or cross correlation. For simplicity, in the following dis-
cussion we call the measured interferograms the autocor-
relation or the cross correlation.

4. EXPERIMENTAL RESULTS AND
DISCUSSION

In the present experiment we studied the linear propaga-
tion of light through three kinds of solution by using the
white-light Michelson interferometer. In the measure-
ment of the autocorrelation the same type of glass cell (in-
ner width 2 mm), containing only the solvent, were in-
serted into both arms of the interferometer. The solvents
used were transparent in the visible region. We obtained
the cross correlation by replacing the solvent in the glass
cell in one arm of the interferometer with a sample solu-
tion. In this way, there was compensation for the change
in the optical path length due to the glass cell and the sol-
vent.

The first sample solution we measured was cobalt chlo-
ride, CoCl,, in pyridine. The absorption of CoCl; in py-
ridine falls outside the spectral region of the measure-
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ment. The autocorrelation and cross-correlation inter-
ferograms obtained with the white-light Michelson inter-
ferometer are shown in Fig. 2. We can consider the au-
tocorrelation and the cross correlation to be the light
waveforms of the input and the output, respectively. In
this case we see that the delay of the pulse increases with
the increase of the concentration of CoCl,. This is rea-
sonable if the refractive index becomes higher when the
solute concentration increases. Figure 3 shows the
change of the refractive index from pure pyridine to the
pyridine solution of CoCly given by Fourier transforma-
tion of the measured interferograms. This shows not
only that the refractive index increases with the increase
of the solute concentration but also that the refractive in-
dex monotonically increases with optical frequency. This
feature clearly shows that there is a large absorption in
the ultraviolet region that is outside of the spectral region
of our measurement. However, we could not see any sign
of this absorption in the absorption spectrum in the same
spectral region.

The second sample solution was oxazine 1 in methanol.
The absorption spectrum of oxazine 1 in methanol (1.2
X 107* M) is inside the spectral region of the measure-
ment as shown in Fig. 4. It is well known that the power
spectrum of light is given by the Fourier transform of the
autocorrelation of the light field. But in the present ex-

periment the spectral region of the measurement is deter- -

mined not only by the power spectrum of the incandescent
lamp but also by the characteristics of the optical ele-
ments and the detector in the experimental system, and it
is given by the Fourier transform of the measured auto-
correlation interferogram. The autocorrelation and the
cross correlation are shown in Fig. 5. There is a slowly
decaying tail in the cross correlation or the waveform of
the output. This is called the optical free-induction de-
cay signal.®7

The resonant incident light excites the oxazine 1 mol-
ecule to induce the coherent oscillation of the electric di-
pole moment. The light emitted from this dipole moment
is out of phase by 7 with respect to the incident light and
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Fig. 2. Autocorrelation (dashed curve), and cross correlation
(solid curves) of CoCl, in pyridine. The concentrations of
CoCl, are indicated.

Pujiet ol

Wavelength (nm)
700 600 500
x10%) 10 pr—r——r———————r—
° - 3.7x107°M 1
=
O B .
b
3
EE 1
g | 1.9x102M
E - -
9.3x10°M
0 " " " " 1 A i A a
400 500 600

Optical Frequency (THz)

Fig. 3. Refractive-index spectrum of CoCl, in pyridine obtained
from the measured interferograms. The concentrations of
CoCl, are indicated.
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Fig. 4. Absorption spectrum of oxazine 1 in methanol (solid
curve) and spectrum of the incident light (dotted curve).

interferes with the incident light to reduce the amplitude
of the transmitted light. If the incident light is cut sud-
denly, the induced electric dipole moment decays with its
own decay time while emitting the free-induction decay
signal. The phase difference of 7 between the incident
light and the free-induction decay signal is clearly seen in
Fig. 5. Figure 6 shows the absorption spectrum and the
spectrum of refractive index obtained by Fourier transfor-
mation of the measured interferograms. The agreement
between the absorption spectrum thus obtained and that
obtained with a conventional grating spectrometer is
fairly good.

The third sample solution was nigrosine in water. Fig-
ure 7 shows the absorption spectrum and the spectral re-
gion of the measurement. In this case we reduced the
spectral region of the measurement by inserting a color
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glass filter in front of the input side of the Michelson in-
terferometer so that it was well within the absorption
spectrum of the sample solution. The autocorrelation
and cross-correlation interferograms are shown in Fig. 8,
where each interferogram is normalized at the peak. We
see that the peak velocity of the light pulse increases with
an increase of the solute concentration, unlike the case of
CoCly, in pyridine. This is because in the case of CoCl, in
pyridine the spectrum of measurement or incident light
was in the normal-dispersion region, but in the case of ni-
grosine in water it is in the anomalous-dispersion region.

Electromagnetic-pulse propagation in an anomalous-
dispersion region has attracted much attention.* The
peak velocity exceeding the light speed in vacuum, c, is
not contradictory to the special theory of relativity. In
the region of strong anomalous dispersion the simple form
of group velocity, which is expressed as

1F -

S
-

[\ |/ S N S e e e e e s

e —

Interference Signal (a.u.)

1 1 1 i I 1 1
-20 0 20 40
‘ Delay (fs)

Fig. 5. Autocorrelation (dashed curve), and cross correlation
(solid curve) of oxazine 1 in methanol (1.2 X 107* M).
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Fig. 6. Absorption spectrum (solid curve) and spectrum of re-
fractive index (dashed curve) of oxazine 1 in methanol obtained
from the measured interferograms. The absorption spectrum
(dotted curve) obtained with conventional grating spectrometer
is also shown.
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Fig. 7. Spectrum of incident light (dashed curve) and absorption
spectrum (solid curve) of nigrosine in water (1.3 X 1073 M).
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Fig. 8. Autocorrelation (dashed curve), and cross correlation
(solid curves) of nigrosine in water. The concentrations of ni-
grosine are indicated.
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can exceed ¢ or even become negative. However, in this
region the behavior of the pulse propagation becomes very
complicated because of strong absorption. When the
light pulse enters the sample, it is absorbed, and the elec-
tric dipole moment is induced. The electric field emitted
by this electric dipole moment destructively interferes
with the incident light to decrease the transmitted light
intensity. However, it takes some time for the induced
electric dipole moment to build up; hence the leading part
of the light pulse accepts a relatively smaller absorption
than does the other part of the light pulse. This is the
reason for the increase of peak velocity in nigrosine in wa-
ter or in the anomalous-dispersion region. If the solute
concentration is further increased, the destructive inter-
ference between the incident light and the increased emit-
ted light from the induced dipole moment results in the
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formation of nodes in the trailing part of the transmitted
waveform, as is shown in Fig. 8.

In the above discussion, we have simplified the defor-
mation process of the waveform. It is not possible for
each molecule to separate the light emitted by the sample
from the incident light. For example, for the solute mol-
ecules located close to the output end of the glass cell, the
already deformed waveform of light is the input wave-
form. Therefore, if the optical density of the sample is
very large, the transmitted waveform becomes compli-
cated even in the linear regime.

5. CONCLUSION

We have investigated linear propagation of light by using
a white-light Michelson interferometer. The delay of
pulse propagation was observed for a sample with normal
dispersion. Free-induction decay signal was observed for
a resonant sample that had a spectral width of absorption
smaller than that of the incident light. Also, the increase
of peak velocity was observed for a sample with anoma-
lous dispersion. The complex transmission coefficients of
the sample were also obtained by Fourier transformation
of the obtained interferograms. The accuracy of our
waveform measurement is demonstrated by the good
agreement between the absorption spectrum obtained by
Fourier transformation of the interferograms and that ob-
tained by a conventional grating spectrometer.. If ul-
trashort laser pulses are used instead of incoherent light,
Michelson interferometers can be applied to phase-
sensitive ultrafast nonlinear spectroscopy.

Fuji et al.
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