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The two-photon absorption of a SiC photodiode was utilized to obtain autocorrelation signals
of the pulses from a mode-locked Rh6G dye laser. The autocorrelation signals were in good agree-
ment with those obtained by a conventional autocorrelator using a second harmonic crystal and
photomultiplier tube. The sensitivity of the autocorrelator with the SiC photodiode was about
4 x 10° (mW)?. From these results it was demonstrated that the SiC photodiode is suitable as a
nonlinear device for an autocorrelation measurement in the visible range.

I. INTRODUCTION

During the last two decades there has been rapid
progress in the development of ultrashort pulse lasers.
Now in numerous laboratories the ultrashort pulse
lasers are employed for research and applications, re-
sulting in an increased demand for convenient meth-
ods of ultrashort pulse characterization. An optical
autocorrelation based on a Michelson interferometer
has most commonly been used for the diagnosis of the
pulses from a mode-locked laser. Conventionally, the
Michelson interferometer splits the optical pulse into
two replicas with a relative time delay and recombines
them for second harmonic generation (SHG) at a non-
linear crystal. In order to record the autocorrelation
signal the SHG signal has usually been measured by
a photomultiplier tube (PMT). However, the method
requires a precise alignment to achieve critical phase
matching in the nonlinear crystal, and it is expensive.
Recently, an alternative technique which uses the two-
photon absorption (TPA) of a semiconductor device
as a nonlinear process has been developed. It replaces
the SHG crystal and PMT with semiconductor devices
such as photodiode, light emitting diode, laser diode,
etc.. In this technique, the pulses from the Michelson
interferometer are directly focus ed onto the semicon-
ductor devices, and TPA in a semiconductor device

directly generates photocurrents in the device itself.
The detection of photocurrents as a function of time
delay yields autocorrelation signals.

The autocorrelator based on semiconductor devices
has several advantages over the conventional autocor-
relator with SHG crystal and PMT. The semiconduc-
tor device is inexpensive, compact, robust and polar-
ization independent, and gives non-phase-matched de-
tection for a broad photon energy range from one-half
band-gap to full band-gap.

In principle, the two-photon response of the auto-
correlators is proportional to the product of the peak
power and average power of incident light, under the ir-
radiation of a mode-locked pulse train {1]. Thus the au-
tocorrelator sensitivity is often defined as the product
of the peak power and average power of the minimum
detectable signal. For commercial instruments using
SHG and PMT, it is usually (Ppx Pyy) ~ 1—10 (mW)2.

Since the first report on TPA autocorrelators in
1992 [2], various TPA autocorrelators have been ex-
perimentally demonstrated and the available wave-
length ranges cover from 0.5 pm to 3.7 um. The
best sensitivity achieved by these autocorrelators was
(Ppk Pav) ~ 0.08 (mW)? by combining an InGaAsP
waveguide and lock-in detection, which is about two or-
ders of magnitude better than that of the conventional
autocorrelator [3]. The review on TPA autocorelators
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was presented in Ref.4. In a visible wavelength Feurer
et. al. [5] obtained the intensity autocorrelation sig-
nal for the femtosecond pulses from a dye laser system
which was operated at center wavelength of 497 nm us-
ing a SiC photodiode. They demonstrated the feasibil-
ity of an autocorrelator based on the SiC photodiode.
But their autocorrelation signal fluctuated a little due
to shot-by-shot measurement which might be caused
by low repetition rate of the dye laser(1 Hz) and high
pulse energy which was up to 250 uJ, relatively higher
than that of a pulse from a typical femtosecond laser
oscillator (~ nJ). Thus it is not quite certain whether
a SiC photodiode introduces extra error and whether
it is operable at other wavelength and powers.

In this paper we report the extended utility of the
SiC photodiode for the autocorrelation measurement.
The autocorrelation signals of not merely the fem-
tosecond pulses but even the picosecond pulses from
a widely used Rh6G dye laser were successfully mea-
sured in real time by using an autocorrelator based
on two-photon absorption in a SiC photodiode at near
600 nm wavelength. We also present the sensitivity of
the autocorrelator, and compare the results with that
obtained by SHG crystal and PMT.

II. MEASUREMENT OF PHOTOCURRENT
INDUCED BY TWO-PHOTON ABSORPTION
IN A SIC PHOTODIODE

II. A. Power dependence of photocurrent

In order to examine whether the photocurrent was
due to two-photon response, we measured the power
dependence of the average photocurrent in the SiC
photodiode under irradiation of the light from the
Rh6G dye laser system. The Rh6G dye laser was
pumped by frequency-doubled mode-locked Nd:YAG
laser with 76 MHz repetition rate. When the Rh6G
dye laser was synchronously mode-locked by matching
precisely the cavity length of the dye laser with that of
the pump laser, the pulse width was about 8 ps and the
center wavelength was about 577 nm. The SiC photo-
diode (Laser Component JEC1) has a peak response
at 270 nm wavelength and a linear spectral bandwidth
from 210 nm to 380 nm, which means a two-photon re-
sponse in the region of 420 - 780 nm [6]. We also used a
low noise current preamplifier(EG&G 5182) which had
a bandwidth 10 kHz with the maximum sensitivity 10%
V/A for producing a voltage output proportional to the
generated photocurrent.

The laser beam was attenuated by a variable neutral
density filter and then illuminated the SiC photodiode.

In a preliminary experiment using unfocused light
with average power of 200 mW, we were able to
measure only negligible photocurrent when the laser
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FIG. 1. Two-photon induced response of the SiC photo-
diode as a function of input power for 76 MHz, 8 ps pulse
train generated from mode locked Rh6G dye laser with cen-
ter wavelength of 577 nm. The pulse was focused by using
a microscope objective with apparent focal length of 15 mm
(a), and plano-convex lens with focal length of 50 mm (b).
The straight lines represent quadratic fitting.

was operated in nearly continuous-wave mode by mis-
matching the cavity length. We observed a detectable
photocurrent of about 50 pA, i.e. 5 mV output voltage
through the input impedance of 1 M2 in the oscillo-
scope and the gain of 10% V/A in the preamplifier when
the laser was operated in synchronously mode-locked
mode.

Figure 1 shows the power dependence of photocur-
rents in the SiC photodiode on which the incident light
was focused by a microscope objective with apparent
focal length of 15 mm (a) and a plano-convex lens with
focal length of 50 mm (b), respectively. The satura-
tion effect was not found within the input power range
shown in Fig. 1. No optical damage was found after
repetitive irradiation during the whole measurement.
The slope of the straight lines in the double-logarithmic
plot represent nearly quadratic response for a sub-
stantial range of incident powers, indicating that the
response is due to a second-order process, i.e. two-
photon induced conductivity. From these data, we es-
timate that the sensitivity of our autocorrelator using
a microscope objective is (PpxPay) ~ 4 x 10° (mW)2,
This sensitivity is inferior by three orders of magni-
tude to that of a commercial autocorrelator based on
second harmonic crystal and PMT. Nevertheless this
sensitivity is sufficient for measuring the pulse width
of picosecond pulses from our dye laser of which the
average power is as small as 10 mW. It may be pos-
sible to further improve the sensitivity of the autocor-
relator by increasing the preamplifier sensitivity and
focusing the light more tightly onto the surface of the
photodiode. Despite the lower sensitivity, usage of a
SiC photodiode provides considerable convenience and
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FIG. 2. Spectral dependence of two-photon induced pho-
tocurrent in the SiC photodiode measured with an 76 MHz
train of 8 ps pulses. The average power was 6 mW.

simplicity in the actual measurement process from the
advantages mentioned above. In the case of using a
SHG crystal and a PMT, a cut-off filter is necessary
to separate the second harmonic from the fundamen-
tal before the second harmonic wave is incident on the
PMT, and the light in the laboratory must be turned
off to exclude the background noise and prevent dam-
age to the PMT due to the unwanted light. But in the
case of using the SiC photodiode there is no need for
a cut-off filter or for darkness. Indeed, we observed no
detectable photocurrent in the SiC photodiode under
normal light.

I1. B. Spectral dependence of photocurrent

Figure 2 shows the wavelength dependence of two-
photon response of the SiC photodiode. We used a
quartz birefringent plate to vary the center wavelength
of the Rh6G dye laser from 570 nm to 605 nm. The
incident average power was adjusted to 6 mW by us-
ing a variable neutral density filter and the pulse width
was about 8 ps. The laser beam was focused onto the
photodiode by the microscope objective. The incident
average power and pulse width had some fluctuation
during the experiments. As shown in Fig. 2 no signifi-
cant change of the two-photon response was observed,
which was expected due to the broad bandwidth of
two-photon response of a SiC photodiode. It should
be noticed that the narrow wavelength tuning range
in Fig. 2 was due to the limit of the bandwidth of a
birefringent plate and a Rh6G dye laser. It is expected
that the range of two photon response of the SiC pho-
todiode can reach the whole wavelength tuning range
of almost all sort of dyes except for the two extremes
near 400 nm ultraviolet and near 800 nm infrared.
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FIG. 3. Experimental setup for two-photon autocorrela-
tor. M1, M2 were total mirrors and B. S. was a 50:50 beam
splitter. The variable delay was achieved by a loud speaker
or rotating mirror pair.

III. TWO-PHOTON ABSORPTION
AUTOCORRELATION FOR THE PULSES
FROM THE MODE-LOCKED RH6G DYE

LASER.

Experimental setup for the two-photon absorption
autocorrelator is sketched in Fig. 3. This is the same
as the conventional autocorrelator based on SHG and
PMT, except that the photodiode has replaced the
SHG crystal and PMT. The incident pulse was split
into two replicas by a beam splitter and proceeds to
reflecting mirror M1, M2. The reflected pulses from
M1 and M2 overlapped at the beam splitter with rel-
ative time delay. The overlapped pulses focused onto
the surface of the SiC photodiode through the micro-
scope objective.

Figure 4 shows the intensity autocorrelation signals
of picosecond pulses of the Rh6G dye laser from a con-
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FIG. 4. Intensity autocorrelation signal of 5 ps pulses :
(a) with the 100 pm BBO crystal and PMT, and (b) with
the SiC photodiode.
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ventional autocorrelator based on a beta barium borate
(BBO) crystal of 100 pm thickness and PMT (a), and
the SiC photodiode (b). In both cases the time de-
lay was achieved by a rotating mirror pair located at
one arm of a Michelson interferometer [7]. If Gaussian
pulse shape was assumed, there was a good agreement
between the measured pulse widths, in which the pulse
width was 5.38 ps with the BBO crystal and the PMT
and 5.15 ps with the SiC photodiode, respectively. In
this experiment we reduced the pulse width by care-
ful alignment of the laser cavity. The autocorrelation
measured with the SiC photodiode is noisier than that
obtained with the BBO crystal and the PMT, due to
the fact that the sensitivity of the autocorrelator wit-
the SiC photodiode is not so good as that of the BBO
crystal and the PMT. The narrow spikes in the mid-
dle of the autocorrelation traces represent incomplete
mode-locking of picosecond pulses, which is a typical
characteristic of synchronously mode-locked dye lasers.
The contrast ratio of the background and the correla-
tion peak depends on the state of mode-locking and
the overlap of the two replicas of pulses [8]. The con-
trast ratio of the autocorrelation signal obtained using
the BBO crystal and the PMT was nearly 1:3 as shown
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FIG. 5. Intensity (a) and interferometric (b) autocorre-
lation measurements of femtosecond pulses from hybridly
mode-locked Rh6G dye laser with the SiC photodiode.

in Fig. 4(a). But that obtained using the SiC photo-
diode was about 1:4, which might have resulted from
incomplete overlap between two replicas. It should be
noticed that the output voltage of the current pream-
plifier on an AC coupled-mode appeared to be zero
when only one replica of the pulses was incident on a
SiC photodiode. The contrast ratio should be 1:5 if
pulses were completely mode-locked and the two repli-
cas exactly overlapped.

We also measured an autocorrelation signal of fem-
tosecond pulses from a hybridly mode-locked Rh6G
dye laser with the 3,3’-diethyloxadicarbocyanine iodide
(DODCI) saturable absorber. The center wavelength
was 620 nm. Figure 5 shows the intensity autocorre-
lation (a) and the interferometric autocorrelation (b)
using the SiC photodiode. In these cases the time de-
lay was achieved by a loud speaker. If the sech? pulse
shape was assumed, the pulse width from the intensity
autorrelation trace was fitted to 103 fs. The contrast
ratio in the interferometric autocorrelation is nearly
1:8, which is consistent with the expectation, but the
pulse was largely chirped due to improper control of
the group velocity dispersion over intra- and/or extra-
cavity, as shown in Fig. 5(b) [9].

IV. CONCLUSION

We have characterized the power dependence and
spectral dependence of two-photon absorption in the
SiC photodiode, and we successfully applied it to ob-
taining the autocorrelation traces of picosecond and
femtosecond pulses from a Rh6G dye laser. The auto-
correlation trace using a SiC photodiode was in good
agreement with the results of a conventional autocor-
relator using a BBO and a PMT. We confirm that a
SiC photodiode is very suitable for a nonlinear device
for measuring the pulsewidth of ultrashort pulses in a
visible wavelength. The sensitivity of the autocorrela-
tor with SiC photodiode was 4 x 10° (mW)?, permit-
ting the autocorrelation trace measurement of pulses
with 8 ps pulsewidth, but only 10 mW average power.
Further improvement of the sensitivity of the autocor-
relator can be achieved by more efficient amplification
of induced photocurrent or tighter focusing of light on
the surface of the photodiode.
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