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FIG. 2. Normalized CN vibrational distribution up to v’ = 4 (4 state} using
Arnold’s Einstein coefficients for the 4 state, and Danylewych’s!” for the X
state (He: 16.6 mmol/s, CO: 0.11 mmol/s, N,0O: 0.186 mmol/s, injected
power in the discharge: 200 W (@) X state; (W) 4 state.

fraction. Furthermore, one can see from Fig. 2 that thereis a
total population inversion between levels (4, v’ = 0) and (X,
v” = 1). The C + N,O reaction could then be a viable candi-
date for a chemical laser system.

In conclusion, we have shown that levels (X, v” = 4-6)
and {4, v’ = 1-4) of the CN radical were in a pseudoequili-

brium. 30% of the radicals are in the A state. A total popula-
tion inversion has been observed between levels {4, v' = 0)
and (X, v’ = 1).
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Measurement of picosecond semiconductor laser puise duration with
internally generated second harmonic emission

Y.C. Chenand J. M. Liu
GTE Laboratories, Inc., 40 Sylvan Road, Waltham, Massachusetts 02254

{Received 2 May 1985; accepted for publication 15 July 1985)

We demonstrate a simple practical technique for the measurement of the duration of picosecond
semiconductor laser pulses using the internally generated second harmonic emission
accompanying the laser output. The pulse duration is determined by the ratio of the conversion
efficiencies of the second harmonic emission generated by the picosecond puises and by the cw
emission or other pulsed emission whose duration can be accurately measured. The pulse
duration thus measured is in close agreement with that determined by the nonlinear intensity
autocorrefation technique.

Ultrashort optical pulse generation with semiconductor
lasers is currently of interest for such applications as high bit
rate optical communications and very fast data processing.
In the picosecond regime, the most commonly used tech-
nique of pulse duration measurement is the nonlinear inten-
sity autocorrelation technique involving phase-matched sec-
ond harmonic generation in a nonlinear optical crystal, such
as a LilO; crystal.
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In this letter, we describe a simple and accurate tech-
nique for measurement of picosecond semiconductor laser
pulse duration using the internally generated second har-
monic emission accompanying the laser output. The picose-
cond pulse duration is determined by the ratio of the conver-
sion efficiencies of the second harmonic emission generated
by the picosecond pulses and by the cw emission or other
pulsed emission whose durations can be accurately mea-
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sured by photodetectors. The apparatus consists of a photo-
diode for measuring the fundamental laser power, a photo-
multiplier for measuring the second harmonic power, and
appropriate filters. No critical optical alignment is needed.
The pulse duration thus measured is in close agreement with
that determined by the nonlinear intensity autocorrelation
technique. The simplicity and accuracy make this technique
very useful for practical applications.

There have been several reports on the properties of the
second harmonic emission in GaAs (Ref.1) and InGaAsP
{Ref.2} lasers. In conventional semiconductor lasers, the epi-
taxial layers are grown in the (100) plane and the cleaved
facets are in the (110} plane. The symmetry of the laser mate-
rials requires that the TE laser emission, the normal operat-
ing mode, generates second harmonic emission, polarized in
the direction normal to the junction plane, while the TM
laser emission generates no second harmonic emission. Since
the power of the second harmonic emission is proportional
to the square of the peak laser power, at a given average laser
power the second harmonic emission is stronger when the
laser is operated puised than cw. By comparing the power of
the second harmonic emission generated by the picosecond
pulses with that generated by the reference signal which can
be the c¢w emission or other pulsed emission with known
pulse duration, the duration of the picosecond pulses can be
determined. Assuming that the picosecond laser pulses have
a pulse shape I {t) and repetition rate R, the average laser
power is given by P, = R §= _ I{t)dt and the average sec-
ond harmonic power is given by P,, =R §= _ I*t)dt,
where 7 is the conversion efficiency. By direct integration, it
can be shown that the FWHM pulse duration At gy, of the
picosecond pulses is given by

D D2
D reference (P 2w / P [ )rcfcrcnce

R(Py,/P})

, (1)

Afpwum =
picosecond pulses

where A, a shape-dependent factor, is 0.66 for Gaussian
pulse shape and 0.35 for symmetric two-sided exponential
pulse shape, D, ;... 18 the duty cycle of the cw or the rec-
tanguiar-shaped reference signals, and (Ph /P2 ), cterence and
{Pr /P2 )icosecona aT€ the ratios of the average second har-
monic power and the square of the fundamental power of the
reference signal and the picosecond pulses, respectively.
Equation (1) is derived under the assumptions that the effi-
ciencies of second harmonic generation for the reference sig-
nal and the picosecond pulses are independent of the lasing
spectra and that the laser does not emit significant spontane-
ous emission background associated with the picosecond
pulses. Conditions deviating from these assumptions may
cause errors and will be discussed later.

The lasers used for this study are InGaAsP/InP planar
active layer buried heterostructure lasers emitting at 1.3 um
wavelength. The threshold currents are typically 20 mA.
The picosecond laser pulses are generated by driving the la-
sers directly, without bias, with 100 MHz repetition rate, 80
ps duration electrical pulses from a Comb generator. For the
reference signals, we operate the laser in the cw mode and in
square pulses with various pulse durations ranging from 5 to
100 ns. The durations of the reference pulses can be accu-
rately measured using a high-speed photodiode and a sam-
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pling oscilloscope. The average power of the TE laser emis-
sion is detected by a Ge pin photodiode. The average power
of the second harmonic emission is detected by a photomul-
tiplier. The photocurrents from both detectors are displayed
on multimeters. A short pass filter is placed in front of the
photomultiplier to block the laser light because the photo-
multiplier still has residual response to the intense 1.3-um
wavelength emission. Figure 1 shows the average second
harmonic power versus the average fundamental power
plotted on a log-log scale for (a) the cw emission, (b) 40 ns
pulse duration, 4% duty cycle reference signals, and (c) 10 ns
pulse duration, 1% duty cycle reference signals. The solid
lines are the slope-two lines drawn through the data points.
The nearly perfect slope-two relationship between the sec-
ond harmonic and the fundamental powers over a wide
range of power reflects very good laser beam stability essen-
tial for the accuracy of the pulse duration measurement.
Point D corresponds to the 100 MHz repetition rate, picose-
cond pulses whose durations are to be determined. Using Eq.
(1) and the values of (P, /P2 ), .tecence 20€ {P3y /P2 ) icosecond
deduced from Fig. 1, the duration At gy 18 23.5 ps based
on line (a), 20 ps based on line {b}, and 21 ps based on line {c}
assuming Gaussian pulse shape, and 12.3, 10.5, and 11.1 ps,
respectively, assuming symmetric two-sided exponential
pulse shape. To check the accuracy of this technique, we
have measured the pulse duration using the nonlinear inten-
sity autocorrelation technique. The autocorrelation trace is
shown in Fig. 2. The deconvoluted pulse duration is 22 ps for
Gaussian pulse shape and 12.8 ps for symmetric two-sided
exponential pulse shape. The values determined by the inter-
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FIG. 1. Second harmonic power vs fundamental power of an InGaAsP/InP
laser under {a) cw, (b} 40 ns duration, 4% duty cycle, (c) 10 ns duration, 1%
duty cycle, and (d) 100 MHz repetition rate picosecond pulsed operations.
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FIG. 2. Autocorrelation trace of the picosecond pulses.

nal second harmonic emission are in close agreement with
that determined by the autocorrelation technique, assuming
the same pulse shape.

We note that in order to achieve high accuracy, back-
ground subtraction for the fundamental power and appro-
priate choice of the reference signal may be necessary. In the
present study, the P, for the picosecond pulses is the total
measured power without background subtraction because
the ratio between the energy contained in the pulses and the
background is very high (> 20:1). This high contrast ratio is
attributed to the index-guided laser structure and low
threshold current. The ratio, however, is much lower for
pulses generated from the gain-guided lasers with high
threshold current.® In those cases, the background energy
needs to be subtracted from P,,.

The efficiency of second harmonic generation depends
on the number of longitudinal modes in the lasing spectra. If
the fundamental power I is equally distributed over N longi-
tudinal modes, the second harmonic power is proportional

to (2 — N ~ ") %.* Errors could be introduced if the reference
signal has one longitudinal mode and the picosecond pulses
have many longitudinal modes. The sensitivity to the choice
of the reference signal disappears when N = 1 or N> 1. The
N =1 case corresponds to the dynamic single mode lasers,
such as the distributed feedback lasers, whose lasing spectra
are always single mode. The InGaAsP/InP lasers used for
this study belong to the N> 1 case. The lasing spectra contain
four modes under cw operation at S mW, and over 10 modes
under the picosecond pulsed operation. In general, if the
laser operates in many longitudinal modes under picosecond
pulsed operation, the use of multimode reference signals,
such as square pulses with durations in the nanosecond
range, can reduce potential errors caused by the spectral de-
pendence of the second harmonic generation efficiency.

In conclusion, we have demonstrated a simple tech-
nique for the measurement of the duration of picosecond
optical pulses of semiconductor lasers, using internal second
harmonic generation. The pulse duration determined by this
technique is in close agreement with that measured by the
intensity autocorrelation technique.
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Highty anisotropic optical properties of single quantum well waveguides
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The first measurements of the linear and nonlinear anisotropic absorption of light propagating
along the plane of a single quantum well are reported and discussed in terms of the structure of the
valence band in ultrathin semiconductor layers. Nonlinear optical effects are compared to those

of multiple layer structures and to recent theory.

An interesting property of quantum well structures is
that, due to the two-dimensional confinement, excitonic ef-
fects are greatly enhanced compared to those of bulk materi-
al. As a result of this enhancement excitonic absorption has
been observed at room temperature in GaAs multiple quan-
tum well structures (MQWS)' and more recently in
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InGaAs/InAlAs MQWS.? Room-temperature excitonic re-
sonances in GaAs MQWS’s have already been used for high-
speed modulators,® optical switches,* and mode locking of
diode lasers.® An additional effect due to the reduced dimen-
sionality is that the band-to-band transitions are predicted to
be anisotropic for light propagating parallel to the plane of
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