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Mode locking by a frequency-doubling crystal: generation of
transform-limited ultrashort light pulses
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Transform-limited ultrashort green and infrared light pulses have been generated from a Nd:YAG laser mode
locked by an intracavity second-harmonic crystal in combination with a dichroic output coupler. The mode-locking
process is based on substantial reconversion of the second-harmonic radiation back into fundamental radiation
after reflection by the dichroic mirror. With this technique light pulses as short as 45 psec have been generated.

In a preliminary experiment!2 a new method of pas-
sive mode locking that uses intracavity second-har-
monic generation was demonstrated. The method is
based on nonlinear reflection achieved by the combi-
nation of a frequency doubler and a dichroic mirror.
In contrast to the common case of intracavity second-
harmonic generation, the output laser mirror is a total
reflector at the second-harmonic wavelength. The
nonlinear reflection is based on generation of the sec-
ond harmonic in the crystal and amplification of the
fundamental radiation after reflection by the dichroic
mirror owing to the presence of the totally reflected
second harmonic. To reverse the interaction between
the reflected waves (fundamental and second harmon-
ic) a proper phase relationship is provided. Asaresult
the reflectivity of the crystal-mirror combination (re-
ferred to as a nonlinear mirror) increases when the
light intensity increases.?

This nonlinear device with properties similar to
those of the saturable absorbers was used to mode lock
a pulsed Nd:YAG laser. In preliminary experiments
100-psec pulses with a pronounced substructure were
generated. This Letter reports for the first time to my
knowledge the generation of transform-limited ultra-
short light pulses with this new technique and points
out the limitations when type II (oe-e) phase match-
ing is used for frequency doubling.

The experimental setup, depicted in Fig. 1, is simi-
lar to the original one.2 The cavity length was in-
creased to 2 m for future experiments with active
mode locking and to insert a harmonic splitter (total
reflector at 1.06 um, fully transmitting at 0.53 um)
between the telescope and the second-harmonic-gen-
eration crystal. The antireflection-coated telescope
(magnification 3.75X) provides TEMyo operation with
a beam diameter of 1.2 mm at the nonlinear crystal. A
polarizer was placed between the laser rod and the
cavity end mirror to provide a definite polarization of
the laser radiation and easy orientation of the frequen-
cy doubler. The uncoated KTP frequency doubler
was replaced by a 6-mm-long crystal of the same type
but with antireflection coatings (Airtron-Litton).
The entrance side of the crystal is antireflection coat-
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ed for the fundamental and faces the laser rod, while
the exit side is antireflection coated for the second
harmonic and faces the dichroic mirror.

These modifications were aimed at facilitating the
generation of shorter and structure-free pulses. In-
deed the extraction of the second harmonic from the
laser cavity after the second phase through the crystal
prevents the reinjection of a second-harmonic wave
with a wrong phase back into the nonlinear crystal.
Although it is strongly attenuated by the laser rod, this
reinjected radiation may cause the appearance of the
observed substructure. The nonlinear crystal with
highly parallel faces used in the preliminary experi-
ments was situated almost normally to the cavity axes
and acted as a Fabry—Perot spectral selector, thus
limiting the minimum pulse duration and possibly giv-
ing rise to the pulse structure as well.

The laser was operated at a 1-2-Hz repetition rate.
Careful adjustment of the crystal-mirror separation®
and the pumping rate resulted in generation of typical
mode-locked pulse trains of 400-nsec (FWHM) dura-
tion. The probability of generating satellite-free
pulse trains was approximately 80%. Deviation from
the optimum pumping rate to lower or higher levels
deteriorated the mode locking and resulted in the ap-
pearance of satellites. The output energy at the fun-
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Fig.1. Experimental setup for generating transform-limit-
ed ultrashort laser pulses by frequency-doubling mode lock-
ing. M1, total reflector mirror; P, polarizer; T, telescope;
HS, harmonic splitter; KTP, frequency-doubling crystal;
DM, dichroic mirror (total reflector at 532 nm, 25% reflec-
tion at 1064 nm).
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Fig. 2. Streak-camera record of an individual ultrashort

laser pulse at 532 nm revealing a pulse duration of 42 psec
(FWHM). The sweep rate is 2.36 psec/channel.
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Fig. 3. Fabry-Perot pattern of the laser radiation. The
free spectral range is 50 GHz.

damental wavelength available at the dichroic output
coupler was typically 8 mJ, while the second-harmonic
output emerging from the harmonic splitter was 0.8
md. If we take into account that after reflection by
the output coupler partial reconversion back into fun-
damental takes place, the actual conversion efficiency
for a single pass in the direction from the laser rod to
the dichroic mirror was calculated to exceed 20%.
When the laser failed to mode lock the output energy
was lower by approximately 40%, as observed earlier.2

The individual pulse parameters were measured at
the second-harmonic output. Pulse-width measure-
ments were performed using a streak camera (Hama-
matsu Temporal Disperser C 1587). The disappear-
ance of satellites and a gradual decrease in the pulse
duration were observed toward the end of the pulse
train. Smooth and structure-free pulses having a du-
ration between 40 and 50 psec were measured in the
second half of the train (Fig. 2).

The failure to generate shorter pulses is probably
due to the limited number of round trips. Indeed it
has been shown* that the nonlinear mirror has some-
what lower pulse-shortening capabilities compared

with the saturable absorbers. Thus a longer pulse
evolution may be needed to obtain shorter pulses. In
pulsed lasers this may be achieved by using feedback
control,® which extends the pulse-train duration.

We have investigated the spectral content of the
laser generation using a Fabry-Perot interferometer
(Tropel Model 350) with 50- and 100-GHz free spec-
tral ranges. The Fabry-Perot pattern was analyzed
by a linear diode-array system (Dioscope, Sears) and
observed on a digital storage oscilloscope. These
measurements revealed a spectral width of 10 GHz
(Fig. 3). If a Gaussian pulse shape is assumed, trans-
form-limited pulses are generated in the second half of
the pulse train. Here we note that the measured spec-
trum has been integrated along the whole pulse train,
and at the beginning of the pulse train the spectrum is
narrower. According to the frequency-domain de-
scription of the second-harmonic mode-locking pro-
cess,® areflection by the nonlinear mirror broadens the
spectrum. When the laser radiation is passing
through the crystal in the direction from the laser rod
to the dichroic mirror the generated second-harmonic
field is composed of mixed terms originating from the
various longitudinal modes. After reflection by the
dichroic mirror the difference-frequency generation
between the second-harmonic radiation and the vari-
ous longitudinal modes of the fundamental radiation
produces sideband frequencies, thus broadening the
spectrum. The spectral broadening will terminate at
a certain point owing to the combined action of the
active-medium gain profile and the eventual pressence
of an intracavity spectral limiter. In our case the oe-e
type of KTP crystal may act as a spectral selector, thus
limiting the minimum pulse duration. In this experi-
ment the 6-mm-long crystal and the polarizer form a
birefringent filter with a 1.1-nm (290-GHz) free spec-
tral range. This gives a bandwidth of approximately
half of the free spectral range, which is comparable
with the Nd:YAG fluorescence width of 120 GHz. In
this respect it should be pointed out that the oe-e type
of frequency doublers are not suitable for generating
extremely short pulses from lasers with larger spectral
widths, e.g., Nd:glass lasers. Use of the oo-e type of
crystal would avoid this problem, since it does not act
as a birefringent filter. Then the only limitation aris-
ing from the nonlinear mirror would be the group-
velocity dispersion in the nonlinear crystal, as dis-
cussed earlier.23 :

In conclusion, we have demonstrated generation of
transform-limited light pulses from a Nd:YAG laser
mode locked by a second-harmonic nonlinear crystal.
The minimum pulse duration of approximately 45
psec is probably due to the limited time of the pulse
evolution.
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