Pulse shortening by a nonlinear mirror mode locker

Krassimir Stankov

A device, composed of a nonlinear crystal and a dichroic mirror, features intensity-dependent reflection and
may be used as a passive mode locker. The pulse shortening of a Gaussian light pulse due to reflection by this
nonlinear mirror has been calculated and compared to that of a saturable absorber used for mode locking.

l. Introduction

Saturable absorbers exhibit intensity-dependent
light transmission. In mode-locked lasers this feature
is used to perform amplitude discrimination and pulse
shortening. Pulse shortening has been analyzed in the
case of a fast absorber,! in the intermediate case,? and
has been calculated for an arbitrary ratio of the pulse
duration to the absorber relaxation time.34

Recently a novel nonlinear optical device utilizing
second harmonic generation was proposed.> It may
exhibit intensity-dependent reflection or transmission
with a fast time response in the subpicosecond range.
Successful mode locking of a Nd:YAG laser using this
device was demonstrated.®’ Since one of the impor-
tant characteristics of a mode locker is pulse shorten-
ing in a single transit, in this paper we calculate pulse
shortening due to reflection by the nonlinear mirror
and make a comparison to the performance of a satura-
ble absorber used in a mode-locked laser.

ll. Pulse Shortening for a Normalized Gaussian Pulse

The nonlinear mirror is a combination of a nonlinear
crystal generating second harmonic and a dichroic mir-
ror placed behind it (Fig. 1). The incident light gener-
ates second harmonic in the crystal and the dichroic
mirror reflects totally the second harmonic and par-
tially the fundamental radiation back into the nonlin-
ear medium. Some means are provided to adjust the
phase difference ¢ = 2¢; — ¢ (1,02 are the phases of
the fundamental and second harmonic waves) to be
—7/2+4 2mm. Afterreflection by the dichroic mirror in
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the second pass through the crystal a reconversion of
the second harmonic into fundamental takes place.
The reflection of this device in these conditions in-
creases by increasing the light intensity.

If the phase difference is ¢ = #/2 + 2mm, in the
second pass further conversion into second harmonic is
provided. Then, the action of the device is equivalent
to a double-pass second harmonic generation with
some modification of the wave intensities after the first
pass. In this case the reflected intensity decreases by
increasing the input one.

The analysis® shows that both higher conversion
efficiency and lower reflectivity of the dichroic mirror
at the fundamental wavelength enhance the nonlinear-
ity in light reflection. An expression for the nonlinear
reflection coefficient at the fundamental wavelength
Ry, as a function of the conversion efficiency  and the
dichroic mirror reflectivities at the fundamental, R1,
and the second harmonic, R2, has been derived for the
case of interest, i.e., when ¢ = —7/2 + 2m=. If the
dichroic mirror is totally reflecting at the second har-
monic, the nonlinear reflection is given by

Ry = B{1 — tanh?[yB - arctanhyy — arctanh(yn/B)}}, (1)
where
B=19+(1-19)R1. 2)

The reflection coefficient R1 may be regarded as a
small-signal reflection analogous to the small-signal
transmission of a saturable absorber. If we consider a
light pulse reflected by the nonlinear mirror, the high-
intensity parts of the pulse will be more efficiently
reflected than the low-intensity parts. Hence, one
expects pulse shortening, similar to that experienced
by a light pulse passing through a saturable absorber.
In accordance with the above brief discussion on the
effect of the phase difference it is evident that the
pulse shortening maximizes for ¢ = —7/2 + 2mw. De-
viation from this will reduce the pulse shortening and
approaching ¢ = 7/2 + 2m= pulse broadening will
result. ,
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Fig. 1. Nonlinear mirror: NLC, nonlinear crystal for second har-

monic generation; ¢, phase adjustment; DM, dichroic mirror (total

reflector at the second harmonic wavelength, partial reflector at the
fundamental).

In what follows, we calculate the pulse shortening of
a normalized Gaussian pulse with FWHM = 1 for ¢ =
—7/2 + 2mx. A phase difference change within +/
—(w/6) reduces the mode-locking probability to ~50%
(see Fig. 3 in Ref. 7). .

Asin Ref. 5, we confine our treatment to plane waves
and perfect phase matching. The walk-off effect is
compensated, since after reflection by the dichroic
mirror the fundamental and second harmonic beams
travel exactly the same optical paths. Thus, the only
influence of the walk-off effect is reduction of the
- conversion efficiency. In addition, we assume pulse
durations 7, for which the crystal length is smaller
than L, = 7,/(u7* — uz')~1, where uy are the group
velocities for the fundamental and the second harmon-
ic. Thisassures that the group velocity mismatch does
not broaden the second harmonic pulse.8 For reason-
ably high conversion efficiencies the pulse durations in
these conditions are in the 0.2-5-ps range, depending
on the type of crystal and the wavelength region.
Higher-order effects like dispersion spreading are ne-
glected.

First we analyze the pulse shortening as a function of
the peak conversion efficiency. Thus, the incident
Gaussian pulse with FWHM = 1 has the form

I(t) = exp(—4 - In2 - t?). 3)

We use the following procedure: the instantaneous
conversion efficiency 5(t) is determined using the rela-
tion

n(t) = tanh®[{I(?) - arctanh,/no], (4)

where 7 is the peak conversion efficiency at t = O for a
pulse of unity peak intensity. Next, the instantaneous
nonlinear reflection coefficient Ryy(t) is calculated,
substituting Eq. (4) into Egs. (1) and (2). The reflect-
ed pulse form I,(t) (at the exit of the nonlinear mirror,
i.e., at theleft-hand side of the crystal NLC) is given by

L(t) = I(t) - Ry (£). )

Lastly, we calculate the time at which the reflected
intensity drops to half of its maximum value. Figure 2
illustrates the results of these calculations. The full
width at half-maximum (7) of the reflected pulse is
plotted as a function of the peak conversion efficiency
of the incident pulse for various values of the dichroic
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Fig. 2. Pulse width 7 after reflection of a normalized Gaussian
pulse with FWHM = 1 as a function of the peak conversion efficiency
n for various small-signal reflection coefficients R1.
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Fig. 3. Pulse width dependence on the small-signal reflectivity R1
for various conversion efficiencies 7.

R1

mirror reflectivity R1 at the fundamental wavelength.
As one can expect, the pulse shortening is more pro-
nounced for high conversion efficiency. However, it
peaks at a conversion efficiency in the range of 0.6-0.8
and then rapidly approaches the incident pulse dura-
tion. This is to be expected, since for a very high
conversion the second harmonic pulse follows closely
the pulse form of the fundamental (of course not in the
wings) due to saturation.

By inspection of the expression for the reflected
pulse form [Eq. (5)] it can be seen that the pulse shape
is modified by the nonlinear reflection coefficient,
which is a rather complex function. Thus, the reflect-
ed pulse shape does not follow the input one (Gaussian
or sech2).

From Fig. 2 it is also evident that the pulse shorten-
ing is higher for lower reflection coefficient R1. Thisis
in accordance with the features of the nonlinear mirror
mentioned above. The dependence of the pulse short-
ening on the dichroic mirror reflectivity R1 for various
peak conversion efficiencies is presented in Fig. 3 in
detail. Here we remind the reader that the pulse
shortening and the amplitude discrimination starts at
a conversion efficiency of the order of several percent
(the upper most curve in Fig. 3) as the mode-locking
experiment®’ has revealed. A reasonable question is
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Fig. 4. Pulse width as a function of the incident peak intensity for

different small-signal reflections R1. Forincident unity peak inten-

sity conversion efficiency of 0.5 is assumed. The upper most curve is
relevant to R1 = 0.9, the lowest one to R1 = 0.01.

why is the pulse shortening not close to 1/y/2, as one can
expect for low conversion efficiency. It is well known
that for a Gaussian pulse after the first pass through
the nonlinear crystal the second harmonic pulse is
shortened with respect to the fundamental by this
factor. The reason is that the fundamental pulse will
broaden because of the depletion of the high intensity
parts. In the second pass through the crystal the
broadened fundamental pulse is amplified in the field
of the second harmonic pulse, thus the effect of the
pulse shortening in the second harmonic generation is
somewhat reduced.

Finally, we illustrate pulse shortening as a function
of the incident peak pulse intensity. Conversion effi-
ciency of 0.5 is assumed for a pulse having unity peak
intensity (Fig. 4).

lll. Discussion

This part of the paper is devoted to a comparison of
pulse shortening by the nonlinear mirror to that of a
saturable absorber when used as a mode locker. The
advantages of the nonlinear mirror such as simplicity,
reliability, wide spectral ranges of operation, simulta-
neous generation of ultrashort light pulses at the sec-
ond harmonic, and fast time response have been dis-
cussed in Refs. 5-7. Because of the fast time response
one might expect better performance of the nonlinear
mirror in comparison with slow absorbers, at least for
solid-state lasers.” Therefore we compare pulse short-
ening to that of a fast absorber. When a single-pass
extracavity pulse shortening is required,* saturable
absorbers of very low small-signal transmission of the
order of 107 are superior and may provide an opti-
mized pulse reduction by a factor of 3. However, in
mode-locked solid-state lasers,'® the small-signal
transmission ranges from 0.5 to 0.8. The optical ar-
rangement with an absorber corresponding to the non-
linear mirror is a dye cell with a totally reflecting
mirror behind it. Since the light passes twice through
the cell, the low intensity transmission is 0.25-0.64.
Thus, the corresponding relative pulse shortening [de-
fined as (r — 7p)/7p] may reach values in the range from
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—0.16 to —0.06 (see Fig. 2in Ref. 1). Here we note that
these are the maximum values attainable at an opti-
mized intensity level only.

Considering a nonlinear mirror, intracavity conver-
sion efficiencies of 0.5 can be realized with highly effi-
cient nonlinear crystals such as KTP and BBO. For
R1 = 0.25-0.64 (small-signal reflection) the relative
pulse shortening (see Fig. 4) is in the range from —0.11
to —0.05, i.e., somewhat smaller but very close to that
of the absorber. However, in a mode-locked laser the
absorber pulse shortening maximizes at a certain in-
tensity level, while the nonlinear mirror one increases
monotonically for all realistic values of intensities and
conversion efficiencies.

To reveal the ultimate capabilities of the nonlinear
mirror with respect to pulse shortening one has to
perform an analysis assuming nonstationary second
harmonic generation and reconversion.® However,
some crude estimates are possible. For the experi-
ment®’ where 5.5-mm long KTP crystal was used,
effective pulse shortening may be expected for pulses
as short as 4 ps (estimated from the data in Ref. 11).
Especially favorable is the situation for mode locking a
Nd:glass laser using a KDP crystal. Inthiscase fora2-
cm long crystal pulses as short as 200 fs may still
undergo pulse shortening.!? In both examples one can
expect generation of ultrashort pulses with a duration
determined by the spectral gain profile (if there are no
other limitations, such as self-phase modulation or
limited number of round trips). A comprehensive
analysis of laser dynamics, including the effect of the
nonlinear mirror and laser active medium, is out of the
scope of this paper.

It is worth mentioning that the change of phase
difference ¢ does notlimit the bandwidth of the device,
but only changes the direction of the interaction be-
tween the lightwaves in the second pass, i.e., reconver-
sion back into fundamental or further conversion into
second harmonic. Also, since the group velocity dis-
persion in air is several orders of magnitude less than in
nonlinear crystals,'3 the crystal mirror separation does
not impose any practical limitations on the perfor-
mance of the nonlinear mirror mode locker with re-
spect to the bandwidth.

IV. Conclusion

We have presented an analysis of pulse shortening
due to reflection by a nonlinear mirror. Inthisrespect
the performance of the nonlinear is comparable to that
of a saturable absorber mode locker. However, due to
a number of other advantages one can expect that in
many cases the new mode-locking device will replace
the saturable absorbers in the passive mode-locking
technique. Using other nonlinear processes such as
sum or difference frequency generationl4 or Raman
scattering, this technique may be extended to all wave-
length regions for which suitable nonlinear media ex-
ist.
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