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Femtosecond Pulse Shaping with Twisted-Nematic Liquid-Crystal Spatial-Light Modulators
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Shaping of 16 fs optical pulses using a twisted-nematic (TN) liquid-crystal spatial-light modulator (SLM) was conducted.
The properties of TN SLMs were characterized theoretically and experimentally, and the relevant mode extraction method was
developed for the SLM mask pattern design using a simulated annealing algorithm. Phase-sensitive pulse shaping using a TN
SLM was performed and the shaped waveforms were observed by measuring the interferometric intensity cross-correlation
with unshaped pulses.
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P13VvM215) with 640 (horizontal)x 480 (vertical) pixels.
This module has been commercialized for use in liquid-

Recently, much attention has been paid to the developmenrystal projectors, and can be controlled by a personal com-
of a technique for the generation of temporally shaped fenputer equipped with a Super Video Graphics Array (SVGA)
tosecond optical pulsés® Thus far, pulse shaping using avideo card, which enables 256-level independent control of
grating-lens apparatus with a liquid-crystal spatial-light modthe voltage applied on each pixel of the SLM. The pitch of the
ulator (SLM) has been proven to be a powerful method fapixels was 42¢:m/pixel for both horizontal and vertical direc-
synthesizing complex femtosecond optical waveforms. On&ens. The light, which was frequency-dispersed in the hori-
dimensional (1-D) SLMs which can independently control theontal direction, was focused to a line with a vertical width of
amplitude and the phase of the transmitted light have beerfew pixels on the SLM. If the focusing lens is replaced with
specially designed for pulse shaping, and are now commex-cylindrical lens, the light is not focused in the vertical direc-
cially available. On the other hand, liquid-crystal SLMs fortion, and spatiotemporal pulse shaping can be performed by
commercial use are being developed very rapidly, and twoaaking the vertical dimension correspond to the real space.
dimensional (2-D) SLMs with very large pixel numbers are The light incident to the pulse-shaping apparatus had verti-
available at a low cost. The advantages of using these SLMal polarization, the light transmitted through the SLM passed
in the pulse-shaping apparatus are as follows: i) They hagegpolarizer which was attached to the SLM, and only the light
a very large number of pixels (a maximum of 12801024 with the same polarization direction was sent to the wave-
pixels is available at present, compared with 128 pixels iform measurement setup. In commercial video instruments,
conventional 1-D SLMs). This corresponds to a much largdiquid-crystal SLMs are most often used in the normally white
complexity, or a much longer time window, available for themode, in which the SLMs are placed between crossed polariz-
waveforms of the shaped pulses. ii) The possibility of 2-I&rs, and transmitted light has polarization perpendicular to the
independent control of the modulation allows a new degree ofcident polarization. In the present study, however, we ob-
freedom in pulse shaping. The new dimension can be usedrved the transmitted light with polarization parallel to that
for spatial or wavevector shaping of the pufse. of the incident light. In this configuration, we can eliminate

There is also a potential disadvantage to using commestructures in the spectrum of the diffraction efficiency of the
cial 2-D SLMs. Since they most often have a twisted-nematigratings, which are apparent only wigkpolarized light.
(TN) structure, the amplitude and the phase of the transmittedIn a TN structure, a thin film of nematic liquid-crystal ma-
light are coupled in a specific manner. This makes the desiggrial is contained between parallel glass plates. The orienta-
procedure of the SLM modulation pattern less straightforwartibn of the liquid-crystal molecules lies in the plane parallel to
than that with a mask which can give arbitrary amplitude and
phase. In this study, we focused on pulse shaping with TN
SLMs in the time domain, and investigated the potential of ﬂmpm PULSE

GRATING OUTPUT PULSE

the technique.
2. Experimental Method $
The design of the pulse shaping apparatus is shown in

Fig. 1. It is similar to those used previously for the shaping

1. Introduction

of 20fs or 13fs pulses by other group?. It consists of one CONCAVE : CONCAVE
pair of 600 line/mm gratings, two spherical concave mirrors " % \/ _— A MIRROR
with a focal lengthf = 200 mm, and a liquid-crystal SLM.

The diffraction angle of the beams on the grating on the in- /

put side wa®y = 4.3°. These components were placed on a Louie. SRATING

horizontal plane. PANEL

The SLM used was a 1.3 inch active-matrix thin-
film-transistor TN liquid-crystal panel module (EPSON,

f ‘ f

Fig. 1. Schematic of the setup of the pulse-shaping apparatus used in the
*E-mail address: hattori@bk.tsukuba.ac.jp present study.
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the panel surfaces when no voltage is applied, and is gradually

twisted from one surface to the other by an angle (twist an- = 0.0 1
gle) of around 90. When voltage is applied to the panel, the © I

molecules tend to realign parallel to the applied electric field. ~~ 0.5 i
By changing the applied voltage level, the degree of align- % . o; ]
ment can be controlled. The material has birefringence to the % | |
light incident normally to the surface, and the axis of the bire- < sl |
fringence is twisted from one surface to the other along with o - | |
the twist of the molecules. The refractive index for light with % o0t ,
electric field perpendicular to the molecular axis, is inde- ‘cd I ]
pendent of the alignment of the molecules, and the refractive o, o 5L ]
index for light with magnetic field perpendicular to the molec- L

ular axis,ne, is dependent on the molecular alignment. The 3.0 T —
difference between these indicesn, is thus dependent on 0.0 0.2 0.4 0.6 0.8 1.0
the applied voltage. Transmittance

The polarization properties of light transmitted through a
TN liquid-crystal structure in the normally white mode waézi?r-] Zi_ hfilationsnipdtiﬁtweea th%\}rlé_insrgittanc? Iagﬁ l\;lheTr;hasel Cfllatr)ge of
studied by Gooch and TarfyThe amplitude and the phase of < "9 fansmited frough a 11v fiquid- crystal SLM. The cajcufation
. . ) L. . . assumes a liquid-crystal twist angle of90
the transmitted light in the present polarization combination
can be derived in a similar manner. The resulted complex
transmission coefficients

The frequency dispersion of the light per pixel on the SLM
U &
sin <— 1+ u2> wa
iTu CAA Xpixel COSHy .
R S— ——. 1 — e Tl .
7 AT exp( 5 ) 1) Av 12 0.155 THz/pixel 3)
Here,u is a parameter proportional to the birefringence of thevherec is the speed of lightd is the grating period, and
liquid-crystal medium, and is defined as AXpixel = 42pum is the SLM pixel pitch. Sixteen fs pulses
U= 7l An/oa. ) with seclf temporal intensity profile have a full-width at half

maximum spectral width of 19.7 THz, which corresponds to
wherel is the thickness of the liquid-crystal cefl,= 7/2is 127 pixels.
the twist angle, and is the wavelength of the light. It is ex- ]
pected thati can be changed from 0 (complete transmissiory: Mask Pattern Design
at the maximum voltage level tg'3 (no transmission) at the  The coupling of the amplitude and the phase of the light
minimum voltage by changing the voltage applied to the ligransmitted through the SLM, as shown in Fig. 2, can im-
uid crystal. The twist anglé was assumed to be/2 in the pose some limitations in the types of waveforms which pulse
derivation of eq. (1). This expression was obtained by substhapers with this SLM can generate. Limitations notwith-
tuting @ = /2 in the more general expression for the transstanding, the large number of pixels on the present SLM nev-
mission coefficient of light with input polarization parallel toertheless allows sufficient freedom for the generation of many
one of the birefringence axes and output polarization perpepractical and useful waveforms.
dicular to the same axis. Since the axis is twisted along the A simulated-annealing (SA) computer progfmhich in-
transmision of light through the material, the general expreserporates the amplitude-phase relation expressed in eq. (1)
sion for the transmission coefficient with an arbitrary twistvas written for the design of the SLM mask pattern. We
angle for the same input and output polarization cannot be deewly introduced the relevant mode extraction (RME) method
rived from this, and is much more complicated and dependeintthe SA calculation, which is discussed below in detail. The
on the direction of the birefringence axis. The relationshiBA algorithm has been used previously to design mask pat-
between the transmittance, which is the squared magnitugens of phase-only SLM&? and has succeeded in generat-
of the amplitude, and the phase of the transmitted light basid) pulse trains which consist of pulses the shape of which is
on eq. (1) is plotted in Fig. 2. It is seen from the figure thathe same as that of the incident pulse. These methods, how-
the amplitude and the phase are completely coupled to eamler, met with limited success in generating waveforms with
other, and that the maximum phase change that the SLM ciatures that deviated significantly from that of the input pulse
generate is/37/2. on the timescale of the input pulse width. In the present study,
The light source used in the pulse-shaping experiments werefore, we selected target pulses which consist of replicas
a home-built Kerr-lens mode-locked Ti:sapphire laser. Thef the unshaped pulse with the spacings and the complex am-
laser cavity was dispersion-compensated by an intracavity sillitude ratios specified. The waveforms can be expressed as

ica prism pair. The cavity configuration was based on the de- N
sign reported by Asalét al.,®) and pumped by an intracavity Earge(t) = e(t) ® Z A st — Ty). (4)
frequency-doubled Nd:YV@Qlaser with an output power of k=1

5W (Spectra Physics, Millennia V). The Ti:sapphire crystaHere,e(t) is the field profile of an unshaped pulg¢,is the
had a path length of 4.5 mm. The pulse width, the wavelengthumber of constituent pulsegy is the complex amplitude
the average power, and the repetition rate of the output pulsgfseach pulseTy is the temporal position of each pulse, and
were 16 fs, 822 nm, 600 mW, and 83 MHz, respectively. ® is the convolution operator. The positions of all pulses,
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Tk, are limited in the positive (or negative) time region duentensity in the baseline region, i.e., in the positive time region
to the limited modulation capability of the present SLM, agxcept for very short times, where the input pulse remains,
discussed below. and aroundr;. The cost function used has the form:

First, in Fig. 3 we show a simple example of a simulated 5 5
waveform obtained by SA calculation, which illustrates the J[U(@)] = WhaseMaX|Egues{t)|"} — Wouisel Equesd T1)|"-
types of waveforms which TN SLMs can generate. In this ®)
example, the calculation searched for an SLM mask patteHere, max } is the maximum value of the argument in the
which generates as high intensity &t = 126fs and as low baseline region, as described above, WigseandWyyse are
intensity at other positive times as possible. The input pulgbe weight factors. By using the SA algoritina mask pat-

was assumed to be a 16 fs sépulse. The peak intensity of tern which minimizes the cost function was obtained.
the input pulse was normalized to unity. The resulted wave- The advantages of the use of cost functions of this form
form has a high peak at 126fs, as expected. There remaiosggr those previously used in the literaftiféare as follows:
however, a peak at time zero with a comparable intensity, afdThe largest possible peak height is obtained automatically.
several small peaks are also apparent at the negative timesroprevious studie$,®) the largest possible pulse height was
—T;, —2T;, —3T;, and—4T;. The persistence of the input found only after many trials of the SA calculations with dif-
pulse at time zero is due to the limited possible phase chanderent target pulse heights. ii) The relative weights of the con-
as seen in Fig. 2. The appearance of peaks at negative tint@isutions of the peak height and the baseline to the cost func-
is due to the coupling of the amplitude and the phase. In thi®n can be tuned. The relative importance of the two contri-
positive time region, however, a single large pulsé at T;  butions is dependent on the types of experiments in which the
is observed with the exception of very small peaksat3T; shaped pulses are used. Some types of experiments require
and 4T;. These are the general features observed in waveery clean baselines. Only a large peak height is required in
forms which the present TN SLMs can generate. Since tlather types of experiments. Therefore, the ability to tune the
temporal position of the pulsE can be made as large as sev+elative weight in the cost function is useful in obtaining the
eral picoseconds in the present experimental setup, we havpuse shape most appropriate for the experiments in which the
time window sulfficiently long in the positive time region for shaped pulses are used.
conducting many types of useful time-resolved measurementsThe obtained mask pattern was used to calculate the wave-
with the shaped pulses. Because the shaped pulBghais form of the output pulse shaped from the actual 16 fs Sech
a peak intensity comparable to the remaining input pulse ptilse. The waveform shown in Fig. 3 was obtained by fol-
time zero, experiments using the two-pulse sequence can alewing these procedures, and the obtained mask pattern which
be conceived using this type of waveform. The phase of thgenerates this waveform is shown in Fig. 4.
shaped pulse &t can be arbitrarily specified, as described in  The cost function above is only applicable for a waveform
84, which consists of a single pulse. To obtain a multiple pulse
We now describe the procedure required for the calculatisequence, we developed the RME method. Here, the targets
of shaped waveforms, as shown in Fig. 3. The input fieldre waveforms which consist &f pulses afl (k = 1...N)
spectrum used in the calculation had a Gaussian shape wittnahe positive time region with target relative intensitigs
width slightly larger than that of the experimentally used inputk = 1. .. N) specified. Normalized target intensities are de-
pulse. This is to guarantee clean mask patterns even in tlieed as
wing regions, where the experimental spectrum does not have
significant amplitudes. The spectrum was then multiplied by
the complex transmission coefficient of the SLM expressed
in eq. (1). The temporal waveforiBg.es{t) was obtained by
an inverse Fourier transform of the spectrum. The purposet the intensities of the temporary calculated waveforms at
of the calculation was to obtain an SLM mask pattern whickhe target temporal positions of pulsgsbe

N

pc=P/ | > P2 (6)

k=1

maximizes the peak intensity ait= T; and minimizes the 2
P y 1 Ik = |Egues{ T ©)
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0 80 160 240 320 400 480 560 640
600  -400  -200 0 200 400 600 Pixel Number
Time (fs) Fig. 4. SLM mask pattern which generates the waveform shown in Fig. 3

obtained by a simulated annealing calculation. The vertical axis shows the
Fig. 3. Simulated waveform with a single pulse at 126fs in the positive birefringence parameter of each pixel. The amplitude and the phase of
time region. The peak intensity of the input pulse is normalized to unity. the transmitted light are given in eq. (1) as a function.of
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I (k = 1...N) span anN-dimensional space. The purposepulses at 126, 220.5, 315, 409.5, and 504 fs with peak inten-
of the calculation here is to maximize the relevant normality ratiosof (b) 1: 1:1:1:1and(c)1:2:3:2:1. The

mode amplitude: peak intensity of the input pulses is normalized to unity. The
N corresponding mask patterns are shown in Fig. 6. It is clearly
Qo = Z Pk (8)  seen that multiple pulse sequences with intensity ratios close
k=1

to those designed are obtained, and that the waveforms have a
and simultaneously suppress the amplitudes of all the normadry clean baseline in the positive time region. It is also found
modes which span theN — 1)-dimensional space orthogo- that a relatively large portion (16—23%) of the incident pulse
nal to the relevant modey (k = 1...N — 1). Using the energy is converted to waveforms in the target time window.

summation rule: In the examples described above, only the intensity profiles
N-1 N were designed, and the phase of the field was not specified.
Z Chf = Z |k27 (9)  The RME method, however, can also be applied to phase-
k=0 k=1 sensitive shaping, as described in §4.

the cost function in the SA calculation was set as It should be noted that the application of the RME method

4 is not limited to the shaping of waveforms expressed in eq.
Ju(@)] = WoasemaxX(| Egues{)["} (4). Mask patterns which generate waveforms consisting of
N (10) pulses with temporal profiles different from that of the un-
— Whuise [qg -S (Z IZ - qg)] . shaped pulse can also be designed using the RME method. In
k=1 this case, the intensity of the waveform at each discrete time
Here, S is a factor which controls the degree of suppressioreplacesly in eq. (7). The intensity of the obtained shaped
of the amplitudes of the modes which are orthogonal to thgulse is maximized automatically in the same manner as in
relevant modes. the case described above.
Some examples of waveforms calculated using this cost )
function are shown in Fig. 5. The target waveform of trace (4): E*Perimental Results
consists of two pulses at 126 and 220.5 fs with the same peakin order to observe not only the amplitude but also
intensity. The target waveforms of (b) and (c) consist of fivéhe phase profile of the shaped waveforms, we performed
collinear interferometric intensity cross-correlation measure-
ments using the setup shown in Fig. 7. The femtosecond

Intensity

600 -400  -200 0 200 400 600
Time (fs) iR

Fig. 5. Waveforms calculated using the relevant mode extraction metho L . L L L L L L !
The peak intensity of the input pulse is normalized to unity. The tempore 0 80 160 240 320 400 480 560 640
positions and the relative intensities of the constituent pulses of the targ Pixel Number
waveforms are as follows: (a) 126 fs and 220.5fs11(b) 126 fs, 220.5fs,
315fs, 409.5fs, and 504fs,:11 : 1: 1: 1, (c) 126fs, 220.5fs, 315fs, Fig. 6. SLM mask patterns which generate the waveforms shown in Fig. 5.
409.5fs, and 504 fs,12:3:2: 1. Patterns (a), (b), and (c) correspond to waveforms (a), (b), and (c) in Fig. 5.
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Fig. 7. Schematic of the experimental setup for the interferometric me: '
surement of the intensity cross-correlation of the shaped pulse and the 1 i i ‘ i A
shaped pulse. BS: beam splitter, PZT: piezoelectric actuator. ™ L

-150 -ll()O -5IO (I) 5I0 100 150
laser beam was split by a beam splitter, and one beam w Delay (fs)
directed to the pulse-shaping apparatus described above. The o ) ) ) ) )
other beam was used as the reference inthe cross-correlafi?, (% The cxoiatng ciue & he colnear nenaty auecoreton
measurements. The output beam of the pulse-shaping appasng delay is normalized to unity. The smooth curves are the envelopes of
ratus was combined with the reference beam collinearly bythe best fit autocorrelation function of ségpulses with a pulse width of
another beam splitter. The combined beam was focused Oﬁefs. (b) The oscillating curve is the cross-c_orrelation of the input pulse
t0 2 GaASP photodiode (Hamamatsu G1116) using a concavi e, 1P pase of e ulse shaper i o moduiator aters on
mirror, and two-photon-induced photocurrent in the GaAsP The smooth curves are the calculated envelopes of autocorrelation of 19 fs
photodiode was measuré The path length of the reference seck pulses.
beam could be scanned by a translation stage driven by a step-
ping motor, and could also be modulated by a piezoelectric
actuator at about 1 kHz. SLM. Although first-order GVD can be compensated for by
The output beam of the femtosecond Ti:sapphire laser wasljusting the position of the grating, effects of higher order
passed through a sequence of four silica prisms before it w&&/D cannot be eliminated.
incident into the cross-correlation measurement setup, andThe transmittance of the laser light through the SLM was
the group-velocity dispersion (GVD) of optical elements wameasured as a function of the discrete level of the voltage ap-
compensated for. The input pulse waveform was charactgiied to the SLM. Using the result of this measurement and
ized by a collinear intensity autocorrelator using the samtbe theoretical transmission coefficient shown in eq. (1), the
beam splitter and the same GaAsP photodiode as those uapplied voltage level was related to the birefringence param-
in the cross-correlator. The autocorrelator was prepared segteru, which was used in the SA calculation.
arately from the cross-correlation setup. The autocorrelationFor measurements of the cross-correlation of shaped
of the input pulse obtained is shown in Fig. 8(a). By assumingulses, we modulated the reference path length by using the
a sech pulse shape, the pulse width was obtained to be 16 fsiezoelectric actuator attached to a mirror in the reference
Figure 8(b) shows the cross-correlation between the rdfeam path, and lock-in detected the signal current. This tech-
erence pulse and the output pulse of the pulse shaping ayique ensured better quality of data, and eliminated the in-
paratus with no modulation pattern on the SLM. The poskvitably large background in the collinear cross-correlation
tion of the grating on the output side in the pulse shapeignal with unbalanced inputs. The trace obtained in this mea-
was adjusted to minimize the width of the cross-correlatiosurement corresponds to a time derivative of the actual cross-
trace. The trace was slightly broadened from the autocorreerrelation.
lation of the unshaped pulse, and best fit by a theoretical au-An example of shaped pulse waveforms observed by the
tocorrelation trace of 19fs pulses by assuming asgdiflse  path-length modulated collinear cross-correlation measure-
shape. Broadening of the reference pulse is impossible sinoent is shown in Fig. 9(b). The modulation pattern of the
the beam passed through the same optical elements in the &uM used is shown in Fig. 4, and it is expected that the gen-
tocorrelator and in the cross-correlation measurement appaeaated pulse has the waveform shown in Fig. 3. The simulated
tus. Therefore, the broadening of the cross-correlation tracedsoss-correlation trace obtained from the shaped waveform
attributed to the broadening of the pulses that passed throughFig. 3 is shown in Fig. 9(a). A shaped pulse is observed
the pulse-shaping apparatus. The actual pulse width of the 126 fs, as designed in the positive time region. However,
output pulse is estimated to be around 22fs, although infathe peak height of the shaped pulse is not as large as ex-
mation on chirping of the output pulse is required to obtain apected. The origin of this disagreement is probably due to
exact value of the pulse width. This slight broadening of ththe inappropriate characterization of the transmission prop-
pulse that passed through the apparatus is probably due to énges of light passing through the SLM. In the present study,
GVD in the SLM and the polarizer which was attached to théhe applied voltage dependence of the transmittance was mea-
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Time (fs) Fig. 11. Traces in Fig. 10 are expanded around the time region of the
. . . shaped pulse. It is clearly shown that the phases of the oscillations of
Fig. 9. (a) Simulated path-length modulated cross-correlation trace fromine tyo traces are inverted from each other. Curves (a) (solid line) and (b)
the shaped waveform shown in Fig. 3. (b) Observed cross-correlation tracqgashed line) correspond to curves (a) and (b) in Fig. 10, respectively.
of the shaped waveform generated by the SLM modulation pattern shown
in Fig. 4.

eg. (10). The peak intensitidg (k = 1... N) defined in eq.

(7) were divided into contributions of two mutually orthogo-
nal phase components. The amplitude of the relevant mode
in the resultant BRI-dimensional space was maximized by the
SA algorithm in the same manner as described above. The tar-
get waveforms of the two traces shown in Fig. 10 had a pulse
peak at the same time of 63fs, and the phases of the field
oscillations at the peak time were inverted from each other.
This phase inversion is clearly seen in Fig. 11, where the two
traces in the 30—120fs region are expanded. Little phase dif-
ference, however, between the two traces was observed in the

Cross-Correlation Intensity (arb.units)

05

. il time region around the time origin, where the unshaped pulse
oo il (T fvﬂ‘lJWV”{IWVWWWMMm 1 remained. The shaped pulses obtained by this phase-sensitive

: (i pulse-shaping technique can be applied to the phase-sensitive

05 coherent control of dynamics in many kinds of materidls.
Lot - . - - .1 5. Conclusions

-50 0 50 100 150 . . .

Time (fs) We theoretically and experimentally characterized the

i _ roperties of a commercial TN liquid-crystal SLM with a
Fig. 10. Path-length modulated cross-correlation traces for two targgt .
waveforms with the same temporal position of the pulse at 63fs in th%rge_ number of pixels. We devefk)ped the relevant mOde_eX'
positive time region, and a phase differencerof traction method for the calculation of mask patterns which
can generate multiple pulse sequences with arbitrary rela-
tive amplitudes and phases. We succeeded experimentally in
sured experimentally. The phase change, however, was estiaping femtosecond pulses at a desired time with a specific
mated using the theoretical relation of the amplitude and thghase using a pulse-shaping apparatus implemented with a
phase for a TN liquid-crystal panel with a twist angle of 90 TN SLM. A smaller amplitude of the shaped pulse than ex-
It was recently reportéd) that the twist angles of some TN pected indicates that the actual SLM modulation function dif-
liquid-crystal panels used in commercial visual instrument&rs from the one used in the calculation.
are considerably less than“90Full experimental character- The shaped waveforms were observed by measuring the in-
ization of the transmission properties of the SLM by interterferometric intensity cross-correlation. To our knowledge,
ferometric measurement is now in progress, and preliminatlis is the first direct experimental observation of the phase of
results suggest a phase spectrum different from that estimatadput pulses of the pulse-shaping apparatus.
for a 90 twist angle. It is expected that a mask pattern ob- The peak around time zero in the shaped waveform is al-
tained by a new SA calculation based on the experimentallyays present due to the limited possible phase change of the
obtained amplitude-phase relation will generate a wavefor®LM modulation function. Removing this peak by spatial fil-
with a larger pulse height. tering using the coupling between the spatial and temporal
Figure 10 shows cross-correlation traces of two shapguofiles of the shaped waveforsvill be possible because
waveforms. Here, not only the peak intensity but also thef the large pixel number of the SLM.
phase of the shaped pulse was controlled. For the SA cal-
culation of the mask pattern which generates phase-sensitive
waveforms, the cost function was modified from that shown in



5904 Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 10 ‘KTHFORI et al.

5) M. M. Wefer and K. A. Nelson: IEEE J. Quantum Electr82.(1996)
Acknowledgements 1

This work was supported in part by a Grant-in-Aid for Sci- 6) R. M. Koehl, T. Hattori and K. A. Nelson: Opt. Commutb7 (1998)

entific Research (C) from the Ministry of Education, Science, 7) c. H. Gooch and H. A. Tarry: J. Phys.8Y1975) 1575.
Sports and Culture. 8) M. T.Asaki, C.-P.Huang, D.Garvey, J. Zhou, H. C. Kapteyn and M. M.
Murnane: Opt. Lett18(1993) 977.
9) See, for example, W. H. Press, S. A. Teukolsky, W. T. Vettering and
B. P. FlanneryNumerical Recipe@Cambridge University Press, Cam-

1) D.H.Reitze, A. M. Weiner and D. E. Leaird: Appl. Phys. L6t(1992) bridge, 1992), Chap. 10.

1260. . . . . 10) J. K. Ranka, A. L. Gaeta, A. Baltuska, M. S. Pshenichnikov and D. A.
2) A. M. Weiner, S. Oudin, D. E. Leaird and D. H. Reitze: J. Opt. Soc. Wiersma: Opt. Lett22 (1997) 1344.

Am. B 10(1993) 1112. . 11) 1. Moreno, N. Bennis, J. A. Davis and C. Ferreira: Opt. Comm&a.
3) A. Efimov, C. Schaffer and D. H. Reitze: J. Opt. Soc. AmlZ1995) (1998) 231.

1968. 12) A.P.Heberle, J. J. Baumberg and K. Kéhler: Phys. Rev. £&8{{1995)

4) M. M. Wefer and K. A. Nelson: J. Opt. Soc. Am.1R2 (1995) 1343. 2508,



