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Self-phase modulation and compression of few-optical-cycle pulses
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The nonlinear propagation of few-optical-cycle pulses through a dispersive Kerr medium, as, e.g., fused
silica, is studied theoretically using a global approach to dispersion without applying the slowly varying
envelope approximation. Contrary to amplitude self-steepening, a nearly triangular pulse shape with the steep
side on the leading front is predicted. The calculation of the ultrawide spectrum and the spectral phases
demonstrates that half-cycle pulses with a full width at half maximum as short as 0.5 fs and single-cycle pulses
can be generated by the application of an appropriate broadband modulator for the compensation of the
frequency-depending phase.

PACS numbd(s): 42.65—k

Ever since its first observation, self-phase-modulatiorcan be separated into a Iinean() and a nonlinear part
(SPM of optical pulses due to a intensity-depending refrac(PN'): p,=PL+ PN The Fourier component fdr. is rep-
tive index has attracted much interest, owing to its signifi-resented b)p;(w,z)zfox(w)E(w,z)_ The linear refractive
cance for a large variety of phenomena, such as spectriddex and linear loss measured for any optical materials in a
broadening or optical solitonssee, e.g.[1]). One of the wide spectral range can be modeled rather precisely by a
most exciting applications is the utilization of SPM in a Kerr modified Sellmeyer fit of the linear susceptibility as
medium followed by propagation in a dispersive delay line
for pulse compressiofiL—3]. By using this method recently, 1 1
pulses with a duration of 4 to 5 fs at a center wavelength of X(“’):Z S/ w, i, —w + w, i+l
800 nm have been generated in single-mode fibéfsand ' ' ’ ' '

hollow fibers filled with noble gasef$]. The possibility of  Equation(1) is the analog to the susceptibility of a linearized
extending these ultrashort pulse sources into the optical SU*Efuantum multilevel system; he® are the coefficients de-
cycle regime is of considerable interest. _ ~ fined by matrix elements of the electronic ultraviol&tV)

While the nonlinear propagation of pulses with a durationyng yiprational infrafredIR) transitions, and», andT", are
of many cycles in the dispersive Kerr medium is rather welline resonance frequencies and the decay rates related to these
studied (see, e.g.[1,3,6)), the physical phenomena in the yansitions, respectively. Introducing the complex density

uItrashort(few—cyf:Ie aqd supcyc}eregime are 'not yet well 1 airix functionsp,(t,z) by the reIationP'X-(t,z): €3 (p,
understood. In this region Wlde_ly used approximate methodsJr p*) we find from Eq.(1) in the time domain
such as a truncated Taylor series approximation to dispersion ™’
and the slowly varying envelope approximati@VEA), are

no longer adequate to describe the pulse propagation. In the
present Rapid Communication we solve the exact Maxwell
equations without the use of the SVEA and apply a global

approach to dispersion with a modified Sellmeyer expansiorb The nonlinear polarization far off medium resonance can
In such a way dispersion effects, infrared losses due to vico treated as a third-order process. Sheik-Baha devel-

brational modes as well as other higher-order effects as th%ped a r(r;())del for t_he dispersion of th_e dommant_ eIectrqnlc
art of y'*/ for semiconductors and wide-gap optical solids

intensity-depending group velocity are adequately taken int . . : . : )
account. We study the temporal and spectral characteristi Qat predicts a umversal_ dispersion and scalingy6¥ in .
in the evolution of few-cycle pulses and the possibility of rather good agreement with measurements of many materials

extending pulse shortening to the subcycle region. In othfﬁo]' According to this model form<wg, whereEqy=/awy is

in (3

previous work on methods for sub-fs pulse generation, sev* e(s)band-gapz energy. the -relat|op(( )(.w’w’_w’w) .
eral alternatives has been studied, as high-harmonic generaXo (1+2.80%wg) can be derived. For wide-gap materi-
tion with sub-fs time structurf7], cascaded stimulated Ra- &S such as fused S'“Cagzl-e_?/")’g is about 0.05 fs, and
man scattering [8] and pulse spliting by coherent consequently the second termyf®) does not playa_l5|gn|f|-
propagation effectf9]. capt rolfa even for subfemtosgcond pulsgs gonsllltlj_ered here.

We consider the interaction of an ultrashort few-cycleWith this model for the nonlinear polarizatior, ™(t,2)
pulse propagating in thedirection and linearly polarized in = €ox§ E>(t,2), describing the effects of SPM and self-
the x direction with a dispersive, nonresonant nonlinear op-Steepening and also the generation of third harmonics, we
tical material as fused silica. Through the influence of thecan study the pulse propagation in the nonlinear medium by
incident field, a polarization in the medium is induced whichsolving Maxwell's equations,

@

%

WZ(iw/—F/)p/—iS/E(t,Z). 2
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where D, = €oEx+ Py, By=puoH, and the electric field, 10
and the magnetic fieltH, are assumed uniform along the
transversex andy axes. The latter condition can be realized
in waveguides. We choose the initial conditionsEgg0,z)

E (10° V/m)
<

=Ecos wy(z+2zp)/clsech1.76(z+zy)/c7y] indicating that 10
initially the pulse locates in vacuum at —z, before the 0.52 0.54 0.56
medium entrance face at=0; hereE, is the peak strength ¢ (ps)

of the electric fieldwy is the carrier frequencyr is the full
width at half maximum(FWHM) of the pulse. Equation&)

and (3) were solved using the finite-difference time-domain
method [11] with nonreflecting boundary conditions, the
predictor-corrector method, and a moving computational do-
main. We studied pulse propagation in fused silica with char-
acteristic dispersion parameters determined from the data in
Ref. [12]. A suitable fit of the modified Sellmeyer formula
(1) was achieved taking into account one IR resonance at
01=0.21 fs'* (\;=9.05 um) with S;=0.06 fs'%, T';*
=265 fs; and one UV resonance at,=18.9 fs'1 (A,
=0.10 um) with S,=10.2 fs'!, I',=0. Loss in the UV
can be neglected because only the spectral region below
is considered. The third-order susceptibility is given by
x$¥= (413)cegn?(wo)n, With n,=3x 1018 cm?/W, where
N(wg) is the linear refractive index.

In order to obtain better insight into the specific Charac'parameters taking into account dispersion in silica. The
teristics of SPM in the few-optical cycle region, we first tum 4,6 ghserved effect of carrier self-steepening does not oc-
to the case of p_ulse propagation With(_)Ut tz_ik_ir_lg the dispersioq, hecause of the counteraction of dispersion. However, an-
in the medium into account. We consider initial pulse param,q interesting feature arises. As seen in Fig. 2 at a distance

— — — 3
eters7o=5 fs,\o=0.83 um, lo=4x10"* W/cn?, and pa- éf 1 mm the pulse significantly spreads and develops a
2 . early triangular shape with the steep side on the pulse lead-
initial pulse is one order below the damage thresHd8| i, front. This behavior is contrary to the known effect of the
and higher-order nonlmear effects are s_t|II peg_l|g|ble. Thusenvelope self-steepening for longer pulses with a steep front
the free-electron density due to photo(l)g)enlzatl%n and avaay the tajling edge. The triangular shape here is caused by the
lanche ionization can be estimated iy 10 cm™*, which —o\yer yelocity of the high-frequency part of the spectrum for
is in g_ooq agreement with experimental measurements angle normal-dispersive medium and, therefore, by self-
modeling in Ref[13]. Then the plasma contribution to non- flattening of the pulse back front. After the main pulse a
linear refraction is three orders of magnitude smaller than the, o5 ker pulse can be seen that contains third-harmonic com-
Kerr nonlinearity. In Fig. 1, pulse shape f':md spectrum a”v%)onents and moves with a lower group velocity. In Figg)3
phase c_JIeIay are presented after propagation of 0.1 mm. OV spectrum of the fieltE(w)| is shown for three propaga-
ing to violation of the SVEA, the creation of new frequencies;, distances together with the initial pulse spectiigiotted

apd thejr nonlinear mixirjg py t.h.e third—_order nonli_nearity in curve. In comparison with Fig. (b) the long tail on the blue
dispersionless medium is significantly increased in the fews

cycle region and results in a dramatic shift of the spectrumSlde 's now suppressed because of its lower group velocity,

into the UV region[solid curve in Fig. 1)]. A noteworthy 4

feature is that the slow oscillations in the front of the pulse

show a nonsinusoidal behavior with abrupt changes and dip:

in the maxima. The physical origin of such well-resolved 0

carrier self-steepening can be explained by the action of the

nonlinearity directly in the field strength. It is related to pre-

viously discussed carrier wave shockirgf| considered here 8 4

at a propagation distance larger than the shock distance. Thg

known effect of envelope self-steepening here is weak bul

still remarkable in the trailing edgéd=ig. 1(a)]. The pulse is

highly chirped as shown by the phase delay in Fit) 1

(dashed curve For comparison, in the inset the spectrum is 8 , , ,

shown for the SVEA for the same distance, which qualita- 0.55 0.6 0.65

tively differs from the exact results and clearly demonstrates ¢ (ps)

the failure of this approximation for few-optical-cycle

pulses. FIG. 2. Pulse shape in fused silicazat 0.1 and 1.0 mm for the
Figure 2 shows the evolution of the pulse with the samesame initial pulse parameters as in Fig. 1.

011804-2
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de/do (ps)

FIG. 1. (a) Pulse temporal shape afio) spectrum(solid curve
and phase delagdashed at a distanceg=0.1 mm of a dispersion-
less Kerr medium for the initial pulse duratiag=5 fs, peak in-
tensity 1,=4x10" W/cn?, and location z,=15 um. Dotted
curve, initial pulse spectrum; inset, pulse spectrum for SVEA.
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2 0 FIG. 4. Group delay at=0.1 (a), 0.5(c) and 1 mm(b),(d) for
1. 70=5 (a),(b) and 15 fs(c),(d), | ,=4x 10'® W/cn?. Dotted curves
show the linear phase delay at the same distanceszgnd5
(@),(b), 45 um (c),(d).
05 r
approximately the same spectrum bandwidth a$4ii but
0 - with 50-fs, 10 W/cn? input pulses.
0 . 6 In Fig. 4 the group delayde¢/dw of the pulseE(w)
o (fs™) =|E(w)|exdi¢p(w)] is presented. For comparison, the corre-

FIG. 3. Evolution of the pulse spectrum for disfferenr;iznput pulse Sngrr]l?ixr)])gz/clj—nzazlg/cpizazzpic?s:jaybdy(PItlfqédg)ottevgiltﬂnezIIrll'he
parameters and distancda) =5 fs, '02.4X%01 W/E »2=0 " 4roup delay shows a smooth behavior in the main spectral
(dotted curvg, 0.1 (1), 0.5(2), 1 mm (3, insed; (b) 7q=15 fs, I, .. .
~ 3 . .7 part and only a small deviation from the linear phase delay
(_)A'xfog fwllci]zl’of{\?vﬁd;tzted’_%l(él)t’t 065 E)Z)é (11)m£n 3 '?zs;eb’ for the smaller distancfFigs. 4a) and 4c)]. For the longer
@ 70=> 18, o= e, 2=0 (dotied, B.5 (5, L mmie): distance linear and nonlinear delay are almost idenffigs.

4(b) and 4d)]. The reason is that SPM plays a role only in
while only small changes occur in the spectral maximum onhe first step of the evolution when the pulse experiences a
the red side. Nevertheless, the asymmetric double-peak spéerge spreading with decreasing pulse intensity; after that the
trum is still extremely broad with a bandwidth of abaht  change in the phase delay is dominated by linear dispersion.
~1.70y exceeding the input carrier frequenay,. After The technique to compress highly modulated pu(&égs.
propagation of 1 mm, the spectrum extends from 2 and 3 consists of the utilization of anomalous dispersive
~3.0 um up to the UVA~0.3 um and remains unchanged optical elements for the compensation of the phase delay.
during further propagation. In Fig.(3 the evolution of the ~The action of such an optical delay litleompressoris de-
spectrum forro=15 fs andl,=4x 10" W/cn? is shown. Scribed by a phase functiorp.(w) and the Fourier-
Ultrawide spectral broadening sufficient for subcycle pulseifansformed field —after the compressor i&(w)
generation can also be achieved for these input parametefs|E(«)|exfig(w)+ig(w)]. As the dotted curves of Figs.
and longer distance@urves2 and3). In Fig. 3c) the evo- 5(a) and 3h), the compressed pulses are shown after passage

lution of the spectrum for a weaker input pulse with=5 fs ~ through an ideal compressor wight ¢.=0. They consist of
and 1,=10" W/cn? is plotted for comparison. Now the almost_ half a cycle with two suée.-mlmma. The FWHM of
maximum bandwidtiA < w is smaller than in Figs.(8) and pulse intensityl () =2ceo| E¢(t)|” is only ~0.5 fs, while

3(b). In the insets of Figs. @ and 3b) the spectrum at tthn['ntenS|ty level of the side wings is20% of the maxi

:.1 mm is shown on a Ioga_mthmlc scale for input pulses For pulses with an ultrawide spectrum considered here,
with 7o="5 and 15 fs, respectively. As can be seen, the SpeGsg a1y applied techniques such as combinations of prism
trum of the third harmonics is shifted slightly towards h'gherpairs and chirped mirrorE2—5] cannot be used for efficient
frequencies because of the SPM-induced broadening of the;se compression because of their restricted bandwidth.
fundamental. To compare our results with available experiyowever, alternative methods have been demonstrated and
ments, note that an optical pulse compression up to 5 fs Wagre presently in progress. As an example, pulse shortening
reported 4] using spectral broadening in a single-mode fibercan be accomplished by spectrally dispersing the highly
with pulse parameters at a focusing lens before the fibeghirped pulses by a prism and focusing the spectrum onto a
close to those in Fig.(B). Besides the loss at the fiber en- liquid-crystal spatial light modulatag.CSLM) [16,17]. Ow-
trance face, the pulse input parameters are considerablyig to pixellation the requirement for the largest pulse phase
modified by chromatic and spherical aberrations of the lensgelay is given by|de/dw|<7/Aw [16], whereAw is the
leading to significant temporal broadening of the short pulsefrequency space corresponding to a single pixel. We consider
[15], and therefore the predicted bandwidth in Fig)3vith  a typical transmission wavelength range between 0.4 and 1.8
Aw~3 fsis larger than reported if¥]. This is also sup- uxm; the spectral part outside this region is cut off. For the
ported by the results of For&t al. [2], who have obtained phase delay shown in Fig(a@ the above given condition is
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”E g that SLM also permits the control of the absolute value of the
g resultant phaspe(w) + ¢.(w) = ¢y, @o=consi. Its crucial
f 4 role can be seen in Fig(&, where the electric field of the
=] single-cycle pulse forpg= /2 is completely different from
=0 the case of the half-cycle pulse in Figabwith ¢,=0 after

passage through the ide@lotted curve as well as the real
compressor wittN=256 pixels(solid curvg. Though both
pulses have identical spectral intensity distributions, striking
differences in the nonlinear interaction of these pulses with
matter are to be expected.

M S LCSLM’s have been used for pulse shortening down to
-10 0 10 13 fs[17] and no obvious factors limiting the extension to
£ (Es) shorter pulses have been identified up to rjd8|. The ap-

FIG. 5. Compressed pulses after propagation through 0.1 mrRlication of this method to a ten times broader spectrum
(a),(c) and 0.5 mm(b) of fused silica and after chirp compensation COUld_ lead to d'ﬁ'CU|t'e§, but obtaining a solution may be
by a SLM for 7,=5 (a),(c), 15 fs (b), 1,=4x10** W/cn?, and  Possible. Other alternative methods for phase control have

different SLM parametersa) N=256, ¢,=0; (b) N=1024(solid  also been demonstrated, as the application of a deformable
curve, 256 (dashedl ¢,=0; (c) N=256, ¢,= /2. Corresponding ~Mirror resulted in pulse shortening to 15[f3].

pulses with chirp compensation by an ideal compressor are shown In conclusion, the numerical integration of Maxwell's

by the dotted curve. equations for propagation of few-optical-cycle pulses in a
dispersive Kerr medium shows a self-flattening effect of the
pulse back front. From the calculated spectra and phase delay
the possibility was predicted to extend the method of pulse
shortening by SPM into the subcycle region.

well satisfied for the number of pixelé=256. The solid line

in Fig. 5@ shows the numerical result for compression by
the LCSLM. As can be seen, the pulse duratiorn=d.55 fs
and the obtained pulse shape are very close to those obtainedWe gratefully acknowledge support from the DFG,
with an ideal compressor. In Fig.(lH pulse shortening is Project No. He2083/5-1, and partial support by BMBF,
shown for 7o=15 fs andz=0.5 mm by a LCSLM withN Project No. WEI-001-98. We thank Professor A. M. Weiner
=256 (dashed curyeandN = 1024 pixelg(solid curvg. Note  for a fruitful discussion of the physical limits of LCSLM’s.
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