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Multiphoton processes in the presence of self-phase-modulation
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We have theoretically investigated the effects of self-phase-modulation on multiphoton nonlinear optical
processes in semiconductors, utilizing multiple-order perturbation theory based on a set of coupled nonlinear-
wave equations. Our results clearly demonstrate that the self-phase-modulation in the fundamental field in-
duces spectral broadening in the harmonic figldsss-phase modulatipand alleviates phase mismatch by
providing a distribution of wave vectors. These results are consistent with our recent observation of extreme
nonlinear optical behavior in bulk semiconductors under intense mid-infrared radiation.

DOI: 10.1103/PhysRevA.63.053807 PACS nuntber42.65.Ky, 42.65.Re, 42.70.Nq, 42.65.Hw

[. INTRODUCTION harmonic generation are significantly enhanced by SPM.
This is because the additional bandwidth in the fundamental
Self-phase-modulatiofSPM) is a fundamental nonlinear due to SPM provides a distribution of wave vectors, which in
optical process, which, in combination with self-focusing, isturn help alleviate any strong thickness dependence due to
known to lead to dramatic continuum generation when #Phase mismatch. Our numerical simulations agree well with
high-intensity ultrafast laser pulse is focused into a stabldéhe observations in Ref9].
filament[1]. This extreme case of SPM has been observed in This paper is organized as follows. The theory used to
many different types of materials and gaf28] and is used describe multiple-order nonlinear processes in the presence
for generating ultrafast radiation outside the conventionaPf SPM is described in Sec. Il. In that section, we first de-
spectral range of ultrafast lasers for various applicatfdits ~ Vvelop the coupled nonlinear-wave equations using multiple-
Although there have been a number of studies on SPM an@rder perturbation theor¢Sec. Il A) and analyze harmonic
continuum generatiofs—7], the effect of SPM on multipho- SPectral broadeningSec. Il B. We then consider multiple-
ton processes is less well understdéd order nonlinear phenomena in the presence of SPM for the
In this paper, we theoretically study the effect of SPM oncase of harmonic generatidSec. 1l Q and for the case of
multiple-order nonlinear optical processes. Specifically, weoff-resonance sum and difference frequency generation,
investigate  multiple-harmonic  generation andoff-  Which we call sideband generati¢Sec. Il D. Comparison
resonanc}j mu|tip|e 0ptica| sideband generation processe@f the theoretical results with the experiments Is shown in
that have recently been observed in bulk semiconductor§ec. Ill, and conclusions are stated in Sec. IV.
strongly driven by intense mid-infraredMIR) laser pulses
[9]. Multiple-harmonic generation in gases, liquids, and solid Il. THEORY
surfaces in both perturbative and nonperturbative regimes
has been well explorefll0—-13, but there have been few
studies inbulk solids. The importance of SPM via cross-  Our theoretical study of multiple-order nonlinear-optical
phase-modulatio’XPM) in harmonic generatiofi8,14,15,  pPhenomena is based on the standard nonlinear-wave equation
wave mixing[16], and pairs of copropagating bearis7]  formalism[19]. For the pulse propagation of a fiedd, with
has been considered, but the importance of SPuitiple-  frequencyw;, the wave equation is
order nonlinear processes has not been fully addressed, to
our knowledge. A28 . 2mo
We have developed a multiple-order perturbation theory Jz CNg
based on a set of coupled nonlinear-wave equations. We find .
that spectral broadening in the harmonic fields occurs due t§! Ed. (2.1) we have used the slowly varying envelope
XPM, i.e., spectral broadening of the fundamental beam beapproximation for the fieldE;=A; exdi(kz—wf)]+c.c.,
ing mapped onto the harmonic during propagafiv@l. We where k;=ng(wj)w;/c, and for the nonlinear polarization
also find that multiple-sideband generation and multiple-Py.=x?E2+ y®E3+ ...=P&t)jexlii(ka—wjt)]+c.c. ¢
=t—2z/(c/ny) is a reduced time scal0].
We first study the propagation of the fundamental field
*Permanent address: Departamento Optica, Universidad Con{E;, w;) which propagates through a nonlinear medium
plutense de Madrid, Ciudad Universitaria s/n, 28040 Madrid, Spainwith an index of refraction that depends on intensity by
"Present address: Information Science & Technology Divisionmeans of the third-order contribution of the nonlinear polar-
Lawrence Livermore National Laboratory, Livermore, CA 94551. ization P{)=3x(®|A|?A,. The solution is

A. Nonlinear-wave equation

PG (z.). 2.1

1050-2947/2001/63)/0538079)/$20.00 63 053807-1 ©2001 The American Physical Society



CALDERbN, CHIN, AND KONO PHYSICAL REVIEW A 63 053807

4n,w; TABLE I. Parameters for the spectral broadening in the third
Al(z,§)=|A1(0,§)|exr(i c |A1(0,6)|%z], (2.2  harmonic in GaAs.
@)
where n,=3my/(2n,) is the nonlinear index of refrac- Mo(©2) No(ws) X (esy
tion. Equation(2.2) represents a pulse whose intensity doesz 311 3.4345 3x10° 11

not change but whose phase changes during propagation
This phase shift occurs due to SPM, and the amount of phase

shift ¢, after a distance is given by The intensity of the third harmonic is modulated by the

4 phase of the fundamental fieldld;|21— cos(3p,+AKL).
b= |A4]%L. (2.3 Thus, the third-harmonic pulséwhen ¢,=0) suffers a
modulation as well as spectral broadening due to SPM. As
we will see in the numerical example given below, this in-
tensity modulation of the harmonic is evident as a slow
renodulation of its energy spectrum. The third-harmonic pulse
also experiences a phase shjff induced by the SPM of the
fundamental field

Since the intensityA,|? varies throughout the pulséA;|? is

a function of¢), various parts of the pulse undergo different
phase shifts, leading to a frequency shift. We assume th
boundary condition for the fundamental field to Ag(0;t)?

= A%/cosh(/T), whereT is related to the pulse duratian by
T=A/[2 arccosh(2), and A, to the pulse intensity, by
ASE4 arccosh(2l)y/(nqc). After the pulse travels a distance
L in the medium, the difference between its instantaneous ¢3=arcta+
optical frequencyfat timet+L/(c/ny)] and the carrier fre-

guencyw; is obtained by differentiating the phase shift with

respect ta [20]:

sin(6¢q) —sin(3¢,— AkL)
cog6¢,) —cog3¢p;—AKL) |

(2.9

After the pulse has traveled a distaricén the medium, the

deby  4n,ml A(Z) Sinh(t/T) differenge between its instantaneous optical frequen(_:y and
5“’1:_W2 T . (2.4  the carrier frequencyws; is Sw3=(9/2)éw,. Therefore its
¢ cosH(t/T) relative frequency shift is

Assumingn,>0, the instantaneous frequencies in the lead-

ing half of the pulse are lowered, whereas those in the trail-

. . . . 5(1)3 3 5(&)1

ing half are raised. The total frequency excursion is — = (2.9
2(801) max= 4Npw1LAZ/(CT). w3 2 o

B.H i tral broadeni . . . .
armonic spectral broacening This shows that the relative frequency shift of the harmonic

In this section, we study how the spectral broadening irfield is greater than the fundamental frequency shift, with the
the harmonic field takes place. We consider third-harmonigotal frequency excursion for the harmonic field given by
generation induced by the fundamental field via the third-2(5w3) .= (9/2)2(8w1)max. The broadening found in the
order nonlinear susceptibility, since all media have nonzer&armonic field is due to the spectral broadening of the fun-
x®. Its corresponding third-order nonlinear polarization isdamental beam, generated by SPM, being mapped onto the
given by harmonic during propagation via XPM, i.e., no significant

i SPM due to the harmonic beam itself is generated.
Plis=xF[ATe 127+ 6| A1 [°As+3|A5?Az], (2.5)

where A; is the third-harmonic field ¢3=3w;) and Ak Numerical example
=k3— 3k, the phase mismatch. We approximately solve the | ot s consider a high intensity =10 W/cn#) using
propagation of the harmonic fieldAg), taking into account A —o0q fs pulses ah;=3.5um in anL=350 um thick

2 2 ’
that|A|*>|A|* so that we can neglect the smallest term ofrystal. The linear index of refraction and the nonlinear sus-
the nonlinear polarization,|B3|“As. Then, using the funda-  ceptibility used are shown in Table I. Figuréalshows the
mental fieldA; calculated in Sec. Il A, we solve the propa- cajculated third-harmonic intensity using the parameter

gation equation of the third-harmonic field stated above. Here we see how the SPM modifies the pulse
JA an shape of the third harmonic. This intensity modulation is
a_;:i %[Afe‘mk% 6|A]%As]. (2.69  induced by the changing phase of the fundamental field due

to SPM. Figure (b) shows the calculated relative frequency
. . ) . . shift for both fields, the fundamental fieldotted ling and
The wave equation is a linear differential equation, whosgne third harmonic(solid ling). Due to this time-varying
solution atz=L is phase, the spectrum of the transmitted pulse is modified, with
™ 1 more broadening occurring in the third-harmofgee Eq.
3:_1—[ei6¢1_ei(3¢1—AkL)]_ (2.77  (2.9] This is clearly seen in Fig.(#), which shows the
3 1+AkL/3¢, spectral content of the transmitted pulse calculated using
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§ 164 W?th SPM (C) FIG. 2. Theoreticala) energy spectrum an() total energy of
s | fundamental - -eeeee without SPM the third harmonic in GaAs versus thickness, with SRidlid line)
=2 and without SPM(dotted line.
E 121 third harmonic energy spectrum in the third harmonic for both intensitigs
i andl /2. We find that both the overall spectral width and the
2 g intensity of the peaks become smaller as the pulse intensity
% decreases.
)
o 4 Ll . HE R I AT ) C. Multiple-harmonic generation
= 00 06 08 10 12 14

The previous subsection highlighted the effect of XPM on
photon energy (V) a single harmonic. Here we analyze the multiple-harmonic
generation with XPM. We assume that the primary mecha-
nism responsible for harmonic generation is the direct pro-
¢&IT. (b) Relative frequency shift for the fundamental fieie, /w4 Cesg, so that aII_of t.he cross terms are ne-gllgl-ble. Thgn, the
(dotted ling and for the third-harmonic fieldws/ws (solid ling ~ Nonlinear polarization for the harmonic fieldy; (j
versus the pulse positio&/ T at z=L. (c) Energy spectra of the =23, ... ) afrequencyw;=jw, is related to the fundamen-
fundamental and third-harmonic fields calculated with Seitid  tal field A, by
line) and without SPMdotted ling, demonstrating harmonic spec-
tral broadening when SPM is taken into account.

FIG. 1. (a) Calculations for 35Qum thick GaAs. Intensity of the
third harmonic field|As|? at z=L, as a function of pulse position

S(w)—‘ foc dteiwt(|Al|ei</>1ei(k127w1t)

2

. (2.10

+ |A3| ei (/)3ei (kgz— w3t))

Energy Spectrum (arb. units)

The dotted line in this figure corresponds to the case with-
out SPM and is shown to highlight the spectral broadening
due to SPM. Figure 2 shows the energy spectrum in the thirc T s oe | o 11 L. .
harmonic and its total energy versus thickness, with and ’ ' ' ’ ’ '

. . photon energy (eV)
without SPM. The two cases follow different phase-
matching behavior, as will be addressed in next subsection. FIG. 3. Theoretical energy spectrum in the third harmonic in
Since SPM is a nonlinear process, the espectral broadenir@aAs for different pulse intensitidg (solid line) andl,/2 (dotted
should be strongly intensity dependent. Figure 3 shows théne).
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PRL= XV (A ek, (2.11 T

where Ak;j=k;—jk; is the phase mismatch and! is the
jth-order nonlinear susceptibility. Introducing Eg.2) into
Eq. (2.11), we can solve the propagation equation for the
harmonic field Eq. (2.1)] after a distancé,

Ly Ak
A.:imwsm 1617 AKL | -2k
) cng 2 :
(2.12

where sinck) =sin(x)/x. This solution predicts that harmon-
ics have the standard perturbative behavior with the funda-
mental intensity]A;|?ec|Ay|2). . . . .
In order to understand the role played by XPM in har- 750 760 770 780 790 800
monic generation, we first review the case without SPM in L (um)
the fundamental, i.e¢;=0. In this case, the harmonic in-
tensity is proportional to the well known function
sincz(AkjLIZ). The distance where the polarization wave at 5x 104
w; and light wave atw; remains in phase synchronism is T Ak L/2-36 /2
called the interaction lengtkor coherence lengihand is 4 3 1 max
defined as |.;=m/(kj—jki)=N1/[2]|no(wj) —Ng(wy)|] 1

[20]. We see that,<\, and thus longer wavelengths gener- & 3
ally lead to larger interaction lengths. When this distance is . I
much shorter than the thickness of the sample, a large phas 21
mismatch occurs, and the intensity becomes very sensitive t T
the sample length, as illustrated in Figay This leads to a 14 (b)
4 56 5

kL/2)]

7

2

log [sinc™(A

R

Ak, L/2

(69)]

smce

strong reduction of the harmonic fields if the sinc function is

close to zero. However, if we consider SPM in the funda- 0
mental, the argument of the sinc function will be equal to
(AKkjL—j¢#1)/2 (due to XPMN), instead of Ak;L/2). Conse-

quently, SPM aids phase matching by generating a large dis- F|G. 4. (a) Plot of the phase matching conditigwithout SPM
tribution of wave vectors, which averages out any destructivgersus znS thickness for the different harmonic fields: second har-
interference. An example of how much influence SPM cammonic (dotted and dashed ligzethird harmonic(dotted ling, fourth
have on the phase matching is shown in Fidp)4Therefore,  harmonic(solid ling), and fifth harmoniqdashed ling (b) Plot of

the additional bandwidth in the fundamental due to SPMthe phase matching condition for third-harmonic generation for the
alleviates any strong thickness dependence due to phase misnditions mentioned in the text. The values correspond to the cases

match by providing a distribution of wave vectors, as is seewithout SPM,x=AksL/2, and the maximum change when SPM is
in Fig. 2. consideredx=Ak3L/2—3¢;ma/2, are shown. The whole range of

phase matching between these points is achieved when SPM occurs,
Numerical example thereby averaging out the effect of phase mismatch.

5 3 60 62 64
X

To demonstrate the effect of XPM, considerAa=1 ps . ) )
pulse with a peak intensityo=2x 10 W/cn? at wave- Strates that multiple harmonics do not appear fo'r this case
length \;=3.5 um. The linear index of refraction and the Without SPM. In order to show how SPM alleviates any
nonlinear susceptibilities used are shown in Table II. Usingstrong thickness dependence of the phase matching we plot
these parameters, the estimated interaction length for gendR Fig. 4b) the sinc function around the third-harmonic po-
ating harmonics is on the order of 20m. For a 1 mrrthick sition. As we can see in this flgure, the sinc functlon is close
sample this leads to a large phase mismatch. Figtae 4 to a zero for t_he thlrd-'harmo.nlc phase matching. However,
shows the standard sinc functiéwithout SPM) versus the the SPM provides a o!lstrl_butlon of wave_vectors th_at aver-
thickness(L) for different harmonics. Around. =768 xm ages out any destructive interferensee Fig. 2 for this ef-
the third, fourth, and fifth harmonics are strongly suppressed
due to phase mismatch between the fundamental and the TABLE Il. Parameters for the MIR harmonics in ZnS.
harmonics. We calculate the energy spectrum

, x? sy x®esy  xP sy x® (esy
S(w)=J' dteety, Ajelkizzol (213 08x107 5x10°"  42x10°°  6.5x107%°
o ] No(w1) No(wy) No(w3) No(wy) No(ws)

for both cases, with and without SPMlat 768 um. Plotted 2. 2545 2.268 2.2849 2.3035 2.332
in Fig. 5 is the resulting energy spectrum, which demon
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16 D. Multiple-sideband generation

! without SPM Another nonlinear phenomenon that can be affected by
SPM is sideband generation, i.e., sum and difference fre-
quency generation. In this subsection, we study the optical
! sidebands generated when the fundamental fieJd[Eq.
(2.2)] and a probe pulsé\, (frequencyw,) overlap. We

144
20

§ 124 consider a probe pulse as foIIows:Ap(z,g)2
§ =A§p/cosh€/Tp), where T,=A,/[2arccosh(2), with A
g the pulse duration, aan(Z)pE4 arccosh(20)g,/(ngc), with
S 104 lop the pulse intensity. The two fields propagate with a small
§ ] M relative angled. If we take the fundamental field in the
g 16 . propagation direction, i.e. theaxis, the probe wave vector
& ®, direction is given bylzpzkp[cos(e)ifrsin(a)i]. We analyze
gr, with SPM the sum and difference frequencie®.(;=w,* w;), and
2 144 20, higher-order wave mixing ¢.j=w,*jw,;). The corre-
52 30, sponding nonlinear polarization for these processes is
=]
=) . ) .
< L . PG =+ DU DA A,
0)1
_Anymq|Aq]? .
50, X ex ij|fz expiAk.;z),
10+
(2.19
00 02 04 06 08 10 12 14 16 18 20 where
photon energy (eV) o ' .
Ak.j=(z-Ky) £ jki—(z-K+)) (2.15

FIG. 5. Theoretical energy spectrum of the total field corre-

sponding to multiple-harmonic generation in ZnS, with and W|thoutis the phase mismatch. Using this nonlinear polarizatm

SPM. (2.14)] we solve the wave equatidiEq. (2.1)] after a dis-
fect in GaAs. This allows the generation of multiple har- tanceL,
monics to occur more easily, as seen in Fig. 5. _

An interesting situation occurs when we consider the zero 2+ Do L™y | o
dispersion limit, i.e.Ak;=0. In this case, there is a phase =1 NeC AP|A1| sinc
mismatch generated by SPM and therefore the intensity of )
the harmonics generated with SPM will decrease with re- X[il¢1+Akﬂ'—}ei(ﬂ(blﬂkﬂum 2.16
spect to the case without SPkalthough the spectrum is 2 ' '

broader with SPM This is shown in Fig. 6, where we plot
the calculated third-harmonic energy spectrum with and i solution gives the standard perturbative behavior,

without SPM assuming zero dispersion. i.e., =1 (+2) photon sidebands are lineafguadratically
dependent on the fundamental intensj#, j|%<|A;|?, and

with SPM linearly dependent on the probe intensit,. || *<|Ay|%. As

---------- without SPM with multiple-harmonic generation, the SPM avoids any
strong thickness dependence due to phase matching in the
sideband generation.

16 zero dispersion case

third harmonic

Numerical example

Let us consider the following parameters: a probe pulse
(\p,=0.8 um) with peak intensityl ,=1x 10° W/cn? and
Ap,=1 ps, interacting with aA=1 ps pulse of wavelength

. e RN A;=3.5um with peak intensityl ;=2x 10'° W/cn?. The
10 102 104 106 108 110 M2 angle between the probe and the fundamental field is
photon energy (V) =10°. The linear index of refraction and the nonlinear sus-

FIG. 6. Theoretical third-harmonic energy spectrum in a mate-Ceptibilities used are shown in Table Ill. The effective length
rial with zero dispersionAks=0, with SPM(solid line) and with- IS L=489 um, which is the length over which the beams are
out SPM(dotted ling. The parameters are the same as in Fig. 5, bucrossed on the sample. In order to show the sideband gen-
with a shorter length. =200 um. eration we calculate the energy spectrum

log,[Energy Spectrum (arb. units)]
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TABLE lll. Parameters for the optical sidebands in ZnSe.

No(wp) =2.5244

x@=6x10"7 esu x=85%x10"esu X M=6x10"esu
)\1:35 /Lm no(w1)=24352

no(w+1):2.5815 no(w+2):2.6655

No(w_ 1) =2.4866 No(w_,)=2.4588

no(w+1):2.5536 no(w+2):2.5899 no(w+3):2.6347

no(w_1)=2.5005 no(w_z):2.4837 no(w_3):2.4676

_— o ” ll. COMPARISON WITH EXPERIMENTAL
S(w)= f dte""‘[Ape'[(Z' pzopll 4 A el (kazmerd) MULTIPLE-ORDER NONLINEAR OPTICAL

PHENOMENA
+; '°‘+jel[(z'k“)Z @+t In this section, we compare the theoretical results with
recent experiments in multiple-order nonlinear optical phe-
nomena induced by intense MIR pulses in semiconductors
[9]. In this work, we observed both multiple harmonics and
multiple sidebands. In addition, we observed unusual spec-
for both cases, with and without SPM. As we can see in Figtral modulation in a harmonic under high-intensity condi-
7, the sidebands are strongly affected by the phase matchirigns, which is not directly addressed by the theory stated

2

+> Ajeilﬁfﬁz—wﬂl} (2.17)
J

effect when the SPM is not taken into account. above.
16
without SPM i ith 3.5 — @) s[ 7+ probe
with 3.0um :@ . \ - w!th 6.2 m purmp
uwd e probe % 101 — W'th 3.5 um pump
i g [
H 8 - | = [
: = 101 N
i = /)
= i 2 A i |
g 7 N (I | .|
g i = T ﬁ ‘ |
= J i ° sl H i ‘ r, ‘
5 10- - ‘l iu L] Tl L] - ll l[ -
g : 1.0 1.2 1.4 16 1.8 20 22
= § photon energy (eV)
8 16 i Z 16
% 1 T v T v 1 v 1 v 1 v 1 M 1 v T g (b) Wlth 62],[1’1’]
& with SPM £ o 7 | it 3.5y
b3} N - probe
S 144 |
= A
ah g . i ii‘
= 2 i i i g
Z o 104i i i
121 2| 1
2]
: R [0 [ N
104 f < 10 12 14 1.6 1.8 20 22
: photon energy (eV)
A al — — FIG. 8. (a) Optical sidebands in polycrystalline Zn%8 mm
08 10 12 14 16 18 20 22 24 thick) generated when a MIR pump pulse-{ ps) and a 800 nm

photon energy (eV) (1.55 e\j probe pulsddotted curve are overlapped. The sidebands
generated by 3.xm (gray curvegand 6.2um (black curveg MIR
FIG. 7. Theoretical energy spectrum of the total field corre-are shown(b) Theoretical energy spectrum of the total field corre-
sponding to multiple-sideband generation in ZnSe, with and withousponding to the optical sideband generation for the same param-
SPM. eters.
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£ 1071 : g
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o photon energy (eV) [ Py WY
Sy . 095 1.00 1,05 110 115
= 144 20, without SPM (b) photon energy (eV)
5 124 30, FIG. 10. Spectral broadening in the third harmonic of 3,
£ L 50 =200 fs MIR in 350.m thick GaA$100), usingl,= 10 W/cn?
= ! (black andly/2 (gray).
g 8 l
|53
% ul @ with SPM dence with the MIR intensity, respectively. This is the stan-
S 20, 30, (C) dard perturbative behavior predicted by the theoretical
LL:’ 12 model, even under these high-intensity conditions.
= 4o, In addition to multiple harmonics, we also observed mul-
& 3o, tiple sidebands by measuring the near-infra(biéR) spec-
8 ,L trum after mixing of intense NIR and MIR beams in a semi-
0.0 05 10 15 2.0 conductor[9]. As shown in Fig. &) the NIR probe pulse
photon energy (eV) spectrum(1.55 eV is significantly modified to possess side-

bands that are spaced by the MIR photon energy. The two

FIG. 9. (8 MIR harmonics in polycrystalline Zn& mm thick  sets of data in Fig. @ were obtained in polycrystalline
using 3.5,_um, =1 ps MIR pulses. Theoretical energy spectrum of ZnSe (effective lengthL=500 um at #=10° using =1 ps
the t(_)tal field corresponding to the MIR harmonigs), without and pulses of either 3.5um wavelength(0.35 eV} with peak
(©) with SPM, for the same parameters. intensity of =2x 101 W/cn? or 6.2 um wavelength(0.22

eV) with peak intensity of=3x 10° W/cn?. The theoretical

In the previous experimental wo{R], we observed mul- spectrum corresponding to this cagssing values of Table
tiple MIR harmonics below the band edge in semiconduc4ll) is shown in Fig. 8). Good agreement between the cal-
tors. Figure @a) shows the multiple harmonics observed in culations and the data is obtained. Thé& (+2) MIR photon
polycrystalline ZnS(2 mm thick using 3.5um (0.35 eV, sidebands are linearliguadratically dependent on the MIR
=1 ps MIR pulses with a peak intensity of=2 intensity up to the maximum MIR intensity used in these
x10°W/cn?. The estimated phase matching interactionexperiments, following the perturbative behavior expected
length taking into account the dispersidusing values in by our theoretical model. Also, all of the sidebands are lin-
Table Il) ranges from=60 um for the second harmonic to early dependent on the NIR intensity. From Fi¢g)&r 8(b),
=5 um for the fifth harmonic and are much shorter than thewe can see that the sidebands generated by both MIR fields
thickness of the samples=1 mm). This should lead to a (3.5um and 6.2um) have similar intensity values. This may
strong dependence on the phase mismatch that leads toba surprising, because the g pulse intensity is close to
strong dependence on sample thickness. However, thisne order of magnitude smaller than the arb pulse. How-
strong dependence is alleviated by SPM, as discussed abowyer, the intensity value in the energy spectrum of each side-
The theoretical spectrum corresponding to these experimefrand depends on the phase matching condition. Thus, the
tal values is shown in Fig. 9 neglecting SHMig. 9b)] and  longer wavelengti{6.2 um) allows better phase matching,
taking SPM into accounfFig. 9c)]. Good agreement be- which compensates for the smaller pulse intensity.
tween the calculations with SPM and the data is obtained. The data presented above is consistent with our theoreti-
We see how the fourth harmonic is not present in the energgal model. However, with higher MIR intensity
spectrum when SPM is not taken into account. That meang=10'' W/cn?) using =200 fs pulses at 3.;,m, an inter-
that the mismatch for the fourth harmonikk,L/2, is close esting broadening with spectral modulation of MIR harmon-
to a zero of the sinc function. This strong reduction of theics was also observd@®]. Shown in Fig. 10 is the harmonic-
harmonic is alleviated by the additional phase matching geneontinuum generation in the third harmonic in a G&A¥X)
erated by SPM. Up to the maximum MIR intensity using thecrystal (350 um thick). If we compare the previous theoret-
picosecond pulses, the second, third, and fourth harmonidsal calculation of the spectral broadening of the third har-
are measured to have quadratic, cubic, and quartic depemonic (see Fig. 3 with the experiment we see that the spec-
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is due primarily to pulse splitting in the fundamental, which
0.5 translates into pulse splitting in the third harmonic. Spectral
T I interference between the time separated pulse40Q fs be-
04+ ¢ tween third-harmonic pulses at intensity) produces the
periodic spectral modulation. The asymmetry in the two
0.3+ peaks produces modulation in the energy spectrum that does
) not reach zero. The resulting spectral width in the third har-
g 0.2 monic is due to SPM in the fundamental being mapped onto
S ] the third harmonic via XPM. The spectral modulation is due
g ol to spectral interference from each of the split pulses in the
g ] third harmonic, formed from the split pulses in the funda-
% 004 mental during propagation. This result suggests that this pro-
L T ' T " T ' T cess is a result of self-phase-modulation and pulse splitting
ﬁ 0.5 in the fundamental in combination with good phase matching
%" to generate the third harmonic.
5 044 12
0 IV. CONCLUSIONS
031 We used a multiple-order perturbation theory based on the
set of coupled nonlinear wave equations to describe the ef-
024 fect of self-phase-modulation on multiple-order nonlinear
l phenomena. We found that SPM induced in the initial field
0.14 can play an important role in the phenomena. For example,
1 we found that spectral broadening occurs in the harmonic
0.0 . , i i - , - fields and is due to the spectral broadening of the fundamen-

09 Lo L1 12 tal beam being mapped onto the harmonic during propaga-
tion via cross-phase modulation. We also found that SPM
alleviates phase mismatch in multiple harmonic generation
FIG. 11. Theoretical energy spectrum in the third harmonic forand multiple off-resonance optical-sideband generation in
different pulse intensities, and1,/2. The same parameters as in the presence of SPM. This occurs because additional band-
Fig. 10 are used. SPM and pulse splitting have been considered. Width in the fundamental due to SPM provides a distribution
of wave vectors that aids in the generation of multiple har-
tral broadening is qualitatively reproduced. However, themonics or sidebands. We also found that SPM could lead to
calculations fail to explain the periodic spectral modulation.a harmonic or sideband bandwidth larger than what is usu-
It has been observed that an ultrafast pulse undergoes pulgly expected.
splitting for input powers that are above a critical power We compared the theoretical results with recent experi-
[6,21]. This effect is a combination of self-focusing and ments in multiple-order nonlinear phenomena induced by in-
group-velocity dispersion and is thought to arrest catatense mid-infrared pulses in semiconductors. We obtained
strophic self-focusing. Therefore, we perform calculationsgood agreement between the calculations and the experimen-
for this higher intensity and shorter MIR pulse, assumingtal data under most of the conditions explored. In order to
that the fundamental MIR pulse consists of two temporallyreproduce the spectral modulation and broadening found in

photon energy (eV)

separated pulses: harmonics at higher intensity with subpicosecond MIR
pulses, we had to assume temporal separdtopulse split-
2 r 1 ting) in the fundamental MIR occurs, which is expected to
A,(01)%= 0 occur under those experimental conditions.

1+r|cosh(t+tg)/T] * cosh(t—tp)/T]|’
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