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Self-channeling and pulse shortening of femtosecond pulses in multiphoton-ionized
dispersive dielectric solids
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The self-focusing of femtosecond optical pulses in dielectric solids is studied under the influence of the
combined effects of diffraction, Kerr nonlinearity, normal group velocity dispersion, and self-induced multi-
photon ionization. The numerical simulations show a significant pulse shortening with a compression factor of
5.5 and self-channeling of the beam when the critical power is excef8#ad50-2947®9)09703-4

PACS numbgs): 42.65.Jx, 42.65.Re, 42.50.Hz

Recently there has been considerable interest in the inveghe relation An= n,|A|2—0.5N/(ngN,,), where A is the
tigation of self-focusing of femtosecond optical pulfes7].  slowly varying amplitude of the electric field strengtiy, is
In a Kerr medium with a positive nonlinear refractive index the linear refractive index), is the nonlinear coefficient due
change a laser beam in the long pulse regime self-focuses i the Kerr effect,N.= mwgeo(1+ 6%)/e? is the critical
the power.1D in the beam is greater than t.he crltlgal power of plasma density, anil, is the number density of free plasma
self—focusm_chr. Aﬁer a s'uff|C|er.1tIy long interaction Iength_, electrons.s stands foré= (wyr.) ~* with 7, as the electron-
transverse instabilities arise which result in the f|Iamentat|orbhonOn transportmomentum collision time. In the follow-
of the beam. For femtosecond pulses the effect of materighy we consider the case in which multiphoton ionization
dispersion modifies drastically the spatiotemporal propagagominates compared with the tunneling ionization and where
tion. In the positive group velocity dispersi¢BVD) regime e avalanche ionization plays no significant role because of
the dispersion increases the self-focusing threshold and cafe shortness of the pulses. The electron density therefore
lead to temporal splitting of the puldd—3]. In the pulse g be calculated by the Keldysh expression for the probabil-

spectra supercontin_ugm generation and conical emission Ofly of multiphoton ionization in condensed media given by
cur at the pulse splitting threshold as a result of the comb|[9]

nation of diffraction, Kerr nonlinearity, and dispersif8].

Lately a striking observation has been reported on the propa-g;N, 2 m’ wg) 32 2 n
gation of intense femtosecond pulses in air with powers in i 9—w0< 7 ) (16m’| 2) exp(2n)d(s)|A|2"
the gigawatt rangg5,6]. In these experiments after an initial & i?0

narrowing owing to self-focusing, self-channeling of the —B|A|> 1)
pulse beam has been observed over distances of several tens

of meters. The self-trapping over distances larger than thgere|. is the ionization energy corresponding to the tran-

Rayleigh length has been interpreted as a counterbalance Gijon energy across the gap between the valence band to the
the self-focusing due to the Kerr effect and the defocusing.qnquction bandm’ is the reduced exciton mass with

effect due to the_formation of a Iow-dens_ity pI_asﬂifa?]. (m’)~t=(my) "1+ (m,) "%, m, andm, are the electron and
pnder such condmons the beam breakup into fllamen_ts OWehe hole mass, respectively, is the optical frequencyy is
ng to self-focy;mg can be prevented and'under' certain Cofpe  number  of quanta necessary for ionization,
qmons a sta_lblhzed self-trapp_e[«br (2+ 1)Td|men5|onal op- =mod |, /(fiwg) + 1], B(s)=exp(s)S3 exps?d)ds repre-
tical solitonlike] beam can exist. Theoretically the evolution 7 2
: : : ! sents Dawson’s integral, arsd=[2n— 21, /(A wg) ]~

of an optical high-power beam in gases under the influence . .
of the Kerr nonlinearity and the nonlinear index change by The reduced Maxwell equation for the slowly varying am-

. L ; o plitude can then be written in the dimensionless form
multiphoton ionization was numerically studied in RE3]
and by the use of a variational approach in R&t.

In this Brief Report we present a numerical study of the —=——ca—+
spatiotemporal evolution of femtosecond pulses in dielectric Iz 2 dn° 2
solids[8]. In solids the role of the GVD is more dominant 240 -
and the characteristic parameters for the optical Kerr effect Y- (@riory
as well as for the multiphoton ionization differ by some or- 7 .
ders of magnitude in comparison to those in gases. Despite X fﬁw|\1’(t)|2"dt—|’y|\lf|2"72\lf 2
these distinct physical conditions, the results of our numeri-
cal investigation show the possibility of self-channeling of | a2 1 . .
high-peak-power femtosecond pulses with powers somewhaYith q’_~(k naWo/ ng) A, ”_(t;Z/zvg)/ 70, z=2
above the critical poweP,, and beam diameter in the order (KWg), X=%/Wo, y=Y/wo, a=kk'wj/rg, T'=0.5kro/
of ten um. The refraction index change by the Kerr effect (NgNeW5" 2)1B[ng/(k?ny)]", and y=nhawoBkwgng */

and the optical field-induced ionization can be described byk?n,w3)" 2.
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FIG. 1. Normalized axial peak intensity in dependence on the

normalized propagation distanee FIG. 2. Beam shapé) at the input andb) after propagation at

~ z=5.66.
HereX, ¥, andZ are the physical coordinates ahds the

time. wj is the beam radiu€w, is the FWHM), 7, is the  Kerr effect and by the plasma cancel each other. This yields
pulse durationk” =d?k/dw is the GVD parameten, is the  the conditional’| ¥ ,,*" ?~1, wherea is a pulse shape and
group velocity, anck=2mng/\ is the wave number. The beam factor in the order of unity. In our exact numerical
constanB has been defined in relati¢h). y is the nonlinear calculations we have found that this condition is fulfilled in

coefficient forn-photon absorption an describes the reac- Fig. 1as WeI_I as fo_r rather_ different parameters. The oscilla-
tion of the plasma to the optical field. tions of the intensity in Fig. 1 after the beam reached the

Equation (2) is numerically solved with the help of a S€lf-trapped region are typical for (21)-dimensional beam
beam progation method with the initial condition of the form Propagation in media with a saturable nonlinear refraction
V=W (x,y,2=0,7) =¥, expf — (C index changeAn(|A|?), which can also be found for a re-

> : , , _ fractive index of the formAn=n,|A|?/(1+|A]%/1sy) (see
:alxr/n)(—i-?ezré 21\5\/%??%;226;—2% {)Olll(;)\/\r/:igS d|1£n fgsllgglizipa [11]). Such oscillations are long-lived over large distances

- I ~ i and do not converge to the spatial soliton solution even with-
y=4X10"", and Wo=y21In2Py/P,=1.44. These param- g the influence of the GVD, however such a stable soliton

eters correspond, for example, to typical experimental pago|ytion characterized by constant beam parameters exists
rameters in fused silica withlj=7.8eV, k"=3.4  for definite input parameters and input shape of the beam for
X1072°s/m, no=1.4, n,=6.12<10*m%V? and A  the above-mentioned types of nonlineafisge Refs[7] and
=790nm, 7op=50fs, wo=10.3um, andPy/P,=150rP,  [11]).

=3.23MW, where P = w[né/(kznz)]eoc is the critical In Fig. 2 the initial beam shap@) and the beam shape
power of self-focusing. The electron-phonon collision timeafter a propagation length af=5.66[Fig. 2(b)] are depicted

7. depends on the electron energy with values for fusedvhere z=5.66 corresponds to a physical length @f
silica in the range from 10**s up to 10 s (Ref.[10]). The =~ =1.18 mm. As seen after propagation, the self-channeled
averaged kinetic energy of the electrons can be roughly ef¢am is narrower by a factor of 2.3. In Fig. 3 the temporal
timated by the above-threshold-ionization energy of the fre¢hape of the pulse at the inpiaotted ling and after propa-
electrons which yields with the parameters in HaD] the ~ 9ation(solid line) is shown. Take note of the appearance of
estimates<0.1. Multiplying Eq.(2) with ¥* and integrat- small side maxima in the pulse shape of Fig. 3 which are

ing over the transverse coordinates and the time we find thgIearly the nonlinear evolution leads fo a large amount of

iti : 8< . 10 . ; .
conditions 0 %&ZPP’“"")J . 1 and 0 151"z|\lfma>J_ L .compression whereby the compression factor is about 5.5
where the nonlinear loss is small. In agreement with experi-

. and the peak intensity is 27.5 times larger than the input
mental o.bser_vano_nicompare, €.9., Refs[l?,lﬂ), ”OF“ intensiw.pln physical yunits the peak intgensity lis=1.84 P
these estimations it follows that for the conditions considered, 1 513\y//cn and the pulse duration i&,=9.1fs. By com-
here the nonlinear loss associated with the multiphoton abparison in a fiber in the normal-dispersion. reg'ime the com-
sorption and electron-ion scatterings influences only weakl)bination' of self-phase-modulation
the pulse propagation but it restricts the maximum length for
a self-trapped regime. 1)

In Fig. 1 the evolution of the normalized peak axial inten- .,
sity | =|¥(0,0Z, 7may|? is depicted versus the propagation [
distancez. As expected, in the initial stage self-focusing
leads to an increase of the intensity and a beam narrowini

lated to the corresponding spectral continuum generation.

40 -

until the intensity of the pulse is high enough to generate ¢ zz

low-density plasma in the dielectric solid. The counteracting tol times 10
self-defocusing caused by the plasma leads to a self i R R e ) ,
channeled beam which is stabilized against further self- 4 s 2 -1 ° 1 2 3 4
focusing, and spatial instabilities by the pure Kerr effect dis- T

appear. The self-channeled regime remains stable over

distances much larger than the Rayleigh length. The maxi- FIG. 3. Temporal shape at the inp(dotted ling and after
mum intensity level is mainly determined by the condition propagation at=>5.66(solid line). The input intensity is multiplied
that the nonlinear refractive index changes induced by théy a factor of 10.



2530 BRIEF REPORTS PRA 59

(SPM) and GVD broadens invariably the pulse as it propa- 0.357] (y—1) 1 \¥2 1
gates. The physical reason for the pulse shortening predicted z= y+ + = ———=pinX| (3)
here is connected with the space-time coupling. The higher Vi+¢ 1+¢ 2(1+¢)

intensity in the pulse maximum experiences a higher focus- . _ aNUZr, 2
ing and the wings with lower intensity are suppressed. preWith — X={2(1+&)(y—1)"y—(1/1+ ]+ 2y(1+¢)

. . ) . . =g 2487, y=1.170, and é=py/v2a. By using the
wous!y it was shown t_hat the inclusion of the dlffractlon conservation lawp(z) 7= por o and settingp(ze) =1 we
term in planar wave guides can lead to a pulse COMPressioly i+ from Eq.(3) the splitting distance,=z(y=p,). For
with a compression factor smaller than 2 followed by pulsethe above considered parameters 0 Olsé) andp,=1.5 we

splitting [4]. _ _ _ obtain zg,=4.1, i.e., the ionization dominates, and self-
In contrast to the self-channeling described here, in Refonanneling prevents pulse splitting. In contrast to parameters
[14] pulse splitting into two pulses has been observed in bulkyg onsidered in Ref1] with p,=3 anda =S5, the splitting
BK7 glass for pulses with 1 mJ and 85 fs duration. Thesgjistance from Eq(3) is z4,~0.2, in good agreement with the
observations confirm previous theoretical studies in Raf. numerical results. In that case witly,<z, ionization does

where Eq.(2) was solved without the terms associated with ot play a role and pulse splitting occurs preventing a pos-

multiphoton ionization ['=y=0) and a pulse splitting due iy self-channeling. More generally, the condition for self-
to the influences of GVD was predicted. However, this COM-cpanneling can be expressed by a relation for the parameter
pletely different behavior in self-focusing of ultrashort pulses , \vith o< ... The critical parametesr,, is determined by

in Refs.[2, 14] compared with our results is no contradiction ,q relationzcrp(po a=ag) =7 Po). B;rusing Eq.(3) and

but can be explained by the different beam parameters stu Re relation SforzS’F thecrcritical parameter(po) can be

ied in Refs.[2, 14] and here. Note that self-trapping as de- ¢, nd which yields, fory=1.5 the valuex ~0.07
scribed here can only occur in a rather restricted range ofO 0~ er-

. d ial b f th de-off b The narrow set of parameters required to achieve a self-
Input and material parameters because of the trade-off ey anneled regime is determined by the following conditions.
tween the different competing effects described in &j.

Th . d the th ical simulation The peak power should not exceBg by more than a factor

e experiments and the theoretical simulation in R4 of 3 (P,<P<3P,), otherwise beam filamentation occurs.
were done for similar parameters as considered here but fQSn the one hand, the input beam radius has to be small
"’.‘bOUt afive times Iarggr beam radius or corresponding’ 10 enough in order that ionization comes into play before beam
times smalled” and 80 times larger parameter Under such _filamentation or damage occurE & 10~°%) and large enough

conditions the ionization does not play a significant role N avoid damagd P, /(mw?)<Jy,~5 Jicn?]. Note the

e e ot e el o iy ST, dependence of e paramdtan wy an , (
ginzer—wt oo ~Wg 2"*2n, " with n=5). On the other hand, pulse duration
compared with the distance at the onset of pulse splittipg

The self-channeling distan@g, is only slightly smaller than and beam radius are limited by the requiremant o,

= h . . . . _
the critical self-focusing lengthge which in our notation is mzet;egmg:tsegmazs the dominance of the dispersion lead

; _ 1/2_ _ 12 i .

glv_erll) t/“F’, ZChfrrZISF_O'S%(pO %’853)? 0'_0115? Vt\)”th Finally let us remark that recently experimental observa-
po_—loS Crm ;JS onFF elone ﬁn h qTo—I_ ) (;A_’e obtain - 4ions of self-channeled fs-pulse propagation in dielectric sol-
Zse= 1. while from Fig ahse ﬁ aﬂnemgh 'Ste‘ln(?%h _ids have been reportdd2,13. The presented study gives an
=1.3 can be obtained. On the other hand, the splitting disjjgnt and understanding of these observations. Our results
tance can be estimated by the following estimation. Th

. ; gree rather well with these measurements concerning the
combined effects of SPM and GVD lead to_ a .br.o.adenlng 0 patial self-trapping behavior whereas the pulse shape of the
the pulse and reduce the peak power from its initial valgie

" . ) : > channeled beam has not been resolved.

to the critical poweip(z) =1 if the dispersion plays a domi- |, conclusion we have presented a study of self-focusing
nant role. The numerical calculation of Rothenbg2§ has ot femtosecond pulses in normally dispersive dielectric sol-
directly shown that pulse splitting occurs at a dista@ge jgs |t has been shown that the pulses can be self-channeled
where the power is reduced to the critical powep(zs)  gue to the influence of multiphoton-ionization while simul-
=1. The pulse broadening owing to SPM and normal GVDianeously a significant pulse shortening appears.

can be described by an analytical expression derived in the

variational approach with a Gaussian trial pulse shape func- S. Henz gratefully acknowledges support from the Deut-

tion [15]: sche Forschungsgemeinschatft.
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