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High-order harmonics from an ultraintense laser pulse propagating inside a fiber
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A strong effect of high harmonic radiation during the propagation of a high intensity short laser pulse in a
thin wall hollow channel“fiber” ) is found and studied via relativistic particle-in-cell simulations. The fiber
has finite width walls comprised of an overdense plasma. Only the harmonic radiation with the harmonic
number above critical value, for which the fiber walls are transparent, propagates outwards in the form of a
coherent ultrashort pulse with very short wavelength.
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[. INTRODUCTION In the underdense plasmas the high harmonics are pro-
duced by the mechanism of the parametric excitation of the
The generation of high-order harmonics of the electro-electromagnetic and electrostatic waves with different fre-
magnetic radiation during the interaction of high-intensityquencies. When the laser radiation interacts with the over-
laser pulses with underdense and overdense plasmas isdanse plasmas, it reflects back at the plasma-vacuum inter-
manifestation of one of the most basic nonlinear processes f&ce in the case of the sharp plasma boundary, or at the
physics. High-order optical harmonics have been observed ifurface of critical density, in the case of the gradual density
the laser interaction with plasmas for the radiation intensityprofile. The reflection layer of the plasma dragged by the
ranging from moderate level to relativistic intensities. electromagnetic wave back and forth as well as in the plane
High-order harmonics attract great attention due to a widé®f the surface of the plasma-vacuum interféirethe plane
range of their applications for the diagnostics, the UV angef the critical surfaceforms the oscillating mirrotsee Refs.
x-ray sources of coherent radiation, lithography, ésee [7—13). The spectrum of the light reflected at the oscillating
Refs.[1-5]). Recently, the polarization properties of high- mirror contains odd and even harmonics, whose polarization
order harmonics have been used in Réf to detect the and amplitudes depend on the incidence angle of the pulse,
highest strength magnetic field generated in the laser pladts intensity and the pulse polarization.
mas. High efficiency of the laser energy transformation into the
The physical mechanisms of the generation of high-ordefnergy of the high harmonic radiation can be achieved when
harmonics have much in common because they are based 8i¢_laser pulse propagates inside a hollow plasma channel
a property of nonlinear systems to react in an anharmonicail4l- In this case, if the channel is sufficiently long, we ac-
manner on the action of a periodic driving force. On thetually have multiple reflections of the laser pulse at the
other hand, a specific realization of this property depends oMacuum-plasma interface with a transformation of a portion
the circumstances of the laser-matter interaction and mainl¢f the laser energy into high harmonics at each reflection
on the laser intensity. At the moderate intensity, the genera€Vent. If the laser pulse interacts with a fiber, i.e., when it
tion of high-order harmonics occurs due to the anharmonicPropagates inside a hollow, thin wall channel, in addition, it
ity of the atom response on the finite amplitude oscillatingPecomes possible to extract the high frequency radiation
electric field. When the laser radiation intensity becomedrom the fiber. We assume that the fiber walls are transparent
above the level where the electron quiver energy is h|ghef0r harmonics whose indices are above some critical value.
than the rest mass energy and thlativistic nonlinear optics ~ Only these harmonics propagate outwards, at a certain angle
comes into play4], the generation of high order harmonics With respect to the fiber axis. This scheme provides an ap-
is due to nonlinear dependence of the particle mass on tHdoach to make the high frequency radiation source with
momentum and due to modulations of the electron density igontrolled properties, changing the fiber diameter and the
the electromagnetic wave. wall thickness.
Further in the present paper we shall address the high In the present paper we study the propagation of a high

harmonic generation in collisionless plasmas in the limit ofintensity short laser pulse in a fiber, with the aim to study the
relativistically strong electromagnetic wave. properties of the high harmonic radiation. We use the two

dimension approximation leaving the investigation of the 3D
problem for forthcoming publications.

*Also at Advanced Photon Research Center, JAERI, Kizu-

minami, quto-f_u 519-0215, Japan. Electronic address: Il. MATCHING CONDITIONS
bulanov@apr.jaeri.go.jp
"Electronic address: timur@nonlin.mipt.ru In the two-dimensional case the fiber corresponds to the
*Electronic address: naumova@engin.umich.edu configuration made by two finite length thin layers parallel to
$Electronic address: igorsok@umich.edu the x axis in the &,y) plane. The thickness of the layerlis

1063-651X/2003/6(1)/01640%4)/$20.00 67 016405-1 ©2003 The American Physical Society



BULANOQV et al. PHYSICAL REVIEW E 67, 016405 (2003

with a distance between the layers equaltdNe consider Yy
the layers comprised the collisionless overdense plasma with 5t /Iaser pulse
the electron density,. Such a configuration can be formed
during interaction of the high intensity femtosecond laser 0(((((«(«(«(ﬂlm
pulse with the solid density fiber walls when the wall mate-
rial is ionized during the first half period of the laser pulse, S
and the length of the laser pulse is much shorter than the , .
time of the hydrodynamic expansion of the plasma. In this 0 10 20 30 40 X
case the plasma layer on the fiber wall can be considered as
a cladding. Within the framework of this approximation we
can assume the ions in the plasma layer to be at rest.
From the dispersion equatiom?=k?c?, wherew is the
wave frequency ank?=kZ+kZ, we find the group velocity
of the wave inside the channel to be equabtp= dw/dk,

channel /

FIG. 1. The electromagnetic energy density and the plasma den-
sity distribution att=15X27/wy when the pulse enters the fiber.
The space coordinates are measured in the laser wavelengths.

tivistic code REMP, based on the “density decomposition”
- 2 o 212 - scheme(see Ref[16]). The computation box has the size
=(clo)(w”—m"/L7)""=ccose,  where tar=Kky/K« 45 50\ Since the problem of high harmonic generation

_ 21N2_1\-1/2 _ ; i
T(4L \—1) e.md- A=2ac/w. The maiching Cond'. requires a sufficiently high spatial resolution, the computa-
tions for the waves inside the channel and the waves rad|ate[ n mesh has 50 cells par. The particle number per cell is

outwards show that the waves radiated outwards propagate ual to 16 in the plasma region. The channel walls have a
the angled with respect to the channel axis, irrespective Oflengthl .=25\ and width 2 with a distance between the
C

the wave frequency. wallsL=0.7\. The ions are assumed to be immobile and the

The fact 'that all the outgoing waves ha\{e the same anglSlectron density is equal tond, , where the critical density is
of propagation can be demonstrated in a different way. After —wgme/47re2 Since the channel is assumed to have the

the Lorenz transformation into the reference frame moving afer™

aSpeed cqual 0 th aser puse roup velosyalong the | 1=1CE Detween the wals lss han e et it v
x direction, thex component of the wave vector vanishes gtn, y P 9 ’

k.=0 (see for details Ref§7,10,15). In the moving refer- electric field is directed along theaxis, can propagate inside

hce frame the problem becom ne-dimensional. Wi the channel. For the parameters chosen, only the high har-
ence frame the proble ecomes one ensional. VW& Seg,nics whose index is higher than 4 can penetrate the walls.

tmhggéhgtht'ﬁz frgllﬁ;?goxvn?:rs Ei};]('f(;tr?gcgyafgg fhuan\;jearir:]er;[l;?,fhis condition follows from the boundary conditions for the

frame the zerol? component of i/he wave vector, i.e., propa- ale_ctrom_ag_netic wave at the plasma—vacuur_n interface for the

gate outwards in the normal direction to the c':hén.’nel wall obl|qu_e_|_nc_|den_ce at the angle _The spolarized Iase_r has
$een initialized in a vacuum region at the left-hand side from

irrespective of the wave frequency. Performing the Lorenzthe channel entry. The pulse aperture is /1, the length is
transformation into the laboratory frame, we find that the ' ; . L
equal to 7.5 and the dimensionless amplitude at the 1

s vt gl o s ol o o e
P ' gy =10 W/cn?. These parameters correspond to the param-

tSrI:r? ssgrns]g\gir;ge \(l)\?ttm;hsela::? Zeezagﬁéieoﬁl?ﬁg e?é?:)t(il\?é E:%th ? ers of the laser in the CUOS at the University of Michigan
]. We notice here that the pulse focusing into theftcus

the interaction. According to the selection rules of the har—S ot has been discussed in K. In our simulation model
monic generation at each walsee Refs.[7,9,10), the P '
. . the entry of the channel has been smoothed to decrease the
s-polarized fundamental mode generadgmlarized odd har- . . .
. . ) . laser pulse reflection here. Figure 1 illustrates the laser
monics andp-polarized even harmonics. Thepolarized

fundamental mode generates opipolarized odd and even pulse—fiber configuration. It shows the focusing of the laser
harmonics 9 pulse on the channel entry. We see that the smoothing of the

The amplitude of theith harmonic wave can be found in channel entry provides almost reflectionless matching of the

the framework of the approximation of a thin layer for the laser pulse and the channel.

channel walls(see Ref[10]). It is EM=KOMEO) where

E(©® andE™ are amplitudes of the fundamental mode and of IV. RESULTS OF 2D PIC SIMULATIONS
the nth harmonic, respectively. The transformation coeffi-
cient KO in the limit nw/wy.<e is given by K(OM
~[(ag/e)sing]". Hereao=eE(°)F}mewoc is the dimension-
less amplitude of the fundamental modee
=2mnge?l/mswyC is the dimensionless parameter anglis
the frequency of the fundamental mode. The parametisr
the relativistic transparency measure as it is discussed in R

When the laser pulse propagates inside the channel, a por-
tion of its energy is reflected back due to the process similar
to the stimulated Raman scattering in the plasma of the chan-
nel walls; a portion of its energy is transformed into the
energy of high harmonic waves radiated outwards; the re-

aining part of the laser pulse propagates through the chan-
el toward the end of the channel; then at the right-hand side
[3]- vacuum region it forms the diverging electromagnetic wave.

Il PARAMETERS OF COMPUTER SIMULATIONS These successive processes are seen in_ Fig.. 2,_ where_we
present the electromagnetic energy density distribution in

We perform computer simulations using the two- (X,y) plane at=20X2m/w in frame(a), att=35X27/w in
dimensional version of particle-in-cell electromagnetic rela-frame (b), and att=50x27/w in frame (c).
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FIG. 4. Spectrum of the-polarized light in the K, ,k,) plane
calculated inside the subdomainA285x<<35\; 3A<y<<10A att

FIG. 2. The electromagnetic energy density distribution in the=45X2m/wy. The wave-vector components are measured in the
(x,y) plane at=20x 27/ w in frame(a), att=35X 27/ w in frame 2m/\ units. Dashed line corresponds to the dependekge
(b), and att=50x27/w in frame (c). The space coordinates are ~0.7%y.
measured in the laser wavelengths.

0 10 20 30 40 X

electric field of the electric charge separation, we find that
the channel width becomes larger ody2<0.1\. In the case
of the channel width equal to O\8the propagation angle is

the electric field in the X,y) plane att=45X2x/w,. This - o i ;
figure provides the visualization of odd-index high harmon—sﬁgfefn iz;rc':t%n(g.sav 387 in agreement with the dependence

ics, which have the polarization, as noticed above. We see |, Fig. 5 we present the distribution of taeomponent of
the laser pulse inside the channel and the high harmonicg,q magnetic field in thex(y) plane at the same instant of
aside the channel. The spacial region filled by high harmongme as Fig. 4 (=45 27/ w,). We see the even high har-
ics has a length along the axis equal to the laser pulse monics. They are polarized. As noticed above, the funda-
length and the transverse sizalong they axis) equal to  mental mode of the laser pulse inside the channel does not
stcsing, where sing~1/2 and ot~ 20X 2/ wy. contain thep-polarized component and we see only the high
We performed the spatial Fourier transformation of the harmonics inside and aside the channel, as well as the low
component of the electric field inside a subdomainN2%  frequency surface mode in the vicinity of the outer vacuum-
<35\; 3N<Yy<10N) att=45X27/wo. The resulting spec- plasma interfaces on both sides of the channel. The even-
trum of the s-polarized light inside this subdomain is pre- index high harmonics outside the channel are localized in the
sented in Fig. 4. We see the odd-number harmonics with thgame region as the odd-index harmonics.
harmonic indexn= (ki +kZ)"><5. The spectrum peaks in  The spectrum of the even high harmonics calculated for
the (k¢ ,ky) plane are arranged along the straight line giventhe field inside the same sub-domain as in the case of the odd
by expressionk,~0.8,, i.e., the propagation angle is harmonics is presented in Fig. 6. We see the even harmonics
smaller than arccos(t m2c? w3L?)*2 This means that the with the harmonic index<6. As in the previous figure, the
actual channel width is larger than @.7The increase of the spectrum peaks are also arranged in tkgK,) plane along
channel width apparently is due to the action of the ponderothe straight line given by expressién~ 0.8, .
motive force on the electrons at the vacuum-plasma inter-
face. From the expressiom.c?V(1+a?)Y?~4mnye?sy, V. CONCLUSION

)[/_vhm? corres%o?r:js ]EO thetrk])atlancte betV\':Een tlhet pond_erotrrr]lo- Via particle-in-cell simulations we demonstrated the high
lve force an € force that acts on the electrons In &, monic generation during the interaction of the relativisti-

In Fig. 3 we show the distribution of thecomponent of

0.1
0.0

-0.1

10 20 30 40 X 0 10 20 30 40 X

FIG. 3. Distribution of thez component of the electric field in FIG. 5. Distribution of thez component of the magnetic field in
the (x,y) plane att=45X 27/ w,y. The space coordinates are mea- the (x,y) plane att=45X2x/wy. The space coordinates are mea-
sured in the laser wavelengths. sured in the laser wavelengths.
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of a multiple reflection of the laser light from the oscillating
mirrors. The fiber walls are nontransparent for the electro-
magnetic wave with a frequency below critical value, which
depends on the electron density inside the walls and the
channel width. As a result, only the harmonic radiation with
a sufficiently high harmonic index, for which the fiber walls
are transparent, propagates outwards at a certain angle, irre-
spective of the harmonic index. In addition, we observe in
the p-polarized wave the low frequency mode excitation,
which is localized at the outer surface of the fiber. The lon-
gitudinal scale of the low frequency mode is of the order of
the laser pulse length. It provides an example of the nonlin-
ear rectification of the light. The high harmonic energy is
localized in the region with a lengtfalong thex direction
being equal to the laser pulse length, and the widilong
the y direction being equal tol ,tanfe¢;. The high har-
monic pulse comoves along theaxis with the laser pulse
FIG. 6. Spectrum of the-polarized light in the K, ,k,) plane |nS|_de the channel. The amplitude of thi harmonic can be
calculated inside the subdomainX28x<35\; 3A<y<10\ att estimated as  ggsin 0eff)n(w0/wpe)l+2n’ where  wpe
= 45x 27/ w,. The wave-vector components are measured in the= (47mnge’/my) Y2 For ay,=3, (wo/wpe)2=l/8 and Ot
2x/\ units. Dashed line corresponds to the dependekge ~38° we obtainE(M/E(®)~0.35(0.23. This proves an ef-
~0.7%,. fective mechanism for the generation of ultrashort pulses of
coherent light with very short wavelengths.
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cally intense short laser pulse with a narrow fiber. Due to the
nonlinear interaction of the laser pulse with the fiber walls,
the electrons quivering back and forth form the oscillating We thank Professor Y. Kato for fruitful discussion. This
mirrors. The high-order harmonics are generated as a resultork is supported by INTAS Grant No. 001-0233.
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