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Harmonic generation by relativistic electrons during irradiance of a solid target
by a short-pulse ultraintense laser
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A simple surface current model is proposed for studying harmonic generation by a short-pulse high-intensity
circularly polarized laser irradiating a solid target normally. Exact relativistic electron dynamics is taken into
account. It is found that high harmonics peaked at directions normal to that of incidence are efficiently
generated[S1063-651X98)50203-4

PACS numbgs): 52.40.NKk, 42.65.Ky, 41.60.Ap, 52.75.Ms

Recent advances in high-intensity laser technology andreases with the harmonic number. The angular spread
applications of coherent ultrashort-wavelength radiation haveround this brightest angle, broad for the lower harmonics,
led to renewed interest in the generation of harmonics frontflecreases with the harmonic number. For high harmonic
laser interactions with plasmés—10]. In contrast to electron modes both the angle and its spread are peaked in a direction
sources such as beams and storage rings, plasmas can prgarly perpendicular to the incident light.
vide large numbers of free electrons required for efficient The radiated power per unit solid angle of then har-
interaction with the laser field. When the interaction is suf-monic from a current sourcg consisting of say, electrons
ficiently nonlinear because of the intensity of the laser and/omoving relativistically in the circularly polarized laser field,
processes in the plasma, harmonics of high order in the scagan be expressed in general[a4]
tered radiation can be produced. In particular, the strongly
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relativistic electron quiver motion in an ultraintensex{ dPn: N“wg Jd3xe““k0;"zf2wdré 2 0
>10"® W um~2 cn?) laser can lead to high harmonics. dQ  8x3c? 0 n

Since for longer-pulse lasers and/or lower density plasmas,
the relativistic nonlinearities are to the lowest order cancelegvhere G, = vx (v x |)exdin(—k,»-A)], and v= (1,6, ¢) is
by the ponderomotive reaction of the plasiid, it is of  ha gpservation direction is the coordinate vector of the
interest to investigate harmonic generation by the highly RS N S N4 .
. : : . source at, say=0, A(x,7)=[qu(X,7")d7" is its displace-
relativistic free electrons during the interaction of an ul- ~ _ X
: . . : ment, 7= wgt, Kg= wg/C, andwy is the laser frequency. That
trashort, ultraintense laser with a solid density plasma. s ) .
In a recent experimen®,10] solid targets were irradiated :cs, X+IA 'i the mbstagtapec&u]? Iocart:onMof thelfouc't@]: The h
obliquely by a short-pulse<0.4 p3 linearly polarized laser ormula (1) can be derived from the Maxwell equations, the

at intensities in excess of 1DW/cn?. Contrary to expecta- only assumption being that the observer be far from the

tion [1,2], high harmonics(up to the 68th in nonspecular source. .
direc[tion]s ar?d with Iarge%gofﬁ) conversion efficF:Jiencies For simplicity we neglect laser energy absorption by the

were observed. For fixed laser intensities at lower valuesplasma' We also assume uniform irradiance within the focal

(s7x10*® Wicn?), the conversion efficiency decreases SPOL Whose radius is; much ?Iarger than the laser wave-
rapidly with the harmonic number, whereas for high 'ength. Thus, we have(x,t)=j(zt) and A(x,t)=A(z1),
(=10 W/cn?) intensities this decrease is less pronouncednd EQ.(1) can be rewritten as

and tend to flatten at high=50) harmonic numbers. The 5
results are similar fos andp polarized laser lights. Some of ﬁ _ @
these features qualitatively agree with those found from a dQ 2mwc
one-dimensional particle-in-cell simulation of Gibb¢8l.

The wide angular spread of the high harmonics was attribwhere we have introduced the factor
uted to rippling of the interaction surfa¢@].

In this paper we consider harmonic generation by relativ-
istic surface currents duringormalirradiance of a solid tar-
get by a short-pulse ultraintensércularly polarized laser.
Exact relativistic electron dynamics is taken into account, =[J.(nkya sing)/sind]?, ©)
assuming that the target is not significantly altered by the
laser[2-6]. It is found that although most of the incident which is often used in optics in connection to diffraction
energy is backscattered at the fundamental frequency, highénom a circular hole. Fokysa>1, F,(8) peaks sharply a#
harmonics appear as the laser intensity increases. The angie0 and oscillates with increasing angle, as is shown in Fig.
corresponding to strongest scattering for each harmonic int for n=1 andkya=100.
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FIG. 2. The variation of the dimensionless quan#ty(6)/o+,
which describes the radiation from a single electronpferl to 50,
andq=3.

FIG. 1. The variation of dimensionless diffraction facky(9),
for n=1 andkya=100.

In the low-intensity limit, the electron displacement in the
laser field is much less than the laser wavelenggi(<1),
and d(_)es not significantly affect the radiati_or_w. T_he time - o rmonic emission can be considered as nonlinear scat-
tegral in Eq.(2) can then bf:' expressed ez<pI|C|tIy in terms of tering of light, and described in terms of the differential cross
the nth Fourier componeng,=(1/2m) fd7j exp(n7) of the  section for light scattered per unit solid angle at thid

—p)~Y2 B=v/c, andv is the electron quiver velocity in the
incident circularly polarized laser field.

current density. One obtains harmonic, or
dP, 2na’ P T do, 1dP, 3cor dP,
EZTF”(G)deVX(VXJ”)em ocosz (4) dQ_I_E_ZeZ—wéqzm’

. . . . where o1 is the Thomson cross sectiohs= (c/4w)|E;|? is
for the radiated power in theth harmonic. The generation of the laser intensity andg=e|E;|/mwyc=1.2x10 °\Ix

a harmonic can thus be understood in termg @f That is, (wherel and\ are in units of W/crf and um, respectively

the nth current component, acts as the source for tigh s the laser strength parameter. For laser scattering from a
harmonic. In this case all harmonics are in the specular disolid target we have then

rection(with respect to the incident lightOn the other hand,

in the relativistic regime the factdt,»- A in G, becomes don _

important since the electron displacement is now comparable dQ

to the laser wavelength. It follows that the time integral in

Eq. (2) can no longer be expressed in terms of a simplavhere the radiatiorK,(¢) from a single electron quivering

Fourier component of the current density. Clearly, the finite(rotating in the incident laser field ig11,13

displacement can significantly change the angle of harmonic 302

radiation[13]. (6)= n“or
For irradiance by an ultrashort, ultraintense laser, the hy- " 167°q°

drodynamic response of the laser-produced plasma does not

play a major role. During the short time of interaction the

plasma does not have time to expand significantly. Instead of

the appearance of a large inhomogeneous corona, the density ®)

profile remains steplike, which can be modeled by a solid-

density plasma filling a half-space. That is, the plasma der\;vh > S i O _
o ere 3= B(cosx+sinry) and B=q/\1+g% Note that
ity is g for z=0 and zero foz<0. At the vacuum-plasma K,.(6) depicts the strong radiation from a single electron,

|n:1erfa|c_|e, ﬂ::ieH bountdhary condtl_t|ofn l('jH‘(?’tt%:.ZH.‘éo’tz’ d while the diffraction termF,(6) takes into account the col-
wherert; andH, are the magnetic ields or th€ Incident and o iy effect of all the electrons participating in the motion

transmitted modes, respectively. In the limig—oo the [11]
transmitted mode can be replaced by a surface cujgént Figure 2 shows the angular dependenc&gf6) for the

The boundary condition[11] is then (4m/c)j4(t) - ; ; _
=2H;(0t). In the solid density plasma considered here Wel|‘|)r\szt~t(i>t<hf()1590\5\t;(:‘:rr?1r:r12 Iifr;zt;) _ ”Ognh;) Sheaergn t(?‘r;:: isnf;)hrg ngn(li?]rear
haveno>nc, Wher_enc_ls the _crmcal density, the penetration scattering from a single relativistic electron, a considerable
of the laser radiation is confined to an extreme_ly Srsl- part of the scattered energy is in the higher harmonics. Scat-
ally less than one tenth the laser wavelengegion on the tering at the fundamental laser frequency is comparatively
target surface. Thus, in Eq(2) one can setj(zt)  weak, although it still peaks at the normal of the electron
~j(t)8(2), where |(t)=(mwyc?2mwe)yB(t), y=(1 orbit. With increasing harmonic order, the angular distribu-

(8ma?/3n%ar) y*F(0)K,(0), 5

2T ~ o . 2
drrX (vx B)enkov-4)
0

3n20"|' 2 . ) .
= I [cotarf8J2(ng sind)+ B2J)4(nB sing)],
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FIG. 3. The differential cross sectidin cn?) of the 10th har- FIG. 4. Same as Fig. 3, but for the 50th harmonic.

monic scattered from a solid-density plasma, wits 3 andkya
=100. The dashed lines represent the envelope calculated from thégh harmonics tend to appear at angles nearly perpendicular
asymptotic expressio(8). to the incident laser. Obviously there is no forward scattering
in the present model.
tion of the harmonics is tipped forward towards the plane of From Egs.(5) and (8), the conversion efficiency of the
the electron orbit, together with increasingly sharper peaksith harmonic is
The radiation at the higher harmonics is folded into a sharp
cone centered on the orbit plane, an effect that results di- _ 8
rectly from the relativistic displacement of the electron in n nkoaB?
the laser field. It is worth noting that with its acceleration ] o
being perpendicular to the velocity, an electron moving in avhere the argument of the Bessel functions & sing. The
circularly polarized laser field radiates more effectively than€fficiencies are shown in Fig. 5 for=10 and 50 as a func-
that in a comparable linearly polarized field, and the radiafion of the laser strength parametgr There is a threshold
tion spectrum will therefore contain more harmonic compo-for the appearance of any harmonic component. Above the
nents than that of linearly polarized lights1]. f[hreshold the .harmpnlc appears apd its conversion eff|C|e.ncy
can be calculated by taking into account the diffraction factoS€ems to flattens out. In Fig. 6, the conversion e;‘ﬁmency
F,.(6). Since bottK () andF,(6) peak atd=0, the power ver§gsthe2 harmonic number fog=5 (or IN*~4Xx 10" W
at the fundamental frequency is much enhanced in the dire@m ° um*) is shown. .
backscattering direction. The scattering efficienay, We have used a simple surface current model to consider
=0, /ma? is then the scattering of a short-pulse high-intensity laser off a solid
target. The surface current approach is applicable since in the
4 2 2 _ present model, namely, normal incidence of a circularly po-
7l1=ﬁf [cotarf 037+ B%J;1°]F1(6)sinddd,  (7)  |arized laser in the absence of plasma response, the target
electrons do not execute axial motion. That is, the target

where the argument of the Bessel functiongisiné. Since  'emains steplik¢2-6,13. In real situations, the target can
7, is close to unity, most of the incident laser energy isdeform somewhat by possible laser prepulse or rise-time ef-
mirror reflected at the same frequency.

For the harmonics, however, the peaks Kf(6) and
F,(6) are not matched. As a result, the harmonics deviate 3
from the backscattering direction and appear at larger angles.  10%
Figures 3 and 4 show fog=3 andkya=100 the angular 2
distribution of the 10th and 50th harmonics, respectively.

f [cotarf 932+ ,82\]{,2]%, 9

10
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Because of the diffraction factd¥,(6), the resulting differ- 10
ential cross section oscillates with the scattering argjle Mo f
These oscillations, with a period roughly of the order 10'75

sin"Y(\/na), are at present too fine structured to be measured
experimentally. The upper envelope of the oscillations, with
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108
Fn(6) in the limit nkya sing>1, namely,
)~ 2 cog(nkoa sinf+ ¢) 2 ®) 107 15 2 25 3 35 4 45 5

n mnkea simd  ankoa sincd’

is shown as dashed lines in Figs. 3 and 4. Thus, while the FIG. 5. The conversion efficiencies of the 10th and 50th har-
lower harmonics have a relatively wide angular spread, thenonics vsqg.
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107 : : : : : : : 3 (=7x10® W/cn?), the conversion efficiency decreases
: rapidly with the harmonic number. For higher= (0
- * 1 W/cn?) intensities, the decrease is not as pronounced and
10% E tend to flatten at high=50) harmonic nhumbers.
g 1 Because of the simplifying assumptions made here, such
n, | * ] as circular polarization of the laser, normal incidence, step-
10, 4 like target profile, etc., it is not strictly appropriate to com-
g * 1 pare our results with that of Norrew al.[9,14]. Neverthe-
i * ] less, it is obvious from the formulation that the main
107 * . ] mechanism proposed, namely, the contribution of the relativ-
: * 3 istic displacemenﬂ, should be universal for other polariza-
[ 1 tions and incidence angles. In this sense it is not surprising
108 ‘ . . . . . . that the results here agree fairly well with those of Norreys
0 10 20 30 40 50 60 70 80

et al.[9] in several general as well as unique features such as
the angular spread, the scaling of the scattering efficiency,
FIG. 6. The conversion efficiency vs the harmonic number for€tc. The conversion efficiency obtained here for the high
q=>5. harmonics is about an order of magnitude lower than that of
Norreyset al.[9], who however assumed isotropic radiation.

fects, and a corona can appear in front of it. Our results shO\}vr;r?Cé’ngﬁtc?grs%;{ tl:': iﬁéﬁfr?é:: ;r: dazoi)gﬁizﬂ:ftrg?aﬁzrg'_t
that high harmonics can appear in the scattered light. Eac}; P 4 P

harmonic has a lower angular cutoff, with the dominatingtlon’ one expects that the corresponding angular spread of

fundamental harmonic mostly backscattered. The lower har-he scatter harmonics will be more isotropic than the case

here. On the other hand, we note that the angular concentra-

monics have a wide angular spread from the cutoff angle u . . .
to the target plane, whereas the angular distribution becomggm predicted here for the high harmonics from the scatter-

narrower and closer to the latter for the higher harmonics 9 of circularly polarized lights can be especially useful in

The angular spread of the harmonics is due to the combined@"Y applications.

effects of light diffraction and largéwithin the laser period This work was supported by the Sonderforschungsbereich
electron displacement. The latter contribution is similar, but191 Niedertemperatur Plasmen. W.Y. would like to thank the
in a predictable manner, to that from target-surface ripplingK. C. Wong Education Foundation and the Deutscher Aka-
It is also found that at fixed laser intensities of lower valuesdemischer Austauschdienst for support.
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