


Although the high- ha.rmomc generation from an atom subject to a strong'

- laser field has extensively been investigated both experimentally {1-3] ‘and the-

' oretlca.lly [4-8]; most results have been obtained so far only with linearly polar- -
ized fields(1,4-6). Recently a few expenmenta.l groups[2,3] have begun investi-
gating the effects of intense elliptically polarlzed laser ﬁelds in order to clarify
the physical nature of a.tom laser processes, and to find ‘optimal conditions for ‘
t high-harmonic generation. 'In particular; the rotation of polarization of high ' -
~"harmonics generated from argon by intense (> 10'*W/em?), short (= 200fs), ‘

" elliptically polarized laser pulses has just been measured[3].. This suggests a.
need for a theoretical model of the phenomenon. Emphasize that qua.nt1tat1ve :

: descrlptlon of an atom in elllptlca.lly pola.nzed electr1c ﬁeld i
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AV(J:,y,z t) = Eof(t)[zsmwot + eycoswo t] ' & '.j‘” l; (1) |

( where Eo a.nd € are the a.mplltude a.nd the elllpt1c1ty of the pulse, wo a.nd f(t)
denote the laser frequency and the envelope of the pulse ) requires a nonpertur—( -

- bative approach for solving the time-dependent four-dimensional Schrodlnger'
“equation. In this report an a.pproach to this problem is given using the method -

of global approximation on a subspace grid orlgma.lly developed for the station- "
ary Schrédinger equation[9] and applied to atoms in strong non- homogeneous W
fields[10]. In- principle the method is closed to "discrete variable representa- . -
pseudospectra.l” and La.grange—mesh methods appl1ed to different sta- -
tlonary problems ( a set of the corresponding: rcferences can be found in the'

’ tlon” ”

g ‘resent paper(11] devoted to the La.grange basis ). : : ~
' ‘Following the key idea of the: papers [9 12] 1 seek a solut1on in spher1cal
’coordmates, (R 9, ¢), as‘an expa.nsron o v o Lo

zz(Rnt)f Z%(ﬂ)so ¢,(R t),-, (2)

e , ’cosm¢', m>0
%(9) P“(o){ om0

smm¢, ‘m < 0,

- where Pr (0) are the a.ssocra.ted Legendre polynomials, v = {I m} a.nd <p,,,
‘the N x N. matrlx inverse to {,(f;)} defined on the grld Q= {0,,45,}, R

; comcrdmg with the nodes of the Gauss quadrature over the varlables 0 and ¢. . .
* In this way the problem is reduced toa s/ystem of Schrodln%er type equatlons S

- with respect to the vector \II(R 1) = {,\l ,(R t)}N ¢(R th)}l of «
unknown coeﬂicxents in expanslon (2) : R
o z——\Il(R t) - H(R t)\II(R t), e ,‘ | S (3) -

where | g 1
Hi;(R,t) = {—Eﬁ -5t AV(R, O, t)}or;+

1
Z%

l+1)§0u ) ‘
2R? /\k/\J u_{lm} ’

E(\/_ 1)/2 m+\/_ 1

m==(vVN-1)/2
In such an approach the atom-laser interaction AV(R O, t) (1) is d1agonal,

and the non-diagonal, proportional to 1/R?, time-independent part of the ma-
trix Hy; may be reduced to a diagonal form, since the problem permits a
splitting of the operator H(R,t). This circumstance has been used for devel-
oping an economic algorithm with the computational time proportional to the
number of unknowns in equations (3). Details of the scheme will be presented
in a separate paper.

For approximation of Eq.(3) over the 1ad1al variable R a quasi-uniform grid
on the interval R € [0, R,, = 250] has been created by reflecting R — z of the -
initial interval to the z € [0,1] with the formula R = R., (e** — 1)/(e* — 1).
The computations have been performed with a uniform grid of 1000 points for
z (Az = 0.001), much more accurate then the analogous grid for R variable
(AR = 0.25). The integration time step At was 1/1600 of an optical cycle. To
prevent the artificial reflection of the electron from the grid boundary the wave
function was multiplied after each time step by the "mask function” suggested
in[6]. As input to the initial-value problem (3) the ground state of an atom
has been used. The spectrum of the emitted radiation | d,y(w) |*> in 2 and y
directions has been evaluated by the Fourier transform for the mduced d1pole
of the atom over the final five cycles(6]

A; are the weights of the Gauss quadrature, P

v=1
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“The problem of a hydrogen atom in the field (1) is analyzed. here for the
laser intensity I = EZc/(87) = 2 x 10'® W/cm? at wavelengths 1064nm and
532nm. This is already in the non-perturbative region, and the limiting case of
the linearly polarized field (¢ = 0) for these parameters has been investigated
by other authors with different approaches[5,6]. The form of the pulse f(t)

‘has also been chosen to coincide with that of{6], consisting of a linear ramp

for the first five optical cycles, followed by 15 additional cycles with f(t) =1,
which corresponds to =~ 70 fs and =~ 35 fs duration of the pulse at 1064nm

-and 532nm respectively. The parameters of the laser field are also rather close

to those of the experiment for detection of the polarization rotation of high
harmonics[3].
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" The result of the calculations for the linearly polarized pulse ( ¢ = 0 )
is given in Fig.1. In this case the azimuthal variable ¢ may be separated,
and the two-dimensional basis ¢, () (2) is reduced to the set of the Legendre
polynomials Pi(cos#). This figure demonstrates very rapid convergence of the
calculated intensities | d,(w) |? over the number, N = [, + 1, of the terms
in expansion (2) at 532nm. Increasing the laser wavelength to 1064nm, the
convergence becomes slower, but the computation with N=7 still gives rather
realistic approximation. As shown in Fig.1, the calculated intensities agree
well with the most accurate of previously publlshed data[6]. Note that the
remaining difference between these two results is within the framework defined
by using the different grids over R(z) and t variables in[6] (AR = 0.25,At =
.27 /(800w )) and in ‘the present paper. The ionization rate per optlcal cycle
evaluated here is also close to that of[6]. Most accurate values of the intensities
| d(nwg) |* for the odd harmonics calculated with Az '— 0.0005 and At =
21/(3200wo) are presented in the Table. ‘

In Figs.2 the intensities | d.(w) |* and | dy(w) |? of the harmonics radiated
in z and y d1rect10ns are presented for elliptically polarized fields ( &
The calculations- ‘have been performed with N = 49, which corresponds to

—3<m<3,m <1< m+6. As illustrated above ( see Fig1,N = 7),

the computation with this basis set is rather accurate at 532nm and gives

a realistic picture of the total spectrum of harmonics generated at 1064nm.
These figures show considerable deviation of the ellipticities of the generated
harmonics ( for some n ) from the ellipticity of the fundamental. '

Finally, the quantltles e =/ d ,(nwo)/d;(nwo) | calculated for a few & #

0 are presented in Fig.3 where satisfactory convergence over N is shown at
532nm. This figure demonstrates clearly a significant alteration of harmonic
polarization with respect to polarization of the fundamental laser field for
n=3,5at 532nm and for 9 <n < 17(¢ = 0.1) at 1064nm. The computations
show also the dependence of the values €’ on the wavelength and the ellipticity
¢ of the driving field. These results are in agreement with experiment [3] which

'measured the rotation of the harmonic polarization relative to the polarization

- of the driving field in argon, and support the conclusion of paper[3] that the
eflect is due to single-atom response-to a strong laser field. ‘

* The high efficiency of the approach developed here for the problem of hlgh
“harmonic generation leads to its application to other problems of atomic in-
-teraction with elliptic.driving fields ( particularly for evaluation of the photo-
* electron spectra). Two, circumstances, the rapid convergence over N and the
. -proportionality of the computation time to the number of unknowns of (3),
“suggest the use of our approach with stronger fields and longer laser pulses.

All the computations were performed on a DEC 3000 - M600 work-station.
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Fig. 1: The convergence of the harmonic intensities | d(nwp) |* ( where

n = 3,5,...) with respect to the number, N, of the terms included in expan-
sion (2). The first harmonics, n = 1, have been omitted, and the intensities
have been normalized at the third harmonic. The previously published re-
sults[6] are also presented ( open cycles ) for comparison ( by the courtesy of

K.C. Kulander supplied us the data from Fig.1 of[6] ).
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at 532nm caléulated for a few values ¢

with N =49, Az = 0.001 and At = 27/(1600wo). The solid lines correspond
to | d.(w) |* ( filled cycles mark the odd harmonics w = nwg, n = 1,3,...) and
the dashed ones - to | d,(w) |* ( open cycles mark the odd harmonics w = nwo,

n=13,..).
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Fig. 2b: Same as in Fig.2a but at 1064nm.
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Elliptioity

Table 1: The harmonic intensities | d,(nwo) |? calculated at N = 49, Az =

27 /(3200 wp) for the case &€ = 0. The last digits of the values
may be subject to computational errors.

0.0005 and At =

n 1 3 5 7 9
532nm | |d, | 3.328x 1077 | 4.428x10~° | 1.818x107°% | 1.96x10~7 | 5.15x1071° |-
n. |1 3 5 . 7 9
. |d. |*] 3.098x 1073 | 3.027x1077 | 1.561x107° 2.14x10°10] 1.46x107°
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Fig. 3: The calculated ellipticities ¢'(n) =| dy(nwo)/d.(nwo) | of generated
harmonics for a few ellipticities ¢ of the fundamental laser field (1).
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Polarrzatron of Hrgh Harmomcs Generated from a Hydrogen Atom
in a Strong Laser Freld ' o
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The hrgh harmomc spectrum of a hydrogen atom sub_|ect to an rntense

(>10l3 w / cm?), ellrptrcally polarrzed laser field is analyzed with'a nonperturbatrve
niethod’ of . global approxrmatron on:a subspace  grid. ‘Considerable alteratron
of harmonrcs polarrzatron wrth respect to laser polarrzatron is found

The 1nvest1gatron has been performed at the Laboratory of Nuclear Problems
JINR , P . :
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