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This paper studies the multiphoton ionization of the hydrogen atom exposed to the linearly or circularly polarized

laser pulses by solving the time-dependent Schrédinger equation. It finds that the ratio of the ionization probabilities

by linearly and circularly polarized laser pulses varies with the numbers of absorbing photons. With the same laser

intensity, the circularly polarized laser pulse favors to ionize the atom with more ease than the linearly polarized laser

pulse if only two or three photons are necessary to be absorbed. For the higher order multiphoton ionization, the linearly

polarized laser pulse has the advantage over circularly polarized laser pulse to ionize the atom.
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1. Introduction

The ionization is a fundamental problem in
atomic physics.!!! Several major aspects, such as
above-threshold ionization, high harmonic generation,
molecular photon-dissociation, photoelectron spec-
troscopy, and attosecond pulse generation are derived
directly or indirectly from the electron ionization.[2—?!
An interesting aspect of multiphoton ionization con-
cerns the role of circular and linear polarization in
atomic system!®7 and even in dielectric systems.[®!
Barly experiments!®) on two- and three-photon ion-
ization of atoms have shown that circularly polarized
laser pulse gives larger ionization probability than the
linearly polarized light, which is consistent with the
perturbation theory. For the high order multiphoton
ionization, Klarsfeld and Maquet!*® predicted that
the atom is also more easily ionized by the circularly
polarized laser pulse. However, Reiss['! gave an op-
posite proposal that the linearly polarized laser pulse
favors to ionize the electron if four or more photons
are necessarily to be absorbed. Later, LaGattutal'?!
argued that the linearly polarized laser pulse has the
advantage on the circularly polarized pulse to ionize
We here
want to numerically clarify the efficiency of photon

the electron in very high laser intensities.

ionization of different orders by shining these two po-

larized laser pulses with the same intensity separately.

fCorresponding author. E-mail: peijiewang@mail.cnu.edu.cn

If we consider the physical process where the
laser intensity is higher than 5 x 102 W/cm?, the
lowest-order perturbation theory of light-matter in-
teraction is broken down, since the laser electric field
can be comparable with the Coulomb field inside the

Several nonperturbative theories are devel-
16—18]

atom.
oped, such as Floquet theory,'3=15 S-matrix,!
and the numerical solution of the time-dependent
Schrodinger equation (TDSE).>19-23] Among these
methods, TDSE simulation is very powerful and ac-
curate, though its time cost is expensive in the high
dimensional calculations.

As the simplest atom, hydrogen atom plays a very
important role for understanding this basic ionization
mechanism. In this paper, we study the ionization of
hydrogen atom exposed to linearly and circularly po-
larized laser fields by solving the TDSE numerically,
and calculate the multiphoton ionization (including
1—5 photons ionization) probabilities. Our conclusion

is consistent with the analytical results by Reiss.!']

2. Numerical model

In this Section, we give a detailed analysis to the
different ionization probabilities of hydrogen atom by
two different polarized laser fields. Numerically, we
solve the TDSE in two-dimensional (2D) Cartesian co-
ordinate for the hydrogen atom interacting with the

http://www.iop.org/journals/cpb http://cpb.iphy.ac.cn
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linearly and circularly polarized laser pulses. The 2D
model is proper because no dynamics evolves in the
third dimension except for the spread of wavepacket,
which does not change the ratio of the ionization
probabilities by linearly and circularly polarized laser
pulses. Within this model, the TDSE is written as
(e=m=h=1)

with the field-free Hamiltonian

RS N A W .
07 7o\ 922 Oy? /x2—|—y2—|—a7

where a is used to soften the singularity of the
Coulomb potential. The Hartree atomic units are used

through this paper. The time-dependent potential is

i0P(x,y,t
% = [Ho +V(t)]|P(z,y,1) (1) written in the length gauge,
|
x f Eq sin(wt), linearly,
Vi) =9 f : : (3)
—— (zEj cos(wt) + yEysin(wt)), circularly,

V2

where f defines a smooth pulse envelope function as
f =sin®(tn /1), (4)

where 7 = 3T, and T = 27/w.
dard fast Fourier transformation (FFT) split-operator
algorithm®! to solve the TDSE. The initial state
is the ground state of the hydrogen atom, which

We use the stan-

is obtained by using the imaginary time relaxation
method.[?®! By tuning the soft core parameter as
0.636, the simulation model yields the exact ioniza-
tion potential I, = —0.5 a.u. By projecting out the
obtained ground state in the imaginary time prop-
agation, we achieve the first excited state with the
corresponding binding energy 0.123 a.u. The sizes
of the simulation box are 152 a.u. x 152 a.u. in
x and y directions, respectively. The spacial steps
Ax = Ay = 0.3 a.u., and the time step is At = 0.1 a.u.
We use ECS (exterior complex scaling)?%! method to
suppress the reflection from the borders of the simu-
lation box, and the absorbing length is 5 a.u. in each

dimension. The ionization probability P is defined as,
P=1- Pb7 (5)

where the probability of the bound states,

&N
r=+2r [Y=1+YR
= / / dxdy@(x,y,t)*@(z,y,t)h:oo,
IT=—TR Y=—YRrR

(6)

which is defined as that probability remaining in the
area |z| < zr and |y| < yr, xr = yr = 62 a.u. We

[

propagate the wavepacket for some additional time af-

ter the laser pulse till P, is stable.

3. Simulation results

From Figs.1-5, we show the ionization probabil-
ity as a function of the laser intensity when the laser
pulse is linearly or circularly polarized with the fre-
quency w = 0.5 a.u. (Fig.1), 0.25 a.u. (Fig.2), 0.1667
a.u. (Fig.3),0.125 a.u. (Fig.4), and 0.1 a.u. (Fig.5) re-
spectively. In these five pictures, the minimum Keld-
ish parameter is v = 1.45. Concerning the definition

2,27 in our

of tunneling and multiphoton ionization!
study, we find that the multiphoton ionization is al-

ways dominant.
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Fig.1. The ionization probability as a function of laser
intensity when the hydrogen atom is exposed to linearly
polarized laser pulses (box symbol) or circularly polarized
laser pulses (circle symbol). The laser frequency is fixed
at w = 0.5 a.u. with a duration of 3 cycles.
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Fig.2. Same as Fig.1 but with the laser frequency
w=0.25 a.u.
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Fig.4. Same as Fig.1 but with the laser frequency
w = 0.125 a.u.

When the laser frequency w is 0.5 a.u. (Fig.1),
the ionization probabilities are the same for both po-
larized laser fields. Recalling that the ionization yield
is proportional to IN for N-photon ionization, we get
the slope of N if the ionization yield is plotted as a
function of peak intensity in the log—log scale. The
slopes of the two curves are exactly 1, which indicates
that it is single photon ionization. For smaller fre-
quencies, the ionization probabilities become different
when linearly and circularly polarized laser pulses are
used. For two-photon ionization (Fig.2), the atom is
more easily ionized by the circularly polarized laser
pulse than linearly polarized laser pulse. The same

phenomenon also happens in the three-photon ioniza-
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Fig.3. Same as Fig.1 but with the laser frequency
w = 0.167 a.u.
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Fig.5. Same as Fig.1 but with the laser frequency
w=0.1 a.u.

tion (as shown in Fig.3). However, for the higher or-
der of multiphoton ionization, such as four photons
(Fig.4), five photons (Fig.5), or even more photons
(not shown), the linearly polarized laser pulse has ad-
vantage on the circularly polarized laser pulse to ionize
the atom.

Figure 6 shows the ionization ratio by using lin-
early and circularly polarized laser pulses with the
same laser intensity I = EZ = 0.0023 a.u. The ar-
rows with different NV mark the resonant multipho-
ton ionization. Here we define the ionization ratio
R = Pin/Peir. We change the laser frequency con-
tinuously from 0.1 a.u. to 0.5 a.u. It is clearly seen

that R = 1 where single photon is enough to ionize the
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atom, and R < 1 as 0.15 a.u. < w < 0.5 a.u., where
at least two or three photons have to be absorbed to
ionize the atom. With even more photons ionization,
the advantage of the linearly polarized laser pulse is

more and more obvious.
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Fig.6. The ratio of the ionization probability R =
Piin/Peir at I = Eg = 0.0023 a.u. with different laser
frequencies. The arrows with different N mark the reso-

nant ionization.

Generally, the ionization amplitude can be writ-

P- |/dt<§lj¢f,l|d|¢i>

where [ is the angular momenta, @; and @; are the ini-

ten as

2

; (7)

tial and final wave functions respectively, the dipole d
is —[zE,(t) +yE,(t)] or —xE,(t) for the case of circu-
larly and linearly polarized laser pulse, where E, and
E, are the components of the laser field along x and
y directions. The ionization probability is the compe-
tition of the two factors: (i) the allowed channels of
choosing angular momenta for the ionized electron; (ii)
the overlap between @¢; and d®;. The allowed [ is gen-

erally decided by the dipole selection rules. 28]

Figure
7 shows the allowed angular momenta in the ionization
by absorbing different photons when (a) linearly, and
(b) circularly polarized laser pulses are used, respec-
tively. In this figure, the solid lines represent the tran-
sition satisfying the selection rule, and the circles rep-
resent final states absorbing certain photons. When
the circularly polarized laser pulses are used, we can
only choose [ = N for the final angular momentum,
where N is the photon number absorbed. However,
during the interaction of the linearly polarized laser
pulse and hydrogen atom, the angular momentum of
the ionized electron can be 1+N/2 or (N+1)/2, corre-

sponding to an even or odd N, respectively. The ion-
ization yield is benefited from the more allowed angu-
lar momenta, but lost due to the less overlap between
$¢; and dP; as the angular momentum changes. In
the lower-photon (N < 3) ionization, the simulations
show that the circularly polarized laser pulse has the
advantage over linearly polarized laser pulse to ionize
the atom. In this case, the electron can choose two
(linearly) or one (circularly) angular momenta, which
does not differ much and the linearly polarized laser
pulse does not favor a lot by the first factor. If more
than three photons are needed to ionize the atom, the
electron can choose more and more angular momenta
if it is shined by linearly polarized laser pulse, then the
first factor is dominated and more ionization probabil-
ity is obtained. Our numerical results are consistent

with the prediction of Reiss.['!]
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Fig.7. The angular momentum transition during the ion-
ization induced by (a) linearly polarized, and (b) circularly
polarized laser pulses.

4. Conclusion

In summary, we have studied the multiphoton ion-
ization of the hydrogen atom exposed to two differ-
ent polarized laser fields. Numerically, we solved the
TDSE in 2D spacial grids for the hydrogen atom in-

teracting with different polarized laser pulses and got
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the multiphoton ionization probability. Our simula-
tion results show that the ratio of linearly to circularly
polarization ionization probability is 1 for single pho-
ton resonant ionization. For the low order, double- or
triple-photon ionization, the ratio is less than 1. How-
ever, the ratio is larger than 1 for higher order (N > 4)
photon ionization. The twist of the ionization ratio is
explained quantitatively by analyzing the transition

matrix, namely, the competition of the allowed angu-

lar momenta and the wave function overlap caused by

the dipole interaction.
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