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Two-color above-threshold ionization of atoms
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A nonperturbative method is used to study the two-color multiphoton ionization of atoms by solving the
Schralinger equation in momentum space, which facilitates the extraction of the rapidly varying part of the
wave function. Our method generalizes the problem for cases where an arbitrary number of ionization photons
are absorbed, and also takes into account the threshold shifts due to both the high- and low-frequency fields.
The photoelectron energy spectra of the hydrogen atoms are calculated and the dependence on the laser field
strengths and frequencies is discus$&4.050-294®6)05205-3

PACS numbd(s): 32.80.Rm

[. INTRODUCTION present paper, we shall apply this nonperturbative method to
investigate the two-color multiphoton ionization of atoms

The simultaneous application of radiation of two differentand generalize the problem for absorption of an arbitrary
frequencies has led to interesting new phenomena in multifumber of ionization photons. We shall also take into ac-
photon ionization of atoms, and attracted many experimentgfount the threshold shifts due to both the high-frequency and
and theoretical investigatior[g__lo]_ In the experimenta' |0W'frequency fle|dS. A deta”ed Calculat|0n of the aque'
study of the above-threshold ionizati¢ATl) of atoms by  threshold photoelectron spectra of the hydrogen atom will be
Muller et al. [1], one laser emitted light with frequency in Performed and the dependence on the laser field strengths
the ultraviolet region, while another emitted light in the in- and frequencies will also be discussed.
frared region. The ultraviolet light was responsible for the
ionization of atoms, while the more intense laser in the in- Il. THEORY
frared region was responsible for the repopulation between ) o
the continua and the observed multiple peaks in the photo- W& consider the ionization of an atom by two lasers, one
electron spectra. Therefore the two-color experiments pro® Weak laser of relatively high-frequeney,, and the other
vide an opportunity for separating the ionization procesn Intense laser of low-frequenay, . The interaction be-
from the continuum-continuum transition, and pose chaliWeen the electron and the two radiation fields is
lenges for the theoretical studies. Another interesting feature

_pgH L
of this process is that the sidebands due to the emission of Hi(O=H (O +H (), @
infrared photons are stronger than the absorption of the pho-. h
tons, resulting in an asymmetric photoelectron spectra. LeWit
one et al. [4] have studied the two-frequency ionization of e o2
hydrogen atoms using &matrix formalism, and calculated ity=— — A(t).08 2 =

the angular distribution and the photoelectron spectra. Rza-

zewski, Wang, and Haus] have applied the essential state . )
model to the study of two-color above-threshold ionization,WhereA(t) andA, (t) are the vector potentials for the high-
and the photoelectron energy spectra were also derivéd. Doffequency and low-frequency fields, respectively. ﬂf‘ft)

and Shakeshaf3] have investigated the problem using the térm can be removed by a trivial contact transformafibfl.
Floquet method. Both the resonance-enhanced multiphoton The method used in this paper has been presented in detail
ionization and nonresonance ionization were calculated. Re2lsewherg13]. We briefly review the essential features here.
cently, Zhou and Rosenbef§] have developed a variational The time-dependent wave functio(t) is expanded in
procedure for two-color ionization and tested this method€rms of the Volkov functionl5] x(t) which are solutions
numerically for a one-dimensional problem. In all these prefor problems where the atomic potentilvanishes and the
vious works, the high-frequency field is considered to beelectron moves freely in the radiation fields,

either weak enough to be treated perturbatively or to have a

large enough frequency that only one high-frequency photon _ Coa- -

is absorbed to promote the electron directly to the con- |\P(t)>_j dk ag( )] x(0))- ®
tinuum, thus avoiding the complications due to the threshold

shift. For the monochromatic linearly polarized fields,
Recently, an efficient method of solving the time- R .
dependent Schdinger equation for a system undergoing Aj(t)=Aqjcovit, j=H,L, 4)

multiphoton processes was introdudgd—13. An impor-

tant feature of this method is that the Safirger equation is  the Volkov function has the form

solved in momentum space, which facilitates the extraction .

of the rapidly varying part of the wave function. In the |xK(t)y=exp{—i[E;jt/fi+ 6g(t) 1} k), (5)
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whereE; is the initial energy]ﬁ) the eigenvector op, and (a)
the phase facto#g(t) is given by

Ou(t) =+ E—E- = B Agusinwt 1 g L,

k - 5 2m i flmCV\h P-Agnsl H

(b)
% B Aysinut (6)
7 mow, p-AgLSinw, t. [

SubstitutingW(t)) of Eq. (3) into the time-dependent Schro °

dinger equation leads to a set of first-order inhomogeneous
integrodifferential equations for the coefficiem(t). A

slowly varying functionbg(t) is extracted and we can ex- l ‘ \ ' .
trapolate it using a Taylor-series expansion. Following the
procedures described in R4fL3], it is easy to obtain the °
ionization amplitude (d)
i
a(t)=ag(0)— 7 2 2 Jn (£)Jn (£0DK(0) { ‘
ng ng 3
t i [p? {e)
X ! —|=——E—
fodt exp{h <2m E,—nyhiwy ’
—nLﬁWL—Q>t’}, (7) 61 12 10 -8 -6 -4 -2 0 2 4 6 8 10 12 146 16
where ag(0) can be determined from the initial boundary  FIG. 1. Probability densityay(t—)|?, normalized to the value
condition and the coupling parametér=e/mcw (k- Ay;), of n_ =0, vs the number of exchanged low-frequency photons for
j=H,L. The quantityQ is given as wy=1.8 a.u. andv; =0.04 a.u. The laser field strengtBg=0.001
a.u. andg, are(a) 0.001 a.u.{b) 0.005 a.u.{c) 0.01 a.u.,(d) 0.05
Q=Qu+Q, (8) au.(e0.lau.

1 SRERT ) i -, frequency photons. More importantly, E(L3) shows that
QH:M f dk [FIZ'(O)ak’(O)+bk’(o)]<k|v|k ) the energies are shifted by an amo@twhich comes from
9) the A- p interaction and is an important effect responsible for
the peak switching in the photoelectron spectra. As given in
1 Sy i S Eq. (8), Q contains two parts, wher®,, is the energy shift
QL:W f dk FIZ'(O)ak’(O)<k|V|k ) (10 duetothe high-frequency field during the ionization process,
and Q, is that due to the low-frequency field during the

with redistribution of the continuum states.
21,2 LA
FE(t):(—h X —Ei>t— ghtk-Aa) siwt, (1) lll. RESULTS AND DISCUSSION
2m mCcwWy
In this section we present the numerical calculation of the
. ef(k-Ao) two-color multiphoton ionization for the ground state of the
Fe(t)=— mow, sinw,t. (120 hydrogen atom. We have calculated the probability function,

|a,(t—)|?, for different values of the high-frequency pho-
Equation(7) shows that the photoelectron spectra peaks octon energy and low-frequency field strengths. We assume a
cur at energies geometry where the two laser fields are in the same direction.
The expression fofa,(t—)|? can be easily obtained from
Eq. (7) by letting t—oc. The electronic wave vectdk is
calculated using Eq(13). Since Q is also ak-dependent
function, no analytic expression fércan be obtained and a
wherel;= —E; is the ionization energy for the initial state numerical solution of Eq(13) for k is carried out. We first

¢, . It can be seen that Eq13) describes the process in study the case where only one high-frequency photon is ab-
which ny photons of the high-frequency field are absorbedsorbed for ionization, i.eny=1. Figure 1 shows the result
causing ionization, and them photons of the low-frequency of the photoelectron spectra fary=1.8 a.u. andv, =0.04

field are absorbed or emittgdor n, positive or negative  a.u. The values are normalized to thatnpf=0. The results
causing the redistribution of the continuum states. As wdor a lower high-frequency value/;=1.0 a.u. is shown in
have pointed out before, all the previous calculations aré-ig. 2. It can be seen from Fig. 1 that at a small value of the
limited to the case oh,=1. Our result has generalized the low-frequency field strengtkE, =0.001 a.u), the sidebands
problem for absorption of an arbitrary number of high- of the absorption and emission spectra are symmetric. As the

2
Ek=2p—m=n|_|ﬁWH+n|_ﬁWL_|i+Q' (13
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FIG. 2. Same as in Fig. 1, but fev,=1.0 a.u. |
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field E, increases, the photoelectron spectra become asym-
metric. In general, the sidebands corresponding to the emis-
sion are stronger than those of absorption, at least for th
small values of . Our results also exhibit peak switching,
that is, the lowest-order peak is no longer the strongest ondave also extended the calculation to cases where absorption
It is found that at a lower field strength, =0.005 a.u., the of more than one high-frequency photons is necessary for
peak switching occurs only between=—3 and+3, and ionization. Figures 3 and 4 show the results fo;=2
that the probability function then decreases for larggf.  (wy,=0.4 a.u) and ny=3 (w,=0.25 a.u), respectively. In
WhenE, increaseqE, >0.01 a.u), the peak switching oc- these cases, the photoelectron spectra are no longer symmet-
curs at many different, and the probability function exhib- ric even for the small fielcE, . In general, the absorption
its oscillation. In the oscillatory region the maximum and probabilities are larger than those of the emission ones. It is
minimum generally occur at differermi, for the emission also interesting to note that for the emission spectra in Fig. 3,
and absorption sidebands. Leoetal. [4] have calculated only a few instances of peak switching occur and no peak
the photoelectron spectra usingSamatrix formalism and switching occurs at all in Fig. 4, even in the high fields.
obtained similar results as above. Therefore our results aréhe reason for this is due to the energy shiftwhich is an
consistent with their's in this case. However we obtain aimportant effect responsible for the peak switching as we
different result for the case of a lower valug;=1.0 a.u. as shall discuss later. For the absorption spectra the behavior is
shown in Fig. 2, in which it is clearly seen that the absorp-similar to that ofn,=1, however, the oscillation is much
tion sidebands are always stronger than the emission oneslower. In order to present a more qualitative description of
This is due to the reason that for the emission process thiéhese findings, we have plotted the probability function ver-
coupling parameteg is small and, in addition, it must be sus the low-frequency field strengtks for different photon
remembered that there is a cutoff valug for the emission  multiplicities =n, as shown in Figs. 5, 6, and 7 fop,=1, 2,
such than fiw_+nyfiwy—1;>0. In our casdw,=1.0 a.u.,, and 3, respectively. Figure 5 clearly shows that for low in-
w_=0.04 a.u), nc=—12. The emission process can only oc- tensities, the curves increase linearly with the laser fgld
cur from —1 to nc, while the absorption channels are openAs the intensity increases, the higher-ordgr curves in-
from 1 tooe. Therefore the probability becomes vanishingly crease rapidly and eventually overcome the lower-order
small asn, approaches, and thus the absorption process ones. Thus, the peak-switching will occur successively at
will have a larger probability than the emission ones. Wesome critical fields for higher-order multiplicitieg . In the

FIG. 3. Same as in Fig. 1, but fory,=2 (wy=0.4 a.u) and
E.=0.01 au.
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FIG. 4. Same as in Fig. 3, but for;=3 (wy=0.25 a.u).

high-field region, both emission and absorption spectra start cL]O.7

oscillating and approach saturation because an increasing

number of channels open for a high-field strength, which "

eventually have comparable probabilities. However the situ- 10

ation becomes quite different for the casesmpf=2 and 15

ny=3. As shown in Fig. 6ny=2), the peak switching oc- 10

curs only between the curveg =—1 andn, =-2 for the o8 ABSORPTION

emission process and never occursriprE —4. This behav-

ior becomes more prominent fog, =3, as shown in Fig. 7,
where the differentn, emission curves never cross each
other, and therefore no peak switching occurs at all. The
reason is due to the effect of the energy shifas we just ~
pointed out and shall discuss shortly. For the absorption pro-
cess, the curves are similar to that in Fig. 5. However, it is
interesting to note that, all the curves reverse and decrease
when the fieldE, increases to higher intensities as shown in
Figs. 6 and 7.

As we have pointed out before, all the previous calcula-
tions include only the ponderomotive shift due to the low-
frequency field and neglect the effect due to the high- r EMISSIQN
frequency field. In our calculation, the energy shifts due to
both the high-frequency and low-frequency fields are taken 1 1 L
into account. In the following, we shall discuss the relation- 103 1072
ship of the energy shift with the peak switching just dis-
cussed in Figs. 5, 6, and 7. Figure 8 shows the results for the FIG. 6. Same as in Fig. 5, but for,=2 (wy=0.4 a.u) and
energy shiftQ as a function of the field strength,_ for the  E,=0.01 a.u.
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FIG. 7. Same as in Fig. 6, but for;=3 (wy=0.25 a.u).

case ofny=1. For the small field strengtlQ is small and its
effect is negligible, so the lower-order spectra are domina
and no peak switching occurs. But for higher valuespf
(E.=0.01 a.u=-0.05 a.u), the magnitude ofQ increases
quickly and its effect becomes sizable. The peak switchin
will then occur successively for each higher-order curve a
some critical field in this region as shown in Fig. 5. It is
worth noting that our energy shi@, which comes from the
A-p interaction, has different values for different final
states. This differs from previous calculations where thep
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FIG. 8. The energy shifQ as a function of the low-frequency
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FIG. 9. Same as in Fig. 8, but also includes the energy sQiits
andQ_ .

shifts are due to the ponderomotive energy, which increases
only with the field strength but remains the same for all
states. However, our energy sh@tincreases not only with
the field strength, but also with the final continuum stages
seen from Fig. 8, at a fixeld, the tendency of the magnitude

of Q to increase with the order of curves is quite fJashere-

fore these two effects of increasifyare combined together
"o enhance the interesting results obtained in Fig. 5. We have
also studied the competition betwe®pn andQ, due to the
high-frequency field and the low-frequency field, respec-
inely. Figure 9 shows the results for different multiplicities
L. It is found that for lowerE, , Qy is larger thanQ,,
while Q, becomes dominant for the higher fielg . This is
in accordance with our expectations, sir@g is the energy
shift due to the high-frequency field during the ionization
rocess an@, is that due to the low-frequency field during
the redistribution of the continuum states. For the lower field
E,, it is the ionization of the atom that dominates the pro-
cess and thu®)y, is larger thanQ,_. As the fieldE_ in-
creases, the repopulation of the final states becomes domi-
nant and therQ, becomes much larger thap,, . We have
also studied the cases fop;=2 andny=3 with the results
shown in Figs. 10 and 11, respectively. In these cases, the
energy shiftsQ for the absorption processés, =1,4) in-
crease very rapidly with the fiel&, , especially for the
higher-order multiplicities so that the higher-oragrspectra
become more important and the curves are eventually all
reversed in the high-field region as indicated in Figs. 6 and 7.
The situation becomes quite different for the emission pro-
cessedn, =—1,—4), in which Q increases slowly for the
caseny=2 (Fig. 10, which leads to only a few peak-
switching occurrences as we have also pointed out before in
Fig. 6. This behavior becomes even more clear for the case
ny=3 as shown in Fig. 11. It can be seen that the energy
shift Q increases much more slowly for the emission pro-

field strengthE, (a.u) for the different numbers of exchanged pho- cesses, especially for higher-order curves suckm as—4,

tons n_. The high-frequency field strengtB,;=0.001 a.u. and

wy=1.0 a.u.,w =0.04 a.u.

whereQ is almost a constant. Here, the peak switching never
occurs and the curves do not cross each other at all as shown
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FIG. 10. Same as in Fig. 9, but for,=2 (w,=0.4 a.u) and FIG. 11. Same as in Fig. 10, but fa;=3 (w3=0.25 a.u.
E,=0.01 a.u.

ing occurs. As the field strengtli, increasesQ increases

- ... quite rapidly, and peak switching will eventually occur at
in Fig. 7. Therefore our result shows that the energy ift some critical field. We have also investigated the competi-

is closely related to the peak switching in the photoelectroq.on between the enerav shifts due to the hiah- and low-
spectra, and the correspondence between them seems tof%) 9y 9

quite consistent eequency fields and found that at the low-fidd , it is the

ionization of the atom that dominates the process so@hat

is larger thanQ, . When the fieldE, increases to higher

values, the redistribution of the continuum states then domi-

nates, and), becomes much larger tha&y, . We have also
We have studied the two-color above-threshold ionizatiorextended the investigation for the casesigf=2 and 3. It is

of atoms by using a nonperturbative method of solving thefound that for the absorption proces3,increases very rap-

Schralinger equation in momentum space. Our method genidly with the laser fieldE, , and the higher-order multiplicity

eralizes the problem for cases where an arbitrary number gfurves will all be reversed in the high-field region. However

ionization photons are absorbed, and also takes into accouite situation differs greatly for the emission process, in

the threshold shifts due to both the high-frequency and th&hich Q increases much more slowly and becomes almost

low-frequency fields. We have calculated the photoelectrogonstant for the higher-order curves so that no peak switch-

energy spectra for hydrogen atoms with different fielding occurs at all.

strengths and frequencies, and found that an important effect

responsible for the peak switching in the photoelectron spec-

tra is due to the energy shi@@. We found that for the case of

ny=1, the energy shift is small for low laser intensity and  This work was supported by the National Science Council

the lower-order spectra dominate so that no peaking switchef Taiwan, Republic of China.

IV. CONCLUSION
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