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Circular dichroism from unpolarized atoms in multiphoton multicolor ionization
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The angular distribution of the photoelectrons produced from a ground-state atom ionized under the com-
bined action of two~or several! radiation fields can exhibit circular dichroism effects, when reversing the
polarization state~right versus left, for instance! of one of the fields. We address the question of such dichroic
effects in a currently explored scenario in which the atom is ionized in the presence of a strong laser field and
of one ~or several! of its higher harmonics.

PACS number~s!: 32.80.Rm, 32.80.Fb, 03.65.Pm
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I. INTRODUCTION

Circular dichroism–based spectroscopic studies are
ognized as a valuable tool to investigate structural effect
the response of chiral systems to an electromagnetic fi
For such systems, the dependence of the~one-photon! photo-
ionization differential cross sections on the helicity of t
field is well documented@1#. It is also known that dichroic
effects can be observed in the~one-photon! double photoion-
ization of nonchiral systems, the simpler being a grou
state helium atom@2#. This process has attracted a lot
attention, since recent experimental measurements@3# pro-
vide a very sensitive test of the importance of electron c
relations in multielectron systems@4#. Spectacular develop
ments, relying on the advent of third generation synchrot
sources, have also been recently registered in the analys
resonant x-ray scattering spectra from magnetic solids@5#.

It is not so widely known that the relative magnitudes a
phases of the transition amplitudes governing the nonlin
response of nonchiral systems, typically a ground-state a
can be also derived from the analysis of dichroic sign
obtained from multiphoton processes. In single-color p
cesses no dichroism is observed if one limits oneself to~left-
or right-! circular polarization states. By contrast, elliptic
dichroism in multiphoton ionization has been observed in
angular distributions of photoelectrons originating from ra
gas samples@6#; see also the discussions in Ref.@7#. The
question has been addressed also in other instances, se
example, Refs.@8#, and@9#, the latter being dedicated to th
discussion of a special geometry in relation to experime
A recent theoretical study, including the general treatmen
elliptical dichroism in two-photon ionization of atoms, wit
no restriction either on the detection geometry or on
propagation directions of the fields, can be found in R
@10#.

The potential interest in multiphoton dichroic measu
ments on atoms results from a general property of the a
ciated dipole ionization amplitudes, namely on the fact t
they contain several components associated to differen~in
general interfering! quantum paths leading to the final sta
In multiphoton ionization experiments, the contributions
1050-2947/2000/62~1!/013402~9!/$15.00 62 0134
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different final angular momentum states of the photoel
trons are not resolved and it is only possible~for instance,
through a fit in terms of Legendre polynomials!, to get a
qualitative picture of the relative magnitudes of the vario
transition amplitudes@11,12#. Within this context, the main
advantage of dichroic measurements with elliptically pol
ized light is that one can, in principle, determine the relat
magnitudes and phases of the various interfering transi
amplitudes, via the analysis of the photoelectron angular
tributions obtained for different polarization states of t
fields @9#. Such data are of major interest for addressing
teresting issues, such as of the role of multiphoton propen
rules@13# related to the highly nonlinear response of atom
systems in strong laser fields.

The motivation of this paper is to draw attention to t
possibility of obtaining similar information with the help o
two-color ~or, more generally, multicolor! schemes, the
fields having different polarization states. As already me
tioned, a very general theoretical analysis of elliptical dich
ism in two-photon ionization processes, has been prese
recently@10#. Here, we wish to present an extension of th
analysis to the case of the circular dichroism effects intwo-
and three-colorabsorption processes leading totwo- and/or
three-photonionization. Although elliptical dichroism is po
tentially richer in information, we shall restrict the discussi
here to the simpler case of circular dichroism which allo
us to illustrate the main features of the effect. Moreover,
shall consider a specialized geometry which has been c
sen, for the sake of comparison, with currently planned
periments with higher harmonics@14#. We note that a com-
plete analytical treatment of multiphoton transitio
involving two or more fields with distinct polarization state
would entail prohibitively cumbersome computations. In a
case, it would result in general formulas from which it wou
be difficult to extract physical insights on the mechanis
governing the atomic response. Instead, we have consid
the special case of ionization of a grounds-state atom under
the combined effects of a circularly polarized laser field a
of the linearly polarized field of a higher harmonic of th
fundamental. Then, the symmetry properties and the ove
angular distribution of the photoelectrons can be derived
©2000 The American Physical Society02-1
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closed form. We should mention also that the scenario
have chosen takes advantage of the properties of the
monic radiations generated in rare gas irradiated by a str
IR laser. In the present context, the main advantage of th
recently developed sources of XUV radiation is, in additi
to their coherence and high brightness, the brevity of
pulse which is synchronized with the laser pump pulse@15#.

When an atomic system is submitted simultaneously t
radiation pulse containing several frequencies, it can
change~absorb or emit, via stimulated emission! photons
with each of the fields. Here, we shall consider the case
strong IR laser and of one or two of its higher harmoni
Then, as a consequence of the intrinsically much lower
tensity of the harmonic field, the atom-harmonic interact
is dominated by single-photon absorption. In contrast,
exchange of several IR photons can take place, even at m
erate laser intensities around 1012 W/cm2 @16–18#. The
practical realization of such a scenario must take into
count the fact that, in actual harmonic generation devices,
harmonic radiation is emitted in the forward direction and
linearly polarized parallel to the polarization direction of t
laser pump field@15#. With suitable optical devices, it is the
feasible to split the two beams and to change the polariza
state of the laser~a much easier task than for the harmon
light! before to make them to merge again on the atom
sample. Here we shall consider two- and three-color pho
ionization processes induced by the simultaneous absorp
of one photon from the~linearly polarized! harmonic field
and from at least one photon from the~circularly polarized!
laser field. As we shall show below, depending on the~right-
or left-! circular polarization state of the laser, the angu
distribution of the photoelectrons are modified. If the h
monic frequency is high enough, so that above-threshold
ization ~ATI ! can take place@16–18#, additional modifica-
tions can be evidenced in the dichroic signal.

We shall show also that one can take advantage of ano
feature of harmonic spectra, namely that they contain li
regularly spaced in frequency, separated by 2vL , wherevL
is the frequency of the pump laser. If the atom is irradia
by such a ‘‘Dirac comb’’ of frequencies, new interferin
paths are open and additional dichroic features are expe
to appear.

The paper is organized as follows. In Secs. II and III
present the theoretical background needed to discuss th
chroic effects which are expected to take place when p
forming experiments along the lines of the above descri
scenario involving either two~Sec. II! or three ~Sec. III!
photons. We shall present also some numerical data ded
from a perturbative treatment of the problem for a hydrog
atom initially in its ground state. Although much simplifie
the model contains all the ingredients needed for discus
the main features of this class of dichroic phenomena.
conclusions will be presented in Sec. IV.

II. TWO-PHOTON, TWO- AND THREE-COLOR
IONIZATION

A. Theoretical background

In order to present the formalism, we shall first addre
the simpler case of two-photon ionization involving the
01340
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multaneous absorption of one high frequency photon~the
harmonic! and of one low frequency photon from the lase
The frequencies of the laservL and of the harmonicvH are
such thatvL1vH.uE0u, whereE0 is the ground-state en
ergy of the atom. We note that ifvH.uE0u, ATI can take
place. As we shall show below, the angular dependenc
the dichroic effect can be substantially modified as compa
to the case whenvH,uE0u.

In the presence of the two fields, either the laser photon
the harmonic can be absorbed first. As a consequence,
has to add coherently the two interfering amplitudes ass
ated to each path leading to the same final quantum s
Here, the final state belongs to the continuous spectrum
the atom and, when recording the angular dependence o
photoionization process, one detects photoelectrons pr
gating with a definite wave vectork. Such states will be
labeled by their wave numberk, such ask5A2Ek whereEk
is the kinetic energy of the photoelectron and, neglect
very small spin effects, by their angular momentum quant
numbers (L,M ). It is then convenient to express the wa
function in terms of a partial wave expansion which reads
the special case of hydrogen

^r ufk&5Ck(
L50

1`

i Le2 ihLRk,L~r ! (
M52L

1L

YL,M~ r̂ !YL,M* ~ k̂!,

~1!

where Ck is a normalization constant,hL is the Coulomb
phase shift,hL5argG(L112 i /k), Rk,L(r ) is the ~real! ra-
dial wave function for angular momentumL, and the angular
functionsYL,M are spherical harmonics. When starting fro
the hydrogen ground state, the two-color, two-photon tran
tion amplitudes are expressed in terms of the two follow
second-order atomic matrix elements:

MA5^fkuêL•rG~VA!êH•r uf1s&, ~2!

which corresponds to processes in the course of which
harmonic photon is absorbed first and

MB5^fkuêH•rG~VB!êL•r uf1s&, ~3!

which corresponds to the case where it is the laser pho
which is absorbed first. In these expressions,G(V) stands
for the Coulomb Green’s function@19#, with the arguments
VA5E01vH andVB5E01vL . Here, the~in general com-
plex! vectorsêL and êH are unit polarization vectors of th
IR and UV photons, respectively.

The partial wave expansions for these amplitude
straightforwardly derived as

MA5Ck* (
L50,2

~2 i !Le1 ihLTL~VA!

3 (
M52L

1L

YL,M~ k̂! (
m521

11

CL,M ,m , ~4!

and a similar expression forMB . Here the coefficients
CL,M ,m contain standard products of Wigner 3-j symbols,
2-2
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CIRCULAR DICHROISM FROM UNPOLARIZED ATOMS . . . PHYSICAL REVIEW A 62 013402
and the quantitiesTL(V) are second-order reduced rad
amplitudes of the general form:

TL~V!5^Rk,LurG1~V!r uR1s&, ~5!

where G1(V) is the radial component of the Coulom
Green’s function for angular momentuml51.

Another useful representation of the second-order am
tudes, very convenient for discussing the general prope
of the angular dependence of the amplitudes is~see, e.g.,@10#
for more details!,

MA5
Ck*

3A4p
$eih0T0~VA!êL• êH1eih2T2~VA!

3@ êL• êH23~ êL• k̂!~ êH• k̂!#%, ~6!

and a similar expression forMB .
For the sake of further reference, we note that when

argumentV,0, the radial matrix elementsTL(V) are real
valued, while ifV.0, they become complex@19#. Here, the
latter situation can occur specially in the matrix element
beled A when vH.uE0u. Then, one-photon ionization ca
take place, through the absorption of one harmonic pho
and ATI can be observed. This shows that, in the presenc
ATI, an additional complex phase factor is included in t
matrix elementMA , as compared to the case whenvH
,uE0u. Before to come back to this point in the discussi
below, we turn now to derivation of the explicit form of th
angular distribution of the photoelectrons in the abo
mentioned specialized geometry.

In the following, we shall assume that the two beams
parallel, propagating along theOz axis, see Fig. 1. The linea

FIG. 1. Geometry used in the computations. The fiel
wavevectors (kL ,kH) are along the quantization axis (Oz), while
the harmonic polarizationeH is along theOx axis and the laser
polarizationeL ‘‘turns’’ in the xOy plane. The photoelectron wav
vectork as well as the anglesu5(Oz,k̂) andf are also shown.
01340
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polarization vector of the harmonic is oriented along theOx

axis,eH5 x̂, while the circular polarization vector of the lase
is in thexOy plane,

eL
65

1

A2
~ x̂6 i ŷ!.

Using standard techniques of angular momentum algebr
is an easy matter to determine the accessible final quan
states, depending on the polarization state of the laser.
the chosen geometry, and starting from ans state (l ,m)
5(0,0), the photoelectron can occupy the following angu
momentum states: (L,M )5(0,0), (2,0), and (2,62). Here,
the sign6 in the last entry depends on the~left or right!
circular polarization of the field. Obviously, circular dichro
ism effects originate from this difference of sign. It is an ea
matter to obtain the differential cross sections:

ds6

dV~u,f!
5

pk

8
I LI HuMA

61MB
6u2, ~7!

whereI L and I H represent the intensities of the laser and
the harmonic, expressed in atomic units, i.e., in terms oI 0
53.531016 W/cm2. Then, from either expression, Eqs.~4!
or ~6!, one can derive its variations in terms of the azimu
(f) and polar (u) angles of the ejected photoelectrons, f
each polarization state of the laser field,

ds6

dV~u,f!
}A11A2 sin4u cos2f1A3 sin2u cos2f

6A4 sin2u sin~2f!, ~8!

where the invariant atomic parametersAJ are

A15uT0u21uT2u212 Re$ei (h22h0)T0* T2%,

A259uT2u2,

A3526@Re$ei (h22h0)T0* T2%1uT2u2#,

A453 Im$ei (h22h0)T0* T2%. ~9!

Here,TL , (L50,2), denotes the combined radial amplitude

TL5TL~VA!1TL~VB!. ~10!

It appears that, in the chosen geometry, dichroism effe
can be observed only in thef dependence of the last term i
this expression of the cross section. More precisely, the
ference between the cross sections for the right and left
cular polarization states reduces to

ds1

dV~u,f!
2

ds2

dV~u,f!
}T0T2 sin2u sin~h22h0!sin~2f!.

~11!

This result shows that, fors states and for the chose
geometry, dichroic effects are maximized when detecting
photoelectrons in the planexOy, (u5p/2), i.e., in the plane

’

2-3
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TAÏEB, VÉNIARD, MAQUET, MANAKOV, AND MARMO PHYSICAL REVIEW A 62 013402
containing the polarization vectors of the two fields. On t
contrary, there is no dichroism when the photoelectrons
ejected either parallel or perpendicular to the linear polar
tion vector of the harmonic field, i.e., forf50 or f5p/2.
Moreover, one observes that the dichroic signal, usually
fined as

R~f!5

ds1

dV
2

ds2

dV

ds1

dV
1

ds2

dV

, ~12!

exhibits the followingf dependence foru5p/2:

R~f!}
sin~2f!

a11a2 cos~2f!
, ~13!

and changes sign whenf varies aroundp/2 ~see the discus
sion below!. Here, the quantitiesa1 anda2 are expressed in
terms of the atomic parametersAJ (J51,4) @see Eqs.~8! and
~9!#.

FIG. 2. Differential cross sectionds/dV in a.u. and the corre-
sponding dichroic signalR(f) as a function of the azimuthal angl
f for the absorption from the hydrogen atom ground state (1s) of a
circularly polarized laser photon with energyvL51.4 eV and a
linearly polarized harmonic photon with energyvH59vL . The
corresponding intensities were taken, for simplicity, to be equa
1 a.u. The geometry is shown in Fig. 1, withu590°. ~a! The full
line corresponds to the differential cross section for rig
polarization, while the left-polarization case is shown in dotted li
~b! dichroic signal as defined in Eq.~12!.
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Another interesting point is that the magnitude of the
chroic effects arek dependent through the Coulomb pha
shifts difference:

h22h05arctan~3k/2k221!,

in Eq. ~11!. In particular, they are suppressed in the lim
when the latter becomes small. This happens in two dist
physical situations:~i! for k→`, i.e., for high energy photo-
electrons. In other words, as already noted in similar c
texts, dichroic effects become vanishingly small if the co
ditions of applicability of the first Born approximation ar
met @7–9#. ~ii ! Whenk→0, i.e., for threshold photoelectron
the dichroism vanishes also. Between these two limits
then appears that the dichroic difference, Eq.~11!, becomes
maximum aroundk51/A2. We stress that although this re
sult has been established for hydrogen, it is general
should apply, with suitably modified phase shifts, to the c
of complex atoms. This implies also that dichroism might
a useful spectroscopic tool for determining such phase sh

In the preceding analysis it has been implicitly assum
that the second-order radial matrix elements, Eq.~5!, were
real. This corresponds to the casevH,uE0u. However, as
already mentioned, ifvH.uE0u, some of the amplitudesTL
becomes complex and acquires a phase:TL→uTLuexp(iuL).
The consequence is that the general form of the dich
difference becomes:

ds1

dV~u,f!
2

ds2

dV~u,f!
}uT0T2usin2u sin~h21u2

2h02u0!sin~2f!. ~14!

This clearly shows that the magnitude of the dichroic sig
can be significantly modified, depending if whether ATI c
take place or not. This point will be illustrated below.

For two-photon ionization processes originating fro
other, non-s states, the angular analysis is more involved a
simple formulas as, in Eqs.~11! or ~14!, are not easy to
establish; see@10#. For instance, for non-s states the genera
form of the angular distribution, generalizing Eq.~8!, in-
volves nine independent, invariant, atomic parametersAJ
~instead of six for one-color ionization@10#!. The difficulty is
even more considerable for higher-ordertwo-colormultipho-
ton ionization processes. Already for three-photon tran
tions, the formalism becomes extremely intricate@20#, and it
is much more convenient to directly perform a numeric
computation of the matrix elements. We turn now to t
presentation of such numerical data for two- and thr
photon ionization processes, in the presence of several ra
tion fields. We mention that the corresponding transition a
plitudes have been computed with the help of a sturm
approach already used in other instances@21#. In the discus-
sion, we shall address the question of the choice of the
tection geometry and more generally of the conditions
quired in order to optimize the observation of this class
dichroic effects.
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B. Numerical results and discussion:
Two-color, two-photon ionization

In order to illustrate the above concepts, we have con
ered first the simpler case of two-photon ionization of H(1s),
resulting in the simultaneous absorption of one~circularly
polarized! low-frequency photonvL and of one~linearly po-
larized! high-frequency photon,vH . The geometry is dis-
played in the Fig. 1. Hereafter, the angleu is being chosen as
u590°. Even for this simple process, we have to consi
two distinct cases according to the following.

~i! vH,uE0u, i.e., single-photon ionization is forbidden
This scenario can be difficult to realize in experiments w
IR lasers, since the photoelectrons are intrinsically slo
with energies belowvL , which can make analysis difficult
We have nevertheless addressed the question as it dis
interesting characteristics. This is illustrated in Figs. 2~a! and
2~b!, where the differential cross sections and the dichr
signals are reported in terms off for vL51.4 eV andvH
59vL , i.e. vL1vH514 eV. We note, see Fig. 2~b!, that
although the dichroic difference, Eq.~9!, has a trivial sin(2f)
dependence, the scaled dichroic signalR(f), Eq. ~11!, ex-
hibits a typical dispersionlike shape, the maximum contr
being slightly larger than 10%.

For threshold photoelectrons, as they would be obtai
with vH1vL'uE0u, the cross sections not only remain fini
but, in fact, take their maximum value@22#. One could think
of taking advantage of this fact for performing dichroic me
surements on slow photoelectrons in order to increase
counting rates. Unfortunately, because of the dependenc
the dichroic difference, Eq.~9!, on the Coulomb phase shifts
the difference goes to zero with the electron wave numbek,

FIG. 3. Same as Fig. 2 withvL51.361 eV.
01340
d-

r

,

ays

c

st

d

-
he
of

as arctan(3k). The result is that the dichroic signal is prac
cally not enhanced when performing experiments with sl
electrons. This point is illustrated in Fig. 3, forvL
51.361 eV andvH59vL , i.e., for very slow photoelec-
trons with kinetic energyk2/2'0.5 meV. In comparison
with the Fig. 2, one observes that, although the cross sec
is significantly larger, the dichroic contrast does not increa

Another feature of this class of two-photon ionization pr
cesses is that themaximaof the dichoic signals are locate
very close to theminima of the cross sections. This featur
might preclude an easy experimental determination of
dichroic ratio. As we shall show next, the situation can
slightly improved when ATI can take place.

~ii ! vH.uE0u, i.e., single-photon ionization is permitte
and ATI can be observed. In this case, the radial ma
elements become complex and the maxima of the dich
ratios are shifted, as compared to the preceding situat
This results from the convolution of thef dependence of the
cross section with dichroic differences whose magnitudes
changed with respect to the preceding case, see Eq.~11!.

To illustrate this scenario we have considered a laser
quencyvL51.55 eV~Ti:sapphire laser!, and two of its har-
monics: vH59vL , ~H9!, see Figs. 4~a! and 4~b!, and vH
511vL , (H11), see Figs. 5~a! and 5~b!. Here also the di-
chroic signals exhibit the familiar dispersionlike shape, t
maxima being significantly higher than in the precedi
cases: it is close to 0.5 for H9, see Fig. 4~b!, and just above
0.3 for H11, see Fig. 5~b!. For higher harmonics, the contra
in the dichroic signal continues to decrease. Unfortunat
the dichroic maxima are still located close to the minima
the cross sections, as shown in the figures. The situatio

FIG. 4. Same as Fig. 2 withvL51.55 eV~Ti:sapphire laser!.
2-5
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however less unfavorable than in the preceding case. A
example, for H9, see Figs. 4~a! and 4~b!, the dichroic signal
is still R(60°)'0.25, while the differential cross section is
the order of one-third of its maximum value. Compari
with the Figs. 5~a! and 5~b!, one observes that the situatio
becomes less favorable for higher harmonics, i.e., for fa
photoelectrons, as both the cross sections and the dich
ratio decrease. These results have motivated us to tur
other more adequate scenarios, taking advantage of
unique properties of higher harmonic sources.

C. Three-color, two-photon ionization

In experiments involving XUV harmonics, another cla
of phenomena can take place if the atom is irradiated sim
taneously by two consecutive harmonics instead of only
@17,18,23#. This can be easily achieved with the harmon
sources as a Dirac comb of frequencies is naturally emi
by atoms when irradiated by the fundamental of the laser
fact, if the harmonics are not dispersed and selected, it i
easy matter to get several frequencies within the XUV be
For instance, if the ninth (H9) and the eleventh (H11) h
monics are simultaneously present with the laser, two qu
tum paths are open to reach a final state with energyE0
110vL via the additional exchange of one laser photon. I
then expected that the dichroic signal should be modified
compared to the case in which only one harmonic is pres

This is shown in Figs. 6~a! and 6~b!, where we have re-
ported thef dependence of, respectively, the cross sec
and the dichroic ratio for a laser frequencyvL51.55 eV, in
the presence of its harmonics H9 and H11 with equal int

FIG. 5. Same as Fig. 4 withvH511vL .
01340
an

er
oic
to
he

l-
e

d
In
an

.
-
n-

s
s
t.

n

-

sities, and a final photoelectron energyE0110vL'1.9 eV,
from hydrogen (1s). As seen in the figures, a new parame
comes into play, namely the relative phase between the
monics. Depending on this phase difference, the magnitu
and angular distributions are significantly modified@23#. In
order to illustrate this point, we have displayed the differe
tial cross sections and ratioR(f) for a few selected phas
differences. The main result is that the contrast in the
chroic signal can reach values close to unity and, in any c
well over 50%. We note also that, although the maximu
contrast is still located at angles close to the minima of
cross sections, there are several angular windows avail
for securing the observation of sizeable effects. Moreov
comparing Figs. 4~b! and 6~b!, where the angular depen
dences of the dichroic signals for the same final energy s
E0110vL are reported, one can verify that the presence
two harmonics, instead of only one, will significantly e
hance the magnitude of the dichroic effect.

Another interesting feature deduced from our simulatio
is to evidence how much the dichroic signal is sensitive
the phase difference between two consecutive harmon
This observation might reveal itself as being very useful a
provides an alternative way to determine the relative pha
2-6
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of high order harmonics, a point which is still under acti
discussion@24#. We turn now to a brief discussion of highe
order ionization processes in the course of which the a
exchanges more than two photons with the fields.

III. THREE-PHOTON, TWO-COLOR IONIZATION

If the intensity of the IR laser is high enough, more th
one photonvL can be absorbed/emitted simultaneously w
the absorption of the harmonic photonvH @16–18,23#. The
simpler scenario is when the atom absorbs two IR photon
addition to the UV harmonic, the photoelectrons bei
ejected with a kinetic energy:E012vL1vH @25#. The nu-
merical computation has been performed again for thes
hydrogen ground state. Then, as compared to the prece
cases, other angular momentum states are accessible, na
L51 and L53, and new quantum paths are opened, a
consequence of the permutations in the order in which
photons are absorbed. As shown next, these factors
modify significantly the dichroic ratio.

In the simpler case of an initials state, a general analysi
similar to the one leading to Eq.~6!, is easily performed,
based on symmetry and rotational invariance, see Ref.@10#:

M (3)5 êL• k̂@a1êL• êH1a2~ êL• k̂! ~ êH• k̂!#

1a3~ êL• êL!~ êH• k̂!. ~15!

The atomic parametersaj are complex quantities ex
pressed in terms of third-order reduced radial amplitude
the general form:

TlL~v I ,vJ!5^Rk,LurGl~E01v I1vJ!rG1~E01v I !r uR1s&,

~16!

where the pairsl,L5(0,1), (2,1), and (2,3), in accordanc
with dipole selection rules.

For the chosen geometry, see Fig. 1, an expression sim
to the one in Eq.~8! can be derived:

ds6

dV~u,f!
}@ ua1u21ua2u2 sin4u cos2f

12 Re$a1a2* %sin2u cos2f

6Im$a1a2* %sin2u sin~2f!#sin2u, ~17!

More explicitly, the dichroic difference is

ds1

dV~u,f!
2

ds2

dV~u,f!
}Im$ei (h32h1)R1R2* %sin4u sin~2f!.

~18!

The explicit forms of the quantitiesRJ are

R15T23~vL ,vL!1T23~vL ,vH!1T23~vH ,vL!,

R256T21~vL ,vL!1T21~vL ,vH!1T21~vH ,vL!

15@T01~vL ,vH!1T01~vH ,vL!#, ~19!
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This result indicates that foru5p/2, the angular depen
dence of the the dichroic difference and of the dichroic ra
is similar to that for the two-photon, two-color ionization
However, the magnitude ofR(f) can be changed as com
pared with the two-photon case as a result of the differ
structure of the three-photon radial matrix elements.

A typical example of such a behavior is shown in t
Figs. 7~a! and 7~b! where thef dependence of the differen
tial cross sections and of the dichroic signal are, respectiv
displayed forvL51.55 eV andvH59vL . One observes
first that ds1 and ds2 differ more significantly from each
other than in the preceding schemes, compare with the F
2–6. Interestingly, it appears that the contrast in the dichr
ratio can reach values larger than 50%. Moreover, as
additional bonus, these maximum values are not locate
angles too close to the minima of the angular dependenc
the cross section. This clearly opens the possibility of obta
ing reliable dichroic signals in angular ranges wider than
the two-photon cases. Note that we have checked that
same overall behavior is observed for this class of proce
at other harmonic frequencies.

FIG. 7. Differential cross sectionds/dV in a.u. and the corre-
sponding dichroic signalR(f) as a function of the azimuthal angl
f for the absorption from the hydrogen atom ground state (1s) of
two circularly polarized laser photons with energyvL51.55 eV
and a linearly polarized harmonic photon with energyvH59vL .
The corresponding intensities were taken to be equal to 1 a.u.
geometry is shown in Fig. 1, withu590°. ~a! The full line corre-
sponds to the differential cross section for right-polarization, wh
the left-polarization case is shown in dotted line.~b! Dichroic signal
as defined in Eq.~10!.
2-7
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IV. CONCLUSIONS

We have explored the potentialities of several scena
designed to observe circular dichroism effects on unpo
ized atomic targets. The schemes considered involve the
sorption and exchange of several photons, with distinct
larization states, from different radiation fields. We ha
chosen to specially address the case in which one of
radiation source is a~linearly polarized! high harmonic of an
IR laser, while the other field is the intense~circularly polar-
ized! laser itself. Our motivation is that experiments are c
rently being planned along these lines@14#. The simulations
have been performed for the test-case of the ground-s
hydrogen atom, in the perturbative limit, i.e., in the limit
moderate intensities for both the harmonic and the laser

The main outcome of our simulations is to show that
chroism effects are indeed present in the angular distr
tions of the photoelectrons. However the simpler proce
namely two-color, two-photon ionization, either in standa
or in ATI conditions, is not well suited for obtaining usefu
data as the maxima of the dichroic signal are located clos
the minima in the angular distribution of the photoelectro
i.e., in the regions where the uncertainty in the measurem
is likely to be maximum.

In order to alleviate this difficulty we have considered tw
other scenarios. One of these relies on the character
properties of harmonic emission spectra which are con
tuted of equally spaced lines separated by 2vL . In the simul-
taneous presence of two consecutive harmonics and of
laser, three-color two-photon ionization can take pla
Then, new interfering quantum paths can lead to a given fi
state and both the angular distribution of the photoelectr
and the dichroic signal are modified. As compared with
preceding two-color two-photon ionization scheme, o
simulations demonstrate that under these new conditions
observation of dichroism should be much easier in wi
angular ranges.
.
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Another scheme exploits the fact that, even at mode
laser intensities, the exchange of several IR photons can
place with relatively high probability. We have consider
such a situation in which the atom is ionized through t
absorption of one harmonic and of two laser photons. T
angular distribution of the photoelectrons and the variatio
of the dichroic signal are again notably modified as co
pared to the preceding cases. Moreover, our simulations
dicate that the contrast in the dichroic ratio can be larger t
in the preceding cases and that the conditions of observa
ity are more favorable.

Natural extensions of the above investigations can be c
sidered in several directions:~i! Changing the geometry
~propagation direction of the radiation beams, orientation
the polarization vectors, detection geometry, etc.! can pro-
vide complementary information@26#. ~ii ! If one of the fields
is elliptically polarized, new features will be observed in t
angular distributions@26#. ~iii ! At higher laser intensities, a
nonperturbative regime will prevail. Then larger numbers
IR photons can be exchanged with the atom and it will
interesting to verify whether or not dichroism effects a
blurred when too many quantum paths can lead to a gi
photoelectron energy state. This question will be addres
in a forthcoming paper.
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