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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 severgl radiation fields can exhibit circular dichroism effects, when reversing the
polarization statéright versus left, for instangef 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 numbe(s): 32.80.Rm, 32.80.Fb, 03.65.Pm

[. INTRODUCTION different final angular momentum states of the photoelec-
trons are not resolved and it is only possilfler instance,
Circular dichroism—based spectroscopic studies are red¢hrough a fit in terms of Legendre polynomigléo get a
ognized as a valuable tool to investigate structural effects igualitative picture of the relative magnitudes of the various
the response of chiral systems to an electromagnetic fieldransition amplitude$11,12. Within this context, the main
For such systems, the dependence of(tdme-photonphoto-  advantage of dichroic measurements with elliptically polar-
ionization differential cross sections on the helicity of theized light is that one can, in principle, determine the relative
field is well documentedl]. It is also known that dichroic magnitudes and phases of the various interfering transition
effects can be observed in th@ne-photondouble photoion- amplitudes, via the analysis of the photoelectron angular dis-
ization of nonchiral systems, the simpler being a ground4ributions obtained for different polarization states of the
state helium atonj2]. This process has attracted a lot of fields[9]. Such data are of major interest for addressing in-
attention, since recent experimental measuremigdjtpro-  teresting issues, such as of the role of multiphoton propensity
vide a very sensitive test of the importance of electron cortules[13] related to the highly nonlinear response of atomic
relations in multielectron systenjd]. Spectacular develop- systems in strong laser fields.
ments, relying on the advent of third generation synchrotron The motivation of this paper is to draw attention to the
sources, have also been recently registered in the analysis pbssibility of obtaining similar information with the help of
resonant x-ray scattering spectra from magnetic s¢bdls two-color (or, more generally, multicolpr schemes, the
It is not so widely known that the relative magnitudes andfields having different polarization states. As already men-
phases of the transition amplitudes governing the nonlineaioned, a very general theoretical analysis of elliptical dichro-
response of nonchiral systems, typically a ground-state atonism in two-photon ionization processes, has been presented
can be also derived from the analysis of dichroic signalgecently[10]. Here, we wish to present an extension of this
obtained from multiphoton processes. In single-color pro-analysis to the case of the circular dichroism effectsnio-
cesses no dichroism is observed if one limits onesellef>-  and three-colorabsorption processes leadingtieo- and/or
or right-) circular polarization states. By contrast, elliptical three-photorionization. Although elliptical dichroism is po-
dichroism in multiphoton ionization has been observed in theentially richer in information, we shall restrict the discussion
angular distributions of photoelectrons originating from rarehere to the simpler case of circular dichroism which allows
gas sample$6]; see also the discussions in RET]. The us to illustrate the main features of the effect. Moreover, we
guestion has been addressed also in other instances, see, $ball consider a specialized geometry which has been cho-
example, Refs[8], and[9], the latter being dedicated to the sen, for the sake of comparison, with currently planned ex-
discussion of a special geometry in relation to experimentsperiments with higher harmoni¢44]. We note that a com-
A recent theoretical study, including the general treatment oplete analytical treatment of multiphoton transitions
elliptical dichroism in two-photon ionization of atoms, with involving two or more fields with distinct polarization states
no restriction either on the detection geometry or on thewould entail prohibitively cumbersome computations. In any
propagation directions of the fields, can be found in Refcase, it would result in general formulas from which it would
[10]. be difficult to extract physical insights on the mechanisms
The potential interest in multiphoton dichroic measure-governing the atomic response. Instead, we have considered
ments on atoms results from a general property of the assthe special case of ionization of a grougdtate atom under
ciated dipole ionization amplitudes, namely on the fact thathe combined effects of a circularly polarized laser field and
they contain several components associated to diffdiant of the linearly polarized field of a higher harmonic of the
general interferingquantum paths leading to the final state. fundamental. Then, the symmetry properties and the overall
In multiphoton ionization experiments, the contributions ofangular distribution of the photoelectrons can be derived in
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closed form. We should mention also that the scenario wenultaneous absorption of one high frequency photibre

have chosen takes advantage of the properties of the hatarmoni¢ and of one low frequency photon from the laser.

monic radiations generated in rare gas irradiated by a stronghe frequencies of the laser, and of the harmoni@y are

IR laser. In the present context, the main advantage of thes@ich thatw, + wy>|E,|, whereE, is the ground-state en-

recently developed sources of XUV radiation is, in additionergy of the atom. We note that ib,>|E,|, ATl can take

to their coherence and high brightness, the brevity of theace. As we shall show below, the angular dependence of

pulse which is synchronized with the laser pump pllss. e gichroic effect can be substantially modified as compared

When an atomic system is submitted simultaneously t0 3, the case whemwy <|Ey|.

r?]diation SUISE contai.ning. seyera: fr%quen.cies, ri]t can eX- n the presence of the two fields, either the laser photon or

e e o, h o s aoro ' hamoric can be absorbed rs. A5 a consequence,one
: ’ fias to add coherently the two interfering amplitudes associ-

strong IR laser and of one or two of its higher harmonics. . .
o ated to each path leading to the same final quantum state.
Then, as a consequence of the intrinsically much lower ing

. e S . Here, the final state belongs to the continuous spectrum of
tensity of the harmonic field, the atom-harmonic interaction -
the atom and, when recording the angular dependence of the

is dominated by single-photon absorption. In contrast, the hotoionization process, one detects photoelectrons propa-

exchange of several IR photons can take place, even at mofn© . L X
erate Igser intensities ground 1300/ c? p[lG—la. The gating with a definite wave vectdt. Such states will be

practical realization of such a scenario must take into ac!—abtiledkby :helr wave meThbk[ shucth 6|‘Skt: V2EK \évhereIIEk i
count the fact that, in actual harmonic generation devices, thg "¢ KIN€UC energy ot the pholoelectron and, negiecting

harmonic radiation is emitted in the forward direction and is’€"Y small spin effepts, by their angular momentum quantum
linearly polarized parallel to the polarization direction of the numt_)ers_ C.M). Itis then. convenient to express the wave
laser pump field15]. With suitable optical devices, it is then function In terms of a partial wave expansion which reads, in
feasible to split the two beams and to change the polarizatioH1e special case of hydrogen

state of the lasefa much easier task than for the harmonic +o +L

light) before to make them to merge again on the atomic (r|¢,)=C, >, i'e "R (r) >, Y. m(NY*y(K),
sample. Here we shall consider two- and three-color photo- L=0 ’ M=-L ’

ionization processes induced by the simultaneous absorption (1)

of one photon from thdlinearly polarized harmonic field . o .
and from at least one photon from tharcularly polarized where Cy is a normalization constanty, is the Coulomb

laser field. As we shall show below, depending on (tight- g_hzlase Shi?”’L?ar%F(L+ 1|_ 17k), Rlet(rh; is t(;wfh(real) ral-
or left-) circular polarization state of the laser, the angular lal wave function for anguiar momentumand the anguar

distribution of the photoelectrons are modified. If the har-funCt'cmSYL''VI are spherical harmonics. When starting from

monic frequency is high enough, so that above-threshold ioni€ hydrogen ground state, the two-color, two-photon transi-

ization (ATI) can take placd16—18, additional modifica- tion amplitudes are expre_ssed in terms of the two following
tions can be evidenced in the dichroic signal. second-order atomic matrix elements:
We shall show also that one can take advantage of another _ - -

feature of harmonic spectra, namely that they contain lines Ma=(duleL TG(Qa) € rléas), (2)
regularly spaced in frequency, separated by 2 wherew,

is the frequency of the pump laser. If the atom is irradiate
by such a “Dirac comb” of frequencies, new interfering
Foatat];pzraer open and additional dichroic features are expected MB:<¢k|;H'rG(QB);L'r|¢ls>’ &)

The paper is organized as follows. In Secs. Il and Ill wewhich corresponds to the case where it is the laser photon
present the theoretical background needed to discuss the ihich is absorbed first. In these expressioB¢()) stands
chroic effects which are expected to take place when pefgr the Coulomb Green’s functiofL9], with the arguments
forming experiments along the lines of the above described)  — g + »,, andQz=Ey+ w_ . Here, thelin general com-

erors e o rencnt e s e s Gt VSIS and e ae unl plarzaton vectors of e
P ' P and UV photons, respectively.

froma.lp(.erturl.:)atllve treatment of the problem for a hyd'r.ogen The partial wave expansions for these amplitude are
atom initially in its ground state. Although much simplified, . :

) i . ; ! straightforwardly derived as
the model contains all the ingredients needed for discussing
the main features of this class of dichroic phenomena. The

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

conclusions will be presented in Sec. IV. Ma=C§ D (—i)te" T (Qp)
L=0,2
Il. TWO-PHOTON, TWO- AND THREE-COLOR +L +1
IONIZATION xME Ym0 > L Cim (4)
=~ el

A. Theoretical background

In order to present the formalism, we shall first addressand a similar expression foMg. Here the coefficients
the simpler case of two-photon ionization involving the si-C v, contain standard products of Wignerj3symbols,
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A 5 polarization vector of the harmonic is oriented along @ve

' axis, ep;= X, while the circular polarization vector of the laser
[ is in thexOy plane,

B A
e[=ﬁ(xi|y).

Using standard techniques of angular momentum algebra, it
is an easy matter to determine the accessible final quantum
states, depending on the polarization state of the laser. For
the chosen geometry, and starting from sustate (,m)
=(0,0), the photoelectron can occupy the following angular
momentum statesl(M)=(0,0), (2,0), and (2:2). Here,

the sign= in the last entry depends on tlieft or right)
circular polarization of the field. Obviously, circular dichro-
ism effects originate from this difference of sign. It is an easy
matter to obtain the differential cross sections:

do™ wk

FIG. 1. Geometry used in the computations. The fields’ dQ(6,¢) 8
wavevectors K, ,k,) are along the quantization axi®©¢), while ] -
the harmonic polarizatior,, is along theOx axis and the laser Wherel_ andly represent the intensities of the laser and of
polarizatione, “turns” in the xOy plane. The photoelectron wave the harmonic, expressed in atomic units, i.e., in termé,of
vectork as well as the angleg=(OZK) and ¢ are also shown. ~ =3.5X10'® W/cn?. Then, from either expression, Edd)

or (6), one can derive its variations in terms of the azimutal

and the quantitiesT, (1) are second-order reduced radial (¢) and polar ¢) angles of the ejected photoelectrons, for

ILluIM +Mg]?, (7)

amplitudes of the general form: each polarization state of the laser field,
_ do™
TL(Q)_<RK,L|rGl(Q)r|R15>' (5) mMA1+A2Sin40CO§¢+A3Sir726CO§¢

where G4(Q) is the radial component of the Coulomb
Green'’s function for angular momentux= 1.

Another useful representation of the second-order ampliy,
tudes, very convenient for discussing the general properties
of the angular dependence of the amplitudgsé®, e.g.[10] A=|To|2+|T,2+2 Ree! (2~ 0 T5 T},
for more detail,

+A,siPgsin24¢), (8)

here the invariant atomic parametétg are

* A= 9|T2|2,
Ma= 3 \/:—W{ei MTo(Qp) € - €41 € 72T5(Qp) As=—6[Re[e! (72~ T TA T} +|T,|2],
X[~ en—3(eL-K)(en- KOT1, (6) Aq=3 Im{el 727 TG T}, (9)
and a similar expression fovl 5 . Here, T, , (L=0,2), denotes the combined radial amplitudes:
e ke ot er v o bt wen 0o netan 0
valued, while if0>0, they become comple49]. Here, the It appears that, in the chosen geometry, dichroism effects

latter situation can occur SpeCially in the matrix element Ia'can be observed On|y in thﬁ dependence of the last term in
beled A when w,;>|E,|. Then, one-photon ionization can this expression of the cross section. More precisely, the dif-

take place, through the absorption of one harmonic photorference between the cross sections for the right and left cir-
and ATI can be observed. This shows that, in the presence @{lar polarization states reduces to

ATI, an additional complex phase factor is included in the

matrix elementM,, as compared to the case whary do™ do™ ) ) )

<|Eql. Before to come back to this point in the discussion oy (g.4) da(,4) 02 sin? ¢ sin( 7,— 70)sin(2¢)).
below, we turn now to derivation of the explicit form of the (11)
angular distribution of the photoelectrons in the above-

mentioned specialized geometry. This result shows that, fos states and for the chosen

In the following, we shall assume that the two beams arggeometry, dichroic effects are maximized when detecting the
parallel, propagating along tl2z axis, see Fig. 1. The linear photoelectrons in the plan€y, (6= /2), i.e., in the plane
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5 T T T T T Another interesting point is that the magnitude of the di-
@ chroic effects are&k dependent through the Coulomb phase
shifts difference:

72— mo=arctari3k/2k?— 1),

do/dQ (10°¢ a.u.)
[\

in Eq. (11). In particular, they are suppressed in the limit
when the latter becomes small. This happens in two distinct
physical situations(i) for k—oo, i.e., for high energy photo-
0 60 120 180 240 300 360 electrons. In other words, as already noted in similar con-
¢ (degrees) texts, dichroic effects become vanishingly small if the con-
ditions of applicability of the first Born approximation are
' met[7-9]. (i) Whenk—0, i.e., for threshold photoelectrons
the dichroism vanishes also. Between these two limits, it

0.15 T T T T

0.1
then appears that the dichroic difference, El), becomes
0.05 maximum aroundk= 1/\/2. We stress that although this re-
= 0 sult has been established for hydrogen, it is general and
24

should apply, with suitably modified phase shifts, to the case
of complex atoms. This implies also that dichroism might be
a useful spectroscopic tool for determining such phase shifts.
In the preceding analysis it has been implicitly assumed
0.15 o 6'0 1;() 12‘30 2:‘0 3(')0 %60 that the second-order radial matrix elements, &, were
& (dogess) real. This corresponds to the casg <|Eg|. However, as
already mentioned, if»;;>|Eo|, some of the amplitudes,

FIG. 2. Differential cross sectiodo/dQ in a.u. and the corre- becomes complex and acquires a phage: [T [exp(6).
sponding dichroic signaR(¢) as a function of the azimuthal angle The consequence is that the general form of the dichroic
¢ for the absorption from the hydrogen atom ground stag) gfa  difference becomes:
circularly polarized laser photon with energy =1.4 eV and a
linearly polarized harmonic photon with energy;=9w, . The

-0.05

-0.1

N " =k do™ do™
corresponding intensities were taken, for simplicity, to be equal to _ | TaT,|SiN2O si )
1 a.u. The geometry is shown in Fig. 1, wih=90°. (a) The full dQ(0,¢) dQ(6,¢) IToT "2+ 0z
line corresponds to the differential cross section for right- .
polarization, while the left-polarization case is shown in dotted line. — 70~ 0o)SiN(2). (14)

(b) dichroic signal as defined in E¢L2).

This clearly shows that the magnitude of the dichroic signal
containing the polarization vectors of the two fields. On thecan be significantly modified, depending if whether ATI can
contrary, there is no dichroism when the photoelectrons arggke place or not. This point will be illustrated below.
ejected either parallel or perpendicular to the linear polariza- For two-photon ionization processes originating from
tion vector of the harmonic field, i.e., fap=0 or ¢=m/2.  other, nons states, the angular analysis is more involved and
Moreover, one observes that the dichroic signal, usually desimp|e formulas as, in Eqg11) or (14), are not easy to

fined as establish; segl0]. For instance, for nos-states the general
form of the angular distribution, generalizing E@®), in-
do* do~ volves nine independent, invariant, atomic parame#eys
a0 da (instead of six for one-color ionizatidd.0]). The difficulty is
R(¢)= do" do (12 even more considerable for higher-orde&n-color multipho-
g 27 ton ionization processes. Already for three-photon transi-
dQ  dQ tions, the formalism becomes extremely intrice26], and it
is much more convenient to directly perform a numerical
exhibits the following¢ dependence fof= 7/2: computation of the matrix elements. We turn now to the
presentation of such numerical data for two- and three-
sin(26) photon ionization processes, in the presence of several radia-

(13)  tion fields. We mention that the corresponding transition am-
plitudes have been computed with the help of a sturmian
approach already used in other instanH. In the discus-

and changes sign whef varies aroundr/2 (see the discus- sion, we shall address the question of the choice of the de-

sion below. Here, the quantitiea; and «, are expressed in tection geometry and more generally of the conditions re-
terms of the atomic parameteks (J=1,4) [see Egs(8) and  quired in order to optimize the observation of this class of

9)]. dichroic effects.

R T a,c0928)"
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8 T T T T T 10 T T T T T
~ 6 F -~
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¢ (degrees) ¢ (degrees)
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7 =4
-0.15 I 1 1 1 ! 05 I I I ! ]
0 60 120 180 240 300 360 0 60 120 180 240 300 360

O (degrees) ¢ (degrees)

FIG. 3. Same as Fig. 2 witty, =1.361 eV. FIG. 4. Same as Fig. 2 witlh =1.55 eV(Ti:sapphire laser

B'Tvazr-];i?ocralt\:\‘/eoS-ulrt-lscatir:]di:rlnsi;;tsi;on. as arctan(®). The result is that the dichroic signal is practi-
' P cally not enhanced when performing experiments with slow
In order to illustrate the above concepts, we have considelectrons. This point is illustrated in Fig. 3, fow,
ered first the simpler case of two-photon ionization of B)(1 =1.361 eV andwy=9w,, i.e., for very slow photoelec-
resulting in the simultaneous absorption of d@cularly  trons with kinetic energyk?/2~0.5 meV. In comparison
polarized low-frequency photorw_ and of one(linearly po-  with the Fig. 2, one observes that, although the cross section
larized high-frequency photone, . The geometry is dis- is significantly larger, the dichroic contrast does not increase.
played in the Fig. 1. Hereafter, the anglés being chosen as Another feature of this class of two-photon ionization pro-
#=90°. Even for this simple process, we have to considecesses is that theaximaof the dichoic signals are located
two distinct cases according to the following. very close to theminimaof the cross sections. This feature
(i) wy<|Ey|, i.e., single-photon ionization is forbidden. might preclude an easy experimental determination of the
This scenario can be difficult to realize in experiments withdichroic ratio. As we shall show next, the situation can be
IR lasers, since the photoelectrons are intrinsically slowslightly improved when ATI can take place.
with energies below, , which can make analysis difficult. (i) wy>|Eg|, i.e., single-photon ionization is permitted
We have nevertheless addressed the question as it displagsd ATl can be observed. In this case, the radial matrix
interesting characteristics. This is illustrated in Fig@) 2nd  elements become complex and the maxima of the dichroic
2(b), where the differential cross sections and the dichroicatios are shifted, as compared to the preceding situation.
signals are reported in terms ¢f for o, =1.4 eV andwy This results from the convolution of th# dependence of the
=9w,, i.e. o, +wy=14 eV. We note, see Fig.(d), that  cross section with dichroic differences whose magnitudes are
although the dichroic difference, E@), has a trivial sin()  changed with respect to the preceding case, seé1Hy.

dependence, the scaled dichroic sigRéty), Eq. (11), ex- To illustrate this scenario we have considered a laser fre-
hibits a typical dispersionlike shape, the maximum contrasguencyw =1.55 eV(Ti:sapphire lasgr and two of its har-
being slightly larger than 10%. monics: oy =9, (H9), see Figs. @) and 4b), and vy

For threshold photoelectrons, as they would be obtainee11lw, , (H11), see Figs. ® and §b). Here also the di-
with oy + o, ~|E|, the cross sections not only remain finite chroic signals exhibit the familiar dispersionlike shape, the
but, in fact, take their maximum vali€2]. One could think maxima being significantly higher than in the preceding
of taking advantage of this fact for performing dichroic mea-cases: it is close to 0.5 for H9, see Figb¥ and just above
surements on slow photoelectrons in order to increase th@.3 for H11, see Fig.(®). For higher harmonics, the contrast
counting rates. Unfortunately, because of the dependence of the dichroic signal continues to decrease. Unfortunately,
the dichroic difference, Eq9), on the Coulomb phase shifts, the dichroic maxima are still located close to the minima of
the difference goes to zero with the electron wave nurkber the cross sections, as shown in the figures. The situation is
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- 315
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05 T T T T T
e
g o
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FIG. 5. Same as Fig. 4 with,= 11w, . FIG. 6. Same as Fig. 4 for the following three-color process:
absorption of harmonic photons with energy wp=9%w;, wy
. : =]lw; and absorption/emission, of a laser photon with energy w; ,
however less unfavorat_)le than in the prece_dlng_cas_e. AS e final energy of the photoelectron being Eq+ 10w, . () The full
example, for H9, see Figs(&) and 4b), the dichroic signal e corresponds to the differential cross section for right-
is still R(60°)~0.25, while the differential cross section is of polarization and a phase difference between the two harmonic fields
the order of one-third of its maximum value. Comparingof 0°; dashed line: 45° of phase difference; dotted line: 90° of
with the Figs. %a) and §b), one observes that the situation phase difference; —&A—: 180° of phase difference. (b) Corre-
becomes less favorable for higher harmonics, i.e., for fastesponding dichroic signals as defined in Eq. (12).
photoelectrons, as both the cross sections and the dichroic
ratio decrease. These results have motivated us to turn tg
other more adequate scenarios, taking advantage of t
unique properties of higher harmonic sources.

ties, and a final photoelectron eneffgy+ 10w, ~1.9 eV,
rom hydrogen (%). As seen in the figures, a new parameter
comes into play, namely the relative phase between the har-
o monics. Depending on this phase difference, the magnitudes
C. Three-color, two-photon ionization and angular distributions are significantly modifi8]. In

In experiments involving XUV harmonics, another classorder to illustrate this point, we have displayed the differen-
of phenomena can take place if the atom is irradiated simultial cross sections and ratie(¢) for a few selected phase
taneously by two consecutive harmonics instead of only onelifferences. The main result is that the contrast in the di-
[17,18,23. This can be easily achieved with the harmonicchroic signal can reach values close to unity and, in any case,
sources as a Dirac comb of frequencies is naturally emittedvell over 50%. We note also that, although the maximum
by atoms when irradiated by the fundamental of the laser. liwontrast is still located at angles close to the minima of the
fact, if the harmonics are not dispersed and selected, it is atross sections, there are several angular windows available
easy matter to get several frequencies within the XUV beamfor securing the observation of sizeable effects. Moreover,
For instance, if the ninth (H9) and the eleventh (H11) har-comparing Figs. &) and &b), where the angular depen-
monics are simultaneously present with the laser, two quandences of the dichroic signals for the same final energy state
tum paths are open to reach a final state with endtgy E,+ 10w, are reported, one can verify that the presence of
+ 10w, via the additional exchange of one laser photon. It istwo harmonics, instead of only one, will significantly en-
then expected that the dichroic signal should be modified akance the magnitude of the dichroic effect.
compared to the case in which only one harmonic is present. Another interesting feature deduced from our simulations

This is shown in Figs. @& and &b), where we have re- is to evidence how much the dichroic signal is sensitive to
ported the¢p dependence of, respectively, the cross sectiorthe phase difference between two consecutive harmonics.
and the dichroic ratio for a laser frequenoy=1.55 eV, in  This observation might reveal itself as being very useful as it
the presence of its harmonics H9 and H11 with equal intenprovides an alternative way to determine the relative phases
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of high order harmonics, a point which is still under active
discussiorf24]. We turn now to a brief discussion of higher-
order ionization processes in the course of which the atom
exchanges more than two photons with the fields.

lIl. THREE-PHOTON, TWO-COLOR IONIZATION

do/dQ (107 au.)

If the intensity of the IR laser is high enough, more than
one photonw, can be absorbed/emitted simultaneously wth
the absorption of the harmonic photar, [16—18,23. The

simpler scenario is when the atom absorbs two IR photons in 0 60 120 180 240 300 360
addition to the UV harmonic, the photoelectrons being ¢ (degrees)

ejected with a kinetic energ¥Ey+ 2w+ wy [25]. The nu-

merical computation has been performed again for the 1 1

hydrogen ground state. Then, as compared to the preceding
cases, other angular momentum states are accessible, namely
L=1 andL=3, and new quantum paths are opened, as a
consequence of the permutations in the order in which the
photons are absorbed. As shown next, these factors can
modify significantly the dichroic ratio.

In the simpler case of an initialstate, a general analysis,
similar to the one leading to Ed6), is easily performed,
based on symmetry and rotational invariance, see [Réf:

R(®)

G)_2 ¢ A A A A A A 0 60 120 180 240 300 360
M _EL'k[alEL' EH+a2(EL’k) (eH' k)] ¢ (degrees)
+as(€ - €)(eq k). (15 FIG. 7. Differential cross sectioda/dQ in a.u. and the corre-
) - sponding dichroic signdR(¢) as a function of the azimuthal angle
The atomic parametera; are complex quantities eX- 4 for the absorption from the hydrogen atom ground sta® @
pressed in terms of third-order reduced radial amplitudes oﬁNO Circu|ar|y p0|arized laser photons with energy =1.55 eV
the general form: and a linearly polarized harmonic photon with eneigy=9w, .
The corresponding intensities were taken to be equal to 1 a.u. The
Th (0, 03)=(R  [rG\(Eg+ )+ w))rG1(Eg+ w))r|Ryg), geometry is shown in Fig. 1, with=90°. (a) The full line corre-
(16) sponds to the differential cross section for right-polarization, while
the left-polarization case is shown in dotted lit®. Dichroic signal
where the paira,L=(0,1), (2,1), and (2,3), in accordance as defined in Eq(10).
with dipole selection rules.
For the chosen geometry, see Fig. 1, an expression similar

to the one in Eq(8) can be derived: This result indicates that fof= /2, the angular depen-

dence of the the dichroic difference and of the dichroic ratio
T _[|ay|2+|ay|? sir6 co2 is similar to that for the two-photon, two-color ionization.
dQ(6,¢) However, the magnitude d®(¢) can be changed as com-
+2 Re(a,a%}sir?6 co¢ pared with the two-photon case as a re;ult of the different
structure of the three-photon radial matrix elements.
+Im{a,a}}sifdsin(2¢)]sirte, (17 A typical example of such a behavior is shown in the
Figs. 1a) and 7b) where the¢ dependence of the differen-
More explicitly, the dichroic difference is tial cross sections and of the dichroic signal are, respectively,
displayed forw, =1.55 eV andwy=9w, . One observes
do* do™ , _ _ first thatdo* anddo ™ differ more significantly from each
d0(6.4) 400, 9) <Im{e'(7s” R R }sin'0sin(2¢).  other than in the preceding schemes, compare with the Figs.
' ' (18) 2—6. Interestingly, it appears that the contrast in the dichroic
ratio can reach values larger than 50%. Moreover, as an
The explicit forms of the quantitieR; are additional bonus, these maximum values are not located at
angles too close to the minima of the angular dependence of
the cross section. This clearly opens the possibility of obtain-
ing reliable dichroic signals in angular ranges wider than in

Ri=Tog(w o)+ Tl ,0y)+To(wy, o),

_ the two-photon cases. Note that we have checked that the
Ro=6T , +T , +T , N .
2=6Ta(wr )+ Tor(wr,0n)+ Talwn, 1) same overall behavior is observed for this class of processes
+5[Toi(w ,on) + Tor(wy, o) ], (190  at other harmonic frequencies.

013402-7



TAIEB, VENIARD, MAQUET, MANAKOV, AND MARMO PHYSICAL REVIEW A 62 013402

V. CONCLUSIONS Another scheme exploits the fact that, even at moderate

laser intensities, the exchange of several IR photons can take

We have explored t_he poteqt|allt|¢ s of several scenanoBlace with relatively high probability. We have considered
designed to observe circular dichroism effects on unpolar: uch a situation in which the atom is ionized through the

ized atomic targets. The schemes considered involve the aB-

sorption and exchange of several photons, with distinct po- bsorption of one harmonic and of two laser photons. The
plc ge o photons, P angular distribution of the photoelectrons and the variations
larization states, from different radiation fields. We have

chosen to specially address the case in which one of thof the dichroic signal are again notably modified as com-
radiation souF;ce is éinearl olarizedl high harmonic of an Sared to the preceding cases. Moreover, our simulations in-

; Y PO anght dicate that the contrast in the dichroic ratio can be larger than
IR laser, while the other field is the inten&grcularly polar-

ized) laser itself. Our motivation is that experiments are Cur-In the preceding cases and that the conditions of observabil-

rently being planned along these lindst]. The simulations ity are more favorable.

have been performed for the test-case of the ground—stagse Natural extensions of the above investigations can be con-
hydrogen atom, in the perturbative limit, i.e., in the limit of Idered in several directiondi) Changing the geometry

moderate intensities for both the harmonic and the laser. (propagation direction of the radiation beams, orientation of

The main outcome of our simulations is to show that di-the polarization vectors, detection geometry, Jeéan pro-

chroism effects are indeed present in the angular distribu\-/ide complementary informatidi26]. (ii) It one of the fields
. P g is elliptically polarized, new features will be observed in the
tions of the photoelectrons. However the simpler process

namely two-color, two-photon ionization, either in standardangmar distribution$26]. (i) At higher laser intensities, a

. o . ) - nonperturbative regime will prevail. Then larger numbers of
or in ATI conditions, is not well suited for obtaining useful IR photons can be exchanged with the atom and it will be

%teresting to verify whether or not dichroism effects are
’t}:;Jrred when too many quantum paths can lead to a given
T:) otoelectron energy state. This question will be addressed
in a forthcoming paper.

the minima in the angular distribution of the photoelectrons
i.e., in the regions where the uncertainty in the measureme
is likely to be maximum.

In order to alleviate this difficulty we have considered two
other scenarios. One of these relies on the characteristic
properties of harmonic emission spectra which are consti-
tuted of equally spaced lines separated ly 2 In the simul- Numerous helpful discussions with Dr. P. Agostini are
taneous presence of two consecutive harmonics and of thgratefully acknowledged. The Laboratoire de Chimie
laser, three-color two-photon ionization can take placePhysique-Matiee et Rayonnement is a Unitdixte de Re-
Then, new interfering quantum paths can lead to a given finatherche, Assoceau CNRS, UMR 7614, and is Laboratoire
state and both the angular distribution of the photoelectronde Recherche Correspondant du CEA, LRC No. DSM-98-16.
and the dichroic signal are modified. As compared with theThe support of the INTAS -RFBR Grant No. 97-673 is ac-
preceding two-color two-photon ionization scheme, ourknowledged. Parts of the computations have been performed
simulations demonstrate that under these new conditions, thet the Center de Calcul pour la Recherd@CR, Jussieu,
observation of dichroism should be much easier in widerPari9 and at the Institut du Deloppement et des Res-
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