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The resonance coupling of the 2s2p'P and 2s3d'D autoionizing states in the helium
atom by a laser field with arbitrary polarization is studied in the framework of the non-
Hermitian effective Hamiltonian approach. We provide the analytical expression for the
photoionization cross section of the ground state by the VUV probe radiation with
arbitrary polarization in the vicinity of the 2s2p'P state. The calculations demonstrate
strong changes in the resonance structure of the cross section with variation of the
probe and laser polarizations. The effect is caused by the interference of different
transitions between the laser-coupled manifold of magnetic sublevels.
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Introduction

During resent years many interesting effects caused by the
interference of different resonance transitions in quantum systems
have been studied. Different resonance states are investigated
experimentally and theoretically in atoms using the laser-induced
transitions between excited and autoionizing states (see, for
example, [1 - 12]. Usually, the problem is considered with linearly
polarized pumping or dressing laser and probe radiations. Under this
condition, the number of states involved in the resonance transitions
is minimized. The resonance structures are studied as a function of
laser intensity and frequency detuning from the transition energy.

The polarization has been shown in [13] to play an important
role for the observed resonance structures. In this work, the laser
induced continuum structure is observed in the cesium atom by using
a combination of linearly and circularly polarized light. Later a similar
effect was studied in other atoms [14, 15]. The polarization
dependent quantum beats in the photoionization are studied in [16].
They result from interferences between the different transitions via
the fine structure states. In rubidium, the polarization plays an
important role for the electromagnetically induced transparency in
cascade transitions between hyperfine sublevels as shown in [17 -
19]. Orientation and alignment of atoms and molecules by elliptically
polarized light are analyzed in [20]. The observed effects are caused
by the coupling between Zeeman sublevels which is analyzed in [21,
22] for discrete states in an elliptically polarized laser field. The
creation of stationary coherent states in a system with laser coupled
degenerate states is studied in [23] as well, and the most recent
results are presented in [24]. Spin-polarized photoelectron production
suggested many years ago by Fano [25], is studied recently for
different combinations of the pump-probe polarization [26, 27].
Polarization sensitive three-photon autoionization is studied in [28,
29]. As a result, the laser polarization can essentially influence the
interferences that are induced in the resonance coupling between the
autoionizing states.

In this work we consider the coupling of the 2s2p'P and 2s3d'D
autoionizing states in helium by elliptically polarized laser radiation.
The coupling effects are examined in the photoabsorption cross
section of the probe radiation with different polarization and
propagation direction with respect to the laser wave vector. The so-
called non-Hermitian effective Hamiltonian approach is used which
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describes the behavior of different systems with overlapping resonant
states [30, 31]. The scheme in Fig. 1 shows all resonant couplings
between the magnetic sublevels of the AlSs in He which are induced
by the elliptically polarized laser field, as well as the transitions that
are induced by the probe radiation from the ground state to the
continuum in the vicinity of $71$P state.

Atomic units are used throughout the paper.

Theory

In the dipole approximation the interaction of an atom with the
laser and probe radiation is defined by

H,,, =-D-[F()+ f(:)]. (1)
Here D is the dipole momentum of the atom. The local field strength
of the laser radiation with angular frequency ® and wave vector
k=n,w/c is

F(r)= F[a cos(wr)n ++1-a? cos(wr + (/;)n_‘l -

F )
2

= [(om1 + ,anl)exp(—ia)t) + c.c.].

in Cartesian and cyclic coordinates, correspondingly. The parameters
a and ¢ define the ellipticity of the polarization P =2a+y1-a? sin(p) with
the helicity defined by the sign of sin(¢). The cyclic unit vectors are

defined by the relations n., =%, +in )/y2, n,=n_, and

g9 +iy1-a® exp(~igp) 5= a+iVl-a? exp(-igp)
= , B= 7 .

3
7 (3)
For ¢=n/2 the ellipse is aligned along the x or y axis, and a and

are real values.
For the probe radiation propagating in the direction
n=n,sin(0)+n_cos(@) with the angle 0 relative to the direction k, we

get

f(r)= f[b cos(Q)n, +y1—b? cos(Qs + g)cos(@)n, +sin(@)n. )} =
- (4)
= %[e exp(—iQt) + c.c.] .

with e=¢'n, +£7n , + £°n, and



. _—b +icos(OW1-b? exp(~ig)
N :
ol b+icos(OW1-b? exp(~ig) (5)
V2
£° = —sin(OW1-b* exp(-ig) .

2 2 2
where |g’l| +|gl| +|g°| =1.

In the rotating wave approximation, the couplings between the
AISs (according to the scheme in Fig. 1) are described by the non-
Hermitian effective Hamiltonian that contains two quasi diagonal

cells,
o</ o E’]} - )

Each of the cells contains the laser-coupled magnetic sublevels (with
the quantization axis along k) that correspond to the coupled

resonances. By (6) they are uncoupled to those of the other cell. The
fractional Hamiltonians are

1 1
1enf1 _Eu-l)fwn 312071,01
Ho = *Eu'Ln,D 1 epn ’Eu'l:n,m (7)
1 1
5201,071 _Eu'ln,Po G
and
[ 6 —1L|.L 12 1] 0 |
-2 2 2Pt 5 %200
1 1
_ELLL—LDJ eP—1 _Eu'Lmo 0 0
H=| o T, oyl 3¢ 8)
o “oop-2 5 bop ) 0 2 boPt 21 D0,D2
0 0 ’?LLLLM 1eP1 *Eu"n,uz
I 0 0 EZDZ,DO _Eu'l:z,m € ]
Here the diagonal matrix elements
I
gpszP+aPMI—i7P, EoMzEn—a)+aDM—iDTy"M. (9)

are defined by the energies E, and widths I, of the autoionizing
states, the laser-induced energy shifts («,, are the corresponding

dynamical polarizabilities), and the ionization width of the 'DM states
due to the single electron transitions 2s3d->2sEp, 2sEf



2
d +aL |
row =2t A e (e | (10)

at the intensity 1:%F2 (1 a.u.=1.4.10"7 W/icm?).

The d,,,=(2L +1)(EL0|d0|D0)/ Cy, are the reduced dipole matrix
elements according to the Wigner-Eckart theorem, and the C/"

are the Clebsch-Gordan coefficients.
The non-diagonal matrix elements for the direct P-D coupling
are defined by the Rabi frequencies

d, . F i :
Qo =%(acﬁz<u + BCEL). (11)

and those for the two-photon coupling via the continuum above the
second threshold by

2
* |dE +wLD|
You =270 (0 p 0 —i) 2l cptC (12)
DM ( M+2,M )L 2L+1 2M 11~ 2M +2,1-1

The 9,,.,, are defined by
Apian t P"-dEg(E)/(ED +u - E)
Q0 = :
M+2,M pg(ED + W)
where the function g(E, +w) is the sumin (12) and «,,,,, is the non-

diagonal analog of the dynamical polarizability. Usually, the value of
O, is small (cf. [12]).

(13)

The complex eigenvalues &,,, of (7) and (8) define the positions
and widths of the overlapping resonances in the cross section [7,8].
Below we examine the photoabsorption cross section for the probe
radiation that ionizes the atom from the ground state when exposed
to the laser field (see Fig. 1).
Using the rotating wave approximation the photoionization cross
section being laser-assisted by the probe radiation, is obtained as
ol F,0,0,0,b,4,0)=0c, (@ ImE; (@1-H, ) *t, + T (@1-H,)'t,]|.  (14)
The vectors t, and E‘, are defined by the transition amplitudes from
the ground state
tg :[;071’;%';01 ) t1T :[;D—Z’;P-UEDO';PPEDZ]‘ (15)
with



r - r, .
Y :\/;pLM (qL —i), Lin :\/;puw (QL _i)' (16)

where ¢, and p,, are the Fano parameters. In the case of one
decay channel which is considered here, we have
Poy =€" eXp[i arg(VP‘EPdEP,O )] (17)

2
1 i ) : 27\dp po| 1 )
Pou = E (aCfAy,u + ﬂCf{ZH @5 Y EXp|z arg(VD,EPdEP,O )] . (1 8)
D

Here, |p,,.|<<1 because the photoionization width 2”|do,5p|21 is small

as compared to the autoionization width ;. Thus, one can neglect
toy IN(15).

The second term of the right-hand side of (14) describes the
interfering structure due to three resonances while the third term
corresponds to the remaining five coupled resonances. Thus, the
resulting structure contains contributions from eight resonances.
However, only some of them can be observed in dependence on the
polarization and propagation direction of the laser and probe
radiation. Another restriction in the number of observed resonances
is caused by the different dependencies of (11) and (12) on the field
strength: at F <<1 the direct coupling is proportional to F while the
coupling via the continuum is square dependent and is much weaker.
In this case all the y - couplings in (7) and (8) as well as the
polarization shifts of the energies of the levels vanish. Moreover, the
number of the direct P-D couplings can be reduced by special unitary
transformations. For the subset (7), this transformation reads

g0 a
U=0 1 0]. (19)
-a 0 p
that leads to
g, —%QO 0
H'0:U0H0U3= _%Qo (C,'P 0. (20)
0 0 &,

where the D-states coupled to and decoupled from the PMm =0
sublevel are defined by the superposition of the DM =+1 sublevels
according to (19),
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D)= p|D-1)+a’|D1), |DI) = 4|D1) - 2D -1). (21)
respectively. Note that the continuum states of the decaying channels
are transformed in the same manner. Thus the autoionizing widths of
the transformed states do not change and they are not coupled via
the decaying channels. The transformed Rabi frequency is

a,=ca, ol L 4 (22)
0 10,11 \/g \/E DP -
An analogous transformation can be performed for H, using
fopuc o wdesdd) ) afea
0 ¢ 0 20 0
e v
U= e s +2) 0 Jopdf -] 0 @it apf )| (23)
0 2 0 < 0
I '
ot 0 \/Eaﬁ 0 ﬁ_z
B

L B B
with  A=\1+58°, B=\1+4es, C=5Q0[|2—|[1|2)+,/25—96|aﬂ|2 :

N, =C* + dapl', and N, =(42C + 2apl’ | + 28jap] .

This gives
g -V 0 0 0
1
-5 wog, 0 0 0
H,=UHU; = 0 0 E _EQ(Z) 0 (24)
D
2
0 0o -=Q@ g 0
| 0 0 0 0 &
where

1 {N {2N
Q == 2Q., Q,=4B L0
YoA\sN, T N, ° (25)

are the Rabi frequences for two couples of P and D states
composed by their magnetic sublevels according to (23).

The transformation matrices (19) and (23) for the partial
diagonalization (20) and (24) exist for arbitrary polarization and are
independent of the laser field intensity. Using these results the cross
section can be expressed in the more convenient form
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( ) ( 2 AW AL
olQ, F,o,a,¢,b,4,0)=c,(Qk1-> Im =+ = . 26
e e a0 @
J J
Here the complex energies and amplitudes of the resonances are

s _1 Lle—e Fro
8j —2(€P+8D)iz 6‘P 6‘D +Q° . (27)

st - 2 29

~ o = Cg,1 22°F 4 ~ C | 2aB

= + £, E,=——& — e,

N N )
Thus, the M =0 pair of resonances does not depend on the laser
polarization while the parameters of the other two pairs of
resonances depend on the laser polarization through the Rabi
frequences and the excitation strength. With decreasing laser

intensity £ &, and &£ —&,. This results in 4 >0 and

>4 —>%FP (¢ —i)* and (26) transforms to the Fano formula for the

isolate 2s2p'P AlS.

The most important consequence that can be proven in studying
the cross section, is that the resonances corresponding to the
uncoupled (unperturbed) eigenvalues are invisible, because the
corresponding states are composed from the DM sublevels for which
toy 0. Thus, no more than six resonances are observed, and the

actual number depends on the polarization and relative propagation
directions of the probe and dressed radiation. Note, that this is valid
at laser intensities for which the induced width is much smaller than
the autoionization one.

Results and discussion

Generally, the photoionization cross section depends on a set of
parameters that characterize the probe and laser radiation. We study
here the influence of the probe and laser polarization on the cross
section under the condition of zero laser frequency detuning for
coupling between the AlSs.
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Fig. 2 shows the photoionization cross section for different
values of the laser intensity and for three values of the angle between
the direction of the linear probe and the laser polarization. For an
intensity 7<5-107 a.u. (Fig. 2a-c) the dependence on the polarization
direction is weak. The difference increases however with increasing
intensity. For collinear polarizations the results correspond to those
obtained in [7]. The two resonances shown by solid curves in Fig. 2c
correspond to the pair of coupled sublevels with A =0 with the
quantization axis along the polarization direction. For perpendicular
probe and pump polarizations (dotted curves) there are also two
resonances, but they are shifted from those represented by the solid
curve in Fig. 2d. This result can be explained by the fact that the
coupling of the magnetic sublevels by the linearly polarized laser field
depends only on the absolute value of A . In the case F L f (dotted
curve) the probe radiation can be represented by a superposition of
two equal components with right-handed and left-handed circular
polarization with respect to the laser polarization direction. Thus, the
observed cross section corresponds to identical M =11 pairs of
resonances. Moreover, for arbitrary polarized probe radiation
propagating along the direction of the linear laser polarization, the
same pairs of [M|=1 resonances are observed. For an arbitrary angle

between the linear polarization vectors, both pairs of resonances
|M| =0 and 1 contribute to the cross section as shown by the dashed

curve in Fig. 2 for the angle 45° between F and f. Their relative
intensities depend on the angle between the polarization vectors,
while their separation increases with the laser intensity.

Fig. 3 presents the results at high laser intensity 7=4.10° a.u. for
linear probe polarization and circular or elliptical laser polarization
with different angles between the laser wave vector (quantization
axis) and the probe polarization. The phase shift in (2) is p=-7/2.
The ratio between the long and short ellipse axes is $\sqrt{3}$ and
their orientation changes by 90° with respect to the plane of f and k.
For the angle 0° between f and k (Fig. 3a) only the M =0 pair is
excited by the linear polarized probe radiation and the cross section
is the same for arbitrary laser polarization, as established in the
previous section. For the angles =45 and 90° between f and k
(Fig. 3b,c) additional peaks appear in the cross section due to
contributions from different 'PM  sublevels coupled to the
corresponding ‘DM =+1 states by the elliptical laser field. The pair
couplings differ according to the corresponding Rabi frequencies
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(25). For the angle 45° (Fig. 3b) all three pairs of resonances with
M =-101 are excited by the probe radiation. The M =0 pair of
resonances has the same position as in Fig. 3a independently on the
laser polarization, while the other resonances show shifts that
depend on the polarization due to the Rabi frequencies (25). The
relative resonance amplitudes depend on the ellipticity that defines
the excitation strength of the corresponding transitions. For the angle
90° between f and k (Fig. 3c) the excitation of the M =0 state is
forbidden.

Fig. 4 shows the results for the case of elliptically polarized

probe and laser radiation (phase shifts: p=¢=-z/2, axes ratio: 3 )
with different axes alignments and angles between the wave vectors.
In Fig. 4a (9=0) the ellipses coincide (solid curve) and are rotated by
the angle 90° relatively to each other (dashed curve). In the last
case, the relative strength of the M =+1 resonances is changed.
When the probe wave vector rotates with respect to the long axis of
the laser polarization ellipse, the M =0 sublevel contributes to the
cross section. The strength of the A =0 resonances increases when
6 changes from 45° (Fig. 4b) to 90° (Fig. 4c).

Fig. 5 shows the dependence of the cross section on the
polarization helicity. The solid curves correspond to the case that the
circularly polarized probe and laser radiation have the same helicity,
while the results for opposite helicity of both radiations are shown by
the dashed curves. The cross section at the angle 9=0 and 45° (Fig.
5a and 5b, correspondingly) depends very sensitively on the helicity.
For 6=90°, however, the result is the same for both, the right-
handed and the left-handed polarization. The latter result follows
from (5) and (29) according to which the sign of ¢, is different for

opposite helicities so that the amplitudes (28) of the resonances are
conserved.

At much higher laser intensities when the ionization width for the
D state is essential and the pair resonance coupling breaks down,
contributions from the other two D states should appear at the
position near the unperturbed 282p1P state. We do not consider this
case here because, generally speaking, it is beyond the applicability
of the rotation wave approximation.
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Conclusions

In this paper, we considered the two autoionizing states 232p1P and
2s3d'D in helium which are resonantly coupled by an elliptically
polarized laser field. We took into account all transitions between the
magnetic sublevels which are induced by elliptically polarized laser
radiation. For the photoionization cross section from the ground state
which is caused by a probe radiation with arbitrary polarization, we
obtained an analytical expression by using the non-Hermitian
effective Hamiltonian method. In general, eight resonances contribute
to the cross section. The results show that the resonant structure of
the cross section in the vicinity of the 232p1P state can considerably
be modified by the polarization of the laser field. The cross section
depends strongly also on the polarization and propagation direction
of the probe radiation. At moderate laser intensities that are studied,
there exist two states formed by the superposition of the 'DM
sublevels, which are not coupled to the 'PM states and can thus not
be observed in the cross section. For arbitrary laser polarization the
other six resonances are coupled by pairs. Their relative strengths in
the cross section vary with the laser and probe polarization. These
results suggest an additional opportunity for the study of the atomic
autoionization states by using lasers with different polarization.
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Subscript.

1. Schematic presentation of the laser couplings between AlSs
in the He atom. Arrows indicate absorption (emission) of the right-
handed circularly polarized photon (solid arrow) and absorption
(emission) of the left-handed circularly polarized photon (dashed
arrow). Dashed lines indicate continuum states.

2. Photoionization cross sections as a function of the reduced
probe photon energy &=2(Q-E,)/T, for linear probe and laser

polarization and different values of the laser intensity: /=4-10"° a.u.
(@), 1=4-10"° a.u. (b), 7=4-10"7 a.u. (c), and 7=4-10"° a.u. (d). The
solid curves correspond to F|f, the dashed curves are for the angle

45° between F and f, and the dotted curves are for F Lf.

3. Photoionization cross sections for linear probe polarization
parallel to the laser wave vector k (a), for the angle 45° between f
and k (b), and for k Lf (c). The solid curves correspond to the
circular laser polarization. The dashed curves are for the elliptical
polarization with the long axis, k and f in the same plane. The dotted
curves show the case when the short axis, k and f are in the same
plane. The laser intensity is 7=4-10"° a.u..

4. Photoionization cross sections for elliptical polarization of the
probe and laser radiation with collinear wave vectors k|n (a), for the

angle 45° k and n (b), and for k Ln (c). The solid curves correspond
to the case that the long axes of the probe and laser polarization
ellipses coincide. The dashed curves show the case that the long
axis of the laser polarization and the short axis of the probe
polarization coincide. The laser intensity is 7=4-10"° a.u..

5. The same as in Fig. 4 but for circular polarization of the probe
and laser radiation. The solid curves correspond to the same helicity
of the probe and laser polarization and the dashed curves are for the
case with opposite helicity of both radiations.}.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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