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Photoionisation of a helium atom involving autoionisation states
coupled by a circularly polarised laser field

E.V. Gryzlova, A.l. Magunov, I. Rotter, S.I. Strakhova

Abstract. The rotating wave approximation is used to obtain
parametric expressions for the resonance cross section for the
atomic ground state ionisation by linearly polarised probe
radiation in the vicinity of an autoionisation state coupled
resonantly to another autoionisation state through circularly
polarised laser radiation. Calculations are made for the
252p1P and 2s3d'D states of the helium atom. It is shown
that the structure of the photoionisation -cross-section
spectrum formed for circularly polarised laser radiation
differs qualitatively from the structure formed in the case of
linear polarisation. The dependence of this structure on the
intensity and frequency of laser radiation and the direction of
polarisation of the probe radiation is studied.

Keywords: polarisation phenomena, interference effects, helium
spectrum, autoionisation states.

1. Introduction

Resonance interaction of laser radiation with atoms induces
a variety of interference phenomena. Investigations of
resonance effects in the vicinity of autoionisation states
(AISs) are of special interest. Apart from the known inter-
ference of direct and resonance transitions to the
continuous spectrum leading to the asymmetry of the
absorption line, which was described by Fano [l], an
additional mixing of levels by laser radiation leads to a
considerable modification of the resonance structure. The
shape of the resonance structure depends on the laser
radiation intensity and frequency. Experimental investiga-
tions of AISs of various atoms were performed mainly
using linearly polarised laser radiation [2, 3]. Theoretical
analysis and calculations under the same conditions were
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made for AISs coupled resonantly with a laser field [4—9]
and laser-induced resonances in a continuum [10—13].

The important role of polarisation was highlighted even
in the pioneering work [14], where circularly and linearly
polarised laser fields were used to detect laser-induced
resonances in the continuum spectrum of cesium atoms.
Later, this technique was also used for other atoms [15, 16].
It is reasonable to assume that laser radiation polarisation
can also exert a considerable effect on the interference
structure formed in the case of resonance coupling of AISs.

In this paper, we study the ionisation from the 1s*'S
ground state of a helium atom by a probe VUV radiation
with a wavelength corresponding to a single-photon tran-
sition to the 2s2p'P AIS coupled with the 2s3d'D AIS
through circularly polarised laser radiation that is often
called pump radiation. The detuning 6 = w — (Ep — Ep)/h
of the pump frequency w from the resonance is comparable
with the autoionisation rate. The interference structure of
the photoionisation cross section was studied earlier while
considering the dependence of identical linear polarisations
of the pump and probe radiation [6, 8] on the pump
intensity and frequency. The aim of this paper is to study
the effect of pump radiation polarisation on the interference
structure.

Figure 1 shows the diagram of resonantly coupled
magnetic sublevels of the AIS of the helium atom. The
selection rules for transitions between the magnetic sublevels
M are determined by the polarisation of the pump field. If
the quantisation axis is chosen in the direction of the wave
vector k, the 2s2p 'PM — 2s3d'D(M + 1) transitions for
the right-hand polarisation and the 2s2p 'PM « 2s3d'D
(M — 1) transitions for the left-hand polarisation of the field
are possible. In addition, one-photon ionisation of the upper
AIS by laser radiation to the continuum above the second
threshold of single ionisation (2s3d — 2/E/’) is also possible.
One-photon ionisation of both AISs to the 1sE/ channels by
the pump radiation can be neglected because of a small
overlap of one-electron orbitals 1s and 2s. The rates of AIS
ionisation by the probe field are negligible due to its low
intensity. We consider two cases corresponding to the
direction of linear polarisation of the probe radiation along
the pump wave vector and perpendicular to it.

Unless stated otherwise, atomic units are used through-
out this work.

2. Theory

In the dipole approximation, the wave function of an atom
in an electromagnetic field is determined by solving the
nonstationary Schrodinger equation
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sublevels 2s2p 'P and 2s3d 'D of the AIS, induced in the helium atom
by circularly polarised laser radiation. The axis of quantisation of the
projection of angular momentum M is directed along the wave vector k.
Thin arrows indicate transitions from the ground state caused by probe
field with linear (r) and circular (¢ %) polarisations (superposition of ¢
and ¢~ results in linear polarisation perpendicular to k); double arrows
indicate autoionisation transitions; and two-way (dashed and solid)
arrows show one-quantum transitions ¢t and ¢ . One-photon transi-
tions to the continuum above the second threshold of single ionisation
from the 2s3d 'DM AIS make additional contribution to their total
width; coupled —free dipole transitions between first and second thres-
holds are weak and not shown in the scheme; E is the energy of the state.

iaai‘;l =[Hy—D-F(t)-D-f(t)] (),

. (D
P(t = —00) — exp(—iE,yl) Py,

where f]o is the Hamiltonian of a free atom, D is the dipole
moment operator, and @, is the wave function of the
ground state of the atom. The strength of the circularly
polarised electric pump field is

F(1)

F;(t) = —= [n, cos(wt) + An, sin(wt))]

V2

= %t) [n_y exp(iAwt) — ny exp(—ilwi)], 2

where A =1 and —1 correspond to the right- and left-hand
polarisations, respectively; and ny; = F(n, + inl,)/2l/2 and
ny = n_ are the cyclic unit vectors. The probe radiation is
linearly polarised in the direction of the unit vector e:

S (1) = f(1)e cos(Qr). A3)

We assume that the laser pulse duration is considerably
longer than the lifetime of AISs and the probe pulse
duration. In this case, ionisation from the ground state
caused by a weak probe radiation which can be described by
the first-order perturbation theory, occurs at a fixed laser
field strength. We neglect multiphoton ionisation and free—
free transitions induced by a laser field assuming that the
field intensity is not high enough for them.

Following [8, 9], we can obtain in the rotational wave
approximation the expression for the non-Hermitian effec-
tive Hamiltonian describing the evolution of the pairwise
coupled magnetic sublevels 2s2p 'P and 2s3d 'D AIS in the
helium atom:

+24)|D;|DM + /1)|211as is the laser-induced width of the 'D
AIS; and Ip,, = F?/4 is the pump intensity.

The complex eigenvalues of the non-Hermitian effective
Hamiltonian (4) have the form

i 1 i
A(/li) :E|:EP+ED_w_E(FP_FFD_'—y;*MIlaS)

1 i 2 1/2
+ E{ |:5 - E(FP - FD - yi,Mllas):| +4|dAM|211as} . (6)

Unlike the diagonal matrix elements H,g, the eigenvalues of
Hamiltonian (6) determine the experimentally observed
positions and widths of resonances. Nondiagonal elements
in (5), which couple the AISs are Hermite conjugate. For
the discrete states (I'pp = 0; y,,, = 0), they cause a splitting
of the energies of bound states by an amount equal to the
Rabi frequency 2|d; |1 Ila/sz [17].

The energy level diagram presented in Fig. 1 and the
symmetry properties of the transition matrix elements show
that the left- and right-hand polarisations of pump radiation
lead to the same result for the cross sections of ionisation by
linearly polarised probe radiation. The following analysis
will be carried out for the right-hand polarised pumping.

In the presence of resonance laser radiation, the
photoionisation cross section has the form

1

o(Q0, 1) = 3 ol(@{1 — Im[t} (@1 - Hy) 't,]}.)
M=—1

where a}j)(Q) is the partial cross section for direct
ionisation by probe radiation at frequenc¥ Q for projection
of the magnetic moment M; a4 =Y, 053, is the total cross
section; I is a unit 2 x 2 matrix; and superscript T denotes
transposition of the matrix. The two-component vector t,,
describing transitions from the ground state has a simple

form:

or
e (2) 5]

where ¢ is the Fano parameter for the 'P AIS [13]. Note
that expression (7) contains contribution from three
different groups of photoelectrons. These include electrons
with energy Q — E;; (E;; is the first ionisation threshold)
formed in the absence of pumping, photoelectrons with
energy Q 4+ w — Ej;; corresponding to two-photon resonance
ionisation by probe and laser radiation, as well as the third
group of electrons with energy Q4+ 2w — E;, (E;, is the
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second ionisation threshold) produced upon three-photon
ionisation involving excitation of the residual ion into a
state with the principal quantum number n = 2.

Taking into account (5) and (8), we can present (7) in a
simplified form:

6(97 @, Ilas) = Gd(Q)

x[l— i Im(

M=1

Ay
Q-E

4

) G
Q-E}

Here, the complex amplitudes of the resonances have the

form:
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where pj; = a;}i)/ad.

It can be easily verified that with decreasing pump
intensity, Eﬂ(j) — Ep —il'p/2, EA([) — Ep —w—1ilp/2, so
that A\ — (I'p/2)p(g—1i)* and 4, —0. As a result,
expression (9) assumes the form of the usual Fano formula
for an isolated resonance.

If the probe field is polarised along the pump wave
vector (i.e., ¢|| k), only one term with M = 0 remains in (9),
as in the case of linear polarisation considered in [8]. In the
case of linear polarisation of the probe field, the direction of
its wave vector is not so important if the effect of the
magnetic component is neglected. Therefore, it can be

assumed that for ¢ L k, the probe field also propagates
along k. In this case, the probe field can be represented as a
superposition of right- and left-hand polarised waves, and
terms corresponding to transitions from the 'S ground state
to the 'P state with moment projections M = +1 have the
same weight in expression (9). It is important that each term
is determined by different values of d;,, and y;;,, and hence
the shifts between resonances increase with intensity /j,.

3. Results of calculations and discussion

Figure 2 shows the dependences of the positions and widths
of resonance states on the pump intensity for different
values of resonance detuning. In the case of an exact
resonance (Fig. 2a) for an intensity lower than a certain
critical value, which is characteristic of each resonance pair,
these positions coincide and the widths approach each other
with increasing intensity. This situation is qualitatively
different from that observed during the participation of
discrete states (I'yp = 0), when the energies of resonances
having the same width are split starting from the zero
intensity (Autler—Townes effect) [17, 18]. In this case, the
critical point is located at the origin of the axis (fj,; = 0).
The critical pump field intensity for the AIS is determined
by equating the radicand in (6) to zero. The smallest value
of the solution of the quadratic equation corresponds to the
critical intensity I, ~ (I'p — I'p)*/(16d3,) for which the
ionisation width is much smaller than the autoionisation
widths. For the second solution, the ionisation width
exceeds the autoionisation width, and its value I, =~
16a’f4/y,%4 is ~ 1 awu., which is beyond the range of
applicability of the approach used here, and is therefore
of no practical significance. The difference in the intensity
values for different pairs of resonances shown in Fig. 2 is
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Figure 2. Dependences of the energies and widths of resonances on the intensity of right-hand polarised laser radiation coupling the sublevels
252p 'PM and 2s3d'DM’ of the AIS for different detunings 6 from the resonance. Solid curves indicate resonances corresponding to M = 0, the

dashed ones to M = —1, and the dotted ones to M = 1.
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determined by the dependence of the matrix elements of the
dipole moment on M (according to the Wigner—Eckart
theorem) because they must correspond to the same Rabi
frequency.

Figres 3 and 4 show the results of calculations illustrat-
ing the effect of pump polarisation on the interference
structure of the ionisation cross section in the vicinity of the
2s2p'P AIS for different values of the laser field intensity
and frequency. The energies and widths of the AIS (Ep =
2.2159 a.wu., I'p =0.00127 a.u.,, Ep =2.3477 au., I'p=
2.62 x 107 a.u.), the Fano parameter ¢ = —2.8, and the
dipole matrix elements are borrowed from [1].

Figure 3 shows the resonance photoionisation cross
section for probe radiation polarised linearly in the direction
of the pump wave vector as a function of its intensity and
resonance detuning. At low intensities, the conventional
Fano profile is observed for an isolated resonance. As the
intensity increases, the coupling between the sublevels of the
states 2s2p 'p (M = 0) and 2s3d 'D (M = 1) also increases,
resulting in the appearance of a narrow interference
minimum in the ionisation cross section in the case of an
exact resonance. Upon a further increase in intensity, the
interference structure acquires the shape of two isolated
resonances of the same shape with a width about half the
autoionisation width of the 2s2p 'P state. A similar asymp-
totic behaviour of the cross sections is also observed for a
finite detuning of the angular pump frequency from the
resonance. For lower intensities, the position and shape of
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Figure 3. Dependence of the cross sections of resonance photoionisation
of a He atom in the vicinity of the 2s2p 'P AIS on the photon energy E,.
of probe radiation for different values of the laser radiation intensity 7,
and detuning from the resonance 6 = w + Ep — Ep. The probe VUV
radiation is linearly polarised in the direction of the wave vector k.

narrow resonances vary strongly according to the sign of
detuning. This is due to asymmetry of the Fano profile of
the 2s2p'P AIS. For 6 <0, a resonance appears in the
region of the interference minimum of a broad line, hence its
shape is nearly symmetric owing to the absence of inter-
ference with the direct ionisation channel and with the
transition through the 2s2p state. For 6 > 0, the narrow
resonance appears at the wing of the broad resonance, and
interference with other channels results in a sharp asym-
metry in the resonance shape. The cross section behaves in
the same way as in the case of linearly polarised pump [8].

A change in the direction of polarisation of the probe
radiation results in a qualitative variation of the resonance
structure of the absorption cross section. Figure 4 shows the
results for linear polarisation of the probe field in a plane
perpendicular to the direction of propagation of the pump
radiation. In this case, the spectrum exhibits two pairs of
resonances corresponding to transitions from the 'S ground
state to the 'P state with projections M =1 and M = —1;
the shifts in energy and width depend on the value of M. For
high-intensity laser radiation (2 x 10~® a.u.), all the four
resonances are clearly isolated and are similar in shape, as in
Fig. 3. The only difference is the height of the resonances,
which is reduced to half, so that the energy integrated cross
section in both cases is the same as in the absence of the
coupling laser field. All these peculiarities follow from the
expressions presented above.

Note that in the case of linearly polarised pump, the
absorption spectrum of linearly polarised probe radiation
contains only two resonances in both the cases considered
above. For a mutually perpendicular orientation of pump
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Figure 4. Same as in Fig. 3, but for the probe VUV radiation linearly
polarised perpendicular to the wave vector k.
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and probe field polarisations, the contribution to the cross
section comes from two projections M = +1 (with the
quantisation axis directed along the pump polarisation
vector). However, both pairs of resonances corresponding
to them are identical because dipole matrix elements and
ionisation widths are independent of the sign of the moment
projections. For an arbitrary angle between the polarisation
vectors, the cross section acquires two more resonances with
M = 0, corresponding to the transition induced by the probe
field component along the pump polarisation. Under such
conditions, in the case of circular polarisation (arbitrary
angle between ¢ and k), all the six resonances shown in
Fig. 2 can be observed in cross section (9).

Figure 5 shows the variation of the resonance structure
of the cross section for photoionisation by probe radiation
upon a variation of the direction of its linear polarisation as
a function of the pump radiation wavelength. The results
presented here correspond to various values of detuning of
the probe radiation frequency from resonance 4 = Q + Eg
—FEp at the 'S—'P transition. The intensity of laser
radiation was set to be 5x 1077 a.u. For ¢k, the line
shape is described by the Fano formula, as in the case of
linearly polarised laser radiation [8]. For ¢ L k, a more
complex structure consisting of two resonances is observed.
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Figure 5. Dependences of the cross section for photoionisation from the
ground state of the helium atom in the vicinity of the 2s2p 'P AIS on the
wavelength of circularly polarised laser radiation of intensity I, =
5% 1077 a.u., coupling the 2s2p'P and 2s3d'D AISs for different
detunings of the probe radiation frequency from the resonance
A = Q+ Eg — Ep. The solid curves correspond to the probe VUV radia-
tion linearly polarised in the direction of the wave vector k of laser
radiation, while the dashed curves correspond to the probe field pola-
rised perpendicular to the wave vector k.
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4. Conclusions

We analysed the effect of polarisation on the resonance
structure of the cross section for ionisation by probe
radiation in the vicinity of the autoionisation state coupled
with another AIS by laser radiation. Analytic expressions
are obtained in the rotating wave approximation for
ionisation cross section in the case of linearly polarised
probe radiation and circularly polarised laser radiation. The
position and widths of resonances in the cross section are
determined by complex eigenvalues of the effective non-
Hermitian Hamiltonian.

The cross sections of resonance photoionisation of a He
atom in the vicinity of the 2s2p 'P state coupled with the
2s3d 'D AIS are calculated for different values of the laser
radiation intensity and detuning of its frequency from the
resonance. It is shown that for circularly polarised pump,
the ionisation cross section acquires an additional structure
that is not present in the case of linearly polarised laser
radiation. Depending on the direction of linear polarisation
of the probe field, the photoionisation spectrum contains a
different number of resonance peaks. A similar peculiarity is
also observed in the dependence of the photoionisation cross
section on the laser field frequency.

The obtained results can be verified experimentally with
the help of currently available synchrotron sources of VUV
radiation and lasers providing the required radiation mono-
chromaticity and power.
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