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One of the most probable processes occurring dur-
ing the interaction of matter with strong laser fields
is ionization and a detailed understanding of this pro-
cess is important to control the dynamics of the newly
formed quantum-mechanical systems [1,2]. The ion-
ization process considers the weakest bound electron
which can be freed and moved into a continuum when
the laser provides enough energy by adjusting its fre-
quency and intensity [3-6]. Several theories have been
developed that provide physical insight into multipho-
ton and tunnel ionization processes [7-9]. Keldysh [7]
showed that multiphoton and tunnel ionization is two
boundary cases of the same universal ionization pro-
cess, determined by three parameters: laser frequency
w, the value of the electric field F' and ionization po-
tential I,,. The separation line between these two ion-
ization mechanisms can be defined using the so-called
adiabatic parameter, also known as the Keldysh param-
eter v = wy/2m.I,/(eF). For the weak laser fields, the
Keldysh parameter has a large value, v > 1 and then
the multiphoton ionization (MPI) becomes possible, for
the strong fields, v < 1 and consequently corresponds
to the tunneling ionization (TT) process. Despite these,
it has been noticed that these boundaries did not so
strict [10-13], and often were interpreted as v > 1 and
v < 1 [14]. For v > 1, tunnel ionization is not im-
possible, but it is only less probable. It can be con-
sidered that with increasing this parameter, ionization
can occur through both mechanisms in such a way that
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the dominant mechanism is transited from TI to MPI.
Since the value of the gamma parameter is determined
by a set of laser parameters, and by careful selection of
those parameters, the photon energy can be in the X-
ray region, and then the Keldysh parameter reaches the
value of v = 30— 100 [15,16]. In a study that v > 1 can
also be performed by adjusting the laser pulse duration,
Topcu and Robicheaux investigated the ionization rate
for the value of v < 60 [17].

In the study of the multiphoton and the tunnel ion-
ization, besides the field strength and pulse duration,
the type of polarization of laser light is also impor-
tant, and numerous theoretical and experimental pa-
pers dealt with the influence of the linear, circular and
elliptical polarization of laser pulse on these processes
[18-20]. Meanwhile, in recent years, greater attention
is directed toward radially polarized light, so numer-
ous applications in optical trapping [21], sharp focus-
ing [22], optical lithography [23] and particle acceler-
ation [24,25] were found. Radially polarized beams
have a Laguerre Gaussian (LG) ring intensity distribu-
tion with a polarization singularity at the centre and
can be created by direct emission from a suitable laser
or by manipulating a linearly polarized, lowest-order
Gaussian beam. Depending on the required character-
istics of the beam, the radial LG beam can be efficiently
converted into a fundamental Gaussian beam and vice
versa [26,27]. By implementing and combining a Spa-
tial Light Modulator (SLM) and interferometric tech-
nique in the laser system, complex surface patterning
of LG beams can generate and create the logarithmic
spiral [28].
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Fig. 1. Electric field distribution F**P(r, ¢) obtained for different angle 0: 6 = 22.5° (a), 45° (b), 67.5° (¢), 90° (d)
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In this paper, direct ionization of valence electrons
is considered when electrons leave an atom and enter di-
rectly into the continuum. As the target, the potassium
atom is chosen for the reason that ADK formalism is
fully compatible with hydrogen-like atoms and the ar-
gon atom, a widely used rare-gas atom, which has ion-
ization energy similar to a hydrogen atom. Transition
ionization rates of the TI and MPI processes, as well
as the total transition rate in the case when ionization
occurs due to the combination of these two processes
(intermediate regime), were calculated. The results are
analyzed and present that an intermediate regime ap-
pears at different values of the Keldysh parameter ~,
with significant differences (several orders of magni-
tude) of the transition rates. The calculations were per-
formed for the linearly polarized (0,1)*LG laser beam
with spiral amplitude modulation in a quite wide range
of intensities. The Stark effect and the ponderomotive
potential and their effect on the transition rate in the
case of this particular laser beam profile are also in-
cluded in the study. Throughout this paper, all quan-
tities that describe the target and laser field are given
in atomic units | e |[=m, =h=1.

The parameter v is defined in such a way that TI
and MPI processes are specified as two boundary cases
corresponding v < 1 and v > 1, respectively, and
most experiments are performed within these frames
[30,31]. Therefore, it is interesting to study the ion-
ization process in the intermediate regime where both
TI and MPI contribute. In this regime, it is hard
to explicitly determine which of the ionization mech-
anisms has a dominant role, only it is expected that
v > 1. In this particular case it is necessary to use
the total transition rate equation wie(F,w) which can
be represented as the sum of two Gaussian functions,
frot = a’TI,]WPIeXp(i(x - bTI,]WPI)Q/C?‘]Jup])- This type
of simulation is justified because each of the transition
rates, both TT and MPI, calculated individually had a
Gaussian shape. This total function has six variables:
apr e the heights of the Gaussian functions, by e
the positions of maximum values, ¢z e Widths of two
Gaussian functions.

The constant strong external field produces a Stark
shift of atomic levels, change effectively the electron
ionization potential I,,. Shifting of energy levels deep-
ens the potential barrier and makes it more difficult
for atoms to ionize. The energy of the displacement
can be calculated as 6E = —aF?/4 [32,33], where « is
the static polarizability of the atom [34]. A significant
modification of the ionization potential occurs when
the average energy of a free electron oscillating in the
electric field, U, = F?/(4w?) [35] is accounted. U, is

781

intensity-dependent ponderomotive energy and has a
much higher value than the ionization potential. In-
cluding this value in the calculation affects the prob-
ability and rate of the ionization process. The effec-
tive ionization potential becomes I;ff =1, +0E+U,.
[36,37].

In this paper, the photoionization process in
(0,1)*LG beams also known as "vortex" or "dough-
nut" beams which are circularly symmetric and
directly related to the quantized orbital angular
momentum (OAM) of photons [38,39] and electrons
[40], is considered. The amplitude of the laser field
strength F' is constant, but adding a second term
to the equation leads to a light field with spatially
non-uniform amplitude [41], then the (0,1)*LG spiral
amplitude modulated laser field distribution [28] is
FoP(r, ¢) F\/pe=P/2e*1® where r and ¢ are the
cylindrical coordinates, sign + defines beam helicity
and p = 2r?/R% R is the spot size of the Gaussian
beam. r(¢) = ae*® is a polar equation that gives a
curve called the logarithmic spiral [42,43]. k,a are
parameters, k = ctgf determines the spiral winding,
where @ = 0.57 (with r in pm). It should be em-
phasized that the polar equation includes azimuthal
(f = 90°) and radial (6 = 0°) polarization particular

cases.

In any beam of light, the energy flux is carried by a
Pointing vector. The Pointing vector can be calculated
as the vector product of the electric and magnetic fields
and always is parallel to the wavevector and perpen-
dicular to the wavefront of the beam [44]. In its most
common form, the wavefront of laser light is approx-
imately planar, and the wavevector is directed along
the beam axis in the direction of propagation, while
the Laguerre-Gaussian beams have intertwined helical
wavefronts [45].

In the range of the used intensities, a strong laser
field can be treated as a pure electric field, a magnetic
field component does not have to be included. There-
fore, electric field distribution for (0,1)*LG with spi-
ral amplitude modulation, when the spiral geometry of
the beam determines with different values of angle 0, is
presented in Fig.1. It can be seen that the beam has
field distribution in the form of a lobe depending on
the rotation angle. The obtained results emphasize the
complexity of electric fields and the possible impact on
ionization processes inducted by a (0, 1)*LG laser field
with spiral amplitude modulation. Taking into account
that the ionization of the atoms in an alternating field
depends on field strength and that the amplitude of the
electric component has the form F*?(r, ¢), transformed
formulas I;p’eff,wif(Fsl’,w,r, @), Wik (Fyw,m,¢) can
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Fig. 2. lonization transition rates, when the field is spiral amplitude modulated: w,.;
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(dotted line) for potassium represented by blue lines and argon atom by red lines. w7 (solid black line), w7, (dashed black

line), w’7 (dotted black line) represent ionization rates for both atoms for the field without spiral amplitude modulated. Both

groups of rates are shown as a function of y parameter at different laser fields intensities: (a) and (e) — at I = 5.2-10"2 W /cm?;
(b) and (f) — at I =3.5-10" W/cm?; (¢) and (g) — at [ = 2.4-10"* W/cm?; (d) and (h) — at T = 1.1 - 10" W /cm?
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be used to investigate the effects of the spiral field am-
plitude which depends on the spatial variables of ion-
ization parameters.

Photoionization transition rates were calculated us-
ing the quantities introduced in the text.
tion of the valence electron of potassium (K) and
argon (Ar) atom by Ti: Sapphire linearly polarized
(0,1)*LG laser light at a frequency w = 0.057 a.u.
(A = 800nm), with and without the spiral amplitude
modulation, was observed. Laser intensities were in
the range I = (10'2 — 2 - 10'°) W/cm? which corre-
sponds to the field strength of F' = (0.005—0.24) a.u.,
while the ionization potential of valence electron for
K-atom X = 4.3406eV(0.1595 a.u.) and for Ar-atom
I =15.76eV(0.5791 a.u.).

Toniza-

Note that a radially polarized beam can produce a
much smaller focused spot than a common linear po-
larized beam [46,47] and that the diameter of the laser
beam can be dimensions from micrometers (3 —60) ym
to millimeters (15 — 30) mm. In our calculations beam
diameter is fixed to 3 pm (5.7 - 10* in atomic unit),
a = 0.57 (1.08 - 10* in atomic unit) when r is in pm.
The constant k£ = ctg 6, while 6 angle determines spiral
geometry and can take value in the range of [—90°,90°].

TI, MPI and total transition rate were calculated
as a function of the + parameter for various laser in-
tensities (Fig.2). As can be seen, the total transition
rate curve (solid line) has a similar dependence on all
four chosen laser intensities. The main characteristic
of this curve is that certain values of v reach a mini-
mum, where the contributions of TT and MPI are equal
(hereafter E point). As the laser intensity increases,
the position of the minimum shifts to lower ~ values.
For I = 5.2-10" W/cm? (Fig.2a) the minimum is at
v = 10 for potassium atom and v = 13 for argon atom
(Fig. 2 e), while for amplitude modulated field these val-
ues are v &~ 5 and v =~ 6 for potassium and argon
atom respectively. In the case of I = 1.1-10 W /cm?
(Fig.2 d, h) minimum is at the position of v &~ 2 both
for the potassium atom and the argon atom for the un-
modulated amplitude, while for the spirally modulated
amplitude, the gamma value is slightly shifted towards
low gamma values.

It should be emphasized that depending on the laser
intensities, the absolute values of the minimum of the
total transition rate curve also change. At lower laser
intensities, the ratio of minimum and maximum value
is more than ten orders of magnitude, while for higher
fields this ratio is reduced to two orders of magnitude.
It can be seen in the figure that TI is dominant for
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lower values v, so in this region, the total transition
rate coincides with the TI transition curve. On the
other hand, the total transition rate coincides with the
MPI transition rate in the region where with increas-
ing 7 the contribution of MPI becomes significant. The
obtained results correspond to the fact that, with in-
creasing gamma, the portion of MPI grows, and vice
versa. It is known that, when an atom is exposed to a
strong laser field, Stark shift of energy levels becomes
significant and the electron gains ponderomotive en-
ergy Up,, producing changes in ionization potential I,
which then becomes dependent on the laser intensity.
It is therefore shown how the effective ionization poten-
tial affects the ionization rate of the spiral amplitude-
modulated laser field.

Summary. We presented a study of the ioniza-
tion transition rates of potassium and argon atoms in
a strong laser field, using the ADK models. We use
a linear monochromatic laser source, with a specific
(0,1)*LG spiral amplitude modulation and a broad
range of intensities. Our calculation covers a wide
range of v values. From this study, we derived the fol-
lowing conclusions: We confirmed that, for the lower
values of the Keldysh parameter (v < 1), tunnelling
ionization dominates over multiphoton ionization. It is
additionally shown that, with increasing parameter -,
the multiphoton ionization becomes more significant,
as for the values of v > 3, this process presents the
main process in the total ionization rate curve, for both
atoms. As a consequence of v dependence, the v value
of the F point moves toward the lower laser intensities.
We also found, that the transition rate, at F point, sig-
nificantly increases for several orders of magnitude with
the increase of laser field intensity. We obtained that
the influence of the Stark shift and the ponderomotive
potential is more noticeable in stronger laser fields, and
it is only expressed for the v < 5. The applied model
has limitations for the non-relativistic regime, particu-
larly for laser intensities of I < 108 W/cm?. However,
it gives satisfying results for lower field intensities.
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