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Ionization of atoms in counter-rotating and co-rotating bicircular laser fields is studied using the S-matrix theory in
both length and velocity gauges. We show that for both the bicircular fields, ionization rates are enhanced when the two
circularly polarized lights have comparable intensities. In addition, the curves of ionization rate versus the field amplitude
ratio of the two colors for counter-rotating and co-rotating fields coincide with each other in the length gauge case at
the total laser intensity 5 x 10'4 W/cmz, which agrees with the experimental observation. Moreover, the degree of the
coincidence between the ionization rate curves of the two bicircular fields decreases with the increasing field amplitude
ratio and decreasing total laser intensity. With the help of the ADK theory, the above characteristics of the ionization rate
curves can be well interpreted, which is related to the transition from the tunneling to multiphoton ionization mechanism.
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1. Introduction

With applications of chirped pulse amplification (CPA)
technology, femtosecond or even attosecond-scale intense
laser can be obtained experimentally, which allows researchers
to explore the ultra-fast motion of electrons in atoms. Be-
cause the electric field generated by a strong laser beam can
be compared with the Coulomb electric field felt by elec-
trons in atoms, the interaction of the laser field with atoms
or molecules can lead to many novel nonlinear phenomena,
such as above-threshold ionization (ATI), nonsequential dou-
ble ionization (NSDI), and high-harmonic generation (HHG).
When an atom or molecule interacts with strong laser fields,
an electron may absorb more photons than the minimum num-
ber of photons required for ionization and ionize. This process
is called the above-threshold ionization.!!! Interestingly, this
emitted electron may return to the vicinity of the parent ion un-
der the action of laser field. When elastic scattering occurs be-
tween the emitted electron and the parent ion, the higher-order

[2-4

above-threshold ionization (HATT) happens.>~*! When inelas-

tic scattering occurs, nonsequential double ionization process
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[3-61' Also, the electron may recombine with the par-

appears.
ent ion and may emit a high-energy photon, which generates
the high-harmonic generation.!”! This is the widely accepted
“electron rescattering” three-step model proposed by Corkum
and Kulander. %!

It is known that the rescattering process between the pho-
toelectron and the parent ion is favored for a linearly polar-
ized laser field compared to circular polarization and ellip-

(10.1] ntriguingly, the electron—ion

tical polarization fields.
rescattering process and the circularly polarized high-order
harmonics!'?!3] have been observed in the counter-rotating
bicircular laser field, which makes the investigation of the
strong-field nonlinear phenomena of atoms and molecules in

(141 Compared with the

bicircular fields attract much attention.
one-dimensional trajectory of the photoelectron that returns to
the parent ion in the linearly polarized field, the photoelectron
trajectory for the bicircular field is in a two-dimensional (2D)
plane. In addition, several control parameters are provided
for this field, such as the polarization, relative intensity and

phase between the two circular fields, which allows us to con-
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trol the ATT!'>-1%1 and nonsequential double ionization process
of atoms and molecules.'7-18] Moreover, bicircular fields have
many applications in attosecond science, for example, bright
circularly polarized soft x-ray beams can also be generated, !
co-rotating bicircular field can be used as a spatially rotating
temporal double-slit interferometer to extract the phase, am-
plitude information and the temporal evolution of the emitting
electron wave packets.[!%291 Therefore, in this paper we fo-
cus our attention on the ionization process in a bicircular laser
field, which includes the counter-rotating and co-rotating bi-
circular fields.

So far, many nonperturbative theoretical methods have
been developed to study strong-field ionization phenom-
ena, for example, direct numerical integration of the time-
dependent Schrodinger equation (TDSE),[>'-23! the semi-
classical quasistatic model!®?+2! and the quantum S-matrix
theory.?®) Among them, the quantum S-matrix theory has
been widely used since it has the low computational complex-
ity and can give the clear physical picture. It is well known
that the interaction between matter and electromagnetic field
can be descried under two commonly accepted gauges: the
velocity gauge (V gauge) and length gauge (L gauge). Be-
cause of the gauge invariance of electromagnetic action, the
length and velocity gauges should give the equivalent calcu-
lation results.[?”! However, due to the fact that we have to
use some approximations in the S-matrix theory calculations,
the results calculated under the two gauges may be gauge

28291 For instance, photoelectron energy spectra of

dependent.!
negative ions in linearly or circularly polarized fields calcu-
lated by the L gauge S-matrix theory are consistent with the
results of TDSEPY! or experiment. 3! However, for molecules
with large internuclear separation, L gauge only works well
when effect of the excited state is taken into account.!3%3]
Thus, in the present work we comparatively investigate the
atomic ATI process in bicircular fields by the S-matrix theory
in the two gauges.

In this paper, a comparative study on the above-threshold
ionization of atoms in counter-rotating and co-rotating bicir-
cular laser fields is performed, using the S-matrix theories
in both length and velocity gauges. Firstly, by changing the
field amplitude ratio of the two circular polarization fields with
the fixing total intensity, we investigate the relationship be-
tween the atomic ionization yields and the field amplitude ra-
tio. Secondly, by choosing four different total laser intensities
of 2x 10" W/cm?, 3 x 10" W/cm?, 4 x 10" W/cm?, and
5% 10" W/cmz, we discuss how the relationship between
the ionization yields and field amplitude ratio is affected by
the total laser intensity. The paper is organized as follows.
In Section 2, we define our bicircular field. In Section 3, the
quantum S-matrix theory in length and velocity gauges for the
atomic ATI process in bicircular fields is introduced. Results
and discussions are presented in Section 4. In Section 5, our

conclusion is given. It is noted that unless specified otherwise,
the units used in this paper are atomic units.

2. Bicircular field

A bicircular laser field consists of two one-color circular
polarized fields with different angular frequencies r® and s®.
It is defined by

Ex(t) = %[El sin (rot+¢;) + E sin (sot+¢2 )], (la)
Ez (1) = %[—E1cos(ra)t+¢1):I:Ezcos(sa)t+¢z)], (1b)

where the upper sign + (the lower sign —) in Eq. (1b) corre-
sponds to the counter-rotating (co-rotating) bicircular field. E;
(E») is the amplitude of the electric field vector with frequency
r@ (sm). The polarization plane of the electric field lies in
the X OZ plane of the Cartesian coordinate system, laser field
propagates along the Y axis. The corresponding vector poten-
tial A (¢) is given by

E(t) = —dA(r)/ot, (2a)
Ax ()= ﬁ [Erl cos (rot + ¢1) + %cos (sa)t—H])z)} , (2b)
1

Az (1) [b;l sin (root + ¢1) F %sin (sa)t-i-(l)z)} , (20)

" V2o

in which the counter-rotating (co-rotating) bicircular field cor-
responds to the upper sign — (the lower sign +) in Eq. (2¢). In
our present work, we choose ¢; = ¢ =0, and (r,5) = (1,2).
Wavelengths of the fundamental and second harmonic fields
are 790 nm and 395 nm, respectively. I) = E? and I, = E2
denote the laser intensities of the fundamental and second har-
monic fields. The electric field amplitude ratio of the two cir-
cular polarized fields is defined by p = E,/E;. Clearly the
distribution of the bicircular electric field may vary with this
field amplitude ratio.

In Fig. 1 we present the polar diagrams of the electric field
vector E (¢) for different field amplitude ratios p = 0.5, 1, 6,
with the total laser intensity I = I; + 1, = 5 x 10" W /cm?. It
can be clearly seen from Fig. 1(a) that, with the increase of
field amplitude ratio p, the absolute value of the electric field
strength in the outer ring decreases and it increases gradually
in the inner ring for the co-rotating field. The overall distri-
bution of the electric field of the co-rotating field is similar to
that of the circular polarized field. However, the distribution
of the electric field for the counter-rotating field shows a three-
lobe structure, which is more sensitive to the field amplitude
ratio p. With the increase of the ratio p, although there is still
a three-lobe structure distribution, it will be more and more
close to the distribution of the circular polarized field. Ap-
parently, we can see from Fig. 1 that the peak field strengths
of the co-rotating and counter-rotating laser fields both reach
their maxima at the field amplitude ratio p = 1.
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Fig. 1. Polar diagrams of the electric field vector E (¢) of the bicircular laser fields for (r, s) =

—-0.10 -0.05 O
E,/a.u.

(1, 2) and total laser intensity / =1 + 1, =

5x10 W/cmz, with different field amplitude ratios p = 0.5 (black dotted curves), p = 1 (red solid curves), p = 6 (blue dot-dashed curves).
Here panels (a) and (b) correspond to the co-rotating and counter-rotating bicircular fields.

3. Theory

Within the strong field approximation, the transition prob-
ability amplitude for atoms from an initial bound state | y; (7))
with ionization potential &y = E; = —Ip to a final continuum
state (Volkov state) | yp (¢)) with momentum p can be written
as

Sk=-i [_a(u0lr-BEOlwo). (3a)

Sy = =i [ Ol A0 +AW0* /20, Gb)

respectively in length gauge and velocity gauge. Here v - E ()
andp-A(r)+ A
in the L gauge and V gauge, respectively, with E (¢) the elec-

(t)? /2 are the electron—field interaction terms

tric field vector, A (¢) the vector potential, p = —iV. The ini-
tial state y; (1) = e!’P .y (r) is the ground state of the atom
system. In our paper, we consider a model atom which has
the 1s ground state with y; (r) = w4 (r) = ki/z- e/ /x,

= /2Ip. The Volkov wave function in the L and V gauges

can be expressed as
wb (r,1) = e 100 giTAN)T /)32 (4y)
W (nr) = e 0. e'PT )/ (2m)P2, (4b)

3 Jodr(lp+A@)]?).
Substituting the vector potential of the bicircular field in

with the action of the electron Sp(f) =

Eq. (2) into the Volkov wave function in L. gauge of Eq. (4a),
we obtain

pZ
Yk (1) = (27) - exp [i (2

(3 (G

(ro)
1

+ Upi +UP2> t

sin (root) +

E
2 5 sin (s(ut))

(s)

E
2 5 COS (smt))

(s0)

sin ((r£5) wt))]

2

pz( E
- = cos (rot) F
V2 ((rco)2 ren
E\E, 1
2rs@? (r+s)o

X exp {i (p+ex <% cos (ror) + %cos (s(ut))

+ez <% sin (root) F % sin (sa)t)) ) ~r} ,

A% / 4, Upy
deromotive energies in two circular polarized fields, A =

(5a)

where Up; = = A% /4 are the corresponding pon-
Ei/(rm),A, =E;/ (sm); px(pz) is the component of momen-
tum p in the x-axis (z-axis); €x and €z are unit vectors of the
x-axis and z-axis, respectively. Similarly, we get the Volkov
wave function in V gauge as

7t) = Yp (7’) : ZN ZN/ exp[il(pz/z +Upi
+Upy —Nr@ — N'so)t] - Jy nr (a1,a2,b) . (5b)

vy (r

Here yp(r) = ei”""/(27r)3/2, and the generalized Bessel
function can be expressed as

Zml Jml N+m1 (al)‘]N/iml (aZ)
X exp [—1 (N:FN/) x] ,

v (a1,a2,b
(6)
with

X = arctan (cos 0/ (sinBcos )),

p\/ (sin 6 cos @)* + cos26,

a
1= \f .

a; = A ~p\/(sin900s¢)2+00526,
V250

and b = A1Ay/[2(r£s) @], ¢ and 0 are the azimuth and po-
lar angles of the momentum p in spherical coordinates, re-
spectively. N and N’ are the photon numbers absorbed by
atoms from the two circular polarized fields, respectively; (>8]
the — (+4) sign in formula means the counter-rotating (co-
rotating) case.

Then the transition probability amplitude in the length

gauge can be obtained as follows:

Sk =i [ a0 BEOlw0)
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/mdtmkfﬂ {'[p2+U +U +1]z}
= — -exXpq1|—=
. \/57'[ P ) P1 P2 P

m

x 3
()
X exp {1 [1\7/% ((ra)l)z sin (root) + (sa)2)2 sin (s(ut))

s ((32 cos(ran) F (o (Swt)>

E\E 1 .
Zrlwé TIe sin((r+s) a)t)] }

X [(\Eé sin (rot) + % sin (s(ut)) “myxz

— (\Eé cos(rwt)ﬂF% cos (sa)t)) -mzz}7 (7

where

m +e <A1 cos (rot) + A2 cos ( a)t))
= — r — s
Drex \@ \@

+ez <f‘é sin (rot) F % sin (sa)t)> ,

Mxz = COS @y, sin By,

mzz = cos O, 3

¢, and 6, are the azimuth and polar angles of the vector m in
spherical coordinates, respectively.

Also, we can obtain the transition probability amplitude
in the velocity gauge

Sy = —i27|(we ()| i (r))]

2
X Z <5 <l72 + Upy + Upa +Ip—Nr(1)—N/S(J))
NN

x (Upy +Upy —Nro — N's®) - Jy yr (a1, a2, b) ) , (9)
with

o (P ()] = |27 [P ar

— 4t (p2+k%)_2.

Ponderomotive energy of the bicircular field Up is the sum of
the Up; of each field,?8) i.e., Up = Up; + Up,. Tonization occurs
when the electron absorbs more photon energy from the field
than the sum of the ionization potential and the ponderomotive
energy, i.e., (Nr+N's) @ > Ip + Up. Then the total ionization
rate I" of atoms in intense fields can be calculated in the two
gauges:

F:///pz-wdp-sineded(p (10)

with w = 1|84 2.

4. Results and discussion

In this paper, we study the ATI process of the model
atom (Ip = 0.579 a.u., Is ground state), by a bicircular laser
field with (,s) = (1,2). The wavelengths of the fundamen-
tal and second harmonics are 790 nm and 395 nm, respec-
tively. In our paper, each component of the bicircular fields
is monochromatic, and the duration is presumed to be much
longer than a laser period. In the V gauge calculations, laser
field is assumed to be an infinitely long pulse. In the L gauge
calculations, the pulse duration is ten optical cycles of the
fundamental field. Firstly, we fix the total laser intensity as
I=5x10"W/ cm?, and then calculate the atomic ionization
rate by changing the field amplitude ratio p = E,/E, the re-
sults are shown in Fig. 2. It is found that the ionization rate
curves of the counter-rotating and co-rotating fields calculated
by the L gauge S-matrix theory agree well with each other.
When the field amplitude ratio p is less than one, atomic ion-
ization rate increases as the ratio increases, it reaches its maxi-
mum at about p = 1, after that, it decreases with the increasing
field amplitude ratio. That is to say, ionization rates are en-
hanced when the two circularly polarized lights have the com-
parable intensities. From the results calculated by the V gauge
S-matrix theory, we also find the enhancements for both the bi-
circular fields when the field amplitude ratio is approximately
equal to one. It is just that the ionization rate curve drops
very slowly when the field amplitude ratio p exceeds one for
the co-rotating field. However, there is a relatively large dif-
ference between the ionization rate curves of the two gauges,
i.e., the rates calculated in the V gauge are 3 to 4 orders of
magnitude smaller than those in the L gauge under the same
conditions. This big discrepancy between the two gauges can
be attributed to the gauge-invariance broken due to approxima-
tions made in the calculation process, such as neglect of ionic
bounding potential and excited states. At present, this is still
an open problem. The discrepancy between the two gauges
varies, depending on the problems studied (see Refs. [30,34]).
What gauge is superior can only be judged by comparing with
the experiments or exact numerical results (i.e., TDSE). This
is one of the main purposes of our manuscript. According to
our calculations, the changes of the ionization rates with dif-
ferent conditions are qualitatively the same for both calcula-
tions given by the L and V gauges, although their magnitudes
are different. In brief, the overall trends of the ionization rate
curves for both the bicircular fields under the two gauges are
approximately the same, whereas the magnitudes of the ion-
ization rates calculated by the two gauges are quite different.
The experiment*>! revealed that the curves of the single ion-
ization yield versus the field amplitude ratio p of Ar atoms for
the counter-rotating and co-rotating fields agree well with each
other, which is more consistent with our L. gauge results. How-
ever, for both the bicircular fields, the observed single ioniza-
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tion yields have slightly decreased as the field amplitude ratio
p increases, i.e., there are no enhancements in the experimen-
tal single ionization yield curves, which is inconsistent with
our calculations by the S matrix theory in both the gauges. The
probable reason may be that the enhancements of the ioniza-
tion rate curves are not so prominent, especially for the length
gauge-curves, where the peaks are just about 3 times higher
compared with the minima in the ionization rate curves. Due
to the calibration of laser intensity, this enhancement in ion-
ization rate curve may not be detected experimentally.
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Fig. 2. Ionization rates as a function of the field amplitude ratio

p = E»/E|, calculated by the S-matrix theory in both the L gauge and V
gauge, with the fixing total laser intensity 5 x 10'* W/ cm’. Blue solid
and blue dot-dashed curves correspond to the counter-rotating and co-
rotating field in the L gauge case, red dashed and red short dot-dashed
curves are for the counter-rotating and co-rotating field in V gauge. The
ionization rates in the V gauge have been magnified to the same extent,
as shown in the figure.

In order to better understand the relationship between the
single ionization yield and the field amplitude ratio p, we
discuss the ATI process using the classical ADK theory. It
is known that the Keldysh parameter ¥ = \/2Ip/Up has been
proposed*®) to qualitatively discuss the ionization process of
atoms in the laser field. If y < 1, then tunneling ionization
will be most significant. However, if v > 1 then multiphoton
ionization will be dominated. Researchers have further devel-
oped the tunneling ionization model based on Keldysh’s work,
and have given a simple formula for calculating the ioniza-
tion probability of atomic tunneling in strong laser fields, 2837}
which is called the ADK formula. According to the ADK
theory, [38] jonization rate for an atomic system with the 1s
ground state driven by the intense laser fields can be expressed
as

4(21p)* [
WADK =— — —  — €X

2
- p—w@m”} (11)

Equation (11) shows that for a given atom, the tunneling ion-
ization rate is determined by the instantaneous electric field
E.

For both the counter-rotating and co-rotating bicircular
laser fields, when the field amplitude ratios are reciprocal (for
instance, p = a and p = 1/a, a is a constant), the instantaneous

electric fields are equal at every moment, which can be proved
in the following. The absolute value of the field strength can
be denoted by

B (1) = \/ER (1) + EZ (1)- (12)
When p = a, E| = Ey, E; = aEy, E§ =1/ (1+a*), we have

E;zf (t) —&-E% (1) = (Eg +a2E§) JFaEgcos (rot Fsot), (13)

N =

when p = 1/a, E| = aEy, E; = Ey, we also have

1
E; () +E2(1) = > (azEg +E§) FaEjcos (rot Fsor), (14)

where the upper (lower) sign — (+) in Egs. (13) and (14) cor-
responds to the counter-rotating (co-rotating) bicircular field.
For example, we choose the two field amplitude ratios p = 0.5
and p = 2 to calculate the electric field distributions in the po-
larization plane, as shown in Fig. 3. It can be easily seen that,
for both the counter-rotating and co-rotating fields, the abso-
lute values of the instantaneous electric field are equal at every
moment for p = 0.5 and p =2.

We plot the normalized total tunneling ionization rates
calculated by the ADK theory in Fig. 4. It is found that the
ionization rate curves of the counter-rotating (magenta dotted
curves) and co-rotating (dark grey dashed curves) fields by the
ADK theory are totally coincident. They also have the simi-
lar tendency as the results of the S-matrix calculations in the
two gauges, i.e., they increase first and then decrease, peak-
ing at around p = 1. This can be easily understood from the
ADK formula (11) that ADK tunneling ionization rate is only
related to the instantaneous electric field strength E£. As men-
tioned above, the maximum of electric field strength is found
at p = 1, therefore the corresponding ionization rate is highest
in this case. For comparison, we also plot the normalized ion-
ization rate curves obtained by the S-matrix theory in the two
gauges in Fig. 4. The curves by the Length gauge S-matrix
theory are found to be roughly coincident to the ADK calcu-
lations. When the field amplitude ratio p < 2.5, ionization
rate curves obtained by the two methods agree well with each
other. However, when the ratio continues to increase, the L-
gauge curves deviate obviously from the ADK curves. In the
V-gauge case, the ionization rate curves are also qualitatively
consistent with the ADK curves except that the curve of the
co-rotating field drops very slowly when the ratio exceeds one.
Interestingly, it can be found obviously that, both the L-gauge
and V-gauge curves deviate more and more distinctly from the
ADK curves as the field amplitude ratio increases. In addi-
tion, unlike the results of the ADK theory, the ionization rates
of p =a and p = 1/a calculated by the S-matrix theory are
unequal for the two bicircular fields. Next, we analyze the
reasons why the above phenomena appear.

023204-5



Chin. Phys. B

Vol. 29, No. 2 (2020) 023204

0.10 T T T T T
(a)
0.05F
. or
=
&
~
0
N _o.05}
—0.10f
—-—Co-p=0.5
Co-p=2
—0.15 —0.10 —0.05 O 0.05 0.10
E./a.u.

R countler—p:dﬁ I I
counter-p =2 (b)
0.10f 7
0.05 7
or N T
—0.05 QL] a
—0.10 n L

—-0.10 -0.05 O 0.05

E,/a.u.

0.10

Fig. 3. Polar diagrams of the electric field vector E (¢) of the bicircular laser field for (r, s) = (1, 2) with total laser intensity / = 5 x
10 W/cmz, the electric field amplitude ratio p = 0.5 (black dot-dashed curves), p = 2 (red solid curves). Here panels (a) and (b) denote the
field distributions of the co-rotating and counter-rotating bicircular fields. The filled (open) triangle symbol, circular symbol, square symbol
represents the electric field distributions in the case of p = 0.5 (p =2) atr =0.17,¢ = 0.3T, and r = 0.77, respectively.
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Fig. 4. Normalized ionization rates of our model atom versus field am-
plitude ratio E»/E), with the total laser intensity 5 x 104w / em?, cal-
culated by the ADK formula, S-matrix theory in L gauge and V gauge.
The magenta dotted curve (dark grey dashed curve) describes the ion-
ization rate of counter-rotating (co-rotating) field from the ADK theory;
the green solid curve (blue dot-dashed curve) corresponds to the result
of the counter-rotating (co-rotating) field from the S-matrix theory in L
gauge; the red short dotted curve (black dot-dashed curve) denotes the
result of the counter-rotating (co-rotating) field from S-matrix theory in
V gauge. All the curves are normalized to one.

From the formula of Keldysh parameter ¥ = \/Ip/ (2Up),
when the ponderomotive energy of the laser field decreases,
Keldysh parameter 7y increases. The ponderomotive energy of
the bicircular field Up as a function of the field amplitude ratio
p is shown in Fig. 5. We find that Up decreases as the field
amplitude ratio increases: it decreases obviously in the region
of p < 2, and decreases quite slowly when p > 5. Then the
Keldysh parameter Y rises as the ratio p increases: Y grows
fast in the region of < 2, and it rises quite slowly and tends
to be one (y ~ 1) gradually when p > 5. This indicates that
as the field amplitude ratio p increases, the tunneling ioniza-
tion mechanism is no longer applicable, the multiphoton ion-
ization mechanism dominates, which makes the ADK theory
invalid. This is the reason why the ionization rate curves by
the S-matrix theory and ADK theory will deviate from each

other, more and more distinctly with the increase of the field

amplitude ratio p.
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Fig. 5. Ponderomotive energy of the bicircular field Up (blue dot-dashed
curve) is shown as a function of the field amplitude ratio p, for the total
intensity of 5 x 10! W/ cm”. The corresponding Keldysh parameter y
is plotted by the magenta dotted curve. Black solid curve and red dashed
curve denote the ponderomotive energies of the two circular field com-
ponents Up; and Up;.

Next, we analyze the effects of the total laser intensity
on the ionization rate curves calculated by the S-matrix theory
in L gauge and V gauge. We choose four laser intensities
2% 10" W/em?, 3 x 10" W/em?, 4 x 10" W/cm?, and
5x 10 W/ cm? as examples. Under each laser intensity, the
atomic ionization rates are calculated and analyzed by chang-
ing the field amplitude ratio p, the results are shown in Fig. 6.
It can be seen that the L-gauge curves of the co-rotating and
counter-rotating fields almost coincide at a high laser intensity
of 5x 101 W/ cm?. The difference between the two curves of
the two bicircular fields will become larger and larger when
the total laser intensity decreases. When the intensity is as low
as 2 x 1014 W/ cmz, the differences are quite obvious. Then,
why are the two ionization rate curves of the co-rotating and
counter-rotating fields more inconsistent as the total light in-
tensity decreases? This is mainly because the lower the laser
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Fig. 6. Ionization rates versus the field amplitude ratios p = E»/Ej, calculated by the S-matrix theory in both the L gauge and V gauge, with
the fixing total laser intensities: (a) 5 x 10'4 W/cmz, (b) 4 x 10 W/cmz, (c) 3 x 10M W/cmz, (d)2x 10 W/cmz. In the L gauge, blue
solid and blue dot-dashed curves correspond to the counter-rotating and co-rotating fields respectively. Red short-dashed and red dot-dashed
curves are for the counter-rotating and co-rotating fields in V gauge. The ionization rates in V gauge have been magnified to the same extent.

field intensity, the larger the Keldysh parameter y. This will
lead to a dominance of multiphoton ionization mechanism,
thus a larger deviation between the two ionization rate curves
of the two bicircular fields will occur. However, it is not ob-
vious for the V-gauge curves and there are relatively large dif-
ferences between the two ionization rate curves of the two bi-
circular fields.

5. Conclusions

In this paper, we have made a comparative investigation
of the atomic above-threshold ionization in intense counter-
rotating and co-rotating bicircular laser fields, using the S-
matrix theory in both the length and velocity gauges. Firstly,
we study how the ionization rate of the model atom is affected
by the electric field amplitude ratio p, when the total laser in-
tensity is fixed at 5 x 10'* W/ cm?. It is shown that although
there are obvious differences in magnitude for the ionization
rate curves calculated by the two gauges S-matrix theory, they
have the similar overall trend which increases first then de-
creases, and peaks at about p = 1. That is to say, for both
bicircular fields, atomic ionization rates are enhanced when
the two circularly polarized lights have almost comparable in-
tensities. Moreover, the ionization rate curves of the counter-
rotating and co-rotating fields coincide with each other better
for the length gauge compared to the velocity gauge. How-
ever, the previous experiment revealed that single ionization
yield curves for both the two bicircular fields agree well with
each other, which are more consistent with the results calcu-
lated by the length gauge S-matrix theory. The experimentally
observed single ionization yields decrease as the field ampli-

tude ratio p increases for the two bicircular fields, i.e., there
are no enhancements that can be found in the experimental
single ionization yield curves, which are inconsistent with our
theoretical calculations. The probable reason may be that the
enhancements in the calculated ionization rate curves are not
very notable, thus it may not be easily detected due to the cal-
ibration of laser intensity.

Then in order to better understand the results obtained
by the S-matrix theory, we study the ATI process using the
semiclassical ADK theory. It is shown that the ionization rate
curves of the counter-rotating and co-rotating fields calculated
by the ADK formula are completely coincident, and they have
the same overall tendency with the S-matrix results, i.e., in-
creasing first, peaking at p = 1 and then decreasing. This
can be easily understood from the ADK theory. More inter-
estingly, it is found that the degree of the coincidence for the
two ionization curves of counter-rotating and co-rotating field
decrease with the increasing field amplitude ratio or the de-
creasing total laser intensity. Our analysis shows that this is
mainly because the Keldysh parameter y increases when the
field amplitude ratio p increases or the total laser intensity de-
creases, it will lead to a dominance of multiphoton ionization
mechanism, which makes the ADK theory invalid.
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