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Coherently controlled ionization of gases by three-color femtosecond laser pulses
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Photoionization of atoms and molecules by intense femtosecond laser pulses is a fundamental process of
strong-field physics. Using a three-color femtosecond laser scheme with attosecond phase control precision,
we demonstrate coherently controlled ionization of nitrogen molecules with a modulation level up to 45%
by varying the phase shifts between the fundamental laser frequency at 800 nm and its second and third
harmonics. Furthermore, the phase dependence of the ionization degree qualitatively changes with the laser
intensity ratios between the three colors. The observations are interpreted as a manifestation of the competition
between different parametric channels contributing to the ionization process. Such coherent control of ionization
opens different ways to finely tune and optimize various phenomena accompanying laser-material interactions:
high-order harmonic and attosecond generation, nanofabrication, remote ablation of samples, and even guidance
of discharge and control of lightning by lasers.

DOI: 10.1103/PhysRevA.105.023529

Photoionization of atoms and molecules lays the founda-
tion for strong-field physics effects including the generation of
high-order harmonics (HHG) and attosecond pulses [1], long-
distance filamentary propagation of intense ultrashort pules
[2,3], emission of microwave to terahertz (THz) electromag-
netic waves [4,5], micro- and nanomachining of dielectrics
[6], remote ablation of samples [7], etc. For all these effects,
the ionization rate and the corresponding final electron den-
sity are key parameters, and therefore, their proper control is
highly desirable. With a single-color pulse, adaptive temporal
pulse shape control has the capacity to enhance or suppress
ionization of certain atoms or molecules, a process that is
usually based on energy level resonance [8–12]. Moreover, it
has been demonstrated that ionization of molecules can be en-
hanced and coherently controlled with two-color laser pulses
composed of a fundamental frequency with either its second
or third harmonics [13–15]. Recently, it has been reported
that a laser field composed of three or more colors can be
even more beneficial [16–19]. Compared to two-color laser
field excitation, the three-color scheme provides extra control
parameters and has proven its versatility in the selection of
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single harmonic radiation from the comb of high-order har-
monics [20], in the coherent control of the polarization and
chirality of THz pulses produced from air plasma [19], and in
the generation of supercontinuum ranging from midinfrared
to ultraviolet [18,21]. However, the fundamental process of
molecule ionization by a phase-controlled three-color laser
field has remained largely unexplored.

In the present study, we demonstrate both experimen-
tally and theoretically, using ambient air as an example, that
the tunnel ionization of molecular gases can be coherently
controlled by laser pulses composed of the fundamental fre-
quency and its second and third harmonics. We find that the
ionization degree of the formed plasma, monitored by its fluo-
rescence, changes periodically when the phase shifts between
the three harmonics are varied. Interestingly, it is also found
that the ionization rate presents different dependencies on the
phases for different intensity ratios between the three colors of
the laser field. The interpretation of the experimental results is
based on the concept that different ionization channels con-
tribute to electron tunneling in strong multicolor fields. The
competition between the three different parametric channels
is manifested through the complex phase dependencies of
the ionization rate. For different intensity ratios between the
three colors, the dominating parametric channels of ioniza-
tion changes, in agreement with the experimentally observed
intensity-dependent phase graphs. These findings provide a
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FIG. 1. Schematic experimental setup is presented. The fluores-
cence of the air plasma was collected by two lenses of f = 20 mm
and 35 mm into the fiber tip and analyzed by a spectrometer. The two
arrows indicate locations A and B, from where the fluorescence was
collected and analyzed.

robust and simple method for enhancing and controlling the
ionization of atoms and molecules, which is of great signifi-
cance for strong-field physics as well as nonlinear optics.

We used an in-line three-color femtosecond laser pulse
to create a plasma filament in ambient air. The three-color
pulse is composed of a fundamental field at 800 nm and
its second and third harmonics. The experimental setup is
schematically shown in Fig. 1. Femtosecond laser pulses of
τp = 35 fs duration with a central wavelength λ = 800 nm
are focused in ambient air by a lens with focal length f =
500 mm. A 200-μm-thick type I beta barium borate (β-BBO)
crystal cut at 29.2° is used for second harmonic generation
with a wavelength λ400 = 400 nm, followed by a calcite to
compensate for the time delay between the 800- and 400-
nm pulses. A dual-wavelength waveplate, which rotates the
polarization of the 800-nm pulse from the vertical to hor-
izontal direction while leaving the polarization of 400 nm
unchanged, is used to adjust the polarization status of the
pulses. A pair of fused silica wedges is used to finely tune
the temporal delay �τ and phases �ϕ between the 400- and
800-nm pulses. The phase variation between the 800- and
400-nm pulses introduced by insertion of the wedge reads as
�ϕ = 2π (nFS

800 − nFS
400) �d

λ400
tan θ , where nFS

800 and nFS
400 are the

refractive indices of fused silica for 800 and 400 nm, respec-
tively, and �d and θ are the change in transverse insertion and
angle of the fused silica wedge. Considering that θ = 3° in
our experiment, the phase �ϕ between 800 and 400 nm can
be precisely changed by 0.044π for an increment of �d by

10 μm. The third harmonic at the wavelength λ266 = 266 nm
is generated by using another 50-μm-thick type I beta barium
borate (β-BBO) crystal cut at 44.3°. It was experimentally
found that after this BBO crystal, the 800-, 400-, and 266-nm
beam become elliptically polarized with their major compo-
nents in the vertical direction, as presented in Fig. 2. By
displacing BBO 2 with respect to the laser focus, the relative
phase �γ between 266 and 400 nm can be changed according
to �γ = 2π (nair

400 − nair
266)�l λ266, where nair

400 and nair
266 are the

refractive indices of air for 400 and 266 nm, respectively, and
�l is the distance between BBO 2 and the laser geometrical
focus. Therefore, �γ can be finely tuned by 0.0011π as �l
changes by 10 μm. With this in-line setup for three-color laser
field synthesis, one can readily control the phases between the
different optical frequencies with attosecond precision [19].
For an incident 800-nm pulse energy of ∼1–2 mJ, a bright
plasma filament with a length of 30–50 mm is formed in
ambient air. Two fused silica lenses with focal lengths of 20
and 35 mm were used to collect the fluorescence signal into an
optical fiber connected to a spectrometer (ARC-SP-2758, PI).
We collected the fluorescence signal from a filament segment
length of 1 mm, which was realized by a slit installed between
the filament and the collimation lens.

A typical emission spectrum of the air plasma filament is
shown in Fig. 3(a). The observed lines correspond to transi-
tions between excited triplet states C3
+

u and B3
+
g of neutral

nitrogen molecules (the second positive system of N2) and be-
tween the second excited state B2�+

u and ground state X 2�+
g

of nitrogen molecular ions (the first negative system of N+
2 )

[22]. In Fig. 3(a), the corresponding transitions are indicated.
The emission of nitrogen ions at 391.4 nm corresponds to the
electronic transition from the HOMO-2 orbital to the highest
occupied molecular orbital (HOMO). Therefore, its spectral
intensity reflects the population density of nitrogen ions in
the B 2�+

u state. Regarding the emission from neutral nitrogen
molecules, it is known that the upper molecular state C 3
+

u
becomes occupied through collisional excitation of nitrogen
molecules in the ground state X 1�+

g with energetic elec-
trons [22,23]. Therefore, the corresponding line intensities are
linearly proportional to the electron concentration inside the
plasma, which under our experimental conditions is expected

FIG. 2. Measured polarization of the optical fields before (a) and after (b) the sum frequency generation BBO crystal.
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FIG. 3. (a) Emission spectrum of the air plasma. The spectral
peaks stem from transitions between different energy levels of N2 and
N+

2 . The related vibrational quantum numbers of the upper and lower
levels of the second positive band of N2 (red arrow) and first negative
band of N+

2 (blue arrow) are indicated. (b) The 337- and 391.4
nm fluorescence as a function of the phase shift �ϕ between the
second harmonic and fundamental field (proportional to the temporal
delay �τ introduced by the wedge pair), in case of two-color and
three-color pumping. The pulse energy of the 800-nm pump laser is
1.8 mJ. (c) The Fourier transform of the signals in (b).

to be mostly determined by the concentration of oxygen ions
due to lower ionization potential of oxygen molecule as com-
pared to nitrogen. Here, we select the 337- and 391.4-nm
lines for monitoring, which represent the production of free
electrons and nitrogen ions, respectively.

In Fig. 3(b), we present the dependence of the 391.4- and
337-nm signals when the optical wedge thickness is contin-
uously increased in the optical beam path. A positive delay
corresponds to a 400-nm pulse arriving after the 800-nm
pulse. The signals increase and decrease upon scanning of
the optical wedge, reflecting the transitory temporal overlap of

the 800- and 400-nm pulses, which results in third harmonic
generation at 266 nm. More importantly, a modulation with
a period of ∼1.3 fs is noticeable, which indicates coherent
ionization control determined by the phase �ϕ between 800
and 400 nm. A maximum modulation depth of ∼20% is rou-
tinely observed in the experiments. For comparison, we also
present the results obtained with 800- and 400-nm laser fields,
where the modulation is barely observable. This illustrates
the advantage of the three-color fields over the two-color
case. The Fourier transformation of the signals in Fig. 3(b)
is presented in Fig. 3(c). In case of three-color pumping, this
transformation yields a main peak at 0.75 PHz (corresponding
to the temporal period of 1.3 fs or the period 2π in phase
�ϕ) and a secondary peak at 1.49 PHz (corresponding to
the temporal period 0.67 fs or the phase period of π ). For
two-color case, only one peak at 1.49 PHz is observed. Their
origin and difference will be discussed later.

We then investigated the influence of both �ϕ and �γ

on the ionization rate. In the experiments, different laser in-
tensity ratios of the three optical frequencies were examined.
To study the effect of relative intensity changes between the
three optical fields at 800, 400, and 266 nm, we performed
measurements of the plasma fluorescence (a) at different lo-
cations along the long filament (point A or B in Fig. 1), (b)
by changing the partial or total temporal overlap between the
three colors [Fig. 3(b)], or (c) by changing the incident 800-
nm pulse energy. The fluence and corresponding averaged
laser intensity of the three optical fields inside the filaments
were calculated using the method involving an in situ filament-
drilled pinhole, which provides a measurement of the average
laser fluence within a diameter of ∼90 μm in the current
experiments [24,25]. The measured diameter of the filament-
drilled pinhole and the laser fluence of the three wavelengths
are summarized in Table I.

In the first experiment, we measured the fluorescence at
the front of the plasma (location A in Fig. 1) with a partial
overlap of the 400-nm pulses with the main 800-nm pulses
[stage I in Fig. 3(b)]. The ratio of intensities I (400)/I (800) was
then estimated to be 0.049. The measured dependence of the
337 nm signal on both �ϕ and �γ is shown in Fig. 4(a) in
the form of a two-dimensional (2D) phase diagram. The cor-
responding result for the 391.4-nm fluorescence is presented
in Fig. 5(a). Here, the maximum ionization signal remains
approximately constant, and the peaks in the 2D phase di-
agram shift continuously upon an increase in both �ϕ and
�γ . In other words, a constant �ϕ + �γ gives rise to a rather
constant ionization rate. We next moved to the middle of the
filament (location B in Fig. 1) and performed the measurement
around a good temporal overlap between the 400- and 800-nm
pulses [stage II in Fig. 3(b)]. In this case, the incident 800-nm
pulse energy was 0.65 mJ. The intensity ratio I (400)/I (800) was
estimated to be 0.163. The corresponding results for 337- and
391.4-nm fluorescence are presented in Figs. 4(b) and 5(b).
Here, the maximum ionization is achieved at some isolated
regions in the 2D phase diagram; i.e., a “chessboard” pattern
is observed. In the third case, the intensity ratio I (400)/I (800)

was further increased to 0.397 by increasing the incident 800-
nm pulse energy to 1.88 mJ. The corresponding results are
shown in Figs. 4(c) and 5(c). Now, the maximum ionization
remains rather constant again, while the peaks shift gradually
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TABLE I. The measured laser fluence inside the filament for three cases in the experiments.

Pinhole Laser energy through Calculated averaged Calculated maximal Intensity
Wavelength diameter the pinhole fluence intensity ratio

(nm) (μm) (μJ) (J/cm2) (W/cm2)

Case I 800 103.594 482.600 1.431 7.687E+13 1
400 104.048 237.723 0.070 3.760E+12 0.049
266 102.323 3.959 0.012 6.446E+11 0.008

Case II 800 92.901 303.800 1.120 6.016E+13 1
400 92.504 48.948 0.182 9.776E+12 0.163
266 93.871 1.486 0.005 2.686E+11 0.005

Case III 800 100.230 438.800 1.390 7.466E+13 1
400 102.075 180.828 0.552 2.965E+13 0.397
266 102.776 7.769 0.023 1.235E+12 0.017

for a constant �ϕ−�γ . One can notice that the modulation
depth of ionization becomes 40% in Fig. 4(c) and 45% in
Fig. 5(c). To obtain further insight into the 2D phase de-
pendence of Figs. 4(a)–4(c) and 5(a)–5(c), we performed 2D
Fourier transformation. The corresponding results are shown
in Figs. 4(d)–4(f) and 5(d)–5(f). A series of peaks are ob-
served in the frequency map, with different peaks dominating
the three regions of the intensity ratio I (400)/I (800). As will be
discussed, these peaks correspond to the different parametric
channels involved for tunneling ionization.

Control of photoionization can enable broad applications
in the domain of laser-material interactions. As an example,
here we present how the starting position and the fluorescence
intensity of the femtosecond laser filaments can be manipu-
lated, as shown in Fig. 6. In Fig. 6(a), we show an image
of the plasma filament created by the three-color laser fields.

By varying the phase �ϕ the starting point of the filament
(SPOF) is observed to change periodically, as presented in
Fig. 6(b). Moreover, the fluorescence signal integrated in the
whole visible light range at two fixed positions in the leading
and middle sections of the filament [indicated by the arrows
in Fig. 6(a)] is found to present oscillatory behavior, resulting
from the modulation of the ionization degree of air molecules.
In addition to the starting point and the electron density of
the filament, it is natural to expect that other parameters of
the filaments, such as the clamping laser intensity, white light
generation, and secondary radiation (terahertz and microwave
radiation), can be controlled. Considering that this method
of coherently controlling ionization is general and does not
rely on the internal structure (such as the energy level) of
the gas particles, we believe that it can find wide applica-
tions in many contemporary frontiers of strong-field physics

FIG. 4. Dependence of the 337-nm fluorescence signal on the relative phases �ϕ and �γ and its Fourier transformation. (a) The signals
are collected at the front side of the plasma (location A in Fig. 1) and at the rising edge in Fig. 3(b). The pump pulse energy is 1.88 mJ. (b)
The signals are collected in the middle of the plasma (location B) and at the summit of Fig. 3(b). The pump energy is 0.65 mJ. (c) The signals
are collected at the front edge of the plasma (location A in Fig. 1) and at the summit of Fig. 3(b). The pump pulse energy is 1.88 mJ. (d)–(f),
The normalized 2D Fourier transform (logarithmic scale) of the experimental signals on the top.
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FIG. 5. The 391.4-nm fluorescence signal as a function of the phases �ϕ and �γ . (a) The signals were collected at the front side of the
plasma and at the rising edge in Fig. 3(b). The pump pulse energy is 0.65 mJ. (b) The signals were obtained at the middle of plasma and at the
summit of Fig. 3(b). The pump energy is 0.65 mJ. (c) The signals were collected at the front edge of the plasma and at the summit of Fig. 3(b).
The pump pulse energy is 1.88 mJ. (d)–(f), The normalized 2D Fourier transform (logarithmic scale) of the signals on the top.

where photoionization is crucial, such as high-order harmonic
generation and attosecond science [1], nanofabrication with

FIG. 6. Coherent control of the starting position and fluorescence
of the femtosecond filament in air. (a) Image of the plasma filament
in air. The three-color pump pulses propagate from left to right. The
curves on the left and bottom sides correspond to the distribution of
the fluorescence intensity in the longitudinal and transverse direc-
tions. (b) Fluorescence intensities at two positions [indicated by the
arrows in (a)] and the starting position of the filament (SPOF) as a
function of the phase �ϕ.

femtosecond pulses [6], remote ablation of samples by intense
laser pulses [7], and even guiding of discharge and control of
lightning by lasers [3].

To explain the results of the experiment, we calculated
the plasma density produced in the tunnel ionization of gas
molecules by the three-color linearly polarized electric field
E(t ) = E (t )x̂,

E (t ) = F (t )[E800 cos (ω800t ) + E400 cos (2ω800t + ϕ)

+ E266 cos (3ω800t + ϕ + γ )]. (1)

Here, F (t ) = e−2 ln 2 (t/τp)2
is the pulse envelope, τp is

the intensity full width at half maximum, E800, 400, 266 =√
2I (800, 400, 266)/cε0 are the peak amplitudes of the funda-

mental, second, and third harmonics, I (800, 400, 266) are their
peak intensities, c is the speed of light, ε0 is the vacuum
permittivity, ω800 = 2πc/λ800 is the fundamental frequency,
ϕ is the phase shift between the second and fundamental
harmonics, and γ is the phase shift between the third and
second harmonics. The time-varying plasma density N (t ) sat-
isfies the ionization equation ∂N/∂t = (Ng − N )w(|E |) with
zero initial condition at time t → −∞, where Ng is the initial
concentration of neutral particles, and w(|E |) is the tunnel
ionization probability per unit time in the static electric field.

To obtain an analytical expression for the period-averaged
ionization probability in the three-color field (1), we employ
the multiwave mixing approach similar to that proposed in
[26]. Since the field (1) is 2π periodic with respect to phases
ψ800 = ω800t , ψ400 = 2ω800t + ϕ, and ψ266 = 3ω800t + ϕ +
γ , the instantaneous ionization probability w(|E |) is also
periodic and can be decomposed in the triple Fourier
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series

w(|E |)

=
∞∑

p=−∞

∞∑
q=−∞

∞∑
r=−∞

Wpqr (t )e−i(p+2q+3r)ω800t−i(q+r)ϕ−irγ ,

(2)

where the Fourier coefficients Wpqr (t ) are given by the integral

Wpqr (t ) = 1

8π3

∫ π

−π

∫ π

−π

∫ π

−π

w(F (t )|E800 cos ψ800

+ E400 cos ψ400 + E266 cos ψ266|)
× eipψ800+iqψ400+irψ266 dψ800dψ400dψ266. (3)

Note that due to w being an even function of phases,
Wpqr ≡ 0 for odd p + q + r. For even p + q + r, one
can estimate the previous integral by smoothly approx-
imating the steep function w(|E |) by an exponential
function, w(|E |) ≈ w(EmF )en(|E |/EmF−1), where Em = E800 +
E400 + E266 is the maximum total electric field and n =
w′(EmF )EmF/w(EmF ) = 2κ3Ea/3EmF−1 is the effective ex-
ponent of the dependence w(|E |) at point |E | = EmF . With
the use of this approximation, integral (3) can be evaluated
for even p + q + r as

Wpqr (t ) ≈ 2w(EmF )e−nIp

(
nE800

Em

)
Iq

(
nE400

Em

)
Ir

(
nE266

Em

)
,

(4)
where Ik (z) denotes the modified Bessel function of order k
and argument z. For sufficiently long pulses, when ionization
continues over several periods of the fundamental harmonic,
the period-averaged ionization rate w̄ is determined only by
terms with p + 2q + 3r = 0 in sum (2). Such terms could be
nonzero only for even q = 2s, which allows us to rewrite the
period-averaged ionization probability (2) as double sum

w̄(t ) ≈
∞∑

r=0

∞∑
s=−∞

(2 − δr0)W|3r+4s|, 2|s|, |r|(t )

× cos [rγ + (r + 2s)ϕ], (5)

where δ jk is the Kronecker delta.
Each term in sum (5) corresponds to a different paramet-

ric channel of ionization [26,27], that is, to a different way
to represent zero frequency as a combination of frequencies
ω800, 2ω800, and 3ω800 with an even sum of coefficients.
Since the coefficients Wpqr decrease quickly with their in-
dices, only a few terms in (5) contribute significantly to the
period-averaged ionization rate. Under the usual experimental
conditions when both second and third harmonics are weaker
than the fundamental ones, only four channels provide main
contributions, r = 0, s = 0, 1 and r = 1, s = 0, −1, which
gives

w̄ ≈ W0, 0, 0 + 2W4, 2, 0 cos (2ϕ) + 2W3, 0, 1 cos (ϕ + γ )

+ 2W1, 2, 1 cos (ϕ − γ ). (6)

The first term W0,0,0 describes the main phase-independent
background and is present even without the second and
third harmonics. The other three terms give the modulation

of ionization rate which is consistent both the phase de-
pendences observed in our experiments and the transitions
between them when changing the intensity ratios I (400)/I (800)

and I (266)/I (800).
Evaluating modified Bessel functions in Eq. (4) numer-

ically for E400/E800 < 1, E266/E800 < 0.5, and 5 < n < 20,
one finds that W4, 2, 0 � W1, 2, 1 + W3, 0, 1 for E266/E800 	
(10 + 5E2

800/E2
400n)−1 and vice versa W4, 2, 0 	 W1, 2, 1 +

W3, 0, 1 for E266/E800 � (10 + 5E2
800/E2

400n)−1. For the com-
mon experimental situations of ionization of molecules with
ionization potential around 10–15 eV by pulses with total
intensity of the level of 1014 W/cm2, one has n ≈ 10. Thus, if
the third harmonic is absent or weak enough, I (266)/I (800) 	
(10 + I (800)/2I (400))−2, then the modulation of ionization rate
with phases is rather small and depends only on the phase
shift ϕ of the second harmonic. The ionization rate is π

periodic over ϕ, which is manifested as the peak at 1.43
PHz in Fig. 3(c) and explains naturally the fact that only this
one peak at 1.43 PHz is observed for two-color pumping.
In the opposite case, I (266)/I (800) � (10 + I (800)/2I (400))−2,
the second term in Eq. (6) is neglectable and the modula-
tion of ionization rate is determined by the last two terms,
appearing much stronger than in the two-color case with-
out third harmonic. Among these two terms, the former,
2W3, 0, 1 cos(ϕ + γ ), is associated with joint ionization by the
fundamental and third harmonics and is almost unaffected
by second harmonic, whereas the latter, 2W1, 2, 1 cos(ϕ−γ ),
requires the presence of all three colors and depends signif-
icantly on I (400). Therefore, the ratio W3, 0, 1/W1, 2, 1 depends
significantly on I (400)/I (800): for a not too strong second har-
monic (with I (400)/I (800) � 0.3), W3, 0, 1 > W1, 2, 1 holds and
the 2D phase dependence is tilted left as in Figs. 4(a) and
4(d) and 5(a) and 5(d); for the stronger second harmonics,
W3, 0, 1 < W1, 2, 1, the phase dependence is tilted right as in
Figs. 4(c) and 4(f) and Figs. 5(c) and 5(f). Note that the
contributions in the ionization rate modulation from the sec-
ond and third harmonics become comparable already at very
low I (266) < 0.01I (800) and I (266) 	 I (400). Note also that the
third harmonic results in 2π -periodic modulation, i.e., pe-
riod doubling as compared to the two-color case, due to the
breaking the mirror symmetry in the three-color fields, which
is manifested as the peak at 0.75 PHz in Fig. 3(c) of the
two upper curves. Such period doubling is very similar to
the one observed previously in the phase dependencies of the
amplitude of generated THz radiation [19].

We also solved the ionization equation numerically and
calculated the final ionization degree σ f = N (t → +∞)/Ng

created by the three-color field (1). In the calculations
below, we use the formula in Refs. [13,17,19,28] for
the ionization rate of the molecular nitrogen, w(|E |) =
4ωaκ

5(Ea/|E |) exp(−2κ3Ea/3|E |), where ωa ≈ 4.13 ×
1016 s−1 and Ea ≈ 5.14 × 109 V/cm are the atomic units of
frequency and field strength, respectively, and κ = √

UN2/UH,
with UH = 13.6 eV and UN2 = 15.6 eV being the ionization
potentials of atomic hydrogen and molecular nitrogen,
respectively.

The calculated dependencies of σ f on ϕ and γ are pre-
sented in Fig. 7 and are consistent with both the experimental
results shown in Figs. 4(a)–4(c) and the analytical Eqs. (4)–
(6). Figures 7(a)–7(c) correspond to the three-color pulses
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FIG. 7. Calculated ionization degree of nitrogen molecules as a
function of the relative phases. (a)–(c) The intensity of the 800-nm
laser field is 1.5 × 1014 W/cm2, and the intensity ratios between the
800-, 400-, and 266-nm pulses are 1: 0.05: 0.008, 1: 0.16: 0.004,
and 1: 0.4: 0.017 for (a)–(c), respectively. In (d), the intensity of the
266-nm pulses is set to be 0 and the other parameters are the same as
those of (c).

with the same intensity ratios as estimated for Figs. 4(a)–4(c),
and Fig. 7(d) presents results for the two-color field with the
same intensities of the 800- and 400-nm field as in Fig. 7(c).
The modulation in three-color cases is much stronger com-
pared to the two-color case in Fig. 7(d) in agreement with the
experimental observations presented in Fig. 3(b) and analyti-
cal formulas obtained for contributions of different parametric
channels. This also can be seen from Fig. 8 which shows
the calculated modulation depth in σ f (difference between
maximum and minimum over on ϕ and γ ) as a function of
I (400) and I (266). As seen, the modulation depth may reach tens
of percent, resulting in a strong enhancement or suppression
of ionization. Although the second harmonic alone (without
the third one) is unable to induce strong modulation, it can
significantly enhance the control effect from the third har-
monic, which makes the three-color pulses containing both the
second and third harmonics more advantageous for coherent
ionization control than the two-color pulses.

In summary, we investigated the ionization of gas
molecules in air by an intense femtosecond laser field con-
sisting of a fundamental frequency and second and third
harmonics. It was found that the ionization rates of both
the HOMO and the HOMO-2 of nitrogen molecules depend
sensitively on the relative phases between the three colors.
For different intensity ratios between the 400- and 800-nm
pulses, the ionization shows a different dependence on the
two phases, manifesting as 2D “strips” tilted left or right. We
simulated the ionization process driven by multiple color laser
fields in the tunnel regime and revealed that the ionization
rate is determined by a series of multiwave mixing terms

FIG. 8. Calculated modulation depth of the final ionization de-
gree produced by the three-color pulse ionizing nitrogen gas as a
function of the second- and third-harmonic intensities, I (400) and
I (266). The heat map shows the absolute modulation (difference be-
tween the maximum and minimum ionization degree over phase
shifts �ϕ and �γ ), and the white solid curves are the level lines.
The blue dotted line and red dashed line mark the boundaries
of the regions where different parametric channels are prominent,
manifesting in different 2D phase diagrams with dominant depen-
dence (i) on the phase sum �ϕ + �γ (“left tilt”), (ii) on the
difference �ϕ−�γ (“right tilt”), or (iii) on the doubled phase
2�ϕ (narrow region along horizontal axis). The blue dotted lines
plotted using analytical conditions derived: I (400)/I (800) = 0.3 and
I (266)/I (800) = (10 + I (800)/2I (400) )−2, and the red dashed lines are
obtained numerically by comparing the corresponding Fourier com-
ponents of the calculated phase dependencies. The fundamental-field
intensity is fixed at I (800) = 1.5 × 1014 W/cm2 and pulse duration
is τp = 35 fs.

(parametric channels of ionization). Depending on the relative
strength of the laser fields, the maximum ionization rate can be
dominated by different wave mixing terms, in good agreement
with our experimental observations. The control of strong
field ionization rates by a three-color scheme is general and
can be applied to other atomic and molecular gases besides to
air. Therefore, the possibility of adjusting the ionization rate
by changing the phase structure of the ionizing field opens dif-
ferent ways to control and optimize laser-matter interactions.
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