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Abstract 

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 20% 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 new 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. 

 
Photoionization of atoms and molecules lays the foundation for strong-field physics effects including the 
generation of high-order harmonics (HHG) and attosecond pulses [1], long-distance filamentary propagation 
[2], emission of microwave to terahertz (THz) electromagnetic waves [3,4], non-sequential double ionization 
and frustrated ionization [5-7], etc. For all these effects, the ionization rate and the corresponding final electron 
density 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 enhanced 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 3 or more colors can be even more beneficial [16-18]. Compared to two-color 
laser field excitation, the three-color scheme provides extra control parameters and has proven its versatility in 
the selection of single harmonic radiation from the comb of high-order harmonics [19], in the coherent control 
of the polarization and chirality of THz pulses produced from air plasma [18], and in the generation of 
supercontinuum ranging from mid-infrared to ultraviolet [17,20]. However, the fundamental process of 
molecule ionization by a phase-controlled three-color laser field has remained largely unexplored. 
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In the present study, we demonstrate both experimentally 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 frequency and its second and third harmonics. We find that the ionization degree of the formed 
plasma, monitored by its fluorescence, changes periodically when the phase shifts between the three harmonics 
are varied. Interestingly, it is also found that the ionization rate presents different dependences 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 contribute to electron tunneling in strong 
multicolor fields. The competition between the three different parametric channels is manifested through the 
complex phase dependences of the ionization rate. For different intensity ratios between the three colors, the 
dominating parametric channels of ionization changes, in agreement with the experimentally observed 
intensity-dependent phase graphs. These findings provide a robust and simple method for enhancing and 
controlling the ionization of atoms and molecules, which is of great significance 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 relative 
phase  between the fundamental pulse and the second harmonic pulse and that between the second 
harmonic and third harmonic ( ) can be precisely controlled by displacement of a fused silica wedge and 
BBO 2. The experimental setup is shown in Fig. 1. The details of the setup and the polarization status of the 
pulses can be found in the Supplemental Materials.  
 
A typical emission spectrum of the air plasma filament is shown in Fig. 2 (a). The observed lines correspond 

to transitions between excited triplet states  and  of neutral nitrogen molecules (the 2nd positive 

system of ) and between the second excited state  and ground state  of nitrogen molecular ions 

(the 1st negative system of ) [21]. In Fig. 2 (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  state. Regarding the emission from neutral nitrogen molecules, it is known that the 
upper molecular state  becomes occupied through collisional excitation of nitrogen molecules in the 

ground state  with energetic electrons [21,22]. Therefore, the corresponding line intensities are linearly 

proportional to the electron density inside the plasma, proportional to the ionization of oxygen molecule since 
its energy bandgap is smaller than that of nitrogen molecules. Here, we select the 337 nm and 391.4 nm lines 
for monitoring, which represent the production of free electrons and nitrogen ions, respectively. 
 
In Fig. 2 (b), we present the dependence of the 391.4 and 337 nm signals when the optical wedge thickness is 
continuously increased in the optical beam path. 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 nm 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  between 800 and 400 nm. A maximum modulation depth of 
~ 20% is routinely observed in the experiments. For comparison, we also presented the results obtained with 
800 and 400 nm laser fields, where the modulation is barely observable. This demonstrated the advantageous 
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of the three-color fields compared with the two-color case. The Fourier transformation of the signals in three-
color pumping in Fig. 2 (b) is presented in Fig. 2 (c). This transformation yields a main peak at 0.75 PHz 
(corresponding to the temporal period of 1.3 fs or the period in phase ) and a secondary peak at 
1.49 PHz (corresponding to the temporal period 0.67 fs or the phase period of ). Their origin will be 
discussed later.  
 
We then investigated the influence of both  and  on the ionization rate. In the experiments, different 
laser intensity 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 locations 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. 2 (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 [23,24]. The measured 
diameter of the filament-drilled pinhole and the laser fluence of the three wavelengths are summarized in the 
Supplemental Material. 
 
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. 2 (b)). The ratio of intensities 

/  was then estimated to be 0.049. The measured dependence of the 337 nm signal on both  and 
 is shown in Fig. 3 (a) in the form of a 2D phase diagram. The corresponding result for the 391.4 nm 

fluorescence is presented in Fig. S1 (a). Here, the maximum ionization signal remains approximately constant, 
and the peaks in the 2D phase diagram shift continuously upon an increase in both  and . In other words, 
a constant  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. 2 (b)). In this case, the incident 800 nm pulse energy was 0.65 mJ. The intensity 
ratio  was estimated to be 0.163. The corresponding results for 337 nm and 391.4 nm fluorescence 
are presented in Fig. 3 (b) and Fig. S2 (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 

 was further increased to 0.397 by increasing the incident 800 nm pulse energy to 1.88 mJ. The 
corresponding results are shown in Fig. 3 (c) and Fig. S1 (c). Now, the maximum ionization remains rather 
constant again, while the peaks shift gradually for a constant . To obtain further insight into the 2D 
phase dependence of Fig. 3 and Fig. S2, we performed 2D Fourier transformation. The corresponding results 
are shown in Fig. 4 and Fig. S3. A series of peaks are observed in the frequency map, with different peaks 
dominating the three regions of the intensity ratio . As will be discussed, these peaks correspond to 
the different parametric channels involved for tunneling ionization.  
 
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 , 

  (1) 

Here,  is the pulse envelope,  is the intensity full-width at half-maximum, 
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 are their peak intensities,  is the speed of light,  is the vacuum permittivity,  
is the fundamental frequency,  is the phase shift between the second and fundamental harmonics, and  is 
the phase shift between the third and second harmonics. The time-varying plasma density  satisfies the 

ionization equation  with zero initial condition at time , where  is the 

initial concentration of neutral particles, and  is the tunnel ionization probability per unit time in the 

static electric field. 
 
Using the multiwave mixing approach from [28], one can find the analytical expression for the period-averaged 
ionization probability 

  (2) 

where  is the Kronecker delta and  are the slow coefficients defined by the intensities of the three 
colors. The detailed derivation of (2) and the expressions for  are given in the Supplemental Materials. 
Each term in sum (2) corresponds to a different parametric channels of ionization [28,29], that is, to a different 
way to represent zero frequency as a combination of frequencies , , and  with an odd sum of 
coefficients. Since the coefficients  decrease quickly with their indices, only a few terms in (2) contribute 
significantly to the period-averaged ionization rate. If the third harmonic is not too small so that 

, only three parametric channels provide the main contributions, i.e., (i) , ; (ii) 
, ; and (iii) ; , which gives 

  (3) 

Equation (3) describes well both the phase dependences observed in our experiments and the transitions 
between them when changing the intensity ratio . The first term in Eq. (3) describes the main 
channel of ionization, which is present even without the second and third harmonics and does not depend on 
their phases. The second term is associated with joint ionization by the fundamental and third harmonics, 
whereas the third term requires the presence of all three colors and depends significantly on the amplitude of 
the second harmonic in contrast to the first two terms. Therefore, the ratio between the amplitudes of the second 
and third terms depends significantly on the ratio : for a relatively weak second harmonic (with 

 less than some critical value of approximately 1/4),  holds and the 2D phase 

dependence is tilted left as shown in Fig. 3 (a) and 4 (a); for the strong second harmonics, , the 
phase dependence is tilted right as in Fig. 3 (c) and 4 (c). 
 
Note that if the third harmonic is absent or small enough so that , then the ionization rate 
becomes almost independent of , whereas the dependence on  is defined by the parametric channels with 

,  in sum (2), . It is interesting that in this case, the ionization rate is -
periodic with respect to  (which is manifested as the peak at 1.43 PHz in Fig. 2(c)), in contrast to the 
prediction of Eq. (3) for the strong third harmonic where the period should be . This period doubling 
originates from breaking the mirror symmetry of the two color fields containing only the fundamental and 
second harmonics due to the addition of the third harmonic. This effect is very similar to the period doubling 
that occurs in the phase dependence of the amplitude of THz radiation generated by the three-color pulse [18]. 
 
We also solved the ionization equation numerically and calculated the final ionization degree 
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 created by the three-color field (1). In the calculations below, we use the formula in Refs. 

[13,16,18,25] for the ionization rate of the molecular nitrogen, , 

where  and  are the atomic units of frequency and field strength, 

respectively, and , with  and  being the ionization potentials of 

atomic hydrogen and molecular nitrogen, respectively. 
 
The dependences of  on phases  and  are presented in Fig. 5 and are consistent with both the 
experimental results presented in Fig. 3 and the analytical Eqs. (2) and (3). In Fig. 5(d), we also presented the 
simulation results for two-color fields containing 800 and 400 nm fields. The ionization modulation is much 
less than the three-color excitation, in agreement with the experimental observation in Fig. 2 (b). Figure S3 
shows the calculated variation in  with phases  and  (difference between maximum and minimum over 
phases) as a function of  and . The variation may reach tens of percent, resulting in a strong 
enhancement or suppression of ionization. The comparison of the first and second term in Eq. (3) and the 
calculation results presented in Fig. S4 show that the relative variation in the ionization rate due to the presence 
of the third harmonic becomes significant for relatively weak 266 nm fields when . It 
should also be noted that the presence of the second harmonic itself (without the third harmonic) does not result 
in substantial variation in the ionization rate since it is defined by weak parametric channels , . 
However, the second harmonic can significantly enhance the control effect from the third harmonic (as is also 
seen in Fig. S4), 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 
consisting 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 nm 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 multiple-wave mixing terms (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 in addition to air. 
Therefore, the possibility of controlling the ionization rate by changing the phase structure of the ionizing field 
opens new ways to control and optimize laser–material interactions. 
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Figure 1 

 
 
Fig. 1. Schematic experimental setup is presented. The details of the setup are presented in the Supplemental 
Materials. The fluorescence of the air plasma was collected by two lenses of  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. 
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Figure 2 

 

Fig. 2. (a) Emission spectrum of the air plasma. The spectral peaks stem from transitions between different 
energy levels of  and . The related vibrational quantum numbers of the upper and lower levels of the 
2nd positive band of  (red arrow) and 1st negative band of  (blue arrow) are indicated. (b) The 337 nm 
and 391.4 nm fluorescence as a function of the phase shift  between the second harmonic and fundamental 
field (proportional to the temporal delay  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 signal 
obtained in three-color case in (b). 
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Figure 3 

 
 

Fig. 3. Dependence of the 337 nm fluorescence signal on the relative phases  and . (a) The signals are 
collected at the front side of the plasma (location A in Fig. 1) and at the rising edge in Fig. 2 (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. 2 (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. 2 (b). The pump pulse energy is 1.88 mJ. 

 
 
 
 

Figure 4 
 

 

 
Fig. 4. The normalized 2D Fourier transform (logarithmic scale) of the experimental signals shown in Fig. 3. 
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Figure 5 
 

 
Fig. 5. 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), (b), and (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).  
 
 
 
 
 
 


