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Abstract: In this work, the femtosecond time-resolved photoelectron spectra and the coupling between the A2Σ+ and
B2Π states of the NO molecule in a strong laser field have been investigated by the time-dependent wave
packet method. We demonstrate that the weak coupling between the A2Σ+ and B2Π states of NO plays a
key role on the peak centered at 0.37 eV of the photoelectron spectra in the 2+1’ channel.
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1. Introduction

Femtosecond laser technology has been widely appliedin the fields of physics and chemistry [1–4]. In the pastdecade, a number of interesting phenomena in the intensefemtosecond laser field, such as above threshold ioniza-tion (ATI) [5, 6], AC-Stark shift [7–9], harmonic generation[10, 11], coherent phenomena [12, 13], and laser-inducedcontinuum structure [14], have been reported. Recently,
∗E-mail: hyangsdu@126.com (Corresponding author)
†E-mail: fcma@lnu.edu.cn

control of chemical reaction has become a hot topic in-femtochemistry [15, 16].As we know, NO has been studied theoretically andexperimentally as one of the most important di-atomicmolecules owing to its significance in atmospheric pol-lution and atmospheric chemistry. The ultrafast dynam-ics of NO in a femtosecond laser field has been investi-gated experimentally and theoretically [17–29]. In 1996,Ludowise et al. obtained the femtosecond time-resolvedphotoelectronic spectrum (PES) of NO by use of (2+1’)multi-photon ionization (MPI) in strong laser fields (pumpat 380 nm, probe at 253 nm). In 2003, Han and coworkersused the time-dependent wave-packet dynamics methodto calculate the femtosecond PES. As a result, they de-
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termined the effect of laser fields on the NO interactionpotentials, and interpreted the phenomena of the poten-tial shifting, and the coupling strength between the C2Πand B2Π states changing, as being caused by “trapped”molecules. Recently, Wang et al. utilized a femtosecondtime-resolved velocity map imaging method combined withmulti-photon ionization to study the optical field modula-tion of NO Rydberg state populations [29].In the experiment [29] two femtosecond pulses referred toas the pump pulse and the probe pulse, were employed.The NO was excited from its ground state (X2Σ+) to alow-lying excited state (A2Σ+ or C2Π) by the pump pulse.The probe pulse subsequently provided enough energy forthe excited NO molecule to transition to the ionic state(X1Σ+). Wang et al. assigned two peaks centered at 0.82and 2.35 eV as the 2+1’ and 2+2 multi-photon ionizations,which are excited to A2Σ+ by one-color photons (pump at408 nm). In the overlap region of the pump and probelights, the 0.37 eV peak was observed when the intensityof the pump laser was higher than 2.9×1012 W/cm2, whichindicates that the Rydberg-valance coupling between theA2Σ+ and B2Π states is a important factor.In this work, the femtosecond PES of NO via 2+1’ MPI(pump at 408 nm, probe at 271 nm) has been calcu-lated and compared with the experimental results. In ourtime-dependent wave-packet dynamics calculation, fourstates (the ground state of the NO molecule: X2Π, the twoexcited states of the NO molecule: A2Σ+ and B2Π, andthe ground electronic state of the NO ion: X1Σ+) wereused. In the following parts, we will use X, A, B, and Ito denote X2Π, A2Σ+, B2Π, and X1Σ+ states, respectively.The potential curves of the NO molecule and the NO ionare shown in Figure 1.

Figure 1. The NO potential curves employed in our calculation [20–
24, 29] .

2. Theoretical method
The time-dependent wave-packet dynamics method hasbeen developed by Han and coworkers to widely studythe non-adiabatic processes and femtosecond ultrafast dy-namics [21–24, 32–35]. Invoking the Born-Oppenheimerapproximation and neglecting the coupling between thecore and the photoelectron, we can write the Hamiltonianfor the vibrational motion of the NO molecule as:

H = − ~2∂22µ ∂R2 I + V (R, t), (1)
where I is the identity matrix, R is the inter-nuclear sep-aration, and µ is the reduced mass of the NO molecule,while the potential matrix V (R, t) for 2+1’ in Eq. (1) canbe explicitly written as:

V (R, t) =



VX VXA 0 · · · · · · 0
VAX VA VAB VAI · · · VAI0 VBA VB · · · · · · 0... VAI ... VI + EI,1 · · · ...... ... ... ... . . . 0... VAI 0 · · · 0 VI + EI,1


,

(2)where the subscripts X, A, B and I represent the groundstate of the NO, the excited states of the NO and theelectronic state of the NO ion, respectively, and VJ (J =X, A, B) refer to the potential energies of the ground stateX2Π and the excited states A2Σ+ and B2Π of the NOmolecule. Here VI can be designated as the potentialenergy of electronic state X1Σ+ of the NO ion. For agiven electronic state of the NO ion, the free electron-ionpair states are described by 40 discrete states. VI + EI,n,(n = 1, 2, . . . , 40), denote the total energies of the discreteset of continuum states in the part of the free electron, and
EI,n, (n = 1, 2, . . . , 40) are the electron kinetic energies forone of the free electronic states of the NO ion. Vij denotesthe coupling between the ground state or the excited stateA2Σ+ of the NO molecule and the electronic state of theNO ion, which can be written as:

Vij = Vji = µij · E(t), (i, j = X, A, J), (3)
where µij and E(t) are the dipole matrix elements and theexternal field, respectively. The dipole matrix element µXAbetween the ground state X2Π and the excited state A2Σ+is assumed to be a function of the internuclear distances[21]. The coupling strengths between bound states andcontinuum states are much smaller than those between
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bound states, which are considered to be about a factor of10 lower than the coupling strengths between the groundand excited states [30, 31]. In our calculation, the couplingbetween ground state and continuum states is omitted.The interaction potential VAB (AB coupling), varying with
R , takes the form of a Gaussian function, which is similarto the BC coupling [21]:

VAB = V × exp(− (R − Rb)2
β2

)
, (4)

where V is the coupling amplitude of the A and B states,
Rb the coupling center position (see Fig. 1) and β thecoupling width. According to the transition rule, couplingbetween the ground state or ionic states and the B2Π stateis forbidden and can be set to 0. The shape of the laserpulse is chosen as:

E(t) =√8πI
c f(t) cosωt, (5)

where
f(t) = exp(− (t − t0)22σ 2

)

is the pulse envelope function, I the laser intensity, c thevelocity of light in vacuum, t0 the central value of the pulse,
ω the central frequency, and σ is relevant to the laser fullwidth at half maximum. The time-dependent Schrödingerequation is solved by the “split-operator-Fourier” method[21–24, 32–35]. The evolution of the wave packets withtime can be expressed as:
Ψ(R, t +4t) ≈ U 12

T (R, t +4t)UVU 12
T (R, t +4t)Ψ(R, t),(6)where UT and UV denote the kinetic and potential en-ergy evolution operators, respectively. The kinetic energyoperator is given by:

UT = exp(− i4 t
~

TR
) = F−1 exp(− i~k2 4 t2µ

)
F, (7)

where F denotes the Fourier transform
F (t) = 1√2π

∫ ∞
−∞

dR ′ exp (ikR ′) f (R ′) . (8)

The potential operator is calculated by:
UV = exp(− iλ4 t

~
V
)

= M exp(− iλ4 t
~

MTVM 4 t
)
MT

M




exp(− iλ14t
~ V

)
· · · 0... . . . ...0 · · · exp(− iλn4t

~ V
)

MT ,

(9)
where M denotes the matrix that diagonalizes the poten-tial matrix V from Eq. (2), the superscript T represents thetranspose of the matrix, and λ1, λ2, . . . , λn are the eigen-values of the matrix V . Therefore, Eq. (6) can be rewrittenas:

Ψ(R, t + n4 t)
≈

n−1∏
k=0 (R, t + k 4 t)UVU 12

T (R, t + k 4 t)Ψ(R, t).
(10)

In this study, the time internal 4t = 0.2 fs was found tobe suitable for convergent results. The parameters, suchas laser wavelengths, beam width and intensity, are thesame as those of the experiment [29], with the exceptionof the AB coupling (adjustable parameter).
3. Results and discussion
The femtosecond time-resolved photoelectron spectra from2+1’ MPI of NO at fixed pump (408 nm) and probe(271 nm) wavelengths for a pump-probe delay time of 0 fsare calculated and shown in Fig. 2. The pump intensitiesare 1.9× 1012 W/cm2, 2.9× 1012 W/cm2, 5.7× 1012 W/cm2and 23.0 × 1012 W/cm2 in Fig. 2a-2d, respectively. Theprobe intensity is 5.7×1011 W/cm2 for all the above cases.From Fig. 2, we can clearly see that though the peak bat 0.82 eV exists for all pump intensities, the peak g at0.37 eV increases with pump laser intensity. It should benoted that the coupling between A and B has to be con-sidered in our calculations. If the coupling is neglected,only peak b, centered at 0.82 eV, remains. Returning toEq. (4), if we assume V and Rb are constants, we findthat β increases with the pump laser intensity, which isin accordance with the experimental results. This indi-cates that the range of the coupling space between A andB expands with pump laser intensity.
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Figure 2. The results of the calculation (left) and experiment (right)
of the femtosecond time-resolved photoelectron spectra
from 2+1’ MPI of NO at fixed pump (408 nm) and probe
(271 nm) wavelengths for a pump-probe delay time of 0 fs
for several pump intensities. (a)-(d) correspond to the
pump laser intensities 1.9×1012 W/cm2, 2.9×1012 W/cm2,5.7×1012 W/cm2 and 23.0×1012 W/cm2, respectively. The
peaks b and g in the experimental data are at 0.82 eV and
0.37 eV, respectively. The thin lines g and b in the calcula-
tion results represent the positions of the peaks at 0.37 eV
and 0.82 eV of the experiment [29], respectively.

In Fig. 2a, the peak b is dominant, while the peak g istoo weak to be observed. As the pump intensity increasesto 2.9 × 1012 W/cm2, as shown in Fig. 2b, the peak g isstill weak but can be resolved from the other small peaks.With further increases of the pump intensity, the peak gbecomes as clear as peak b in Fig. 2c and even strongerthan peak b in Fig. 2d. The results 2a-2d are consistentwith those of the experiment [29]. To improve the reso-lution of the investigation, the energy range from 0.3 to1.0 eV is selected and the calculated results are shownin Fig. 3a-3d. From Fig. 3, a new peak h, centered at0.55 eV, is observed to increase with the pump intensity.It is thought to be mixed with the peak e in Ref. [29] of thephotoelectron spectra of the 1’+2 channel, which cannotbe distinguished from the peak e in the experiment. Bythe above analysis, we conclude that peak b resulted fromthe A state, since the peaks g and h appear only whenthe AB coupling is considered. The three peaks in Fig. 3can be explained clearly by Fig. 4. Following pumping,

Figure 3. Part of the femtosecond time-resolved photoelectron spec-
tra in Fig. 2, ranging from 0.3 to 1.0 eV. The new 0.55 eV
peak h, which wasn’t explained by the 2+1’ channel in
the experiment [29], appears in our calculations and is
marked.

Figure 4. Potential line of the AB coupled state. The letters g’, h’ and
b’ represent three vibrational states of the coupled excited
state.

the wave packet is excited to the A state. However due tothe AB coupling, a new coupled excited state is formed,which is shown as the black line in Fig. 4. The charactersb’, h’ and g’ represent the three different vibrational states,respectively. The probe pulse causes ionization from thevibrational states to the ionic state resulting in three dif-ferent electron energies (0.82, 0.55 and 0.37 eV), whichcorrespond to peaks b, h and g, respectively. Furthermore,we can explain the dependence of the three different peakson the pump intensity.
959



Time-dependent wave packet theoretical study of femtosecond photoelectron spectra and coupling between the A2Σ+ and B2Π states of the NO
molecule in a strong laser field

1. If the AB coupling is neglected, only the peak bexists, that is to say, only the transition betweenthe b’ vibrational level and ionic state occurs.
2. When the pump intensity is weak, the couplingwidth is small. Since the h’ vibrational level isnear to the position (see Fig. 4), it is affected mostand the transition between the h’ vibrational stateand ionic state can occur. As a result, the transi-tion between b’ and ionic state dominates and thetransition from h’ is weak.
3. The stronger the pump intensity is, the larger is.When is large enough, the b’ and g’ vibrational lev-els are both affected. The probability of the transi-tion between the g’ vibrational level and ionic stateincreases, while that of the b’ transition decreases.

Figure 5. The populations of the A and B states with the evolution of
time at different pump intensities. (a)-(d) correspond to the
pump laser intensities 1.9×1012 W/cm2, 2.9×1012 W/cm2,5.7× 1012 W/cm2 and 23.0× 1012 W/cm2, respectively, for
a pump-probe delay of 0 fs.

The effect of a strong field on the coupling can also beillustrated by the population of the A and B states dur-ing the interaction between thepump and probe fields andNO, as shown in Fig. 5. If this coupling is neglected, thepopulation of the B state is zero. As we can see fromFig. 5, as the result of the interaction of the pump pulse,the population of the B state increases. With increasingpump intensity, the population of the B state increasesquickly to a high level in a short time. In other words, theB state has a large population for a long time. The probepulse increases the probability of the transition from the

B state to the ionic state. We can conclude that the cou-pling between the A and B states becomes stronger withincreasing pump laser intensity, which is consistent withthe above statement.
4. Conclusion
In this paper, an accurate quantum mechanical method wasemployed to calculate part of the photoelectron spectrumof the NO molecule (2+1’ MPI). By using the couplingbetween A and B states, the peak g was explained. Thecoupling between the A and B states varying with R takesthe form of a Gaussian function, similarly to the BC cou-pling. The coupling amplitude and center position areconstant, and the coupling width increases with the pumplaser intensity. The effect of a strong field on couplingwas also illustrated by the populations of the A and Bstates during the interaction between the laser fields andNO species.The other peaks (c, d, e, f ) resulting from the 1’+2 channelof the experiment [29] were not studied in the present work.More complete studies of the full photoelectron energyspectra are planned for future investigation.
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