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We prepare N2
+ mostly in the vibrational ground X 2�g

+ state by an ultraviolet 267-nm pulse and create the
free induction decay (FID) of the B 2�u

+ − X 2�g
+(0, 0) transition at 391 nm by a resonant excitation pulse.

By controlling the phase shift of the FID using a near-IR control pulse through the dynamical Stark effect and
rotational coherence, we reveal that the absorption spectrum of this transition, exhibiting a Lorentzian absorption
profile, can be changed into a Fano-type profile, and then, a Lorentzian emission profile, resulting in N2

+ lasing.
Our results shed light on the long-term controversy over the mechanism of strong-field-induced N2

+ lasing and
reveal a general route to achieving amplification of light resonantly interacting with molecular ions without
population inversion.

DOI: 10.1103/PhysRevA.108.033113

I. INTRODUCTION

Generation of coherent and unidirectional light beam re-
motely in air has been anticipated for a variety of applications
such as spectroscopy [1,2], sensing [3,4], and material pro-
cessing [5,6]. Recent advances in strong laser technologies
have made it possible to generate such air lasers by a cavity-
free scheme [7–13]. With the strong-field pumping of N2

[7–12] and O2 [13] in the air, high-gain coherent radiations
have been observed in both backward and forward propaga-
tion directions. In particular, special attention has been paid
to the B 2�u

+ − X 2�g
+ (0, 0) lasing emission of N2

+ at 391
nm induced by intense near-IR laser pulses [10–12,14–20]
because of the external controllability of its population trans-
fer among the three lowest-lying electronic states of X 2�g

+,
A2�u, and B 2�u

+ via a variety of possible processes such as
postionization coupling [14–19] and field-induced recollision
[20] after the multiple photon ionization and/or tunnel ioniza-
tion of N2 [21,22]. On the other hand, whether the optical gain
at 391 nm is ascribed to the population inversion between the
X 2�g

+ (υ ′′ = 0) and B 2�u
+ (υ = 0) states of N2

+ has been
a controversial issue in the past decades [14,15,20,23,24].

In the present study, we prepare N2
+ mostly in the vi-

brational ground X 2�g
+ state by an ultraviolet 267-nm

pulse and report an experimental demonstration of coher-
ent control of the absorption line profile of the resonant
B2�u

+ − X 2�g
+(0, 0) transition by manipulating the phase

of the free induction decay (FID) of N2
+. It has been reported

that, if excitation light is resonant with the optical transitions
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of an absorptive medium, the resultant absorption profile can
change depending on the phase shift of the photoemission
through the FID of the excited atoms/molecules with respect
to the resonant excitation pulse by the Stark effect in atoms
[25,26] or rotational coherence in molecules [27]. However,
these experimental studies were performed mostly with neu-
tral atoms/molecules by spatiotemporal manipulation of the
excitation light in a weak field regime so that the ionization
does not occur. Moreover, coherent control of FID phase in
molecules through the Stark shift has not been reported proba-
bly because the spectral lines are broadened inhomogeneously
to a certain extent by the overlap of rovibronic transition
peaks. Here we demonstrate the phase control of FID in
N2

+ cation in an intense laser field and reveal straightfor-
wardly that the absorption line profile of N2

+ can be changed
from a Lorentzian profile into an asymmetric Fano profile
and then into an inverted Lorentzian profile, representing the
optical gain. We experimentally confirm that the change in
the spectral line shape of the resonant B2�u

+ − X 2�g
+(0, 0)

transition in N2
+ originates from the dynamic Stark effect

and the rotational coherence. Our approach to the FID phase
control of molecular ions by the resonant excitation laser
pulse shows a feature different from previous reports on N2

+

lasing [10–12,14–20] and provide an opportunity to control
FID signals coherently at sufficiently high light field intensity.

II. EXPERIMENTAL SETUP AND BASIC PRINCIPLE

The experimental setup is depicted in Fig. 1(a). The near-
IR (800 nm) laser output of the Ti:sapphire laser system
(Spectra Physics, Spitfire ACE) with a repetition rate of
200 Hz was first frequency-doubled in a β-barium borate
(BBO) crystal having a thickness of 200 µm and a diameter
of 10 mm. The generated second harmonic (400 nm) was then
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FIG. 1. Experimental setup and schematic scheme for the coher-
ent control of the transient absorption of N2

+ in an intense pulsed
laser field. (a) Experimental setup. L: fused silica lens; HR: mirror
with high reflectivity at 800 nm; DM1: mirror with high reflectivity at
400 nm and high transmission at 800 nm; DM2: mirror with high re-
flectivity at 267 nm and high transmission at 400 nm and 800 nm; F:
filter. (b) Non-population-inverted N2

+ prepared by the ionization
of N2 using an intense 267-nm ionization pulse. (c) Symmetric
Lorentzian absorption profile for the B2�u

+ − X 2�g
+(0, 0) transi-

tion probed by a 400-nm excitation pulse, and (d) the modulated
absorption and emission line shapes influenced by an 800-nm control
pulses.

separated from the fundamental near-IR light by a dichroic
mirror with high reflectivity at 400 nm and high transmission
at 800 nm. The near-IR laser beam passed through a temporal
delay line (Thorlabs) and was then combined with the second
harmonic by another dichroic mirror. The combined beam was
used to generate an ionization laser pulse (267 nm, 0.85 mJ)
through the sum frequency in another BBO crystal with a
thickness of 440 µm and a diameter of 10 mm. The remaining
second harmonic pulse was attenuated by a dichroic mirror,
producing an excitation pulse having the pulse energy of
1.5 µJ. The remaining near-IR laser pulse was attenuated using
a half wave plate and a polarizer, producing a control pulse
(800 nm) having a pulse energy in the range 100–500 µJ.
The pulse durations of the ionization (267 nm), excitation
(400 nm), and control (800 nm) pulses were about 160 fs.
The polarization directions of all the ionization, excitation,
and control pulses were set to be parallel to each other. The
ionization, excitation, and control beams were focused respec-
tively by fused silica lenses whose focal length are f = 10 cm
(L1), 15 cm (L2), and 20 cm (L3), and then combined by two
dichroic mirrors (DM1 and DM2) collinearly before being
introduced into a chamber filled with a nitrogen gas at 20
mbar. The time delays among the three pulses were controlled

by two motorized delay stages (Newport) with temporal res-
olution of ∼10 fs, that is, one in the excitation beam line and
the other in the control beam line. The laser pulses exiting
from the gas chamber were first collimated by a f = 15 cm
(L4) fused silica lens. The light pulses at 400 nm separated
by a filter (F) were then focused by a fused silica focal lens
(L5: f = 6 cm) into a grating (1800-grooves/mm) spectrom-
eter (Andor Shamrock SR-303i) coupled with an intensified
charge-coupled detector (ICCD) camera (Andor iStar) whose
gate delay and gate width were set to −5 and 50 ns, respec-
tively. All the spectral data were accumulated over 1000 laser
shots.

Figures 1(b) and 1(c) show a schematic diagram of our
experimental scheme. In the pump step [Fig. 1(b)], the 267-
nm laser pulse ionizes N2 to generate N2

+ whose populations
in the B 2�u

+ (υ = 0) and X 2�g
+ (υ ′′ = 0) states are not in-

verted. Hereafter this pump laser is called the ionization pulse.
In the resonant excitation step [Fig. 1(c)], the broadband
400-nm pulse, covering the B 2� − X 2�g

+ (0, 0) transition
at 391 nm, prepares a coherent superposition of the X 2�g

+

(υ ′′ = 0) and B 2�u
+ (υ = 0) states of N2

+ by resonant ex-
citation, creating the FID signal. The interference between
the excitation pulse and the FID at the resonant frequency
can be monitored by the spectral profile of the absorption
peak, which varies sensitively depending on the shift of the
FID phase ϕ with respect to the phase of the excitation
pulse [25–27]. The relation between the spectral profile of
the absorption peak and the shift of the FID phase ϕ can
be interpreted as follows. The profile of the absorption cross
section σ (E ) of the spectral line with E being the photon
energy E = h̄ω is known to vary as a function of the Fano
parameter q as [28]

σ (E ) = σ0
(q + ε)2

1 + ε2
, (1)

where

ε = (E − E0)

h̄(
/2)
(1.1)

and E0 (=h̄ω0) and 
 are the energy and width of the resonant
electronic transition, respectively. The absorption cross sec-
tion σ (E ) is related to the imaginary part of the polarizability,
and thus, to the imaginary part of the frequency-domain dipole
response function d (E ) as σ (E )�Im [d (E )]. By the Fourier
transform, d (E ) can be related to the FID, D(t ), as [28]

D(t ) = 1

2π

∫ +∞

−∞
dωd

(
ω − ω0


/2

)
eiωt . (2)

Therefore, the Fano parameter q can be related to the phase
shift �ϕ of FID as [25]

�ϕ(q) = 2arg(q − i), or q(�ϕ) = −cot

(
�ϕ

2

)
. (3)

Accordingly, the symmetric Lorentzian absorption line
shape at �ϕ = 2mπ with m being an integer corresponds
to q → ∞. While �ϕ = (2m + 1)π (i.e., q = 0) results in a
negative symmetric Lorentzian absorption line shape, i.e., a
symmetric Lorentzian emission line shape [25]. At any other
�ϕ values, an asymmetric Fano line profile is formed.

In general, without the perturbation by an external field,
the phase shift between the FID and the excitation pulse is
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FIG. 2. (a) The measured intensity of the excitation pulse at
391.37 nm matching the wavelength of the B2�u

+ − X 2�g
+ (0, 0)

transition of N2
+ as a function of the time delay (�t ) between the

ionization pulse (267 nm) and the excitation pulse (400 nm). Inset in
(a): An expanded view of the intensity profile at �t ∼ 0 ps. (b), (c)
Typical emission (b) and absorption (c) spectral profiles at ∼ 391 nm.

�ϕ = 2mπ , and the absorption spectrum exhibits a symmet-
ric Lorentzian shape as shown in Fig. 1(c). We then introduce
the 800-nm pulse as a control pulse to modulate the phase shift
�ϕ through the dynamic Stark effect [25,26] and the rota-
tional coherence [27], which can change the absorption profile
into an asymmetric Fano line shape as shown in Fig. 1(d),
according to Eq. (3). The control pulse can also induce a
transfer of the population from the X 2�g

+ state to the A2�u

state through the optical coupling [14,15].

III. RESULTS

Figure 2(a) shows the signal intensity of the excitation
pulse at 391.37 nm as a function of the time delay (�t )
between the excitation and ionization pulses, in which the
positive and negative intensities represent the emission and
absorption, respectively. The zero time delay (�t = 0) means
that the ionization and excitation pulses overlap temporally.
As shown in the spectrum taken at �t = 8.68 ps [Fig. 2(c)],
significant absorption dips are observed not only at the P
branch head but also at the R branch transitions of the
B2�u

+ − X 2�g
+(0, 0) band. This indicates that N2

+ is pre-
pared by the 267-nm ionization pulse mostly in the electronic
ground state, that is, the population inversion between the
X 2�g

+ (υ ′′ = 0) and B 2�u
+ (υ = 0) states is not achieved

as schematically shown in Fig. 1(c). In Fig. 2(a), the extent of
the absorption decreases gradually after �t = 600 fs, which
reflects the gradual depletion of the population in the X 2�g

+

(υ ′′ = 0) state of N2
+. A periodical baseline oscillation ap-

pearing at �t ∼ 4 ps (surrounded by the dashed rectangle
line) can be interpreted as the rotational revival of N2

+ in the
X 2�g

+ (υ ′′ = 0) state of N2
+ induced by the ionization pulse.

A small positive (emission) peak appearing in the spectrum
taken at �t = 0 [see the upper left inset in Fig. 2(a)] shows
that the lasing emission occurs even when the population

FIG. 3. (a) The spectral line profiles of the B2�u
+ −

X 2�g
+(0, 0) transition of N2

+ at 391.37 nm as a function of
the time delay (�tC) between the ionization (267 nm) and control
(800 nm) pulses. The time delay of the excitation pulse from the
ionization pulse was fixed at �t = 3 ps. (b), (c) The P-branch (b)
and R-branch (c) spectra recorded at �tC = 2.65, 2.81, and 2.89 ps.
(d) The P-branch spectra recorded at �tC = 3.05, 3.49, and 3.93 ps.

inversion is not achieved, exhibiting a marked contrast from
the N2

+ lasing emission created by the 800-nm pump pulse,
lasting for a long delay time range between the pump (800 nm)
and probe (400 nm) pulses [11,20].

Figure 3(a) shows the variation of the signal intensity at
391.37 nm in the presence of the control pulse (800 nm). In
this measurement, �t is fixed at �t = 3 ps as marked by the
vertical dashed line in Fig. 3(a) and the control pulse energy
is fixed at 200 µJ. Hereafter, the temporal delay between the
control and ionization pulses is denoted as �tC. In Fig. 3(a),
the modulations of the absorption signal intensity can be seen
when the control pulse overlaps temporally with the ionization
pulse (�tC = 0 ps) as well as when it overlaps temporally
with the excitation pulse (�tC = 3 ps). The signal modulation
at �tC = 0 (see the area surrounded by the dashed rectan-
gle line) can be attributed to the alignment of N2 induced
by the control pulse, affecting the ionization probability. In
addition, the absorption becomes slightly weaker when the
control pulse is temporally between the ionization and exci-
tation pulses (0 < �tC < 2.6 ps), which can be ascribed to
the population transfer induced by the control pulse from the
X 2�g

+ state to the A2�u state of N2
+ through one-photon

resonance absorption, leading to the population decrease in
the X 2�g

+ state [14–19].
When the control pulse is temporally overlapped with the

excitation pulse (�tC = 3 ps), the absorption is turned into
the emission. Figure 3(b) shows that, when the absorption
is turned to the emission, the spectral line shape changes
from the symmetric Lorentzian profile to the asymmetric Fano
profile, leading to a significant blueshift of the absorption dip.
The spectral line-shape change as well as the blueshift of the
absorption dip can be seen more clearly in the rotationally
resolved R-branch transitions shown in Fig. 3(c). The mod-
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FIG. 4. (a) The intensity of the spectral line at 391.37 nm as a
function of the time delay between the pump (267 nm) and control
(800 nm) pulses measured at different control pulse energies. The
time delay between the pump and excitation pulses was fixed at �t =
3 ps. Inset: The variation in the signal intensities measured at the
time delay of �tC = 2.89 ps. (b) The P-branch spectrum measured
at �tC = 2.89 ps at five different laser energies.

ulation in the spectral profile can also be seen at ∼388 nm
matching the wavelength of the X 2�g

+ (υ ′′ = 1) − B 2�u
+

(υ = 1) transition as shown in Fig. 6.
The emission reaches the maximum intensity at �tC ∼ 3 ps

and then decreases slowly as �tC further increases as shown in
Fig. 3(a). The spectral line profiles of the P-branch head mea-
sured at the three different �tC values in Fig. 3(d) show that
the emission peak does not show a frequency shift in this tem-
poral range and that, as �tC increases to reach 3.49 and 3.93
ps, the intensity of the Fano profile becomes weaker and the
absorption line shape appears more clearly with the narrower
linewidth [see the horizontal double arrows in Fig. 3(d)].

We also measure the intensity variation of the spectral
signal at 391.37 nm at the different control pulse energies
while keeping the time delay at �t = 3 ps. As shown in
Fig. 4(a), as the control pulse energy increases, the absorption
becomes weaker in the delay time range 0 < �tC <∼ 2.65 ps,
which confirms that the A2�u − X 2�g

+ transition can effi-
ciently deplete the population in the X 2�g

+ states. On the
other hand, when the control and excitation pulses temporally
overlap (�tC = 3 ps), the emission intensity first increases
and then decreases. The inset in Fig. 4(a) shows the variation
of the emission intensity measured at �tC = 2.89 ps, where
the maximum intensity occurs at the control pulse energy of
200 µJ. The increase in the control pulse energy also induces
the change in the spectral line profile from the asymmetric
Fano profile to the symmetric Lorentzian profile as shown in
Fig. 4(b).

IV. DISCUSSION

To interpret the above observations, we first examine
the mechanism of the switching between the emission and
the absorption seen in the two-pulse experiments (Fig. 2).
The symmetric Lorentzian absorption line profile obtained
in the time delay range after �t ∼ 600 fs indicates that the
phase shift of the FID with respect to the excitation pulse is

ϕ = 2mπ , so that q → ∞. This means that there is no external
perturbation to change the electronic coherence between the
X 2�g

+ (υ ′′ = 0) and B 2�u
+ (υ = 0) states created by the

excitation pulse, and consequently, the coherence of FID is not
influenced by the ionization process of N2 induced by the ion-
ization pulse in the time delay range �t > 600 fs. However,
when the two pulses temporally overlap (�t = 0), N2

+ pre-
pared by the central and strongest part of the ionization pulse
can interact with the rear part of the same pulse, which induces
energy level shift �E (t ) of N2

+ by the dynamic Stark effect
[26], and consequently, the phase shift �ϕ of the FID with
respect to the excitation pulse according to the relation [25]

�ϕ = −
∫

�E (t )

h̄
dt, (4)

where �E (t ) depends also on the intensity of the ionization
laser field. As seen in Eq. (4), �ϕ can become negative
in the temporally rear part of the ionization pulse. This
means that the negative �ϕ falls in the range �ϕ ∈ (−π, 0),
corresponding to a positive value of q. This will result in
an asymmetric Fano line profile with the emission peak at
the longer-wavelength side of the Lorentzian absorption dip,
which is consistent with the spectrum in Fig. 2(b).

Next, we examine the switching between the emission and
the absorption in the three-pulse experiments shown in Fig. 3.
Because the effect of the ionization pulse on the changes in
the absorption spectrum is negligible in the time delay range
�t > 600 fs as shown in Fig. 2, the resultant emission taking
place at the delay time of around 3 ps can thus be ascribed to
the contribution from the control pulse. However, the spectral
changes shown in Figs. 3(b) and 3(d) exhibit different behav-
iors when the control pulse is before and after the excitation
pulse at �tC ∼ 3 ps. When the control pulse is before the exci-
tation pulse (i.e., �tC < �t = 3 ps), a rotational coherence of
N2

+ in the ground X 2�g
+ (υ ′′ = 0) state can be created by the

control pulse through the nonadiabatic rotational alignment of
N2

+ [27]. This long-lived rotational coherence in the X 2�g
+

(υ ′′ = 0) state can periodically modulate the electronic co-
herence between the X 2�g

+ (υ ′′ = 0) and B 2�u
+ (υ = 0)

states induced by the subsequent excitation pulse, leading to
the FID phase shift. In this case, the change in the spectral line
profile depends on the change in the extent of the alignment
of the N-N molecular axis of N2

+ [27]. This interpretation is
supported by the oscillation in the spectral intensity appearing
in the narrow delay time range 2.89 < �tC < 3.0 ps shown in
Fig. 3(a). It is possible that the rotational coherence induces
alternation of the emission and the absorption with the period
of the molecular rotation. However, in this time delay range of
2.89 < �tC < 3.0 ps, the oscillation signals always appear as
emission, which means that besides the rotational coherence,
the Stark effect induced by the control pulse also contributes
to the change from the absorption profile to the emission
profile.

On the other hand, when the control pulse is after the
excitation pulse (i.e., �tC > �t = 3 ps), the spectral modu-
lation continues for about several picoseconds, but gradually
decreases as �tC increases, which may reflect the decay time
of the FID. That is, the FID emission is modulated by the
control pulse-induced Stark effect at the moment of �tC − �t
after its creation by the excitation pulse. Therefore, as �tC
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increases, the effect of the dynamic Stark effect is expected
to decrease. This is indeed the case shown in Fig. 3(d), where
the absorption spectral linewidth measured at �tC = 3.93 ps
is narrower than that at �tC = 3.49 ps and the intensity of
the asymmetric Fano line profile in the central part of the ab-
sorption profile decreases gradually [see the horizontal double
arrows in Fig. 3(d)].

The dynamical Stark effect on �ϕ can also explain the
results observed in Fig. 4. According to Eq. (4), the negative
phase shift can be strongly influenced by the control pulse
energy. Therefore, the increase in the energy of the control
pulse may transform the absorption line profile from an asym-
metric Fano profile (�ϕ ∈ ((2m−1)π, 2mπ )) to a Lorentzian
emission profile (�ϕ = (2m−1)π ), resulting in the variation
in the line profile shown in Fig. 4(b). The observation that
the emission intensity does not increase monotonically with
the increase in the control pulse energy [see the inset of
Fig. 4(a)] may result from the decrease in the population in
the X 2�g

+ (υ ′′ = 0) state through the population transfer via
the X 2�g

+ − A2�u (0, 0) transition. This process is enhanced
as the control pulse energy increases, leading to a decrease
in the net population in the coherent superposition of the
X 2�g

+ (υ ′′ = 0) and B 2�u
+ (υ = 0) states and weakening

the amplitude of the emission Fano line profile. The variation
in the emission intensity may originate also from the spatial
ununiformity of the Gaussian intensity distribution of the con-
trol pulse in the plane perpendicular to the laser propagation
direction, leading to a spatial FID phase change by the dy-
namic Stark effect, and consequently to the modification of
the wave front and beam divergence (see Ref. [26]).

In order to model the 800-nm-controlled absorption of a
400-nm laser pulse by N2

+ and further verify the contribu-
tion of the dynamical Stark effect induced by the control
pulse for generating N2

+ lasing without population inver-
sion, we consider a minimal three-state model consisting of
the X 2�g

+ (υ ′′ = 0) state, the A2�u (υ ′ = 2) state, and the
B 2�u

+ (υ = 0) state. Overall rotation of N2
+ is neglected. We

consider the time-dependent Schrödinger equation (TDSE)

ih̄
d

dt

⎛
⎝cX0(t )

cA2(t )
cB0(t )

⎞
⎠ =

⎛
⎝ εX0 dX0A2(t ) dX0B0(t )

dX0A2(t ) εA2 0
dX0B0(t ) 0 εB0

⎞
⎠

×
⎛
⎝cX0(t )

cA2(t )
cB0(t )

⎞
⎠, (5)

where ck (t ) is the time-dependent coefficient of state k, εk

is the energy of state k, and dX0A2(t ) = −F (t ) sin θμX0A2,
dX0B0(t ) = −F (t ) cos θμX0B0 are the time-dependent A2�u −
X 2�g

+ and B2�u
+ − X 2�g

+ couplings expressed in terms of
the laser field F (t ), the angle θ between the N-N molecu-
lar axis and the polarization direction of the laser field, and
the transition dipole moments μ jk . The state energies (εA2 −
εX0 ≈ 1.58 eV and εB0 − εX0 ≈ 3.17 eV) are calculated from
the Morse potential parameters given in [29], and the tran-
sition dipole moments (μX0A2 = 0.249 D and μX0B0 = 1.52
D) are calculated from the transition dipole curves reported in

[30,31]. The laser field is expressed as

F (t ) = F 0
ex exp

(
−2 ln 2t2

τ 2
ex

)
cos (ωext )

+ F 0
ctrl exp

[
−2 ln 2(t − �tcex)2

τ 2
ctrl

]
cos (ωctrlt ), (6)

where F 0
ex and F 0

ctrl are the peak field strengths of the excitation
pulse and the control pulse, respectively, τex and τctrl are the
pulse durations (full width at half maximum), ωex and ωctrl

are the angular frequencies, and �tcex is the delay between
the control pulse and the excitation pulse.

We solve the TDSE (5) from t = ti = −10 ps to t = 10 ps
with the initial conditions cX0(t = ti ) = 1, cA2(t = ti ) = 0,
and cB0(t = ti ) = 0, corresponding to ionization of N2 into
the X 2�g

+ (υ ′′ = 0) state of N2
+ by the 267-nm ionization

pulse. The interaction of N2
+ with the 267-nm ionization

pulse is not included in the simulation. We calculate the time-
dependent dipole moment D(t ) created by the motion of the
B2�u

+ − X 2�g
+ wave packet,

D(t ) = 2Re[c∗
X0(t )cB0(t )μX0B0]. (7)

The delay-dependent transient absorption response func-
tion S(ω) is defined as [32]

S(ω) = 2Im[D̃(ω)F̃ ∗(ω)], (8)

where D̃(ω) is the Fourier transform of the induced dipole
D(t ), and F̃ ∗(ω) is the complex conjugate of the Fourier
transform of the laser field F (t ). The response function S(ω)
represents the absorption probability at the frequency ω. A
negative value of S(ω) corresponds to the emission and a
positive value of S(ω) to the absorption. To model the final
lifetime of the FID, the induced dipole moment D(t ) is multi-
plied by an exponentially decaying function e−t/T with T = 1
ps before performing the Fourier transform.

In Fig. 5, we show the negative response function −S(ω)
as a function of the wavelength for three values of the delay
time, �tcex = −500 fs, 0 fs, and 500 fs. We show the negative
of S(ω) to allow an easier comparison with the experimentally
measured spectral line profiles in Fig. 3. Negative values
of −S(ω) correspond to absorption, and positive values of
−S(ω) correspond to emission. In the simulation, we assume
the alignment angle of θ = 45◦, the pulse durations of τex =
τctrl = 160 fs, the angular frequencies of ωex = 4.816 rad/fs
(corresponding to a wavelength of λex = 391.1 nm) and
ωctrl = 2.355 rad/fs (corresponding to a wavelength of λctrl =
800 nm), and the peak light field strengths of F 0

ex = 8.7×10−3

V/Å (corresponding to a peak intensity of 1×109 W/cm2)
and F 0

ctrl = 2.7 V/Å (corresponding to a peak intensity of
1×1014 W/cm2).

We can see clearly in Fig. 5 that the spectral shape of
the response function changes as a function of the delay
time between the control pulse and the excitation pulse. At
�tcex = −500 fs, corresponding to the situation in which the
800-nm control pulse comes before the excitation pulse,
−S(ω) has a Lorentzian shape. On the other hand, at �tcex =
0 fs, corresponding to the full temporal overlap of the con-
trol and excitation pulses, as well as at �tcex = 500 fs,
corresponding to the situation in which the control pulse
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FIG. 5. Negative absorption signal −S(ω) calculated for the
three-level model of N2

+ exposed to a 391-nm excitation pulse
(160 fs, 109 W/cm2) and an 800-nm control pulse (160 fs,
1014 W/cm2). (a) The delay between the 800-nm control pulse and
the 391-nm excitation is �tcex = −500 fs (the control pulse comes
before the excitation pulse). (b) �tcex = 0 fs (the control and ex-
citation pulses overlap temporally). (c) �tcex = 500 fs (the control
pulse comes after the excitation pulse). S(ω) is normalized so that
the maximum of S(ω) equals 1 in (a). The same normalization scale
is applied in all the three panels.

comes after the excitation pulse, −S(ω) exhibits an asymmet-
ric Fano profile. The theoretical line profiles in Figs. 5(a)–5(c)
reproduce well the recorded experimental line profiles shown
in Figs. 3(b) (2.65 ps), 3(d) (3.05 ps), and 3(d) (3.49 ps),
respectively. The theoretical simulations demonstrate that the
phase shift of the FID can be well explained by the dynamical
Stark effect induced by the control pulse.

Finally, in order to verify that the manipulation of the FID
phase of molecular ions by the strong-field laser pulse is a
universal phenomenon and can be simultaneously triggered
at different wavelengths, we measured the spectral band at
∼388.3 nm, matching the wavelength of the B2�u

+ − X 2�g
+

(1, 1) transition of N2
+ with the three-pulse scheme for the

two delay times at �tC = 2.69 ps and 2.97 ps respectively.
As shown in Fig. 6, the spectral line at ∼388.36 nm shows
an absorption profile at �tC = 2.69 ps, which changes into an
emission profile at �tC = 2.97 ps in a similar manner as in the
case of the spectra shown in Fig. 3(b) for the B2�u

+ − X 2�g
+

(0, 0) transition at 391.37 nm. However, the contrast of the
spectral profile shown in Fig. 6 is lower than that shown in

FIG. 6. The spectral profile at ∼388.3 nm, corresponding to the
B2�u

+ − X 2�g
+(1, 1) transition, recorded respectively at the delay

time of �tC = 2.69 and 2.97 ps. The time delay between the excita-
tion pulse with respect to the pump pulse was fixed at �t = 3 ps and
the pulse energy of the control pulse was fixed at 200 µJ.

Fig. 3(b). This may be ascribed to the smaller net population in
the coherent superposition of the X 2�g

+ (υ ′′ = 1) and B 2�u
+

(υ = 1) states created by the excitation pulse when compared
with that in the coherent superposition of the X 2�g

+ (υ ′′ = 0)
and B 2�u

+ (υ = 0) states [33].

V. CONCLUSIONS

In summary, we have proposed a scheme of manipulating
the phase shift of the FID of N2

+ with respect to the control
pulse to control the spectral line profile from a symmetric
Lorentzian profile to an asymmetric Fano profile. We have
also revealed that both the dynamical Stark effect and the
rotational coherence contribute to the FID phase shift of N2

+

and that the mechanism of the emission of N2
+ at 391 nm

exhibiting the Fano-type emission profiles induced by the
near-IR control pulse in the present study is different from
the mechanism of the emission of the population-inverted N2

+

exhibiting a symmetric Lorentzian line shape [10–12,14–20].
We have shown clearly that the emission at 391 nm can be
created even when the population inversion is not achieved
between the X 2�g

+ (υ ′′ = 0) and B 2�u
+ (υ = 0) states and

demonstrated a general scheme by which coherent emissions
at high intensity can be controlled by the FID phase shift in
molecular ions.
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