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Photoelectron imaging on vibrational excitation and Rydberg
intermediate states in multi-photon ionization process of

NH3 molecule∗
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The ionization processes of NH3 molecule are studied by photoelectron velocity map imaging technique in a linearly
polarized 400-nm femtosecond laser field. The two-dimensional photoelectron images from ammonia molecules under
different laser intensities are obtained. In the slow electron region, the values of kinetic energy of photoelectrons corre-
sponding to peaks 1, 2, 3, and 4 are 0.27, 0.86, 1.16, and 1.6 eV, respectively. With both the kinetic energy and angular
distribution of photoelectrons from NH3 molecules, we can confirm that the two-photon excited intermediate Rydberg state
is A∼1 A′′2 (v′2 = 3) state for photoelectron peaks 2, 3, 4, and the three peaks are marked as 1223 (2+2), 1123 (2+2), and
1023 (2+2) multi-photon processes, respectively. Then, peak 1 is found by adding a hexapole between the source chamber
and the detection chamber to realize the rotational state selection and beam focusing. Peak 1 is labeled as the 1323 (3+1)
multi-photon process through the intermediate Rydberg state E∼1A′1. The phenomena of channel switching are found in the
slow electron kinetic energy distributions. Our calculations and experimental results indicate that the stretching vibrational
mode of ammonia molecules varies with channels, while the umbrella vibration does not. In addition, we consider and
discuss the ac-Stark effect in a strong laser field. Peaks 5 and 6 are marked as (2+2+1) and (2+2+2) above threshold
ionization processes in the fast electron region.
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1. Introduction

With the development of the ultra-fast laser pulse
technique,[1] the ionization of atoms and molecules in intense
laser fields have attracted considerable attention. The interac-
tions between an ultra-fast laser and molecule produce many
physical phenomena such as multi-photon ionization (MPI),[2]

non-sequential double ionization (NSDI),[3] high-order har-
monic generation (HHG),[4] and Coulomb explosion (CE).[5]

The excited state dynamics of molecules can be studied by the
MPI method and resonance-enhanced multi-photon ionization
(REMPI) technique, which greatly contributes to the under-
standing of decay dynamics of excited states (usually Rydberg
states).[6] In recent years, the use of a femtosecond laser to de-
velop photoelectron velocity imaging has become a powerful
tool for the detection of molecular MPI processes.[7,8] Li et al.
have revealed the dynamics of the singlet state (s-1), the first
excited state of o-dichlorobenzene, through using the time-
of-flight mass spectrometric method and photoelectron veloc-

ity imaging technique.[9] We know that ionization process is
an MPI process when the Keldysh coefficient is r > 1.[10]

The MPI includes the above threshold ionization (ATI)[11] and
REMPI.[12] During molecular ionization, dynamical informa-
tion can be effectively obtained by detecting a photoelectron
spectrum. However, molecular ionization is very complicated
in a strong laser field. To better understand the ionization pro-
cesses of molecules, we also need to extract angular distribu-
tion and kinetic energy distribution of photoelectrons from the
photoelectron images.[13,14] For many years, NH3 molecular
ionizing processes have been widely investigated in a strong
laser field.[15–18] NH3 is a typical umbrella-type molecule, and
the large amplitude of reversal motion makes its structure more
complex than those of PH3, SbH3, and other molecules in the
low frequency region. In 1978, Colson et al. studied the ex-
cited state dynamics of the NH3 molecule for the first time.
New electronic states of the NH3 molecule were discovered
by the (2+2) REMPI technique.[19] In 2009, Paul Hockett et
al. extracted the rotary-resolved photoelectron images through
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multi-atomic ionization. The photoelectron angular distribu-
tion related to the formation of the NH3 single rotating en-
ergy level has been extracted and analyzed.[20] In 2000, Xie et
al. have used nanosecond and femtosecond lasers to study the
resonance-enhanced multi-photon ionization (REMPI) photo-
electron spectrum of NH3 and also explained these multi-
photon ionization (MPI) processes in detail.[17] In 2004, Meng
et al. have confirmed that multi-photon process is a result of
potential energy surface movement caused by the strong field
effect according to time-dependent wave packet dynamics.[21]

Then, the E∼ state of ammonia was also widely studied. The
E∼1A′1 state of the NH3 molecule was first identified by Col-
sonn et al. in the REMPI experiment[22] Ashfold et al. have
used the two-photon REMPI of 275 nm–248 nm to further
study the E∼1A′1 state.[23,24]

In our work, the ionization information about the NH3

molecular beam is detected by velocity map imaging (VMI)
in a strong femtosecond laser field at 400-nm wavelength. We
extract the kinetic energy distributions (KEs) and photoelec-
tron angular distributions (PADs) from the photoelectron im-
ages of NH3 molecules according to different laser intensities.
A 1-m-long hexapole is chosen to realize the rotational state
selection and beam focusing. In the KEs of photoelectrons,
we observe four peaks at 0.27, 0.86, 1.16, and 1.6 eV within
the energy of a single photon from REMPI processes, and two
peaks beyond the energy of a single photon (3.1 eV) are gen-
erated from ATI process. We further explain the REMPI and
ATI process of the NH3 molecule by analyzing the KEs and
PADs of photoelectrons.

2. Experiment
In the experiment, we use a Ti:sapphire amplification

laser system to generate a linearly polarized laser pulse with a
central wavelength of 800 nm. The pulse width is 50 fs with
the output energy of 4 mJ at the 1-kHz repetition rate. The
polarization direction of the laser beam is parallel to VMI.
We use BBO crystals to change the wavelength of the laser
from 800 nm to 400 nm. Because the output of horizontally
polarized laser is converted into vertical polarization by the
BBO crystal, a half-wave plate is added to the output laser
to make it horizontally polarized. We use a λ/2 wave plate
and a Glan prism to adjust laser intensity. The laser inten-
sity was calibrated by measuring the energy shifts of the non-
resonant ATI peaks of Xe under the same experimental con-
ditions. The range of laser energy is 1.01× 1013 W/cm2–
1.01×1014 W/cm2.

The experimental apparatus consists of a beam source
chamber, a hexapole chamber, and a detector chamber. The
molecular beam (1% NH3 mixed in Ne) is ejected through
the pulse valve in the beam source chamber, interacts with the

electric field of the hexapole chamber, and finally reaches the
detection chamber. The pulse valve repetition rate is 1000 Hz,
and the pulse valve opening time is set to be 20 µs. In the
experiment, laser beam is focused into the interaction zone of
the detector through a convex lens with a focal length of 25 cm
and interacts with the molecular beam. The resulting photo-
electrons are accelerated by the repeller (R) and extractor (E)
of the electrostatic lens system in the detection chamber and
projected onto the dual-microchannel plate detector at the end
of the flight. The photoelectron signal is recorded by a CCD
camera connected to a computer, and the original photoelectric
information is read and saved on the computer. The specifica-
tion and equipment details of this experiment are described in
Ref. [25].

3. Results and discussion
We calculate the vibrational energy values for the X∼

state of NH+
3 . Table 1 shows the vibrational energy levels ob-

tained by the following equation[17] and from Ref. [26]:

Ev1v2 = ω1(v1 +1/2)−ω1χ1(v1 +1/2)2

+ω2(v2 +1/2)−ω2χ2(v2 +1/2)2, (1)

where ω1 = 3376.6 cm−1, ω1χ1 = 23 cm−1, ω2 = 849.3 cm−1,
and ω2χ2 = 16 cm−1.

Table 1. In non-ponderomotive force case, values of energy needed for am-
monia molecule to transform from the X∼ state to different vibration levels
of (upper) A state and (lower) ammonia ion.

NH3 (A∼)v′2

V ′2 = 0 V ′2 = 1 V ′2 = 2 V ′2 = 3 V ′2 = 4 V ′2 = 5

Excitation
5.73 5.83 5.95 6.06 6.17 6.29

energy/eV

NH+
3 (X∼)v2

Ionization
V2 = 2 V2 = 3 V2 = 4 V2 = 5

energy/eV

V1 = 0 10.64 10.73 10.82 10.91
V1 = 1 11.04 11.14 11.24 11.32
V1 = 2 11.46 11.55 11.64 11.73
V1 = 3 11.86 11.95 12.04 –

Table 1 shows the calculation results of different vibra-
tion levels of the umbrella vibration mode v′2 in the excited
state A∼ of NH3, and the N–H stretching vibration v1 and um-
brella vibration v2 in the X∼ state of NH+

3 . We use vn
1vm

2 to
represent the continuous vibrational states, denoted as 1n2m,
where n and m represent the vibrational quantum numbers.
In the experiment, the energy of a single photon is 3.1 eV,
the ionization energy of ammonia is 10.18 eV, and the total
energy of four photons is 12.4 eV. Because the NH3 ground
state, intermediate state, and pre-dissociation state are from a
similar geometric configuration, the ∆v = 0 transition mainly
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occurs. Using calculations, kinetic energy distributions, and
angular distributions of photoelectrons from ammonia in this
experiment, the multi-photon resonance ionization processes
are shown in Fig. 1.

The processes, according to our calculation and exper-
iment, are shown in Fig. 1. In the first three channels,
molecules absorb 2 photons from the ground state to the A
state and then absorb 2 more photons to the different energy
levels of continuous state. In the last channel, molecules ab-
sorb 3 photons from the ground state to the E state and still
absorb one more photon to the continuous state.
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Fig. 1. Vibrational levels in different excited states of NH3 and NH+
3 without

the existence of ponderomotive force potential. Single arrow represents the
energy of a photon, and double arrow refers to the detected kinetic energy
(KE) of electrons.

We measure the photoelectron velocity map images of the
NH3 molecule induced by a strong femtosecond laser. We
choose neon as a carrier gas. The ionization energy of neon
is 24.83 eV, and the ionization energy of NH3 is 10.18 eV.
Thus, carrier gas does not affect the molecules under investi-
gation. There are no other ionic fragments in this laser range,
which ensures that the electrons are ionized by the parent. Fig-
ure 2 shows two-dimensional photoelectron images of ammo-
nia from REMPI and ATI processes.

Two completely different bright or dark ring structures
are observed in two-dimensional photoelectron velocity im-
ages. The left-right asymmetry images in Fig. 2 are due to the
efficiency of the detector. We rotate the detector, not including
the CCD camera, 180◦ and perform the experiment again. By
comparing two sets of images, the inverse efficiency effect be-
tween “left” or “right” half parts of the detector is obvious. In
Figs. 2(a)–2(g), laser intensity varies from 1.01×1013 W/cm2

to 3.8× 1013 W/cm2, and the images of photoelectrons are
mainly due to the multi-photon resonance ionization processes
of the NH3 molecule. When laser intensity is relatively low,
a bright ring structure near the center gradually disappears as
laser intensity increases. This bright ring is defined as chan-
nel 1. The multiple bright ring structure, which is located far
from the center, is clearly visible; we can define the inner ring
as channels 2, 3 [they are distinguished as 1223 (2+ 2) and
1123 (2+ 2) multi-photon processes through energy calcula-
tions], and the outer ring as channel 4. With an increase in the
laser intensity, it is observed that inner rings gradually become
weaker and the outer rings become more enhanced, which oc-
curs because the main photoelectron population converts from
channels 2, 3 to channel 4. When the laser intensity varies
from 3.8×1013 W/cm2 to 1.01×1014 W/cm2, the ATI gradu-
ally occurs, and the dark ring-like structure appears.
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Fig. 2. Photoelectron images of NH3 molecules. The laser wavelength is 400 nm, and the intensity range is 1.01× 1013 W/cm2–1.01×
1014 W/cm2. (a)–(n) Corresponding photoelectron distribution images with the laser intensity of 1.01, 1.27, 1.52, 1.90, 2.53, 3.17, 3.80, 4.43,
5.07, 5.70, 6.30, 7.60, 8.87, 10.10×(1013 W/cm2). Horizontal and vertical coordinates are x and y pixels of CCD, respectively, and the direction
of laser polarization is represented by arrows.
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We extracted the KE values of photoelectrons from raw
images, which are shown in Figs. 3 and 4. When the energy
of a single photon is large, the molecular ionization processes
corresponding to the slow electron region are relatively simple
where the kinetic energy is less than the energy of a photon.
In Fig. 3, there are four peaks. Peak 1 is observed only at the
low laser intensity and disappears at the relatively high laser
intensity. For peaks 2, 3, and 4, when the laser intensity in-
creases, it is determined that peak 2 gradually weakens, peaks
3 and 4 gradually strengthen, and peak 4 finally becomes the
most significant. This occurs because at high laser intensity,
photoelectron population switches from channels 2 and 3 to
channel 4. Finally, peak 4 becomes more pronounced and has
the largest photoelectron population. This observation is con-
sistent with the phenomenon shown in Fig. 2. Peaks 5 and 6
appear when the laser energy reaches the corresponding fast
electron region as shown in Fig. 4. In fact, peak 6 is barely
visible in Fig. 2 because it needs one more photon than peak
5 and two more photons than peak 4 to induce peak 6. Peak 5
is already much weaker than peak 4, and peak 6 is also weak.
In addition, peak 6 is located in the cut of CCD images, and
camera efficiency also becomes low.
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Fig. 4. Kinetic energy distributions of fast electrons within the range of
3.1 eV–10 eV with laser intensities being 1.01, 1.27, 1.52, 1.90, 2.53, 3.17,
3.80, 4.43, 5.07, 5.70, 6.30, 7.60, 8.87, and 10.1×(1013 W/cm2).

Figure 3 shows that KE values of photoelectrons have
four major peaks with the values of 0.27, 0.86, 1.16, and

1.6 eV, respectively. According to the NH+
3 energy values of

different vibration modes shown in Table 1, the corresponding
four peaks are marked as 1323, 1223, 1123, and 1023, respec-
tively. For example, for 1023, which corresponds to peak 4,
we use the energy of four photons minus the calculated energy
of 1023, which produces the final result of 1.67 eV; our exper-
imental kinetic energy is 1.6 eV. Owing to the influence of the
Stark shift, the energy values of the excited states and the con-
tinuous states vary at the same time; however, the ionization
energy does not change. As shown in Fig. 3, the kinetic en-
ergy values of the four peaks corresponding to different laser
intensities also remain basically unchanged. We know that the
vibration modes of NH3 (A∼) are umbrella bending long se-
ries. According to the Frank–Conton factor, the dominant vi-
bration modes in the vibrational states of NH+

3 (X∼) are also
umbrella bending long series. Owing to the ac-Stark effect
in a strong field,[27] the ponderomotive force potential (Up)
is generated, and Up is proportional to the laser intensity I.
Thus, the energy lines of Rydberg states move up with the
increase in the laser intensity. The NH3 molecule needs to
absorb more photons to be ionized, and the extra photon en-
ergy absorbed, which is more than the ionization energy, will
eventually be converted into the kinetic energy of the electron.
Therefore, from Table 1, we can also calculate that the inter-
mediate state 1323 multi-photon process only exists in the case
of low laser intensity, which ensures that the total energy is not
greater than 12.4 eV when we add Up to Ev1v2 (the value for
1323 is 11.95 eV).

Peak 1 occurs because the NH3 molecule absorbs three
photons from the ground state to the excited states NH3 (E∼)
and then absorbs one more photon to the continuous state 1323,
which generates photoelectrons marked as the 1323 (3 + 1)
resonance-enhanced multi-photon process (see Fig. 9), and
the (3+ 1)-multi-photon processes are inhibited at high laser
intensity. Peaks 2, 3, and 4 are derived from the resonance
processes in which NH3 molecules absorb two photons from
the ground state to the excited NH3 (A∼) ν ′2 = 3 states; then,
photoelectrons are generated when NH3 molecules take up
two photons from the excited state to the reionization states
of NH+

3 , which are (2+ 2)-resonance-enhanced multi-photon
processes. The NH3 from the ground state is excited to NH3

(A∼) ν ’2 = 3 when there is no ponderomotive force potential
energy, which needs to absorb 6.06 eV. The ponderomotive
force adds a minimum of 0.15 eV to the potential energy when
laser intensity is 1× 1013 W/cm2. The (2+ 2)-REMPI pro-
cesses have the same initial state and intermediate resonance
state but different vibrational levels in the continuous states de-
noted as 1223, 1123, and 1023. We know that 1323, 1223, 1123,
and 1023 are different vibrational energy levels in the X∼ state
of NH+

3 , which means that the N–H stretching mode moves
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in the high frequency direction, while the umbrella mode does
not change, because the ponderomotive force potential energy
changes the potential energy surface of the ions along the N–
H stretching direction. This stretching vibration effect causes
switch among the NH3 molecular ionization channels as seen
from KEs; the peaks of 1223 and 1123 gradually weaken, and
the peak value of 1023 gradually increases with laser intensity
increasing.
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Fig. 5. Angular distributions of peaks 1, 2, 3, and 4, corresponding to
1.01×1013 W/cm2 laser intensity.

To clearly identify the multi-photon processes corre-
sponding to the four peaks in the low energy region, it is neces-
sary to extract the angular distributions from original images.
In Fig. 5, the angular distribution of peak 1 differs from those
of peaks 2, 3, and 4; thus, the intermediate state of peak 1
is inconsistent with the intermediate state of other peaks. In
addition, in the range of laser intensities, our measurements
show that the ponderomotive force potential (Up) varies from
0.15 eV to 1.5 eV. Because the minimum energy of Rydberg
state E without an external field is 9.04 eV, the three photon en-
ergy values are all 9.3 eV; ammonia molecules are excited di-
rectly into the E-state at low laser intensity. Peak 1 should be a
multi-photon process so that the ammonia molecule absorbs 3
photons to reach the intermediate Rydberg state of E∼ and then
absorbs 1 photon to reach the continuous state. In addition, the
lifetime of A∼ Rydberg state is on a femtosecond scale and
that of E∼ is on a picosecond scale; thus, E is more stable.
With the increase in the laser intensity, owing to the influence
of Up, the energy of the E Rydberg state is greater than 9.3 eV,
and three photons can no longer excite the molecule to the E
Rydberg state; thus, the channel is closed. In addition, the con-
tinuous state moves to the ionization off-line of NH2 under the
influence of Up, and NH+

3 will further dissociate into NH2 (the
IP of NH2 is 12.0 eV);[28,29] thus the channel of peak 1 dis-
appears. This is consistent with the observed phenomenon in
the images. All above mentioned results and analyses confirm
that peak 1 should be marked as the (3+1) process rather than
the (2+ 2) process. Moreover, we can observe peak 1 when

a hexapole is used to focus the molecular beam, and electrons
with small kinetic energy are also detected. The hexapole gen-
erates an inhomogeneous electrostatic field; thus, one can re-
alize rotational state selection and molecular beam focusing.
In the experiment, a relatively pure |222〉 state can be obtained
when the hexapole voltage is 7.8 kV, and a five-time signal en-
hancement is achieved through beam focusing. The detailed
references are available in our previous work.[30,31]

Compared with the existing experimental results,[17]

peaks 2, 3, and 4 should be (2+ 2)-MPI processes; specifi-
cally, the ammonia molecule absorbs 2 photons and is excited
to an intermediate state (A∼ Rydberg state) and then again ab-
sorbs 2 photons to reach the continuous state. Moreover, the
angular distributions of the three peaks are basically consis-
tent, which indicates that neither the initial state nor the A∼

intermediate state changes, and only the reached continuous
states are different. Figure 6 shows that the maximum values
of peak 4’ PADs gradually change from approximately 28◦ or
152◦ to approximately 20◦ or 160◦ with laser intensity increas-
ing. This observation indicates that laser intensity has almost
no effect on angular distribution; only the potential energy of
the intermediate state slightly changes under the action of an
external field, and the orbits become slightly wider.
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Fig. 6. Angular distributions of peak 4 at different laser intensities.

Peaks 5 and 6 originate from ATI processes; electron ki-
netic energy peaks are formed by absorbing one more photon
and two more photons, which are denoted as [(2+2)+1] pro-
cess and [(2+ 2)+ 2] process, respectively. ATI is character-
ized by the appearance of similar electron peaks in the photo-
electron spectrum approximately one photon energy position
apart. It is observed that the more the adsorbed photons is and
the stronger the laser field becomes, the smaller the electronic
signal is and the greater the proportion of obtained ATI is in
the total electrical signal. This is the inevitable result of MPI
process. In addition, one cannot distinguish discrete peaks,
which results in the multiple peaks being superimposed mutu-
ally. At the same time, an electron correlation effect appears
with laser intensity increasing, and the interference between
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electrons also leads the peak 5; 1223, 1123, and 1023 to be su-
perimposed together, forming a large peak, and so does peak 6.
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According to the existing experimental results,[17] peak 5
should be contributed to from three discrete vibrational ex-
citation processes. The energy distribution is from 4.0 eV
to 4.8 eV, which is slightly over the sum of peaks 2, 3, and
4. However, we do not obtain discrete peaks’ structure in
Fig. 3. Nevertheless, we still provide the angular distribu-
tions of different values of kinetic energy in the case of dis-
crete peaks as shown in Fig. 7 because those are mentioned
in Ref. [17]. Thus, we observe that their angular distributions
are almost the same as those of peaks 2, 3, and 4. Then, we
compare the angular distribution of peak 4 with those of peaks
5 and 6 in Fig. 8. The angular distributions of peaks 4 and 5

are only slightly different, which confirms that our result for
peak 5 is a sum of 1223, 1123, and 1023 processes, and the
three processes are superposed together to form a large peak.
We know that the photoelectrons from ATI processes inter-
fere with each other;[12] thus, we cannot experimentally obtain
1223, nor 1123, nor 1023 splitting peak.
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Fig. 8. Angular distribution of peaks 4, 5, and 6 at the 5.07× 1013-
W/cm2 laser intensity.

Finally, figure 9 clearly shows that the multi-photon pro-
cess of ammonia in the strong femtosecond 400-nm wave-
length laser field is divided into four parts, i.e., (3+1), (2+2),
(2+2+1), and (2+2+2). The peaks are also denoted as 1323,
1223, 1123, and 1023 vibrational mode; and the angular distri-
butions of different intermediate states are also given in the
REMPI region and ATI region.
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Fig. 9. Results and identification for multi-photon processes of ammonia in the 400-nm wavelength laser field. Colored arrows in this picture
illustrate different multi-photon processes; all photons have the 400-nm wavelength.

4. Conclusions

In this work, the photoelectron velocity imaging tech-
nique is used to detect the photoelectron energy spectrum

of NH3 molecules at the 400-nm laser wavelength, and the

KEs and PADs are extracted from photoelectron images. The

REMPI process of NH3 (3+ 1) or (2+ 2), and the ATI pro-
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cesses of NH3 (2+ 2+ 1) and (2+ 2+ 2) are fully analyzed.
In kinetic energy distributions, we observe four peaks in the
slow electron region and perform the identification of them.
The results show that the stretching vibration of the molecule
changes but the umbrella vibration does not. By comparing
the photoelectron images with kinetic energy spectra at differ-
ent laser intensities, the channel switching of quantum states
is observed. By observing the variations of REMPI photoelec-
tron peaks under different laser intensities, the effectiveness
of channel switching is further confirmed. The KE lies in the
more than one photon region where the photoelectrons origi-
nate from ATI processes, and the corresponding peaks appear.
In addition, we provide a simple description for these pro-
cesses. The photoelectron velocity images produced by the in-
teraction of femtosecond laser with molecules are experimen-
tally studied. The influence of laser intensity on the resonance
excitation ionizing paths is analyzed, and the contribution of
different Rydberg states to ionization processes is discussed.
The kinetic energy and angular distributions of photoelectrons
are analyzed to provide experimental basis for further under-
standing the ionization processes of molecules. Because there
is a hexapole device in the laboratory that can select and focus
molecules[32] and the laser alignment technique is used, highly
aligned molecules can be used for further photoelectric imag-
ing detection. The combination of the pump–probe technique
or the two-color field method can improve time resolution and
energy resolution, which serves as a foundation for the further
analysis of intra-molecular orbital effects.[33–35]
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