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In this work, we mainly investigate the NH3 molecular multiphoton ionization process by using the photoelectron
velocity map imaging technique. Under the condition of femtosecond laser (wavelength at 800 nm), the photoelectron
images are detected. The channel switching and above-threshold ionization (ATI) effect are also confirmed. The kinetic en-
ergy spectrum (KES) and the photoelectron angular distributions (PADs) are obtained through the anti-Abel transformation
from the original images, and then three ionization channels are confirmed successfully according to the Freeman reso-
nance effect in a relatively low laser intensity region. In the excitation process, the intermediate resonance Rydberg states
are C~' A (6+2 photons process), B~ 'E” (6 +2 photons process) and C™~ ' A/ (7+2 photons process), respectively. At
the same time, we also find that the photoelectron angular distributions are independent of laser intensity. In addition, the
electrons produced by different processes interfere with each other and they can produce a spider-like structure. We also
find ac-Stark movement according to the Stark-shift-induced resonance effect when the laser intensity is relatively high.

Keywords: photoelectron imaging, Rydberg state, resonance-enhanced multiphoton ionization, photoelectron

angular distribution
PACS: 32.60.+I, 33.80.Rv, 33.60.+q

1. Introduction

In recent years, experiments based on photoelectron
imaging and intense femtosecond laser have become a pow-
erful tool to detect the evolution and internal structure of
molecules. Ultra-fast dynamics have been widely investigated
in molecular, atomic, and electronic systems in a strong laser
field. Furthermore, science has always focused on the struc-
tural characteristics and dynamic characteristics of excited
molecular states. By using the ultrafast laser-induced mul-
tiphoton ionization technique, we can study Rydberg states,
continuous states, and lifetimes of the excited states, and
we can also further understand the photoionization process.
Keldysh found that the multi-photon absorption would result
in above-threshold ionization (ATI) when the Keldysh pa-
rameter ¥ > 1.!') The photoelectron energy spectrum is ex-
pressed as an equidistant peak structure with the energy differ-
ence being one photon’s energy.!”>) The high-resolution pho-
toelectron spectrum measurement provides rich information
about strong field ionization, such as the laser-induced elec-
tron diffraction,[® resonance-like enhanced ionization,!”! and
Freeman resonant ionization.[®° In the Freeman resonance re-
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gion, the positions of peaks each are independent of laser in-
tensity according to ponderomtotive potential. However, in
the relatively high laser intensity region, it is similar to the
plateau enhancement in atoms, the ac-Stark effect on high ex-
cited state (close to the ionization zone) or continuous state is
different from the ac-Stark effect acting on the Freeman res-
onance region in ammonia molecules when the laser intensity
is high enough. Based on the Stark-shift-induced resonance
effects the position of photoelectron peak varies with the in-
crease of the laser intensity and results in ac-Stark movement.
The ac-Stark movement from ATI peak has been observed in
many atomic systems, such as Arl!% and Kr.['!]

Recently, strong field ionization of NH3; molecules has
become a popular topic.!!>~1%) The NHj3 is a typical oblate
symmetric top. Because of the existence of orbital and vibra-
tional degeneracies, the NH3 molecule becomes an important
system for studying the vibration interaction. In 1978, using
(2 +2) REMPI technology, Colson et al.!'”l studied the ex-
cited electronic states of NH3 molecules, and discovered new
electron states under the static pool!'®! and molecular beam!'°!

conditions. At the same time, its rotation spectrum was also
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studied. Subsequently, in 1984, Ashfold and partners?! fur-
ther studied the spectrum of NH3 molecules and high Ryd-
berg states by using photoelectron spectroscopy and multi-
photon ionization energy spectrum, which enriched our un-
derstanding of the structure of NH3 molecules. In 1986, Xie
et al.®! detailed the A~ lA'z’ state of NH3 molecules by using
ion dip spectroscopy, in which (3 + 1) multiphoton ionization
was used to study the NHj3 C” = X~ state spectrum. The
structure and dynamics of NH3; molecules were widely stud-
ied, especially its electronic states below the c” 1A1N state. In
2000, Xie et al. investigated the predissociation information of
NH3 A™ state through mass spectrometry and electron energy
spectrum. (221

Tonized electrons carry the initial atomic or molecular
dynamics and structure information. Therefore, the analysis
from the photoelectron angular distributions (PADs) and ki-
netic energy distributions (KEDs) can make us indirectly un-
derstand the molecular dynamics process and internal struc-
ture. From quantum controlled and state selected ammonia
molecules, one can further investigate the NH3 reaction dy-
namics and molecular dynamics.

2. Experiment

We studied the photoelectron imaging of NH3 in an in-
tense laser field. The experimental apparatus that was em-
ployed in the present work was described briefly and the de-
tails had been given in previous studies.!?>**! The laser sys-
tem used in this work was a Ti:sapphire chirped-pulse ampli-
fication system with a central wavelength of 800 nm, which
generated a pulse duration of 50 fs and a maximum value
of 4-mJ output energy per pulse at a 1-kHz repetition rate.
The laser intensity was calibrated by measuring the energy
shift of the non-resonant ATI peaks of Xe; for further de-
tails, please see Refs. [25] and. [26] In our measurement, the
laser polarization was parallel to the detector of velocity map
imaging (VMI). The laser beams were focused on supersonic
molecular beam through a convex lens. A neon carrier intro-
duced 1% NHj into the source chamber via a 0.5-mm ori-
fice of a pulsed valve (General Valve Series 9) at a repeti-
tion rate of 10 Hz. The molecular beam was produced and
was then passed through a skimmer into the hexapole cham-
ber where the rotational states were selected and focused by
the inhomogeneous electrostatic field. Each rotational state
selected molecular beam then crossed the laser at a right-
angle in the interaction chamber. To obtain high-resolution
images of electrons, the —5000 V/—3820 V voltage ratio was
applied to the repeller and the extractor in the VMI. Two-
dimensional photoelectron images were produced from the
ionization of NH3, and the signals were recorded by using a
dual micro-channel plate/P47 phosphor screen in conjunction

with a charge-coupled device (CCD) camera. All of the mea-
surements were transferred into the computer for further pro-
cessing.

3. Results and discussion

We investigate the resonance enhanced multiphoton ion-
ization of ammonia in an 800-nm femtosecond intense laser
system by using a VMI detector. The laser intensity ranges
from 1.6 x 103 W/cm? to 5.7 x 10'3> W/cm?. There are no
other ion fragments in this experiment, which ensures that the
electrons are ionized from the parent ions. The original im-
ages of two-dimensional velocity distributions are obtained by
CCD.

To enhance the molecular beam intensity and the ion-
ization signals, a hexapole is chosen. The force exerted on
the molecules by the electric field governs the molecular mo-
tion inside the hexapole. The molecular trajectory follows the
Newton differential equation

dizr _ —1dWOIE 1)

dt2  m dE or’
where dE /dr is the electric field gradient, W is the energy in-
cluding rotational energy Wi, and W,k is the Stark energy.
One can readily determine the dW /dE by using numerical
or fitting method. The radial position is calculated by using
the coupled partial derivative E as the molecule traverses the
hexapole. The molecular trajectory motion is numerically cal-
culated by using a fourth-order Runge—Kutta routine. The cal-
culation method was detailed in our previous work.[>’28] In
Fig. 1, the pure |111) state is extracted at a 3-kV focusing
voltage. Almost pure |222) state is obtained at 7.8 kV, and
the |212) state is obtained at 14 k'V. To obtain a maximum sin-
gle rotation state, we change the hexapole voltage to 7.8 kV.
A signal increasing up to five times is achieved by selecting
hexapole rotational states and focusing beams.
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Fig. 1. NH3 molecular hexapole focus curves. Curve B is for exper-
imental results. Curves C, D, E, and F are for calculation results for
[111), |211), |212), and |222) rotational states, respectively. Curve G is
for sum of theoretical results.

The quantum controlled ammonia molecules interact with

the 800-nm femetosecond laser behind the hexapole, and
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the photoelectron images are detected. Figure 2 shows the
ammonia photoelectron images. From Figs. 2(a)-2(e), we
find the channel switching in low energy region from 1.6 x
103 W/em? to 2.7 x 1013 W/em? (the inner ring is defined as
channel 1 and the outer rings are defined as channels 2 and
3, respectively). When the laser intensity increases, the elec-
tronic population changes between channels 1, 2, and 3. When
laser intensity continues to increase, as shown in Figs. 2(f)-
2(j), higher-order ATI peaks are found, and the spider-like
structures appear. This is because the tunneling ionization
produces free electrons with high energy. The free elec-
trons return to the parent ion under the action of oscillating
laser field and fly out of the ionization region by the collision
with the parent ion. The electrons produced by different pro-
cesses interfere with each other, so it can produce spider-like

structure. [29-321

Fig. 2. NH3; molecular photoelectron images at 800-nm laser wave-
length. (a)—(e) Low laser intensity region. The laser intensities are 1.6 x
108 W/em?, 1.9 x 10'3 W/em?, 2.2 x 1013 W/em?, 2.5 x 1013 W/em?,
and 2.7 x 1013 W/cm?, respectively. (f)—(j) High laser intensity re-
gion. The laser intensities are 3.1 x 10'3 W/cm?, 3.8 x 103 W/cm?,
4.4 x 10" W/ecm?, 5.0 x 10!3 W/ecm?, and 5.7 x 1013 W/ecm?, respec-
tively. Horizontal and vertical coordinates are x-pixel and y-pixel from
CCD, and laser polarization direction is indicated by arrow.

To analyze the measurement results more directly and
clearly, we extract the electron kinetic energy distributions
from the original images. In Fig. 3, the horizontal axis rep-
resents electron kinetic energy. The single photon energy is
1.55 eV. We can find that the ATI peak 4 with a kinetic energy
above 1.55 eV gradually moves to the left with increasing laser
intensity. This is caused by the laser-induced above-threshold
ionization, resulting in ac-Stark shift, which increases the ion-
ization energy and reduces the remaining release energy. So
peaks gradually move to the low energy positions. The struc-
tures of this region are more complex. After the energy con-
tinues to increase, the peak structure disappears. The region
with energy less than 1.55 eV is the Freeman resonance re-
gion. From Fig. 3, only peak 3 clearly appears in the ki-
netic energy spectrum (KES) when the laser intensity equals
1.6 x 10" W/cm?. With the increase in laser intensity, peak 3
slowly decreases and peak 1 appears gradually, which is also
consistent with what the original images show. The photoelec-

tron population changes between peak 1, peak 2, and peak 3.

The three peaks in the kinetic energy spectrum are 0.33 eV,
0.75 eV, and 0.99 eV, respectively. These peaks are involved
in the multiphoton resonant absorption of some excited states,
as generally seen in the case of atoms. [>-33-34]
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Fig. 3. Electron kinetic energy distributions of NH3 molecules at 800 nm.
Laser intensities are 1.6 x 1013 W/em?, 1.9 x 1013 W/ecm?, 2.2 x 1013 W/em?,
2.5x 1013 W/em?, 2.7 x 1013 W/em?, 3.1 x 10'3 W/cm?, 3.8 x 10'3 W/cm?,
4.4 % 10" W/em?, 5.0 x 103 W/em?, 5.7 x 10'3 W/cm?. Numbers 1-4 rep-
resent peaks 1—4, respectively. Vertical solid black line refers to a single
photon energy of 1.55 eV.

In the present experiment, the kinetic energy calibration
is based on the electron imaging of the Xe atom, which is
detected under the same condition. By converting the pixel
points into kinetic energy and comparing with the correspond-
ing Xe channels, we obtain the value of the kinetic energy cali-
bration. The ATI peak shifts occur in the photoelectron energy
spectrum, which is caused by changing laser intensity. Ac-
cording to the ponderomotive force potential, the up energy is
in proportion to I/@?, ® is the laser frequency, and I is the
laser intensity. Photoelectron energy distribution depends on
relative laser intensity. The Xe photoelectron energy spectrum
should satisfy Ey = nho — (IP+U,) where IP is the ionization
potential, n is the number of photons absorbed in the process,
and o is the laser frequency. Based on above method, we
obtain the relationship between U, and / / ®?, and we also ob-
tain the relationship between laser intensity and laser pulse en-
ergy. The data processing of this experiment adopts Basex, >
which is proposed by Vladimir and Dribinski er al.!*! Thus,
the electron kinetic energy distributions are obtained and all
signal strengths are normalized.

To find the intermediate states in Fig. 4, we show the
energy shifts of various Rydberg states according to the U,
(~1/®?*) and E} = Eg + Uy, where E}, is the Rydberg energy
after considering the Stark shift in the laser field, and Ey is the
Rydberg state energy without the laser field interaction (the Er
values of A, B, C, D, E Rydberg states are 5.73 eV, 7.34 eV,
7.92 eV, 8.65 eV, 9.04 eV, respectively). The 7.75 eV, 9.3 eV,
and 10.85 eV horizontal lines are the values for five photons,

six photons, and seven photons. In Fig. 4, we give the three

063201-3



Chin. Phys. B Vol. 28, No. 6 (2019) 063201

intermediate processes based on the three peaks in Fig. 3. For
peak 3 in Fig. 3, the ammonia molecule absorbs six photons
and resonates with the C™ 1A’1 (v=1) state, then is excited to a
continuous state (v = 0) by absorbing two photons, and finally
ionizes from the continuous state. The photoelectron kinetic
energy is 0.99 eV, namely, the resonance enhanced multipho-
ton ionization (REMPI) process is (6+2). For peak 1 in Fig. 3,
the ponderomotive force potential increases with the laser in-
tensity (see Fig. 4), and six photons are not enough to make
ammonia keep resonating with the C™~ lA’1 state, but enough
to make it resonate with the B~ 'E’ (v = 0) state. The detected
photoelectron kinetic energy is 0.33 eV. For peak 2 in Fig. 3,
it absorbs seven photons to be resonant with the state C~ 1A’1
(v = 0) when the laser intensity continues to rise. It then con-
tinues to absorb two photons and ionizes from the continuous
state (v = 1), and the remanent photoelectron kinetic energy
is 0.75 eV. From the energy analysis of Fig. 4, we find three
multiphoton processes related to the three peaks in Fig. 3. The
(6 + 2) process of the intermediate resonance state C~ 1A’l
corresponds to the peak 3 in Fig. 3, the (6 4 2) process of state
B~ 'E” corresponds to peak 1 in Fig. 3, and the (7 4-2) process
of state C™ IA’] corresponds to peak 2 in Fig. 3.
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Fig. 4. Energy shifts of NH3 molecular Rydberg states by adding pondero-
motive force potential energy into the total energy. Without ponderomotive
force, ionization potential of ammonia is 10.18 eV, and values of A, B, C,
D, E states are 5.73 eV, 7.34 eV, 7.92 eV, 8.65 eV, 9.04 eV, respectively. The
7.75 eV, 9.3 eV, and 10.85 eV horizontal lines are values for 5 photons, 6
photons, and 7 photons.

To further identify our intermediate process, we extract
the photoelectron angular distribution information from orig-
inal images; as shown in Fig. 5. Generally, the angular dis-
tribution is represented by 1(0), where 0 represents the angle
between the direction of emission and the direction of laser po-
larization. Usually, /(6) uses the Legendre polynomial fitting,
and the expression is

1(0)=1+Y aP;(cos’0) (L=2,4,6), )

where ay, are the Legendre polynomial coefficients.
From Fig. 5, we can see that the angular distributions

from different peaks are also distinguishable. Here, we choose

the laser polarization as 0° in the angular distribution. From
Fig. 5, the photoelectrons of peak 1 are mainly located near
38° and 142°, and the number of the photoelectrons of peak 1
is close to 0 at 90°. The photoelectrons of peak 3 are located
not only near 38° and 142°, but also around 90°. The pho-
toelectrons of peak 2 are mainly located near 45° and 135°,
but fewer around 90°. The photoelectron angular distribution
has the same trend between peak 2 and peak 3. They are both
from the intermediate C”~ 1A’l state. The photoelectron angu-
lar distribution of peak 1 differs from the above two. This is
because photoelectrons carry the information about the elec-
tron orbits. Therefore, the angular distribution is related to
the molecular quantum number and the quantum number of
angular momentum. At the same time, we find that peak 2
(C~ 'A] state (7 +2) process) is weaker than peak 3 (C~ 'A]
state (6 + 2) process). In other words, more photons lead to
weaker peak. This proves the calibration of peak channels. We
also compare the photoelectron angular distributions from the
same peak at different laser intensities as shown in Fig. 6. Fig-
ures 6(a) and 6(b) represent the angular distributions of peaks
1 and 2, respectively. The angular distributions from the same
peak almost do not change. This means that the photoelectron
angular distribution on the same peak is independent of the

laser intensity and is only related to its own electronic state.

1.0+
0.8+
0.6
0.4+
0.2

0-
0.2
0.4
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0.8+
1.0-

Radius normalized intensity

270

Fig. 5. Angular distributions of peak 1 B™ state (6 +2), peak 2 C™ state
(7+2), peak 3 C~ state (6 +2) in Fig. 4 according to Fig. 2. Red line is
from peak 1, green line is from peak 3, and black line is from peak 2. The
r-coordinate represents intensity/arb. unit.

With the combination of photoelectron kinetic energy dis-
tributions and photoelectron angular distributions, we iden-
tify each channel switching and intermediate process, as con-
firmed in Fig. 7. In the experiment, the Keldysh parameters
of the molecules are mainly centered around ¥ ~ 1. Therefore,
both multiphoton ionization and tunneling ionization will con-
tribute to the measurement of photoelectron spectrum, which
has been proven experimentally.’®371 However, in this ex-
periment, multiphoton ionization is a dominant factor. There
might be some deviations in the results. First, the structure of

NH3 is complex and there are a lot of rotational states. This
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makes it more difficult to identify the electronic states. Sec-
ond, because the kinetic energy is calibrated according to the
Stark effect of Xe, there are some deviations in the kinetic
energy calibration. With the increase of laser intensity, the en-
ergy of vibrational state is closer to the ionization energy, so
the energy levels do not produce the perfect Stark shifts.
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Fig. 6. Angular distributions of same peak with different laser intensities.
Panel (a) is from peak 1 and panel (b) is from peak 2. The r-coordinate refers
to intensity /arb.unit.
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Fig. 7. Schematic illustration of NH3 intermediate processes based on
experimental results.

4. Conclusions

In this paper, we analyze the internal structure and res-
onance enhanced multiphoton ionization (REMPI) process of
NH3 molecules by using an 800-nm laser wavelength intense
laser induced photoelectron velocity map imaging detection.
First, the NH3 molecular ionization is enhanced by hexapole.
Then, the photoelectrons are focused by an ion lens in a ve-
locity map imaging (VMI) system and they are collected by

CCD to obtain the original images. The photoelectron velocity

distributions and photoelectron angular distributions are ex-
tracted from the original images. Thus, the channel switching
can be analyzed and we reveal the contribution of the reso-
nance effect to the process of strong field ionization. By com-
paring the original photoelectron images and kinetic energy
spectrum, the quantum state channel switching is confirmed.
Combined with the identification of the literature and Freeman
resonance technique, the results are analyzed and each peak is
identified in the electron energy spectrum. We also show the
possible causes and deviations. Under the condition of the
800 nm laser wavelength, photoelectron kinetic energy peaks
are located at 0.99 eV, 0.33 eV, and 0.75 eV. In the excitation
process, the intermediate resonance states are C™ lA’l 6+2),
B~ 'E” (6+2), and C~ ' A/ (7+2) respectively. The peaks at
less than 1.55 eV are the Freeman resonance results. We find
that the angular distribution of each peak is distinguishable
and photoelectron angular distributions from the same peak
are independent of laser intensity. Meanwhile, when the peak
energy is greater than 1.55 eV, the peak will move toward the
left with laser intensity increasing. This happens because the
Stark shift will increase the ionization energy. In addition, the
overflow kinetic energy is larger than the energy of one pho-
ton, which is due to the occurrence of tunneling ionization.
The electrons produced by different processes interfere with
each other and can produce a spider-like structure. In this ex-
periment, there is a certain deviation in photoelectron imaging
due to various reasons. Therefore, it is necessary to improve
the detection resolution and laser intensity calibration in fu-
ture experiments. At least, through the present experimental
measurement, the NH3 channel switching is identified accu-
rately. This will provide the key conditions for NH3 reaction

dynamics and molecular dynamics.
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