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The H2 was excited to the H2 X1Σ+
g (v = 1, J = 7) energy level by the stimulated Raman pumping (SRP) technique,

and the process of energy redistribution between H2(1,7) molecule and LiH was studied. The particle population density of
H2(1,7) energy level is obtained by the coherent anti-Stokes Raman scattering (CARS) technique. The particle population
density of each rotational level of H2 (v = 1, J = 7, 5, 3) is analyzed with temperature after the collision between H2(1,7)
molecule and LiH. It is found that the particle population density of each level increases with the increase in temperature
after the collision. The time-resolved CARS spectra of each rotational energy level of H2 (v = 1, J = 7, 5, 3) are analyzed
at different temperatures. It is found that a multi-quantum relaxation process with ∆J = 4 occurs in H2(1,7) molecule, and
the temperature accelerates the relaxation process. The effective lifetime of H2(1,7) energy level is obtained by plotting
the semi-logarithmic plots of the CARS signal intensity and delay time of the level, and observing the law of the effective
lifetime change with the temperature. It is found that the effective lifetime of H2(1,7) energy level shows an obvious
decreasing trend with the increase of temperature.

Keywords: coherent anti-Stokes Raman scattering, particle population density, multiple quantum relaxation,
effective lifetime

PACS: 34.50.–s, 34.20.–b

DOI: 10.1088/1674-1056/add502 CSTR: 32038.14.CPB.add502

1. Introduction
Diatomic molecular collision energy transfer is a key

research topic in the field of physical chemistry, involving
molecular energy transfer, collision dynamics, and intermolec-
ular interactions.[1–5] When a molecule in the vibrationally
excited state collides with other molecules, the collision en-
ergy may lead to changes in the vibrational, rotational, and
translational states of the molecule. This in turn affects the
distribution of energy within the molecule.[6,7] In modern sci-
entific progress, collisional energy transfer has been widely
used in the fields of the atmospheric environment, the astro-
physics, and the dynamics of chemical reactions,[8–14] for ex-
ample, in interstellar space, inelastic collisional energy trans-
fer between molecules is the main mechanism of interstel-
lar gas cooling.[15,16] When high-energy molecules collide in-
elastically with low-temperature molecules, some of the inter-
nal energy of the high-energy molecules (e.g., vibrational or
rotational energy) can be transferred to the low-temperature
molecules, causing the energy of the high-energy molecules
to decrease, thus realizing the cooling of the gas. Scien-
tists can observe the process of energy redistribution in in-
termolecular collisions using laser technology, spectroscopic

methods and other high-resolution techniques, and study the
law of energy redistribution in the process of molecular col-
lisions under different conditions. Over the years, research
on energy transfer in intermolecular collisions has progressed,
especially with the breakthroughs in technologies such as
ultraviolet pulsing,[17,18] overtone pumping,[19] stimulated-
emission pumping,[20] and pulsed-laser photo-dissociation.[21]

These technologies provide a broad research base for in-depth
discussion of the phenomenon of energy transfer between
molecules in highly vibrational excited states.

Many experiments and theories have been devoted to the
studying model temperatures,[22,23] collisional transfer cross
sections,[24] collisional energy transfer rate coefficients,[25,26]

charge transfer cross section,[27] quantum relaxation,[28,29]

and energy transfer probability distributions[30] for excited
state molecules, etc. Wang et al.[31] studied the collision pro-
cess between a highly vibrational excited state, KH (v′′ = 14–
23), and H2 and N2, and found that the vibrational energy
transfer rate coefficients increase linearly with the vibrational
quantum population. In KH(v′′= 20) + H2 collisions, the two-
qubit energy transfer process (∆v = 2) plays an important role.
In KH(v′′ = 20) + N2 collisions, the five-qubit energy transfer
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process (∆v = 5) also plays a non-negligible role. In addi-
tion, the mass effect has a significant influence on the energy
transfer rate coefficient, while the vibrational–rotational en-
ergy transfer mechanism plays a dominant role in the energy
transfer process of the KH molecule. Shen et al.[32] investi-
gated the collisional energy transfer process between H2(E)
and LiH, and measured the complete state-resolved distribu-
tions of the scattered LiH molecules after excitation of H2(E)
by stimulated Raman pumping. It was found that the transla-
tional kinetic energy and rotation distribution of the scattered
LiH molecules are very sensitive to the energy of H2(E), and
the rotation distribution is characterized by a biexponential
distribution. In addition, V–RT (vibrational–rotational trans-
lational) energy transfer is the main energy transfer channel
between LiH and H2(E). Kabir et al.[33] confirmed the excita-
tion of the vibrational–rotational energy level of HBr(v, J) us-
ing the CARS signal, and measured the total removal rate con-
stants and the state-to-state rate constants of the different rota-
tional energy levels of the collision of HBr(v = 1, J) and HBr
molecules. The results show that the rotational energy trans-
fer (RET) rate constants are much larger than the hard sphere
collision rate constants and decrease with increasing initial en-
ergy level J. The RET rate constants are much larger than the
hard sphere collision rate constants. The J = 1 transfer pro-
cess is found to be the most common, but the multi-quantum
transfer process is also found to play an important role. By
comparing the experimental data with various rate constant
models, it is found that the statistical power-exponential gap
law best represents the RET properties of HBr molecular col-
lisions.

There have been many studies on the energy trans-
fer process between excited alkali metal hydrides and gas
molecules.[34,35] However, there are relatively few studies on
the energy transfer process during collisions between excited
state molecules and ground state alkali metal hydrides, es-
pecially for the excited state molecules after the collision.
For this reason, we have carried out an experimental study
of the collisional energy transfer between excited state H2

and LiH molecules at different temperatures. Because of
the large gap between neighboring vibrational energy levels
(about 4000 cm−1) in the ground electronic state of H2, only
the lower vibrational states of H2 can be excited. Collisional
transfer between vibrational states is not easy to occur. Be-
cause H2 is a homonuclear diatomic molecule, there is no in-
frared spectral emission or absorption between vibrational en-
ergy levels in the same electronic state, so it cannot be detected
using infrared emission or infrared absorption spectroscopy,
and because the H2 ground state is very far away from the first
electronic excited state, such as H2(X1Σ+

g v= 1) and H2(B1Σ+
g

v = 1) states are separated by 10.6 eV, which corresponds to
117-nm[36] wavelength, so it also cannot be detected by laser

induction fluorescence spectroscopy, therefore, we utilize the
CARS technique to probe the distribution of each vibrational–
rotational energy level of H2.

In this study, the H2 is excited to the H2 X1Σ+
g (v = 1,

J = 7) energy level by the SRP technique, followed by colli-
sional energy transfer with the LiH X1Σ+

g (v′′ = 0) molecule.
The partial collision energy transfer process in the heat pipe
oven is as follows:

H2(1,7)+LiH(0,3)

→ H2(1,5)+LiH(0,13)+203.66 cm−1, (1)

H2(1,7)+LiH(0,4)

→ H2(1,3)+LiH(1,12)+142.16 cm−1, (2)

H2(1,7)+H2(0,7)

→ H2(1,3)+H2(1,5)−48.88 cm−1. (3)

Using the CARS detection technique, the CARS signals
of each vibrational energy level of H2 are probed separately.
The particle population density, the relaxation process, and
the effective lifetime between the vibrational energy levels are
measured, as well as their dependence on temperature.

2. Experimental methods
The experimental setup is shown in Fig. 1, and the sample

cell is a five-arm crossed heat pipe oven, in which four arms
are crossed in a plane, the longer left and right arms are used
for laser injection and detection, and the fifth arm is perpen-
dicular to this plane, and its bottom is put into Li metal, which
is heated by an electric heater, and the sample cell tempera-
ture is measured by a thermocouple. The heat pipe oven was
connected to a vacuum and gas injection system. The vacuum
in the heat pipe oven was controlled to 10−3 Pa before filling
with gas, and then 1.3×103 Pa (with an error of ±5 Pa) of H2

was filled. It was heated utilizing an electric heating unit with
the initial temperature set at 680±1 K and the vapor pressure
of Li atoms at 1 Pa–1.3 Pa.[37] A fiber optic probe (200 nm–
1100 nm detection segment) of the ICCD was placed at the
end of the window through which the laser of the heat pipe
oven passed and was used to detect the CARS signal.

A dye laser (model: ATM200, LTB laser technology)
pumped by an N2 laser (model: MNL 205-C, LTB laser tech-
nology) was tuned to 670.9 nm to excite the Li(2S) ground
state energy level to the Li(2P) excited state energy level.
Li(2P) will subsequently react with H2 to form LiH X1Σ+

g

(v′′ = 0). An intense fluorescence signal at 670.9 nm was de-
tected for Li (2P–2S), confirming that Li(2P) is indeed excited
by a dye laser. Acquisition of H2(1,7) energy level by SRP
technique: a 532-nm laser from a YAG laser and a 775.1-nm
laser from an OPO (optical parametric oscillator) jointly ex-
cited the ground state H2(0, 5) to the excited state H2(1, 7)
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(∆E = 5500 cm1). Both laser beams were vertically polarized,
and a lens was used to focus the Raman excitation beam to
the center of the sample cell. The time delay (tD) between the
dye laser pulse and the YAG laser pulse was controlled by the
DG535 so that the YAG–OPO pulsed laser shot was 10-ns later
than the dye laser shot, ensuring that Li(2P) reacted with H2

to produce LiH.
Ti sapphire laser

DM N2 dye laser

Air H2

LenF

YAG OPO laser

Computer

IC
C

D

M

DG535

Fig. 1. Diagram of the experimental setup, ICCD: intensified charge-coupled
device, M: monochromator, F: filter, HP: heat pipe oven, Len: lens, DM:
dichroic mirror, OPO: optical parametric oscillator; DG535: delay generator.

Figure 2 shows the pump detection process of H2, where
a filter capable of filtering both YAG and OPO laser beams
is placed between the fiber probe and the left window end of
the heat pipe oven. This protects the fiber probe from dam-
age by strong lasers and avoids the interference of the laser
wavelengths on the detection signals. Figure 3 shows the
scanned CARS spectrum of the S(4) branch of the 1–0 vibra-
tional band of H2. A peak in the CARS spectrum is observed
at 5530±10 cm−1, which can prove that H2(1, 7) energy level
is successfully excited.

ω1 ω2 ω1

ωR

ω1↩ω2

Fig. 2. H2(0, 5)→ H2(1, 7) energy level pump-detect energy level diagram,
ω1: pump light frequency, ω2: probe light frequency, 2ω1−1ω2: frequency
corresponding to the CARS signal.

After the excitation of H2 (v = 0) to H2(1,7) energy level
using SRP technique, the 532-nm wavelength of laser light
emitted from the YAG laser is used as the pump light ω1 and
the 755.1-nm wavelength of laser light emitted from the Ti
gemstone laser is used as the probe light ω2. The collision
of H2(1,7) energy level with LiH molecules occurs with an
energy transfer, which makes H2 obtain different rotational
states. Keeping the 532-nm laser light emitted by the YAG
laser unchanged, the laser output wavelength of the Ti sap-
phire laser was adjusted to 716.3 nm, 735.8 nm, and 755.1 nm

(corresponding to the three energy levels of H2(1,3), H2(1,5),
and H2(1,7), respectively) in turn, as the probe light ω2 for the
CARS spectrum, and the ICCD was again used for CARS sig-
nal detection.
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Fig. 3. Scanning CARS spectra of the S(7) branch of the 1–0 vibrational
band of H2(ω1 = 532 nm, ω2 = 775.1 nm). Intensity is the spectral in-
tensity, and ω1–ω2 are the frequency differences between H2 (0, 5) and
H2(1, 7) energy levels.

3. Results and analysis
3.1. Scanning CARS spectrum of H2

When H2 was successfully excited, the scanned CARS
signals of H2(0,7) and H2(1,7) energy levels were detected,
respectively, and figure 4 shows the scanned CARS spectra of
H2(0,7) and H2(1,7) energy levels.
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5500 60005600 5700 5800

(1, 7)

(0, 7)

0.2

0.4

0.6

0.8

1.0

5900

Fig. 4. Scanning CARS spectra of H2(0,7) and H2(1,7) energy lev-
els at T = 680 K. Relative intensity is the relative spectral intensity,
i.e., the spectral intensities are normalized so that the intensity dif-
ferences between the different energy levels can be compared more
easily. ω1 = 532 nm and ω2 = 764.6 nm for H2(0,7) energy level;
ω1 = 532 nm and ω2 = 755.1 nm for the H2(1,7) energy level.

The CARS signal strength can be expressed as

I ∝ (∆n)2I2
pumpIprobe, (4)

where I is the intensity of the corresponding CARS signal,
Ipump and Iprobe are the intensities of the pump light (532 nm)
and the probe light (depending on the energy level) in the ex-
periment, respectively, and ∆n is the population difference be-
tween the two Raman resonance energy levels. The intensity
of the light in this experiment Ipump is constant, and the wave-
length of the probe light changes accordingly with the change
of H2 energy level, and the intensities of the CARS signals
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I0, I1, I2, and I3 at H2(0,7), H2(1,3), H2(1,5), and H2(1,7)
energy levels can be written as

I0 ∝ (n0−n1)
2I2

pumpIprobe0, (5)

I1 ∝ (n1−n2)
2I2

pumpIprobe1, (6)

I2 ∝ (n2−n3)
2I2

pumpIprobe2, (7)

I3 ∝ (n3−n4)
2I2

pumpIprobe3. (8)

Since particle populations are not detected at H2(1, 9), H2(2,
5), H2(2, 7), and H2(2, 9) energy levels, equations (5)–(8) can
be simplified as follows:

I0 ∝ n2
0I2

pumpIprobe0, (9)

I1 ∝ n2
1I2

pumpIprobe1, (10)

I2 ∝ n2
2I2

pumpIprobe2, (11)

I3 ∝ n2
3I2

pumpIprobe3, (12)

where n0, n1, n2, and n3 denote the particle population den-
sities of H2 molecules on H2(0,7), H2(1,3), H2(1,5), and
H2(1,7) energy levels, respectively. Assuming that the above
equations have the same proportionality constants, the corre-
sponding ratios can be obtained from Eqs. (9)–(12):(

n1

n0

)2

=
I1

I0
·

Iprobe0

Iprobe1
, (13)(

n2

n1

)2

=
I2

I1
·

Iprobe1

Iprobe2
, (14)(

n3

n2

)2

=
I3

I2
·

Iprobe2

Iprobe3
. (15)

The wavelength of the detected light is adjusted and its out-
put power is calibrated so that the ratio of the detected light

intensity Iprobe i/Iprobe j is a constant value. The initial tem-
perature of this experiment is 680 K, and the gas pressure is
1.3×103 Pa (the vapor pressure produced by alkali metals is
negligible compared to H2). The equation for the Boltzmann
rotation distribution is given below:

NJ = N
hcB
KT

(2J+1)exp
[
−BJ(J+1)hc

KT

]
. (16)

The particle population density of H2(0,7) energy level can
be obtained as n(0,7) = 2.6× 1014 cm−3. From Fig. 4, com-
bined with the relationship between the CARS signal inten-
sity ratio and the particle population density ratio, the par-
ticle population density of H2(1,7) energy level at the ini-
tial moment (before the collision occurs) can be obtained as
n∗(1,7) = (3.25±0.13)×1020 cm−3 (errors are standard devi-
ations).

3.2. Variation of particle population density with temper-
ature

When H2(1,7) molecule collides with LiH, it causes
H2(1,3) and H2(1,5) energy levels to produce the distribu-
tion. To further investigate the variation of particle population
density with temperature after the occurrence of collision, the
temperature of the heat pipe oven is adjusted to the range of
680 K–750 K. The temperature gradient is varied as a tem-
perature gradient every 10 K. Scanning CARS detections are
performed for H2(1,3), H2(1,5), H2(1,7), and H2(0,7) en-
ergy levels at the 2nd µs after the occurrence of the collision,
respectively, as shown in Fig. 5.

The particle population densities of H2(1,3), H2(1,5),
and H2(1,7) energy levels at different temperatures can be
obtained by deriving the density equation given in Subsec-
tion 3.1, as shown in Table 1.
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Fig. 5. Partially scanning CARS spectra of H2(1,3), H2(1,5), H2(1,7), and H2(0,7) energy levels at different temperatures for a delay time of
tD = 2 µs. (a) T = 680 K–710 K; (b) T = 720 K–750 K.

113401-4



Chin. Phys. B 34, 113401 (2025)

Table 1. Particle population densities of H2(1,3), H2(1,5), and H2(1,7) energy levels at different temperatures
at the 2nd µs after the collision of H2(1,7) molecule with LiH.

Temperature (K) n(1,3) (1020 cm−3) n(1,5) (1020 cm−3) n(1,7) (1020 cm−3)

680 1.22±0.15 0.87±0.11 1.29±0.17
690 1.43±0.12 1.02±0.15 1.42±0.12
700 1.47±0.17 1.05±0.20 1.39±0.19
710 1.61±0.14 1.15±0.22 1.46±0.17
720 1.61±0.13 1.24±0.14 1.41±0.24
730 1.76±0.19 1.44±0.17 1.50±0.12
740 1.92±0.18 1.64±0.25 1.63±0.19
750 2.00±0.13 1.74±0.20 1.58±0.12

As shown in Table 1, at T = 680 K, the particle popu-
lation density of H2(1,7) energy level decreases to (1.29±
0.17)×1020 cm−3 at the 2nd µs after the collision of H2(1,7)
molecules with LiH. This indicates that the collision process
of the first 2 µs decreases the particle population density of
H2(1,7) energy level by 60%. Figure 6 shows the varia-
tion of particle population densities of H2(1,3), H2(1,5), and
H2(1,7) energy levels at different temperatures.

From Fig. 6, it can be found that the particle popula-
tion densities of H2(1,3), H2(1,5), and H2(1,7) energy levels
tend to increase with increasing temperature. Among them,
H2(1,3) and H2(1,5) energy levels change over a larger range,
while H2(1,7) energy level changes over a smaller range.
This is because the total particle population density in the
oven increases due to the increase in temperature, but with
the increase in temperature, the average kinetic energy of the
molecules increases, and the collisions between the molecules
are more frequent and violent. This causes the populations
of H2(1,7) energy levels to decrease more rapidly, so that the
changes in H2(1,3) and H2(1,5) levels are more pronounced
than those in H2(1,7) energy levels.
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Fig. 6. Variation of particle population densities of H2(1,3), H2(1,5), and
H2(1,7) energy levels with temperature in the temperature range of 680 K–
750 K at the 2nd µs after the collision of H2(1,7) molecule with LiH.

3.3. Temperature dependence of the collisional relaxation
process

To study the collisional relaxation of H2(1,7) energy level
after the collision of H2(1,7) molecules with LiH and the ef-
fect of temperature on the process, the time delay was set to

8 µs after the collision occurred. Time-resolved CARS curve
profiles of H2(1,3), H2(1,5), and H2(1,7) energy levels at dif-
ferent temperatures are measured by varying the temperature
in the heat pipe oven in a range of 680 K–750 K with a 10-K
gradient.

Figure 7 shows the evolution of the particle populations
with time delay for H2(1,3), H2(1,5), and H2(1,7) energy lev-
els at different temperatures.
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Fig. 7. With a delay time of tD = 8 µs, the evolution curves of the particle
populations on H2(1,3), H2(1,5), and H2(1,7) energy levels with delay time
are measured within the temperature range of 680 K–750 K: (a) T = 680 K,
(b) T = 690 K, (c) T = 700 K, (d) T = 710 K, (e) T = 720 K, (f) T = 730 K,
(g) T = 740 K, (h) T = 750 K.
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From Fig. 7, it can be seen that the particle populations of
H2(1,7) energy level decrease rapidly with the collision, while
the particle populations of H2(1,3) and H2(1,5) energy lev-
els increase gradually, and the particle populations on H2(1,3)
energy level evolves faster than that on H2(1,5) energy level.
This suggests that the multi-quantum relaxation of ∆J = 4 oc-
curs in H2(1,7) molecule. The relaxation of H2(1,3) energy
level accelerates with increasing temperature. At a cell tem-
perature of 680 K, the particle populations on H2(1,3) energy
level reaches its peak at approximately 2.5 µs. At a cell tem-
perature of 750 K, the particle populations on H2(1,3) energy
level reaches its peak at approximately 2 µs. This indicates
that the temperature has a good promotional effect on the re-
laxation process. When the temperature is increased, the par-
ticle in the system obtains more thermal energy, which leads
to its more frequent leaps between quantum states, thus accel-
erating the whole relaxation process. The increase in temper-
ature causes the rotational energy of H2(1,7) molecule to be
transferred to the rotational energy of the LiH molecule more
quickly. This indicates that the energy transfer in the hybrid
system at this time is dominated by multi-quantum relaxation
and that the energy transfer mode is primarily governed by R-
R collisional relaxation.

3.4. Effect of temperature on effective lifetime of H2(1, 7)
energy level

The particle population density of H2(1,7) molecule as a
function of time decay can be described approximately as

NJ (t) = N0 e−t/τ , (17)

where NJ(t) denotes the particle population density of H2(1,7)
energy level, τ denotes the effective lifetime of H2(1,7) en-
ergy level, and N0 is the initial population density of the
H2(1,7) energy level at t = 0. Substituting Eq. (4) into
Eq. (17), we have

IJ (t) ∝ I2
pumpIprobeN2

0 e−2t/τ = I0 e−2t/τ . (18)

Taking logarithms on both sides of Eq. (18), the effective life-
time τ of H2(1,7) energy level can be obtained from the fol-
lowing equation:

ln [IJ(t)/I0] =−2
t
τ
. (19)

By measuring the evolution profile of the CARS signal in-
tensity of H2(1,7) energy level with delay time at different
temperatures, the semi-logarithmic plots of the variation of
the CARS signal intensity and delay time of H2(1,7) energy
level are plotted. The effective lifetimes can be obtained from
the slopes of the straight lines. Figure 8 represents the semi-
logarithmic of the variation of CARS signal intensity and de-
lay time for H2(1,7) energy level at different temperatures.
The corresponding effective lifetimes are listed in Table 2.
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Fig. 8. Semi-logarithmic plots of the variation of CARS signal intensity and
delay time for H2(1,7) energy level in the temperature range of 680 K–
750 K. The decay rate of the population obtained from the slope is 1/τ:
(a) T = 680 K, (b) T = 690 K, (c) T = 700 K, (d) T = 710 K, (e) T = 720 K,
(f) T = 730 K, (g) T = 740 K, (h) T = 750 K.

Table 2. Effective lifetimes of H2(1,7) energy level in the temperature range
of 680 K–750 K (from the slope in Fig. 8).

Temperature (K) Lifetime τ (µs) Temperature (K) Lifetime τ (µs)

680 4.61±0.03 720 3.42±0.06
690 4.26±0.09 730 3.30±0.07
700 4.10±0.10 740 3.18±0.09
710 3.68±0.09 750 3.03±0.07

Figure 9 is plotted according to H2(1,7) energy level ef-
fective lifetime data with temperature in Table 2. It can be seen
from Fig. 9 that the effective lifetime of H2(1,7) energy level
shows a clear decreasing trend with increasing temperature. It
indicates that the increase in temperature results in an increase
in the thermal motion of the molecules, which in turn causes
more frequent collisions and thereby increases the frequency
of collisions between them. Collisions cause particles to return
from the excited state to the ground state, or to transfer from
one energy state to another. Therefore, the increase in collision
frequency shortens the average residence time of particles in a
particular energy state, i.e., it accelerates the quenching of the
population in H2(1,7) energy level, which also advances the
quantum relaxation process.
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Fig. 9. The variation of the effective lifetime of H2(1,7) energy level
with temperature ranging from 680 K–750 K.

4. Conclusion

In this study, H2 is excited to the state of H2(1,7) by SRP
technology. After the collision with LiH, the particle popu-
lations appear at the energy levels of H2(1,3), H2(1,5), and
H2(1,7). Using the scanning CARS technique to detect the
particle number density in H2(0,7) and H2(1,7) energy levels
before the collision. 2 µs after the collision, particle distribu-
tions also appear in H2(1,3) and H2(1,5) energy levels. The
particle number densities in H2(1,3), H2(1,5), and H2(1,7)
energy levels are then detected post-collision. Using the time-
resolved CARS technique, the evolution of the particle popula-
tion densities of H2(1,3), H2(1,5) and H2(1,7) energy levels
with temperature after the collision is investigated, the colli-
sional relaxation process is analyzed, and the effective life-
times of H2(1,7) energy level are obtained for different tem-
peratures utilizing the semi-logarithmic plots of the changes
in the CARS signal intensities and delay times of the H2(1,7)
energy level. After the collision of H2(1,7) molecules with
LiH, the particle population density of H2(1,7) energy level
decreases by 60%, with the population transferring to H2(1,3)
and H2(1,5) energy levels. At 2-µs post-collision, the particle
population densities of H2(1,3), H2(1,5), and H2(1,7) energy
levels show an increasing trend with rising temperature. The
collision causes a rapid decrease in the population of H2(1,7)
energy level particles, while the population of H2(1,3) energy
level particles increases before that of H2(1,5) energy level
particles, confirming the collision to be a multi-quantum relax-
ation process with ∆J = 4. The effective lifetime of H2(1,7)
energy level exhibits a decreasing trend with increasing tem-
perature.
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