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ABSTRACT: The kinetic processes for the Xe (6p[1/2]0) atoms in Kr, Ar,
Ne, and He buffer gases were studied. We found that Kr, Ar, and Ne atoms
can be used to switch the amplified spontaneous emission (ASE) channel
from 3408 nm (6p[1/2]0−6s′[1/2]1) to 3680 nm (5d[1/2]1−6p[1/2]1),
while Xe and He atoms do not show such a phenomenon. This ASE channel
switch is mainly ascribed to the fast transfer of 6p[1/2]0 → 5d[1/2]1. On the
basis of the rate equations for two-state coupling (energy-transfer processes
between the two states are very rapid), the reason why the ASE channel
switch effect normally coincides with a double exponential decay of the
spontaneous emission at 828 nm (6p[1/2]0−6s[3/2]1) is explained. The
actual situations in Xe, Ar, Ne, and He follow this rule. However, the strictly
single exponential decay of the spontaneous emission at 828 nm and strong
ASE channel switch effect simultaneously emerge in Kr. This indicates that
the transfer of 6p[1/2]0 → 5d[1/2]1 in Kr does not occur via two-state coupling, but via two steps of near-resonance collision
through the 5s[3/2]2 (Kr) state as the intermediate state (6p[1/2]0 → 5s[3/2]2 (Kr) → 5d[1/2]1). In addition, we found Xe
(6p[1/2]0) atoms strongly tend to reach the 6p[3/2]2, 6p[3/2]1, and 6p[5/2]2 states through the 5s[3/2]2 (Kr) state as the
intermediate state in Kr. The 5s[3/2]2 (Kr) state plays a very important role in the energy-transfer kinetics for the Xe (6p[1/2]0)
atoms. Kr is probably an excellent buffer gas for laser systems based on Xe.

I. INTRODUCTION

Recently, a diode-pumped metastable rare gas laser (DPRGL)
was proposed as a potential high-energy laser system.1 This
new system has many advantages such as mild working
conditions, an inert chemical property, and abundant states.
Therefore, many groups have investigated this system.2−8 High
Ar (5s[3/2]2) concentrations and optical efficiency (55%) have
been obtained.4,5 Heaven and co-workers have demonstrated a
CW diode-pumped Ar* laser providing 4 W.6 However,
abundant states can result in complex kinetics between the
excited states. It is of great importance to study the kinetic
processes between the excited states before selecting a
reasonable laser system.
It is easier to produce metastable Xe atoms in comparison

with Ne, Ar, and Kr atoms, which is a positive aspect for
realizing a DPRGL. However, the energy differences among the
low-lying excited states for Xe are smaller than those for lighter
rare gases. As a result, the kinetic processes among the excited
states of Xe are more complex. Many researchers have studied
the kinetics between the excited states of Xe.9−18 Only when
the kinetic process is definited, the lifetimes and decay rate
constants for the excited states of Xe can be accurately deduced.
To avoid the risk of triggering unexpected processes, the
excitation laser powers used in these studies are relatively
low.15,16 However, the laser systems always prefer a high power
of pump sources. Therefore, it is of great significance to figure
out the kinetics between the excited states of Xe under high
excitation laser power conditions.

In our previous work, we have studied the kinetic processes
for Xe (6p[1/2]0) atoms under high excitation laser power
conditions and found that the intense excitation laser can
trigger amplified spontaneous emission (ASE) at 3408 nm
(6p[1/2]0−6s′[1/2]1).19 This ASE can lead to a substantial
number of 6s′[1/2]1 atoms being produced. By virtue of the
small energy difference between the 6p[1/2]1 and 6s′[1/2]1
states (84 cm−1) and high collision rate constant for transfer
from the 6s′[1/2]1 to the 6p[1/2]1 state, the 6s′[1/2]1 atoms
can readily arrive at the 6p[1/2]1 state. Therefore, the intense
fluorescence was observed at a wavelength of 980 nm (6p[1/
2]1−6s[3/2]2). All these processes can be described concisely
as eqs 1−4:

⎯ →⎯⎯⎯⎯Xe(s ) laser Xe(6p[1/2] )0 0 (1)

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ′Xe(6p[1/2] )
ASE(3408 nm)

Xe(6s [1/2] )0 1 (2)

′ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +Xe(6s [1/2] ) Xe(s ) collision Xe(6p[1/2] ) Xe(s )1 0 1 0
(3)

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Xe(6p[1/2] )
fluorescence(980 nm)

Xe(6s[3/2] )1 2 (4)
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Buffer gases play a crucial role in the transitions from the
excited states to the upper states of a laser in three-level
systems. In optically pumped alkali vapor lasers (DPAL),
methane or ethane are often added into the system to
accelerate this transfer.20 In this work, the kinetic processes for
Xe (6p[1/2]0) atoms in buffer gases including Kr, Ar, Ne, and
He are studied. An ASE channel switch effect appears when Kr,
Ar or Ne is used as the buffer gas. These three gases can switch
the ASE channel from 3408 nm (6p[1/2]0−6s′[1/2]1) to 3680
nm (5d[1/2]1−6p[1/2]1). This is due to the strong tendency
for the transfer of 6p[1/2]0 → 5d[1/2]1. The primary
mechanism for accelerating the transfer of 6p[1/2]0 → 5d[1/
2]1 in Ar and Ne is two-state coupling. On the basis of a
calculation model, the transfer constants for Ar and Ne were
deduced. The value for k6p[1/2]0,5d[1/2]1

Ar is higher than that for

k6p[1/2]0,5d[1/2]1
Ne . Accordingly, the ASE channel switch effect for
Ar is stronger than that for Ne. However, the primary
mechanism in Kr is probably accomplished by two steps of
near-resonance collision through the 5s[3/2]2 (Kr) state as the
intermediate state (6p[1/2]0 → 5s[3/2]2 (Kr) → 5d[1/2]1).
The Kr atoms can accelerate not only the transfer of 6p[1/2]0
→ 5d[1/2]1 but also the transfers of 6p[1/2]0 → 6p[3/2]2,
6p[3/2]1, 6p[5/2]2. He atoms cannot accelerate the transfer of
6p[1/2]0 → 5d[1/2]1. Accordingly, no new ASE peak emerges
when a He buffer gas is used. The primary kinetic process in He
is relaxation, and the transfer of 6p[1/2]0 → 6p[3/2]2 takes a
great probability of the total relaxation in He. Throughout this
paper, if not specified, all electronic states refer to the states of
Xe.

II. EXPERIMENTAL METHODS

The experimental apparatus was described in our previous
work.19 Thus, only a brief description is given here. A Nd:YAG

laser (Beamtech SGR-10) was used to pump a dye laser (Sirah
CBST-LG-18-EG). A tunable laser beam in the range from 480
to 540 nm was obtained. Then, a BBO crystal was utilized to
frequency-double this tunable laser beam to generate a tunable
ultraviolet laser beam. A series of Pellin−Broca prisms were
used to separate the ultraviolet beam from the fundamental
beam. The Xe (6p[1/2]0) atoms were prepared by two-photon
excitation at a wavelength of ∼249.5 nm. The full width at half-
maximum for the ultraviolet beam is ∼7 ns. A power meter
(Gentec QE 12LP-S-MB-D0) was used to monitor the power
of the laser.
A stainless-steel cell with four windows was used to contain

the gases. One window of the cell was made of sapphire to
ensure that the MIR (mid-infrared) ASE passes through the
window. The other three windows were made of fused quartz.
Ultrahigh purity Xe (99.999%), Kr (99.999%), Ar (99.999%),
Ne (99.999%), and He (99.999%) were used. A manometer
(UNIK 5000) was used to measure the pressures of the gases.
A series of lenses were placed along the axis perpendicular to

the excitation laser to collect the fluorescence. Then, the
fluorescence was dispersed by a monochromator (Princeton
Instrument SpectraPro 2500i) equipped with a 1200 g/mm
grating. The specific spontaneous emission line was detected by
an avalanche photodiode (APD 430 A) and recorded by an
oscilloscope (LeCroy waverunner 620zi). All the time-resolved
signals were averaged over 200 shots.
An uncoated Si plate was placed along the laser axis and

behind the gas cell to absorb the excitation laser and transmit
the MIR ASE. The MIR ASE was dispersed by a
monochromator (HORIBA micro HR MHRA-2A-MS) equip-
ped with a 300 g/mm infrared grating. Then, the MIR ASE was
measured by a photodiode (InSb). The distance between the
sapphire window of the cell and the monochromator was set to
20 cm to avoid interference from the divergence of the ASE.

Figure 1. ASE spectra for Xe (6p[1/2]0) in the forward direction along the laser axis for varying Kr, Ar, Ne, and He pressures. The laser prepared
state is the 6p[1/2]0 state. The Xe pressure was kept constant at 8.0 Torr. The pressures listed in these plots are the pressures of the buffer gases.
The energy of the excitation laser is 3.86 mJ. For clear comparison, the intensity measured under different conditions is moved upward 1 au stepwise.
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III. RESULTS AND DISCUSSION

The MIR spectra for the Xe (6p[1/2]0) atoms in different
pressures of Kr, Ar, Ne, and He are shown in Figure 1. An
interesting phenomenon emerges. The intensity of the ASE at
3408 nm (6p[1/2]0−6s′[1/2]1) gradually decreases, and a
brand new ASE at 3680 nm appears and gradually increases
when Kr, Ar, and Ne are added into the cell. The wavelength of
this new ASE exactly corresponds to the transition of 5d[1/
2]1−6p[1/2]1. The energy difference between the 6p[1/2]0
state and the 5d[1/2]1 state is only ∼132 cm−1. Kr, Ar, and Ne
may accelerate the transfer of 6p[1/2]0 → 5d[1/2]1. However,
no new ASE occurs when a He buffer gas is used. The intensity
of the ASE at 3408 nm (6p[1/2]0−6s′[1/2]1) gradually
decreases with increasing He pressure. He atoms may not
have the ability to selectively accelerate the transfer of 6p[1/2]0
→ 5d[1/2]1. In addition, more He atoms result in a higher
probability of relaxation. This reduces the probability for ASE at
3408 nm (6p[1/2]0−6s′[1/2]1). This is the so-called
quenching effect.
Another interesting result reported in previous studies is that

the high rate constant for the transfer of 6p[1/2]0 → 5d[1/2]1
always accompanies a double exponential decay of the 6p[1/2]0
state.10,12,15 If the buffer gas atoms do not result in a high rate
constant for the transfer of 6p[1/2]0 → 5d[1/2]1, the decay
curves for 828 nm (6p[1/2]0−6s[3/2]1) strictly follow a single
exponential decay. Setser and co-workers have found that the
decay curves for 828 nm (6p[1/2]0−6s[3/2]1) in buffer gases
of Ar and Ne fit a double exponential decay, while those in Xe,
Kr, and He fit a single exponential decay.9,10,12 To identify this
phenomenon, the decay curves for 828 nm (6p[1/2]0−6s[3/
2]1) were measured and fitted in these gases, as shown in
Figure 2. Clearly, the decay curves for 828 nm (6p[1/2]0−

6s[3/2]1) in Ar and Ne buffer gases both deviate from a single
exponential decay function, while those in He and Kr fit a single
exponential decay function. Our previous work has proven that
the decay curves for 828 nm in Xe also fit a single exponential
decay function.19 It can be deduced that the rate constant for
the transfer of 6p[1/2]0 → 5d[1/2]1 in Ar and Ne is relatively
high, while that in Xe, He, and Kr should be low. On the basis
of this phenomenon, one can predict that the Ar and Ne atoms
should show an ASE channel switch effect and that Xe, He, and
Kr atoms should not show this effect. The actual situations in
Xe, Ar, Ne, and He all fit such a prediction. However, Kr is an
exception. To determine the relationship between the high
transfer rate constant for 6p[1/2]0 → 5d[1/2]1 and decay
function for 828 nm (6p[1/2]0−6s[3/2]1), the following
derivations are made. The rate equations for the energy-
transfer processes between the 6p[1/2]0 state and the 5d[1/2]1
state can be written as eqs 5 and 6.

= − +

+ +

+

t
k k

k k

k

d[6p[1/2] ]
d

( [Rg] [Xe]

)[6p[1/2] ] ( [Rg]

[Xe])[5d[1/2] ]

0
6p[1/2] ,T
Rg

6p[1/2] ,T
Xe

6p[1/2] ,r 0 5d[1/2] ,6p[1/2]
Rg

5d[1/2] ,6p[1/2]
Xe

1

0 0

0 1 0

1 0 (5)

= − +

+ +

+

t
k k

k k

k

d[5d[1/2] ]
d

( [Rg] [Xe]

)[5d[1/2] ] ( [Rg]

[Xe])[6p[1/2] ]

1
5d[1/2] ,T
Rg

5d[1/2] ,T
Xe

5d[1/2] ,r 1 6p[1/2] ,5d[1/2]
Rg

6p[1/2] ,5d[1/2]
Xe

0

1 1

1 0 1

0 1 (6)

where ki,T
Rg is the total decay rate constant of the i state due to

collision with rare gas atoms, ki,T
Xe is the total decay rate constant

Figure 2. Time-resolved fluorescence curves measured at 828 nm for different buffer gases. The plots marked with Kr, Ar, Ne, and He were acquired
under the conditions of (pXe = 4.0 Torr) + (pKr = 3.0 Torr), (pXe = 4.0 Torr) + (pAr = 4.9 Torr), (pXe = 4.0 Torr) + (pNe = 9.0 Torr), and (pXe = 4.0
Torr) + (pHe = 14.0 Torr), respectively. The black lines show the experimental data. The red and blue lines are fitting lines for a single and double
exponential decay function, respectively. The energy of the excitation laser is 2.80 mJ.
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of the i state due to collision with Xe atoms, ki,r is the radiative
decay rate of the i state, ki,j

Rg is the rate constant of the transfer
of i → j due to collision with Rg atoms, and ki,j

Xe is the rate
constant of the transfer of i → j due to collision with Xe atoms.
To concisely express the equations, the following definitions are
made:

= + +
= +

= + +
= +

= =

A k k k

A k k

A k k k

A k k

N N

[Rg] [Xe] ,

[Rg] [Xe],

[Rg] [Xe] ,

[Rg] [Xe],

[6p[1/2] ], [5d[1/2] ]

11 6p[1/2] ,T
Rg

6p[1/2] ,T
Xe

6p[1/2] ,r

21 5d[1/2] ,6p[1/2]
Rg

5d[1/2] ,6p[1/2]
Xe

22 5d[1/2] ,T
Rg

5d[1/2] ,T
Xe

5d[1/2] ,r

12 6p[1/2] ,5d[1/2]
Rg

6p[1/2] ,5d[1/2]
Xe

1 0 2 1

0 0 0

1 0 1 0

1 1 1

0 1 0 1

Then, eqs 5 and 6 can be rewritten as eqs 7 and 8:

− + =A N A N
N
t

d
d11 1 21 2

1
(7)

− =A N A N
N
t

d
d12 1 22 2

2
(8)

The solutions for eqs 7 and 8 have the following general
form:

= +λ λ− −+ −N a ae ei i
t

i
t

1 2 (9)

λ+,− are the two eigenvalues for eq 10:

λ

λ

−

−
=

A A

A A
0

11 21

12 22 (10)

k5d[1/2]1,6p[1/2]0 (denoted as k21) and k6p[1/2]0,5d[1/2]1 (denoted
as k12) obey the following relationship:12,15,21

= =
ε

ε

−

−
N
N

g

g
k
k

e

e

kT

kT
1

2

1
/

2
/

21

12

1

2
(11)

Then, the relationship between k21 and k12 can be expressed
as k21 = k12/5.66. Under the condition of pure Xe, all the [Rg] =
0. The value of k1,2

Xe is relatively small (smaller than 0.58 × 10−11

cm3 s−1).9,19 Then, the value of k2,1
Xe is even smaller. Thus, the

A21 can be omitted in eq 7. Then, eq 7 can be rewritten as eq
12:

− =A N
N
t

d
d11 1

1
(12)

It is easy to deduce N1 = a11e
−A11t. Thus, the fluorescence at

828 nm shows a single exponential decay in pure Xe. In
addition, the k2,1

Kr and k2,1
He values should be low enough to be

omitted. Therefore, the decay curves for 828 nm (6p[1/2]0−
6s[3/2]1) in He and Kr fit the single exponential function.
Then, the total decay rate constants for He and Kr can be
deduced by a Stern−Volmer plot. These plots are shown in
Figure 3. The total decay rate constants for Kr and He are listed
in Table 1.
If the value for k12 is high, the value for k21 is also high. Then,

A21 in eq 7 cannot be omitted. Therefore, the decay curve at
828 nm fits a double exponential function. However, under the
condition that the pXe is relatively high and pRg (Rg = Ar or Ne)
is very low, the decay curve at 828 nm may also fit a single
exponential function. Although the k1,2

Rg (Rg = Ar or Ne) is
relatively high, the A12 is not very high for low pressures of Ar

or Ne. Thus, the density of N2 is not very high. Equally, k2,1
Rg ×

[Rg] (Rg = Ar or Ne) is not very high for low pressures of Ar
or Ne. This leads to a relatively low A12. Moreover, the high
value of pXe results in a high value for A11N1. Therefore, the
parameter A21N2 in eq 7 can be omitted. To obtain the total
decay rate constants for Ar and Ne, the decay curves at 828 nm
were measured under the condition of pXe = 9.9 Torr and low
pressures of Rg (pAr < 5.0 Torr or pNe < 6.2 Torr). Indeed,
these curves fit a single exponential decay well. Then, the total
decay rate constants for Ar and Ne can be deduced from a
Stern−Volmer plot. These plots are shown in Figure 4. The
total decay rate constants for Ar and Ne are listed in Table 1.
To deduce the value for k1,2

Rg (Rg = Ar or Ne), the curves at
828 nm were measured and fitted by a double exponential
decay function under the condition of pXe = 4.0 Torr and
relatively high pressure of Rg (Rg = Ar or Ne). These fits are
marked by the green curves in Figure 2. Clearly, these two
curves fit a double exponential function well. Then, a series of
λ+,− can be obtained under the conditions of different pRg. The
λ+,− can be illustrated by eq 13:

λ =
+ ± − +

+ −
A A A A A A( ) 4

2,
11 22 11 22

2
12 21

(13)

where A11 = k1,T
Rg [Rg] + C1, C1 = k1,T

Xe [Xe] + k1,r, A22 = k2,T
Rg [Rg] +

C2, and C2 = k2,T
Xe [Xe] + k2,r. Since k1,2

Xe[Xe] and k2,1
Xe[Xe] are low

enough to be omitted, we can obtain A12 = k1,2
Rg[Rg], A21 =

Figure 3. Stern−Volmer plots for the 6p[1/2]0 state in Kr and He
buffer gases. The Xe pressure is 4.0 Torr. The energy of the excitation
laser is 2.80 mJ. The 6p[1/2]0 atoms are directly prepared by the laser.

Table 1. Kinetic Parameters Measured by Stern−Volmer
Plotsa

kinetic
parameters this work data from references

k6p[1/2]0,T
Kr 10.37 ± 0.53 11.0 ± 0.5 (ref 12)

k6p[1/2]0,T
Ar 15.29 ± 0.52 18.3 ± 0.6 (ref 15), 14.0 ± 1 (ref 12)

k6p[1/2]0,5d[1/2]1
Ar 13.94 ± 0.30 17.0 ± 0.3 (ref 15), 10.0 (ref 12)

k5d[1/2]1,6p[1/2]0
Ar 2.46 ± 0.05 3.0 ± 0.1 (ref 15), 1.8 (ref 12)

k5d[1/2]1,T
Ar 2.98 ± 0.60 3.4 ± 0.2 (ref 15), 3.8 (ref 12)

k6p[1/2]0,T
Ne 3.37 ± 0.11 3.4 ± 0.2 (ref 10)

k6p[1/2]0,5d[1/2]1
Ne 3.24 ± 0.10 3.4 (ref 10)

k5d[1/2]1,6p[1/2]0
Ne 0.57 ± 0.07 0.6 (ref 10)

k5d[1/2]1,T
Ne 0.68 ± 0.14 0.8 (ref 10)

k6p[1/2]0,T
He 2.29 ± 0.03 2.0 ± 0.2 (ref 10)

aAll the units for the data shown in this table are in 10−11 cm3 s−1. For
concise illustration, the unit is omitted.
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k2,1
Rg[Rg] = 0.1766k1,2

Rg[Rg]. Then, eq 13 can be rewritten as eq
14:

λ =
+ + +

±
− + − + ×

+ −
k k C C

k k C C k

( )[Rg]
2

(( )[Rg] ( )) 0.706 ( [Rg])

2

,
1,T
Rg

2,T
Rg

1 2

1,T
Rg

2,T
Rg

1 2
2

1,2
Rg 2

(14)

Under the conditions of pXe = 4.0 Torr and pRg being
relatively high, C1 − C2 can be omitted. Then, eq 14 can be
rewritten as eq 15.

λ =
+ + +

±
× − + ×

+ −
k k C C

k k k

( )[Rg]

2

[Rg] ( ) 0.706 ( )

2

,
1,T
Rg

2,T
Rg

1 2

1,T
Rg

2,T
Rg 2

1,2
Rg 2

(15)

Then,
λ+ −d

d[Rg]
, can be expressed as eq 16.

λ
=

+ ± − + ×

+ −

k k k k k

d

d[Rg]

( ) ( ) 0.706 ( )

2

,

1,T
Rg

2,T
Rg

1,T
Rg

2,T
Rg 2

1,2
Rg 2

(16)

According to eq 16, the relationship between λ+,− and pRg is
linear. Indeed, the relationship between λ+,− and pRg is linear as
shown in Figure 5. This observation is consistent with previous

studies.12,15 Then, the values for
λ+ −d

d[Rg]
, can be obtained by

calculating the slope from these data. In eq 16, k1,t
Rg is known.

The only unknown parameters that remain are k2,t
Rg and k1,2

Rg.
These can be deduced using the eq 16 and are listed in Table 1.
Parameters reported in previous studies are also listed for
comparison.
As shown in Table 1, the relaxation rate constants for 6p[1/

2]0 → 5d[1/2]1 in Ar and Ne are 13.94 × 10−11 and 3.24 ×
10−11 cm3 s−1, respectively. Accordingly, the ASE channel
switching capability for Ar is significantly stronger than that for
Ne as shown in Figure 1. The intensities for the ASE at 3408
nm (6p[1/2]0−6s′[1/2]1) and 3680 nm (5d[1/2]1−6p[1/2]1)
are both strong under the condition of pNe = 205.3 Torr.
However, under the condition of pAr = 136.0 Torr, the intensity
of the ASE at 3408 nm (6p[1/2]0−6s′[1/2]1) is hardly visible,
while the ASE at 3680 nm (5d[1/2]1−6p[1/2]1) is very strong.
In a brief, if the value of k6p[1/2]0,5d[1/2]1 is high, A12 is

accordingly high. Then, a substantial number of 5d[1/2]1
atoms can be populated. In addition, the value of
k5d[1/2]1,6p[1/2]0 is also high. Therefore, A21 in eq 7 cannot be
omitted. Consequently, the energy-transfer processes between
the 6p[1/2]0 and 5d[1/2]1 state are very rapid. Under this
circumstance, these two states are coupled with each other. As a
result, the decay curve at 828 nm fits a double exponential
function. This is the reason why a high rate constant for the
transfer of 6p[1/2]0 → 5d[1/2]1 can result in a double
exponential decay for the 6p[1/2]0 state. As a result, the double
exponential decay of the 6p[1/2]0 state normally coincides with
an ASE channel switch. However, the situation for Kr is an
exception. All the calculation results above satisfy the condition
that the transfers between the 5d[1/2]1 state and the 6p[1/2]0
state are accomplished by two-state coupling, as described by
eq 17. The mechanism for the transfer of 6p[1/2]0 → 5d[1/2]1
in Kr cannot involve two-state coupling. The energy difference
between the 6p[1/2]0 state and the 5s[3/2]2 (Kr) state is only
∼147 cm−1. The 6p[1/2]0 atoms strongly tend to reach the
5s[3/2]2 (Kr) state.

12 The energy difference between the 5s[3/
2]2 (Kr) state and the 5d[1/2]1 state is only ∼12 cm−1. The
5s[3/2]2 (Kr) atoms must have a high probability to reach the
5d[1/2]1 state. Consequently, the transfer processes of 6p[1/
2]0 → 5d[1/2]1 in Kr are accomplished by two steps of near-
resonance collision, as described by eq 18 and 19.

+ ← →⎯⎯⎯⎯⎯⎯⎯⎯ +Xe(6p[1/2] ) Rg collision Xe(5d[1/2] ) Rg0 1 (17)

Figure 4. Stern−Volmer plots for the 6p[1/2]0 state in Ar and Ne
buffer gases. The Xe pressure is 9.9 Torr. The energy of the excitation
laser is 2.80 mJ. The 6p[1/2]0 atoms are directly prepared by laser.

Figure 5. Stern−Volmer plots for the λ+,− in Ar and Ne buffer gases. The Xe pressure is 4.0 Torr. The energy of the excitation laser is 2.80 mJ. The
6p[1/2]0 atoms are directly prepared by laser.
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+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +Xe(6p[1/2] ) Kr(s ) collision Xe(s ) Kr(5s[3/2] )0 0 0 2
(18)

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +Kr(5s[3/2] ) Xe(s ) collision Xe(5d[1/2] ) Kr(s )2 0 1 0
(19)

Although the relaxation rate constant for He for the transfer
of 6p[1/2]0 → 5d[1/2]1 is very low, the relaxation rate for this
transfer can be high under the condition of high He pressure.
However, there is no ASE at 3680 nm (5d[1/2]1−6p[1/2]1), as
shown in Figure 1, even under the condition of pHe = 305.7
Torr. Not only the transfer of 6p[1/2]0 → 5d[1/2]1 but also
that of 6p[1/2]0 → 6p[i]j can be reinforced. Then, the 6p[1/
2]0 atoms tend to decay through the relaxation channel instead
of the ASE channel. Moreover, relaxation rate for the 5d[1/2]1
state is also high under the condition of high He pressure.
Therefore, the population inversion between the 5d[1/2]1 and
6p[1/2]1 is hard to form under the conditions of high He
pressure. However, the situation may be different under the
condition of high Xe pressure, since, under such a condition,
the population of the 6p[1/2]0 state may also dramatically
increase. Although the probability of relaxation increases, more
6p[1/2]0 atoms can produce 5d[1/2]1 atoms. The ASE at 3680
nm (5d[1/2]1−6p[1/2]1) probably emerges under this
condition. Thus, ASE in the forward direction along the laser
axis was observed under the condition of pXe = 216.0 Torr and
E = 3.86 mJ. This result is shown in Figure 6. Clearly, there is

no ASE at 3680 nm (5d[1/2]1−6p[1/2]1). The higher pressure
may not only accelerate the transfer of 6p[1/2]0 → 5d[1/2]1
but also accelerate the process described in eq 3. The relaxation
rate constant in eq 3 is as high as ∼4.99 × 10−11 cm3 s−1.21

Then, substantial 6p[1/2]1 atoms can be rapidly produced as
indicated by eq 2 and 3. Consequently, the population
inversion between the 5d[1/2]1 state and the 6p[1/2]1 state
in high Xe pressure is also difficult to form.
In this work, the two ASE channels at 3408 nm (6p[1/2]0−

6s′[1/2]1) and 3680 nm (5d[1/2]1−6p[1/2]1) compete with
each other. Because of the small energy difference (∼84 cm−1)
between the 6s′[1/2]1 state and the 6p[1/2]1 state, the energy
transfer processes between these two states must be very rapid.
Consequently, a series of processes related to one ASE channel
can produce substantial atoms in the lower state of the other
ASE channel. This can reduce the degree of population
inversion. Under the condition of pure Xe, some 6p[1/2]0
atoms can arrive at the 5d[1/2]1 state by collision. However, a

substantial number of 6p[1/2]1 atoms can be rapidly produced
through eq 2 and 3 to destruct the population inversion
between the 5d[1/2]1 and 6p[1/2]1 states. As a result, only the
ASE at 3408 nm (6p[1/2]0−6s′[1/2]1) can be generated.
When the Kr, Ar or Ne atoms are filled into the system, the
transfer of 6p[1/2]0 → 5d[1/2]1 can be significantly
accelerated to produce population inversion between the
5d[1/2]1 and 6p[1/2]1 state. Then, the ASE at 3680 nm
(5d[1/2]1−6p[1/2]1) is rapidly generated to populate a
substantial number of 6p[1/2]1 atoms. Accordingly, many
6s′[1/2]1 atoms can also be produced. This reduces the degree
of population inversion between the 6p[1/2]0 and 6s′[1/2]1
states. Thus, the ASE at 3408 nm (6p[1/2]0−6s′[1/2]1) is
inhibited. To some extent, the ASE channel switch effect shown
in Figure 1 is attributed to this reason.
The buffer gases can significantly increase the probability of

relaxation. They may accelerate not only the transfer of 6p[1/
2]0 → 5d[1/2]1 but also some transfers of 6p[1/2]0 → 6p[i]j.
To study this subject systematically, the time-resolved
fluorescence curves were measured to characterize the
populations of the five secondary 6p[i]j states in the buffer
gases including Kr, Ar, Ne, and He. The results are shown in
Figure 7. When a He buffer gas is used, the intensity at 823 nm
significantly increases. This indicates that the He atoms can
accelerate the transfer of 6p[1/2]0 → 6p[3/2]2. Although the
total decay rate constant for the 6p[1/2]0 state in He is only
(2.29 ± 0.03) × 10−11 cm3 s−1, the collisional rate constant for
the transfer of 6p[1/2]0 → 6p[3/2]2 probably take a great
proportion. The intensity at 882 nm slightly increases.
Although the rate constant for the transfer of 6p[1/2]0 →
6p[5/2]3 may not be very high, the rate of this transfer can be
higher for high He pressures. The intensities at 916 and 904 nm
hardly change. Thus, the probabilities of the transfers of 6p[1/
2]0 → 6p[3/2]1, 6p[5/2]2 are very small in He. The intensities
at 980 nm in He gradually decrease for increasing pressure. He
atoms cannot selectively accelerate the transfer of 6p[1/2]0 →
5d[1/2]1. Moreover, more He atoms can drive more 6p[1/2]0
atoms to decay through the relaxation channels instead of ASE
at 3408 nm (6p[1/2]0−6s′[1/2]1). Therefore, fewer 6p[1/2]1
atoms can be produced. When a Ne buffer gas is used, the
intensities at 823 nm, 916 nm, 904 nm hardly change. Only the
intensity at 882 nm slightly increases. According to Table 1,
k6p[1/2]0,5d[1/2]1
Ne takes a great proportion of k6p[1/2]0,T

Ne , then the
tendencies for the transfers of 6p[1/2]0 → 6p[3/2]2, 6p[3/2]1,
6p[5/2]2 are very small in Ne. The peak height at 980 nm does
not change much in Ne. However, the rising edge becomes
steeper following the addition of Ne atoms into the cell. This
indicates that the 6p[1/2]1 atoms are produced much more
rapidly. The transfer processes for 6p[1/2]0 → 6p[1/2]1
through ASE at 3408 nm include an endothermic process
(6s′[1/2]1 → 6p[1/2]1), while those transfer processes
occurring through ASE at 3680 nm involve an exothermic
process (6p[1/2]0 → 5d[1/2]1). Usually, the exothermic
process is easier to generate. For an Ar buffer gas, the
intensities at 823 nm, 916 nm, 904 nm hardly change, similar to
those found in Ne. Only the intensity at 882 nm slightly
increases. However, the intensities at 980 nm increase
dramatically. This results from the high rate constant of Ar
for the transfer of 6p[1/2]0 → 5d[1/2]1. A series of processes
related to the ASE at 3680 nm (5d[1/2]1−6p[1/2]1) can drive
more 6p[1/2]0 atoms to reach the 6p[1/2]1 state. When a Kr
buffer gas is used, the change in the fluorescence curves at 980

Figure 6. ASE spectra measured for Xe in the forward direction along
the laser axis under the condition of pXe = 216.0 Torr and E = 3.86 mJ.
The laser prepared state is the 6p[1/2]0 state.
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nm in Kr acts like that in Ne. Although the ASE channel switch
effect in Kr is as strong as that in Ar (shown in Figure 1), the
intensities at 980 nm in Kr are much lower than that in Ar. In
comparison with the transfer of 6p[1/2]0 → 5d[1/2]1 in Ar, the
transfer of 6p[1/2]0 → 5d[1/2]1 in Kr needs to pass through
the 5s[3/2]2 (Kr) state. This increases the probability for
quenching. As a result, fewer 6p[1/2]1 atoms are produced in
Kr compared with that in Ar. The intensities at 882 nm in these
four gases all slightly increase. The radiative branching ratio at
882 nm is 100%. Then, this fluorescence line should be easier
to observe compared with other lines. The unexpected
phenomenon is that the intensities at 823 and 916 nm are
significantly increased in Kr. In addition, the intensity at 904

nm is also slightly increased. This is much different from the
changes in intensity found in Ar, Ne, and He. This indicates
that the probabilities for 6p[1/2]0 → 6p[3/2]2, 6p[3/2]1 in Kr
dramatically increase. Moreover, the probability for 6p[1/2]0 →
6p[5/2]2 in Kr also increases.
The following two mechanisms are proposed to illustrate the

microscopic processes. The first one is the ASE mechanism.
Similar to the mechanism of 6p[1/2]0 → 6p[1/2]1, the Kr
atoms may accelerate a transfer from the 6p[1/2]0 state to one
5d[i]j state near the 6p[1/2]0 state. Then, the ASE of 5d[i]j−
6p[3/2]2, 6p[3/2]1, 6p[5/2]2 are rapidly generated. Con-
sequently, a substantial number of 6p[3/2]2, 6p[3/2]1, and
6p[5/2]2 atoms are produced. The second mechanism involves

Figure 7. Time-resolved fluorescence curves measured at 823 nm (6p[3/2]2−6s[3/2]2), 916 nm (6p[3/2]1−6s[3/2]1), 882 nm (6p[5/2]3−6s[3/
2]2), 904 nm (6p[5/2]2−6s[3/2]2), and 980 nm (6p[1/2]1−6s[3/2]2) for varying buffer gases. The 6p[1/2]0 state is directly prepared by the laser.
The Xe pressure is 6.0 Torr. The energy of the excitation laser is 2.80 mJ. For clear comparison, the intensity of the different gases is moved upward
3 au stepwise.

Figure 8. Normalized fluorescence intensities under the conditions of different excitation laser energies. The Xe and Kr pressures are 7.8 and 61.1
Torr, respectively.
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collisional relaxation through the 5s[3/2]2 state of Kr as the
intermediate state. When the 6p[1/2]0 atoms collide with Kr,
they show a strong tendency to generate 5s[3/2]2 (Kr) atoms
eq 18. Then, the 6p[3/2]2, 6p[3/2]1, and 6p[5/2]2 atoms can
be produced by relaxation of the 5s[3/2]2 (Kr) atoms. The
energy-transfer processes from 5s[3/2]2 (Kr) to Xe mainly give
rise to the 6p[3/2]2 and 6p[3/2]1 states.

17

If the ASE is the primary mechanism, the 5d[i]j state
probably refers to the 5d[3/2]2 state (80322.75 cm−1). Only
the emission wavelength for 5d[3/2]2−6p[5/2]2 can be
observed by our detector. However, no ASE signals were
measured at 4539 nm (5d[3/2]2−6p[5/2]2). To further
identify a reasonable mechanism, the intensities of the
spontaneous emissions were measured under the conditions
of different excitation laser energies. The results are shown in
Figure 8. If 6p[i]j atoms are produced by the mechanism of
ASE, spontaneous emission involving this upper state should
have a threshold. Obviously, the spontaneous emission at 980
nm has a threshold at ∼1.0 mJ, because the 6p[1/2]1 atoms are
produced by a series process related to ASE at 3680 nm.
However, the spontaneous emission at 823, 916, and 904 nm
does not have an obvious threshold. Therefore, the mechanism
based on ASE is denied. A reasonable primary mechanism is
collisional relaxation. This can be described using eqs 18 and
20.

+

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +

Kr(5s[3/2] ) Xe(s )
collision Xe(6p[3/2] , 6p[3/2] , 6p[5/2] ) Kr(s )

2 0

2 1 2 0
(20)

In summary, Ar and Ne atoms can accelerate the transfer of
6p[1/2]0 → 5d[1/2]1. Thus, Ar and Ne atoms can switch the
ASE channel from 3408 nm (6p[1/2]0−6s′[1/2]1) to 3680 nm
(5d[1/2]1−6p[1/2]1). The transfer of 6p[1/2]0 → 5d[1/2]1 in
Ar and Ne is accomplished by two-state coupling. The high rate
constant for the transfer of 6p[1/2]0 → 5d[1/2]1 can result in a
high rate constant for the transfer of 5d[1/2]1 → 6p[1/2]0.
Consequently, the ASE channel switch effect always coincides
with a double exponential decay for the spontaneous emission
at 828 nm (6p[1/2]0−6s[3/2]1) in Ar and Ne. On the basis of
the rate equations for two-state coupling, the value for
k6p[1/2]0,5d[1/2]1
Rg (Rg = Ar or Ne) was deduced. We found that

the value of k6p[1/2]0,5d[1/2]1
Ar is higher than that of k6p[1/2]0,5d[1/2]1

Ne .
Therefore, the ASE channel switch effect for Ar is stronger than
that for Ne. The primary processes in Ar and Ne are illustrated
in Figure 9a.
The energy-transfer kinetic processes for 6p[1/2]0 atoms in

Kr are much more complicated than those in Ar and Ne. The
Kr atoms also show an ASE channel switch effect. Such atoms

can also accelerate the transfer of 6p[1/2]0 → 5d[1/2]1. Unlike
that found in Ar and Ne, the kinetic processes for the transfer
of 6p[1/2]0 → 5d[1/2]1 in Kr involve two steps of near-
resonance collision through the 5s[3/2]2 (Kr) state as the
intermediate state. Although the ASE channel switch effect for
Kr is as strong as that for Ar, the tendency for 6p[1/2]0 atoms
to reach the 6p[1/2]1 state in Kr is much weaker than that in
Ar. The complicated processes in Kr lead to a higher probability
for relaxation to other states. Indeed, we found that the
transfers of 6p[1/2]0 → 5s[3/2]2 (Kr) →6p[3/2]2, 6p[3/2]1
are also considerably strong. These channels compete with the
transfer of 6p[1/2]0 → 5s[3/2]2 (Kr) → 5d[1/2]1. Therefore,
fewer 6p[1/2]0 atoms can reach the 6p[1/2]1 state. The
primary kinetic processes in Kr are illustrated in Figure 9b.
He atoms cannot accelerate the transfer of 6p[1/2]0 →

5d[1/2]1. Thus, He atoms cannot switch the ASE channels. In
addition, we found that the probability for the transfer of 6p[1/
2]0 → 6p[3/2]2 in He significantly augments. The primary
kinetic processes in He are illustrated in Figure 9c.

IV. CONCLUSION
The energy-transfer processes for 6p[1/2]0 atoms in Kr, Ar, Ne,
and He buffer gases were studied. The primary process in Ar or
Ne buffer gas is accelerating transfer of 6p[1/2]0 → 5d[1/2]1
by two-state coupling. We found that the value of k6p[1/2]0,5d[1/2]1

Ar

is higher than that of k6p[1/2]0,5d[1/2]1
Ne . The primary processes in

Kr buffer gas are accelerating transfers of 6p[1/2]0 → 5s[3/2]2
(Kr) → 5d[1/2]1, 6p[3/2]2, 6p[3/2]1. The primary process in
He buffer gas is accelerating transfer of 6p[1/2]0 → 6p[3/2]2.
The 5s[3/2]2 (Kr) state plays an important role in the

energy-transfer kinetics for 6p[1/2]0 atoms. Kr is probably an
ideal buffer gas for the Xe laser system. Further work will enable
one to select proper states and the most suitable buffer gas for
obtaining a DPRGL based on Xe.
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