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The b →

 

 X emission of electronically excited O

 

2

 

 isolated in Ar solids was observed under the pulsed KrF excimer
laser irradiation at 248 nm.  The relaxation proceeds along the b →

 

 a →

 

 b interstate transition.  The time evolution of
each b →

 

 X (

 

v

 

′

 

, 

 

v

 

�

 

) band was fitted by multi-exponential curves.  The nonradiative rate is limited at the b →

 

 a transition
due to the energy gap, which is larger than that of the a →

 

 b transition.  The relaxation rate constants of individual vibra-
tional levels (

 

v

 

 

 

�

 

 8) of the b state were determined.  The vibrational quantum number and temperature dependence of the
nonradiative rate constants could be explained based on a multiphonon relaxation theory.

 

Condensed phase reactions are different from gas phase re-
actions in the point that the former always experience the influ-
ence of the surrounding molecules.  The relaxation rates and
mechanisms of excited states of simple molecules in simple
surrounding media are thus some of the most fundamental
types of information required for understanding the reactions
in condensed phase.  The photophysical behavior of laser ex-
cited O

 

2

 

 isolated in rare gas solids is a typical example.
The energy levels, potentials and relaxation mechanism of

O

 

2

 

 doped in rare gas and N

 

2

 

 solids in the neighborhood of the
dissociation limit and below it have been studied so far mainly
by means of absorption and emission spectroscopy as was re-
viewed recently.

 

1

 

  Several studies have focused on the vibra-
tional relaxation of electronic ground state X

 

3

 

Σ

 

g

 

−

 

, on the emis-
sion spectra from the Herzberg states (A

 

3

 

Σ

 

u

 

+

 

, A

 

′

 

3

 

∆

 

u

 

, c

 

1

 

Σ

 

u

 

−

 

)
which lie more than 4.1 eV above the ground state, and on the
spectra from the low-lying a

 

1

 

∆

 

g

 

 (0.98 eV) and b

 

1

 

Σ

 

g

 

+

 

 (1.63 eV)
states.

In the vibrationally excited O

 

2

 

 (X

 

3

 

Σ

 

g

 

−

 

, 

 

v

 

) in rare gas solids,
an extremely slow vibrational relaxation, for example with the
lifetime of more than 100 s for 

 

v

 

 

 

=

 

 5 in Ar solids, was report-
ed.

 

1,2

 

  Salloum and Dubost

 

2

 

 tried successfully to explain this
slow relaxation process, applying the theory of multiphonon
relaxation proposed by Nitzan et al.

 

3

 

  and later by Egorov and
Skinner.

 

4

 

  Consequently, the relaxation of X state was claimed
to be an intramolecular multiphonon relaxation with the local-
ized phonons.  The vibrational level spacing in the X state is as
large as ca.  1500 cm

 

−

 

1

 

 and a very large number of phonons
are needed for dissipating the energy along the relaxation
progress into the lattice of the rare gas solids.  As the result, the
ground state vibrational relaxation is a very slow process.

The emission spectra from the Herzberg states (A, A

 

′

 

, c)
have been measured by many researchers.

 

5–10

 

  However, the
spectra are mostly limited to those from the vibrationally re-
laxed levels.  The vibrational relaxation in these excited elec-
tronic states is considered to be very fast.  Numerous vibronic
levels from the six electronic states (A, A

 

′

 

, c, b, a, X) exist in a
relatively narrow energy range below the dissociation limit and
the vibronic transitions may progress near-resonantly by
adopting these levels.  Such interstate relaxation processes are
reviewed by Bondybey et al.

 

11

 

The emission spectra from the vibrationally unrelaxed a and
b states have been observed by several researchers,

 

12–16

 

 though
not in an extensive manner.  In these states, which are different
from the Herzberg states, only the three states (X, a and b) can
interact due to energetic considerations, and the energy gaps
between individual vibronic levels are relatively large.  There-
fore analysis of the time evolution of the emission spectra from
these states should provide us information on the relaxation of
the individual vibronic levels.  However, only a very few re-
ports have been published concerning the time evolution of vi-
brationally highly excited a and/or b states.  Only one article
described the lifetime of vibrationally excited b state with the
measurement of the b →

 

 X(

 

v

 

′

 

, 

 

v

 

�

 

) emission spectra using the
dissociative light irradiation.

 

16

 

  However, the time evolutions
of the vibrationally excited levels of the b state were not clear-
ly obtained.

The objective of the present work is the quantitative mea-
surement of relaxation rates among the a and b vibronic states
in order to understand whether the mechanism of multiphonon
relaxation is still valid in these vibronic levels of the electroni-
cally excited a and b state of O

 

2

 

.
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We studied as follows.  At first, the A

 

′

 

 state was prepared by
using a 248 nm pulsed laser to supply irradiation to the O

 

2

 

molecules isolated in Ar solids; then we observed the b →

 

X(

 

v

 

′

 

, 

 

v

 

�

 

) emission spectra.  From the time evolution of the in-
dividual vibronic transition bands, the production and decay
process of the vibrational levels of the b state was kinetically
analyzed so as to obtain their rise and decay rates.

 

Experimental

 

The experimental apparatus and sample preparation method
were the same as described previously.

 

17

 

  Briefly, a free-standing
Ar solid of cubic structure, which was composed of micro-crys-
tals, of ca.  10 

 

×

 

 10 

 

×

 

 10 mm

 

3

 

 size containing a small amount of
O

 

2

 

 (O

 

2

 

/Ar 

 

=

 

 1/50–1/10000), was prepared by the method of Sch-
wentner et al.

 

18

 

  The solid was typically kept at 16 K by a closed-
cycle refrigerator in a vacuum chamber.  The nominal purity of Ar
and of O

 

2

 

 gas obtained commercially were 99.9999% and
99.9995%, respectively.

The solid was irradiated by a KrF excimer laser at 248 nm (typ-
ical irradiation condition: laser fluence, 40 mJ pulse

 

−

 

1

 

 cm

 

−

 

2

 

, irra-
diation area, 0.5 cm

 

2

 

, repetition rate, 1 or 3 Hz) through a quartz
window of the vacuum chamber.  The resultant b

 

1

 

Σ

 

g

 

+

 

 →

 

 X

 

3

 

Σ

 

g

 

−

 

emission spectra were gathered with a lens at the perpendicular di-
rection to the laser light, dispersed by a monochromator
(HAMAMATSU, C5095; blaze wavelength, 600 nm) and detected
by an ICCD detector (HAMAMATSU, PMA-100).  The instru-
mental band-path width (FWHM) was 5 cm

 

−

 

1

 

.  The wavelength
was calibrated using an appropriate standard neon lamp within a
precision of 2 cm

 

−

 

1

 

 in the 650–850 nm region.  In the time evolu-
tion measurement at a specific wavelength, the emission was dis-
persed by another monochromator (Nikon P-250; blazed wave-
length of the grating, 750 nm; FWHM, 3 nm), detected by a pho-
tomultiplier (HAMAMATSU, R5509) and averaged by an oscillo-
scope (Le Croy, LS140).  The time response for the time domain
measurements was shorter than 1 

 

µ

 

s.

 

Results

A. b

 

1

  

ΣΣΣΣ

 

g

 

+

 

  X

 

3

  

ΣΣΣΣ

 

g

 

−

 

 Emission Spectra.    

 

Under the KrF ex-
cimer laser irradiation to the O

 

2

 

/Ar solid, a very intense banded
emission identified with the A

 

′

 

3

 

∆

 

u

 

 →

 

 X

 

3

 

Σ

 

g

 

−

 

 transition was ob-
served in agreement with reports.

 

5,9,10

 

  In parallel, another
weaker banded emission was observed in the longer wave-
length region; this was identified with the b

 

1

 

Σ

 

g

 

+

 

 →

 

 X

 

3

 

Σ

 

g

 

−

 

 (v′,
v�) transition from the comparison with the literature.16  The
observed spectra using time gates after the laser pulse are
shown in Fig. 1(a)–(e).  The b → X (v′, v�) emission spectra
are shown in Fig. 1(b)–(e) and the corresponding transition en-
ergies are tabulated in Table 1.  The spectroscopic constants for
the b and X states have been obtained from the data in Table 1
and are compared with literature values5,16 in Table 2.

B. Time Evolution of the b  X Emission.    We ob-
served the time evolution of each (v′, v�) band for v′ − v� = 0–
3, and confirmed that the bands from the same initial v′ had
identical time evolutions independent of v�.  Thus we will
show the time evolutions of the (v′, v� = v′) emission bands.

  The time evolution of the individual b(v′) → X(v�) emis-
sion intensity measurement at 16 K is shown by dots in Fig. 2.
The maximum of each band intensity is normalized to unity.
The initial component of the time evolution, which has a life-
time of ca.  100 µs at every (v′, v�) band, is considered to be a

contamination by the wing part of the strong A′ → X emission
bands.  The solid curves are fitting lines, as will be described
later.

The (0, 0) band does not disappear within 1 s, the repetition
period of the laser pulse, and thus the band intensity contains
the contribution of the subsequent laser pulses.  The bands oth-
er than the (0, 0) band disappear completely within 1 s.  Appar-
ently, the time evolution for each individual band has its spe-
cific rise and decay rate.  A complex but still reproducible time
evolution is observed for the (3, 3) band.

The time evolution of the b → X(v′, v�) band measured at 30
K is also shown in Fig. 3.  The comparison with the measure-
ments at 16 K shows that the time evolution is apparently ac-
celerated at the higher temperature with little change in the rel-
ative profiles.

C. Concentration Dependence of the b  X Emission.
In order to check whether the guest O2 molecule is isolated
among the Ar host molecules, the concentration dependence of
the b → X (v′, v�) emission was examined by preparing solids
with the concentration, [O2]/[Ar], of 1/50, 1/100, 1/500,
1/1000 and 1/10000.  In these solids, no prominent changes in
relative intensity among the vibronic bands were found in spite
of the concentration change.  On the other hand, the time evo-
lution of the band intensity showed clear concentration depen-
dence.  For instance, the time evolution of the b → X (4, 4)
band is shown for different concentrations in Fig. 4.  From the
concentration of 1/50 to 1/500, both the “rise” and the “decay”

Fig. 1.   b → X emission spectra at 16 K in O2/Ar (1/1000)
solid.  The gate time is (a) from 0 to 0.5 ms, (b) from 5.0 to
5.5 ms, (c) from 20.0 to 20.5 ms, (d) from 50.0 to 50.5 ms,
and (e) from 120.0 to 120.5 ms after the KrF laser pulsed
irradiation.  Some of the (v′, v�) assignments are shown in
the figure.
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parts of the time evolution become slower with the decrease of
the concentration.  However, a further dilution from 1/500 to
1/10000 results in no apparent change anymore.  The same ten-
dency was observed for all v’ levels.

Becker et al.16 observed a O2•O2 dimol emission at 633 nm
in O2/Ar matrices by the energy pooling from two O2(a1∆g)
molecules.  They measured the b → X(0, 0), (1, 1) bands and
found that the lifetime was independent of the O2 concentra-
tion provided that the concentration was smaller than 1/100.
Böhling et al.14  reported that the O2•O2 dimol interaction was
not observed at 1/400 concentration of O2, in the b → X and a
→ X emission measurement in I2/O2/Ar matrices.  It was also
reported by Gudipati et al.10  that the concentration dependence
of the A′ → X emission intensity in O2/Ar matrices changed
linearly between the concentration of 1/500-1/1000, indicating
no contribution of nonradiative process due to O2–O2 interac-
tions.

  From the present study described in Fig. 4 together with
the above cited previous works, we conclude that the O2 mole-
cule can be regarded as isolated when the concentration is
smaller than 1/500.  In the following discussion, we employ
the data obtained at the concentration of 1/1000.

Discussion

A. Generation Process of the b State.    By the laser irra-
diation of 240–290 nm, O2 in solid Ar is excited to Herzberg
states (A3Σu

+, A′3∆u, c1Σu
−), mainly to the A′ state.  O2 in the

A′ state emits the intense A′ → X emission.  No emission from
vibrationally excited O2(A′) was observed; this is ascribed to

the very fast vibrational relaxation (� 0.02 µs8) through the
manifold of the A, A′ and c states.  Besides the A′ (v = 0) → X
radiative transition following the vibrational relaxation in the
A, A′, c manifolds, some vibronic levels of the A, A′, c mani-
folds are considered to be transferred radiatively and/or nonra-
diatively to the b (v, v = 0–12) state whose generation was ev-

Table 1.   Observed b → X Transition Energies in cm−1 in Ar Solid at 16 K

v′/ v� 0 1 2 3 4 5 6 7 8 9 10

0 13106
1 14504 12954
2 14325 12798
3 14143 12637
4 15464 13955 12472
5 15250 13762 12305
6 15023 13562 12129
7 14795 13355 11948
8 14559 13149 11756
9 15738 14320 12929

10 15469 14073 12703
11 15189 13816 12471
12 14907 13555

Table 2.   Spectroscopic Constants in cm−1 for X and b States
of O2 in Ar Solid

This work Ref. 16 Ref. 5

X3Σg
−

ωe 1586     ±  1 1581.07 ± 1.10 1569.5
ωexe 11.7 ± 0.1 12.70 ± 0.34 11.16
ωeye — 0.07 ± 0.03 
10−4

b1Σg
+

Te 13167   ±  3 13179.5 ± 1.1
ωe 1437   ±  1 1432.03 ± 1.13

ωexe 14.6 ± 0.1 14.18 ± 0.283
ωeye — −0.01 ± 0.02

Fig. 2.   Time evolution of the individual b → X (v′, v�) emis-
sion intensity at 16 K.  The dotted plots indicate the nor-
malized emission intensities.  The solid lines are fitting
curves based on the interstate relaxation model represented
by Eq. 11.  In the v � 3 levels, the agreement between the
experimental behavior and the fitting curve is not satisfac-
tory and the experimental data for v � 3 are not used for
the determination of the rate parameter.  
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idenced by the present emission spectra.
Firstly, we examine whether the b state is generated through

direct radiative transition from the A, A′, c manifold.  Experi-
mentally, no emissions were observed except the A′ (v = 0) →
X and b (at least up to v′ = 12) → X emissions in 600–900 nm,
which shows that no A, A′, c → b radiative transition occurs to
any appreciable extent.  If such transitions existed, they should
have appeared in the same wavelength range.  In addition, the
b(v � 8) state generation seems to necessitate a ms order time,
as will be discussed later, which is much larger than the radia-
tive lifetime of the A′ state of 80 µs.5  Thus the radiative gener-
ation of the b state from the A, A′, c manifold is denied.

Secondly, we examine the possibility that the b state is gen-
erated through the nonradiative transition from the vibrational-
ly excited X state.  Let us consider, as one typical example, the
transition from the X, v = 18 level to the most resonant b, v =
8 level through the following process,

16O2(X, v = 18) → 16O2(b, v = 8) + ∆E, ∆E � 1025 cm−1. (1)

In this case the generation rate of the b, v = 8 level should be
close to the decay rate of the X, v = 18 level.  Eventually, the
latter decay rate (1.7 s−1 in Ar matrix2) is much smaller than
the former one (~103 s−1).  Thus the A, A′, c manifolds → X
→ b process is excluded as the b state generation process.

Finally, two possible generation processes remain: one is the
nonradiative A, A′, c manifolds → b transition and the other is
the transition from the a state which is prepared by the nonra-
diative A, A′, c manifolds → a transition.  We could not deter-
mine which is the principal generation process of the vibra-
tionally excited b state.  However, in either case, highly vibra-
tionally excited b levels are generated and subsequently decay
through the b and a vibronic levels as will be discussed in the
following section.

B. Relaxation Process of Vibrationally Excited b State.
When one considers the relaxation mechanism of the b state,
the following information obtained by previous researchers
should be taken into account.

Galaup et al.13 observed the b, v′ → a, v�(v′ � 3) emission
bands which corresponded to v′ − v� = 0, 1 transitions.
Tyczkowski et al.15  also observed the b → a emission from the
selectively excited b, v′ = 0 level.  The existence of nonradia-
tive a, v� → b, v′(v� − v′ = 4) transition was also suggested.
Becker et al.16  reported the radiative decay rates of 40.8 ± 1.6
s−1 for the v = 0 and 1 levels of the b state in Ar matrix at 5 K.
The b state intrastate relaxation rate for v = 1 → 0 seems to be
very small.  They also measured the lifetime of 79 s for the a (v
= 0) state.  Thus the relaxation of the b state is expected to
proceed through the b, v′ → a, v� → b, v′−1 → ≥ interstate
nonradiative transition (b → a → b transition) accompanied by
the b → a radiative transition.

C. Analysis of the Experimental Time Evolutions.
According to the discussions in section B, we will quantita-

tively analyze the b → a → b transition.  Though we detected

Fig. 3.   Time evolution of the individual b → X (v′, v�) emis-
sion intensity at 30 K.  The dotted plots indicate the nor-
malized emission intensities.  The solid lines are fitting
curves based on the interstate relaxation model represented
by Eq. 11.  In the v � 3 levels, the agreement between the
experimental behavior and the fitting curve is not satisfac-
tory and the experimental data for v � 3 are not used for
the determination of the rate parameter.  

Fig. 4.   Time evolution of the b → X (4, 4) emission intensity
at 16 K for different O2 concentrations.  [O2]/[Ar] = (a)
1/50, (b) 1/100, (c) 1/500, (d) 1/1000, and (e) 1/10000.
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the emission even from the v = 12 level of the b state, the time
evolutions which allowed numerical analysis were limited to
those for the levels lower than v = 8 due to the weakness of the
higher bands.

For the analysis, we have at first determined the potential
curves of the b and a states using the RKR method19 with spec-
troscopic constants for the a and b state in Ar solids.16  The po-
tential curves together with the relevant vibronic energy levels
in Ar solids are drawn in Fig. 5.  Consulting the energy dia-
gram in Fig. 5, we can illustrate the relevant relaxation process
as follows.

(2a)

(2b)

(3)

(4a)

(4b)

In this scheme, “m + i” (i = 1, 4) represents the numerical val-
ue of the vibrational quantum number in the b and a states.
Processes (2a) and (2b) are substantially identical with pro-
cesses (4a) and (4b), respectively.  The Franck–Condon maxi-
mum of individual b, v′ → a, v� radiative transitions is located
at v′ = v�.  Therefore we mentioned only v′ = v� radiative tran-
sitions in the process (2a) and (4a) for simplicity.  For the illus-
trative purpose, the relevant transitions for m = 1 are illustrat-
ed in Fig. 5.  The energy gap between the a, v� and b, v′ levels
is the smallest for v� − v′ = 4.  Thus the m level of the b state
is nonradiatively generated from m + 4 level of the a state as

expressed by process (3), and decays through the b → a nonra-
diative transition by process (4b) together with the b → a radi-
ative transition by process (4a).

The above-mentioned b → a → b relaxation process is de-
scribed by the following equations:

(5)

(6)

where Nb
v′ = m(t) and Na

v� = m + 4(t),  and  are the
populations and the nonradiative relaxation rate constants of
the b, m and a, m + 4 levels, respectively.  Sv′ = n, v� = m + 4 and

 are the Franck-Condon factor and the radiative
rate constant of the b, n → a, m + 4 transition, respectively.

 is the radiative rate constant, and

(7)

where ωv′ = m, v� = m′ is the b, m → a, m′ transition energy.  In the
later numerical evaluation,  at 16 and 30 K are evaluated
from Fig. 3 in Ref. 16.  And the initial population, , Nb

v′ = m(0) is
set at zero.

To solve Eqs. 5 and 6, we will make the following simplifi-
cations:

(a) The energy of the a, m + 4 → b, m transition is by more
than 280 cm−1 smaller than the preceding b, m + 1 → a, m + 4
transition.  Therefore the former transition is much faster than
the latter transition and then

(8)

is derived.  Thus,

(9)

(b) In the higher vibrational levels (eventually v′ � 4, as will
be discussed later), the first term of the left hand side of Eq. 9
is negligibly small compared to the other two terms, consider-
ing the relatively fast nonradiative character of the higher vi-
brational levels.  Then,

(10)

In the lower vibrational levels where the nonradiative process
becomes slow compared to the radiative process, this approxi-
mation is no longer valid, as will be discussed later.

Under the simplification (a) and (b), the time evolution of
Nb

v = m(t) is described by

Fig. 5.   Potential curves with the relevant vibronic energy
levels of the b and a states of O2 in Ar solids.  The vertical
arrows and the oblique arrows indicate the b → a emission
and b → a → b interstate nonradiative transition, respec-
tively, which are explained in Discussion C in the text.
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(11)
Hereafter both of v′ and v� in the preceding nomenclature are
replaced by v for the most part.  Solving the series of equations
as follows, we obtain the time evolution of the b, v (v � 8)
populations.  The emission intensity from the integrated form
of Eq. 11 can be approximately described as

(12)
where Ib

v = m(t) is the b → X emission intensity from the b, m
level and   γ is introduced in order to
relate the population to the observed intensity.  Because the de-
tection sensitivity could not be kept common for all of the time
evolution measurements, γ, and thus α also, is a parameter de-
pendent on the m number.  On the other hand, the parameter β
is introduced so as to compensate the contributions from the
higher vibrational levels (m > 9).  If there is no population in
the higher vibrational levels, β would be unity.  If there is any
contribution from the higher levels, β is not unity and will be
determined so as to give the best fit between the prediction and
the experimental time evolution.  The detailed relationship be-
tween β and the contribution from the higher levels will be
found in the Appendix.

At first, the experimental time evolution for m = 8 in Fig. 2
was fitted by Eq. 12 as explained above.  We obtained Nb

v = 8(t)
and thus determined kb

v = 8, kb
v = 9, and β, which were then ap-

plied to solve Eq. 11 for m = 7, where the fitting parameter
was kb

v = 7.  The procedure was successively repeated down to
m = 1 level, and we determined the relaxation rate constants
related to individual vibrational levels.  The fitting curves for
the individual time evolutions are also drawn in Figs. 2 and 3
by solid lines.

The kv
b values determined through the fitting procedure for

the experiments at 16 and 30 K are listed in Table 3 together
with the individual radiative rate constants of the b, v level,
kv

b,rad.  The latter values were calculated using Eq. 7, where the
“const.”  value was determined so as to reproduce the value ex-

perimentally obtained by Becker et al.16 at v = 0.  The required
Franck–Condon factors were evaluated using the RKR meth-
od.19

The determined kv
b values explained both the rise and decay

behaviors satisfactorily for v � 4 levels.  However, in v = 3 − 1
levels, the fitting procedure could not reproduce the experi-
mental behavior in the initial stage, where we found a much
larger population in the experiments than in the fittings.
Therefore we determined kv

b values in v = 3 − 1 levels so as to
reproduce only the slower part of each time evolution.  The re-
sults are already shown in Figs. 2 and 3.  The large initial pop-
ulation may be caused by the non-negligible contribution of
the first radiative term in Eq. 5.  Taking into account the first
radiative term in Eq. 5, the time evolution of Nb

v = m(t) can be
written as

(13)
where we employ the functions of Nb

v′ = n(t) which are obtained
from the fitting curves for higher vibrational levels.

After application of Eq. 13, the improved fitting curves sat-
isfactorily reproduced the initial experimental behaviors in v =
1–3 levels.  As an example, the comparison of experimental
data with the fitting curve in v = 3 is shown in Fig. 6.  It is
worthy to note that the kv

b (v = 1–3) values are not substantially
affected by the inclusion of the first term of Eq. 5.  Thus the
initial time behavior of the lower v levels can be interpreted by
taking into account the contribution of radiative process from
the higher levels.  However, the fitting may not be unique, and
thus we kept the kv

b values for the v � 3 levels undetermined.
D. Analysis of the Relaxation Rates on the Basis of a

Multiphonon Relaxation Theory.    The relaxation rate con-
stant for each b, v level, kv

b, was determined through the fitting
procedure as described in the previous section.  The nonradia-
tive rate constant (v � 4) is then evaluated from the relation
kv

b,nrad = kv
b − kv

b,rad and is plotted in Fig. 7.
The kv

b,nrad value increases almost exponentially with the in-

d
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Table 3.   Relaxation Rate Constants of the b, v Levels at 16 and 30 K and Relevant Franck–Condon Factors

16 K 30 K

v Sv,v′ kv
b/s−1 ra) kv

b,rad/s−1 kv
b,nrad/s−1 kv

b/s−1 ra) kv
b,rad/s−1 kv

b,nrad/s−1

0 4.2 × 10−7 — 44b) — — 50b) —
1 2.0 × 10−6 — 42 — — 48 —
2 5.9 × 10−6 — 40 — — 46 —
3 1.4 × 10−5 — 39 — — 44 —
4 2.9 × 10−5 48 0.99 37 11 68 0.99 43 25
5 5.6 × 10−5 82 0.99 36 46 111 0.99 41 70
6 9.9 × 10−5 150 0.99 35 115 249 0.99 40 209
7 1.7 × 10−4 383 0.99 33 350 513 0.99 38 475
8 2.7 × 10−4 520 0.98 32 488 543 0.99 37 506
9 4.3 × 10−4 654 0.98 31 623 — 35 —

a) r is the correlation coefficient in the fitting procedure using Eq. 11.
b) The values of k0

b,rad are evaluated from Fig. 3 in Ref. 16.
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crease of the vibrational quantum number of the b state.  In or-
der to explain the vibrational quantum number and tempera-
ture dependence of the nonradiative rate constant, we will em-
ploy the theory of multiphonon relaxation.  According to
Bachir et al.,20 the rate constant of interstate relaxation is
equated as follows: 

(14)

(15)
Equations 14 and 15 indicate vibrational quantum number and
temperature dependence of the relaxation rate constant, re-
spectively.  Here Cel is the electronic coupling element; η, the
number of necessary phonons to supply the energy gap; v, the
vibrational quantum number; T, the temperature (16 or 30 K);

, the phonon occupation number;
and vp, the phonon frequency.  Sv,v′ is the abridged charactor of
Sv′ = n, v� = m + 4.  Such values are tabulated in Table 3.  kv

nrad(0) is
the nonradiative rate constant at T = 0.  We calculated the non-
radiative rate constants of individual v levels of the b state by
employing Eqs. 13 and 14.  Assuming that the phonon density
of state is continuous against energy, we employed the
Stirling’s approximation for evaluating η:

(16)

According to Salloum and Dubost2, a localized phonon with a
frequency of vp/2πc = 75 ± 5 cm−1 in O2-doped Ar matrix was
adopted in the calculation, although the Debye frequency of
solid Ar is vp/2πc = 64 cm−1.21 The calculated kv

b,nrad values are
shown in Fig. 7 with a solid curve at 16 K and with a dashed
curve at 30 K.  Since Eq. 14 is a proportionality equation, the
curves were shifted so as to yield a best fit with the experi-
ments.  The vibrational quantum number dependence in the
calculation based on the localized phonon mode agrees well
with the experimental dependence.

If the Cel values for the a → b and b → a vibronic transitions
do not differ appreciably from each other, both vibronic transi-
tion rates can be determined relatively by employing the indi-
vidual Franck-Condon factors and energy gaps.  Thus obtained
rate constants of the a → b multiphonon transition at 16 K are
also drawn in Fig. 7 with a dotted curve.  The necessary num-
bers of the localized phonons for energy matching for the b, v
→ a, v + 3 and the a, v + 4 → b, v transitions are ca.  11 and
5–8 for v � 8 of the b state, respectively.  Therefore, a → b
nonradiative rate constants are more than 2 orders of magni-
tude larger than those of the b → a transition.

  From Eq. 15, we estimated the ratio for kv
b,nrad values at 30

K against those at 16 K to be kv
b,nrad (30 K)/kv

b,nrad(16 K) = 1.4
± 0.01 for the b → a transition in the range of v = 1–8 of the b
state.  The experimental value was found to be 1.6 ± 0.2 for
the v = 4–8 levels, which is fair in agreement with the estima-
tion.

Judging from the above vibrational quantum number and
temperature dependence of the rate constant, we can confident-
ly conclude that the dominant route of vibrational relaxation
for the b state is the b → a → b interstate relaxation.  For this
relaxation route, the relaxation rate constants of individual
steps could be explained satisfactorily by means of the mul-
tiphonon relaxation theory.

Assuming that the difference of the intrastate vibrational re-
laxation rate between the b and the X state was caused only by
their different vibrational energy gaps, we estimated the intr-
astate relaxation rate constants of the b state in the same proce-
dure as the vibrational multiphonon relaxation of the X state.2

On this assumption the intrastate relaxation rate constants of

Fig. 6.   Time evolution of the b → X (3, 3) emission inten-
sity at 16 K.  The plots indicate the normalized emission
intensities.  The solid line is improved fitting curve repre-
sented by Eq. 13.

Fig. 7.   The v dependence of the nonradiative relaxation rate
constants for the b, v levels.  The open circles and filled cir-
cles are experimental data at 16 and 30 K, respectively.
The solid curves and dashed curves are the multiphonon
relaxation rate at 16 and 30 K calculated by Eqs. 14 and 15
in the text.  The dotted curve is the calculated a → b inter-
state relaxation rate at 16 K.
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the b state were found to be more than 103 times smaller than
those of the b → a → b interstate relaxation in b, v � 8 levels.
This consideration further supports the interstate b → a → b
relaxation process.

Conclusions

The vibrational relaxation of the b, v levels of O2 isolated in
Ar solids was pursued by observing the time evolution of the
emission intensity of the corresponding b → X transition.  The
time evolution curves were analyzed to obtain relevant nonra-
diative rate constants that were interpreted by the multiphonon
relaxation theory.  The following conclusions were obtained.

1. The dominant relaxation route is the b → a → b interstate
transition.

2. In the higher vibrational levels (v � 4) of the b state, the
transition rate is mainly determined nonradiatively.

3. The initial rapid rise of the population in lower vibration-
al levels (v � 3) of the b state can be explained by taking into
account the radiative transition from the higher vibrational lev-
els of the b state to the a state.

4. The nonradiative transition rate is much smaller in the b
→ a transition than in the subsequent a → b transition due to
the larger energy gap in the former transition.

5. The vibrational quantum number and temperature depen-
dence of the b → a nonradiative rate constant is satisfactorily
explained by the multiphonon relaxation theory employing the
localized phonons.

Appendix

Analysis of the Time Evolution Using Eq. 12.    In the solu-
tion of the rate Eq. 11, a parameter β was employed in the second
term of Eq. 12.  The meaning of β is the following:

We consider the relaxation in the b state,

(11)

In Eq. 11 the m + 1 level is generated and relaxed to the m level.
If the population of the m + 1 level, Nb

v = m + 1(t), is expressed as,

(A1)

then Eq. 11 can be integrated analytically by substitution of the
above Nb

v = m + 1(t) into Eq. 11.  The solution of Nb
v = m (t)is 

(A2)
In the same way, we solve Eq. 11 successively and the population,
Nb

v = m − 1(t), is obtained as shown below:

(A3)

We will consider the case of v = 8.  If the pulsed laser excitation
generates the v = 9 level at the beginning, the population of the b,
v = 8 level would be written by Eq. A2 and the value of β in Eq.
12 is unity.  On the other hand, if the initial excited state is v = 10,
11 or a higher level, the population of the v = 8 level is written by
Eq. A3 or by a more complicated multi-exponential equation.  In-
stead of employing the multi-exponential equation faithfully as a
fitting function, we describe the contribution from higher terms by
introducing a parameter β as a coefficient of the second term.
Namely,

(A4)
Based on this approximation, we employ Eq. 12 as the fitting
function of the v = 8 level of the b state.  The agreement between
the experimental time evolution for the b, v = 8 level and the fit-
ting curve of Eq. 12 was satisfactory.  Here the adopted β was 1.1,
which shows that the contributions from the higher levels are neg-
ligibly small.
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