
Abstract. An ecologically perfect generator of singlet oxygen
O2(a

1Dg) is proposed which fundamentally differs from
existing singlet-oxygen generators. Excited O2(a

1Dg) mole-
cules are generated due to interaction of the O2(X

3Sÿg )
molecules with a quasi-monochromatic éeld, which is supplied
from an external source to a closed volume ë an optical boiler
containing oxygen. It is shown that, by pumping continuously
the optical boiler by the light éeld of power � 3� 105 W, it is
possible to accumulate up to 40% of singlet oxygen (O2

(b 1S�g )) + (O2(a
1Dg)) in the boiler volume during � 10ÿ2 s.

Keywords: singlet oxygen, quasi-monochromatic éeld, optical boi-
ler.

Singlet oxygen O2 (a
1Dg) is an oxygen molecule in the

lowest érst excited electronic state with the radiative
lifetime exceeding 103 s [1]. This circumstance motivates
interest in singlet oxygen among researchers active in the
éelds of biochemistry of living tissues, atmospheric plasma
chemistry, organic chemistry, and studying the quantum-
mechanical properties of the homogeneous Eÿ E, V, and T
exchange in molecules [2, 3].

The methods of generating singlet oxygen attract special
attention after the obtaining of cw lasing in atomic iodine
[4], in which the population inversion was achieved due to
energy transfer from singlet oxygen O2 (a

1Dg) [5, 6]. Among
all the sources of O2 (a

1Dg) available at present, the most
promising are a chemical generator [7] and a low-temper-
ature high-frequency discharge plasma in the oxygen
medium [8, 9]. Note that the chemical generator, in which
the reaction of chlorine with the alkali solution of hydrogen
peroxide is used, has the highest eféciency and can provide
the O2 (a

1Dg) yield up to 50%, whereas the high-frequency
discharge gives only �10% at present. A comparatively low
yield of O2 (a

1Dg) in the case of the high-frequency discharge
is caused by the properties of a low-pressure oxygen plasma
[8, 9]. The chemical generator has its own considerable

disadvantages: érst, the irreversible consumption of one of
the components and, second, the use of halogen makes it
ecologically hazardous.

A singlet-oxygen generator proposed in our paper is
essentially free of these disadvantages. The generator
represents a closed optical boiler in which only two
substances interact, namely, molecular oxygen and radiation
with the spectrum lying within the A(0 ë 0) absorption band
of the O2 molecule at �762 nm. By absorbing this radiation,
the O2 molecules undergo transitions from the ground
X 3Sÿg state to the excited b 1S�g state. During collisions,
the O2 (b

1S�g ) molecules can undergo efécient transitions to
the a 1Dg state. Thus, the interaction of radiation with
molecular oxygen provides the generation of singlet oxygen
O2 (a

1Dg).
The optical boiler represents a hollow sphere (the

analogue of the Ulbricht sphere) with the internal surface
having the efécient specular or, which is better, diffusion
reêection at 762 nm. The light éeld is coupled into the
sphere volume, for example, through optical ébres. This
éeld can be produced by a light emitting diode array *.
Already after several reêections, a homogeneous isotropic
light éeld is formed within the sphere volume.

As a result, two processes, positive and negative, which
determine the photon loss, begin to act within the optical
boiler volume. The positive process is the absorption of light
by O2 molecules, while the negative one is the loss of
photons due to incomplete reêection from the internal
surface of the sphere (reêectance r 6� 1).

The generation eféciency of O2 (a
1Dg) molecule in the

optical boiler considerably depends on the relation between
these losses. The photon loss Drrefl after one reêection from
walls is �r (1ÿ r). At the same time, the absorption loss per
passage in the boiler is Drabs � r2RsN (where r is the
photon density in the boiler volume, R is the boiler radius, N
is the concentration of O2 molecules in the boiler, and s is
the absorption cross section). It is obvious that the greater is
excess of Drabs over Drrefl, the higher is the generator
eféciency, i.e. the inequality 2RsN(1ÿ r)ÿ1 > 1 should be
fulélled. This means that it is necessary to increase the
values of r and R. Then, for example, for R � 5 cm and r �
0.999, the losses Drrefl and Drabs will be comparable already
for the oxygen pressure in the boliler pO2

4 2 atm (at the gas
temperature 300 K). Therefore, we can expect that in this
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*Note that diode array-optical ébre devices based on modern ébre lasers
can provide light êuxes noticeably exceeding kilowatt powers [10]. A few
tens of such ébreoptic inputs to an optical generator will provide the
required radiation power.



case about 50% of the light energy Ptp supplied to the
boliler will be spend to generate the O2 (b 1S�g , V � 0)
molecules. Here, P is the light êux power supplied to the
boiler and tp is the irradiation time.

If the light éeld in the boiler is a set of n individual
monochromatic components at the frequencies correspond-
ing to the intense absorption lines of the P, R, and Q
branches of the O2(X

3Sÿg , V 00 � 0)! O2(b
1S�g , V 0 � 0)

transition, the eféciency of excitation of O2 molecules to the
b 1S�g , V

0 � 0 state can be increased in fact by a factor of n.
A similar result, i.e. the increase in the excitation eféciency
will be provided by the isotropic distribution of the light
éeld in the boiler because in this case the negative inêuence
of the Doppler effect on the absorption of light by O2

molecules is excluded.
Figure 1 presents the scheme of transitions in the energy

level diagram of the O2 molecule, which is complete enough
for the aim of our paper. The scheme includes éve processes
with substantially different rates. Consider each of these
processes in detail. Process 1 is the absorption of radiation
from the ground state:

O2�X 3Sÿg ;V
00 � 0; J 00� � hvi ! O2�b 1S�g ;V

0 � 0; J 0�, (1)

i � 1; 2; . . . ; n .

Here, vi is the frequency of the J00 ! J0 line related to the P,
R, and Q branches of the X,V 00 ! b,V 0 vibronic tran-
sition. These transitions are magnetic dipole transitions
and, therefore, are forbidden by the corresponding selection
rules, which is conérmed by their comparatively low
absorption cross sections si � 2� 10ÿ24 cm2 [11]. However,
the inêuence of this circumstance on the generation
eféciency of excited O2(b

1S�g ) molecules and, correspond-
ingly, O2 (a

1Dg) molecules can be considerably reduced by
providing the long enough interaction of O2 molecules with
the light éeld. This means in fact that the boiler should
operate in the regime of accumulation of both photons,
because the light êux is continuously supplied into the
generator volume, and excited O2 (a

1Dg) molecules which
rather slowly relax to the X 3Sÿg ground state due to
collisions with each other (process 3 in Fig. 1). For
example, under normal conditions, we have ta pO2

� 5�
10ÿ2 s atm, where ta is the relaxation time of the a 1Dg state
[12]. Of course, the interaction time tp of radiation with O2

molecules in the boiler volume should satisfy the condition
tp < ta.

We will consider the light éeld in the boiler as a set of
éelds with close frequencies and randomly varying phase

relations. In this case, the probability of the (X,V 00 � 0)!
(b, V 0 � 0) transition can be represented as a sum of the
probabilities of transitions induced by the monochromatic
éeld components with the energy density rvihvi, where rvi
and hvi are the photon density and energy, respectively.
Accordingly, the balance of photons in the boiler volume
can be described by the expression

dr
dt
� P

hvV
ÿ r~scNX ÿ rc

3�1ÿ r�
R

, (2)

where r �P n
i ri is the total density of photons with the

average energy hv in the boiler volume; P �P n
i�1 Pi is the

light êux power supplied to the boiler from an external
source through optical ébres; V � 4pR 3=3 is the boliler
volume; ~s � nsi is the effective absorption cross section for
the X! b band; c is the speed of light; and NX is the
concentration of O2 molecules in the ground state.

We assume for simplicity that P is time-independent, i.e.
a rectangular radiation pulse of duration tp is used. The rate
of the reêection loss [the third term in the right-hand side of
(2)] also remains constant, whereas the rate of loss caused by
the absorption of light by O2 molecules will continuously
decrease in the time interval 0 < t < tp because NX

decreases.
To énd the rigorous solution of (2), it is necessary to

know the function NX(t). At the same time, the model
description of the behaviour of the photon density r(t) at
the initial stage of the interaction of light with gas inside the
optical boiler can be obtained by neglecting the time
dependence of NX. In this case, the solution of Eqn (2)
will have the form

r�t� � rmax

�
1ÿ exp

�
ÿ t

T

��
, (3)

where

T �
�

~scNX �
3�1ÿ r�c

R

�ÿ1
; rmax �

PT

hvV
.

Note that Eqn (2) was derived by neglecting the possible
inêuence of the spontaneous radiative decay of the b 1S�g
state and induced emission at the b 1S�g ! X3S

ÿ
g
transition

on the photon balance.
Because the radiative lifetime tb of the b 1S�g state

exceeds 10 s [13], the radiative decay can be neglected in
the photon balance. As for the induced emission process, its
inclusion to the photon balance is justiéed if its rate greatly
exceeds the resulting quenching rate of the b 1S�g state, i.e. if
the inequality

r~sc4
1

tb
�Wb � kO2

b!aNX (4)

is fulélled, where the empirical relation

Wb �
�
R 2

6D
� 2R

v
T
gb

�ÿ1
describes the diffusion loss of the O2(b

1S�g ) molecules,
which is accompanied by their heterogeneous relaxation at
the boiler walls [14]. Here, D is the diffusion coefécient; vT
is the thermal velocity of molecules; and gb is the

1

2

3

4

5

b 1S�g

X 3Sÿg

a 1Dg

Figure 1. Energy level diagram of the O2 molecule. The arrows and
numbers indicate transitions and processes considered in the paper.
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accommodation coefécient. Under normal conditions and
R � 5 cm, we have Wb � 1=tb for a glass boiler.

The third term in the right-hand side of (4) characterises
the rate of process 2

O2�b 1S�g � �O
2
ÿ!k
O2

b!a
O2�a 1Dg� �O2,

which exceeds the rates of spontaneous decay of O2(b
1S�g )

molecules and their heterogeneous relaxation. Moreover, it
is known [15] that the b 1S�g state is quenched by under-
going transition to the a 1Dg state with the eféciency more
than 90% for most of the partners in collisions, including
O2. Accordingly, the estimate of the photon density at
which inequality (4) can be fulélled gives r(t)4
kO2

b!aN=(~sc) � 1016 cmÿ3.
Note here that r(t) denotes the current photon density,

which is determined by expression (3) for any instant in the
time interval 0 < t4tp.

For the light êux power P � 5� 105 W in the boiler
volume, inequality (4) is not fulélled, which conérms the
validity of neglecting induced emission in the photon
balance.

Process 2 is the collision relaxation of O2 molecules in
the b 1S�g , V

0 � 0 state to the singlet level of the a 1Dg state
with the rate constant kO2

b!a � 4:0� 10ÿ17 cm3 sÿ1 [13]. One
can expect that the rate of this process will exceed the rate of
process 3

O2�a 1Dg� �O2 ÿ!
kO2

a!X
O2�X 3Sÿg � �O2

by more than an order of magnitude, the rate constant of
the latter being kO2

a!X � 1:7� 10ÿ18 cm3 sÿ1 [12, 15].
Processes

O2�b 1S�g � �W ÿ!
Wb

O2�X 3Sÿg � �W

and

O2�a 1Dg� �W ÿ!
Wa

O2�X 3Sÿg � �W,

which are not indicated in Fig. 1, describe the loss of
excited molecules due to their diffusion to the boiler walls
followed by heterogeneous relaxation. The rates of these
processes can be estimated from the empirical relation
presented above. Under normal conditions the rate Wb;a

and the rate 1=tb of the radiative decay of the state b 1S�g
are of the same order of magnitude (� 10ÿ2 sÿ1). The rate
of the spontaneous decay of the a 1Dg singlet state is even
smaller. Taking into account the smallness of 1=tb and
Wb;a, we can expect that the inêuence of these processes on
the generation eféciency of O2 (a

1Dg) will be quite
insigniécant and, therefore, they can be neglected.

The population Nb of the b 1S�g , V 0 � 0 state is
substantially determined, apart from processes considered
above, by process 4

O2�a 1Dg� �O2�a 1Dg� ÿ!
k a
a!b

O2�b 1S�g � �O2�X 3Sÿg �.

The rate constant of this process was estimated as
k a
a!b � 2� 0:5� 10ÿ17 cm3 sÿ1 [14].

Based on the analysis of the scheme of processes
presented in Fig. 1, we can write the system of equations
describing the population kinetics of the X, b, and a states in
the form

dNb

dt
� r~scNX ÿ kO2

b!aNNb � k a
a!bN

2
a , (5)

dNa

dt
� kO2

b!aNNb ÿ kO2

a!XNNa ÿ 2k a
a!bN

2
a , (6)

where

N � NX �Na �Nb. (7)

Although the accumulation regime has no deénite
stationary state, the rates of changing of r(t) and Ni(t)
become so small that the time derivatives in equations (2),
(5), and (6) can be set equal to zero. As a result, we have a
system of four algebraic equations for unknowns r,
X � NX=N, Y � Nb=N, and Z � Na=N, which can be trans-
formed to the fourth-degree equation with respect to Z:

Z 4 � AZ 3 ÿ BZ 2 ÿ CZ�D � 0, (8)

where

A � a�1� 3b�
2

; B � a�2gÿ ab�1� b� � d�
2

;

C � a 2�g�1� b� � bd�
2

; D � a 2g
2
; a � kO2

b!a

k a
a!b

;

b � kO2

a!X

kO2

b!a

; g � P

hvVN 2

1

kO2

b!a

; d � 1� 3�1ÿ r�
~sRN

;

N � xNL; NL is the Loschmidt number; and x5 1.
Equation (8) contains both the initial parameters (r �

0.999, R � 5 cm, ~s � 10ÿ22 cm2, NL � 2:68� 1019 cmÿ3,
hv � 2:6� 10ÿ19 J) and the variable parameter ë the light
êux power. In this case, the choice of the values of initial
parameters is not optimised at all because it only illustrates
the boiler eféciency. The numerical solution of Eqn (8) for
the case N � NL (i.e. x � 1) showed that, for example, for
P � 3� 105 W the relative concentrations of singlet oxygen
produced in the boiler in the accumulation regime are
Z � Na=NL � 0:3 and Y � Nb=NL � 0:11.

As expected, the boiler eféciency is quite sensitive to the
value of the reêectance r of the boiler walls, which directly
determines the light éeld power loss. Thus, for example, for
r � 0:99 and P � 3� 105 W, we obtain Z � 0:16 and Y �
0.04, i.e. in this case the boiler eféciency is less by half than
that in the previous example. However, even in this case the
optical boiler is more efécient than a high-frequency
discharge. In addition, the operating pressure in the boiler
(� 1 atm) considerably exceeds the oxygen pressure in the
discharge.

Note that the obtained relative concentrations corre-
spond to the case of pure oxygen. At the same time oxygen
can be `contaminated' by the main components of the air
mixture, namely, N2, CO2, and H2O, which also eféciently
quench the b 1S�g state. According to [14], the strongest
quencher among these components is water molecules which
induce the b 1S�g ! a 1Dg transition. The corresponding rate
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constant is kH2O
b!a � 4� 10ÿ12 cm3 sÿ1, whereas the rate

constant kH2O
a!X of quenching of the a 1Dg state is much

lower, being �10ÿ18 cm3 sÿ1. Another speciéc feature of
water vapour is that the puriécation of oxygen from it is the
most complicated, which is known from experiments. Even
deep cryogenic freezing of gas (for example, at the gas
pressure p � 1 atm) does not allow the reduction of the
partial pressure of the H2O vapour below 0.05 Torr, which
corresponds to the concentration NH2O

� 1015 cmÿ3. In this
connection it is appropriate to estimate the inêuence of H2O
molecules on the distribution of excited oxygen among the
b 1S�g and a 1Dg states. For this purpose, the relaxation term
kH2O
b!aNbNH2O

was added to Eqns (5) and (6) with the
corresponding signs (the term kH2O

a!XNaNH2O was neglected
due to its smallness). Taking into account that
NH2O � 1015 cmÿ3, the numerical solution of the system
of equations (2), (5) ë (7) gave the following result. By the
end of a 10ÿ2-s, 3� 105-W light pulse, the distribution of
excited oxygen in the boiler volume is characterised by the
relations Y � 0:02, Z � 0:38, and X � 0:6. By comparing
this result with that obtained above for pure oxygen, we see
that the oxygen excitation eféciency, determined by the total
concentration Nb �Na, is independent of the water vapour;
however, its presence noticeably affects the distribution of
O2 molecules over excited states.

Thus, we have studied a simpliéed model of the
interaction of radiation with O2 molecules in a closed
volume, which, of course, gives only approximate results.
Nevertheless, these results show that the optical boiler
proposed in the paper can be eféciently used to generate
singlet oxygen. The simplest methods of increasing the
boiler eféciency are the multiplexing of boilers, the broad-
ening of the light éeld spectrum in the boiler volume and
increasing of r. Depending on the éeld of applications of
singlet oxygen, the optical boiler can operate in different
regimes: pulsed, repetitively pulsed at pulse repetition rates
up to a few tens of hertz, and cw regime with gas êow rates
� 103 cm sÿ1. In addition, by varying the light êux power
and pressure of oxygen in the boiler, the degree of excitation
of O2 molecules can be controlled.
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