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Abstract Oxygen isotope separation has been examined
by utilizing the two-frequency infrared multiphoton dis-
sociation (IRMPD) of 2,3-dihydropyran (DHP). The two-
frequency IRMPD reduces the required laser fluences to
those lower than the damage threshold of optical windows.
For example, dissociation probability of DHP containing
18O (D(18O)) and enrichment factor (S) were obtained to
be 1.6 × 10−3/pulse and 316, respectively, by the simulta-
neous irradiation with 1052.2 cm−1 photons at 0.45 J/cm2

and 1031.5 cm−1 photons at 1.06 J/cm2. These are compa-
rable with D(18O) = 2.2×10−3/pulse and S = 391 obtained
by the single-frequency irradiation of 1033.5 cm−1 photons
at 2.2 J/cm2. Therefore, the production rate of an 18O en-
riched dissociation product has been increased to four times
or more, compared with the single-frequency IRMPD, and
this two-frequency method would promise a practical large
scale separation.

1 Introduction

Natural oxygen consists of three stable isotopes, 16O, 17O
and 18O, whose natural abundances are 99.759% (16O),
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0.037% (17O) and 0.204% (18O). The 18O isotope is widely
used as an essential radio-pharmaceutical material for the
production of 18F-fluorodeoxy glucose which is used for
the positron emission tomography diagnoses of cancers.
Isotope enrichment of oxygen has already been performed
by various methods, such as membrane distillation [1],
cryogenic distillation [2–4], chemical exchange [5], elec-
trophoresis [6], liquid chromatography [7, 8], electrolyte
cells [9], plasma chemical reactions [10, 11], and IRMPD
[12–14]. The enrichment of 18O has been done commer-
cially by the distillation of O2, NO, and H2O. However, the
enrichment factor (S) of 18O, which is defined as the ra-
tio of the [18O]/[16O] in the gas phase to that in the liquid
phase during the distillation, is very low. For example, the
enrichment factor is only 1.006 for the distillation of O2 at
90 K [2–4]. Consequently, the distillation plant has to be-
come a huge system with many distillation towers needed to
get many theoretical plates; by this plate we mean a hypo-
thetical stage in which the equilibrium between liquid and
vapor phases is established. Similarly, the enrichment fac-
tors for other methods except for IRMPD are also small;
1.034 for the chemical exchange, 1.017 for the liquid chro-
matography, 1.03 for the electrolyte cells, and ∼2 for the
plasma chemical reaction.

On the other hand, the IRMPD method shows intrin-
sically large enrichment factor. Especially, the IRMPD of
diisopropyl ether, (C3H7)2O, showed a large enrichment
factor of 350 [13]. Although the enrichment factor was
large enough, the dissociation probability of (C3H7)2

18O
was small (less than 3 × 10−4/pulse). Furthermore, the
IRMPD of (C3H7)2O produces radicals as primary prod-
ucts through the C–O bond rapture, and then the secondary
reactions occur immediately. Therefore, the selectively sep-
arated oxygen isotope distributes in several products, and
the isotope scrambling may also occur. So, it is impor-
tant to find other suitable reactants for IRMPD which show
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large dissociation probability, large isotope selectivity, and
no secondary reaction. We found that 2,3-dihydropyran
(C5H8O; DHP) was a suitable candidate fulfilling these re-
quirement. The DHP dissociates concertedly into two sta-
ble molecules, 2-propenal (C3H4O) and ethylene (C2H4),
through the retro Diels–Alder reaction [15]. We succeeded
in the enrichment of 18O with the large dissociation proba-
bility (2.2 × 10−3/pulse) and high enrichment factor (391)
by the IRMPD of DHP at the laser fluence of 2.2 J/cm2 [16].
However, because the laser fluence was higher than the dam-
age threshold of a reaction cell window the laser beam had
to be focused into the cell by a lens to prevent damage to the
cell windows. In this irradiation geometry, the reaction zone
is limited around the focus. This is unfavorable to a large-
scale isotope separation. Therefore, it is essentially impor-
tant to increase the isotope production rate at the laser flu-
ence below the damage threshold of the windows. For the re-
duction of the required laser fluence, we have introduced the
two-frequency IRMPD scheme in the silicon isotope separa-
tion and succeeded in reducing the laser fluence while keep-
ing the dissociation probability [17, 18]. In this work, we
examine the effect of the two-frequency irradiation scheme
on the oxygen isotope separation by the IRMPD of DHP.

2 Experiment and analysis

2,3-dihidropyran and 2-propenal, the stated purities being
more than 98% and 95%, respectively, were purchased from
Tokyo Kasei Co. LTD and used without further purifica-
tion without degassing at 77 K. The experimental apparatus
is similar to that used previously [17]. Briefly, a Lumonics
TEA-841 CO2 laser and an Ushio UGL-TEA-3C CO2 laser
were used as the excitation and dissociation photon sources,
respectively. The reaction cell was made of stainless steel
with a NaCl window at both ends. The total volume (V0)

of the cell was 44.5 cm3. DHP in the cell was irradiated
at the 1–3 Hz by two CO2 laser lights. The laser beams
were counter-propagating in the cell after having been colli-
mated through an iris with the open area of 0.44–0.52 cm2.
The volume (Vi) of the irradiated region was 4.4–5.2 cm3.
The pulse energy of each laser was controlled by insert-
ing a ZnSe beam splitter or CaF2 plates into the laser beam
line, and monitored with a pyroelectric joulemeter (Gentec
ED-500). The pulse delay between two laser beams was set
within 50 ns using a pulse delay generator (Stanford Re-
search DG-535).

Concentrations and isotopic compositions of 2-propenal
in the cell before and after irradiation were obtained from
GC/MS spectra taken by a GC/MS instrument (Shimadzu
GCMS-QP2010) with a 60 m DB-1 widebore capillary col-
umn (J&W Scientific).

The isotopic fractions of oxygen in C3H4O were deter-
mined from the signal intensities at m/e = 55(12C3H3

16O+),

56(12C3H4
16O+), 57(12C13

2 CH4
16O+, 12C3H3

18O+), and
58(12C13

2 C2H4
16O+,12C3H4

18O+) as described in [16].
The dissociation probabilities of C3H4

18O and C3H4
16O,

which are defined as the dissociation fraction of the respec-
tive isotopic molecules in the overlap region between the
lasers in the cell after the one shot irradiation and denoted
respectively as D(18O) and D(16O), are calculated from the
18O isotopic fraction [f(18O)] in C3H4O produced after the
irradiation of n shots as follows [16]:

D(18O) = − V0

Vin
ln

{
1 − f (18O)

0.00204(1 + [C5H8O]/[C3H4O])
}
,

(1a)

D(16O) = − V0

Vin
ln

{
1 − 1 − f (18O)

0.99796(1 + [C5H8O]/[C3H4O])
}
,

(1b)

where the ratio [C5H8O]/[C3H4O] can be determined from
the signal intensity ratio of C5H8O+ to C3H4O+ with a cor-
rection factor determined using standard mixtures of C5H8O
and C3H4O.

3 Results and discussion

3.1 Frequency dependence of dissociation probability

In general, the vibrational frequency of a molecule in a vi-
brational excited state shifts to a lower energy side, as the
number of absorbed photons increases, as a result of vi-
brational anharmonicity. Therefore, isotope selective two-
frequency IRMPD consists of the selective excitation of
C5H8

18O to quasi-continuum states by the excitation laser
at low fluence, and the further excitation and dissociation
of the molecules in the quasi-continuum states by the dis-
sociation laser at the nearly resonant lower frequency and
relatively high fluence.

Figure 1 shows the excitation laser frequency dependence
of D(18O), D(16O), and the enrichment factor of 18O [S =
D(18O)/D(16O)], together with the IR spectrum of DHP. The
predicted absorption spectrum of C5H8

18O, which is just
shifted that for natural DHP to lower wave number side by
the calculated isotope shift (15.1 cm−1), is also shown as
broken line. The isotope shift was calculated by an ab initio
Molecular Orbital (MO) theory at B3LYP/6-31G(d,p) level
using a Gaussian 03 package [19]. The dissociation laser
frequency is fixed at 1031.5 cm−1. The fluences of exci-
tation and dissociation lasers are 0.45 and 1.06 J/cm2, re-
spectively. Although D(18O) and D(16O) tend to increase
with increasing the excitation laser frequency because of the
laser frequency approaching the absorption peak, those at
1055.7 cm−1 show minimum. On the other hand, the en-
richment factor is almost constant within the experimental
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Fig. 1 Excitation laser
frequency dependence of
dissociation probabilities of
DHP (D) and isotope
enrichment factor (S). Sample
pressure is fixed at 267 Pa.
Excitation laser fluence is
0.45 J/cm2. Dissociation laser
frequency and fluence are fixed
at 1031.5 cm−1 and 1.06 J/cm2,
respectively. The plots indicate
(�) C5H8

18O, (") C5H8
16O,

and (♦) enrichment factor of
18O, respectively. The solid
curve indicates the absorption
spectrum for the natural DHP,
and the broken curve indicates
one for C5H8

18O predicted by
the calculated isotope shift

error except for one at 1057.3 cm−1. The small increase of
the dissociation probabilities around the frequencies lower
than 1055.7 cm−1 may be due to small absorption attributed
to the C–C stretching mode. Since the isotope shift of this
vibrational mode is calculated to be 2 cm−1 by the ab ini-
tio MO theory, it is reasonable that both D(18O) and D(16O)
show similar increase around this frequency region. This en-
hancement of the dissociation probability resulting form a
small absorption mode was also observed in the IRMPD of
Si2F6 [17].

Figure 2 shows the dissociation laser frequency depen-
dence of D(18O) and D(16O). The excitation laser fre-
quency is fixed at 1055.6 cm−1 or 1052.2 cm−1. The dis-
sociation probabilities at the excitation laser frequency of
1055.6 cm−1 decrease with decreasing dissociation laser
frequency, while those at 1052.2 cm−1 are nearly constant
at low frequencies. The decrease of D(18O) and D(16O) with
decreasing the dissociation laser frequency indicates that
the absorption peak of the molecules excited in the quasi-
continuum states is at the frequency equal to or higher than
1041.3 cm−1. The different behavior between the cases of
the excitation at 1052.2 and 1055.7 cm−1 may be due to the
difference in the average excitation energy after the irradia-
tion of the excitation laser. The average excitation energy is
expected to be higher at 1052.2 cm−1 than at 1055.7 cm−1,
because the dissociation probability at 1052.2 cm−1 is about
6 times as high as that at 1055.7 cm−1 as shown in Fig. 1.
The absorption spectrum of the vibrationally hot molecules
is red-shifted and broadens, which is due to the vibrational
anharmonicity [20]. Therefore, the absorption spectrum of
the molecules in the higher vibrational states, which cor-
respond to the case that the excitation laser frequency is
1052.2 cm−1, is expected to be shifted to a lower fre-
quency and broader. In Fig. 3, the dependence of the en-
richment factor of 18O on the dissociation laser frequency
is shown. The factor obtained at the excitation laser fre-
quency of 1055.7 cm−1 increases monotonically with the

Fig. 2 Dependence of the dissociation probability of (a) C5H8
18O and

(b) C5H8
16O on the dissociation laser frequency. Sample pressure is

fixed at 267 Pa. Excitation and dissociation laser fluence are fixed at
0.45 and 1.06 J/cm2, respectively. The filled symbols (� and ") indi-
cate the results at the excitation laser frequency of 1052.2 cm−1, and
open symbols (� and ◦) indicate the results at 1055.7 cm−1

decrease in the dissociation laser frequency, while the factor
at the excitation laser frequency of 1052.2 cm−1 is nearly
constant below 1035 cm−1. Although the enrichment fac-
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tors obtained at the excitation laser frequencies of 1052.2
and 1057.7 cm−1 are nearly equal at the dissociation laser
frequency of 1031.5 cm−1, D(18O) is higher at 1052.2 than
at 1057.7 cm−1 as shown in Fig. 2(a). Therefore, the pres-
sure and fluence dependences of D(18O), D(16O), and S de-
scribed below were taken at the excitation and dissociation
laser frequencies of 1052.2 cm−1 and 1031.5 cm−1, respec-
tively.

3.2 Fluence and pressure dependence of dissociation
probability

Figure 4(a) shows the dependence of the dissociation prob-
ability and enrichment factors on the excitation laser flu-
ence. The dissociation laser fluence is fixed at 1.13 J/cm2.
Similarly, the dependence on dissociation laser fluence at
the fixed excitation laser fluence of 0.45 J/cm2 is shown in
Fig. 4(b). The dependence of D on the fluence Φ is well

Fig. 3 Dependence of the enrichment factor on dissociation laser
frequency at the excitation laser frequency of 1052.2 cm−1 (�) and
1055.7 cm−1(♦). Sample pressure is fixed at 267 Pa. The excitation
and dissociation laser fluence are fixed at 0.45 and 1.06 J/cm2, respec-
tively

fitted to the following equation:

D = AΦm. (2)

The least squares fittings of the data in Fig. 4(a) give m =
4.6 ± 2.2 and 3.5 ± 1.5 for D(16O) and D(18O), respec-
tively. Similarly, the fittings of the data in Fig. 4(b) give m =
12.8 ± 3.6 and 9.9 ± 3.2 for D(16O) and D(18O), respec-
tively. Since D(16O) increases more rapidly than D(18O)
with increasing the excitation or dissociation laser fluence,
S decreases with increasing fluence. To increase the disso-
ciation laser fluence is advantageous in enhancing the dis-
sociation probabilities, because the value of m is larger for
the dissociation laser than for the excitation laser. It should
be noted that the decrease fractions of the enrichment factor
for both cases are almost the same within the experimental
error.

The sample pressure dependence of the dissociation
probabilities is shown in Fig. 5. The excitation and dissoci-
ation laser fluence are fixed at 0.45 and 1.06 J/cm2, respec-
tively. Both of D(18O) and D(16O) decrease with increasing
pressure as a result of collisional de-excitation. The enrich-
ment factor increases with increasing pressure below 267 Pa
and becomes nearly constant at 267 Pa or more. Therefore,
the pressure should be below 267 Pa to establish both of
high enrichment factor and high dissociation probability of
C5H8

18O.

3.3 Effect of two-frequency irradiation on dissociation
probability

In Table 1, the results of the 18O isotope separation by the
two-frequency IRMPD along with the results of the single-
frequency IRMPD are summarized. The two-frequency
IRMPD reduces the required laser fluence while maintain-
ing the comparable dissociation probabilities and isotope
enrichment factors to the single-frequency IRMPD. The to-
tal laser fluence is also lower than the fluence in the case

Table 1 Experimental conditions and results for 18O separation. The
production rate of 18O is the normalized index for the total number of
C5H8

18O molecules which decompose into 2-propenal and ethylene

by one laser shot. The excitation laser fluence and dissociation laser
fluence are shown as Φe and Φd, respectively

Laser Fluence (J/cm2) p (kPa) Irradiation volume (cm3) D(18O) (%) Production rate of 18O* Enrichment factor S

Single frequency 2.1 0.53 0.77 0.043 0.4 751

2.2 0.27 0.22 1.0 391

2.6 0.27 1.4 6.4 169

Two frequency Φe Φd

1.06 0.53 4.5 0.057 3.0 285

0.45 1.06 0.27 0.16 4.1 316

1.22 0.27 0.47 12.5 198
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Fig. 4 Dependence of the dissociation probabilities of C5H8
18O (�)

and C5H8
16O (◦), and enrichment factor (♦) on (a) excitation laser flu-

ence and (b) dissociation laser fluence. The excitation and dissociation
laser frequency are fixed at 1052.2 cm−1 and 1031.5 cm−1, respec-
tively. The dissociation laser fluence is fixed at Φd = 1.13 J/cm2 in
(a) and the excitation laser fluence is fixed at Φe = 0.45 J/cm2 in (b).
Sample pressure is fixed at 267 Pa

of the single-frequency IRMPD. Since the 18O isotope sep-
aration was done under the parallel laser beam condition,
the volume of irradiated area was enlarged to five times or
more than the volume in the case of the single-frequency
IRMPD. Therefore, the production rate of 18O, which is de-
fined as the total number of C5H8

18O dissociated by one
laser shot, is remarkably improved. This makes producing a
large amount of the enriched C3H4O possible.

4 Conclusions

Laser oxygen isotope separation has been done utilizing
the isotopically selective IRMPD of DHP under the two-
frequency irradiation condition. The laser fluence required
to give the same D(18O) as that obtained under the single-
frequency irradiation condition was reduced below the dam-
age threshold of the NaCl windows by using the two-
frequency irradiation scheme, which is the selective excita-
tion of C5H8

18O molecules to the quasi-continuum state by
the excitation laser at low fluence, followed by the further

Fig. 5 Dependence of (a) dissociation probabilities of (�) C5H8
18O

and (◦) C5H8
16O, and (b) enrichment factor on the DHP pressure.

The excitation and dissociation laser frequency are fixed at 1052.2 and
1031.5 cm−1, respectively. The excitation and dissociation laser flu-
ence are fixed at 0.45 and 1.13 J/cm2, respectively

excitation and dissociation of the molecules in the quasi-
continuum states by the irradiation of the dissociation laser
with lower frequency at relatively high fluence. Since the
reduction of required fluence enlarges the irradiation vol-
ume, the production rate of 18O can be remarkably improved
by using the two-frequency irradiation scheme. The D(18O)
and D(16O) increased when the excitation laser frequency
is around 1050 cm−1. This enhancement is due to the small
absorption peak attributed to the C=C stretching mode.

The pressure dependence of the dissociation probabilities
shows that the enrichment factor of 18O increases with in-
creasing pressure and saturates at 267 Pa or higher pressure
region. Since D(18O) decreases monotonically with increas-
ing pressure, the pressure should be below 267 Pa to estab-
lish both the high enrichment factor and high dissociation
probability of C5H8

18O.
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