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Abstract An intracavity system for the infrared multiple
photon dissociation (IRMPD) of molecules with high dis-
sociation energy threshold has been designed and imple-
mented. The system design based on a TEA CO2 laser with
a cavity folded in V-shape included the analysis of its sta-
bility varying the cavity dimensions as well as the analysis
of the positions of the beam waists and of the beam size
at them. The intracavity energy as a function of the total
sample pressure has been measured and the laser-operation
threshold has been determined. Intracavity IRMPD has been
compared to traditional IRMPD performed in an irradiation
geometry in which the radiation is focused into a photoreac-
tor placed outside the laser cavity. Dissociation volumes in
intracavity irradiation have resulted an order of magnitude
larger than those obtained in experiments performed with
the photoreactor outside the laser cavity.

1 Introduction

The growing interest in isotopically pure materials has di-
rected attention toward the development of new isotope sep-
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aration techniques. One extensively studied technique is
based on a selective photochemical process: the infrared
multiple photon dissociation (IRMPD) of polyatomic mole-
cules. In a strong IR field coincident with one of its vibra-
tional bands, a polyatomic molecule will sequentially ab-
sorb IR photons and accumulate enough energy to dissoci-
ate [1–3]. The IRMPD involves an efficient use of the en-
ergy since it is only deposited in the isotope that is to be
separated. Thus, this technique is a particularly useful tool
to separate less abundant isotopes.

The implementation of this technique requires the selec-
tion of an adequate “working molecule” as well as of the ir-
radiation geometry including the laser and the photoreactor
to dissociate the largest number of molecules per pulse at the
highest pressure compatible with energy-transfer processes.

Thus, the design of laser-photoreactor systems for the op-
timization of the IRMPD technique poses some questions.
On one hand, highly focused geometries are of great use
when it is necessary to increase the energy per unit area, de-
fined as fluence, in the IRMPD of molecules with high dis-
sociation energy threshold. However, the dissociation vol-
umes achieved in these systems are small and, therefore, the
global process efficiency decreases. In previous works, we
have obtained more uniform energy distributions in the pho-
toreactor using less focused geometries [4, 5] and, in conse-
quence, larger irradiation volumes have resulted. Neverthe-
less, in many cases, it is not possible to achieve high fluence
values and, hence, the effective volume of dissociation re-
mains reduced. In order to increase the effective volume of
dissociation it is therefore desirable to work with high flu-
ence, i.e. with high energy, in large volumes. High irradia-
tion energy can be obtained in passive (external resonator)
and active (laser resonator) intracavity systems [6].

An intracavity intensity much larger than incident can be
obtained in an external resonator with high reflecting mirrors
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as a consequence of the coherent superposition of the multi-
ple reflections of the radiation. Various orders of magnitude
intensity amplification can be achieved with this system but
only for small sample absorption (αL � 1, α sample ab-
sorption coefficient, L photoreactor length). An additional
drawback is that, in order to match the laser and the external
resonators modes in high finesse conditions, cavity length
control systems of one of the resonators are required.

Active intracavity systems with weak absorbing gases
have been widely spread for absorption spectroscopy and
trace gases detection studies [7]. In most of these works the
energy loss due to absorption is negligible with regard to
the intrinsic resonator losses and the aim is to improve the
sensitivity of the detection. Large sensitivity enhancement
is obtained when the signal detected is proportional to the
intensity such as with the laser induced fluorescence and
photothermal techniques [6]. Active intracavity systems are
versatile enough and even in strong absorption conditions
the sample parameters such as the absorption coefficient or
concentration can be inferred from the measurement of the
laser output power [6, 8].

On the other hand, active intracavity systems for disso-
ciation have been scarcely studied. Lockman et al. [9] have
implemented an intracavity system with a TEA CO2 laser
for the IRMPD of CF2Cl2. Since the dissociation energy of
this molecule is quite low, it was not necessary to focus the
radiation and the system behaved as a linear plano-concave
cavity. Although these types of systems are useful for mole-
cules with low dissociation energy, it is necessary to develop
systems to optimize the radiation incident on molecules with
high energy dissociation threshold such as CDCl3 [10–13].

These considerations led us to design and implement an
active intracavity system to improve the use of the laser en-
ergy in the IRMPD of molecules with high dissociation en-
ergy threshold. This system allows a higher energy density
to be obtained in a larger volume in the photoreactor than
in a single-pass outside the cavity. But when αL � 1 is not
satisfied, the absorption losses introduced in the laser cavity
produce significant changes in the laser parameters. How-
ever, the system implemented takes advantage of the large
small signal gain of the TEA CO2 laser. In a cavity with high
reflectivity mirrors, the main loss will be the sample absorp-
tion. If the total losses are kept lower than the small signal
gain, the laser will still work building up in each round trip
the energy consumed by absorption.

In this work the system performance with the absorbent
gas was first analyzed. Then, the intracavity energy as a
function of the total pressure of a pre-enriched isotopic sam-
ple was measured and the laser-operation threshold was de-
termined. Finally, the intracavity IRMPD of 1% CDCl3 in
CHCl3 was performed. The results obtained with this system
were compared with those obtained in traditional irradiation
geometry with the radiation being focused into a photoreac-
tor placed outside the laser cavity.

Fig. 1 Sketch of the experimental set-up of the IRMPD intracavity
system. P: photoreactor, R1 and R2: mirrors of focal distances fo-
cal f1 and f2, respectively, D: diffraction grating, BS: beam-splitter,
AM: laser active medium, M: mirror, E: energy meter

2 Experimental set-up

2.1 Intracavity system design

A homemade TEA CO2 laser with a cavity folded in V-shape
formed by a diffraction grating and two concave mirrors was
used for the system implementation. In the branch limited by
the diffraction grating and one of the mirrors (R1), branch of
length a in Fig. 1, the beam waist is located on the diffrac-
tion grating as in the case of a plano-concave cavity. In the
other branch limited by the two curved mirrors (R1 and R2),
branch of length b in Fig. 1, the beam waist is located in
a point between both mirrors. This configuration allows the
photoreactor to be placed in branch b of the cavity and to
position it so as to focus the radiation in its center as shown
in Fig. 1.

Different factors have been taken into account for the de-
sign of the V-shape cavity: its stability, the location of the
beam waist in the branch of length b and the beam size on
the mirrors and on the photoreactor’s windows.

The control of the beam diameter at different points of
the cavity allows, on one hand, to maximize the fluence in
the center of the photoreactor and, on the other, to obtain flu-
ence values lower than the damage threshold at the mirrors
and the windows. In order to carry out this design the depen-
dence of these factors on the length of the branches and on
the curvature radii of the mirrors was analyzed. These stud-
ies were made using the formalism ABCD for matrices [14]
as well as the formalism of Gaussian beams propagation
[14] corrected by the beam quality factor, M2, [15] for non-
Gaussian beams. The analysis performed resulted in expres-
sions for the position of the beam waist, zb

f , the Rayleigh

range, zb
R , defined as the length for which the beam size at

the focus increases by a factor
√

2 [14], and the beam sizes
at the mirrors and in the waist, w1,w2 and wf , respectively,
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where f1 and f2 are the focal lengths of mirrors R1 and
R2 (Fig. 1), respectively, and the implicit definitions of the
lengths x and y are a = f1 + x and b = f1 + f2 + y.

The cavity was designed so that the position of the fo-
cal point in the branch of length b would not depend on
length a. The choice of y = f2 in (1) results in zb

f = 2y,
which does not depend on x and, thus, on a. If f1 and f2 are
defined such that f1 = mf2 = mf (m ∈ �) and with the req-
uisite that the beam waist must be near the center of branch
b, that is, zb

f ∼ b/2,m = 2 and b ∼ 4f result. These condi-

tions set the system at the stability border, and therefore, zb
R

and, consequently, w1,w2 and wf , vary strongly with length
b when b ∼ 4f . This effect is critical during the alignment
process of the system.

2.2 Intracavity IRMPD experiments

The TEA CO2 laser cavity folded in V-shape with the pho-
toreactor inside one branch was implemented. Photoreactor
for intracavity placement was made on Pyrex glass and T-
shaped (92 cm and 150 cm long and 2 cm diameter with
arms of the same diameter and 7 cm long each) to enable
FTIR spectra to be registered to determine the sample com-
position before and after irradiation. Inside the cavity ZnSe
windows were sealed at Brewster angle to minimize laser
losses. KCl windows were used for FTIR analysis.

The mirrors and length b of the V-shaped cavity were
chosen so that the laser would operate in the stable region
and the beam waist be located in the middle of branch b

independently of length a. This was obtained with a diffrac-
tion grating (150 l/mm) which allows the laser to be tuned
in the 9–11 µm range and two concave mirrors of 100% re-
flectivity and focal distances f1 = 50 cm and f2 = 100 cm.
A diagram of the experimental set-up is shown in Fig. 1.

A ZnSe beam-splitter was placed between the photoreac-
tor and mirror R1 in branch a. This beam-splitter had been

previously characterized by analyzing the dependence of its
transmittance and reflectivity on the angle formed with the
cavity axis. As it can be observed in Fig. 1, the beam emerg-
ing from the beam-splitter is deviated to an energy meter
(Gen-Tec, ED 200) by a mirror, M. The laser emission line
was verified with a CO2 laser spectrum analyzer (Optical
Engineering Inc.), which was set instead of the energy me-
ter in the same place. Likewise, the intracavity system align-
ment was performed with a He-Ne laser incident on the
beam-splitter. Alternatively, the intracavity energy was mea-
sured sensing the leak at the cero order of the diffraction
grating without the beam-splitter.

Mixtures of 0.26% and 1% CDCl3 in CHCl3 were used
as the absorbent gas. The laser was tuned to the 10P(48),
916.7 cm−1, emission line, which is resonant with the
CDCl3 ν4 vibrational mode (913.9 cm−1) [16]. The reagents
used were CDCl3 (Merck), 99.98% and CHCl3 (Merck),
99.9%. CHCl3 was distilled in order to remove the stabi-
lizer. The sample pressure was varied between 1 and 15 Torr
in intracavity configuration.

The sample partial pressure before and after each ir-
radiation was determined by IR spectrometry with an IR
Fourier Transform (FTIR) spectrometer (Perkin Elmer, Sys-
tem 2000). In order to improve the signal-to-noise ratio, each
spectrum was obtained from 40 scans registered with a reso-
lution of 1 cm−1. The dissociation progress was followed
recording spectra every 50 pulses in order to obtain sig-
nificant variations in the reactant and products concentra-
tions. The reactants and products composition in each spec-
trum was determined using calibrated spectra of the different
gases and a program based on non-linear regression tech-
niques.

3 Results and discussion

3.1 Laser response in intracavity configuration

The intracavity system was implemented and the intracav-
ity energy varying the sample pressure was measured in the
first place. Figure 2 shows the dependence of the intracav-
ity energy on the total sample pressure when the absorbent
gas consisted of a mixture of 0.26% CDCl3 in CHCl3. It can
be observed that the laser energy decreases as the absorbent
gas pressure increases and, for pressures in the photoreactor
larger than 15 Torr, the laser stops working.

The intensity variation inside the cavity was analyzed
with a Rygrod [14] type analysis in order to explain the op-
eration limit of the laser. The effects of the mirrors R1 and
R2, the diffraction grating, the windows of the photoreac-
tor and of the active medium and the beam-splitter were ac-
counted for through their respective transmittances, τi , and
reflectances, ri .
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Fig. 2 Dependence of laser
energy, E, on total sample
pressure, P , for a mixture of
0.26% de CDCl3 in CHCl3 in a
photoreactor 150 cm long. The
solid line is the data fit obtained
with (17)

The effects of the active medium of length L0 and of the
absorbent medium of length L were analyzed considering
that the intensity of the wave passing through them will in-
crease or decrease with distance according to the differential
equation [14]:

dI

dz
= ±αI I (6)

where the sign + or −, corresponds to a medium with gain
as in the case of a laser, or a medium with losses as in the
case of the absorbent gas, respectively. The parameter αI is
the gain or absorption coefficient of the medium.

In the active medium the gain coefficient will saturate as
the intensity increases as [14]

αI = α

1 + I/Isat
(7)

where α is defined as the small signal gain and Isat is the
saturation intensity of the gain. For simplicity, the intensity I

in any region of the cavity is normalized to the Isat intensity
defining:

β = I/Isat (8)

In the case of an absorbent medium, the intensity change
inside the photoreactor according to (6), βph, will be given
by

1

βph

dβph

dz
= −� (9)

where � depends on the working molecule and on the sam-
ple pressure. The photoreactor transmittance, χ , can be
therefore defined in the following way:

χ = βout

βin
= e−�L (10)

where the subscripts in and out correspond to the incident
and emerging intensities of the photoreactor, respectively.
From these considerations and from the ratios of the trans-
mitted to the reflected intensity in the optical components of
the cavity it is possible to obtain the expression for β in any
place of the cavity.

The intensity inside the photoreactor can be expressed as

βph = αL0 + ln(r1τBSχτ 4
V

√
r2rR)

1 − r1τBSτ 4
V χ

√
r2rR

r1τBSτ 2
V χ

√
rR

r1τBSτ 2
V χ

√
r2 + √

rR

× (
e−�(z−L) + τ 2

V r2e
�(z−L)

)
(11)

where r1, r2 and rR are the reflectivities of the mirrors R1,
R2 and of the diffraction grating, RD, respectively (Fig. 1);
τV , τBS, are the transmittances of the photoreactor windows
and of the beam-splitter, respectively, and, L and L0 are the
photoreactor and active medium lengths, respectively.

The intensity in the center of the photoreactor (z = 0)

results from (11):

βph = αL0 + ln(r1τBSχτ 4
V

√
r2rR)

1 − r1τBSτ 4
V χ

√
r2rR

r1τBSτ 2
V

√
rR

r1τBSτ 2
V χ

√
r2 + √

rR

× (
1 + τ 2

V r2χ
2) (12)
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Fig. 3 Normalized absorption
in the photoreactor, βph, vs.
sample absorption, ξ = nσL,
assuming αL0 = 4

Defining χc as

χc = r1τBSτ 4
V

√
r2rR (13)

one obtains

βph = αL0 + ln(χχc)

1 − χχc

√
rR√
r2

χc

rR + χχc

(
1 + τ 2

V r2χ
2) (14)

The gas absorbance can be described as ξ = �L = nσL,
where n is the sample concentration in molecules cm−3

and σ is the absorption cross-section in cm2 molecules−1.
Therefore, the photoreactor transmittance results χ = e−ξ .
Assuming that the only losses are those produced by the gas
absorption in the photoreactor, χc = 1, and that the absorp-
tion is low, ξ � 1,

βph ≈ αL0 − ξ

ξ
≈ 1

ξ
(15)

The dependence of the normalized absorption in the pho-
toreactor, βph, on the sample absorption, ξ , which is directly
proportional to the concentration, n, is shown in Fig. 3. The
curves in the graph have been calculated with expressions
(14) and (15) with αL0 = 4, which is a typical value for
TEA CO2 lasers [17]. Two cases have been considered for
expression (14): (1) the losses are produced only by absorp-
tion, χc = τV = rR = r2 = 1 and (2) there are additional
losses such that χc = 0.8, τV = 0.95 and rR = r2 = 1. In the
first case, for low concentrations of the absorbent sample the
intensity in the photoreactor decreases with increasing con-
centration (or the sample pressure). For sample pressure val-
ues near the laser-operation threshold, the absorption effect
is even more pronounced. Near the laser-operation thresh-
old the intensity is very low and lasing in all pulses is not

obtained as a consequence of small pulse-to-pulse fluctua-
tions in the laser gain. In the second case, three regimes are
observed. At low absorbent concentration (ξ � 1) the effect
of the losses in the cavity is much larger than the effect of
the sample absorption and the intensity in the photoreactor
is considerably lower than in the case where no losses in
the cavity were considered. A second regime is appreciated
when the absorption exceeds the cavity losses. As can be
seen in Fig. 3, the curves tend to merge since in this case
the predominant effect is the absorption in the photoreactor.
Finally, in the third regime, the absorption is so important
that the intensity strongly falls reaching the laser-operation
limit.

This model was then used to fit the experimental data of
the dependence of the intracavity laser energy on the total
pressure of the absorbent gas obtained with a mixture of
0.26% CDCl3 in CHCl3 in a 150 cm long photoreactor. Con-
sidering the relationship between the absorbance, ξ , and the
sample pressure, P :

ξ = nσL = 3.22 × 1016PσL (16)

Equation (14) can be expressed in terms of the measured
intracavity energy:

Eint ra = C
αL0 + ln(χc) − ξ

1 − χce−ξ

√
rR√
r2

χc

τ 2
V rR + e−ξχc

× (
1 + τ 2

V r2e
−2ξ

)
(17)

where the constant, C, accounts for the energy units and
the factor corresponding to the ratio of the energy inside the
photoreactor to the energy measured in any point of the cav-
ity. This fit was performed considering only the losses at
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Fig. 4 Dependence of the
effective dissociation volume,
Veff, on the total sample
pressure, P . Comparison of
results of the experiments
performed in intracavity
configuration with those
obtained in irradiation geometry
outside the laser cavity

Table 1

C (J) αL0 σeff (cm2 molec−1)

3.69 5.60 5.0 × 10−20

the windows of the photoreactor and at the diffraction grat-
ing, τv = 0.98 and rR = 0.9. Losses at the mirrors were not
taken into account so that r1 = r2 = 1, and since the beam-
splitter was no used, thus, τBS = 1. An excellent agreement
between the experimental data and those calculated with ex-
pression (17) can be observed in Fig. 2 and the resulting
parameters are shown in Table 1. The values obtained are
consistent with those expected considering typical values of
αL0 ≥ 3 for a TEA CO2 laser [17] and about 10−20 cm2

molecule−1 for σeff [18]. σeff is the absorption cross-section
of CDCl3 and CHCl3 mixtures given by

σeff = σCHCl3

1 + Ri

(
1 + σCDCl3

σCHCl3
Ri

)
(18)

where σCDCl3 and σCHCl3 are the absorption cross-sections
of the CDCl3 and CHCl3 isotopomers, respectively, and Ri

is the isotopic ratio of the sample.

3.2 CDCl3 IRMPD in the intracavity system

Finally, CDCl3 IRMPD experiments were performed in
mixtures of 1% CDCl3 in CHCl3 in the intracavity photore-
actor 93 cm long and the results were compared with those
obtained in experiments preformed with the same mixture in
focused irradiation geometry outside the laser cavity.

The fraction of dissociated molecules, f d
N , was calculated

from the CDCl3 concentration before and after irradiation as
follows:

f d
N = [CDCl3]N

[CDCl3]0
(19)

where N is the number of pulses. The fraction of dissoci-
ated molecules per pulse, f d , was calculated from the f d

N

vs. N curve and the effective dissociation volume, Veff, was
obtained as the product of f d and the photoreactor volume,
Vf :

Veff = f dVf (20)

Figure 4 shows a comparative graph of the effective dis-
sociation volume vs. total sample pressure curves obtained
in intracavity and in focused geometry outside the laser cav-
ity experiments. The results obtained in intracavity experi-
ments with two different mean irradiation energies, 1 J and
3 J, are presented. In the focused geometry outside the laser
cavity experiments the mean laser output energy was 1 J.

The values of the effective dissociation volume, Veff, ob-
tained in intracavity configuration with the laser operating
at 1 J, although somewhat higher, are of the same order as
those obtained with a similar focusing geometry, f = 50 cm,
outside the cavity. Higher energies than those obtained in ir-
radiations outside the cavity were achieved with the intra-
cavity system. An increase of one order of magnitude of the
Veff values was obtained with the laser operated at 3 J. This
Veff increase was the result of the fluence increase in the
whole volume of the photoreactor due to the larger available
energy.
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4 Conclusions

An intracavity system for the IRMPD of molecules with
high dissociation energy threshold has been designed and
implemented. A TEA CO2 laser with a cavity folded in V-
shape was used. The design of the laser to operate in this
configuration included the analysis of its stability varying
the cavity dimensions as well as the analysis of the positions
of the beam waists and of the beam size at them. This analy-
sis enabled the choice of the most suitable configuration to
satisfy the focusing requirements in the photoreactor. These
were a high dissociation probability in a large volume and,
at the same time, beam sizes at the windows of the photore-
actor and at the cavity mirrors big enough so that the fluence
would no exceed their damage threshold.

A theoretical-experimental study of the intracavity en-
ergy variation has been performed. This analysis enabled
the dependence of the energy variation on the absorbent gas
concentration to be modeled. An excellent agreement be-
tween the proposed model and the experimental data ob-
tained in CDCl3 and CHCl3 mixtures has been obtained. It
has been found that the laser operation is conditioned by the
inclusion of the photoreactor with the absorbent gas inside
the cavity. This intracavity absorbent medium introduces a
loss that affects the laser intensity and, once a certain thresh-
old is overcome, the laser stops working. It has been found,
too, that for the laser and the absorbent gas used this thresh-
old is overcome for pressures larger than 15 Torr. It has been
determined that the laser operation threshold strongly de-
pends on its gain, on the sample absorption and, to a less
extent, on the cavity losses other than the absorption.

Finally, experiments of IRMPD of CDCl3 in intracavity
configuration have been performed varying the CDCl3 pres-
sure and the irradiation energy. The dependence of the frac-
tion of dissociated molecules per pulse and the correspond-
ing effective dissociation volume on sample pressure with
irradiation energies of 1 and 3 J has been determined. The
results have been compared with those obtained in exper-
iments performed in a focused geometry outside the laser

cavity. Similar values have been obtained with similar ener-
gies and focusing conditions in both configurations. Values
of the fraction of molecules dissociated per pulse an order
of magnitude higher have been obtained with irradiation en-
ergy of 3 J in intracavity configuration.

It can be concluded that intracavity systems such as
those implemented in this work largely improve the IRMPD
schemes for molecules with high dissociation threshold en-
ergy due to the optimization of the use of the laser available
energy.
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