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Abstract Laser-induced fluorescence (LIF) has been used
to directly determine the dissociation probability per pulse
in highly focused infrared multiple-photon dissociation
(IRMPD). The fluence dependence of CDCl3 IRMPD has
been determined by LIF and FTIR spectrometry. The partic-
ular LIF irradiation and detection system’s geometry imple-
mented allowed us to monitor the local CCl2 radicals con-
centration in the intersection zone of the observation and the
dissociation volumes. The fluence dependence of the LIF in-
tensity was modeled with the cumulative log-normal distri-
bution. The dependence of the global values of the fraction
of molecules dissociated per pulse on fluence was obtained
from FTIR spectrometry. The dissociation probabilities per
pulse were derived from the deconvolution of these values
using the cumulative log-normal distribution. A very good
agreement between the values of the parameters σ and Φsat

obtained from the deconvolution technique with those re-
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sulting from the fluorescence intensity fit was found, show-
ing the validity of the method proposed.

1 Introduction

Infrared multiple-photon dissociation (IRMPD) is a widely
spread technique used in vibrational photochemistry stud-
ies and laser isotope separation [1–3]. An important param-
eter is the dissociation probability which depends on the
laser energy per unit area or fluence. Small and medium size
molecules are often characterized by high dissociation en-
ergy thresholds. Therefore, focused laser beams are usually
employed to obtain high fluences to attain dissociation. As
a consequence, there is a strong variation of the fluence in
the photolysis volume. Given that in highly focused geome-
tries the effective volumes are very small, usually a large
number of irradiation pulses is required to obtain appre-
ciable dissociation yields. With low repetition rate lasers,
the experiments last several hours. The global dissociation
yield can be described in terms of an effective volume since
the fraction of molecules dissociated per pulse in the irra-
diated volume is diluted in the whole cell volume. Global
values of the dissociation yield can be obtained from in-
frared spectrometry. In addition, deconvolution procedures
must be used to obtain the fluence dependence of the disso-
ciation probability. Several deconvolution models have been
proposed [4–12]. However, a two-parameter model based
on the cumulative log-normal distribution has demonstrated
to satisfactorily describe the dissociation probabilities of
molecules over a wide fluence range in IRMPD [10–12]. In
view of these considerations, a technique that would per-
mit the direct determination of the dissociation probability
in focused geometries would be very advantageous and time
saving.
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Fig. 1 Experimental setup. EM: energy meter, L1, L2: quartz lenses, L3: ZnSe lens, BS: beam-splitters, A: attenuators, TEK: digital oscilloscope
with incorporated PC, PMT: photomultiplier, F: filter, i: iris, PD: photodiode, M: Mirror

Laser-induced fluorescence (LIF) is a highly selective
and sensitive technique [13]. Molecules or reaction interme-
diates excited to an electronic excited state by resonant ab-
sorption of photons from a laser emit fluorescence on their
decay to a lower level. The LIF technique can be used to
monitor in real-time the fragments produced in highly fo-
cused IRMPD systems. The detection system’s geometry
can be arranged to “see” the fluorescence of the species in an
irradiation region smaller than the focal volume of the pho-
tolysis laser [14]. Then, the photolysis can be considered to
occur in a uniform beam geometry, in which case, the LIF
signal values could be associated to the dissociation proba-
bility.

In this work we have used LIF to directly determine the
dissociation probability per pulse in IRMPD. LIF and FTIR
spectrometry have been used to determine the fluence de-
pendence of CDCl3 IRMPD which occurs mainly via the
DCl elimination channel [15]:

CDCl3 −→ CCl2 + DCl (1)

The particular LIF detection system’s geometry imple-
mented in this work allowed us to monitor the local CCl2
radicals concentration in the intersection zone of the ob-
servation and the dissociation volumes. The fluence depen-
dence of the LIF signal was modeled with the cumulative
log-normal distribution.

Additionally, the dependence of the global values of the
fraction molecules dissociated per pulse on the fluence was
obtained from FTIR spectrometry. The deconvolution of
these values to obtain the dissociation probabilities was per-
formed using the cumulative log-normal distribution. The

molecular parameters obtained coincide within experimen-
tal error with those derived from the LIF signal modeling.
We have thus demonstrated that the irradiation and LIF de-
tection system’s geometry implemented enabled us to obtain
the dissociation probabilities in highly focused IRMPD in a
direct manner.

2 Experimental

The experimental setup is shown in Fig. 1. A homemade
multimode, pulsed, tunable TEA CO2 laser with an output
average energy of 1.8 J at 1 Hz and 80 ns FWHM pulse
length was used as IR radiation source for CDCl3 IRMPD.
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 laser radiation was focused into the
center of the photolysis cell with a 9.4 cm focal length ZnSe
lens. The laser energy was varied combining CaF2 and BaF2

flats of different thickness which allowed transmission fac-
tors between 1% and 80% so that the fluence in the center of
the cell varied in the 3–400 J cm−2 range.

The CCl2 radicals generated in the IRMPD of CDCl3
were excited to the first electronic state with a home-made
dye laser pumped by a frequency tripled Nd:YAG laser
pulsed at a repetition rate of 10 Hz. The dye laser was tuned
to 541 nm, resonant with a rotational-vibrational band of the
CCl2 A1B1 state. The laser pulse energy was 0.2 mJ, the
pulse width FWHM was 3.5 ns and the beam diameter was
2 mm.
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The lasers were externally synchronized with a delay
unit, Stanford Research Systems DG 535, and entered into
the reaction cell in a colinear way through opposite win-
dows. The delay unit output used to trigger the TEA CO2

laser was connected to the entrance of a frequency divider
so as to obtain a repetition rate of 1 Hz. The fluorescence
signal was detected at 90°. A system of two lenses of 9.5 cm
and 24 cm focal lengths was used to collimate and focus the
signal on an iris placed at the entrance of a photomultiplier
tube, RCA 1P28. A wavelength longpass interference filter
was disposed between the iris and the photomultiplier tube
to diminish the background signal produced by the dye laser
scattering in the reaction cell.

Data acquisition and processing and experiments’ au-
tomation programs were developed. The lasers output en-
ergies were monitored from the beams reflections on differ-
ent beam-splitters. The fluorescence signals as well as the
CO2 and dye lasers energies were acquired with an oscil-
loscope, Tektronix DPO 7054, for each dissociation laser
pulse. For each pulse, the fluorescence intensity was deter-
mined from the maximum of the LIF signal normalized to
the dye laser energy. For each fluence value, the LIF inten-
sity signal was determined as the average of the intensities
recorded for each dissociation laser pulse.

The experiments were performed at room temperature in
a cylindrical Pyrex glass cell 2.75 cm diameter and 10 cm
long sealed with NaCl and BaF2 windows for the CO2 and
dye laser radiation transmission, respectively, and quartz
for the fluorescence transmission. The CDCl3 pressure was
fixed at 1 Torr. CDCI3 99.98% provided by Merck was han-
dled in a high-vacuum system with a turbomolecular pump
(Leybold, Turbovac) pumped by a rotary vane pump (Ley-
bold, Trivac) and purified through thaw-freeze cycles.

The number of irradiation pulses for each fluence value
was chosen so that the global fraction of dissociated mole-
cules was less than 10% in order to avoid interference from
the products. The CDCl3 pressure before and after irradia-
tion with certain pulse numbers was determined by IR spec-
trometry with a FTIR spectrometer (Perkin-Elmer, System
2000) using a standard spectrum and a program based on
non-linear regression techniques. In order to improve the
signal-to-noise ratio, each spectrum was obtained from 40
scans registered with a resolution of 1 cm−1.

3 Results

The local and global fractions of CDCl3 molecules disso-
ciated per pulse were characterized by laser-induced fluo-
rescence (LIF) and FTIR spectrometry techniques, respec-
tively. The irradiation and fluorescence detection scheme is
shown in Fig. 2, where z and x indicate the coordinates in
the laser pulse propagation and detection directions, respec-
tively. The fluorescence observation region, shown as a dark

Fig. 2 Irradiation geometry and observation volume. ZR : Rayleigh
range, 2w: beam’s diameter; L1, L2: Quartz lenses; L3: ZnSe lens, D:
observation region diameter, L: cell’s length, i: iris

cylinder in the center of the cell, was controlled by varying
the iris aperture. An observation cylinder of D = 3 mm di-
ameter and 9 mm length (field depth) was defined by fixing
the iris diameter in 7 mm.

First, the laser spot size at the lens’ focus was measured
in order to determine the TEA CO2 laser fluence. The in-
tegrated beam energy profile was measured by scrolling a
razor blade placed on a translation stage with a micrometric
screw and partially blocking the beam path (Fig. 3). Since
the laser was multimode, a circular top-hat transverse en-
ergy distribution was used to model the results:

Φ(r, z) =
{(

w0
w(z)

)2
Φ0, r ≤ w(z),

0, r > w(z),
(2)

with

w(z) = w0

√
1 +

(
z

ZR

)2

, (3)

where Φ0 and w0 are the fluence and the laser beam waist
at the focus, respectively, and ZR is the Rayleigh range. The
beam spot size at the lens’ focus obtained was w0 = (0.37 ±
0.02) mm.

Then, the Rayleigh range, ZR , was determined from the
beam diameters derived from the image processing of the
beam imprints on thermosensitive paper at different dis-
tances from lens L3. A value of ZR = (3.6 ± 0.3) mm was
obtained from the fit with (3) of the data shown in Fig. 4.
Given that the 3 mm observation region diameter (Fig. 2)
is smaller than twice the ZR value (7.2 mm), the fluence
in the observation region can be considered constant. This
assumption leads to an error in the mean fluence value de-
termination less than 10%. We therefore assume that the LIF
signal detected is related to the fraction of molecules disso-
ciated per pulse in a region of constant fluence.
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Fig. 3 Dependence of the integrated beam energy on the position of
the razor blade

Fig. 4 Dependence of the beam imprint radius on thermosensitive pa-
per on the lens distance

The maximum value of the LIF signal for each CO2 laser
pulse was used as an estimator of the fluorescence intensity.
These maximum values were first normalized to the inten-
sity of the dye laser to compensate for fluctuations and then
averaged. In order to improve the signal-to-noise ratio, about
50 LIF signals were acquired for each fluence value.

Figure 5 shows the dependence of the average values of
the maximum of the LIF signal on the fluence at the fo-
cus, Φ0, in the 3–400 J cm−2 range. Two well differenti-
ated regimes can be observed: a rise and a saturation regime.
In the range between 3 and 20 J cm−2, the fluorescence in-
tensity increases approximately 3 orders of magnitude. At
larger fluences a saturation regime is attained.

Fig. 5 Dependence of the LIF intensity on the fluence at the focus

Barker et al. [10–12] solved an energy-grained master
equation to describe the IR multiple-photon dissociation
process in polyatomic molecules and found that the frac-
tion of molecules dissociated per pulse could be described
assuming a Cumulative Log-Normal Distribution Function,
CLNDF, for the dissociation probability per pulse as indi-
cated in the equation

f (Φ) = 1

2

[
1 + erf

(
ln(η)√

2σ

)]
, (4)

where

η = Φ

Φsat
. (5)

The parameter σ describes the f increase rate in the low
fluence regime, while Φsat establishes a boundary between
the low fluence regime, in which f increases monotonously,
and the high fluence regime, in which the probability tends
to saturation. These parameters depend on the molecule,
and, particularly, the last one depends on the total sample
pressure and establishes the dissociation threshold of the
molecule. Barker’s model is widely used in the IR multiple-
photon dissociation processes analysis since it is more accu-
rate than the power law and the exponential models [9].

A very good fit of the fluence dependence of the flu-
orescence intensity with (4) is shown in solid line in
Fig. 5. The parameters values σ = 0.60 ± 0.02 and Φsat =
(18 ± 1) J cm−2 were obtained from this fit. The satura-
tion fluence corresponds to the fluence value for which half
the CDCl3 molecules within the observation region are dis-
sociated. The value of Φsat obtained is consistent with the
values reported by other authors in different experimental
conditions [17, 18]. The excellent agreement between the
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Fig. 6 Pulse number dependence of the CDCl3 remnant fraction

experimental values of the fluorescence intensity and the
calculated values of the dissociation probability per pulse
would indicate that the LIF signals are a direct measure-
ment of the dissociation probabilities in highly focused ge-
ometries.

In order to prove this hypothesis, we carried out exper-
iments to determine the global dissociation probability per
pulse from the measurement of the fraction of molecules
dissociated per pulse by infrared spectrometry.

In this case, the effective volume, defined as the volume
in which the dissociation probability per pulse is unity, is a
good estimator of the global fraction of molecules dissoci-
ated per pulse:

Veff =
∫

dV f (Φ). (6)

First, the dependence of the remnant fraction of CDCl3, RF ,
on the number of irradiation pulses, Np , and the cell vol-
ume, Vcell, was determined by FTIR spectrometry. Some of
the results obtained are shown in Fig. 6 evidencing that the
global fraction of molecules dissociated per pulse increases
with the increase of the fluence at the focus, Φ0. The effec-
tive volume of dissociation for the different fluence values
was obtained from non-linear regression of the RF versus
Np curves using

RF =
(

1 − Veff

Vcell

)Np

. (7)

The dependence of the effective volume of dissociation on
the fluence in the range 10–400 J cm−2 is shown in Fig. 7.
These results were modeled with (8), which results from in-
tegrating (6) with the probability of dissociation per pulse
defined in (4) and the fluence distribution described in (2)

Fig. 7 Fluence dependence of the effective volume of dissociation.
Shaded areas indicate regions with Φ > Φsat

and (3):

Veff = 1

2
VR

∫ δ

0
du

(
u2 + 1

)[
1 + erf

(
1√
2σ

ln

(
η0

u2 + 1

))]
(8)

with

δ = L

2ZR

(9)

and η0, the fluence at the focus, Φ0, to the saturation fluence,
Φsat, ratio, L, the cell length and VR , the Rayleigh volume
defined as

VR = 2πZRw2
0. (10)

The fit is shown in solid line in Fig. 7 in an extended flu-
ence interval in order to visualize the three different fluence
regimes derived from (8) which are also schematized. In
regime I, the saturation fluence is never attained in the ir-
radiation volume (Φ < Φsat). In regime II, there is a central
region, where the fluence is larger than the saturation flu-
ence (Φ > Φsat), and two regions near the windows within
which the saturation fluence is not reached (Φ < Φsat). Fi-
nally, region III is characterized by a fluence larger than the
saturation fluence in all the irradiation volume (Φ > Φsat).
The values of the effective volume measured in this work
correspond to the fluence regime II. An excellent agreement
between the values of the parameters σ and Φsat obtained
from the deconvolution of the experimental values with the
model described by (8) with those resulting from the fluo-
rescence intensity fit was found.

The values of the parameters σ and Φsat derived from
the deconvolution of the fluence dependence of the effec-
tive volume data with a probability function described by a
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CLNDF coincide within experimental error with those ob-
tained from the fit of the fluence dependence of the fluo-
rescence intensity data with the same probability function.
This result, together with the assumption that the observa-
tion region in the LIF experiments corresponds to a zone of
constant fluence in the fluence regime II, proves that the LIF
technique implemented in this work allows the direct deter-
mination of the dissociation probability per pulse.

The comparison of the results shown in Figs. 5 and 7 ev-
idences that the LIF technique is much more sensitive than
the effective volume technique and enables us to determine
the dissociation probability per pulse of small and medium
size molecules with high Φsat values, with less number of
irradiating pulses.

4 Conclusions

An irradiation and detection system’s geometry which en-
abled the LIF technique to be used to determine in a di-
rect manner the dissociation probability in tightly focused
IRMPD was implemented.

The dependence of the LIF signals of the IRMPD of
CDCl3 on fluence in the 3–400 J cm−2 range was fit-
ted with a Cumulative Log-Normal Distribution Function,
and the molecular parameters σ = 0.60 ± 0.02 and Φsat =
(18 ± 1) J cm−2 were obtained. The resultant value of Φsat

agrees with the values reported by other authors for this
molecule in different experimental conditions.

These parameters’ values were compared with those de-
rived from the deconvolution of the effective volume ob-
tained from FTIR spectrometry with the Cumulative Log-
Normal Distribution Function. The excellent agreement be-
tween both methods demonstrates that the LIF technique

proves to be a powerful tool to determine the dissocia-
tion probability in IRMPD of high dissociation threshold
molecules in a much faster manner.
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