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Abstract

Molecular electronic branching ratios to yield CaF(A251/2) and CaF(A253/2) have been measured in the time-domain following the
F-atom abstraction reaction of electronically excited calcium atoms, Ca[4s4p(3PJ )], 1.888 eV above the 4s2 (

1S0
)

ground state, with
CH3F• Ca[4s4p

(
3P1

)
] was generated by the pulsed dye-laser excitation of ground state calcium atoms atλ=657.3 nm{Ca[4s4p(3P1)]←

Ca[4s2
(
1S0

)
]}at elevated temperatures in the presence of CH3F and excess helium buffer gas in a slow flow system, kinetically equivalent to

a static system. Atomic fluorescence emission profiles at the resonance wavelength together with molecular chemiluminescence emissions
at λ=606 nm, CaF(A251/2 → X26+, 1v = 0) andλ=603 nm, CaF(A253/2 → X26+, 1v = 0) were recorded. These demonstrated
exponential decays characterised by decay coefficients which were equal under identical chemical conditions thus demonstrating the
production of CaF(A251/2,3/2) by direct reaction of Ca(3PJ ) with CH3F. The combination of the time-dependences of the atomic and
molecular profiles as a function of the concentration of CH3F together with integrated atomic and molecular intensities yielded branching
ratios into the A251/2 and A253/2 states which were found to be as follows: A1/2, (1.4±0.6)×10−3; A3/2, (1.2±0.5)×10−3. Whilst the
higher lying CaF(B26+) is also energetically accessible on reaction, the B–X chemiluminescence was not observed and is attributed to a
low branching ratio on reaction into that state. The results are compared with various related data for Ca(3PJ ) for total branching ratios
into electronic states studied in the single collision condition and with branching ratios of SrF(A251/2, A253/2, B26+) following the
reaction of Sr[5s5p(3PJ )]+CH3F investigated following pulsed dye-laser excitation where the yields of SrF(A1/2, A3/2) were of similar
low magnitudes. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The collisional behaviour of electronically excited cal-
cium atoms in the Ca[4s4p(3PJ )] state, 1.888 eV above
the 4s2(1S0) ground state [1], with alkyl halides has been
investigated hitherto in the time-domain in order to study
the mechanism of electronic energy distribution in the di-
atomic products following halogen atom abstraction [2–5].
The combination of time-resolved atomic fluorescence from
Ca(43P1) and time-resolved molecular chemiluminescence
from CaX(A25, B26+→X26+) has thus been employed
following the pulsed dye-laser generation of the atomic
state. Such measurements are complementary to the study
of analogous processes for electronically excited alkaline
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earth atoms using molecular beams under single-collision
conditions [6–14] and is an area that has been reviewed
in some detail from both the experimental and theoretical
viewpoints [15–18]. Measurements of branching ratios into
specific product quantum states for this type of chemical
system for reactions of Ca(43PJ ) in particular, whether
from investigations in the time-domain or using single col-
lision conditions, are limited. Dagdigian et al. [13] have
studied the reactions of Ca(43PJ ) with Cl2, CH3Cl, CH3Br,
CH2Br2, CH2=CHCH2Br and C6H5CH2Br by the molecular
beam technique. These authors report chemiluminescence
cross sections [13] from which one can obtain total elec-
tronic branching ratios into all the accessible excited states,
CaX(A251/2,3/2, B26+). Gonzalez Ureña et al. [19] have
studied the reactions Ca(1D2, 3PJ )+CH3I→CaI(A,B)+CH3
under beam-gas conditions and report an electronic branch-
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ing ratio of r=CaI(A25)/CaI(B26+)=1.35 for Ca(1D2)
and Ca(3PJ ) in both cases.

Measurements of time-resolved atomic fluorescence and
molecular chemiluminescence following the reaction of
Ca(43PJ )+CH3X (X=F, Cl, Br, I) [2–5] have been limited
to comparisons of the time-dependences of the atomic and
molecular profiles into the A1/2, A3/2 and B states. These
indicate that CaX(A251/2,3/2, B26+) arise from direct
reaction rather than secondary processes involving elec-
tronic energy transfer and can thus be related to analogous
studies on energy distribution in molecular beams. This is
contrast to analogous measurements in the time-domain
on the reactions Sr(53PJ ) [20–23], 1.807 eV above the
5s2(1S0) ground state, where branching ratios were also
reported. In this paper we describe molecular electronic
branching ratio measurements yielding CaF(A251/2,3/2)
following the reactions of Ca(43PJ ) with CH3F. In further
contrast to the earlier time-dependent measurements on
Ca(43PJ )+CH3F [2], improvements in data capture and
subsequent computerised analysis has permitted optical res-
olution of the chemiluminescence components for the two
spin–orbit states, CaF[(A251/2,3/2)→X26+]. Chemilumi-
nescence from CaF(B26+→X26+), which is energetically
accessible, was not observed as also found in the earlier
time-dependent measurements [2], clearly on account of the
particularly low branching ratio into this state. The results
are compared with related results for reactions of Ca(43PJ )
in molecular beams and branching ratio measurements for
Sr(53PJ ) with halides in the time-domain [20–23], partic-
ularly the production of SrF(A251/2,3/2, B26+) from the
reactions of Sr(53PJ ) with CH3F [19].

2. Experimental details

The general experimental arrangement for monitoring
atomic resonance fluorescence and molecular chemilu-
minescence in the time-domain following the reaction of
Ca(43PJ ) with CH3F is a combination of that described
hitherto for this atomic state [2–5] together with that used
for the study of Sr(53PJ ) and leading to molecular elec-
tronic branching ratios [20–23]. Ca[4s4p(3P1)] was gener-
ated by the pulsed dye-laser excitation (10 Hz) of calcium
vapour at elevated temperature (T=940 K) at λ=657.3 nm
{Ca[4s4p(3P1)]←Ca[4s2(1S0)]} in the presence of methyl
fluoride and excess helium buffer gas. Atomic emission
at the resonance wavelength and molecular chemilumines-
cence from the states CaF[(A251/2,3/2, B26+→X26+)]
were then monitored using the standard combination of a
small monochromator and a photomultiplier under identi-
cal chemical conditions. By contrast with earlier studies
on Ca(3PJ ) using boxcar integration [2–5], atomic and
molecular emission profiles were recorded by data capture
of the complete profiles for each individual decay using
a two-channel transient digitiser (Digital Storage Adapter,
Thurlby DSA 524). The number of decay profile averaged

was 256 as were the number of background profiles before
subtraction and interfaced into a computer for data analysis.
The materials (Ca, 99%; He, 99.999%; CH3F Aldrich) were
employed essentially as described in a previous investiga-
tion [2].

The optical and detection system was calibrated both
with respect to electronic gain and wavelength sensitivity.
The gain (G) for the PMT (E.M.I., 9797B) as a function
of voltage was taken from the commercial calibration ex-
pressed in the form lnG=8.7 lnV−54.4 whereG is in arbi-
trary units andV in volts [24]. The wavelength response of
the photomultiplier-grating combination which employed a
‘Minichrom’ monochromator (MC1-02-10288, Fastie–Ebert
mounting) was calibrated against a ‘xenophot’ lamp that
had, in turn, been calibrated against a spectral radiometer
(International Light Inc., USA IL 783). This yielded two
peaks in the sensitivity response curve, one at ca. 460 nm and
the other at ca. 540 nm [20–23], representing the expected
combination of the grating response for the monochroma-
tor and the maximum response for the PMT. For the pur-
pose of comparing time-dependent profiles, the sensitivity
calibrations were not necessary. They were, however, re-
quired for the purpose of determining branching ratios into
the specific electronic states where the atomic and molec-
ular emissions needed to be placed on a common relative
scale. In contrast to the previous time-resolved investigation
on Ca(3PJ )+CH3F using the largest pair of slits (600mm)
for the monochromator [2], a smaller pair of slits (300mm)
were employed in these measurements in order to increase
the wavelength resolution for the recorded chemilumines-
cence profiles and thus to isolate the two very close-lying
spin–orbit components of CaF(A25). Whilst the data cap-
ture system using the transient digitiser described above was
more efficient than boxcar integration, with recording of the
complete emission profiles, the use of smaller slits, neces-
sary for optical isolation of the chemiluminescence of the
molecular spin–orbit components yielded significant noise
in the molecular profiles, magnified when integrated. Nev-
ertheless, it was possible to characterise the molecular elec-
tronic branching ratios on reaction of Ca(43PJ )+CH3F.

3. Results and discussion

3.1. Time dependence of the atomic fluorescence,
Ca[4s4p(3P1)→4s2(1S0)], and the molecular
chemiluminescence, CaF(A251/2, A253/2→X26+)

An example of the digitised output showing the
time-resolved variation of the intensity of the atomic flu-
orescence emission{Ca[4s4p(3P1)]→Ca[4s2(1S0)]} at
λ=657.3 nm following pulsed dye-laser excitation of cal-
cium vapour atT=940 K in the presence of CH3F and
excess helium buffer gas is shown in Fig. 1a The first-order
decay profile constructed from this exponential plot is given
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Fig. 1. Examples of the digitised output indicating the exponential decay profiles for the time-resolved atomic fluorescence emission and the molecular
chemiluminescence following the pulsed dye-laser excitation of calcium vapour at the resonance wavelength{Ca[4s4p(3P1)]←Ca[4s2(1S0)], λ=657.3 nm}
in the presence of CH3F and excess helium buffer gas at elevated temperature.T=940 K. [CH3F]=1.5×1016 molecules cm−3, pTotalwithHe=60 Torr. (a)
Ca[4s4p(3P1)]→Ca[4s2(1S0)], λ=657.3 nm; (b) CaF(A251/2→X26+, 1v=0 606 nm); (c) CaF(A253/2→X26+, 1v=0 603 nm).

in Fig. 2a though the first-order decay coefficient,k′, is de-
termined from computerised fitting of the raw data in Fig.
1a. Boltzmann equilibrium within the three spin–orbit lev-
els of Ca(3P0,1,2) is rapidly established on the time scales
of the present measurements by collisions with helium gas
[25,26], in fact, this is further facilitated by the presence of
a molecular reactant such as CH3F. The first-order decay
of Ca(43PJ ) in the presence of CH3F (Fig. 2a) can thus be
expressed as

[Ca(3PJ )]t = [Ca(3PJ )]t=0 exp(−k′t) (1)

The first-order decay coefficient,k′, may sensibly be given
by the expression:

k′ = Anm

(1+ 1/K1+K2)
+ β

pHe

+
∑

kQ[Ca(1S0), He]+ kRε[CH3F] (2)

where symbols have their usual meaning.Anm (=1/τe) is
the Einstein coefficient for emission from Ca(3P1), K1 and
K2 represent equilibrium constants connecting the3P0 and
3P1 states, and the3P1 and3P2 states, readily calculated by
statistical thermodynamics at a given temperature, and the
term inβ describes diffusional loss out of the region optical
observation.kR is the absolute second-order rate constant for

Fig. 2. Examples of the computerised fitting indicating the first-order decay profiles of the time-resolved atomic fluorescence emission and the molecular
chemiluminescence following the pulsed dye-laser excitation of calcium vapour at the resonance wavelength{Ca[4s4p(3P1)]←Ca[4s2(1S0)], λ=657.3 nm}
in the presence of CH3F and excess helium buffer gas at elevated temperature.T=940 K. [CH3F]=1.5×1016 molecules cm−3, pTotalwithHe=60 Torr. (a)
Ca[4s4p(3P1)]→Ca[4s2(1S0)], λ=657.3 nm;(b) CaF(A251/2→X26+, 1v=0.606 nm); (c) CaF(A253/2→X26+, 1v=0.603 nm).

the total collisional removal of Ca(3PJ ) by CH3F. The term
involving

∑
kQ describes collisional quenching of Ca(3PJ )

principally by ground state calcium atoms.
The true concentration of CH3F molecules in the excita-

tion region of the reactor is unknown due to the loss of this
species by reaction with gaseous ground state Ca(1S0) atoms
[27] before entry into the region of optical laser excitation.
However, the determination of the mechanism of this reac-
tion system and the branching ratios relies on comparisons
between the first-order decay coefficients of the atomic and
molecular emission profiles under identical conditions. The
absolute concentration of CH3F is not required. Characteri-
sation of the branching ratios depends on a monotonic vari-
ation ofk′ and [CH3F] which is established (see later). This
is parameterised usingε, the fraction of the initial [CH3F]
entering the excitation zone which, within experimental er-
ror, is a constant in these measurements (see later). At con-
stant total pressure, fixed temperature and fixed laser pulse
output, Eq. (2) may be simplified as

k′ = K + kRε[CH3F] (3)

where K is a constant. Fig. 3 shows the variation ofk′
with [CH3F] (initial) but this cannot be used to determine
an accurate value of the rate constant for the reaction of
Ca(3PJ ) with CH3F for the reasons given. For estimating
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Fig. 3. Variation of the pseudo first-order rate coefficient,k′657, for the
decay of Ca(43PJ ) in the presence of CH3F at elevated temperature fol-
lowing pulsed dye-laser excitation of calcium vapour at the resonance
wavelength{Ca[4s4p(3P1)]←Ca[4s2(1S0)], λ=657.3 nm} at elevated tem-
perature.T=940 K. pTotalwithHe=60 Torr.

branching ratios into the A251/2 and A253/2 states of CaF
this monotonic variation ofk′ with [CH3F] is the principal
requirement.

Fig. 1b gives an example of the digitised output for the
chemiluminescence emission from CaF(A251/2→X26+,
1v=0, λ=606 nm) under identical conditions to those
given for the atomic emission from Ca[4s4p(3P1)] and Fig.
2b, the associated computerised first-order decay profile.
Analogous plots are given in Fig. 2c and 3c for the chemilu-
minescence arising from the close-lying A253/2 state [28]
at λ=603 nm (1v=0). Chemiluminescence measurements
are essentially restricted to1v=0 sequences for the A–X
system. Franck–Condon factors described hitherto in
measurements restricted to time-resolved chemilumines-
cence measurements on the unresolved spin–orbit pair [2]
A25-X26+ indicate that the intensity is mostly located
in the (0,0) transition (f (0,0)=0.97882, f (0,1)=0.02116)
[28–30]. More detailed measurements have recently been
described by Field et al. on the CaF(A–X) system [31] where
the interatomic distances indicate that intensity will be
concentrated in the1v=0 sequence (re/nm: A25, 0.1937;
X26+, 0.1955). Fig. 4 shows the correlation between the
first-order decay coefficients for the A1/2,3/2–X emissions
and those for the atomic emissions taken under identical
conditions. The slope of the fitting is found to be 1.0, unity
within experimental error, large on account of the necessity
of using small slits to resolve the spin–orbit components of
the weak emission from the molecular state. The 1σ error is
considered to be ca. 10% for the slope as the plot is placed
through the origin which is a physically realistic point. It may
therefore be concluded that the atomic and molecular decay
profiles are exponential in character and characterised by
equal first-order decay coefficients following the direct reac-
tion Ca(3PJ )+CH3F→CaF(A25, X26+)+CH3 (see later).

The A251/2 (2.044 eV), A253/2 (2.053 eV) and B26+
(2.336 eV) states of CaF [32] are energetically accessible on
collision of Ca(3PJ ) with CH3F.

Fig. 4. Comparison of the first-order rate coefficients for the time-resolved
molecular chemiluminescence from CaF(A251/2,3/2→X26+) and the
time-resolved atomic fluorescence emission from Ca(43P1) atλ=657.3 nm
following the pulsed dye-laser excitation of calcium vapour at the res-
onance wavelength{Ca[4s4p(3P1)]←Ca[4s2(1S0)], λ=657.3 nm} in the
presence of varying concentrations of CH3F and excess helium buffer gas
at elevated temperature.T=940 K. pTotalwithHe=60 Torr.
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)
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(D0
0[CaF(X26+)]=5.506±0.09 eV [33]; D0

298[CH3F]=
472 kJ mol−1 [34]; ωe(A1/2)=586.8 cm−1, ωe(A3/2)=593.4
cm−1, ωe(B)=566.1 cm−1, [32]). These molecular states
cannot be generated by electronic energy transfer between
Ca(3PJ ) (1.888 eV, [1]) and ground state CaF(X26+, v′′=0)
resulting from the overall reaction. Some level of vibrational
excitation in CaF(A251/2, v′≤6; A253/2, v′≤5) and also
CaF(B26+, v′≤2) is energetically possible on initial reac-
tion. Chemiluminescence from the B26+–X26+ system
of CaF( (0,0), 531 nm), however, was not observed from
which it may be concluded that the branching ratio into
the B state is very low, consistent with the observed low
branching ratios into the lower lying A1/2 and A3/2 states.

3.2. Molecular electronic branching ratios

Molecular electronic branching ratios into CaF(A1/2,
A3/2) from the reaction Ca(3PJ )+CH3F may be determined
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using measurements of the integrated atomic and molec-
ular intensities derived from the recorded decay profiles.
The appropriate rate equations are presented here without
immediate correction for the response of the optical sys-
tem at different wavelengths and the electronic gain of the
photomultiplier at different operating voltages but these
corrections are included when using the final values of the
integrated intensities. The first-order decay coefficient for
[Ca(3PJ )], k′, following Eq. (1) has been given in Eqs. (2)
and (3). Noting that atomic emission only arises essentially
from one spin–orbit level,3P1, in the Ca(3PJ ) manifold [35],
the atomic emission intensity is given by the form [2–5]:

Iem(3P) =
(

Anm

F

)
[Ca(3PJ )]t=0 exp(−k′t)A (4)

where Anm=1/τe for Ca(3P1-1S0) and F=(1+1/K1+K2)
[1–4]. The integrated atomic intensity is then given by

I (3PJ ) = Anm[Ca(3PJ )]t=0

k′F
(5)

The short mean radiative lifetimes of CaF(A251/2,
A253/2), characterised by Dagdigian et al. [36] (τe

′/ns:
A251/2 21.9±4.0, A253/2 18.4±4.1), clearly permit the
concentrations of the A1/2 and A3/2 states to be placed
in steady state following their direct production within
the time-scales employed in the present investigation.
In the case of CaF(A1/2) resulting from the reaction of
Ca(3PJ )+CH3F, the steady state expression is given by

−d[CaF(A1/2)]

dt
= k1[Ca(3PJ )]ε[CH3F]

−A′nm[CaF(A1/2)] = 0 (6)

whereA′nm= 1/τ ′e for CaF(A251/2). The molecular emis-
sion intensity from CaF(A1/2–X) is thus readily given by

Iem(A1/2− X) = k1ε[CH3F][Ca(3PJ )]t=0 exp(−k′t) (7)

where k1 is the rate constant for the production of
CaF(A251/2). Thus, the equality of the exponential
time-dependences of the atomic emission (Eq. (4)) and the
molecular chemiluminescence (Eq. (7)) are in accord with
the production of CaF(A251/2) by direct reaction between
Ca(43PJ ) and CH3F. Following Eq. (7), the integrated
molecular intensity is given by

I (A1/2− X) = k1ε[CH3F][Ca(3PJ )]t=0

k′
(8)

Thus, from Eqs (5) and (8), the ratio of the integrated molec-
ular intensity for CaF(A1/2–X), for example, to that of the
(3P1–1S0) atomic fluorescence emission is then given by

I (A1/2− X)

I (3PJ )
= k1ε

(
F

Anm

)
[CH3F] (9)

Hence, it may further be seen that the ratio of the slopes of
the plots of (1):I(A1/2−X)/I(3PJ ) versus [CH3F] (Fig. 5a)

Fig. 5. Variation of the integrated intensity ratios of the molecu-
lar chemiluminescence emissions to the atomic fluorescence emission
Ca(43P1→41S0) (l=657.3 nm) for (a) CaF(A251/2→X26+, 1v=0,
λ=606 nm) and (b) CaF(A253/2→X26+, 1v=0, λ=603 nm) as a func-
tion of the concentration of CH3F following the pulsed dye-laser excita-
tion of calcium vapour at the resonance wavelength (λ=657.3 nm) in the
presence of excess helium buffer gas at elevated temperature. (T=940 K,
pTotalwithHe=60 Torr).

and (2)k′ versus [CH3F] (Fig. 3), yields the branching ratio
for the formation of CaF(A251/2), namely,

rA1/2 =
(

Anm

F

)
slope(1)

slope(2)
(10)

whererA1/2=k1/kR, the rate of production of CaF(A251/2)
from the reaction of Ca(3PJ ) by CH3F relative to the total
removal rate of Ca(3PJ ) by this molecule.

Anm has been characterised separately in this work
from measurements of atomic decay profiles similar
to that in Fig. 1a at different temperatures yielding
τe=1/Anm=0.36 ms, a value in very close accord with a wide
range of measurements obtained in the time-domain [15].
F=1+1/K1+K2=2.778 atT=940 K, calculated by statisti-
cal thermodynamics. The branching ratio into CaF(A253/2)
can be calculated on the same basis as for the251/2 state
and thus the relevant plot for component (1) is given in
Fig. 5b. The branching ratios into the excited states ob-
tained in this investigation are found to be as follows: A1/2,
(1.4±0.6)×10−3; A3/2, (1.2±0.5)×10−3. The errors quoted
here arise mainly arise from the errors of the slopes of the
plots in Fig. 5a and b High accuracy is not claimed for these
slopes in view of the limitations, necessarily encountered
in the measurements of the integrated molecular intensities.
Nevertheless, these branching ratios do constitute, to the
best of our knowledge, the first measurements of such prod-
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uct branching ratios for reactions of Ca(3PJ ) with a halide
obtained in the time-domain, and particularly for measure-
ments of specific molecular spin–orbit states of CaF(A25).
In fundamental terms, at the minimum level, branching ra-
tios could be rationalised in terms of the symmetry of the
appropriate potential surfaces using correlation diagrams,
however, in this instance, Cs symmetry would not constitute
the least symmetrical complex for a five-atom intermediate.
The total yield,

∑
(CaF(A1/2, A3/2)) = 2.6 × 10−3, can

only be compared with analogous data reported by Husain
et al. [20] for the reaction of Sr(53PJ )+CH3F and found
to be ca. 7.9×10−3 for SrF(A1/2+A3/2). A branching ratio
for SrF(B26+) of 1.1×10−4 was also reported in that work
[20]. In experimental terms, whilst comparable branching
ratios are observed for the analogous states of SrF [20],
measured atomic and molecular emission intensities will
be higher in that case on account of the higher initial den-
sities of Sr(53P1) generated from laser excitation resulting
from the shorter mean radiative lifetime of Sr(53P1) [20].
Finally, assuming that removal of Ca(3PJ )+CH3F proceeds
entirely by F-atom abstraction into CaF(A1/2, A3/2, X)
given no detection of B–X chemiluminescence and higher
states of CaF not being energetically accessible, one may,
in turn, estimate an upper limit for the branching ratio into
the product ground state CaF(X26+) of ca. 99.7% in view
of the possible role of physical quenching of Ca(43PJ ) by
CH3F into Ca(41S0).
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