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Chapter 1

Introduction

1.1

Preface

There is an old saying that "physical chemistry is the study of all those quantities whose negative
logarithm is linear with 1/T" [1]. Not so for the part of physical chemistry addressed in this thesis,
namely population distributions of nascent reaction products. These non-equilibrium distributions
carry a wealth of information on the elementary steps of a chemical reaction. In the thesis, however,
emphasis is not on these interesting distributions, but on the experimental and theoretical methods
necessary to obtain them. Of special importance are the following topics
• the technique of continuous-wave laser-induced fluorescence (CW LIF)
» the spectroscopy of alkaline earth monohalides.
In chapter 2 the experimental set-up is outlined. In chapter 3 the existing knowledge on the
spectroscopy of alkaline earth monohalides is summarized. All detected products belong to this
group of radicals. Chapter 4 gives a theoretical description of the phenomenon of saturation by
optical pumping. The concept of a "leaking two-level system" is introduced and a quantitative
description is given, starting from the optical Bloch equations. At the end conclusions are drawn
that are of importance to the interpretation of the recorded spectra. One conclusion is that
population distributions derived from CW LIF spectra are directly related to product flux instead
of density.
In chapter 5 the approach for the simulation of spectra is elucidated. A detailed calculation of
the energy available for the products of the relevant reactions is presented. The principle of "prior"
and "surprisal" distributions is explained and expressions for reactions of the type discussed in the
thesis are derived. Several assumptions are listed forming the basis for the calculation of simulated
spectra and the interpretation of the experimental spectra.
Chapter 6 deals with CW LIF spectroscopy of Cal formed in the reaction Ca + CH3I —• Cal
-f- CH3. This reaction is a "testcase", since the spectroscopy of Cai in the populated vibrational
quantum states is well-known, and the vibrational state distribution is investigated previously with
pulsed lasers. This makes it possible to verify the assumptions brought forward in chapters 4 and
5.
In chapter 7 the recorded CW LIF spectra of strontium monohalides formed in reactions of
strontium with halogenated methanes are presented. The spectra are compared to simulated
spectra and information is obtained on the vibrational population distribution as well as on the
degree of rotational excitation of the diatomic product. A parallel is drawn between the reactions
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of strontium and the corresponding reactions of calcium and barium.
In the remainder of this chapter the following subjects are discussed. In section 1.2 a brief
history of laser-induced fluorescence as a detection technique for reaction products is given and
a comparison to other techniques is made. In section 1.3 the present status of the studies on
reactions between alkaline earths and halogenated methanes is outlined. Finally, in section 1.4 the
motivation for the work presented in this thesis is given.
1.2

Laser-induced fluorescence as a detection technique for reaction products

Laser-induced fluorescence (LIF) spectroscopy is a subfield of absorption spectroscopy. Stalespecific absorption of a laser photon is followed by spontaneous emission of a photon generally in a
different direction than the laser beam. The fluorescence is collected and projected on the cathode
of a photomultiplier tube, which monitors the strength of the fluorescence (LIF signal). When the
laser is tuned to another frequency the LIF signal changes. The strength of the LIF signal as a
function of laser frequency forms the LIF excitation spectrum.
The LIF method combines the advantages of (1) high sensitivity, (2) species-specificity and (3)
state-specificity. Especially the last advantage is seldom found in non-optical techniques. For a
molecule in order to be detected by LIF there are three major requirements [2].
1. The molecule has to release the energy of the absorbed photon by fluorescence and not by
radiationless processes. For small molecules, like the diatomic molecules investigated in the
thesis, this requirement is usually satisfied.
2. The spectroscopy of the molecule has to be known. This not only refers to line positions,
but also to Franck-Condon factors and rotational transition strengths. In chapters 3 and 7
it is shown that the situation for the alkaline earth monohalides in this respect is not ideal,
especially at high vibrational quantum numbers.
3. The molecular band system has to be accessible with available tunable lasers. This probably
is the most limiting requirement, since for closed-shell molecules the electronic transition to
the lowest excited state usually lies in the ultra-violet or even at shorter wavelengths. In these
wavelength regions tunable laser operation is hard to achieve, especially with continuous-wave
lasers. The choice to study alkaline earth monohalide radicals instead of stable molecules is
in fact dictated by this requirement. In these radicals the valence electron is only loosely
bound and a red or near-infrared photon is suflicient to promote it to the molecular orbital
of the nearest electronically excited state (see figure 3.2 and 3.7).
In 1972, LIF detection was applied for the first time to reaction products by Schultz et al. [3]
in their study of the reaction Ba + O2 —> BaO + 0 . Less than a year later a paper was published
on LIF detection of barium monohalides formed in reactions of barium with hydrogen halides [4].
Over the past twenty years, LIF has turned out to be one of the most successful techniques to
study reaction products formed in the electronic ground state.
LIF is mostly used to determine internal state distributions of products of beam-gas reactions.
However, there are also studies where LIF is used to investigate the vibrational excitation of the
product as a function of collision energy ( [5], [6]) or as a function of vibrational energy of the
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molecular reactant [7], to study reactivity of dimers as compared to monomers ( [8], Ba + (СГзІ) п ,
n = 1,2), and most recently to determine the specific opacity function of a reaction by measuring
the rotational state distribution of the product (Ba + HI —• Bal(J) + H) as a function of collision
energy ( [9], [10]).

It is useful to compare LIF to other optical, state-selective detection techniques like visible
chemiluminescence and resonance-enhanced multi-photon ionization. In visible chemiluminescence
(see e.g. [11] - [13]) the reaction products emit light all by themselves and a fluorescence spectrum
is obtained by spectroscopically analyzing the emitted light with a monochromator. The main
drawback of visible chemiluminescence is that its application is limited to reaction products in an
electronically excited state. In practice this means reactions with a high exothermicity, or reac
tions in which one of the reactants is already electronically excited. Sometimes the same optical
transitions can be found in a chemiluminescence spectrum (in emission) as in a LIF spectrum (in
absorption). When the rovibrational state distributions are also similar in both cases this can lead
to remarkably similar spectra. Compare for example the chemiluminescence spectrum of thermal
SrCl shown in figure 2 ("cool") of the paper of Brinkmann et al, [12] with the LIF excitation
spectrum shown in figure 7.1 of this thesis. A comparison of the chemiluminescence spectrum in
figure 2 of the same paper for the reaction Sr* + CCLj —> SrCl* + CCI3 with the LIF spectrum in
figure 7.3 of this thesis for the reaction Sr + ССЦ —ν SrCl + CCI3 illustrates a second drawback of
chemiluminescence, namely its limited spectral resolution. LIF also profits from other advanta
geous properties absorption spectroscopy has as opposed to emission spectroscopy, like the option
of an independent spectral analysis of the emitted light to facilitate the assignnment of optical
transitions in absorption. Disadvantages of the LIF technique compared to chemiluminescence
are that only product molecules irradiated by the laser beam contribute to the signal, and that
scattered laser light often causes a high background light level.

Resonance-enhanced multi-photon ionization (REMPI) is a technique in which a focused, pulsed
leiser beam is used to ionize the investigated species. When optical resonances exist, the ionization
yield increases sharply. Feldman et al. have used this technique to investigate BaCl formed in de
reaction Ba + HCl [14]. Drawbacks of REMPI are the low duty-cycle (pulsed laser) and the small
excitation volume (focused laser). When non-resonant steps are involved in the multi-step process,
the interpretation of the spectra is less straightforward, and the dependence of the REMPI signal
on laser power is usually nonlinear. Advantages are the high signal collection efficiency (typically
100% for ions versus 5% for photons), the option to combine ion detection with time-of-flight
mass-spectrometric analysis, which gives an additional species-specificity, and the insensitivity to
background light.

For a more comprehensive discussion of LIF as a detection technique for reaction products,
and a comparison to other (optical) techniques, we refer to the reviews of Zare and Dagdigian [2],
Zare and Bernstein [15], and Dagdigian [16].
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Present status of the studies on reactions between alkaline earths and
genated methanes

halo-

Reactions between alkali metals and halogenated methanes are among the most studied of all
chemical reactions. This is especially true for the "prototype" reaction M + CH3I —» MI + CH3
where M = Na, К, Rb (see e.g. [17] - [21]). However, over the last twenty years the group of
reactions between alkaline earth metals and halogcnated methanes has become almost equally
well-studied.. This is mainly due to the option to use optical detection techniques on alkaline
earth monohalides, something that is not possible on alkali halides.
In table 1.1 studies reported in the literature on reactions between ground state alkaline earth
atoms and halogenated methanes are listed. It is clear from this table that LIF is the most popular
method to investigate alkaline earth monohalides. In all cases, but one, pulsed lasers are used.
In addition to the studies on reactions with ground state metal atoms listed in the table, a num
ber of studies exists on reactions with electronically excited atoms. Examples are the visible chemiluminescence experiments on the reactions Sr* + CCI4 —• SrCl* + CCI3 [12], Ca* + CH3X —» CaX*
-I-CH3 (X = F, CI, Br; investigation of the steric effect, [13], [37]) and Ca* + CCI4 -» CaCl* + CCI3
[38], and the LIF experiments on the reactions Ba* + CH3CI, CF3CI -» BaCl + CH3, CF3 [26] and
С а Ч СН2СІ2,СНС1з - CaCl + CH2C1, CHCb [22].
In the studies on the reactions between alkaline earths and halogenated methanes the following
trends can be found (see [39], [40] and references therein).
• When more than one type of halogen is present in the molecular reactant, the reaction occurs
with the heaviest halogen.
• The reaction M + CH2CI2 (M = Ca, Ba) has a very low cross section. Neither M nor M*
reacts with CH3CI or CF3CI (M = Sr,Ba; [26]). Alkaline earth monofluorides are not formed,
even when fluorine is the only halogen in the molecular reactant, e.g. in case of CH3F or
CF4.
• The angular distribution for reactions of the type M + CH3I (M = Ca, Sr, Ba) shows back
ward scattering with a high recoil energy. This is indirectly confirmed by the LIF results.
The angular distribution for M + CH2I2 shows forward scattering.
• In the series of reactions Ba + CH4_ n Br n —• BaBr + CH4_ n Br T ,_i (n = 1,..., 4) the fraction
of the reaction energy found in vibration of BaBr increases with η from «0.3 to «0.8. This
trend is also observed in the series Ca, Ba-(- СН2СІ2,СНС1з,ССІ4 and B a + CH3I, CH2I2·
• For the reactions Ca, Ba + CCI4 and Ba + СВГ4, СГзВг, CF3I the fraction of the total avail
able energy disposed into vibration of the diatomic product reaches a very high value of
approximately 0.7 — 0.8.
• The reaction Ba + CF3I gives a bimodal angular distribution. The bimodal vibrational pop
ulation distribution of the Bal product reported in 1977 [34] turned out to be a misanalysis.
In 1986 improved LIF measurements [36] showed that the vibrational population distribution
for this reaction resembles the typical bell-shaped function, also found for other reactions.
• The integrated total reaction cross-sections (ση) exhibit very different behaviour as a function
of collision energy Eco\ in reactions of Sr with CH3I versus СНзВг. In the former reaction,
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Table 1.1. Studies on reactions between alkaline earths and balogenated

Ca
Ca
Ca
Ca

reaction
+ Cl - CH2C1
+ Cl - CHCI2
+ Cl - CCI3
+
I - СНз

Ca
Ca
Sr
Sr

+
I+
I+ Cl + Br -

CH 2 I
CF3
CCI3
СНз

Sr

+ Br - CF3

Sr

+

Sr

+

I - СНз
I - CH2I

Ba + Cl - СИСЬ
Ba + Cl - ССІэ

Ba + Br - СНз

Ba + Br - CHjBr
Ba + Br - СНВгз
Ba + Br - СВгз
Ba + Br - CF3
Ba +

I - СНз

Ba +

I - CH2I

Ba +

I - CF3

ь

geometry
beam-gas
beam-gas
beam-gas

method "
pulsed LIF
pulsed LIF
CWLIF

information

beam-beam
beam-gas
beam-beam
beam-gas
beam-gas
beam-gas
beam-beam
beam-gas

AD EI-QMS
pulsed LIF
AD EI-QMS
pulsed LIF
pulsed LIF

σκ,Ετ
P(v),(Ev),(Er)

beam-beam
beam-beam
beam-beam
beam-"jet" '
beam-beam
beam-"jet" c
beam-gas

AD EI-QMS
SPI TOFMS
AD EI-QMS

aR,

pulsed LIF
AD EI-QMS
pulsed LIF
pulsed LIF

(Εν)
σκ,Ετ
Ρ(ν),(Ευ),{ΕΓ)

beam-"jet" c
beam-gas
beam-jet
beam-"jet" c
beam-"jet" c
beam-" jet" c
beam-" jet" c
beam-gas
beam-jet

pulsed
pulsed
pulsed
pulsed
pulsed
pulsed
pulsed
pulsed
pulsed

Ρ(ν), (E.)

beam-beam
beam-gas

AD EI-QMS
pulsed LIF
reanalysis
pulsed LIF
AD EI-QMS
pulsed LIF
AD EI-QMS
pulsed LIF

beam-"jet" c
beam-beam
beam-gas
beam-beam
beam-gas

pulsed LIF
SPI TOFMS
pulsed LIF

LIF
LIF
LIF
LIF
LIF
LIF
LIF
LIF
LIF

P(v),(E.),{Er)
P(v),(Ev),(Er)

РШЕ.)
σκ,Εχ
P(v),{E.UEr)
peak value ƒ„
σιι(Εε0,)

(Λ)
ET

*R(ECO,)

ση,

ET

<Λ>

methanes.
references
[22
[22
[23
[24
[25]
[24]
[25
[26
[26
[27]
[26
[24
[27] [28]
[24]
cited in [29]
[24]
[29]
[26]

ih)

[30]
[26]

P(v),(E.),P(J),(Er)
P{v), (E,)

[6]
[30]

РШЕ.)
РШЕ.)
РШЬ.)
(Λ)

[31]
[30]
[30]
[26]
[32]

P(v),(Ev),P(J),{Er)
σΗ,Ετ
РШЕ,)
ET

РШЕ.)
σκ, ET
РШЕ.)
σκ,Ετ
P(v),{E.),P(J)

[24]
[33]
[19]
[31]
[24]
[33]
[24]
[34] [35] [36]

a. AD EI-QMS = angle-dependent electron impact quadrupole mass spectrometry
SPI TOFMS = single photon ionization time-of-Right mass spectrometry
b. P(v), P(J) = vibrational, rotational population; £„, ΕΓ, [ƒ«] = [fractional] vibrational, rotational
energy, ET = recoil energy of the products; ση = relative reaction cross section; ая(Есы) = <тя
as a function of collision energy.
с "jet" = jet with a high background pressure, geometry я beam-gas
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<7Я decreases sharply with increasing £ co i to a minimum near 0.35 eV and then gradually
increases with increasing Eco\. For the latter reaction, ац exhibits a threshold around 0.12 eV
and gradually increases with increasing Eco\ [27].
To explain the observed phenomena the following suggestions have been brought forward.
• The observations are in accordance with an electron jump reaction mechanism ( [29], [33], [34],
[36]). In this picture the first step of the reaction is an electron jump from the metal atom
towards the molecular reactant. The resulting positive and negative ions are strongly pulled
together by the attractive Coulomb force. Such a reaction mechanism is characterized by
an early energy release, leaving a large fraction of the reaction energy in vibration of the
recoiling product radicals.
• A number of properties of the reaction products can be explained by regarding the reaction
as a dissociation of the halogenated methane induced by the presence of the rnetal atom.
The state of the recoiling fragments is very similar to the situation observed directly after a
photodissociation reaction [18].
• The vibrational excitation of the diatomic radical is strongly influenced by the change of
geometry of the simultaneously produced four-atomic radical ( [33], [36], [39]). The CH3
group goes from pyramidal in the halide to planar in the radical leaving the CH3 with
notable internal excitation. The other radicals do not undergo such a dramatic geometry
change, so more energy is available for disposal into vibration of the diatomic radical. This
is especially so when the radical is CF3, CCI3 or СВГ3.
• The analysis becomes more complicated when competing reaction channels to alkaline earth
dihalides exist. Examples are M + CHjh — Mij + CH2 [24], Ba + CCI4 -• BaCh + C C V
[40] and Ba-(- CF3I -» BaFI-|- CF 2 . The MX2 dihalide products are not detected in LIF
experiments. In mass-spectrometric experiments fragmentation of MXj inside the massspectrometer produces an additional MX + signal next to the MX + signal originating from
MX products.
1.4

A future objective: reactions with oriented molecules

The results presented in the thesis are obtained with a beam-gas geometry of the experiment (see
section 2.4). Beside this type of experiment effort was put into attempts to achieve sufficient
LIF signal with a crossed beam geometry. The motivation for this work comes from a future
objective of our experiments, which is to investigate products of reactions with oriented molecules
by laser-induced fluorescence. Symmetric top molecules can be spatially oriented by selective
focusing of molecules in a single rovibrational/magnetic quantum state in a hexapole field followed
by orientation in a homogeneous electric field [41]. These oriented molecules then undergo a
bimolecular reaction with crossing metal atoms. Optical methods are used to investigate the
number of product molecules and their quantum state distribution. In this way the orientation
dependence of the reaction can be determined and fundamental insight in the reaction mechanism
is obtained.
In the past years, hexapole orientation techniques were successfully used in combination with
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visible chemiluminescence detection for the reaction Ba + N2O —• BaO* + N2 ( [42] - [46]) and for
reactions with oriented methylhalides ( [13], [21], [37], [47], [48]). However, as noted in section
1.2, the applicability of visible chemiluminescence is limited to a small number of reactions. The
application of LIF would greatly increase the number of reactions that can be studied. The main
problem with the orientation technique is the low number density of the molecular reactant, about
three orders of magnitude lower than for a typical beam-gas geometry as used for the experiments
described in the thesis. The crossed beam experiments clearly indicate that to obtain sufficient
LIF signal under low-density conditions is not a simple task. The recent success of Vaccaro et
al. ( [10], [49]) with the application of LIF to products formed in a genuine beam-beam set-up
has brought on new hopes. In section 2.4, 2.8, and in the conclusions of chapter 4, we will again
address the problem of performing experiments in a beam-beam geometry.
One of the aims of the experiments was to determine which reactions have a large reactive cross
section ац and which have not. The relative strengths of the LIF spectra give rough estimates
of the relative reactive cross sections. These estimates confirm the trends found in the literature.
For convenience they are listed below (M = Ca, Sr, Ba; Χ = Cl, Br, I; R = concomitant product,
organic radical).
<гя(М + Н.І)
<7fl(Ba+RX)
стя(М + СХ4)
стя(М-(-СНзХ)

>
>
>
>

ал(М + Н.Вг)
afl(Sr-l-RX)
<7Я(М + СНХз)
ая(М + С¥зХ)

> a H (M + RCl)
> <т я (Са+ИХ)
> <гя(М + СН2Х2)

>

σ η ( Μ + ϋΗ 3 Χ)

Thus, the reactions Ba + CH3I and Ba + СНзВг are the most suitable for future investigation with
the orientation technique.

Chapter 2

Experimental set-up

2.1

Introduction

A schematic overview of the set-up used for the experiments is presented in figure 2.1. The reactive
collisions take place in a vacuum apparatus (section 2.2). The primary reactant, the alkaline earth
metal, effuses out of an oven (section 2.3) towards the detection region. For the preparation of the
molecular reactant there are two options: (a) bulk inlet (beam-gas arrangement), or (b) preparation
as a secondary beam (beam-beam arrangement). In section 2.4 details on the preparation of the
reactant molecules are given. Properties of the exciting laser beam are described in section 2.5.
Details on the equipment used for the fluorescence collection are given in section 2.6. Suppression
of scattered laser light is of utmost importance in LIF experiments. In section 2.7 the efforts in
this technical field of interest are summarized. Proposals for an improved beam-beam set-up are
presented in section 2.8.
2.2

Vacuum apparatus

The vacuum chamber where the reactions take place, the "scattering chamber", is evacuated by a
diffusion pump. The pressure in this chamber without gas load is approximately b l 0 _ 6 t o r r (all
quoted pressures are uncorrected ionization gauge read-outs). In the beam-gas arrangement the
scattering chamber forms the entire vacuum apparatus, since the bulk gas-inlet takes place directly
into it.
In the beam-beam arrangement the apparatus becomes more complex. The molecular beam,
operated at a stagnation pressure of about 300 torr, expands from a quartz nozzle with a circular
aperture (diameter is 100 μτα) into the "source chamber", which is separately pumped by a diffusion
pump with a 5001/s pumping capacity. At a distance of about 1 cm the central portion of the jet
is taken out by a "Gentry" type molecular beam skimmer [50] with an aperture of 500/im. The
molecular beam crosses the "buffer chamber", also separately pumped by a diffusion pump, before
it reaches the scattering chamber. In this way the background pressure caused by the presence of
the molecular beam is reduced in steps from 1 · 1 0 - 3 torr in the source chamber to 1 • 10~4 torr in the
buffer chamber and typically l-10 _ 6 torr in the scattering chamber. After crossing the scattering
chamber, the beam enters a fourth separately pumped vacuum chamber containing the molecular
beam detector (ionization gauge, pyrometer or bolometer). The read-out of this detector is an
indispensable aid in the optimization of the alignment of the molecular beam and of the distance
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Figure 2.1. Sciiematjc overview of the expenmentaj set-up

between nozzle and skimmer for a given stagnation pressure.
2.3

Metal beam

The metal oven used is a low pressure source with a high long-term stability in vapour production.
Its main features are outlined in figure 2.2. Small chunks of alkaline earth metal are kept in a
cylindrical, thick-walled copper container. The oven is resistively heated by thermo-coax wires.
The metal vapour leaves the oven through a circular hole in a thin plate of molybdenum with a
diameter of 0.1cm. The top and bottom of the oven are heated separately. The bottom is kept
at a temperature corresponding to a vapour pressure of about O.ltorr The top of the oven is
heated to a temperature approximately 100 degrees higher. This is a necessary measure to prevent
clogging of the orifice. Temperatures are monitored with thermocouples.
The oven is surrounded by a water-cooled shroud. The main benefit of this shroud is to block
thermal radiation from the oven from entering the fluorescence collection system. A ceramic head
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Figure 2.2. Cross section drawing of the metal oven (not on scale)

is mounted on top of the shroud. In this head the final collimation of the metal beam takes place.
The remaining divergence of the metal beam is 3 2° full width at half maximum (FWHM). The
laser beam crosses the metal beam at a distance of 1 cm from the top of the ceramic head. Here
the oven beam has a width of 0.3 cm (FWHM) The distance between the oven orifice and the laser
excitation zone is 5 cm. The relatively low operation temperature of the oven and consequently
low vapour density allows the assumption of a Maxwelhan velocity distribution of the metal atoms
in the beam. Moreover, the formation of electronically excited atoms can be neglected [26] as well
as the presence of dimers in the beam ( [28], [49])
The evaporation rate from the oven can be calculated using Langmuir's expression
\ηοΰ0Αο,
where n 0 is the number density of the metal vapour in the oven, v0 is the average thermal velocity
of the atoms at oven temperature, and A0 the area of the orifice (8 1 0 - 3 c m 2 ) . For strontium at
900 К (V0 = 470 m/s) with a number density in the oven given by n0 — 1·1015 c m - 3 , this leads to an
evaporation rate of b l 0 1 7 s - 1 An effusive beam has a simple cosine dependence on the angle with
the beam axis. Such an angular distribution yields a centre line intensity of 3 - 1 0 1 6 s _ 1 s r _ 1 . This
gives an estimate of the number density of reactant atoms in the reaction region of 3 - 1 0 l o c m _ 3 .
Two methods are used to monitor the intensity of the metal beam: (a) application of a film
thickness monitor, and (6) measuring the amount of chemiluminescent light produced in the reac-
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tion
Sr -(- N2O - SrO" + N2 - SrO + N2 + /ι//
where hi> represents the emitted photon. The film thickness monitor is a commercially available
device (Kronos RO-200/RI-100) that measures the metal deposit on an oscillating quartz crystal.
More involved, but also more sensitive, is the method of the chemiluminescent reaction. Here, the
chemiluminescent light from reactive scattering of Sr atoms with N2O (l-10 _ 4 torr) is collected by
the LIF collection system. No colour filtering of the light is desired, since the chemiluminescent
spectrum is very broad-structured [51] and the main contribution comes from the red to infrared
part of the spectrum.
All alkaline earth monohalide molecules crossing the laser beam can contribute to the LIF
signal. In practice products of three types of reactions are detected.
1. A high-temperature metal-gas reaction in the oven. Reactant molecules penetrate into the
metal container by diffusion. A high-temperature reaction in the oven with the metal present
at vapor pressure leads to monohalide products. The product molecules undergo numerous
thermalizing collisions before they are carried by the metal beam towards the detection
region. This results in a thermal spectrum with a characteristic temperature close to the
temperature of the oven. The intensity of the spectrum is proportional to the pressure of
the scattering gas. An example of this type of oven reaction is the reaction Sr + CII2CI2 (see
section 7.2).
2. Metal-salt reactions in the oven of the type
M + MX2 - MX + MX
where M denotes the alkaline earth metal an X the halogen. High-temperature metal-gas
reactions in the oven not only lead to radical monohalide products but also to stable dihalide products. The dihalide then reacts with the metal leading to monohalide product.
Monohalide molecules are thermalized and carried to the detection zone in the same way as
described above for the other oven reaction. The strength of the thermal spectrum resulting
from this type of oven reaction depends on the "history" of the gas inlet and not on the
present pressure of the scattering gas. In fact, since the scattering gas attenuates the metal
beam that carries the monohalide molecules, the intensity of the spectrum can show a neg
ative dependence on scattering gas pressure. Metal-salt reactions form a standard method
to produce alkaline earth monohalides for spectroscopic studies. Examples are the reactions
Sr + SrF2 [52], B a + B a C b ( [53], [54]), Sr + ЗгВгг and Sr + Srb [55], and Ca + Calj and
Ba + ВаІ2 [56]. Metal-salt reactions observed in the present study are Sr + SrCb —» 2 SrCl,
Sr + 5гВг2 -» 2 SrBr, Sr + Srb — 2 Sri and Sr + CFjBr, CF3I - • . . . — SrF + . . . .
3. Actual reactive collisions near the observation region. Nascent products are detected and a
vibrationally inverted spectrum is to be expected. Most reactions described in this thesis are
of this type.
Some properties of the oven design, in particular the low pressure of operation and the absence
of a separate pumping system for the oven chamber, make it relatively easy for reactant molecules
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to penetrate into the metal container. Therefore oven reactions, and especially metal-salt reactions,
have a large influence on the recorded LIF spectra. This is especially annoying when the reaction
cross-section is small (Sr + CHCI3, section 7.2), or when the density of reactant molecules is low
(beam-beam arrangement, section 2.8). Therefore, it is important to carefully clean the oven
between experiments to remove the produced salt. For this purpose a special accessory is developed,
by which the oven can be sand-lashed. Despite such precautions it turns out that beam-beam
experiments can only be performed with any chance of success with a fresh oven filling.

2.4

Molecular reactant

As noted in the introduction, there are two options for bringing the reactant molecules into the
scattering chamber: (a) the beam-gas arrangement, and (6) the beam-beam arrangement. At
atmospheric pressure and room temperature the molecular reactants relevant for this thesis are
either liquids (CH2CI2, CHCI3, CCI4, CH3I) or vapours (СНзВг, CFsBr, CF3I). In the beam-gas
configuration the molecular reactant is directly led into the scattering chamber, while pumping
the latter, by opening the needle valve of the gas inlet system until a constant ionization gauge
-4
read-out of 1 · 1 0 torr is reached. The reservoirs of the liquid reactants are kept at a constant
temperature of О "С with a mixture of water and ice to avoid condensation in the inlet system. All
liquids are purified by freezing them with liquid nitrogen and pumping off the volatile compounds.
The I2 impurity in the CH3I continuously formed in a photochemical reaction is removed with a
series of freeze-thaw cycles. The gaseous reactants are not purified.
A pressure of l - 1 0 - 4 t o r r at a temperature of 300 К corresponds to a number density of
3 · 1 0 1 2 α η - 3 . The average distance of travel between production and detection for an alkaline
earth monohalide product molecule is in the order of 1 cm. A certain type of collisions has a neg
ligible influence on the state of the product molecules if the mean free path with respect to these
collisions is larger than this value. This implies that conditions can be regarded as collision-free for
collisions with a cross-section smaller than typically 3000 Â 2 . For collisions involving vibrational or
rotational energy transfer this usually is the case. The experimental observation that the shape of
the LIF spectra is independent of the pressure of the scattering gas up to the value of Ы О - 4 torr
and even beyond this value confirms that the experiment is performed under what can be called
"single-collision conditions".
A rough estimate of the number density of product molecules can now be derived. The reaction
Sr + CH3I —• Sri + CH3 is taken as an example. The strontium atoms are present in the reaction
zone with a number density of 3-10 l o cm - 3 and an average velocity of 470 m/s. The reactant
molecules have a number density of 3 · 1 0 1 2 α η - 3 and move at an average speed of 210m/s. Taking
a "typical" reaction cross section of 10 Â2 and using a root-mean-square value for the relative
velocity between the reactants of 640m/s (see section 5.2.2), the reaction rate is 5 > 10 1 2 s _ 1 cm _ 3 .
From the centre-of-mass velocity, the available data on the recoil energy [24], and the dimensions of
the reaction region, an estimate of the time the Sri product stays within the reaction region can be
made; this is about 10 /ÍS. Under these conditions, the number density of Sri product molecules in
the reaction zone is typically 10 7 -10 8 c m - 3 . To illustrate how little this is: what we call "vacuum"
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in our system, that is 10 _ 6 torr of residual air, corresponds to a number density of 3-10 10 cm -3 .
In spite of the low density intense LIF signals can be obtained. This clearly demonstrates the
sensitivity and selectivity of optical detection techniques.
The beam-gas arrangement was partly described in section 2.2 and more details are given in
section 2.8. In this section the densities for the beam-beam arrangement are compared to those for
the beam-gas arrangement. It is a rule of thumb that a molecular beam has a centre line intensity of
about l-10 1 8 s'" 1 sr - 1 ( [18], [57]). Measurements with molecular beam detectors (ionization gauge,
pyrometer) indicate that the intensity of our molecular beam is indeed of this order of magnitude.
With a distance between nozzle and reaction zone of 30 cm, the number density in the reaction
zone is estimated to be ^ 5-10 1 0 cm - 3 , two orders of magnitude lower than in the beam-gas case.

2.5

Laser beam

The laser system (see figure 2.1) consists of an Argon ion pump laser (Spectra Physics, model
2020-3, 4 Watt output all lines) and a linear dye laser. The tunable dye laser is a modified commercial laser (Spectra Physics, model 375), the main modification being elongation of the cavity
by 10 cm [58]. As wavelength selective element a 1-plate Lyot filter (laser bandwidth = 6 c m - 1 ,
FWHM), a 3-plate Lyot filter (bandwidth = 1.3 c m - 1 ) , or a fine tuning étalon combined with a
1-plate Lyot filter (bandwidth = 0.3cm - 1 ) is applied. The latter bandwidth corresponds to about
30 longitudinal cavity modes, so in all cases one is dealing with multimode laser operation. The
transverse mode of the dye laser beam is predominantly TEMoo- At maximum pump power of
the argon ion laser the radius of the dye laser beam appears to increase, indicating that other
transverse modes, most probably the doughnut mode (ТЕМю, circular symmetry), are beginning
to participate in the mode competition. The waist of the dye laser beam is situated at the flat
output coupling mirror, and has a value of 0.25 mm (radius to 1/e2 of the centre line intensity).
The laser produces vertically polarized light.
The most suitable dye for the spectral region of interest seemed to be DCM, a stable dye with a
high conversion efficiency and a large tuning range. A dye laser output of 1 Watt is easily achieved.
However, the combination of this dye with the linear dye laser gives very noisy LIF spectra. The
simultaneously recorded wavelength calibration signals (étalon and hollow cathode lamp) reveals
the presence of a process causing rapid frequency hops. Phenomena like this are not uncommon
for the DCM dye. A possible explanation for the occuring frequency hops is that the DCM dye
curve is broad enough to allow for competition between different modes of the 1-plate Lyot filter.
The signal-to-noise ratio of the spectra is greatly improved when DCM is replaced by a mixture
of Rhodamine 101 and Rhodamine 6G. The latter dye is only added to enhance absorption of the
pump laser light. Most experiments are performed with this dye mixture and with the fine tuning
étalon and 1-plate Lyot filter as tuning elements. This arrangement results in a dye laser power
around 200 mW in the scattering chamber.
As displayed in figure 2.1, the dye laser beam on its way to the vacuum apparatus encounters
a number of devices, which are positioned on the granite optical table. The first is a mechanical
chopper operated at a chopping frequency of 120 Hz. The chopper introduces a modulation used
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by the lock-in amplifiers to accomplish a phase-sensitive analysis of the various signals (LIF signal,
frequency calibration). The next device is a Galilean telescope, consisting of a negative lens with
a focal length f\ = - 5 cm and a positive lens with a focal length /2 = 20 cm. The latter lens is
positioned on a translation stage. Focal lengths are chosen and lens positions are calculated using
the method of "midfocus matching" [59] to produce a focal point in the reaction zone with a beam
waist equal to 0.35 mm. The importance of tailoring the laser beam in this fashion is pointed out
in section 2.7. The final, beam steering mirror on the optical table is mounted in a home-built,
high-precision mirror holder.
Reflections off the two lenses of the telescope are directed towards a number of wavelength
calibration instruments (see figure 2.1.). A coarse indication of the laser wavelength is provided by
a monochromator. The étalon is a quartz plate producing an interference pattern in the reflection
direction. The intensity of the central portion of this pattern is continuously monitored by a
photodiode. When the laser wavelength is varied a fringe pattern is obtained providing a relative
frequency calibration that makes it possible to correct for the non-linearity of the frequency scans.
A hollow cathode discharge source provides an absolute frequency calibration. It produces an
atomic spectrum based on the "optogalvanic" effect ( [60], p. 395). All observed atomic transitions
can be assigned to neon, the filling gas of the hollow cathode lamps used. The frequencies of these
neon transitions are well known [61]. The signals of the étalon and the hollow cathode lamp are
converted to DC voltages by two lock-in amplifiers, and recorded simultaneously with the LIF
spectrum by a multiple pen X-T recorder.

2.6

Fluorescence detection

The fluorescence emitted by the reaction products is collected by a high speed optical system, the
optical axis of which lies in a horizontal plane through the laser beam. Since the laser beam is
vertically polarized, this geometry ensures maximum sensitivity if not all M' «— M" transitions are
saturated (see chapter 4). The fluorescence light, emitted by the laser excited product molecules
into a cone of acceptance covering 5% of the full solid angle, is collected by an optical system.
A schematic drawing of this system is presented in figure 2.3. It consists of a pair of spherical
condenser lenses (Д = 5.3 cm, /2 = 4.3 cm). The first lens forms an intermediate image that is
inverted and magnified by a factor of 2. The second lens forms the final image on the photocathode
that has the same size and orientation as the original object, which is the excitation region.
The plane where the intermediate image is formed is suitable for spatial filtering and colour
filtering. For this a small filter monochromator is used (Oriel 7155) consisting of a tunable inter
ference filter and a slit with a variable width. In most experiments the wedge filter is removed
and only the slit of the monochromator is used as a spatial filter. With a rectangular slit with
the dimensions 2 mm X 20 mm a rectangular part of the vertical plane through the laser beam is
observedved
and only the slit of the monochromator is used as a spatial filter. With a rectangular slit with
the dimensions 2 mm x 20 mm a rectangular part of the vertical plane through the laser beam is
observed with the dimensions 1 mm χ 10 mm. In chapter 4 it is explained that optical pumping
causes a saturation effect that, among other things, introduces the phenomenon that the maximum
in fluorescence signal does not coincide spatially with the maximum in intensity of the exciting
laser. To avoid suppression of strong transitions in the recorded LIF spectra, one should therefore
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choose the spatial filter to a somewhat larger size than the laser beam diameter of 0.7 mm (twice
2
the radius to 1/e of the centre line intensity). The wedge filter can be optionally mounted for
spectral selection of the laser induced fluorescence before detection. With a slit width of 2 mm
the monochromator has a typical bandpass of 15 nm (FWHM) and a peak transmittance of about
50%.
The final image is positioned on the red-sensitive cathode of a photomultiplier tube (RCA
C31034A or C31034). The tube is housed in a thermoelectrically refrigerated chamber (Products
for Research, TE-104 TSRF). A water-cooled Peltier element brings the temperature down to
—20 0 C , which reduces the dark current of the photomultiplier tube by several orders of magnitude.
The anode current is first converted to a voltage, which is fed into a lock-in amplifier. The DC
voltage output of the lock-in amplifier is fed into a multiple pen X-T recorder.
2.7

Suppression of scattered laser light

The sensitivity of a given experimental set-up based on the detection of laser induced fluorescence
is often limited by the fluctuations in the intensity of the scattered laser light. For a previous set
up that only contained some conventional measures for the suppression of scattered light this was
certainly the case. To improve this situation a number of extra measures are taken (see also [62],
p. 242; [7]i [63])
1. The pointing stability of the laser beam is improved by positioning all optical components
including the beam steering mirror on the granite optical table.
2. The telescope described in section 2.5 carefully "tailors" the laser beam to an optimum
beam waist/divergence in the reaction centre. The optimum value for the beam waist of
0.35 mm corresponds to a Rayleigh length equal to the distance between the reaction centre
and the light baffle elements that are nearest to the entrance and exit windows (see below).
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This condition gives a minimum laser beam radius at the position of these elements, and,
consequently, a minimum of scattered light generated by these elements.
3. The distance between the beam steering mirror (the last optical component except for the
Brewster windows) and the reaction centre is made very large (approximately 5 m) to ensure
that the scattered light generated at the mirror is blocked in the light baffles.
4. The most important elements in the suppression of scattered laser light are the light baffles.
They prevent the scattered light that is inevitably generated at the entrance and exit windows
from entering the fluorescence collection system. One has to be careful, however, to keep the
light scattered at the edges of the baffle apertures to a minimum. When a laser beam, with
a radius w, goes through the centre of an aperture with radius o, the scattered fraction of
the laser intensity is given by ε - 2 " 2 /"' 2 ( [60], p. 268). With a CW laser power of 200 mW
at a wavelength around 650 nm the photon flux through the scattering chamber is equal to
7-10 1 7 s - 1 . In the design of the baffles, we applied as a rule of thumb the condition a/w > 4.5,
so that the number of laser beam photons scattered by the apertures in the baffles is in the
order of one per second. The light baffles of the previous set-up contained only a series
of sharp edged absorbing diaphragms. They are replaced with the baffles schematically
displayed in figure 2.4. Important new elements in these baffles are the "Butler"-type optical
skimmers [64] fabricated from nickel. Each baffle arm contains four of these skimmers, all
"pointing" towards the Brewster window at its end (see figure 2.4). Light generated at
the windows and directed into the baffles is not scattered by the skimmers, but instead is
reflected to the walls of the baffle, where it is absorbed by the black coating covering these
walls. A small fraction of the scattered light, directed almost collinearly along the axis of
the baffles, is able to cross the scattering chamber and enter the opposing light baffle. When
this light strikes an optical skimmer in the opposing baffle it is neither absorbed nor reflected
back, but instead it is reflected through the skimmer away from the scattering chamber. Test
experiments indicate that the major part of the accomplished improvement in the suppression
of scattered laser light is due to the application of these reflecting, optical skimmers.
5. The Brewster reflections off the exit window that stay within the exit light baffle are absorbed
by a Wood's horn, a curved horn made of glass with absorbing paint on the outside (see figure
2.4).
6. At a certain stage of the testing of the light baffles it was noticed that the second order
reflection from the entrance Brewster window was shifted by such a distance that the edges
of all optical skimmers were hit in full by the centre of this weak beam. Tests pointed out that
a large fraction of the detected scattered light was caused by this unfortunate coincidence.
This problem was solved by mounting a thicker entrance window to increase the parallel
shift of the second order Brewster reflection by such an amount that it is cut off by the first
optical skimmer (see figure 2.4).
7. Care has to be taken that the laser beam after leaving the exit baffle is not (partially)
reflected or scattered back into the vacuum apparatus. For this reason, the laser beam is
dumped into a light trap or in a tilted power meter.
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Figure 2.4. Sciiematjc overview of the light baffles and some other elements used to suppress
the amount of scattered laser light that enters the LIF collection system
8. Despite the measures described above there still is a certain amount of light scattering around
in the vacuum chamber. To minimize the fraction of this light entering the LIF collection
system all visible surfaces in this chamber are coated with black camera paint.
9. A large light trap opposing the LIF collection system creates a "black field of view" for the
photomultiplier.
10. The final measure against scattered laser light is taken within the LIF collection system. We
refer to the spatial filtering, the details of which are described in the previous section.
The measures mentioned above reduce the amount of scattered laser light detected by the
photomultiplier by two orders of magnitude. Under optimum conditions only one out of 3-10 15
photons crossing the scattering chamber is detected. Furthermore, it turns out that cleaning of
optical components is far less important than with the previous set-up mentioned earlier. For low
signal experiments like beam-beam experiments the point is reached that the noise of the LIF
signal is no longer determined by the scattered laser light, but by other processes like fluctuations
in the amount of laser-induced fluorescence emitted by non-beam-beam reaction products (see next
section).

2.8

Proposals for an improved beam-beam set-up

All experimental results presented in chapter 6 and 7 are obtained in beam-gas experiments. The
beam-beam experiments did not yield reproducible LIF spectra from products formed in a genuine
beam-beam reaction. Discrimination between this type of products and products of oven reactions
or reactions with the background gas was accomplished by putting the mechanical chopper not
in the laser beam, but in the molecular beam (chopping frequency 20 Hz). Future attempts are
expected to be more successful if cognizance is taken of a number of observations reported in
this thesis. In section 2.4 it is estimated that the intensity of the LIF spectra in the beam-beam
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situation is roughly two orders of magnitude lower than in the standard beam-gas situation with
a scattering gas pressure of l-10 - 4 torr. In section 2.7 the conclusion is drawn that the efforts
in suppressing the scattered laser light result in a situation where the noise of the LIF spectra
is caused by light emitted by products of oven reactions and reactions with background gas. In
chapter 4 it is concluded that the LIF signal is saturated by optical pumping, and that excitation
by a CW laser is to be preferred to excitation by a pulsed laser with a low repetition rate. These
observations have several consequences for future beam-beam experiments.
During the experiments it became clear, what the weak points of the present technical apparatus
are. Also some ideas were developed on how to improve the signal-to-noise ratio by either increasing
the signal or reducing the noise. A summary of technical modifications that can lead to detectable
signals for a beam-beam set-up is given below.
1. The presently used metal oven is designed for long-term, stable operation. It is, however,
a low-temperature, low-density source. Most alkaline earth ovens described in literature
are operated at temperatures lying approximately 200° higher ( [49], [65]). Copying such
a design, and combining it with an orifice with a larger diameter and a collimator with a
rectangular slit (long axis parallel to the laser beam) will increase the dimensions of the
reaction zone as well as the number density of metal atoms within it.
2. The molecular beam used at present is characterized by a large distance between nozzle
and reaction centre and a low density at this point. Rather simple technical improvements
can greatly increase this density. For instance, reducing the distance between nozzle and
scattering centre from 30 cm to 10 cm increases the density by a factor of 10. Another
improvement is increasing the pumping capacity of the diffusion pump evacuating the source
chamber. This has the effect that the molecular beam can be operated at higher stagnation
pressures promising a stronger molecular beam.
3. In chapter 4 it is concluded that, with the present power and geometry of the laser beam,
the LIF spectra are heavily saturated. From a point of view of obtaining maximum signal
one can remark that this means more efficient use can be made of the available laser power.
However, with the present light baffles expanding the laser beam immediately results in an
increase in scattered laser light. Therefore expanding the laser beam has to be accompanied
by enlarging all apertures in the light baffles and probably by increasing the length of the
baffles to compensate this.
4. One of the processes determining the noise in the LIF spectra at present is laser-induced fluorescence from products of reactions with the background gas that accompanies the molecular
beam. Since all molecular reactants are either liquids or vapours with negligible vapour pressure at liquid nitrogen temperature, they are ideally suited for cryogenic pumping with liquid
nitrogen. This method of pumping is very appealing in this situation, since it can be performed at places, where direct "catching" of reactant molecules would be desirable, like close
to the molecular beam skimmer and the other apertures, through which the beam travels.
In reference [4] a set-up containing a shroud around the reaction zone and a molecular beam
trap both cooled with liquid nitrogen is described in some detail.
5. Another noise-increasing process is laser-induced fluorescence from products of oven reac-
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tions. To minimize this effect reactant molecules should be prevented from entering the
oven. Separate pumping of the oven chamber and cooling the oven container (see figure 2.2)
with liquid nitrogen instead of water will improve the existing situation.
6. The number of product molecules depends directly on the total reactive cross section. This
quantity can be influenced by manipulations of the molecular beam. Seeding the molecular
beam with a lighter carrier gas (e.g. helium) yields a higher collision energy, but a lower
internal energy of the reactant molecule. The experiments of Xu et al. [28] have shown that
the reaction Sr + CH3I has a maximum reactive cross section at thermal collision energies.
From this it can be concluded that seeding of the molecular beam probably reduces the
reactivity. A better option is increasing the total energy of the molecular reactant by raising
the stagnation temperature in the nozzle. For this purpose a heating device is developed
with which a stagnation temperature in a quartz nozzle can be reached of 800 К without
raising the count rate of the photomultiplier tube in the LIF detection system [66].
7. Under some circumstances electrical noise has a definite influence on the LIF signal. This
was observed when the current-to-voltage converter and the lock-in amplifier were replaced
by a digital photon-counter that has the ability to recognize the actual photon-pulses.
8. As a last possibility to increase the signal-to-noise ratio of the LIF signal we would like to
propose the introduction of some sort of subtraction method to improve the discrimination
between LIF signal originating from beam-beam products and other sources of (modulated)
light. Technically this could mean the appDcation of beam-flags or a dual-beam configuration
of the oven. A subtraction method involving a double dual-beam set-up (two oven beams
as well as two molecular beams) was used successfully by Torres-Filho and Pruett [67] to
examine the influence of laser excitation of the molecular reactant on the cross section for
the reaction Ba + HF.

Chapter 3

Spectroscopy of alkaline e a r t h monohalides

3.1

Introduction

Several spectroscopic advantages make alkaline earth monohalide radicals attractive candidates
for laser-induced fluorescence studies. First of all they possess electronically excited states with
radiative transitions to the electronic ground state lying in the visible part of the spectrum, easily
accessible for laser excitation. Secondly, most alkaline earth monohalides have been studied exten
sively using different spectroscopic techniques. These techniques, and the information obtained,
can be divided into four categories.
1. Very precise ground-state constants are determined from microwave spectroscopy (see e.g.
[55], [56]).
2. Rotational constants of excited states are determined by techniques that combine highresolution laser spectroscopy with microwave labeling. Microwave-optical double resonance
(MODR) and microwave-optical polarization spectroscopy (MOPS) are two such techniques
[68].
3. The bulk of the less recent spectroscopic studies on alkaline earth monohalides involves visible
emission spectroscopy with a resolution too low to identify individual rovibronic transitions.
In most studies the dispersed light originates from a thermal source (see e.g. [69]), which
means that only the lowest vibrational states of the electronically excited state are popu
lated and contribute to the emission spectrum. Information obtained from these spectra are
estimates of electronic and vibrational spectroscopic constants. These studies often suffer
from misassignments concerning the electronic states involved and the vibrational quantum
numbers defining the transitions [70].
4. LIF studies with broadband lasers on reactively excited alkaline earth monohalide molecules
give information on spectroscopic constants (bandhead positions) for high vibrational quan
tum numbers (see [4], [71]). In most cases our own experimental spectra can serve this
purpose.
The studies described above led to a considerable insight into the spectroscopic properties
of the alkaline earth monohalides. In the next three sections some aspects important for the
interpretation of experimental spectra of reactively excited molecules are discussed. In section
3.2 and 3.3 the present knowledge about the electronic configurations and the properties of the
rovibronic transitions (line position, line intensity) is summarized. Section 3.4 is devoted to the
homogeneous and local perturbations that are the result of interaction between the Α 2 Π and the
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2

Β Σ electronic states.
3.2

Electronic states

Alkaline earth monohalide molecules are diatomic radical molecules with a highly ionic bond. To a
first approximation their electronic structure is attractively simple. In the ground and first excited
2+
states they consist of two closed shell ions M and X with one extra electron that is mainly
metal centered. This electron is strongly hybridized in the field of the X - ligand and its molecular
orbital closely resembles a mixture of different M + atomic wavefunctions. The ns ground state of
the M + ion (71 = 4,5,6 for M = Ca, Sr, Ba) gives rise to the Χ 2 Σ + ground state of the MX radical.
The lowest excited states of the molecule (Α 2 Π, Β 2 Σ + , Α' 2 Δ , С 2 П) are mixtures of np and (7i-l)d
atomic states of the M + ion. Figure 3.1 provides a qualitative overview of the electronic structure
of the Χ 2 Σ + , Α 2 Π, Β 2 Σ and С 2 П states of an MX radical along with the hybrid orbitals to which
these states are correlated.

M+

x-

сзЭО
s О * ρ» © о

M+

x-

о

ρσ © О - dff o s o

Figure 3.1. Schematic display of the Χ 2 Σ , Л 2 Д, B 2 E and C 2 ff eiectromc states of
+
the alkaline earth monohahdes MX The hybrid M orbitaJs that form the MX molecular
orbitals are shown separately Reprinted with permission from reference [68]

Due to the simplicity of these essentially one-electron systems, relatively simple theoretical
models are successful in describing the situation and calculating molecular properties like excita
tion energy and permanent dipole moment for the different electronic states. Three categories of
theoretical models can be discerned.
• Electrostatic polarization models. Electrostatic interactions are calculated for given free ion
polarizabilities using methods from classical physics ( [72] - [75]).
• Ligand field models. The electrostatic interaction energy of the metal ion M + with the point
charge and induced dipole of the ligand and the resulting change of the ionic wave function
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is calculated by quantum mechanics [76].
• Ab initio calculations. Fully quantum mechanical calculations using large basis sets of M
and X atomic orbitals ( [77] - [79]).
The models are listed in order of increasing sophistication, which at present implies decreasing
success.
2

Transitions from the Χ Σ ground state to a low lying excited state correspond to excitations of
the TisiT nonbonding, metal-centered electron to higher nonbonding, metal-centered orbitals. This
results in nearly identical potential curves for the Χ, А, В and С states. The consequences to the
observed spectra are discussed in the next sections.
The А 2 П and С 2 П states exhibit strong spin-orbit coupling [80]. Because the valence electron
in the А 2 П state is not only metal-centered, but is also polarized away from the X - ion (see figure
3.1 and reference [81]), the strength of the spin-orbit coupling is almost independent of the identity
of the halogen. For the А 2 П state of all strontium monohalides the spin-orbit coupling constant
Ac is approximately 300 c m - 1 . This splitting is in the same order of magnitude as the Α 2 Π — Β 2 Σ
energy separation. For this reason, the two Ω-subcomponents of the А 2 Π state are often treated
as separate electronic states. These subcomponents are named 2 Π 1 /2 and 2 Пз/2 according to the
notation 2 5 + 1 Λ η . Here Ω = Λ + Σ , where Λ and Σ are the projection on the internuclear axis of the
angular momentum of the electron orbit L and spin S respectively. Therefore, Ω = Λ ± Σ = Λ ± 5 .
The 2 Δ state, denoted Α ' 2 Δ or sometimes Β ' 2 Δ , cannot be directly accessed by radiative
transitions from a 2 Σ state due to the selection rule ΔΛ = 0,±1 [80]. Therefore it cannot be used
for probing rovibrational state distributions in the Χ 2 Σ ground state. It is necessary, however,
to take the 2 Δ state into account as a branching possibility for radiative decay from the excited
2
Π states. Information on the electronic energy of the 2 Δ state for the different alkaline earth
monohalides comes from predictions of theoretical models, for instance the " Т Е К " electrostatic
polarization model [75], and from a limited number of experimental observations. For "heavy"
alkaline earth monohalides, like BaCl, the electronic energy of the 2 Δ state turns out to be well
below that of the A 2 II and Β 2 Σ state ( [53], [54]).
Energy schemes showing excitation energy and spin-orbit splitting for several electronic states
of Cal, Sri and Bal are given in figure 3.2. Energy schemes of the Χ 2 Σ , A 2 I I and Β 2 Σ states
of SrCl, SrBr and Sri that also show the lowest vibrational levels of these electronic states are
displayed in figure 3.7. Radiative lifetimes of relevant electronically excited states of SrCl, SrBr,
Cal, Sri and Bai are listed in table 3.1.

3.3

Rovibronic transitions

As mentioned previously, the ground and excited state potential curves are essentially identical,
both in shape and position of the minimum. Therefore, the upper and lower state spectroscopic
constants are very similar, leading to extremely congested spectra. The Franck-Condon factors can,
to a first aproximation, be regarded as diagonal, strongly favouring Δυ = 0 vibronic transitions.
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Figure 3.2. Energy schemes showing the electronic energy of the Χ2Σ, Α2 Π, Β2 Σ, Α'2 Δ
and С2П states of Cal, Sri and Bal Also shown is the spin-orbit splitting of the 2П states
Data from [75], [82] and references therein For the excitation energy of the 2Δ states no
experimental data are available Therefore, for Cal the estimate of [83] is used, which is
based on an analysis of the A 2 Π ~ Β 2Σ interaction For Sri and Bal values predicted by the
"ТЕК" polarization model [75] are used For illustrative purposes some energy separations
have been exaggerated For comparison typical, tuning ranges of three dyes in the iinear
dye Jaser used in the present study are shown on the right

3.3.1

Rovibronic transition frequencies
2

In a Σ electronic state the rovibronic level energies, neglecting the influence of spin-rotation
coupling, are given by the expression ( [80], p. 109)

Ηο = ΣΥ'Λν+\Υ

[N(N + 1)]3

(t,j = 0,l,...)

(3.1)

Here ν is the vibrational quantum number and N is the quantum number belonging to the total
angular momentum excluding electron spin, N = J — S, where J is the total angular momentum
(quantum number J) and S is the electron spin (quantum number 5 = \). The case where
J = N + 1 is called Fi, when J = N — j it is called F2 Equation (3.1) contains Dunham coefficients
Yi]. However, in practice more conventional symbols are more often used. For convenience the
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Table 3.1. Radiative lifetimes of alkaline earth monohalìdes [72].
molecule
SrCl

SrBr

Cal

Sri

state
2
Α Π1/2
2
А Пз / 2
2
Β Σ
2
Α Π1/2
2
А Пз / 2
2
В Е
2
А ПІ/2
2
А Пз / 2
2
Β Σ
2
А П1/2
2
Α Π3/2
2
Β Σ

с2п1/2

Bal

lifetime (ns)
31.3 ±2.7
30.4 ±3.6
38.8 ±2.1
34.3 ±2.3
33.2 ±1.6
42.2 ±1.6
41.7 ±2.3
41.6 ±3.4
50.9 ±1.7
43.3 ±1.6
41.9 ±1.3
46.0 ±2.0
17.9 ±1.9

correspondence to the most frequently used constants is listed below.
Yoo = Te
Yio = ше
І20 = ωεχ
Yoi = Be
Yn = ае
Υθ2 = Dc

,
,
,
,
,
,

the
the
the
the
the
the

electronic term energy
equilibrium vibrational constant
vibrational anharmonicity constant
equilibrium rotational constant
rotational constant first order in ν
centrifugal distortion constant

To account for spin-rotation interaction, also known as p-doubling or spin-doubling, the following
terms have to be added (see e.g. [84])
χ (+\N)
X ( - Ì ( J V

+

ÌOTJ = N + \
I))

ÎOÎJ

=

N - \

{FI)

(3.2)

{F2)

For all alkaline earth monohalìdes the equilibrium spin-rotation coupling constant 7 e = 700 has a
small, positive value in the Χ 2 Σ ground state, and a negative, larger value (two to three orders
of magnitude) in the Β 2 Σ excited state. This difference is caused by Α 2 Π ~ Β 2 Σ interaction
(see next section). Spin-rotation interaction removes the degeneracy of levels with the same N
quantum number but with opposite e/f parity defined by
Pi = ( - i ) J - *
P± = ( - i ) · 7 ^

(3.3)

Here, p± denotes the conventional +/— parity (symmetry of the wavefunction under spatial inver
sion). A qualitative energy scheme of rotational states in the Χ 2 Σ and Β 2 Σ electronic states is
included in figure 3.3.
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Figure 3.3. Overview of the rotationaJ branches in the А 2 Я - Χ 2 Σ and Β2Σ - Χ^Σ
transitions for an alkaline earth monohahde molecule Strong spin-orbit coupling produces
a large splitting between the A 2ffi/2 and А 2 Пз/2 state А 2 П ~ Β 2Σ interaction causes Λdoublmg m the А 2 Π state and spin-rotation coupling with a negative vaine for the constant
γοο 'η the Β2Σ state The e/f parity assignments of the energy levels are always valid,
+/— parity assignments are only valid for N even and have to be reversed for N odd The
rotational transitions are denoted according to ^N AJpip" or shorthand notation wherever
appropriate The two branches in the 2 Г - 2 Г transition with AN ƒ AJ are "satellite"
branches with rapidly decreasing rotational transition strengths for increasing N
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2

In Π states the situation is more complicated due to spin-orbit coupling and Л-doubling. The
2
same definitions for e/ f parity and Fi/Fi hold as for Σ states. As a result of these definitions, the
2
2
Ω subcomponent Π 1 /2 corresponds to F\, and Пз/2 to F2. A-doubling removes the degeneracy
of energy levels with the same J (and N) quantum number but with opposite parity e// or + / - .
2
Note, however, that, ëis П states do not strictly belong to Hund's case (b), N is not an entirely
2
2
correct quantum number. Figure 3.3 also shows rotational energy levels in the Α Πι/2 and А Пз/2
states.
The Hund's cases are important when regarding the rovibronic transitions. Since 2 Σ states
belong strictly to Hund's case (b), the following selection rules apply to 2 Σ - 2 Σ transitions
Δ7
ΔΛΓ
parity

= 0,±1
= ±1
: + <-> —

(3.4)

ΔΛΓ = 0 being parity forbidden. Six rotational branches remain (see figure 3.3). The situation for
2
Π states is more complex as they belong to an intermediate Hund's case, predominantly case (a)
for low J and case (b) for high J. The selection rules for 2 Π - 2 Σ transitions are
A J

parity

= b±l
: +«-»·-

(3.5)

This yields twelve rotational branches: six for 2 Π ι / 2 — 2 Σ transitions and six for 2 Пз/2— 2 Σ tran
sitions (see figure 3.3). Branches for which the transition frequency reaches an extremum in the
Fortrat parabola form bandheads. The similarity of upper and lower state vibrational and rota
tional constants results in closely spaced sequences of (»' = υ"+Δν,ν"} Fortrat parabolas, where
Δυ defines the sequence. To a first order, low-t) estimate, the band origins within a sequence are
separated in frequency by the relatively small difference ω' — ω". The less anti-bonding character
of the excited state electronic orbit als causes the upper state potential well to be deeper, steeper,
with a minimum at a smaller internuclear distance than the ground state potential well. Therefore,
the upper and lower state rotational constants compare as B' % B" which means the P-branches
form bandheads shaded to the blue. The vibrational constants compare as u>'e > ω", which means
that the bandheads shift towards the blue within a sequence for increasing v. An example from
practice of such a bandhead spectrum is shown in figure 3.4.
Useful approximate expressions concerning the formation of Ρ bandheads in 2 Σ — 2 Σ transi
tions [12] are the following equations for the N quantum numbers TVp, and JVp2 for which the Pi
and Ρ2 bandheads are formed
ρ

N

* ·· *

Ш^щ)

( 3

·6)

and for the energy separation between the bandheads

Р2(лгр2) - Pjfjvp,) = - V - ΐ '

(3

·7)
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Figure 3.4. "The birth of a bandhead spectrum" The Fortrat diagram in (b) shows
the P i , P j , Ri and Д 2 branches of the SrCJ Β2Σ-Χ2Σ,
(ν', ν") = (0, 0), (J, J), (2, 2)
transitions Bandheads are formed for the Pi and P2 branches For the thermal rotational
population distribution used in this example (see (c)) the Pj bandheads are formed at
rotational quantum numbers with higher level populations than the Pi bandheads In (a)
the (simulated) contribution of each of the individual branches is shown These four spectra
add up to the total computed LIF spectrum (upper curve in (a)) It can be clearly seen that
the P2 bandheads are more pronounced than the Pi bandheads The simulated spectrum is
a thermal spectrum for SrClBìE-XìEl
Δν = 0 with a vibrational temperature TV = 900K
and a rotational temperature Tr = 600 К
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Here B'v, B'¿ is defined by
(3.8)

Βν = γΥΛ{ν+\γ
1

and 7Í,, l i ' by
,

(3.9)

Ίv = Σъo{v+\)

An approach often satisfactory in producing line positions for а А 2 Пз/2 — Χ 2 Σ transition, is
2
neglecting the spin-rotation coupling in the Σ state, the Л-type doubling (see section 3.4) in the
2
Пз/2 state, and rotational energy terms containing higher orders than quadratic in J , like the
2
centrifugal distortion term. The rotational energy in the Χ Σ state is then given by
Я;' = Κ [N"{N" + 1)]

(3.10)

2

and in the А Пз/2 state by ( [25]; [80], p. 258)
Я; = В ; [ Г ( 7 Ч 1 ) ]

(3.11)

Here B'v is an effective constant with no "mechanical" significance (see section 3.4). The Q2 and
P21 bandheads are formed at J Q 2 and ,/р21 given by [25]
9 Dil
J Q J

= '7p"

=

О/

ТУП

2(2»i - в}) * 2(B'V - B><)

(

З

Л

2

)

The P2 bandhead is formed at Jp 2 given by
JÏ

>

=

2{k-BV>ï)*i*J(i*

(3 13)

·

The equation for the energy separation between the Q2/P12 and the P2 bandheads for the same ν
is
Q2(iQ2)-P2(Jp2)=|^r

(3.14)

When upper state rotational constants are not known from the literature, but ground state ro
tational constants are, experimental data on bandhead separations can be used to determine B'v
with the following equation derived from equation (3.14)

e-g-O-wJ^wJ"'

^

For increasing ν the band origins, and therefore the bandheads, within a sequence show a
tendency to pile up, and a sequence turning ("head of heads") can be observed. This phenomenon
is called "tail formation". The vibrational quantum number д for which this takes place can be
approximated by [12]

"^2"

2K*;-«)

(3·16)

The problem of tail formation increases with increasing Δι>, a fact with important implications for
the experiments.
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3.3.2

Franck-Condon factors and rotational transition strengths

As pointed out previously, upper and lower state vibrational wave functions are almost identical
due to the similarity of the potential curves. Franck-Condon factors depend on the overlap of the
vibrational wave functions. Therefore, to a first approximation, they are equal to unity for the
diagonal Δυ = 0 transition and zero for the off-diagonal transitions. This delta function approxi
mation is often used for alkaline earth monohalides, especially when insufficient data are available
to calculate the Franck-Condon factors properly (see for instance [4]). In order to calculate the
Franck-Condon factors (see [4], [26], [85], [86]) from the overlap of the vibrational wave functions,
potential curves have to be constructed based on precise and mechanically meaningful spectro
scopic constants. Often these are not available. However, a number of systems are known where
the delta function approximation definitely cannot be used, especially at high ν (for a discussion
see [34]). In the present study we happened to come across a system where the delta function
approximation for the Franck-Condon factors spectacularly falls short. In the Β 2 Σ - Χ 2 Σ system
of SrBr we made observations that can only be explained by assuming that the Franck-Condon
factors for Av — Q rapidly approach zero for increasing ν (see section 7.2). The problem concerning
the Franck-Condon factors is addressed again in chapters 4 and 6.
Rotational transition strengths based on overlap of the rotational wave functions are known
from the literature for the 2 E ( b ) - 2 E ( b ) transition ( [80], [87]) as well as for the more complex
2
n ( a / b ) - 2 S ( b ) transition ( [88], [87]), where (a/b) denotes a Hund's case intermediate between (a)
and (b). In these reports the 2J-I-1 rotational degeneracy is implicit in the expressions for the line
intensities. However, since we use the rotational transition strengths in the simulation of spectra,
and the rotational degeneracy is already accounted for in the level populations (see chapter 5), we
have chosen to take as a normalization condition the rule that the sum of the strengths for rotational
transitions sharing the same upper level, is equal to unity. In this way the rotational transition
strength can acts as a multiplication factor in combination with an Einstein A- coefficient derived
Table 3.2. RotationaJ transition strengths S(J'tJ") for a 2S(b)-2E(b)
transition For
mulas from [80], [87] The formulas are modified to match the normaiization condition
+ SRÌ(J',JI+1)

SPI(J',J'-1)+SPQI,(J',J')

= SP,(J',J'-1)

+ SHQ,1(J'ÌJ')

1)= 1 (see text)
branch
¿"AJFT'P'P"
Ρ

Ριι«, Ρ Ρ22//
Ql2e/i

Qîl/e

Ri lee, Η·22//

short

2J'+3
4(>+1)

Рі.Рг
Ql2i

Rl.Rj

rotational transition strength
5(7', J")
5(7'->oo)

Q21

4J'(J'-H)
2J'-1

-τρ-

+

SR,(J'}J'+
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Figure 3.5. Rotational transition strengths for а 2Е—2Σ transition as a function of the
upper level rotational quantum number J'. The formulas of table 3.2 are used. The graph
represents the strengths for transitions with an e-parity upper level (Pi solid curve, FQi2
dashed, Ri dash-dot) as well as transitions with an /-parity upper level (P2 solid, я£?2і
dashed, R? dash-dot). The satellite Q-branches have strengths that drop sharply with
increasing J Their contribution to the high-J spectra shown in chapters 6 and 7 turns out
to be negligible.

from an experimentally determined radiative lifetime. The resulting expressions are tabulated in
table 3.2 and 3.3, and displayed graphically in figure 3.5 and 3.6.
More details on line positions, transition strengths, and uncoupling phenomena in 2 Σ — 2 Σ and
2
Π - 2 Σ transitions in diatomic molecules, can be found in the books of Herzberg [80] and Zare [87].
3.4

Α 2 Π ~ Β 2 Σ interaction

The traditional method to deal with 2 Π ~ 2 Σ interaction is related to second order perturbation
theory. The rotation Hamiltonian has several contributions that connect rotational sublevéis of
distinct vibronic levels. Rather than diagonalizing the corresponding Hamiltonian matrix, which,
more often than not, is impractical, a so-called Van Vleck transformation is applied. This transformation satisfies the condition that the off-diagonal elements, connecting different vibronic levels, in
the transformed matrix are small enough to be treated as second order perturbations. An example
of a contribution that is normally treated in this way is the centrifugal distortion. Likewise, the
interaction between Σ and Π states of the same multiplicity are taken into account by means of
the Van Vleck transformation. For the interaction between а 2 Π and 2 Σ state this leads to three
A-doubling parameters, which are normally denoted by ο, ρ and q (see e.g. [89], [90], [91], [87]).
The 2 Σ state energy expression now contains a term given by (7 e - p E ) J. Therefore, there is
a strong correlation between the spin-rotation coupling constant 7 e and the parameter ρΣ. In the
literature on "position" spectroscopy the parametrization of equation (3.2) is often applied. One
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2

2

Table 3.3. Rotationai transition strengths S(J', J") for а П ( а / Ь ) - Г ( Ь ) transition FormuJas from [88], [87] The normalization condition is sudi that the strengths for rotationai
transitions sharing the same upper level add up to 1 (sec text)
upper state
F'

p'

branch
AJF.F:p.pl.

AN

rotational transition strength
Short

S(7',J")
l

i

e

ƒ

P

CW

Qi2

R

Rii«

Ri

{2J'+l)+X- (4J' +4J'+l-2Y)
BJ'

1
2

0

Pl2//

Pl2

(2J'+lì-X-l{4J'I+4J'+l-2YÌ
a(J'+i)

n
u

Q

Qn/e

Ql

Rl2//

Rl2

Ч

Р21«

Я

Я22е,

e

R21ec

Р

Г22І{

А*П3/2(Еі)

с

P21

Q2

1

R22//

3

2

(4J' +4J'-1)-X- (8J' +12J' -2J'+1-2V')
8J'(J'+1)
2

(4j'2+4J'-l)+X-1{SJ':s+nJ'*-2J'-7+2Y)
8J'(J'+1)
(2J'+l)-X-44J'7+4J'-7+2Y)

(2J'+l)-X-1(4J'2+4J'-7+2Y)
8(J'+1)
(4Jn+4j'-l)+X-i(6J'3+l2J',-2J'+\-2Y)
8J'(J'+1)

„

U

.
1

0

n
U

,
1

R21

(2J'+1)-A:-1(4J'2+4J41-2K)
8J'

U

P2

(2Г+1)+Х-1Н^'2+4Г+1-2У)
8(J'+1)

l
2

(4J'2+4J'-l)-j:-1(8J'3+12J'2-2J'-7+2y)

n

(2J'+l)+X-1(4^'2+4J'-7+21')
8J'

1
2

f

R

a
b

1
2

Pi

4

A2n3/2(F2)

n

(2J +l)+X- (4J +4J'-T+2Y)
8(J'+1)

Pii«

1

А 2 П 1 / 2 №)

S(J'^oo)

P

2

2

А П1/2(^)

a b c

R2

Y = А/В, the ratio of the spin-orbit coupling constant and the rotationai constant
Х = [ У 2 - 4 У + (2Г + 1) 2 )*
For J ' = Ì the following formulas have to be used
•^Qiíl' 2 ) = з» ^

e

5p, ( | , f) = 5 p i a ( ì , | ) = î · 5 Q i a ( b ï )

remaining transition strengths with J'= 5 are zero
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Figure 3.6. Rotational transition strengths for a 2 Π — 2 Σ transition as a function of the
upper level rotational quantum number J' The formulas of table 3 3 are used Four graphs
are drawn belonging to different upper states, ι e А 2 Π 1 /2 (Fj) e-panty (a) and f-parity (b),
А 2Π2/2 ( F 2 ) e-parity (c) and f-parity (d) The rotational branches for which the transition
strengths are given are
(a) Pj (solid), Qn (dashed) and Rj (dash-dot)
(b) P ^ (solid), Qi (dashed) and R n (dash-dot)
(c) P21 (solid), Q2 (dashed) and Rn (dash-dot)
(d) P2 (solid), Q21 (dashed,) and R 2 (dash-dot)
The curves are drawn for Y = А/В = 650, where the values of the spm-orbit coupling
constant A and the rotational constant В of the А 2 П state of Cal have been used At the
highest rotational quantum number shown (J'— 300) the rotational transition strengths for
the different branches are still far from the asymptotic limits listed m table 3 3
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has to note, however, that for instance 700 is only a phenomenological constant. For alkaline earth
monohalides in the Β 2 Σ state, ηε < р^, and therefore
7Γ*-Ρ

Σ

=Ρ

Π

(3-17)
2

This explains why the values published in the literature for 7,, in the Β Σ state have a different
sign and are two to three orders of magnitude larger than in the Χ 2 Σ ground state, although they
are expected to be approximately equal.
With regard to the level energies in the Α 2 Π state, second order perturbation theory gives
a satisfactory description for the lighter alkaline earth monohalides like SrCl, but definitely is
inadequate for heavier molecules such as Cal and Sri. The reason for this is that the off-diagonal
matrix elements become of the same order of magnitude as the energy differences. Therefore, a
different approach is needed. A simple way to evade the problem for the А 2 Пз/2 state, where the
influence of A-doubling is much smaller than for the Α 2 Πι/2 state, is to use equation (3.11). The
A-doubling parameters are then "absorbed" by the other spectroscopic constants. For instance,
the .B-constant also incorporates the parameter q^. As a result of this, it has lost its relation to
the moment of inertia of the molecule.
A more elaborate approach is suggested by Zare et al. [89], the "direct two state fit". In
this approach a model Hamiltonian is constructed, including perturbation matrix elements that
connect the Α 2 Π and Β 2 Σ states. The interaction only couples levels with the same e/f parity
and the same rotational quantum number J. For most alkabne earth monohalides the Α 2 Π — Β 2 Σ
Franck-Condon factors are nearly diagonal for low υ, so to lowest order only Δι> = 0 interactions
have to be taken into account. The interaction matrix now has the following appearance ( 3 x 3
block for vibrational quantum number v, rotational quantum number J , upper and lower signs
refer to e and ƒ parity respectively).
А2Пз/2

Β2Σ
/ΤβΕ

+ ω

?(υ +ί ) -

ω

^ ( υ + ί)2

-!,(*»-!)*

А2П1/2

-^2-l)i

ÍT4(*=Fl)

ГП + и; е п (і;+і)-и;ПіП( + і ) 2
+BÎ 1 (x 2 -2) + D Î I [ ( l - I 2 ) - ( i 2 - 2 ) 2 ]

-BjV-l)i+2ЯП(і2-1)*
-Ip^-i)*

\

+ \Αυ +Л £ )„(і 2 -2)
BÍV-l)i+2DÍV-l)í

Tî'+«?(«+ ί)-ωΠχΠ(υ + ί ) 2
-\AvADvX2+

ìpresO^x)

(3.18)
Except for the sign of D^ in the diagonal element for Β 2 Σ , the matrix is in agreement with that
given by Kotlar et al. [92]. The superscripts Σ and Π label spectroscopic constants of the B2Y,
and А 2 Π state, respectively. For convenience the parameter 1 is introduced given by
x =J +i

(3.19)

)
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The perturbation matrix elements ξ and η are defined by
ξ = 1 {Π υ I A L+ | Σ υ)

(3.20)

η = (Π ν Ι Β L+ Ι Σ ν)

(3.21)

and
where L+ is the raising operator for electronic angular momentum. Note that there is a factor
2 difference between equation (3.21) and the definition of η by Reisner et al. [85]. The residual
p-parameter рт is introduced to account for interactions with Αν φ 0 (as in second order pertur
bation theory). Level energies can be determined by a numerical diagonalization of the interaction
matrix. This method is used for the calculation of Cal level energies in chapter 6.
The spectroscopic constants derived in the "direct two state fit" aproach are deperturbed
constants. When the deperturbation is complete, the constants are "mechanically meaningful",
or, in other words, they give information on the motion of the molecule. Therefore, they can be
used to construct RKR potential energy curves and to calculate Franck-Condon factors. For a
discussion see reference [89].
The consequences of the Α 2 Π ~ Β 2 Σ interaction can be divided into two categories: (a) overall
energy shifts changing gradually with J , and (6) strong local perturbations caused by "avoided
crossings" near a specific J. In the literature on alkaline earth monohalide spectroscopy several of
these local perturbations have been reported and are listed below.
• SrCl: А 2 ІІ 1 / г2(г'+1) ~ А 2 Пз/2(я) perturbations (up to 0.3 c m - 1 ) , and weak А 2 Пз/2(і'+2) ~
Β 2 Σ [у) perturbations (up to 0.008cm - 1 ). See references [84] and [91].
• SrBr: A 2 ! ! ^ (v -(- 3) ~ Β 2 Σ (и), local perturbations throughout for both isotopes. The
deviations become larger with increasing ν ( [93], [94]). See also section 7.3.
• Sri: The А 2 П (у) ~ Β 2 Σ (у) interaction is described in reference [95]. No local perturbations
are found in the Β 2 Σ - Χ 2 Σ (0,0) [96] and А 2 Π - Χ 2 Σ (0,0) [95] transitions. However, the
Sri bandhead spectra recorded for the present study show very strong local perturbations
for А 2 Пз / г 2 ( υ « 6 ) and Β 2 Σ (υ «23) levels (see section 7.4).
Figure 3.7 shows vibrational energy levels for SrCl, SrBr and Sri. The levels that exhibit avoided
crossings somewhere up their rotational ladders are marked.
More information on perturbation theory relevant to the Α 2 Π ~ Β 2 Σ interaction for alkaline
earth monohalides can be found in the papers by Zare et al. [89], Lefebvre-Brion [97], Coxon [90],
Kotlar ei al [92], Klynning and Martin ( [83], CaCl), Reisner ei al. ( [85], Cal), Schröder ei al.
( [91], second order perturbation theory applied to SrCl), Ernst ei al. ( [94], SrBr; [95], Sri), and
the book of Lefebvre-Brion and Field [98].
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Figure 3.7. Energy schemes showing the electronic energy and the energy of the lowest
vibronic levels of the Χ2Σ ground state and the Α2Π1/2, Α2Π3/2 and Β2Σ excited states
of SrCl, SrBr and Sri. Data from [55], [82], [84], [91], [93]. The strength of the spin-orbit
coupling that separates the A 2 Яі/2 and А 2 Пз/2 states is almost independent of the identity
of the halogen ligand. Vibróme levels that are known to have avoided crossings somewhere
up the rotational ladder are enclosed by dashed boxes (for details see text).
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Saturation by optical pumping

4.1

Introduction

Several observations concerning the spectra shown in chapters 6 and 7 clearly reveal a strong
influence of some sort of saturation effect. Recognizing and understanding saturation effects is
important for the interpretation of the LIF spectra and for deriving quantitative information on
internal state population distributions [99]. Uncontrolled saturation effects led to some notorious
misinterpretations in the past (see for example the sequence of papers [34], [35], [36]). The fact that
one is dealing with saturation in the LIF spectra, however, is not that simple to understand. At
the CW laser power typically used in the experiments, the conventional cause of power broadening,
namely Rabi oscillations, falls short in explaining the observed effects. In the next two sections a
semi-quantitative method leads to the statement that optical pumping can explain the observed
saturation phenomena. In the last section conclusions are drawn concerning the interpretation of
the observed spectra and the process of spectrum simulation.
4.2
4.2.1

Theory
A "leaking" two-level system

We need to develop a theory that takes into account the effects of optical pumping, Rabi-oscillations
and the influence of the large bandwidth of the multimode laser (FWHM « 0.3 c m - 1 ) . The large
bandwidth not only means that the Doppler width and all other homogeneous and inhomogeneous
linewidths can be neglected, but also that this property of the laser has to be explicitly introduced
into the equations, since it largely reduces the spectral brightness. Another consequence is that
most of the time several rovibronic transitions are overlapped by the frequency profile of the laser.
One is dealing with a multilevel system and a broadband laser that couples a number of these
levels simultaneously.
The complex situation can be simplified by regarding the energy level system as a "leaking"
two-level system, the principle of which is illustrated in figure 4.1. Here level 1 represents all levels
that can be pumped up by the laser, level 2 all levels that can be populated directly by laser
excitation, and level 3 all levels that cannot be pumped up by the laser, but that can be populated
by spontaneous emission. A fraction α of the spontaneous emission leads back to level 1, a fraction
1-a leaks away to level 3. There is no coUisional relaxation from level 3 to level 1, since conditions
are collision-free.
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level 2

level 3
level 1

Figure 4.1. The "leaking" two-level system Level 1 denotes a.11 levels that can be pumped
up by the laser, level 2 all levels that can be populated by absorption of a Jaser photon,
and level 3 all levels that cannot be pumped up by the laser but that can be populated by
spontaneous emission. ABS stands for absorption, ST for stimulated emission and SP for
spontaneous emission. A fraction α of the spontaneous emission stays within the two-level
system, a fraction 1 —a leaks away to level 3.

4.2.2

Loss channels

The question arises: which processes can contribute to the loss fraction 1 - Q ? Possible candidates
are listed below.
1. Radiative decay to another vibrational state. The vibrational bandheads within a sequence
are approximately separated by ÙJ'C— ω", a quantity generally much larger than the laser
bandwidth. This implies that the Franck-Condon factor determines the upper limit of a.
2. Radiative decay to another rotational state, for instance R-branch absorption followed by
P-branch emission (J" = J —> J' = J+l —• J" = J-l-2). The separation between rotational
transitions of the same branch is of the order of the laser bandwidth, so whether one or
more than one of these cycles are needed to escape from the two level system depends on the
position of the transition in the Fortrat diagram.
3. Radiative decay to the spin-rotation coupled counterpart in the electronic ground state (see
figure 3.3). For the strontium halide radicals that are the subject of this thesis, the spin
rotation coupling constant ft of the ground state ranges from 1.7-10~ 3 rm - 1 (SrCl) to 3.3·
1 0 - 3 c m - 1 (Sri). A frequency shift equal to HWHM (half width at half maximum) of the
laser is reached for N" > 90 for SrCl or І " > 45 for Sri. This radiative decay is an efficient
loss channel for high rotational quantum numbers for the electronic transitions Α 2 Π <— Χ 2 Σ ,
since here the rotational line strengths for all branches are of the same order of magnitude (see
figure 3.6). This is not the case for those Β 2 Σ «- Χ 2 Σ transitions for which the rotational
line strengths for the branches with AJ φ AN fall off with I/J2 (see figure 3.5).
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4. Population of the 2 Δ electronic state by radiative decay or mixing (see section 3.2). Due to
the selection rule ΔΛ = 0, ±1 this state has no optical transitions to the 2 Σ ground state.
5. Vibrational off-diagonal mixing of the Α 2 Π and Β 2 Σ excited states (see section 3.4). An
example is the mixing of certain A 2 n ( f + 3) rotational levels with Β 2 Σ ( υ ) levels of SrBr
[93]. The absorption Β 2 Σ ( υ ' = 0) •- Χ 2 Σ(ι>" = 0), that has a large Franck-Condon factor,
can be followed by an A 2 ! ! ^ ^ ' = 3) —> Χ 2 Σ ( υ " = 3) emission, a transition that also has
a large Franck-Condon factor.
6. Enhanced collisional relaxation of the electronically excited radical. In spite of the fact
that conditions are collision-free for ground-state molecules, this is not necessarily the case
for the excited radical. We recall that the unbound electron molecular orbital of the Χ 2 Σ
alkaline earth monohalide radical is very similar to an s-type atomic orbital of the metal ion,
whereas the Α 2 Π and Β 2 Σ molecular orbitale have a mixed pjd character. An s —* ρ atomic
transition is accompanied by the largest possible increase of the collision cross section. An
increase by more than an order of magnitude might be possible.
We summarize the above by concluding that there are a number of loss channels. Most of them
are difficult to quantify due to insufficient data.
4.2.3

Optical Bloch equations and rate equations

The time evolution of an ensemble of quantummechanical systems, subjected to a perturbation, is
appropriately described by using the density matrix formulation. When the perturbation is caused
by a laser field, this description leads to the so-called optical Bloch equations, which for a two-level
system can be written as follows ( [100], [101]).
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The elements of the optical Bloch vector are рц, the fractional population of level 1, p22 the
fractional population of level 2, and pu, the coherence of the ensemble. In the expression for
the various matrix elements Δ is the detuning in rad/s, A^i is the Einstein A-coefficient for the
transition 2<-v 1, and r is the radiative lifetime of level 2. Note that \ — .АггМгз > Лгі- When the
inequality holds, a "leak" out of the two-level system is introduced. ΩΛ/(ί) is the time-dependent
Rabi frequency for a specific magnetic momentum quantum number M. The laser pulse is chirpless
and the imaginary part of the Rabi frequency is zero by choice of phase.
The problem of accounting for the large bandwidth of the laser is solved by the method of
"phase diffusion" ( [101], p. 1562). The presence of the term — Ь in the two diagonal positions
for pu introduces a factor e - 6 ''! in the expression for pu- This corresponds to a profile in the
frequency domain
Re

-Г

-Ч'Іе-«*Л =

2

(Ρ+ω )

(4.2)
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which is a Lorentzian profile with a HWHM equal to 6 (rad/s). The method is chosen for purpose
of computational convenience. The actual frequency distribution of the laser light is probably more
like a Gaussian distribution. When calculations with zero or small detuning are performed, this
discrepancy does not introduce relevant deviations.
In equation (4.1) all rapidly oscillating terms are already eliminated by applying the rotating
wave approximation [100]. When the inequality
6 (or Δ) > ì Ω(0 (and ^ - )

(4.3)

holds, the optical Bloch equations for pn can be solved using the adiabatic approximation, leading

,^)(мо-м*))

.

(4 4)

For the populations it is now feasible to use rate equations
p n
Í
) =
- W M ( < ) W M W + ^ I \ f Pu
dt \P22 )
\ WM(t) -WM(t) - ì ) \p22

(4.5)

where \ м(і) denotes the time-dependent coupling by the laser field, and is defined by
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A quantity that remains to be specified is the Rabi frequency Пл/(<)· Cowan ( [102], p. 402) gives
the expression
ΩΜ(0 =!ψ(ΊΐΜ

(4.7)

\ΡΆ\ l' J'M')

Here E(t) is the time-dependent electric field of the laser, P^ is the dipole operator, J is the
quantum number for angular momentum, M is the magnetic quantum number and 7 represents
all other quantum numbers. For emission, quantum numbers of the upper level are labeled by a
prime. Application of the Wigner- Eckart theorem leads to
(1JM\P^f\'i'J'M')

= Çup

(4.8)

where ρ is the reduced dipole moment equal to
Ρ = ( 7 J II ^ ( 1 ) II 7' J')

(4.9)

The Λί-dependence of the Rabi frequency is now confined to

<«=<->'-" (-1, л« £ )

<"»>

For linearly polarized light ( Δ Μ = 0) and a Q-branch transition (AJ = 0) this becomes

4D
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For the M-dependence of the coupling one obtains 1Ум(0 « M . As noted previously by Drullinger
and Zare [103] and by Bergmann [104], optical pumping of molecules can alter the M-level popula
tion distribution appreciably by preferentially "burning away" certain magnetic sublevéis, in this
particular example the levels with high \M\. However, we are not as much interested in this type
of polarization effect as we are in an overall, Ai-averaged saturation effect. Therefore, \ м(і) in
equation (4.5) is replaced by the jl/-averaged value (ІУм(і)}м.
To obtain this average one needs
to calculate
2

1

r—ν

(См )M = 277T J^j

M

.

.

J(J+1){2J + 1)

(4Л2)

which reduces to

^ "

(4ЛЗ)

= Щ1ГГГ)

The orthogonality relation ( [102], p. 145) for the 3-j symbol equation (4.10) can be used to prove
that the last equation holds for arbitrary ΔΜ, AJ. For the reduced dipole moment one can write
( [102], p. 402, 403)

^ ^&^^1

(4 14)

·

where σ2ΐ is the transition wavenumber, and С is a constant equal to
s

С = 2.0261·10" 6
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τ
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Equations (4.7), (4.8), (4.13) and (4.14) are combined to obtain the following expression
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This expression is independent of J. The presence of the factor 5 reflects the three possible
polarization directions of the exciting laser.
Equation (4.5), (4.6) and (4.16) form the basis for the calculations presented in the next section.
The time-evolution of Pii(t), />22(') and other quantities of interest are calculated numerically using
time steps At, obeying the following condition
A < <

iW

(4

·17)

The large laser bandwidth ό not only makes it possible to use rate equations instead of optical
Bloch equations, but also to take larger time steps, making the calculations less time consuming.
4.3
4.3.1

Calculations
Input data

A passage of a molecule in a trajectory perpendicular to the laser beam and through its centre
is taken as a "typical" one. On one hand this overestimates the residence time of the molecule
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in the laser beam, since not all molecules cross through the centre of the laser beam, but on the
other hand most molecules do not cross the laser beam perpendicularly and experience a larger
fluence. A CW dye laser with a typical power of 200 mW is focused to a beam waist of 0.35 mm.
2
The beam waist is defined as the radius to 1/e of the intensity on axis. The on-axis intensity
2
is approximately 100W/cm , corresponding to an electric field of 280V/cm. Another important
input parameter, the radiative lifetime τ, can be obtained from the literature (see table 3.1).
Calculations are performed with a typical radiative lifetime r « 40 ns. The Einstein coefficient
A21 follows from the definition of a, A21 = a / r . The parameters b and (T21 are properties of the
experiment. The HWHM of the laser frequency profile 6 is equal to 5-10 9 s - 1 . A typical value for
the transition wavenumber σΐ2 in the red part of the spectrum is 16,000 c m - 1 . Putting the value
for the centre line electric field strength in equation (4.16) along with An = ί/τ = 2.5-IO 7 s - 1
(α = 1) yields an upper limit for the Rabi frequency of 2.2-10 9 s _ 1 .
The TEMoo mode is the dominant transverse mode of the laser, so the spatial profile in the
transverse direction is approximately Gaussian. The molecule, therefore, "sees" a laser pulse with a
Gaussian shape in time. We can calculate the average centre-of-mass velocity of the reactants and
use values for the recoil energies of the products [24] to reach a rough estimate for the laboratoryframe velocity of the alkaline earth monohalide product equal to 350 m/s. With this velocity
and the value of the beam waist mentioned above, a pulse time, defined as the time in which
the intensity drops to 1/e2 of its maximum value, can be calculated to be of the order of 1μ8.
Note that this residence time is much larger than the radiative lifetime of the excited state or the
duration of a Rabi-cycle. The fluence is now typically 0.13mJ/cm 2 . By these numbers the time
dependent electric field needed in equation (4.16) is determined.
During the passage of a molecule through the laser beam we keep track of the fractional
population of level 1, pu(t) , of level 2, />22(0> a n d the fractional population of the loss level 3
given by 1— pu(t) — P22(t)· The photon count rate that constitutes the LIF signal is proportional
to the total number of spontaneously emitted photons, irrespective of whether it is to level 1
or to level 3, as the detection system has a flat spectral responsivity in the region where all
relevant emissive transitions lie. Therefore, we are interested in the time-integrated number of
spontaneously emitted photons S(t) given by
S(t)=

f

-P22(t')dt'

(4.18)

J—co Τ

and in particular in Soo, the final value for t —» 00.
Since b, which is a measure for the laser bandwidth, is equal to 5-10 9 s _ 1 the condition for us
ing rate equations (equation (4.3)) is always satisfied. Comparison between results of calculations
using the optical Bloch equations and of those using rate equations points out that for the present
experimental conditions it is indeed permissible to use rate equations. All calculations are per
formed with detuning Δ equal to zero, except for the calculation of the saturation broadened line
profiles. The integrations are performed numerically using a fifth order Runge-Kutta method [105].
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4.3.2

Results

Figure 4.2 shows the time evolution of all three fractional populations as well as the total the
total number of spontaneously emitted photons S(t) during a single, "typical" passage for three
different values of a. Note that in all three cases the final population of level 1 is close to zero, so
optical pumping is almost complete. S^ rises above 1, which means that a single molecule can be
detected more often than once.
Figure 4.3 is a plot with α along the i-axis, and Sooi a quantity proportional to the LIF signal,
along the y-axis. The model result for 200 mW of laser power (solid) is compared to an extrapola-
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Figure 4.2. Time evoJution of the fractional population of level I (1), level 2 (2) and level
3 (3), and the integrated number of spontaneously emitted photons S(t) (solid) Also shown
is the time development of the intensity of the laser field (dotted) normalized to unity The
laser beam is centered at 5 /ÍS CaJcuJations are performed fora = 0 05, 0 20 and 0 80
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Figure 4.3. Plot of Sen versus α for 200 mW laser power (solid) Also plotted are the
extrapolation from the ¡mear region (dash-dot), the curve for Rabí oscillations only (dashed)
and a display of the function j^— (dotted) Note that the model result is very close to j ^
over a large range of values for а

tion from the region of linear dependence on laser power and transition strength (dash-dotted
line), a curve for "Rabi oscillations only" (dashed curve ) and a curve representing the function
j4^ (dotted curve). The curve for Rabi oscillations only is drawn because a decrease of α has two
simultaneous effects: the leak to level 3 becomes larger (more optical pumping), but on the other
hand the transition strength 2 «-» 1 becomes weaker (less absorption and stimulated emission). It
is the result of a calculation, in which the latter effect is isolated from the former by artificially
closing the leak. Three regions of operation can be discerned.
1. Linear dependence on absorption strength (oc α) and laser intensity (region Л in figure 4.3).
Since the model result in figure 4.3 and the extrapolation from the linear region diverge very
rapidly, it is clear that such a dependence only exists for very low values of α and/or very low
laser intensities. Nevertheless, we have attempted to reach the linear region experimentally.
Attenuating the laser beam by a factor of 103 still did not yield a linear dependence on laser
power. When the laser beam was attenuated even further, the LIF signal became to weak
to adequately determine the power dependence. It must be concluded that it is not possible
to perform experiments of the type described in this thesis under saturation-free conditions.
2. Saturation dominated by optical pumping (region B). Over a large range of values of α the
curve representing the function γ^ is very close to the model result. This can be understood
if one considers the following. If a laser photon is absorbed and the molecule is excited to
level 2, relaxation of the molecule can take place by stimulated emission to level 1, a process
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that does not contribute to the LIF signal, or by spontaneous emission to level 1 or to level
3, a process that does contribute. The contribution of a cycle with a spontaneous emission
transition to Sac is 1. The new average fractional population of level 1 is now a. This fraction
α can again be excited and relax by spontaneous emission, raising 5,» to 1 + a. After this
second cycle the average fractional population of level 1 becomes a2. If the molecules remain
in the laser field long enough to allow for N such cycles, Sœ grows to l + a + a2-\
l-a^-1
and the fractional population of level 1 becomes a " . If a is small enough or N is large
enough the population of level 1 becomes zero, and the summation for 50ο asymptotically
approaches j ^ . The strength of the LIF signal is completely dominated by optical pumping
and depends on the value of α only.
3. When Q is large, the molecule is captured in the two-level system. Optical pumping is
therefore less efficient. The number of photons spontaneously emitted by a single molecule
can be appreciably larger than 1 (region C). The LIF signal is very sensitive to the laser
intensity. Such a sensitivity, however, never revealed itself in the recorded spectra.
As a final exercise "lineshapes" are determined by plotting 5 « versus the detuning Δ for
various values of α at a single laser power. The results are displayed in figure 4.4. Their reliability is
limited, since we use as input an inappropriate frequency profile for the laser (Lorentzian instead of
Gaussian). Conventional saturation broadening by Rabi oscillations induces a Lorentzian lincshape
( [60], p. 105). If the original Imeshape is Gaussian this results in a Voigt frequency profile ( [60],
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Figure 4.4. Broadened lineshapes due to sat
uration by optical pumping
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Figure 4.5. Width (FWHM) of the broadened
frequency profile as a function of α at a laser
power of 200 mW (solid curve) The conven
tional power broadening result for Rabi oscilla
tions only (dashed curve) is shown for compari
son
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p. 89). Figure 4.4 makes dear that broadening due to saturation by optical pumping does not yield
a frequency profile belonging to either category. Since the width of a broadened line profile is less
sensitive to the original shape of the frequency profile of the laser than its shape, it is more useful
for comparitive purposes. In figure 4.5 the effective linewidth (FWHM) is plotted as a function
of a for a single laser power. The curve has a maximum, since the saturation effect not only
diminishes as α approaches zero (linear region), but also as a approaches one (the region in which
optical pumping becomes less effective). The largest calculated linewidth for the "typical passage"
is approximately 2.0cm _ 1 .

4.4

Conclusions

From the contents of the preceding sections the following conclusions can be drawn.
• It is experimentally verified that all recorded spectra suffer from a saturation effect. This is
mainly caused by the process of optical pumping.
• Our present experiments involve LIF detection with a CW laser of molecules present in a very
low concentration. This virtually excludes performing the experiments under saturation-free
conditions.
• One of the effects of the optical pumping phenomenon is that the maximum in fluorescence
signal does not coincide spatially with the maximum in laser intensity (see figure 4.2, the
fluorescence signal has a similar time development as the population of level 2). This has some
practical consequences for the application of spatial filtering in the collection of fluorescence
light. More details on this issue can be found in section 2.6 and in reference [62].
• Future experiments involve crossing an alkaline earth metal beam with a beam of oriented
molecules followed by LIF detection of the alkaline earth monohalide product (see section
1.4). In these beam-beam experiments the resulting density of product molecules is lower
by orders of magnitude than in the beam-gas experiments described in this thesis. One of
the main problems is to keep conditions stable during the extremely long averaging time
necessary to obtain a sufficient signal-to-noise ratio. From the high detection efficiency that
accompanies the saturation and from the superior duty-cycle of CW lasers compared to pulsed
lasers it can be concluded that for the planned beam-beam experiments CW excitation is to
be preferred.
The inevitable saturation by optical pumping poses a problem for the interpretation of the spectra.
We have demonstrated that over a wide range of values of α the LIF signal is nearly proportional
to j4^. To extract the value of a, not only a quantitative understanding of all loss channels is
needed, but also a correct averaging over all possible trajectories of product molecules through the
laser beam. In chapter 6 a simple, quantitative treatment of this problem is presented. For the
interpretation of the saturated spectra shown in chapter 7 the following strategy is followed.
• Within a vibrational sequence it is assumed that the LIF signal does not have to be corrected
for relative differences in transition strengths. This approach is justified when α is approx
imately constant over the sequence or when α is always small, so j ^ « 1. A result of this
approach is that, as opposed to saturation-free conditions, it is not necessary to know the ex-
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act Franck-Condon factors. This is an advantage, because the standard method to calculate
them involves the construction of interatomic potential curves based on spectroscopic data.
Since these data are mostly derived from low-i; measurements, this method gives unreliable
results for high-t; Franck-Condon factors.
• In the optical pumping regime there is a specific contribution to the LIF signal from each
product molecule passing through the laser beam. The laser beam can be regarded as a
"counter" of product molecules. As opposed to detection with pulsed lasers, where the LIF
signal is proportional to the density of product molecules, the LIF signal in the case of С W ex
citation is directly related to the flux of the product molecules ( [106], [99], [62]), and thereby
to the reaction rate. This means that there is no need to do the tedious job of correcting the
population distributions derived from the spectra for the vibration-dependent, and therefore
mutually different, velocities of the product molecules (see e.g. [4], [29], [33], [26], [6]).
• Saturation by optical pumping causes an additional line broadening. For the computer
simulations of the spectra the simplifying assumptions are made that the resulting frequency
profiles are Gaussian in shape and possess a width that is equal for all rovibronic transitions.
A suitable width is determined in the procedure of visual optimization described in the
next chapter. The optimization is performed for every vibrational sequence in the spectrum
separately. The result is expected to lie between the bandwidth of the laser (0.3 c m - 1 )
and the maximum value calculated in the previous section ( 2 . 0 c m _ 1 ) . In practice widths
(FWHM) in the range 0.5-0.8 c m - 1 are used.
To verify if the assumptions are allowed for every part of a recorded spectrum, often several elec
tronic transitions and/or several vibrational sequences are used to probe the same rovibrational
population distribution in the electronic ground state. In chapter 6 this is discussed comprehen
sively.

Chapter 5
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5.1

Introduction

Looking at a reactive collision one could ask the following questions: how much energy do the
reactants carry with them, and secondly, where does the available energy stay in the system of
products? For the type of reactions investigated in this thesis the available energy consists of (a)
relative translational energy of the reactants (collision energy), (6) internal energy of the molecular
reactant, and (c) reaction exothermicity. The existing channels for energy disposal are (a) relative
translational energy of the products (recoil energy), (6) vibrational and rotational energy of the
diatomic product, and (c) vibrational and rotational energy of the organic radical. The spectra
shown and discussed in chapters 6 and 7, give information on the rovibrational population distribution of the diatomic alkaline earth halide product, which means information on two out of five
options for energy disposal. One is thus faced with the problem of drawing conclusions from an
incomplete picture.
In this chapter it is described how rovibrational population distribution data can be derived
from recorded LIF spectra. In its simplest form this can be accomplished by just "measuring
how far the bandheads stick out with a ruler" (see e.g. [31], [33]). A more sophisticated method
is provided by spectrum simulation. Here a calculated spectrum based on a certain rovibrational
population distribution is compared to an experimentally determined spectrum. If the resemblance
is satisfactory, the conclusion is drawn that the assumed population distribution is correct.
In section 5.2 it is described in detail, how the various energies summing up to the energy
available for products can be calculated. Also results are presented for all reactions of interest to
this thesis. With results not only mean average energies are meant, but also energy distribution
functions. In section 5.3 the physical meaning and the mathematical description of two population
distributions of importance to the spectrum simulations are reviewed, namely a statistical distribution called the "prior" distribution, and a type of non-statistical distribution called "surprisal"
distribution. Section 5.4 concerns the procedure of spectrum simulation itself.
5.2

Calculation of the energy available for products

As noted in the introduction, the energy available for products originates from the internal energy
(sum of the vibrational and rotational energy) of the molecular reactant, from the collision energy,
and from the difference in bond energies between product and reactant system. These three
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forms of energy are the subject of the following subsections. In the calculation of the energies
one is not only interested in the average energies, but also in the energy distribution functions.
Mathematical formulas used in the calculations are summarized, and the results are displayed. In
the last subsection the final results for the energy available for products are presented.
5.2.1

Internal energy of the molecular reactant

For the calculation of the vibrational energy of the molecular reactant at room temperature the
molecule is regarded as a system of η coupled harmonic oscillators. Neglecting anharmonicities
is allowed, because the population of overtones (21/;) and combination levels (f, + fj) is almost
negligible at room temperature. For the molecular rotations continuum expressions for a non
linear rigid rotor are used. This is justified, since kT, with к the Boltzmann constant and Τ the
temperature, is orders of magnitude larger than a typical spacing between rotational levels. The
equations used for the calculations are summarized below. Most expressions can also be found in
the book of Herzberg on polyatomic molecules [107].
The probability that a polyatomic molecule is in a vibrational state ( l ' i , . . . , vn) is given by
-

oft,.

« ie ^··»'"

1

v

kT

")/( )

vn)= g l * » ' · - « » ^

Ρνφι

(5.1)

У іЬ

In this formula, η is the number of vibrational modes and t>i,..., vn are the vibrational quantum
numbers for each mode. The vibrational partition sum Qvib is given by

Qvib = f[(l-e-^^Y3·"

(5.2)

1=1

where u, denotes a certain mode, g^ is the degeneracy of this mode andfiw,is the fundamental
energy. The vibrational energy £vib(fb · • • ,vn) in equation (5.1) follows from
η

(5·3)

£vib( fi, · · · , " „ ) = Σ "· ^ '
і=1

The state degeneracy g(yi,...

,vn) is given by
η

g(vi,-..,vn)
where for g^ = 1 :
9». = 2 :
ft/, = 3 :

(5.4)

= Y[gt(v,)
9,{v,) - 1
g,(v,) = v, + 1
(v, + 1)(»,· + 2)
g,(vt) =

The average vibrational energy can be expressed as
(•Е ІЬ) =

Σ
»

- p v¡b(í>i,...,i>n)-Ev¡b(fi,---,U7.)
-Пш,/(кТ)

е
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In the high temperature limit this expression approaches the sum of the mode degeneracies times
kT. For the halogenated methanes this means {£vib) —* 9kT.
The distribution function for the rotational energy of a non-linear rigid rotor is given by

For the average rotational energy this leads to the simple result
roo

(•Eroi) = /

ProtiErot) EI0t dErot = jArT

(5.7)

Jo
In tables 5.1 to 5.3 the fundamental frequencies of the molecular reactants are listed along with
the resulting (.Е ІЪ) at 300 К according to equation (5.5). The highest value for (Е ,ъ) is reached for
CCLj, and is still only one third of the high temperature limit 9kT. The discrete vibrational energy
distribution functions have been calculated as well, using equations (5.1) to (5.4). Equation (5.7)
-1
yields a value of 310 c m for (£ r ot) of all the molecular reactants at 300 K. The resulting values
for (EVA) + (ETOt) form the first column of table 5.6. A convolution of the continuous distribution
function for the rotational energy defined by equation (5.6) with the discrete distribution function
for the vibrational energy is performed numerically. The resulting distribution functions for the
internal energy of the molecular reactants are displayed graphically in figures 5.1 to 5.3.
Table 5.1. Fundamental energies ofCH^Ch (9 vibrational modes) and the resulting (Е Іь)
at 300 K. All energies are jn cm - 1 . Fundamentai energies are rounded off to multiples of
ÍOcrn'1.
mode i/,

S«.

"1
"2

"3
^4
"5
"6

«T

^в
f9

references
(Я .ь) at 300 К

5.2.2

CH2CI2
2990
1430
710
280
1150
3050
900
1260
740
[107] [108]
166 ± 3

Collision energy

The probability that a collision takes place between a metal atom M with velocity Vj and a
molecular reactant R-X with velocity V2, is proportional to
РслРиЪ)

ос К - v 2 | е - І « і ?/(Иі) е - ^ г л и і )

(g.g)
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Figure 5.1.
Distribution functions of energies relevant to the the
reactions
Sr + СН2СІ2, CHCI3, CCU. Shown are the internal energy distribution functions for CH2CI2
(solid), CHCI3 (dashed) and CCk (dash-dot) at Τ = 300 К, the collision energy distribution
functions for collisions between Sr (Ti = 900K) and CH2CI2 (solid), CHCk (dashed), CCk
(dash-dot) respectively (T2 = 300 K), and the resulting distribution functions for the avail
able energy Εανι for the reactions Sr + CH2CI2 (solid), CHCI3 (dashed), CCk (dash-dot).
The following units are used. Lower x-axes: energy in cm'1; upper x-axes: energy in eV;
y-axes: probability = vaiue χ J O - 3 .
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Figure 5.2. Distribution functions for internal energy of СНэВг (solid) and CFgBr (dashed)
at Τ = 300К, as well as for collision energy and total available energy of the reactive
collisions between Sr (Τχ = 900 К) and the molecular reactants (T2 = 300 К) СНзВг
(solid) and CFsBr (dashed).
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Table 5.2. Fundamenta/ energies ofhahdes of methane with 6 vibrations/ modes and the
-1
resulting (Ev,i) at 300 К Ail energies are in c m Fundamenta/ energies are rounded off
1
to multiples of 10 cm' .
mode v,

ff*.
1
1
1
fa
2
2
"s
2
"6
references
( £ ,ь) at 300 К
Vl

СНСІэ
3030
670
360
1210
760
260
[107] [108]
364 ± 6

СНзВг
2970
1310
610
3060
1450
950
[107] [108]
60.0±12

CFaBr
1080
760
350
1210
550
300
[108] [109] [ПО]
385 ± 6

СНзІ
2970
1250
530
3060
1440
880
[107] [108]
77.5ІІ5

CFal
1080
740
280
1190
540
260
[108] [111] [109]
432 ± 7

Table 5.3. Fundamenta/ energies of CCU (4 vibrational modes) and the resulting (Е ,ь)
-1
at 300 К. AH energies are in cm . Fundamental energies are rounded off to multiples of
1
10 cm- .
mode i/,
"1
I/J

"3

tfi/,

1
2
3
3

references
(£„,„) at 300 К

CCI4
460
220
790
310
[107] [108]
618±10

In this formula, the exponential factors express the fact that both collision partners have a MaxwellBoltzmann velocity distribution. The masses of the atomic and molecular reactant are denoted
as mi and ттіз respectively, the temperatures as Τι and T2. The temperature Ti is approximately
equal to 900 К for Sr and to 950 К for Ca and Ba. The fact that the collision rate is not only
proportional to the collision cross section (assumed constant here), but also to the relative velocity
|vi — V2I causes the presence of this factor in the formula. From equation (5.8) one can calculate
the collision energy distribution for arbitrary masses, temperatures and collision geometries. In the
past calculation have been performed for thermal beams [112] as well as non-thermal beams [5]. A
Monte Carlo method [113] is employed to obtain the distribution functions for the collision energy
shown in figures 5.1 to 5.3.
The average collision energy, {£col)i can be extracted from these figures, but for a beam-gas
arrangement an analytical expression can be derived. Due to symmetry considerations one can use
the same expression for the beam-gas case, in which one of the collision partners has an isotropic
angular distribution for the velocity, as for the case, in which both collision partners have an
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isotropic angular distribution, namely
<£col>

=

^(ivi-vjl2)
1
2

ƒƒƒƒƒƒ Iv, - V í f e - b W / Í W - O g - b W / í w , ) d37i
μ

d3f2

m

ƒƒƒƒƒƒ Ivj - v 2 | e-i »^/(WOe-Jm,vi/(Hi) ¿ з ? 1 ¿ з ^

- "(

^)
V mi

<">

7712 /

Неге /ι is the reduced mass of the M + RX system. The result is a factor 5 larger than an expression
sometimes seen in the literature (see e.g. [25]) that does not take the presence of |vi — V2I in
equation (5.8) into account. The values for the average collision energy (Ecoi) form the second
column of table 5.6.
5.2.3

Bond energies

For the reactions of the type investigated in this thesis the largest contribution to the energy avail
able for products E&yi comes from the reaction exothermicity. Therefore, it is of major importance
that accurate bond energies are available (for a discussion see [4], [40]). Erroneous determinations
of bond energies (see e.g. [4], [114], [115]) have led to misinterpretation of spectra of reactively ex
cited products ( [33], [34]). Especially in deriving bond energies from chemiluminescence spectra,
one has to be careful not to be misled by highly excited products that are the result of reactions
with metastable atoms. Details on how to accomplish this can be found in reference [116].
For the calculation of the exothermicity the dissociation energy with respect to the rovibronic
ground state at zero temperature, denoted as Dg, is of interest. Values for the dissociation energy
of diatomic molecules are listed in a number of reviews ( [82], [117] - [119]). Most updated, and
therefore most reliable, appears to be the list of Kerr [119]. The main source in this list for the
dissociation energies of alkaline earth halides DQ(M-X) is the work of Hildenbrand and coworkers
( [120] - [123]), who performed mass spectrometric studies of high temperature gaseous equilibria.
In table 5.4 all relevant DQ(M-X) are given.
Dissociation energies for organic halides are listed by Wentworth [124], McMillen [125] and
again by Kerr [119]. In all lists the dissociation energies are given at 298 K. The values are
converted to values at zero temperature Z3o(R-X) by applying the approximative relation [118]
^ M S = Do+ 0.0385eV. The results are listed in table 5.5.
5.2.4

Energy available for products

In table 5.6 a list is presented of all terms in the summation leading to the average availabl*> energy
(£»vi) using
ΕΛνι = £ m t,R-x + £CO1,M+RX + ^S(M-X) - £>S(R-X)
(5.10)
The uncertainty in the values for (ΕΛνι) is dominated by the uncertainties in the bond energies
ZJS(M-X) and ^ ( R - X ) .
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Figure 5.3. Distribution functions for internai energy ofCHsI (solid) and CF3I (dashed) at
Τ — 300 К, as well as for collision energy and total available energy of the reactive collisions
Ca + CH3I (solid), CF3I (dashed), Sr + CH3I (dash-dot), CF3I (dotted), Ba + CH3I (dashdot-dot), CF3I (long dashes). For Sr, Ti = 900 К. For Ca and Ba, T, = 950 К. For the
moiecuiar reactants, Tj = 300 К. The same units are used as in figure 5.1.
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Table 5.4. Bond dissociation energies of alkaline earth

Dg (in eV)
references \
Ca - X
Sr

-

Χ

Ba

-

Χ

monohalides

X = Cl

Х = Вг

X= 1

4 0 8 ± 0 13
[119] [120]
4 16 ± 0 13
[119] [120] [121]
4 48 ± 0 09
[119] [120] [121]

3 19±0 10
[119]
3 42 ± 0 10
[119] [121]
3 7 2 ± 0 09
[119] [121] [116]

2 91 ± 0 09
[123]
2 76' ± 0 06
[119] [122]
3 33 ± 0 06
[49] [123]

* The bond energies of Cal and Bal were recently determined ( [49], [123]) and found to be
approximately 0 2eV higher than the values reported by Hildenbrand et al in the 1970's [122]
It is quite probable that a similar correction is necessary for Sri (see section 7 4)

T a b l e 5.5. Bond dissociation energies of hahdes of methane

molecule
CH2CI - CI
СНСЬ - CI

ecu

- CI

CFa
СНз
CHjBr
СНВгг
СВгз
CF3
СНз
CH2I
CF3I

-

CI
Br
Br
Br
Br
Br
I
I
I

Dg (in eV) references
3 44 ± 0 2*
[125]
3 33 ± 0 2*
[125]
3 13 ± 0 08 [119] [125]
3 70 ± 0 04 [119]
3 00 ± 0 06
[119] [126]
2 67 ± 0 2*
[124]
2 37 ± 0 2"
[124]
2 40 ± 0 04
[119] [125]
3 03 ± 0 13 [119] [125]
2 44 ± 0 02 [125]
2 18 ± 0 05 [33]
2 28 ± 0 03 [119]

* Errors estimated by comparing the values of other dissociation energies determined by the au
thors, with later, more precisely determined values

Furthermore, the distribution function for the total available energy ΕΛνι is calculated by convoluting the energy distribution function for ^mt.R-x w i t h the distribution function for £col,M+RX>
and shifting it upwards by the amount of the reaction exothermicity DQ(M-X) - DQ(R-X).
The
results for all reactions investigated in chapters 6 and 7 are shown in figure 5.1 (c), 5.2 (c 4 and 5.3
(c). The widths of these distribution functions, given full width at half maximum (FWHM), form
the last column of table 5.6. Note that the spread in the available energy is almost as large as the
uncertainty.
The results of this section are used in the process of simulating spectra. For pragmatic reasons,
single cut-off energies are used instead of energy distributions. For equally pragmatic reasons,
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Table 5.6. A vai/ab/e energy for all reactions described m chapters 6 and 8 AH energies are
in eV*. The errors shown are standard deviations The resulting spread in Εαυι ¡s given as
the FWHM of the corresponding distribution function

Sr
Sr
Sr
Sr
Sr
Ca
Ca
Sr
Sr
Ba
Ba

reaction
+ CI - CH2CI
+ CI - CHCI2
+ CI - CCI3
+ Br - CH3
+ Br - CF3
+
I - CH3
+
I - CF3
+
I - СНз
+ I - CF 3
+ I - СНз
+ I - CFa

(£int R-x)
0 059
0 084
0 115
0 046
0 087
0 048
0 092
0 048
0 092
0 048
0 092

(See.)
0 103

oui
0 118
0 105
0 117
0 139
0 145
0 115
0 123
0 109
0 117

ßg(R-X)
3 44 ± 0 20
3 33 ± 0 20
3 13 ± 0 08
300±006
3 03 ± 0 13
2 44 ± 0 02
2 28 ± 0 03
2 44 ± 0 02
2 28 ± 0 03
2 44 ± 0 02
2 28 ± 0 03

DS(M-X)
4 16 ± 0 13
4 16 ± 0 13
4 16 ± 0 13
342±010
3 4 2 ± 0 10
2 91 ± 0 09
2 91 ± 0 09
2 76 ± 0 06
2 76 ± 0 06
3 33 ± 0 06
3 33 ± 0 06

(Яа і)

0 88±0 24
1 0 3 ± 0 24
126 ± 0 16
0 57 ± 0 12
0 59±0 17
0 66±0 10
0 87 ± 0 10
0 48 ± 0 07
0 70 ± 0 07
105 ± 0 07
1 26 ± 0 07

spread
0 18
0 21
0 23
0 17
0 22
0 21
0 25
0 18
0 22
0 17
0 22

• 1 eV = 23 045 kcal/mol = 8065 5 cm - 1

the calculated values for (ΕΛν\) are chosen as cut-off energies, when applicable. This choice is not
warranted on the basis of the large uncertainty, as well as the large spread in the available energy.
In fact, in some cases a higher cut-off energy has to be taken in order to satisfactorily simulate the
experimental spectrum.
Б.З
6.3.1

Surprisal distributions
Introduction

In this section expressions are derived for the prior distribution and the linear surprisal distribution
of vibrational and rotational state populations of the diatomic product.
The prior distribution (subsection 5.3.2) is the distribution with the highest possible entropy,
which is another way of saying that all accessible quantum states are equally probable. The
outcome of some reactions with complex mechanisms is known to be in accordance with the prior
distribution, but this is not the main reason of its significance. It primarily serves as a reference
distribution. When nothing is known about reaction mechanisms, the prior distribution forms the
best guess, the "prior expectation".
Observed distributions usually differ from the prior distribution. The difference can be quanti
fied by the amount, by which the entropy is less than the maximum entropy of the prior distribution.
This difference is called "entropy deficiency". A local measure of the entropy deficiency is known
as "surprisal". In subsection 5.3.3 alinear vibrational surprisal distribution is introduced, defined
by a parameter λ„. As the absolute value of A„ becomes larger, the deviation from the surprisal
distribution increases, in other words the observed distribution becomes more "surprising". In
chapters 6 and 7 vibrational population distributions are reported, characterized by large negative
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values for the surprisal parameter λ„. This means that a surprisingly large fraction of the avail
able energy is partitioned into vibration of the diatomic product, pointing out that the reaction
mechanism causes a high degree of specificity in the energy disposal. For more details on prior
distributions and the concept of surprisal we refer to the articles of Levine and Bernstein on this
subject (e.g. [20], [127]).
5.3.2

Prior distributions

The prior distribution is the population distribution, in which all possible quantum states are
equally probable under the restriction that the total energy of the product system is equal to
ΕΛνι. It is convenient to introduce the concept of "fractional energy", which is energy divided
by ΕΛνι. For the rovibrational state (r, J) of the diatomic product, a fractional vibration energy
fv(v) = Ευ(υ)/ΕΛνΐ and a fractional rotation energy /r(^) = ΕΤ{3)ΙΕΛ4\ are defined. Also /χ is
defined as the fractional energy for the relative translation of the products, and jv and /д as the
fractional energies for vibration and rotation, respectively, of the polyatomic product. For the
prior distribution /""(υ, J, fv, ÍR, fr) one can write
P0{v,J,fvjR,h)<X9{J)pVUv)pR{fR)pTUT)b{)--!Áv)-lÁJ)-fv-fR-fT)

(5.11)

Here g(J) is the rotational degeneracy of the diatomic product equal to 2J + 1. The translational degeneracy is expressed by the state density ρτ· For the polyatomic product the rigid-rotor
harmonic-oscillator (RRHO) approximation is used. In this approximation the rotation is de
scribed by nonlinear rigid rotor expressions (as in subsection 5.2.1), and the vibration of the
molecule is approximated by a system of coupled harmonic oscillators with fundamental energies
•C .Eavi· Therefore, the degeneracies of vibration and rotation of the polyatomic product can also
be represented by state densities, namely pv and PR respectively. The delta function takes care of
the restriction that the energies of the product system add up to ΕΛν\.
In the rest of this subsection expressions for the prior distributions P0{v,J) and P0{v) are
derived by integrating over the other variables. Part of the derivation can also be found in [128].
The problem of normalizing these expressions is postponed until later. This makes it possible to
drop any constant factors encountered on the way.
First an integration over ¡R is performed by using the following expression for the density of
states of a nonlinear (3 independent rotation axes) rigid rotor
(5.12)

PRUR) « /я
The result of the integration is
Л * , J, fv, h) « g(J)pv(fv)PT{fT)(l

- Mv) - fr(J) -fv-

/T)1/2

(5.13)

The density of states for a system of coupled harmonic oscillators is given by (see [128])
fr \
ρν{Εν) =

Ev

4s)

'~l
— —
II,=1 " " ι

(5.14)
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Неге s is the number of vibrational degrees of freedom. The (halogenated) methyl radicals, consist
of four atoms and have a non-linear geometry, which means that s = 6. From equation (5.14) the
following proportionality is extracted.
pv(fv)

5

« fv

(5.15)

Integrating over fv now leads to
Л",

J, IT) « 9{J)PTUT)

(1 - ƒ„(*) - A(J)

- /T)

1 3 / 2

(5.16)

Integrating over /τ with
Рт{Іт) ОС / Τ

1/2

(5.17)

yields
РОС«, J ) « ¡/(J) (1 - Mv) - fr(J))s

(5.18)

In this expression the rovibrational prior distribution is given as a function of the fractional energies
ƒ„ and fT only.
As Ел \ is much larger than the rotational В constants for alkaline earth monohalide molecules,
it is also justified to consider the fractional energy fr as a continuous variable, and to replace the
rotational degeneracy g(J) by the state density Pr(fr) given by the expression for linear rigid rotors
(2 independent rotation axes) according to
=> М Л ) « 1

g{J) = 2J+l

This leads to the following expression for the vibrational distribution
і > > ) « (1 - Mv)?

(5-19)
P0^)
(5.20)

The normalization condition for the vibrational prior distribution is
p

1

Σ >} =

5 21

(· )

tj=0

Here v* is the quantum number of the highest vibrational state energetically accessible. P0(v, J)
is normalised by

Σ Σ **(*,') = ι
v=0

(5·22)

J=0

where J'(v) is the largest possible rotational quantum number for a specific v. Of importance for
the simulation procedure is the u-dependent rotational prior distribution P¡!{J) defined by
^[ν,^ΞΡ0^)^)

(5.23)

From this definition and the equations (5.18) and (5.20) it is derived
F°(J) « (2J + 1) (1 - fv(v) - fr(J))S

(5.24)
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The normalization condition for this distribution is
J »

^^) = 1

Σ

(5-25)

j=o
0

It is illustrative to use the vibrational prior distribution P ^) given by equation (5.20) to
calculate the average fractional vibration energy (ƒ„), which leads to the result ^ . In the same
way expressions for all single parameter prior distributions can be derived. From these it follows
that the average energies relate as
{E„) : (ET) : (Ey) : (ER) : (ET) = 2 : 2 : 12 : 3 : 3

(5.26)

This is the same partitioning one would find for this system in Boltzmann equilibrium at high
temperatures.
5.3.3

Linear surprisal distributions

The surprisal I(v) of an observed vibrational population distribution P(v) of the diatomic product
is defined as
Ρ(υ)
Ι(υ) = -1η
(5.27)
pofv)
Here P0^) is the vibrational prior distribution according to equation (5.20).
A plot of the surprisal for an observed distribution versus the fractional energy fv(v) often shows
a straight line. In that case the observed distribution is called a linear surprisal distribution. The
parameters λο and A„ are introduced by the equation
= λο + λ„ ƒ„(*)

I(v)

(5.28)

From the equations (5.20), (5.27) and (5.28) the following expression is derived for the linear
vibrational surprisal distribution of the diatomic product, denoted by i' A "(f)
Ρχ°(ν)

«

P^e-*«'"'")

« (l-MtOfe-*·'»*")

(5.29)

The parameter λ„ is called the vibrational surprisal parameter. The parameter XQ is absent in
the expression since it is not an independent parameter but can be considered a part of the
normalization procedure. The prior distribution can be regarded as a special case of the linear
surprisal distribution with λ ν = 0. The normalization condition for P^^v) is
v'

ΣΡχ'{ν) = 1

(5.30)

v=0

The normalization is performed numerically in the computer program used for the spectrum sim
ulations (see section 5.4).
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From the linear dependence of the vibrational surprisal l(v) on the fractional energy fv(v)
λ
an expression for linear vibrational surprisal distribution Ρ ''(υ) was derived. In the same way a
linear dependence of the surprisal Ι ( υ , J) of the diatomic product's rovibrational population on the
fractional energy ƒ,·(./) can be used to obtain an expression for the linear rovibrational surprisal
distribution. The surprisal Ι ( υ , J ) is defined by

I(v,J)

=

-b

PM
P°(v,J)\

Here P0^, J) is the rovibrational prior distribution of equation (5.18). The parameter г is called
the rotational surprisal parameter. In order to derive an expression for the rotational surprisal
distribution analogous to equation (5.29), the rovibrational population distribution function is
factorized in the same way as was done for the prior distribution in equation (5.23), by defining
P(v,J)

(5.32)

= P(v)Pv(J)

Combining this equation with equations (5.18) and (5.31) leads to the following expression for the
linear rotational surprisal distribution P^{J)
Pt'{J)

«
«

i*(j) e -«r/r(J)/(i-/.M)

(5.33)
8

<

ƒ

,

1 ƒ

(2J + 1) (1 - ƒ„(«) - / r ( J ) ) e<- ''• '<•»/< - ^'<^'»

(5.34)

Here P%{J) is the «-dependent rotational prior distribution given by equation (5.24). The normal
ization condition is
J-(v)

This normalization is also performed numerically as part of the simulation routine.
When £ a v i is much larger than the fundamental energy of the diatomic vibration and anharmonicity is neglected, the fractional energy ƒ„ can be regarded as a continuous variable, and
summations over ν can be replaced by integrations over ƒ„. Starting from this approximation and
equations (5.29) and (5.30), the average fractional energy (ƒ„) the most probable value for ƒ„,
and the width (FWHM) of the vibrational energy distribution expressed as fractional energy are
calculated for a series of linear vibrational surprisal distributions with negative values of λ ν . These
quantities are plotted against —λ„ in figure 5.4. Note that the single parameter λ„ determines
both the peak and the width of the energy distribution. The value of (ƒ„) for λ,, = 0 is equal to
22, the prior distribution result derived in the previous subsection. Figure 5.4 will be of practical
use in chapter 7. The most probable vibrational quantum number t; often can be deduced from
an experimental LIF spectrum on first sight. After calculation of the the fractional energy ƒ„
corresponding to this t; the dashed curve of figure 5.4 produces a first estimate for the surprisal
parameter λ„.
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Figure 5.4. Some properties of the linear vibrational surprisal distribution according to
equation (5 29) Plotted against —\v are the average fractional energy (ƒ„) (solid), the
most probable value for ƒ„ (dashed), and the width (FWHM) of the vibrational energy
distribution function (dash-dot)

5.4

Spectrum simulation

For the simulation of the LIF spectra a computer program is employed originally written by
Altkorn [129] for the Α 2Π-Χ 2Σ transitions of CaF. The program was further developed by Maurice
Janssen, and the option of simulating 2 Σ — 2 Σ transitions was brought into the program by Eddy
van Kleef (both University of Nijmegen). The actions taken in the computer program can be
summarized as follows. For a specific sequence of vibronic transitions the rovibronic line positions
are calculated for all six rotational branches using available spectroscopic data. The intensity of
each line is weighed by an assumed vibrational population P(v) and rotational population P"{J).
In principle, the line intensities also have to be weighed by the Franck-Condon factors for the
vibronic transition, and by the rotational transition strengths, but this is adressed again in chapter
6. A simulated spectrum is obtained by assuming that all spectral transitions have a Gaussian
frequency profile. No corrections are made for variation of the laser intensity over the range of the
spectrum. The simulated spectrum is compared visually with the observed spectrum. In j^neral,
this raises the need of modifying (a) the spectroscopic constants, and/or (6) the rovibrational
populations. The procedure is iterated several times to obtain a "best fit". This trial-and-error
procedure is nothing like a true fitting procedure in a sense of a systematic search for a best fitting
population, combined with a statistical analysis of the reliability of the result [130]. Clearly, not
everybody will appreciate our approach, as is also illustrated by the scornful opinion of W.H. Press
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et al. ( [105], p. 499): "... They deem a fit acceptable if a graph of data and model "looks good".
This approach is known as chi-by-eye. Luckily, its practioners get what they deserve. ..." In the
rest of this section some elements of the simulation procedure are further elucidated.
2
2
2
2
Line positions for the Π — Σ or Σ — Σ transitions are calculated using effective spectroscopic
2
2
constants, or using deperturbed constants combined with Α Ι Ι ~ Β Σ interaction parameters.
This is done from N" = 0 up to a certain cut-off level, usually N" = 300.
For the assumed rotational population Pv{J) several options can be found in the literature.
1. A Boltzmann distribution defined by a single rotational temperature ( [4], [29], [30]).
2. A Boltzmann distribution with a rotational temperature that decreases with increasing vi
brational quantum number ν [131].
3. A linear surprisal distribution defined by a single rotational surprisal parameter г [32] or a
v-dependent surprisal parameter 0" (see e.g. [5], [6], [25])
4. A (r-dependent) Gaussian distribution multiplied by the rotational degeneracy 2J + 1 [36].
In the simulations presented in chapters 6 and 7, single temperatures or single surprisal parameters
are use to parametrize the rotational population distribution. In some of the spectra, the tendency
that the degree of rotational excitation decreases with increasing t; is very dear. A single parameter
rotational surprisal distribution is then the simplest distribution that takes this effect into account.
Agreement with experimentally determined spectra is often satisfactory. This makes the use of
more refined rotational population distributions unnecessary and also unjustified.
For the vibrational population P(v) either a linear surprisal distribution defined by a single
parameter А„, or a population distribution derived from a Gaussian distribution of the vibrational
energy with a cut-off at Ел \ is assumed. This Gaussian distribution is characterized by two
parameters: (a) the vibrational energy with maximum probabibty, and (b) the width of the energy
distribution. In some cases a minor "fine-tuning" is performed by individually adjusting the
vibrational populations for specific vibrational quantum numbers
In the convolution routine a Gaussian frequency profile is used with an adjustable width. This
shape corresponds to the frequency profile of the broadband laser. When pulsed lasers are applied,
where saturation is caused by Rabi oscillations, the effect of saturation on the line shape can be
taken into account by using a Lorentzian profile for the convolution routine [113]. In chapter 4
it is observed that saturation by optical pumping causes an "exotic" lineshape, which is neither
Gaussian nor Lorentzian; a shape actually depending on all kinds of unknown quantities. The
rescue comes from the fact that the overall shape of the simulated spectra turns out to be rather
insensitive to the precise shape of the individual lines. The choice of using a Gaussian profile is
therefore justified, although somewhat arbitrary. The sensitivity of the spectra to the width of the
individual lines is, however, notable. A procedure of adjusting the width by trial-and-error, until
a best fit is obtained, gives satisfactory results.
More details on simulation procedures using different population distributions can be found in
the literature ( [4] - [6], [25], [36], [130] - [132]).

Chapter 6

A testcase

Θ.1

Introduction

In this chapter several assumptions described in the preceding chapters are tested. To accomplish
this, continuous-wave laser-induced fluorescence (CW LIF) spectroscopy is performed on calcium
monoiodide formed in the reaction Ca + CH3I -+ Cal + CH3. This is a well-studied system and
therefore suitable for verifying the hypotheses.
In 1981 Reisner et al. [85] reported results of high-resolution spectroscopy on the (v', v") —
2
2
(3,1), (4,2), (0,0), (0,1), (1,2), (2,3), (3,4) bands of the Β Σ - Χ Σ electronic transition and on
2
2
the (ν',υ") = (0,0),(1,1) bands of the А П1/2,з/2 - Χ Σ electronic transitions of Cal. For the
analysis of the results they foUowed the "direct two-state fit approach" (see section 3.4). They
2
2
2
2
simultaneously fitted the Α Π - Χ Σ (0,0) band with the Β Σ - Χ Σ (0,0) band, and the
2
2
2
2
Α Π - Χ Σ (1,1) band with the Β Σ - Χ Σ (1,2) band. For the fit they introduced pertur
bation matrix elements to account for the Α 2 Π(ι> π = 0) ~ Β 2 Σ ( ΐ ) Σ : = 0) and Α 2 Π ( υ π = 1) ~
Β 2 Σ ( υ Σ ' = 1) interactions respectively. In 1985 very accurate spectroscopic constants were deter
mined by Törring et al. [56] from microwave spectra. In 1988 He et al. [25] studied the reactions
Ca + CH3I, CF3I —• Cal + CH3, CF3 by pulsed LIF spectroscopy. They determined the vibrational
state distribution and estimated the rotational energy of the Cal product. They also presented
a set of effective spectroscopic constants reproducing the bandhead positions of the А 2 П - Χ 2 Σ ,
Δι; = 0 sequence up to υ ' = 19.
To calculate line positions for the spectrum simulations the direct approach is followed, and
a set of spectroscopic constants and perturbation parameters is used similar to that of Reisner et
ai. Since spectroscopic bands are observable up to v' = 10, the parameter set had to be enlarged
and parameters adjusted to reproduce the bandhead positions. The spectroscopic constants and
perturbation parameters used for the simulations shown in this chapter are Usted in table 6.1.
Since the spectroscopic constants obtained by Reisner et al. are "deperturbed", they can be
used for the construction of potential energy curves and the calculation of Franck-Condon factors.
For the Α 2 Π — Χ 2 Σ and Β 2 Σ - Χ 2 Σ transitions Franck-Condon factors are calculated by R,eisner
et al. up to υ = 5 [85] and by Van Kleef [133] up to ν = 13. For the Α 2 Π - Χ 2 Σ , Av = 0 vibronic
transitions Franck-Condon factors up to υ = 16 are calculated by He et al. [25]. The values of
Reisner and Van Kleef are in close agreement, whereas there is some disagreement with the values
of He. The values of Van Kleef, listed in table 6.2, are used for spectrum simulations.
The experimental CW LIF spectrum of figure 6.1 is the result of a single, long scan. Shown
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Table 6.1. Spectroscopic constants (deperturbed) and perturbation parameters (see matrix
elements in equation (3.18)) used for the spectrum simulations in this chapter. Note: these
constants satisfactorily reproduce bandhead positions for v-values up to 10. They have not
been optimized for ν > 10. Also, cross-correlations have not been taken into account yet.
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a. from reference [85]
b- Xv = Е„Х.Л +$У [JiJ + VY, X„ = Λν,ξ,η,ρ,

are the Δυ = - 1 and Δυ = 0 sequences of the A 2 ! ! ^ , A 2 ІІз/2,В 2 Е - Χ 2 Σ electronic transitions.
The figure also shows the laser power as a function of frequency. The focusing conditions, needed
to convert laser power to intensity of the light field, are described in subsection 4.3.1. The dye
used in this experiment is a mixture of Rhodamine 101 and Rhodamine 6G (see section 2.5). The
recorded spectrum is similar to the published pulsed LIF spectrum of He et ai. However, the
signal-to-noise ratio of the CW LIF spectrum appears to be superior.
A first observation is that the overall shape of the spectrum does not rely on experimental
conditions. Even lowering the laser intensity by a factor of 100 has no detectable influence on the
relative intensities of the bandheads within a sequence and the relative strengths of the sequences
within the spectrum. This observation rules out the possibility that the spectrum is partially
saturated. The remaining options are that the spectrum is in all cases far from saturation or well
within saturation. A second remark is that in principle each sequence contains the full information
on the Χ 2 Σ rovibrational state distribution of the Cal radical. One can say that the same internal
state distribution is probed in six different ways. These two properties of the spectrum are exploited
in the next two sections to perform two types of analysis.
1. Vibrational state distributions resulting from separate "best-fit" simulations of different se
quences are compared. For this the Δυ = —1 and Δυ = 0 sequences of the А 2 Пз/2 — Χ 2 Σ
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Table 6.2. FVandc-Condon /actors for the А2Π - Χ2Σ

and Β2Σ-Χ2Σ

transitions in

C a l [133]

ν"

0
1
2
3
4
5
б
7
8
9
10
11
12
13

Α2Π-Χ2 Σ
Αυ = - 1 Δυ = 0 Δυ = + 1
0 943 0 057
0 054
0 830 0 113
0 104
0 720 0 167
0 148
0 616 0 217
0 185
0 522 0 262
0 211
0 444 0 298
0 225
0 382 0 328
0 232
0 329 0 354
0 239
0 276 0 380
0 245
0 224 0 405
0 248
0 177 0 428
0 244
0 136 0 447
0 237
0 101 0 462
0 227
0 073 0 473

2
Β^-Χ Σ

Δι; = -1
0 159
0 232
0 258
0 261
0 259
0 259
0 253
0 235
0 205
0 170
0 140
0 114
0 093

Δι; = 0
0 815
0 530
0 348
0 229
0 147
0 084
0 037
0 009
0 0001
0 003
0 010
0 019
0 029
0 039

Δυ = +1
0 175
0 286
0 355
0 395
0 412
0 407
0 386
0 355
0 327
0 304
0 284
0 264
0 241
0 389

transitions are chosen.
2. The complete spectrum with six vibronic sequences is simulated starting from different as
sumptions. The overall shape of the simulated spectrum is compared with that of the exper
imental spectrum.
These analyses are performed assuming no saturation or complete saturation by Rabi-oscillations
(section 6.2) and also assuming saturation by optical pumping (section 6.3).
Θ.2

Saturation-free or Rabi-oscillations?

The observation that the overall shape of the spectrum does not depend on experimental conditions
is consistent with the case of no saturation as well as complete saturation. However, the observation
that the dependence of spectrum intensity on laser power is clearly less than linear speaks strongly
against the former option. This becomes even more clear when a spectrum simulation based on
saturation-free conditions is attempted.
Figure 6.2 shows such an attempt. In the simulation the intensities of the rovibronic lines
are multiplied by the Franck-Condon factors (table 6.2) and the 2 Π — 2 Σ and 2 Σ — 2 Σ rotational
transition strengths (section 3.3.2). The intensities of Β 2 Σ — Χ 2 Σ lines are multiplied by 0.82
to account for the difference in electronic transition strength (Einstein A-coefficient, derived from
radiative lifetimes, see table 3.1). A linear dependence of the spectrum on laser power has also
been taken into account. To accomplish this, the experimentally determined frequency dependence
of the laser power (dye output curve) in the region of interest was approximated by a polynomial
function. For the vibrational state distribution, chosen as input for the simulation, we take the
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Figure 6.1. Expérimentai C W LIF spectrum of Col, formed m the reaction of Ca with
СИ3І Shown are the Δυ = -1 and Δν = 0 sequences of the Α 7Πι/ί, А 2 П з / 2 , Β 2Σ - Χ 2Σ
electronic transitions
The spectrum is normalized to the most intense spectral feature,
1 e the QÎ + P u bandnead of the А3Пз/2 — Χ2Σ(2,2)
vibróme transition
Note the
factor 2 difference in sensitivity between the upper and lower part The "wiggling" that
con be discerned ID the blue port of each sequence, but especially well for the Β 2Σ — Χ 7Σ,
Δν = —1 sequence, is not noise, but completely reproducible structure It originates from a
coincidental congestion ofR-type rotational lines in the region of the Fortrat diagram where
the density of optical transitions allows for partial resolution of the individual lines
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Figure 6.2. Simulated spectrum corresponding to the experimental spectrum of figure в 1
under the assumption of saturation-free conditions The intensity of each rovibronic Ime
is weighed by the ground state rovibrationaJ population, by the electronic, vibrational and
rotational transition strengths, and by the intensity of the laser at the excitation frequency
The frequency dependence of the laser intensity, approximated by a polynomial expression,
is also plotted (dashed curve) For the convolution a Gaussian profile with a FWHM equal to
the bandwidth of the laser (0 3 cm'1) is used Due to this small hnewidth, the "wigglin ,
referred to in the caption of figure 6 1, can also be seen m this simulation For the input
vibrational population the final result given in figure 6 4 (d) is taken For the rotational
population a thermal distribution defined by a rotational temperature Tr = 600 К is used
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liberty of jumping to conclusions, and use the final result of the analyses depicted in figure 6.4 (d).
For the rotational populations a Boltzmann distribution characterized by a rotational temperature
T r = 600 К is used.
The result of the simulation does not agree very well with the experimental spectrum. Espe
2
2
cially the strength of the А П — Χ Σ , Αυ= —1 sequences, characterized by low Franck-Condon
factors, seems to be underestimated as compared with the Δν = 0 sequences. This is a strong
indication that saturation is indeed present.
Therefore, the option of "conventional" saturation by (dephased) Rabi-oscillations is investi
gated. With this type of saturation the LIF signal produced by the proces of spontaneous emission
decreases because of competition with the process of stimulated emission. Another way of looking
at it is that the population of the upper level (level 2 in figure 4.1) is less than expected from the
rate of absorption due to the Rabi-cycles. In the high-power limit the Rabi-oscillations provoke a
constant population ratio between upper and lower level equal to the ratio of the degeneracies of
these levels. In this picture the upper state population, and therefore the LIF signal, is independent
of laser power. Still there is a qualitative agreement with the observed power dependence. Increas
ing leiser power has a "spatial" effect, as it extends the excitation volume within the reaction zone.
The properties of a spectrum dominated by conventional saturation are put into the simulation
shown in figure 6.3. Transition strengths and power dependence have not been taken into account.
The contributions to the spectrum of individual rovibronic transitions are only given by the lower
state rovibrational population distribution, which has been taken the same as in the previous case.
The effect of line broadening by saturation is introduced by applying the "trial-and-еггог" result
of 0.6 c m - 1 instead of the laser bandwidth of 0.3 c m - 1 as FWHM of the frequency profile into the
convolution routine.
The agreement between simulated and experimental spectrum is poor. The strength of the
А 2 Π - Χ 2 Σ , Δι; = - 1 sequences is now overestimated. It is only the absence of the band for v' = 0
that makes them slightly weaker than the diagonal transitions, whereas the experimental spectrum
shows a difference of more than a factor 2. On the other hand the simulated spectrum illustrates
that increasing the width of the individual lines to 0.6 c m - 1 FWHM does give an improvement. The
inspection of the overall shape of the spectra leads to the conclusion that neither the assumption
that conditions are free of saturation nor the assumption that they are dominated by conventional
saturation gives a satisfactory explanation of all aspects of the experimental spectrum.
Beside the simulation of all six sequences of the spectrum starting from a single internal state
2
2
distribution, separate "best-fit" simulations for the А Пз/2 — Χ Σ , Αν—— 1 and Δυ = 0 sequences
are performed for both assumptions. Figure 6.4 displays the resulting vibrational state distributions
for saturation-dominated (a) and saturation-free (b) conditions. In both cases the distributions
derived from the different sequences are clearly contradictory.
We conclude this section by summarizing that the experimental spectrum is dominated by
saturation. The saturation has the effect of levelling up the strengths of sequences with low and
high Franck-Condon factors. It also introduces a considerable line broadening. However, the
saturation is not of the "conventional" type.

A testcase

79

laser wavelength (nm)
652

648

650

646
1

•β LO

1

S 05
'Я

s
fc 00

I

15350

I

I

I

15500

15400

laser frequency (cm-i)
laser wavelength (nm)
63

15600

15650

15700

15750

laser frequency (cm-1)

Figure 6.3. Simulated spectrum corresponding to the experimental spectrum of figure
6 1 under conditions of conventional saturation The intensities of the rovibronic lines are
weighed only by the rovibrational populations
The influence of transition strengths and
laser power is neglected For the convolution a Gaussian profile with a FWHM equal to
О б c m - 1 is used The same internal state distribution as in figure 6 2 is taken
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complete saturation by Rabi-oscillations, (b) no saturation, and (c) saturation by optical
pumping In the simulations the rovibronic line intensities are multiplied by (a) the (effec
tive) vibrational population only, (b) the vibrational population times the Franck-Condon
factor qv'v", and (c) the vibrational population times an optical pumping factor , _ *
The JFVanct-Condon factors jv'u" for the sequences Δν = — 1 (χ) and Л = 0 (+) are plotted
in (b) The correction for saturation by optical pumping (c) is very successful in bringing
the population distributions for the Δν = —1 and Δν = 0 sequences together The average
result of these two corrected distributions is taken as the final result In (d) the final result
(circles) is compared with the result of He et al [25] (diamonds) derived from an experiment
with pulsed lasers
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Optical pumping!

The previous section pointed out the need for a somewhat detailed description of the effect of optical
pumping. In chapter 4 on the theory of optical pumping it became clear that a quantitatively
correct description of optical pumping in rovibronic spectra of alkaline earth monohalides is a
tedious task, mainly because the average distance in frequency between optical transitions is small
compared to the bandwidth of the exciting laser. Therefore, the simplifying model of a "leaking
two-level system" was used for the calculations. In this model level 1, 2 and 3 (see figure 4.1)
all represent a group of actual rovibronic levels. One of the simplifying assumptions is that the
levels of the electronic ground state either do (level 1) or do not (level 2) have optical transitions
upward on resonance with the laser. This is a rather arbitrary separation, since there are always
transitions with some detuning to the laser frequency. An important quantity is the factor a, the
fraction of the spontaneous emission transitions leading back to level 1, whereas a fraction 1 - a
makes a transition out of the two-level system to level 3. The results of the calculations in chapter
4 indicate that over a large range of values of a, the number of photons produced by spontaneous
emission during a passage through the laser beam is very well approximated by the expression
j4^. In subsection 4.2.2 processes contributing to the loss fraction 1 —о are listed. The quantity
α can be regarded as a the net result of a multiplication of a's determined by these individual
processes. Processes like interaction between different electronic states, collisional relaxation and
the influence of the 2 Δ state are difficult to quantify, because reliable data are lacking. Difficult to
quantify is also the loss process of radiative decay to another rotational state or another e/f parity.
Here the probability of transition to the other state is given by the well-known rotational transition
strength, but the definition of "loss" becomes a problem. When the excitation transition is onresonance with the laser frequency, the rotational transition in the same branch starting from the
newly populated rotational level is generally off-resonance. How far off-resonance depends strongly
on the position of the transition in the Fortrat diagram. The three-level model is clearly too simple
to describe these processes properly.
The only process that can be easily quantified is the process of radiative transition to another
vibrational state. Rovibronic transitions with the same J but with different υ are far apart in
comparison with the laser bandwidth. The α for this particular process is therefore equal to the
Franck-Condon factor of the transition 2 *-> 1. It is fortunate that the process involving the
vibrational states is the one that can be taken into account, since it is the population distnbution
over these vibrational states that forms our main interest. An additional simplification of the
situation is introduced by the following definition.
a = a' Я ' "

(6.1)

Here qvivii is the Franck-Condon factor of the transition v' <-» υ", and a' represents ti a for
the remaining processes. The quantity a' still depends on the specific quantum state of the
molecule. The simplification is that this is neglected, and that a' is treated as ал adjustable,
state-independent parameter.
Can a single value of a' be found to reproduce the correct relative strengths of the different
sequences in the long scan? The answer is yes. In figure 6.5 a long scan simulation is plotted based
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on a value of a ' equal to 0.8. In the simulation the same internal state distribution and linewidth
is used as in the conventional saturation case. Transition strenghts and power dependence are also
neglected. However, the intensity of each rovibronic line is multiplied by the optical pumping factor
6
i-o s α , ι/· T ^ agreement between simulated spectrum and experimental spectrum is satisfactory
in all aspects.
The confidence in the approach and in the derived value a' = 0.8 increases when the conse
quences on the vibrational population distribution determined from separate "best-fit" simulations
are regarded. In figure 6.4 (c) the distributions derived from the A2Il3/2 ~ Χ 2 Σ , Δυ = —1 and
Δυ = 0 sequences are presented with the proper correction for optical pumping. There is now
close agreement between these distributions. The average result of these distributions forms the
final result used earlier in the long scan simulations. Note how close the final result comes to the
uncorrected (effective) distribution for the Δυ = - 1 sequence. This is a mere result of the fact that
in this sequence the Franck-Condon factors are close to zero, and therefore the optical pumping
factors are close to unity. In fact, this is always the case, irrespective of the value of a'. In other
words, if for the excitation a sequence is chosen with Franck-Condon factors close to zero, the loss
process of radiative transition to another vibrational state becomes the dominant one. Every pas
sage of a molecule, in a suitable quantum state, through the laser beam gives rise to a number of
spontaneously emitted photons very close to one. The correction for the effect of optical pumping
becomes superfluous, and the spectrum can be treated as a conventionally saturated spectrum.
In figure 6.4 (d) the final result is compared to the result of He et al. determined by LIF
spectroscopy with pulsed lasers, where optical pumping has no significant influence. The agreement
of our final result, corrected for optical pumping, with their result is satisfactory. The population of
the v" — 0 state is somewhat lower in our case. This could be attributed to a larger influence of oven
reactions in the experiment of He tt al.. The higher population for high ν in the distribution of He
et al. is in qualitative accordance with the fact that in an experiment with pulsed lasers densities
are measured instead of fluxes. To gain insight into state-dependent reaction rates one has to know
the flux of product molecules, a quantity directly determined with the CW LIF technique in the
optical pumping limit (see chapter 4). A conversion from density to flux, not performed by He
et al., lowers the vibrational population for highly excited states, since due to energy restrictions
they are bound to be slower.
What have we learned from this testcase? That a quantitative description of the influence of
optical pumping on CW LIF spectra of alkaline earth monohalides is (a) necessary, (6) tedious,
and (c) not impossible, especially if one is only interested in the vibrational state population
distribution. An optical pumping correction factor given by l_0^q l successfully reproduces the
observed relative strengths of the different sequences and also leads to a unique vibrational state
distribution. Problems can be bypassed by selecting for the excitation a sequence with FranckCondon factors close to zero. The derived vibrational state distribution has the advantageous
property that it is directly coupled to product flux instead of density.
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Reactions of strontium with halogenated methanes

7.1

Introduction

In this chapter the results of studies on beam-gas reactions of strontium with several halogenated
methanes are presented. In section 7.2 three reactions leading to SrCl product are described,
i.e. the reactions of Sr with CH2CI2, CHCI3 and CCI4. Simulations of measured spectra lead to
the determination of vibrational state population distributions as well as to an estimate of the
rotational excitation of the SrCl product. The obtained distributions give rise to a discussion of
the influence of oven reactions.
Section 7.3 concerns the reactions of Sr with СН3ВГ and CFsBr leading to SrBr product.
Experimental and simulated spectra are presented, as well as the derived information on the
rovibrational state distribution of the SrBr product. Complications in the spectroscopy of SrBr
due to strong local perturbations and anomalous behaviour of the Franck-Condon factors are
emphasized.
Section 7.4 is dedicated to the reactions of Sr with CH3I and CF3I, and a comparison to
reactions of Ca and Ba. The latter reactions have been previously investigated by pulsed LIF. The
main reason to revisit them is to obtain a semi-quantitative comparison of reactive cross sections.
The results of this comparison was given in section 1.4.
The chapter is closed by section 7.5 with some concluding remarks. The amount of energy
disposed into vibration and rotation of the diatomic product for the different reactions is tabulated.
A parallel is drawn between the reactions of Sr and the reactions of Ca and Ba.

7.2

Reactions of Sr with CH2CI2, CHCI3 and CCI4

SrCl has been the subject of several spectroscopic studies. Rotational analyses of Sr 3^C1 and
Sr 3 7 Cl were performed by the Ernst et al.. They analyzed the (0,0), (1,1) and (2,2) vibrational
transitions of the А 2 П — Χ 2 Σ [91] and Β 2 Σ - Χ 2 Σ [84] electronic transitions, and perfonnwi a
deperturbation of the Α 2 Π ~ Β 2 Σ interaction [91]. This has led to a large number of efiective as
well as deperturbed spectroscopic constants. Local perturbations were observed due to Α 2 Πι/2
(w+l) ~ А 2 Пз/2 (ν), interaction [91].
SrCl has also been the subject of chemical studies. Examples are the studies on the reac
tions Sr + CCI, — SrCl + CCI3 [26], Sr + CI2 - SrCl* + CI ( [134], [135]), Sr* + Cl 2 - SrCl* + CI
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( [12], [114], [137], [136]), Sr* + HCl -» SrCl* + H ( [12], [138]), and Sr* + CCL,,IC1 - SrCl*+
СС1з,І [12].
The only suitable vibronic sequence to determine the internal state distributions of the SrCl
2
2
2
products is the Β Σ - Χ Σ , Δι; = 0 sequence. The Ω-subcomponents of the Α Π state are per
2
2
2
2
turbed by the A n 1/ f 2 (υ+Ι) ~ А Т1з/2 (^) interaction. Off-diagonal sequences of the Β Σ — Χ Σ
transition are weak, indicating that the Franck-Condon factors are nearly diagonal up to high values
of υ. Furthermore, the Β 2 Σ — Χ 2 Σ , Δυ = —1 sequence is badly overlapped by the Α 2 Π 3 /2 - Χ 2 Σ ,
Δι; = + 1 sequence. The Β 2 Σ - Χ 2 Σ , Αν = +1 sequence suffers from tail formation (see sec
tion 3.3.1) at low v. Therefore, the Β 2 Σ - Χ 2 Σ , Δυ ~ 0 sequence is chosen for the excitation.
Spectroscopic constants used for the simulations are listed in table 7.1.
Table 7.1. Spectroscopic constants for the Χ2Σ and Β2Σ electronic state of Sr35Cl en
Sr37Ci used m the simulations shown in figure 7 1,7 2 and 7 3
Sr

constants
(cm
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Уоо
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ь

307 056
10156

4 524
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15722 8 3 "
ь

Уто
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ые
UeXc

'SCI

X2E

1

-

μ-1
μ-3/2
μ-2

ь

μ'1
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a Sr Cl constants calcnlated with the relation ¡ j l ^ l ^ j ! = 1 04020 [91], where μ is the reduced
mass, the natural abundancies oí Sr 3SC1 and Sr 37C1 are 0 755 and 0 245 respectively
b from reference [84]
с effective constants reproducing bandhead positions for the Β 2 Σ — Χ 2 Σ , Διι = 0 sequence

Using a sequence with high Franck-Condon factors could introduce a problem, since in the
optical pumping regime the LIF signal can be strongly influenced by small variations of these
Franck-Condon factors. To verify that the optical pumping correction factors ( y ^ , see chapters
4 and 6) are sufficiently constant over the sequence, a spectrum of SrCl with a predetermined
vibrational state distribution was recorded. For this purpose thermal SrCl, formed in the oven
reaction Sr + SrCh —» 2 SrCl, was applied. A spectrum simulation with a Boltzmann vibrational
state distribution characterized by the oven temperature (T^ = ТОУм, = 900 К) showed a satisfactory
agreement with the experimental spectrum, without any correction for optical pumping. Therefore,
no correction for optical pumping is performed in the vibrational analysis of the spectra of SrCl
formed in direct reactions.
The experimental spectrum of SrCl formed in the reaction of Sr with CH2CI2 is displayed in
figure 7.1 along with a simulation result that shows an excellent agreement with the experiment.

87

Reactions of strontium 'with halogenated methanes

LASCH WAVELENGTH Ifml
635
-U

I

0
i,

'

I
15720

'

1——*—ι—»

ι

5
и

s

ν-—ι

0
λ

I
'
I
П7<.0
LASER FREdUENCY lem-')

15760

10
5

^ •* * *—

10

1—ι—ι—>—h-

Γ

±

Ρ2

i

I

15720

15740

' Ι ι Ι ι Ι ι

0 50 100 150 200 250 300

laser frequency (cm-1)

F i g u r e 7.1. Experimental (top) and simulated spectrum (bottom) of SrCI formed in the (oven-)reaction of
Sr with CfyCli
The Β 2Σ — Χ •2Σ, Δυ = 0 sequence ¡s shown For the simulation the spectroscopic constants
of table 7 1 are used The SrCI vibrational and rotational state distributions are thermal with temperatures
Tv = 900 К and ΤΓ = 600 К for vibration and rotation respectively A Gaussian frequency profile with a FWHM
of 0 5 c m - 1 js used m the convolution routine in the simulated spectrum, P i and P2 bandhead positions are
indicated The marks pointing upwards refer to the bandheads of Sr 3 5 Cl, the maries pointing downwards to
those of Sr 3 7 Cl

Chapter 7

88

The input data of the simulation are mentioned in the caption. The recorded spectrum clearly is
a thermal spectrum, which implies that the detected products are formed within the oven. It is
stronger than the thermal spectrum of SrCl formed in the metal-salt reaction, but for the rest it
is identical. The vibrational temperature is equal to the oven temperature, whereas the rotational
temperature appears to be significantly lower. This could be due to cooling of the rotational
excitation by collisions with the cold background gas or by free-jet expansion. A more likely
explanation is that the rotational temperature is in fact close to the oven temperature. A lower
temperature yields a more satisfactory simulation, because the influence of optical pumping on the
intensity of individual rotational lines is not correctly accounted for (see chapter 6). The reaction
of Sr with CH2CI2 has a large reactive cross section for high-temperature oven reaction, but a
much smaller one for direct metal-gas reaction at room temperature. Therefore, the internal state
distribution of the nascent products cannot be determined with the present experimental set-up.
The experimental and the simulated spectrum of SrCl, formed in the reaction of Sr with
CHCI3, are presented in figure 7.2. Metal-gas oven reaction still has a large influence on the
recorded spectrum. However, the contribution of the direct reaction can be recognized, since it
has an inverted vibrational state distribution peaked at υ — Π. In the simulation procedure linear
surprisal distributions for vibration as well as rotation gave satisfactory results. The fractional
vibrational and rotational energies of SrCl are determined as (ƒ„) =0.53 and (ƒ,.) = 0.07.
The experimental and the simulated spectrum of SrCl formed in the reaction of Sr with CCI4
are presented in figure 7.3. Metal-gas oven reaction has a negligible influence compared to the
strong direct reaction. To achieve a satisfactory simulation, a value for the available energy, ЕЛу\,
of 1.50 eV is used, instead of the calculated (ΕΛνι) = 1.26 eV. It is not dear if this indicates that
bond energies are erroneous, or that preferably collisions in the high energy tail of the available
energy distribution lead to reaction. Nearly all available energy is disposed into internal energy of
the SrCl product ({/„)=0.74, (/ r )=0.10).
7.3

Reactions of Sr with СН3ВГ and CFaBr

Spectroscopic information on S r 7 ì ) r and Sr81Br comes from several vibrational analyses (see
e.g. [69], [82]), from an investigation of the electronic ground state with microwave spectroscopy
[55], and from a rotational analysis of the Β 2 Σ - Χ : 2 Σ (0,0),(1,1),(2,2) vibronic transitions [93].
Analysis of local perturbations in the Β 2 Σ - Χ 2 Σ system, attributed to A 2Jli/2 (,ν+3) ~ Β 2 Σ (υ)
interaction, yielded some estimated spectroscopic constants for the А 2 П , u n = 3,4 vibronic
states [94]. Deperturbed constants are known insufficiently to calculate Franck-Condon factors.
SrBr has been studied as a product of a number of reactions. Examples are the chemiluminescence studies on Sr + Вгг —• SrBr* + Br ( [114], the effects attributed in this paper to reactions
with ground state strontium are in fact caused by reactions with electronically excited strontium;
[135]), the LIF studies on Sr + СЩЕг, CFaBr -» SrBr + CH3, CF3 [26], and the mass-spectrometric
studies on Sr + СЩЕг -• SrBr + CH3 [27].
The Β 2 Σ state is the only excited state that has been rotationally analyzed. Therefore, in a
first attempt the Β 2 Σ — Χ 2 Σ transition was used for analyzing the internal state distributions of
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SrBr products. The Α Π 1 /2 (" + 3) ~ Β Σ (ν) interaction, mentioned earlier, becomes so strong
E
for ti ss 5 that bandheads are deformed. At higher ν the interaction becomes less, but unambigous
assignments of the high-v bandheads are still not possible. Furthermore, the absence (!) of the
2
2
diagonal Β Σ — Χ Σ , Av = 0 sequence in the high-« SrBr spectrum ( S r + СГзВг), in spite of the
saturation by optical pumping, indicates that Franck-Condon factors for this electronic transition
are strongly non-diagonal for high v, and that, as in Cal, they vary strongly with υ over a sequence.
In a second attempt to analyze the internal state distribution, it was investigated whether
2
the level energies of the unperturbed Α Π3/2 state could be represented by the approximative
expressions of equations (3.10)-(3.15). This turned out to be the case. The effective spectroscopic
2
2
constants of table 7.2 reproduce the observed bandhead positions of the А Пз/2 — Χ Σ , Δυ = -(-1
sequence. This sequence is the most suitable for the analyses, since, unlike the diagonal sequence,
the Franck-Condon factors are most probably much smaller than one for all values of v, which
brings the optical pumping correction factor close to unity in all cases. No correction for optical
pumping is needed.
2

79

2

Table 7.2. Spectroscopjc constants for the Χ Σ and А Π3/2 electronic state of Sr Br en
Si
Sr Br used in the simulations shown m figure 7 4 and 7 5
constants
(cm- 1 )
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a Sr "Br constants calculated with the relation ¡JHJIH'Ü!) = ! " I
["l· »bere μ is the reduced
mass, the natural abundancies of Sr 79Br and Sr "Br are 0 505 and 0 495 respectively
b from reference [93]
с effective constants reproducing bandhead positions for the А2Пз/2 — Χ 2 Σ , Δν = +1 sequence
d value = T« + \Ae

The experimental and simulated spectrum of SrBr formed in the reaction Sr + СПзВг are
presented in figure 7.4. The input vibrational and rotational state distributions for the simulation
are also shown. A thermal rotational distribution gave a satisfactory simulation result. The
fractional energies disposed into vibration and rotation of the SrBr product are determined as
(/„) = 0.34and (Л) = 0.11.
In the experimental spectrum of SrBr formed in the reaction Sr + СГзВг (figure 7.5), vibra
tional structure can be discerned up to «" = 30, corresponding to a ground state vibrational energy
of 0.75eV. This is a notably higher energy than the average available energy (£ Л і) = 0.59 eV,
calculated in chapter 5. Therefore, the former value is used in the simulation presented in figure
7.5. A high fraction of the available energy is disposed into vibration of the SrBr product. More
details are given in the concluding remarks.
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Chapter 7
Reactions of Sr with CH3I and CF3I. Comparison to reactions of Ca and Ba.

In this section the existing knowledge on the spectroscopy of Sri, and on the chemical reactions
leading to Sri is summarized. Also, experimental and simulated spectra of Sri formed in reactions
of Sr with CH3I and CF3I are shown. For comparative purposes, spectra were recorded of Cal and
Bal, formed in the corresponding reactions of Ca and Ba. These are presented as well.
Until 1988 all spectroscopic data on Sri came from bandhead analyses (see e.g. [70], [82]).
There was disagreement concerning the relative position of the А 2Т1з/2 and the Β 2 Σ electronic
state. In 1988, the analysis of Schröder et al. [96] made it clear that the Β 2 Σ state is higher in
energy than the A 2Ti3/2 state. They reported a rotational analysis of the Β 2 Σ - Χ 2 Σ (0,0) system
in the same paper. A year later, the А 2 Π — Χ 2 Σ (0,0) system was analyzed, and a deperturbation
was performed for the Α 2 Π ~ Β 2 Σ interaction with (νπ,νΣ) = (0,0) [95]. No local perturbations
were observed for νπ,υΣ = 0 .
As the rotational spectroscopic constants have only been determined recently, Sri as a reac
tion product has only been studied by non-optical methods. Examples are the investigations of
the Sr + HI -• Sri + Η [139], Sr + CH 3 I - Sri +CH3 [24] and Sr + CH 2 I 2 - Sri + CH2I [24] reac
tions by quadrupole mass spectrometry, and the studies on the reaction Sr + CH3I —> Sri -I-CH3
with the recently developed semi-optical technique of "single photon ionization time-of-flight mass
spectrometry" ( [27], [28]).
In the present study, different electronic transitions are used for the analyses of the spectra of
Sri formed in the reactions of Sr with CH3I and with CF3I. The reason for this is that for the
vibrational quantum numbers populated in the former reaction (in the electronic ground state) the
А 2Пз/2 state shows strong local perturbations, whereas the Β 2 Σ state does the same for the high
vibrational quantum numbers populated by the latter reaction. The А 2 Π 1 /2 state could not be
reached within the tuning range of the laser, so it is not clear if this state is free of perturbations
for all observed vibrational quantum numbers. A probable cause for the low-υ perturbation at
υ и 6 is Α 2 ΙΙ 1 /2(^ + 2) ~ А2Пз/2(і>) interaction (see figure 3.7). The high-υ perturbation could
be due to A 2 ! ! ^ ~ Β 2 Σ interaction, although more precise spectroscopic constants are needed
to confirm this. Interactions with the 2 Δ state cannot be ruled out, since the electronic energy
and other properties of this state have not been determined experimentally for Sri. To avoid the
perturbations, off-diagonal sequences ( Δ « = + 1 and Δν = +2) of the Β 2 Σ - Χ 2 Σ transition are
used for the analysis of the low-r internal distribution of the СН3І reaction. The А 2 Пз/2, Δυ = +2
sequence is analyzed to derive information on the internal state of Sri formed in the high-t) reaction
with CF3I. The effective spectroscopic constants, used in the simulation procedure, are listed in
table 7.3. They are used in combination with equations (3.6)-(3.15).
The Β 2 Σ - Χ 2 Σ , Δυ = +1 sequence of the experimental and simulated spectrum of Sri formed
in the reaction of Sr with СНзІ is presented in figure 7.6. The input vibrational and rotational state
distributions for the simulation are also shown. An independent determination of the vibrational
state distribution from an analysis of the Δυ = +2 sequence is performed, leading to a somewhat
different result. The Franck-Condon factors for the vibronic transitions in Sri are not known, but
the experimental spectra indicate that the Franck-Condon factors for the Β 2 Σ - Χ 2 Σ , Δι> = 0
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Table 7.3. Spectroscopic constants for the Χ Σ, А Пз/2 and Β Σ electronic state of Sri
used in the simulations shown in figure 7 б and 7 7
constants
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a Χ Σ constants used fot the А Пз/2 — X E simulation (figure 7 8)
2
2
2
Ь. Χ Σ constants used lor the Β Σ — Χ Σ simulation (figure 7 7)
с from reference [55]
d from reference [95]
e from reference [96]
2
2
f effective constants reproducing bandhead positions for the А Пз/2 — Χ Σ ) Δυ = +2 sequence
g effective constants reproducing the bandhead positions for the Β 2 Σ - Χ 2 Σ, Δυ = +1 sequence
h fixed to the value for ν = 0

sequence are very low, for Δυ = +1 they decrease with u, and for Δι> = +2 they increase with v.
Therefore, the average of the distributions derived from Δυ = + 1 and Δυ = +2 is taken as the
final result (see section 7.5). The fractional energies disposed into vibration and rotation of the
Sri product are determined as (/„) = 0.31 and (ƒ,.) = 0.12.
Figure 7.7 shows that in the experimental spectrum of Sri, formed in the reaction of Sr with
CF3I, vibrational structure can be observed up to v" — 42. Similar to the reaction of Sr with
CFaBr, the vibrational energy belonging to this state is higher than the average available energy
calculated in chapter 5. Therefore, the value £аУ1 = 0.83 eV is used in the simulation of figure 7.7
instead of the calculated (¿„vi) = 0.70 eV. As noted in chapter 5, it is probable that the bond
energy of Sri is in fact 0.2 eV higher than the currently used value. The observations mentioned
above agree with this statement. Again, a high fraction of the available energy is disposed into
vibration of the diatomic product, namely (ƒ„) =0.59 or 0.70, depending on the assumed value for
the available energy. More details on the derived internal state distributions of the Sri products
are given in section 7.5.
The spectroscopic properties of Cal, and the internal state distribution of Cal as a product
of the reaction of Ca with CH3I were comprehensively discussed in chapter 6. The reaction of
Ca with CF3I yields Cal products in higher vibrational quantum states. The description of the
excited state energy levels in the direct approach becomes more difficult for increasing ν since
more parameters have to be introduced and determined. The extrapolation from the low-u data
of Reisner ei al. becomes more uncertain with increasing v. Therefore, as in the case of SrBr, an
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2

off-diagonal А Пз/2 — Χ Σ vibronic transition is taken for the analysis, and effective constants
2
are used to calculate the А Пз/2 level energies (table 7.4). The Δν = — 1 sequence is chosen, since
the Δ υ = + 1 sequence suffers from tail formation.
2

2

Table 7.4. Spectroscopic constants for the X Sigma and А Пз/2 electronic state of Cal
used m the simulation shown in figure 7 8
constants
(cm"- 1 )
Ά
Уоо
Ut
Ую
UX
-По
B,
Voi
Qt
-Ун
7oo
7<
At
e

e

Cal
Χ2Σ
А'Пз/г
15624 25 ь
238 750 *
241 70 ь
0 697 b
0 6279»
a
0
07041ь
0 069325
4Ь
4
2 640 Ю- " 2 80 10b
= 0
45 90 a
-

a from reference [85]
b effective constants reproducing bandhead positions for the А ^ з / г — Χ 2 Σ , Δ« = — 1 sequence

The experimental and calculated spectrum are displayed in figure 7.8. The fractional energy
disposed into vibration and rotation of the Cal product are determined as (ƒ„) =0.30 and (/ r ) =
0.08. For the reaction of Ca with CH3I the values are (/„) = 0.14 and </7.) = 0.08.
The Bal radical is a very popular object for spectroscopic as well as chemical studies. The
spectroscopic studies include microwave spectroscopy [56], yielding ground state constants, rota
tional analyses of the С 2 П — Χ 2 Σ ( 0 , 0 ) system at low J [140] and at high J [141], and a rotational
analysis [142] and determination of bandhead positions (see e.g. [36]) for the С 2 П — Χ 2 Σ transi
tion at high v. The chemical studies include investigation of Bal formed in reactions of Ba with HI
(see e.g. [4], [9], [10], [139]), CH3I ( [24], [31], [72]), CH 2 I 2 ( [24], [33]) and CF3I ( [24], [34] - [36]).
The reactions of Ba with CH3I and CF3I are well studied and well analyzed. They clearly
possess the largest cross-sections of all reactions studied in this thesis. The CW LIF spectra that
we recorded are very similar to the pulsed LIF spectra published by others. As an example, a com
parison is given in figure 7.9 for the reaction of Ba with CF3I. The similarity is an indication that
Franck-Condon factors are mainly diagonal and constant over a sequence for the Bal С 2 П — Χ 2 Σ
transition.
We have not carried out analyses of the spectra ourselves. Instead, the comparison made in
the following section is based on the internal state distributions published in the literature.
7.5

Concluding remarks

Before listing some remarks, the attention of the reader is drawn to the energy disposal data given
in table 7.5, and the graphical presentations of vibrational state distributions of the alkaline earth
monohalide product, formed in reactions of Ca, Sr and Ba with halogenated methanes, in figures

Chapter 7

100

5510

5520

5530

553

5540

5550

LASER WAVELENGTH [air
Ъ .
555

18050

5560

5570

55ΘΟ

5590Í

nuil

10000

LASER FREOUENCY Ivjcuum

crn-'l
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trum) are very similar

7.10 to 7.15. From these data, and from other observations reported in the preceding sections, the
following conclusions can be drawn.
• The technique of laser-induced fluorescence with broadband CW lasers, combined with spec
trum simulation, is very suitable for determining vibrational state population distributions of
nascent alkaline earth monohalide products. The influence of saturation by optical pumping
on the apparent vibrational population distribution can be quantified. A precise deter
mination of rotational state population distributions is hampered by the limited spectral
resolution of the exciting laser, and by the influence of optical pumping on the apparent
rotational population distribution, which is difficult to quantify.
• The reactions of Ca, Sr and Ba with СИСЬ have low cross sections at room temperature
(see section 7.2 and [22], [29]). The cross sections for reactions with CH2CI2 are even lower.
The analysis of these reactions is hindered by interference of oven reaction products. The
reported vibrational state distribution of CaCl, formed in the reaction of ground state Ca
with CH2CI2 (see reference [22]), probably originates from oven reaction products, since the
distribution can be well fitted by a Boltzmann curve for Τ υ = 850Κ.
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• In their analysis of the reactions of Ca and Ba with CCI4, Schultz et al. [23] observed that
the vibrational state distributions of the alkaline earth halide products become nearly equal
for reactions of different alkaline earths, when drawn on a fractional energy scale. In figure
7.11 it can be seen that the reaction of Sr with CCI4 is in level with this observation. The
same holds for the reactions of Ca and Sr with CHCI3 (figure 7.10).
• Whether the distribution of vibrational state populations as a function of fractional en
ergy of strontium monohalides, formed in the reactions Sr + CH3X, CF3X —• SrX + CH3, CF3
(X = Br, I), is similar to those of the bariumhalides or not, depends on the assumed value of
the strontiumhalide bond energy (see figure 7.12 to 7.15). The calcium reactions are char
acterized by a smaller fractional disposal of energy into diatomic vibration (figure 7.14 and
7.15).
• The observed spectra for the reactions of Sr with СГзВг and CH3I raise some serious doubts
on the presently accepted values for the bond dissociation energy of SrBr and Sri. A more
precise determination of these bond energies is crucial for a quantitative interpretation of
the obtained population distributions.
• Reactions producing the CF3 or CCI3 radical as concomitant product are, as expected (see
section 1.3), characterized by a large fractional disposal of energy into vibration of the di
atomic product.
• The fractional disposal of energy into diatomic rotation is about 0.1 for all reactions. Large
differences in (ƒ,.), as observed with (ƒ„), are absent.
• The width of the vibrational energy distributions for the diatomic product is approximately
0.2 eV (FWHM) for most reactions. This value is remarkably close to the spread in energy
of the reactants (see table 7.5).
Future work in this field of research will include a fundamental theoretical interpretation of the
obtained results in terms of quantification of the electron jump model and other chemical models. Experimentally, application of beams of state-selected (vibrationally excited) and oriented
molecules is to be anticipated. The use of single-mode dye lasers will improve the spectral resolution, and will also make it possible to obtain a quantitative description of the influence of optical
pumping on the apparent rotational population distributions. This will enable a more detailed
determination of these distributions.

Table 7.5. Specific energy disposal mto vibration and rotation of the diatomic
All energies are m eV a "Spread" and "width" are m eV, FWHM
reaction

(.Eavi)
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1 26
150d

spread
0 21
0 23

vibrational energy
(Ev)
width
(ƒ„)

(Er)

(fr)

0 54
0 93

0 35
0 27

0 53
0 74
0 62

0 08
0 12

0 07
0 10
0 08

0 57
0 59
0 75d

0 17
0 22

0 19
0 43

0 26
0 21

0 34
0 72

0 06
0 05

Oil
0 09

0 66
0 87

0 21
0 25

0 089
0 26

0 12
0 21

0 14
0 30

0 05
0 07

0 08
0 08

0
0
0
0
0

0 06
0 05

0 12
0 07
0 06
0 04 - 0 08
( « 0 17)

available energy

Sr
Sr

+ CI + CI -

сись
CCI3

Sr
Sr

+ Br - СНз
+ Br - CF3
I - CH3

Ca +

I -

CF3

Sr
Sr

+
+

I I -

CH3
CF3

0 48
0 70
0 83d

0 18
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0 15
0 49

0 14
0 18

Ba +
Ba +

I I -

СНзь
СГзс

1 05
1 26

0 17
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0 22

1 eV = 23 045 kcal/mole = 8065 5 c m - 1
average data of references [33] and [31]
data from reference [36]
value used m the simulations, higher than the calculated value
value at the most probable ν

f value for the most probable J

rotational energy

0 07

0 57

Ca +

a
b
с
d
e

product

31
70
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36
68
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(«0 22)ef
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F i g u r e 7.10. Comparison of the vibrational state distributions of MCI formed in the reac
tion M + СПСІз -* MCI + CHC¡2 for M = Ca, Sr Cad data from reference [22] (dashed
curve) The populations are drawn on a fractional energy scale with respect to the available energies of 1 00 and 1 03 eV for the CaCI and SrCl reaction respectively For the SrCl
product both the observed distribution (dotted curve) and the part originating from a direct
reaction (solid curve) are shown

Figure 7.11. Vibrationai state distnbutjons of MCI formed in tJie reaction M -|- CC]^ —>
MCI + CCI3 for M = Ca, Sr, Ba ÇrCi data from tins ivorít (circles) CaCI data from reference [23] (dashed curve, large error bars) BaCI data from reference [29] (triangles)
The distributions are drawn on a fractional energy scale (Eavl = 1 21,1 26,1 51 eV for
M = Ca, Sr, Ba)
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Figure 7.13. Vibrationa/ state distributions of MBr formed in the reaction M + СГзВг —*
MBr + СF3 for M = Sr, Ва SrBr data from this work (circles) BaBr data from refer
ence [32] (triangles, distribution at lowest collision energy, Eavl = 0 94 eV) The distribu
tions are drawn on a fractional energy scale For SrBr distributions are presented based on
Eavl = 0 59 eV (solid curve) as well as Εα„ι = 0 75 eV (dash-dotted curve)
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Figure 7.14. Vibrational state distributions of MI formed in the reaction M + CH3I —•
MI+CH3 for M = Ca, Sr, Ba Cal (squares) and Sri (circles) data from this work The Sri
result is the average of the distributions derived from the Δν = +1 and Δν = +2 sequences of
the Β 2Σ — Χ 2Σ transition Bal data from references [33] (triangles) and [31] ('diamondsj
The distributions are drawn on a fractional energy scale (Εανι = 0 66,0 48, 1 05 eV for
M = Ca, Sr, Ba)
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Figure 7.15. Vibratjonaj state distributions of MI formed in the reaction M + CF3I —»
MI + CF3 for M = Co, Sr, Ba Cal (squares, Еа , = 0 87 eV) and Sri (circles) data from
this work Bal data from reference [36] (triangles, Εανι = 1 26 eV) For Sri distributions
are presented based on Ettvi = 0 70 eV (solid curve) as well as Eav\ = 0 83 eV (dash-dotted
curve)
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Samenvatting

Onderzoek aan continue laser-geïnduceerde fluorescentie van reactief gevormde strontium monohalogeniden

Het onderwerp van dit proefschrift ligt op het terrein van de fysische chemie. "Chemie", omdat
het chemische reacties zijn die onderzocht worden; "fysisch" omdat het fysische technieken zijn die
gebruikt worden bij het onderzoek. Vacuümkamers, moleculaire bundels en lasers (hoofdstuk 2)
vormen niet de tradionele omgeving voor een chemisch experiment. Het soort informatie, dat met
de in dit proefschrift beschreven experimenten verkregen wordt, verschilt dan ook aanzienlijk met
resultaten uit de "reageerbuizen chemie".
Zo wordt de reactie geobserveerd onder "enkele-botsings" condities, d.w.z. het reactieproduct
ondervindt geen botsingen die het van toestand kunnen doen veranderen tussen de tijd van productie en van detectie. Met andere woorden het reactieproduct is "pasgeboren" (Engels: "nascent")
op het moment dat het gedetecteerd wordt.
Die detectie vindt plaats door middel van laser-geinduceerde fluorescentie (LIF). Een laserstraal, waarvan het licht een bepaalde golflengte heeft, wordt gericht op het gebied waar de reactieproducten zich bevinden. In het ideale geval is het één bepaald soort molecuul in één bepaalde
quantumtoestand, die in staat is om laserlicht van die golflengte te absorberen. Een dergelijk
molecuul reageert op de absorptie van zo'n laserfoton door even later zelf licht uit te zenden, maar
dan in alle richtingen. Het maakt door het uitzenden van dat licht als het ware zijn aanwezigheid
kenbaar. De laser-geïnduceerde fluorescentie wordt verzameld en afgebeeld op de kathode van
een fotomultiplicatorbuis, waardoor de sterkte van de fluorescentie (het LIF signaal) vastgesteld
wordt. De variatie van dit signaled bij een veranderende golflengte van het laserlicht vormt nu het
spectrum. Zo'n spectrum maakt in principe niet alleen duidelijk, wat de chemische samenstelling
is van de reartieproductcn, maar ook in welke quantumtoestand deze zich bevinden vlak na hun
ontstaan. Er is echter een aantal valkuilen, die de interpretatie van het spectrum bemoeilijken.
Op twee van deze valkuilen ligt in het proefschrift de nadruk.
In de eerste plaats komt het boven geschetste ideale geval dat de golflengte van het laserlicht
slechts correspondeert met een enkele optische overgang, niet overeen met de werkelijkheid. Door
de bandbreedte van de laser zijn er altijd meerdere overgangen mogelijk, en worden meerdere
toestanden aangeslagen. Vaak is op voorhand niet duidelijk welke dat zijn. Hiervoor is een
gedetailleerde kennis van de spectroscopie van het te onderzoeken reactieproduct noodzakelijk. In
het proefschrift zal dat product altijd een aardalkali monohalogenide molecuul zijn. In hoofdstuk
3 wordt de spectroscopie van deze moleculen behandeld.
In de tweede plaats is het niet zonder meer zo, dat de sterkte van het LIF signaal alleen maar
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afhangt van het aantal moleculen in een geschikte quantumtoestand, dat door de laser beschenen
wordt. Om de afhankelijkheid van andere factoren vast te stellen, wordt in hoofdstuk 4 van
het proefschrift dieper ingegaan op de wisselwerking tussen licht en materie. De invloed van
optische overgangssterkte en het effect van verzadiging wordt bekeken. Geconcludeerd wordt,
dat het fenomeen "optisch pompen" een dominante rol speelt in de gemeten spectra. Optisch
pompen treedt alleen op bij detectie met een continue laser en heeft belangrijke gevolgen voor
de interpretatie van het spectrum. Zo wordt met een continue laser, in tegenstelling tot een
gepulste laser, deeltjesflux gemeten in plaats van deeltjesdichtheid. Voor het bestuderen van de
reactiesnelheid is de flux van productmoleculen van belang. Het omrekenen van dichtheid naar
flux, een moeizaam proces dat bovendien extra onzekerheden introduceert, is bij detectie met een
continue laser dus niet nodig.
Nu moet er nog een manier gevonden worden, om de gewenste informatie uit de spectra te halen.
Zo'n manier is spectrum simulatie (hoofdstuk 5). Hierbij wordt een gekozen kansverdeling over de
verschillende quantumtoestanden samen met de golflengten en sterkten van de optische overgangen
en een frequentieprofiel van de laser als invoer gebruikt voor een computerprogramma, waarmee
vervolgens een LIF spectrum wordt berekend. Als het gesimuleerde spectrum lijkt op het gemeten
spectrum en de veronderstellingen wat betreft golflengten en sterkten van de optische overgangen
juist zijn, mag de conclusie getrokken worden, dat de gekozen toestandsverdeling overeenkomt
met de werkelijkheid. Deze toestandsverdeling vormt een belangrijke bron van informatie over het
mechanisme van de reactie.
Onder het motto "eenvoudig beginnen" wordt in hoofdstuk 6 een reactie bekeken, waarvan
eigenlijk alles al bekend is, n.l. de reactie Ca + CH3I —• Cal + CH3. Door het gemeten spectrum te
vergelijken met een gesimuleerd spectrum, waarbij de verschillende veronderstellingen uit hoofdstuk
4 en 5 gebruikt zijn, wordt nagegaan of die veronderstellingen juist zijn. Dit blijkt het geval te
zijn
In hoofdstuk 7, het laatste hoofdstuk, worden reacties tussen strontium en gehalogeneerde
methanen beschouwd. Van de reacties tussen strontium en CH2CI2, CHCI3, ССЦ, СНзВг, СГзВг,
СНзІ en CF3I worden de gemeten en gesimuleerde strontiumhalogenide spectra gepresenteerd.
De vibrationele toestandsverdeling van een product blijkt goed te kunnen worden afgeleid uit
de spectra. Ook geven de spectra een duidelijke indicatie hoeveel rotationele energie er in het
gedetecteerde product terecht gekomen is. In de discussie worden de strontium-reacties vergeleken
met de overeenkomstige calcium- en barium-reacties. De strontium-reacties bevestigen het reeds
bestaande beeld wat betreft het mechanisme van dit type reacties. Volgens dit beeld springt er
eerst een electron van het metaal atoom naar het gehalogeneerde methaan molecuul ("electronjump"). Hierdoor onstaan een positief en een negatief geladen ion, die door de Coulomb kracht
sterk naar elkaar toegetrokken worden. Bij dit reactiemechanisme komt de energie al in een vroeg
stadium vrij, waardoor het grootste deel van de reactie-energie terecht komt in de vibratie van
de beide productmoleculen. Bij de reacties van Sr met ССЦ, СГзВг en СГэІ is het zelfs zo, dat
het overgrote deel van de reactie-energie uiteindelijk terug te vinden is als vibratie van alleen het
strontiumhalogenide productmolecuul.
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