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Abstract
The work in this thesis is based on experiments employing time resolved laser
spectroscopy in order to study non-linear phenomena in the femtosecond time
regim as well as lifetime studies using nanosecond lasers.
Time resolved transient absorption spectroscopy has been performed, using a white
light continuum (wlc) as a probe pulse, to study phenomena related to the third
(χ(3)) and fifth (χ(5)) order non-linear susceptibilities in glasses and liquids.
Experimental results together with theoretical calculations are presented for the
cross phase modulation (xpm) induced transient absorption signal in a 1mm and a
0.2 mm UV fused silica sample. The 1 mm sample mimics the entrance window in
a commercial flow cell that is commonly used in liquid-phase transient absorption
measurements. The experimental results are compared with theoretical calculations
performed by numerically solving Maxwell's equations describing the propagation
of the pump and the probe pulse envelopes through the sample. The simulations
allow for different group velocities of the pump and probe pulses, as well as the
influence of the first and second order dispersion on the wlc probe pulse. From the
calculations the physical origin of a complex oscillatory feature around the zero
delay time of each wavelength of the chirped wlc probe has been identified. The
good agreement between theory and experiment indicates that the xpm artifact may
be useful for characterizing the wlc probe, in particular its chirp. Values of the
material constants in a 0.2 mm thick UV fused silica corresponding to the real and
imaginary part of the fifth order non-linearity are determined from experiments in
combination with theoretical simulations. Experimental results from xpm and two-
photon absorption (tpa) in 0.2 mm samples of UV fused silica, BK7 and BS7
optical glass as well as a free flowing jet of ethylene glycol is also presented, for
determination of the material constants corresponding to the non-linear refractive
(n2) index and the tpa coefficient (β).
Time resolved spectroscopy employing time correlated single photon counting
together with laser induced fluorescence technique is used to study lifetimes of
lower lying excited states in alkaline earth hydrides. In this study the lifetimes of
the B2Σ+ state in BaH are determined for different rotational levels in order to
reveal a perturbation between the A2Π and the B2Σ+ states. In CaH different
vibrational lifetimes of the B2Σ+(v=0,1,2) was measured in an attempt to locate a
double potential well structure but no such effect was seen. The unperturbed zero-
pressure lifetimes of the different vibrational levels in CaH were constant within
the errors. Experimental results of the zero-pressure lifetime for the A2Π1/2(v=0) in
SrH is also presented.
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1111
Introduction

1.1 Background

Since the beginning of time man has studied chemical reactions, consciously or
unconsciously. The essence of a chemical reaction is breaking and re-forming of
bonds in molecules and people have often wondered why these processes are fast
for some reactions and slow for others. Already more than 100 years ago
Arrhenius[1] derived a simple formula for the reaction rate as a function of
temperature, based on empirical data. In these days of the early 1900's, theory was
far ahead of experiment in studies of molecular dynamics. In 1928 London[2]

presented an approximate expression for the potential energy of a triatomic system
(H3), and this equation was used in the early 30's by Eyring and Polanyi[3] in their
semiempirical calculation of a potential energy surface of the H+H2 reaction. In
that calculation they described the journey of the nuclei from the reactant state of
the system to the product state, passing through the crucial transition state of
activated complexes (see fig. 1.1), resulting in the birth of "reaction dynamics".
The Arrhenius equation describing the rate of a chemical reaction gave information
about the time scale of the rates. The theoretical description by Eyring and Polanyi
made the chemists aware of the atomic motions through the transition state, and the
vibrational time scale. But in the 1930's there was no developed technology to
study events on these time scales.

What is the time scale for the passage of a transition state and what is the time
scale of a chemical reaction? As an example, consider the typical range of chemical
reactions in molecular dimensions, which is in the order of 1 Å. The particles under
consideration have an average velocity of 1000 m/s at room temperature. The time
for the particles to pass this short distance, i.e. to pass the transition state,
corresponds to around 0.1 ps, which is 10-13 s or 100 femtoseconds (fs). This is the
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time scale on which the reaction path is determined, the passage of the transition
state.[4] On the other hand, the complete reaction itself may proceed for several
days. In order to study the transition state, where the actual outcome of the reaction
is "determined", we need very high time resolution, on the fs time scale.[5] The field
of research where reactions are studied on such a short time scale is called
femtochemistry.[6] Through femtochemistry we can perform experiments in order
to reach understanding of why some chemical reactions may occur while others do
not. The applications of femtochemistry span from how a catalyst works, how
molecular electronic components should be constructed, until the most delicate
mechanisms in the life processes and how future medical drugs should be designed.

Figure 1.1 The free energy as a function of reaction co-ordinate for a chemical reaction. The

reactants are to the left in an equilibrium state.

In 1999 Professor A. Zewail was awarded the Nobel prize in chemistry "for his
pioneering investigation of fundamental chemical reactions using ultra short laser
pulses on the time scale on which the reactions actually occurs".[7] In order to
clarify the concepts we can study Fig. 1.1. The molecules or atoms that will react at
some point, i.e. the reactants, are to the left in Fig. 1.1, in an equilibrium state. On
the short time scale, the transition state is populated by the use of short laser pulses,
and the system may break bonds, or redistribute charges and form products (to the
left in Fig 1.1). Most reactions form more than one kind of products depending on
the reaction pathways during the transition state, referred to as reaction channels.
The transition state is a configuration of no return, such that once the system has
reached this critical spatial configuration it will necessarily proceed to form
products.[8] In order to follow the molecular motion on the potential energy surface
in the transition states in real time the temporal resolution associated with
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femtosecond spectroscopy is crucial, since it allows the measurement of the
dynamics of the reaction as they occur. Zewail used femtosecond transition-state
spectroscopy in order to study the transition state for different reactions, among
other things. The first pioneering study[8,9] Zewail and his group did was to
investigate the dissociation reaction of the ICN molecule by pump-probe
technique. In order to achieve time resolution the probe pulse is delayed in time
relative the pump pulse. The dissociation of the photo-excited ICN molecule leads
to fragments corresponding to two different reaction channels. By first exciting the
ICN with a pump pulse, and then probing the dissociation reaction by a second
probe pulse, the time of the breaking of the I-CN bond was measured. The study of
ICN was the first direct observation of a chemical reaction as it proceeded along
the reaction path, from reactants via the transition state, toward the final products.
The same group also studied the pre-dissociation of NaI by resolving the molecular
vibrations when probing the dissociation products.[10,11] There were of course also
more complicated reactions studied during this early era of femtoseconds. The
Diels-Alder reaction, for example, which is of great importance in organic
chemistry,[12] since it is stereospecific. The interesting concept here is the
concertedeness, i.e. whether the reaction process is a concerted one-step process
(forming two bonds simultaneously[12]) or a two-step process with an intermediate.
Surprisingly, in the study of the reversed reaction of the addition of ethene (C2H4)
and cyclopentadiene (C5H6) to form norborne (NBN), it was shown that both
processes were involved in the reaction.[13,14] During the years a lot of different
techniques have been developed in order to investigate the ultrafast behavior in
reaction dynamics, only some of them are mentioned here.

The early studies of chemical reactions in the femtosecond regime were not only
performed in gas phase, but also in liquid phase.[15,16] Most chemical and biological
reactions take place in liquid phase, and the surrounding liquid is of great
importance in such reactions. Compared to chemical reactions in gas phase the
presence of a solvent makes the description of the reaction much more
complicated. The complexity is due to the coupling between the products and the
reactants, together with the coupling to the solvent molecules. This interaction will
of course influence both the rate of the reaction and the products formed, hence to
study the role of the solvent in solutions is of great importance. The influence of
the solvent-solute interaction on molecular processes can be investigated by
comparing gas phase with liquid phase studies.[17]

A popular technique to investigate chemical dynamics of solutions is transient
absorption pump-probe spectroscopy, described in the next section. This
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experimental technique is based on the use of an intense pump pulse to excite a
fraction of the molecules in the irradiated volume to a higher lying photoreactive
state, whereas the progress of the reaction is monitored by the absorption of a weak
probe pulse. In order to obtain a sufficient signal to noise ratio and to avoid
saturation of the probe, a minimum number of molecules has to be transferred to
the excited state. This requirement puts a lower limit on the energy contained in the
pump pulse, i.e. the fluence [J/m2]. The combination of the minimum energy
needed and the short duration of the laser pulses used in these types of
experimental set-ups quickly leads to very high peak intensities, in the order of 100
GW/cm2. These high intensities may lead to a variety of higher-order non-linear
effects such as multiphoton absorption[18] or stimulated Raman scattering.[19,20]

However the pump pulse may also introduce spectral changes of the probe pulse
via the mechanism of cross phase modulation (xpm).[21-24] These non-linear effects
may give rise to strong signals in the experiments around zero delay time, i.e. when
the pump pulse and the probe pulse overlap in time. It is important to understand
these signals in order to investigate the experimental data obtained from a solution,
and it is also possible to use the knowledge of these non-linear effects to obtain
material constants like for example non-linear refractive indices and two or three
photon absorption coefficients.[18,25,26]

Interesting molecular dynamics occurs of course also on longer timescales than in
the femtosecond region. There are other techniques used to investigate molecular
dynamics on the longer timescales, e.g. lifetimes of molecular excited states may
be in the order of ns.[27] Lifetime measurements are important as a tool in
understanding molecular structure as well as chemical reaction pathways. One
well-known experimental technique used to study lifetimes is laser induced
fluorescence.[27-30] This type of experiment usually involves a spectrally rather
narrow laser pulse to excite the molecule under investigation and then the
fluorescence, i.e. emission, to a lower state is detected as a function of time.

The outline of the thesis is as follows: After this first background, there will be a
brief description of the transient absorption pump-probe technique used in one part
of the work presented here together with some examples of the applications. Then
there will be a background to the lifetime measurements on alkaline earth
monohydrides that is the other part of the work presented in this thesis. In the
following chapter, the theoretical part, most of the theory involved in this work will
be treated, provided as a background for the experiments presented later on. In the
experimental part there will be a detailed description of the experimental set-up
used to study non-linear phenomena in condensed phase, in the femtosecond
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region. The lifetime set-up, concerning longer time scale molecular studies, is
described more briefly. The results are discussed in the separate papers included.
Prior to the individual papers, there will be a chapter containing a summary of the
results, and last the conclusions.

The focus in this thesis will be on the fast non-linear phenomena in condensed
phase since the lifetime studies of alkaline earth monohydrides are partly presented
in my licentiate thesis, which was defended in December 1997.

1.2 Transient absorption pump probe spectroscopy

In order to investigate interactions between solute and solvent, high time resolution
is essential. The experimental technique used in this thesis is transient absorption
pump-probe spectroscopy. In such an experiment a strong pump pulse is used to
initiate a reaction and the reaction dynamics is followed by recording the
absorbance of a weak monitoring pulse, as a function of the time delay between the
pump and the monitoring pulse. In order to eliminate noise introduced by the
fluctuations of the laser intensity, the monitoring pulse is divided into a probe and a
reference pulse. The probe pulse is spatially overlapped with the pump pulse in the
sample, while the reference pulse passes through a region of the sample which is
unaffected by the pump. The experimental signal, i.e. the change in optical density
(∆OD), is obtained as the negative logarithm of the ratio of the intensity of the
probe and reference pulses as follows:







−=∆

ref

probe

I

I
logOD (1:1)

Liquid phase absorption and emission spectra generally contain broad bands, which
makes it essential to examine the temporal behavior of the photoinduced reaction
over a wide range of probe wavelengths. In the experiments described here, both
the probe and the reference pulses are a so-called white light continuum (wlc). The
wlc is generated by the non-linear phenomenon of self-phase modulation of an
intense laser pulse propagating through a dense but transparent medium,[21,22] here a
fused silica disc. Under proper experimental conditions a wlc can be made to
extend from the near ultraviolet to near infrared. After the sample, the wlc probe is
dispersed by a spectrograph and detected by a charged coupled device (ccd) camera
which allows for simultaneous measurement of the intensities of the probe and
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reference pulses for a wide range of wavelengths present in the wlc. In this sense
the pump-probe signal, ∆OD(λ,∆t), is obtained as a function of the probe
wavelength λ and the delay time ∆t between the pump and the probe pulses.

In a heterodyne detection scheme, the electric field of the strong pump pulse,
Epump(z,t), and the field of the weak probe pulse, Eprobe(z,t), generate a non-linear
polarisation, PNL, in the sample, where z is the sample thickness. The non-linear
polarisation acts as a source term in the Maxwell's equations to generate a signal
field, ES. The probe field is called the local oscillator field,[31] and in these terms
the total measured intensity is proportional to the square of the total field. In order
to obtain the change in optical density, a reference field is needed, Eref, which is the
probe field unaffected by the pump, i.e. Eprobe(0,t). The total detected intensity can
then be written as:[31]

2

Sprobe

2

probeprobe )t,z(E)t,0(E)t,z(EI +=∝ (1:2a)

2

ref

2

proberef )t,0(E)t,0(EI =∝ (1:2b)

))t,z(E)t,0(EIm(2II S
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The signal field (ES) is usually weak, as in our case, which means that the detected
intensity is approximately proportional to the sum of the cross term and the
reference term, i.e |ES(z,t)|2 in Eq. 1:2a is neglected. In order to normalize the
measured intensity the probe is divided by the reference, and to achieve the change
in optical density, the negative logarithm is taken of this ratio as:
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The approximation in Eq. 1:3 is valid only under the condition when (Iprobe-Iref)/Iref

<< 1.[32] At this point, the different contributions to the signal in Fig. 1.2 may be
investigated.

In such an experiment as described above, there will be three different
contributions to the transient absorption pump-probe signal (see Fig 1.2). First the
strong pump pulse excites the molecules from the ground state (S0) to a higher
lying state SN. The probe pulse may also excite the molecules from the ground state
to the same excited state as the pump pulse, which will result in a bleaching of the
ground state, (i) in Fig. 1.2. This will be seen as an increase in the detected probe
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intensity since less probe photons is absorbed relative the reference. An increase in
probe intensity is the same as a negative ∆OD. In case (ii) in Fig. 1.2 the molecules
in the excited state absorbs the probe, called excited state absorption. This is seen
as an increase in ∆OD. Finally there may be stimulated emission as in case (iii) in
Fig. 1.2 and this will be detected as a decrease in the ∆OD.

Figure 1.2 Scheme of the states involved in a pump probe experiment in a dye solution. (i)

bleaching (ii) excited state absorption (iii) stimulated emission.

However, in the experiments carried out in this thesis, most of the samples are
transparent in the pump wavelength region, both to one- and two-photon
absorption. In this case there is no excited state in the sample, and consequently
neither bleaching, excited state absorption nor stimulated emission due to the probe
pulse is present in the signal. But even in those cases there will be detectable
signals, when the probe is dispersed after the sample, due to the change in non-
linear polarisation of the sample. This is discussed in detail in chapter 2.1.

A complicating factor is, that since the molecules having the dipole axis parallel to
the exciting light are preferentially excited, the sample is anisotropic after
absorption of the pump photon. This means that in general, the interaction of the
sample with the probe light depends on the relative polarisation between the pump
and the probe pulses. For the simplest case, consider fluorescence after excitation
of a polarised pulse. It have been shown that in the fluorescence case, the
anisotropy r of the excited dipole moment is:[33]

( )1-cos3
5

1
r 2 θ= (1:4)

Pump Probe
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where θ is the angle between the excited dipole moment axis, (the pump) and the
direction of the emitting dipole (fluorescence) axis. From Eq. 1:4 it is seen that the
anisotropy in the medium in this configuration is zero when the angle θ is at 54.7
degrees, the magic angle. In our experimental set-up the magic angle between the
pump and the probe pulse is 54.7 degrees since the measured signal is the intensity
change of the probe pulse. It is also possible to estimate the anisotropy of the
sample by comparing measurements where the probe pulse is polarised parallel and
perpendicular relative the pump pulse.[34-36]

Figure 1.3 The ∆OD for six different wavelengths as a function of time delay for methyl-DOTCI

dissolved in ethylene glycol. The experiments were performed using a free flowing jet

with thickness 0.2 mm, pumping at 390 nm, and probing with a white light continuum.

As an example of a transient absorption pump-probe experiment, preliminary
results of the polymethine dye methyl-DOTCI dissolved in ethylene glycol are
shown in Fig. 1.3, measured at magic angle. This measurement is performed using
a pump pulse at 390 nm, and a white light continuum as a probe. In the inserted
figure an absorption spectrum for methyl-DOTCI dissolved in methanol is shown,
and marked is the pump wavelength at 390 nm. These results indicate that
following excitation to a higher lying state, SN, the stimulated emission from the S1

to the S0 state is not instantaneous (see wavelength 730 and 781 nm). The emission
increases with a time constant in the order of 20 ns, estimated from a 50 ps long
scan not shown here. This time constant is most likely related to intra-molecular
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processes (electronic and/or vibrational relaxation), i.e. related to a flow of excess
energy inside the molecule. Similar relaxation times have been observed in other
infrared dyes like HITCI and IR125[37,38] and these two molecules have a structure
similar to that of methyl-DOTCI.

As described earlier in this section, the combination of high fluence and short
pulses leads to very high peak intensities of the pump pulses, in the order of 100
GW/cm2. These high pump intensities may give rise to several effects, and one
such effect is pump-induced spectral changes of the weak wlc probe via cross
phase modulation, xpm.[21-24] Cross phase modulation refers to the situation where
the strong pump pulse modulates the refractive index of the medium in a time-
dependent fashion. If the pump and the probe pulses overlap in time, the time-
dependent change of the refractive index is sensed by the weak probe pulse. The
non-linear refractive index is related to the third and sometimes higher order non-
linear polarisation. The change in refractive index leads to a time-dependent
modulation of the phase of the probe pulse. In turn, this implies a spectral change
that can be detected if the probe pulse is dispersed after the sample.[39-41] The
spectral resolution is important here since this mechanism does not involve any net
energy transfer neither away from nor into the probe, i.e. the total energy of the
probe pulse remains constant but is redistributed over different frequencies. Here it
is worth noting that xpm occurs even when the studied medium is completely
transparent to both the pump and the probe wavelengths.

Cross phase modulation related artifacts in liquid phase pump-probe spectroscopy
have been observed by several groups.[19,20,39-43] Recently Kovalenko and co-
workers[20] used a formal expression for the transient absorption signal based on the
third order non-linear polarisation to theoretically describe their observations of the
xpm-induced pump-probe signal. In that study they developed detailed analytical
expressions for the contributions to the signal of the instantaneous electronic and
the delayed nuclear response of the window material, for transform limited probe
pulses as well as for chirped pulses. Tokunaga et al.[43] described a femtosecond
continuum interferometer for transient phase and transmission spectroscopy which
allows for the direct measurement of the pump-induced phase modulation of the
probe pulse. In that paper, they discussed in detail the pump-probe signal due to
xpm for the case of a transform limited probe pulse and a chirped wlc probe pulse.
The results of Tokunaga et al.[43] and those obtained by Kovalenko's group[20] are
identical, in case the sample responds instantaneously, although their theoretical
approaches is somewhat different. The analysis of Tokunaga and Kovalenko has
been extended by Kang et al.[25] and Wang et al.[26] to involve the effects of two
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photon absorption, which is related to the imaginary part of the third order non-
linear polarisation. However, the analytical expressions obtained this far are only
valid when the induced phase modulation is small, a requirement that is not always
satisfied experimentally. Moreover, the propagation effects which arise from the
finite thickness of the sample (windows + solvent) are usually completely
neglected. In particular, the influence of the group velocity mismatch between the
pump and the probe pulses, as well as dispersion inside the sample, is not taken
into account.

In the papers referred to above, the xpm related signal is due to the third order non-
linearity of the sample, but when the pump intensity is high enough there may also
be contributions to the signal from even higher order non-linearities. For example
the fifth order polarisation is dependent on the square of the intensity, and may also
be detected at high pump intensities. The real part of the fifth order polarisation is
related to an additional non-linear refractive index term, n4, and the imaginary part
is related to simultaneous three-photon absorption in the sample. Higher order
susceptibilities have been observed in multi-wavemixing,[44] and in z-scan
experiments,[45] most of the studies are frequency resolved but not time resolved.
There is very little known about higher order non-linearities, but Wu et al.[44]

suggested from their time resolved four wave mixing experiment on bulk GaAs
that the real part of the third and fifth order non-linearity have opposite signs. This
was also suggested in a paper by Ma and de Araújo[46] in which they observed the
real part of the third and fifth order non-linearities in Corning CS 2-73 glass in a
six wave mixing scheme.

In this thesis I will present experimental results of the signals observed in
femtosecond pump-probe experiments due to xpm, tpa and three photon absorption
(3pa) in a few different condensed materials. The experimental results obtained are
compared with numerical simulations based on theoretical models using Maxwell's
equations.

1.3 Lifetime studies of alkaline earth hydrides

In recent years the electronic structure and spectra of alkaline earth monohydrides,
deuterides and halides have been under extensive investigation.[47-51] Excited state
diatomic radicals are often produced in chemical reactions, both in the laboratory
and in the atmosphere.[52-54] The spectrum of CaH, for example, is frequently found
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in cool stars[55] and in sun spots.[52] In order to describe these kinds of chemical
reactions in detail it is of great importance to know the characteristics of the
molecular electronic transitions involved which is also essential in astrophysics.[56]

The electronic states of the alkaline earth monohydrides, deuterides and halides
have been investigated using various techniques,[57-59] including time resolved
spectroscopy.[27,60] By combining results obtained from different experiments, the
structure of these diatomic molecules has been quite well characterized. But there
are still questions to be answered. Experimental[47,61] as well as theoretical[62]

studies shows evidence of a low lying A'2∆ state in some of these alkaline earth
compounds. In view of these earlier theoretical and experimental studies, lifetime
measurements of three alkaline earth monohydrides (CaH, SrH, BaH) have been
performed in this thesis.

The transition probability of an electronic state may be calculated from the
radiative lifetime, and from this the number of molecules in an excited state may be
deduced. In a recent magneto-optical trap experiment by Weinstein et al.[63] the
radiative lifetime of the B2Σ state in CaH was used as a calibration factor in order
to determine the absolute number of CaH molecules in the trap. The lifetimes of
the lower lying states of the alkaline earth hydrides have been studied by several
groups. Beitia and coworkers[59] determined a lifetime of the CaH A2Π state to
approximately 50 ns. In this investigation they studied collisional quenching of
excited atomic Ca(43Pj) by butane (C4H10) at different temperatures by time
resolved atomic emission and chemiluminiscence. In order to produce the CaH in
the ground X2Σ+ state, they excited the Ca atom to a 3Pj state by laser excitation,
and then this energetic atom collided with a butane molecule and CaH in the
ground state was produced. Another excited Ca atom was then quenched by the
ground state CaH, and by electronic energy transfer the CaH was excited into the
A2Π state. From this state the chemiluminiscence was detected and a lifetime to
around 50 ns was measured. The lifetime of the B2Σ+ state in CaH was early
determined by Klynning et al.[28] for the lowest vibrational level (v'=0) by using
laser induced fluorescence technique. They found a lifetime of this state to around
57 ns. Recently Martin[64,65] and Carlslund et al.[66] theoretically calculated the
potential energy surfaces of the lowest 2Σ+ states in CaH and obtained in the case of
the B2Σ+ state a double well potential curve. This double well structure may be
detected experimentally by a variation in the lifetimes of different vibrational
and/or rotational levels in the CaH B2Σ+ state.

The rotational and vibrational band systems of the lower lying excited electronic
states of SrH, as well as SrD, has been investigated by Watson et al.[67,68] and
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Appelblad et al.,[57,69] and the ground states have been re-investigated by Frum et
al.[51] in 1994. In SrH, as in most of group IIA hydrides, the low lying excited
states strongly perturb each other. The very large Λ-doubling of the A2Π state
suggests that this state is heavily perturbed by the close lying B2Σ+ state.[69]

Leineger and Jeung[62] performed calculations on the first four electronic states of
SrH. These calculations revealed a double well potential in the B2Σ+ state, as
Martin suggests for the CaH as well.[64,65] Leineger and Jeung also predicted the
position of the still unobserved A'2∆ state in SrH, and it was found to lie above the
A2Π and B2Σ+ states.

The spectra of the low lying states in BaH was studied already in the 1930's by
Fredrickson and Watson.[70,71] In 1966 Kopp et al.[61] found evidence of a new state,
which they denoted H'2∆, (here A'2∆) by observing perturbations of the A2Π
rotational levels. One of the first groups that directly observed the A'2∆5/2 state in
BaH was Fabre et al.[47] by using laser induced fluorescence spectroscopy and a
Fourier transform spectrometer. Since then the perturbation of the A'2∆−A2Π−B2Σ+

complex have been extensively examined both experimentally[30,47,58] and
theoretically.[72] Barrow et al.[58] calculated the transition intensities for the
forbidden A'2∆-X2Σ transition in BaH, and found that due to mixing of the A'2∆
state with the close lying A2Π and B2Σ+ states some branches in this forbidden
transition become allowed.

In this thesis we have performed lifetime measurements of the B2Σ+ states in BaH
and CaH, and of the A2Π state in SrH using laser induced fluorescence technique in
combination with time correlated photon counting. The experiments are performed
at different pressures in order to determine the zero-pressure lifetime. Usually the
transition moments are presented rather than the lifetimes, since the transition
moment is a value directly related to the strength of the coupling between the two
states involved. In the three studies the attempt was to investigate either a double
well potential structure of the electronic state (CaH) or a perturbation of a close
lying state (BaH, SrH).
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2222
Theory

2.1 Non-linear phenomena

2.1.1 Background

The central quantity when studying non-linear behavior is the polarisation of the
material induced by a pump and/or a probe field (in our case electromagnetic
fields).[31] When the electromagnetic field propagates through matter it will induce
dipole moments preferably aligned along the polarisation axis of the field, and thus
resulting in an oscillating polarisation. This polarisation will act as a source term in
Maxwell's equations and generate the signal field in a pump-probe experiment or
new wavelengths in a frequency conversion crystal etc. In the following it is
assumed that the magnetic, quadrupole or higher order contributions are negligible,
therefore from now on the field under consideration is simply the electric field.

The induced polarisation P  can be written as a sum of a linear and a non-linear
term according to:

( ) ( )...EEEEEPPP 5)5(4)4(3)3(2)2(
0

)1(
0NLL χ+χ+χ+χε+χε=+=

Here ε0 [As/Vm] is the permittivity constant in vacuum, and E  [V/m] is the total
electric field applied in the material. The linear polarisation (related to )1(χ )
controls the standard optical response of the material and involves processes like
one-photon absorption, reflection and refraction of weak incoming fields.[31,73] The
non-linear polarisation is a sum of second and higher order terms. The highest
order under consideration in this thesis will be the fifth order. The second order
term ( )2(χ ) of the non-linear polarisation is responsible for properties like second
harmonic generation in anisotropic non-linear crystals (like BBO or KDP). All
even order non-linearities vanish for isotropic materials with inversion symmetry in
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the dipole approximation. This means that the lowest order of optical non-linearity
is often related to the third order polarisation ( )3(χ ). The odd higher orders non-
linearities are responsible for phenomenon like self phase modulation,[21,22] cross
phase modulation,[23,74,75] self-steepening,[76] among others. Very little is known
about χ(5) and higher order susceptibilities and in this thesis they are treated as
scalars, although in general all χ's are tensors.

In order to derive the response of the material Maxwell's equations have to be
solved for an incoming electric field. In this section there will be a simplified
deduction of the equations used in this thesis, while in the coming sections the
relevant terms will be added one at a time. The Maxwell's equations to be solved is
on the form:[77]

ρ=•∇ D (2:1a)

t

B
E

∂
∂−=×∇ (2:1b)

0B =•∇ (2:1c)
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JH

∂
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where D  [C/m2] is the electric displacement, ρ [C/m3]  the charge density, E
[V/m] the electric field strength, B  [T] the magnetic flux density, H  [A/m] the
magnetic field strength and J  [A/m2] is the current density. The following
expressions for the electric displacement, polarisation, and magnetic flux density is
used:

NL
)1(

0NLL0 P)1(EPDD +χ+ε=+ε= (2:1e)

..)EEEE(P 5)5(4)4(3)3(2)2(
0NL +χ+χ+χ+χε= (2:1f)

MHB 00 µ+µ= (2:1g)

and here NLP  [C/m2] is the non-linear polarisation, )1(χ  is the linear susceptibility
and LD  [V/m] is the linear electric displacement. The non-linear susceptibilities
are )5,4,3,2(χ , M  [A/m] is the magnetization, µ0 [Vs/Am] is the permeability
constant in vacuum and µ0ε0 = 1/c2 where c [m/s] is the velocity of light in vacuum.
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Since we are studying non-magnetic materials without free charge carriers, i.e.
dielectrics, ρ = 0 and 0JM == .

Using standard vector calculus, Eqs. 2:1a-d can be rewritten as:
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This is the basic equation to be solved in order to obtain an expression for the non-
linear polarisation, PNL, which is the quantity that is proportional to the signal in
our pump-probe experiment. From now on we will assume that the (real) electric
field can be represented by a linearly polarised plane wave propagating along the z-
axis with a center frequency ω0, and hence the vector symbols will not be used
further on:

))tizikexp()t,z(A)tizikexp()t,z(A(
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*
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where k0 [m
-1] is the carrier wave number, ω0 [rad/s] the carrier frequency, z [m]

the traveled distance inside the medium by the electromagnetic wave, and t [s] is
the propagation time. The amplitude of the electromagnetic field is A0(z,t), called
the envelope function. In many cases, as in our case, Gaussian beam profiles are
used to describe the envelope function which is often a good approximation for
laser fields. Note that the pulse envelope might be complex. The assumption of
plane waves implies that certain phenomena which are related to the radial
distribution of the field propagating along the z-axis, such as self-focusing,[78] are
automatically excluded from our description.

The linear electric displacement, DL, from Eq. 2:1e is calculated from the Fourier
transform of the electric field in order to include the dispersion inside the sample.
To perform this calculation the wave vector, k, has to be expanded in a Taylor
series and an expression for the linear susceptibility is needed.[21] In general the
linear susceptibility χ(1) can take complex values: )1(

Im
)1(

Re
)1( iχ+χ=χ .[31,73]

Introducing the linear refractive index of the medium, n0(ω), and the linear
absorption coefficient, κ, the following relationships are obtained:[73]

22
0

)1(
Re )(n1 κ−ω=χ+ , and κω=χ )(n2 0

)1(
Im (2:4)

In most applications in this thesis we will assume that there is no linear absorption
in the sample i.e. κ = 0 and hence the term )1(1 χ+  in Eq. 2:1e, will be real and take
the value )(n2

0 ω .
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Inserting Eq. 2:3 into Eq. 2:2, applying the slowly varying amplitude
approximation and taking dispersion up to third order into account, the left side of
Eq 2:2 can be rewritten as:
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In this equation the group velocity, vg,ω of the wave is related to the wave vector k
in the following way:
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Here λ [m] is the wavelength corresponding to the center frequency ω0. The third
term in Eq 2:5 corresponds to the group velocity dispersion ( )2(

0β  [s2/m], where
subscript 0 refers to the center frequency ω0) and has the following expression:
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The last term on the right side in Eq. 2:5, which include the )3(
0β  [s4/m2], refers to

the second order dispersion term in the following way:
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On the right side of Eq. 2:2 an expression for the second order time derivative of
the non-linear polarisation, PNL has to be evaluated. But since this non-linear
polarisation will be different depending on the phenomenon under consideration,
specific cases will be considered later on. Here we just remind the reader that PNL

consists of selected terms which have the correct frequency (ω) and wavevector (k)
dependence compared to the applied electric field, and subsequently it will contain
the same exponential as in Eq. 2:5. Hence, the exponentials cancel each other and
the total equation to be solved reduces to the wave equation for the pulse envelopes
only.
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2.1.2 Self phase modulation

Self phase modulation (spm) is an important phenomenon since it is the mechanism
behind the generation of the white light continuum used as a probe pulse in our
pump-probe experiments. Physically spm refers to the situation when the intense
fundamental of the laser causes a frequency modulation of itself in a material. In
our studies the wlc is generated in a 2.5 mm thick rotating UV-grade fused silica
disc. Assuming the third order susceptibility to be real, since there is no two-
photon absorption in fused silica in the wavelength region used in our experiments,
the non-linear polarisation of Eq. 2:2 will take the form:

33
0 EP )(

ReNL χε= (2:9)

For the electric field in Eq. 2:3, the second order time derivative of the third power
of the field will have the following expression, after neglecting terms with
frequencies higher than ω0:
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In this equation the three terms on the right including derivatives with respect to t
corresponds to self-steepening and will be neglected.[21] The only term left in Eq.
2:10 will be the last term on the right which corresponds to self phase modulation.
It is the intensity of the incoming field, which is proportional to the amplitude
absolute squared, modulating itself. The non-linear refractive index n2 will be
modified by the intense incoming pulse according to:
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where n0(ω) is the linear refractive index. The non-linear refractive index is related
to the real part of the third order susceptibility (Eq. 2:9) of the sample as
follows:[73]
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In the following we will neglect dispersion in the non-linear refractive index, i.e.
n2(ω)=n2, and the group velocity dispersion ( )3,2(

ωβ ). Inserting Eqs. 2:5 and 2:9-10
into Eq. 2:2, and keeping only those terms corresponding to the wave vector k0 and
the frequency ω0, Eq. 2:2 will take the following form:
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In this expression the left side describes the propagation of a pulse with velocity
vg,0 through a sample having thickness z. On the right hand side we have the self
phase modulation term. When solving Eq. 2:13 by using a suitable variable
exchange (z=z' and τ=t-vg/z), an expression for the pulse envelope after
propagating through the sample is obtained. Now the instantaneous frequency ω(τ)
can be expressed as:

τ∂
φ∂−ω=τω 0)( (2:14)

The second term on the right in this equation is the frequency shift (δω) generated
at a certain time τ, within the pulse envelope, proportional to the time derivative of
the pulse envelope. These new frequencies are generated since the non-linear
refractive index (n2) is changing in a time dependent fashion due to influence of the
pump pulse. It is obvious that the generation of new frequencies will result in a
wider spectrum. The time distribution of the frequency shift within the pulse
envelope is shown in Fig. 2.1a as 0)( ω−τω=δω .

In order to obtain a spectrum of the self phase modulated pulse, the Fourier
transform of the temporal pulse envelope function, A0(z,t), has to be calculated in
the following way:
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To compare the calculated spectrum with the experimentally measured quantities,
the signal intensity has to be obtained. The signal can be expressed as follows:[31]
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Figure 2.1 a) Frequency shift in a 2.5 mm thick UV grade fused silica disc due to self phase

modulation for a Gaussian pulse having a center frequency ω0=2.43∙1015 Hz

(corresponding to 775 nm), peak intensity I0=2 TW/cm2, time duration τ0=160 fs. b)
Experimentally obtained spectra of the wlc probe pulse under the same condition as for

the calculated frequency.

Shown in Fig. 2.1b is the experimentally obtained white light continuum probe
pulse spectrum corrected for the detector response, grating efficiency, filters and
λ2. With our estimated intensity of the pump pulse, used to calculate the frequency
shift in Fig. 2.1a of around 0.12 rad/fs, it is seen that this does not correspond to
our experimental results, in the order of 2 rad/fs. This deviation may be explained
as due to phenomena not included in the simplified model used here, such as self
focusing, self steepening, plasma formation etc.[79,80] In our simulations the white
light continuum is calculated by using a procedure not unlike that of Pchenichnikov
et al..[81] When fitting the wlc, the experimentally obtained parameters are used for
the linear (b [s-2]) and non-linear chirp (d [s-3]) of the white light, as well as the
duration of the wlc (τ0 [s]). Then a sum of Gaussians are fitted to acquire a good
description of the measured wlc as:
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where cn, kn, an, and l are fitted constants, and in our case n=4 for a non-linearly
chirped wlc, while for a linearly chirped wlc probe pulse we use n=1, c=a=1, and
k=l=d=0.
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2.1.3 Cross phase modulation

Cross phase modulation (xpm) is a phenomenon occurring when there are two
incoming electromagnetic fields in the sample, in our case a strong pump pulse and
a weak probe pulse. However, the pump pulse does not only modify its own
spectrum (see section 2.1.2) but also the spectrum of the co-propagating probe, at
least if the pump and the probe pulses overlap spatially and temporally. At this
point it is worth noting that xpm will give rise to a signal in the pump-probe
experiment even though the sample is totally transparent to both one- and two-
photon absorption. In case of xpm, no net energy is transferred into or out from the
sample, and consequently the signal may only be detected if the probe is spectrally
dispersed after the sample. Since there is no two-photon absorption (tpa), the
expression for the non-linear polarisation will only include the real part of the third
order susceptibility according to Eq. 2:9. The total electric field E will be a sum of
the pump field (subscript 1) and the probe field (subscript 2), where the pump field
is delayed (∆t) relative the probe field:

.c.c))tizikexp()t,z(A))tt(izikexp()tt,z(A(
2

1
)t,z(E 222111 +ω++∆+ω−∆+=

(2:18)

Here Ai, ωi and ki are the electric field amplitude, the carrier frequency and the
carrier wavenumber of beam i, respectively and c.c. the complex conjugates. The
traveled distance inside the medium is denoted by z, the time delay between the
pump and the probe pulse is ∆t, and t is the time. A positive ∆t implies that the
pump pulse arrive at the sample before the probe pulse. We assume that the pump
pulse can be described as a transform-limited Gaussian. When a spectrally broad
pulse travels through an optically dense material, the different wavelengths will
travel through the material with different velocities and this gives rise to the chirp
of the pulse, i.e. all wavelengths are not coincident in time.

When inserting the electric field above together with the expression for the
polarisation into Maxwell's equations we will end up with two coupled wave
equations, one for the probe field and one for the pump field. The two coupled
equations describing the amplitudes of the co-propagating pump and probe pulses
can be expressed as follows:
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Here vg,i represent the group velocities of the respective pulse. In Eq. 2:20 we have
included two higher order dispersion terms. The )2(

2β  correspond to the first order
group velocity dispersion in the sample and )3(

2β  is the second order dispersion
term as described in Eqs. 2:7-8. These terms are important to include for thicker
samples (see section 4.1.1), in the order of 0.5 - 2 mm, while in thin samples (see
section 4.1.1-2), less than 0.3 mm, these terms do not contribute very much.[21,26]

The right side of Eq. 2:19 corresponds to the spm of the pump pulse and the right
term of Eq. 2:20 corresponds to the xpm of the weak probe pulse by the strong
pump. The xpm of the pump pulse by the probe is neglected, and so is the spm of
the probe pulse since the probe is so much weaker than the pump pulse. It can also
be seen that the dispersion of the pump pulse is not included, since the pump pulse
is narrow in frequency domain compared to the wlc probe pulse. The pump
intensity is much below threshold for generating white light in the fused silica
sample, which means that there is not any serious spm of the pump. This implies
that the pump pulse intensity can be assumed to be constant during the passage
through the sample, since no lengthening of the pump occurs. As in the above
section 2.1.2, terms corresponding to self-steepening and Raman scattering are
neglected. The dispersion in the linear refractive index, n0(ω), can be calculated
from the Sellmeier equation for fused silica.[82]

With the dispersion of the probe pulse included, Eqs. 2:19-20 can only be solved
numerically, which we have done by using the Fourier-transform-based split-
operator beam-propagation technique,[83] see section 2.1.6. By solving the coupled
wave equations we obtain a temporal beam profile of the probe after the sample in
the presence of the pump pulse. The spectrum is obtained as the Fourier transform
of the temporal profile of the probe pulse as shown in the former section 2.1.2. In
Fig. 2.2 below, the spectrum of a transform limited probe pulse is shown for
different delay times of the pump pulse. Here it is clearly seen that the spectrum
shifts for different delay times, i.e. performs an oscillatory motion in frequency
space.

For higher intensities in the pump pulse we also have to include the fifth order non-
linearity ( )5(χ ), and it has been shown[44,46] that the real part of this term will
contribute to the probe signal with different sign than the )3(χ  contribution. In this
thesis we have performed experiments on UV-grade fused silica samples in order
to measure the material constants resulting from this fifth order term. In these
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simulations we have not included higher order dispersion terms ( )3,2(
ωβ ) for the

probe pulse, since the thickness of the samples used in these experiments where
only 0.2 mm.

Figure 2.2 Theoretical xpm induced probe spectra of a 1 mm fused silica plate at delay times

∆t=-50 fs, ∆t = 0fs, and ∆t=+50 fs. Both the pump and the probe are centered at 550 nm

and are transform limited Gaussians having a duration of 70 fs. The pump intensity is

set to 100 GW/cm2.

2.1.4 Two-photon absorption

In this section the terms that are referred to as two-photon absorption will be
discussed. Two-photon absorption (tpa) together with xpm can become a tool in
obtaining material properties as far as the input pulses (i.e. pump and probe) are
well characterized. It is also often used to measure the cross correlation of the
pump and probe pulses, and hence good for pulse characterization. In the
experiments performed in this thesis, our pump and probe pulses are well
characterized. Simultaneous absorption of two photons, one pump photon and one
probe photon, by the sample corresponds to the imaginary part of the third order
non-linear susceptibility, )3(

Imχ . In this case the non-linear polarisation will take the
form:
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For a pump and probe field the two coupled wave propagation equations will have
the following form:
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The relation between the real part of )3(χ  and the non-linear refractive index n2 is
the same as in Eq. 2:12, and the imaginary coefficient is related to the tpa
coefficient β as follows:[73]

2,01,00

21
)3(

Im

ncn2

3

ωωε
ωωχ

=β (2:24)

where n0,i is the linear refractive index for the pump and probe wavelengths
respectively. Since our samples are thin (0.2 mm) in the tpa experiments we can
neglect group velocity dispersion. There will of course be tpa of the pump itself
since the intensity of the pump is high (in the order of 100 GW/cm2). But this is not
seen in our signal as the measured quantity is only the fluctuation in the probe
intensity. Two-photon absorption by two probe photons will also be neglected by
the same reason - the pump is so much more intense than the probe, so absorption
of one pump and one probe photon simultaneously is much more favored than two
probe photons. Of course the intensity of the pump will be reduced due to tpa and
therefore this term has to be included when solving the propagation equations.

In performing the simulations for this experiment, our white light continuum is
expressed in terms of non-linearly chirped Gaussians as described in Eq. 2:17.
When using such an expression for the wlc it is not possible to solve Maxwell's
equations analytically, and in this study the equations are solved numerically.

2.1.5 Sum frequency generation

In many experimental configurations using a Ti:sapphire femtosecond laser source,
the fundamental at around 800 nm is either frequency doubled and/or a sum
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frequency is generated in order to obtain pulses at 400 and/or 267 nm with duration
in the fs time domain. Since we are using the second harmonic, and also have the
option to generate sum frequencies, the theory will be briefly described here in
order to explain the pulse shapes we have obtained. We will investigate the
doubling and sum frequency processes of the very intense pulses in the non-linear
crystal β-Barium Borate (BBO), for Type I co-linear phase matching conditions. In
the case of frequency doubling (shg) and sum frequency generation (thg or sfg)
there are two incoming fields, with the total field having the following expression:

{ }
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Here subscript 1 and 2 corresponds to the incoming pulses and 3 is the generated
second harmonic or sum frequency. The generated frequency is ω3=ω1+ω2. In the
case of second harmonic generation ω1=ω2, corresponding to the fundamental of
the fs-laser. When generating the third harmonic, ω1 corresponds to the
fundamental from the laser, and ω2 is the second harmonic generated in a crystal
different from the sum frequency crystal. The non-linear polarisation can be
expressed as:
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Here the second order term, χ(2), corresponds to the sumfrequency generation and
the third order term, )3(

Reχ , corresponds to the spm and xpm.

Frequency conversion in optics can be understood as the modulation of the
refractive index by an electric field at a given frequency (frequencies) through a
second order non-linearity. From this we can deduce the three coupled wave
equations as:
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In these equations ∆k is the phase mismatch: ∆k=k3-k2-k1. The term deff is the
effective second order non-linearity[73] which is a function of the angle between the
propagation direction of the incoming pulses and the optical axis of the anisotropic
uniaxial crystal. The term z corresponds to the distance traveled inside the medium,
i.e. the crystal thickness. In our calculations we have neglected the dispersion in the
linear (n0) and in the non-linear (n2) refractive indices. As in the former sections the
self-steepening and Raman scattering are neglected.

Since we are using negative uniaxial β-BBO crystals in our experimental set-up,
this will be the type of crystal described here. In this crystal there are two different
ways of generating new frequencies. (i) The incoming pulses are two ordinary
waves generating an extraordinary wave (o+o=e). (ii) The two incoming pulses are
one extraordinary and one ordinary wave, and the generated frequency is an
extraordinary wave (e+o=e). For the second harmonic generation we have ω1 = ω2,
and ω3 = 2ω1 (= 2ω2) and use scheme (i), which is also the process used in order to
produce the third harmonic (ω1, ω2=2ω1, and ω3=3ω1). For this process the phase
matching angle condition may be deduced from:[73]
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A similar expression can be obtained for the phase matching angle of the third
harmonic generation.[73] In the above expression the superscript e represents the
extraordinary linear refractive index, and o the ordinary linear refractive index
which can be calculated from Sellmeier equations for the BBO crystal.[84] The non-
linear refractive index n2 is 4.4∙10-22 m2/V2 at 800 nm.[85] The two subscripts
correspond to the fundamental (ω) and the second harmonic (2ω). The second
order non-linear constant, deff, for a Type I ooe is directly related to χ(2), and may
be obtained from:[73]

( ) ( ))(cosd)(sindd 322331eff ωα+θ−ωα+θ= (2:29)

where d31 and d22 are tabulated values.[86] Here the angle α(ω3) is the walkoff
angle[73] due to the physical separation of the ordinary and the extraordinary beams.
This angle will lead to a length Lα beyond which the two beams are totally
separated and no frequency conversion can take place.
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The angle θ has the relation to the phase matching angle θpm and the phase
mismatch ∆θ as follows:

pmθ−θ=θ∆ (2:30)

To some extent we have examined the influence of a slight detuning of the phase
matching angle, ∆θ ≠0, and hence ∆k ≠0 in the experimental work performed in
this thesis. We have also calculated the influence of different intensities of the
incoming pulse (20 - 500 GW/cm2), as well as the influence of an initially chirped
fundamental when producing the second harmonic. Since the yield of the generated
second harmonic also depends on the crystal thickness, this parameter was also
taken into account and was varied. A thicker crystal will lengthen the sh in the time
domain due to group velocity dispersion. Preliminary results of these simulations
were presented as a poster at the third national meeting on femtosecond
spectroscopy and dynamics in Stockholm, in October 1999. The experiments and
corresponding simulations are in progress, and will not be presented further in this
thesis.

2.1.6 Numerical Techniques

The numerical calculations are made by using home written programs (Borland
Turbo Pascal, Mathcad, Mathlab). In the calculations we solve the coupled non-
linear wave propagation equations numerically and when the higher order
dispersion is included we use the Fourier transform based split operator beam
propagation technique.[83] When only xpm is considered, the numerical propagation
of the probe field is simple since in our approximations, the intensity of the pump
field remains constant through the sample. First we consider the method for the
calculations when the higher order dispersion is included. In this simulation the
sample is divided into 10 µm thick segments. By solving Eqs. 2:19 and 2:20 we
obtain the temporal profile of the probe pulse after the sample in the presence of
the pump. The spectrum of the probe (Sl(∆t,ω) proportional to Iprobe) is obtained by
taking the Fourier transform of the temporal profile, the reference spectrum (S0(ω)
proportional to Iref) is simply the probe spectrum before entering the sample. The
theoretical ∆OD(ω,∆t) signal is then computed from the relation in Eqs. 1:2-3,
which can be directly compared to the experimental signal.
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In order to solve Eq. 2:20 numerically by using the Fourier transform based beam
propagation technique, we use differential operators and Eq. 2:20 will take the
form:[83]
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Here the differential operator D includes the terms corresponding to the group
velocity dispersion and the second and third order dispersion terms in Eq. 2:20,
while the operator N corresponds to the xpm term on the right hand side of Eq.
2:20. For the expression above there is no exact solution, but it is possible to
determine an approximate solution by using the so-called split-step procedure.[83]

This procedure is used to propagate the complex field of A2(z,t) through the sample
by a small distance δ in the following way:
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First the field is propagated a distance δ/2 with dispersion only (D), then this result
is multiplied by a non-linear term representing the effect of the non-linearity over
the segment δ. Finally the field is propagated the remaining part of the segment.
This implies that all non-linear interactions are calculated at δ/2. The operator
exp(δD/2) can be accomplished by using the Fourier transform method in the
following way:
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where F is the Fourier transform operator and F-1 is the inverse Fourier transform
operator. Then Eq. 2:32 is used repeatedly to propagate the pulse through the
sample thickness, after obtaining a suitable size of δ (10µm). In this way we obtain
a solution for the probe field amplitude after propagating the total sample
thickness. In order to calculate an expression related to the experimentally derived
signal, the Fourier transform of the probe field amplitude, A2(z,t), is calculated,
since the probe pulse is dispersed in frequency domain before detection. Then the
intensity is proportional to the square of this last Fourier transform, and the change
in optical density is obtained from Eqs. 1:2-3. The Fourier transforms can be done
quickly and efficiently by using the FFT (fast Fourier transform) algorithm.[87]
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2.2 Lifetime studies

The alkaline earth metal atoms all have two paired s-electrons in the ground state
configuration (Ca 4s2, Sr 5s2, Ba 6s2),[88] and the outer electrons are involved in the
molecular orbitals formed when a ground state hydrogen is added to the system (H
1s1).[89] In this notation the 4, 5 and 6 correspond to the shell structure of the atom,
i.e. the principal quantum number n. The alkaline earth monohydrides in the lower
electronic states have a total spin which arises from a single unpaired electron, and
is consequently equal to ½. The molecular orbital angular momentum, ΛΛΛΛ, is 0 for
an s- electron, 0 or 1 for a p-electron and 0, 1 or 2 for a d-electron. The total
electronic angular momentum Ω is |ΛΛΛΛ±½| for the alkaline earth hydrides in case of
spin-orbit coupling. As an example we will examine the lower lying states of the
BaH molecule. In the simplest approximation, we assume that there is no mixing of
the Ba orbitals when the molecule is formed. The s-orbital of the hydrogen atom
mixes with the Ba s-orbital to form a binding ground state molecular 4σ orbital.[52]

In this case the ground state become a 2Σ+ state where the + corresponds to an
electronic eigenfunction which does not change sign upon reflection in any plane
through the internuclear axis.[52] The first excited states are then obtained from the
5d level in atomic Ba which splits into three molecular electronic levels, when
mixed with the hydrogen, a A2Π, B2Σ+ and A'2∆ state. The relative energy levels of
these three states cannot be properly understood in this simplified model used to
obtain the molecular orbitals and hence the molecular electronic states, but orbital
mixings has to be taken into account. There are two quite simple ionic bonding
models to theoretically describe the alkaline earth monohalides,[50,90,91] since these
are highly ionic compounds. The electronic structure may be described as a single
valence electron outside two closed shell ions,[50] namely a halogenoid anion X-

and an alkaline earth cation M2+. The electron is localized around the metal ion and
polarised by the field of the halogen ion. Allouche et al.[72] used instead of the ionic
model, neutral atomic orbitals when theoretically examining the structure of BaH.
By using this model they could calculate accurate numbers for the electronic states
in BaH when compared with experimental results. When Leineger and Jeung[62]

calculated the double well structure of the B2Σ+ state of SrH they used a similar
model. In that paper they also predicted the position of the A'2∆ state in SrH. In
Fig. 2.3a the atomic ion levels are shown for Ca, Sr and Ba together with the
molecular lower lying electronic states of the corresponding hydrides shown in Fig.
2.3b.
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Figure 2.3 a) Atomic energy levels for the ionic alkaline earth metal atoms Ca, Sr and Ba[92]. b)
The molecular electronic energy levels for the corresponding hydrides.[30,52,57,62]

The Einstein coefficient of spontaneous emission Av'v'' [s
-1] is, according to wave

mechanics in case of dipole radiation, related to the electronic dipole transition
moment, Re(rv'v'') [Cm], in the r-centroid approximation as:[93,94]
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In this expression the subscript v' denotes the upper vibrational energy level, i.e.
the initial state, and v'' is the lower level, i.e. the final state. The transition
frequency between the two states is ν [s-1], rv'v'' [m] is the r-centroid of the v'v''
vibrational band, qv'v'' the Franck Condon factor and g is a statistical weight
factor[94] which is 1 for all transitions except for a Σ-Π transition when it is 2. The
constants are the permittivity constant in vacuum ε0 [As/Vm], velocity of light in
vacuum c [m/s] and Planck's constant !  (h/2π) [Js]. The Franck Condon factor is
dependent on the difference of the equilibrium internuclear distance of the two
states involved. In the states of the molecules studied here it is usually close to 1
(for ∆v=0 transitions). The r-centroid approximation is valid in our case, since all
transitions studied are allowed transitions,[95] and the difference potentials only
have one crossing point with the ground state vibrational levels, i.e. there is only
one classical transition.[96]

After a certain time τv' the fraction of molecules left in the upper state v' is 1/e of
the initial number. This time is called the mean lifetime of the upper state and is
related to the Einstein coefficient as:[94,95]
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where the summation is taken over all lower vibrational states involved in the
transition. Another quantity related to the transition intensity is the dimensionless
oscillator strength, fv'v'', having the following expression:[94]
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In this equation e [C] is the elementary charge and me [kg] is the electronic mass.
The electronic transition moment Re is often expressed in atomic units, i.e.
1au=e∙a0, where a0 [m] is the Bohr radius.

The interaction between the rotation of the nuclei and the resultant orbital angular
momentum in a diatomic molecule may be neglected when studying the electronic
states. This approximation is valid for low rotational speed, while for higher speeds
this interaction will result in a splitting of the rotational energy levels into two
components for each rotational quantum number J.[52] The splitting is present for all
electronic states where Λ ≠ 0, and is called the Λ-doubling. For a Σ state Λ equals
0, while for a Π and a ∆ state Λ is 1 and 2 respectively. Perturbations in the A'2∆ -
A2Π- B2Σ complex often results in large Λ-doubling parameters. The interaction
can be seen directly in the positions of the spectral lines of the ro-vibronic spectra
or as a change in lifetime of the electronic state in the perturbing region.[95]
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3333
Experimental

3.1 Non-linear phenomena

3.1.1 Overview

In the experiments performed in this thesis a femtosecond (fs) pump-probe scheme
is used to study non-linear phenomena in glasses and liquids. As a pump pulse we
can use either the second harmonic of the fundamental from the laser or the third
harmonic. The probe pulse is a weak white light continuum produced by self phase
modulation in a rotating fused silica disc. The experimental set-up basically
consists of five major parts, see Fig. 3.1. The first part is a compact integrated
Ti:Sapphire amplified fs-laser system (Clark-MXR CPA 2001) producing
horizontally polarised pulses of 160 fs at full width half maximum (fwhm). The
pulses are centered around 775 nm with an average pulse energy of about 850 µJ.
The repetition rate of the system is 1 kHz, see section 3.1.2.

Directly after the fs-laser system a fraction of the beam (5%, Fig. 3.1) is split off
and directed to the second major part, the diagnostics. This part consists of a
spectrograph (Chromex 250is/SM) to obtain the spectral profile of the laser pulses
and an autocorrelator (Clark-MXR AC-150) in order to monitor the time profile of
the pulses. Note that the diagnostic tools can be operated without interference with
the rest of the set-up so that the characteristics of the laser pulses can be monitored
during an on-going experiment. This is important since an experiment may last for
several hours. The rest of the laser beam is directed along the experimental beam
path by dichroic mirrors optimized for either horizontally or vertically polarised
light at 775 nm.
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Figure 3.1 Schematic overview of the experimental set-up. BS - beam splitter, FM - flip mirror,

CCD - charged-coupled-device, AC - autocorrelator, λ/2 - half lambda wave-plate, DM

- dichroic mirror, SHG - second harmonic generation, THG - third harmonic generation,

WLC - white light continuum, FS - fused silica plate.

The beam has to be raised to a requested height above the table by a periscope.
Behind the periscope the polarisation of the beam is changed by a zero-order λ/2
wave-plate (retardation plate) in order to obtain vertically polarised light to be
reflected in the horizontal plane, since the losses and the pulse distortion will be
less. We use zero-order λ/2 wave-plates specially designed for fs-applications,
since the short laser pulses are spectrally rather broad. Next there is a non-focusing
telescope in order to reduce the beam diameter of the fundamental to half the
original size, since the size of the crystals generating the second and third
harmonics are rather small. Another reason for reducing the beam diameter is that
to keep the intensity constant when using a chopper in the beam path to
synchronize the experiment (see section 3.1.6). The telescope is a Cassegrainian
system[97] made by a concave and a convex mirror.

In a second beam splitter a fraction (10%) of the laser beam is reflected to the
fourth major part (probe beam path) of the set-up, while the rest is transmitted into
the third part where new frequencies are generated to be used as pump pulses. This
part will be described in more detail in section 3.1.4. The fourth major part consists
of a delay-stage together with the white light continuum generation, see section
3.1.5. The white light acts as a probe pulse in the experiment. The probe pulse is
made to overlap spatially with the pump pulse at the sample position.
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Last in the beam path is the sample and the detection system which consists of a
spectrograph equipped with a charged-coupled-device camera, ccd (EG&G
Princeton), and a grating in order to detect all wavelengths simultaneously. This
part is described in section 3.1.6.

3.1.2 Laser system

The compact integrated Ti:Sapphire amplified fs-laser system is built in two levels,
see Fig. 3.2. The bottom level contains a SErF (Erbium doped fiber) fiber oscillator
pumped by an integrated Lasertron continuous wave (cw) diode laser. The pulses
from the fiber oscillator are compressed, frequency doubled and stretched before
they are guided to the top level. In the top level of the laser the regenerative
amplifier, pulse compressor and Nd:YAG pump laser (Clark-MXR ORC-1000) are
located.

Figure 3.2 A schematic overview of the two levels in the compact fs-laser system.

In the bottom level, which is not accessible to the ordinary user, the cw diode laser
pumps the fiber oscillator at a wavelength around 1 µm with a power of 150 mW.
The erbium doped fiber ring oscillator (stretched-pulse additive pulse mode-
locking[98,99]) is passively modelocked by polarisation selective elements. The
lasing wavelength of the fiber oscillator is 1.55 µm with a repetition frequency of
around 25 MHz, which is the clock frequency of the whole system. The
wavelength region in which the Ti:Sapphire amplifier in the top level operates is
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ORC-1000 Nd:YAG
Pump Laser

Regenerative Amplifier

Pulse Compressor

Top Level



- 34 -

700-900 nm, so before injecting the pulses from the fiber oscillator into the
amplifier they have to be frequency doubled. Since the frequency doubling process
in the PPNL crystal (periodically-poled LiNbO3) used is most efficient for short
pulse duration, around 150 fs, the fiber oscillator output pulse has to be compressed
in a prism compressor. Behind the PPNL crystal there is a photodiode in order to
monitor the modelocked, frequency doubled pulses from the fiber oscillator. From
the crystal the 25 MHz 775 nm pulses are guided into a grating based pulse
stretcher,[100] and then to the top level.

Figure 3.3 Schematic overview of the regenerative amplifier. a) The Ti:Sapphire crystal pumped by

the Nd:YAG-laser with no seed beam. L1 - lens, M1 - mirror, F - birefringence filter, P2

- polariser, PC - Pockels cell. b) The amplifier with the seed beam introduced from the

fiber oscillator. M5 - mirror guiding the seed beam from the bottom level to the top

level, P1 - polariser, FR - Faraday rotator.

At the top level (see Fig. 3.3) the pulses are introduced into the regenerative
amplifier consisting of a Ti:Sapphire crystal pumped by a frequency doubled,
pulsed Nd:YAG-laser at 532 nm. The Nd:YAG-laser is Q-switched at 1 kHz by a
Pockels cell which is triggered by the driver unit (Clark-MXR DT-505) in order to
be synchronized with the rest of the fs-system. The pump pulse from the Nd:YAG-
laser is focused (L1, Fig. 3.3a) into the Ti:Sapphire rod. Since the Ti:Sapphire
amplifier is lasing in the wavelength region 700-900 nm, a birefringence filter (F)
is used as a wavelength selector inside the cavity (M1-M4) in order to match the
fiber oscillator wavelength at 775 nm. In the cavity there is a Pockels cell (PC),
which is used for injection and ejection of the seed beam.
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The fiber oscillator seed beam from the bottom level (see Fig. 3.3b), vertically
polarised at 775 nm, is guided to the top level (M5) and reflected (P1) into a
Faraday rotator (FR) that does not rotate the incoming pulse, but the outgoing pulse
by 90 degrees. The Faraday rotator is used in combination with a λ/4 plate. Since
the same beam path is used both for the injection of the seed pulse into the
amplifier and for the outcoupling, it is necessary to use polarisation sensitive
components. The pulse is reflected into the amplifier by a polariser (P2), although
it is not actually seeded into the amplifier until the polarisation is rotated 90
degrees by the Pockels cell (PC). The Pockels cell is also working in combination
with a λ/4 plate, to obtain the right polarisation.

Figure 3.4 The amplification of the seed pulses in the regenerative amplifier cavity. Each peak

corresponds to one round trip inside the amplifier cavity, and the arrow points where

the pulse is normally ejected from the amplifier. The inserted graph includes the YAG

pulse as well as the seed pulses on a longer time scale.

In order to achieve amplification of the seed pulses synchronization of the devices
is necessary. The repetition frequency of the fiber oscillator (25 MHz) is the input
trig pulse to the Pockels cell driver unit (Clark DT-505) where it is divided in order
to reach a repetition frequency of 1 kHz. From the DT-505 it is possible to fine
adjust three different delays. The first output of the delay is used to introduce the
seed pulse into the regenerative amplifier, by trigging the Pockels cell. The second
delay ejects the amplified pulse from the amplifier cavity, which is done after a
certain number of round trips in the cavity, before the seed pulse has depleted the
excited states in the Ti:Sapphire crystal, see Fig. 3:4. For maximum stability the
seed pulse should be ejected after four or more roundtrips. The third delay can be
used to trigger an experiment. The tuning of the first and second delays, and in
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practice the difference between them, is crucial for the proper operation of the
regenerative amplifier. Also the seed pulse has to be carefully overlapped with the
amplifying pulse. The amplified seed pulse passes the Faraday rotator once more,
and at this point the polarisation of the seed beam is rotated by 90 degrees. The
horizontally polarised light is guided into the compression stage.

The compressor consists of a grating, mirrors and a large prism in order for the
wavelengths in the amplified pulse to become in phase,[100] and coincident in time
again. The amplified, compressed pulse out of the compact CPA-2001 is
horizontally polarised at 775 nm. The duration is around 160 fs, with pulse energy
of 850 µJ and a repetition frequency of 1 kHz. The chirp of the pulses may be
adjusted by the user, and it is also sometimes necessary to maximize the output
power by optimizing the end mirrors of the regenerative amplifier cavity.

3.1.3 Diagnostics

In order to diagnose the laser pulses during the experiment there is an
autocorrelator for analyzing the time profile of the laser pulse. The spectral profile
of the pulse is obtained by a spectrograph equipped with two different gratings
(1200 and 600 grooves/mm) and a ccd camera (Santa Barbara Instruments Group
ST-6V). A computer (PC) controls both the autocorrelator and the spectrograph.

The autocorrelator consists of a beam splitter and two retroreflectors of which one
is mounted on a small motor driven delay stage. There is also a lens, a 0.2 mm
frequency doubling crystal, KDP (potassium dihydrogen phosphate) and a
photodetector. The principle is that the incoming fs-pulse train is split into two
equal parts, one is delayed in time relative the other. The two pulse trains are then
guided into the KDP crystal to generate the second harmonic. This can be done in
two different ways, either in a background free mode or in an interferometric
fashion. By using the interferometric autocorrelation it is possible to qualitatively
determine the presence or absence of phase modulation, to quantitatively measure a
linear chirp, and in combination with the pulse spectrum determine the pulse shape
and phase by fitting procedures.

In the backgroundfree mode, or intensity autocorrelation (see Fig. 3.5a), the two
pulses are not co-linear, but overlaps spatially in the crystal. The disadvantage with
this mode is the insensitivity to the phase of the pulses. The normalized measured
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intensity, Sint(τ) from the generated second harmonic in the backgroundfree mode
for a Gaussian pulse shape can be calculated from the following equation:[101]

∫ τ+=τ dt)t(I)t(I)(S 21Int (3:1)

where subscript 2 corresponds to the delayed pulse.

Figure 3.5 Autocorrelation traces of the fs-laser pulse. a) Backgroundfree mode. b) Interferometric

mode.

In the interferometric mode (see Fig. 3:5b) the two pulse trains propagate along a
common path toward the KDP crystal. In this mode it is possible to determine
whether the laser pulse is chirped or not, since this detection scheme is phase
sensitive. The intensity of the detected signal can be described as:[101]

( )∫ τ+=τ dt)t(E)t(E)(S 2

21etricInterferom (3:2)

This expression can be solved analytically for a linearly chirped Gaussian,[101] as in
Eq. 3:1 subscript 2 corresponds to the delayed pulse.

The spectrograph is an instrument having an optical layout as an asymmetric
Czerny-Turner configuration (grating and focusing mirrors). In the instrument two
gratings are mounted in order to cover a broad wavelength region, and to acquire
the desired resolution. The dispersed light is detected by the ccd camera, having
75×242 pixels, each with a size of 23×27µm. With the grating having 1200
grooves/mm, blazed at 300 nm, the resolution is 0.07 nm/pixel on the ccd camera.
For the 600 grooves/mm grating, blazed at 400 nm, the resolution is 0.14 nm/pixel.
This instrument makes it possible to estimate the spectral fwhm with the desired
resolution for 775nm (see Fig. 3.6a), 387 nm (see Fig. 3.6b), and 256 nm, which is
essential for the experimental set-up.
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Figure 3.6 Wavelength spectrum from the spectrograph a) The fs-laser pulse fundamental at around

775 nm having a duration around 160 fs. b) The second harmonic generated at 387 nm.

In combination the two instruments, autocorrelator and spectrograph, describe the
laser pulse fairly well. From the backgroundfree measurement together with the
spectrum we can experimentally determine the pulse duration (∆t~160 fs) and the
spectral fwhm (∆ν~8nm) and with these numbers we may estimate the shape of the
pulses and calculate the eventual chirp of the pulse. There are other techniques for
determining the phase and intensity for short pulse duration and high intensities,
e.g. frequency resolved optical gating techniques.[102-104]

3.1.4 Frequency conversion

When the laser beam has been transmitted by the second beam splitter in Fig. 3.1
(BS2), it is guided into the third major part, where the frequency conversion takes
place. In order to generate the second harmonic (sh) of the fundamental (see Fig.
3.7) we use a BBO type I crystal, which is a negative uniaxial crystal. The sh
crystal has a front surface of the size 7×7 mm, and in our experiments we have
used two different thickness of the crystal, 0.4 and 0.2 mm. When generating the
second harmonic we use an o+o=e scheme, i.e. the fundamental is an ordinary ray
and the generated sh is an extraordinary ray. To fulfil the phase matching condition
(see section 2.1.5) it is essential that the incoming wave enters the crystal at the
perfect angle relative the optical axis, in the sh case the crystal is cut at an angle of
29.3 degrees relative the optical axes. In order to optimize a crystal, both the
thickness and the cutting angle has to be of proper values. The crystal is mounted
on a rotation stage and to achieve maximum yield of the sh the incoming pulse has
to be horizontally polarised generating vertically polarised sh. The polarisation of
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the fundamental is changed continuously by a retardation plate (λ/2) in front of the
crystal in order to achieve horizontally polarised light, but it also works an
attenuator for the sh, since sometimes it is not convenient to use maximum
intensity in the pump pulse. Note that rotating the λ/2 wave-plate does not affect
the polarisation of the sh since the polarisation is solely determined by the crystal.
Another way to attenuate is to insert filters in the beam path, but since this solution
introduces group velocity dispersion (gvd), this is not preferred.

Figure 3.7 Detailed overview of the second harmonic generation. BS - beam splitter, PH - pinhole,

DM - dichroic mirror, λ/2 - half lambda wave-plate, BBO I - type I beta barium borate

crystal (β-BaB2O4), SHG - second harmonic generation, DBS - dichroic beam splitter,

BD - beam dump, L - lens, wlc - white light continuum.

After the crystal we have a mixture of horizontally polarised 775 nm and vertically
polarised 387 nm, these are separated by a dichroic beam splitter (DBS). The
energy contained in the sh pulse, for maximum yield, is around 200 µJ, for 0.2 mm
thick crystal, with a duration in the same order as the fundamental, around 160 fs.
The sh (387 nm) may be chosen as a pump, which is done in the experiments
presented in this thesis. There is also a possibility to generate the sum frequency in
another Type I BBO crystal using the sh generated in the first crystal together with
the fundamental, enabling the use of tripled light at 258 nm as a pump pulse.

After the separation of the sh and the fundamental, the 775 nm light is collected in
a beam dump. In order to obtain the same beam path distance of the sh and the
probe pulse, and also to totally separate the fundamental from the sh there are three
reflections (DM). A 2.2 mm thick plano-convex fused silica lens (L, f=2.0m) is
used to focus the pump pulse about 1 m behind the sample position for the xpm/tpa
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experiments. In the case of liquid phase experiments there is no need for focusing.
The size of the pump beam at the sample is around 1 mm, with a peak intensity in
the order of 100 GW/cm2 for the focused beam. Behind the lens the beam is
reflected by a dichroic beam splitter (DBS) transmitting the last of the red light.
This device is also used to tilt the pump pulse in the vertical plane to obtain an
angle around 1 degree between the pump and the probe pulse at the sample
position, in order to avoid scattered laser light into the detection system. For a
probe diameter ~0.5 mm, and a sample thickness of 0.2 mm the angle between the
pump and the probe pulses do not seriously affect the time resolution (in the order
~1 fs).

To generate the third harmonic (th), the set-up has to be slightly modified, but since
we have not used the th in the experiments performed in this thesis, this part of the
set-up will not be discussed here.

3.1.5 White light continuum

This part consists of a delay stage and the white light continuum generation. In this
beam path we have chosen to use silver and aluminum coated mirrors, since
reflective losses are not critical in this part of the set-up, and some of the optics in
this section are also used in other experiments where different wavelengths are
used.

After the second beam splitter in Fig. 3.1 (BS2) around 10 % of the fundamental
(see Fig. 3.9) is guided into a computer controlled (GPIB interface) delay stage
(OWIS, Limes 120) consisting of an aluminum coated hollow retroreflector (CVI).
The resolution of the delay stage (DL) is 0.5 µm, which corresponds to 1 µm
optical beam path and a time delay of 3.3 fs between the pump and the probe
pulses in each step.

There is a variable attenuator (VA) to continuously vary the intensity of the
fundamental when generating the white light continuum. The attenuator consists of
a retardation plate and two sheet polarisers (Newport). At an incident angle of
around 70 degrees these sheet polarisers (P) reflect almost exclusively vertically
polarised light centered at 775 nm. In order to vary the intensity of the 775 nm
beam after the sheet polarisers, the polarisation can be changed by the retardation
plate. A pinhole (PH) is mounted behind the attenuator in order to cut off the tail of
the pulse arising from reflections from the back surfaces of the sheet polarisers.
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A second retardation plate is mounted after the variable attenuator to control the
polarisation of the white light, i.e. probe pulse, relative the pump pulse. Usually
experiments are made at the so-called magic angle (here 54.7 degrees) between the
pump and the probe (see section 1.2) in order to obtain measurements that are
independent of the orientation of the transition dipole moments of the molecules
under investigation.

To generate the white light continuum we use a lens (L, f=100 mm) to focus the
fundamental beam in a 2.5 mm thick rotating fused silica disc (WLC). In the fused
silica disc the white light is generated by self phase modulation (see section 2.1.2).

Figure 3.9 Detailed overview of the white light continuum part. BS - beam splitter, FM - flip

mirror, DL - delay line, VA - variable attenuator, P - sheet polariser, PH - pinhole, L -

lens, WLC - fused silica plate for white light continuum generation, PM - parabolic

mirror, FS - fused silica plate.

The rotating disc is mounted on a micrometer translation stage since producing a
stable white light requires a delicate combination of intensity, pulse profile and
focus. The generated white light is collimated by an off-axis aluminum coated
parabolic mirror (PM, Ealing) with a focal length of 100 mm. The parabolic mirror
is used to minimize dispersion. A pinhole is used to choose the part of the white
light that is most suitable for the experiment carried out. The white light beam
passes a 10 mm thick fused silica plate in order to split the white light beam into a
reference and a probe. The part of the white light reflected from the front surface of
the fused silica plate is the probe pulse. The reference pulse is the part of the white
light reflected from the back surface of the fused silica plate.
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Those two pulses are reflected by a half moon silver mirror into the sample and at
the sample position the reference and probe pulses are separated by a distance of
1.4 mm in the horizontal plane, having a spot size of around 0.4 mm (see Fig.
3.10). The spot sizes of the pump and the probe beam is measured by a diode array.
At the sample position the probe is almost focused by a slight "misalignment" of
the parabolic mirror. Here the probe is overlapped by the pump at an angle of about
1 degree as described in section 3.1.4. To reduce fluorescence emitted by the
sample and scattered pump light directly into the detection two small pinholes
(d~500 µm) are placed behind the sample, one for the reference and the probe
pulse respectively.

Figure 3.10 The measured beam diameters of the pump (0.95 mm) and the probe (0.4 mm) pulses

respectively at the sample position.

Typical samples used in this thesis are glass plates and a free flowing jet, only 0.2
mm thick in order to maintain the time resolution and to minimize the dispersion of
the white light continuum. If required a 0.1 mm optical path length flow cell can be
used, but in this case the thick (1.25 mm) windows contribute greatly to dispersion
and enhance the xpm related signal at zero delay-time.

3.1.6 Detection system

In this section the beam path after the sample is followed all the way to the
spectrograph where the reference and probe pulses are detected, see Fig. 3.11.
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After the two small pinholes (PH) behind the sample two half moon aluminum
mirrors (M1, M2) are mounted, one for the probe and one for the reference, since
the two pulses have to overlap in a lens focusing the two pulses onto the
spectrograph slit. Before the spectrograph there is a device ('flipper') which rotates
the plane of the probe and reference to match the vertical entrance slit of the
spectrograph. Between the flipper and the lens there is an opportunity to install
various filters. In the experiments carried out in this thesis three different filters are
used. First a cut off filter GG420 (F1) blocking scattered light from the sh pump
pulse, then a BG38 filter (F2) to attenuate the residual of the fundamental (at 775
nm) in the wlc. The third filter is a variable neutral density filter (FW) mounted on
a filter wheel to avoid saturation of the 16 bit ccd detector.

Figure 3.11 Detailed overview of the detection part of the experimental set-up. M1, M2 - half

moon aluminum mirrors, Flipper - flips the plane of the reference and probe, F1,F2 -

filter holders, FW - filter wheel for neutral density filters, L - lens, PH - pinhole, G -

grating, CCD - charged coupled device.

The probe and the reference pulses overlap in a lens (f=250 mm) in order to focus
the two pulses onto the spectrograph slit. In the spectrograph the two pulses are
dispersed by a grating (150 grooves/mm) onto a ccd (512×512 pixels) with a
resolution of around 1 nm/pixel. The probe pulse is dispersed on the upper pixels
of the ccd and the reference on the lower. Unfortunately single pulse detection is
not possible due to the readout time of the ccd camera, and the internal shutter
cannot handle repetition rates > 1Hz. Instead we have chosen to use a chopper at a
frequency of 8-15 Hz, to alternatively block the light from the probe and the
reference pulses, since the detector cannot readout when exposed to light. The data
collection is computer controlled by home-written macro programs in the ccd
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software environment (OMA4000). These programs also control the translation
stage via GPIB commands.

In a typical experiment, at a chopper frequency of 15 Hz, the ccd camera collects
data for 50 chopper expositions at each position of the translation stage, each
exposition corresponding to around 30 laser pulses. A typical number of positions
of the delay stage is 100, and when all desired positions (the desired time interval)
are measured (a scan) the translation stage may be moved back to its initial position
to start again. This procedure is usually repeated 5-30 times, depending on the
required signal to noise ratio. The typical time for one scan is 10 minutes and it
takes about two hours to collect the standard number of 12 scans.

On the screen it is possible to visualize the signal, both kinetic traces (∆OD as a
function of delay time for three different wavelengths) and the spectra (∆OD as a
function of wavelength for every third delay time). The analysis of the data is made
in Matlab5.0 using home-written programs, but first the binary files from the data
collection has to be transformed into readable code for Matlab. In the macro
programs it is possible to correct for group velocity dispersion, which is measured
in separate experiments, and to analyze both the kinetics and the spectra. The data
can be saved as an ASCII file and for possible further treatment in Origin6.0.

3.2 Lifetime studies

3.2.1 Experimental set-up

In the lifetime studies the experimental set-up is quite different from the
experiments described above, since here we are working with longer laser pulses,
as well as lower peak intensities. The set-up consists of a 7 W continuous wave
argon ion laser (Innova 90) pumping either a Ti:Sapphire laser (Spectra Physics
3900S) or a dye laser (Coherent Radiation 599) using Rhodamine 6G, where both
the latter lasers are equipped with tunable etalon sets. In order to obtain pulses
from this laser system an opto-acoustic (oa) modulator (Newport EOS) is used
together with a pulse generator. By using the modulator it is possible to create
pulses of approximately 50 ns at fwhm, having a fall time of around 4 ns, at a
repetition frequency of 1 MHz.
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Figure 3.12 Schematic overview of the experimental set-up. M - mirror; L1,2,3 - lenses; PMT -

photo multiplier tube; G&D - gate and delay generator; PC - personal computer; TAC

- time to amplitude converter; PG - pulse generator.

The pulsed laser light is focused in the center of a resistance heat pipe furnace. To
minimize scattered laser light into the detection system, the back scattered
fluorescence light from the excited molecules is used for detection. The
fluorescence light is focused onto a 0.5 m Czerny-Turner monochromator (F:10)
with a holographic grating (3000 grooves/mm) and equipped with a cooled
Hamamatsu R943 photo multiplier (PM) tube. The slit width of the monochromator
is kept rather broad, about 1 mm, to eliminate the flight-out-of-view effect (see
section 3.2.2). In order to obtain a coincidence signal the opto-acoustic modulator
is used as a stop pulse for a time-to-amplitude-converter (TAC, Tennelec527), and
the fluorescence signal from the PM-tube is used to start the time sweep of the
TAC. This 'reversed' scheme is used since it is more efficient as it reduces
detection dead-time. In this way the time between a fluorescence photon and an
exciting laser pulse is converted to an amplitude which is stored in a PC equipped
with an Ortec EG&G multi- channel-analyzer (MCA) system.

To produce the alkaline earth hydrides, a lump (∼  1-2 g) of the alkaline earth metal
is placed in the center of the resistance furnace, and then the furnace is evacuated.
After the evacuation hydrogen is introduced into the furnace, which is then heated.
The furnace is made of a ceramic cylinder wired with tungsten thread, connected to
a transformer in order to vary the temperature. The production of the alkaline earth
monohydrides starts at a temperature of around 800 K. The gas pressure inside the
furnace is measured by using various devices, a Pirani gauge (LKB Autovac) and a
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pressure transducer (Edwards 600 Barocel). The Barocel is used to calibrate the
Pirani gauge, since the Barocel is measuring absolute pressure independent of the
gas used, while the Pirani gauge is gas dependent. The surrounding gas pressure is
varied between 100 mTorr and 10 Torr, since the lifetimes have to be measured at
different pressures, in order to achieve a good estimate of the zero-pressure
lifetime.

Figure 3.13 An example of a fluorescence decay curve for the A2Π-X2Σ state of SrH, at a pressure

of 1.6 Torr. Inserted is the shape of the laser pulse, in this case of a Ti:Sapphire laser

in the region of 730-750 nm.

In a typical experiment, the sampling time of the pm signal varied from 10 to 20
minutes, depending on the strength of the fluorescence intensity. The data was
sampled by a PC program controlling the MCA. The time resolution of the MCA
was varied from 0.69 to 4.14 ns per channel for different runs, and is assumed to be
linear. The data was then transferred to a µVAX computer for further analysis, by
home written programs in which the lifetimes are fitted to the experimental data
both with and without convolution. For the results presented in paper IV-VI all fits
are convoluted with the laser pulse. In Fig. 3.13 a typical fluorescence signal from
SrH A2Π-X2Σ transition is shown, at a pressure of 1.6 Torr, and inserted is the
shape of the laser pulse used for excitation. The solid curve represent a fit
consisting of a constant background and an exponential decay, and the dashed line
is the constant background used. The derived lifetime at this pressure is around 21
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ns. The error presented in Fig. 3.13 is one standard deviation of the fit, while the
estimated total error contributions are presented in section 4.2.1.

The inverted lifetimes were plotted against pressure in a Stern-Vollmer plot[100] in
order to extract the zero-pressure lifetime.

3.2.2 Possible systematic errors

In a fluorescence experiment like the one described above there are of course
contributions to systematic errors in the measurements, that may give rise to longer
or shorter lifetimes than the true lifetimes. In this context it is necessary to estimate
the size of these contributions. Such error sources are cascading effects, flight-out-
of-view effect, self-trapping and pressure related effects.

Cascading effect refers to the situation when a certain energy level i in an atom or
molecule is partly populated via a cascading transition from a higher lying energy
level j. If this occur the decay curve and subsequently the derived lifetime of the
measured state i will be distorted.[105] This effect is most likely in atoms when the
excitation is made using a non-selective method, while in our case we use a
selective excitation and investigate molecular transitions. However, consider the
case of a B-X transition measured for the alkaline earth monohydrides in this
thesis. A possible cascading effect would be through the A state, i.e. a B-A
branching followed by an A-X decay. But this scenario is negligible since the
branching ratios of a B-A to a B-X transition is expected to be roughly proportional
to the cube of the transition frequency[52] which is of the order 0.4% for the B-A
relative the B-X transition. The transition probabilities depends also on selection
rules, e.g. the Franck-Condon factors, which are almost equal to unity for the
transitions (∆v=0) in the molecules under investigation.

Secondly there is the flight-out-of-view effect. When the fluorescence is detected
using a narrow slit width some of the excited molecules move out of the viewed
volume before the molecules decay. This is called the flight-out-of-view effect and
may cause a change in the measured lifetime.[106,107] To avoid this effect in these
experiments a set of imaging optics was used for a 1:1 image onto the entrance slit
of the monochromator, in combination with a rather broad slit width, in the order of
1 mm.
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Thirdly, there are the pressure uncertainties. With increased pressure there is a
decrease in fluorescence signal due to quenching, i.e. collisional energy transfer to
the surrounding environment. This pressure dependent, radiationless transitions
make the measured lifetime shorter according to:

kp
11

0

+
τ

=
τ

(3:7)

where τ0 is the extrapolated lifetime at zero pressure, τ is the measured lifetime at
pressure p, and the slope k gives the pressure induced depopulation rate. A plot or
graph of this equation is called a Stern-Vollmer plot (see Fig. 3.14).

Figure 3.14 Stern-Vollmer plot of the measured inverted lifetimes (open circles) of the BaH

B2Σ+(v=0)-X2Σ+(v=0) transition at J1=9.5 as a function of pressure. The derived zero-

pressure lifetime is 140 ± 13ns (solid line is a linear fit).

If the depopulation rate is high, this indicates that there are a lot of radiationless
transitions. This means that the lifetime changes a lot with pressure.[105] In the
experiments performed here the pressure was measured outside the resistance
furnace, which may contribute to a systematic error. To reduce contribution from
systematic errors due to pressure uncertainties experiments using different buffer
gases can be performed, however this is not done in this thesis. In this sense it is
difficult to estimate the contributions from pressure uncertainties, except for the
uncertainties in the readout and/or calibration of the devices used to measure the
pressure. In general the errors from calibration factors and the readouts of the
pressure devices are in the order of 5-10%.

Self-trapping is mentioned here as the last contribution to possible systematic
errors. Self-trapping refers to the situation when the radiation from an excited
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molecular state is absorbed and re-emitted by neighboring molecules in the gas
target, provided that the ground state level population is high enough. This trapping
process might cause a lengthening of the lifetime of the measured level. In case
when trapping effects could form systematic errors, the pressure dependence has to
be measured as accurately as possible. In the studies in this thesis we have not
estimated the partial pressure, i.e. the concentration, of the alkaline earth
monohydrides produced, since there might also be other molecules formed. In this
sense it is also very hard to estimate any error contributions due to self-trapping.
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4444
Results

4.1 Non-linear phenomena

4.1.1 Paper I and II

In Paper I, we have focused on studies of xpm in fused silica as an artifact in
transient absorption pump-probe spectroscopy. When a strong pump pulse and a
weak probe pulse overlap spatially and temporally in the sample, the time
dependent modulation of the refractive index (xpm) is 'seen' by the probe pulse and
as a result the spectrum of the probe is modified. This will give rise to a signal in
the frequency dispersed transient absorption spectrum around the time-zero point
even when the medium is completely transparent to one- and two-photon
absorption in the wavelength region studied. In a typical liquid phase pump-probe
transient absorption experiment, xpm related signals may arise both from the
solvent and the sample flow cell windows. Since the windows are typically much
thicker (1.25 mm) than the solvent (0.1-0.5 mm), the contribution from the
windows will probably be dominant.

We present experimental results for the xpm-related transient absorption signal of a
white light continuum probe in a 1 mm UV-grade fused silica plate, in order to
mimic a standard flow cell window, together with a quantitative theoretical
calculation of the phenomena. We show that xpm between the pump and the
chirped continuum probe in a flow cell window gives rise to large oscillatory type
features in the transient absorption signal around the zero time delay point for each
wavelength. These artifacts should be accounted for in liquid phase pump-probe
experiments. In order to reduce the contribution of this xpm-related artifact to the
experimental signal one may use a pump wavelength far away from the probe, for
example to pump with the third harmonic and to probe in the visible. In order to
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avoid propagation effects thin samples are required (in the order of 0.5 mm or
thinner), alternatively flow cells having window material with a low non-linear
refractive index, like CaF2 at least when thick flow cell windows are used. The
most efficient is probably to perform the experiments in a free-flowing jet, where
the xpm artifact does not disappear but contribute less to the total signal observed.

The good agreement between the experimentally measured and the theoretically
calculated signals indicates that the xpm artifact may be useful for characterizing
the continuum.

In Paper II we present experimental data together with theoretical calculations on
the third ( )3(χ ) and fifth-order ( )5(χ ) non-linear response in UV grade fused silica.
In an ordinary pump-probe experiment the observed signal (∆OD) is directly
related to the third order non-linear susceptibility. However, upon raising the pump
peak intensity one may anticipate to find contributions to the pump-probe signal
associated with non-linearities of higher order then the third, e.g. those related to

)5(χ .

We present experimental data that shows evidence of interference between the
third and fifth order non-linear response in a 0.2 mm thick piece of UV-grade fused
silica using femtosecond transient absorption pump-probe spectroscopy. We
demonstrate that the experimental results can be reproduced quantitatively in
numerical simulations based on the non-linear propagation equations for the pump
and probe envelopes. In the experiments the pump pulse peak intensities is varied
between 90 and 270 GW/cm2 in order to enhance the higher order non-linear
response in the material. The probe is a non-linearly chirped white light continuum.
It can be seen from Fig. 1 in paper II, maybe with the exception of the highest
pump intensity of 270 GW/cm2, that the agreement between experiment and
simulations are quite good. In particular when it is realized that most of the input to
the simulations, such as the description of the pump and probe pulses, the absolute
values for the intensities, and the values of n0

[82] and )3(χ  (n2=3 )3(
Reχ /4n0)

[108], are
either directly derived from experiments or taken from the literature. The only two
parameters which are allowed to vary freely in order to achiever agreement
between theory and experiment are the real and imaginary parts of the fifth order
non-linear susceptibility, )5(χ . The value of the real part of the fifth order non-
linear susceptibility )5(

Reχ  obtained from the simulations is -5.1(±0.7)⋅10-41 m4/V4,
which corresponds to a value of -3.3(±0.4)⋅10-41 m4/V4, for the second order non-
linear refractive index n4.

[73] We can compare this value for )5(
Reχ  with the value of
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1.6⋅10-40 m4/V4 reported by Arabat and Etchepare[109] for a WG360 Schott glass
filter. The value for the imaginary part of the fifth order susceptibility, )5(

Imχ ,
deduced from the simulations is 2.1(±0.3)⋅10-41 m4/V4 which leads to a value of
5.2(±0.5)⋅10-29 m3/W2 for the three-photon absorption coefficient γ.[73] This value
compares favorably with the results published by Naskrêcki et el.[18] in their study
of the three-photon absorption (3pa) coefficient at 400 nm of four simple liquids.
For the liquids they obtained a value of 10-27 m3/W2, but from their measurements
for an empty fused silica cuvette it can be inferred that the 3pa coefficient for fused
silica is about an order of magnitude less, quite consistent with the number
obtained in the present study. For the highest intensity region measured, the
simulations are not in perfect agreement with experimental results, which indicates
that for such high pump intensities even higher order non-linearities have to be
included in the simulations.

In our investigation we have demonstrated that, for sufficiently high pump
intensities, the femtosecond transient absorption signal of a thin UV-grade fused
silica contains contributions of both the third and fifth order optical non-linearity.
Our analysis can easily be extended to other wavelengths of the supercontinuum
probe and in this way information about the dispersion in )3(χ  and )5(χ  can be
obtained.

4.1.2 Paper III

In Paper III we have investigated the third-order non-linear response in three
optical glasses and one liquid by using femtosecond transient absorption pump-
probe technique and a white light continuum (wlc) probe pulse. The high pump
intensities used may give rise to signals related to several third-order non-linear
effects, such as cross phase modulation (xpm),[21-24,39] two photon absorption
(tpa),[25,26] or stimulated Raman scattering.[19,20] Using experimental results in
combination with theoretical calculations as explained above (see section 2.1.7 and
4.1.1), it is possible to determine the wavelength dependence of the material
properties (n2(λ), β(λ)) in these samples. The non-linear refractive index, n2, is
related to the real part of the third-order non-linearity, )3(

Reχ , and the two-photon
absorption coefficient, β, is related to imaginary part, )3(

Imχ .

In this paper we present experimental results for the xpm- and tpa-related transient
absorption signals of four different samples, UV grade fused silica, BK7 optical
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glass, BS7 optical glass, and a free flowing jet of ethylene glycol. All samples have
a thickness of 0.2 mm in order to reduce the importance of propagation effects.
From a tpa measurement in a BS7 optical glass slide we determine the chirp of the
white light continuum. In Fig. 1 in paper III the pump induced changes in the
optical density are shown for all samples and for three different wavelengths of the
white light continuum probe. These results where obtained for a pump pulse
centered at 387 nm, pulse duration of 160 fs, and with energies between 15 and 60
µJ/pulse. In Fig. 1a in paper III the signal from the UV-grade fused silica is shown.
This signal is almost exclusively due to xpm, since tpa is not energetically allowed
in UV grade fused silica. In Fig. 1b in paper III the change in ∆OD in a free
flowing jet of ethylene glycol is shown. Like UV-grade fused silica, the signals at
425 and 496 nm originates from xpm, while the strong negative ∆OD at 438 nm
corresponds to stimulated Raman scattering from the C-H and/or O-H intra-
molecular vibration[110] (stretching). In Fig. 1c in paper III the experimental signal
from BK7 is shown, and in this case we see a combination of xpm and tpa related
response. Two-photon absorption is important here since BK7 absorbs at
wavelengths below 350 nm. For BS7 optical glass (in Fig. 1d in paper III) mostly
tpa-related signal is observed. It is worth noting that the one-photon absorption
edge is about 370 nm and hence tpa is indeed expected to be dominant.

Provided the experimental conditions (pulse duration, chirp rates, etc) are well
known, a comparison of these experimental data with theoretical calculations allow
for a wavelength dependent determination both of the real (n2(λ)) and the
imaginary (β(λ)) part of the third-order non-linear susceptibility, χ(3). Alternatively
these measurements could be used to characterize both the pump and the
continuum probe. Analysis of these data is in progress.

4.2 Lifetime studies

4.2.1 Papers IV, V and VI

In Paper IV we have investigated the radiative lifetime dependence on vibrational
levels in the B2Σ(v''=0,1,2)-X2Σ(v'=0,1,2) transition of CaH in an attempt to
determine a double well potential structure proposed by theoretical calculations
made by Martin[64,65] and Carlslund[66] for the B2Σ+ state in CaH. This double well



- 54 -

potential may affect the vibrational lifetimes of the B2Σ+ state at higher vibrational
levels and may be seen as a variation of vibrational lifetimes.

We have measured the lifetimes for three different vibrational levels (v'=0,1,2) in
the B2Σ+ state by using an opto-acoustically pulsed dye laser and apply the delayed
coincidence technique. The investigated lifetimes were measured to: τv''=0=58.1(±3)
ns, τv''=1=58.4(±3) ns and τv''=2=58.5(±3) ns, where the errors corresponds to a value
based on estimated errors in the pressure and lifetime measurements. For these
three levels we could not detect any variation of the lifetimes, possibly because the
experimental configuration did not allow reaching high enough vibrational
states.[65] This can be explained by the fact that in the temperature (~1000K) region
where the experiments were performed did not allow higher vibrational levels in
the ground state to be populated.[111]

For CaH, where the displacement between the two states involved is close to zero
and the vibrational constants ω' (1298 cm-1) and ω'' (1285 cm-1) are almost
equal[52,112] the Einstein coefficients for the different vibrational levels will be
constant according equations 2:34-35. A constant Einstein coefficient results in
constant vibrational lifetimes for the vibrational levels under consideration in this
paper, and this is clearly the result of our measurements.

In Paper V the aim was to determine a perturbation in the B2Σ+ state due to the
A'2∆-A2Π complex in BaH, since the electronic energy level of the A'2∆ state is
situated in the region where the B2Σ+ and the A2Π states are situated.[72] In the case
when there is no perturbation the lifetimes of these different rotational levels is
supposed to be constant, while in the case of a local perturbation there will be a
change in the lifetimes.[95] A perturbation can normally be observed as a deviation
from a straight line when plotting measured term values as a function of
BJ(J+1).[95] However, when the interaction is weak it might be difficult to observe
such a deviation by using this method.

In this study radiative lifetimes were determined for several rotational levels (J=5.5
to J=28.5) of the B2Σ(v'=0)-X2Σ+(v''=0) transition in BaH. In order to avoid
scattered laser light, the transition was excited in the P-branch and the radiative
decay was measured in the corresponding R-branch. The lifetime of each rotational
level was measured at different pressures in order to determine the zero-pressure
lifetime. The transition moments were derived from the lifetimes and plotted
against rotational quantum number J. To describe the perturbation and mixings
between the states involved in the whole A'-A-B complex regarding the v'=0 block



- 55 -

we used a method outlined by Bernard and co-workers,[113] and their evaluated
mixing coefficients. In our case the slope of the 2

eR  as a function of rotational
quantum number J is falling around 30 % from the lowest to the highest J-value. If
we compare this with the theory outlined by Bernard et al.[113] it would correspond
to the following relation between the two transition moments: Re(A-X)≈+2.4⋅Re(B-
X) obtained from simulations performed by Hishikawa.[92] In this calculations the
L-uncoupling (orbital angular momentum) is taken into account and this term in the
Hamiltonian includes a J-dependence on the transition moment.[92]

Hishikawa showed, by using the theory outlined by Bernard et al.[113] for BaF and
parameters obtained for BaH by Fabre et al.,[47] that the B2Σ+ state mainly mixes
with the A2Π1/2 state with a mixing percentage of around 5.5% for the A2Π1/2 and
0.1% for the A2Π3/2 at the B2Σ+(v=0) J=5.5 level. The larger transition moment for
the A2Π-X2Σ+ transition compared to the B2Σ+-X2Σ+ transition may also be seen in
an intensity distribution of the two transitions involved. Since a larger transition
moment leads to a higher transition probability, we would expect a higher intensity
of the A2Π-X2Σ+ transition than of the B2Σ+-X2Σ+ transition. This has been seen in
SrH by Appelblad et al.[57] and in CaH by Berg et al..[114] The zero-pressure
lifetime for J=5.5 B2Σ+(v=0)-X2Σ+(v=0) is 125(±12) ns where the errors
corresponds to a value based on estimated errors in the pressure and lifetime
measurements.

In Paper VI the radiative lifetime of the A2Π1/2(v'=0)-X2Σ+(v''=0) transition of SrH
has been measured, and an attempt was made to determine the lifetime of the
A2Π3/2 state as well. In the case of SrH, Leineger and Jeung[62] performed
calculations on the first four electronic states. These calculations revealed a double
potential regarding the B2Σ+ state, and also the position of the not yet observed
A'2∆ state. The A'2∆ state was found to lie above both the A2Π and the B2Σ+ states.
In such a case, there will not be any local perturbation in the A2Π lifetimes due to
the A'2∆ state.

In this study the measured lifetime was found to be constant within the errors when
studying different rotational levels ranging from low J values (J=4.5) to high J-
values (J=30.5). The lifetime was determined to 33.8(±3) ns for the A2Π1/2(v''=0)
state where the errors corresponds to a value based on estimated errors in the
pressure and lifetime measurements. However, when studying the other
component, A2Π3/2, the spectrum was shifted towards the blue region where the
intensity of the Ti:sapphire laser decreases drastically.
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Attempts were made to measure the zero-pressure lifetime for the A2Π3/2 state, and
there were indications of a shorter lifetime than for the A2Π1/2 state. But since the
intensity of the laser was low, this latter component could not be measured
accurately. The constant lifetimes for the different rotational levels of the A2Π1/2

state in SrH favors the calculations of Leineger and Jeung[62] when they place the
A'2∆ state above the A2Π state. In this case their potential diagram would not result
in a level crossing between the A2Π and the A'2∆ states as is the case for BaH.
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5555
Conclusions
We have shown that by using femtosecond transient absorption pump-probe
spectroscopy, employing a white light continuum (wlc) as a probe pulse, in
combination with theoretical calculations, the cross phase modulation related signal
in UV-grade fused silica can physically be described. We have also shown that for
thicker samples (~1mm) it is important to include the dispersion of the wlc probe
pulse when solving the propagation equations in order to properly describe the
experimental signal obtained.

By using a wlc probe pulse we have also shown that in the high intensity region of
the pump pulse (>100GW/cm2) the interference between the third and fifth order
non-linearity ( )3(χ , )5(χ ) can be measured. In combination with theoretical
simulations we can deduce the material constants in UV-grade fused silica
corresponding to the fifth order non-linearity, such as the second order non-linear
refractive index n4 and the three-photon absorption coefficient γ.

We have also presented experimental results for cross phase modulation together
with two-photon absorption in three different optical glasses and one liquid.
Analysis of the data are in progress in order to obtain the wavelength dependent
material constants corresponding to the first order non-linear refractive index n2,
and the two-photon absorption coefficient β of the four different samples studied.

We have measured lifetimes of the B2Σ+-X2Σ+ transition in BaH for (v'=0)-(v''=0)
and in CaH for (v'=0,1,2)-(v''=0,1,2). In BaH the lifetimes for different rotational
levels were obtained and a perturbation from the A2Π3/2 state was calculated to be
about 5% for the lowest rotational level measured (J=5.5). In CaH the lifetimes for
the different vibrational levels were measured to be constant within the errors of
the experiment. In SrH we measured the lifetime for the A2Π3/2(v'=0)-X2Σ+(v''=0)
transition for different rotational levels, no difference in the lifetimes were
obtained.
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