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Chapter 1   
 

Introduction 
 

An outstanding dream in science is to obtain knowledge on processes on the most 
fundamental level. Elementary chemical processes take place on a scale which is inaccessible 
for our eye. Vibrations and rotations of the atoms in the molecule, the geometric change or 
dissociation of a molecule occur on the femtosecond time scale (1 femtosecond is 10-15 s). 
Therefore, these phenomena require the observation methods which are comparably fast.  

 

The development of laser techniques made the observation of the intramolecular phenomena 
feasible. New developments in laser technology provided us with lasers of femtosecond pulse 
durations. A typical femtosecond laser can produce laser pulses with a duration of several 
femtoseconds in the visible spectrum. Femtosecond laser spectroscopy has, for the first time 
in human history, provided us with the tools to study molecular quantum dynamics in real 
time. 

With this new technique it became possible to make a direct observation of fundamental 
dynamical processes in molecules. The importance of this development could be compared 
with the step from macroscopical to microscopical level. Therefore A. H. Zewail received the 
Nobel Price in chemistry in 1999. With this wall breaking invention the research area called 
Femtochemistry [1] was founded. 

 

Conventional spectroscopy is focused on the investigation of the single molecular and atomic 
terms and levels. The central object of investigation in femtochemistry is not a stationary 
state, but a wave packet. 

A wave packet is a coherent superposition of a set of stationary wavefunctions. A single 
molecular wavefunction is not spatially localised and reveal no movement. The wave packet 
has a well-defined (group) velocity and position, which is analogous to moving classical 
object with atomic resolution. Thus, a time-dependent molecular dynamics is obtained as a 
result.  
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Pump-probe techniques are used to study molecular dynamics. In a pump-probe experiment 
two femtosecond laser pulses interact with the ensemble of molecules. The first laser pump 
pulse of several femtoseconds has a broad energy bandwidth due to uncertainty principle. It 
excites several molecular rovibrational levels simultaneously, creating a vibrational wave 
packet. The time-delayed second laser pulse provides a momentary picture of a molecular 
motion with high temporal resolution. A full “movie” of molecular motion is achieved by an 
accurately timed series of these probe pulses. The pump-probe signal detected can be laser 
induced fluorescence, photoelectron or ionic signal etc. 

Within a short time the ultrafast pump-probe spectroscopy has become an effective tool to 
study molecular dynamics in simple systems [1-4]. 

 

While first experiments concentrated on the observation of a wave packets, it was realised that 
the ultrafast laser techniques provided scientists with a means to study complex electronic 
dynamics in molecules. It includes such non-adiabatic processes as internal conversion, 
predissociation and vibrational relaxation. 

The experiments started with pioneering works of Zewail [5-7] on NaI provided the study of 
non-adiabatic dynamics for a case when Bohr-Oppenheimer approximation breaks down. The 
investigation is continued in experiments on NaK [8] and polyatomic molecules [9-11]. The 
main detection method in the experiments so far was the ionisation with ions detection. 

 

The disadvantage, inherently connected with this method, namely, inability to identify all 
ionisation pathways is circumvented in photoelectron pump-probe spectroscopy. The released 
electrons are analysed with regard to their kinetic energies. It was shown [12], that this 
method features the molecular dynamics with a sub-Ångström spatial resolution and 
femtosecond time resolution. 

 

The task of the present thesis is to study the nuclear and electronic dynamics of molecules 
using pump-probe femtosecond spectroscopy together with the detection of the kinetic 
energies of the released photoelectrons. Several aspects are emphasized here: 

• On the model system of the Na2 molecule we demonstrate the ability of photoelectron 
spectroscopy to differentiate ionisation pathways arising several dynamical processes; 

• On the example of the 21Σu
+ state of Na2 molecule we show the utility of the wave 

packet to map local non-adiabatic changes along the internuclear coordinate. Na2 is a 
simple molecule, well-studied experimentally and theoretically, yet its electronic 
structure is complicated. Particularly, the double minimum 21Σu

+ state formed by an 
avoided potential crossing, reveals changes of the chemical nature (from covalent to 
ionic) with the internuclear distance [13]. The ability to map the electronic dynamics 
along internuclear distance with photoelectron spectroscopy will be shown; 

• We develop a method to disentangle the electronic and dynamical (i.e. vibrational) 
structure in the molecule on the model of the 21Σu

+ double minimum state; 

 

The thesis is organised in a following way.  

The second chapter gives a concise description of molecular quantum dynamics, the wave 
packets and the pump-probe detection scheme. The second part of the chapter introduces the 
necessary properties of the involved Na2 states and their molecular orbital structure. In 
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chapter three the experimental apparatus is introduced. It includes the laser technique, 
molecular and atomic beam apparatus and time of flight methods. The pump-probe 
experiments demonstrating the ability of the photoelectron spectroscopy to map the 
vibrational dynamics on several potentials of the Na2 molecule are shown in the chapter four. 
Chapter five presents the experiment on the double minimum 21Σu

+ state of Na2. The method 
of determination of the internuclear-dependent of the internuclear distance dependent 
photoionisation dipole moment is presented. Finally, results obtained in the thesis and future 
perspectives are given in the chapter six. 
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Chapter 2   
 

Theory 
 

The chapter introduces the concepts of the molecular dynamics. Furthermore, the creation and 
the propagation of the wave packets and methods of the femtosecond pump-probe 
spectroscopy to observe the wave packets are presented. The ionisation as a detection method 
to probe the molecular dynamics is considered.  

The second part of the chapter gives the essential information on Na2 molecule, its 21Σu
+ 

double minimum state orbitals and those of the ionic states. Ionisation from the 21Σu
+ state is 

reviewed in the frames of the orbital correlation method. 

 
2.1 Molecular description 
The theory of diatomic molecules is extensively described in [14,15]. Here we present a brief 
overview of the physical background needed for the discussion of the results of this thesis. 

Consider a diatomic molecule in the absence of an external field. The time evolution of the 
molecule is governed by the time-dependent Schrödinger equation: 

),,(ˆ),,( tHt
t

i rRrR ψ=ψ
∂
∂

h ,        (2.1) 

where ψ is the wavefunction of the molecule, the coordinates of the wave function are the 
internuclear separation coordinates R and the coordinates r of the electron manifold in the 
molecule, Ĥ is molecular Hamiltonian.  

In the absence of an external perturbation Ĥ is time-independent and therefore the molecular 
wavefunction ψ (R,r,t) can be divided into a coordinate-dependent part and a time-dependent 
phase: 

Eti

mol et h
−

ψ=ψ ),(),,( rRrR .        (2.2) 
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The stationary wavefunctions ψmol (R,r) of a molecule are obtained by solving the time-
independent Schrödinger equation [15]: 

)(),(ˆ rR,rR molmolmol EH ψψ =        (2.3)  

with eigenfunctions E. The Hamiltonian molĤ  includes the nuclear-nuclear, nuclear-electron 
and electron-electron interaction terms:  

)(ˆ)(ˆ)(ˆ)(ˆ)(ˆˆ rR,RrRr eNNNeeNemol VVVTTH ++++=     (2.4)  

and can be separated in the so-called adiabatic representation into two parts: 

)(ˆ)(ˆˆ rR,R elNmol HTH += ,        (2.5)  

where  

2
2

2
ˆ

RNT ∇−=
µ
h           (2.6) 

is the nuclear kinetic energy operator which includes all differential operators with respect to 
the nuclear coordinates R, and 
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is the electronic part which depends only parametrically on R and includes the electron kinetic 
energy )(ˆ reT , electron-electron repulsion )(ˆ reeV , the nuclear-nuclear repulsion )(ˆ RNNV and 

the electron-nuclear attraction ),(ˆ rReNV .  

Next, we separate the wavefunction ψmol (R,r) into a nuclear part )(Rϕ  and an electronic part 
)( rR,χ and expand the molecular wavefunction according to:  

∑ χϕ=ψ
n

nnmol )()()( rR,RrR, ,       (2.8)  

where the χn (R,r) are the eigenfunctions of the electronic Schrödinger equation: 

( ) 0)()()(ˆ =χ− rR,RrR, kkel UH .       (2.9) 

The index k labels different electronic states, the eigenvalues Uk (R) describe the potential 
energy surfaces for every electronic state k. Inserting (2.9) into the time-independent 
Schrödinger equation (2.3), multiplying with kχ  from the left and exploiting orthogonally 
on the electronic wavefunction yields a set of a coupled equations for nuclear wavefunctions 
[16]: 

[ ] 0)()()(ˆ
'

'' =ϕ−+χϕχ∑ RRR kk
k

kkNk EUT ,              (2.10) 

where the different electronic states k are coupled through the matrix elements of the nuclear 
kinetic energy operator. The exact equation (2.10) is however difficult to solve, therefore at 
this point the Born-Oppenheimer (BO) approximation is applied. It is based on the fact that 
the electrons are much lighter then the nuclei and their velocities are therefore much higher 
than those of nuclei. The electrons can be considered as moving in the stationary nuclear 
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configuration. Thus the movement of two sub-systems in the molecule, the nuclei and 
electrons, is adiabatically separated [17]. This implies that the electronic wavefunctions 

)( rR,χ  vary only weakly with the nuclear coordinates and we can make the approximation:  

[ ] [ ] )()(ˆ)()(ˆ
'''' rR,RrR,R kkNkkN TT χϕ≈χϕ ,               (2.11) 

where the terms corresponding to coupling of different electronic states through the matrix 
elements of the nuclear operator  )(ˆ RTN  are neglected. 

With this approximation equation (2.10) is reduced to the set of the uncoupled equations: 

[ ] 0)()()(ˆ =ψ−+ RRR kkN EUT .                (2.12) 

These are the equations of the nuclear motion within the k-th electronic state, having the 
potential Uk The coupling to other states here is absent and motion of nuclei within each 
electronic state is independent of other states. This is the base of bare-states representation of 
potentials.  

Thus the solution of the complete molecular movement is split into two tasks. First, the 
solution of the electronic Schrödinger equation (2.9) for fixed coordinates R which yields the 
potentials Uk, second, the solution of the nuclear equation (2.12) with given potentials Uk. 

 

 

 
Figure 2.1: Two potential sufaces of a molecule. The full curves show the diabatic basis, whereas the 
dashed curves show the adiabatic basis. These two formulations differ only at the point where the 
Born-Oppenheimer approximation fails and the surfaces cross in the diabatic basis. 

 

The BO approximation ignores, for instance, the relativistic effects such as the spin-orbit and 
spin-spin interactions and is valid when the electronic wavefunctions )( rR,kχ  vary weakly 
with R. Then the nuclei move on a single potential Uk. If two potential surfaces strongly mix 
at some point (this happens when they become degenerate at some particular nuclear 
configuration, for example at surface or level crossing), the character of the electronic 
wavefunction varies strongly with R, so surfaces can no longer be considered as independent 
and equation (2.11) is no longer applicable. One can however define a new electronic basis 
which is again diagonal. This basis is called adiabatic, as opposed to diabatic which has the 
non-diagonal coupling terms. Graphically this new adiabatic description appears as an 
avoided crossing of the potential surfaces (Figure 2.1, dashed lines). Although new adiabatic 
surfaces do not cross, the electronic structure on these potentials can strongly vary or be a 
singular function of the internuclear distance R.  
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2.2 Pump-probe technique 
A powerful tool to study a molecular dynamics and hence chemical reactions in a real time is 
the femtosecond spectroscopy (see e.g. [1-3]). An effective technique developed is called 
pump-probe technique. The principle of the pump-probe experiment is summarised 
schematically in the Figure 2.2. Here a first ultrashort laser pump-pulse is used to initiate the 
dynamics of the molecule. A second, probe-pulse is applied after some well defined delay 
time to examine the state of the molecular system. By measuring the response of the molecule 
as a function of the delay time between two laser pulses the dynamics of the molecule can be 
investigated. The ultrafast pump-probe experiments were developed in the end of eighties on 
molecular model systems such as NaI [18], I2 [19] or Na2 [20]. Since that, numerous 
experiments were performed which allow one to make a “movie” of different molecular 
processes such as wave packet propagation, coherent control, internal vibrational 
redistribution or structural redistribution [21-23].  

The investigated molecule is prepared in the possibly well-defined state 1 , usually the first 
vibrational v’’= 0 level of the ground electronic state of the molecule. The first laser pulse 
excites the molecule to the excited state 2 . Due to the broad spectral width of the ultrashort 
laser pulse, it excites several vibrational levels of the state simultaneously. In order to 
coherently excite the vibrational states corresponding to one molecular vibration, the duration 
of the laser pulse should be less then a vibrational period. After excitation a non-stationary 
coherent superposition of the eigenstates, called a wave packet, starts to evolve. The free 
evolution of the vibrational wave packet corresponds to the classical vibrational motion of 
nuclei of the molecule. After a certain delay time ∆t, a second laser probe-pulse interacts with 
the molecule transferring it to the final state 3 . The population in the state 3  detected as a 

function of the pump-probe delay reflects the dynamics in the state 2 .  
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Figure 2.2: Principal potential scheme of the pump-probe experiment. A wave packet in the excited 
electronic state 2  is created by the pump laser pulse with λpump. A wave packet is then transferred 

into a 3  molecular state. The population in the state 3  will be measured. 

 

Several schemes to detect the population in the final state 3  can be applied. One can for 
instance measure the fluorescence of higher laying neutral states of the molecule [18,24]. 
Alternatively, transient absorption of the probe photons can be measured [25] or stimulated 
emission [26,27], if the final state 3  is lower than the state 2 . However the interpretation 
of the experimental results might be very complicated since many excited states in the vicinity 
of 3  can influence the signal as well. The investigation of the molecular dynamics with 
these methods is possible only within a short range of internuclear distances determined by 
Franck-Condon windows. 

 

Another approach is based on the projection of the molecular dynamics onto the ground or 
excited state of the ion by means of the photoionisation [19,20,28]. The second laser can 
ionise the molecule. In this case the released ions and electrons are measured in the 
experiment. This scheme has numerous advantages [29]: 

- The charged particle detection is extremely sensitive; 

- Ionisation is an allowed process at every nuclear configuration since the photoelectron 
takes the excess energy, therefore any molecular electronic state can be ionised; 
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- The ground state of the ion is usually much better studied compared to the excited states 
of the molecule using independent methods like high resolution photoelectron or infrared 
spectroscopy or by ab initio calculations; 

- A highly detailed information can be obtained by analysing the outgoing electron with 
regard to its kinetic energy, angular distribution or spin polarisation; 

- Detection of the released ions provides complementary information about the mass 
distribution of the products. 

Numerous experiments applying femtosecond time-resolved techniques with the detection of 
the yield of the ions [19,20,28] or the photoelectrons [21,30-33] have been performed. 
Measuring the photoion kinetic-energy averaged yield however does not provide the 
internuclear distance resolution. Therefore the dynamics in the photoion signal is observed 
only in cases when the potential scheme of the molecule allows the photoionisation at the 
certain window of internuclear distances (see, e.g. experiments on NaI [19] and Na2 [20]). 

Detection of the photoelectrons offers an additional experimental parameter (kinetic energy, 
angle or spin polarisation) in comparison to the averaged photoion yield. The angle-resolved 
photoelectron signal as a function of time allows to convey information about rotational-
vibrational interactions, spin coupling and electronic non-adiabatic processes [34].  

 In our experiments the angular-averaged, kinetic energy-resolved photoelectrons are 
detected. The transition probability from the excited state to the ion state is a function of the 
wave packet’s location on the excited potential. Therefore the temporal photoelectron signal 
generated by the probe laser pulse maps directly the wave packet propagation. For diatomic 
molecules, for which the participating electronic potentials are known, the kinetic energy of 
the photoelectrons can be converted into an internuclear distance [31]. The utility of the 
photoelectron spectroscopy to map the dynamics along the complete relevant internuclear 
distance range was shown both theoretically and experimentally [31,35-37].  

 

2.3 Laser-molecule interaction 
2.3.1 Classical description: difference potential analysis 

The analysis of the process is also possible within the classical mechanics framework. The so-
called difference potential analysis was suggested by Mulliken [38].  

First consider the neutral-neutral transition in a molecule. Consider nuclei in two neutral 
states having the potential energies U1 (R) and U2 (R) and kinetic energies TR1 and TR2 before 
and after the absorption of a photon ωh  correspondingly (Figure 2.3). During the transition 
the Franck-Condon approximation is valid: the nuclei do not change their positions and 
velocities noticeably. This implies that the transition occurs at a fixed internuclear distance 
and a constant kinetic energy TR (R) of nuclei. The total energy conservation during the 
transition can be written as follows: 

  RR TUTU +=ω++ 21 h                 (2.13) 

        ⇒        ω=− h)()( 12 RURU .                (2.14) 

That is the transition occurs graphically at the intersection of difference potential U2 - U1 with 
the horizontal line at the photon energy ωh .  
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Figure 2.3: Potential scheme for the difference 
potential analysis for the case of neutral-to-
neutral transition. The lower picture shows the 
difference potential. 

Figure 2.4: Potential scheme for the case of 
neutral-to-ionic transition. The lower picture 
shows the kinetic energy of the released 
electrons.

 

For the transition between the neutral and ionic states (Figure 2.4) the analysis includes also 
the kinetic energy of the ejected photoelectron Te. If the U1 (R) and U2 (R) are the potentials of 
a neutral and ionic states, the energy conservation gives: 

  eRR TTUTU ++=ω++ 21 h                 (2.15) 

  ⇒      eTUU −ω=− h12                           (2.16) 

That is the transition occurs for those R for which the photon energy is higher than a 
difference potential. The kinetic energy of the released electrons is given from (2.16) as a 
difference:  

))()(()( 12 RURURTe −−ω= h                (2.17) 

and hence is dependent on internuclear distance at which an ionisation takes place. Therefore 
by the detection the kinetic energies of photoelectrons one can get the dynamical information 
on a wave packet, since electrons with different kinetic energies are formed at different 
internuclear distances. 
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2.3.2 Quantum mechanical description  
The interaction of the molecule with the laser pulse leads to the time-dependent Schrödinger 
equation where the total Hamiltonian Ĥ  is a sum of the molecular Hamiltonian molĤ  

described by the formula (2.4) and the coupling with the external electric field lĤ : 

lmol HHH ˆˆˆ +=  .                  (2.18) 

Within the dipole approximation the term lĤ  is given by [39]: 

ttH l ωcosˆ)(ˆ
0Ed−= ,                  (2.19) 

where d̂ is the dipole electric operator of the molecule and E0 = E0(t)e is the electric field 
vector along polarisation e. The time-dependent Schrödinger equation for the transition 
between two states, the ground ψ0 and the excited ψ1 in the BO approximation reads: 

 





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
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0010
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tEH
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t
i

ψ
ψ

µ
µ

ψ
ψ

h ,              (2.20) 

where 0Ĥ  and 1Ĥ  are the Hamiltonian operators which define the dynamics on the states 0 

and 1, )(ˆˆˆ RVTH iii += . The transition dipole moment functions µij are defined as: 

 )(ˆ)()( rR,drR,Rµij kikj χχ= ,                (2.21) 

 eRµR ij ⋅=µ )()(ij .                  (2.22) 

The transition dipole functions µij are, like the potentials, functions of R. Their magnitudes 
determine the overall strength of the electronic transition. The calculation of these functions 
and especially their coordinate dependence is a challenging task, and therefore, in the most 
cases, they are replaced by arbitrary constants. 

In the perturbative limit the equation (2.20) has the formal solution for the nuclear 
wavefunction of the excited state 1 in the perturbative limit [15]: 

 ∫ −−−−=
t

tiEttHi dtetttEeit
0

/'
0010

)'()/(
1 ')'('cos)'()( 01 hh

h
ψωµψ .             (2.23) 

The formula can be understood as follows. The system is in a ground electronic state with 
v’’ = 0 at time zero. This corresponds to the initial state in a cold molecular beam. The 
wavefunction evolves till the time t’ under the Hamiltonian 0Ĥ  of the ground state. At t = t’ 
the electric field E(t’) = E0(t’)cosωt interacts with the molecule with the transition dipole 
moment µ10 and promotes a fraction of the ground-state wavefunction into the excited 
electronic state, so that the maximum of ψ1 first increases with the time. The upper state 
wavefunction ψ1 is called wave packet. It starts to evolve under the influence of the 
Hamiltonian 1Ĥ  from time t’ till t. When the E0 (t) decays to zero, the promotion from the 
ground into the excited state stops and ψ1 travels in the upper state without coupling to the 
ground state. 

 

More profound insight into the wave packet in the upper state can be obtained when we 
expand the excited state nuclear wavefunctions ψ1  in terms of the vibrational eigenfunctions: 
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 ∑ −=
n

iE
nn

neRtatR h/
111 )()(),( ϕψ ,                (2.24) 

where En are the energies of the vibrational levels of the state 1, ϕ1n (R) are the vibrational 
eigenfunctions of the state 1. 

Then the substitution of a (2.24) into (2.20) and solving the equations for the coefficients a1n 
yields the wavefunction for the upper state [15]: 

 ∑ −−=
n

n
tiE

n

c

n tIeRitR n

n

),,()(),( 0
/

101011 ωωϕϕµϕψ h

43421h
             (2.25) 

    ⇒  ∑ −−=
n

n
tiE

nn tIeRcitR n ),,()(),( 0
/

11 ωωϕψ h

h
               (2.26) 

with the transition frequencies 

 h/)( 00 EEnn −=ω ,                  (2.27) 

the coefficients 

dRRRc nn )()( 0101 ϕµϕ∫= ,                 (2.28) 

which are in the BO approximation the products of the transition dipole moments and the 
Franck-Condon factors, and the integrals 

 ∫ ωω=ωω
t

ti
no dtettEtI n

0

'
0 ''cos)'(),,( 0 .               (2.29) 

The interpretation of the wave packet in the upper state is now straightforward. According to 
(2.26), the wavefunction of the upper state is a sum of the vibrational eigenfunctions weighted 
with the coefficients cn containing the molecular properties and the integrals I(t,ω,ωn0) 
carrying the information about the laser pulse.  

 

2.3.3 Wave packets  
During the interaction of the laser pulse with the molecule several vibrational levels of the 
upper electronic state are coherently excited due to the spectral width of the laser pulse. The 
population of the excited vibrational states is dependent on the overlap of the wavefunctions 
of the ground and the excited electronic states (Franck-Condon Factors) with the envelope 
E0 (t) of the laser pulse. The shorter the laser pulse, the more vibrational states are excited. 
The superposition ψ1 (R,t) is coherent due to coherence of the laser pulse. Since the ψ1 (R,t) is 
not an eigenfunction of the excited-state Hamiltonian, the wave packet starts to move away 
from the creation point. Right after the excitation the vibrational wave packet is spatially 
localised. It oscillates in a potential with the classical period [40] 
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which is inversely proportional to the frequency spacing ∆ν between two neighbour 
vibrational levels. Since the real potential however is not harmonic, the levels are not 
equidistant, the level spacing ∆ν is decreasing with increasing the number of the level. Hence, 
every spectral component in the wave packet evolves with somewhat different period, this 
leads to the dispersion of the initially localised wave packet, after some time the wave packet 
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is dephased [41]. There is a possibility for the wave packet to regain its shape later resulting 
in so-called revivals. The revival period is given by the formula [41]: 
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where Ta is a classical oscillation period in an anharmonic potential. The revival period 
contains additional information about the potential U(R). The revival period measured for the 
A1Σu

+ state of Na2 molecule consists Trev = 47 ps [42].   

However on timescales on which the dispersion is not yet significant, the movement of the 
wave packet can be described classically, i.e. as a point mass moving on a potential well of 
the form U(R).   

 

2.3.4 Ionisation and Koopman’s rules 
When ionisation is used as a probe step, the second, time delayed laser pulse ionises the 
molecule at the delay time τ. The final state in photoionisation measurements ψ2 (R,t) includes 
the quantum states of both the ion and the ejected photoelectron with the kinetic energy E.  

Provided the dipole approximation holds, the photoelectron signal can be written within the 
first-order perturbation theory as [43]: 
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with the Fourier integral: 
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where E is the kinetic energy of the ejected photoelectron, µI1 (R,E) is the projection of the 
transition neutral-to-ion dipole moment operator on the electric field vector defined analogous 
to (2.22), E2(t) is the envelope of the probe laser pulse, U1 (R) and UI (R) are the excited state 
and the ion potential surfaces. Equation (2.32) is valid for short laser pulses and weak field 
ionisation. The electron is considered separated from all additional particles and therefore its 
total energy is equal to its kinetic energy E [44,45].  

The interpretation of data usually assumes a constant photoionisation dipole moment µI1 (R,E) 
based on the Condon approximation (see, e.g. [35-37]). This picture however neglects the role 
of the ionisation dynamics itself. Although there are no forbidden transitions, there are so-
called propensity rules which can modify the ionisation cross-section [46]. Photoionisation is 
sensitive to the character of the electronic configuration. This is due to the fact that emission 
of the electron is a fast process, it occurs without simultaneous reorganisation of the ion core, 
which is known as a Koopman’s approximation [46]. Therefore the probability for ionisation 
into a specific electronic state of the ion (partial ionisation probability) varies strongly with 
respect to the molecular orbital nature of the investigated electronic state. If the excited state 
correlates electronically with one state of the ion, which means that ion state orbital 
configuration can be obtained simply by removing one of the outer electrons, then the 
photoionisation cross-section is large. If it does not correlate, then ionisation would involve a 
two-electron process, since another electron must rearrange in order to achieve the ion state 
orbital configuration. Such a process is not forbidden, but is a lower probability event. 
Therefore the excited state would preferably be ionised into a state of the ion, which has a 
similar electronic symmetry.  
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Consider now a state which undergoes an avoided crossing, i.e. the electronic structure on a 
potential is changing along the internuclear coordinate. Thus the correlation of the electronic 
orbitals with the ion state can be different for different regions of the excited potential. This 
will lead to the photoionisation dipole moment changing with the internuclear distance R, and 
hence, should be reflected in the photoionisation signal. Thus, the time-resolved 
photoionisation spectra that include ionisation into excited states of the ion can provide a 
direct measure of the non-adiabaticity of the neutral potential. Hence, the photoelectron 
spectroscopy is an effective tool to disentangle the nuclear and the electronic motion in the 
molecule.  

 

2.4 Na2 molecule 
2.4.1 Neutral and ionic states’ molecular orbitals 

The Na2 molecule is one of the most explored molecules. Na2 molecule can be considered, 
together with other light alkali dimers, as theoretically the simplest after H2. Experimentally 
it is easy to handle because of low ionisation level. Na2 was investigated extensively both 
theoretically and experimentally (for review see, f.e. Verma et al. [47]). The low-lying states 
of the molecule were thoroughly explored spectroscopically by Henesian et al. [48], 
Kaminsky et al. [49], Kaminsky [50] and Kusch and Hessel [51]. The dissociation energy of 
the ground Na2 state and the height of the A1Σu

+ potential were determined with laser 
fluorescence studies [50], as well as lately the properties of the C1Πu, (1)1Πg and (2)1Σu

+ 
states [52-54]. More recently in [55,56] the high-resolution Fourier transform spectroscopy 
the parameters of the 21Σu

+ double minimum state were defined. Na2 is an attractive object 
for theoretical studies due to a small number of valence electrons. The Schrödinger equation 
is reduced here only to a two-electron task. Ab initio calculations of few lowest levels of Na2 
were performed in [57,58]. Valance and Tuan [13] used a semi-empirical pseudopotential 
method to calculate the lowest 1,3Σg,u

+ state of Na2 molecule. They also obtained the evolution 
of dominant molecular orbital configurations of these states. More recently, Jeung [59] 
reported a theoretical study of 19 low-lying states of Na2. The calculations were based on a 
non-empirical pseudopotential method. The calculated adiabatic potential curves are 
extremely precise and show remarkable agreement with the experiment.  

 

Figure 2.5 shows the scheme of the ground and the double minimum state of the Na2 molecule 
and the ground and first excited states of the Na2

+ ion together with their main electron 
orbitals. 
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Figure 2.5: Scheme of the lowest X1Σg

+ state, the double minimum state 21Σu
+ of the Na2 molecule and 

the two lowest 2Σg
+ and 2Σu

+ states of the ion Na2
+. The molecular orbitals participating in each 

electronic state are also indicated [60,61]. The orbitals are plotted schematically, without preservation 
the dimensions.  

 

The X1Σg
+ ground state of Na2 molecule has a minimum at R = 3.1 A. It dissociates into 

Na(3s) + Na(3s) limit at 0.75 eV [51]. The Na2 molecule has two valence electrons, they 
occupy the lowest possible molecular orbitals giving the configuration KKLL(σg3s)2 of the 
X1Σg

+ state [14]. Here K and L indicate the inner shells of the molecule. Both electronic 
orbitals (σg3s) are bound, what leads to a deep minimum of the state. Visually, the molecular 
orbitals can be indicated schematically by the probability density distribution of the electrons. 
The typical σg-orbitals are shown on the Fig. 2.5 [60,61]. The orbitals have the elliptical shape 
surrounding two nuclei typical for s-symmetry. The electrons spend most of the time between 
the two nuclei, thus “gluing” them together. 
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The 21Σu
+ double minimum state of Na2 was first predicted by Valance and Tuan [13] and 

then quantitatively calculated by Jeung [59]. The state was observed by Cooper et al. [56] 
using Fourier-transform spectrometry to record laser-excited infrared fluorescence of the Na2 
molecule. A more recent study using two-photon ionisation spectroscopy by Delacteraz and 
Wöste [62] and Haugstätter et al. [63] confirm these studies. The experiments allowed the 
observation of tenths of levels in both wells below and above the barrier. There are marked 
similarities with the predicted potential of the 21Σu

+ state of Li2 [64]. Both can be compared 
with the E, F and G, K states of H2 molecule [65-67].  

The double minimum state arises from an avoided crossing of two diabatic states. The first 
one gives rise to the inner well and is a Rydberg state dissociating to the Na(3s) + Na(4s) limit 
at 4 eV. The inner well has a minimum at the internuclear distance of R = 3.69 Å at the 
energy of E = 3.53 eV [56]. The barrier between two minima lies at R = 4.8 Å. The outer well 
has the minimum at R = 6.74 Å and E = 3.46 eV [56]. It arises from the second diabatic state, 
which has considerably ionic character at large distance but its structure changes with 
internuclear separation. The 21Σu

+ state dissociates to Na(3s) + Na(4s) so that there are 
actually two avoided crossings between this pair of the diabatic curves.  

Valance and Tuan [13] calculated the weights of the orbitals contributing to the double 
minimum potential using semi-empirical pseudopotentials. The bond structure and the 
orbitals are identical to those calculated for the E, F state of H2 [65]. The main contributing 
orbitals are indicated in Figure 2.5. The inner well is described by the configuration of the 
outmost electrons (σg1s)(σu2s) [13]. It should be noted that this notation, used by authors 
[13] for simplification and generalisation of calculations, implies hydrogen-like atomic 
wavefunctions and corresponds to the configuration (σg3s)(σu4s) of Na2 molecule. We will 
use the last notation further. The first orbital (σg3s) is analogous to the ground electron 
orbital of Na2 and is bonding. We plotted it as an ellipse on the picture. The second one, 
(σu4s) is antibonding, it consists on two ellipses where the electron spends most of the time 
outside the nuclei, thus pushing them away from each other. The typical form of the 
σu - orbital constructed using [61] is plotted in Figure 2.5. Note that not an overall electron 
density but only a superposition of two single orbitals is shown in Figure 2.5 without 
consideration of their interaction. The orbital (σu4s) has a higher principal quantum number 
of n = 4. Such an orbital is called Rydberg orbital and has substantially bigger radius, as n is 
responsible for the distance of an electron from a nucleon (the orbital is shown qualitatively 
on the picture without maintaining the real dimensions). The electron in the Rydberg state 
has a weak connection to the core. The bond in the molecule is considered from stability of 
corresponding ion formed by removing the Rydberg electron [14]. Here the residual 
electronic orbital (σg3s) is bonding, therefore the configuration is bonding one. The lowest 
levels of the inner well have properties that approach those of Rydberg states (i.e. similar to 
those estimated for the ground state of Na2

+). 

The outer well has two main orbital configurations: (σu3s)(σg4s) and (σu3s)(σg3s) [13]. The 
first one is a covalent and the latter belongs to an ionic Na+Na- configuration. The weight of 
the (σu3s)(σg4s) orbital configuration increases in the outer well with the internuclear 
distance. The first electron remains on a (σu3s) antibonding orbital, whereas the second 
electron occupies excited (σg4s) orbital. This orbital is again a Rydberg one with the 
principal quantum number n = 4. A schematic orbital is shown as an ellipsoid with larger size 
(Figure 2.5). Although this orbital is a bonding one, the electron on it is weakly connected 
with nuclei, so the stability of the configuration is mainly defined by another electron, which 
is an antibonding one. Hence the (σu3s)(σg4s) configuration is antibonding and is responsible 
for a covalent repulsion. 
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Another orbital configuration (σu3s)(σg3s) has a wavefunction [14]: 
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where Ng and Ni are factors, and A and B indicate atoms, numbers 1 and 2 indicate electrons. 
It corresponds to the case when both electrons are either at first Na atom or at second one 
simultaneously. Therefore the configuration represents a pure ionic state Na+Na-. However, 
there is no permanent dipole moment in this ionic state because of continuous interchange 
between Na+Na- and Na-Na+ [14]. The weight of the ionic configuration in the potential can 
be qualitatively seen from the Figure 2.5. We plotted with the dashed line a simple 1/R ionic 
potential converging to the Na+Na- limit at 5.34 eV1). It follows the double minimum well at 
the distances R ~ 7.8 – 8.7 Å. Thus, the ionicity should play a role at the outer limb of the 
potential.  

 

The 2Σg
+ lowest ionic state of Na2

+ has minimum at R = 3.6 Å and E = 4.90 eV [14]. The 
electron configuration is (σg3s) analogous to that of H2 [14]. Here one valence electron 
occupies the bound orbital. The first excited state of the ion is 2Σu

+. The electron here should 
be on the first excited (σu3s) repulsive orbital [14]. At the very large internuclear separation 
the molecular orbital representation is no longer valid and the electrons may be considered as 
belonging to the separate atoms. It can be seen from the Figure 2.5, since 2Σg

+ and 2Σu
+ states 

have almost the same energies at large internuclear separation. 

 

2.4.2 Ionisation of Na2 molecule and correspondence of electronic states 

The ionisation of the 21Σu
+ double minimum state of the Na2 molecule was studied in [56,62], 

and more recently in [62]. A resonant two-photon ionisation spectroscopy was applied in [62] 
to investigate the double-minimum Na2 state. Due to ionisation wavelength the experimental 
scheme includes both bound 2Σg

+ and repulsive 2Σu
+ ionisation channels. The authors [62] 

observed the Na2
+ signal from ionisation into the bound ionic state accompanied by Na+ 

signal when the laser frequency is large enough to excite the 21Σu
+ state above the barrier.  

No ionisation signal from the inner well is detected. As well, no ionisation from the close 
lying C1Πu state is detected. It was then speculated that dissociation occurred during the 
ionisation step and the ionisation into a bound and a repulsive states is favoured at large 
internuclear distances. However, since authors measured only the total ion signal, the close 
lying states could obscure their results. 

More clear view on the ionisation channels from the 21Σu
+ state is given in [63] where two-

photon ionisation together with kinetic-energy resolved ions measurement was applied. In 
contrast to [62], the ionisation from the inner well both into the repulsive 2Σu

+ and the bound 
2Σg

+ ionic states is observed, probably due to the higher sensitivity of the experiment. The ion 
signal is higher at larger internuclear distances, indicating the increasing photoionisation 
dipole moment in the outer well of the 21Σu

+ potential. 

Here we propose a simple qualitative analysis of the ionisation probability from the double 
minimum well into the bound and repulsive ionic states performed on the basis of the 
molecular orbital structure of the state. As was already mentioned in the section 2.3.3 of the 
present chapter, the ionisation can depend drastically on the molecular orbital structure of the 
                                                 
1) The ionic curve was calculated as follows: I(Na) - Eaff(Na) + De(X1Σg

+) + 1/R, where I(Na) is the ionisation 
potential of Na and Eaff(Na) is the electron affinity of Na. 
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neutral state. The ionisation probability into a specific ion state will be higher if a given 
electronic configuration correlates, upon removal of a single electron, with the configuration 
of a cation. Since the molecular orbital structure changes significantly along the internuclear 
distance for the 21Σu

+ state, the ionisation probability may differ a lot for different 
internuclear distances and for different final ionic states.  

 

 
Figure 2.6: Schematic representation of the ionisation probability from the 21Σu

+ double minimum 
state of Na2 into both lowest 2Σg

+ and 2Σu
+ ionic states based on the electronic structure 

correspondence. The ionisation probability in the inner well of the double minimum is higher for the 
ionisation into the bound ionic state and lower for the ionisation into the repulsive ionic state. 
Ionisation in the outer well is increasingly strong with the internuclear distance due to increasing ionic 
character in the well. 

 

The 21Σu
+ double minimum state and two lowest ionic states of Na2 molecule together with 

their orbitals are shown in Figure 2.6. In the inner well of the 21Σu
+ state the main orbital 

configuration is (σg3s)(σu3s) [13]. Removing of the Rydberg electron (σu4s) leads directly to 
the configuration KKLL(σg3s) of the bound 2Σg

+ ionic potential. Since the Rydberg electron is 
weakly connected with the core, the ionisation probability into a bound ionic state would 
increase. Since there is no correlation of the orbital structure with the repulsive ionic state 
structure, ionisation into it would be unfavourable. The next orbital configuration (σu3s)(σg4s) 
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becomes significant in the outer well with increasing internuclear distance. It does not 
correlate with the bound ionic configuration, leading to low ionisation probability into the 
bound ionic state. Removing the weakly bound Rydberg (σg4s) electron leads to a 2Σu

+ ion 
state configuration, thus the ionisation probability into a repulsive ionic state is higher. An 
interesting case is the ionic orbital (σg3s)(σu3s) admixture at higher internuclear distances. 
Here both electrons are located either at one or at another Na nucleus, thus at every moment 
one sodium cation has two electrons, another, anion, has no valence electrons. Ionisation here 
corresponds to removing one of the valence electrons from a Na- cation, a process called 
detachment. This process has much higher probability then ionisation of a neutral Na atom 
[68]. Since at large internuclear distances the Na2

+ molecule can be rather considered as 
composed of a weakly interacting Na atom with a Na+ ion, the ionisation dipole moment 
should be approximately equal for the bound and repulsive states of the ion. 

Summing up, the ionisation probability in the inner well should be higher for the ionisation 
into the bound 2Σg

+ ionic state and lower for ionisation into the repulsive 2Σu
+ ionic state. At 

the outer well the ionisation probability increases strongly with the internuclear distance for 
the ionisation into both bound 2Σg

+ and repulsive 2Σu
+ ionic states due to the increasing ionic 

character of the double minimum well. 
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Chapter 3  

 
Experimental set-up 
 

3.1 Overview 
The experimental set-up combines the molecular beam technique with femtosecond laser 
pump-probe methods and a signal registration system, which is capable to detect both ions 
and photoelectrons. The principle of set-up is summarized schematically in Figure 3.1. 

• The high temporal resolution necessary for mapping the molecular or atomic dynamics is 
obtained by making use of a femtosecond laser system. The femtosecond pump and probe 
pulses are obtained by a Titan:Saphire laser oscillator and subsequent frequency 
conversion. The Ti:Sapphire oscillator provides laser pulses with a wavelength of 
λ = 790 nm and a pulse duration of 12 fs which are amplified in a multipass amplifier. At 
the exit of the amplifier the laser pulses have a pulse duration of 25 fs, a pulse energy of 
1 mJ at the repetition rate of 1 kHz. The frequency conversion of the pulses is performed 
with an optical parametric amplifier and optical frequency tripler integrated in both arms 
of Mach-Zender interferometer. The delay between pump and probe laser pulses is set by 
a stepper motor driven delay line. After that the pump and probe laser pulses are 
recombined and the collinear pulses are focused with a lens into a vacuum chamber where 
they orthogonally cross an alkali beam.  

• An atomic or molecular beam is produced by a supersonic expansion of alkali metals 
heated in an oven. For the production of the molecular beam an additional seeding 
technique using noble gas (Ar) is implemented. The Na2 molecules thus obtained are 
mainly in the ground vibrational level v´´ = 0, KTvib 5030 −= [69] and have low 
rotational temperature KTrot 105 −= [70]. This molecular beam technique enables the 
preparation of species in well-defined initial state thus making the spectroscopic analysis 
substantially easier. The first pump laser pulse excites molecules and initiates the 
dynamics. The second, time-delayed probe pulse is used for ionisation of molecules to 
probe the molecular dynamics.  

• Electrons released by the photoionisation are extracted with magnetic fields from the 
interaction region and their kinetic energies are measured in magnetic bottle time-of-
flight spectrometer. It was shown [12] that the measurement of kinetic-energy resolved 
electrons permits the sub-Angström spatial resolution of molecular dynamics. In addition, 
the masses of released ions are measured in a linear TOF ion spectrometer. Control of the 
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experiment is performed by a PC. Results can be obtained as single time-of-flight spectra 
or as evolution of TOF spectra with varying a pump-probe delay.  

 

 
Figure 3.1: Scheme of the pump-probe experimental arrangement. 

 

The following chapter describes each part of experimental set-up in more detail. The second 
section shows vacuum machine where the molecular beam is obtained, its interaction with 
femtosecond laser pulses occurs and photoproducts are measured. The third section shows the 
apparatus, used for the production of the supersonic beam and steering it into the interaction 
area. It also gives the notion of seeding technique. Next two sections describe the principles 
of detection of charged particles  - ions and electrons - with time-of-flight spectrometers and 
their experimental implementation. In the sixth section the scheme of the femtosecond laser 
system is given, and in the following section an overview of used nanosecond laser systems. 
Finally, in the last section of the chapter the signal triggering and data acquisition system are 
described. 
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3.2 Magnetic Bottle Spectrometer molecular beam machine (MaBoS) 
3.2.1 Schematic plan of vacuum chambers 
The main requirement for the construction of the vacuum apparatus was flexibility, 
applicability for the investigation of a broad spectrum of substances [70]. The machine is also 
suited for experiments with corrosive compounds and alkali metals.  

Figure 3.2 shows the construction of vacuum chambers and detectors. The basic elements of 
high vacuum apparatus are two cubes (main and vacuum chamber) made of 15 mm stainless 
steel (Nr. 1.4571, VA-TEK). The foundation is constructed of two 2 meter long tubes. Both 
chambers are jointed with the foundation using linear ball-bearing so that they can be moved 
along the tubes separately. This is used for adjustment the oven position and online 
femtosecond laser lens adjustment. Details of vacuum set-up are described in [70]. 

The oven chamber is used for producing the atomic and molecular beams. The set-up for 
beam consists of the oven, which is placed on the XYZ-manipulator, and the cartridge with 
the investigated substance placed in the oven.   

The XYZ-manipulator was made by VA-TEK as a special unit and is used for adjustment the 
oven position. It allows oven translation in x, y and z directions for up to ±1 cm, and rotation 
in vertical and horizontal planes up to ±5 degrees. 

In the main chamber there are electron and ion time-of-flight spectrometers and a cold trap 
for the beam. Both spectrometers are connected through tubes with the chamber for efficient 
evacuation. The interaction region is pumped through the tube connected to the main 
chamber. Calibration gas (Xe) is supplied directly to the pole-plate area using 6 mm copper 
tube. The tube is connected using Gyrolock (Hoke) connectors to the Xe bottle (Messer, 
Xenon 4.0). The cold trap is placed in the beam direction. During the experiment the trap is 
filled with liquid nitrogen and serves also to improve the vacuum (Figure 3.2). 
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3.2.2. Pumps and pressure measurement 
The oven chamber is equipped with the diffusion pump (Varian VHS-10, pumping speed 
5300 l/s). The advantage of diffusion pump, especially useful for seeded beam technique, is 
its ability to fast pump out a big volume. In the experiments with alkali metals a special 
mineral pump oil (Diffilen, Leybold) is used, which doesn’t react with basic agents. A 
peculiarity of this oil is that it is flammable on open air when hot, so the chamber should be 
opened only when the pump is cooled down. The backing system for diffusion pump consists 
of two stages, the Roots pump (Alcatel RSV 301, pumping speed 83 l/s) and the oil-sealed 
vane pump (Varian CD-1400, pumping speed 18 l/s).  

The main chamber is pumped out with a turbomolecular pump (Varian V550 969-9049, 
pumping speed 550 l/s). The reason for choosing oil-free pump was to avoid the 
contamination of both spectrometers with pump oil. These oils are objectionable in 
photoelectron spectrometry, since they can create disturbing contact potentials on the pole 
plates. The turbomolecular pump is backed by the vane pump (Varian CD-700, pumping 
speed 10 l/s).  

The pressure in oven and main chambers is measured by cold-cathode gauges (Varian 525 
Cold Cathode Ionization Gauge). In addition a Balzers-type gauge (IKR 010, Schaefer 
Technologie) is installed in main chamber. The forevacuum pressure is measured with fast 
ionisation gauges (Varian 531).  

Table 3.1 shows the pressure in the chambers for three cases, when a MaBoS machine is 
ready to experiment and during experiment with Xe and seeded beam (100 µm nozzle): 

 

 Ready to experiment Exp. with Xe Exp. with seeded beam 

Oven chamber 10-7 mbar 10-7 mbar 10-3 - 10-4 mbar 
Main chamber 10-7 mbar 10-5 mbar 10-5 mbar 
Forevacuum  10-2 mbar 10-2 mbar 10-2 mbar 
Ar pressure - - 1.5 – 2 bar 

Table 3.1. Typical values of pressure in chambers in ready-to-experiment condition, during 
the calibration with Xe and experiment with seeded beam. 

 

3.3 Production of atomic and molecular beams 
3.3.1 Introduction 
A molecular or atomic beam is formed when a gas placed in a reservoir flows through an 
orifice into a vacuum. Liquid or solid substances are first heated, their vapours are spread 
through the orifice forming a beam. Properties of a beam are determined mostly by the vapour 
pressure and the shape and diameter of the orifice [71]. The knowledge of the corresponding 
vapour pressure curve is essential in production of beams. Alkali-metal beams can be 
produced without a complicated apparatus since their melting and boiling points are low, and 
their steam pressures are quite high. For example, the melting point for Na and K are 371 K 
and 329 K respectively. The dependence of their steam pressure [72] for atoms and diatomic 
molecules is shown in Figure 3.3.  
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Figure 3.3: The temperature dependence of the steam pressure of a) Na and b) K atoms and diatomic 
molecules plotted according to data [72]. 

 

The influence of vapour pressure and the diameter of the nozzle is defined by the so called 
Knudsen number [73]: 

     
λ
dK n = ,        (3.1) 

where d is the diameter of the nozzle, and λ is the mean free path length of particles in the 
reservoir. 

When Kn ` 1  we get an effusive beam consisting of particles not interacting with each other. 
When Kn p 1  – the beam is supersonic, the particles strongly interact with each other and 
with nozzle walls.  

The mean free path length can be expressed as follows: 

λ
σ

≈
1
n

,        (3.2) 

where σ is cross-section of collisions (σ 22 rπ≈ ) and n is particle density in a gas 
(n ≈ p kT/ ). 

For supersonic beams the conduction of the heat from a nozzle walls to a beam can be 
neglected, so the process of a beam streaming is considered as adiabatic. In such a process, 
since a pressure after expansion into a vacuum chamber may be taken equal 0, the increase of 
the kinetic energy of the stream is achieved only at the cost of internal energy of the gas, 
leading to its decrease. 

Considering a molecular expansion, one should take into account also internal molecular 
degrees of freedom: 

- vibrational 

- rotational 

- translational 

Since besides elastic also inelastic collisions occur, they lead to an exchange between these 
energies. Effective cross-sections of these processes are ordered as follows: 

)()()( transvibtransrottranstrans EEEEEE −>−>− σσσ .     (3.3) 
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Two-body collisions between molecules and atoms lead to a collisional cooling, that is 
relaxation of internal degrees of freedom. In this case only deepest rotations and vibrations 
are populated. [74] reported for Na2 molecules KTrot 105 −=  (because of efficient rotational-
translational transfer), which is close to KTtrans 51−= . The vibrational temperature is 1-2 
orders of magnitude higher – KTvib 5030 −= . According to [74] for an oven temperature 
870 K, 83 % of Na2 molecules are in ground vibrational state ( 0´ =́ν ), 12 % are in first 
vibrational state ( 1´ =́ν ), and 3 % are in 2´ =́ν .  

Besides cooling of internal and translational degrees of freedom, a molecular and cluster 
building occurs in a beam expansion. Many works have been devoted to investigation of Na2 
molecules in a beam. It was shown in [75,76] that already in a pure sodium vapour there are 
approximately 1-10 % Na2 molecules. Most of the molecules are formed in gas expansion 
outside of the nozzle, in three-body collisions. Bergmann et al. showed [76] that the Na2 
formation rate is proportional to a product of a stagnation pressure 0p  in reservoir and nozzle 
diameter d: ,2

0 dp ⋅  whereas the destruction rate is proportional to .0 dp ⋅  

The density of molecules is however small and hot molecules obtained in three-body 
collisions can be easily fragmented again. An effective cooling occurs in the co-expansion 
with another noble gas. In this mixture two processes, molecular production and cooling can 
be separated. This is employed in so-called seeded-beam technique. 

 

In the seeded beam the investigated substance (called a “seed”) is mixed in small 
concentration with an inert gas and expands through a nozzle into a vacuum chamber. The 
relation of partial pressures of a substance and an inert gas reaches typically values between 
1% and 10%. The density of the carrier gas is much higher than that of seed gas. Therefore 
lots of collisions between seed-gas particles and noble gas atoms occur, whereas the collision 
rate between seed-gas particles remains low. This leads to an efficient cooling and 
stabilization of the molecules formed already.  

In the case of sodium seeded with argon the argon density is n = 4.9ÿ1025 atoms/m3, the 
collision radius is r = 11.3ÿ10-10 m [73], the mean free path length λ according to (3.2) is 
approximately 4 nm. Provided the nozzle diameter of =d 100 µm the Knudsen number is 

=nK  2.5ÿ107, therefore the beam character is supersonic. 

The seeding technique requires powerful vacuum apparatus specially suited to pump high 
stagnation pressures. To reach low pressure in the vacuum chamber expansion should occur 
through a nozzle with smallest possible diameter. Handling with small nozzles is a challenge 
in practice. However, the alkali metals studied here (Na, K) have relatively low melting and 
boiling points. Thus a considerable vapour pressure (of the order of tenths of mbar) can be 
reached with not so complicated oven technique.  

 

3.3.2 Na beam implementation 
In the Na beam preparation the cartridge filled with sodium is heated in the oven and sodium 
vapour containing atoms and molecules expands through a small orifice of the cartridge 
(Figure 3.4). The cartridge is made of V4A stainless steel in our workshop and consists of a 
15 cm long cylinder chamber with a diameter 3.5 cm. One end is closed with a top. On the 
other side the cylindrical nozzle chamber is placed. The plate with small nozzle opening is 
welded on top of the chamber. The shape of the nozzle is cylindrical, the typical diameter 
used in measurements is 100 or 200 µm, the length of the nozzle channel is 250 µm. The 
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nozzle orifice ends with a cone (90° opening angle), which has an opening to the outer side of 
the cartridge. The nozzle plates (V4a stainless steel) are produced by Wetzel Gröbzig Micro 
Products. We have compared under the microscope the nozzles made in our workshop using 
drills and those produced by company and have found that home-made nozzles have an 
irregular “potato”-shape leading to their clogging or increasing beam divergence. Also, we 
ordered nozzles made of a special Nimonic alloy (90.0 Goodfellow) preventing the clogging, 
however haven’t observed a significant difference in beam working time.  

The cartridge is filled with about 15 grams of Na (Merck). We used sodium of the highest 
purity (>99%) available at Merck. This amount of Na was enough for approximately 15 days 
of work with unseeded beam. After that a new cartridge should be filled.   

 
Figure 3.4: Experimental set-up for producing an alkali beam. A cartridge is heated in an oven [77]. 
Heating elements consist of Ta wires isolated in two ceramic cylinders. To insure the open nozzle its 
temperature is kept 100 K higher than cartridge temperature. Skimmer 1 separates oven and main 
chamber and constricts the beam. In order to keep it open, it can be heated. Second skimmer prevents 
the pollution of pole-plates with alkali particles. 

 

The oven consists of two Al2O3 ceramic cylinders (Alsint 99.7, Haldenwanger) [77]. Along 
the cylinders there are holes, through which tantalum wires (99.9%, d = 0.5 mm, Advent 
Research Materials) for heating (I b 10 A) are strained. The cartridge and nozzle chambers 
can be heated separately. A temperature measurement is accomplished with NiCr-Ni 
thermocouples (d = 1.5 mm, Reckmann). There are steel shield cylinders around ceramics for 
protection against heat. All the construction is placed into a brass holder cooled with water 
circuit. Before experiment or after cleaning the oven is adjusted using the XYZ-manipulator. 

For collimating the beam the skimmer system is used, as shown on Figure 3.4. The first 
skimmer (diameter 1.5 mm) is placed on the flange between main and oven chambers and 
separates them. To avoid its clogging with alkali metals, the skimmer is heated using Ta wire 
insulated with Al2O3 ceramics to about 420 - 450 K, which is well above Na melting point. 
Since we use in our experiment a magnetic bottle spectrometer, great care was taken to avoid 
the pollution effects. For this purpose the second skimmer (diameter 1 mm) was built in near 
the pole-plates to prevent them from pollution with alkali metals. Both skimmers are 
adjustable in the plane perpendicular to the beam.  

The cartridge is typically heated in an oven to Tcart = 870 K, the nozzle chamber temperature 
is always kept approximately 100 K higher in order to prevent nozzle clogging. The Na 
vapour pressure at this temperature is 0.8 bar (see, e.g. [72]), and the Na2 vapour pressure is 
approximately 170 mbar. 
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In order to obtain a seeded beam we slightly modified the set-up. The cartridge is now closed 
with a top in which the tube for inert gas (Ar) supply is implemented. The top is connected 
using a flexible metal tube (Senior Berghöfer) to the flange tube feedthrough and then to an 
inert gas bottle placed outside the vacuum chamber. The flexible tube is cooled in front of the 
flange using water cooling circuit in order to prevent the damage of rubber o-rings. Two 
valves for coarse and fine gas flow regulation are also built in. In addition a bypass directly to 
the main chamber provides a proper purge of the gas supply tubes, which is necessary for 
stable work of the alkali beam. The argon used in the experiment (Argon 5.0, Messer) has a 
purity of >99.999 Vol%. Using a pure inert gas is important to keep the nozzle open during 
seeding. A manometer (Landefeld) is installed on the tube outside the chamber to monitor the 
Ar partial pressure. A typical Ar pressure during experiment is 1-2 bar. 

 

3.3.3 K beam implementation 
The potassium being even more chemical reactive than sodium requires a special additional 
care in preparation and handling the experiment. The cartridges were charged in the 
atmosphere of non-reactive gas. In the case of experiments with K atoms it was done in 
nitrogen atmosphere, and in the case with K2 molecules – in argon. For experiments with an 
atomic beam we used a 98% potassium from Merck. The nozzle diameter was 200 µm. 

The working temperatures for the K atomic experiment were Tcart = 620 K for the cartridge, 
Tnoz = 720 K for the nozzle, and 420 – 450 K for the skimmer.  

For experiments with molecular beam the major problem was the clogging of the nozzle. 
There could be several reasons for that. Potassium from Merck still contained some 
impurities, and since it was stored in a paraffin oil, some oil particles could penetrate into 
deep layers. Further, in an oven the oil could burn and close the nozzle. Therefore we used 
more pure potassium 99.95% (ABCR) in ampoules. Filling of the cartridge was performed in 
more inert Ar atmosphere. Normally, the cartridge was filled with one ampoule (5 grams), 
which was enough for about 10 hours of measurement. The nozzle diameter was 100 µm. 

In the K2 molecular experiment the cartridge was kept at temperature Tcart = 630 K, the nozzle 
at Tnoz = 700 K and the skimmer at 420 – 450 K.  

Another reason for closing the nozzle was impurified argon we used before in Na 
experiments. Therefore we changed to a Ar 6.0 (>99.9999 Vol%, Messer) of higher purity. In 
addition, in this experiment we heated the argon supply pipe right in front of the cartridge to 
about 650 K. The Ar pressure was 1-2 bar. 

The parameters used during the work with atomic and molecular beams of sodium and 
potassium are presented in the Table 3.2.  

 Na molecular 
beam 

Na molecular 
seeded beam 

K atomic beam K molecular 
beam  

Oven temperature 870 K 870 K 620 K 770 K 
Nozzle temperature 970 K 970 K 720 K 870 K 
Ar pressure - 1-2 bar - 1-2 bar 
Nozzle diameter 200 µm 100 µm 200 µm 100 µm 
Beam duration 15 days ~ 24 hours 7 days ~ 10 hours  

Table 3.2: Typical parameters of alkali beams. 
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3.4 Magnetic bottle electron spectrometer 
3.4.1 Principle of operation 
An electron spectrometer has to fulfil a number of demands. First of all the requirements for a 
spectrometer include highest possible electron kinetic energy resolution, state-of-the art 
detection techniques, efficient data handling and data analysis, restriction of pumping 
systems. It also important to collect all the electrons over a wide a range of initial velocities. 
This is difficult to achieve with conventional designs of electron energy analysers because the 
energy resolution deteriorates rapidly as the acceptance angle is increased. These problems 
have been overcome in “magnetic bottle” spectrometer. It combines a high collecting 
efficiency (2π sterad for electrons from 0 to 10 eV) [78] with good energy resolution. In this 
instrument electrons initially emitted in all directions from the region of the laser-matter 
interaction are formed into a nearly parallel beam using an inhomogeneous magnetic field. 
The laser focus where the multiphoton ionization takes place is located between the pole-
pieces of an electromagnet producing a 1 Tesla magnetic field. The Lorentz force  

BevF ×=1            (3.4) 

causes each emitted electron to spiral around a magnetic field line. The radius of the orbit 
(cyclotron radius): 
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and the angular momentum of the circular motion in the strong field Bi:  
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 where Τi is the angle between the velocity vector of the electron and the spectrometer axis.  
Then the electron enters the region of the weak uniform magnetic field of 10-3 Tesla. If the 
variation of the magnetic field along the axis is adiabatic, that is if the magnetic field changes 
slowly along one loop, then the angular momentum is a conserved quantity. Therefore the 
angle Τf of the helical motion in the region of low field Bf is given by [78]: 
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The transverse component of the velocity is thus reduced. Since the total velocity is 
unchanged the longitudinal component increases from v to: 
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The electron trajectories are parallelized in this type of the magnetic field configuration. Even 
electrons that are initially emitted nearly perpendicularly to the field lines in the high-field 
region are nearly parallel in the low-field region, having the angle Τf,max: 

  ( ) °==Θ − 8,1/sin 2/11
max, iff BB ,       (3.9) 

 if the field strengths in the two regions are sufficiently different. After the electron beam has 
been parallelized, the electrons travel in a uniform magnetic field down to a flight tube before 
being detected. The time-of-flight in the drift tube is: 
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thus depends on the electron energy, but because of the parallelization of the trajectories it is 
almost independent of the initial direction of emission. 

 

3.4.2 Design of apparatus 
The magnetic bottle used in our set-up is produced by the company Applied Laser 
Technologies. The spectrometer consists of an ionisation region, a drift tube and a detector 
(Figure 3.5). The 1 Tesla field is created by an iron yoke and a large coil external to the 
vacuum. The power supply gives 4 A at approximately 55 V. The cross-sectional area of the 
iron circuit in the pole-peaces was designed so to provide adiabatical change of the field 
strength.  

 
Figure 3.5: Vertical sectional view of the magnetic bottle electron spectrometer. The photoelectrons 
are created in a volume between pole-plates. The 1 Tesla field formed by an iron yoke and the large 
coil is used for parallelization of the electron orbits. The 10-3 Tesla magnetic field guides electrons to a 
detector – MCP. Electrons can be retarded or accelerated with electrostatic field created by the grid. 
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A weak magnetic field of 10-3 Tesla is produced in the drift tube (0.5 m) by means of an 
external coil operated at 2 A, 1 V. The earth magnetic field in the ionisation region and flight 
tube is compensated using two pairs of mutually perpendicular Helmholtz coils. In the 
direction of the flight tube the magnetic field generated inside the spectrometer dominates 
over the earth magnetic field. 

Finally, the flight times of the electrons are measured using two microchannel plates in 
chevron mount (Hamamatsu F 1094-23S) as a detector at the end of the flight tube (Figure 
3.5).  

The electric potential along the spectrometer axis can be adjusted externally by three 
independent power supplies (see Figure 3.6);  

- The pole-pieces are grounded.  

- The two electrodes are mounted on top of pole-pieces. Voltages U1 and U2 are applied 
typically to compensate contact potential fields. In our experiments a field-free case was 
reached by connecting pole-plates to the same voltage (U1 = U2 = Upp = -0.65 V). 
Furthermore, [79] reported about covering the pole-pieces with carbon to eliminate 
charge effects, which however wasn’t done in our set-up. Non-equal pole-plate voltages 
can be used to provide an extraction field such that acceptance angle is increased to 
4π sterad, and to extract ions in a direction opposite to electrons.  

- the potential applied to a cylindrical grid has two main operation modes. In first mode a 
fixed retardation of electrons is used to improve the resolution of time-of flight analysis. 
In the second, used for calibration the TOF axis, the retardation voltage Ug is applied to 
yield a constant energy resolution. 



Chapter 3  Experimental set-up 

 38  

 
Figure 3.6: Schematic representation of electric potentials applied in magnetic bottle spectrometer. 
The pole-pieces are grounded. Voltages U2 and U1 are applied to upper and bottom electrodes 
covering pole-pieces. Typically used combination in experiment U1 = U2 = Upp. A voltage Ug applied 
to a cylindrical grid is used for retardation or acceleration the photoelectrons. 

 

3.5 Ion time-of-flight spectrometer 
In our set-up mass analysis of the formed ions can be a very useful complement to the 
photoelectron studies. A Wiley-McLaren type spectrometer for measuring ions time-of-flights 
is shown schematically in Figure 3.7. The voltage applied to the pole-plates of magnetic bottle 
spectrometer is used to extract ions from the interaction region and force them to move 
towards the detector. We found an optimal combination of upper- and lower-pole-plate 
voltages of U1 = 410 V and U2 = 390 V. This arrangement corresponds to that one typically 
used in Wiley-McLaren scheme [80] with the difference that the position and shape of pole-
plates cause already the focussing the ions. Because of this, we use the only one lens 
(UEL = 100 V) as ion optics for parallelization the ions. Two others are grounded (see Figure 
3.7). After extraction and parallelization ions are drifting in field-free region (l = 31 cm) until 
they hit the detector. The detector consists of two MCPs connected in chevron arrangement 
(Burle, APD 3025 12/10/12 D STD). The ions hit the front surface of negatively charged MCP 
(-2 kV). The released electrons that leave the MCPs have small kinetic energies, therefore 
they are accelerated towards a positively charged copper anode (Uanode = 160 V). The details 
and construction of ion time-of-flight spectrometer set-up as well as electric schemes can be 
found in [70].  
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Figure 3.7: Vertical sectional view of the time-of-flight ion mass spectrometer. Voltages U1 = 410 V 
and U2 = 390V are applied to the pole-plates to extract ions from interaction region. Furthermore, ions 
are parallelized with electrostatic lens (UEL = 100V) and drift in a field-free region towards a detector, 
which consists of two MCP in chevron arrangement.  

 

3.6 Femtosecond laser system 
The femtosecond laser system used in a pump-probe experiment together with wavelength 
conversion units is scetched in Figure 3.8.  

A Ti:Sapphire oscillator (Femtolasers, Femtosource Scientifis Pro) [81] is pumped by 
Nd:YVO4 pump laser (Coherent, Verdi V-5) [82]. The oscillator provides laser pulses with a 
wavelength of λ = 790 nm, the pulse duration of 12 fs at an energy of 4 nJ at a repetition rate 
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of 75 MHz. The laser pulses are coupled into a chirped-pulse multipass amplifier 
(Femtolasers, Femtopower Pro) [83]. Before amplification the laser pulses are stretched in 
time, so their power remains under the destructive threshold of the amplifier crystal. The 
cooled Ti:Sapphire crystal is optically pumped by a Nd:YLF laser (B.M. Industries, YLF 621 
D). The YLF generates pulses at frequency doubling on 527 nm, pulse duration 500 ns, and 
power 3 to 18 W at 1 kHz [84]. After amplification the laser pulses are compressed in a pulse 
compressor to 25 fs. The pulse energy after the prism compressor is 1 mJ at a repetition rate 
of 1 kHz. 

Frequency conversion is performed with an optical parametric amplifier (TOPAS, Light 
Conversion) and an optical frequency tripler (HHG, Light Conversion). They are integrated in 
each arm of the Mach-Zender interferometer. The beam splitter (60% transmission and 40% 
reflection) after the output of the amplifier divides laser pulse into two parts. The probe pulse 
is time delayed with the computer operated moving stage (SMS, MICOS).   

The optical frequency tripler HHG is used in a pump-probe experiment to obtain a third 
harmonic of 267 nm. For that two BBO crystals are used. First, the second harmonics is 
obtained by a frequency doubling (λ = 395 nm). Then the fundamental and the second 
harmonic are overlapped in a second BBO crystal to form a 267 nm beam by sum frequency 
mixing. Another prismcompressor is used to compensate dispersion introduced by HHG. The 
laser pulses obtained on exit of the HHG have wavelength λ = 266 nm. Evaluation of the 
pulse duration using a transient two-photon absorption in water gives a value of t = 100 fs 
[85,86]. 

The TOPAS converts 790 nm, 500 µJ input pulses using parametric fluorescence and 
difference frequency mixing. The frequency quadrupling of the pulses (λ = 1360 nm, 
t = 30 fs) is performed using two BBO crystals. The pulses at the exit of the TOPAS have a 
wavelength in the range of λ = 330 - 340 nm and a pulse energy of E = 3 µJ. The divergence 
of the pulse is compensated with a telescope at the exit of TOPAS. 
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After recombining both 340 nm and 266 nm beams with a partial beam splitter they are 
adjusted to be collinear. With the help of a f = 200 mm lens the laser beams are coupled into 
the vacuum chamber between the pole-plates of the spectrometer. 

For the characterisation of the femtosecond laser system the following methods are used:  

• spectral distribution of the pump and probe laser were taken with a spectometer 
(Stellarnet EPP2000);  

• coarse defining the time overlap of the pump and probe laser pulses in the picosecond 
time region is made with a streak camera;  

• pulse duration measurements of the 340 and 266 nm laser pulses are performed using 
cross-correlation in Xe. Figure 3.9 [86] shows the corresponding photoelectron 
spectrum from the ionisation of Xe with 2 photons of 265 nm and 1 photon of 340 nm 
as a function of the delay between the laser pulses. The evaluation of the cross-
correlation curve gives the pulse duration for both pulses t265 ≈ t340 ≈ 48 fs [86];  

• cross-correlation in Xe is also used for precise measurement the temporal overlap of 
pump and probe pulses. The cross-correlation method is described in details in [86].  

 

 
Figure 3.9: Multiphoton ionisation of Xe atoms. a) The measured photoelectron spectrum as a function 
of delay between λpump = 340 nm and λprobe = 266 nm laser pulses; b) the enlarged cut of the 
photoelectron spectrum. c) the averaged two-colour photoelectron signal (solid line) and fitted 
Gaussian curve (dashed line). The cross-correlation has a FWHM of 58.7 fs, what yields a pulse 
duration of 48 fs [86]. 
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3.7 Nanosecond laser system 
The nanosecond laser system was used for test experiments with both spectrometers, i.e. the 
calibration of the electron and ion spectra and the characterization the molecular beam.  

We used two lasers: 

• Nd-YAG nanosecond laser (Spectra Physics, Quanta-Ray INDI-30) provides pulses 
at 20 Hz repetition rate, 7 ns pulse width. The wavelengths are 1064 nm fundamental, 
second harmonic 532 nm, third harmonic 355 nm and forth harmonic 266 nm. The 
355 nm light has linear polarization parallel to the axis of the electron spectrometer, 
the 532 nm light has polarisation perpendicular to the spectrometer axis. The laser 
beam is focused with a lens with the focal length 25 mm into the interaction area.  

• Dye laser (Sirah, Cobra-Stretch Dye Laser) pumped by a frequency doubled Nd-
YAG laser is used for the calibration of the magnetic bottle spectrometer. The laser 
gives pulses with 20 Hz repetition rate in the tuning range of dye used in laser. We 
used Fluorescein 27 (Sirah) solved in ethanol + water solution, which gives pulses in 
the wavelength range of 540-575 nm and a maximum efficiency at 548 nm. The 
maximum laser energy at 548 nm was approximately 70 mJ.  

 

3.8 Triggering and data acquisition 
The triggering for the nanosecond lasers was performed with a photo-diode placed in front of 
the MaBoS machine. It is lightened by a reflected portion of nanosecond laser beam. The 
trigger for the femtosecond laser system was a signal, which activates the Pockels cell. 

The time-of-flight spectra are taken with a digital storage oscilloscope from the company 
LeCroy (LeCroy 9370). This oscilloscope has an analog bandwidth of 500 MHz and a 
maximum counting rate of 2 gigasamples obtained by adding the four incoming channels of 
the oscilloscope. 

Two routine procedures were used to acquire measurement data: 

• For creating an instantaneous time-of-flight spectrum a signal taken with LeCroy was 
averaged over several thousand laser shots. Averaged spectra were further read by the 
computer using an IEEE-interface using LabVIEW program Read_osci.vi. 

• In a pump-probe experiment time-of-flight ion or photoelectron spectra are taken as a 
function of time delay between pump and probe laser pulses. The program controls the 
motion of the translation stage of Mach-Zender interferometer using a controller 
(MICOS SMCbasic) in given steps. At every position of a delay stage a signal from 
MCP with the repetition rate of laser system of 1kHz is sent to LeCroy oscilloscope 
triggered with a signal from a Pockels cell. A signal at LeCroy is averaged typically 
over 862×2 or 862×4 shots and is then saved with a computer using a National 
instruments DAQ card (DAQ-PCI 6034E). For monitoring the changes in femtosecond 
laser beam intensity a photodiode using a reflected portion of a beam was used. After 
finishing a single measurement program moves a delay line to the next position. A 
software for steering an experiment was written by M. Winter in LabView (version 
6.1.1) package and is described in his diploma [86].  

The average time of one scan is approximately 40 minutes for approximately 1500 
points along pump-probe delay.  
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Chapter 4   
 

Vibrational wave packet dynamics in Na2 states 
 

In this chapter the observation of the vibrational dynamics in the C1Πu and 71Πu states of the 
Na2 molecule is reported. The utility of the femtosecond pump-probe scheme with kinetic 
energy-resolved photoelectron detection for the observation of the molecular dynamics will be 
shown. Further, the ability to distinguish between several ionisation pathways in the scheme 
with kinetic energy photoelectron detection will be discussed.  

 

4.1 Introduction 
Femtosecond pulses available nowadays are shorter than the period of molecular vibrations, 
so it is possible to excite and probe time-dependent vibrational motion of the molecule. The 
ability to probe the molecular dynamics with femtosecond laser pulses has been demonstrated 
with a variety of different techniques in several molecules [1-4].  

The use of the energy-resolved photoelectron spectroscopy to probe the molecular dynamics 
was proposed by Seal and Domcke [44,45] and developed in the theoretical publications by 
Meier and Engel [36,37,87]. The utility of this technique to monitor the evolution of a 
vibrational wave packet in a real time was demonstrated on excited states of sodium dimer 
[31] and sodium iodide [88]. It was shown in [12] that the photoelectron detection enables 
besides the femtosecond time resolution a sub- Ångström spatial resolution.  

Briefly the scheme of the pump-probe experiment for the observation of molecular dynamics 
can be described as follows. A first femtosecond laser pulse excites a superposition of 
vibrational levels, a wave packet, in a neutral state of the molecule. The wave packet is the 
quantum mechanical analogue of the molecular motion. The evolution of this wave packet 
after some delay is probed by a second laser pulse which ionises the molecule. in the 
experiment the kinetic energy of the released electrons are measured as a function of a pump-
probe delay.  

In this chapter the Na2 molecule is used for observation of the molecular vibrational dynamics 
in the real time. The choice of Na2 dimer for our experiment was motivated by several 
reasons. First, the Na2 molecule is one of the simplest systems for the theoretical description, 
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the molecule and its potentials are very well investigated both theoretically and 
experimentally. Thus it is a suitable system for analysing the ultrafast dynamics. Second, in 
order to follow the molecular dynamics by creating vibrational wave packets the laser pulse 
must have a duration less than the vibrational period of the molecule. For this reason alkali 
dimers and in particular the sodium molecule are experimentally well suited. Because of the 
weight of the nuclei (for instance 23 at. un. for Na) and the way of potentials the vibrational 
period of the nuclei in the molecule consists around 300 fs thus being much higher than for 
instance the vibrational period of the simplest molecule H2 [89].  

In our experiment the kinetic energies of the photoelectrons are detected. Use of the kinetic 
energy resolved photoelectron spectra enables to disentangle ionisation pathways from 
different potentials. The vibrational dynamics in several states of Na2 molecule will be shown. 

 

4.2 Experiment and parameters 
In our experimental scheme using λ1 = 340 nm pump femtosecond laser pulse and 
λ2 = 266 nm probe pulse the observation of the molecular dynamics in several potentials of 
the Na2 molecule is possible.  
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Figure 4.1: Excitation scheme for Na2 for the two-color experiment pump wavelength of λ1 = 340 nm 
and probe wavelength of λ2 = 266 nm. The dynamics is mapped in several states: (1) – excitation of 
the 21Σu

+ double minimum state with λ1 = 340 nm and ionisation with λ2 = 266 nm; (2) – excitation of 
the C1Πu state with λ1 = 340 nm and ionisation with λ2 = 266 nm; (3) – excitation of the 71Πu state 
with λ2 = 266 nm and subsequent ionisation with λ1 = 340 nm. Ionisation into two lowest ionic states , 
2Σg

+ bound and 2Σu
+ repulsive, is possible. 

 

Figure 4.1 shows the scheme of the ground, excited 21Σu
+, C1Πu and 71Πu, and ionic 2Σg

+ and 
2Σu

+  potentials of Na2. Process (1) is the excitation of the wave packet in the double minimum 
state 21Σu

+ of the Na2 molecule with the pump wavelength of λ1 = 340 nm and subsequent 
ionisation with the probe wavelength of λ2 = 266 nm. The experiment on this state with 
slightly different experimental parameters will be discussed in detail in the next chapter. 
Process (2) is the excitation of the wave packet in the C1Πu state with the wavelength of λ1 = 
340 nm and subsequent ionisation with the wavelength of λ2 = 266 nm. The state C1Πu is 
energetically close to the double minimum state and can be also excited if the spectral width 
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of the pump laser pulse is large enough and ionised with the probe laser pulse. The process (3) 
occurs when the λ1 = 266 nm laser pulse is used to excite the 71Πu state and the λ2 = 340 nm 
to ionise the molecule. Thus in this case an inverted pump-probe scheme is observed.  

 

The experimental set-up is described in detail in the Chapter 3. The pulses of 790 nm, 25 fs 
and 1 kH are frequency converted to give the λ1 = 340 nm, ∆λ = 5.7 nm pump laser pulse and 
λ2 = 266 nm, ∆λ = 3 nm probe laser pulse. In the Michelson-type interferometer a variable 
time delay between two pulses is introduced. The collinear propagating laser pulses are 
focussed with a f = 200 mm lens into the vacuum chamber where they perpendicularly 
intersect the molecular beam. The sodium beam is obtained by a supersonic expansion from 
an oven operating at 870 K through a 200 µm nozzle. The photoelectron spectra are recorded 
with the magnetic bottle spectrometer and averaged over several thousand laser shots. The 
pump-probe delay is changed in 30 fs steps. The retardation and pole-plate voltages in 
experiment are set to Ug = 0.6 V and Upp = -0.65 V respectively.  

 

 
Figure 4.2: Grey scale representation of the pump-probe photoelectron time of flight spectrum. The 
areas 2 and 3 indicate the molecular dynamics in the C1Πu and 71Πu states respectively. 

 

The experimental result is shown in Figure 4.2 and represents a photoelectron time-of-flight 
spectra as a function of the pump-probe delay in a range of -2 till 20 picoseconds. The 
spectrum presented is obtained by averaging of the experimental spectra using a Gaussian 3x3 
averaging. The time of flight scale calibration is performed using the Na signal present in the 
spectrum at 400, 450 and 550 ns and calibration using ionisation of Xe with Nd:YAG 
nanosecond laser. The dynamics from the processes (2) and (3) are also indicated in the 
figure. Below we discuss these individual contributions to the signal in detail. 
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4.3 Vibrational dynamics in C1Πu state 
4.3.1 Excitation scheme 

The potentials of Na2 molecule relevant to the experiment are shown in Figure 4.3a. The C1Πu 
state has a minimum at the internuclear distance of 3.5 Å at an energy of 3.7 eV. The state is 
energetically close to the double minimum state of Na2 molecule, the energy separation 
between them is ∆E = 0.11 eV. Therefore at a wavelength of λ1 = 340 nm of the pump pulse 
it can be excited since the spectral width of the pump pulse is broad enough. As shown on the 
scheme, the wavelength of λ = 336 nm is required to excite first vibrational levels (v’ = 0,1) 
of the C1Πu state. Since the excitation spectrum of the pump beam of λ1 = 340 nm has the 
spectral width of 5.7 nm, the (v’ = 0, 1) levels are excited with the spectral “wings” of the 
laser pulse. The pump laser pulse creates a wave packet at the inner turning point of the C1Πu 
state at 3.2 Å. The wave packet starts to move towards big internuclear distances. After it 
reaches the outer turning point at 145 fs, it is reflected back, reaches inner turning point again 
at 290 fs, thus oscillating in the potential. The period of the wave packet oscillation is 
determined by the energy separation between adjacent coupled levels. In our experiment the 
energy difference between (v’ = 0) and (v’ = 1) levels is 115.8 cm-1 [90] corresponding to the 
period of 290 fs. The wave packet moves in the well at the internuclear distances between 3.2 
and 3.8 Å. 

 

 
Figure 4.3: (a) Scheme of the X1Σg ground, C1Πu and ionic states [90] of the Na2 molecule for the 
λ1 = 340 nm excitation and λ2 = 266 ionisation. For the wavelength of λ1 = 340 nm the first (v’ = 0,1) 
levels of the C1Πu state are excited. With a probe wavelength of 266 nm the 2Σg

+ bound and 2Σu
+ 

repulsive states are energetically accessible. (b) Difference potentials for 2Σg
+ and 2Σu

+ ionic states. 

 

The probe pulse of a wavelength of λ2 = 266 nm ionises the molecule. The photon energy of 
the pulse is sufficient to reach two lowest ionic potentials, i.e. the 2Σg

+ bound and 2Σu
+ 
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repulsive states. The kinetic energies of the photoelectrons obtained during the ionisation 
from the C1Πu state are measured in the experiment. As was shown in the Chapter 2, the 
kinetic energy of the photoelectrons can be determined using the classical difference potential 
analysis (formula (2.17)). 

The corresponding difference potentials are presented in Figure 4.3b. Photoelectrons with 
kinetic energies ranging from Ekin = 0.7 to 1.2 eV are expected to map the wave packet 
motion by projecting the C1Πu state onto the 2Σu

+ repulsive ionic potential. Since the 
difference potential corresponding to the ionisation into 2Σg

+ bound state is almost flat, all the 
photoelectrons from the bound state are concentrated on a small interval of kinetic energies 
around 3.2 eV thus revealing no internuclear distance resolution.  

 

4.3.2 Experiment and results 
Figure 4.4 shows a portion of the experimental photoelectron time-of-flight spectrum for the 
pump-probe delay from -500 till 10000 fs and time-of-flights 600 till 1000 ns. The oscillations 
at flight times of 720 ns and 950 ns are clearly visible in the measured signal. The oscillation 
period is 290 fs what corresponds to the wave packet motion in the C1Πu potential.  

 
Figure 4.4: A portion of the experimental pump-probe spectra for the delay times -500 – 10000 fs and 
times of flight within 600 – 1000 ns. The photoelectron energies of 1.2 and 0.7 eV correspond to the 
wave packet localised at the outer and inner turning points of the C1Πu well projected onto a repulsive 
ionic state. 
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In order to obtain the photoelectron kinetic energies the calibration of the time of flight scale 
is performed as discussed in the Appendix E. The corresponding photoelectron energies of 
0.7 eV and 1.2 eV are also shown in Figure 4.4. Comparison of this energy with the difference 
potentials shown in Figure 4.3 shows that the photoelectrons released from ionisation into the 
repulsive 2Σu

+ potential from the wave packet localised at the outer (inner) turning point of the 
C1Πu state contribute to the signal at 720 ns (950 ns).  

It should be noted that it is impossible in our experiment to map the wave packet dynamics for 
the complete range of internuclear distances 3.2 – 3.8 Å because of overlapping contributions 
to the photoelectron signal. The signal at 3.2 eV is overlapped with the signal from ionisation 
of atomic Na, and the signal at 0.7 – 1.2 eV is overlapped with the signal from the 21Σu

+ state 
of Na2. In addition, the signal from C1Πu state is weak in comparison to other contributions. 
Therefore we consider the temporal behaviour of the photoelectrons only at particular times of 
flight. The ionisation signal at the turning points is significantly higher because of the low 
velocity and hence a large time spent by the wave packet at these points. According to the 
difference potential scheme (Figure 4.3a) the inner and the outer turning points projected on 
the repulsive ionic potential correspond to the electron energy of Ekin = 0.7 and 1.2 eV. Cuts 
of the measured signal along the pump-probe axis performed at these energies (corresponding 
time of flights are 720 and 950 ns) are shown in Figure 4.6.  

 

 
Figure 4.5: Time profiles of the photoelectrons from (a) the inner turning point (repulsive ionic state) 
at 0.7 eV (950 ns); (b) the outer turning point (repulsive ionic state) at 1.2 eV (720 ns). The 
photoelectron signals (a) and (b) are clearly shifted by half an oscillation period of 145 fs. 

 

It is visible from the Figure 4.5 that the oscillation starts at t = 0 at the inner turning point 
(Figure 4.5a) where the wave packet is created and then reaches the outer turning point, where 
the signal is seen at the pump-probe delay time 145 fs (Figure 4.5b). The signals at 720 and 
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950 ns are shifted by 145 fs, which is a half an oscillation period. Thus one can derive the 
phase of the oscillating signal from the kinetic-energy resolved photoelectron spectrum, i.e. at 
which point on the potential the wave packet is ionised. 

 

 
Figure 4.6: Fast Fourier transform of the photoelectron pump-probe spectra at 720 ns. A peak at 
114 cm-1 corresponds to the wave packet oscillation in a C1Πu well with a period of 290 fs. This value 
is close to the value of ∆ωe = 115.8 cm-1 [90]. 

 

The vertical cut through the fast Fourier transform (FFT) spectrum made at 720 ns (Figure 
4.6) shows the signal at 114 cm-1 which is close to theoretical value (115.8 cm-1) for the C1Πu 
state.  

 
Figure 4.7: Temporal behaviour of the photoelectron signal at 720 ns on a longer time scale of -500 – 
20000 fs. The decrease of the oscillation signal is visible after approximately 10 picoseconds.  
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Consider the long-time behaviour of the photoelectron signal. Figure 4.7 shows the time 
profile made at 720 ns for delays in a range of 0 – 20 ps between pump and probe laser pulses. 
The decrease of the maxima of the oscillations is seen and after delay times approximately 
10 ps the decrease of a signal. An origin of this effect is the anharmonicity of the C1Πu 
potential well. The dispersion of the energy level splitting leads to a spreading of the wave 
packet on a timescale of several picoseconds. The time when the vibrational wave packet is 
localised calculated according [42] consists Trev = 25 ps. This time is however beyond our 
measurement window. 

 

 
Figure 4.8: Fast Fourier transform of the photoelectron pump-probe spectra at 450 ns. A peak at 
114 cm-1 corresponds to the wave packet oscillation in a C1Πu projected onto the bound 2Σg

+ ionic 
state. 

 

According to the Figure 4.3b we should also observe a strong oscillating signal at the energy 
3.2 eV corresponding to the projection of the C1Πu state onto the bound 2Σg

+ ionic state. A 
signal arising from ionisation Na atoms with 340 + 266 nm at the energy 3.2 eV is observed. 
The dynamics from the C1Πu state here is visible as a weak modulation of the strong atomic 
signal. Figure 4.8 shows the cut through the fast FFT spectrum performed at 3.2 eV 
(corresponding to the 450 ns flight time in Figure 4.2). A peak at 114 cm-1 is visible, which 
corresponds to the wave packet oscillation in the C1Πu state. 

 

4.4 Vibrational dynamics in 71Πu state 
4.4.1 Excitation scheme 

The potentials of Na2 molecule relevant to the experiment for excitation with a λ1 = 267 nm 
pump pulse and λ2 = 340 nm probe laser pulse are depicted in Figure 4.9a. The 71Πu state has 
a minimum at 3.7 Å with energy of 4.5 eV. The first femtosecond laser pulse with a 
wavelength of λ1 = 266 nm excites the 71Πu state at the equilibrium position of the X1Σg

+ 
ground state of 3.1 Å corresponding to a lowest vibrational level (v’’ = 0) of electronic 
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ground state. The wave packet created at the inner turning point of the 71Πu state at time zero 
starts to oscillate within the potential well sampling the range of internuclear distances 
between 3.1 Å and 4.8 Å during its evolution. The oscillation period of the wave packet 
motion is 100.3 cm-1 for the central vibrational level of (v’ = 14) [90].  

 

 
Figure 4.9: (a) Potentials of the Na2 molecule according to [90] for a wavelength of λ1 = 266 nm pump 
pulse excitation and a wavelength of λ2 = 340 nm probe pulse ionisation. The first laser pulse of a 
wavelength λ1 excites a wave packet in the 71Πu state which is ionised by the second pulse of a 
wavelength λ2. Electrons from ionisation into the 2Σg

+ bound and 2Σu
+ repulsive ionic states are 

released. (b) Corresponding difference potentials for 2Σg
+ and 2Σu

+ ionic states. 

 

The ionisation of the wave packet is performed by the second, time-delayed laser pulse with a 
wavelength of λ2 = 340 nm. The difference potential for ionisation into the repulsive 2Σu

+ and 
the bound 2Σg

+ ionic states are shown in Figure 4.9b. Photoelectrons with energies 3.2 eV are 
obtained from ionisation into the bound ionic state. Photoelectrons with energies in the range 
of 0.5 till 2.0 eV result from ionisation into the repulsive ionic state. Strong signals from 
ionisation of a wave packet sampling the inner and the outer turning points are expected, like 
for the C state, at the energies of 0.5 and 3.2 eV (inner turning point) and 2.0 and 3.2 eV 
(outer turning point). 

 

4.4.2 Experiment and results 
Figure 4.10 shows a portion of the time-of-flight pump-probe spectra for a range of delays 
-2000 – 500 fs between pump and probe lasers and a range of 420 - 500 ns time of flight of 
photoelectrons. Here the order of pump and probe laser pulses are reversed compared to the 
previous experiment, i.e. the λ1 = 266 nm laser pulse comes first and excites the Na2 
molecule, and then the λ2 = 340 nm pulse ionises it. Therefore the pump-probe times are 
“negative”. Oscillations are visible at the flight time of 450 ns. Calibration of the time-of-
flight axis yields the energy of 3.2 eV corresponding to this flight time.  
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Figure 4.10: A portion of the experimental spectrum for the delay times -2500 – 100 fs and times of 
flight 600 – 1000 ns. The kinetic photoelectron energy of 3.2 eV corresponds to the wave packet in the 
71Πu well projected onto the bound ionic state. 

 

 
Figure 4.11: Time profile of the photoelectron signal at 450 ns. The period of the oscillations is 
340 fs. A first minimum is visible at -500 fs, corresponding to a 1.5 x oscillation period. The next 
maximum is at the delay time of -680 fs. 
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A cut along the pump-probe delay axis at 450 ns is shown in Figure 4.11. The period of the 
oscillations is 340 fs. The difference potential for the bound ionic state in Figure 4.9b is flat. 
This implies that photoelectrons of all energetically accessible internuclear distances sampled 
by wave packet are mapped onto same energy interval of 3.2 eV. Thus no internuclear 
distance resolution is obtained from the kinetic energy analysis. However, we can 
differentiate the phase of the oscillation from the experimental signal. First two maxima in 
Figure 4.11 are difficult to recognise because of interference with the Na atomic signal arising 
at this energy at time zero. A minimum in the signal occurs at the pump-probe time around 
-500 fs which is equal to a 1.5 x oscillation period. At this time the wave packet is localised at 
the outer turning point of the 71Πu potential. The next maximum is at the delay time of 
-680 fs. The wave packet is localised in the inner turning point at this time. Hence the 
electrons from the bound ionic state mapping the inner turning point of the 71Πu state are seen 
in the experiment.  

   
Figure 4.12: Fast Fourier transform spectrum of the pump-probe signal at 450 ns. A peak at 114 cm-1 
corresponds to a wave packet oscillation in a 71Πu well with a period of 340 fs and is close to the 
theoretical value of ∆ωe = 100.3 cm-1 [90]. 

 

A section through the fast Fourier transform spectrum performed at the flight time 450 ns, as 
shown in Figure 4.12, shows a peak at 97 cm-1, which corresponds to a 340 fs oscillation 
period in the 71Πu state and is close to the theoretical value (103.1 cm-1) [90]. 

Oscillations with the period of 340 fs should be visible in the experimental signal at the 
energies of 0.5 and 2.0 eV. This signal arises from the ionisation into a repulsive ionic 
potential. However this signal is not observed in the measured data. A possible explanation 
could be that the photoionisation probability for the ionisation into the repulsive 2Σu

+ ionic 
state is lower than the photoionisation probability for ionisation into the bound 2Σg

+ ionic 
state.  
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4.5 Conclusion 
Experiments on the observation of the wave packet motion in the C1Πu and 71Πu states are 
presented in this chapter. We were able to unravel several dynamical contributions to the 
photoelectron signal arising from different potentials and ionisation pathways. This is an 
advantage of the kinetic energy resolved photoelectron spectra in comparison with ion 
detection where the signal is the sum of all the sources. The analysis of the temporal 
behaviour of the photoelectron signal at a certain kinetic energy provides information about 
the phase of the wave packet motion, i.e. the particular place of the potential which is sampled 
by the photoelectron signal.  

  

 



Chapter 5  Electronic structure dynamics in Na2 double minimum state 

 57 

 
 
 
 
 
 
 
 
Chapter 5   
 

Electronic structure dynamics in Na2 double 
minimum state 
 

In the previous chapters we presented the experiments on the observation of the dynamics in 
different states, e.g. quantum beats on the spin-orbit states of Na atoms or the vibrational 
wave packet motion in several states of the Na2 molecule. In this chapter we will show how 
the wave packet can be used to probe the changes of the electronic structure in the molecule. 
An ideal candidate for this experiment is Na2 21Σu

+ state, for which electronic changes of the 
chemical bond along internuclear coordinate are predicted. Since photoionisation together 
with energy-resolved electron detection has proven to be sensitive to such changes [46], a 
femtosecond pump-probe photoelectron spectroscopy experiment on the Na2 double 
minimum state is performed to directly observe the electronic structure evolution in a 
molecule.   

 

5.1 Introduction 
Femtosecond time-resolved photoionisation is a widely used technique to probe ultrafast 
atomic and molecular dynamics. Its utility to map the vibrational and rotational motion have 
been proven for the simple molecules [1,2,91]. The knowledge of the R-dependence of the 
transition dipole moment for a neutral-to-ionic transition µ(R) is crucial for the interpretation 
of such pump-probe experiments. So far in most of the theoretical descriptions of time-
resolved photoelectron and photoion experiments the ionisation probability is treated 
internuclear distance R- and photoelectron energy E-independently [36,37,87,92]. Moreover, 
such dependencies are not well known for diatomic molecules, since the quantum chemical 
calculations of the dipole moments require high computational capacities.  

However, generally, the neutral-to-ion dipole moment is not constant in molecular systems in 
which the probed state is characterised by non-adiabatic coupling of the electronic and the 
vibrational motions. The adiabatic separation between electronic and vibrational motions in a 
molecule, based on a Born-Oppenheimer approximation, is valid when the nuclear kinetic 
energy is negligible (see Section 2.1 of the Chapter 2). Its breakdown is due to motion of the 
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atoms and occurs at the intersections or near intersections of potential energy surfaces having 
different electronic configurations. Prominent examples of such systems are the A state of the 
NaI molecule and 21Σu

+ state of the Na2 molecule. 

The necessity to include into consideration the variation of the dipole moment with 
internuclear distance in calculations was suggested in [93]. The studies of Zewail and co-
workers [7] on NaI highlighted the role of R-dependent process at avoided potential crossings. 
Subsequent work using two-color pump-probe measurements on the NaI A 0+ state [88] 
employing photoion and photoelectron detection showed a strong variation of ionisation 
cross-section from a NaI A 0+ potential changing its bond character from a covalent to an 
ionic, such that ionisation is greatly enhanced in the ionic region of the potential. In a 
subsequent experiment using a resonant transition step at intermediate internuclear separation 
[94], authors concluded an R-dependence of the photoionisation efficiency of this 
intermediate state. Furthermore, the changing with internuclear distance bonding character of 
the A 0+ potential of NaI was used to study the interferences between the direct versus 
indirect ionisation of the NaI molecule [95]. The direct electron ejection of a NaI molecule at 
small internuclear distances where the potential is covalent is superimposed by a scattering of 
the electron on the Na+ ion in the regions where the potential is ionic thus leading to structure 
in the photoelectron spectrum. A theoretical investigation of the influence of non-adiabatic 
effects on the photoelectron energy- and angle-resolved photoelectron spectra studied on 
example of NaI A state are presented in [96]. Authors investigated such non-adiabatic effects 
as the bifurcation of the wavepackets as it moves through the potential crossing and 
intramolecular electron transfer. 

The role of a geometry-dependent photoionisation dipole moment µ(R) in femtosecond pump-
probe experiment was investigated in other systems such that NaK, K2 and Na2 using ion 
detection. For instance, the wave packet dynamics in the Rydberg B1Πu

+ state of K2 molecule 
was studied by Schwoerer et al. [97]. In this work the experimental results were explained by 
linear variation of the dipole moment with R and a second indirect ionisation pathway via 
autoionised Rydberg states. Also linear variation of µ(R) for ionisation of the B1Πu

+ state of 
K2 was suggested in [98]. However the authors could not differentiate between the higher 
ionisation probability at large internuclear distances and the second ionisation pathway – in 
their case a doubly excited neutral state.  

The ultrafast photoionisation dynamics of NaK molecules in the C1Σ+ state was investigated 
by pump-probe spectroscopy in [8]. The potential has an ionic Na+K- character at the outer 
turning point, therefore a decreasing electronic transition dipole moment for ionisation into 
lowest ionic state correlating with Na + K+ dissociating limit was suggested in this work. 
Another pathway via neutral, Rydberg or doubly excited states, again could not be excluded 
by the authors due to the ion detection scheme. This is a general problem of the schemes 
based on ion detection the signal is averaged over all kinetic energies thus individual 
ionisation channels of the ionisation signal cannot be identified.  

The non-adiabatic dynamics and the electronic structure of excited states in polyatomic 
molecules was investigated in details in [9-11] using photoelectron spectroscopy. These 
works emphasise the role of the electronic structure correlations for several states of the 
cation to probe the non-adiabatic dynamics reflected in the transient photoelectron spectrum. 

 

The 21Σu
+ double minimum state of the Na2 molecule arises from an avoided crossing of two 

diabatic states, and hence the electronic structure changes rapidly along the internuclear 
distance. Thus a strong variation of µ(R) is theoretically predicted for the Na2 21Σu

+ state 
[37,99-102]. In a two-color 340 pump and probe experiment ions from the outer turning point 
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were detected to obtain spectroscopic information on the Na2 double minimum state [103]. 
Using kinetic energy time-of-flight mass spectroscopy in a one-color (341.5 nm) pump-probe 
scheme [104] the dynamics of the wave packet on the Na2 double minimum state was 
mapped. In that experiment the repulsive 2Σu

+ ionic state was not energetically accessible 
from the complete inner well and therefore the ionisation probability could not be measured 
for all internuclear separations sampled by the wave packet. Applying time-resolved 
photoelectron detection in another one-color (340 nm) pump-probe experiment, the bound 
ionic 2Σg

+ was used to monitor the wave packet dynamics over the whole range of possible 
internuclear distances [105]. Analysis of the data in frequency domain has shown that the 
ionisation at the outer turning point is favoured but no direct comparison with time domain 
simulations was performed. Theoretical wave packet studies on this state focussing on effects 
of excitation/ionisation with chirped femtosecond laser pulses [106] were reported in addition. 

In a theoretical investigation by Arasaki et al. [99] the internuclear distance dependent 
photoionisation amplitudes in the double minimum 21Σu

+ state of Na2 are included into the 
calculations of the transient photoelectron spectra. The excitation scheme used in calculations 
is shown in Figure 5.1. A first laser pulse of wavelength λ1 = 337 nm, 120 fs pulse duration 
excites a wavepacket in the 21Σu

+ double minimum state, which is then ionised by a second, 
time-delayed laser pulse of λ2 = 544 nm wavelength. The energy of the probe photon is just 
above the ion dissociation limit thus only the ionic ground 2Σg

+ ion state is energetically 
accessible.  
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Figure 5.1: Potential energy surfaces of Na2. A pump pulse of 337 nm wavelength excites the 
molecule slightly above the barrier.  With a probe pulse of 544 nm only the ionic ground state is 
accessible. The photoionisation amplitudes ΙClmΙ2 are superimposed. 

 

In order to obtain the coupling of the matrix element between the excited 21Σu
+ and ionic 2Σg

+ 
states the wavefunction of the ion state was considered as a product of an Na2

+ ion 
wavefunction and a photoelectron orbital φk

(-). The last one was expanded in its partial 
components ψklm. The photoelectron signal is then proportional to the coefficients of this 
expansion, ‌ Clm ‌2. The coefficients ‌‌ Clm ‌2 are dependent on the internuclear distance R and the 
radial components of the wave functions ψklm of the outgoing electron and provide the 
underlying dynamical information needed to describe the photoionisation of Na2 molecule by 
the probe laser. Figure 5.1 shows these coefficients as a function of the internuclear distance 
for polarisation vectors of the pump and probe pulses parallel to the molecular axis and for a 
photoelectron energy of about 0.6 eV. Several important features are visible. Around the inner 
Rydberg potential well of 21Σu

+ state the ‌ Clm ‌2amplitudes have near-vanishing values in a 
range to the left of the potential barrier thus revealing a region where no ionisation takes 
place. The ‌ Clm ‌2coefficients change rapidly in the barrier area where the avoided crossing 
occurs. The large magnitude of the ‌ Clm ‌2around the barrier will have a strong influence on the 
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signal as the wave packet moves through this region. The pronounced oscillatory behaviour of 
the coefficients at large internuclear distances arises from the change of the electronic 
structure towards the outer well, where the wave function acquires a significant ionic 
character. Such behaviour should arise quite generally in nonadiabatic regions of potential 
surfaces. 

 

 
Figure 5.2: Photoelectron signal from [99] as a function of kinetic energy and pump-probe delay for a 
wavepacket at the top of the barrier and parallel polarization of the pump and probe pulses.  

 

Figure 5.2 shows the photoelectron distribution as a function of the delay time for the probe 
laser pulse polarisation parallel to that of the pump laser pulse. Almost vanishing ionisation 
coefficients in the inner well region lead to a very small photoelectron signal at 1 eV 
whenever the wave packet hits the “depleted” region. The large values of the dynamical 
coefficients sandwiching the barrier region and the slow wave packet motion at the barrier 
result in a strong peak at about 0.6 eV. A peak at a very low photoelectron energy is seen 
around ∆t = 600 fs when the wave packet hits the outer turning point and where only 
electrons with low kinetic energy can be ejected. 

 

5.2 Idea of the experiment 
Figure 5.3 shows the relevant potentials of Na2 for the experiment. The change of a chemical 
bond of the 21Σu

+ double minimum state from a covalent at small internuclear distances to 
ionic at large distances should lead to a measurable dependence of the photoionisation 
probabilities on internuclear distance. The detection of the kinetic energy resolved electrons 
enables to resolve the internuclear distance and hence should reflect the change of the 
photoionisation probability. 
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Figure 5.3: Potential energy curves of Na2 molecule for λ1 = 340 nm excitation and λ2 = 266 nm 
ionisation. A pump pulse of λ1 excites the wavepacket above the barrier of the 21Σu

+ state. The 
wavepacket probes the internuclear distances 3 – 9 Å. A probe pulse of λ2 ionises molecules. Kinetic 
energies of the photoelectrons from 2Σg

+ bound and 2Σu
+ repulsive ionic states are measured.  

 

In our experiment we use a two-color pump-probe scheme, as shown in Figure 5.3. A first 
femtosecond laser pulse of a wavelength of λ1 = 340 nm creates the wave packet in the 
double minimum state. The time evolution of the wave packet is then probed by the second, 
time-delayed laser pulse of wavelength of λ2 = 266 nm, which ionises the molecule. The 
kinetic energy of released photoelectrons as a function of pump-probe delay is measured in 
the experiment.  

The excitation wavelength is chosen so that vibrational levels with nonvanishing wave 
functions in the complete double minimum well are excited. Hence the wave packet maps the 
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whole region of internuclear distances between 3 to 9 Å without significant disturbances and 
reflections at the barrier into the inner well, thus making this excitation case suitable for 
mapping the evolution of electronic structure in the complete double well potential. A good 
overlap of the Franck-Condon factors with the pump pulse gives high intensities in the signal 
[107]. 

With the choice of the ionisation wavelength the complete wave packet motion in the 21Σu
+ 

potential well can be mapped with photoelectron signal. The photon energy of the probe pulse 
is enough to reach both lowest 2Σg

+ bound and 2Σu
+ repulsive states of the Na2

+ ion. Thus the 
wave packet motion can be projected simultaneously onto two states. Another aspect of the 
two ionisation continua is that the partial ionisation probabilities, i.e. ionisation into a 
specified ionic states, can differ significantly with respect to the molecular orbital nature of 
the investigated state [10].  

Since the kinetic energy-resolved photoelectron spectra reveal directly the ionisation 
pathways, competing ionisation processes can be identified in this scheme.  

 
5.3 Wave packet evolution 
The calculation of the wavepacket propagation is performed using the split operator technique 
described in [108]. Detailed calculations for Na2 molecule with the parameters relevant for the 
experiment are summarised in [107].  A pump λ1 = 340 nm, 35 fs FWHM laser pulse 
prepares a wave packet in the inner turning point of the double minimum state at the 
internuclear distance of R = 3.1 Å, corresponding to the equilibrium position in the Na2 
ground state X1Σg

+ (v`` = 0). The propagation of a wavepacket for the first 3.5 ps is shown in 
Figure 5.4a. The photon energy of the pulse is chosen so to be larger than the height of the 
barrier. Figure 5.4b shows the relevant Franck-Condon factors.  

 

 
Figure 5.4: a) Calculated temporal evolution of the wave packet in the Na2 21Σu

+ state for 
λpump = 340 nm, 35 fs FWHM excitation from the ground X1Σg

+ (v`` = 0) state. b) Franck-Condon 
factors for the X1Σg

+ (v`` = 0) – 21Σu
+ (v`) transitions superimposed by the normalised pump laser 

spectrum from [107]. The numbers indicate the values of v’. 
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Due to the large bandwidth the laser pulse excites a large number of vibrational states, centred 
at v`= 45 (see Figure 5.4b). The states belonging almost solely to the complete well are 
excited, although a small contribution from the tunnelling wavefunctions v`= 31 and 32 is 
present [107].  

The wave packet oscillates within the complete potential well with a period of 1 picosecond 
in accordance with energy level spacing of approximately 32 cm-1 at v`= 45 [107]. The wave 
packet dynamics shows strong peaks at the inner and outer turning points and is spread in the 
regions in between. The broadening of the distribution at intermediate internuclear distances 
is due to the high kinetic energy of the nuclei on a relative flat potential. The recompression 
occurs when the wave packet decelerates at the turning points. Thus reflecting the longer time 
spent by nuclei in these points. Thus strong peaks arise at turning points. The peaks from the 
outer turning points are shifted by half an oscillation period (500 fs) from those from inner 
turning points. The dispersion of the wave packet velocity, that is the different kinetic energy 
for different components is responsible on the bending structure of the edges at inner and 
outer turning points (i.e. at internuclear distances 3, 9 Å and time delays 500, 1000, 1500 fs 
and so on), when slower components arrive the turning points at correspondingly longer 
times. This effect is also seen at the barrier at R = 4.7 Å, where the wave packet “piles up”, 
that is the fast components are retarded at the barrier being overtaken by slow components 
(see classical analysis in [107]). The large number of excited vibrational states is responsible 
for the interference of components with different beating frequencies inducing the quantum 
interference pattern seen in the bottom part of the Figure 5.4. The wave packet dephases 
rapidly within several oscillation periods. This effect was discussed in details in [42].  

The calculations neglected the rotational motion, which occurs on a much longer timescale 
because of much lower rotational energy levels spacing, and considered the molecule in the 
ground vibrational initial state. According to [72] a molecular beam is not perfectly cold, at 
the production temperature of T = 870 K approximately 12 % of the molecules are in the first 
vibrationally excited state v`` = 1. However, as was shown in [107], although the Franck-
Condon distributions are different, the wave packet distribution is surprisingly similar to the 
case of v`` = 0, thus providing no significant changes in the analysis of the experimental 
results. 

 

5.4 Photoelectron spectra: classical difference potentials analysis 
The second, time-delayed laser pulse ionises the Na2 molecule. The kinetic energy of the 
electrons released is measured in our experiment. The analysis of the ionisation process is 
also possible within the classical mechanics framework, by the use of the difference potential 
analysis, suggested by Mulliken [38]. Here we consider a classical analogue of a wave packet 
– a mass point moving along an anharmonic molecular potential well (see Section 2.3.1 of the 
Chapter 2).  

The difference potential analysis of the photoelectrons in a double minimum state includes 
several features:  

- First, the photon energy of a probe pulse ionising the molecule is enough to reach two 
lowest ionic states: a lowest bound 2Σg

+ and a first excited 2Σu
+ states. The 

corresponding difference potentials yielding the kinetic energies of the photoelectrons 
calculated according the formula (2.17) are shown in Figure 5.5a.  
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Figure 5.5: (a) Difference potentials for the 2Σg

+ bound and the 2Σu
+ repulsive ionic states according to 

the formula (2.17). The dashed line indicates the energy of the central excited level above the barrier; 
the dotted lines indicate the kinetic energies of the electrons from ionisation at a particular R.. 
(b) Expected kinetic energies of the signal. The rectangles indicate the energy ranges for electrons 
from two ionic states. Note that the kinetic energy spectra for the bound and repulsive ionic potentials 
overlap at 2.5 eV. 

 

-  One can see from Figure 5.5a that the ionisation of a molecule at the inner turning 
point of the double minimum potential yields photoelectrons with a kinetic energy of 
0.5 eV for repulsive ionic state. The photoelectrons from the barrier have a kinetic 
energy of 1.9 eV, and from the outer turning point a kinetic energy of 2.6 eV. Thus, 
the complete range of internuclear distances is projected monotonously onto the 
repulsive difference potential yielding photoelectrons with energies in the range of 
0.5 – 2.6 eV. This is shown in Figure 5.5b. Analogous, for the bound ionic state, the 
photoelectrons from the inner turning point have Ekin = 3.3 eV, and from the inner 
turning point Ekin = 2.4 eV. Thus, as seen in Fig. 5.5b, the electrons from the bound 
state with energies Ekin = 3.3 - 2.4 eV map the complete energetically accessible 
double minimum well. 

- The difference potentials at large internuclear distances approach the same limit, thus 
implying that the photoelectrons from the outer turning point are formed with the 
same kinetic energies for both ionic states Ekin = 3.3 eV.  

- The difference potential for the bound ionic state is non-monotonous having a 
minimum at large internuclear distances. As a consequence, the relation between the 
internuclear distance and kinetic photoelectron energy is then non-monotonous around 
the outer turning point. 



Chapter 5  Electronic structure dynamics in Na2 double minimum state 

 66 

- Generally, the most detailed mapping of the wave packet is obtained for those regions 
where the difference potential is the steepest. The difference potential for the repulsive 
ionic state is steep at small internuclear distance (R = 3 - 5 Å) and almost flat for 
R = 5 – 9 Å. The difference potential for bound ionic state is flat for small R = 3 – 5 Å 
and steep for R = 5 - 8 Å. Hence the inner well of the double minimum potential is 
mapped with higher spatial resolution with photoelectrons from the repulsive ionic 
state and the outer well  with electrons from the bound ionic state.  

 
5.5 Photoelectron spectra: quantum mechanical calculations  
Quantitative information on the photoelectron signal is obtained however only in quantum 
mechanical approach. Figure 5.6 shows the kinetic-energy resolved, angle averaged 
photoelectron spectra for a λ2 = 265 nm, 40 FWHM ionisation laser pulse calculated in [107] 
using first order perturbation theory for ionisation based on Fourier techniques [36]. For the 
sake of visibility the spectra are shown separately for the ionisation into the bound 2Σg

+ and 
into the repulsive 2Σu

+ ionic states. The calculation was made assuming constant 
photoionisation dipole moment for ionisation into both ionic states. 

 

 
Figure 5.6: Calculated photoelectron signal for the first 3.5 picoseconds for ionisation with 
λprobe = 265 nm, 40 fs FWHM laser pulse. For convenience the signals from the 2Σu

+ repulsive and 
from the 2Σg

+ bound ionic states are shown separately. 

 

The wave packet evolution is clearly visible in both photoelectron spectra. The bound state 
electrons arise in the energy range of 2.5 – 3.3 eV, but because of non monotonic behaviour 
of the difference potential the complete inner well is projected on a small kinetic energies 
region around 3.3 eV, thus disabling a detailed spatial resolution for R = 3 - 5 Å, on the other 
hand giving the benefit in the signal intensity. The signal from 3.3 till 2.5 eV maps the outer 
well. Another peculiarity arises when we compare the motion of the wave packet close to the 
outer turning point with the photoelectron signal at the corresponding delay times. The 
electron signal first follows the wave packet towards small energies, but then shifts to higher 
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energies before the wave packet reaches its turning point. This is explained by non-
monotonous way of the difference potential at large distances (see Fig. 5.5a). 

On contrary, the electrons from the repulsive state map the inner well with high spatial 
resolution and the barrier of the double minimum potential (Ekin = 0.5 – 2.1 eV), however the 
signal intensity here is low. The effect of dynamical compression at the barrier is also clearly 
visible in the signal.  

 

 
Figure 5.7: Calculated photoelectron kinetic energy spectrum obtained by superposition of two spectra 
depicted in Figure 5.6. The positions for inner and outer turning points are also indicated. Note that the 
spectra from bound and repulsive ionic states overlap at Ekin = 2.4 – 2.6 eV, corresponding to the outer 
turning point of the 21Σu

+ state of Na2.  

 

The united photoelectron spectrum obtained by the superposition of spectra from both ionic 
states is shown in Figure 5.7. One can see, that spectra overlap in a small region of kinetic 
energies of Ekin = 2.4 – 2.6 eV, where the photoelectrons map the outer turning point.  

Strong peaks in the photoelectron signal appear whenever the wave packet hits either the 
outer or the inner turning point. 
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5.6 Experimental results and data processing 
5.6.1 Experimental set-up and parameters 
The two-colour experiment includes a pump laser beam which excites the molecules and a 
probe femtosecond laser beam which ionises the Na2 molecules.  A Ti:Sa oscillator produces 
pulses with a wavelength of λ = 785 nm, t = 10 fs and 1 kHz.  The amplified pulses are 
frequency converted giving a λ1 = 340 nm, E = 0.6 µJ and 4.7 nm FWHM pump and a 
λ2 = 266 nm, E = 0.4 µJ and 3.0 nm FWHM probe laser pulses. The spectra of both laser 
pulses are shown in Figure 5.8.  

 
Figure 5.8: (a) Spectrum of the λ1 = 340 nm, 4.7 nm FWHM pump laser pulse. (b) Spectrum of the λ2 
= 266 nm, 3 nm FWHM probe laser pulse. 

 

The pump and the probe laser beams are propagating collinear and are focussed with a 
f = 250 mm lens into a vacuum chamber where they intersect a Na2 molecular beam. The 
polarisation of both pulses is collinear with the spectrometer axis. The delay between pulses 
ranged from –5 till 30 ps in 30 fs steps. The sodium beam is obtained in a seeded beam set-up. 
The oven- and nozzle-temperatures are Toven = 870 K and Tnoz = 970 K correspondingly. The 
nozzle diameter is 100 µm. The Ar seed gas with a partial pressure of 1.6 bar is supplied to 
the cartridge with sodium. The pressure in an oven chamber consists 10-4 mbar. The 
photoelectron spectra are detected with magnetic bottle spectrometer. The signal from the 
spectrometer is taken with LeCroy and averaged over several thousand shots. The spectra at 
the output of LeCroy are read by computer using an IEEE-interface. Experimental 
photoelectron time-of-flight spectra are recorded for every delay between pump and probe 
laser pulses.  

 

5.6.2 Experimental results  
Figure 5.9 shows a grey scale representation of a “raw” time-of-flight photoelectron spectrum. 
The measured spectrum is a 2D-distribution, in which a photoelectron flight time distribution 
is recorded as a function of delay between the pump and the probe laser pulses.  
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Figure 5.9: Measured time-of-flight photoelectron spectrum as a function of delay between pump and 
probe laser pulses. Arrows indicate the signals from ionisation of Na atoms with two photons of λ1, 
two photons of λ2 and λ1 + λ2.  

 

Along the abscissa axis the flight time of the photoelectrons is measured. The flight times, 
dependent also on the voltage applied to the grid Ug, are chosen to fit the ranges of dynamics 
(i.e. the kinetic energy in a range of 0,5 – 3,5 eV) in the double minimum state. The flight 
time in experiment ranges from 200 to 900 ns.  

The delay time between pump and probe laser pulses ranges from -5 till 30 picoseconds. 
Considering the vibrational oscillation to take 1 ps, the complete measurement maps several 
tens of oscillations. The time resolution is 30 fs. Negative pump-probe times (t < 0) mean that 
the λ2 = 266 nm laser beam comes first and excites the Na2 molecule whereas the 
λ1 = 340 nm probe beam is used for ionisation of Na2. According to the Na2 excitation 
scheme no excitation of double minimum 21Σu

+ state should occur at the λ2 = 266 nm 
wavelength, therefore no dynamics is seen in the spectrum. At the time zero the pump 
λ1 = 340 nm and the probe λ2 = 266 nm laser pulses overlap, therefore the ionisation of Na2 
21Σu

+ state occurs at the equilibrium 3.1 Å position of the ground X1Σg state of Na2 
corresponding to the creation of a wave packet at the inner turning point of the double 
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minimum state. Measurements at times t > 0 correspond to the excitation of the 21Σu
+ state 

with λ1 = 340 nm and time-delayed ionisation with λ2 = 266 nm to map the molecular 
dynamics in a double minimum state.  

In order to extract the physical information from the “raw” time-of-flight spectra, the several 
contributions to the signal are considered and eliminated: 

1. The measured signal contains an independent on a pump-probe delay background 
TOF signal due to uncompensated contact potentials on the pole-plates arising after 
some hours of work with alkali metals; often this includes the oscillatory along the 
TOF axis structure in the time-of-flight scan, or accordingly stripes along the delay 
axis in the pump-probe scan good visible in Figure 5.9, which do not vanish 
completely after the pole-plate voltage compensation; 

2. The variation of the pump-probe signal is not solely due to a molecular dynamics. 
There are apparatus contributions from temporal changes of properties of the 
femtosecond laser system and the molecular beam. This gives rise to additional time 
modulation of the signal; 

3. Since the Na atoms are still present in a sodium beam (the Na:Na2 relation in a beam 
is is 2:1), the stationary time-independent signal arising from the ionisation of Na with 
λ = 340 and 266 nm is present in a spectrum. The Na signal is also used for the 
calibration procedure described below; 

4. The dynamical changing of the time signal arising from a fine structure splitting of Na 
atoms is present in the measured scan at delay times t > 0 for time of flight at about 
470 ns. We minimise it in the experiment first by seeding the sodium beam with Ar 
and hence the decreasing the portion of Na atoms, and second by detuning the 
excitation wavelength from the 3s – 4p resonance at 330 nm;  

5. The dynamics from other states of the Na2 molecule can influence the signal. This will 
be discussed in the Section 5.4 of the present chapter. 

Therefore the signal processing proceeds in the following steps. First, we discuss these 
individual contributions to the signal and their elimination. This includes the choice of the 
window of interest for subtraction, the subtraction of stationary background signal and the 
averaging of the signal. Then the calibration of the signal, i.e. the conversion the TOF axis 
into the kinetic energy axis will be performed. Further the choice of the areas for cuts along 
the pump-probe axis and the kinetic energy axis will be discussed. The signal processing and 
the results visualisation of the results are performed using the LabView 6.1 programming 
package. The programs used in this chapter are summarised in the Appendix F. 

 

5.6.3 Background subtraction and averaging 
The instability of the signal coming from the apparata, e.g. the laser system and the molecular 
beam, define the choice of the area for subtraction, and the method of background signal 
subtraction. 

The changes in the laser system have the contributions from the amplifier (< 3-5 %) and the 
laser beam position instability occurring on a scale of few hours, that is longer than a 
measurement, and are related to temperature fluctuations. The major contribution of the signal 
variation however is due to the instability of the seeded molecular beam. During the time 
needed for one measurement, which is approximately 40 minutes, the signal changes can 
achieve 30 %, as is seen from the Figure 5.9. Therefore for the analysis of the experimental 
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results in the time domain, we have chosen the area of subtraction spectrum ranging from -
100 till +3500 femtoseconds pump-probe delay.   

The subtraction is performed in the following way. For the composition of the spectrum to 
subtract the program searches for the minima in the selected area along the pump-probe delay. 
The area selected is a cut through a delay axis averaged over 524 till 538 ns. Photoelectron 
spectra corresponding to the local minima along time delay are extracted and an average 
spectrum for the pump-probe delay area from -100 till 3500 fs is obtained. This TOF 
spectrum used for the subtraction is shown in Figure 5.10.  

 
Figure 5.10: The photoelectron time-of-flight spectrum for the subtraction of the signal from the 
measured signal shown in Figure 5.9. The spectrum is obtained by selecting the time-of-flight spectra 
corresponding to local minima along the pump-probe delay for delay times 524 till 538 ns. The 
spectrum is the average of them. 

 

The signal obtained by subtraction of the spectrum shown in Figure 5.10 from the initial 
signal, is presented in Figure 5.11 and contains mostly the dynamical information from Na2.  
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Figure 5.11: Photoelectron spectrum obtained by subtraction of the spectrum shown in Figure 5.10 
from the measured signal depicted in Figure 5.9. 

 

After that the spectrum is averaged using a Gauss 3x3 averaging filtering, in which each point 
of the signal is replaced by the average of itself and its neighbouring pixels. This 
neighbourhood is multiplied by a set of Gaussian integer weights. Eventually, 10 times 
smoothing along the time-of-flight axis is performed in which every point in a signal is 
replaced with a weighted mean value of its neighbours including itself. The final signal is 
shown in Figure 5.12.   
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Figure 5.12: Photoelectron spectrum obtained by Gaussian 3x3 averaging and subsequent 10 times 
smoothing along the TOF axis of the spectrum depicted in Figure 5.11. 

 

5.6.4 Calibration of the signal 

The general calibration procedure using both nano- and femtosecond laser systems is 
described in Section E.6 of the Appendix E. However, this procedure includes two separate 
kinetic energy ranges calibrated either with nanosecond laser or with femtosecond laser. This 
fact can lead to a high calibration uncertainty for the small kinetic energies (0.5 – 2.5 eV). 
Therefore, the following calibration procedure is performed: 

• First, the calibration using the signal from ionisation of Xe with Nd:YAG laser and the 
signal from the ionisation of atomic Na with femtosecond laser pulses is used. The 
points taken for the calibration are 1.85 eV and 0.54 eV from the ionisation of Xe with 
λ = 355 nm of Nd:YAG laser and 2.15 eV, 3.17 and 4.18 eV from ionisation of 
atomic Na with λ1 = 340 and λ2 = 266 nm of femtosecond laser (see Figure 5.9). The 
procedure is described in the Appendix E, Section E.6. Figure 5.13 shows the 
calibration curve. The calibration points are shown with squares. 

 



Chapter 5  Electronic structure dynamics in Na2 double minimum state 

 74 

 
Figure 5.13: Calibration curve for Ug = 1 V using the signal from ionisation of Xe with Nd:YAG 
laser and the signal from the ionisation of atomic Na with λ1 = 340 and λ2 = 266 nm 
femtosecond laser pulses. Squares show the calibration points. Triangles show the signal from 
the ionisation of the dynamical evolution of the wave packet on the 21Σu

+ double minimum 
state. 

 

• In order to perform a more correct calibration, new points should be used in the area 
of kinetic energies of 0.5 – 3.5 eV. These points can be the signal from the dynamical 
evolution of the wave packet on the double minimum state. It includes the signal from 
the inner turning point of the double minimum potential projected onto a repulsive 
state, calculated to be at 0.5 eV (presumably the signal at 850 ns in Figure 5.11), from 
the outer turning point of the 21Σu

+ state projected on both bound and repulsive state 
giving photoelectrons with the same energies of 2.46 eV (530 ns), from the inner 
turning point of the 21Σu

+ state projected onto a bound state giving 3.31 eV electron 
energy (480 ns) and from the barrier at 2.15 eV (590 ns). In order to prove if the signal 
at these time of flight arises indeed from the ionisation of the wave packet on the 
double minimum state, we plotted these points on the calibration curve (triangles in 
Figure 5.13). The points fit to the curve satisfactory. 

• Finally, a new calibration is performed using the signal from the ionisation of Na and 
Na2 with the λ1 = 340 nm and λ2 = 266 nm of the femtosecond laser. The points taken 
for the calibration together with their photoelectron kinetic energies are summarised in 
a Table 5.1. 
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Source Ionisation 
wavelength, λ 

Electron energy, 
Ekin 

Na  340 nm 2.15 eV 
Na  340 + 266 nm 3.17 eV 
Na  266 nm  4.18 eV 
Na2, inner turning point, 2Σu

+ 340 + 266 nm 0.5 eV 
Na2, barrier, 2Σu

+ 340 + 266 nm 2.15 eV 
Na2, outer turning point 340 + 266 nm 2.46 eV 
Na2, inner turning point, 2Σg

+ 340 + 266 nm 3.31 eV 
 

Table 5.1: Kinetic energies used for the calibration of the time-of-flight scale. Electrons from 
ionisation of Xe atoms with 355 nm of YAG laser, Na atoms with 340 nm and 266 nm of femtosecond 
laser and electrons from the double minimum dynamics are used.   

 

The calibration curve for the grid voltage relevant for the experiment Ug = 1 V and the 
coefficients of a fit series (see formula E.9) are shown in Figure 5.14. 

 
Figure 5.14: Calibration curve for Ug = 1 V used in experiment. Also shown are the coefficients ai and 
bi of the least squares fit.  
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Finally, in addition to a TOF-to-kinetic energy axis conversion a Jacoby transformation was 
applied to a photoelectron signal (see formula E.14) in order to convert also the signal 
intensity. The final photoelectron kinetic energy spectrum after calibration is shown in Figure 
5.15. 

 
Figure 5.15: Experimental kinetic energy spectrum obtained by the calibration of the time-of-flight 
spectrum shown in Figure 5.12. A portion of the spectrum for delay times t = –0.5 – 3.5 ps and 
Ekin = 0.4 – 3.6 eV is shown. 

 

5.6.5 Cuts along the energy axis and delay time axis 
In order to enhance the visibility of results and to compare with calculations cuts along both 
axes of the experimental scan were performed.  

Firstly, a cut along the energy axis, representing the time-of-flight spectrum at a certain delay 
between pump and probe laser pulses, was made. The spectrum was averaged for the delay 
times from 533 till 1533 fs, that is over one period of oscillation of a wave packet in a double 
minimum well. After that it was smoothed over 50 pixels of 0.5 ns, i.e. 25 ns. The spectrum is 
shown in Figure 5.16. 
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Figure 5.16: A cut along the energy axis representing a photoelectron kinetic energy spectrum 
averaged over one period (533 – 1533 fs) of the oscillation in the double minimum state and smoothed 
over 25 ns with respect to time of flight axis. 

 

Secondly, several cuts of the experimental scan were made along the pump-probe axis. The 
cuts represent the temporal behaviour of the photoelectron signal at a certain electron kinetic 
energy. Remembering from the difference potentials analysis that the photoelectrons with 
certain kinetic energy correspond to a certain internuclear distance, one can see, that the cuts 
reflect the temporal behaviour of the wave packet at certain regions of the double minimum 
potential reflected onto either the bound or the repulsive potential.  
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Figure 5.17: Measured time profiles of the photoelectrons from (a) the outer turning point (both ionic 
states) at 2.4 – 2.6 eV, (b) the inner turning point (bound ionic state) at 3.2 – 3.4 eV, (c) the inner 
turning point (repulsive ionic state) at 0.4 – 1.5 eV and (d) the barrier (repulsive ionic state) at 1.8 – 
2.0 eV.  

 

Figure 5.17 shows cuts along pump-probe delay for several energy intervals. Figure 5.17a is 
taken at photoelectron kinetic energies of 2.4 till 2.6 eV, which corresponds to a wave packet 
located in an inner turning point (~3.1 Å) of the double minimum potential projected onto the 
bound ionic state. Figure 5.17b shows a signal averaged over 3.2 till 3.4 eV kinetic energies 
of the photoelectrons. From the difference potential analysis this corresponds to the outer 
turning point (~9 Å) of the double minimum. Since the difference potentials coincide at these 
internuclear distances, photoelectrons both from the bound and the repulsive ionic potentials 
are mapped. In Figure 5.17c the photoelectrons from the projection of the inner turning point 
onto a repulsive ionic state are mapped. The signal is averaged for Ekin = 0.4 till 0.15 eV. 
Finally, Figure 5.17d shows the photoelectrons from the barrier. The spectra are averaged 
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over the kinetic energies from 1.8 to 2.0 eV which corresponds to internuclear distances of  
~ 5 Å projected onto a repulsive ionic state.  

 

5.7 Dynamical information: vibrational wave packets 
First, we concentrate on the dynamical information obtainable from the experimental data. 
The analysis of the experimental results can be performed in the time domain and in the 
frequency domain.  

The photoelectron spectrum for the first 3.5 ps time delay between pump and probe laser 
pulses is shown in Figure 5.18. To enhance the visibility of the measured signal the kinetic 
energies for “classical electrons” is superimposed as a white line. For this purpose, classical 
trajectory calculations are performed to model the wave packet motion and the corresponding 
photoelectron energies are obtained by projecting the movement onto difference potentials 
[109].  

 
Figure 5.18: Measured photoelectron kinetic energy spectrum after signal subtraction and calibration. 
The “classical electrons” trajectories are also shown obtained by solving the Newton equation for the 
mass point starting to move in the 21Σu

+ potential at 3.1 Å and subsequent calculation of kinetic 
energies using difference potential depicted in Figure 8.5. In addition the kinetic energy areas for 
electrons from bound, repulsive ionic states, and energies for inner, outer turning points and barrier are 
indicated.  
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The wave packet motion is clearly visible for both, bound and repulsive, ionic potentials. At a 
zero delay time between pump and probe pulses electrons are generated at the inner turning 
point (R = 3.1 Å). This corresponds to the kinetic electron energies of 0.4 and 3.5 eV for the 
repulsive and bound ionic state respectively. Then the electron signal follows the wave packet 
moving towards big internuclear distances. A dynamical enhancement of the wave packet at 
the barrier is seen around 2 eV on the repulsive state. This dynamical effect is not visible for 
the bound ionic curve, since the corresponding difference potential is almost flat between 3 
and 4.5 Å (see Figure 5.5), all electrons from this interval are mapped onto a kinetic energy of 
approximately 3.3 eV. The dynamical compression at the barrier at 2 eV recurs twice per 
period. At 500 fs, when the wave packet arrives at the outer turning point, the kinetic energies 
of the photoelectrons from both ionic states coincide at 2.5 eV. The complex structural shape 
of the observed photoelectron at 2.5 eV, 500 fs, mentioned in Section 5.5 (see, f.e., Figures 
5.6 and 5.7), leads to a strong enhancement of the signal at these points. The oscillations are 
repeatedly observed with a period of 1 ps, in accordance with the energy level spacing of 
32 cm-1 for v`= 45 [107].  

 
Figure 5.19: Measured (dots) and calculated (lines) profiles of the photoelectrons from a) the outer 
turning point (both ionic states); the inner turning point (bound ionic state; c) the inner turning point 
(repulsive ionic state); d) the barrier (repulsive ionic state).  
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In order to illustrate the phase shift between electrons from the outer turning point, the inner 
turning point and the barrier, sections along the pump-probe delay axis were taken at the 
respective kinetic energies of the measured photoelectron distributions, as described in the 
section 5.6, and compared with the corresponding calculated signals, as shown in Figure 5.19. 
The calculated profiles were normalised to the peak height of the measured profiles.  

Measured and calculated profiles are in excellent agreement for the electrons generated at the 
outer turning point (Figure 5.19a). Here the signal-to noise ratio is the best due to localisation 
of the wave packet (see Figure 5.7) and due to the overlap of kinetic energies for bound and 
repulsive ionic states. Even when the measured signal is close to the noise limit, as is seen for 
the photoelectrons from the repulsive ionic state at the inner turning point (Figure 5.18c), the 
measured and calculated signals agree reasonably well.  

The oscillations of the photoelectrons from the outer turning point (Figure 5.19a) and the 
inner turning point (Figure 5.19b and c) are clearly shifted by half a period (500 fs). Therefore 
the ionisation pathway, i.e. whether the electrons are ionised at the inner or outer turning 
point, can be unambiguously identified. Moreover, the good agreement of the measured signal 
with the calculation confirms that no measurable contributions from other competing 
ionisation channels are present. In the region of the barrier the photoelectrons monitor the 
twofold reccurence of the wave packet leading to an oscillation at twice the oscillation 
frequency as seen in Figure 5.19d. 

 
5.8 Determination of electronic changes along the internuclear coordinate 
by measurement of the ionisation dipole moments 
In order to determine the dependence of the ionisation dipole moment on the internuclear 
distance the measured photoelectron spectra are averaged over one oscillation period (533 – 
1533 fs), as described in the section 5.3 (Figure 5.16), and compared with the calculated 
photoelectron signal averaged over the same time interval. The calculated photoelectron 
spectra are convoluted with a resolution of 0.2 eV. For the determination of the experimental 
error the time-integrated photoelectron signals for two energy windows at 2.1 – 2.7 eV (outer 
turning point) and 2.8 – 3.5 eV (inner turning point mapped by electrons from the bound well) 
are compared for different time windows. The choice of the time window in our case 
introduces less than 10 % variation of their ratio. This value is used for the further error 
analysis of the ionisation dipole moment. 

Generally, the ionisation dipole moment can be a non-monotonous function of internuclear 
distance, as predicted, for instance in [99] for Na2 molecule. There are techniques developed 
recently, allowing the direct extraction of the energy- and coordinate-dependence of the 
ionisation dipole moment via matrix inversion from the photoelectron spectra [43]. However, 
in our case this technique is not applicable, first, because of the fact that the photoelectrons 
from two different potentials are mapped onto the same kinetic energy region (i.e. electrons 
with 2.4-2.6 eV from the bound and the repulsive ionic states at the outer turning point), 
therefore the direct extraction of the dipole ionisation moment function is impossible. Second, 
a serious limitation of the quantitative data analysis via matrix inversion is provided by the 
low signal intensity at small photoelectron kinetic energies, where the signal level approaches 
the noise level. Therefore, instead of inversion, we proceed as following: several simple 
functions of the ionisation dipole moment are included in the calculated photoelectron signal. 
The calculations will be compared with the experimental photoelectron spectrum. The 
obtained dipole moment functions are discussed from the point of view of their physical 
meaning. 
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Figure 5.20: Measured (bold) and calculated (light grey) photoelectron spectra averaged over one 
oscillation period (533 – 1533 fs) (left). A constant photoionisation dipole moment µb = µr = µ0 was 
assumed in the calculated signal (right).  

 

First, we start with a case, where we assume a constant, i.e. R-independent ionisation dipole 
moment of equal magnitude for both ionic states, i.e. µb = µr = µ0. Figure 5.20 shows the 
averaged calculated and measured photoelectron spectra. The value of µ0 is adjusted in the 
calculated signal to fit the photoelectrons from the bound ionic state at 3,3 eV (shown with an 
arrow). It is clear from the comparison that the photoelectrons from the repulsive ionic state at 
inner turning point and barrier (in the area 0.5 – 2.1 eV) are overestimated in the calculated 
signal, whereas the photoelectrons at the outer turning point (around 2.5 eV) are 
underestimated.  

 

 
Figure 5.21: Measured (bold) and calculated (light grey) photoelectron spectra averaged over one 
oscillation period (533 – 1533 fs) (left). Constant photoionisation dipole moments µb = µ0 for the 
ionisation into the bound ionic state and µr = 0.59µ0 for the ionisation into a repulsive ionic state are 
used in the calculated signal (right).  
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In the next step, we shall assume a constant dipole moment for both potentials, but reduce the 
photoionisation dipole moment for the ionisation into the repulsive ionic state to fit the 
measured signal at the barrier. The calculated signal assuming µr = 0.59µ0 is shown in Figure 
5.21. Obviously, the calculation does not reproduce the measured signal at 2.5 eV, where 
electrons from the outer turning point are detected. Therefore one can assume that the 
ionisation probability is increasing at the outer turning point. To model this observation, we 
assume first a linear increase of the dipole moments for the ionisation into the repulsive and 
the bound well.  

 
Figure 5.22: Measured (bold) and calculated (light grey) photoelectron spectra averaged over one 
oscillation period (533 – 1533 fs) (left). Constant photoionisation dipole moment µb = µ0 for the 
ionisation into the bound ionic state and linear increasing µr = (0.20Å-1R + 0.17)µ0 for the ionisation 
into the repulsive ionic state are used in the calculated signal (right).  

 

Figure 5.22 shows the calculated photoelectron spectrum with µb = const and 
µr = (0.20Å-1R+ 0.17) µ0. The coefficients of µr(R) are chosen to fit the signal at the outer 
turning point. It is visible, that the increase of the photoelectron signal at the outer turning 
point for the repulsive ionic well leads to an overestimation of the calculated signal at the 
barrier region of 1.5 – 2.2 eV.  
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Figure 5.23: Measured (bold) and calculated (light grey) photoelectron spectra averaged over one 
oscillation period (533 – 1533 fs) (left). A linearly increasing photoionisation dipole moment for the 
ionisation into the bound ionic state µb = (0.16 Å-1R + 0.50)µ0 and constant for the ionisation into the 
repulsive ionic state µr = 0.59µb are used in the calculated signal (right).  

 

A linear photoionisation dipole moment for the ionisation into the bound ionic state is 
depicted in Figure 5.23. The dependence of µb = (0.16 Å-1R + 0.50)µ0 was obtained by fitting 
the calculated signal to the measured at 2.5 eV. The calculation and the experimental 
spectrum agree satisfactory.  

 
Figure 5.24 Measured (bold) and calculated (light grey) photoelectron spectra averaged over one 
oscillation period (533 – 1533 fs) (left). Functions of the dipole moments µb for the ionisation into the 
bound ionic state and µr for the ionisation into the repulsive ionic state used in the calculated signal are 
constant in the inner well (3.1 – 4.7 Å) and increase linearly in the outer well (4.7 – 9 Å) (right).   

 

Let us consider next the case of photoionisation dipole moments consisting of two different 
functions for ionisation into both bound and repulsive states: the dipole moment for ionisation 
from the inner well of the double minimum is constant and in the outer well is linear 
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increasing, starting from the barrier at 4.7 eV. The calculated photoelectron signal is depicted 
in Figure 5.24. For the inner well (i.e. for 3.1 – 4.7 Å) the dipole moments µb and µr from 
Figure 5.21 were adapted. A linear increasing ionisation dipole moment for the outer well for 
the repulsive state was chosen to fit the signal around the barrier with a slight increase at 2.0 - 
2.2 eV. Next, a linear dipole moment for the ionisation into a bound well at distances 4.7 - 
9 Å was fitted to match the signal at 2.5 eV. The dipole moments thus obtained are: 
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It is visible from the Figure 5.24 that the calculated signal fits to the measured satisfactory. 
Moreover, upon comparison of Figure 5.23 and Figure 5.24 both functions of the dipole 
moment fit the measured data within the experimental error. 

 

 

 

 
Figure 5.25: Measured (bold) and calculated (light grey) photoelectron spectra averaged over one 
oscillation period (533 – 1533 fs) (left). Functions of the photoionisation dipole moments µb for the 
ionisation into the bound ionic state and µr for the ionisation into the repulsive ionic state used in the 
calculated signal represent a Heaviside function µ(R) = µ Τ(R – Rb) (right).   

 

Finally, we describe the last case of the photoionisation dipole moment into both bound and 
repulsive ionic states represented by a Heaviside function, shown in Figure 5.25. Good 
agreement with experimental results was found for the following values: 
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where the ionisation dipole moments increase only at the outer turning point (8.5 – 9 Å). Note 
that the values of dipole moment (5.2) at the outer turning point at 9 Å are not equal to those 
in equation (5.1).  

From comparison of the calculated and experimental results in Figures 5.23, 5.24 and 5.25 is 
visible that all the three suggested models for the ionisation dipole moment match the 
experimental data well within the experimental error. The difficulty in differentiation between 
them arises from (a) the overlap of the signal from to different sources onto the same kinetic 
energy at 2.3 – 2.5 eV which does not allow direct analysis of the separate ionisation ways 
and (b) the low signal to noise ratio at small kinetic energies of 0.5 – 2.0 eV. That is why we 
will concentrate now on the question of the physical interpretation of the models.  

 

As described in detail in the Chapter 2, the electronic structure of the double minimum well 
evolves with internuclear distance leading to an R-dependence of the ionisation probability. 
Indeed, comparing the experimental signal (Figure 5.20) with the theoretical one, we assume 
that the ionisation cross-section is higher at the outer turning point. First we estimate roughly 
the dependence of the ionisation dipole moment on the internuclear distance based on 
physical considerations. In the inner well and the barrier region the Na2 molecule can be 
considered as covalent, whereas at larger internuclear distances at the outer well limb the 
bond is rather ionic. A difference between the probability of ionisation from these regions can 
be illustrated using the simple analysis adopted from [94]. The ionisation cross-section in the 
covalent region can be approximated by the ionisation cross-section of a sodium atom, which 
is of the order of 0.1 Mb [110]. At large internuclear distances, i.e. in the Na+Na- ionic region, 
the ionisation can be approximated by the cross section of the photodetachment of the 
electron from the Na- ion. The photodetachment cross-section is of the order of 1.5 Mb for a 
photon energy of E = 4 – 5 eV [68]. Thus the ratio between the ionisation dipole moment in 
covalent and ionic regions can be estimated as: 

 15
cov

≈
σ

σ
=

µ
µ −

Na

Na

alent

ionic         (5.3) 

These considerations provide a physical picture for the observation that the signal at the outer 
turning point is higher than at the inner turning point.  

Next, an analysis of the favourable ionisation of the Na2 double minimum state into the bound 
2Σg

+ ionic state compared to the ionisation into the repulsive 2Σu
+ ionic state was performed in 

Chapter 2. It was found that the ionisation from the inner well of the 21Σu
+ double minimum 

potential would be rather advantageous into the bound ionic state. This explains the lower 
ionisation dipole moment for the repulsive state at small kinetic energies, shown in Figure 
5.21. Second, the ionisation probability in the outer well is increasing with increasing the 
ionic character of the bond both for the ionisation into the bound and the repulsive ionic 
states. In addition, as was determined in the Chapter 2, Section 2.3.1, in the outer well (i.e. 
where the orbital configuration (σg3s)(σu3s) is ionic) the ionisations into both 2Σg

+ bound and 
2Σu

+ repulsive ionic states are one-electron processes, i.e. removing of one electron can lead 
both to 2Σu

+ repulsive and 2Σg
+ bound ion orbital configurations without remained orbital 
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structure rearrangement. In this regard the ionisation dipole moments used in Figure 5.23, 
although reproducing the experimental data properly, are disadvantageous compared to those 
presented in Figure 5.24 and 5.25, since they represent the preferable increasing of the 
ionisation probability only into one of the ionic state.  

Finally, to answer the question if the dependence of the ionisation dipole moment is stepwise 
(Figure 5.25) or linear (Figure 5.24), we consider the calculations of the weight of the ionic 
orbital configuration in the outer well of the 2Σu

+ potential. According to calculations for Na2 
[13] and for H2 molecules [111] the weight of the (σg3s)(σu3s) configuration, and hence the 
ionic character of the bond, is smoothly increasing in the outer well of the potential with 
increasing internuclear distance. This picture corresponds to the case depicted in Figure 5.24, 
where both ionisation dipole moments are constant in the inner well and are linearly 
increasing in the outer well.  

 

Summing up, the neutral-to-ion dipole moments for the ionisation into the bound and 
repulsive ionic states, which describe well the experimental data and are physically motivated, 
are: 
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As the ionisation probability is proportional to the square of the ionisation dipole moment, the 
dependence of the squared dipole moments on internuclear distance, (µ(R))2, is shown in 
Figure 5.26. 

   
Figure 5.26: Dependence of the squares of the photoionisation dipole moments (µb(R))2 and (µr(R))2 
for the ionisation into the bound and into the repulsive ionic states respectively on internuclear 
distance. The square of the photoionisation dipole moment is proportional to the ionisation probability. 
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Therefore the ionisation probability at the outer turning point is related to the ionisation 
probability at the inner turning point as: 

 25.05.2))Å1.3(/)Å8.8(( 2 ±=bb µµ  

 2.02))Å1.3(/)Å8.8(( 2 ±=rr µµ        (5.5) 

for ionisation into the bound and the repulsive ionic states respectively. Thus an 
approximately equal increase of the ionisation probability in the outer well with internuclear 
distance is seen for ionisation into both ionic states. 

The ionisation probability at the outer turning point for the bound ionic state is: 

 4.04))Å8.8(/)Å8.8(( 2 ±=rb µµ        (5.6) 

times higher than the ionisation probability for the repulsive state. 

 

5.9 Competing ionisation pathways 
Photoelectrons from several additional ionisation channels may also contribute to the signal, 
such as: 

a) Other high lying ionic states which are energetically allowed in our excitation scheme; 

b) C1Πu state; 

c) Autoionising neutral electronic states, Rydberg or doubly excited autoionising state. 

In the second case, excitation into the C1Πu state may lead to the interference the dynamics 
with the dynamics on double minimum state. In two other cases the additional ionisation 
channels may compete with ionisation from the double minimum state. 

 

Below we discuss these additional channels in detail. 

a) Figure 5.27a shows the potential scheme of several lowest ionic states of Na2 
molecule. Apart from first two 2Σg

+ and 2Σu
+ states the 22Σg

+, 22Σu
+, 12Πg

+ and 12Πu
+ 

are energetically accessible for the λ1 = 340 nm excitation and λ2 = 266 nm 
ionisation. Figure 5.27b shows the corresponding difference potentials for these ionic 
states.  
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Figure 5.27: a) The scheme of potentials of the Na2

+ molecule for the excitation with λ1 = 340 nm and 
ionisation with λ2 = 266 nm laser pulses [12]; b) the corresponding different potentials, the dotted 
lines indicate the range of the wave packet motion in the double minimum well.  

 

The photoelectrons obtained from these states are in the low kinetic energy region 
i.e. below 0.75 eV, and should predominantly appear at the outer turning point. An 
example of the calculated photoelectron spectrum for 22Σg

+ state is shown in Figure 
5.28.  

 
Figure 5.28: Calculated photoelectron signal for the ionisation into 22Σg

+ state with λ2 = 265 nm, 40 fs 
FWHM laser pulse.  
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The photoelectrons have maxima at a kinetic energy of 0.75 eV at the delay times of 
500, 1500 fs and so on, i.e. they are shifted by half a vibrational period with respect to 
the electrons from the 2Σu

+ repulsive state. Since no such peaks are observed in the 
signal at these times, we can exclude the overestimation of µ(R) through 
photoelectrons from these ionic states. However, we can also exclude underestimation 
of the photoionisation dipole moment, as in the perturbative regime no population is 
lost from the double minimum state in the presence of other target ionic states. 

b) The C1Πu state is energetically close, slightly higher with regard to the double 
minimum state of Na2. Therefore with 340 nm it could be also excited [63]. The 
difference potential gives photoelectrons with oscillation period of 114 cm-1 at the 
energies around 0.7, 1.2 and 3.5 eV (see Chapter 4). Indeed, the signal from the C1Πu 
state at 0.7 and 1.2 eV was observed in another experiment with slightly different 
parameters. The experiment is described in the Chapter 4. However, this signal is not 
observed in the present measurement, therefore the C1Πu state does not contribute to 
the measured photoelectron signal. 

c) There exists a possibility that highly excited Rydberg states are excited by the second 
laser pulse which decay via autoionisation. Highly excited Rydberg states are reported 
in [20,98,113-116]. The states allow to produce highly resolved zero kinetic energy 
spectra (ZEKE) [117]. The potential curves of the Rydberg states are equal to those of 
the Na2

+ ion but slightly shifted towards lower energy. The influence of the states on 
the measured photoelectron signal can be ruled out, since the autoionised Rydberg 
states yield photoelectrons with kinetic energies much lower than detected in our 
experiment. However a bound doubly excited state Na2

** above the ionisation limit is 
known to exist from previous ultrafast experiments on Na2 [20] and on K2 [98] 
molecules. For autoionising doubly excited states of Na2 a lifetime of at least half a 
vibrational period was reported [20]. This leads to a broad photoelectron distribution. 
Accordingly, stripes in the photoelectron spectrum should be visible at the 
corresponding Franck-Condon windows due to localised excitation into these states. 
No such stripes are observed in the experiment, therefore this channel can be also 
ruled out. 

 

5.10 Conclusion 
In this chapter a pump-probe femtosecond experiment with kinetic energy resolved 
photoelectrons detection is used to map the vibrational and electronic dynamics in the Na2 
molecule. In the experiment the Na2 21Σu

+ double minimum state serves as a model system 
since the character of the chemical bond changes along the potential well leading to a 
variation of the photoionisation dipole moment with internuclear distance.  

In time domain the motion of the wave packet is followed by the photoelectrons released 
simultaneously from two ionic potentials. In the frequency domain the direct mapping of the 
vibrational wave functions with photoelectron signal is performed. 

Several models are considered to account for the higher ionisation probability at the outer 
turning point of the well. The R-dependent photoionisation probability is observed such that 
the photoionisation probability at the outer turning point is 2.5 ≤ 0.25 and 2 ≤ 0.2 times 
higher than that at the inner turning point for ionisation into the bound 2Σg

+ and the repulsive 
2Σu

+ ionic states respectively. An increasing ionisation probability at the outer turning point 
corresponds to the increasing ionic Na+Na- character of the double minimum potential. The 
performed measurement shows discreapancies with the theoretical predictions by Arasaki et 
al. [99] calculated for different excitation wavelength. A finite non-zero ionisation in the 
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region of inner well into both ionic states was measured. With the help of energy-resolved 
photoelectron detection unambiguous identification of the ionisation pathways is achieved 
and the competing ionisation channels, such as higher lying ionic states, autoionising neutral 
excited states or close lying C1Πu state, are ruled out. 

The experiment demonstrates the utilization of wave packets as a local probe for the 
R-dependent ionisation probability and in particular the usefulness of energy-resolved 
photoelectron detection for identification the ionisation pathways.  
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Chapter 6   
 

Conclusions 
 

The aim of the present thesis is to study the dynamical and structural evolution in atoms and 
molecules with the pump-probe femtosecond method together with detection of the kinetic 
energies of photoelectrons. 

In a pump-probe laser spectroscopy a first femtosecond laser pulse is applied to initiate a 
motion in a molecular system and a second time-delayed laser pulse to probe it. Ionisation 
together with detection of the kinetic energies of the photoelectrons is used. Resolving the 
kinetic energies of the photoelectrons enables a sub-Ångstrom spatial resolution. 
Experimentally the set-up combines laser pump-probe technique with atomic and molecular 
beam technique and electron time of flight measurements. 

 

This method is used to study the dynamics in several systems: vibrational wave packet 
dynamics in Na2 C1Πu and 71Πu states and electronic structure evolution in 21Σu

+ state of Na2 
molecule. 

 

The vibrational wave packet evolution in the C1Πu state is observed in the experiment with 
λ = 340 nm pump and λ = 266 nm probe laser pulse. The oscillating signal at photoelectron 
energy of 0.7 and 1.2 eV has the period of 290 fs. The frequency of 114 cm-1, derived using a 
Fourier analysis, corresponds to a vibrational separation between v’ = 0 and v’ = 1 levels of 
the C1Πu state. A kinetic energy of the released photoelectrons, gives an access to the 
internuclear distance in the molecule. The difference potential analysis shows that the 
photoelectrons at 0.7 eV (1.2 eV) map the wave packet at the inner (outer) turning point by 
projecting into the 2Σg

+ bound ionic state. Thus the analysis of the time behaviour of the 
photoelectron signal at a certain kinetic energy provides an information about a phase of the 
wave packet motion, i.e. what particular place of the potential is sampled by the photoelectron 
signal.  
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In a pump-probe experiment with λ = 266 nm pump and λ = 340 nm probe laser pulse the 
vibrational wave packet in the 71Πu state is studied. A Fourier analysis of the signal at 3.2 eV 
shows a peak at 97 cm-1 which corresponds to a vibrational level separation in the 71Πu state.  

 

A pump-probe femtosecond technique in combination with the kinetic energy resolved 
photoelectrons detection is applied to study the electronic dynamics evolution in molecule. 
The 21Σu

+ double minimum state of Na2 molecule serves as a model system for the 
experiment. The state arises from an avoided crossing of two potentials, therefore the inner 
well has a Rydberg orbital configuration, the outer well acquires a significant ionic character 
at large internuclear distance. The change of the chemical bond assumes the variation of the 
photoionisation dipole moment with internuclear distance.  

In a two-color femtosecond pump–probe experiment the pump photon of 3.65 eV excites the 
the vibrational wave packet in the 21Σu

+ double-minimum state. The wave packet serves as a 
local probe for the R-dependent ionisation probability. The bound 2Σg

+ and the repulsive 2Σu
+ 

ionic states are accessible with the probe photon energy of 4.68 eV. Energy-resolved 
photoelectrons are detected as a function of the pump-probe delay. The oscillating signal in 
the energy regions of 0.5 – 2.6 eV and 3.3 - 2.4 eV is detected. The oscillation period is found 
to be 1 ps in accordance of the vibrational level separation of 32 cm-1 at v’ = 45. By 
comparing the cuts along the pump-probe axis a clear distinction between ionisation at the 
inner and outer well from the double minimum state and the corresponding photoelectrons 
from both the bound and repulsive ionic state is made. The quantum mechanical calculations 
assuming different R-dependencies of the ionisation dipole moment are performed in order to 
reproduce the experimental data. The variation of the ionisation dipole moment was found to 
be a constant for the inner well and a linear increasing function of the internuclear distance in 
the outer well for ionisation into both 2Σg

+ and 2Σu
+ ionic states. The way of the 

photoionisation dipole moment is confirmed by physical considerations of orbital correlations 
based on Koopman’s theory. The competing processes, such as contributions from other high 
lying ionic states or doubly excited autoionising neutral states are ruled out as well as the 
signal from the energetically close lying C1Πu state. 

The experiment shows the utilization of wave packets as a local probe for an R-dependent 
ionisation probability and in particular the usefulness of energy-resolved photoelectron 
detection to unambiguously identify the ionisation pathways. 

 

Overall the work demonstrates the potential of the ultrafast laser spectroscopy together with 
photoelectron detection to map both dynamical and electronic evolutions in the molecule for 
the particular case of the potential avoided crossing involving several states. 

This technique therefore provides insight into chemical processes, where the non-adiabaticity 
plays a great role. With a current development of the ultrafast methods to study big 
molecules, as DNA or proteins, a photoelectron spectroscopy, as proved tool for effective 
mapping of the molecular dynamical and electronic evolution in the simple diatomic 
molecules, opens great perspectives to explore the dynamics in the complex systems. 

At the same time the work shows the utility of the wave packet to study quantum mechanical 
properties of the molecules. The further development of method would allows a detailed 
investigation of such phenomena as wave function behaviour at the complicated potential 
surfaces and the tunnel effects in the region of potential barriers. 
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Appendix A   
 

Magnetic bottle electron spectrometer: calibration 
and test experiments 
 
The signal obtained at the output of the detector of electron spectrometer is in a time-of-flight 
form, i.e. the voltage signal from a detector is proportional to a quantity of electrons arriving 
the detector at a certain flight time t. The calibration of the time-of-flight axis into a kinetic 
electron energy axis is described here. Several calibration methods are suggested which are 
relevant to the type of substances investigated and to appropriate regions of kinetic energies. 
Also the kinetic energy resolution of spectrometer is studied. Finally, a number of tests are 
performed to investigate the influence of different experimental parameters on the 
performance of the spectrometer and on the kinetic energy resolution. 

 

A.1 Time and energy resolution of magnetic bottle spectrometer 
In the magnetic bottle the electrons start their motion in a strong magnetic field of TBs 1= , 
are parallelized on a distance of few millimetres, and then drift in a weak uniform field of 

TBw
310−=  towards a detector. The electrons initially emitted within the solid angle of 

π sterad end up their motion with angles in the range from 0° to maxΘ [78,118]: 
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The time of flight for the first 30 mm strongly depends on the initial angle of electron motion 
iΘ , but the time of flight in the drift tube Tdrift 
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is almost independent of iΘ  since the relation 310/ −=ws BB . In order to calculate the signal 
broadening arising from parallelizing of electrons in non-uniform magnetic field, a simulation 
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for electron trajectories was performed by Kruit and Read [78]. For electrons with energies of 
1 eV it gives the widths cT∆  (FWHM) for three angular distributions: 

 

  =∆ TTc / 0.17 % (for electron emission parallel to drift axis) 

           0.56 % (for isotropic electron distribution)             (A.3)
       0.89 % (for electron emission perpendicular to drift axis). 

 

The major contribution TTc /∆  however comes from the region of the strong magnetic field 
and can be decreased if the length of strong-field region is decreased.  

Since the flight time T is proportional to 2/1−E , where E is the electron energy, the energy 
resolution is related to the time resolution as 

  
T
T

E
E ∆

=
∆ 2 .         (A.4) 

Therefore one would expect the minimal theoretical resolution of the spectrometer EEc /∆  to 
be 0.4 % according to (A.3) and (A.4). For the electrons with kinetic energies of 1 eV the 
minimal energy resolution cE∆  is 4 meV. Thus, the spectrometer offers the possibility of 
extremely good photoelectron kinetic energy resolution. 

 

A.2 Experimental energy resolution  
In experimental time-of-flight spectra however the observed peak widths are much higher 
than the calculated cT∆ . The main contributions to a signal line width T∆  measured in 
experiment, apart from the cT∆ , are the following: 

a. Because of a finite time width of nanosecond laser pulse the time interval over which 
electrons are produced is several nanoseconds. 

b. The time width of a pulse coming from the MCP detector corresponding to a single 
electron is a few ns long. 

c. The time resolution of electronic measuring system is a limited value, typically 0.5 ns. 

d. High particle density in the interaction area (when the alkali metal beams are used) 
can lead to big space-charge effects. These effects are stronger for higher laser pulse 
intensities. 

 

In the first mentioned case the width cT∆  is proportional to 2/1−E , where E is the 
photoelectron energy. The effects a – c combine to give a constant which is independent on 
electron energy contribution of lT∆ . The last effect gives a broadening eT∆  which is 
approximately proportional to 2/3−E  (considering that the electric potentials cause energy 
changes that are small compared to photoelectron kinetic energy E). Combining cT∆ , eT∆  
and lT∆  in quadrature and assuming 2/1/~ −EconstT  one receives the relative broadening of 
a signal in a time-of-flight spectrum: 
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The energy width E∆  of the signal can now be derived from (A.4) and (A.5) as: 
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According to formula (A.6) the minimum value of E∆  is conditioned by electrical noise 
broadening. Kruit [78] found the minimal kinetic energy resolution minE∆  to be 
approximately 15 meV (for electron energy 0.62 eV).  

In fact, as can be seen from equation (A.6), the energy resolution is dependent on the energy 
of photoelectrons. A way of improving the resolution is to retard the electrons before they 
enter the flight tube by applying a negative voltage on a cylindrical grid. Thus, the electrons 
with high kinetic energies are brought to high-resolution part of spectrum. Therefore the 
energy resolution E∆  can be always made equal to minE∆  for a given energy interval.  

 

A.3 TOF spectra calibration procedure 
The experimental results obtained in a measurement represent time-of-flight spectra. In these 
spectra a voltage signal is recorded for every flight time, the intensity of the signal is 
proportional to the number of particles, which reach detector at this time. The time-of-flight 
signal is then converted into electron kinetic energy spectrum. This is done using the 
procedure described below. 

 

In ideal case the kinetic energies of electrons kE  for the field-free case can be calculated from 
their flight times in a spectrometer using a formula: 

  2
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LmE ek = ,                 (A.7) 

where me is the mass of the electron, L the drift length and T the time of flight. 

However, in practice the exact drift length cannot be defined precisely because of 
displacements of the laser focus. This can cause deviations in the drift length of up to ±1 mm. 
Another uncertainty is introduced by the time Td between the arrival of the laser pulse at the 
interaction region and the trigger signal derived from a photodiode. Also, a retardation 
voltage applied to the flight tube changes the kinetic energies of the photoelectrons. Contact 
potentials in an apparatus can cause deviations of the time of flights as well.  

Taking into account the abovementioned, the electron energies are expected to follow the 
equation: 
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where  Td is the trigger delay, Ug the retardation voltage applied to the grid in the flight tube 
and Uc the measure for possible noise voltages. 

In practice deviation from the formula (A.8) can be as large as 0.1 eV. Therefore the 
following phenomenological expression is used to approximate the previous equation: 



Appendix A  Magnetic bottle electron spectrometer 

 99

  ∑∑
==

+=
q

i

i
ig

p

i
i
i

k TbU
T
a

E
00

,       (A.9) 

which corresponds to  
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The first term in equation (A.8) has been replaced by a power series in 1/T with coefficients 
ai. The possible kinetic energy dependence on Ug and Uc has been taken into account by a 
power series in T with coefficients bi. 

The calibration procedure is performed as follows. The flight times T associated with at least 
two electron peaks of a calibration gas whose energies are known from the literature, E1 and 
E2, are measured as a function of the retarding voltages U1 and U2. The position of every peak 
is defined using Gaussian fit of the peak. These two data lists enable the determination of the 
coefficients ai and bi in the following way. Using the abbreviated notation  

  )()( 11 TUTE δγ +=   )()( 22 TUTE δγ += ,                        (A.11) 

the expressions for γ and δ are obtained: 

21

1221)(
UU

EUEUT
−
−

=γ  
21

21)(
UU
EET

−
−

=δ .                         (A.12) 

A least-squares fitting procedure for γ(T) and δ(T) is used to calculate the coefficients ai and 
bi. With known coefficients the conversion from the time-of-flight scale into the energy scale 
according to equation (A.9) is performed. With this equation and the two data lists, E1 and E2 
can be recalculated in order to determine how well these values are reproduced. The order of 
both power series (p and q in equation (A.9) can be adjusted to reach a minimal deviation 
(about 2 meV) from the literature theoretical numbers of energies [119]. We obtain a 
sufficient good calibration with p, q = 2. The least-squares fitting procedure is described in 
details in [70].  

 

In order to obtain the correct energy spectrum the scale transformation alone is not sufficient, 
since the energy is a non-linear function of flight time. This means that the signal intensity in 
the time-of-flight spectrum is not equal to that one in energy spectrum. When performing a 
time-to-energy transformation of the signal intensity S(T) into an energy-dependent S´(E), the 
integrated signal is constant:  

dEESdTTS )´()( = .                             (A.13) 

Therefore the signal intensity in energy spectrum is obtained using the equation: 
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In practice this means that energy signal intensity from long flight times region becomes 
much higher in opposite to short times region, as illustrated on a Figure A.1, where a 
photoelectron kinetic energy spectrum is created from the time-of-flight signal using 
equations (A.9) and (A.14). 
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Figure A.1: Time-to-energy transformation of the signal. The energy is a non-linear function of flight 
time. In order to keep the integrated signal constant upon the transformation the signal height is also 
recalculated.  

 

The least-square procedure and TOF-to-energy conversion of photoelectron spectra is 
performed using LabView (version 6.1) software package. 

 

For accomplishing the calibration of the spectrometer, a MPI or REMPI of atoms with laser 
pulses is used. It can also be appropriate for the determination of the resolution of the 
spectrometer. The choice of the atomic species for calibration is governed by energy window 
of the substance to be measured in experiment. In the calibration procedure at least two 
different known from literature kinetic electron energies are used, which should preferably 
locate in the energy area, in which the experimental photoelectron signal is expected. The 
required retardation voltage is increased stepwise, and for each retardation voltage a 
photoelectron spectrum is recorded. We have found that the calibration procedure is necessary 
before and after every measurement experiment, since in the experiments with alkali metals 
space-charge effects and contact potentials on pole-plates change the calibration parameters 
during the course of the experiment. The photoelectron spectra in this work have been 
calibrated using known photoelectron signals from multiphoton ionisation of xenon, sodium 
and potassium atoms.  

 

A.4 Calibration using ionisation of Xe atoms with Nd:YAG laser  
A multiphoton non-resonant ionisation of Xe with nanosecond laser pulses of wavelengths 
λ = 355 nm and 532 nm is used for calibration of magnetic bottle spectrometer in the range of 
energies between 0.5 and 1.8 eV.  

Xe atoms have two ionisation potentials, corresponding to 2P3/2 and 2P1/2 cores. The ionisation 
energies are 12.130 eV for 2P3/2 and 13.426 eV for 2P1/2 potentials. Ionisation of the two Xe 
cores with 4 photons of λ = 355 nm provides two lines in photoelectron spectra at 1.84 eV 
and 0.54 eV which are taken for the calibration. The kinetic energies of the photoelectrons 
obtained from the ionisation with 355 nm and 535 nm wavelengths are summarised in the 
Table A.1.  



Appendix A  Magnetic bottle electron spectrometer 

 101

Atomic core 
of 54Xe 

Ionisation 
energy 

Ionisation with 
355 nm, Ekin 

Photons Ionisation with 
532 nm, Ekin 

Photons 

2P3/2 orbital 12.130 eV 1.84 eV 4 1.85 eV 6 
2P1/2  orbital 13.426 eV 0.54 eV 4 0.56 eV 6 

 
Table A.1: Ionisation energies of Xe atoms and kinetic energies of the photoelectrons from the 
ionisation with 532 nm second harmonic of Nd:YAG laser and 355 nm third harmonic. 

 

The nanosecond Nd:YAG laser is described in the Chapter 3 of the present work. The 
Nd:YAG laser provides 10 ns pulses. The 355 nm and 532 nm light pulses have linear 
polarisation parallel and perpendicular to the axis of the electron spectrometer, respectively. 
The laser beam is focused into the interaction region between the pole-plates with a 250 mm 
lens. The lens is installed on a table with micrometer screws for precise adjustment in x, y and 
z directions. The energy of the laser pulse is 0.50 µJ for 355 nm and 2.0 µJ for 535 nm. Xe 
gas is supplied to the focal region between the pole-plates using a gas pipe. The Xe pressure 
during calibration measured in the main chamber is ~1-5·10-5 mbar. At these experimental 
conditions the signal at 1.8 eV Xe time-of-flight peak is approximately 50 mV. The signal 
from the electron detector is recorded using a LeCroy oscilloscope and is averaged over 1024 
laser shots. The oscilloscope is triggered by a photodiode illuminated with a portion of the 
reflected laser light. Electrons are accelerated using a voltage range of typically Ug = 0 – 2 V 
in 0.2 V steps applied to the grid in the flight tube. Data from the oscilloscope are read into a 
computer and represent a set of time-of-flight versus signal intensity spectra for every voltage 
Ug.  

Figure A.2 shows a typical time-of-flight acceleration series obtained from the ionisation of 
Xe atoms with 355 nm nanosecond laser pulses with the voltage Ug = 0 - 2 V applied in 0.2 V 
steps.  

 
Figure A.2: Retardation series for photoelectron time-of-flight spectra from the ionisation of atomic 
Xe with λ = 355 nm of the Nd:YAG laser. The applied grid acceleration voltage is Ug = 0 – 2 V. 
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The calibration procedure as described in section A.4 is performed using the two known 
kinetic energy values E1 = 1.84 eV and E2 = 0.54 eV (see Table A.1) and corresponding time 
of flights T at each grid voltage Ug. The calibration curve representing time-of-flight versus 
kinetic energies for grid voltage Ug = 0.4 V is given in Figure A.3. The derived calibration 
parameters ai, bi calculated using least-square fit procedure are also shown on the picture. The 
typical inaccuracy, i.e. the deviation of the calculated kinetic energy from the theoretical 
value, in the interval of energies 0.5 – 2 eV is approximately 5 meV.  

 
Figure A.3: Typical calibration curve obtained for the retardation voltage Ug = 0.4 V. Also shown are 
the calibration parameters ai, bi defined through the least-square fit procedure.  

 

Given the calibration parameters ai and bi, the kinetic energy calculation of the spectrum can 
be performed for every retardation voltage with equations (A.9) and (A.14). Using the 
calibration we obtain the photoelectron energy spectrum of Xe shown on Figure A.4.  
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Figure A.4: Photoelectron kinetic energy spectrum of atomic Xe constructed from the TOF spectrum 
for Ug = 0.4 V at Figure A.2 using the calibration parameters at Figure A.3 and the signal 
transformation (A.14). Dotted lines show Gaussian fit of the peaks. The FWHM of the 0.54 eV and 
1.8 eV peaks, determined as widths of the Gaussian fitting curves at half maximum, are 45 meV and 
70 meV respectively. 

 

From these experimental data one can determine also the energy resolution of the 
spectrometer. As is seen in the Figure A.4, the full width half maximum (FWHM) of the 
0.54 eV peak is 45 meV whereas the FWHM of the 1.86 peak is already 70 meV for 
acceleration voltage Ug = 0.4 V. By applying the retardation voltage, the kinetic energy of the 
electrons can be reduced in the beginning of the drift tube, thus the effective electron energy 
can be varied. In this way the electron spectrometer resolution can be defined for different 
effective photoelectron energies. Figure A.5 shows the FWHM of the 1.8 eV Xe peak for 
retardation voltages Ug = -1.6 – 0.2 V corresponding to an effective photoelectron energies 
Eeff = 0.2 – 2.0 eV. One can see that, independent of their initial kinetic energies, the electrons 
can be retarded to the energy of about 0.8 eV to achieve the minimal peak width. 
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Figure A.5: The FWHM of the 1.8 eV Xe peak taken at different retardation voltages Ug = -1.6 – 
0.2 V which corresponds to an effective electron energy Eeff = 0.2 – 2 V. Note the improvement of the 
energy resolution at Eeff = 0.8 eV. FWHM(Eeff) = 25 meV. The dashed line shows the polynomial fit 
curve. 

 

The maximal resolution of the spectrometer obtained in experiment at this photoelectron 
energy is ≈∆ minE  25 meV. The value is however not the optimal for this type of 
spectrometer. As was reported by Peter Kruit [120], the optimal resolution of minE∆ = 15 meV 
is reached in an experiment with resonant multiphoton ionisation of Xe with λ = 440 nm. By 
variation of the wavelength of the laser pulse, E∆  is increasing to E∆  = 40 meV for 355 nm, 
what agrees very good with our experimental data. The explanation suggested in [120] 
includes a field gradient, or ponderomotive force, which causes a wavelength dependent line 
broadening effect, which is stronger for light with longer wavelength.  

 

A.5 Calibration using ionisation of K atoms with dye laser 
In order to access small electron kinetic energies up to 0.10 eV as well, we performed the 
energy calibration using multiphoton non-resonant ionisation of K atom with a dye laser 
working on Fluorescein 27 pumped by a nanosecond YAG laser of λ = 532 nm wavelength.  

The wavelength range of the dye laser pulses in the configuration described in Chapter 3, 
Section 3.7 is 545 – 565 nm and is changed in 5 nm steps. The ionisation energies of Xe and 
K atoms and the photoelectron kinetic energies for every wavelength of a dye and Nd:YAG 
lasers are given in the Table A.2. Hence we expect 6 calibration points from ionisation of 
potassium to cover the photoelectron kinetic energy range of 0.05 – 0.35 eV. 
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Photoelectron kinetic energy, Ekin 

YAG  Dye laser 

Atom Ionisation 
energy 
[121] 

532 nm 545 nm  550 nm 555 nm 560 nm  565 nm 

K 3.341 eV 0.32 0.21 eV 0.17 eV 0.13 eV 0.09 eV 0.05 eV 

 

Table A.2: Ionisation energies for K atoms and kinetic energies of photoelectrons for the ionisation 
with the second harmonic 532 nm of a YAG laser and dye laser (Fluorescein 27 dye). 

 

The dye laser provides pulses in the wavelength range of 540-575 nm with a maximum 
efficiency at 548 nm. The electrons are produced in a time interval 6 – 8 ns at a repetition rate 
of 20 Hz. The typical laser pulse energy in experiment measured in front of MaBoS is 1.50 –
 1.70 mJ. The light has linear polarisation perpendicular to the axis of the electron 
spectrometer. To trace the higher energy region also the photoelectron signals from the 
ionisation of Xe and K atoms with Nd:YAG laser of λ = 532 nm were recorded. The set-up 
enables fast switching between two lasers. During the calibration two parameters were 
scanned: (1) the wavelength of dye laser pulses in the range of λ = 545 – 565 nm with 5 nm 
steps, and (2) the retardation voltage for every wavelength in range of Ug = 0.9 – 1.5 V with 
0.2 V steps. The wavelength variation provides the different energies of released 
photoelectrons in the range of 0.05 – 0.2 eV. The time-of-flight spectra taken at every 
wavelength and retardation voltage were averaged over several thousand points and then 
saved into a computer. 

Figure A.6 shows the time-of-flight calibration series for ionisation of K atoms with dye laser 
with wavelength λ = 545 - 565 nm for different Ug. The calibration into a kinetic energy scale 
is performed using the procedure described in Section A.1.  
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Figure A.6: Retardation series for photoelectrons from the ionisation of atomic K atom with a dye 
laser. For every dye laser wavelength in the range of λ = 545, 550, 555 and 565 nm a retardation 
series for grid voltages Ug = 0.9 – 1.5 V is recorded. Spectra are recorded at different wavelengths of 
the dye laser λ = 545 – 565 nm and different grid voltages Ug = 0.9 – 1.5 V. Bold lines show the 
spectra for Ug = 1.5 V for every laser wavelength, thin lines – for Ug = 1.3 V, dashed lines – for 
Ug = 1.1 V and dotted lines – for Ug = 0.9 V. 

 

Figure A.7 shows the calculated photoelectron kinetic energy spectra using formulae (A.9) 
and (A.14) and the constants ai, bi generated in least-squares fit. We found however that the 
low kinetic energy region is very sensitive with regard to peak positions, so separate 
calibration procedure should be done for the range of the energies from 0.1 to 0.3 eV. In 
addition in the area of very small energies (lower 0.1 eV) the inaccuracy in energy is already 
0.02 eV which is equal to ≅EdE /  40 % (see Figure A.7), which makes the calibration 
unacceptable in this region. In the area of 0.1 – 0.3 eV the inaccuracy is of the order of 

≈EdEk /  5 %. Taking into account all abovementioned, the points taken for calibration are: 
signals from λ = 545, 550, 555 and 565 nm of dye laser and signal from ionisation of K with 
532 nm YAG laser.  
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Figure A.7: Calculated photoelectron energy spectra of atomic potassium for different retardation 
voltages Ug and dye laser wavelengths. The vertical lines show the literature photoelectron energies 
from the Table A.2 for every dye laser wavelength. There are 4 electron energy spectra corresponding 
to every wavelength recorded at different grid voltages Ug. Note the increasing calibration inaccuracy 
for spectra corresponding to λ = 565 nm (spectra are shown in grey color). Also shown is the energy 
spectrum of atomic K from ionisation with a wavelength of the λ = 532 of Nd:YAG laser for 
Ug = 1.5 eV.    

 

A.6 Online calibration using Na signal  
In experiment with the Na2 21Σu

+ double minimum state the expected photoelectron signal 
lays in a wide range of kinetic energies from 0.5 to 3.5 eV. The calibration with YAG laser 
alone is not sufficient because of the following reasons. First, the energy range in the 
experiment is much bigger than the one in the calibration utilising a Xe or Na atoms 
ionisation with the Nd:YAG and the dye lasers, and the extrapolation of the calibration curve 
towards higher kinetic energies gives generally fault values of energies. Second, the times 
between the arrival of the laser pulse in the interaction region and the trigger signal are often 
somewhat different for YAG laser and femtosecond laser. The energy shifts due to 
ponderomotive force play a minor role at the energies used in the experiment, so they are 
omitted in calculations. Therefore we performed an “online” calibration procedure which 
takes into account all the abovementioned. The calibration includes signals already present in 
the measured spectra coming from the multiphoton ionisation of Na atoms with femtosecond 
laser of the wavelengths involved in the experiment: 267 nm, 340 nm and two-color signal 
from 267 + 340 nm.  

The experimental set-up for the Na2 21Σu
+ double minimum experiment is described in detail 

in Chapter 3. Briefly, the femtosecond laser probe pulses with λ = 267 nm are obtained by 
frequency tripling of the 1/3 of 785 nm and 800 µJ output of CPA Ti:Sapphire laser system. 
The energy of the pulses is 0.4 µJ and FWHM is 3.0 nm. Parametric amplification of the 
residual light of the amplifier and frequency quadrupling provides the 340 nm, 4.7 nm the 
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FWHM and 0.6 µJ pump pulses. The repetition rate of laser pulses is 1 kHz. Both laser beams 
are linearly polarised with polarisation axis parallel to the spectrometer axis. The signal is 
triggered with the signal coming from the Pockels cell. Na was heated to 870 K in an oven 
and expanded through a 100 µm nozzle seeded with Ar. The Ar partial pressure in a beam was 
1.6 bar. Every TOF photoelectron spectrum was averaged over several thousand laser shots.  

A resonant multiphoton ionisation of Na atoms with λ = 340 nm and λ = 267 nm 
wavelengths of femtosecond laser. Figure A.4 shows the Na energy levels involved in the 
transitions as well as laser wavelengths.  

 

 
Figure A.4: Scheme of REMPI of Na atom for 267 nm, 340 nm and 267+340 nm wavelengths. a) 
Two-photon ionisation with λ = 340 nm using 3s – 4p transition of Na atom; b) two-photon ionisation 
with λ = 267 nm using 3s – 6p transition; c) two-color ionisation scheme with λ = 340 nm excitation 
(3s – 4p transition) and λ = 267 nm ionisation. 

 

Table A.4 shows the ionisation energy of Na atom and kinetic energies of electrons released 
from ionisation with two photons of λ = 267 nm, two photons of λ = 340 nm and 
267 + 340 nm. The calibration in the high energy range of 1.9 – 4.7 eV in addition to YAG 
calibration with Xe in the low energy range of 0.5 – 1.9 eV to be sufficient covers the whole 
energy area of interest.  

Atom Ionisation 
energy 

340 nm, 
Ekin 

267 nm, 
Ekin 

267+340 nm, 
Ekin 

Na I 5.139 eV 2.15 eV 4.21 eV 3.19 eV 

 
Table A.4: Ionisation level of Na atom and kinetic energies of photoelectrons from ionisation with 
267 nm, 340 nm and 267 + 340 nm wavelengths. 
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As opposed to the nanosecond case the photoelectron spectra obtained from ionisation with 
femtosecond laser pulses have much lower energy resolution. The spectral width of the laser 
pulse is much higher compared to the nanosecond pulse, thus the width of the lines in the 
photoelectron spectrum is determined here by the width of laser pulse. Evaluation of the 
spectrometer resolution in higher kinetic energy area is performed by extrapolation of data 
obtained in nanosecond calibration.  

Time-of-flight femtosecond spectra were taken at one grid voltage used in the experiment 
(Ug = 1 V). Figure A.8 shows the typical photoelectron time-of-flight spectrum from 
ionisation of Na with femtosecond laser pulses with λpump = 340 nm and λprobe = 267 nm. The 
spectrum is averaged over the pump-probe delay region of 0 till 30 ps.  

 
Figure A.8: Photoelectron time-of-flight spectrum from the ionisation of atomic Na with wavelengths 
λ = 267 and 340 nm of the femtosecond laser. The spectrum is taken at one retardation voltage 
Ug = 1 V and is averaged over the pump-probe delay region from 0 till 30 ps. Also shown are the 
corresponding literature kinetic energies of photoelectrons from the Table A.4.  

 

The calibration proceeds normally as follows. The flight times obtained from ionisation of Xe 
atoms with the Nd:YAG laser at several retardation voltages Ug are added to the 3 points 
obtained from ionisation of Na atoms with the femtosecond laser at one retardation voltage. 
These times are inserted into equations (A.11), a least-square-fit procedure generates 
coefficients ai, bi. (Figure A.9 shows the calibration curve obtained from a combination of Xe 
and Na spectra at a retardation voltage of Ug = 1 V). The energy spectrum of Na obtained 
with formulae (A.9) and (A.13) is shown on Figure A.9.  

 



Appendix A  Magnetic bottle electron spectrometer 

 110

 
Figure A.9: Photoelectron energy spectrum of atomic Na constructed from the TOF spectrum of 
Figure A.8 using the calibration procedure. 

 

Since the TOF spectra in experiment were taken at only one Ug the spectrometer resolution 
here is not constant along the energy scale. The energy resolution for 0.5 eV electrons derived 
from the nanosecond data consists 40 meV, whereas the resolution at high kinetic energy 4 eV 
derived by extrapolation of nanosecond data is approximately 200 meV.  

 

A.7 Calibration using Xe ATI photoelectrons 
This calibration method is normally used when the energy of the laser pulse used in the 
experiment is considerably high, so that the ponderomotive forces cannot be neglected. The 
ponderomotive force leads to broadening and overall shift of the photoelectron energy 
spectrum, the value of the shift depends on the laser energy in the focus. Thus the exact 
kinetic electron energies are not known.  The calibration now uses Xe ATI peaks appearing in 
the signal with higher laser energy. In this case not the absolute kinetic energies in 
photoelectron signal, but the energy separation between them are known. The calibration 
spectra are taken using different retardation voltage. The spectra should contain at least two 
ATI signals to obtain the calibration curve. In addition, at a certain Ug an intensity series is 
taken, in which the intensity of the laser pulse is varied in steps. This enables to obtain the 
absolute energy offset. The calibration is reasonable when high energy laser pulses are 
involved in experiment. The procedure is described in details in [70].  
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A.8 Test experiments with magnetic bottle spectrometer 
A series of tests was accomplished to trace the influence of different experimental parameters 
on the photoelectron signal and on the kinetic energy resolution of the spectrometer. The main 
parameters varied are the intensity and the polarisation of the nanosecond YAG laser, the 
magnetic fields of the coils giving the weak 10-3 Tesla and strong 1 Tesla fields, the Xe 
pressure measured in the main chamber, the magnetic fields produced by Helmholtz coils to 
compensate the Earth field and the voltage at the pole-plates. 

A.8.1. Laser intensity 
After ionisation with the laser pulse the formed photoelectrons leave the interaction region 
very fast due to their small masses in comparison to more heavy ions. The ions staying in the 
ionisation region form a positive charged cloud. This cloud inhibits the photoelectrons formed 
lately. This space-charge effect leads to broadening the photoelectron signal and its shifting to 
bigger flight times. This corresponds to an effective decreasing of photoelectron kinetic 
energies.  

The effect and its influence on the resolution of photoelectron spectrometer can be observed 
in the laser intensity measurements. Figure A.10 shows the photoelectron time-of-flight 
spectra from ionisation of Xe with nanosecond laser pulses of λ = 355 nm and different 
intensities from 0.5 mJ to 5.5 mJ measured in front of the MaBoS. One can see that with 
growing laser intensity the peaks broaden and the signal shifts towards bigger flight times.  

 

 
Figure A.10: Photoelectron time-of-flight spectra of Xe recorded at different intensities of λ = 355 nm 
of YAG laser. With increasing laser intensity the peaks are broadened and shifter towards bigger flight 
times, the corresponding energies of photoelectrons are decreased. The solid line shows spectrum at 
routine laser intensity used in experiments of 0.5 mJ. The peak at 630 ns arises from the ionisation of 
water. 
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A.8.2 Nd:YAG laser polarisation 
Figure A.11 shows the photoelectron kinetic energy spectra of Xe for two polarisations of the 
nanosecond Nd:YAG laser. The polarisation at the first picture is perpendicular to the axis of 
the spectrometer, and at the second picture is parallel. The grid and pole-plate voltages are  

 

 
Figure A.11: Photoelectron energy spectra of 1.8 eV Xe peak taken at different polarisations of YAG 
laser. Left: polarisation is perpendicular to the spectrometer axis; right: parallel to the spectrometer 
axis.  

 

Ug = 0.4 V and Upp = -0.5 V accordingly. The FWHM of the 1.8 Xe peak for polarisation 
parallel to the spectrometer axis (corresponds to vertical polarisation of the laser) is almost 
two times smaller than that for perpendicular. The intensity of the signal remains unchanged.  
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Figure A.12: Dependence of the FWHM of Xe 1.8 eV peak on grid voltage for polarisations of the 
YAG laser perpendicular (squares) and parallel to the spectrometer axis (triangles). 

 

Figure A.12 shows the dependence of the FWHM of the 1.8 eV Xe peak on the retardation 
voltage for both polarisations. The resolution for vertical polarisation remains higher at all 
voltages, however the difference in resolutions tends to decrease at higher retardation 
voltages.  

 

A.8.3 Xe pressure 

Figure A.13 shows the influence of the Xe pressure on the photoelectron kinetic energy 
resolution. The photoelectron spectra were recorded from ionisation of Xe atoms with 
nanosecond laser of 355 nm wavelength. The pole-plate voltage is Upp = -0.65 V and the grid 
voltage is Ug = 0.4 V. The spectra were taken at two Xe pressure measured in the main 
vacuum chamber: at p0 = 3.2ÿ10-7 mbar and p1 = 6.5ÿ10-7 mbar = 2ÿp0.  
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Figure A.13: Photoelectron kinetic energy spectra of 1.8 eV Xe peak for different Xe pressures 
measured in the main chamber. Also shown are FWHM`s of the peaks.  

 

The 1.8 eV Xe photoelectron peak for higher Xe pressure has 6 times higher intensity and 1.3 
times higher full width half maximum (FWHM). In addition the complete photoelectron 
signal is shifted towards bigger flight times (lower kinetic energies). The relative intensity of 
the 0.5 eV peak with respect to that of 1.8 eV peak is decreasing for higher Xe pressure, what 
is however not an instrumental effect [74]. The kinetic energy FWHM`s of 1.8 eV peak after 
calibration and their dependence on the retardation voltage are given in Figure A.14. Apart 
from general improvement of the maximal resolution from 40 meV to 30 meV the best 
resolution for lower Xe pressure is achieved already when acceleration (Ug @ 0.4 eV) voltage 
is applied to the grid.  
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Figure A.14: Dependence of the FWHM of Xe 1.8 eV peak on grid voltage for for different pressures 
of Xe measured in the main chamber. 

 

One can also define the optimal Xe pressure for the calibration. It is useful to take as a 
parameter not a pressure in the main chamber, since during experiments with alkali metals the 
pressure goages are poisoned and show a wrong, usually too high, pressure. In addition, the 
Xe supply tube position can be changed when cleaning or works are performed at the vacuum 
machine, thus the actual pressure in the pole-plate area can be somewhat different. We have 
taken as a parameter the height of the 1.8 eV Xe TOF peak signal. The calibration is 
performed at the peak height 40 – 50 mV. The laser energy is EYAG = 0.5 mJ. 

 

A.8.4 Magnetic fields 
Figure A.15a shows the influence of the strong 1 Tesla magnetic field on the photoelectron 
time-of-flight signal. The spectra are recorded from ionisation of Xe with YAG laser of the 
355 nm wavelength. The grid and pole-plate voltage are Ug = 1.4 V and Upp = -0.5 V 
accordingly. The magnetic field was changed using different current at the power supply. We 
have measured photoelectron TOF signal at the current I = 2.5 till 4 A. The value 4 A is a 
maximal current the power supply gives and corresponds to the field strength 1 Tesla. The 
photoelectron signal increases with increasing the magnetic field strength, and is maximal for 
I = 4 A. The fast photoelectrons are especially sensitive to the magnetic field changes. The 
energy resolution is weakly affected by the strong magnetic field changes and stays almost 
constant in the region of I = 3.0 – 4.0 A (Figure A.15b). Note that the peak at 580 ns 
corresponds to the photoelectron kinetic energy of 1.4 eV. It is close to the energy 
E = 1.37 eV released from the ionisation of water with λ = 355 nm of Nd:YAG laser (the 
lowest ionisation energy of water corresponding to 1b1 orbital is 12.61 eV [121]). Thus it can 
be referred to water.  
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Figure A.15: Dependence of the photoelectron signal on the 1 Tesla magnetic field. a) photoelectron 
time-of-flight spectra recorded at different currents at the coil creating 1 T field; b) dependence of the 
FWHM of the 1.8 eV and 0.5 eV Xe peaks on the current at the coil. The routine measurements are 
made at the current I = 4 A and the voltage U º 55 V. The peak at 580 ns arises from ionisation of 
water. Additional peaks in the spectra at 650 ns and 840 ns may be due to impurities in Xe arising, for 
instance, from improper work of the valve between the Xe bottle and the vacuum chamber. 

 

The influence of the weak magnetic field of 10-3 Tesla is shown in Figure A.16a. The field is 
changed using the current from the power supply in the range of I = 1.35 to 2.60 A, where the 
value of I = 2.0 A is optimal used routinely. The photoelectron signal increases drastically 
with increasing the current from 1.35 to 2.0 A, then stays almost constant from 2.0 till 2.60 A. 
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The effect is also stronger for fast electrons. The energy resolution is independent on the weak 
field change (Figure A.16b).   

 

 
Figure A.16: Dependence of the photoelectron signal on the 1 mT magnetic field. a) photoelectron 
time-of-flight spectra recorded at different currents at the coil creating 1 mT field; b) dependence of 
the FWHM of the 1.8 eV and 0.5 eV Xe peak on the current at the coil. The routine parameters used in 
experiments: I = 2 A at the voltage U º 1 V. The peak at 750 ns arises from the ionisation of water. 
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Finally Figure A.17 shows photoelectron signal for different magnetic fields created by 
Helmholtz coils. The coils are used to compensate the magnetic fields of the Earth. The 
spectra are taken for different voltages at the power supplies of the coils. With increasing the 
voltage at the first coil (Figure A.17a) the photoelectron signal slightly increases, reaches its 
maximum at approximately 6 V and is then suppressed as the voltage increases. The FWHM 
of both peaks slightly decreases by the value of 10 %.  

 
Figure A.17: Photoelectron time-of-flight spectra of Xe recorded at different voltages applied to both 
Helmholtz coils. The optimal parameters are found to be U1 = 6.7 V for the first coil and U2 = 0.77 V 
for the second coil.  

 



Appendix A  Magnetic bottle electron spectrometer 

 119

With increasing the voltage at another coil (Figure A.17b)) the photoelectron signal is 
maximal for the minimal value of voltage (0.77 V), and slightly decreases with increasing 
voltage. The FWHM of the peaks is not affected. The best voltage for the signal have been 
found to be 6.7 V for the first coil and 0.77 V for the second one. 

 

A.8.5 Pole-plate voltage 
One of the serious problems arising in the experiments with alkali metals is the charges 
thronging on the pole-plates. These effects arise when the atoms in the beam stick to the pole-
plates and influence the spectrum in the case of magnetic bottle spectrometer. We reduced 
their influence significantly by putting the second skimmer directly in front of the pole-plates. 
Nevertheless the effect remains and after several days of working with alkali beam becomes 
observable. We compensate it by applying a significantly higher voltage at the pole-plates. An 
alternative could be a coating the pole-plates with colloidal carbon [79]. 

 

 
Figure A.18: Photoelectron spectra from ionisation of Xe with nanosecond YAG laser recorded after 
several days of working with potassium beam. Dotted line: at usual voltage applied on the pole-plates 
Upp = -0.65 V. The Xe peaks are suppressed and oscillating structure appears in the signal. Solid line: 
at much higher compensation pole-plate voltage Upp = -19 V; the oscillating structure is mostly gone, 
the third peak appearing at 620 nsec in the signal coming from ionisation of water.  

 

Figure A.18 shows the photoelectron time-of-flight spectrum from ionisation of Xe with 
λ = 355 nm of YAG laser after several days of work with potassium beam. The dashed curve 
corresponds to a voltage at the pole-plates Upp = -0.65 V usually used in measurements. The 
spectrum reveals an oscillating structure, the Xe signal is supressed and broadened. These 
charge effects are compensated with the voltage Upp = -19 V (solid curve). The pole-plate 
voltage, together with the grid voltage, is selected individually to get the reasonable view of 
the photoelectron signal.  
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Appendix B   
 

Time-of-flight ion spectrometer: calculation of ion 
masses and test experiments 
 
The capabilities of the magnetic bottle have been considerably supplemented with time-
resolved ion detection [122]. In the present work the mass analysis of the formed ions serves 
for the identification of species released during photoionisation and for defining the condition 
of the experimental set-up (i.e. operation of the pumping system, pole-plate area purity, 
operation of the spectrometer and electronics, condition of a molecular or an atomic beam) 
before and during the measurement. Below, we demonstrate the calibration procedure using 
Xe signal for the quantitative mass identification and several spectra appropriate for typical 
experimental conditions.  

 

B.1 TOF-to-mass calibration procedure 
For an ideal Wiley-McLaren time-of-flight spectrometer [80] flight times for different areas 
depicted in Figure B.1 can be calculated as: 

2/1mcT ss = ;  ( )00
2 UqsEU

qE
c s

s
s m+=  
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where s, d, D are the lengths of the extraction area, acceleration area and drift area 
correspondingly, Ts, Td, TD are the flight times in the extraction area, acceleration area and 
drift area, m is the mass of the ion, Es, Ed, ED are the electric field strengths, U0 is the initial 
energy of the ion, q is the charge of the ion. The “-“ sign in cs corresponds to initial velocities 
of ions directed towards the detector, the “+” sign to direction away from the detector. 
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Figure B.1: Principal scheme of Wiley-McLaren time-of-flight spectrometer [80] 

 

The ion masses can be calculated from flight times provided known parameters q, Uo, s, d, D, 
Es, Ed, ED in cs, cd, cD and trigger delay δt (i.e. the time between the trigger and MCP signals): 
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 The exact experimental parameters i.e. the ionisation place and trigger delay are not known. 
Also the grids used in original spectrometer are replaced in our spectrometer by the pole-
plates with holes, what leads to inhomogeneous fields in the interaction area. Therefore, as in 
the case of electron spectrometer, the exact formula for mass (B.2) is replaced by a 
polynomial series in t: 
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The polynomial degree p = 2 gives satisfactory values. In TOF-to-mass calibration the signal 
height can be transformed using a formula analogous to that for photoelectrons (A.14): 
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In our experiment, however, no quantitative information on masses is required, since the ion 
signal is used for determination of the atomic or molecular beam condition. Therefore only 
the equation (B.3) is applied to define the masses of species.  
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B.2 Calibration using ionisation of Xe with Nd:YAG laser  
We used Xe atoms for the calibration of our mass spectrometer. In addition other species, like 
H, C atoms and H2O which are also present usually in the machine can be taken for 
calibration. Xe gas consists of several isotopes. The masses and their distribution are shown in 
the Table B.1 [123]. By comparison of the known relative intensity distribution in mass 
spectrum to the experimental spectrum the single masses of Xe isotopes can be identified and 
used as calibration points.  

 

Isotope mass, 
atomic units 

Relative abundance 

128 0.0714 
129 0.9814 
130 0.1487 
131 0.7881 
132 1.0000 
134 0.3903 

136 0.3309 
 

Table B.1: Natural isotope distribution of Xe [123]. 

 

Xe gas is supplied using the Ø6 mm pipe directly to the interaction area between the pole-
plates. The pressure in the main chamber is typically 2-5·10-5 mbar, the pressure in the oven 
chamber is ~10-7 mbar. The nanosecond Nd:YAG laser described in the Chapter 3 provides 
355 nm light of EYAG = 0.5 mJ energy. This laser energy is used in all experiments described 
in this chapter. The laser beam is focused into the interaction chamber with a 250 mm focus 
lens. The polarisation of laser light is collinear parallel to the spectrometer axis. The front 
MCP plate voltage is -2.0 kV, the back plate is grounded. The anode is kept at +100 V 
voltage. The focusing voltage at the middle lens is +160 V. The triggering of the oscilloscope 
is performed with a photodiode illuminated by a reflected portion of the laser pulse in front of 
the chamber. 

Figure B.2 shows a cut of the time-of-flight spectrum. The signal height is approximately 
50 mV at experimental conditions described above. The isotope distribution in Xe plotted 
according to Table B.1 is shown in the right corner of the picture. The single Xe isotopes are 
resolved on the spectrum. Provided the relative mass abundances of isotopes, the 
identification of Xe isotope masses and eventually the calibration using formula (B.3) is 
performed. We used for calibration also known peaks of H+, C+ and H2O+. Figure B.3 shows 
the calibration curve and calibration parameters ai. The complete time-of-flight spectrum and 
assigned masses is shown in the Figure B.4. Besides the Xe peaks, a strong peak of water at 
~ 5000 nsec is always present in the spectrum. The intensity of water peak reaches values of 
hundreds of mV every time after opening the vacuum chambers. After several days of 
pumping the signal is sufficiently reduced to 10 - 20 mV. The peak is also strongly 
suppressed when an alkali beam is produced in the oven chamber. 
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Figure B.2: A cut of the ion time-of-flight spectrum. Single Xe isotopes are resolved. In the right 
corner Xe isotope mass distribution is shown in accordance with the Table B.1. The correspondence to 
the measured signal is satisfying.  

 
Figure B.3: Calibration TOF-to-mass curve of the ion spectrometer and the parameters ai. The points 
taken for calibration are flight times from H+, C+ and H2O+ ions and Xe+ isotopes. 
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Figure B.4: Typical time-of-flight spectrum together with assigned ion masses. The inset shows a part 
of the TOF spectrum between 3000 and 7000 ns. 

 

Defined mass Possible assignment Defined mass Possible assignment 
1 H+ 24 C2

+ 
12 C+ 26 C2H2

+ 

13 CH+ 28 C2H4
+ 

14 CH2
+ 37 Pump oil 

15 CH3
+ 43.5 Pump oil 

17 CH5
+ 57 Pump oil 

18 H2O+   

 
Table B.2: Assignment of some of the measured ion masses. 

 

B.3 Qualitative observations   
The ion time-of-flight spectra are slightly different from day to day, depending on the 
condition of MABOS machine, and the substances used in the experiment. A several 
experimental TOF spectra are shown lower relevant for typical experimental conditions.  

Figure B.5 shows the influence of the evacuation condition of the vacuum chambers on the 
ion TOF spectra. The spectrum in Figure B.5a is made under normal pumping conditions, i.e. 
after 3 – 4 hours of working of the pumps. The spectrum B.5b is recorded after 30 minutes 
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after switching off the diffusion pump. One can observe the drastically increased signals from 
radicals CnHn

+ and their products Cn
+ and H+. The signals are the products of the pump oil 

dissociation.  

 
Figure B.5: Ion TOF spectrum from ionisation with λ = 355 nm of Nd:YAG laser at normal pumping 
conditions (a) and after 30 minutes of switching off the diffusion pump (b). Note the increased H+, Cn

+ 
and CnHn

+ peaks arising from the dissociation of the pump oil.  

 

Figure B.6 shows the ion spectrum during the experiment with unseeded Na beam. The nozzle 
diameter is 200 µm. The pressures are p = 3.3 ÿ10-7 mbar in the oven chamber and 
p = 3.0 ÿ10 -7 mbar in the main chamber. The Na2 peak intensity in TOF signal reaches 
normally 15 – 20 % of the one of Na peak. The ion spectrum for Na seeded beam is depicted 
in Figure B.7. The nozzle diameter is 100 µm and the pressures are: p = 1.6 bar of Ar seeding 
gas, p = 4.5 ÿ10-5 mbar in the oven chamber and p = 1.2 ÿ10-6 mbar in the main chamber. The 
Na2

+:Na+ distribution in the spectrum reaches 0.5.  
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Figure B.6: Ion time-of-flight spectrum from ionisation with λ = 355 nm of Nd:YAG laser during the 
experiment with Na unseeded beam and 200 µm nozzle diameter. 

 

 
Figure B.7: Ion spectrum during the experiment with a Na beam seeded with Ar and 100 µm nozzle 
diameter. Ar partial pressure is 1.6 bar. 
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Appendix C   
 

Pump-probe on Na fine-structure levels 
 

The Chapter presents a pump-probe experiment performed to observe the dynamics in the fine 
structure levels of the (32S – 42P1/2,3/2) transition in atomic sodium. The experimental results 
initially aimed on studying the dynamics in Na2 molecule nevertheless revealed also 
oscillations in Na atoms fine structure. Such an observation was possible to differentiate from 
signal originating at other ionisation sources because of principal scheme based on detection 
of kinetic-energy resolved photoelectrons. The dynamics in the 42P1/2,3/2 doublet, according to 
the energy splitting, evolves on a picosecond time scale, which enables us to resolve it with 
our experimental set-up.   

 

C.1 Introduction 
With the advent of ultrashort laser pulses it has become possible to study directly dynamical 
phenomena from atomic and molecular motion to molecular reaction dynamics [1,124-127]. 
In the simple systems, like atomic fine structure levels, periodic motions can be observed 
which are in general predicted from the Fourier transform of the absorption lines measured by 
standard spectroscopy. However time-resolved studies provide a direct insight into the 
quantum-mechanical processes, with a simple connection to classical interpretations.  

Fine and hyperfine structure states in alkali atoms have been widely studied using 
conventional or quantum beat spectroscopy [128-132]. In quantum beat experiments a laser 
pulse prepares a coherent superposition of the excited states, and the subsequent fluorescence 
exhibits modulations at Bohr frequencies corresponding to level separations. Experiments on 
hyperfine [129] and fine [130] structure levels have been performed by detecting the 
fluorescence signal. Other detection methods, in which resonant absorption or stimulates 
emission are used, are described in [131,132]. In [131] a resonance absorption from a laser 
was used to monitor the evolution of the superposition of hyperfine states in sodium excited 
by the laser pulses. In [132] a quantum beats method with detection of the stimulated 
emission is applied to the Zeeman splitting in ytterbium.  

Leuchs and Walter have first used laser field ionisation to observe fine-structure beats in 
higher n states of sodium [133]. In [134] a wave packet interferometry method together with 
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associative ionisation mechanism is applied to np2P1/2,3/2 fine-structure levels of rubidium 
atom. In this method interferences result from the wave packet created by two identical laser 
pulses which reflect the time evolution of the system. These interferences are then probed by 
photoionisation for fine-structure states. Fine structure states have also been studied on the 
femtosecond scale using the technique of wave packet interference by the group of Gerard 
[135-137].  

First femtosecond pump-probe experiments on observation of wave packets in the fine-
structure states have been performed in [138] on potassium atoms. In this work the evolution 
of the wave packet corresponding to a precession of spin and orbital angular momentum 
around the total angular momentum is probed via photoionisation and by observation the K+ 
ion signal. The theoretical description using dark-bright states formalism, alternative to the 
commonly used stationary basis state description is suggested [137,138]. In [139,140] there 
was shown how this scheme can be applied to produce highly spin-polarised free electrons on 
the femtosecond time scale. 

In this chapter the pump-probe technique is applied to directly observe the precession of the 
orbital and spin angular momentum vectors in the 42P1/2,3/2 fine structure states of Na atoms. 
A first femtosecond laser pulse with wavelength λ1 prepares a coherent superposition of the 
two fine-structure levels. The evolution of the wave packet is then probed by the second laser 
pulse λ2 via ionisation. Detection of kinetic-energy resolved photoelectron signal has 
advantages with regard to the conventional ion detection in which the total ion yield is usually 
detected. Resolving the kinetic energy of photoelectrons enables to unambiguously identify 
and differentiate between the channels giving the input into the overall ionisation process. 

 

C.2 Scheme of the pump-probe experiment 
A pump-probe experiment is performed on the fine structure levels of the (3S – 4P) transition 
in atomic sodium. Figure C.1 shows the relevant levels. The 4P doublet can be excited with 
the wavelength of λ = 330.3 nm. The fine-structure states in doublet (J = 1/2 and J = 3/2) are 
split by an energy 5.59 cm-1 [128]. 
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Figure C.1: Scheme of the 32S - 42P transition 
in Na atom. The 4P level is split into two states 
with total angular momentum J = 1/2 and 
J = 3/2.  

Figure C.2: Scheme of the pump-probe 
experiment. First laser pulse excites a coherent 
superposition of 4P1/2 and 4P3/2 levels. Second 
pulse ionises it. The population of electrons is 
measured as a function of pump-probe delay. 

 

The scheme of experiment is presented in Figure C.2. The pump-probe set-up combines two 
ultrashort laser pulses which interact with the atomic system being in the ground state g . 
The pump pulse is used to excite several adjacent states. The spectral width of the pulse, ∆ω1, 
is sufficiently broad to excite both involved fine-structure levels, 4P1/2 and 4P3/2. The wave 
packet in the excited state is given by the formula [138]: 

 ∑ ω−µω=ψ
k

ti
kgk keet k)()( 1 ,                  (C.1) 

where 2/3,2/1 === JJk  are the levels of the doublet; µkg represents the matrix 

element of the dipole moment operator kg → , ωk is the frequency of the kg →  
transition, e1(ωk) is the pump laser electric field.   

The wave packet consisting of a coherent superposition of the excited levels evolves freely 
after the excitation. The second pulse after the time delay transfers the wave packet towards 
the final state f . One can choose as a final state the ionisation continuum. In this case the 
ionisation probability oscillates as a function of a time delay t at the relative frequency 
ωkk’ = ωk – ωk’. The oscillations result from the quantum beats between two parts the same 
initial and final states, and different intermediate states 2/1=J  and 2/3=J  (see Figure 
C.2). The population of ionisation products, electrons, recorded as a function of a time delay, 
reveals the dynamics. 

The initial phase of the oscillation for a two state system depends on the sign of the ionisation 
dipole moments product µkgµ*k’gµfkµ*fk’ [138]. If µkgµ*k’gµfkµ*fk’ is positive, then the 
interference will be constructive for delay time t = 0 and for multiples of oscillation period, 
hence, for these times a maximum in the photoelectron signal will be observed. In the case of 
negative value of µkgµ*k’gµfkµ*fk’  a first maximum appears at half an oscillation period.  
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C.3 Experimental results and discussion 
The experimental arrangement includes a sodium supersonic beam, a Ti:sapphire 
femtosecond oscillator and a magnetic bottle time-of-flight electron spectrometer. The 
341 nm and 0.6 µJ pump pulses were generated by parametric amplification of 2/3 of the 
energy of the 1kHz, 785 nm and 800 µJ output of CPA Ti:Sapphire laser system and 
subsequent frequency quadrupling. Figure C.3 shows the spectral distribution of the 341 nm 
pulse. The FWHM of the pulse of 5.7 nm was broad enough to excite both fine-structure 
levels of the 3s – 4p transition. Frequency tripling of the residual light of the amplifier 
provided the 265 nm, 0.4 µJ and 3.8 nm FWHM probe pulses. Both light pulses were 
polarised collinear to the axis of the TOF spectrometer. The delay between the pump and the 
probe laser pulses was set by a stepper motor driven delay line in a range of several 
picoseconds in 50 and 100 fs steps. With a f = 200 nm lens both laser beams were focussed 
into a vacuum chamber to intersect an atomic beam. Na was heated to 875 K in an oven and 
expanded through a 200 mm nozzle. The released photoelectrons were detected with a 
magnetic bottle spectrometer as a function of a pump-probe delay. For each delay spectra 
were averaged over several thousand laser pulses.  

 

 
Figure C.3: Spectrum of the pump pulse. The pulse has a central wavelength λ = 341 nm and a 
FWHM ∆λ = 5.7 nm. 

 

The experimental spectrum represents a 2D scan, with a flight time along abscissa axis and 
delay between pump and probe pulses along ordinate axis. For each pump-probe delay a 
photoelectron time-of-flight spectrum in the range of 0 to 1600 ns was recorded and averaged. 
Figure C.4 shows a part of the experimental spectrum for the flight times from 350 to 550 
nanoseconds. The delay time ranged from -2 to 26 picoseconds.  

One can differentiate the contributions from sodium atomic and molecular signals at different 
photoelectron energies, and hence, different flight times. A stationary signal, i.e. independent 
on the pump-probe delay, at 500 ns corresponds to the one-colour signal from the atomic near 
resonance transition 3s – 4p at 2.15 eV from 2 photons of λ = 341 nm. The signal at 395 ns 
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corresponds to one-colour signal from 3s – 6p transition at 4.2 eV from 2 photons of 
λ = 265 nm. The contribution from the molecular signal, which can overlap with the fine-
structure signal, especially at time zero, can be varied by changing the parameters of the 
sodium beam. This contribution shown up as a weak modulation of the atomic signal, since 
only a small part of the molecules is measured to be present in a not seeded Na beam.   

 
Figure C.4: Time-of-flight photoelectron spectrum as a function of pump-probe delay. The one-colour 
signals from near resonance Na 3s – 4p transition with λ = 341 nm and 3s – 6p transition with 
λ = 265 nm are seen at 395 ns and 500 ns respectively. Fine-structure oscillations from 3s-4s 
transition are observed at 440 ns. 

 

The signal from the Na fine structure splitting is expected at the photoelectron energy 
Ekin = 3.2 eV. The calibration of the TOF axis is performed as described in the Appendix E. 
The signals taken for the calibration are one-colour lines from Na atoms in femtosecond 
spectra and peaks from ionisation of Xe atoms with λ = 355 nm of the nanosecond YAG laser 
pulses. We observe indeed the oscillatory signal at a time t = 440 ns which corresponds after 
calibration to the photoelectron kinetic energy Ekin = 3.2 eV, what agrees with the expected 
value. 
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At negative pump-probe delays (t < 0 ns) the probe pulse with a wavelength of λ = 265 nm 
comes first, which corresponds to the excitation with λ = 265 nm and ionisation with 
λ = 341 nm laser pulses. In this case no excitation of the 4p levels of Na occurs as the pump 
pulse wavelength is not resonant. Therefore no signal is observed at 440 ns at negative delay 
times. However, at this time-of-flight there is a weak contribution in the signal at t < 0 
coming from 71Πu state which is discussed in the Chapter 4 of the present work. At t = 0 ns 
the pump and the probe pulses overlap and times t > 0 correspond to the excitation with λ = 
341 nm and ionisation with λ = 265 nm.  

Figure C.5 shows a cut along the time axis performed at the time-of-flight centred at 440 ns 
and averaged over 9 ns. The signal consists of an oscillatory component superimposed on a 
featureless background arising at positive delay times. The oscillations have a period of 
5900 fs. The first sharp maximum appears at time zero. Thus the signal represents a cosine 
function with a part at negative pump-probe delay suppressed.  

 

 
Figure C.5: A cut of the photoelectron measured spectrum along the time delay axis made at the time-
of-flight 440 ns, that is at the photoelectron energy Ekin = 3.2 eV. The signal consists of the featureless 
background and the oscillating part. The oscillation period is 5900 fs. At negative times the 265 nm 
pulse comes first, so no pump-probe signal is observed.  

 

The fast Fourier transform of the signal is shown at the Figure C.6. The oscillation period of 
5900 fs is determined by the fine-structure splitting as Et ∆= /2 hπ , where ∆E is the energy 
splitting. The oscillation period corresponds to the splitting of 5.66 cm-1, which is in a good 
agreement with the value of ∆E = 5.59 cm–1 in the fine-structure doublet [128] measured with 
the methods of conventional spectroscopy.  
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Figure C.6: The Fast Fourier Transform spectrum of the signal at 440 ns. The oscillation period 
corresponds to the energy splitting in a doublet of ∆E = 5.66 cm-1, which is in a good agreement with 
the literature value of 5.59 cm-1 [128].  

 

In order to elucidate the origin of the oscillations the application of the ionisation scheme to 
the Na 42P1/2, 42P3/2 fine structure is shown in Figure C.7. According to the transition 
selection rules, two states are accessible in the ionisation continuum from 2P1/2 state: the 2S1/2 
state and 2D3/2 state. From the 2P3/2 three states in the continuum states can be reached: the 
2S1/2, 2D3/2 and 2D5/2 states. The oscillations arise only when both 2P1/2 and 2P3/2 fine-structure 
levels can be excited into the same ion state. This is valid for the 2S1/2 and 2D3/2 states. These 
oscillations with the period corresponding to the fine-structure level separation are thus 
visible in the photoelectron signal. Further, the calculation of the product of the matrix 
elements of the ionisation dipole moments µkgµ*k’gµfkµ*fk’ would enable to interpret the phase 
of the oscillations. A higher ionisation probability from the 2P3/2 state in comparison to the 
2P1/2 state leads to a featureless, time-independent background in the photoelectron signal at 
flight time 440 ns at t >0 [138].  
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Figure C.6: The scheme of ionisation of Na. The 2S1/2 and 2D3/2 states of Na+ ion can be reached from 
both 42P1/2,3/2 fine-structure states thus leading to oscillations in photoelectron signal. 

 

The contrast of the oscillations can be calculated as [138]: 

minmax

minmax2
II
II

C
+
−

= ,         (C.2) 

where Imax is the intensity at maxima of the oscillations, Imin is the signal intensity at minima 
of the oscillations. The experimental value derived from the Figure C.5 consists 1.24. This 
value is higher than the analogous value of 0.34 defined in the experiment on potassium 
atoms performed with ion yield detection [138]. The calculated theoretical value of the 
oscillation contrast for the experiment on potassium atoms is 0.56 [138]. The low 
experimental value of the oscillation contrast, according to authors [138], could be due to 
apparatus reason. The higher contrast of the oscillations in our experiment can be due to the 
scheme with photoelectron detection. The ion yield signal is an average over several 
ionisation channels which can contribute to the signal, whereas the photoelectron detection 
enables to differentiate between the ionisation channels by resolving the kinetic energy of 
photoelectrons. However our value of 1.24 is approximately two times higher then the 
theoretical value of 0.56 derived for the potassium atom, whereas we believe that they should 
be nearly equal because of the similiarity of both Na and K atoms.  

 

C.3 Conclusions and outlook 
A direct observation of fine-structure structure splitting in 42P1/2,3/2 doublet of Na atoms is 
performed. The method used in our experiment is a pump-probe scheme with a photoelectron 
detection. In a scheme a first femtosecond laser pulse excites the wave packet as a sum of the 
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close lying doublet states, which is then evolved freely and is probed by the second, time-
delayed pulse via ionisation. The measured level splittings are in good agreement with the 
literature values. Detection of the photoelectron signal is advantageous in comparison with 
the ions as it supresses background from two-photon ionisation. The experiment demonstrated 
the applicability of pump-probe femtosecond method to observe the quantum mechanic 
dynamics in simple systems, such as Na atoms. Extension to more than two excited states 
leads to new features, including the appearance of several frequencies in the oscillation 
pattern. This situation is encountered with the vibrational wave packets described in the 
Chapter 5. 

Once the spin angular momentum is identified as a quantity which changes its direction 
during the wave packet evolution, the wave packets can be produced with a controlled spin-
polarisation rate [141]. Using the of such spin-polarised electrons on a femtosecond timescale 
combined with ultrafast diffraction technique may be a promising way to probe the molecular 
dynamics during chemical reactions [142].  
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Appendix D   
 

Applied voltages and currents 
 
The appendix shows the required values of voltage and current used during the experiments 
with the electron spectrometer and the ion spectrometer. 

 

The typical values for the electron spectrometer: 

 MCP-Input:     + 2100 V   

 MCP-Output:     Ground 

 Grid:      Voltage in stepwise manner for calibration  

(typically Ug = -1 … +2 V); 

       Constant voltage during the measurement 

 

Pole-plates (upper and lower):  Upp = -0.6 … -0.8 V, when clean; 

up to -25 V, when covered with alkali 
metal layer  

  

 1 T-coil:     4 A at about 60 V (current is stabilised) 

 1 mT-coil:     2 A at about 0.8 V (current is stabilised) 

 Inner Helmholtz coil:    10-15 V at ~ 0,3 A (voltage is stabilised)
  

Outer Helmholtz coil:    5 V at ~ 0.1 A (voltage is stabilised) 
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The typical values for the ion spectrometer: 

 

MCP-Input:     Ground 

MCP-Output:     - 2000 V 

 MCP-Anode:     + 100 V 

 Ion optics lens (Input, Output):  Ground 

Ion optics lens (Mitte):   + 160 V 

 Upper pole-plate:    + 409 V  

 Lower pole-plate:    + 390 V  
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Appendix E   
 

Calibration procedure of the electron spectrometer 
 

The procedure of calibration of the magnetic bottle spectrometer is presented here together 
with the programs needed for the calibration and the data treatment. All the programs 
described here are created using the National Instruments LabVIEW programming, versions 
5.1/6.1. The programs are located in the directory \\physpdc\exp3-all\Lab-View\.  

 

In order to perform a calibration, one should perform the following steps:  

 

E.1  Read_osci.vi  

• Objective: saves the time of flight spectra corresponding to the different grid voltages 
Ug. The program is in the directory exp3-all\Lab-View\Lecroy\Photoelectrons. 

• Input data: “Source”: indicates the channel of the LeCroy oscilloscope;  

“File Path”: indicates the directory to save the measurement file. Normally it is exp3-
all\Projects\Mabos\Data\yymmdd\, where yymmdd are the year, months and day of 
the current measurement;  

“Dot”-“Komma”: the button saves the numbers either with commas or dots, the default is 
“Dot”.  

• Output data: the spectrum from the LeCroy is saved as a file with extension .dat in the 
directory mentioned in the file path.   
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The program saves a measured TOF spectrum as dat-file. Usually several (5 – 10) spectra are 
saved for Ug changing in 0.2 V steps. The grid voltage Ug used in experiment at the same day 
must be within the range of Ug applied for the calibration. 
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E.1a PowerMeterSaveLoadNewLeCroy.vi 

 
 

• Objective: Measures the energy of the YAG or dye laser pulses. The program is 
placed in the directory exp3-all\Lab-View\Lecroy\PowerMeter.  

• Input data: “Source”: Trace B of LeCroy oscilloscope by default;  

“Scaling”: on 0.4 for for the 3rd harmonic of the YAG laser and on 2.7 for the 
2nd harmonics of the YAG and the day laser. 

• Output data: The energy of the laser is read in the window “E[mJ]. 

The measurement is started with pressing the “Run” button. The energy of the laser pulse is 
read as a value in mJ in the window “E, mJ”. It is important to press the “STOP” button in the 
program window after the measurement, so that the program could restore the previous 
settings of the LeCroy. The measurement of the laser pulse energy is performed before and 
after every calibration series.  

 

E.2 FitPhotoelectronsSave_All.vi. 

• Objective: fits the Gausian of the calibration measurement profiles of lines in the 
measured photoelectron spectra as functions of time. As a result the time of flights of 
the photoelectrons resulting from ionisation of different states of Xe, Na atoms are 
obtained from spectra taken with different voltages Ug. The file is located in exp3-
all\Lab-View\Photoelectrons\. 
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• Input data: “Actual file”: reads the time of flight file to be evaluated; 

  “Ugrid[mV]”: a value of Ug corresponding to the current file; 

  “Laser”: the laser type and harmonics used in measurement; 

  “Wavelength [nm]”: only in the case of dye laser one should input the laser 

wavelength; 

“Ionized State”: input the identified ionised state (Xe1/2, Xe3/2, Na or K) 
corresponding to the line in the spectrum; 

  “Calibration file”: input the name of the file with output data;  

  “append?”: check every time after the first time, then the data will be appended 

to the existing file. 

• Output data: Calibration file with the name written in the field “Calibration file”. 

After the filling the above data, the program is started with the pressing of “Run” button. The 
loaded spectrum will appear in the window “Photoelectrons [mV]”.  

In order to save the parameters of the needed line in the spectrum, one should separate with 
two cursors the line in the window “Photoelectrons [mV]” (the Gaussian fit appears as a red 
line in the window “Fit [mV]”), fill in the “Ionized State” field corresponding to the line of 
the spectrum, then press the “save” button, and repeat this procedure for the next lines in the 
spectrum. When the work with this spectrum is finished, press the “OK” button, then the 
program is ready to work with the next file. Repeat with all the files saved for different Ug. 
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The program generates the “calibration file” with extension “dat”, where the parameters are 
stored in the form: 

 

| level | Energy of Photons [eV] | Grid Voltage [V] | TOF (centre of Gaussian) [ns] | dt width 
of Gaussian [ns] | height of Gaussian [mV] 

 

These values are appended for every line. The example of the calibration file is shown below: 

1,00000000 1,85618174 2,00399995 480,44287109 -8,50495148 -962,71838379
 20,00000000 

0,00000000 0,54317999 2,00399995 640,51788330 7,48939180 -56,33808136
 20,00000000 

1,00000000 1,85618174 1,80100000 492,67178345 7,39432621 -1232,21704102
 21,00000000 

0,00000000 0,54317999 1,80100000 676,41699219 15,92933559 -49,64966965
 21,00000000 

 

E.3 Measured Data Save_all.vi. 

• Objective: The program uses the calibration file as the input and generates the file 
with coefficients an and bn of the fit. The coefficients an and bn are determined using 
the formula (see also Appendix A): 
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,  p,q = 2. 

• Input data: “calibration file (read)”: input the name of the calibration file generated 
above; “calibration constants file (write)”: input the name of the file with coefficients. 

• Output: The coefficients are stored in the “calibration constants file” with the format: 

a0 | a1 | a2 

b0 | b1 | b2 

The example of the constants file is shown below:  

-2,14981809E-1 1,39708618E+3 1,22689359E+5 

3,24935913E-1 -2,88941618E-3 1,63076288E-6 
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E.4 TimeToEnergyCurve.vi 

• Objective: Evaluates the time versus kinetic energy curve. It can be found in the 
directory exp3-all\Lab-View\Na2Analysis\Photoelectrons\.  

 
• Input data: “calibration constants file” is the name of the file with calibration constants  

generated in the E.3;  

“N” is the number of points of the curve, 1000 by default;  

“U [V]” is the grid voltage Ug at which the actual data are taken; 

“tmin [ns]” and “tmax [ns]” are the time intervals for which the curve is  

calculated. 

• Output data: the calibration curve appears in the graph of kinetic energy as a function 
of time of flight. 

This step is not necessary for the calibration, it is used to visualise the calibration curve. 

 

E.5 Time2Energy Load Data Save E.vi 

• Objective: Converts the photoelectron time of flight spectra into the photoelectron 
energy spectra. The program is located in exp3-all\Lab-View\Photoelectrons\. 

• Input data: “Photoelectrons (t) file”: input the TOF measured file (saved with 
Read_osci.vi) to be calibrated; 
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• Input data: “Photoelectrons (t) file”: input the TOF measured file (saved with 

Read_osci.vi) to be calibrated, 

  “calibration constants file”: input the calibration constants file, generated in E.3; 

 “Ugrid [V]”: input the grid voltage Ug of the measured spectrum; 

 “tmin” and “tmax”: input the TOF segment of the spectrum to be calibrated; 

 “Negative?”: input “true” if the TOF file have negative ordinate scale; 

 “Komma?”: input “komma” or “dot” dependent on the wished TOF file data  

format; 

 “Emin [eV]” and “Emax [eV]”: input the energy segment; 

 “Save e-(E)?”: check to save the calibrated energy file. 

• Output data: calibrated dat-file of photoelectron energy versus signal. 

To run the program fill in the above mentioned fields, then press the “Run” button. The initial 
TOF spectrum appears in the upper left window “Photoelectrons [t] 2”. The selected segment 
of the spectrum defined by “tmin” and “tmax” placed is in the upper right window called 
“Photoelectrons [t]” will be calibrated. The resulting energy spectrum appears in the window 
“Photoelectrons [E]”. This photoelectron energy spectrum can be stored in a file with the 
same name as the loaded one and additional extension “_e”.  
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E.6 FitPhotoelectrons Energy.vi. 

• Objective: the centre and the FWHM of the lines in the photoelectron energy 
distribution are evaluated. The program fits a Gaussian to the photoelectron 
distribution as a function of energy.  

• Input data: “actual file”: the name of the file to be evaluated.   

• Output data: “E,[eV]” reads the central energy of the line;  “FWHM [meV]” reads the 
halfwidth of the line. 

The two cursors in the spectrum window serve for selection of the needed line in the 
spectrum. The centre of Gaussian fitted to the line is shown in the “E [eV]” window, and 
the halfwidth is in the “FWHM [meV]” window. Pressing the “OK” button finishes the 
work with the file and the program is ready to read the next file. 

 
 

 

Alternatively, for calibration of the scanned two-dimentional (time of flight versus delay 
between laser pulses) photoelectron spectra, saved with the program MM-O_v3.vi [83] first 
steps 1 – 4 are performed and then the steps 5 and 6 are substituted by the following 
procedure: 

 

E.1-4 Like in the calibration procedure above. 
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E.7 CalibrateImage.vi  

• Objective: The program for calibration of the scanned time of flight photoelectron 
spectra. located in exp3-all\Lab-View\Na2Analysis\Photoelectrons\ConvertImages\ is 
applied. 

• Input data: “Photoelectrons (start path)”: input the directory of the file to be calibrated. 
The program calibrates only the files with the extension “lcs”. 

 “calibration constants file”: input the (exact!) name of the file generated in E.3; 

 “Ugrid [V]”: input the grid voltage Ug corresponding to the actual file; 

 “N”: the number of points to split the energy spectrum, is 1000 by definition; 

 “save?”: check to save the calibrated image. 

• Output data: the calibrated file is saved into the same directory with the same name 
and an additional extension “_cal”. 

 
The input file, a scan performed with the program MM-O_v3.vi and saved with the extension 
“lcs” represents the 2D plot of the time of flight along the abscissa and the pump-probe delay 
time in femtoseconds along ordinate. The generated calibrated file is also a 2D plot of the 
kinetic energies along abscissa and the delay time along the ordinate. 

 

Before (!) starting the program the fields “calibration constants file”, “Ugrid [V]” and “save?” 
should be filled. After loading of the file the segment of the time of flight spectrum needed to 
be calibrated is selected with two cursors. (Important: it is necessary to check carefully this 
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interval before the calibration!) After that pressing the button “Done” starts the calibrating 
procedure. If the field “save?” was checked, then the program saves the calibrated file into the 
same directory with the additional extension “_cal”.  
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Appendix F   
 

Programs to work with pump-probe photoelectron 
spectra 
 
The programs for processing the measured photoelectron signal, for calculation of the 
photoelectron spectra and for comparison of the measured and the calculated spectra are 
presented here. The programs described here are created using the National Instruments 
LabVIEW programming, versions 5.1/6.1. The programs are located in the directory 
\\physpdc\exp3-all\Lab-View\.  

 

The next four programs are used for the experimental data treatment: 

 

F.1 ShowDataColorBC.vi 
� Objective: The program to visualise the pump-probe files. It can be found in the directory 

exp3-all\Lab-View\Na2Analysis\FourierAnalysis.  

� The input data: “start path” and “file path”: input the directory and the name of the file to 
view. The extension of the file could be “lcs” or “ spc”.  

The program starts with asking for the name of the measured file. The loaded file appears in 
the window “Photoelectrons”. The parameters of the experiment appear in the window 
“Parameter File”. After that one can start to manipulate with the appearance of the data. One 
can choose the color palette representation with “Color Table” option. Usually “f rainbow” or 
“lt rainbow” are used. When necessary, the averaging method and the degree of averaging can 
be chosen in “D-Matrix” and “# Avg” fields. Pressing the button “AVG” executes the 
averaging of the spectrum.  
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The option “MaxMin” enables to find an optimal contrast of the spectrum, one should play 
with “z min” and “z max” to achieve an optimal appearance. After that the file can be saved if 
the field “save?” was checked. 

 

F.2 QAnalyzeProfi.vi 
� Objective: The program performs the following: 

• Subtracts the background 

• Averages the spectra 

• Smoothes the spectra along abscissa and ordinate 

• Saves the final spectrum 

• Takes cuts of the spectrum along the y-axis (time profiles) 

The program is in the directory exp3-all\Lab-View\Na2Analysis\FourierAnalysis. 

� Input data: “start path” and “file path”: input the directory and the name of the initial file.  

The extension of the file could be “lcs” or “ spe”. 

The program starts with loading the file. The loaded file appears in the window 
“photoelectrons”. In order to subtract the background, one chooses the spectrum to be 
subtracted in this window with ordinates of two cursors. Additionally, the spectrum to be 
subtracted can be smoothed along energy axis with the option “smooth spectra” and along 
time axis with the option “smooth time spectra”.  
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The time profile of the initial spectrum can be extracted with two cursors in the 
“photoelectrons” window. The abscissas of the cursors give the area to average. The spectrum 
can be controlled in the field “time profile”, it can be additionally averaged in the field 
“smooth time”. The spectrum can be saved with pressing the button “save?”.  

The resulting photoelectron spectrum obtained by the subtracting the background appears in 
the window “photoelectrons – spectrum” online, i.e. in a few seconds after the manipulating 
with subtraction file parameters. It can be averaged using the fields “D-Matrix” and “# Avg”. 
It can be additionally smoothed along the x-axis with field “smooth spectra 2”. Pressing the 
“Save” button saves the resulting spectrum with the extension “lcs”.  

 

F.3 PhotoelectronSpectra.vi 
� Objective: The programs performs cuts of the photoelectron scans along the x-axis 

(giving the photoelectron spectra at certain time delay) and their subsequent averaging. 

� Input data: “start path” and “file path”: input the directory and the name of the initial file.  

The extension of the file is “lcs”. 
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The program starts with loading the scan. The scan appears in the window “Photoelectrons”. 
The y-region for the photoelectron spectrum is chosen by the ordinate of two cursors. The 
resulting photoelectron spectrum appears in the field “averaged Photoelectron Spectrum”. It 
can be additionally smoothed with the field “Smooth N”. The spectrum can be then saved by 
pressing the button “Save” with the parameters “Dot”-“Komma” (default is Dot). The files are 
saved with the same name as original file and extension “spe”. 

 

F.4 FourierAnalysis3.vi 
� Objective: The program performs the following: 

• Subtracts up to two background files from the scanned spectrum  

• Averages the spectrum (duplicates the program QAnalyzeProfi.vi) 

• Takes cuts along the time axis (duplicates the program QAnalyzeProfi.vi) 

• Performs the FFT spectrum of the scan  

• Performs a cut of the FFT spectrum along the frequency axis 

The program is in the directory F:\Lab-View\Na2Analysis. 

� Input data: “start path” and “file path”: input the directory and the name of the initial file.  

The extension of the file is “lcs”. 

“1st Backgr. File” and “2nd Backgr. File”: input the (exact!) names of the background 
files or one of them. This option is switched on when the field “Load” is checked. 
(Attention! Even if the option “Load” is not checked, in both fields “1st Backgr. File” 
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and “2nd Backgr. File” there should be the names of the existing files. Otherwise the 
program may not work!).  

 
“D-Matrix”, “# Avg”: should be filled in before running the program if averaging is required. 
The button “AVG” should be also pressed (indicated by pink color). 

The program starts with loading the file (and, if needed, the background files). The 
background can be subtracted by pressing “Subtract” button. The loaded, as well as the 
resulting, spectrum appears in the window “Photoelectrons”. The area for the cuts along the 
time delay axis is selected with two cursors. The time profile spectrum appears in the window 
“Section along Time Axis @”. Additionally, it can be smoothed using the field “Smooth” and 
saved. The Fourier spectrum for the selected area along ordinate axis appears in “Fourier 
Transform” window. Its cut along the frequency axis is shown in the window “Fourier 
Transform of Section  with Zero Padding”. It can be also saved with pressing the “Save?” 
button. 

 

The two next programs are used for calculation of the photoelectron spectrum and the FFT of 
the spectrum.  

 

 

 

 

 

 



Appendix F  Programs to work with pump-probe photoelectron spectra 

154 

 

 

F.5 FastPhotoelectronsµ(R)2.vi 

 
� Objective: The program calculates the photoelectron spectrum assuming the dipole 

moments for ionisation into the bound  and the repulsive ionic states as functions of 
internuclear distance R. The program is in the directory F:\Lab-
View\Na2Analysis\2level.  

� Input data: 

The group “Potentials” is related to the potential states of the investigated molecule. “N”: 
input the level of quantising the wave packet evolution calculation, 8 is for fast 
calculations, the precise calculation require level 10. “I1>”, “I2>”, “iong”, ionu”: input 
the potentials data for the ground state, excited state, first (where “g” means “gerade”) 
and second (where “u” means “ungerade”) ionic states of the molecule respectively.  

The groups “Pump pulse” and “Probe pulse” are related to the parameters of the laser 
pulses. “λ [nm]” and ““λ ionize [nm]”: input the central wavelength of the pump and the 
probe pulse. “Delta [fs]” and “DT [fs]”: the durations of the pump and the probe pulses.  

The group “time” is related to the time range for the calculation. “tmax [fs]: input the 
maximal time for the calculation. “tmin [fs]”: input the minimal time. 

The group “Energy scale” is related to the kinetic energy range for the calculation. 
“Emax [eV]: input the maximal kinetic energy for the calculation. “Emin”: input the 
minimal energy. 
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The field “Pe”: input the path and the name of the file with the calculated photoelectron 
spectrum. 

Other parameters can remain their default values. 

The program is started by the pressing “Run” button. After that the input of the µ(R) is 
performed. It is important to press the “set µ(R)?” button before starting the program, so the 
button should have green color. The functions of the µ(R) are shown in the graphics “bound 
amplitude” and “repulsive amplitude”. There could be three functions, and therefore three 
regimes of the µ(R) input: 

• For zero or linear functions µ(R) change the view of the µ(R) functions by the two 
cursors in the graphics “bound amplitude” and “repulsive amplitude” 

• For Heaviside functions check the “flat?” before the starting of the program and 
change the height of the step by one cursor. 

• For µ(R) functions representing a combination of a constant and a linear function input 
values of the constant in the fields “Offset bound” and “Offset repul” and then change 
the view of the function with two cursors. 

Pressing the button “set µ(R)?” will start the calculations. The quota of the performed 
calculations can be seen in the field “x/y”. The calculated wave packet appears in the graphic 
“Wave Packet”, the calculated photoelectron signal for the bound ionic state in “bound” and 
for the repulsive ionic state in “repulsive” graphics separately and the combined (incoherently 
added) photoelectron spectrum – in the graphic “Merged Photoelectrons”. The spectrum is 
saved automatically under the name in the field “Pe”.  

 

F.6 FastPhotoelectronsµ(R)f1.vi 
� Objective: The program calculates the FFT spectrum of the pump-probe measurement file 

as a function of the pump-probe delay and a photoelectron kinetic energy assuming the 
dipole moments for ionisation into the bound and the repulsive ionic states as functions of 
internuclear distance R. The program is in the directory F:\Lab-View\Na2Analysis\2level.  

� Input data of the program are the same as for the program FastPhotoelectronsµ(R)2.vi. 
The calculated FFT spectrum is shown in the graphic “Merged Photoelectrons 2”. 

 

The following two programs perform the comparison of the calculated and the measured data. 

 

F.7 CompareMeasuredCalculated.vi 
� Objective: The program compares the cuts along the pump-probe axis for the calculated 

and the measured photoelectron spectra and saves the resulting calculated and measured 
cuts. 

The program is in the directory F:\Lab-View\Na2Analysis\FourierAnalysis.  
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� Input data: “Calc Path”: input the name of the file with calculated photoelectron 

spectrum, generated, for instance, by the program FastPhotoelectronsµ(R)2.vi. “Data 
Path”: input the measured signal file.  

The measured photoelectron spectrum appears in the graphic “photoelectrons”, additionally 
smoothing along the time axis can be applied, the rate of smoothing is changed in the window 
“smooth time”. The calculated spectrum is seen in the window “Photoelectrons” below. In 
order to select the time intervals to compare, one uses two cursors in both graphs. The cuts 
along the delay axis selected appear in the window “time profile”. One can use scaling of the 
calculated spectrum, the intensity can be changed in the window “intensity factor” and the 
time scale in the window “timefactor”. The corresponding offsets to the axes can be changed 
in windows “intensity offset” and “timeoffset”. The background of the measured spectrum 
can be subtracted using two cursors in the graph. The button “Zero” can be checked if one 
wants to allow negative intensity values. Checking the button “Save?” saves the both the 
calculated and the measured timecuts. 

 

F.8 CompareMeasuredCalculateEnergyd.vi 
� Objective: The program compares the cuts along the energy axis for the calculated and 

the measured photoelectron spectra and saves the resulting calculated and measured cuts. 
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The program is in the directory F:\Lab-View\Na2Analysis\FourierAnalysis.  

� Input data: “Calc Path”: input the name of the file with calculated photoelectron 
spectrum. “Data Path”: input the measured signal file.  

The measured photoelectron spectrum appears in the graphic “photoelectrons”, additionally 
the smoothing along the time axis can be used, the rate of smoothing is changed in the 
window “smooth time”. The calculated spectrum is seen in the window “Photoelectrons” 
below. In order to select the energy intervals to be compared, one uses two cursors in both 
graphs. The cuts along the energy axis are shown in the window “time profile”. One can scale 
of the calculated spectrum, the intensity can be changed in the window “intensity factor”, the 
energy scale in the window “energy factor” and the time scale in the window “timefactor”. 
The corresponding offsets to the axes can be changed in windows “intensity offset”, “energy 
offset” and “timeoffset”. The background of the measured spectrum can be subtracted using 
two cursors in the graph. Checking the button “Save?” saves the both the calculated and the 
measured energy cuts. 
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