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Papers

Abstract
Radiative properties and energy structures in atoms and ions have been
investigated using UV/VUV radiation. In order to obtain radiation at short
wavelengths, frequency mixing of pulsed laser radiation in crystals and gases
has been performed using recently developed frequency-mixing schemes. To
allow the study of radiative lifetimes shorter than the pulses from standard Qswitched lasers, different techniques have been used to obtain sufficiently short
pulses. The Hanle effect has been employed following pulsed laser excitation
for the same purpose. High-resolution spectroscopic techniques have been
adapted for use with the broad-band, pulsed laser sources which are readily
available in the UV/VUV spectral region.
In order to investigate sources of radiation in the XUV and soft X-ray
spectral regions, harmonic generation in rare gases has been studied. The
generation of coherent radiation by the interaction between laser radiation and
relativistic electrons in a synchrotron storage ring has also been investigated.
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1. Introduction
Laser spectroscopic methods have been used for many years for accurate
determinations of structures and radiative properties of ions, atoms and
moiecules [1, 2]. Such data are of vital interest for comparison with results
obtained from theory and hence for our understanding of atomic systems. The
radiative properties are of interest for astronomy, since oscillator strengths are
essential for qualitative abundance determinations of various elements in stellar
objects. However, laser spectroscopy has been limited by the fact that tuneable
lasers operate in the visible, near-ultra-violet (UV) or near-infra-red (IR)
spectral regions. During recent years, rapid development has taken place in
non-linear optics. New schemes for mixing of radiation into the UV and
vacuum ultra-violet (VUV) regions have been developed [3], and new nonlinear materials have been discovered and manufactured [4,5]. These
developments have opened up new possibilities in the field of laser
spectroscopy.
When performing frequency mixing, the output power varies as a nonlinear function oi the laser intensity. Hence, radiation from pulsed laser
sources, which has a high peak power, is well suited for such processes. For
time-resolved studies, pulsed lasers are the natural choice for the excitation
source, whereas many high-resolution laser spectroscopic techniques require
narrow-band continuous-wave (CW) sources. Spectroscopic studies with
radiation obtained by mixing of CW lasers into the UV/VUV spectral region
has been performed by e.g. Foot et al. [6] and Diedrich et al. [7]. However, a
less complicated laser source is desirable for general-purpose spectroscopic
investigations. By using resonance spectroscopic techniques, such as levelcrossing (LC) or optical double resonance (ODR), a resolution limited only by
the Heisenberg uncertainty principle can be obtained following broad-band
excitation. Hence pulsed lasers which can readily produce UV/VUV radiation
can be used for such investigations. It must be remembered that the resonance
techniques can only measure structures within the same atom, such as fine
structures, hyperfine structures or Lande gj factors. Absolute wavelengths and
isotope shifts are examples of quantities that must be measured using narrowband excitation sources.
Various mixing schemes must be used to obtain radiation in different parts
of the spectrum. In the UV spectral region, crystals such as KDP or BBO are

efficient non-linear media. In the VUV spectral region mixing in gases
contained in a cell can be used. For shorter wavelengths, the non-linear
medium is often introduced as a pulsed gas jet synchronized with the laser,
since transparent materials are not available. In the XUV and soft X-ray
spectral regions generation of high-order harmonics from tuneable lasers is a
promising source of radiation.
This theses is divided into six chapters. Following this introduction, the
generation of laser radiation in various regions of the spectrum will be
discussed. Due to their high peak power, pulsed lasers are a good starting point
for non-linear frequency mixing. Pulsed lasers are well suited for time-resolved
spectroscopy, allowing the determination of atomic lifetimes. This will be
discussed in Chapter 3. For high-resolution spectroscopy, methods suitable for
using broad-band pulsed lasers must be employed. Such methods are described
in Chapter 4. Chapter 5 deals with atomic physics in intense laser fields with
emphasis on high-order harmonic generation. The last Chapter consists of
comments on the papers which are included in this thesis.
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2. Generation of tuneable laser radiation
Commercial pulsed tuneable dye lasers operate from approximately 350 nm to
900 nm. In other wavelength regions, or when the properties of the pump
source limit the dye laser range further, some kind of frequency-mixing scheme
must be employed. The simplest kind of frequency mixing is second harmonic
generation (SHG) in non-linear optical crystals such as potassium dihydrogen
phosphate (KDP) [8, 9]. The advent of the new non-linear optical material (3barium borate (BBO) [4], has enabled efficient frequency-doubling down to
about 205 nm. For other mixing schemes, such as mixing of UV light with the
Nd:YAG fundamental (1.064 urn), the absorption cut-off of BBO at 190 nm
sets the limit. Even shorter wavelengths can be generated using gases as the
non-linear medium. The radiation generated in crystals can be subsequently
Raman shifted [9]. The stimulated anti-Stokes Raman process shifts the photon
energy by an amount equal to the vibrational or rotational splitting in the
ground state of a molecular gas. However, for shorter wavelengths, the
conversion efficiency is reduced as the anti-Stokes order is increased. It is
difficult to reach below 160 nm.
Another type of generation scheme is 4-wave mixing in gases [3]. When
generating radiation in the spectral region above 110 nm it is possible to use
sum-difference frequency mixing, tovuv=2a)1-O)2. This scheme ensures a large
continuous tuning range without resorting to mixing of different gases. By
selecting (fy to be two-photon resonant with a transition in the non-linear
medium, significant enhancement in the efficiency can be obtained. Materials
which are transparent in the spectral region above 110 nm, such as lithium
fluoride are readily available. When generating radiation in this spectral region,
the gaseous media can be contained in a cell. No materials exist, which are
transparent at wavelengths below 110 nm and hence the experimental vacuum
system must be connected to the region where the medium is contained. Thirdharmonic or sum-frequency generation is used in this spectral range. These
methods are efficient down to about 65 nm. Phase-matching problems make it
difficult to continuously cover the whole range between 65 and 110 nm.
One way of producing radiation of even shorter wavelengths is high-order
harmonic generation [10]. XUV radiation down to 7 nm has been achieved so
far. However, the output is modest (maximum 10" photons/s, generally lower).
Another restriction is that high-power lasers (GW-TW) are needed for the
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generation of high harmonics. The applicable generation schemes for pulsed
laser radiation in various wavelength regions are listed in Table 2.1.
Required mixing
scheme
Efficient dye or
Ti: sapphire lasers
Frequency doubling
Frequency mixing in
crystals
Stimulated Raman
shifting in gases
Resonant frequency
mixing in gases
High-order harmonic
generation

Wavelength
range
350-900 nm

Typical output
pulse energies
100 mJ

Required peak
intensities from source

205 nm 190 nm -

10 mJ
afewmJ

kW-MW/cm2
kW-MW/cm2

160 nm-

(iJ-mJ

MW-GW/cm2

60 nm-

UJ

MW-GW/cm2

7nm-

< 10 10 photons

10'3-1015W/cm2

Table 2.1 Methods available for the generation of short-wavelength radiation. The numbers
given are order-of-magnitude estimates when using lasers with a 10 Hz repetition rate. The
required intensity levels for all processes except high-harmonic generation can easily be
achieved with standard Q-switched lasers.

2.1 Frequency mixing in crystals
For a long time, the crystal most used has been KDP (potassium dihydrogen
phosphate), due to its relatively high non-linear coefficient (d 36 =4.710 13 m/V)
and high damage threshold. The major drawbacks are primarily the fact that the
KDP crystal has a rather low high-frequency cut-off and also that it is
hygroscopic. During recent years, two new types of optical crystals have been
developed, BBO (p-BaB2O4) [4] and LBO (LiB3O5) [5]. Both these crystals
are transparent even in parts of the VUV region. Especially LBO has good nonhygroscopic properties. The damage thresholds are higher than that of KDP
and so are the non-linear coefficients. Some data on the two crystals will be
given in this section. Since LBO is a biaxial crystal, the calculation of phasematching angles and effective non-linear constants is more complex than for
other uniaxial crystals. We will start by discussing this problem.
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2.1.1 Phase matching in biaxial crystals
The calculation of phase-matching angles and the effective non-linear
susceptibility for biaxial crystals is not as straightforward as for uniaxial
crystals. A more detailed discussion of propagation of light through a biaxial
crystal is given in [9].
The starting point is to calculate the refractive indices along the three
coordinate axes of the crystal for each interacting wave. Next, a beam
propagating in the direction s is considered. Our task is to find the direction of
the D vector associated with the two independent plane waves that can
propagate along s, as well as the refractive indices for these waves. The
refractive indices are given by the Fresnel equation

n2-l

».2

n

J

2.1

~

where Ej denotes the square of the refractive index in the direction of the i:th
Cartesian coordinate. The Fresnel equation can be derived directly from the
Maxwell equations and can be solved analytically. The solutions are
2
_
"large ~

2
"small ~

b

2

I"
U-a

C

2

b
a

U 22

Ua

2.2a

a
c
a

2.2b

where
2.3a
-l)£-£v
c = txeyez

2.3b
2.3c

"largea"d "small a r e m e refractive indices of the independent plane waves along
s. In order to visualize the significance of the two refractive indices, the index
ellipsoid can be used (Figure 2.1). As the three-dimensional index ellipsoid is
intersected by the plane through the origin that is defined by the direction of
propagation, an ellipse is defined. The designations n largc and n sman were
chosen since these are the refractive indices of a wave for which the D vector is
oriented parallel to the major or minor axis of this ellipse. Since the refractive
indices can now be calculated as a function of wavelength and direction of
propagation, the phase-matching equation for the angle between the direction
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of propagation and the x axis of the
crystal can be solved iteratively given
the angle to the principal z axis, or vice
versa. The phase-matching equation is
given by
= /t3

2.4

or for collinear phase matching

^ J l L
X, X 2 X 3

Figure 2.1 The fundamental polarization directions are defined by the
intersection of the index ellipsoid
and the plane perpendicular to the
direction of propagation.

25

Here nt is nlarge(Xj) or nsmal,(Xj)
depending on the polarization of the
i:th interacting wave.
In order to be able to calculate the
effective non-linear coefficient, the
direction of polarization of all three
waves must be known. The E vector is
given by [9]
2.6

i=x,y,z
Let éj denote the i:th Cartesian coordinate for the polarization vector of the
k:th interacting wave, where the 3rd wave is generated. The effective nonlinear coefficient is now given by

deff^Li]diike)-el

2.7

ijk

djjk are the elements of the non-linear susceptibility tensor [9].
2.1.2 BBO
BBO is a uniaxial crystal belonging to the symmetry point group 3 (C3 in the
Shoenflies notation). The refractive indices as a function of wavelength are
given in [11] by the semi-empirical Sellmeier equations (X in fim)
0.01878
-0.01354- X2
= 2.7359+ 2
2.8a
X2-0.01822
• 2 . , , , » . 0.01224
n;- 2.3753+^1
X -0.01667

t

14

2.8b

Due to group C3 symmetry, the reduced non-linear susceptibility tensor must
have the following properties:
xxz
d

dyyz

yyy

"zxx

"zyy

d\\
-d22

~dn
d22

zyz

'zxy ;

0
0

'32

«33

34

'15

"16

^25

d26

'35

^36

~d 22
2.9
0

0

If the Kleinman conjecture (<
0
0

'14

dyxz

l

^33

simplified to
du -du
d
d22
- ii

'12

xxy

0

dl5
0
<*15
0
0

0

~ dkij = djki) is applied, the tensor is further

-d22

2.10

-du
0

The values of the non-zero elements are [12]
d22 = ±4,ld 36 (KDP)

2.11a

ld,,l= 0.05 d22 (BBO)

2.11b

d15 = 0.07 d22 (BBO)

2.11c

The effective non-linear coefficient is given by Eq. 2.7. The normalized
polarization vectors of the three interacting waves have been given for a
uniaxial crystal by Shen [8]. For the extraordinary ray with a polarization
component parallel to the principal axis
? = (-cos0 cosO, -cos6 - sin<I>, sin9)

2.12a

and for the ordinary ray with a polarization vector perpendicular to the
principal axis
e = (sin<J>, - c o s * , 0)

2.12b

where 9 and 4> are the angles between the direction of propagation and the
principal (z) axis and the x axis, respectively. For type I phase matching (two
ordinary waves interacting generating an extraordinary wave) in BBO, the
effective non-linear coefficient is given by
dfff =d,<;sinQ +cos9(rfiiCos3O-<i22sin3<I>)
2.13
CJJ

1J

II
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190
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20 1
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0
180

Q

0.50
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Wavelength (nm)
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270

0.00

280

3.00

C)

BBO absorption
cut-off

2.50
2.00

_
a.

f 1.50 £so
m

1.00

190

200
210
Wavelength (nm)

220

~

0.50
0.00
230

Figure 2.2 Phase-matching angle 6 (solid curve) and effective non-linear coefficient deff
(dotted curve) as a function of the generated wavelength for (a) type I phase-matched
frequency doubling in BBO, (b) mixing of the fundamental and doubled output from a
dye laser, resulting in frequency tripling and (c), mixing of tuneable radiation and the
fundamental of a Nd.YAG laser at 1064 nm. 9 denotes the angle between the direction
of propagation and the principal crystal axis.
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and for type IJ phase matching (one ordinary and one extraordinary wave
interact and an extraordinary wave is generated)
deff = cos2 9(dx | sin 34>+ dn sin 3O)

2.14

When performing direct doubling of dye laser radiation, type I phase matching
can be obtained down to about 205 nm. Another useful scheme is mixing of the
fundamental and the second harmonic of a dye laser. Using type I phase
matching it is possible to produce radiation down to 197 nm at room
temperature. Mixing of radiation from a dye laser and the fundamental of a
Nd:YAG laser (1064 nm) will produce light of wavelengths down to the
absorption cut-off of BBO (189 nm). In Figure 2.2, the theoretical phasematching angle and effective non-linear susceptibility coefficient are given as a
function of wavelength of the generated light. The Sellmeier equations and
non-linear susceptibility tensor defined above have been used in the
calculations.
2.1.3 LBO
LBO (lith'um tri-borate) is a biaxial crystal and thus has different refractive
indices along all three crystal axes. The Sellmeier equations for LBO [13] are
given below (X in urn).
2 = 2 .45316+
nl =2.53969+
>

0 01150
22 -

-0.01123 7l2

2.15a

001249

0.02029-X2

2.15b

X -0.01058
X2 -0.01339

n 2 = 2.58515+

001412

0.001850- X2

2.15c
X1 -0.00467
The symmetry point group of LBO is 2mm (C2V in the Shoenflies notation).
The non-linear susceptibility tensor for a crystal of this symmetry is given
below. (The y axis, which is the crystallographic c axis, is the symmetry axis).
z

' 0

0

0

0

d

0 (f|CN

2\ ^22 ^23 °

°

0

0

0

0

216

0
°
0

When the Kleinman conjecture is applied the tensor is further simplified.
0
d2]
0

0
d22

0
d23

0

0

0
0

0 d2\
0 0

^23 0

2.17

0
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The non-zero elements are [5]
d 21 =+1.15-10- |2 m/V

2.18a

d,, = ±1.24 10-12rn/V

2.18b

d23 = ±6.28 10' 1 4 nW

2.18c

LBO is transparent down to about 160 nm. However, phase-matching
considerations do not permit direct doubling, tripling or mixing with the
fundamental of a Nd:YAG laser down to the short UV/VUV spectral region.
The method described in sub-section 2.1.1 has been implemented as a
computer program. Calculations with this program show that mixing with
radiation of about 2300 nm can be used to obtain radiation down to the cut-off
limit (see Figure 2.3). However, due to the low photon energy of the IR
radiation, mixing down to 160 nm must be carried out in several steps in
several LBO crystals. For this reason, the expected output energy is low.

160

165

170
175
180
Wavelength (nm)

185

190

Figure 2.3 Phase-matching angle <t> and effective non-linear constant for type II
mixing with 2300 nm radiation in LBO as a function of wu.'elength. 8 is kept
constant at 70°. 0 and <I> denote the angle between the direction of propagation and
the principal crystal z axis and the x axis, respectively.

2.2 Frequency mixing in gases
In the spectral region where efficient transparent crystals do not exist, gases are
commonly used as non-linear media. Since gases are centro-syinmetrical, their
second-order susceptibility is zero. The third-order susceptibility is small,
18

which implies that higher peak intensities than for mixing in crystals are
required. In order to increase the intensity, focused beams are used. Thus the
phase-matching conditions are different from those in the plane-wave case. In
sub-section 2.2.3 this is discussed for the special case of Gaussian beams. We
will therefore start by describing Gaussian beams.
2.2.1 Gaussian laser beams
The field strength for a Gaussian beam can be written in the form

E(r,z,t)=Re[E(r,z)e-i'»']

2.19

using cylindrical coordinates, where r is the radial coordinate and z is the
longitudinal coordinate. The time-independent part can be written as
ikr*

2.20

l+b

where
w0 is the beam waist in the focal plane, and b is the confocal parameter,
defined as the length over which the cross sectional area of the beam is smaller
than twice the area at the beam waist. It is given by
2.21
where X denotes the laser wavelength and
2.22

is the beam radius within which the intensity has decreased by a factor 1/e2
and
2.23

R(z)=z
describes the wavefronts.
The longitudinal phase factor is defined by

2.24

This phase factor introduces a phase shift of n over the focal region.
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2.2.2 Stimulated Raman shifting
A simple way of reaching into the VUV spectral region from radiation
generated in crystals, is stimulated anti-Stokes Raman shifting (Figure 2.4) in
high-pressure H2 gas [8, 14]. An increase in photon energy of 4155 cm 1
(=0.5 eV) in each step is obtained by generation of successive anti-Stokes
components. As the anti-Stokes order
increases, the process must be performed in
an increasing number of steps. This, in
combination with phase matching, reduces
the high-order efficiency. The output from
this stimulated process scales with the
(Op
square of the pressure, which often is in the
region 1-10 bars. However, for sufficiently
high pressures various effects may reduce
the conversion efficiency. Such effects are
Figure 2.4 Stimulated Raman
phase-matching, self-focusing and colliShifting.
sions between the gas molecules.
2.2.3 Sum and difference mixing schemes in rare gases
Four-wave mixing in gaseous media has been studied for rp ,re than 20 years.
Pioneering work has been done by, among others Kleinman [15], New and
Ward [16], and Björklund [17]. As laser technology has developed, the output
power has increased, thus increasing the efficiency of these third-order
processes. The development of new non-linear crystals has allowed new and
more efficient mixing schemes to be used [3]. Today radiation obtained from
mixing in gases can be used as a complement to radiation from large-scale
synchrotron facilities.
The two most interesting four-wave mixing techniques for the production
of VUV radiation are sum-frequency mixing C04=C0i +(02+0)3 and sumdifference frequency mixing Ci^coj +CO2-CO3. The driving polarization for these
two processes can be written
2.25
where
2.26a
in the case of sum frequency mixing and
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2.26b
for sum-difference frequency mixing. x (3) denotes the third-order
susceptibility, and the factors En(r) describe Gaussian beams (as given in Eq.
2.20) with the same confocal parameter. The factor 3/2 is changed to 3/4 in the
case of three degenerate frequencies. By performing a Fourier decomposition
and integrating over the medium, one can evaluate the radiative power at the
sum or sum-difference frequency. This is presented in detail in [17]. It is
shown that the output beam is Gaussian with the same confocal parameter as
the incident beams in the case of sum-frequency generation. In the case of sumdifference frequency mixing a more complex shape is expected. However,
when k3 is small, the generated beam is a near Gaussian with the same
confocal parameter as the generating beams.
The third-order susceptibility depends on the detailed atomic structure of
the medium which is used and can be calculated using the density matrix
formalism [8]. In the intensity range considered here (<1010 W/cm2) this can be
done using perturbation theory. x(3J(-co4;cö|,(02,(03) is then found to be
proportional to the sum of a number of terms of the type
2.27
((oag -(o, -(02 -0)3 - irag )((äbg -o), -©2 - irbg )(ncg -o), - trcg)

Summation over the three indices a, b and c should be performed including all
states in the atom of the appropriate parity. The full expression can be found in
the paper by Jamroz and Stoicheff [18], for example. It can be seen that an enhancement of the non-linear susceptibility is achieved if one of the factors in
the denominator is made
resonant (i.e. the real part set
CO.
equal to zero). Making the
process three-photon resonant
would cause an absorption of
CO,
CO
'2
the generated radiation. Using a
CO,
one-photon resonance would
A
induce absorption of the
CO
CO
1
incoming radiation. However,
1
by making (0t,g=(0i+(02, twoFigure 2.5 Resonant sum- (a) and sumphoton resonance is achieved
difference (b) frequency mixing.
without introducing strong
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linear absorption (Figure 2.5). In practise, the frequencies (0| and (1)2 are often
degenerate, and they are produced by the same tuneable laser.
The most natural way of producing VUV radiation seems to be sumlVequency generation. However, it can be shown that phase-matching
considerations do not permit a large continuous tuning range without resorting
to mixing of gases. This is not the case for sum-difference frequency mixing.
To explain this we must return to Eq. 2.20 and in particular the phase factor
given by Eq. 2.24. This factor is the phase factor for the incident beams and the
generated beam. The driving polarization Eq. 2.26a will experience a phase
shift of 3O(z). Hence, there will be a phase slip of 2<D(z) between the driving
polarization and the emerging beam over the focal region. This can be
compensated for by introducing a small negative dispersion (Ak=k4-k,-k2k3= -2/b). When a single gas is used, a negative dispersion is obtained only just
above a strong transition in the medium. The correct value of the dispersion is
obtained by varying the pressure of the gas. Hence, in wavelength ranges where
the dispersion is positive, phase matching cannot be achieved. The situation in
the case of sum-difference frequency mixing is different. Here the polarization
Eq. 2.26b has a phase shift of O(z). Assuming a Gaussian beam profile for the
generated beam, there is no phase slip between the driving polarization and the
generated beam. Thus, the optimal dispersion (Ak=k4-k|-k2+k3) is zero and
there is a symmetric fall-off in the generation efficiency for an increasing
absolute value of the dispersion lAkl. Generation can be performed on both
sides of transitions in the generating medium. Since the generation efficiency
scales as the square of the atomic density, while lAkl increases with the density,
a trade-off must be made. The full mathematical treatment of phase matching
in third-order frequency-mixing schemes (in collinear geometry) is given by
Björklund [17]. Studies of phase matching for third- and fifth-order sum- and
difference-frequency mixing in a non-uniform medium have been performed
by Lago et al. [19].
Several facts must be considered for the implementation of sum-difference
frequency generation [20]. Powerful, short-wavelength radiation from crystals
can be obtained down to about 190 nm. However, a suitable medium is also
required if the process is to be made two-photon resonant. A further
requirement is that the material must have a high damage (ionization)
threshold. In order to be able to maintain a high gas pressure, a small
dispersion is required. Thus no strong transitions in the spectral region in which
generation is to be carried out must be present. A spectrally high-lying
ionization threshold is required to avoid absorption of the generated radiation
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in the gas cell. A commonly used medium is krypton gas. The 4p6-4p55P[l/2]0
transition in krypton is two-photon resonant with radiation at W| =212.55 nm.
2co1-(O2 can result in radiation as short as 120 nm if a>2 is in the near-infra-red
region. The only strong transition restricting VUV generation is the resonance
line at 123.6 nm. Furthermore, krypton has a small multi-photon ionization
probability allowing a high power density. It is inert and easy to handle, which
makes it a favourable choice.
The spectral cut-off of lithium fluoride (LiF) occurs at a wavelength of
106 nm. No materials are transparent below this wavelength. For wavelengths
longer than 106 nm the medium can be contained in a cell with LiF windows.
For shorter wavelengths, the medium can either be continuously leaked into a
differentially pumped vacuum system or the medium can be introduced as a
pulsed gas jet, synchronized with the pulsed laser. The latter approach is more
(cost) effective in terms of pump capacity.
In order to separate the VUV radiation from the input beams a LiF prism
can be used in the spectral region above 106 nm. Using this method, the losses
are limited to reflections from the surfaces of the prism. For shorter
wavelengths, gratings must be used with a loss of efficiency of roughly an
order of magnitude.

2.3 Interaction between laser radiation and an electron bunch in
a storage ring
Synchrotron radiation is presently the best developed source of radiation in the
XUV/soft X-ray spectral range. Synchrotron radiation is non-coherent and
rather broad-band which can limit its applicability in for instance atomic
physics, where narrow structures are common. Synchrotron radiation is emitted
as a bunch of electrons is accelerated by bending magnets in the curved
sections of an electron storage ring. An improvement in the properties of
synchrotron radiation can be obtained by introducing an undulator in a straight
section of the ring. In the undulator the electrons radiate as they are accelerated
in a periodically poled magnetic field. The fundamental wavelength is
dependent on the electron energy, the undulator period and the magnetic field
strength. Even and odd harmonics of the fundamental undulator wavelength are
emitted.
One method of obtaining coherent radiation from a synchrotron is by
building a free-electron laser. There are, however, several problems associated
with the construction of such a device. Among other things, the broad-band Xray radiation from the synchrotron will rapidly degrade the mirrors in the laser.

23

Another way of obtaining coherent light from a synchrotron has been
demonstrated by Girard et al. [21]. By modifying the spatial distribution of
electrons in a bunch of electrons inside an optical klystron with laser radiation,
coherent radiation with a narrow linewidth was obtained.
A detailed description of the underlying physics is given by Werin [22]. In
Paper 7, coherent radiation at the third harmonic of the radiation emitted from
an undulator was reported. By focusing a laser inside the undulator, a
periodically varying density of electrons with a period of one laser wavelength
was created. A rough description of how this occurs is given below.
The force acting on the electrons is given by
~

~É

B

2.28

Here v = vz(t=)éz + vy(t)éy is the velocity of the electron beam in the
—
—
EÄ
undulator. E = Eey sinco/f and fl = B^sintO/f =—é x sinu)/f are the electric
and magnetic fields of the laser radiation. Thus
—
v it)
vJt)
J
F = qE(t)ey-qE(t)^ -ey+qE(t)^—e7
2.29
3
c '
c
Considering that vz is close to c we find that the net force over time can be
non-zero only for the last term. This is non-zero only if E and vy change signs
simultaneously. This occurs for a given relation between vz and c where the
laser light gains exactly one oscillatory period on the electrons over one
undulator period. This net force will be positive, zero or negative for various
parts of the electron bunch. The result is an energy spread in the bunch. The
electrons with higher energy will be bent less in the undulator and thus travel a
shorter path. The situation for the electrons with lower energy is opposite. The
electrons that take the shorter path will gain on the ones which have not
acquired extra energy, whereas the ones that take the longer path will loose
relative to the others. As a result, there will be a higher density of electrons in
the parts of the electron beam at the position where the laser does not influence
the energy. A periodic modulation of the electrons in the beam has been
achieved, the period being the fundamental of the laser wavelength. This is
called micro-bunching. Due to the electron distribution the radiation emitted
from the electrons accelerated in a periodic magnetic field in the undulator is
coherent. The harmonics of the fundamental frequency of the undulator will
also be coherent and have a narrow bandwidth.
The applicability of the above described technique is low. In principle this
could be a way of obtaining coherent XUV radiation. However, the photon
yield is rather low compared with frequency mixing in rare gases. A
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considerable amount of development work is still required. This is a problem
as synchrotron facilities are usually heavily booked. Another practical problem
has to do with the repetition rates. The incoherent background radiation from
the undulator has a repetition rate equal to the revolution frequency of the
electron bunch (typically MHz). When the beam interacts with the laser
radiation it can result in a lateral instability of the electron bunch. In our
experiments, we observed a relaxation time for the electron bunch which was
of the order of tenths of a second. When operating the laser with a higher
repetition rate than 6 Hz the stabilization system of the ring could not
compensate for the instability and the bunch literally hit the wall. It is thus
necessary to work with a high, wide-band incoherent background, although
temporally separated from the coherent output.
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3. Time-resolved spectroscopy
Oscillator strengths are needed for abundance determinations in celestial
objects. Direct measurements of oscillator strengths are difficult since such
methods in general demand knowledge about the density of atoms in the
sample. Oscillator strengths can be deduced by combining measured radiative
lifetimes with branching ratios. A very direct way of investigating atomic
lifetimes is short-pulse excitation and subsequent fast time-resolved detection
of fluorescence light. This is sometimes referred to as time-resolved Laser
Induced Fluorescence (LIF). Other, perhaps more accurate, methods such as
time-correlated single-photon counting are not as suitable in the VUV spectral
region. This is simply due to the fact that standard high-repetition-rate lasers
(kHz-MHz) required for such measurements, at present yield low peak powers
and are not as well suited for non-linear mixing in the UV/VUV spectral
region.
A typical set-up for time-resolved LIF consists of a pulsed laser source, a
vacuum system in which the sample is contained or generated, a fast optical
detector and a fast digital oscilloscope. The sample is excited by resonance
radiation, the fluorescence is detected using, e.g. a photomultiplier tube and is
then recorded by the oscilloscope. The lifetime is evaluated by fitting an
exponential to the fluorescence decay curve after the laser pulse has been
turned off. However, if the laser pulse duration is comparable to the atomic
radiative lifetime, the lifetime is evaluated most accurately by fitting a
convolution of an exponential and the laser pulse, as recorded by the same
detection system.

3.1 Time-resolved spectroscopy using UV/VUV radiation.
The Hubble Space Telescope (HST) was launched in 1990. Spectrally resolved
observations of UV/VUV radiation, which cannot penetrate the atmosphere and
reach earth-bound telescopes, have been made possible by the echelle
spectrometer mounted on the HST. The strong lines observed in stellar spectra
are often lines connecting a short-lived excited ionic state with the ground
state. The demand for lifetime data for states requiring excitation by shortwavelength radiation has brought new challenges to the field of time-resolved
laser spectroscopy. Apart from the fact that UV/VUV radiation must be
generated, the duration of the laser pulse should be shorter than the excited-
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state lifetime of the studied atom/ion. In order to measure the lifetimes of
short-lived states, either laser pulses of short duration must be produced, or
methods that do not rely on short-pulse excitation can be employed. One such
method is to measure the line-profile width using the Hanle method and then
deduce the lifetime from the Heisenberg uncertainty principle. Another issue
that has been addressed is finding general-purpose methods of producing the
free ions and atoms to be studied.

3.2 Production of free atoms/ions
The perhaps easiest way of producing free atoms is in an atomic beam by
effusion from an oven into a vacuum system. If the atom is difficult to vaporise
or if it is toxic, other methods must be applied. A brief review of the methods
used in the work described in this thesis will now be given.
3.2.1 Thermal dissociation in a vapour cell
Several atomic species vaporise as molecules, e.g. sulphur, selenium and
tellurium, but the molecular bonds are not strong and can be broken at high
temperature. It is, however, important to be able to vary the vapour pressure of
the gas. This can be achieved by using a differentially heated cell. The coldest
point in the long shaft attached to the cell will determine the vapour pressure.
The temperature in the main part of the cell where the interaction takes place
can be much higher in order to efficiently break the molecular bonds.
3.2.2 Photodissociation of molecules
Several of the light atoms are not readily available as free atoms. Examples of
such atoms are oxygen and nitrogen. However, there are several molecular
compounds incorporating of these atoms. One way of obtaining free atoms is
by photodissociation of such molecular compounds. This has been used by
Kröll et al. for studies of the natural lifetimes of excited states in oxygen [23].
Photodissociation can be achieved with radiation that is (one- or multi-photon)
resonant with a state in the atom to be studied. Another laser can then be used
to investigate higher-lying states with two-step excitation. A disadvantage of
using multi-photon processes in order to excite the atom is that pulse
deconvolution schemes are not practically applicable. One must then somehow
know the response of the detection system (which would give a linear
contribution to the recorded fluorescence signal shape) and the pulse shape of
the laser (which would give a non-linear contribution) individually. Since
standard pulsed dye lasers are multi-mode lasers, the temporal shape of the
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pulses may vary from shot to shot. Thus, each shot must be evaluated
individually. It is questionable if such a scheme could work in practise. Thus
these types of studies are restricted to states with lifetimes longer than the
duration of the exciting laser pulse.
3.2.3 Laser-produced plasmas as a source of free atoms/ions
When a focused, pulsed laser beam hits a solid or a fluid, material is sputtered
off the surface. Part of this material leaves the surface as atoms and ions. The
degree of ionization depends on the pulse energy, pulse duration, laser
wavelength and how tightly the beam is focused. When using the fundamental
output of a Q-switched Nd:YAG laser one can expect to produce four-, or
perhaps five-times ionized atoms. As the plasma recombines an efficient
population of metastable states in atoms as well as ions is achieved. A
conventional target consists of a rotating disk with a surface of the material to
be studied [24].
A few us after the laser hits the target, the density of atoms a few
centimetres from the target surface is low enough to allow determination of the
radiative lifetime. To check the possible influence of the atomic density on the
lifetime one can investigate the lifetimes at different distances from the target
and at different times.
A disadvantage of a rotating disc target is that the surface of the target
deteriorates while it is being used. Another type of target consists of a fine
powder in a container. In order to maintain a smooth target surface the
container must be shaken. This can be done by placing the container on a
loudspeaker inside a vacuum system. This type of target is suitable for
materials which are difficult to machine. In fact, atoms and ions of any element
available as a metal or a salt can be produced in this way.

3.3 Production of short laser pulses
Standard Q-switched lasers produce laser pulses of about 10 ns. The output of a
conventional dye laser would be of the same duration. For time-resolved LIF
measurements of lifetimes below 5-6 ns, such pulses are too long. For
Ti.sapphire lasers the situation is somewhat different. Due to the long lifetime
of the upper laser level (=3 u.s) the duration of the pulse will be determined by
the resonator parameters. The resonator length and the mirror reflectivities are
such parameters. By careful design, it should be possible to obtain a laser with
pulses of about 1 ns duration.
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Different approaches can be taken to shorten the laser pulses. If the pump laser
has a stable output amplitude and a reproducible temporal structure, the laser
oscillator can be run near threshold.
One way of shortening laser pulses is by quenching the laser action. This can
be done by "stealing" the gain. The laser then falls below threshold and lasing
stops. The gain is removed by
reflecting part of the output beam
Quench
Mirror r=50%
back through the dye cell. The
principle of a quenched laser is
exemplified in Figure 3.1 for a
Mirror Dyecell
Grating
Littman type dye laser cavity.
A short pulse pump laser seem to
provide a simple method of
obtaining short pulses from a dye
laser. This is also true, to some extent. Using a nitrogen laser with pulses of 2-3
ns duration, produces a conventional dye laser output of the same length.
However, the bandwidth and beam quality of the laser may be impaired since
the number of passes through the cavity is reduced. For a standard dye laser the
round-trip time might be 1-2 ns. By constructing a smaller laser the round-trip
time can be reduced. For sub-nanosecond lasers this, however, might not be
possible. One type of dye laser which is well suited for pumping with shortpulse lasers is distributed feedback dye lasers (DFDL). A DFDL in its simplest
form consists only of a dye cell and two coherent pump beams. The pump
beams are focused with a cylindrical lens and spatially overlapped on the dye
cell. This will result in an interference pattern in the dye. The period of the
interference pattern will be determined by the angle between the pump beams.
Inside the cell, there will now be a modulation of the refractive index and the
gain due to the periodic variation of the pump power. This periodic structure
will act as a Bragg grating. The spontaneous emission from the dye at a
wavelength corresponding to half of the period of the Bragg grating will be fed
back. Lasers with distributed feedback have been shown to produce pulses for
which the product of the pulse length and the bandwidth are near the Fourier
limit [25]. The wavelength of such a laser can be changed by varying the angle
between the pump beams or by changing the refractive index of the dye
solvent. The refractive index can be varied by changing the dye solvent, its
temperature or its pressure.
Figure 3.1 The principle of a quenched
dye laser.
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3.4 Estimation of errors
When measuring radiative lifetimes, estimating the errors is a difficult task.
Errors from 2-15 % can be found in the literature for what seem to be very
similar set-ups. To understand why this is so, the various systematic effects that
can influence the measurements must be understood. Several systematic effects
may influence a time-resolved LIF measurement. Flight-out-of-view effects
can be important for long lifetimes ( >1 ^s). This means that the excited atoms
will fly out of the region imaged on the detector, before emitting the
fluorescence photon. This results in a measured lifetime value that is shorter
than the correct one. Another possible source of error is the influence of
quantum beats, which may arise from hyperfine structure or from Zeeman
splitting caused by the earth's magnetic field. There are several ways of solving
this problem. If a magnetic field of sufficient strength is applied, the beats will
be too fast for the detection system. By detecting light linearly polarized at the
54.7° "magic angle" relative to the polarization of the incident light, the beats
will disappear in zero magnetic field. It is important to vary the atomic density
to ensure that neither multiple scattering nor atom-atom collisions influence the
measurements. Possible shortening of the measured lifetimes due to collisions
between the excited atoms and the residual gas in the vacuum system can be
investigated by changing the background pressure. Another crucial factor in a
transient-recording experiment is to ensure that the detector has a linear
response. When pulse shape fitting is included in the evaluation, one must also
ensure that the transition is not saturated. All the systematic effects described
above can be present. The errors are essentially given by how well the signal»o-noise ratio allows one to investigate these systematic effects.
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4. High-resolution spectroscopy
In order to perform high-resolution spectroscopy, a number of broadening
mechanisms must be suppressed. The various spectroscopic techniques
employed reflect different ways of doing this. One of the broadening
mechanisms is the spectral width of the exciting light source. The applicability
of many techniques is in fact limited by this width. In the visible region where
narrow-band lasers are readily available, this presents no major problem.
However, in the UV and VUV spectral region the production of tuneable,
narrow-band radiation is a difficult task. Techniques allowing the use of pulsed
broad-band lasers are important for high-resolution spectroscopy at short
wavelengths.

4.1 Techniques demanding narrow-band excitation
The most straightforward method of achieving sub-Doppler resolution is laser
induced fluorescence (LIF) on collimated atomic beams. The atoms effuse
from an opening in an oven, are sputtered from a hollow-cathode discharge or
are produced in some other way. They are then collimated to a narrow beam
with a small transverse velocity component. An exciting laser beam
perpendicular to the atomic beam provides a sub-Doppler LIF signal. The
linewidth is mainly limited by the residual Doppler width since the atoms have
a small velocity component parallel to the laser beam. The spectral width of the
laser is another factor which limits the resolution. In several techniques such as
saturation spectroscopy, polarization spectroscopy and intermodulated
fluorescence spectroscopy [1, 2] a subgroup of atoms is probed in order to
obtain sub-Doppler resolution. An ensemble of atoms is contained in a (heated)
cell, a heat pipe, or is produced in a discharge. This ensemble is probed by two
counter-propagating laser beams. Only the group of atoms that has a zero
velocity component parallel to the laser beams can interact with both beams,
giving rise to a signal.
In saturation spectroscopy one of the beams saturates a group of atoms with a
given velocity component parallel to the laser beam. A weaker counterpropagating probe beam from the same laser is partly absorbed by the sample.
The laser wavelength is then scanned. At the line centre both beams interact
with the same velocity group, i.e. the one with zero velocity along the direction
of the beams. The strong pump has saturated the medium and the absorption of
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the probe beam is smaller. By detecting the absorption of the probe beam, a
Doppler-free signal is obtained.
Polarization spectroscopy works in a similar manner. Here the pump beam
is used to induce birefringence in the sample. The polarization of the probe
beam is changed at the line centre of the transition and this can be monitored.
In intermodulated fluorescence spectroscopy, counter-propagating beams
modulated at different frequencies are sent through the medium. The
fluorescence from the sample is phase-sensitively detected at the sum or
difference of the modulation frequencies. A modulation of the fluorescence
signal at this frequency can be detected at the line centre, due to saturation.
Doppler-free two-photon spectroscopy [1,2] also uses the counterpropagating beam approach. Here, however, each atom must interact with two
beams in order to give rise to a fluorescence signal. Since the first-order
Doppler shift has opposite signs for the two beams, two-photon absorption
involving one photon from each beam will cancel the first-order Doppler shift.
All of the four techniques described above are limited by the second-order
Doppler shift and, what is more relevant for UV/VUV applications, the
bandwidth of the laser.

4.2 Techniques allowing broad-band excitation
Resonance methods compose a different group of techniques. The resolution is
obtained from an interaction with a radio-frequency (rf) field or from
coherence phenomena in the atom itself. The resolution is, for practical cases,
only limited by the Heisenberg uncertainty relation. Such techniques are levelcrossing (LC) spectroscopy, optical double-resonance (ODR) spectroscopy and
quantum-beat (QB) spectroscopy. However, these techniques can only measure
energy differences in individual atoms such as hyperfine-structure parameters,
fine-structure parameters, tensor polarizabilities and Lande gj factors. To
measure absolute wavelengths or isotope shifts, the methods described in the
previous sub-chapter must be employed. In this section, a brief description of
LC, ODR and QB spectroscopy will be given. A more detailed description of
these techniques can be found in [1].
4.2.1 Level-crossing spectroscopy
The theory of LC spectroscopy is based on the Breit formula from 1933 [26],
but already in 1924 Hanle studied zero-field crossings in mercury [27]. In 1959
Colgrove et al. studied fine-structure crossings in He [28]. Two years later,
Franken popularised the results of Breit [29].
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The

Breit formula

describes resonance scattering, i.e., gives

the

fluorescence intensity S following excitation by a spectrally uniform light
source, as a function of excitation and observation directions and polarizations:
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/ p n denotes the matrix element ( u . | / - r | m ) , where /
vector for the excited light, g^^

is the polarization

is the corresponding symbol for the detected

light, x is the lifetime of the excited state and v ^ > is the frequency splitting
between the excited sublevels u. and |T. m and m' denote magnetic sub-levels in
the ground state. If the energies of two
magnetic sublevels are degenerate, the
imaginary
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the

denominator

vanishes. A resonance in the fluorescence
intensity is observed. The width of the
resonance is determined by the lifetime of
the excited state. As an example, the
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Figure 4.1 Energy-level structure
for the 5 2P3/2 state of neutral 63Cu
and the fluorescence intensity as a
function of magnetic field for a
sample containing both dominant
isotopes of copper.

formula

using

parameters

the

which

were experimentally determined in Paper
2. The positions of the hyperfine-structure
intermediate-field crossings are dependent
on the and J and I quantum numbers and
on the hyperfine structure parameters (the
magnetic dipole interaction constant a and
the electric quadrupole constant b) of the
excited state. The signal-to-incoherentbackground ratio depends on the J and F

quantum numbers of the ground, excited and final states. The most accurate
way of evaluating these parameters is by fitting the signal to a theoretically
calculated resonance scattering intensity.
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4.2.2 Optical double-resonance spectroscopy
ODR spectroscopy was suggested by Brossel and Kastler in 1949 [30]. Two
years later, Brossel and Bitter demonstrated this technique on the resonance
line of mercury [31]. The choice of polarization and direction of propagation
for the exciting light gives rise to a certain population distribution in the
excited state. This distribution then gives rise to a certain polarization
distribution of the emitted light. If the population distribution of the excited
state is changed by a resonant rf field, the polarization of the emitted light is
changed, thus giving rise to a signal. In this way, it is possible to measure the
splitting between magnetic hyperfine-structure levels in the Paschen-Back
region or between hyperfine-structure levels in zero field. From this
information, the hyperfine structure parameters can easily be obtained.
Measurements in the Paschen-Back region also give the Lande gj factor.
The Doppler width is proportional to the frequency of the resonant field.
By using an rf-field instead of a scanning optical field, the Doppler width is
reduced by several orders of magnitude. The amount of rf power which is
required to redistribute the population is higher for states with shorter lifetimes.
In CW ODR experiments this presents a serious limitation. When using pulsed
laser excitation, however, a pulsed rf power amplifier can be used. Such
amplifiers can provide much higher peak powers, thus extending the
applicability of ODR to states with a short natural lifetime.
4.2.3 Quantum-beat spectroscopy
It can be shown that the light emitted by two coherently excited states is
modulated at a frequency equal to the splitting between the states [32].
Coherent excitation is the result of excitation with a short laser pulse. This
modulation can be monitored by applying fast time-resolved detection.
Measurements of the beat frequencies in zero magnetic field give the hyperfine
structure parameters. Measurements of the frequency of the beats between
magnetic sublevels in a well determined magnetic field can give the Lande
factor.

4.3 Resonance spectroscopy under narrow-band excitation
The Breit formula is valid only for broad-band excitation. When lasers are used
as excitation sources, profound changes in the signal shape may arise. From an
experimental point of view, the deviations from the Breit formula, once they
are understood, present no problems. These effects can in fact be used to
increase the potential of LC as well as of QB spectroscopy.
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Figure 4.2 a) The hyperfine structure of the 5 2Ps/2 state of neutral Na. b) The
fluorescence light intensity decay, c-f) The Fourier spectra of the fluorescence light
intensity recorded at slightly different excitation wavelengths

Enhancement of individual level crossings can be achieved by tuning the laser
to different sublevels in the lower state. The same concept can be used in
quantum-beat spectroscopy, as shown in Figure 4.2, where the Fourier
transform of the time-resolved decay of the 5 2 P 3/2 state in Na following
excitation from a short laser pulse can be seen. Another useful feature is the
one illustrated in Figure 4.3. Here the Zeeman quantum-beat frequencies from
the decay of the 6 3Pj state of neutral Yb can be seen. The abundances of odd
isotopes are 14% for 171 Yb and 16% for 173Yb. The remainder consists of even
isotopes. In Figure 4.3a the fine-structure Zeeman quantum beai;» of frequency
2|iBBgj/h from the even isotopes dominate, as expected, but in Figure 4.3b, the
amplitude of the hyperfine-structure Zeeman quantum beats of frequency
2nBBgp/h from the17IYb isotope has increased substantially (gp=2/3 gj). This
demonstrates that narrow-band radiation can be used to enhance the signal
from odd isotopes of species where these occur at low abundances. Zero-field,
hyperfine-structure quantum beats, or in the case of LC, intermediate-field
level crossings, can be studied, yielding information about the hyperfinestructure parameters of the odd isotopes.
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Figure 4.3 Fourier transform of the fluorescence intensity from the 6 •*/*/ state of
neutral Yb. In a) the laser illuminates the even isotopes. Hence the frequency
v=2gj\lgB dominates. In b) the laser wavelength has been tuned to the resonance of
the odd isotope l7IYb.

4.4 Resonance spectroscopy under pulsed excitation
Most LC and ODR experiments have been performed using CW excitation.
There is, however, no reason why pulsed excitation cannot be applied. In [29]
the Breit formula is derived both under pulsed and CW excitation.
4.4.1 Sub-Heisenberg resolution using delayed detection
A special feature, which is easy to implement when using pulsed excitation, is
narrowing below the Heisenberg limit by only detecting a subgroup of atoms
that has lived longer than the average ("old atoms"). Similar effects can also be
observed using Mössbauer spectroscopy, Ramsey fringes and phase-switching
techniques. A review of sub-Heisenberg spectroscopy is given in [33]. The
application of this technique for level-crossing spectroscopy is limited, since at
the same time as narrowing occurs, an oscillatory structure arises. Since in all
poorly resolved LC spectra, the intermediate-field crossings are positioned
close to the large zero-field (Hanle) signal, they are severely impaired by the
oscillation of the Hanle signal. When using, for example, optical doubleresonance spectroscopy in the Paschen-Back region, the signals are of more
equal amplitude, and better resolution can be achieved. This technique was
used in Paper 3 to increase the accuracy of a hyperfine structure determination.
By using delayed detection together with a phase-switching technique, Shimizu
et al. have been able to resolve the hyperfine structures of the 2 2 P doublet of
neutral lithium [34].
4.4.2 Data acquisition
A technical complication which arises when pulsed lasers are used in
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combination with resonance methods is pulse-to-pulse fluctuation. One way of
decreasing this influence is to use some kind of two-detector set-up, where one
detector registers the signal and the other one is used to monitor the energy
fluctuation of the laser. The most common way of performing signal
processing is to simply divide the two signals. If, however, t'.ie reference
detector has an offset, or if the two detectors are slightly non-linear, and
furthermore are non-linear in different ways, the signal will be affected by
noise due to the pulse-to-pulse fluctuations of the excitation source in spite of
this scheme. In the UV/VUV region the pulse-to-pulse fluctuations are
prominent since the radiation has been produced by a non-linear process. In
fact, in the experiments described in Paper 2, signals of the order of a few per
mille were detected while the excitation pulses varied by ±20% in intensity.
Signal retrieval was made possible ty an algorithm which compensates for the
non-linearities of the detectors. This method was first suggested in connection
with absorption cross section measurements by Wolf and Tiemann [35]. The
principle will be described for the case of level-crossing spectroscopy, but is
applicable to any other technique where pulse-to-pulse fluctuations present a
problem.
The detectors are positioned to detect a (polarization perpendicular to the
magnetic field) and n (polarization parallel to the magnetic field) light,
respectively. Only the a light carries the coherent signal. In LC, the signal is
recorded as a function of magnetic field. First, however, the detectors must be
calibrated. While this is performed, the magnetic field is kept constant. Both
detectors monitor the fluorescence, and gated integrators are used to monitor
the value of the two signals. The signals in the first and second channels are
denoted a and b, respectively. The values from the gated integrator outputs are
read by an A/D converter. When a sufficient number of pairs of values has
been gathered a polynomial fit is performed. In the simplest case this is a linear
regression, b =constantb+offset. b* is the value of channel two, as it would
have been measured by the detector in channel one. During the experiment, the
quantity a/b is monitored as the magnetic field is swept. In order for this
method to be efficient, the amplitude of the pulse-to-pulse fluctuations should
be much larger than the amplitude of the signal.
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4.5 The Hanle effect under pulsed excitation.
The level-crossing method employing pulsed laser excitation is a very useful
technique for reliable and accurate determinations of short lifetimes. As can be
derived from Eq. 4.1 [1], the product of the lifetime and the gj factor is given
by the width of the zero-field crossing. The zero-field crossing is sometimes
referred to as the Hanle signal. This method can easily be used following
pulsed excitation. It is particularly valuable for short excitation wavelengths,
where the precision method of time-resolved spectroscopy combining a
synchronously pumped picosecond dye laser with time-correlated singlephoton detection is not easily applicable. Standard pulse length (5-10 ns) dye
laser pulses, which can readily be shifted to short UV or VUV wavelengths by
non-linear techniques, can be used to measure lifetimes down to 1 ns or below,
using this technique. In order to avoid systematic errors, the experimental
conditions must be carefully controlled. Possible systematic effects are
coherence narrowing, non-white excitation, dephasing collisions and power
broadening. These effects are discussed below.

4.5.1 The influence of atomic density
If the atomic density in the sample is too high, multiple scattering may occur.
This can be observed in the direct fluorescence as the apparent lifetime of the
decay is longer than the natural lifetime. This can also be seen in resonance
piienomena such as ODR or LC since the coherence can be transferred from
one atom to another by light. The Hanle signal is then observed to be narrowed
than compared with the low-pressure case. This effect is called coherence
narrowing. It was discovered by Barrat [36] and has been studied by several
authors. This problem is eliminated by making sure that the atomic density is
sufficiently low.
The width of resonance signals can be broadened by collisions. Collisions
can be separated into two groups. Population-destroying collisions constitute
one group. As the name suggests, the colliding atom is deexcited due to the
collision. The other type is phase-perturbing collisions, which destroy the
coherence resulting in an increased width of the signal. As for multiple
scattering, the remedy is to ensure a sufficiently low atomic density.
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4.5.2 The influence of narrow-band excitation
As can be seen from the Breit formula, the width of the coherent signals does
not depend only on the lifetime of the excited state, but also on the rate at
which the energy levels are separated as a function of magnetic field. If the
state to be studied has several hyperfine-structure levels, the different
hyperfine-structure components will give rise to signals with different widths
and amplitudes. These signals are then superimposed on the Hanle signal given
by the Breit formula. This has been studied by, for instance, Svanberg [37] and
Deech et al. [38] and also in Paper 1. If the hyperfine structure is large, it is a
relatively simple problem to extend the Breit formula by the introduction of
weighting factors corresponding to the spectral brightness of the exciting
source in the wavelength regions of the different hyperfine-structure levels.
This allows determination of the lifetime, but the accuracy is influenced by the
uncertainty in the spectral shape of the light source and the atomic velocity
distribution.
4.5.3. Power broadening
The apparent atomic-state lifetime obtained from a Hanle effect measurement
may be influenced by power broadening from the strong laser pulse. Such
effects have been observed when narrow-band CW lasers with powers in the
mW range are used [39]. A theoretical analysis of this effect has been
performed by, for example, Cohen-Tannoudji [40]. As a simple physical
illustration of what takes place, consider a three-level atom. The ground state is
a state with m=0. The two upper states belong to the same Zeeman multiplet
but have different m quantum numbers (m=l, m=-l). When the two states are
close lying (within the natural linewidth), coherent excitation can be
performed. In an increasing magnetic field the states will move apart and the
excitation will gradually become more incoherent. The rate at which this
happens is dependent on the gj factor and the lifetime of the state. If we apply
an intense laser field, the population of the upper state will be significant. In
this case there is a non-negligible probability of stimulated emission. The
electron in an individual atom will be driven up and down by the laser field.
The rate at which this happens is known as the Rabi frequency. The time the
electron remains in the upper state in each cycle can be much shorter than the
natural lifetime. Thus, the structure of the upper state is broadened by the
Heisenberg uncertainty principle. This is the power broadening. For the Hanle
measurement, this means that the two upper states will have an overlap in even
higher fields. This results in a broadening of the Hanle signal. More formally,
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we can describe the problem in the density-matrix formalism. A good
introduction to this formalism is given in [41].
In the study presented in Paper 13, no evidence of power broadening was
found, although the peak intensities were as high as 107 W/cm2. To see if this
was compatible with theory, the problem was numerically solved using the
density-matrix formalism.
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— ^ - ) P+o - 1 P+o

ap-

dt = iY(p_O-p-)-Yp__

dr

p_0 - p+o)-IW-+ p-+ -7P-+

The density matrix elements poo, p++ and p.. can be interpreted as the
population of the ground state, the excited state with m=l and the excited state
with m=-l, respectively. The elements p+o and p.Q are the optical coherences
between the ground and excited states and p + . is the coherence between the two
excited states, y is the natural decay rate for the excited state. GD+O and (O.Q are
the angular frequencies corresponding to the detuning of the laser relative to
the transition between the ground state and the two excited states. The detuning
relative to a state is defined as the difference between the laser frequency and
the atomic transition frequency. (O.+ is equal to the Larmor precession angular
frequency, (p is the phase of the laser field. V is the coupling between the
ground and excited states. This coupling is given by \=\iEJ2h, where \i is the
dipole moment of the transition and E is the laser field amplitude. The quantity
observed in a real Hanle effect experiment is proportional to the time integral
of p+++ p..-2Re(p+.) [40]. The field E can accommodate the temporal (and thus
the spectral) shape of the laser pulse. This system was solved for the case
where the laser frequency was chosen to be the mean value of the two
transition frequencies. Two different models for the pulse shape were used. In
the first model the pulse consisted of a pulse train of 1 to 3 Gaussian pulses
evenly spaced within the 10 ns duration of the overall pulse. The duration of
each short pulse was taken to 150 ps to give the measured bandwidth of the
laser, which was 4 GHz. The amplitudes of the short pulses were assumed to be
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random with a flat probability distribution and subsequently multiplied by a
Gaussian pulse of 10 ns. The phase at each pulse was determined by a random
number. The phase and its derivative were then computed at each time (also
between the peaks). Using this model no broadening was found for energy
densities as high as 10 mJ/cm2. Higher energy densities could not be
investigated due to the need for a smaller temporal grid and thus longer
execution times.
The other model assumed evenly spaced spectral modes with a mode
spacing determined by the cavity length. To avoid long execution times, 10 or
fewer modes were used. The intensity was random and modulated with the
4 GHz wide Gaussian distribution. The phase of each mode was assumed to be
random. In this case broadening occurred in the simulations for energy
densities as low as a few jiJ/cm2. In a dye laser where few competing modes
are present, modelocking can occur [42] and it is not clear which model is the
best. The experimental situation, which is not easily modelled, is somewhere in
between these two extreme cases. It is concluded that conditions can be
obtained in which the Hanle method can be used for the accurate determination
of short lifetimes. However, it is important to perform experimental
investigations to find out whether power broadening is present. The laser
power should then be varied over at least one order of magnitude. This should
be achieved without interfering with the operation of the laser oscillator.
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5. High-order harmonic generation
It is has been well known for several decades that atoms can serve as a nonlinear medium, which can be used for the generation of odd harmonics. Using
lasers with ns pulse duration, the third [16], fifth and seventh [43,44]
harmonics have been observed. As expected, the harmonic was weaker the
higher the order. In the earlier studies where higher harmonics were observed,
a mode-locked, picosecond Nd:YAG laser with higher peak power was focused
into a gas jet of, for instance, argon [45]. In this work, harmonics as high as the
33rd could be observed. Furthermore, the relative intensities of the harmonics
show an unexpected behaviour. After a drop-off in intensity between the third
and fifth harmonic, the seventh up to the 25th harmonic were found to have
almost the same intensity. After this plateau, a rather abrupt cut-off was
observed. In more recent studies, lasers with even shorter pulse duration and
higher peak power have been used. Using Ne as the non-linear medium,
generation of the 109th harmonic of the output of a 100 fs Ti:sapphire laser
system operating at 806 nm have been reported [46]. The 135th harmonic of a
1 ps Nd.glass laser system generated in helium has also been observed [47]. A
harmonic spectrum has the typical appearance of the one shown in Figure 5.1.
This was obtained after focusing a sub-ps Ti:sapphire laser into a helium gas
jet. The reason for studying high-order harmonic generation is twofold. Firstly,
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Figure 5.1. Part of a harmonic spectra extending from the 47th up to the 77th
harmonic of a 150 fs TUsapphire laser operating at 794 nm.
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it is a promising source of coherent tuneable radiation in the XUV and soft Xray spectral regions. Secondly, it is a process which gives insight into what
happens when atoms are subjected to a laser field with a field strength
comparable to the Coulomb field in the atom.
Developments in laser technology and the understanding of intense-field
atomic physics are most important for the research field of high-harmonic
generation. Before returning our attention to high-harmonic generation, we will
therefore discuss these matters.

5.1 High-power lasers
There are many ways of implementing a high-power laser. Different
amplifying media can be used. All three states of matter are represented among
high-power laser amplifiers. Solid-state laser materials, such as Nd:glass,
Ti:sapphire and Cr:LiSAF have a higher saturation fluence than gas laser
materials, such as excimers and iodine, as well as dye lasers. The area of the
beam can thus be smaller in a solid-state laser. An additional advantage of
solid-state lasers is that gas and dye handling are not required. However,
optical damage to the amplifying medium is a problem in solid-state lasers. In
gas and dye lasers this damage is not permanent. Damage to the amplifying
material caused by the high field was, for a long time, the limiting factor in the
development of high-power, solid-state lasers. The typical damage threshold
for a glass material is a few GW/cm2. In order to reach a power in the TW
range, the diameter of the amplifier must be about 30 cm. Such a large solidstate amplifier is not easily pumped. The solution to this problem was put
forward by Strickland and Mourou [48] with the invention of chirped-pulse
amplification (CPA). In a CPA laser system, the output from the oscillator is
stretched in time. This is usually done using a grating pair arranged in such a
way that different wavelength components of the laser pulse travel different
path lengths. Stretching can also be performed using an optical fibre. The
stretched pulse can be several thousand times longer than the output from the
oscillator. The stretched pulsed, with a relatively low peak power, is then
amplified without damaging the amplifier even in a small-beam-diameter
system. After amplification, the pulse is compressed using a grating pair in
which the wavelength components that travelled a longer path in the stretcher,
now take a shorter path.
Together with the development of the CPA technique, new gain materials,
such as Ti:sapphire and LiSAF have been developed. They have a large
bandwidth and can hence support pulses with a duration shorter than 100 fs.
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The advent of Kerr-lens, mode-locked Ti: sapphire oscillators with a large
bandwidth and pulse lengths with a duration as short as 11 fs [49, 50] has
brought about the almost ideal oscillator for a CPA laser system. Ti:sapphire is
also an excellent material for the amplifier since it can be efficiently pumped
by conventional frequency-doubled Nd:YAG lasers. Laser systems with output
powers in the TW range can be operated at 10 Hz [51]. Such a laser system is
available at the Lund high-power laser facility [52].

5.2 Atoms in intense laser fields
An intense laser field is sometimes defined as that when the strength of the
laser field becomes comparable to the Coulomb field from the nucleus
experienced by the outer electron. In this regime, perturbation theory no longer
suffices to describe the atom laser-field interaction. Other theoretical models,
such as integration of the time-dependent Schrödinger equation, must be
considered. At a laser intensity of 3.5-1016 W/cm2, the laser field is equal to the
Coulomb field between the electron and nucleus in atomic hydrogen. In the
intensity regime of 1013 W/cm2, strong-field effects can already be observed
experimentally in heavy atoms, such as xenon and krypton. Such effects
include above-threshold ionization (ATI) [53, 54] and the plateau in harmonic
generation. When atoms are subjected to intense fields, ionization will occur.
Since ionization plays an important role in harmonic generation it will be
briefly discussed below.
Ionization of atoms in intense fields can be divided into two regimes.
Different physical pictures are used to describe ionization in these regimes. For
comparatively weak laser fields and when a small number of photons is
required to reach the ionization limit, multi-photon ionization dominates. In
this picture we consider a multi-photon dipole transition to the continuum. For
high intensities and low laser frequencies (compared with the ionization
potential) tunnelling ionization dominates. In this semi-classical picture, we
think of the atom as being bounded by the Coulomb potential. The electric field
perturbs this barrier and at certain times it is possible for the electron to tunnel
out from the potential well (Figure 5.2). This tunnelling will take a finite time.
During the next half period, the laser field has the opposite sign, and tunnelling
can only take place on the other side of the potential well. In order for
tunnelling ionization to be the dominating ionization mechanism, the laser
frequency must be sufficiently low that tunnelling has time to take place. The
limit between the tunnelling ionization and multi-photon ionization regimes has
been investigated by Keldysh [55]. The Keldysh parameter is defined as the
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time it takes for the electron to tunnel across the barrier divided by the laser
period. When this parameter is well below one, the situation is well described
by tunnelling ionization. In the case where the Keldysh parameter is much
larger then one, multi-photon ionization dominates.

M /

w
Figure 5.2 Tunnel ionization in a strong la.er field.
The multi-photon ionization regime is more complicated to describe
theoretically since the detailed atomic structure plays an important role in the
computation of the ionization rate. In the tunnelling case, the ionization rate is
given by the simple formula of Ammosov et al. [56]. This is sometimes
referred to as the ADK theory, the name being made up of the initials of the
three authors.
An intuitive model which has proven to be useful for the interpretation of ATI
and high-harmonic generation was put forward independently by van Linden
van den Heuvell and Muller [57], Corkum el al. [58] and Gallagher [59]. This
model is sometimes referred to as the simple-man's theory. It assumes that the
electron tunnels out from the atomic potential, with no initial velocity in the
vicinity of the nucleus. The motion of the electron in an electric field is
investigated by simple classical mechanics. The maximum energy of an
electron in an ATI experiment, as well as the extent of the plateau in a highharmonic generation experiment, can be predicted [60]. The electron is
assumed to be ionized at a given time to, and the equation of motion for the
atom in a linearly polarized field is given by
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For certain ionization times to, it is possible for the electron to return to the
vicinity of the nucleus, and recombination can take place yielding emission of
radiation. The highest momentary kinetic energy upon the return of the electron
to the nucleus is obtained if ionization takes place when tot =0.6TI. This gives a
kinetic energy of
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This is sometimes expressed as 3.17Up. Up denotes the ponderomotive
potential, which is the average kinetic energy of the electron oscillating in the
electromagnetic field
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The ponderomotive potential is directly proportional to the laser intensity.
The highest photon energy that can be obtained from the interaction
between the electron and the ion is the sum of the kinetic energy of the electron
and the potential energy of the ion. This corresponds to the end of the plateau
in a high-order harmonic generation spectrum. This cut-off is thus given by
Ip+3.17Up. It may appear from this formula that harmonics of higher and
higher order can be obtained by merely increasing the laser intensity. However,
at high intensities, ionization will occur, and the medium will be depleted. The
intensity at which tunnelling ionization of a given species occurs is given by
the ADK theory. The maximum extent of the plateau in a medium is given by
Ip+3.17Upatwhere Upat is the ponderomotive potential at the saturation
intensity for ionization of the generating medium. However, this model only
considers single-atom effects. If phase matching is taken into consideration a
weaker dependence of the ponderomotive potential results. In Paper 18 the
extent of the plateau in Ar and Ne was experimentally found to follow the
expression Ip+2.4Up.

5.3 High-order harmonic generation as a source of radiation
The perhaps most promising method for the generation of tuneable coherent
radiation in the XUV and soft X-ray regions is high-order harmonic generation.
A typical experimental set-up is shown in Figure 5.3 The incident laser beam is
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Figure 5.3 A set-up for high-order harmonic generation in rare gases. EMT
denotes Electron Multiplier Tube.
focused to an intensity of 1O1315 W/cm2 in the gas jet. The pressure in the gas
jet is typically 3 kPa (30 mbar). The medium is generally a rare gas. The
harmonics are separated by a grazing incidence monochromator. It is
particularly efficient to use a monochromator without ai entrance slit. The
small focus inside the jet acts as a slit and the full beam can be refocused on
the exit slit. Refocusing and separation of the different harmonics can be
achieved with a toroidal grating. It is also possible to use the design in Figure
5.3, where a toroidal mirror is used to refocus the beam and a plane grating to
separate the harmonics. In order to avoid damage to the refocusing optics, they
must be positioned a substantial distance from the focus inside the jet. The
longer from the focus the grating is
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positioned, the larger it must be to
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reflect the full laser beam.
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the saturation intensity for ionization is reached and the harmonic yield will
also saturate.
The focusing geometry can also play an important role. For a given
peak intensity, the output yield will increase as the cube of the confocal
parameter b. A linear factor b originates from the fact that the focal area of the
generated radiation is proportional to the confocal parameter of the generated
as well as of the generating beam. The origin of the additional factor b 2 is
related to phase matching. Eq. 2.24 gives the phase factor for a Gaussian beam.
This phase factor will induce a phase slip between the driving and generated
fields. Neglecting the dispersion of the medium, the length over which the
harmonics add up constructively (the so-called coherence length) is given by
Kb/2(q-1) near the beam waist. As the confocal parameter increases, so will
the coherence length. Since it is a coherent process the scaling will be
proportional to the square of the length. Assuming that the coherence length is
smaller than the length of the generating medium, an additional factor b 2 is
found.
In order to obtain as high harmonic orders as possible, species with high
saturation intensities for ionization should be chosen. For the much studied rare
gases it has been found that the lighter the element the longer the plateau.
However, the photon yield for harmonics within the plateau is higher, the
heavier the element. For maximum yield of a given harmonic order, the
heaviest element for which that particular harmonic order is still within the
plateau should be chosen.
For relatively low densities of the generating medium, the output yield will
increase as the square of the density. When the medium becomes too dense,
phase-matching effects from the medium itself, as well as from the electrons
that are produced by ionization, will play an important role. Other effects, such
as self-defocusing of the laser beam, will also limit the yield. In the study
described in Paper 18, blue shifting, due to the temporal refractive-index
gradient resulting from the rapid ionization on the rising edge of the laser
pulse, was found. If the spectral properties of the generated light is of
importance, blue shifting can be reduced by keeping the gas density low. For
the optimal gas pressure there is a trade-off between generation efficiency and
spectral properties of the generated light.
Using a sub-picosecond, near-infra-red laser, the photon flux at moderately
low order harmonics, 9-21, in Xe can be larger than 108 photons per pulse after
wavelength separation. This makes it possible to use harmonics for
applications in atomic and molecular physics. Atomic structures are in general
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sharp. For investigations of atomic structures, as well as for efficient excitation
of individual states, a narrow-band source would be necessary. A laser
producing Gaussian pulses with a 100 ps duration could have a bandwidth of
about 4 GHz, matching typical linewidths in atoms. It would still be feasible to
obtain peak intensities of 1013-1014 W/cm2 to allow for efficient harmonic
generation down to about 30 nm. For other applications, where dynamic
properties of broad-band structures in molecules or solids are of interest the use
of sub picosecond lasers is more motivated as they give higher temporal
resolution as well as better conversion efficiencies compared with systems
providing longer pulses.
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6. Comments on the papers
This chapter consists of a summary of the papers included in this thesis. Most
papers have several authors and in most cases, the authors are listed
alphabetically. I will therefore point out my own contributions to the various
papers.
Paper 1. Work was done in order to study the influence of narrow-band
excitation and time-resolved detection on level-crossing signals. Although the
material was not entirely new, valuable experience was obtained for subsequent
work on the subject. I performed a substantial part of the experimental work
and of the preparation of the manuscript.
Paper 2. The hyperfine structure of the 5 2 P 3/2 state of neutral copper was
measured using level-crossing spectroscopy following pulsed laser excitation.
Since a pulsed laser was used, the short excitation wavelength of 202 nm
presented no problems. I performed a substantial part of the experimental work
and of the preparation of the manuscript. I made no contribution to the
theoretical work.
Paper 3. The hyperfine structure of the 6 2 P 3/2 state of neutral silver was
measured using three different spectroscopic techniques: quantum-beat
spectroscopy, level-crossing spectroscopy and optical double-resonance
spectroscopy. The highest accuracy was obtained using optical doubleresonance spectroscopy with delayed detection, allowing a resolution better
than that given by the Heisenberg uncertainty principle. The hyperfine structure
of the 6 2Pj/2 state was measured using quantum-beat spectroscopy following
excitation by circularly polarized light. The lifetimes of the two states were
measured by time-resolved spectroscopy. I performed the major part of the
experimental work and prepared the manuscript.
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Paper 4. The hyperfine structure of the 7 2 P 3/2 state of neutral silver was
measured using quantum-beat spectroscopy. VUV radiation at 185 nm was
obtained by stimulated anti-Stokes Raman shifting of 201 nm radiation
generated in crystals. The lifetimes of the two states in the doublet were also
measured. I performed a substantial part of the experimental work and of the
preparation of the manuscript.
Paper 5. The lifetimes of the n 2Si/2 and n 2 D 3/2 sequences of neutral Ag were
measured using two-step excitation. I performed a substantial part of the
experimental work and of the preparation of the manuscript.
Paper 6. gj factors and lifetimes in the ! Pj and 3 P| sequences of Yb were
measured. A multi-channel quantum defect theory analysis was later performed
in China based on these data. I performed a substantial part of the experimental
work and of the preparation of the manuscript.
Paper 7. A method for producing coherent radiation at short wavelengths
involving the interaction of a laser and electrons in a undulator was
demonstrated. I took part in the experimental work and made a small
contribution to the preparation of the manuscript.
Paper 8. Lifetimes in neutral nitrogen were measured. In order to produce free
nitrogen atoms N2O was dissociated with the laser light which was two-photon
resonant with the states in nitrogen being studied. Stepwise excitation from
these platforms was also performed. In order to find resonances of weak
signals, depletion spectroscopy was employed. I performed a substantial part of
the experimental work, and I contributed to the preparation of the manuscript.
Paper 9. A few of the states previously studied in Paper 8 from which a strong
signal was obtained were too short-lived to be measures with the available 10
ns dye laser. A distributed feedback dye laser operated near threshold was used
to produce pulses with about 2 ns duration. These short pulses were used to
measure the lifetimes of these states. I performed a substantial part of the
experimental work. I also prepared the manuscript.

51

Paper 10. The gj factor and lifetime of the 5 S 2 state in selenium were
measured. Free selenium atoms were obtained by thermal dissociation of
selenium molecules in a quartz cell. I took part in the experimental work and
contributed to the preparation of the manuscript.
Paper 11. The short-lived resonance lines of tellurium and selenium were
measured using time-resolved spectroscopy. Laser pulses of about 3 ns
duration were achieved by pumping the oscillator of a dye laser with a shortpulse nitrogen laser. The amplifiers were pumped with the powerful secondharmonic output of a Nd:YAG laser. I performed a substantial part of the
experimental work and of the preparation of the manuscript.
Paper 12. In one of the first observations from the Hubble Space Telescope,
the resonance line of arsenic was seen in a spectrum from a chemically peculiar
star called X'Lupi. In order to produce as reliable data as possible for
astrophysicists wishing to determine abundances, the lifetime of this resonance
line was measured. Short pulses were produced in a manner similar to that
described in Paper 11. VUV radiation at 194 nm was produced by frequency
mixing in a BBO crystal. I performed a substantial part of the experimental
work and of the preparation of the manuscript.
Paper 13. The Hanle method can be used to measure lifetimes with much
shorter duration than the length of the laser pulse. It was shown that the high
intensity in the laser pulse did not introduce power broadening of the Hanle
signal. A theoretical estimation of intensity effects on the width of the Hanle
signal was also given. I performed the experimental work and the preparation
of the manuscript.
Paper 14. The aim of this paper was to verify the abundance determination of
ruthenium in the chemically peculiar star X'Lupi. Lifetime measurements of
four states in Ru+ were performed by our group. Branching fractions were
measured at the Atomic Spectroscopy Division and the abundance was
calculated at Goddard Space Flight Centre, Greenbelt, USA. In order to create
free Ru ions for the lifetime measurements a new source of free atoms/ions v* H ,
developed. Short-wavelength radiation was achieved in a manner similar to thai
described in Paper 12. I performed a substantial part of the experimental work
and of the preparation of the manuscript regarding the lifetime measurements.!
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did not take part in the other experimental and theoretical work or manuscript
preparation.
Paper 15. VUV radiation obtained by frequency mixing in gases was
employed for time-resolved spectroscopy on magnesium. I performed a
substantial part of the experimental work and prepared the manuscript.
Paper 16. The lifetimes in the n 2P3/2 sequence of copper were measured
following VUV laser excitation. I took part in the experimental work and
contributed to the preparation of the manuscript.
Paper 17. A quantum mechanical model explaining the cut-off of the plateau
in harmonic generation was presented. Following the inclusion of propagation
effects, the model was compared with experimental data. I took part in the
experimental work, but not in the theoretical work or preparation of the
manuscript.
Paper 18. Harmonic generation is a promising source of XUV/soft X-ray
radiation. Experimental investigations of harmonic generation from femtosecond laser pulses were performed. Blue shifting of the incident radiation, as
well as the harmonics, was observed. I took part in the experimental work and
made small contributions to the preparation of the manuscript.
Paper 19. A data acquisition program for the MS Windows environment has
been developed. This program is especially suitable for non-linear processes.
The core of the program is serial communication with the Stanford Research
System SRS 245 computer interface. Various equipment in the Atomic Physics
Division such as stepping motors, d.c. motors with encoders, monochromators
and lasers can be controlled with the program.
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