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Abstract
The work presented in this thesis concentrates on the construction and development
of a Fabry-Perot Interferometer (FPI).
Resonance ionization spectroscopy (RIS) is a powerful technique for the extraction of nuclear structure, namely nuclear spins, moments and changes in mean-square
charge radii. However, due to the pulsed nature of the laser, the technique may be
limited by the laser linewidth to low resolution spectroscopy. This thesis presents the
construction and characterization of a Fabry-Perot Interferometer in order to measure
the laser linewidth and to calibrate the wavelength of a pulsed Ti:Sapphire laser in
"Narrowband" mode (<1 GHz). The FPI has been directly utilized in the measurements of optical transitions via resonance ionization spectroscopy of copper.

Jyväskylä, 30-10-2015
(Hasan Khan)
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Chapter 1
Introduction
The nuclear landscape that defines the territory for nuclear physics research is predicted to contain approximately 7000 bound nuclei, of which 3000 are already known.
Of these ∼ 300 isotopes are stable, the rest are radioactive [1]. In the landscape, nuclei
are arranged as a function of increasing numbers of neutrons and protons, respectively.
The ordering of nuclides in this manner distinguishes the isotopes of the elements and
offer greater insight into the characteristics of isotopes in contrast with periodic table,
which only maps the elemental number.

Figure 1.1 illustrates the landscape that displays more than 3000 known nuclei [2].
The belt of black squares represent stable and extremely long-lived nuclei that define
the valley of stability. Below or above the line of stability, are either neutron rich or
proton rich nuclei bound until one reaches the drip lines. Drip lines are the boundaries
for nuclear isotope’s stability. The intersections of blocked lines in the figure show the
nuclei containing so-called magic numbers of neutrons and/or protons that provide
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extra stability to the nucleus. These magic numbers correspond to the complete filling
of specific nuclear shells.

Figure 1.1: Nuclear Landscape

The advancements in experimental nuclear physics enable us to study the properties of exotic radioactive nuclei as we move far from the valley of stability. Such
developments have led us to discover many new and exciting properties of nuclei,
for example, the evolution of nuclear shapes, shape coexistence, quenching and reemergence of new magic numbers. In order to artificially produce the new exotic
nuclei, more inventive techniques and on-line facilities are required. The Ion Guide
Isotope Separator On-Line (IGISOL) method developed in Jyväskylä is one of several
facilities in the world.

Chapter 2
IGISOL
The IGISOL - Ion Guide Isotope Separator On-Line - facility utilizes the ion guide
technique for the production of low energy ion beams of exotic nuclei, for the study of
fundamental nuclear structure, both nuclear ground and isomeric states. The facility is
located at the Accelerator Laboratory of the Department of Physics of the University of
Jyväskylä. The ion guide technique has been used to investigate short-lived radioactive
nuclei for the past 30 years and has been very successful in producing a broad range
of both neutron rich as well as neutron deficient isotopes [3]. Until now, more than
40 nuclei have been discovered and their properties studied using the facility.

2.1 IGISOL layout
The major instruments at the IGISOL facility for radioactive ion beam manipulation
include the ion guide system with its gas feeding and differential pumping, a magnetic
mass separator, RFQ cooler trap, double Penning trap (JYFLTRAP), a laser ionization
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Figure 2.1: A layout of the IGISOL-4 facility. [Credit. I. D. Moore et al, NIMB 317(2013)
208]

facility as well as a collinear ion beam spectroscopy line (operated by the University
of Manchester and Liverpool). A layout of the IGISOL facility is presented in Figure
2.1. The main parts are labelled and elaborated below [4].
1. MC30/15 Cyclotron The new MCC30/15 cyclotron can accelerate protons and

deuteron in the range of 18−30 MeV and 9−15 MeV, respectively, with a beam
current of 200/62 µA. This 4 sector cyclotron has a magnetic diameter of 2.5
m and pole diameter of 1.4 m. Its frequency is up to 40.68 MHz. It is planned
to be used for proton-induced and neutron-induced fission at IGISOL.
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2. Beam delivery from K130 Cyclotron The heavy-ion K-130 cyclotron with external

Electron Cyclotron Resonance (ECR) ion sources has the bending limit of 130
MeV with an average magnetic field of 1.77 Tesla. It consists of two "dees" with
angular width of 78 degrees and maximum voltage of 50 kV. Beams from the
K-130 cyclotron are channelized to reaction cavity with the help of a quadruple
lens and X Y steering magnet through a 7mm water-cooled collimator. The
cyclotron delivers an exceptionally large number of heavy- and light-ion beams,
operating > 6000 hours/year since 1996.
3. Target Chamber and Ion Guide This contains the different ion guides in use at

IGISOL. The ion guides are made from aluminum to minimize activation of the
material. In the ion guide nuclear reaction products recoil from the target and
are slowed down by buffer gas (Helium or Argon). The recoils are transported
to the mass separator by a combination of electrostatic field and a differential
pumping system.
4. Beam Dump The primary beam from the cyclotron is not stopped in the ion guide

and must be safely "dumped" downstream. The beam dump consists of an iron
core of 400mm×500mm×500mm dimension with a bore of 200mm diameter
where the beam is stopped. A layer of boron-loaded paraffin of thickness 200mm
is used to cover the iron core and the whole dump is surrounded by thick concrete
blocks. In the iron core and paraffin layer, fast moving neutrons are slowed down,
thermalized and eventually removed via a neutron-capture process in boron. The
outermost layer of thick concrete helps to shield the laboratory from gamma rays
and attenuates the neutrons that survive the inner radiation shielding [5].
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5. Extraction Chamber In the extraction chamber, the low-energy radioactive nuclei

are accelerated to 30kV toward the mass separator.
6. Dipole Magnet The main function of the 55 ◦ dipole magnet is to bend the beam

particles by its strong magnetic fields, separating the nuclei according to charge
over mass. A typical mass resolving power,

m
,
δm

of 500 is reached in on-line

operation.
7. Switchyard and yield station An advanced and versatile beam distribution system

into three different channels is allowed with the help of the switchyard located
at the focal plane of mass separator. It has been designed in such a way to
allow fast switching between three beam lines. A decay spectroscopy system is
also mounted near the switchyard system. An array of beam monitoring devices
is available, including a Faraday cup to measure beam current, micro-channel
plate and a silicon detector.
8. RFQ Cooler-Buncher The radio-frequency (RFQ) cooler-buncher improves the mass

separated beam quality by reducing the transverse emittance and energy spread.
The ions are decelerated from with the help of an electrostatic lens system before injection into the cooler. The RFQ is located in the central beam line and
has optional access for laser beams for ion resonance ionization as well as other
optical manipulation prior to delivery to the collinear spectroscopy beamline.
9. Penning Trap System After extraction out of the RFQ cooler the ion bunches are

accelerated and transported to the Penning trap. The Penning trap is an electromagnetic device used to confine radioactive ions in a stable trajectory. The trap
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system consists of two traps placed inside a 7 Tesla superconducting solenoid.
The first trap, called the purification trap, is filled with buffer gas at low pressure
(10−3 − 10−4 mbar) to cool the ions as well as to get the isobaric purification.
The precision atomic mass measurements of radioactive beams are performed
in the second trap, called precision trap, using a superposition of quadrupole
electric fields and a highly homogeneous magnetic field [6].
10. Beamline ( For Experiment) From the beamline, ions are transported to different

destinations for various spectroscopy and other experiments.
11. Collinear Laser Beamline After the trap, the beams can be directed to the collinear

laser spectroscopy station, managed by the university of Jväskylä and Manchester university. Collinear laser spectroscopy is a high resolution spectroscopy
technique where the fast ions beam or atoms are superimposed with a narrowband laser beam in a parallel or anti-parallel geometry. This way, the Doppler
broadened optical linewidth are reduced almost to the natural linewidth of the
specific transition under investigation.

2.2 Working Principle - Ion Guide Technique
In order to separate and extract the desired isotopes after the nuclear reaction, several
different methods are available; e.g. In-Flight Method, Isotope Separation On-Line
(ISOL) and ion guide method [7]. The In-Flight method separates the desired isotopes
from contaminant beams in vacuum with the help of magnetic and electric fields.
While in the ISOL technique, the reaction products diffuse out of a thick target,
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effuse into an ion source where they are ionized and then separated using a mass
separator[8].
The Ion Guide method, which is exploited at IGISOL, is quite versatile but the
basic working principle is rather straight forward. In a typical normal operation, an
energetic beam from the cyclotron K-130 (or recently built MCC30 cyclotron) induces
nuclear fusion or fission reactions in a thin target inside a gas cell chamber. The highly
charged reaction products recoil out from the target due to the the initial momentum
imparted to them during the reaction. The reaction products are slowed down by
buffer gas which is usually Helium or Argon. The buffer gas pressure is maintained
typically at 300 mbar. Since the ionization potential of helium is very high, 24.6eV, a
large fraction of recoiled ions are thermalized to the 2+ charge state. The 2+ charge
state reduces to the 1+ state during charge exchange processes with impurities in
the gas. After thermalization, ions are transported along with the buffer gas flowing
through the exit nozzle. The evacuation time of recoils mainly depends on the type of
buffer gas, the volume of the ion guide and the diameter of the exit nozzle and is in the
range of sub milli-second to hundreds of milliseconds. Ions are then separated from
the neutral buffer gas by differential pumping and are guided at low energy through a
sextupole ion guide (SPIG), before being accelerated in a stepwise manner to 30keV
[9]. This low energy beam is mass separated using a 55◦ degree dipole sector magnet.
Figure 2.2 illustrates the experimental setup for this process.
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Figure 2.2: Working technique of IGISOL - Ion guide method. Credit: PhD thesis,
Pasi Karvonen (2010).

2.3 Limitation of the Ion Guide Technique
The IGISOL technique is both universal and fast, however is non selective particularly
in the case of fission. The high isobaric impurities in the mass-separated beam is a
problem which often hinders the ability to go further from stability. The problem gets
even worse for the case of isotopes that are far off the beta stability line because the
mass separated beam, in this case, consist of several other high intensity and more
stable nuclei.
To address this issue, a selective technique is required, and may be provided using
efficient resonant laser ionization coupled with the gas cell. In a similar manner to the
LISOL (Lauren Isotope facility On-line) [10], the FURIOS (Fast Universal Resonant
laser Ion Source has been built at IGISOL [11]. The laser ion source improves the
isobaric purity and increases the efficiency of the IGISOL facility in a few cases.

Chapter 3
Laser Resonance Ionization and
Spectroscopy

3.1 Introduction
In a typical IGISOL experiment, where the nuclear reaction products are thermalized
to the 1+ charge state, the most exotic sought after isotopes are far less abundant
compared to the total ensemble of particles. Although the separator magnet is capable
of selecting the ions having a specific charge-to-mass ratio (q/m), isobaric contamination is still left in the mass-separated beam as the resolution of the mass separator
is limited to ∼ 500. This isobaric contamination hinders the progress in selecting the
required isotopes for experimental purposes. To address this issue and to enhance
the selectivity of a specific isotope, a technique called ’Resonant Laser Ionization’ has
been exploited at the facility.

11

CHAPTER 3. LASER RESONANCE IONIZATION AND SPECTROSCOPY

12

Figure 3.1: A schematic of different resonant laser ionization processes.

3.2 Resonant laser ionization
In resonant laser ionization, an atom is excited in a step-wise manner from the ground
state either directly into the continuum, to an auto-ionizing state or to a Rydberg state
followed by subsequent ionization. In this multi-step photon absorption process, the
first laser pulse saturates the resonant transition step below the ionization potential,
with a final pulse ionizing the atom to the continuum either in a non-resonant transition
with the help of a high power pump laser or excitation to an auto-ionizing state above
but close to the ionization potential.
Since each element has a unique atomic level fingerprint, the use of resonance laser
ionization can provide elemental selectivity for many of the elements in the periodic
table. In Figure 3.1, an example of an ionization scheme is shown. λ1 , λ2 and λ3
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are wavelengths of photons required to drive the transition. In part (a), the atom
is ionized by non-resonant ionization, (b) shows the auto ionization while (c) is field
ionization via Rydberg states. Resonance laser ionization is an extremely sensitive and
highly selective analytical measurement method to obtain a pure beam of nuclei [12].
In Resonance ionization Spectroscopy (RIS), one of the laser used in the resonant
excitation process (e.g. λ1 in figure 3.1) is summed across the transition and ions
are counted. RIS can, therefore, play a vital role in determining the charge radii and
nuclear moments of radioactive isotopes. The resolution of this technique is mainly
limited by the laser line-width and Doppler/pressure broadening of the atomic transition. The pulsed Ti:sapphire lasers at FURIOS have a rather wide fundamental line
width of 5GHz which dominates other broadening factors in most of the spectroscopy
experiments.

3.3 FURIOS Laser Ion Source
The Fast Universal Resonant laser Ion Source (FURIOS) is designed for selective
radioactive beam production and in-source laser spectroscopy, and is an essential part
of the IGISOL facility. It was commissioned in 2004 at IGISOL to address the lack
of selectivity and isobaric impurity in the ion guide method and later was developed
towards in-source spectroscopy. The main elements of FURIOS consist of multiple
high repetition rate pulsed lasers. A high repetition rate is important for ensuring
every atom is exposed to the lasers at least once during excitation from the gas cell
the helium buffer gas. The facility includes multiple tunable Titanium sapphire lasers
pumped by two Nd:YAG lasers (LDP-200MQG) which have a power output of 40W
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and 80W, respectively, at 10kHz frequency. The 80W Nd:YAG is used to pump up to
four Ti:Sa lasers while the 40W Nd:YAG is used to pump an injection-locked Ti:Sa
laser and is reserved for backup. A 30W Copper Vapor Laser (CVL, Oxford Lasers
LM100XKE) is used mainly for non-resonant ionization. The FURIOS laser system
coupled with second, third and fourth harmonic generation results in a wavelength
coverage from ∼ 200 nm to ∼ 1000 nm which can provide a universal coverage of
ionization schemes for most of the elements in the periodic table [13].

3.4 Resonance Ionization Spectroscopy (RIS) of Copper
In order to test the reliability of in-gas-cell laser spectroscopy, resonance ionization
spectroscopy of copper has been performed in an atomic beam unit. The reason
for choosing copper for the spectroscopy experiment is due to the large hyperfine
splitting of the ground and excited state involved in the transition. Previously, a test
was performed in 2013, the result of which disagreed with the literature value, with a
deviation of up to 7σ seen [14].
In the experiment, a collimated beam of copper was produced by evaporating the
metal in a thin tantalum oven which is electrically heated up to 1600◦ C. The oven
is mounted within the atomic beam unit (ABU) which operates under vacuum. The
transition from the 3d 10 4s 2 S 1/2 ground state to the 3d 9 4s 4 p 4 P 1/2 excited state at
244.237 nm was chosen due to the suitability for the determination of the hyperfine

structure with a large 7 GHz hyperfine splitting of the excited state as elaborated in
Figure 3.2. To obtain 244nm, a Tisa laser operating at 976.94 nm was used, which
was intra-cavity doubled to 488.47 nm and then quadrupled to the UV. For the second
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Hyperfine
Parameters

Exp. Value
/GHz

Literature
/GHz [16]

value

Ag r ound
Aexci t ed

5.529(40)
2.325(40)

5.866908706(20)
2.432(8)

Deviation
/GHz

Deviation
/σ

-0.338(40)
-0.107(40)

-7.4
-2.7
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Table 3.1: Comparison of spectroscopic data. Ref. [14].

step transition, an intra-cavity doubled Ti:sa laser is used which directly populates an
auto-ionizing state at 63584.57 cm−1 . An electron multiplier detector is used to record
the copper ion signal. The detail and description of the experiment is given in the
paper attached in the appendix D. The result of the experiment and evaluation of
the hyperfine coupling constants for the ground and excited states are summarized in
Table 3.1 [14].
The result shows that the hyperfine coupling constant in the Cu ground state
A g r ound differs from the literature value by up to 7σ whereas the excited value differs

by up to 4σ with respect to literature. This striking disagreement suggests that there
are some additional sources of error besides the statistical error. For an accurate
measurement of the hyperfine parameters of Cu as well as the isotope shift, it is
imperative to understand and minimize any systematic errors associated with the RIS
technique. Among several possible sources of error include the optical fiber coupling to
the wavemeter and an unknown effect of the intra-cavity doubling on the Ti:Sapphire
mode structure. The primary source of error was traced to the commercial wavemeter
(Highfinesse WS/6-UV). The High finesse WS/6 wavemeter is a modern high precision
wavelength meter of laser beams. It is quite sensitive and can measure both pulsed
and continuous laser sources with measuring speed up to 500 Hz.The wavemeter
houses both optical elements and electronics in a thermally isolated compact casing.
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The absolute accuracy associated with the device is 600 MHz[17]. Moreover, the
Ti:sapphire wavelengths were measured in the fundamental whereas the experimental
measurement was frequency quadrupled which further decreases the absolute accuracy
by a factor of 4.
The uncertainty in the frequency quadrupled wavelength could therefore be more
than 2GHz based on the absolute accuracy of the wavemeter. This uncertainty is
large enough to explain the discrepancy in the measured result. For a better and more
precise way to measure the wavelength, the use of a Fabry-Pérot interferometer has
been suggested. For this purpose, a home-made scanning Fabry-Pérot Interferometer
has been constructed to accurately measure the mode structure of Ti:Sapphire while
using a stabilized HeNe laser as a reference. Once calibrated, the FPI can also provide
a reliable calibration of the laser wavelength which can eventually remove the need for
using the wavemeter in the analysis.
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Figure 3.2: Ionization scheme of copper. Scheme under dashed line is used because
of its large hyperfine splitting. The ionization scheme using the 327.49nm transition had been used in earlier work however due to the small (1GHz) splitting of the
excited state, only two peaks were resolved [15].

Chapter 4
Fabry-Pérot interferometer
In order to investigate the possible wavemeter discrepancy, laser mode structure and as
a wavelength calibration for spectroscopy experiments, a simple scanning Fabry-Pérot
Interferometer has been constructed.

4.1 Fabry-Pérot Interferometer - FPI
A Fabry-Pérot Interferometer (invented by C. Fabry and A. Pérot) is an improved
version of the Michelson Interferometer in which highly reflecting mirrors are used and
multiple reflecting beams of light superimpose in such a way that the result produces
interference patterns. All the rules of an interferometer are still applicable to an FPI,
however, the multiple reflections in the FPI result in clearer fringes. A combination of
mirrors is used for this purpose, mounted parallel to each other. If one of the mirrors
is movable, it is called an interferometer, otherwise it is termed an etalon.

18

CHAPTER 4. FABRY-PÉROT INTERFEROMETER

19

4.1.1 Design
The interferometer uses multiple beam interference of lasers and can act as a reference in high resolution spectroscopy. An FPI is essentially a combination of two highly
reflecting mirrors facing each other, separated by some distance “ L ” which defines the
cavity of the interferometer. Figure 4.1 summarises the types of Fabry-Pérot interferometer based on the geometry of the cavity mirror. Cavity length, L , can be varied
continuously by changing the position of one mirror by, for example, a piezoelectric
device. Light enters through the back of one mirror, gets reflected by the opposite
mirror and is again reflected by the first mirror as shown in Figure 4.2. The beam is
transmitted through the cavity only when a certain condition for the wavelength of
the laser and the geometry of the resonator cavity are fulfilled. Otherwise the light is
almost completely suppressed because of destructive interference.

4.1.2 Theory
The detailed theory and working principle of an FPI has been described in various references [18]. For our purpose, a simple theory and some of the important characteristics
of the FPI are briefly described here.
Suppose a monochromatic light of wavelength λ and intensity I i is incident on
the flat parallel mirror of a Fabry-Pérot Interferometer separated by distance L to a
second mirror and is reflected several times by the reflecting surface of the mirrors.
For simplicity, lets consider the refractive index, n , of the medium to be 1 and assume
that there is no absorption of light by the mirror, i.e. R +T = 1, where R and T are the
reflectance and transmittance of the mirrors, respectively. Light is only transmitted
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Figure 4.1: An schematic diagram of the different geometry of Fabry-Pérot interferometer.
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Figure 4.2: A Fabry–Pérot Interferometer. Light enters the cavity and undergoes multiple internal reflections. Some light is also transmitted from the static mirror as it is
not 100% reflective.
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outside the cavity when all the reflected waves are in phase and the resonance condition
is fulfilled. Mathematically,
λ
n ·L = m · .
2

(4.1)

where n is the refractive index of the cavity and m is the interference order number.

4.1.3 Transmission wave function
The instrumental response is defined as the ratio between the intensities of the transmitted and incident light and is known as the Airy Function; the derivation of which
can be found in various optics books[19, 20],

T =

It
(1 − R)2
=
.
ν
I i 1 + R 2 − 2R cos[2π (c/2L)
]

(4.2)

Here ν and c represent the frequency and speed of light, respectively. The transmission
function T is periodic in frequency, repeating every free spectral range and depends
on the reflectivity of the mirror as the cosine function depicts in the equation. Figure
4.3 shows the characteristic transmission curve for different reflectivities of the mirror
cavity.

4.1.4 Free Spectral Range
The Free Spectral range (FSR) is used to characterize the interferometer. It represent
the spacing (in optical frequency or wavelength) between two successive transmitted
intensity maxima or minima of an interferometer as shown in Figure 4.4. The FSR
gives a quantitative measure of how far the moving mirror must be translated in order
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Figure 4.3: Theoretical transmission curve of a Fabry-Pérot Interferometer for different degree of mirror reflection R.

to reach the next constructive interference maxima. The FSR of an interferometer
depends on the cavity length L as:

F SR =

c
2L

(4.3)

where c is the velocity of light; c = 2.99 × 108 m/s. There are two ways the FSR can
be defined; for constant cavity length, it is defined by the change in the wavelength,
whereas for constant wavelength, the FSR is defined by the change in the cavity length.

4.1.5 Finesse
For a Fabry-Pérot interferometer, the finesse is a quantitative measure of the interferometer’s ability to resolve closely spaced transmission peaks. The Finesse characterizes
the width of the peak and informs how "sharp" the maxima are. The total finesse of
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Figure 4.4: Transmission of interferometer illustrating the linewidth, Free Spectral
Range (FSR) and resonance frequency.

an interferometer is defined as the ratio of the "separation between fringes" to the
"full width at half maximum" of the resonant peak. The equation for the total finesse
is:
F=

FSR
.
FWHM

(4.4)

If only the influence of reflectivity of the mirror on the transmission function is considered, then the finesse can be characterized according to the reflectivity of the cavity
mirrors:

p
π R
F=
.
1−R

(4.5)

A delta function for the transmission peaks, in other words,a peak with zero width
cannot be obtained because the surface of the mirrors are never perfectly reflecting,
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i.e. 0 < R < 1. This limits the resolution of the Fabry-Pérot. Other factors that may
effect the resolution includes the divergence of the laser beam and the flatness of the
mirrors.

4.1.6 Resolving Power
The resolving power of an interferometer describes the minimum difference between
the two wavelengths (i.e. bandwidth of the line) that can be distinguished. The
separation between the two peaks must be at least the full width at half maximum
for the two peaks to be fully resolved. The resolving power of an FPI is the product
of the finesse and the order of interference n .

Resolving Power = F × n.

(4.6)

4.2 Construction and operation of a home-made FPI
The home-made FPI described in this work has an the optical cavity made from plane
reflecting mirrors whereby standing waves are generated when a laser beam enters
the cavity. Plane mirrors make it difficult to perfectly align the cavity to the required
precision as it is nearly impossible to install the mirrors absolutely parallel to each
other. This results in a low finesse as compared to the con-focal geometry which
produces the smallest possible beam diameter for a given cavity length (as it focuses
the beam and reduces the "walk off" of the intracavity beam). However, the planeparallel configuration provides flexibility to adjust the Free Spectral Range (because of
the freedom in choosing the cavity length) which helps to investigate both broadband

CHAPTER 4. FABRY-PÉROT INTERFEROMETER

26

as well as narrow band lasers.
In the Fabry-Pérot cavity, a pair of broadband reflecting plane mirrors (600 nm to
1000 nm) were used. The wavelength range was chosen to cover both a HeNe laser

operating at 632nm as well as the fundamental light of a Ti:Sa. The stabilized
HeNe laser beam was assumed to be sufficiently stable in frequency compared to
the Ti:sa laser and was thus chosen as a frequency reference. One of the mirrors
is mounted on a piezo actuator (Piezomechanik, HPSt 150/14-10/12 VS22) with
resonance frequency 30kHz. To drive the piezo, a scan generator (Mini scan Toptica
102) is used which has a frequency range of 100 MHz - 200 MHz. The confined beams
in the resonator cavity reflect several times between the highly reflecting mirrors.
Only the beams of wavelength λ that fulfill the resonance condition, equation 4.1,
n · L = m · (λ/2) can be sustained and leak out from the cavity whereas others are

suppressed because of destructive interference. The leakage beam from the FPI is a
combination of HeNe and Ti:Sa beams which are separated using a dichroic mirror.
The individual beams are coupled into photo detectors(Thorlabs PDA36A-EC) where
they are amplified before the data is transferred to the computer using the National
Instruments - Data Acquisition NI-DAQ 6009 acquisition system. NI-DAQ 6009 is
a 14-Bit,48kS/s multifunction device which has sampling rate of 10kHz when all
channels are in use. Since the 10kHz rate is not sufficient to acquire very fast signals
(e.g. Matisse Ti:Sa lasers) from the photo diode, the signal is first time-averaged by
500 µsec using a time-averaging electronic device before it is sent to the PC.
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4.3 Characterization of FPI
To characterize the FPI, the HeNe, Ti:Sa and voltage ramp (to drive peizo) are sent
to the FPI cavity. The output leakage light from the interferometer is separated using
dichroic mirrors, detected and amplified by photo detectors and sent to the computer
along with the piezo ramp trigger. The trigger provides a reference to the voltage ramp
of the piezo mirror. Figure 4.5 shows a sample of the FPI transmission signal where
yellow, red and blue fringes represent the trigger, HeNe laser and Ti:sapphire laser,
respectively. Figure 4.6 is a zoomed in view of the FPI signal during a scan of piezo
voltage. The periodic change in the amplitude and resolution of the HeNe signal is
mainly due to the acceleration of the piezo actuator as the plane-parallel configuration
is extremely sensitive to any misalignment of the mirrors. When the voltage ramp
starts (or ends), the acceleration of the actuator results in a non-linearity which can
be easily seen in figures 4.5 and 4.6 as the peak amplitude decreases significantly at
the start and end of the ramp. The peaks have a maximum amplitude in the middle
of the ramp where the acceleration of piezo actuator is minimum. Other effects that
may cause a non-linearity in the FPI scan are the weight of mirror mount, a possible
non-horizontal movement of the actuator due to gravity and vibrations due to the
pump lasers in the FURIOS cabin.
The Finesse of the FPI is extracted from the HeNe transmission peaks in the middle
of the voltage ramp where the transmission amplitude was maximum, and has been
deduced to be ∼ 70 from the "best fit parameters" of an Airy function fit as given
in equation 4.2 using Wolfram|Mathematica (Wolfram Research, Inc., Mathematica,
Version 10.0, Champaign, IL - 2014 ). The code is attached in appendix D.
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Figure 4.5: A sample of the FPI signal. Yellow, red and blue represent trigger, HeNe
and Ti:sapphire signals, respectively.

4.4 Free Spectral Range Calibration
The length of the FPI cavity is approximately 4.3 cm and a rough estimation, using
equation 4.3, gives a value of 3.45 GHz for the free spectral range. To precisely
calibrate the free spectral range, a continuous wave Ti:Sa laser source is used along
with a stable HeNe laser as a reference signal. Three different scans of the cw Ti:sa
at wavelengths of 730nm, 745nm and 760nm over a range of 50 GHz were made.
In this method, the centre of gravity of the HeNe transmission peaks as well as two
FSR-separated cw Ti:Sa peaks were tracked. The change in relative timing difference
between the Ti:Sa and HeNe peaks is proportional to the wavelength change:
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Figure 4.6: A zoomed view of the FPI signal. The multimode structure of the dual
etalon Ti:Sapphire is obvious in the figure.

∆ν ∝

(C oG T i :sa −C oG HeNe )
.
F SR T i :sa

The scanning range covers multiple free spectral ranges. Therefore, the Ti:sa peaks,
as the wavelength is scanned, leave the available scanning range provided by the piezo,
moving too far apart from the HeNe fringe. To solve this issue, an FSR-dependent
constant N j ump is introduced in the formula,

∆ν ∝

(C oG T i :sa −C oG HeNe )
+ [N j ump ].
F SR T i :sa

The constant of proportionality is the required FSR of the Fabry-Pérot Interferometer
which is extracted by the least squares minimization of the difference between the
wavemeter data and the FPI data,
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Figure 4.7: An example of fitting the HeNe fringes using Airy function.

(C oG T i :sa −C oG HeNe )
∆ν = F SR F P I ·
+ N Jump
F SR T i :sa
·

¸

or,
∆ν = F SR F P I ·

·

C oG T i :sa −C oG HeNe + N Jump · F SR T i :sa
F SR T i :sa

¸
.

(4.7)

The proportionality factor that gives the best fit to the wavelengths measured by
the wavemeter corresponds to the desired free spectral range value of the FPI. We
have measured the free spectral range of the FPI to be 3.3279(80)GHz. The main
contribution to the error is likelyto be due to the wavemeter and can be improved
by performing more scans. The data is analyzed in Wolfram|Mathematica and the
algorithm is given in appendix D.
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FPI /GHz

Lit. /GHz

FPI Deviation /GHz

Deviation wm /GHz

5.887(20)
2.416(20)

5.866908706(20)
2.432(8)

-0.020(20)
-0.016(20)

-0.350(50)
-0.150(20)

Table 4.1: A new measurement of the copper hyperfine structure using home made
FPI

Using the calibrated FPI, a new measurement of the hyperfine structure of copper
was taken. The result of the measurement confirms the discrepancy in the data obtained using the wavemeter. A difference of up to 1.2 GHz has been recorded between
the spectra using the FPI as compared with the wavemeter. The deviation between
FPI and wavemeter values as listed in Table 4.4 shows a significant improvement in
accuracy using the home made FPI as compared with the wavemeter. The last column
shows the deviation to the literature value in the hyperfine parameter, A , of copper
using the wavemeter whereas the second last column describes the deviation in the
value using the home made FPI.

4.5

Development of a Plano-concave FPI

Considering that an incident beam in the cavity deviates from the normal axis after a
few reflections because of imperfect alignment of the cavity mirrors, the FPI cavity is
improved by changing from a plane-parallel configuration to a plane-concave configuration. In this configuration, a set of plane and concave mirrors are used. The concave
mirror has a radius of curvature of 7.5cm. Both mirrors have a reflective coating with
97(0.5)% reflectivity in the 630nm - 1050nm wavelength range. The HeNe and TiSa

lasers are mode-matched before they are sent into the FPI in order to suppress higher
order Hermite-Gaussian modes due to the non-confocal nature of the resonator. To
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damp the noise, the FPI is mounted on a damped post (Thorlabs DP8A/M) which
helps to minimize the vibrations and other background noises. The optical elements
are aligned within a 30 mm cage system and the whole setup is placed inside an aluminum box designed and constructed in the JYFL workshop. The set up is shown in
figure 4.8. The data acquisition system has also been improved to accommodate fast
data signals The new data acquisition device (NI-USB-DAQ 6210), has a sampling
rate of 250,000 sample per second (S/sec), improved from 48kS/sec, as discussed in
section 4.2.

Figure 4.8: A photograph of the home made plano-concave FPI.

In the new acquisition device, 16 analogue voltage input channels are available
and the sampling bandwidth is shared between all the used channels. For four input
channels, the maximal sampling frequency of each channel becomes approximately
62kHz, which gives a time resolution of 16 µ seconds. In order to continuously save

and monitor the data of each channel, a simple labview program has been designed and
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Figure 4.9: A clsoer look at the plano-concave FPI.

is attached in the appendix C.1. Figure 4.10 shows the transmission fringe associated
with the plano-concave FPI setup.
A closer look at the HeNe and Ti:sa signals as given in figures 4.11 and 4.12 reveals
that the non-linearity has been has been improved quite significantly compared to the
previous plane-parallel FPI resonator. This fact is also revealed in figure 4.13 which
is a plot of FSR numbers of each HeNe and Ti:sa signal against the relative timing
of the peaks after normalizing the difference between adjacent peaks of HeNe and of
Ti:sa signals.
The cavity mirrors with a reflectivity of 97% results in a theoretical finesse value of
finesse ∼ 103. The best experimental value of the finesse was measured to be 75 using
an Airy function fit with equation 4.2. This is below the theoretical value, mainly due
to the imperfect mode-matching which is visible in the transmission signal in the form
of several side-maxima though at extremely small amplitude.
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Figure 4.10: A scan of the new plano-concave FPI setup showing the HeNe and Ti:sa
transmission fringes.

Figure 4.11: A scan of the new plano-concave FPI setup showing only the HeNe
fringes.

CHAPTER 4. FABRY-PÉROT INTERFEROMETER

35

Figure 4.12: A scan of the new plano-concave FPI setup showing only the Ti:sa transmission fringes.
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Figure 4.13: Relative timing of HeNe transmission peaks (red dots) and Ti:sa peaks
(green dots) against the FSR number.

Chapter 5
Saturation Absorption Spectroscopy SAS
The method to determine the FSR discussed in chapter 4 is limited by the large
uncertainty of the wavemeter. To further improve the reliability of the apparatus,
a more precise method to determine the free spectral range of a Fabry-Pérot Interferometer has been considered. One particularly suitable method is to calibrate the
FSR against an extremely well-known hyperfine structure. The hyperfine coupling
constants of Rubidium are known to a very high precision [21, 22]. For this reason, saturated absorption spectroscopy setup based on a rubidium-filled reference cell
(Thorlabs GC25075-RB) has been recently developed.
In absorption spectroscopy, a laser beam propagates through a vapor cell and its
intensity is detected by a photodiode on the other side of the cell as the laser frequency
is scanned through the natural resonance frequency. The laser beam interacts with
the atom and photons with some specific frequency are absorbed by the atom. The
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intensity of absorption depends on the frequency of the laser and this variation gives
the absorption spectrum of the sample.

5.1 Doppler Broadening
Doppler broadening is a non-homogeneous broadening in the linewidth of an atomic
transition caused by the continuous random movements of atoms or molecules of
the gas. The motion is mainly a function of the temperature of the gas. Atoms in
the Rb vapour cell are always randomly moving in all directions. However, only the
component of the velocity parallel to the direction of the laser is effected by Doppler
broadening. Doppler broadening in a Rb gas cell is typically much larger than the natural linewidth. Doppler broadening is the dominant broadening mechanism which puts
severe constraints on the resolution of a spectroscopic experiment. The dependence
of the Doppler broadening ∆νD on the temperature of the gas T is described by:
ν0
∆νD =
·
c

s

2kT
m

(5.1)

where kb is the Boltzmann constant; kb = 1.3806488 × 10−23 m 2 kg s −2 K −1 and c ≈
2.99×108 m, is the velocity of light. For a Rubidium atom of mass m = 871.67×10−27

kg and the resonance frequency ν0 = c/(780 × 10−9 m) = 3.86105 GHz, the Doppler
broadening at room temperature (T = 300K ) is given as ∆νD = 513 MHz.
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5.2 Saturation Absorption Spectroscopy (SAS)
In the previous section, only the effect of a single laser beam propagating through a
gas cell is described. However in SAS, a second beam is also introduced propagating in
the opposite direction to the first beam. This phenomenon gives rise to Doppler free
absorption peaks that dramatically increase the spectroscopic resolution. In saturated
absorption spectroscopy, two counter-propagating laser beams of exactly the same
frequency, typically derived from a single laser beam, pass through a cell containing
low-density atomic vapors as illustrated in figure 5.1. The beams interact with the
group of rubidium atoms having the same Maxwell-Boltzmann temperature distribution. The first beam is termed "probe" whereas the second overlapping laser beam
propagating in the opposite direction is called the "pump" beam. During the experiment, the frequency is scanned over the hyperfine structure of Rb. The probe beam
is generally kept weak so that its effects on the population are very small, whereas
the pump beam is sufficiently intense to achieve a significant effect on the population
of the excited state thus changing the measured absorption of the beam. With the
pump laser, the resonance frequency ν00 for atoms moving with a velocity v is:
ν00 = ν0 (1 − v/c).

(5.2)

This is Doppler shifted in the direction opposite to that of the probe beam because
the pump beam propagates in the opposite direction in the vapor cell. Saturation
absorption spectroscopy can be used to measure the hyperfine splitting of an atomic
spectral line which is usually unresolved in unsaturated spectroscopy due to Doppler
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broadening.

Figure 5.1: Schematic diagram of the principle of Saturation Absorption Spectroscopy of Rb.

5.3 Hyperfine splitting of the Rb atom
Rubidium (atomic number = 37) is a convenient atom to study absorption spectroscopy as it has a relatively simple hydrogen-like structure of energy levels. The
ground state configuration of the atom is described as 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 4s 2 4p 6 5s ,
where s, p and d are orbital numbers. The coefficients represents the quantum number and the indices indicate the number of 5s electrons in the orbitals. The core
1s 2 2s 2 2p 6 3s 2 3p 6 3d 1 4s 2 4p 6 defines Argon and only a single electron is outside the

inert gas core, so its electron energy levels resemblesthose of hdrogen. In the first excited state configuration, only the 5s valance electron is promoted to the 5p orbital.
The first perturbation comes from the Coulomb (potential energy between each pair
of electrons and between the nucleus and electrons) and spin interaction within each
configuration. The ground state, in Russel-Saunders notation is represented as 52 S1/2
whereas the first two excited states as 52 P1/2 and 52 P3/2 which depend on the electron
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angular wave function. There can be several fine structure splittings resulting from
the Coulomb and spin interaction within each configuration. The interaction between
the magnetic moments due to the coupling of the spin of the nucleus and electrons
results in even finer energy splitting within each fine structure level. The magnetic
moment is extremely weak which makes the hyperfine splitting much smaller than the
fine splitting. The hyperfine energy splitting, represented by F , depends on the total
electron angular momentum J and nuclear spin angular momentum I as:

F = J +I

(5.3)

The magnitude of the quantum number F can have only specific values from |J − I |
to |J + I |.
Naturally occurring Rubidium is a mixture of the two isotopes: 28% abundant 85 Rb
with I = 25 and 72% abundant 87 Rb with I = 23 . The 2 S 1/2 and 2 P 1/2 fine structure levels
splits into two hyperfine structure levels as given by F = I − 12 , I + 12 whereas the 2 P 3/2
fine structure level results in four hyperfine levels given as: F = I − 32 , I − 12 , I + 12 , I + 32 .
The energies of the hyperfine levels can be expressed in terms of hyperfine parameters
which are related to the magnetic moments as:
1
< Â > [F (F + 1) − I (I + 1) − J (J + 1)]
2

(5.4)

The hyperfine coupling constant Â is determined by experiment. Detailed information of the values can be found in [21].
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5.4 Experimental Setup
A saturation absorption spectroscopy experiment using the Rb cell has been developed
at IGISOL. This allows for high-resolution Doppler-free spectroscopy and has been
recently used in calibrating a commercial FPI from Toptica. The same setup can be
used to calibrate the home-made FPI with higher precision than discussed in chapter
4. For spectroscopy, a continuous wave Ti:Sa laser beam is introduced via a fiber
optic cable to the experimental setup. The beam is split by reflection from the front
and back surface of a 12mm thick glass plate (Beam Splitter - BS), resulting in three
beams: a stronger pump beam which is transmitted through the beam splitter, a
weak probe beam which is reflected off the back surface of the BS and another weak
reference beam reflected from the front surface of the BS. The probe and reference
beams propagate through the Rb cell and are detected on the other side of the cell by
two separate photodiodes. The pump beam is transmitted through the Rb cell in a
counter-propagating direction to probe beam using a semi-circular mirror, illustrated
in Figure 5.2. The overlap of pump and probe beam in the Rb vapor cell constitute
the basis of saturated absorption spectroscopy.
After utilizing the technique of saturated absorption spectroscopy, using the current
setup, the hyperfine structure of Rb can be measured under Doppler-free condition.
An example of the Rb Spectra is shown in Figure 5.3. Currently, the spectra are being
analyzed to characterize the FSR of the new plane-concave Fabry-Pérot Interferometer.
.
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Figure 5.2: Optical layout of the saturation absorption spectroscopy setup for Rb.
Credit: Volker Sonnenschein, PhD thesis.

Figure 5.3: A sample of SAS spectra taken from the recently built Rb setup. The
parabolic background in the figure is mainly due to an imbalance between the two
photodiodes. The periodic attenuation has been traced to a slightly steering of the
Ti:Sapphire while scanning its frequency, affecting the fiber input coupling.

Chapter 6
Conclusion and Outlook
This thesis reported the work done towards the development and characterization of
a Fabry-Pérot interferometer at the IGISOL facility. The original motivation for this
work arose following a measurement of the hyperfine splitting of stable copper in a
RIS experiment as part of preparation towards in-gas-cell laser spectroscopy. It was
discovered that the hyperfine A factors disagreed considerably with literature values.
The main source of error was traced to be the wavelength meter, HIGH-FINESSE
WS/6, which is used to measure the wavelength of the Ti:sa lasers. The specified
accuracy of WS6 model is only 600MHz. In order to test for a possible wave meter
discrepancy and to investigate the laser mode structure, the construction of a home
made FPI has been suggested, details of which has been presented in this thesis.
During the work, the FPI has been improved from a plane parallel configuration to
a semi-hemispheric geometry with one flat and one curved mirror which reduced the
non-linearity effect significantly. The whole setup is now housed in a locally designed
and constructed aluminum encasement.
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In the future, the FSR of the plane-concave FPI will be calibrated with saturation
absorption spectroscopy using a Rb cell with the established setup in the lab. The
home made FPI will be used in the future for all in-gas-cell spectroscopy experiments
at the IGISOL facility. For determining the hyperfine splitting and isotope shift of
radioactive isotopes produced in the facility, the FPI is an invaluable tool to measure
the wavelength more precisely. With these upgrades and advancement, the reliability
and accuracy of in-gas-cell spectroscopy has been significantly improved.

Appendix A
Acronyms
IGISOL Ion Guide Isotope Separator On-Line
RIS Resonance Ionization Spectroscopy
JYFL Jväskylä University Accelerator Lab
FURIOS Fast Universal Resonant laser Ion Source
ECRIS Electron Cyclotron Resonance Ion Source
LASER Light Amplification by Stimulated Emission of Radiation
Ti:sa Titanium Sapphire (Laser)
HeNe Helium Neon (Laser)
FWHM Full Width at Half Maximum
DOI Digital Object Identifier
SPIG Sextuple Ion Guide
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APPENDIX A. ACRONYMS
FPI Fabry Perot Interferometer
FSR Free Spectral Range
FWHM Full Width at Half Maximum
cw Continuous wave
LISOL Leuven Isotope Separator On-Line
a.u. Arbitrary Unit
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1 Introduction
Resonance laser ionization has proven to be a very successful method for the selective and
efficient production of radioactive ion beams (RIB) [1]. Current research aims to push the
technique to its limits with goals including a complete suppression of isobaric interferences,
enhancement of isotopic abundance sensitivity and even selection of isomeric states. The
advantages of utilizing in-gas-jet laser ionization are well understood: a reduction in the
atomic line broadening mechanisms (Doppler, pressure) which often limits the ability to
separate individual isotopes in conventional hot cavity and gas cell-based ion sources [2].
The currently used pulsed laser systems at facilities such as ISOLDE CERN, ISAC at TRIUMF, LISOL at Louvain-la-Neuve and IGISOL at JYFL provide only a modest resolution
of the order of a few GHz. In order to fully exploit the advantages of in-gas-jet laser ionization, an injection-locked pulsed Ti:sapphire laser system, similar to that described in [3],
has been constructed at IGISOL and a linewidth of <20 MHz has been achieved.
At present, the ionization efficiency in the gas jet is at least one order of magnitude
lower when compared to ionization inside the gas cell [4]. This is primarily due to a poor
geometrical overlap between the expanding gas and the high-repetition rate pulsed laser
beams. Preliminary work using tailored nozzle designs shows great promise as a means to
improve the gas jet collimation [5] and thus alleviate the bottleneck in the technique. In
heavy elements or specific cases in which a relatively large hyperfine splitting is exhibited,
for example the 244.238 nm atomic ground state transition in copper [6], the environment
of the gas cell is well adapted for resonance ionization spectroscopy. With typical gas cell
pressures of several hundred mbar, the high resolution afforded by the injection-locked
Ti:sapphire laser is lost and the ionization efficiency would likely be low as only a fraction
of the Doppler distributed atoms would be in resonance with the narrow line of the laser.
Therefore a laser system with a medium resolution of about 1 GHz would be most suitable for in-source spectroscopy. For this purpose a dual-etalon Ti:sapphire laser has been
developed and characterized.

2 Dual-etalon Ti:sapphire laser
2.1 Setup and cavity simulations
A schematic of the laser resonator is shown in Fig. 1. The basic layout of the cavity is
identical to the Z-shaped standing wave design that is currently used at many RIB facilities
for in-source resonance laser ionization [7, 8]. The main additions to the new resonator are
the (optional) intra-cavity frequency doubling elements (described in [9]), as well as the
introduction of a second thicker etalon required for the linewidth reduction.
The insertion of a second etalon into the cavity is a relatively simple way of reducing
the laser linewidth of a Ti:sapphire-based laser system. The frequency distribution of the
Ti:sapphire laser can be estimated using the Airy transmission functions of the two etalons
under the assumption of a given number of round-trips (N) inside the cavity during buildup
of the gain-switched pulses. The number of round-trips can be calculated as N ≈ τd /τcav
using the delay τd of the Ti:sapphire pulse with respect to the Nd:YAG pump pulse and the
cavity round-trip time τcav = 2L/c for a cavity length L.
Figure 2 simulates the frequency distribution of the Ti:sapphire laser using one and two
etalons, respectively. The number of round-trips was set to 100 and etalon parameters of
dthin = 0.3 mm, Rthin = 40 % for the thin etalon, and dthick = 6 mm, Rthick = 8.5 % for
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Fig. 1 Schematic layout of the dual-etalon Ti:sapphire laser resonator. The standing-wave Z-resonator is
defined by the cavity mirrors M1 to M4. In addition to the two motorized etalons and a three-plate birefringent filter for wavelength tuning, the resonator includes a BBO crystal for intra-cavity frequency doubling.
Optional dichroic mirrors (M1, M5) separate the infrared and frequency doubled light (Colour on-line)

Fig. 2 Simulations of the Ti:sapphire spectrum with single etalon (left) and dual etalon (right) configurations

the thick etalon were used. The thick etalon is an undoped and uncoated optically polished
YAG crystal with the reflectivity simply a result of Fresnel reflection from the high refractive index material (n = 1.82). The grey curve in the figures represents the transmission of
the cavity with length L = 0.51 m equating to a longitudinal mode spacing of 295 MHz,
while the total intensity distribution after narrowing by the etalon(s) is given by the red
curve. Approximately 14 cavity modes oscillate within the FWHM of the mode distribution given by the thin etalon alone resulting in a laser linewidth of ∼4 GHz, reduced to 3–4
modes within the FWHM of the dual-etalon mode distribution, thus a linewidth reduction to
∼900 MHz. Neglected in the calculations is the effect of spatial hole burning which has to be
considered in standing-wave resonators. This effect would likely increase the experimental
linewidth slightly. Experimental variables such as round-trip gain and resonator losses will
cause further deviations from this typical value depending on the resonator configuration.
2.2 Etalon tuning
Wide range wavelength tuning requires a synchronized movement of both etalons. In
this work piezo-driven etalon mounts (Agilis AG-M100L) were utilized. Two different
LabVIEW-based synchronization routines were tested: a so-called power − stabilized
mode and a power − optimized mode. In the former, the thick etalon is moved continuously in steps until the laser power (monitored by Thorlabs PM100USB, S120VC) crosses
given upper or lower thresholds at which point it stops. The thin etalon angle is then tuned
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Fig. 3 Laser power as a function of frequency for the different scanning routines discussed in the text (left).
Piezo motor movement during repeated scans of the thin and thick etalon (right)

to bring the laser power back into the threshold range. While a stable power level is convenient for spectroscopy, this routine is limited to the lowest power level within the scanning
range. Additionally, a second drawback results from a narrower scanning range limited by
competition from subsequent etalon modes. In the power optimized routine the thick etalon
is moved constantly to change the wavelength until a given number of steps is reached. By
dithering the angle of the thin etalon and using feedback from the power meter, the position of maximal power for the thin etalon is determined and the procedure restarts. In this
manner, the wavelength determined by the thick etalon always stays within the maximum
transmission zone given by the thin etalon. A wider mode-hop larger scanning range can be
achieved and the output power for a given wavelength is maximized.
In order to assess the performance of the dual-etalon laser, the laser power and wavelength were monitored as a function of the piezo motor positions using an automated
data acquisition programme implemented in LabVIEW. Wavelength data as well as the
power readout was obtained via USB through DLL interfaces provided by the HighFinesse
WS/6-UV wavemeter software and the Thorlabs PM100X driver package, respectively. An
example of the frequency tuning range (for a Ti:sapphire wavelength of 976 nm) using the
aforementioned scanning routines is shown in the left hand panel of Fig. 3. The grey band
demonstrates the limited scanning range of the power stabilized routine, albeit while maintaining a constant UV power. In order to scan across relatively large hyperfine structures,
such as that associated with the 244.237 nm transition in copper discussed in Section 3,
the red curve represents a typical scan range obtained using the power optimized routine.
We note that this is by far less than the expected maximum scanning range and thus the
data in Fig. 3 should be simply taken as an example. The strong oscillation of output power
as a function of wavelength was found to be caused by a non-wedged cavity mirror (M5)
with a plane-parallel substrate, essentially acting as a third etalon. After replacement with
a wedged mirror the resulting power dependence is shown as the black curve. It should be
noted that the power measured is approximately one tenth of the full laser power.
The right panel in Fig. 3 shows the recorded etalon piezo motor movement over several
back and forth scans covering the same wavelength range. The striking zig-zag pattern suggests that the step size is slightly different in each scan direction and the curvature indicates
an underlying hysteresis or drift. While this is of no further concern for in-source spectroscopy, it demonstrates that without the feedback of the power meter it will be difficult to
scan reliably over the full wavelength range. In a parallel development at RILIS-ISOLDE,
Rothe and colleagues use a sweeping method to center the thin etalon position in order
to clean the mode structure [10]. The drawback of this method is the relatively long time
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Fig. 4 Ionization schemes used in the spectroscopic studies of copper. The ionization scheme on the right
using the 244.237 nm transition has a sufficiently large hyperfine splitting for investigation with the dualetalon Ti:sapphire laser

required to reach a stabilized laser wavelength setpoint, reported to be less than 15 s. While
the power optimized method discussed in this work is already much faster (∼500 ms) it
still limits the scanning speed. The implementation of a faster scanning algorithm could be
based on a look-up table with fixed correlations between thick and thin etalon motor positions. For this to be realized, a thorough calibration of the motors would be required and the
origins of the curvature to be investigated.

3 Resonance ionization spectroscopy of stable copper
Due to the large hyperfine parameters, copper is an excellent element to test the reliability
of the in-gas-cell laser spectroscopy technique and also possible systematic effects associated with the laser system stability, wavemeter fluctuations, pressure of the gas cell, the
influence of the ionization transition and so forth. An examples of such a study may be
found in the work of Cocolios et al in which the authors present a detailed discussion on
the hyperfine structure of 63 Cu [11]. The relevant transitions used in the resonant ionization of copper in this work are shown in Fig. 4. In the first off-line experiment using the
dual-etalon configuration, a collimated beam of copper was produced from a joule heated
tantalum oven, mounted within an atomic beam unit. Copper atoms were resonantly excited
and ionized in a three step scheme in a crossed beams geometry. As discussed in [12], the
first step transition with frequency tripled light at 327.4898 nm was insensitive to the excited
state hyperfine structure (splitting of ∼1 GHz). Nevertheless, a successful reduction in the
fundamental laser linewidth to less than 1 GHz was demonstrated following analysis of the
ground state splitting.
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Fig. 5 Scan of the hyperfine structure of the 244.237 nm transition in natural copper. The dashed lines relate
to the two naturally abundant isotopes 63 Cu and 65 Cu (69 % and 31 % respectively)

Fig. 6 Piezo voltage scan of the Fabry-Pérot interferometer showing the multi-mode structure of the dualetalon Ti:sapphire laser (black) and the fringes of the HeNe laser (red)

More recently we have studied the 244.237 nm transition from the 3d10 4s 2 S1/2 atomic
ground state to the 3d9 4s4p 4 P1/2 excited state, more suitable for the determination of the
hyperfine structure due to a larger splitting (∼7 GHz) of the excited state. The laser light for
this transition is provided by the dual-etalon Ti:sapphire laser operating at 976.94 nm, intracavity doubled to 488.47 nm and with a final external quadrupling stage to generate the
UV. The second step is generated by an intra-cavity doubled Ti:sapphire laser with a single
etalon and directly populates an auto-ionizing (AI) state at 63584.57 cm−1 . As in the earlier
work discussed in [12], laser ionization takes place in an atomic beam unit using a crossed
beam geometry. The collimated atomic beam reduces the effect of Doppler broadening to
a residual level of ≈ 300 MHz. The ion signal is measured using the current readout of an
electron multiplier detector.
Figure 5 shows an example of a frequency scan over the hyperfine structure. The four
individual hyperfine components corresponding to transitions between the F states labeled
in Fig. 4 are well resolved. The slight asymmetry of the two peaks on the left are a result
of using a natural mixture of 63 Cu and 65 Cu which differ slightly due to isotope shift and
magnetic moments. The underlying components of each isotope are indicated as grey dashed
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Table 1 Comparison of spectroscopic data obtained using either the wavemeter as wavelength reference or
the FPI data. The errors given for the measurements include only statistical uncertainties
AW /GHz

AFPI /GHz

ALit /GHz

AW -ALit /GHz

AFPI -ALit /GHz

Ag

5.536(50)

5.887(20)

5.866908706(20)

−0.350(50)

0.020(20)

Ae

2.262(20)

2.416(20)

2.432(8)

−0.150(20)

0.016(20)

lines. A Gaussian peak profile was assumed in the fitting routine as the natural linewidth
(∼2.0 MHz) of the transition is very narrow compared to the laser linewidth. The resulting
FWHM of 2.0(1) GHz is in agreement with a fundamental laser linewidth of 1 GHz or less.
The fit to the low frequency side of the smallest hyperfine peak clearly deviates from the
experimental data.
An evaluation of the hyperfine coupling constants Ag and Ae of the ground and
excited state of 63 Cu was made for over 20 frequency scans. The extracted value of
Ag = 5.529(40) GHz differs by up to 7 σ compared to the literature value of Ag =
5.866908706(20) GHz [11]. Correspondingly, the excited state coupling constant Ae of
2.325(30) GHz differs by approximately 4 σ compared with literature, Ae = 2.432(8) GHz
[11]. As the two isotopes are not fully resolved, the ratio between the hyperfine constants
A65 /A63 was kept fixed to ≈ 1.071 based on literature values [13]. The given errors represent the statistical scatter of the individual fitting results of all scans. A clear disagreement
with literature values suggests that there are additional uncertainties in our measurements.
Several sources of error were considered including an unknown effect of the intra-cavity
doubling on the Ti:sapphire mode structure or changes in the optical fiber coupling to
the wavemeter. A main contribution could result from the wavelength measurement due
to the specified absolute accuracy of 600 MHz associated with the HighFinesse WS/6-UV
wavemeter. Such a large uncertainty would be further amplified by a factor of four as
the experimental measurement is performed with frequency quadrupled light whereas the
wavemeter records the fundamental infrared.
4 Wavelength and mode structure measurements using a home-made Fabry-Pérot
interferometer
4.1 Experimental setup
In order to investigate the laser mode structure and a possible wavemeter discrepancy a simple scanning plane-parallel Fabry-Pérot interferometer (FPI) has been constructed. While
this geometry does not achieve comparable finesse values of a confocal interferometer, it
allows for an easy adjustment of the free spectral range (FSR) to study both broadband as
well as narrowband laser sources. Two broadband reflecting mirrors (600-1000 nm) were
used to cover the whole Ti:sapphire wavelength range as well as a stabilised Helium-Neon
(HeNe) laser, acting as a frequency reference. One of the mirrors is mounted on a ringpiezo (Piezomechanik, HPSt 150/14) which is driven by a ramp generator (Toptica Miniscan
102). Leakage light from both the Ti:sapphire laser and HeNe is separated after the FPI by
a dichroic mirror and coupled into amplified photodiode detectors (Thorlabs PDA36A-EC).
Figure 6 shows an example of the two photodiode signals during a ramp of the piezo
voltage. The typical finesse of the FPI obtained from the HeNe transmission peaks is ∼70.
Based on the number of longitudinal modes in the Ti:sapphire spectrum (black) and an
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Fig. 7 A cw Ti:sapphire laser scan used for the determination of the FSR. The black line corresponds to
the wavemeter data, while the red and green lines indicate the wavelengths as calculated using the FPI data
with the best fit FSR value. The inset shows the three data sets more clearly. The bottom panel of the figure
illustrates the difference (residuals) with respect to the wavemeter data

approximate FWHM of the distribution, the linewidth of the dual-etalon resonator configuration can be estimated to be 0.85(10) GHz, similar to the value reported in [10]. Depending
on the available Nd:YAG pump power slightly smaller or larger values may be reached. The
individual signals from the ramp trigger, HeNe and Ti:sapphire fringes as well as the analog output of the amperemeter measuring the ion signal are all measured with a PC using
a multi-function DAQ device (NI USB-6009). A similar setup, albeit used for stabilization
of a continuous wave laser system, is discussed in [14]. The maximum sampling rate of the
device is up to 10 kHz when using four channels. As this was not sufficient for acquiring
the very fast photodiode signals of the pulsed Ti:sapphire laser, the photodiode signal was
first sent through a time-averaging unit with a time constant of ∼500 μs.
4.2 Free spectral range calibration
Calibration of the FSR of the interferometer was achieved using a continuous wave
Ti:sapphire laser (Matisse TS) in conjunction with the HeNe laser as a stable reference
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Fig. 8 The new measurement of the copper hyperfine structure, showing a significant deviation between the
the direct wavemeter measurement (black line) and the wavelength calculated from the FPI data (red line)
using the calibrated FSR of 3.3279(80) GHz

signal. Three scans of the cw Ti:sapphire laser over a range of ≈50 GHz were made at
wavelengths of 730 nm, 745 nm and 760 nm, while the wavelength and FPI traces were
recorded. The data was analyzed in Mathematica [15], tracking the center of gravity of a
HeNe (CoGHe ) transmission fringe as well as two Ti:sapphire fringes separated by one FSR
(CoGTi ). As the scan spans multiple FSRs the tracked Ti:sapphire peaks would at some point
leave the available scanning range provided by the piezo. To remedy this, the tracking in
the analysis procedure jumps back by one Ti:sapphire fringe (FSRTi ) each time they move
too far apart from the HeNe fringe. While temperature drift of the FPI and vibrations will
cause drifting of the transmission peaks, both the HeNe as well as Ti:sapphire are affected in
the same way. Therefore, the timing difference between the Ti:sapphire and HeNe peaks is
unaffected. The change of the relative timing difference between the Ti:sapphire and HeNe
peaks combined with the number of jumps Nj is then equivalent to a wavelength change of
ν =

CoGTi − CoGHe + Nj · FSRTi
· FSRFPI
FSRTi

(1)

A least squares minimization of the differences between the wavemeter data and the FPI
data is then used to extract FSRFPI , the desired value of the FSR of the FPI.
Figure 7 shows the agreement between the wavemeter data (black curve) and the FPI data
(red and green lines representing the two different Ti:sapphire transmission fringes) for one
cw Ti:sapphire laser scan using the best fit FSR value of 3.3279(80) GHz. The error given
here stems from the standard deviation of the six extracted FSR values (three scans, two
Ti:sa peaks). The plot in the lower panel of Fig. 7 shows the differences (residuals) between
the FPI and wavemeter data sets, demonstrating deviations of ±200 MHz. In the two other
scans deviations of ±350 MHz were found. A minor difference of ±35 MHz between the
red and green data sets has been attributed to a small non-linearity in the piezo response to
the voltage ramp. Further analysis of this and other uncertainties is ongoing, however the
main uncertainty can be attributed to the wavemeter.
4.3 Wavelength correction using the FPI
A new measurement of the hyperfine structure was performed using both the calibrated
Fabry-Pérot interferometer as well as the wavemeter for comparison. The result, shown in
Fig. 8, reveals differences of up to 1.2 GHz between the spectra using the FPI as reference
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(red line) compared with the wavemeter as reference (black line). The errors of the data
points were obtained from a 250 MHz binning of the dataset. Due to the lack of mass
separation the measurement is not particularly sensitive to the isotope shift, however the
extracted shift of 1.09(10) GHz from the FPI-calibrated dataset agrees within errors with
the published result of Cocolios [11]. Table 1 gives a comparison of the obtained hyperfine
parameters both for the wavemeter (AW ) and FPI data (AFPI ). While the statistical error
contribution changes little using the FPI, the hyperfine constant values now lie within one
standard deviation of the literature values. This suggests that any systematic errors due to
the wavelength measurement have been reduced.

5 Summary
A dual-etalon Ti:sapphire laser with a linewidth of <1 GHz has been developed and characterised for in-gas-cell resonance ionization spectroscopy. A study of the hyperfine structure
of stable copper using the 244.237 nm atomic ground state transition did not reproduce
existing literature values for the hyperfine coupling constants. The construction and subsequent calibration of a scanning plane-parallel Fabry-Pérot interferometer enabled a careful
study of the mode structure of the dual-etalon laser and a comparison with the commercial
wavemeter. The wavemeter has been attributed as the main source of uncertainty. Further
work to minimize the systematic errors is currently underway including a more accurate
determination of the free spectral range of the interferometer and a study of the effects
of non-linearity in the piezo movement. With the advent of in-gas-jet spectroscopy using
the injection-locked Ti:sapphire laser, an understanding of the systematic errors associated
with the spectroscopic technique will become even more important. In the near future, additional improvements such as the construction of a Fabry-Pérot interferometer based on a
plane-concave geometry will result in a higher finesse compared with the plane-parallel
interferometer used in this work. This development will be coupled with better vibration
damping and isolation from the environment. With these upgrades, the reliability and accuracy of the in-source spectroscopy technique at IGISOL will be significantly improved and
ready for on-line applications.
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APPENDIX C. LABVIEW ROUTINE FOR DATA COLLECTION

Figure C.1: A snapshot of the labview routine to collect the data
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Appendix D
Wolfram|Mathematica code

D.1 HeNe Fit parameter
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HeNe Airy Function Fit for Finesse
F=

0.97
1 - 0.972

1077.78
λ = 630 * 10-9 ;
A

Manipulatefitp = Plot
1+F

2
Sin 4*π (a*t+b) 
2*λ

/. A → 0.855 /. a → 0.0000451 /. b → .44

, {t, 0.021, 0.035}, PlotRange → All, PlotPoints → 500, PlotStyle → Red;
Show[fitp, p], {x, 0.4, 0.8, 0.001}
Show[fitp, p]
fit = NonlinearModelFith,

A
1 + F1 Sin 4*π (a*t+b) 

2

,

2*λ

{{A, 0.855}, {F1, F}, {a, 0.0000451}, {b, .44}}, t
fitpl = Plot[fit[x], {x, 0.021, 0.035}, PlotRange → All, PlotStyle → Purple]
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fit["BestFitParameters"]
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APPENDIX D. WOLFRAM|MATHEMATICA CODE

D.2 Free Spectral Range calibration
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