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1 Introduction

Ever since its discovery more than a century ago, the atomic nucleus has been an
intriguing object of study. Especially over the last decade, remarkable progress in
experiment and theory have been made to understand the structure of atomic nuclei
from first principles. In this context, the study of short-lived radionuclides is of special
interest. For instance, the large asymmetry in the neutron-to-proton ratio in nuclides far
away from stability may expose unexpected phenomena in the nuclear force. Thus, the
most "exotic" nuclides, now available for experiments at modern radioactive ion beam
(RIB) facilities, serve as critical benchmarks for state-of-the-art nuclear theory.

Among the many experimental approaches to study radioisotopes, collinear laser spec-
troscopy (CLS) is, due to its high accuracy and resolution, a powerful tool to measure
nuclear ground state properties such as nuclear spins, electromagnetic moments and
mean-square charge radii of short-lived radionuclides. In order to reveal the hyperfine
spectrum which allows one to determine the aforementioned fundamental nuclear proper-
ties in the CLS technique, a narrow-band laser beam is overlapped with a beam of ions.
When the wavelength of the laser beam matches the energy difference of the selected
electronic transition, ions are excited. For the detection of the fluorescence light during
the de-excitation of the laser-excited ions, photodectors are employed in an optical
detection region (ODR). CLS can also extented to neutral atoms when a charge-exchange
cell is placed in front of the ODR to neutralize incoming ions in collisions with alkali
vapor.

To reach the high resolution in CLS, fast beams (E>30 keV) are used which pro-
vides an excellent spectral resolution approaching the natural linewidth of an optical
transition. This is achieved because the Doppler width dvp is minimized according to
Svp « 0E/VE [1], where 6 F represents the energy spread of the ion beam.

Today, CLS is performed with bunched beams which are typically formed by accu-
mulating a continuous ion beam in a buffer-gas-filled Paul trap. In addition to the
cooling of the ion ensemble, this approach allows the reduction of the CLS background
by gating the photon signal on the ion bunch’s arrival in front of the photodetectors.
Consequently, the photon background due to laser stray-light, which is integrated over
tens of milliseconds for continuous beams, is limited to a few microseconds when the
accumulated ion bunch passes the ODR. Nevertheless, the fluorescence-light detection
typically limits the successful application of CLS to nuclides with yields of at least
a few thousands ions/s, depending on the specific case and spectroscopic transition.
In the context of nuclides with low productions yields, it is hence of disadvantage
that the laser-ion interaction and observation time for fluorescence photons emitted by
laser-excited ions is limited to a time scale of a few microseconds when the ions pass
the ODR. In contrast, the half-lives of the radioactive nuclides studied at low-energy
branches of RIB facilities range from milliseconds up to several seconds or longer.

To extend the reach of CLS to the most exotic nuclides with very low production yields,



more sensitive methods have to be developed. To this end, the Multi Ion Reflection
Apparatus for CLS (MIRACLS) is currently under development at ISOLDE/CERN.
This novel technique aims to combine the high resolution of conventional fluorescence
based CLS with a high experimental sensitivity, enhanced by a factor of 30 to 600
depending on the mass and lifetime of the studied nuclide. By repetitively reflecting the
ion beam between the two sets of electrostatic mirrors of a Multi-Reflection Time of
Flight (MR-ToF) device, the laser beam probes the ion bunch during each revolution.
Therefore, the observation time is extended and the experimental sensitivity is enhanced
compared to conventional single-passage CLS.

As a first step of the project, a Proof-of-Principle (PoP) setup developed and built
around an MR-ToF device originally built for other purpose [2] which was modified
for the purpose of CLS [3,4]. This setup has been utilised to successfully demonstrate
the functionality of the MIRACLS concept. Moreover, its results have served as bench-
mark for the simulation approach which is used for the design of a dedicated 30 keV
MR-ToF device [5]. This thesis introduces the MIRACLS concept and presents the
Proof-of-Principle (PoP) setup. Moreover, the results for MIRACLS measurements in
ions of stable magnesium and calcium isotopes are presented. This work has systemati-
cally characterized the performance of MIRACLS, especially in terms of its sensitivity
enhancement and measurement accuracy.



2 Laser spectroscopy for nuclear structure
research

2.1 Physics addressed by laser spectroscopy of short-lived
radionuclides

Laser spectroscopy is a powerful tool to study properties of nuclear ground states and
long lived isomers in radionuclides [6,7]. To this end, measurements of the hyperfine
structures and isotope shifts in the atomic spectra of radioactive nuclei provide unique
insights into the electromagnetic moments of an atomic nucleus as well as into differences
in mean square nuclear charge radii between different isotopes along an isotopic chain
of a chemical element. These measurements can be performed with high precision and
accuracy which allows the determination of the aforementioned observables in a nuclear-
model independent way. In the application of laser spectroscopy at radioactive ion-beam
(RIB) facilities such as ISOLDE at CERN [8,9], the sensitivity can be defined as the
minimum number of ions per second of a given nuclide, produced in a target and then
delivered to experiment, which is still sufficient to carry out a successful measurement.
The further one reaches out to nuclides far away from the valley of stability, the lower
is typically the production yield and hence, the higher the demand on experimental
sensitivity in order to investigate these most "exotic" nuclides.

2.1.1 Hyperfine structure

According to the Bohr-Rutherford model, the atom consists of an ensemble of electrons
with an electrically negative charge which surrounds the atomic nucleus. The latter is
very massive and constitutes an attractive force on the light electrons due to its positive
electric charge . The energy of an atom, as a first approximation, can be extracted
by coupling the total orbital momentum L and the spin angular momentum S of the
electrons which are moving in the extended Coulomb field of a point-like nucleus of
a charge Z - e to a new angular momentum J = L + S (spin-orbit coupling). This
describes the atomic energy levels up to the fine structure. Taking into account that the
atomic nucleus is in fact an object with a non-vanishing size and is not infinitely heavy
leads to a shift in an isotope’s fine structure levels. This manifests itself in the so-called
isotope shift, i.e. a small isotope dependency of the transition between fine structure
levels in a chemical element. Moreover, the atomic nucleus may possess in addition to
its electric charge also a non-zero nuclear spin I as well as nuclear moments (magnetic
and quadrupole moment). These result in an additional splitting of the atomic levels,
the hyperfine splitting. More specifically, the electromagnetic interaction between the
nuclear moments and the surrounding electron cloud causes the splitting of electronic
fine-structure levels. This leads to the hyperfine structure which is observed in spectra



of neutral atoms, ions and molecules [10].

A nucleus with spin I has a nuclear magnetic moment g that relates to the nuclear
spin I according to
_gipnd
- h
The interaction between the magnetic moment p; and the magnetic flux density created
by the atomic electrons B, is depicted by the Hamiltonian

B (2.1)

Hpyps = —pr - Be (2.2)

The coupling of the total electronic angular momentum J and the spin of the nucleus
I results in a total angular momentum F which is the vector sum of the nuclear spin 1
and the electronic spin J, F =J 4+ I (| I —J |< F <1+ J) [10]. The magnitude of
the hyperfine splitting is in the order of pueV compared to fine structure splitting which
is in the order of meV.
The energy shift of an atomic level F due to the magnetic dipole interaction is given by
Ajgh

SNF(F4+1) = I(T+1) = J(J + 1)] (2.3)

AEldip = 2

where the (magnetic) hyperfine coupling constant is defined as

pBy
Ay= T7 (2.4)
It is worth to mention that from laser spectroscopy measurements the magnetic moment
cannot be extracted in case of J=0 or I=0.

The interaction of the electric nuclear quadrupole moment (s with the electric field
gradient %2;2/, along the symmetry axis z produced by the electrons induces an additional
energy shift:

B (3/2)C(C +1) — 2I(1 +1)J(J + 1)

AFE u0q = — 2.
quad =y 121 —1)J(2J — 1) (25)
where the hyperfine constant B is defined as:
o*V
B = 6Q87822 (2.6)

Here Q; is the spectroscopic quadrupole moment and, e is the electric charge. In the
case of I < 1 or J < 1 the quadrupole splitting is zero. Combining the terms arising
from the nuclear magnetic dipole and electric quadrupole moments, the energy shift for
each atomic hyperfine level is given by [10]:

AE1HFS = Al?dip + Al?quad (27)

Thus, the hyperfine structure of spectral lines is a consequence of the interaction between
the nuclei and their electron cloud and thus allows nuclear magnetic dipole moments
and electric quadrupole moments to be determined.

The hyperfine structure of an atom can be studied, amongst others, via laser spec-
troscopy where an atom or an ion can resonantly be excited by a laser photon of the
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Figure 2.1: (a) Fine structure transition for single charged magnesium ions such as
2 Mg™ and 2Mg™. For each transition, the wavelength is depicted [11]. (b)
Hyperfine spectra of 22Mg™ (I=5/2) in the D1 and (c) D2 line. The inserts
illustrated the splitting of the energy states. Figure from [12].

appropriate wavelength and then subsequently decay into lower states by emission of
a fluorescence photon [8].. By recording the number of photons as a function of the
scanned laser frequency, the hyperfine spectrum (HFS) of the selected optical transition
is revealed.

To provide an example, relevant for the experimental work in this thesis, in figure
2.1, the fine structure transition for D1 and D2 in singly charged magnesium ions
such as 2*Mg™' and 2Mg™ are illustrated. These ions species have been selected as
a first test-cases in MIRACLS’ proof-of-principle (PoP) experiment since they have
no hyperfine splitting of the fine-structure levels due to their zero nuclear spin (I=0).
As a result, it exhibits a closed two-state structure for the 3s25; /2 = 3p? P, 2 (D1)
as well as 3525, /2 = 3p? Py /2 (D2) transitions. Hence, a laser-excitation will always
decay back into the initial ground state and no optical pumping to another (hyper-)fine
structure state will take place. For 2Mg™, the nuclear spin is I=3/2. This results in a
hyperfine splitting of the ground and excited state which is reflected in the spectrum of
the hyperfine structure as it is shown in figure 2.1 (b) and (c).

2.1.2 Isotope shift and charge radii

The isotope shift of an optical transition is one of the observables that can be obtained
from laser spectroscopy, if the hyperfine spectrum of more than one isotope is measured.
The isotope shift is defined as the difference in the fine structure transitions between
of two different isotopes A and A’ of the same chemical element. Due to the different
number of neutrons of the involved isotopes, they have a different mass and the protons



are redistributed different inside the atomic nucleus. This slightly modifies the energy
of the electrons and hence, gives rise to the observed isotope shift. The isotope shift can
be expressed as [7]:

oA = Uiy + vl (2.8)
where 6Vﬁf§, the mass shift relates to the change in reduced mass of the electron-nucleus
system and 5V§§/, the field shift, reflects the change of the charge distributions inside
the nucleus. These contributions can be written as follows:

mar —ma

S Ko (2.9)

mar(ma —me)

Supd = Fo(r?)yAA (2.10)

where m4 and m 4 are the nuclear masses of isotopes with atomic mass A and A’, m,
is the electron mass, F' the field shift factor and Kj;g the total mass shift coefficient.
The latter contains two components: the specific mass shift and the normal mass shift
(Kys = Ksys+Knas). The normal mass shift factor reflects the change in the reduced
mass of the electron-nucleus system and it can be extracted using Kyas = v M,
where v4 depicting the transition frequency with respect to the fine-structure levels. On
the other hand, the specific mass shift reflects the changes in the correlations between
the electrons and its calculation is often a significant challenge for atomic theory. The
field shift is proportional to the change in the transition energy of the electron between
the upper |j) and the lower |i) electronic states which are involved, A (0)7, ;. Thus,
the field shift contribution in the isotope shift can be expressed

’ Z€2 ’ ’
St = G AL 50 = Fa(r) (2.11)

If Kjrs and F are known, the mean-squared (rms) charge radii of an atomic nucleus
can be obtained by using an isotope shift measurement, 44" via the formula

;o ovAd mar — M4
S(rAyh A = L5 2.12
{r) I S P (ma = m2) (2.12)

Although laser spectroscopy allows for the precise determination of changes in mean-
square charge radii along an isotopic chain via isotope shifts measurements, it cannot
provide absolute charge radii. At present, two complementary techniques are applied to
obtain absolute charge radii: elastic electron scattering [13—15] and X-ray spectroscopy of
muonic atoms [16-19]. In the former, information about the nuclear charge distributions
are extracted by the scattering of high-energy electrons (> 50 MeV) on atomic nuclei.
More specifically, this method is equivalent to the Rutherford scattering technique with
the difference that in this case the considered interaction between the incident electrons
and the investigated nucleus is only the electromagnetic force. With the assumption
of a point nucleus of small charge without spin and magnetic moment the differential
cross section from the electron scattering can be calculated by Mott’s formula in the
Born approximation. If ones take into account the finite size of the nucleus then enters
the "form or structure factor" into the Born approximation through which the electric
charge and the magnetic distributions inside the nucleus can be determined. From



the X-ray spectroscopy of muonic atoms, one can deduce the nuclear charge radii with
high precision based on the detection of the muonic X-rays emitted following to the
atomic capture of a negative muon. In muonic atom spectroscopy, a negative muon
beam bombards a target material and due to the interaction between the muons and
the outer atomic electrons, they slow down and are finally captured by the atom. The
capture is followed by the emittance of X-ray photons during the cascade of the muon
from a high initial state to the ground state. By detecting these X-rays, the muonic
energy level scheme can be determined from which the nuclear charge radius or its
quadrupole moment can be deduced. However, these methods cannot easily be applied
to short-lived radionuclides as large sample quantities are required. Respective data
usually exists only for stable nuclides. Thus, a combination of the data from optical
isotope shift measurements and electron scattering and/or muonic-atom spectroscopy
allows one to extract absolute charge radii also for radionuclides.

2.1.3 Magnetic dipole moment

The magnetic dipole moment of the nucleus is originating from two effects: the orbiting
motion of the protons and the intrinsic angular momentum, also called intrinsic spin, of
all nucleons. Therefore, the magnetic dipole moment operator of the nucleus can be
expressed as the sum of the individual contributions of the nucleons:

A A
p= M?N (Z gili + zgisz) (2.13)

Here the g; and g, are the orbital and spin gyromagnetic ratios, respectively. For a free
proton and neutron are given by [20]:

gf =1 and g7 =+5.585694700(18) (free proton)

2.14
g/ =0 and g7 = 3.82608545(90) (free neutron) (2.14)

Alternatively, the magnetic moment operator can be written as a function of the total
nuclear spins 1

_ gpnT
- h
with ¢ the nuclear gyromagnetic ratio, # the Planck constant and py the nuclear
magneton. The nuclear magneton py is related to the Bohr magneton pp by the
electron-to-proton mass ratio

pr (2.15)

m
BN = [iB— (2.16)
mp

where m,. and m,, are the electron and proton mass, respectively. The experimental
magnetic dipole moment is the expectation value of the of the z-component of the
magnetic dipole operator for a state [I,m = I >

pw=<Im=Ipll,m=1>=gluy (2.17)

The magnetic moment provides information about the orbital occupation of the valence
nucleons. This can be understood in a shell-model picture in which the magnetic moment



of an odd-A nucleus is - in first approximation - determined by the last unpaired nucleon.
For this last valence nucleon placed in an orbit with j = [+ s, the single-particle magnetic
moment can be deduced according to the following formulas [21]:

. 1 , 1
p=gi\i—5)t59 J=l+3

2) 2 2 (2.18)
uzglj(“%)— jgs 5yl ‘
i+l 20 +1) 2

Using the g factors from Eq. (2.14) the free magnetic moments for a single proton
and neutron, so-called Schmidt moments, can be calculated. However, it is found
that experimentally the magnetic moments are better reproduced using effective g-
factors which take into account the presence of the nuclear medium. Typical values are
Jseff ~ 0.7gs and g; crr ~ g1, although they vary depending on the mass region. For an
odd-odd nucleus, the magnetic moment can be derived by taking into consideration the
contribution from both odd proton (p,) and odd neutron (u,) [22]:

! [ﬂ +Hv+(w_ﬂu> jalin +1) =iy + 1)

T2 I(I+1)

(2.19)

Jr v

Jr o Jv
While effective single particle-values for the proton and neutron magnetic moment can
be used, empirical values of the neighbouring odd mass nuclei usually give a better
estimation of the experimental magnetic moment.

In conclusion, by measuring the magnetic moments of both odd-A and odd-odd nuclei,
information about the nuclear wavefunction can be deduced.

2.1.4 Electric quadrupole moment

The nuclear electric quadrupole moment is a parameter which gives information about
the shape of the nuclear charge distribution.

Z ) Z z
<0 =0 Q=0
Oblate Sphere Prolate

Figure 2.2: The spheroidal shapes of nuclei as indicated by the value of the electric
quadrupole moment Q. Figure from [23].

The quadrupole moment operator of a nucleus is defined as [24]:

A 16 A
Q=) e —rd) =" ;eir%)(ei, &) (2.20)

i=1



in cartesian or spherical coordinates, respectively. Instead of using free proton and
neutron charges, also here effective values give quadrupule moments in better agreement
with the experiment. Typical values are e, ~1.3e and e, ~0.5e. Note that despite the
fact that the neutron carries no charge, it still contributes to the quadrupole moment.

Similar to the magnetic moment, the quadrupole moment which is observed in the
experiments, called spectroscopic quadrupole moment @, is derived by taking the
expectation value of the Qz in the studied state |[,m=I>:

121 —1)
(21 +1)(21 +3)(I + 1)

<I,m=1|Q:||I,m=1>

(2.21)
This demonstrates that the spectroscopic quadrupole moment of a nucleus with spin <
1is 0.

Quadrupole moments are typically discussed in the context of deformation which
arises due to the collective effect of many nucleons. By convention, Q is positive if the
shape is prolate (rugby ball). In contrast, the value of Q is negative if the shape is oblate
(discus). A spherical nucleus has a zero quadrupole moment. Experimentally, most
nuclei are found to be prolate [25]. For axially symmetric nuclei with the nuclear spin
having a well-defined direction with respect to the symmetry axis of the deformation,
the spectroscopic quadrupole moment can be related to the intrinsic quadrupole moment
Qo according to

Qs =< I,m:I|Qz|I,m:I>:\/

3K% — I(I+1)
(I+1)(2I+3)

Here, K the projection of the total spin I onto the symmetry-axis of the deformed
nucleus. By measuring magnetic dipole moments and electric quadrupole moments as
it is done e.g. in laser spectroscopy experiments, both single-particle effects as well
as collective effects in the nucleus can be studied. In this interpretation, the intrinsic
quadrupole moment is in turn related to the deformation parameter 3, which describes
the deformation of the non-spherical nucleus (but axially symmetric), through

Qs:

Qo (2.22)

Qo = \/%ZR(%B(l +0.368) (2.23)

2.2 Experimental techniques of laser spectroscopy

There are several experimental methods of laser spectroscopy of short-lived radionuclides
that have been employed at various facilities worldwide. Most of the work reported here
is about collinear laser fluorescence spectroscopy of fast atom or ion beams. One of
the representative experiments of this technique is the COLlinear LAser SPectroscopy
(COLLAPS) setup [8] at ISOLDE/CERN. In this method, an accelerated atom/ion
beam is collinearly overlapped with a co- or counter-propagating laser beam. If the
wavelength of the laser beam corresponds to the energy difference of an electronic
transition of the ion/atom, they will be resonantly excited into a higher lying state.
Dependant on its lifetime, the excited state decays by emitting a fluorescence photon
which then can be detected using photo-multiplier tubes (PMT). Thus, by scanning
the laser frequency and observing the subsequent decay of the fluorescent photons, the



hyperfine structure spectrum, as shown in figure 2.1, can be revealed. Finally, the
nuclear structure information can extracted through fitting of the obtained spectra.
In order to reach high resolution in collinear laser spectroscopy, it is operated with
fast beams (>30 keV). Very often, high resolution is essential to resolve the hyperfine
structure. The use of such an accelerated beam minimises the resolution limit set by
the Doppler broadening of the spectral lines which is a consequence of the thermal
movements of the atoms in the ensemble. The thermal velocity v of ions/atoms in
a gas at a certain temperature T follows the Maxwell-Boltzmann distribution. The
corresponding Doppler width dvp for an atom of mass m and optical transition frequency

v is given by [26]:
Tln2
5w:%@@—izﬂﬁ (2.24)
c m c

where vy is the transition frequency, m is mass of the atom, kp is the Boltzmann
constant. The dv represents the relative spread in the velocity of the ions, which is not
zero due to the gas temperature.

When the ions are leaving from an ion source, they also exhibit a certain spread in
their kinetic energy § £ which results in a velocity spread. By applying an acceleration
voltage Ugee, all ions within a beam gain the same amount of kinetic energy e - Uy such
that their initial energy spread d F remains the same. The velocity spread corresponding
to this 0 F can be then calculated:

1
0E =§ (2mv2> = mudv = constant (2.25)

This means that with the rise of the absolute velocity v, their velocity spread v is
decreasing. Using the relation v = v/2eUm and combining it with equation 2.24 gives a
Doppler width of dvp = vydE/v2eUmc?, with U the acceleration voltage. At typical
acceleration voltages of 30 keV and initial energy spreads of a few eV, the Doppler
broadering is in the order of a few tens of MHz, comparable or smaller than the natural
linewidth for many transitions. For most of the isotopes, the hyperfine splittings are in
the order of 10-1000 MHz [8] and can therefore be resolved by CLS using fast beams
with a kinetic energy of more than 30 keV.

The Doppler-shifted frequency v can be calculated using the relativistic Doppler effect:

(1 Beoso)
(1-5%)

where ¢ is the angle between the propagation direction of the radiation and the velocity

v of the observer, v the frequency seen by the ion/atom, 1 the frequency of the laser

(2.26)

:]jo

in the laboratory frame, 8 = |v/c| the relativistic Lorentz factor. For collinear or
anti-collinear beam-laser geometry, it is given by:
(1+5)

(2.27)

YR

with <+4> for the anti-collinear (cos(180°) = 1) and <-> for the collinear (cos(0°) =
+1) case.
Although in fast beam CLS a high resolution can be obtained, the sensitivity of
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Figure 2.3: Schematic of two laser spectroscopy experiments at ISOLDE. Left: the
scheme used at the COLLAPS beam line. Right: a typical scheme for CRIS
setup. Figure from [8].

fluorescence-based CLS is limited by the efficiency of the fluorescence-photon detection
as well as by the presence of background originating from the detector’s dark counts,
scattered laser light and light from ion collisions with residual-gas molecules. The
limitation in sensitivity due to the aforementioned type of high background count rate
becomes a considerable effect when working with exotic nuclei which have low yields and
short half-lives. Background reduction can be achieved by using bunched beams. For
this purpose, a radio-frequency quadrupole cooler and buncher, such as ISCOOL [27, 28]
at ISOLDE/CERN can be employed in which a continuous ion beam is accumulated
and afterwards released as bunches with a well-defined time structure. By recording
only the resonance fluorescence signal during the time the bunch appears in front of the
light-collection region, the background in the photon detection is reduced by factors up
to 10,000 and a gain in sensitivity by about two orders of magnitude can be accomplished.
For instance, the charge radii of 4%°1:52Ca that extracted with a yield of a few hundred
ions per second at ISOLDE/CERN, were measured for the first time with this technique
of bunched ion beams [29]. For studying neutral atoms in CLS, a charge-exchange
process to neutralize the ion beam needs to be employed. The neutralization can be
achieved in a so-called charge-exchange cell (CEC) filled with a thin vapor of an alkali
element. Neutralization is then achieved via collisions between the ions and the element
inside the CEC. The main efficiency loss factor of this method is caused by the filling of
different atomic excitation states inside the neutralized atom. This means that not all
atoms are accessible to the chosen spectroscopic transition frequency.

An alternative solution to the problem of sensitivity and background-free particle
detection can be found in the combination of collinear laser spectroscopy with the
principle of laser resonance ionisation which is used by the Collinear Resonance Ioniza-
tion Spectroscopy (CRIS) experimental setup [30] at ISOLDE/CERN. The underline
principles of this method is to use two or three lasers in order to not only resonantly
excite the atoms to the atomic state of interest with a single narrow-band laser but also
to subsequently ionise the resonantly excited atoms. The ions are then separated from
the neutral atoms via electrostatic deflector plates and are efficiently detected by particle
detectors. Therefore, this process is very selective which provides the opportunity to

11



detect the optical resonance by counting ions very efficiently and virtually without any
background.

Compared to CLS, the in-source laser spectroscopy technique is currently one of
the most sensitive and efficient laser spectroscopy techniques available at radioactive
ion beam (RIB) facilities. It is used for instance at the Resonance Ionization Laser
Ion Sources (RILIS) of the ISOLDE facility at CERN [31]. In a number of cases the
limit of its sensitivity (so the required yields in ions per second) can be lowered down
to 1-10 ions/s [32,33] instead of the typical values required for other collinear laser
spectroscopy methods like in COLLAPS which lie within 102 — 10* ions/s. Since the
resonance ionization is performed either in a hot environment (hot cavity). The method’s
limitation lies in the Doppler broadening (see equation 2.24) of optical resonances in
the GHz range [7]. For masses >100A or sufficiently large HF'S splittings, the structures
can still be resolved as has been demonstrated in a multitude of experiments [33,34].

All laser-spectroscopy techniques mentioned above are applicable for revealing the
structure of atoms and positive ions. However, in nature and more specifically in the
solar atmosphere, in the interstellar medium and in plasma, there are also negative ions,
i.e. atoms or molecules with an additional electron. Their nuclear structure cannot be
determined with the traditional spectroscopic methods since all their transitions are
optically forbidden due to their few bound excited states which usually have the same
parity [35]. As a consequence of the lack of bound excited states, there is often only
one atomic parameter which can be determined with high accuracy at RIB facilities.
This is the energy released when an additional electron is attached to a neutral atom
forming a negative ion, the so called electron affinity (EA) of the neutral atom. The

Collinear tunable Collimators \
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| | | _d [
/. ’ I . . I — *‘
t 1 4 Y
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« Photoelectrons @ Negative ions
« Secondary electrons @ Neutral atoms

Figure 2.4: Schematic representation of the GANDALPH beamline. Figure from [36].

experimental studies of the inter-electronic interactions, which determine the binding
potential of the additional electron in a negative ion, can serve as a useful test for
theoretical models beyond the independent particle model. The experimental arrange-
ment used for studying photo-detachment of radioactive negative ions at ISOLDE is
the Gothenburg ANion Detector for Affinity measurements by Laser PHotodetachment
(GANDALPH) [36,37]. A beam of negative ions (blue in fig. 2.4) is overlapped with
a laser beam (red arrow in fig. 2.4), in either a co- or counter-propagating geometry.
During the photo-detachment process, neutral atoms (green in fig. 2.4) are produced
which hit a target and create secondary electrons which are detected by an electron
multiplier. Hence, by scanning the laser frequency and counting the neutral atoms, the
threshold energy of the photo-detachment is found which corresponds to the electron
affinity.
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Despite the remarkable progress that has been made in the field of laser spectroscopy
at RIB facilities over the past decades, there are still large unexplored regions in the
nuclear chart. This is due to the very low productions of the most exotic nuclides far
away from stability and of the lack of accessible transitions from existing laser systems.
Thus, to extend the studies to exotic nuclides far away from stability, more sensitive
and high resolution methods are needed. For this reason, a novel electrostatic ion beam
trap (EIBT) for ultra-sensitive collinear laser spectroscopy of radionuclides is currently
under development at ISOLDE/CERN. The idea is to employ an EIBT, or also called
multi-reflection time-of-flight (MR-ToF') device [38], in order to overcome the sensitivity
limit of conventional fluorescence-based collinear laser spectroscopy, where currently at
least about hundred ions per second are needed to obtain a hyperfine spectrum. More
details about this topic, which is the main subject of this thesis, will be given in section
3.2 and chapter 4.

2.2.1 Line shape of CLS spectra

The line shape and width of a resonance in the hyperfine spectrum is affected by several
broadening mechanisms. The main sources of broadening are:

'y I (©)

WA

1

L

L

@ ®

Figure 2.5: Comparison between Lorentzian (L) and Gaussian (G) line profiles of equal
half-widths. Figure from [39].

o Lifetime broadening is an important contribution influence of the line shape
obtained with high-resolution CLS. The Heisenberg’s uncertainty principle for
the energy, AEAT > g, determines the minimal possible line width, the so called
natural linewidth. As the excited state decays exponentially in time, a line profile
of Lorentzian shape in terms of frequency is produced. The Lorentz profile is given
by

1 I'p/2

He ) =

(2.28)
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Due to the finite life time of the excited state 7 the natural linewdth can be
described by I' = # with 7 being the lifetime of the state. For the D1 and D2

line in Mg™ ions the natural linewidth is 42 MHz in the 3p®P; /2 and 3p*P, /2
states [40].

Doppler broadening is an additional contributor to the broadening of the
spectral linewidth which arises due to the thermal motion of the atoms at any
temperature T. It is described by a Gauss/normal distribution:

1 o

G(x,) = ——e 242 2.29
(@)= (229)
where o is related to the Full Width Half Maximum (FWHM) of the Gaussian
function via I'g = 24/2in(2)oc ~ 2.354820. In the current thesis, the hyperfine
spectra were fitted with Gaussian profile since for low ion-beam energies the
Doppler broadening is the most significant contribution to the linewidth.

Power broadening is caused by the saturation of the population in the absorbing
levels. At sufficiently large laser intensities, the pumping rate on an absorbing
transition becomes larger than the relaxation process rate and as a result the width
of the spectral line is affected [41]. It can be described by a Lorentz function.

Pressure broadening (or Collision broadening) is the result of inelastic
collisions between atoms or molecules. The rate of the collisions are affected by the
density and the temperature. The pressure broadening effect can be described by
a Lorentzian profile. Due to the ultra-high vacuum in the optical detection region
in the CLS experiments, the pressure broadening effects are normally negligible.

A comparison of the Lorentzian and Gaussian line shape is presented in figure 2.5. A
convolution between these two functions is called a Voigt profile, which is commonly
used to describe the resonance line shape in CLS.
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3 Multi-Reflection Time-of-Flight
(MR-ToF) Devices

The physics of trapped ions has evolved ever since the invention and development of
ion traps about 50 years ago. For instance, electrostatic ion-beam traps (EIBT) have
been first developed in the 1990s and since then they intensively utilised in molecular
cluster physics [42,43] as well in chemistry [44]. Recently, EIBTs have gained significant
importance as multi-reflection time-of-flight mass spectrometers (MR-ToF MS) at RIB
facilities for various studies in nuclear physics [45].

3.1 General overview

In an Electrostatic Ion Beam Trap (EIBT) [46-48] or Multi-Reflection Time-of-Flight
(MR-ToF) device, an ion beam is confined by reflecting it between two electrostatic
mirrors. These typically consists of a set of ring-shaped electrodes as for example
illustrated in figure 3.1. They are separated by a field-free region, a so called drift tube.
The typical revolution frequency is in the order of few kHz.

mirror electrodes mirror electrodes

a) R ——— in-trap lift electrode ——

ion bunch

z

o

potential / kV
L

/
j/ —— trapping (Uiie=0V)
--=-in- and ejection (Uji = 825 V)

|
N

I
w

—200 —100 0 100 200
axial position along MR-ToF axis / mm

Figure 3.1: a) Sectional view of an MR-TOF device and b) Example of the distribution
of the electric potential along the central axis of the MR-ToF device for a
set of mirror potentials. The blue curve shows the potential switched to for
capturing the ions by use of the in-trap lift. Figure b) from [5].

On first sight, the functionality of an MR-ToF device seems contradict Earnshaw’s
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theorem which states that charged particles cannot be stored only by electrostatic forces.
However, the kinetic energy of the ions is very different from zero and and ion beams can
indeed be stored by electrostatic devices such as the present one or storage rings [49].

MR-ToF instruments and EIBTs have found widespread use in modern physics. The
first electrostatic ion beam traps were utilized to investigate the cluster and molecule
properties [42,43,50-53]. More recently, they are used for precision mass spectrometry
studies as well as a tool for ion separation of short-lived radionuclides due to their
ability to reach high mass resolving powers (R = m/Am => 10°) in just tens of
milliseconds flight time [54-61]. For instance, at ISOLDE/CERN, about 10 years
ago, ISOLTRAP collaboration [62] has employed for the first time an MR-ToF device,
developed at the University of Greifswald, for high-precision mass measurements on
short-lived radionuclides. This advance in ion-trap technology in rare isotope science,
paved the way for the precision mass determination of exotic radionuclides at ISOLDE
such as the masses of the calcium isotopes 5354Ca [55].
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Figure 3.2: Schematic overview of the ISOLTRAP’s MR-ToF MS including Bradbury-
Nielsen Gate for the ion separation. Figure from [63].

In addition to mass measurements, this MR-ToF device can be used as a mass separator
to suppress contamination in the ISOLDE beam, e.g. for subsequent Penning-trap mass
measurements [64]. The mass selection is facilitated by a Bradbury-Nielsen Gate [65]
which is installed behind the MR-ToF device. A schematic overview of ISOLTRAP’s
MR-ToF device is shown in figure 3.2. Ions with different masses m; and charge ¢; are
transferred from an RFQ buncher to the MR-ToF device for ion beam storage. The
time of flight (ToF) depends for a given ion-beam energy on the mass-to-charge ratio of
the ions according to t; o< \/m;/q;. After a specific number of reflections, the ions are
ejected from the MR-ToF device and can be distinguished in ToF on an ion detector for
mass measurements. The mass resolving power R of an MR-ToF device is given by

m t

= Am oA (3:-1)

where t is the total flight time and At is the time-of-flight width of one ion species
at the detector plane. According to the above formula, one approach to increase the
mass resolving power one is to extend the flight time t. Without the use of an MR-ToF
instrument, this can be achieved by a longer flight path of the ions. This increases
the dimensions of the time-of-flight (ToF) setup considerably which ultimately limits
its feasibility. The use of an MR-ToF device, however, avoids the enlargement of the
physical dimensions of the apparatus. An MR-ToF device has the capability to trap
ion bunches for several thousand revolutions between the electrostatic mirrors. This
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leads to an ion path which exceeds the physical length of the device of typically ~1 m
by several orders of magnitude. As a consequence the mass resolving power is largely
improved compared to conventional ToF mass measurements. For instance, a mass
resolving powers of up to Rew gy = 3 - 10° have been achieved [66] in ISOLTRAP’s
MR-ToF device. In [67], a mass resolving power of Rpy gy = 6 - 10° has been reported,
achieved by trapping stable 133Cs¥ ions for 49 ms.

In addition to ISOLTAP MR-ToF mass spectrometer at ISOLDE/CERN, similar
devices are coupled to other worldwide RIB facilities which reflects the importance of
these instruments for experiments with rare and short-lived nuclei. Example for this
recent development are the MR-ToF devices at Argonne National Laboratory [68], TITAN
at ISAC/TRIUMF (Vancouver, Canada) [69], FRS/GSI (Darmstadt, Germany) [67],
S3-SPIRAL2/GANIL (Caen, France) [70], SLOWRI at RIBF /RIKEN (Wak, Japan) [71]
or IGISOL at the University of Jyvéskyld (Jyvaskyld, Finland) [72].

In this thesis, a novel use of an MR-ToF device will be presented. As discussed in
sec. 3.3, the present work exploits an MR-ToF apparatus as a trap of the purpose of
ultra-sensitive collinear laser spectroscopy.

3.2 Working Principle of MR-ToF devices

The axial confinement of the ions is accomplished by the outermost mirror electrode
to which is applied a positive or negative potential to store positively ions. For radial
refocusing of the ions during each revolution, a negative potential is applied to the
innermost mirror electrodes which acts as a focusing lens. For the storage of negative
ions, the polarity of the potentials is inverted. In order to capture incoming ions inside
an MR-ToF device, the potential of the entrance mirror needs to be smaller than the
ions kinetic energy Eyin > Upnirror - ¢ such that the ions can pass the electrostatic mirror
and reach the inner trap region (central drift tube).

mirror switching in-trap potential lift
................ *—>
a) e *—> a) <
capture
b) lﬁ *—> b) *—>
storage ¢) <——> c) < —>
d) *—> é d) *—>
ejecton *—>
e) ................ *—> e) y

Figure 3.3: Different techniques to capture ions in an MR-ToF device. Figure from [73].

There are two commonly used ion capture modes of an MR-ToF device. These are the
mirror switching and the technique for an in-trap lift, see fig 3.3. In the former mode,
the injection mirror is switched down to a lower potential while the ions are entering the
MR-ToF device [45]. Afterwards, the injection mirror is switched back to the trapping
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potential again in order to confine the ions inside the trapping region. After storing the
ions for the desired time, the ion bunch can be ejected from the trap by switching down
a mirror again.

In the in-trap lift technique, the mirror potentials always stay constant but the kinetic
energy of the ions is modified. Initially, the ions kinetic energy FE};, surpassed the mirror
potential Upirror - ¢ < Erin. The incoming ions hence pass the first electrostatic mirror
and enter the central drift tube. The latter is set to Ugpr resulting in an ion beam
energy of Ky, = Fiino — Ucpr - g When the ions are in the center of the central drift
tube, its potential is switched to ground without effecting the ions. In this way, the ions
are now trapped and reflected back and forth between the set of mirror electrodes until
the in-trap lift is activated in opposite direction to release the ions from the MR-ToF
device [63].

In addition, auxiliary electrodes for the shielding, the deflection or the pick-up can
be implemented in an MR-ToF device. The purpose of the shielding electrodes are to
protect the sensitive inner region from field penetration of the mirror due to electric
fields from lenses or other ion-optical elements which are located up- or downstream of
the MR-ToF device [74]. Moreover, deflector electrodes, which are located between the
mirror electrodes and the central drift tube, help in the selection of the desired mass by
deflecting the unwanted species. Different ion species will pass the deflector electrodes
at different times due to their different mass-over-charge and as a result contaminants
can be selectively deflected and no longer trapped in the MR-ToF device. This scheme
is especially useful when large amount of ions of different ion species are to be mass
separated. By means of the deflector electrodes individual ion species requiring a lower
R can be quickly removed, which may otherwise disturb the ions of interest through
so-called space-charge effects [67,75,76].

Finally, a pick-up electrode can be placed next to the mirror electrodes or more
commonly in the middle of the drift tube. Those electrodes represent an interesting
non-destructive diagnostic tool for the ion motion in a MR-ToF device. Once the ions
are trapped, they can be detected with the pick-up electrode through the measurement
of the image current which is induced by the periodically passing ions [77]. From the
pick-up signal, the relative abundance of the stored ions, their masses or their lifetimes
can be determined [78].

3.3 General concept of MIRACLS

The successful application of conventional fluorescence-based CLS as performed at
today’s RIB facilities, is typically limited to nuclides with yields of 100 to 10,000 ions/s
delivered from an ion source, depending on the specific case and spectroscopic transition.
However, there is a lot of theoretical interest to explore the properties of exotic nuclides
far away from stability. The more "exotic", the lower is generally the production yield.
Consequently, to push the boundaries of currently accessible nuclides forward, more
sensitive laser-spectroscopic techniques have to be envisioned.

By taking a closer look at the measurement process of CLS experiments, one ob-
serves that the radioactive ions interact with the laser beam in the time scale of some
microseconds, whereas the half-life of the isotopes range from several milliseconds to
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seconds or even longer. By comparing the interaction time scale with the half-life of the
isotopes, it is obvious that there is a large unexplored potential to increase the sensitivity
of CLS. This is the underlying idea of the novel Multi Ion Reflection Apparatus for
CLS (MIRACLS) project at ISOLDE/CERN which aims to reach into, in terms of
CLS, uncharted regions on the nuclear chart. A schematic overview of the concept of
MIRACLS can be seen in figure 3.4.
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Figure 3.4: Schematic illustration of the MIRACLS concept.

The basic idea is to trap fast and bunched ion beams between two electrostatic
mirrors while being overlapped with a laser beam which resonantly excites the ions. The
emitted fluorescence photons following the de-excitation of the ions are detected in the
optical detection region (ODR) by photo-multiplier tubes (PMTs) which are located in
the middle of the MR-ToF central drift tube. The reflection of the ions between the
two electrostatic mirrors enables the ion bunch to interact with the laser during each
revolution. Thereby, the experimental observation time is notably extended compared to
a single passage of the ions in front of the ODR in traditional CLS. For closed two-level
systems in the studied optical transition, the enhancement of the observation time is
only limited by the respective life time of the radioactive nuclides or the maximum
trapping time. In conventional MR-ToF operation, ions can be stored in the trap for
thousands of revolutions [79]. Hence the use of an MR-ToF device at MIRACLS it
will make it possible to isolate a laser spectroscopic signal out of the background even
for exotic nuclides with low production yields and detect signals which would not be
detectable with conventional CLS techniques. This is illustrated by the plots on the left
of figure 3.5. Here, the simulated resonance spectra are shown for a signal-to-background
ratio (in the center of the resonance) of ~1/6. While the resonance is not visible in the
spectrum of a single passage as in conventional CLS, it emerges out of the background
when trapping the ions for many revolutions at MIRACLS.

In order to maintain the high resolution of conventional CLS, the MIRACLS approach
ultimately envisions an unprecedented MR-ToF device which works with ion beam
energies of ~30 keV. Like CLS, MIRACLS’ ultimate goal is to work with ion beam
energies of more than 30 keV such that the spectral resolution approaches the natural
linewidth. It is worth to be mentioned that all the MR-ToF devices built so far use ion
beam energies around a few keV.

The extension in observation time facilitated by MIRACLS increases the CLS signal as
well as the background by the same factor r. Here the factor r represents the number of
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Figure 3.5: Left plot: Simulated photon counts for a single passage, 100 and 1000
revolutions of an ion bunch in the ODR of the MR-ToF device. Figure from
in the thesis article III [4].Right plot: Improvement factor in experimental
sensitivity at MIRACLS in comparison to conventional CLS experiments as
a function of the nuclides’ half-life 77/, and the mass number A. Some of
the first science cases of MIRACLS are indicated with white circles.

revolutions inside the MR-ToF device. However, the statistical noise in the background
only increases proportional to /7 if Poisson statistics is assumed. Due to the fact that
the ions can be probed by the laser beam multiple times, the signal S and background
B increase both linearly with the number of revolutions r in the MR-ToF device. The
signal-to-noise ratio for all the revolutions in the MR-ToF device S/N is given by

S S rs S s
- Ve B (3.2)
where the s and b is the CLS signal height and the background for one revolution in the
MR-ToF device, respectively. Therefore, at MIRACLS the signal-to-noise ratio improves
by a factor of y/r. The number of revolutions in the MR-ToF device can be determined
by the ratio of the trapping time t:.4, and the time for one revolution t;, such that
r= ttrap/tl-
In the study of short-lived nuclides ions are lost due to radioactive decay, hence the
improvement factor is reduced compared to eq. 3.2. The CLS signal for all revolutions
S, by taking into account the radioactive decay of nuclides with a half-life T} s, is given

by
T
In2
S =~ ZENQR&’CP —i—11 | Aty (3.3)
=0 /
Here € is the detection efficiency of the ODR, Ny the initial number of trapped ion of

interest, R the fluorescence photon emission rate and Aty the time interval where the
ions are in the ODR. Respectively, the background for all revolutions B follows as

B = Z BQAtQ = TBoAto (34)
=0

where By is the background rate due to PMT dark counts and the laser stray light. The
signal-to-noise ratio for all revolutions, taking into account the radioactive decay, can
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be written as

T
S 6]\70Rﬁ/22 [1 —exp (—},?—/ittmp)} (35)
N - v BOttrap .
The optimal trapping time is t4rqp = 1.18126577 5 and it can by extracted via the
formula

9(S/N)
87ft’/‘ap

=0 (3.6)

Based on this analysis, the MIRACLS improvement factor in experimental CLS
sensitivity for radioactivity is shown on the right of figure 3.5 when considering a
realistic MR-ToF design. The improvement factor range from 30 to a few hundreds
depending on the nuclides mass and half-life. Figure 3.5 also illustrates some of the first
science cases to be addressed by MIRACLS.

3.3.1 First science cases of MIRACLS

The MIRACLS approach will offer new opportunities to explore regions in the nuclear
chart which are unreachable with conventional CLS. Among those, very exotic Cd isotopes
represent one of the first science case of MIRACLS. The rms nuclear charge radii for
cadmium (Cd) isotopes between mass number A=100 and A=130 have been successfully
obtained by employing conventional CLS at COLLAPS beamline at ISOLDE/CERN [80].
However, the lower production yields of the isotopes 9899:131.132Cd demand for methods
with higher sensitivity. To this end, it is planned to take advantage of MIRACLS’s
enhanced experimental sensitivity and perform CLS beyond the N=50 and N=82 neutron

shell closure with the goal to extend the laser spectroscopy work on Cd isotopes performed
at COLLAPS.
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Figure 3.6: Rms nuclear charge radii R, fro Cd isotopes. The experimental values which
obtained at COLLAPS are compared with the results of density functional
theory employing the Fayans functional Fy(A r) [80].
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As shown in figure 3.6, the experimental charge radii of Cd isotopes are compared
with the results of Fayans density functional theory (DFT) [81]. Taking into account
that the latter has been optimised for Ca isotopes [29,82], it is remarkable how well the
nuclear charge radii of Cd are reproduced in DFT. The Fayans functional predicts a kink
at the shell closure N=82 in the Cd isotopes but the experimental results from previous
measurements could not reach nuclides beyond N=82. Therefore, the investigation of
more neutron-rich Cd isotopes will establish whether such a kink exists at the N=82
shell-closure. Moreover, if observed, its experimentally determined size will serve to
benchmark the quality of the Fayans DFT prediction.

Other important nuclear observables which are accessible via CLS are the nuclear
spins and the electromagnetic moments. For 9»131Cd, the nuclear magnetic dipole
moment u and the electric quadrupole moment Q are not experimentally known. A
simple linear trend over mass number in the electromagnetic moments for their 5/2
ground states is expected from the study of the neutron-deficient 1°1199Cd isotopes [83].
However, the shell model calculations of the quadrupole moment in *°Cd results in a
value which appears to deviate from this expected linearity. For that reason, a first CLS
measurement of *?Cd will allow to investigate whether the linearity is present in ?9Cd
in contrast to the shell-model predictions. Analogously, the electromagnetic moments of
131Cd will shed new light on the nuclear structure beyond the N = 82 shell closure.
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Figure 3.7: Experimental nuclear rms charge radii of magnesium isotopes in [84] com-
pared to preliminary results of VS-IMSRG [85]. The latter are shifted by a
constant offset of 0.155 fm to match the experimental value of 26Mg.

Another interesting science case that can be addressed by MIRACLS are the charge
radii of exotic magnesium (Mg) isotopes (Z=12). Similarly to the neutron-rich and
neutron-deficient cadmium isotopes, the low productions yields of exotic Mg isotopes do
not allow their study with conventional CLS due to its limited experimental sensitivity.
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Nuclear charge radii of 2 ~3?Mg isotopes have been measured at COLLAPS. As displayed
in figure 3.7, between the A=21-26 and A=26-30, the charge radii follow fairly linear
trends in addition to a well-known odd-even staggering. Ab initio methods, like VS-
IMSRG [85], are currently under development in order to calculate the charge radii
along the entire Mg isotopic chain. For Mg charge radii, some preliminary results
from VS-IMSRG are depicted in figure 3.7. The large discontinuity which is observed
near N=20 are to be expected and explained by the nonphysical artifacts due to the
calculation by employing sd neutrons for N<20 and pf neutrons for N>20. Above 3?Mg
and all within the pf neutrons valence space, VS-IMSRG predicts a linear trend in
the charge radii which is in agreement with the expectations from the experimental
results. On the neutron-deficient side of the isotopic chain, the preliminary VS-IMSRG
prediction yields a large radius compared to the neighbouring Mg isotopes based on the
expectations from the experimental data.

Hence, the determination of the nuclear charge radii of 2033:34Mg will evaluate the
predictive power of leading ab-initio methods spanning from the N = 8 shell closure in
close proximity to the proton-drip line to neutron-rich nuclides, right in the centre of
the island of inversion.

Before these intriguing and ambitious science goals can be addressed, it will be
important to demonstrate the feasibility of the MIRACLS concept experimentally. To
this end, a proof-of-principle (PoP) apparatus has been set up around an MR-ToF
device [2] operating at a beam energy of ~2 keV. As part of the present work, this
apparatus was modified for the purpose of CLS. The goal of the PoP setup is to
demonstrate the functionality of the novel MIRACLS technique, to investigate the
spectroscopic lineshape and to benchmark the simulation approach of the future 30 keV
MR-ToF device [5]. Moreover, the accuracy of the PoP setup has been studied by
measuring the well known isotope shift of stable Mg isotopes. More details about the
PoP experiment will be given in the following chapter 4.
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4 MIRACLS’ Proof-of-Principle (PoP)
Experiment

The MIRACLS proof-of-principle (PoP) apparatus, operating at around 2 keV beam
energy, has been assembled at CERN ISOLDE around a low-energy MR-ToF device
from the University of Greifswald [2] which was modified for the purpose of CLS. The
goal of the resulting setup is to demonstrate the MIRACLS concept, to investigate
spectroscopic line shape and to benchmark simulations that are employed to design
a future device operating at 30 keV [3-5]. This beam energy is essential to minimize
Doppler broadening and, hence, to reach the high resolution of the conventional CLS
technique.

4.1 Proof-of-principle experimental setup

Details of the proof-of-principle setup are shown in figure 4.1. The ion beam is formed
in an offline magnesium (Mg) or calcium (Ca) ion source depending on the studied case.
For studies with stable Mg isotopes, a continuous ion beam of 24=2Mg™ ions is provided
by an electron-impact ionization source (adapted from [86]), which is typically floated
to ~250 V. In the case of Ca ions, a surface ionization source is used.

The ions are continuously injected into a helium-filled linear Paul trap which allows
for beam accumulation, bunching and cooling. After their release from the Paul trap,
the ion bunch is accelerated by crown-shaped acceleration electrodes towards a pulsed
drift tube (Lift1).When the ions are in the center of this drift tube, its initial potential
of ~-2080 eV is rapidly switched to ground potential without being noticed by the ions.
Hence, the ions leave the pulsed drift tube with an energy of ~2.3 keV. The ion bunch is
subsequently deflected by a 90° quadrupole bender onto the optical axis of the MR-ToF
device. A retractable MagneToF detector is installed in front of the MR-ToF device
for beam diagnostics. Inside the MR-ToF instrument, the ions are trapped for several
revolutions between the two sets of electrostatic mirrors. Capturing the ion bunch
into the MR-ToF device is achieved by the in-trap lift technique in which the electric
potentials of the mirror electrodes are kept constant at all times [2,73] (see chapter
3.2). The in-trap lift mechanism is also used to eject the ions from the MR-ToF device
and guide them to a second retractable MagneToF detector for beam diagnostics and
beam-tuning purposes [2,73].

For CLS measurements, optical access to the MR-ToF device is required such that the
laser light is guided into the apparatus with the goal to resonantly excite the trapped ions.
For this reason, the laser beam enters and exits the set-up through a, Brewster-angled
quartz window to minimize laser scattering inside the apparatus and as a result the
background rate in the CLS measurement.

For the detection of fluorescence photons emitted by laser-excited Mg™ ions, an optical
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Figure 4.1: Top: Schematic drawing of the modified MIRACLS’ proof-of-principle setup.
In the inserts the Mg ions source, the Paul trap and the MR-ToF device are
pictured. Bottom: Picture of the setup in the MIRACLS laboratory.
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lens system and a PMT, which is based on COLLAPS design [87], are installed above
the central drift tube (CDT or Lift2) of the MR-ToF device. A retractable MagneToF
detector is placed downstream of the MR-ToF device for monitoring and beam-tuning
purposes.

In order to achieve efficient CLS measurements, a series of modifications were carried
out along the entire beam line in order to reduce the laser stray light into the PMT
which is the main source of background in our CLS work (see chapter 4.1.5.1). In the
following, the individual components are discussed in more details.

4.1.1 Mg ion source
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Figure 4.2: Overview of the circuit diagram of the MIRACLS’ PoP ion source. The basic
design was developed by collaboration partners at GSI and TU Darmstadt
[86].

For the first measurements, an offline electron impact ion source (see figure 4.2) was
selected which produces stable 24726Mg™ ions with the natural abundances of 78.99%,
10.00%, and 11.01% respectively [88]. The even-even isotopes, ?26Mg™, constitute well
suited test cases since as already mentioned (see section 2.2.1), they exhibit a closed
two-level system in their D1 and D2 transitions. Hence, laser-excited ions decay back
into their initial state.

To produce the necessary vapor pressure an oven with the respective element resistively
heated. In the present case the neutral Mg atoms are directed to the ionisation area.
For the ionization of Mg atoms, electrons are emitted by a thoriated tungsten filament
heated to provoke thermionic emission of electrons. They enter the ionization region
through a metallic grid which is held at a potential of Ug,;q = 250 V. Singly charged
Mg* ions are formed by electron impact ionisation. Hence, the energy of the electrons
is selected to be close to the maximum in the respective cross section. The grid defines
the initial ion beam energy =250 e¢V. A field gradient at the ionization region, achieved
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by an extraction electrode, drags the ions out of the source. The continuous beam of
Mg™ ions is spatially focused by an einzel lens.

4.1.2 Paul trap

The ion beam is cooled, accumulated and bunched in a linear Paul trap. It consists
of four segmented rods. Each rod is composed of five segments to form the axial
trapping potential. The radial confinement is accomplished with an RF field of frequency
1.997 MHz. The Paul trap is enclosed in a cylinder with two endcap electrodes. The
entrance endcap of the trap is held on a constant potential. In contrast exit endcap can
be switched between two values for trapping and ejecting of the ions respectively. The
Paul trap is filled with helium which thermalises the ions through He-Mg™ collisions to
ambient temperature. The incoming "hot" ions are consequently cooled to the minimum
of the axial potential well. A schematic representation of the Paul trap is shown in
figure 4.3.

The injection of the ions into the Paul trap can be controlled by a deflection electrode
upstream of the ion trap. By switching the potential of this electrode the ion beam from
the Mg™ source is deflected away from the entrance hole into the Paul trap. The period
of time during which ions can enter the Paul trap is defined as the loading time whereas
the time between ion injection (when the injection electrode is closed) and release of the
ions from the Paul trap is defined as the cooling time.

Figure 4.3: (a) 3D section view of the PoP’ Paul trap and (b) Photograph of PoP’s Paul
trap.

4.1.3 MR-ToF device

The MR-ToF device consists of two opposing electrostatic mirror sets which are separated
by the central drift tube (CDT). Each electrostatic mirror is composed of four cylindrical
electrodes. The central drift tube is made out of two electrodes and a connecting
cylindrical, conductive mesh. For an improved photon-detection efficiency, the side of
the conductive mesh facing the optical detection region, is replaced by a mesh with
higher transparency. When the ions are in the middle of the central drift tube, which
serves as a field-free region for the ions, the in-trap lift is switched from some positive
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Figure 4.4: Top view of the PoP’s MR-ToF device.

value potential Ucpr to ground. The kinetic energy E of the ions in the middle of the
central drift tube is given by E = e(Usegs — ULife1 — Ucpr) and is smaller than the
mirror potentials so that the ions are trapped in between them. For ejection of the ions,
the in-trap lift is applied in opposite direction such that the ions can leave the MR-ToF
device and finally be detected with the help of a retractable MagneToF detector.

Due to the fact that the ions are reflected between the electrostatic mirrors to prolong
their flight path, the performance of the MR-ToF device depends on the stability of the
electric potentials applied to the mirror electrodes. In this context, bias voltages of those
mirror electrodes at which the ions turn around and are reflected towards the opposite
mirror are generally the most important ones. In particular, their voltage sources need
to be stable in order to minimize the fluctuations of ions’ total time-of-flight. Hence,
investigations are underway for the PoP’s MR-ToF device in order to increase the short-
and long-term stability of suitable voltage supplies for enhanced performance of the
apparatus in analogy to recent work in [89].

4.1.4 Control and data acquisition system

The control of the experimental setup (timing sequence, communication with devices,
data acquisition) is fully integrated in the "ClusterTrap-CS" from the University of
Greifswald [90,91]. A FPGA card (National Instruments), which is programmed as a
pulse-pattern generator, generates the time-sequence signal to control the high voltage
switching of the electrode potentials (blocking voltage, endcap of Paul trap, Liftl
and Lift2). Thus, the activation and the deactivation of the switching electrodes are
controlled from this FPGA card. A schematic time structure of a measurement cycle is
depicted in figure 4.5. The loading time during which ions are injected into the Paul
trap, is controlled by a deflection electrode which is to ground potential for ion loading
and to 400 V to deflect the ions away from the Paul trap (blocking voltage). Following
a cooling time, the ions are ejected from the Paul trap by switching its endcap from
~244 V (trapping) to ~169 V (ion injection).

After the ejection from the Paul trap, the ions are accelerated towards the pulsed drift
tube of Liftl. When they reach its middle, the lift is activated by switching the potential
of the drift tube from ~-2080 V to ground potential. During some microseconds, the
ions travel from the middle of Lift1 to the middle of Lift2 which is switched from ~830 V
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Figure 4.5: Time structure for the experimental measurement cycle.

to ground potential to capture the ions in the MR-ToF device. After a specific number
of revolutions i.e. for a defined storage time, the ions are ejected from the MR-ToF
device by switching Lift2 from ground back to =830 V. At the end of the cycle, an
additional waiting time is applied which provides the necessary time for the recharging
of the capacitors which buffer the high-voltage switchers to provide stable potentials.

After the ejection of the ions from the MR-ToF device they reach a MagneToF detector
(model: 14924). The data acquisition for ion counting is performed with a commercial
program which uses a 4-GHz Time-of-Flight Multiscaler (P7887 card) for single ion
counting and with a picoscope 6000 for a large number of ions per bunch when individual
ion hits cannot be resolved in time. The data acquisition is triggering either on the
ejection pulse of the Paul trap or of the MR-ToF device.

For the photon detection, a LabView program controls a multi-channel scaler (SRS
430) program, which collects the counts from a photo-multiplier tube and synchronizes
the photon-counting with the laser scanning program. This allows one to construct a
spectrum of the photon counts versus frequency step.

4.1.5 Laser setup

The photo-excitation of stable Mg™ ions itself is achieved with a laser beam of ~280 nm
wavelength. The fundamental laser light of 560 nm is created by a Sirah Matisse
dye laser which is pumped by a Spectra Physics 20-W continues wave diode-pumped
solid-state laser (Milennia eV) with a wavelength of 532 nm. The dye laser is operated
with Rhodamine 560 dye dissolved in ethylene glycol and has an output power of 0.5 W
to 1 W. For the measurement, the control and the stabilization of the wavelength of
the dye laser, a wavemeter (WSU-10 by HighFinesse) is employed and it is regularly
calibrated using a temperature-stabilised HeNe or alternatively a diode laser which is
locked to the hyperfine transition from 5p251/2 state with F=2 to the 5p2S3/2 state with
F=3 of 8" Rb at approximately 780 nm. The accuracy of the wavemeter according to the
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Figure 4.6: Schematic of the laser setup for MIRACLS PoP experiment.

manufacturer is 10 MHz when it is calibrated by a well-known reference within 200 nm
or 30 MHz in our case where the well-known reference is more than 200 nm away.

The transportation of the laser light of 560 nm is accomplished by the use of a
high-power optical fibre (LMA-15 Single-mode 15 pum core fiber) to the laser table in the
MIRACLS lab, where the light is frequency doubled via the Spectra Physics WaveTrain
frequency doubler to the wanted 280 nm wavelength. After passing through some beam
shaping optics, the laser beam enters the vacuum chamber though a Brewster window.
The laser power sent into the MR-ToF setup can be adjusted with a beam attenuator in
front of a spatial filter which is used to obtain a pure Gaussian beam profile free of side
fringes. An additional stabilization of the power level is taking place by guiding the back
reflection of a A/2 plate, which is located behind the spatial filter, onto a power meter.
Its output is used to rotate a motor-controlled A/2 plate in front of the frequency doubler.
A picture of the laser path is illustrated in figure 4.6. A more detailed discussion can be
found in the thesis article IIT [4] .

The hyperfine structure of an isotope is recorded as a function of laser frequency.
This is achieved by scanning the laser frequency around the Doppler-shifted resonance
frequencies in the lab frame f; calculated from literature values in the ions’ rest frame
for 2AMg™ and 2Mg™ ions, respectively. In the present study, it is preferred to scan the
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laser frequency instead of scanning the ion bunch energy, also called "Doppler tuning',
as commonly done in conventional CLS. The latter may change the ion trajectories
inside the MR-ToF device, which may influence the CLS line shape and position.

4.1.5.1 Stray-light suppression

The leading source of the photon background is laser stray light, for instance light
scattered off components in the beam line. For efficient CLS measurements, these
background should be minimized in order to obtain the highest signal-to-noise ratio.
In MIRACLS’ PoP setup, this minimization was achieved by the installation of two
elements, a stray light shielding around the ODR and apertures systems next to the
entrance and exit Brewster window. The stray-light shielding, as figure 4.7 illustrates,
consists of a cylinder and a plate with a slit mounted inside the cylinder. The fluorescence
photons emitted from an ion beam with a radius in the order of 3 mm to 4 mm can
still reach the lens while photons coming from other directions are suppressed. On
the other hand, the aperture system cuts away the tails of the Gaussian shaped laser
beam that could otherwise be scattered on various beamline components. Hence, it
aims to block out photons which are geometrically not originating from the ions in
the optical detection region. Both aforementioned stray-light suppression elements are
coated with photon-absorbing black colour (Tetenal camera varnish spray) to absorb
as many photons as possible before they can reach the ORD. More details about the
stray-light suppression are given in the thesis article II [92].

Photo-multiplier
tube j

Apertures system

Figure 4.7: Stray-light suppression elements.
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4.2 Experimental results

4.2.1 Measurement and Analysis procedure

As a first test-case for the MIRACLS technique, ions of stable magnesium isotopes
are selected since the even-even isotopes, 24?Mg™, have no hyperfine splitting of the
fine-structure levels due to their zero nuclear spin. This results in a closed two-state
structure for the 3s281/2 — 3p2P1/2 (D1) and 3s281/2 — 3p2P3/2 (D2) transitions. An
excited ion will therefore always decay back into its ground state and no optical pumping
to another (hyper-)fine structure state will take place. Hence the same transition can
be probed very often while the ions are trapped inside the MR-ToF device.
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Figure 4.8: (a) Typical spectrum of photons versus time since extraction from the Paul
trap while Mg ions are trapped for 5000 revolutions inside MIRACLS’
MR-ToF device. The data for a laser frequency on resonance with the D1
transition is compared to a laser frequency detuned, off-resonance. (b) A
zoom on revolution 840 to 847. The grey bands represent examples of the
time gates used in the analysis. (c) Resonance spectrum of 2*Mg* ions when
integrating the time-gated data over 5000 revolutions. See text for details.

An example of spectrum of photon counts versus time is shown in figure 4.8 (a)
where ?*Mg* ions are trapped for up to ~5000 revolutions inside the MR-ToF device.
The corresponding hyperfine (HFS) spectrum, i.e. photon counts versus frequency, is
presented in figure 4.8 (c¢). To obtain such a HFS spectrum, the laser frequency is
scanned across the frequency range of interest and for each laser step, the fluorescence
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photons are counted as a function of the time since the extraction from the Paul trap.

In figure 4.8 (a), a continuous reduction of the fluorescence signal over the revolution
number is observed. This reduction is to a large extend correlated with ion losses which
are also observed by detecting the ions on the MagneToF detector located directly after
the MR-ToF device (see figure 4.9). One major reason for ion losses is found in collisions
with the residual gas particles inside the MR-ToF instrument. In this context, we notice
an increased pressure in the MR-ToF vacuum chamber when the Paul trap is filled with
He. As a compromise the Paul trap is operated with a He-gas flow which is still sufficient
to efficiently cool incoming Mg™ ions while keeping the pressure in the MR-ToF region
low. Another potential reason for losses of the photon rate over time in figure 4.8 (a)
may be small instabilities on the mirrors potential which disturb the ion trajectories
resulting a non-ideal overlap of the laser and the ion beam.

In the inset of figure 4.8 (a), the photon transient is enlarged in the region of revolution
number 3000. For the on-resonance data, the individual peaks correspond to the photon
signal when the ion bunch is passing in front of the optical detection region for each
revolution inside the MR-ToF device. They are equally spaced with a revolution time of
trev = 7.15us. The revolution time depends on the mass-over-charge ratio, beam energy
and mirror potentials. The ejection of 2*Mg™ ions after ~5000 revolutions from the
MR-ToF device is clearly notable by the signal disappearance. The hyperfine spectrum
in figure 4.8 (c) is extracted by integrating the data from the time gates that are applied
for each laser frequency step to the spectrum in figure 4.8 (a), as depicted in figure 4.8
(b). In this case, the resonance spectrum consist of only a single peak because of the
absence of a hyperfine splitting for nuclides with spin 0 such as ?*Mg. Each resonance is
characterised in this by a centroid frequency, a width (FWHM), an intensity above the
background.

For the extraction of these parameters, the y?-minimization procedure in the SATLAS
[93] analysis package is employed during the fitting of the individual spectra. A Gaussian
profile is assumed to describe the resonance’s line shape since the Doppler broadening is
the dominant contributor to the broadening of our spectral linewidth. The photon counts
are assumed to follow Poisson statistics, hence, an uncertainty of N/2 is adopted for a
measurement of N photons. Since the scatter of the photon numbers actually measured
for many of the HF'S spectra is large than expected from only Poisson statistics, the
uncertainties are increased by a factor that the reduced x? equals 1.

4.2.2 MIRACLS’ performance

The main advantage of MIRACLS is the fact that the trapped ions can be probed many
times, i.e. once for each revolution inside the MR-ToF device. Thus, the signal strength
in the hyperfine spectrum is further increased the more revolutions are integrated. In
order to investigate the performance of the current MIRACLS setup, the evolution of
the resonance’s centroid frequency, the width and the intensity as a function of the
revolution number are determined.

Figure 4.9 (a) and (b) show the integrated fluorescence counts and the ion counts over
the revolution number per cycle, respectively. Here, each cycle corresponds to one ion
bunch extracted from the Paul trap. The reduction in photon intensity over revolution
number is linked to the decrease of the ion counts. By comparing figure 4.9 (a) and (b),

34



0]
TeuL 15 @
E O R BN
COc >
503, 1.0
PR O A .
500
g5 <
= 0.5
2401 (b) —— Inside the MR-ToF device
v
3g 180
c c
e3 2 120
(]
Y2 60
0
100
el
Sw 50
gz 0
3= -50
-100
900/ (d)
=3 700
Eé 500
300

0 200 400 600 800 1000 1200 1400
# of revolutions

Figure 4.9: Evolution of the area (integrated fluorescence counts) (a), the center (cen-
troid) (c), the width (FWHM) (d) of the resonance peak versus the number
of revolutions. For comparison, (b) illustrates the corresponding ion number
versus revolution number. The data is based on 1500 measurement cycles for
each laser frequency step. The shaded area (c) indicates a frequency interval
of 50 MHz. Every point in (a), (¢) and (d) arises from a fit to resonance
spectrum in which 10 consecutive revolutions were added together. This is
the result of the aggregation of the ToF peaks for every 10 revolutions.

however, there is no exact one-to-one relationship. In particular, the initially observed
losses in the ion number is larger compared to the losses in fluorescence. This may be
due to ions on unstable orbits far away from the central MR-ToF axis. Hence, these
ions never interact with the laser beam and get expelled from the MR-ToF during the
first tens of revolutions. After 150 revolutions, the decay in fluorescence counts follows
closely the one observed in the ion counts.

The evolution of HFS centroid frequency versus the number of revolutions is shown
in figure 4.9 (c). After a sharp initial rise up to ~40th revolution the centroid remains
constant within 50 MHz band. The initial increase is related to a tail during the
high-voltage switching of central drift tube (Lift2). Investigation about the accurate
description of the HV-switching process to fully correct for it in the resonance centroids is
currently in progress. This topic will be discussed extensively in a upcoming manuscript.

In figure 4.10, an example of fitted HFS spectra, obtained for different revolutions
number, are illustrated. From these spectra, one can observe small shifts in the centroid
that are also depicted in figure 4.9 (c). Also, the width of the peak (FWHM) has also
an increased trend (see figure 4.9 (d)) which is easy visible in figure 4.10 by comparing
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Figure 4.10: Measured resonance spectra of *Mg* ions in the D2 line for different
revolution numbers in MIRACLS’ MR-ToF device. The experimental data
(in black) is fitted by a Gaussian line shape (in red).

4.2.3 Sensitivity limit

The main goal of the MIRACLS technique is to enhance the sensitivity of fluorescence-
based CLS in order to address physics cases that cannot be addresses with the con-
ventional approach today. Figure 4.11 illustrates the experimental signal-to-noise ratio
(S/N) attained for different intensities of 2#Mg™ ions trapped for 1500 revolutions inside
the MR-ToF device. The signal-to-noise ratio is calculated by taking into account as
signal (S) the amplitude value of the resonance peak and as noise (N) the square root of
the background value which are given by the Gaussian fitting of the respective resonance.
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Figure 4.11: Experimental CLS sensitivity expressed in terms of signal-to-noise ratio
(S/N) for *Mg™* ions trapped for 1500 revolutions with the MR-ToF
proof-of-principle setup. An extrapolation of the sensitivity for the 30-
keV apparatus is given on the right y-axis assuming a single ion shot per
frequency step. The insert shows a typical resonance for 2*Mg™ ions.

The uncertainty of each S/N value is extracted by using the error propagation formula,
including the covariance term, on the already increase uncertainties of the amplitude
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and the background parameters. From up to ~500 ions injected into the MR-ToF device,
the S/N ratio follows a linear increasing trend as expected. The inset of figure 4.11, for
instance illustrates a HF'S spectrum for 50 ions per bunch which demonstrates that even
for very low ion intensities a spectrum of good quality can be attained.

However, for much higher numbers of injected ions, see around ~1000 and ~1500
ions per bunch, in figure 4.11, the S/N ratio drops significantly bellow the linear trend
observed for lower numbers of stored ions. This is associated with space-charge effects
inside the MR-ToF device. Space-charge effects arises due to the Coulomb interaction
between the ions which becomes relevant once too many ions are stored simultaneously.

For instance, figure 4.12 shows the stability of the centroid frequency for two different
ions numbers. For ~310 injected ions, the resonance’s centroid remains rather stable
after the initial rise as discussed in section 4.2.2. However, for ~880 injected ions,
the centroid frequency is not longer constant over revolution number. Instead a very
pronounced minimum is observed at revolution ~600 in the centroid evolution. As a
consequence, the resonance of individual revolutions do no longer add up for longer ion
numbers. Hence, the signal strength does not increase linearly with ion number anymore,
which explains the reduced S/N ratio in figure 4.11 for the highest ion numbers.

On the right axis of figure 4.11, an extrapolation of the sensitivity for the 30-keV setup
is given, which is based on the number of photon detectors and the expected reduction
in laser-stray light as typically obtained considering an identical optical detection region
of COLLAPS. However, it does not include differences in the FWHM of the laser
spectroscopic line shape or in the efficiency of ion trapping, storage or laser-excitation
in the 30-keV MR-ToF device in which should be more favourable.
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Figure 4.12: CLS centroid frequency over revolution number in the MR-ToF device for
two different ion numbers confined in the trap.
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4.2.4 Isotope shift measurements

In order to establish the accuracy of MIRACLS technique, the isotope shift between
26Mgt versus 24MgT was measured in the D2 line. To obtain the HFS spectra of both
isotopes from which the isotope shift can be extracted, the laser frequency is scanned
over the Doppler-shifted resonance frequencies in the lab frame. In a first step, the
isotope shift is determined in conventional single-passage CLS, i.e. without trapping the
ions in the MR-ToF device.
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=
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Time since Paul trap extraction / ps
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frequency / GHz +1.0724e6

Figure 4.13: (a) Photon counts versus the time since extraction of the ions from the Paul
trap for the resonance frequency of *Mg™* and 2Mg* ions (b) Resonance
spectra of ?*Mg* and 26Mg* ion in the D2 line for the lab-frame laser
frequencies.

The purpose of this first measurement campaign is to investigate systematic uncer-
tainties in this particular low-energy CLS setup which are independent of the MR-ToF
operation itself. This work is discussed in the thesis article I [94]. In summary, a
20 MHz systematic uncertainty has been identified in this isotope shift which is due
to the non-linear inaccuracies in the wavemeter. Moreover, the HV switching of Lift1
and Lift2 may result to actual ion beam energies which are different to the nominal
acceleration voltages applied to the respective pulsed-drift tubes. Finally, incomplete
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knowledge about the ions’ starting potential inside the Paul trap adds to the systematic
uncertainty in the isotope shift.

In the second step, the isotope shift is measured in the MIRACLS technique, i.e. when
trapping the ions inside the MR-ToF device. The photon counts recorded by the PMT
next to the central drift tube as a function of time since the ions’ extraction from the
Paul trap is shown in figure 4.13 (a). For the respective resonance frequency, the passage
of the ions can be seen as a strong increase in the number of detected photons. Due to
their different masses, the peaks associated with the passage of 2Mg™ and 2Mg™ ions
separate over time. Due to the higher mass of 26Mg™ ions their revolution period inside
the MR-TOF device is longer compared to ?*Mg*.

An example of isotope shift measurement, which was obtained during the present
work, is shown in figure 4.13 (b). It illustrates the resonance of both 2Mg™* and 2Mg™
ions with the respective lab frame frequencies. The latter has to be converted into the
ions’ rest frame to extract the isotope shift. For this purpose, the kinetic energy of the
ions inside the MR-ToF device is attained from the measured acceleration potentials. In
particular, the kinetic energy of the ions in the middle of the central drift tube follows
the formula £ = e(Upr — ULifi1 — ULift2) (see chapter 3.2) where all relevant potentials
are measured on a regular bases with a precision voltage divider. Based on this kinetic
energy, the Doppler-shifted frequency v in the rest frame of the ions for both isotopes,

can be determined from the laser frequency in the lab frame via the expression (see
eq.2.27)
1—
v= Vo(iﬁ)z (4.1)
(1-75%)
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Figure 4.14: Preliminary results for the isotope shift measurements of 26Mg" versus
24Mgt in D2 line compared to its more precise determination in [84]. Error
bars reflect statistical uncertainties only.

The analysis of all data sets follows the procedures as outlined in the thesis article
I [94]. The results are shown in figure 4.14. As can been seen the largest difference from
the literature value is ~90 MHz in one measurement run which is not fully understood. In
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addition to the error bars shown, systematic uncertainties have to be considered. These
account for 20 MHz for the non-linearities in the wavemeter’s performance and 8 MHz
for the uncertainty in the ions’ starting potential in the Paul trap. Moreover, the impact
of the HV-switching of Lift1 and Lift2 need to be evaluated. Preliminary results of this
work indicate that the impacts of Liftl and Lift2 cancel a large extend. Hence, values
given here may not be far away from the final mean values in the isotope shifts. Once
confirmed, this would validate that the MR-ToF apparatus does not significantly add to
the systematic uncertainties, at least relative to the other systematic uncertainties of the
present MIRACLS apparatus. These results are preliminary in terms of the influence
of the HV switching of the two drift tubes (Liftl and Lift2) on the ion beam energy.
Ongoing work is focused on the accurate measurement of the HV switching process
to minimise and then quantify the remaining uncertainties due to this aspect on the
measured isotope shift.

4.2.5 MIRACLS beyond closed two-level systems

In order to advance the MIRACLS technique to more general cases, *°Ca™ was selected
as the next candidate to performing CLS with the PoP setup. As it is indicated in figure
4.15a (blue curve), trapping 4°Ca* ions for up to 230 revolutions was achieved. However,
only the first ~28 revolutions are visible in the fluorescence signal. This is a consequence
of optical pumping to a metastable state in Ca™ ions, see insert of figure 4.15a. However,
by using a second laser beam at a wavelength of 866 nm, optical re-pumping from this
dark state (D3/9) into the ground state (red curve in figure 4.15a) was accomplished.
As a result, all the 230 revolutions were visible in the fluorescence signal until the ions
were extracted from the MR-ToF device.
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(a) ToF spectrum that indicates the successful op-  (b) Collinear-Anticollinear ToF spectrum for trap-
tical re-pumping from a dark state into the ping *°Ca’ ions for 4 revolutions.

ground state on “°Ca™.
Figure 4.15: Photon count numbers as a function of time from laser excited °Ca¥ ions

inside the MR-ToF device.

In addition to the demonstration of the optical re-pumping from a dark state, we
also performed collinear-anticollinear spectroscopy on “°Ca* ions (see figure 4.15b).
Ultimately, this may allow one to measure absolute transition frequencies, according to
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V8 = V4 - Ve, which eliminates the uncertainty due to incomplete knowledge of the ions’
beam energy. By using two laser beams, the MIRACLS approach allows to perform
collinear CLS along one direction of ion propagation while data in anti-collinear CLS
can be recorded in the other flight direction. As a result, the stored radioactive ions can
be used even more efficiently.

Such spectra of photons counts versus time for collinear and anticollinear CLS are
presented in figure 4.15b for trapping “°Ca® ions for 4 revolutions inside the MR-
ToF device. The two configurations in laser-ion overlap were realised in two separate

measurements, but can be readily done simultaneously if two separate laser systems are
available.
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5 Conclusion and outlook

The Multi Ton Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS)
project is a novel approach for highly sensitive and high-resolution laser spectroscopy of
short-lived radionuclides. This is achieved through the combination of the conventional
fluorescence-based collinear laser spectrocopy (CLS) and an Multi-Reflection Time-of
Flight (MR-ToF) device, well known from mass spectrometry. The latter allows the
trapping of fast ion beam in-between its electrostatic mirrors. Hence, ion bunches can
be confined for many revolutions during which they are repeatedly probed by a laser
beam of appropriate wavelenght. As a result, the experimental sensitivity is enhanced
significantly compared to conventional single-passage CLS.

This thesis has presented the general concept of MIRACLS project as well as the
experimental results from CLS measurements which have been performed for the first
time in an MR-ToF device. As first test case, stable magnesium ions were selected since
the closed two-level system in the 3s2S; /2 = 3p?Py /2 transition of their the even-even
isotopes, 2426Mg*, provides the opportunity to probe the same transition as long as
the ions are trapped inside the MR-ToF device. This work characterised the MIRACLS
performance, especially in terms of experimental sensitivity. Moreover, the well-known
isotope shift between the 2426Mg* isotopes was measured and compared to the literature
value to benchmark the accuracy that can be reached with the MIRACLS. Thereinafter,
the technique was extended to “°Ca™ ions as a first representative of elements which
did not exhibit a spectroscopy closed two-levels system. This aspect of the present
work constitutes the first step to expand the MIRACLS technique to more general ionic
transitions.

While the current work exploited an MR-ToF device operated with a few keV beam
energy, the ultimate goal of the MIRACLS project is to develop a high resolution MR-ToF
device that confines ion bunches at 30 keV. This will minimize the Doppler broadening
such that the spectral linewidth is comparable to the natural linewidth. At this time,
simulations and preparations are in final stage to construct such a 30 keV MR-ToF
device at ISOLDE/CERN. Additionally, design of a cryogenic Paul Trap is in progress
which will provide optimal beam preparation in the future 30-keV setup. In particular,
it will allow the reduction of the longitudinal emittance in CLS, i.e. a simultaneous
decrease of energy spread and temporal bunch width. Furthermore, developments are
ongoing towards versatile UHV compatible and highly UV absorbing coatings for more
advanced stray-light suppression for the 30 keV MR-ToF device compare to the PoP
one.

The apparatus of the present work is currently upgraded in order to increase the
short- and long-term stability of the power supplies which provide voltage to the mirror
electrodes. Small fluctuations in the mirror’s voltage can distort the total flight time and
the ions trajectories in general so it is essential to keep them as stable as possible. In
parallel, work has begun to explore the feasibility of the photo-detachment spectroscopy
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of negative ions in this setup. Once demonstrated, this collaborative effort between
MIRACLS and GANDALPH (see chapter 2.2) opens the path for high-sensitivity and
higher resolution in the determination of the electron affinity of chemical elements.

In summary, this works has successfully demonstrated a new technique for collinear
laser spectroscopy. Our results establish MIRACLS as a next-generation technique for
high resolution and high sensitivity laser spectroscopy. Amongst other, this opens a
path to access "exotic" short-lived isotopes, currently out of experiments reach. This
will allow to guide and benchmark modern nuclear theory in its quest to describe all
atomic nuclei across the nuclear chart from first principles.
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Abstract

Collinear laser spectroscopy (CLS) has been performed in a multi-reflection time-of-flight (MR-ToF) device operated
in single-pass mode, i.e., without confining the ions in the ion trap. While our Multi Ton Reflection Apparatus for
Collinear Laser Spectrosocpy (MIRACLS) aims to increase the CLS sensitivity by storing ions in the MR-ToF device,
the present work characterises conventional single-passage CLS as a preparatory step for the upcoming comparison with
MIRACLS’ multi-pass mode. To this end, the isotope shift in the 3s2S; 5 — 3p?Pj/, transition (D2 line) between ions
of the magnesium isotopes Mg and 26Mg has been measured under varying experimental conditions. Our result agrees
with the precise literature value. Associated studies of systematic uncertainties demonstrate a measurement accuracy of
better than 20 MHz in this new apparatus. This value will serve as the reference for analogous studies to be performed
in the MIRACLS approach in which ions are trapped in the MR-ToF device for thousands of revolutions and probed by

the spectroscopy laser during each passage.

1. Introduction

For nearly five decades, atomic-physics techniques have
very successfully provided accurate and precise informa-
tion about nuclear ground state properties of short-lived
radionuclides [1-7]. While laser spectroscopy accesses nu-
clear spins, charge radii and electromagnetic moments, ion
traps have become invaluable tools for precision mass mea-
surements.

Within the latter, multi-reflection time-of-flight (MR-ToF)
instruments have in recent years emerged in the field of
rare isotope science as versatile mass separators and spec-
trometers [8-16]. In these devices, also called electostatic
ion beam traps [17-19], an ion bunch is reflected between
two electrostatic mirrors such that an integrated ion flight
path of a few kilometers can be folded into an appara-
tus with the length of about one meter. Ions of different
masses m are consequently separated in mass according
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to their respective time of flight. Mass resolving powers
exceeding R = m/Am > 10° can be obtained in (tens of)
milliseconds [13, 20, 21].

Given these superb performance characteristics, MR-ToF
devices have recently found many applications at mod-
ern radioactive ion beam (RIB) facilities. Among others,
these include mass measurements of radionuclides very far
away from stability with production yields as low as a few
ions per second [12, 22-24], beam identification for vari-
ous experimental RIB programs [25], characterisation and
optimisation of RIB production targets for fundamental
science as well as medical isotope production [26, 27|, sup-
pression of contamination in the RIB [28], or mass-tagged
ion counting in ion-source laser spectroscopy [29].

Our Multi Ion Reflection Apparatus for Collinear Laser
Spectroscopy (MIRACLS) developed at ISOLDE/CERN
envisions a novel application of MR-ToF devices, namely
for highly sensitive laser spectroscopy. To this end, it com-
bines the sensitivity of ion-trap techniques with the high
resolution of collinear laser spectroscopy (CLS) of fast ion
beams. In the latter, an ion beam with typical beam ener-
gies of > 30 keV is collinearly overlapped with a narrow-
band, continuous-wave laser beam. When the frequency of
the laser corresponds to the energy difference of the stud-
ied transition, fluorescence light of laser-excited ions is reg-
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istered by photon detectors. Hence, the detected photon
rate as a function of laser frequency reveals the hyperfine
structure which encodes the aforementioned nuclear prop-
erties by means of the hyperfine interaction between the
atomic nucleus and its surrounding electron cloud.
Although nuclides accessible by CLS exhibit life-times of
at least several milliseconds, their effective use in this con-
ventional CLS approach is limited to a few microseconds
while the ions pass the laser-ion interaction and optical-
detection region. Hence, matching the involved time scales
offers the possibility to significantly boost the experimen-
tal CLS sensitivity.

Following this vision, MIRACLS aims at confining the fast
ion beam inside a MR-ToF device in which the ions are
‘re-cycled’ by continued reflections between the two elec-
trostatic mirrors. Thus, the ion ensemble can be repeat-
edly probed by the spectroscopy laser during each revolu-
tion in contrast to only once for conventional CLS. The
MIRACLS approach increases the observation time and,
hence, the CLS sensitivity. For instance, in closed two-
level systems in which laser-excited ions decay back into
their initial state, an ion can in principle be investigated
until its radioactive decay. As a result, the MIRACLS ap-
proach is expected to yield multiplication factors of 30-700
depending on the half-life, mass and spectroscopic transi-
tion of the ions of interest.

To demonstrate the strengths of the MIRACLS concept,
an MR-ToF apparatus [30, 31] has been extended for the
implementation of in-trap CLS [32-35]. In particular, the
MR-Tof’s central drift tube hosts a field-free region for
laser-ion interaction and optical detection. Laser access is
provided along the axis of the device. While typical ion
beam energies in CLS experiments of radionuclides are in
the order of several tens of kiloelectron volts, the present
setup operates at a beam energy of about 1.5 keV. This
will allow proof-of-principle measurements for MIRACLS
before the method will be applied in a future 30-keV de-
vice.

In the present work, we have as a first step performed
conventional, single-passage CLS within this setup in or-
der to benchmark the attainable accuracy for isotope-shift
measurements in such an instrument. In particular, we
have measured the isotope shift 612426 = 126 — 124 in the
352815 — 3p?P3), transition (D2 line) between 2*Mg™
and 2°Mg™ ions. We varied the experimental procedures
and parameters to expose systematic uncertainties for CLS
in this apparatus. Thus, the presnt study lays the foun-
dations for ongoing work on the MIRACLS technique. It
will allow us to disentangle general limitations of this par-
ticular CLS implementation at relatively low ion energies
from potential influences specifically caused by MR-ToF
operation and ion storage.
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Figure 1: (a) Schematics of the experimental setup. (b) Sketch of
electric potential U and ion beam energy Fy;, along the path of the
Mgt ions from the Paul trap to the laser-ion interaction region in-
side the MR-ToF device. Two different acceleration and ion-transfer
schemes are employed. One involves a pulsed drift tube and is repre-
sented by the red solid lines. The second one is purely based on static
potentials, see turquoise dashed lines. Both result in a final energy of
FEyin =~ 1.5 keV when passing through the laser-ion interaction and
optical detection region. See text for details.

2. Experimental Setup

2.1. MR-ToF apparatus

The experimental apparatus is based on the MR-ToF
system described in Ref. [30, 31], which was upgraded
for the purpose of collinear laser spectroscopy [32-35]. A
schematic overview of the setup is shown in Fig. la. For
the present study, Magnesium (Mg) atoms are ionized in-
side an electron-impact ion source which closely follows
the design in Ref. [36]. Singly-charged ions of stable mag-
nesium isotopes ?4~26Mg form a continuous beam which
is injected into a helium buffer-gas-filled linear Paul trap.
The latter consists of two end-cap plates with holes for ion
injection and extraction as well as four rods which pro-
vide the RF field for radial ion confinement. The rods
are longitudinally split into five segments of equal length
and establish a DC gradient to drag buffer-gas-cooled ions
into a potential minimum next to the downstream end-cap
plate.

In order to define the ion loading time and hence the ion
number inside the Paul trap, a steering electrode in front
of the ion trap is controlled by a fast high voltage (HV)
switch which, on demand, guides the ions either into or
away from the Paul-trap entrance. After a cooling time
typically set to a few milliseconds, the accumulated and
cooled ions are released from the trap by lowering the po-
tential of the downstream end-cap plate by another fast
HV switch. The extraction pulse is synchronised with re-
spect to the RF phase to ensure identical field conditions
during each ion ejection.

The well-defined ion bunches with a typical temporal width



of a few hundred nanoseconds are subsequently accelerated
for their transfer into the MR-ToF device. In the present
work, two different acceleration schemes are utilised, see
Fig.1b. In the first option, which has been used in our
previous work [32, 33, 35], the Paul trap is held at a po-
tential of Uy, ~ 250 V. After extraction from the Paul
trap, the ions are accelerated towards beamline compo-
nents at U,cc = —2080 V. When the ion bunch reaches
the centre of a drift tube, its potential is switched to
ground potential (represented by a red, vertical arrow in
Fig. 1b). Since this drift tube constitutes in its centre a
field-free region, the change in potential is unnoticed by
the ions and the pulsed drift tube acts as a ‘potential lift’.
Hence, the ions exit the drift tube with a kinetic energy of
Exin = ¢(Upt — Uace) = 2330 eV.

Since HV switching of this pulsed drift tube may lead to
some uncertainty in the exact ion beam energy, a second
acceleration scheme exclusively based on static potentials
is alternatively employed. Considering its common use in
CLS, the present work is largely based on this accelera-
tion scheme. It proceeds identically to the previous one,
but the acceleration is done towards Uye. = 0 V such that
the drift tube remains on ground potential for the entire
measurement cycle. The transfer energy is, hence, solely
governed by Fii, = eUp;. We observe a degraded trans-
fer efficiency for lower ion beam energies, likely due to the
increased transverse emittance. Consequently, we perma-
nently raise the Paul trap potential to Uyt ~ 470 V which
is close to its maximum in the present technical configu-
ration.

Independently of the acceleration method, the ion beam
subsequently passes an electrostatic quadrupole bender
which guides the ions onto the MR-ToF axis. In the present
work, all ring electrodes constituting the electrostatic mir-
rors of the MR-ToF device are left on ground potential.
Hence, the ions cannot be trapped in the ion trap. Sur-
rounded by the electrostatic mirrors, the MR-ToF’s central
drift tube is biased to a potential U.q; such that the ions
propagate inside the tube with Euin = eUio; = e(Upy —
Uace — Ucat) = 1500 eV, a kinetic energy typically used
during MR-ToF operation. In particular, U.qy = 830 V
when utilising the lift after the initial acceleration and
Ucqr = —1010 V otherwise.

During setup and ion-beam optimization, the ions impinge
on a retractable ion detector at the end of the setup. At
this position, ions of different magnesium isotopes are well
resolved in time of flight even without being trapped in
the MR-ToF device.

2.2. Laser setup

The employed laser setup has been discussed in de-
tail in [35]. In order to study the 3s2S;/5 — 3p2Pss
transition (D2 line) in Mg™ ions, a laser wavelength of
280 nm (A~! = 35760.88 cm™!) is required. In a sep-
arate laser laboratory, a diode-pumped solid-state laser
pumps a frequency-stabilised dye ring laser which produces
a narrow-band, continuous-wave laser beam at 560 nm.

The latter is coupled into a high-power optical fibre to
transport the laser beam into the about 25-m distant MR-
ToF laboratory. There, second-harmonic generation is em-
ployed to obtain a laser beam at 280 nm. The output
of the frequency doubler is stabilised in power by a pro-
portional-integral (PI) feed-back loop which rotates a A/2
plate in front of a polarisation filter in the upstream beam
path of the 580 nm laser light and, thus, controls the laser
power input into the frequency doubler.

After mode cleaning to obtain a Gaussian beam profile,
the laser beam is sent into the MR-ToF apparatus with
a typical power of =~ 0.7 mW. At its entrance and exit,
a quartz window is installed at the Brewster angle, see
Fig. 1, to minimise reflections which could potentially lead
to undesired laser stray light. The latter is further reduced
by aperture sets which are placed in-vacuum next to the
entrance and exit windows [34].

The laser frequency is set by locking the dye ring laser to a
precision wavemeter (HighFinesse WSU-10) which is reg-
ularly calibrated against a temperature-stabilized He-Ne
laser. To probe the hyperfine structure of an ion of inter-
est, the laser is scanned across the anticipated frequency
range. For each frequency step, photons are recorded for
ion bunches released from the Paul trap in multiple mea-
surement cycles.

In this work, two methods are used to scan the laser fre-
quency in the rest frame of the ions. First, the laser fre-
quency in the laboratory reference frame is fixed while the
velocity of the ions is changed by altering the potential
U.qt of the MR-ToF’s central drift tube. This results in a
Doppler tuning of the laser frequency vio, observed by the
ions according to

o LB "
ion — Vlab \/@

Here, v1,1, represents the laser frequency in the laboratory
frame and § = v/c is the ion velocity v relative to the
speed of light ¢. This approach is commonly applied in
CLS [5].

However, for CLS studies over long isotopic chains or wide
hyperfine structures the required difference in energy can
be sizable. Within MIRACLS, different ion energies will
lead to modified ion trajectories inside the MR-ToF device.
This may influence the CLS measurement. For this reason,
it is foreseen to operate MIRACLS’ MR-ToF device at
fixed ion energies and to scan the laser frequency directly
in the laboratory frame. Consequently, this scheme, called
laser scanning in the following, has also been tested in the
present work for conventional, single-passage CLS. In our
implementation, the set point of the PID loop which locks
the dye laser to the wavemeter is altered in small steps such
that the laser cavity follows to the new value. While the
laser frequency is being changed all data taking is put on
hold until the new set point in the fundamental wavelength
has been reached within less than 1.5 MHz. The PID
parameters have been optimised for stability as well as fast
and reliable changes in frequency, i.e., in our configuration,



a frequency step of 10 MHz typically requires a few seconds
until completion.

2.8. Optical detection region and data acquisition

The ion-laser interaction to excite the optical transi-

tion takes place in the field-free region of the MR-ToF’s
central drift tube. The latter is constructed from two ring
electrodes, approximately 12 cm apart, connected by a
cylindrical mesh. This establishes a well-defined electric
potential and allows fluorescence light to reach a lens sys-
tem (adopted from [37]) which directs the photons onto
a photomulitpler tube, see Fig.la. Around this optical
detection region, a blackened shield is mounted [34]. It
prevents laser stray light, which does not arise from the
ion-beam axis, to be reflected into the lenses and subse-
quently into the photodetector.
The signal of the photomultiplier tube is passed on to a
multichannel scaler which records the number of detected
photons versus time since the ions’ extraction from the
Paul trap. For each laser frequency, the data of multiple
measurement cycles, typically a few hundred ion bunches
ejected from the Paul trap, are summed. On resonance,
the passage of the ion bunch in the optical detection region
is visible in the histogram of photon number versus time
as a peak of increased photon rate. In our MR-ToF setup,
which has initially been designed for other purposes than
CLS, laser stray light largely dominates the photon back-
ground. To suppress the background counts, the signal is
gated in the analysis on the ion passage.

3. Measurement procedure and analysis

Typical resonances of 22Mg™T and 2°Mg* ions are shown
in Fig. 2. Since both Mg isotopes are nuclides with nu-
clear spin I = 0, there is no hyperfine splitting and, thus,
only a single peak is present in the resonance spectra. For
a resonance scan, each laser frequency v, is converted to
the ions’ rest frame frequency, v;on, according to Eq. 1. For
an ion with mass m accelerated by an overall acceleration
potential Uy this becomes

oy e tme? ([ mPet
ion — Vlab m02 (eUtot—i—mc?)? .

(2)
Here, e is the elementary charge and ¢ the speed of light.
In the calculation of Uy, we assume Uy, the starting po-
tential from which the ions are released from the Paul trap,
to be the mean value of the DC potentials applied to two
segments which form the bottom of the well in the Paul
trap, see later discussion in Sec.4.1.1. All relevant electri-
cal potentials are measured on a regular basis with high-
precision voltage dividers. This includes measurements of
the individual voltage steps when scanning the potential
of the MR-ToF’s central drift tube during Doppler tuning.
Due to the relatively low beam energy of Fiyi, ~ 1.5 keV,
the observed full width at half maximum (FWHM) of the
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Figure 2: Measured resonance spectra of the D2 transition in 24Mg*
(a) and 2Mg™ ions (b) performed with laser scanning and a ‘fast’
Paul-trap extraction scheme. The experimental data of photon
counts versus laser frequency (in black) is fitted by a Gaussian line
shape (in red). The loading time and, hence, the total number of
ions in the Paul trap remain the same for both runs, here 10 ms, to
ensure identical conditions. The different resonance intensities are a
consequence of the natural abundance of the Mg isotopes. The lower
abundance of 26Mg is partially compensated by collecting data over,
in this case, 4 times more measurement cycles. See text for details.

experimental resonances is ~ 250 MHz, i.e., much larger
than the natural line width of 42 MHz of the D2 transition.
Hence, the line width is dominated by Doppler broaden-
ing which results in a Gaussian line shape. Assuming that
the line width is entirely governed by the ions’ energy dis-
tribution, the FWHM in Fig. 2a corresponds to an energy
spread of ~ 1.8 eV at the given ion energy. All resonance
spectra are fitted by a Gaussian line profile utilising a x2-
minimization procedure in the SATLAS analysis package
[38] to obtain the respective centroid frequency vp.

Each individual isotope-shift measurement 52426 between
24Mg* and 26Mg* ions is initiated by the calibration of
the wavemeter. Subsequently, CLS is performed by record-
ing two 2*Mg* resonance spectra interleaved with one of
26Mg* ions under identical measurement conditions. Be-
cause of its lower natural abundance, measurements with
26Mg*t ions last significantly longer than for 2*Mg™ ions
to obtain resonance spectra of comparable quality. The
independent 2*Mg measurements also serve as a measure
of potential drifts in the system during the longer data
taking of 2)Mg* ions. For this purpose, the weighted av-
erage of the 2*Mg measurements, 73, and the associated
Birge ratio Rp [39]* are evaluated. Following the proce-

4For a set of n measurements x; with an uncertainty o;, the Birge
ratio is defined as

" x; — )2
RB\/XQ/(W—l)\jlin %7 (3)
— :

k3

where T is the weighted average over all individual measurements x;.



dures adopted by the Particle Data Group [40], we inflate
the uncertainty on 73* by the Birge ratio in case the latter
is larger than one. Finally, the isotope shift is calculated
following 612426 = 126 — 124,

With the aim to expose potential systematic errors in our
apparatus, we have performed measurements of this iso-
tope shift under various experimental conditions. These
include different measurement schemes which could im-
pact the ions’ beam energy, i.e., (1.1) different ion ex-
traction schemes from the Paul trap as well as (1.2) the
two methods in ion acceleration as explained in Sec.2.1.
For the former, we use two different field gradients in the
Paul trap resulting in a ‘slow’ or a ‘fast’ release from the
ion trap, respectively. Moreover, (2) the Paul-trap load-
ing time and, hence, ion numbers are varied to investigate
space-charge effects in the ion trap. Finally, (3) the laser
frequency as observed by the moving ions is changed via ei-
ther laser scanning or Doppler tuning. Table 1 summarises
all isotope-shift measurements in this work according to
their respective experimental configurations.

In each measurement setting, Jv?426 is determined mul-
tiple times and a weighted average is constructed. The
uncertainty of the latter is inflated following the previ-
ously explained procedure in case of a Birge ratio Rp >
1 which indicates that the variations within the individ-
ual measurements exceed the statistically expected fluc-
tuations. Fig.3a and b provide examples for individual
isotope-shift measurements in selected measurement con-
figurations, discussed in detail next.

4. Results and Discussion

As stated above, the aim of the present measurement
campaign is to determine the isotope shift 52426 between
Mgt and 26Mg?* ions in the D2 transition in order to
isolate systematic uncertainties of the new apparatus aris-
ing from everything except for the MR-ToF operation it-
self. The results of the different measurement schemes as
introduced above are compared to each other in Fig.4.

Table 1:  Overview of all isotope-shift measurements in this work
indicating the used ion-acceleration scheme (Accel.), the Paul-trap
extraction mode, the Paul-trap loading time, as well as the employed
method of frequency scanning, i.e., laser scanning or Doppler tuning.
The number of individual isotope-shift measurements for each setting
is listed in the last column.

# Accel. Paul-trap Loading Scanning # of
extraction time (ms) mode IS
1  static fast 5 laser 5
2 static fast 10 laser 5
3 static slow 20 laser 5
4 static fast 20 laser 1
5  static slow 10 Doppler 3
6  static slow 20 Doppler 2
7 lift fast <1 laser 2
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Figure 3: Examples for the results of individual isotopes-shift mea-
surements 602426, (a) Results for different Paul-trap loading times
for measurements performed with laser scanning and a ‘fast’ ion ex-
traction. (b) 62426 results for Doppler tuning from either lower to
higher frequency or vice versa. A ‘slow’ ion extraction and a 10-ms
loading time is employed. The respective weighted average of the
individual measurements is indicated as a dashed line and its uncer-
tainty is represented by the shaded area. For comparison, the precise
literature value is shown in red. See text for details.

As a final accuracy benchmark, the present isotope-shift
value is compared to its much more precise determina-
tion of 62426 = 3087.560(87) MHz, measured using laser-
and sympathetically-cooled Mg™ ions stored in a Paul trap
[41]. In the following, we discuss the results as well as all
systematic uncertainties identified in this work.

4.1. ITon beam energy

In CLS, the dominating systematic uncertainty is nor-
mally related to an incomplete knowledge of the ion beam
energy Fyi,. For conventional CLS with Ey;, > 30 keV,
this is due to the uncertainty of the high-precision voltage
dividers which are used to measure the acceleration poten-
tials, e.g. the floating potential of the ion source or of a
Paul trap acting as a ion cooler and buncher.
In our work, the largest systematic uncertainty is also
found in Fy;,. However, at the smaller electrostatic po-
tentials and ion energies in our setup, the larger contri-
bution arises due to uncertainties in the ions’ starting po-
tential within the Paul trap itself. Moreover, the realistic
HYV switching of the pulsed drift tube can result in an ion
beam energy which differs from the expectation of the ide-
alised lift operation. The two effects are discussed in the
following subsections.

4.1.1. Starting potential Uy, in the Paul trap
The voltage applied to the DC electrodes at the bot-
tom of the Paul-trap’s potential well is not necessarily the
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Figure 4: Results of the systematic investigations in the isotopes

shift §2426 within the MIRACLS apparatus with conventional,
single-passage CLS. For all displayed measurements, the ions are
accelerated by static potentials. Each data point corresponds to
the weighted average of several individual measurements within a
given measurement settings. The latter are characterised by their
frequency-scanning method (laser scanning or Doppler tuning), Paul-
trap extraction scheme (‘slow’ or ‘fast’), and the Paul-trap loading
time. See text for details.

same as the potential which the ions are exposed to. More-
over, the process of ion extraction from the ion trap may
further affect the ions’ kinetic energy Eiyi,. Both factors
are of concern for conventional CLS of bunched beams in
general. However, these effects are commonly surpassed
in magnitude by the uncertainties in the voltage-divider
ratio when working with Fi;, > 30 keV.

In order to estimate the ions’ starting potential in our Paul
trap, the electric potential within a 3D model of the ion
trap is determined by solving the Laplace equation in a
finite-difference method. The results of the calculations
are shown in Fig. 5 for ion trapping as well as for two po-
tential configurations by which the ions are released from
the trap. We refer to the latter as ‘slow’ and ‘fast’ ion ex-
traction, respectively, reflecting the smaller and larger po-
tential gradient during initial ion acceleration. The three
configurations differ in their respective potential applied
to the end cap, which is 485 V for trapping, 407 V for
‘slow’ and 447 V for ‘fast’ extraction.

In the ion trapping mode, the minimum of the potential
well is determined which also defines the mean ion posi-
tion at the time of the extraction. The potential’s value
at this minimum would represent the initial ion potential
Uy if the ions were directly released from this minimum.
In practice, the HV switching of the end cap will influence
the ions’ starting potential Up¢. In case of an infinitely fast
HYV switching, for instance, the ions would instantaneously
‘drop’ to the potential evaluated at the same axial posi-
tion but in the configuration of ion extraction. The corre-
sponding values are indicated in Fig.5 by colored arrows
for ‘slow’ and ‘fast’ ion extraction, respectively. The cor-
rect potential value Uy should be somewhere in-between
the extreme scenarios of infinitely fast HV switching and
the minimum of the potential well during ion trapping.
Since the exact starting potential in the Paul trap U with
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Figure 5: Electrostatic potential along the axis of the Paul trap
during ion trapping as well as for the ‘slow’ and ‘fast’ ion extraction.
The insert provides a closer look on the trapping region. The vertical
blue line indicates the location of the potential minimum during
trapping. The colored arrows point to the potential’s value at this
location for all three configurations. The black arrow indicates the
mean value of the voltages applied to the electrodes of segment 4
and 5. See text for details.

realistic HV switches is not known, we assume Uy, in the
analysis to be the mean of the DC potentials applied to the
two electrodes at the bottom of the Paul-trap well (Seg-
ment 4 and 5 in Fig. 5), as mentioned already in Sec. 2.1.
This U, potential is very close to the mid-value between
the potentials of trapping and ‘slow’ extraction, see Fig. 5.
Additionally, to constrain the possible impact of the ions’
starting potential on the isotope shift, we determine the
potential at the trap minimum for trapping as well as ex-
traction (see again colored arrows in the insert Fig.5).
These values are then used in the calculation of the ion
beam energy and the respective isotope shift u§4’26 is de-
termined. Considering these values, we take the maximal
difference to the result with the previously assumed Uy, as
the systematic uncertainty in 1/024’26. This corresponds to
+12MHz in ‘slow’ and +12/ —40 MHz in ‘fast’ extraction,
respectively. Note that this systematic uncertainty is not
included in Fig. 4 since it correlates the individual uncer-
tainties, i.e., it shifts all values in the same direction and,
within each group of identical extraction schemes, also by
the same amount.

Experimentally, no statistically significant difference be-
tween the results of ‘slow’ and ‘fast’ extraction is observed,
see Fig.4. Since the uncertainties of isotope-shift mea-
surements performed with ‘slow’ ion extraction are much
smaller, both in statistics as well as systematics, their
weight dominates the entire data set. Because of the rea-
sonable agreement in the results of ‘slow’ and ‘fast’ ex-
traction, we consequently adopt a systematic uncertainty
of +12 MHz for incomplete knowledge of the ions’ starting
potential in the present work.



4.1.2. Pulsed drift tube

Pulsed drift tubes are commonly employed in ion-trap
installations as they provide an elegant solution to define
ion energies independently of the electrostatic potentials of
vacuum chambers and beamlines. In CLS, however, these
potential lifts are generally avoided since accurate knowl-
edge of the ion-beam energy is indispensable. The opera-
tion of the pulsed drift tube as part of the ion acceleration
can affect the ion beam energy in an unexpected way such
that Ey;, differs from the expectation in an idealised lift.
Indeed, when assuming the nominal acceleration voltages
related to the puled drift tube in this work, see Sec.2.1,
we obtain an isotope shift 1/34’26 which is about 200 MHz
larger than the literature value.
Because of the non-vanishing capacitance of the pulsed
drift tube and practical limitations of electric circuits, the
HV switching of the drift tube cannot be performed in the
form of an ideal step function. As a consequence, the ions
may exit the lift before its final potential is reached. In our
case, the HV switch is operated in a slightly over-damped
mode, i.e., without major oscillations in voltage at the be-
ginning of the HV switching. This will result in a lower
ion energy compared to the estimate based on the nomi-
nal switch voltages. Assuming both isotopes are affected
the same, a shift of 200 MHz in the isotope shift would
correspond to /= 40 V in the acceleration potential. This
is about 2 % of the HV switched at the pulsed drift tube.
Measurements of the HV switching by ‘standard equip-
ment’ in the laboratory suggest that this value reflects the
right order of magnitude. We hence conclude that the use
of a pulsed drift tube for accurate CLS requires detailed
knowledge about the process of the respective HV switch-
ing or a sufficiently-long lift electrode. Measurements util-
ising the pulsed drift tube will thus not be considered fur-
ther in the present work.

4.2. Paul-trap loading time and space-charge effects

Due to their Coulomb force interactions, the number of
ions stored in the Paul trap has an influence on the proper-
ties of the ion ensemble. For CLS of bunched beams, these
so-called space-charge effects may cause sizable shifts in
the resonance centroids. To study their importance in our
apparatus, different loading times of the Paul trap and,
hence, numbers of stored ions are explored.®

5We note that the loading time is an incomplete parameterisa-
tion of the ion number. For instance, the ion-source current may
change over a period of several measurement days resulting in dif-
ferent ion numbers despite the same loading time. At this time, we
do not have the means to reliably determine the number of ions in
an ion bunch. Our best estimate relies on single-ion counting at low
intensities which is then scaled to longer loading times when pile-up
in the ion detection occurs. This approach assumes a strict linear-
ity between ion number and loading time. Although previous work
suggests that such a linearity holds at least for the presently used
loading times [42, 43], it is not established with certainty in this work.
Hence, we prefer to state the loading time instead of an estimated
ion number, despite the former’s aforementioned limitations.
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Figure 6: Resonance centroids vy of 24Mg™ ions for different Paul-
trap loading times compared to a reference value vg ¢f corresponding
to a measurement with a loading time of 0.5 ms. (a) and (b) represent
two independent measurements sets. See text for details.

Compared to other Paul traps exploited for CLS, ours
is relatively small. For instance, ISOLDE’s cooler and
buncher ISCOOL [44, 45] is operated for CLS applications
with a flatter axial potential, among others, as three DC
segments of each 9 mm in length are biased to the same
voltage. Consequently, up to 10° ions can be simultane-
ously prepared in ISCOOL without affecting the CLS res-
onance spectrum.

In our trap, however, we notice space-charge effects al-
ready at much lower ion numbers. For example, Fig. 6b
shows the measured centroid frequency of Mg, 134, for
different Paul-trap loading times. The centroid clearly in-
creases with increasing loading time. This effect is much
larger than frequency drifts in the system over time, as il-
lustrated by three measurements at 5 ms in Fig. 6b which
are taken at the beginning, middle and end of this mea-
surements series.

Data for loading times of < 1ms, see also Fig.6a, may
indicate an operation bellow the trap’s space-charge limit.
However, the experimental uncertainties are too large to
fully confirm the independence of vy from the ion num-
ber. A loading time of 1ms corresponds to ~ 900 2*Mg™*
ions per ion bunch at the end of the beamline when the
ion number registered by the ion detector at low rates is
scaled by the loading time.

In Fig. 3a, the implications of space-charge effects on the
isotope shift are illustrated. While all other measurement
settings remain identical, individual isotope shifts as well
as their weighted averages are shown for the Paul-trap
loading times of 5 ms and 10 ms. Within uncertainties,
the isotopes shifts for both loading times agree with each
other. Hence, the shift in vy cancels in the isotope shift
012426 in our work. This can be explained by the fact
that ions of all Mg isotopes are stored simultaneously in
the Paul trap. Thus, when the same loading time is used
for measurements of 2*Mg and 26Mg, both isotope masses
appear to be similarly affected by the space charge of the
single cloud of mixed isotopes.
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tuning. The weighted average of the two is indicated by the black
line. The dark grey band represents the statistical uncertainty while
the light gray band is the inflated uncertainty reflecting a systematic
uncertainty on the isotope shift between these two scanning methods.
Note that the systematic error due to the ions’ starting potential is
not included in the given data. See text for details.

4.83. Doppler tuning versus laser scanning

As discussed earlier, Doppler tuning is realised for a
subset of the isotope-shift measurements by scanning the
voltage applied to the MR-ToF’s central drift tube. Fig. 3b
presents the results of one Doppler-tuning data set. By in-
troducing a sufficiently long waiting time in the measure-
ment cycle, it is ensured that each voltage step is com-
pleted prior to data taking. To investigate potential re-
maining effects, the direction of the voltage scanning has
been reversed. As shown in Fig. 3b, the respective results
agree within their statistical uncertainties.

In addition to Doppler tuning, data sets are recorded with
scanning the laser frequency in the laboratory frame. As
visible in Fig.4, a discrepancy between 1/34’26 obtained
from Doppler tuning and from laser scanning is observed.
Since there is no evidence of systematic errors due to the
other experimentally tested configurations, we combine all
results from each frequency-scanning method. From a sta-
tistical perspective, each of these sets itself represents a
fairly consistent data set. However, as shown by Fig.7,
the weighted averages in u§4’26 of laser scanning and of
Doppler tuning are not consistent with each other. Note
that the plotted values for V§4’26 do not consider the sys-
tematic uncertainty due to the ions’ starting potential,
see Sec.4.1.1. This accounts for 12 MHz in V(2)4’26 when
considering the ‘slow’ extraction scheme, but also corre-
lates the two results. If this systematic effect shifts one of
them towards a higher value of V§4’26, the second result
will follow in the same direction, too. Hence, although
voltage scanning is favoured, the comparison of the data
to the accurate literature value does not unambiguously

resolve whether a method of frequency scanning is fully

robust against systematic errors. Consequently, we pro-
ceed by following the previously introduced prescription
and inflate the uncertainty on the weighted average of the
two data sets with the Birge ratio Rp. Considering that
systematic and statistical error should add in quadrature
to this inflated uncertainty, we assign a systematic uncer-
tainty of osysFs = Ostat\/ RS — 1 = 12MHz due to the
frequency-scanning methods in this work.

While Doppler tuning is the most commonly applied method
in CLS, laser scanning is, for instance, employed by the
CRIS collaboration at an accuracy of better than 1 MHz
for isotope shifts, see Ref. [46, 47] for measurements in
a similar mass range. The implementation of laser scan-
ning in the present work proceeds similarly but differs in
three technical aspects. Firstly, our wavemeter operates
at a lower accuracy compared to the device employed by
the CRIS. Secondly, instead of a He-Ne laser in our work,
the wavemeter at CRIS is more accurately calibrated by
a diode laser which is locked to a transition in rubidium
or potassium atoms. Finally, the beams of diode laser and
spectroscopy laser are coupled at CRIS into a Fabry-Perot
Interferometer for laser frequency monitoring and calibra-
tion [46].

Recently, the performance of various precision wavemeters
has been investigated in great detail [48, 49]. These stud-
ies indicate that measurements by a wavemeter similar to
ours can show inaccuracies of up to £5 MHz which fol-
low a non-linear, periodic pattern over a scanning range of
~ 2 GHz [48].

In our work, the wavemeter is used to lock the frequency
of the fundamental wavelength to 560 nm. As a conse-
quence of the frequency doubling to 280 nm, the effect
of the wavemeter’s relative inaccuracy is thus amplified
by a factor of two. The resonances of 2Mg™ and 26Mg*
ions are approximately 12 GHz apart in their laboratory-
frame frequencies. Hence, if the resonances of 2*Mg™* and
26Mg™ ions happen to be close to opposite extremes in the
wavemeter’s deviation, a shift of up to 20 MHz could occur
in either direction in the isotope shift 1/024’26. For this rea-
son, the systematic uncertainty of 12 MHz assigned above
to our experiment’s frequency scanning may potentially be
caused entirely by the wavemeter.

4.4. Final result for V024’26 and measurement accuracy of
the apparatus

We obtain v5*® = 3081 4 4 + 17 MHz for the isotope
shift in the D2 transition between 2*Mg* and 2Mg™ ions.
Here, the uncertainty is separated into statistical and sys-
tematic contributions. The latter consists of uncertainties
due to ion’s starting potential in the Paul trap (12 MHz,
see Sec.4.1.1) as well as the frequency-scanning methods
(12 MHz, see Sec.4.3). Both systematic uncertainties are
added in quadrature. The measured value 1/34’26 is in
agreement with the more precise literature value. This
demonstrates an accuracy of the present setup for conven-
tional CLS at a level better than 20 MHz.



5. Conclusion and Outlook

As part of the developments towards the Multi Re-
flection Ton Apparatus for Collinear Laser Spectroscopy
(MIRACLS), we have performed conventional, single- pas-
sage collinear laser spectrosocpy (CLS) in an MR-ToF de-
vice. In particular, the isotope shift of the well-known
35281 /2 — 3p 2Py, transition between 2°Mg™ and 2*Mg™
ions has been determined.

The measured isotope shift is in agreement with the more
precise literature value. We have performed these mea-
surements under varying experimental conditions to eval-
uate systematic uncertainties in our new apparatus.

One identified systematic uncertainty is due to the ions’
starting potential in the Paul trap which influences the fi-
nal ion beam energy. We estimate this uncertainty based
on calculations of the axial potentials in the Paul trap.
To reduce this uncertainty further, ‘slower’ ion extraction
schemes from the Paul trap will be employed in future
work.

Reflecting a second systematic uncertainty, a discrepancy
between the results from Doppler tuning and laser scan-
ning is observed. Its size is consistent with inaccuracies
of the wavemeter. Ongoing CLS work performed on ions
trapped in the MR-ToF device relies on laser scanning
only. For this method, we assign a systematic uncertainty
of 20 MHz in the isotope shift caused by the wavemeter,
see Sec. 4.3. Ultimately, our implementation of laser scan-
ning needs to be upgraded, as it has been shown to yield
accurate isotope-shift results by other groups [46].

The present work also demonstrates that the use of a
pulsed drift tube as a ‘potential lift’ in the ion acceler-
ation severely affects a CLS measurement. In particular, a
sizable difference in the isotope shift to the literature value
is observed. This is associated with the high-voltage (HV)
switching of the pulsed drift tube which inflates the ion
beam energy in a non-trivial way. Although not relevant
for the present result, the HV switching of electrode(s) is
necessary for MR-ToF operation at MIRACLS, i.e., dur-
ing ion capture into the ion trap. Ongoing work is hence
dedicated to fully characterise the HV-switching process.
Overall, the present work establishes that a measurement
accuracy of about 20 MHz in isotope shifts is feasible in
this new apparatus for conventional, single-passage CLS
at an ion beam anergy of ~ 1.5 keV. In a next step, we are
performing CLS studies in the MIRACLS approach, i.e.,
by trapping the ions in the MR-ToF device. The compari-
son to the present results will allow us to quantify the influ-
ence of the MR-ToF operation on the CLS performance,
especially in terms of the measurement accuracy as well
as the sensitivity advantage of the multi-reflection scheme
with respect to the present single-passage measurements.
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The Multi-Ion Reflection Apparatus for Collinear Laser Spectroscopy
(MIRACLS), currently under development at ISOLDE/CERN, aims to
combine the high resolution of fluorescence-based collinear laser spectro-
scopy (CLS) with a high sensitivity. This will be achieved by confining
30-keV ion bunches in a Multi-Reflection Time-of-Flight (MR-ToF') device
which allows laser spectroscopic probing for several thousand times. An
MR-ToF setup operating at ~ 1.5keV beam energy has been adapted for a
proof-of-principle experiment. Thus, efforts had to be undertaken to reduce
the laser stray light as the leading source of background of this apparatus,
not originally designed for CLS. These measures enabled CLS of 2426Mg™
ions in single-path mode, i.e. without ion trapping, which is the reference
point to gauge the gain in sensitivity of the MIRACLS technique.

DOI:10.5506/APhysPolB.51.571

1. Introduction

Collinear laser spectroscopy (CLS) is a powerful tool to measure nu-
clear properties such as spins, electromagnetic moments and differences
in mean-square charge radii of short-lived radionuclides via their hyper-
fine spectrum [1-4]. For these measurements, a narrow-band laser beam
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is (anti-)collinearly overlapped with a fast beam of radionuclides. When the
Doppler-shifted frequency of the laser beam matches the selected electronic
transition frequency, the laser-excited atom or ion emits fluorescence light
which can be monitored by photon detectors in an optical detection region.

In CLS, beam energies of > 30keV are used to minimize the Doppler
broadening, which provides high spectral resolution, approaching the nat-
ural linewidth of the optical transition [4]. In order to increase the signal-
to-noise ratio, CLS is performed with bunched beams [5]. Nevertheless, its
fluorescence-light detection limits the applicability to nuclides with yields
of at least a few thousand ions/s, depending on the specific case and spec-
troscopic transitions. In fact, the “effective laser probing” and observation
time for fluorescence lasts at most a few microseconds when the bunch of
radionuclides passes the optical detection region. This is in contrast to the
nuclides’ half lives which range from milliseconds to seconds and longer at
low-energy branches of radioactive ion beam (RIB) facilities.

Matching the observation time to the nuclides’ lifetimes would extend
the reach of CLS to the most exotic nuclides available at today’s RIB facil-
ities. To this end, the Multi-Ion Reflection Apparatus for CLS (MIRACLS)
is currently under development at ISOLDE/CERN. By repeatedly reflect-
ing the ion bunch between two electrostatic mirrors of a Multi-Reflection
Time-of-Flight (MR-ToF) device, the laser beam probes the ions during
each revolution. Compared to conventional CLS, the observation time is
therefore multiplied by the number of revolutions as well.

To demonstrate the MIRACLS technique, a low-energy MR-ToF de-
vice [6] has been adapted for CLS [7-9]. In the following, we describe the
measures taken to reduce the laser-induced stray light which dominates the
background in the fluorescence signal. As a result, conventional CLS, i.e.
without ion storage, has been performed with ?#26Mg™ ions.

2. The proof-of-principle experimental setup for MIRACLS

As a more detailed discussion can be found in Ref. [7], the descrip-
tion of the experimental setup (see Fig. 1) is limited to aspects relevant
for the present work. A continuous beam of ?4726Mg™ ions is captured in
a He-buffer-gas filled Paul trap which provides well-defined ion bunches of
~ 464 eV beam energy. After passing an electrostatic quadrupole bender,
the ions enter the MR-ToF region. In order to establish conventional CLS,
the ions are not stored in the MR-ToF device for the present measurements.
Thus, the MR-ToF mirror electrodes are all grounded. Its central drift tube
is biased to —1010V for an ion beam energy of ~ 1.474keV which is com-
parable to previous MR-ToF operation at this setup [7-9].
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Fig. 1. Simplified schematics of the MIRACLS proof-of-principle experiment with
close-up insets of the laser-entrance aperture system (a) and the stray light shield
of the optical detection region (b). For details, see the text.

In the optical detection region located at the central drift tube, the fluo-
rescent light is guided onto a photomultiplier tube by an optical lens system
[10]. The photoexcitation of Mg™ ions itself is achieved with a continuous-
wave laser beam of ~ 280 nm wavelength |7] which enters the setup through
a Brewster-angled quartz window to minimise reflections. The laser and ion
beams are collinearly overlapped along the MR-ToF axis. A retractable ion
detector is located downstream of the MR-ToF device for beam diagnostics
and allows the estimation of the number of ions in an ion bunch [11].

3. Stray-light suppression

In order to perform efficient CLS with a high signal-to-noise ratio, the
background-photon rate in the optical detection region has to be minimised.
The leading source of this photon background is laser stray light, for ex-
ample, light scattered off components in the beam line, which finds its way
into the photodetector. Therefore, the photon background is reduced by
decreasing the scattered laser light reaching the detector. In the MIRACLS
proof-of-principle setup, this is achieved by a lens system in front of the
photomultiplier tube, similar to what is used at the COLLAPS beamline at
ISOLDE [10], and by a stray light shield around the optical detection re-
gion. These are designed to block out photons which are geometrically not
originating from the ions in the optical detection region, while not reduc-
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ing the signal of fluorescence light. Additionally, to prevent the tails of the
laser-beam profile from scattering on elements inside the MR-ToF device,
aperture sets are installed next to the laser entrance and exit windows. Each
set consists of three apertures with inner diameters of 6, 8 and 10 mm. It
is designed in such a way that laser light scattering from the first aperture
hits the next apertures rather than propagating into the optical detection
region (see Fig. 1(a)). Since the diameters are smaller than the smallest
diameter of any MR-ToF element (12mm), the scattered light inside of the
MR-ToF device is significantly reduced. Finally, scattered light is further
minimized by reducing the reflectance of surfaces which are potentially hit
by photons of the laser beam. Typically, this is achieved by coating the
inside of the setup with a highly light-absorbing black paint. However, MR-
ToF operation requires excellent UHV conditions which is often in conflict
with outgassing rates of conventional black-coloured paints. As a compro-
mise, surfaces with photon-absorbing black colour (7Tetenal camera varnish
spray) are introduced in the MIRACLS’ proof-of-principle setup exclusively
at the most critical places, 7.e. the apertures and the stray light shield.

No degradation of the vacuum quality, in the range of 10~7 mbar, is ob-
served at the vacuum gauges with the black color applied on the aforemen-
tioned components. As outgassing from the blackened surfaces may locally
lead to higher pressures, we investigate the photon-background rate as a
function of vacuum quality. This is achieved by turning the turbo pumps
of the setup off until a prevacuum pressure is reached. Note that for higher
pressures (> 1072 mbar), once the refractive index changes, the laser beam
does not remain aligned with the MR-ToF axis. For MR-ToF operation at
the best achievable vacuum quality, the detected photon rate is unrelated to
the exact pressure. Only at pressure readings above 107° mbar an increase
in the photon rate is observed.

The remaining amount of stray light at the optical detection region is
quantified by sending a laser beam of ~ 0.6 mW and ~ 280nm in wave-
length through the apparatus. Under these conditions, a photon rate of
typically 40-100 kHz depending, among others, on the laser-beam size is ob-
served at the photo-multiplier tube (ET Enterprises 9829(QSA). When the
laser is blocked, this count-rate drops to a few kHz which is the detector’s
dark count-rate. Although the achieved photon rate is still more than an
order of magnitude worse compared to the (almost) identical lens system at
COLLAPS, it is sufficiently low to perform single-pass laser spectroscopy.

To demonstrate CLS at this setup, the laser wavelength is scanned with-
out storing the ions in the MR-ToF device. The resulting resonance spectra
of the D2 line of ?426Mg™ ions are shown in Fig. 2 (a) and Fig. 2 (c). The ra-
tio in the integrated signal intensities corresponds to the natural abundances
of the magnesium isotopes. In the present study, a single-ion bunch consists
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of a few thousand 2*Mg™ ions per measurement cycle. Assuming that the
width of the resonance is entirely due to Doppler broadening, the observed
FWHM of 230(10) MHz corresponds at this beam energy to an energy spread
of ~ 1.7(1) eV. The photon intensity on resonance as a function of time is
illustrated in Fig. 2 (b). Note the peak width of ~ 0.5 us which allows nar-
row gating in time of flight. Compared to typically a few microseconds as
seen, for example, at the COLLAPS beam line at ISOLDE, this partially
compensates for the higher stray-light photon rate in this work.

lon bunch time structure

0.9 a) 24Mg+ b) 0.32
(9]
0.8 ! 0 2%‘
P ""’530 ns g
0.7 0.15
Q N
-_— [a
>.0.6 0.0
% 22 22.5 23 23.5
€0.5 ToF(us)
IS 0.3
c —ep c) 26M +
> 0.4 ~230 MHz 9 <
9
0.3 m
S
0.2«
0.2 2
[a
-0.2 0.0 0.2 -0.2 0.0 0.2 0.4
Frequency detuning (GHz) Frequency detuning (GHz)

Fig.2. (a) D2-line resonance of 2*Mg™ ions averaged over 500 measurement cycles
per frequency step. (b) Fluorescence signal over time of flight (ToF) for the reso-
nance frequency of 2*Mg™ ions. (c) Resonance of 2Mg™ ions averaged over 2000
measurement cycles.

4. Conclusion and outlook

MIRACLS is a novel technique under development at ISOLDE/CERN
which aims to combine the high resolution of conventional fluorescence-based
collinear laser spectroscopy (CLS) with a high sensitivity by repeatedly prob-
ing the same ion bunch. Within a low-energy Multi-Reflection Time-of-
Flight (MR-ToF) setup, conventional CLS has been performed on stable
Mg™" jons. This is achieved thanks to the implementation of aperture sets
and a stray light shield around the optical detection region, all coated with
highly absorbing black paint, resulting in a sufficiently low background of
laser stray light for the purpose of the proof-of-principle experiment. More-
over, the advantages of short temporal ion bunches for background suppres-
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sion have been illustrated. Both, this and the reduction of the longitudinal
emittance in CLS, i.e. a simultaneous decrease of the energy spread, will be
addressed at MIRACLS by a cryogenic Paul trap for optimal beam prepa-
ration in the future 30-keV setup. In the future, an adjustable aperture
at the entrance of the MR-ToF device may further reduce the laser stray
light and will facilitate better alignment of laser and ion beams. Finally,
development is ongoing towards versatile UHV compatible and highly UV
absorbing coatings for more advanced stray-light suppression.
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Collinear laser spectroscopy (CLS) has been combined with the multi-reflection time-of-flight (MR-ToF) tech-
nique. To this end, a photodetection system has been implemented at the drift region of a MR-ToF apparatus and
a laser beam has been sent along the path of the ions that are stored between the two ion-optical mirrors. The
main goal of the present proof-of-principle (PoP) experiments, is the confirmation of the expected increase in
sensitivity compared to conventional fluorescence-based CLS due to the repeated probing of the trapped ion
bunches. The novel method will be used for the precise measurement of nuclear ground- and isomeric-state
properties of exotic nuclei with low production yields at radioactive ion-beam facilities. A significant sensitivity

ISOLDE

CERN improvement of CLS is expected, depending on the half-life and mass of the nuclide of interest. The status of the
Ion trapping PoP setup and future improvements are discussed.

MR-ToF

MIRACLS

1. Introduction

Collinear laser spectroscopy (CLS) is a well-established technique to
measure ground- and isomeric-state properties of radioactive nuclides
[1,2]. From the hyperfine splitting (HFS) and isotope shift (IS) of optical
transitions for different isotopes in an isotopic chain, one can deduce
the electromagnetic moments and mean-square charge-radii differences
in a nuclear-model-independent way. In conventional, fluorescence-
based CLS at radioactive ion-beam (RIB) facilities such as ISOLDE at
CERN [3,4], beams of radioactive isotopes are produced and ac-
celerated to an energy of several tens of keV. These beams of singly-
charged ions or neutralized atoms are collinearly (or anticollinearly)
overlapped with a narrow-band, continuous-wave laser that resonantly
excites the optical transitions. Usually, the frequency observed by the
atoms or ions is Doppler tuned by adjusting the ion-bunch acceleration
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voltage, while keeping the laser-frequency fixed in the lab frame.
Fluorescence photons emitted by the laser-excited ions or atoms passing
an optical detection region (ODR) are observed by use of photo-
multiplier tubes. After passing the ODR only once, with an interaction
time of only a few microseconds [5], the ion bunch is usually sent to a
beam dump. However, ISOL facilities such as ISOLDE deliver radio-
active nuclides with half-lives ranging from about a millisecond up to
several years or even stable [6]. This causes a large mismatch between
nuclear lifetime and observation time, which leaves room for im-
provement of the experimental sensitivity. Such an improvement is
crucial if one wishes to extend high-resolution CLS measurements to
exotic nuclides with very low production yields that are currently out of
reach for conventional CLS.

The development of a Multi Ion Reflection Apparatus for Collinear
Laser Spectroscopy (MIRACLS) at CERN aims to increase the sensitivity
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of conventional CLS by addressing this mismatch between nuclear
lifetime and observation time. By reflecting the ion bunches back and
forth between the two electrostatic mirrors of a Multi-Reflection Time-
of-Flight (MR-ToF) device [7-16], they can be probed by the laser beam
during each revolution. At today’s radioactive ion beam facilities, MR-
ToF devices are mostly used for mass spectrometry or mass separation.
By confining ion bunches for several thousand revolutions, their time-
of-flight (ToF) is increased and even ion species with minute mass
differences separate over time. MR-ToF devices reach mass-resolving
powers R = ﬁ of several hundred thousands in less than 30ms
[17-19].

To date, MR-ToF devices usually work at ion energies of ~ 1-2 keV
[17,20,19,10]. However, in order to preserve the high spectroscopic
resolution of conventional CLS, the final MIRALCS setup will operate at
typical CLS-energies of E >30keV. This allows one to approach the
natural line widths, as the Doppler line-width of the atomic transition J;
scales with the ion-beam energy as 8; « 6z/VE, where & represents the
ions’ energy spread [21]. In the current, first stage of the project, a
proof-of-principle (PoP) setup has been assembled by adapting a low-
energy MR-ToF device [22-24] for preliminary CLS tests. This PoP
setup will be utilized to experimentally demonstrate the MIRACLS
concept, further develop the technique, and benchmark simulations
[25] that are employed to design the future 30-keV apparatus.

2. Proof-of-principle setup

A schematic of the offline PoP setup is shown in Fig. 1. An electron-
impact ion source (adapted from [26]), floated to ~250V, provides a
continuous ion beam of stable magnesium. The beam is focused into a
helium-filled radio-frequency quadrupole (RFQ) cooler-buncher, where
the ions are cooled and accumulated. After being released from the
RFQ, the ion bunch is accelerated by a crown-shaped acceleration
electrode and pulsed drift tube (PDT) to an energy of ~2 keV, before it
is deflected onto the MR-ToF axis by a 90° quadrupole bender. The ions
enter the MR-ToF apparatus, where they are decelerated to ~1.3 keV
and captured using the in-trap-lift technique [27,28]. During the time
the ion bunches are trapped, they perform multiple revolutions between
the two electrostatic mirrors of the MR-ToF device. Each mirror consists
of 4 cylindrical electrodes to which electric potentials are applied.
These are optimized with respect to ion trapping and focusing, while
keeping the central drift region of the instrument free of fringe fields
[25]. This central drift section is fully surrounded by a mesh electrode
that defines the electrical potential. This mesh electrode has a locally-
adjusted wire-spacing which provides an enhanced photon transpar-
ency near the ODR. As part of the ODR, an optical lens system [29] and
a photomultiplier tube are mounted above the mesh electrode to detect
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Fig. 1. Schematic of the MIRACLS proof-of-principle setup. See text for details.
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mechanism is also used to eject the ion bunches from the MR-ToF de-
vice [27,30]. The extracted bunches pass a second 90° quadrupole
bender and can be recorded on a multi-channel plate detector (MCP) for
monitoring and beam-tuning purposes.

The laser beam for photoexcitation enters the setup through a
quartz, Brewster-angled window and is overlapped with the axis of the
MR-ToF device. When the laser frequency is in resonance with a
Doppler-shifted optical transition of the 1.3-keV ion bunch fluorescence
photons are detected in the PMT. By scanning the laser frequency and
monitoring the photon signal, the hyperfine-structure resonances of the
trapped ions can be recorded. The improvement with respect to con-
ventional CLS is obvious, as the ion bunches pass the ODR during every
revolution in the MR-ToF device, thereby increasing the photon counts
and thus the statistical significance of the data with every additional
passing.

Stable magnesium ions will be used as an ideal test-case, since the
even-even isotopes, ?#2°Mg, have no hyperfine splitting of the fine-
structure levels due to their I = 0 nuclear spin and the D; and D,
transitions at about 280 nm both form a closed, two-level system. This
avoids that, after several revolutions in the MR-ToF device, the popu-
lation is optically pumped towards a hyperfine level or another fine-
structure state which is not probed by the laser and which would
therefore result in a decrease in photosignal. Repopulation techniques
for more complicated ionic systems will be developed at a later stage of
the project.

One of the major advances in CLS on radioactive ions was the in-
troduction of bunched beams to increase the signal-to-noise ratio
[31,32]. The reduction is due to the possibility of gating the data ac-
quisition only on the time when the ion bunch passes the ODR. Besides
bunching of the ion beam, several other measures are taken in order to
further reduce the influence of background in MIRACLS’ PoP setup,
which, due to its history, was not designed to minimize sources of laser
scattering as otherwise imperative for efficient CLS. Hence, a Brewster
window and set of three apertures are mounted on either side of the
setup as optical ports (see Fig. 1). Together with a stray-light shield
painted in photon-absorbing black paint, placed around the ODR, these
modifications reduce the laser-induced background by more than an
order of magnitude, without noticeably affecting the quality of the
vacuum. Indeed, a high vacuum better than 10~7 mbar is preferential to
reduce the amount of stray-light scattering centers and collisional-in-
duced excitation. Moreover, collisions with residual gas particles has
been identified as a major reason for ion losses in the setup. The latter
motivates a series of UHV upgrades foreseen for the near future, in
particular the better separation of the vacuum section of the MR-ToF
device from the buffer-gas filled cooler-buncher.

3. Laser setup

The laser beam at 280 nm, used to resonantly excite the D,-like
(3281, — 32P;),) transition in magnesium ions, is generated using the
setup shown in Fig. 2. A Spectra Physics 20-W Millennia eV laser,
produces the 532-nm laser light used to pump a Sirah MATISSE laser
operated with Rhodamine 560 dye dissolved in ethylene glycol. The
560-nm output light is coupled into a high-power, large-mode-area
optical fiber (LMA-15 single-mode 15um core fiber). Prior to the fiber
coupling, a combination of a 1/2-plate and a polarizing beam splitter
allows for a variable laser-beam intensity during the optimization of the
fiber coupling. An optical isolator removes undesirable effects on the
dye-laser locking caused by back reflections from the fiber coupler.

The approximately 25-m long optical fiber transports the laser light
from the laser laboratory to the MR-ToF lab with a typical efficiency of
50-70%. The laser light leaving an optical fiber is usually randomly
polarized. As unwanted circular polarization would lead to losses (at a
second polarizing beam splitter cube further downstream) a quarter
wave plate is installed behind the fiber to remove any undesired portion
of the polarization. Then, the second-harmonic at 280 nm is generated
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Fig. 2. Schematic of the laser setup at MIRACLS PoP experiment. See text for
details.

in a BBO crystal by use of a Wavetrain frequency doubler. A mode
cleaner with a 15-um pinhole is used to remove side fringes originating
from the second-harmonic generating process and to obtain a pure
Gaussian TEMOO beam profile. This reduces significantly stray-light
caused by spatially more extended mode contributions. The laser power
introduced into the MR-ToF vacuum setup can be adjusted with a beam
attenuator in front of the mode cleaner. The power level is additionally
stabilized by guiding the back reflection of a 1/2-plate onto a power
meter. Its output is used as the process variable of a PI feedback-loop
that rotates a motor-controlled 1/2-plate in front of the frequency
doubler (see Fig. 2).

Finally, the 2-mm diameter laser beam is guided through a peri-
scope and two irises to the Brewster windows where it enters the va-
cuum chamber (see Fig. 1). The polarization is adjusted to minimize
reflections from the Brewster windows using the previously mentioned
1/2-plate behind the mode cleaner.

To record the hyperfine structure of an isotope, the laser frequency
is scanned across the relevant frequency range, while the laser is sta-
bilized to a High-Finesse WSU-10 wavelength meter. The wavelength
meter is regularly calibrated using a diode laser that is locked to the
87Rb (Si/2 = P3/;) hyperfine transition at approximately 780 nm. The
option of scanning the laser frequency rather than scanning the ion-
bunch energy is preferred, since the latter would also change the ion
trajectories inside the MR-ToF device.

4. First signals

To demonstrate that CLS can be performed within the MIRALCS PoP
setup, a resonance spectrum of 2*Mg™ ions passing through the ODR
once, i.e.in the conventional collinear laser-spectroscopy mode
without MR-ToF operation, is shown in Fig. 3. SIMION [33] simulations
of the ion transport from the RFQ to the MR-ToF device show that
Doppler broadening is the main contributing process to the total line-
width of the measured spectrum at energies of 1.3keV [25] as the
natural line width is only 42MHz [34]. A total broadening of
~370MHz is expected, in accordance with the experimental observa-
tion of about 400 MHz as depicted in Fig. 3. This spectrum was obtained
after tuning of parameters for the ion injection into the MR-ToF device
and by working in a regime below the space-charge limit. This

312

Nuclear Inst. and Methods in Physics Research B 463 (2020) 310-314

Time-gated HFS spectrum

700 ”
_I_ Mg
600
@
S 500
3 400 MHz
° — —
£ 400
=
o
300
200
-1.0 -0.5 0.0 0.5 1.0

Frequency detuning (GHz)

Fig. 3. Example of a resonance of *Mg™ at a kinetic energy of ~ 1.55keV
obtained for a single passage through the ODR in the center of the MR-ToF
device. The photon counts of 300 ion bunches have been added for each probe
frequency. The data for this spectrum was gated on the passage of the ion bunch
as described in Section 2.

resonance shows a slight tailing at the low-frequency side. Most prob-
ably, this is related to the distribution of angles of the ion trajectories
with respect to the optical axis due to the transversal ion-beam emit-
tance. Each angular deviation « contributes to additional photon counts
on the lower-energy tail of the observed spectrum due to the Doppler-
shifted laser frequency f in the rest frame of the ions. This frequency f is
described as

-0

11—

c

B

where c represents the speed of light, v the total velocity of the ions, and
v, = vecosa the velocity component along the MR-ToF axis.

Examples of the resonant fluorescence signal as a function of time
are presented in Fig. 4, once for single-pass operation (blue line) as in
conventional CLS and once for MR-ToF operation where the ions are
trapped for three revolutions (orange line) and thus produce three
further fluorescence signals when passing in front of the ODR. When the
laser is detuned, the fluorescence signals disappear and only the
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Fig. 4. Photomultiplier count rates as a function of time with trapping, i.e. MR-
ToF operation (orange) and without (blue), i.e. single-pass mode. The laser
frequency is tuned to resonance. This provides a direct comparison between
sensitivity in conventional CLS and in the MIRACLS approach. The photon
counts of 300 ion bunches have been added.
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Fig. 5. Simulated photon counts for an ion bunch passing the ODR only once
(top) and for 100 and 1000 revolutions in the MR-ToF device (middle and
bottom, respectively). Ion losses from radioactive decay or trapping in the MR-
ToF device are not included in this representation.

background level is left (not shown). Hence, the multiple passages of
the ions through the ODR as enabled by the MIRACLS approach sub-
stantially increase the number of photon counts and thus the statistical
significance of the collected data.

We note in passing that the fluorescence signal fluctuates during the
first revolutions in the MR-ToF apparatus. While this phenomenon is
out of the scope of the present study we have observed a stabilization of
the signal at higher revolution numbers. The signal-height fluctuations
during the first revolutions after ion injection depend very strongly on
the injection parameters and similar observations are known from the
ion signal as a function of revolution number at other MR-ToF devices
[35]. From the recurrence of the peak intensity it can be deduced that
the ion beam is not lost, but occasionally merely on a trajectory not
overlapping with the laser beam. When the ion bunch is tuned into the
MR-ToF device differently, this effect can be reduced, as shown for
instance in the inset of Fig. 1, but it is difficult to eliminate this com-
pletely. Other than just the signal height, the evolution and control of
other signal parameter are being studied as a function of revolution
number in the PoP setup (e.g. signal-width) [36].

As conventional MR-ToF operation provides ion trapping for a few
thousand revolutions [17], a significant increase in experimental sen-
sitivity is anticipated for MIRACLS. It will make it possible to isolate the
CLS signal even for exotic nuclides with low production yields, for
which a conventional, i.e. single-pass, signal would be buried in the
background. This is simulated in Fig. 5, for a case where single passage
through the ODR cannot produce an identifiable signal (top), but where
a signal-to-noise ratio of about 1 is reached after 100 revolutions
(middle). Consequently, a clear signal with good statistics is obtained
after about 1000 revolutions (bottom).
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5. Outlook

The possibilities offered by the MIRACLS technique will be further
explored in the future, first in the offline PoP setup described above,
later in the 30-keV device that is currently being designed. Early an-
ticipated advances include trapping of the ion bunches for several
thousands of revolutions to increase the improvement factor of
MIRACLS. The development of the centroid, spectral linewidth and
signal strength with the number of revolution periods will be studied
for these extended trapping times. As a first test case, the well-known
isotope shifts of stable magnesium isotopes will be measured and
compared to the literature values to investigate the accuracy that can be
reached with the PoP apparatus of MIRACLS. It will later be extended to
other elements. In its first stage, the technique would be most useful for
closed, two-level transitions. In order to expand towards more general
cases, research on the redistribution of excited states of the ion en-
semble using additional lasers will be performed. Another advance
could be the addition of a second laser to perform simultaneous colli-
near and anticollinear measurements as was recently demonstrated for
beryllium isotopes [37,38] and applied at even higher accuracy for
barium isotopes [39]. This removes the uncertainty in the isotope-shift
measurements induced by the imperfect knowledge of the ion beam
energy. Furthermore, the possibility of performing mass measurements
or mass separation while simultaneously performing laser spectroscopy
will be studied. It is expected that, besides CLS, also mass separation of
rare isotopes will benefit from the enhanced, 30-keV beam energy en-
visioned in the future setup.

6. Conclusion

For the first time, collinear laser spectroscopy has been applied in a
MR-ToF device. This new technique, under development within the
MIRACLS project at ISOLDE, CERN, offers the potential of improving
conventional fluorescence-based CLS significantly by trapping ion
bunches for multiple revolutions. While first steps are being taking in a
PoP setup at CERN, simulations and preparations are already under way
to design a device operating at 30 keV.
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