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Abstract



A novel system for the spectroscopic analysis of single atomic or molecular ions has
been developed, set up and put into operation. Its main purpose is to study the
molecular hydrogen isotopologues H; , D; and HD", which are theoretically the

simplest manageable molecular ions. By measuring different rovibrational transitions
and combining the results, important fundamental constants can be determined. In
particular, these are the three mass ratios (electron-proton m,/my, electron-deuteron
me/ mg and deuteron-proton m,/my) and the Rydberg constant R.

In order to compete with other measurement methods, high-precision measurements
of rovibrational transition frequencies on HD*, HJ and D; with a relative frequency
uncertainty u, = 10~ '2 are required. This is better than the current theoretical relative
uncertainty u, = 7- 10712 1].

The molecular hydrogen ion cannot be observed directly, which is why a single
fluorescent beryllium ion is employed. An ion pair consisting of a single atomic ion
and the molecular ion can be laser cooled and is an essential diagnostic tool for mass
spectroscopy of the molecular ion or for its state detection. For example, continuous
mass spectrometry can be used to observe chemical reactions of the molecular ion
with the residual gas in the vacuum chamber.

The currently used method of state-dependent photodissociation is also inconvenient
in the case of a single molecular ion and should be replaced by non-destructive
detection. A variant based on quantum logic requires a laser system that can cool the
oscillation mode of the two-ion system to the ground state. This laser has been built.
A second method uses a state-dependent optical dipole force (ODF). The effect of the
ODF is calculated for relevant states in HD* and possible spectroscopy scenarios are
discussed. In particular, a spectroscopy scheme is presented that will allow
comparison to the latest results from the ensemble study. It includes the state
preparation using radiofrequencies and is based on a non-destructive state detection
technique. Further alternatives of spectroscopy are proposed, as well as extensions
and improvements to the system, some of which have already been initialised. It turns
out that the two-ion quantum system behaves differently from previous works
investigating ensemble systems. Those consist of a few ten hydrogen molecules
surrounded by a few hundred beryllium ions. In this work, it can no longer be
assumed that the ion is in any desired initial state and the state must be specifically
prepared. With the ensemble system, it can be statistically assumed that at least some
ions are in the desired state.

This work presents an important milestone on the way to high-precision spectroscopy
of a single molecular hydrogen ion. A complex apparatus, consisting of an ultra-high

vacuum system with integrated particle trap, detectors and beryllium ovens has been

ii



developed from scratch. The laser systems needed for laser cooling and spectroscopy
of a single molecular ion have been built and integrated into the system. With the
presented system, single HD* ions have been trapped, identified and successfully
performed spectroscopy for the first time. The apparatus has been analysed for
systematic effects using the beryllium ions. A radiofrequency (rf) spectroscopy of the
hyperfine transition in the beryllium ground state allows the determination of the
magnetic field strength at the ion’s location. This is necessary for high precision
spectroscopy and provides important insides into the upcoming rf spectroscopy of

molecular hydrogen.
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1. Introduction

Ultracold molecular ions are an important system for testing fundamental physics'.
When trapped and deeply cooled, high precision molecular spectroscopy allows the
determination of fundamental constants of atomic physics, tests of the quantum elec-
trodynamics (QED) [3, 4, 5] and the search for physical effects beyond the Standard
Model [6]. Molecular ions are proposed to be a better measure than atomic ions for
whether or not the electron-proton mass ratio is constant in time [7, 8, 9, 10, 11, 12].

Molecular ions usually cannot be laser-cooled directly due to the lack of cycling tran-
sitions as a consequence of complex internal structure of the molecular ions due to the
multitude of rovibrational levels. They can be efficiently cooled to millikelvin temper-
atures by sympathetic cooling by co-trapped atomic ions. This technique can be used
over a wide mass range of molecular ions from 1 u [13] to several thousand u [14] and
used to cool one or many ions. Example molecular ions that have been trapped include
HD™, molecular nitrogen N3 [15], CaH" [16, 17] and SiO™ [18].

As shown by Dehmelt [19, 20, 21] the environment of a single trapped atomic ion can
be controlled very well and nondestructive internal state detection is feasible. Non-
destructive state detection for a single molecular ion was first demonstrated with an
atomic ion and molecular ion crystal of Mg* - MgH™ [22]. This technique has now
been demonstrated on two additional atom-ion pairs, Ca™ - CaH" [23] and Ca™ - NJ
[24]. Different methods of non-destructive internal state detection have been success-
fully demonstrated including coherent motional excitation of the system [25, 26] or
quantum logic spectroscopy [27, 28].

In this work, I constructed an apparatus capable of performing spectroscopy on a
single molecular hydrogen ion (MHI) in a well-defined quantum state. MHI is a three-
body system consisting of two single positively charged nuclei and one electron (Figure
1.1). It has been previously shown in the Schiller group and other groups that very
accurate experimental and theoretical determinations of MHI transition frequencies
are possible, with a relative precision of 10~ — 10712 [3, 29, 5, 1]. Figure 1.2 shows
the HD* energy spectrum with its innumerous rotational and vibrational states in the

electronic ground state. Also illustrated is an example of a spectroscopy scheme and

IThis introductory part is found in a similar form in the appendix (Appendix A) of this thesis and the
publication [2] within it.
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Figure 1.1.: Schematic sketch of the three-body problem for the heteronuclear HD*
molecule. The point-like electron is located at a distance r, from the centre
of mass S, which does not coincide with the geometric centre. The distance
between the two nuclei is R = 1.0A.
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Figure 1.2.: HD™ energies and (v = 0, L = 0) state preparation: The QCL (purple, 5.5 pum)
depopulates L = 2, state L = 1 is depopulated with 2.7 um radiation (red).
Decay channels due to spontaneous emission are dashed grey. The initial
(0,0) and final (5, 1)state of the spectroscopy laser (1.15um, yellow) are de-
tected with an optical dipole force (green). In the vibrational ground state,
the rotation levels are coupled by the blackbody radiation (brown). States
(0, L= 3) are ignored due to their short lifetime. Energies by [30, 31].



1.1. The aim of the project

the necessary state preparation (details in Section 8.4.1). It is an eminent goal of both
theoretical and experimental groups, ours included, to improve the precision of the
frequency determinations. Indeed, it has been forecast that a relative inaccuracy of
1077 can be achieved experimentally [10, 11].

Prior work in our group used multiple MHIs held in a weakly confining trap (in the
following referred to as "trap 1"). The apparatus that I constructed contains a new
strongly confining single-ion trap ("trap 2"). Both traps are located in the same labo-
ratory and we will use the same laser resources in the future. This enables comparison
of MHI frequencies measured in both traps and the determination and removal of sys-

tematic errors.

1.1. The aim of the project

The new generation of table-top spectroscopy experiment is intended to be the basis
for ultra-high resolution and ultra-high precision spectroscopy of a single ion. It is
intended to move from the investigation of a few 10 to few 100 trapped MHIs, as has
been done successfully by our group for more than 20 years, to the new regime of a
single molecular ion. We expect the ion to be controlled much better than in trap 1,
thus allowing us to reach the extreme precision of 10717, The conventional method of
internal state detection by photodissociation [32] is unsuitable for single ions, because
of its very slow spectral data acquisition. In addition, single molecular ion experiments
are more susceptible to stray electric fields and constant refilling of the trap by electron
impact ionization will require additional tuning of electric fields between experiments.
On the other hand, after the electric fields are compensated the single ion or a string of
ions at the node of the electrical potential will not experience the driven trap motion
any more, known as micromotion. For a cluster of ions, micromotion is unavoidable
and results in a systematic error that prevents us from achieving a much more precise

measurement of molecular transition frequencies.

The proposed experiments focus on the three non-radioactive isotopologues H; , D
and the heteronuclar HD*, and a general method is required, which enables trapping,
cooling and the spectroscopy of a light molecule.

With a strongly confining trap potential, it is possible to perform spectroscopy in the
Lamb-Dicke regime where the ion is confined in a space smaller than the wavelength
of the addressing light. The Lamb-Dicke regime eliminates the frequency shift due to
the first-order Doppler effect and it also enables the desired non-destructive readout

methods of the quantum state.



1. Introduction

Different non-destructive methods can be used. These methods all rely on coupling
the internal state of the molecular ion to the motion and then reading out the motion
by coupling the motion to the atomic ion. Quantum logic spectroscopy relies on start-
ing from the ground state of motion and adding one single excitation of motion via the
molecular transition. One can also use and optical dipole force (ODF) to conditionally
displace the motion at a larger scale. Quantum logic spectroscopy requires ground-
state cooling while ODF measurements require only achieving the Doppler tempera-
ture of beryllium, with an average of five excitations in the axial vibrational mode (Sec-
tion 6.6). Since, the ODF has heating rates of more than 20 phonons/ms (Section 9.1),
it should be detectable with a CCD camera. Both methods require low background ion
heating rates to achieve good signal to noise but the ODF is also less sensitive to this
noise source.

The cooling process of the molecular ion is implemented with a laser. In principle,
the MHIs could also be cooled using a cryostat, but this would increase the complexity
of these experiments. The system presented here is intended to be the basis for later,
possibly more complex, experiments.

Since the MHI is a very light molecule of 2-4 u, the atomic ion should be similar in
weight. The lightest atomic ion that can be cooled with a laser is beryllium (9 u), whose
fluorescence can be observed with a photon multiplier tube (PMT) or a CCD camera.
For a two-ion crystal with mixed species, a mass ratio smaller than a factor of five is
still good for sympathetic cooling [33]. Thus, the new system must be able to handle
beryllium as well as MHI.

Beryllium ions are critical for the molecular ion measurements and the apparatus
is designed with this requirement in the forefront. Atomic beryllium is vaporised in a
specially designed oven, photoionised with a home-made laser system or an electron
gun by electron impact, stored in a newly designed trap and laser cooled, observed
with the help of a PMT and a camera, and used as a detection tool for the trapping and
spectroscopy of the MHI. For this purpose, a custom-made ultra-high vacuum cham-
ber with a small volume and six optical axes for laser access is necessary.

In addition, the new apparatus has been designed to enable rf spectroscopy of
trapped molecular ions with an rf antenna. The antenna has been developed to have
a wide frequency range and to generate an optimised alternating magnetic field at the
ion’s location in the trap. It enables the investigation of a further class of transitions
that are difficult to directly access with lasers.

The system is expected to fulfil the following criteria:

e Small volume tabletop system that can store a single molecular ion and an

atomic beryllium ion simultaneously.



1.1. The aim of the project

Controlled inlet of various neutral gases and their ionisation capability.

A particle trap with a strong confining potential and very good optical access for

the different laser systems.
Detection of the beryllium fluorescence.

Determination of the stored ion species and number including a time-efficient

detection of their internal and motional state.

The precise manipulation of the internal and motional state of the atomic and

molecular ion.

Implementation of rf spectroscopy with a broadband antenna whose emitted

magnetic field is optimised at the ion’s location.

Controllable environment: the magnetic field strength in the storage volume of

the trap must be adjustable and compensated to less than a few milligauss.

Enabling convenient maintenance routines: a modular design ensures good ac-

cessibility and maximum flexibility when adapting the spectroscopic scheme.






2. Particle Trap and Analysis of

Particle Motion

The centrepiece of the system is the rf ion trap or Paul trap, which allows ions to be
stored based on electric fields. In contrast to the Penning trap, no external magnetic
fields are required. This is particularly important for precision spectroscopy of an MHI,
as a magnetic field would shift the energies of its states. In any case, this must be
avoided.

In order to achieve a three-dimensional potential minimum for the ion due to elec-
tric fields, Wolfgang Paul came up with the Nobel Prize-winning idea of using an elec-
tric quadrupole potential for the radial confinement and additionally superimposing

an axial confinement. The latter is described in numerous textbooks [34, 35, 36, 37, 38].

2.1. Linear Quadrupole Trap

Wolfgang Paul’s patent describes the ideal quadrupole trap with hyperbolically shaped
electrode cross section [39]. The idea can be technically simplified with cylindrical
electrodes. This simplification causes a modified condition for the radius rg, which
is the shortest distance between the electrode surface and the centre of the trap. The
so-called linear Paul trap also produces a quadrupole potential [40].

In general, the ideal (pure) quadruple potential
Bquad = 111+ (@x® + By* +yZ*) + 6 2.1)

can be expressed mathematically in Cartesian coordinates by the four parameters a to
0 and the important quadratic dependence with respect to the origin.
The parameters «, f and y scale the three basis directions individually, while f[¢] is

an overall arbitrary periodic prefactor. Other possible potentials are included in 6. As



2. Particle Trap and Analysis of Particle Motion

a boundary condition for a potential minimum the Laplace equation

Ap=0 (2.2)
=2f[t] (a+ B +7) (2.3)

has to be fulfilled. The term inside the bracket of equation 2.3 has to be zero, which is
not possible for pure static electric fields [41]. The most simple and therefore common
solution are @« = -,y =0 or a = 8, y = —2a. In addition, the axial confinement leads

to a radial defocusing potential introduced by the parameter €. This electric potential
Pquad = £11]- (x° = y*) + [y2® +€(x* +°)]| +6 (2.4)

can be generated by the trap shown in Figure 5.8. Opposite electrodes are contacted
in pairs. Since the applied voltage for each pair is 180° out of phase, the trap potential
is composed of the sum of the voltages. It is called “symmetrical trap configuration”.
Assuming that the voltage amplitudes for both pairs are identical, the trap voltage U,¢
can be measured as the peak-to-peak voltage of one pair. It is easily doable with the
monitor output of the trap electronics.

For this type of trap, the parameter f[¢] and 6 can be determined using the known
potential’s magnitude: The maximum voltage Uy is given as the potential difference
between the two electrode surfaces |¢p; (x = ro, 2 =0)| = |p2 (y = ro, 2= 0)|, from which,

together with equation 2.4, the parameter

Urf

2
o

f(t=0,z=0)= (2.5)

can be concluded. Further electric potentials can be added to the quadrupole poten-
tial because of the superposition principle. Therefore, an ion can be trapped in three
spatial dimensions. In order to be able to implement the so-called sideband cooling
later on, an axial harmonic trap potential is required. It can be shown that the poten-
tial of two tip-shaped electrodes, positioned symmetrically around the trap centre, has
a quadratic characteristic (Figure 5.10). The resulting defocusing potential of the tip-
shaped or “end cap” electrode in x- and y- direction has half the magnitude of the axial

confinement Ue.. This results finally in the trap’s electric potential

Uqgc + Urscos [Q1]
2rg

KUec
K Uec Z2 - -

(*+y%)| + Er (2.6)
=0

(Ptrap =

(«* —yz)) +



2.1. Linear Quadrupole Trap

with the trap drive frequency Q = 27Q and the same notation as in [42]. The trap geom-
etry due to the end caps is hidden in the proportionality factor x = dd—zzz (Pec /Uec) e
the so-called geometry parameter. It can be determined from the axial potential
Pec = kUecz?. A quadratic fit to the simulation data close to the origin results in a
theoretical geometric parameter ke, = 12572m™2 (Figure 5.10).Space charges lead to
an additional static electric field E. It can be compensated to zero by additional com-

pensation electrodes.

2.1.1. Classical lon Motion

An ion with charge Q and mass m located in the trap is accelerated

i=-0Q- (Udc+ Urfczos[Qt] B KUeC)x ©.7)
mrg m
. —Ugi.—U,rcos[Qt] «xU
y:_Q.( ¢ rfz B ec) 2.8)
mrg m
U,
E=-2Q %,
m

by the trap’s potential in the direction u = {x, y}. A force F,, = m-ii = —Qa(g% is acting.

These differential equations are similar to Mathieu functions

d’u
P (ay—2qgycos(21]) u 2.9)
2 32 . . .
with 7 = %t, ar = %dt andm-ii=m- %%, so the equations of motion can be rewrit-
ten as:

d’u | —4(2Uqc+x1iU0ec) Q _ F2QUy

= +2 cos[2t] |u 2.10
dr? mriQ? mrgQ? 27] (2.10)
L — 7 N ——r
ax,y:z qx’yZZ
d’z  8xQU,
_8xQ X 2= (2aee) 2 2.11)

dar? = mQ2
—_———

az:=

The a, parameter, defined in equation 2.10, consists of two terms, the quadrupole
solution and a term related to the end cap dec = %. The g, parameter, g, = —(x
and g, =0, is the same whether with or without applied end cap voltage Uk..

In the case that no dc voltage (Uq. = 0) is applied to the blade electrodes, the solution

of the stable ion’s trajectory is visualised in Figure 2.1 in terms of g, and a,, where the
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Figure 2.1.: Mathieu stability diagram: The a and g parameter for the species Be*, HD*
and H; for a trap frequency Q =35MHz (Uys = 100V, U, = 3V). The stabil-
ity region according to Mathieu is marked white.

symmetry of the Mathieu function has been used. In the axial direction the motion is
also bound.

A general solution for the Mathieu function 2.9 follows from the Floquet-theorem
[36]

o (e, 0)
w(t)=Texp[ur] Y Copexpl2intl+ T exp[-ut] Y Copexp[-2int] 212
n=—o00 neTee
. 7 m m
p—i:lﬁu(T_l_T/) Y Cyycos (Zniﬂu)%t +i(T-T) Y Copsin (Zniﬁu)%t],
n=—o00 e

(2.13)

with the integration constants T (uy, tty, To) and T’ (uy, tiy, To), which depend on the ini-
tial values uy, 11, 79 and the independent constants C», and p. The latter are functions
of the a, and g, parameter. Since an ion trap is a device that stores ions for a long time
(t — 00), the ions are not lost because of hitting any electrodes (u#max < 7o) and the ion
path is periodic. If p = +if is an imaginary and f a rational fraction, the solution is

periodic and stable. The constants C,, follows by inserting equation 2.13 into 2.6

Con+2— D2, Cop+D2p2=0

leading to Do = (Co + C_5) /Co = (au + Bu)’ /qu 1431.

The radial ion trajectory is a function of the secular frequencies

Wun=(n+pul2)Q, (2.14)

10



2.1. Linear Quadrupole Trap

while the spectra of the motion is determined by §,, that is a function of the parameters
a, and qy.
Since the magnitudes of C,, decrease for increasing n, high order frequencies are

not relevant and S, (ay, g,) is defined as [36]

2

ﬁi:au"' 5 Tu 2
2 (2.15)
9u
+ 5 6]2
S ——
(Bu—4) R sy E—

2.1.1.1. Pseudo Potential Model

In general, equation 2.15 can be used iteratively to calculate the 3-parameter. Starting
with a test value, the newly calculated value is re-inserted until the difference between
the old and the new value is small. Since the trap will be operated in a regime ¢, < 0.4
an effective potential approximation can be used to calculate ,, which is accurate
within 1% [44]. The idea is to split the oscillation in the ion’s position « into a fast and

a slow oscillation [45, 46, 47, 38],
u@=U@m+06(m), (2.16)

assuming that the amplitude 6 of the ion’s displacement due to the fast driving rf field
is much smaller then the larger amplitude U with its comparable slow displacement.

Hence, § < U and 4 > U holds. Equation 2.9 can be approximated by

a5

72 =—(ay—-2qgycos21])U. (2.17)

If a, < q, and assuming that the slow oscillation U is nearly constant over one os-
cillation period of the fast driving rf field, it can be further simplified. In this case,
integration leads to 6 = —%U gucos[27]. The ion’s position (eq. 2.16) can be rewritten
as

u@=U()- %U(T) qu COS [2T]

and substituted into equation 2.9. Averaging over one rf cycle, (5 )¢ =0, leads to

11



2. Particle Trap and Analysis of Particle Motion

du2 dUZ 1 T auun
< dr? > - < dr? > = ;‘[0 (—duU+2unCOS[2T] + 5 cos[21]
rf rf

- qucos2 [2‘[]) drt

2
—(au+%)U.

It describes a trapped ion’s harmonic oscillation

du (1)? ) Q? q:
Wz—wu,oU(t)=—T(au+?u)U(t) (2.18)
Q2 2
= - (au+ % (2.19)

We obtain f using equation 2.14

—ay+ B
Bu=1\a,+ 5

The ion’s classical motion in a first order approximation of the trajectory is given by
qu
U (1) = Umax (1 + = cos [Qt]) cos [wyot + @],

assuming C.4 = 0. The phase ¢ is determined by the initial condition of the ion [48].
Therefore, the ion’s trajectory is a combined motion of a slow oscillation with the sec-
ular frequency wsec = w0 and an imposed fast oscillation with frequency Q originating
from the rf drive. The latter is the so-called micromotion that has a factor % smaller
amplitude. Its phase depends on the direction u of the trap’s coordinate system. For
u = x the g-parameter is negative and the oscillation is 180° out of phase, while it is in

phase for the y-direction (compare eq. 2.10).

2.2. Eigenmodes of lon Strings

The previous description of the particle trajectories is based on the assumption that
there is only one single particle in the Paul trap. For the MHI’s spectroscopy, at least
two ion species, namely MHI and beryllium, with one or more particles each are
needed. The particularly interesting case without micromotion is when N ions are
aligned like a string on the trap axis. This is the case if the radial confinement satis-
fies wo,x = wo,y > 0.73N%8. wg  [19] and the temperature (and thus the kinetic energy)

of the particles is small. The latter is typically achieved by laser cooling (Section 4.3).

12



2.2. Eigenmodes of Ion Strings

Eachion m =1,..., N can oscillate around its equilibrium position u;‘? in all three spa-

tial directions u = {x, y, z} with the (small) displacement ¢ = u,, — ul,.

The radial displacement will be very small because of the strong radial confinement
(stiff limit, qﬁ,)f’y ) ~ 0), while it will be substantial along the trap axis (soft limit). Since
the Coulomb interaction extends over the entire particle string, the ions can oscillate
collectively. The description is based on [50, 51].

In section 2.1.1.1 it is shown that the particle motion in the trap’s potential corre-
sponds to that of a harmonic oscillator for the different spatial directions with the three
constants wsec,y = Wy, (Without micromotion). If N particles of the same mass M are
stored in the trap, the repulsive Coulomb potential ¢pcouiomp Mmust be considered in ad-

dition to the pseudopotential ¢pseudo Of the trap:

N N 2
1M s 2 Q 1

V= + =) - W, U + —

¢pseudo $Coulomb = 20 u:;y,z m,u“m i 87eg [Py — Tl

m#n
1M Y
256 > [w(z),xx%1+w%'yyil+w(2),2zfn + (2.20)
m=1
1 i e 1 2.21)
2 m.n=1 4meg 2 2 2 '
%¢ (Xn—Xm) +(yn"ym) + (2 — 2m)

Only the relevant, singly charged, particles with Q = 1- e are considered, where the
position vector r;, = (xm, Ym» zm)T of particle m is given by the components u,,. From
the condition that in the equilibrium position no force F o« —VV = 0 acts on the ions,

it follows that the derivative of the potential

ov
— =0 (2.22)
oy,

um=u?

must vanish.
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2. Particle Trap and Analysis of Particle Motion

10
-50 5

95 y position (um)

0
-10

Z position (um) X position (um)
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Figure 2.2.: Equilibrium positions in respect to the trap center (origin) for six beryl-
lium ions for typical trap parameters (Uec = 3V, Uys = 32V correspond-
ing to wge,z = 2w -0.18 MHz and wge,x = 27 -0.26 MHz). A typical three-
dimensional zigzag arrangement with ion displacements from the trap axis
(red) is shown.

The second-order Taylor expansion of the potential is

3N
V,:mZ:l Vltin) + M]um:ug’g (s = um) | +
const. —_—
=0
3N 1 (1 82V 012
mzlE 2 u,, e ( m_um) )+
3N 2
13 (o] tem- et =i 22
m#
_1 y o’V u) . (u)
V=32 X \Gusm o "
_1 S w0 W)
=§Xu:m§;1An,mqn 9m - (2.24)

There is no change in the oscillation frequencies due to the contribution of the con-
stant potential of the Oth order.

2
The matrix Asf% has p =1,..., N eigenvalues (a)gf )) , which together with the cor-

T
responding eigenvectors b'P) = ( bgp L b;’l’) ) satisfy the eigenvalue equation
Ab = »?b. The values wﬁf ) are the ion string’s eigenmode frequencies. The “eigen-
modes” or “normal modes” defined by Q, (1) = Z%zl bfﬁ) dm(t) can be therefore de-
rived from the components of the eigenvector leading to the amplitudes and phases of

the particles’ oscillatory motion relative to each other.
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2.2. Eigenmodes of Ion Strings

0
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y position (um)
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20 -10

Figure 2.3.: Equilibrium position of an HD* ion (orange) cotrapped with a beryllium
ion (blue) on the trap’s center. The trap axis shown in red. In this two-
ion case, the equilibrium positions are on the trap axis (one-dimensional
arrangement) for the same parameters as in Figure 2.2.

©) canbe quickly determined

With a computer software, the equilibrium positions' u,,
for different numbers of particles N (Figure 2.2). The example shows that for the
selected trap voltage U,s = 32V, the ion positions no longer form a one-dimensional
string, but arrange themselves three-dimensionally. The chosen viewing angle results

in a typical zigzag pattern.

2.2.1. Multi Species lon String

It is clear that in the case of the extension to different species, it must be possible to
stably trap each individual ion species. This limits the mass range of the species to
be trapped, assuming that only singly charged ions are considered. Figure 2.3 shows
such a two-ion arrangement, which, with the same parameters as above, is here a one-
dimensional arrangement. The extension according to [52] of the method presented in

Section 2.2 to particles with different mass M, localised at r,, leads to the potential

ZZ ) ppa—
(U u _—
0,u
i m=1 moe1 87 [y — 1l
m#n

for equally charged particles Q = 1.
The trap frequencies now depend on the arrangement of the species, which quickly

leads to very complicated individual spectra, even for small numbers of ions. Similar

IWolfram Mathematica command:
NMinimize[V, Flatten[u3N], Method — "SimulatedAnnealing", AccuracyGoal — oo, PrecisionGoal —
oo][[2]]; With the potential V' (Equation 2.20) and u3N = Arrayl[ion, {N, 3}]; is a placeholder for the 3
coordinates u of the equilibrium position for N ions.
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2. Particle Trap and Analysis of Particle Motion

to Section 2.2, the eigenvalues of the matrix corresponding to the squared mode fre-

quencies have to be determined. For a simpler treatment, first the sum in the potential

energy is replaced by the new coordinate index m = 1,...,3N, i.e. Zuzl,;i:l — Z%\il,
3’V
Ou,0uy,

and then the second derivative of the potential ]0 at the equilibrium positions
is evaluated. For this procedure it is advantageous to use mass-weighted coordinates

u; = v/M;u, where the dash indicates the weighted quantities.

2.2.2. Interpretation of the lon Motion

For example, three stored beryllium ions (M;, = Mge, Wm,u = Wge,z, Figure 6.4b) can
oscillate in the axial direction (u = z) in three different ways: Their three dimensionless
equilibrium positions are u{ /1~ -1.07717, u) ,/l =0aswell as uJ /1 ~ 1.07717. Here,

the scaling factor
2

3_ € 1
= ——— (2.25)
4mey Mpewy ez
. . . 2 .
is used [50]. For this special case the squared frequency wg, , can be extracted easily

from the matrix Aﬁf‘}n Now the three eigenvalues p; =1, pyp = 3.0 and p3 = 5.8 are in

units of this squared frequency. Hereby the eigenvectors are

0.57735 —0.707107 0.408248
bV =] 057735 |, b = 0 ,b® =1 —0.816497
0.57735 0.707107 0.408248

For the first case (p = 1), the amplitudes and phases of the three ions are the same. So
they perform a common movement in the same direction. The relative distances of
the ions are preserved during the oscillation. The lowest oscillation frequency of the
string a)(ZD = V1wge,, corresponds to the centre of mass (COM) oscillation frequency. It
is equivalent to that of the single ion in the axial trap potential.

Mode p =2 is called the “breathing mode”. Here, the two outer ions oscillate with a
frequency v/3 =~ 1.73 times higher compared to p = 1. Their amplitude has the same
magnitude but is 180° out of phase. The middle ion is at rest.

If the outer ions move with the same amplitude and phase, the middle ion must
compensate for this movement with an opposite, double amplitude, since the string’s
COM does not move (p = 3). The frequency of this antisymmetric stretch oscillation is
v/5.8 =~ 2.4 times higher than 0.

An example of a mixed string is discussed in detail in Section 8.2 and 8.6.1.
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3. The Molecular Hydrogen lon

The molecular hydrogen ion is composed of two positively charged nuclei that are
bound in the ground state by a shared electron (Figure 1.1). The nuclei can be the
baryons p, d or t. For practical reasons, only the stable homonuclear molecular ions
H; and D; and the heteronuclear HD™ are considered below.

This quantum mechanical three-body problem cannot be solved exactly, so different
approximations have to be made depending on the required accuracy and precision.
Physicists have been developing a mathematical model of the MHI for more than 100
years.

A very simple picture can be used to illustrate that the two nuclei are surrounded
by the electron similarly to an atom: If the two protons of a helium ion are separated,
then the electron moves in the field of the two charge centres and can be in differ-
ent electronic states in a similar way to the helium ion (Figure 3.1). In the electronic
ground state 1so, the attractive interaction of the electron between the two nuclei
dominates the repulsive Coulomb part, resulting in an energetically favoured, stably
bound molecule. A contour plot is shown in Figure 3.2. In contrast to the helium ion,
the two nuclei can now oscillate against each other and rotate around the common
COM. Similarly to the quantum mechanical oscillator and rotator, the energy of the
molecule is described by the quantum numbers v and L respectively (Figurel.2 and
3.4).

Nowadays, an effective Schréodinger equation with an effective Hamiltonian is used
to calculate the energy levels of the MHI. This non-relativistic and thus non- Lorentzin-
variant approach (non-relativistic quantum electrodynamics for light hydrogenic ions
[53], NRQED) is easier to handle than the relativistic equations of quantum electrody-
namics. The effective Hamiltonian is an extended non-relativstic Hamiltonian for the
Coulomb potential by adding further corrections. Then the properties of the bound

state are calculated by a power series expansion according to the small parameter «
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3. The Molecular Hydrogen Ion
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Figure 3.1.: Normalised electron wave functions for the molecular hydrogen ion in the
clamped nuclei approximation. For the computation, the intranuclear nu-
clei distance R = 2 is chosen, as it minimizes the electronic energy corre-
sponding to the equilibrium intranuclear distance of the nuclei. The ex-
ponential decrease is the classic dependence of the wave function at large
distances from the nuclei.
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Figure 3.2.:
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Contour plot of the 1so ground (left) and 2po excited state (right). Since
the considered states are o-states (m = 0), they are axially symmetric
around the internuclear axis. The positively charged nuclei are located at
about +1 ay.
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Figure 3.3.: Binding (1s0) and anti-binding (2po) electronic curve. Additionally, the
HD" vibrational energies for the rotational ground state L = 0 are shown
[30].

(fine structure constant). The MHI’s eigenenergies are written as

E(a,p) = B + @’Ea + @By, + a*EQly +
- - :
2 p(fs) 3810
a’E a’BE,

QED, rec

i.e. as functions of the electron-nuclear mass ratio § = m,/M =~ 1073, The coeffi-
cient for the relativistic correction is E], the leading order QED correction is ES’%D
and higher-order corrections are required as well.

The resulting energies for different rovibrational states of H] and D are shown in
Figure 3.4 and for HD™ in Figure 1.2.

The effective spin Hamiltonian for HD" consists of terms that are products of the

spin operators and the rotational angular momentum [55],

AP =F) (L) + By (L-1) + B3 (L-17) + E4 (I~ s¢) + Es (I - s¢) 3.1)

-~

largest
+Eg{2L% (I,,-s¢) =3 [(L-Ip) (L-se) + (L-se) (L-1p)]}
+E7 {217 (g 5¢) =3[(L- 1) (L-s¢) + (L~ 8¢) (L- 1)1}
+Eg{2L* (I,- 1) -3[(L-1,)(L-1)+(L-1,)(L-1,)]}

3
+ Eq L21§—§(L-Id)—3(L-1d)2 .

The dominant contribution E; determines the hyperfine splitting, mainly by the pro-

ton spin I, and electron spin s, interaction. Approximately a factor 6 smaller is the
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3. The Molecular Hydrogen Ion
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Figure 3.4.: Energies of the H; (upper Figure, by D. Bakalov, private communication)
and Dg (lower Figure, [54]) ion. Shown are transitions and the correspond-
ing wavelength in um that can be addressed with the Topo laser system
(Section 5.6). The levels in the area highlighted in yellow are particularly
suitable for photodissociation with 235 nm radiation from BePhl (see also
Section 3.3 and Table 3.1).
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3.1. Angular Momentum Coupling Scheme for the HD* Molecule

coefficient E5 for the interaction with the deuteron’s spin I ;. All other tensor spin-spin-
orbit contributions (Eg, E7 and Eg) are included as well as the contribution Eqg that is an
interaction of the deuteron’s quadrupole moment with the rotational angular momen-
tum of the system L.

In a similar way, the Hamiltonians can be constructed for the homonuclear

molecules.

3.1. Angular Momentum Coupling Scheme for the
HD* Molecule

Depending on the number of states, #gris a4 x4, 10 x 10 or 12 x 12 matrix, which acts
on the wave function. The so called “pure” states |vL; FSJ]) for a molecule are obtained
by using a particular way of coupling the molecule’s spins. The matrix can be computed
in terms of the pure states as a basis. A diagonalisation results in a mixing of the pure
states with corresponding coefficients. The eigenvalue states of A are nevertheless
still denoted by |vL; FS]) where F and S are now approximate quantum numbers.

The interaction of the proton spin with the electron spin leads to the major energy
contribution of the hyperfine splitting. Therefore, in the first instance, this major cou-
pling is described by introducing the combined angular momentum F = I, + s.. Next,
the weaker coupling of the deuteron spin is added, resulting in the total spin § = F+ 1.
In the last step, the total spin S couples to the molecular rotation, with its rotational an-
gular momentum L. The total angular momentum of the system J = § + L is the sum

of the total spin and the rotational angular momentum.

3.2. Interaction with a Magnetic Field

As a continuation of building up the hydrogen molecule’s mathematical description,
the effective spin Hamiltonian can be extended by the interaction of the molecule’s
magnetic moment u 4, with a magnetic field B by #inag = —pt 4 - B.

The interaction is simply added to the Hamiltonian Jfgfw (equation 3.1). In case of
the HD" ion, the effective total Hamiltonian for the electromagnetic field is [56]:

A% = 710" L E\o(L-B)+ Eyy (se-B) + Exa (I,-B) + Ex3(I4- B) .

€

The coefficients Ej;, E12 and Ej3 are trivial, since they follow from p , and the magnetic
moments of all particles. Here, the anomalous magnetic moment for a relativistic elec-

tron has to be used. The proton and deuteron magnetic moments are known from
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3. The Molecular Hydrogen Ion

level v H; D;

0 5.199-10722 4.660-10"%
1 7.399-1072% 1.251-1072!
2 1.904-1071%  7.685-10720
3 9.309-107'% 1.498.1071®

Table 3.1.: Dissociation cross section for H; and Dg in cm? for 235 nm radiation [57].
The cross section for the vibrational level v = 1 is 25 times smaller than for
v =2 for H] and 60 times smaller for DJ.

experiments. The only term to be calculated numerically is E;¢ (L- B) by averaging the
wave function for the internal degrees of freedom of the system without spins.

Each of the |vL; FS]) states contains 2] + 1 Zeeman states m;. If the molecule is
exposed to a magnetic field B, the degeneracy is lifted and the Zeeman states split due

to the Zeeman effect (Figure 9.3).

3.3. Transitions of the Homonuclear MHI

The homonuclear MHI offers interesting possibilities to study electric-dipole forbid-
den transitions. Here, a Doppler broadening of the transition line must be suppressed
because of the necessary high radiation intensities. This can be achieved by cooling the
ion into the Lamb-Dicke regime. Besides the electric quadrupole (E2) transitions, even
electric dipole transitions AL = +1 should be possible for the homonuclear species, as
V. Korobov and D. Bakalov have calculated (personal communication). This is possible
because the real states of H} and D} no longer have a defined parity. The part of the
relativistic Hamiltonian that describes the coupling between electron and nuclear spin
as well as nuclear spin and the electron orbit also mixes odd nuclear spin states with
even ones in first-order perturbation theory.

Figure 3.4 shows the relevant transition wavelengths of the H; molecular ion (left)
and of the D; molecular ion (right). The thick red arrows indicate E2 transitions that
are important for the “state distillation” (Section 8.4). For radiation of 235 nm, the cross
section for an electronic excitation from the ground state 1so into the antibinding state
2po is much larger from the second excited vibrational level v = 2 than from its ground
state v = 0 (Table 3.1). The values also indicate that an excitation from level v = 1 is
possibly too slow. Therefore, the transitions v =1 — v = 3 must also be driven for the

quantum state preparation (thin red arrows). Other E2 transitions that can be driven
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3.3. Transitions of the Homonuclear MHI

with the Topo laser system (Section 5.6) are shown by blue arrows. The very weak E1

transition (0, 0) to (2, 1) is shown in green.

23



24



4. Laser Transitions, Line Shapes

and Cooling of a Beryllium lon

Laser cooling of a Beryllium ion and in particular the sub-Doppler-cooling in a har-
monic potential of a miniaturised linear Paul trap is not a new technique, but still
a challenging task [58]. A cold ion is essential for performing high-precision spec-
troscopy: The Doppler broadening of the line is suppressed, the expansion of the
ion’s wave function shrinks, while the oscillation energy in the harmonic potential de-
creases. At low temperatures, the Lamb-Dicke regime is reached, where the change in
the motional state of the ion can be controlled with the spectroscopic laser.

The dynamics of the ions in the trap (Section 2.1) are treated in the interaction pic-
ture. The benefit of the interaction picture is that the three parts of the Hamiltonian
(atom, field and interaction) can be treated separately simplifying the explicit calcu-
lation of the transition frequency that is important for the (motional) quantum state
preparation, by the sophisticated sideband cooling technique. The latter requires a
very good preceding Doppler cooling. The two processes are based on atom-photon
interactions, in particular conservation of momentum, which is discussed in Section

4.2. A description of unresolved and resolved lines is presented afterwards.

4.1. Level Structure of the Beryllium lon

The beryllium ion has a 15?2s! electronic configuration. In the following, the focus is
on the two states of interest 2S and 2P. The transition frequency is about 1000 THz
(Figure 4.1). The P levels show a fine structure because the orbital momenta and the
spin couple, in contrast to the S level (electronic ground state), which has no angular
momentum. Since the spin is S = 1/2, there are only two possibilities L + % for the
fine structure 2P3/, and 2P;,». Due to the electromagnetic multipole interaction, the
levels split. The frequency splitting is roughly 197 GHz, while the linewidth of each
line is y =19.6 MHz [59]. They are well resolved (Section 4.3.1) and act as independent
lines. The nuclear spin I = 3/2 of beryllium additionally causes a hyperfine splitting.

All angular momenta add up to the total angular momentum F = L+ S+ I. The ground
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4. Laser Transitions, Line Shapes and Cooling of a Beryllium Ion

»
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energy

1.25 GHz

B#0

Figure 4.1.: Selected Zeeman sub levels of beryllium in a magnetic field (not to scale).
Shown are the relevant laser transitions. The M1 transitions are discussed
in detail in Chapter 7. The dashed lines indicate the optical pumping into
the state with maximum mr by driving the almost closed cycling transition.
The EOM integrated in the UV 3 laser system generates a sideband with the
frequency A.

state splits into two levels F = 1,2 with a 1.25 GHz spacing. The hyperfine splitting of

the upper states, F =0, 1,2,3, is on the order of 10 times of the natural linewidth y.
The degenerate Zeeman sub-states with projection quantum number mp for each F-

state split in a external magnetic field, and the splitting depends on the magnetic field

strength B. The ground state splitting is computed with help of the Breit-Rabi formula

m B 2I+1 4m
grmrplp N \/1+ F

- 27+1

2
WA 2 x(B) + x(B) (4.1)

1
E(Emp;B)=hA _Z+

(g/—gz)uB

B) =
X (I+3)hA

with the hyperfine constant A = —625008837.044(12) Hz, the g-factors gy = 2.002262
and g7 = 2.134779853-10"*g; [60, 61] (Figure 4.2).

In addition to the internal energy states of the ion, the states of motion within the
harmonic trap potential must be considered. As a consequence, each atomic state
splits into many motional states equally spaced above the considered motion-free state
(Figure 4.3). In the following, the two-level single ion interaction with a photon is dis-

cussed.
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4.1. Level Structure of the Beryllium Ion
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Figure 4.2.: Magnetic field dependent energy shift of the hyperfine levels of the beryl-
lium ground state with respect to the mp = 0 — 0 transition at zero mag-
netic field, Eyg (left). The resulting transition frequencies between these
are shown on the right.
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Figure 4.3.: A two-level system that oscillates in the trap potential: The internal ion
state is superimposed on the quantum harmonic oscillator state in the trap
potential (AE = lwyap). Thus, excitation possibilities arise in which the
state of motion changes. Shown are two (electronic) states |n, or |) in the
motional state with quantum number n.
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4. Laser Transitions, Line Shapes and Cooling of a Beryllium Ion

4.2. lon-Photon Interaction and Conservation of

Momentum

Electrical dipole-allowed transitions E1 are required for the Doppler cooling transi-
tions. The lithium-like beryllium ion is in the initial state |g> = ||) and interacts with
a radiation field of energy E; = fiwy (subscript L for laser). If the ion’s resonance fre-
quency wy is approximately equal to the laser frequency wy, the ion can be excited to
the final state |e) = |1). Discussing quantum states and electrical fields simultaneously
corresponds to a semi-classical approach.

While absorbing a photon, the ion is accelerated because of the transferred pho-
ton momentum P, = ik (wave vector k). Due to spontaneous emission, a photon is
emitted in a random direction. The rate is proportional to the resonance frequency
wo cubed of the considered transition and to the squared of the dipole transition ma-
trix element with its dipole-operator d = —eZ}V: ,Fj = —er (here, N =1 electron in a
non-closed shell), y ~ w3 (el d |g)°.

Averaging over many absorption/emission cycles, the total absorbed momenta are
always parallel to the laser beam direction k and add up, while the momentum transfer
during emission processes almost vanishes. Therefore, these cycles can be used for
laser cooling, i.e. to reduce the momentum of the ion when the laser radiation is red
detuned.

In the electric dipole approximation, the interaction of the ion with the field is de-

scribed by an interaction Hamiltonian

%nt:_d(r)'E(r)R’t)
=d-Eycos[wrt+k-R—¢(1)] (4.2)

that connects the internal degrees of freedom (electron’s position vector r with respect
to the nucleus) and the external degrees like the nucleus’ position vector R in coor-
dinate space. Here, Ej is the (real) amplitude of the electric laser field. If there is a
temporal variation of the phase ¢ (#), the ground state preparation process will be dis-
turbed. On a time scale of a few tens of milliseconds, a phase stabilisation should be
implemented in this case.

The interaction Hamiltonian can be expressed in terms of the Rabi frequency Qg =
—d-EOei"’(t)/h = |Qeg| e~ io() [62] :

Hine =1 [|Qeg|l€) (g| + |Qge| | g) (el] cos [wrt+ k- R— ¢ (1)] (4.3)
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4.3. Laser Cooling of Trapped Ions

The total Hamiltonian of this effective two-level system in the interaction picture is
given by
<77€t0t = %atom + <¥€int) (4.4)

with the Hamiltonian #aom = @ (le) (el + | g){ g|) of the undisturbed atom. Formally,
the total Hamiltonian o = #) + V splits in the interaction picture into a part with
known solution (for example that of the free ion #) = #a10m) and the interaction part
V = . The latter is a time dependent operator. In an eigenstate representation, the
matrix of A} is diagonal, while V;; () = (i| V (¥) | j> in general is not and so transitions
between the eigenstates are possible. However, it is not always meaningful to describe
transitions in this intuitive way (details in [62]). To drive a transition between the states
|7) and | j>, the interaction V (£);; has to be non-zero and therefore it has to have some
Fourier components at the resonance frequency w; j = (E; — E;) / hi.

To solve the Schrodinger equation #o W, = EW,, first it is assumed that the transi-
tion rate from state |g) to |e) is equal to that from state |e) to state |g), |Qeq| = |Qge| =
)y and also the rotating wave approximation (RWA) is used. In this case two frequen-
cies are important, the detuning of the wave frequency from the transition frequency
0 = wo — wr and the fast oscillation wy + w;. Taking only slow processes into account,
where in this context 'slow’ are time periods larger than 1/ (wo + @), only the contri-
bution of the slowly varying terms 6 are non-negligible in the so-called secular ap-
proximation. For a further simplification, a laser beam that is parallel to the z-axis is
assumed, k|z. Using Vl.’j (1) = e'viily; j (1) in the interaction picture (indicated by an

inverted comma’) the Hamiltonian becomes with (Weg = Wge = wo) and ¢ (1) = 0:

Qg
2

{75/ (eiwt |€> <g| + e—ia)t |g> <e|) (e—ith—ikz + eiwLHikz)

nQy o . .
— ezﬁte ikz |e><g| +e iot elkz |g><e|
2 —— —_—— ——
absorption momentum kick emission

The (internal) electronic transition from one state to another by absorbing or emit-
ting a photon changes also the (external) momentum of the ion (“it is kicked by the

photon”).

4.3. Laser Cooling of Trapped lons

The aim of laser cooling is to reduce the population number 7 of the motional modes

in the trap potential. This corresponds to a slowing down of the particle movement,
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4. Laser Transitions, Line Shapes and Cooling of a Beryllium Ion

i.e. areduction of its kinetic energy. An energy, in turn, can be related to a temperature
with the Boltzmann constant k. To “cool” an ion, motional energy has to be dissipated
from the system using the concept of section 4.2.

In the following laser cooling with resolved and unresolved spectral lines of beryl-
lium are distinguished. An interaction of the ion with a photon implies a transition
between two or more states. The rate of such a transition depends on the detuning
0 of a laser with a certain linewidth, but also on the linewidth of the involved initial
and final states and their energy difference to surrounding states. The state’s minimal
linewidth is called the natural linewidth and is related to the ability of the state to in-
teract with the vacuum modes. In the case of beryllium, the P-state can decay quickly

(dipole-allowed) to the S-state. Hence, its linewidth y = 27 - 20 MHz is relatively broad.

4.3.1. Doppler Cooling and Line Spectrum

In order to cool the ion efficiently by photon recoil, many photons must be scattered
in a short time interval. A suitable candidate for Doppler cooling is therefore the short-
lived P-state. The Sy, — Ps3/ transition is an (almost) closed cycling transition.

In case of beryllium with its nuclear spin I = 3/2 there are are two possibilities for
a Doppler cooling transition: Making use of the ion’s hyperfine structure, the state
S1/2 (F =2,mp = £2) is an ideal candidate for the initial state and Ps;» (3,%3) for the
final state.

There is (almost) no chance for the electron to escape this transition - this is where
the name cycling transition comes from. With the (almost) closed o*-cycling tran-
sition, the angular momentum is pushed to its extremum. If the laser’s polarisation
was wrong, excitation to unwanted states would be driven. However, the remaining
o*-light leads to an overall pumping until maximum population is reached in state
mp = +2 (Figure 4.1 and also Section 7).

In principle, there can still be a transition Sy, (F=2) — P32 (F=2) — S12(F=1),
because the separation of the F-states in the P3,,-level is relatively small. This will lead
to a pumping into the meta-stable dark state S/, (F = 1) (roughly every 10~ cooling
transitions will end in the dark state, even for optimal conditions [58]). Hence, Doppler
cooling of beryllium requires a “repumper” or “recooling” laser, depleting that dark
state and transferring population back to the initial state.

The state |F = 1, mr = 1) will not decay by itself into the initial state. There are three

possibilities to restore the initial sate and therefore perform the dissipation process:

1. Via a pump process to the P;,, state with its comparable large linewidth y. Basi-

cally, one photon is scattered and the ion can be transferred to the possible states
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4.3. Laser Cooling of Trapped Ions

|2,2) and |2,1). A second laser (e.g. UV 2) detuned by approx. 197 GHz (fine struc-
ture splitting) from the Doppler-cooling transition can be used to close the cycle.
Hence, the transition 2Sy,2 (1,1) to 2P} 2 (2,2) has to be driven resonantly with o*
polarised light. From that state it can either decay back to the state 281,2(1,1)
and it has to be excited again or it decays to the initial state 2S;/, (F = 2), which is

a dark state in terms of the repumping process.

2. If sidebands of 1.25 GHz are modulated with an EOM onto the cooling laser, the

metastable state is emptied via P3)».

3. The population can be transferred to F = 2 without any usage of a laser. An
rf-antenna can drive this M1-transition (Figure 7.1 and 7.3), while the motional
state is preserved. This property is particularly important for ground state cool-

ing.

To pump the ion into the initial state 281/2 (2,2) with the maximal angular momentum
mpg = 2, the Doppler cooling laser is necessary.

To cool down the ion moving counter propagating in respect to the cooling laser’s
wave vector, a red-detuned “catching” beam (detuning 9) is used. It efficiently cools
the initially on average hot and thus energetic ions. For this ion catching stage, a pre-
cooling is needed that is more red-detuned than the ideal shifted beam for Doppler
cooling. The optimal detuning is defined in respect to the point of maximal scattering
and corresponds to half of the transition linewidth 6igeqr = /2 = 27w - 10 MHz. This is
basically true for a free ion and a low laser intensity (I < Ig). The former is an ap-

proximation for a single ion at the trap’s center. If the ion is perfectly cold, the effect of

hy

k5 Can be

the cooling beam will be very small. Ideally, the Doppler temperature Tp =
reached in this manner.

In the general case (uncompensated trap), the trap frequency Q leads to sidebands
that are resolved in the fluorescence spectrum, (Figure 6.6), but this does not hold for
the secular frequencies wsec < y for the considered Doppler cooling transition. The
micromotion peaks at +Q) = 277 - 35.8585 MHz are less intense than the carrier and the
total fluorescence signal is the sum of this three peaks. Since the FWHM is y = 27 -
19.6 MHz in each case, this leads to a broadened overall line shape. In contrast, ions on
the trap axis do not experience micromotion modulation (perfectly compensated trap)
and so the point of maximum scattering corresponds to the frequency of the atomic

transition.
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5. System Overview

The new experimental setup was designed to be modular from the very beginning,
which means that individual elements can be added or used differently as desired with-
out requiring much effort. The modules are optical setups or laser systems that are
installed on their individual breadboard which are located on an U-shaped floating
table. This has the advantage that they are easily accessible from all sides for main-
tenance work and beam distribution. A schematic overview of all modules involved
in the project and their allocated space is shown in Figure 5.1, while a photographic
impression of the laboratory is shown in Figure 5.2 and 5.3. The advantages of the
modular concept can be seen when comparing the two photos, which were taken over
a time span of two years: The UV 2 laser source was easily moved in favour of the QCL.

These systems are partly linked with optical fibres or alternatively via free-space
beam propagation.

A more detailed close-up of the beam path near the vacuum chamber is shown in
Figure 5.4. Due to the large number of laser beams used so far (more will be needed in
the future to implement all applications), it is obvious that the vacuum chamber needs
plenty of viewports. However, the generation of the vacuum should be made efficient
by keeping the chamber volume as small as possible. The challenge is to arrange the
complex assemblies in the vacuum chamber so that no viewport is blocked (Figure
5.7).

The chamber was therefore designed as follows: It can be divided into 3 levels (Fig-
ure 5.5). The topmost one is mainly for the electrical supply. The hydrogen gas in-
let is also located here. The middle level is dedicated to the optical access, while ev-
erything else has to be placed in the lowest level: in particular, the 100 mm diam-
eter turbo-molecular pump connector must be mentioned, as well as a large access
through which the beryllium ovens can be easily removed. A residual gas analyser is
also installed here. To achieve a vacuum less than 1071 mbar, an ion pump with non-
evaporable getter material is used.

Except for the ovens, the remaining contents are mounted on a grid-like structure.

This structure holds the particle trap, the electron gun, the particle detector and the
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5. System Overview

266
(free space)

I
“'space for

spectroscopic

laser systems -~

Figure 5.1.: Schematic overview of all modules: For beryllium manipulation, UV 3,
ULE, Raman system, UV 2 and BePhl are used, while for the MHI manip-
ulation QCL, 266 and Topo are taken. The abbreviations are explained in
section 5.6.

QCL stabilisation =~ QCL Raman system trap BePhl uv 2 ULE

Figure 5.2.: Complete overview of the setup in the laboratory from May 2022: The ab-
breviations of the components are explained in the text.
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Figure 5.3.: Photograph of a segment of this experiment from April 2020: At that time,
UV 2 was located at the location of the QCL from Figure 5.1.

266 QCL BePhl

Raman o
Shutter EOM

DC

Raman &t

Figure 5.4.: Various laser beam paths around the chamber (not in the smallest de-
tail): Doppler cooling beam (DC) in light blue (with split-off beam for axial
cooling, dashed), two perpendicular Raman beams (light and dark green),
BePhlI (dark blue), QCL (yellow), 266 (violet) and the fiber coupled spec-
troscopy laser (SL, red) and Topo (light brown). An electro-optical modula-
tor (EOM) generates sidebands on the DC at 1.25 GHz.
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5. System Overview
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Figure 5.5.: Design of the vacuum chamber: Shown are the three levels of the chamber (left, see also Figure 1, Appendix A). The imaging unit for
the ions is placed on the lid. A reentrant window in which the lens system is located reaches into the chamber to a position shortly
above the trap (brown). On the right is a photo of the partially equipped chamber from June 2016, so that details can be seen.
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5.1. Design of the Trap
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Figure 5.6.: Schematic overview of the experimental unit (side view).

electron beam detector. Thus, the entire unit can be removed from the chamber in one

piece. A schematic drawing and a photo are shown in Figure 5.6 and 5.7.

5.1. Design of the Trap

The Paul trap is part of the experimentation unit (Figure 5.6 and 5.7). The design is
adapted from one used in the Blatt group at the University of Innsbruck [63]. A detailed
theoretical treatment of the Paul trap is given in Chapter 2.

The miniaturised linear Paul trap used (Figure 5.8) has the advantage of allowing
high radial and axial confinement, while at the same time the distance ry = 0.8 mm
between the electrodes and the centre of the trap is large enough for a good optical
access.

This design requires quadrupole electrodes with a diameter of 0.4 mm. For stability
reasons, only the side facing the ion is half-circular, while the rear part consists of a
blade-shaped support structure (A in Figure 5.8). Finite element simulations show that
this support structure has no negative influence on the potential at the ion’s position
(Figure 5.9).

The distance between the two end cap electrodes (B) is 5mm. In the trap centre, at
the storage location of the ion, an axial harmonic potential is needed (Section 2.1). This
can be generated by two point charges, which are approximately implemented here by

the tips of the end cap electrodes. For axial laser access to the centre of the trap, these
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5. System Overview

gas-inlet end cap 1 trap electron beam detector end cap 2

trap drive grid particle detector oven compensation electrodes / el. beam detector

Figure 5.7.: Experimental unit in the chamber (top view): Next to the electrical connec-
tions, an open beryllium oven without a filament can be seen. The beam
paths are indicated with the same color coding as in Figure 5.4. Unused
pathways are shown with white dashed lines.

C DBA D B C

Figure 5.8.: Linear Paul trap: Photography of the Paul trap developed for this thesis
(left) and a schematic drawing (right). The description of the individual
components (A to D) is given in the main text. See also Figure 3, Appendix
A.
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5.1. Design of the Trap
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Figure 5.9.: Simulation of the radial potential (left) and the field direction (right, red
arrows) due to the non-hyperbolically shaped blade electrodes. It can be
seen that the support structure has no negative effect on the trap potential.
It remains radially symmetrical. For the simulation, 20 % of the maximum
voltage is applied to the compensation electrodes (black arrows).
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Figure 5.10.: Normalised axial potential of the end cap electrode simulated by Comsol:
The full range is shown left, while the part relevant to a few ions (right)
shows a good overlap with a square fit in a range of a few tens of microme-
tres.

electrodes have a central hole. Despite the clear deviation of the electrodes from point
charges, the simulation of the axial potential (Figure 5.10) gives the desired shape.
The electrodes are mounted by the MACOR holder (C) shown in Figure 5.8, electri-
cally insulated from each other and aligned with each other. However, the insulat-
ing property of the MACOR has the major disadvantage that charges can stick to it.
These can be caused, for example, by the UV lasers interacting with residual gas parti-
cles present in the vacuum chamber, or by the use of the electron gun. Space charges
present a problem because they change the shape of the trap potential, causing it to
deviate from the ideal. To minimise the non-conductive MACOR surface facing the
centre of the trap, the end caps are provided with a (shielding) plate. Charges that set-

tle here are compensated by the voltage supply of the end cap electrode.
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5. System Overview

B C D1 D2 D3 E1

Figure 5.11.: Schematic illustration of the electron gun. For explanations, see main
text.

Any asymmetries in the potential must be counterbalanced with the two compen-
sation electrodes (D) available. For this purpose, one pair of cylindrical electrodes is
mounted for horizontal deflection of the ion (parallel to the optical table) and one un-
der the trap for vertical deflection. Each pair is at the same potential and generates a
potential at the centre of the trap similar to that of a single electrode positioned cen-
trally between the blade electrodes. The latter, however, would have the crucial disad-

vantage that the optical access to the ion is blocked by the electrode.

5.2. Electron Gun

The electron gun is part of the experimentation unit (Figure 5.11 and 5.7). This very
compact version of an electron gun is described in [64]. With its 5cm length, it fits
well into the vacuum system. It hangs under the base plate and is axially aligned with
the centre of the trap. The electron gun consists of three parts: A combination of an
electrode, filament and Wehnelt cylinder as a directed ion source, imaging optics and
deflection electrodes for directing the ion beam. A tungsten filament is heated with
the cathode (B) current I 4 (the anode is labeled A), causing low-energy electrons to
be emitted by incandescent emission. These are focused through a small aperture by
a voltage Uwen applied to the Wehnelt cylinder (C). Cathode and Wehnelt cylinder are
at an adjustable negative potential with respect to ground. Before the electrons leave
the electron gun with the well-defined acceleration energy they pass through an einzel
lens (D1 to D3, voltages Uy egun = U3 egun and Uz egun) and can thus be focused through
the trap structure. An electron beam detector above the trap is used for alignment
and functionality tests, and prevents the electrons from striking the reentrant window.

A misalignment of the gun can be compensated by vertical (along the trap axis) and
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5.3. Electron Beam Detector

’ Uweh ‘CathOde‘ Un ‘ Uy ‘ Ul,egun ‘ UZ,egun‘ Icat ‘
| -214V [ -210V [13.4V [ 15.9V [ 0.82kV | 2.00kV | 2.75A |

Table 5.1.: Electron gun setting: The values given refer to a trap voltage Us = 60V with
the magnetic field switched off.

horizontal deflection electrodes (E1, E2). Due to the small trap volume with the close
spacing of the blade electrodes, focusing the electron beam using the einzel lens has
proven to be particularly crucial, as also has the horizontal and vertical deflection of
the beam.

In contrast to the values proposed in [64] for the electron impact ionisation of beryl-
lium (750 eV), significantly lower energies can also be used. Thus, the voltage source
does not need to be switched manually when changing from beryllium to HD trap-
ping. Typical parameters for ionising beryllium, molecular hydrogen or other species
are listed in Table 5.1. These parameters depend strongly on the selected trap voltage

and applied magnetic field.

5.3. Electron Beam Detector

The electron beam detector is part of the experimentation unit (Figure 5.6 and 5.7).
The alignment of the electron beam emitted by the electron gun is crucial, since it has
to pass the small gap between the trap’s quadrupole electrodes. It depends on many
parameters, as discussed in Section 5.2. With the help of the detector, the beam can be
directed in such a way that the generation of stray charge in the vicinity of the trap is
reduced to a minimum.

The detector essentially consists of two metal plates of different sizes that are ar-
ranged one above the other. Its potential with respect to ground can be measured.
The decisive aspect is that one plate is much smaller than the other. The alignment of
the electron gun in respect to the trap and detector is mechanically chosen so that a
straight beam passes the trap centre and hits the smaller plate, charging it. If the beam
is broadened due to wrong focusing parameters U} egun,U2,egun, Uy and Uy, it also hits
the second one. It always intercepts the beam and prevents charging of the reentrant
window above.

The beam is optimally aligned and focused if the signal from the smaller plate is max-
imised and that from the larger plate is minimised at the same time (Figure 5.12). The
figure shows that the electron gun requires a relatively long heat-up time of 7 seconds.

For the ionisation of beryllium or other species, a signal of + 6 mV, measured with a

1 MQ oscilloscope input, has been shown to be sufficient.
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Figure 5.12.: Detected voltages at the two plates (large and small) of the electron beam
detector as a function of time. At time index 4s the electron gun is
switched on and heats up. After another 7 seconds, a steady emission state
is reached.

Figure 5.13.: Beryllium oven unit: The CF 63 flange makes replacement quick and con-
venient.

5.4. Beryllium Oven

The beryllium is vaporised in an oven and ejected through a slit cover towards the trap.
In order to provide a large beryllium reservoir, two ovens are attached to one flange as
shown in Figure 5.13. The latter allows an easy replacement. The ovens are arranged in
such a way that an optical access to the trap remains guaranteed through a hole in the
holder.

The oven content consist of a very pure beryllium wire (99.7 %) of 0.05 mm diame-
ter. In order to be heated, the brittle beryllium is wrapped around a tungsten filament
(tungsten 99.4 % / thorium oxide 0.6 %, diameter 0.1 mm). The production of the fila-
ment is explained in Appendix B. It is placed in a heating chamber made of Macor (Fig-
ure 5.14), in front of the slit (Figure 5.7). The counterpart of the oven, not shown here,
can be seen in Figure 5.7 and 5.13. The thin and sensitive tungsten filament is electri-

cally connected to a thick tungsten wire, which is fixed in the oven with two screws.
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5.5. Further Components

aluminium oxide tungsten (thin)

tungsten (thick) heating chamber beryllium

Figure 5.14.: Twisted tungsten filament in one half of the heating chamber. The fila-
ment is wrapped with beryllium. Enlarged view of the beryllium winding.
The black arrows point to two major defects in the winding. The 50 um
thick overlength beryllium wire can be used as a scale.

A power supply slowly ramps up the current to the set point Ise; = 0.67 A (emission
threshold 0.55 A) by a remote control and keeps it constant, even if the electrical resis-
tance changes due to heat-up effects. Either the user or finally a timer stops the heat-
ing process to avoid unintentional emptying of the oven. The current is also slowly

reduced when the oven is switched off.

5.5. Further Components

This section gives a brief overview of the components of the system that have not been

discussed so far.

Radiofrequency Antenna The radiofrequency antenna is part of the experimenta-
tion unit (Figure 5.6 and 5.7). It is a one loop antenna, which is placed 21 mm
below the trap center. During development, care was taken to ensure that it is as
broadband as possible. For this reason, the impedance must be adjusted when

the frequency is changed.

Imaging Unit To image the ions, a lens system with a focal length of 36 mm is used.
It consists of five lenses with a diameter of 50 mm. The numerical aperture is 1.2.
To achieve the optimum resolution of 1 pm and magnification by a factor of 10,
it is placed inside a tube (Figure 5.15) at a distance of 36 mm from the ion. The

tube is located in a reentrant window and can be adjusted vertically with the aid
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Figure 5.15.: Imaging path. A large reentrant window is placed just above the trap.
The lens system (not shown) is clamped in a tube whose distance to the
window can be adjusted with a translation stage. The beam is coupled
out with a mirror. A beam splitter located on the breadboard and the
PMT/camera are not shown.

of a translation stage. In order to prevent stray charges from being accumulated
on the window, it is coated with a conductive indium tin oxide (ITO) layer.

The lens system including height adjustment is connected to a breadboard on
which further optics are located. In the following, this unit is called the imaging
unit. It is mounted with spacers on the lid of the vacuum chamber and can be
easily removed during baking. The spacers are variable in height and allow the
unit to be tilted freely in space.

The light emitted by the beryllium is collected by the lens system, deflected by a
mirror and hits a pellicle beam splitter (not shown in Figure 5.15). The reflected
part is imaged by a CCD camera (Andor iXon), while the transmitted part inci-
dents on a PMT. There is a band-pass filter (Asahi Spectra, XHQA313) in front of
the camera and the PMT. In this way, the PMT and CCD signal can be evaluated

simultaneously.

Triaxial Helmholtz Coils Three pairs of rectangular Helmholtz coils are used to
compensate for the existing magnetic field. On the other hand, they can be used
to generate a well-defined magnetic field that defines the quantisation axis for

the ions. This is required for a pure polarisation of the laser beams. The size of
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5.6. Laser Systems

the coils is chosen so that they fit into each other. The largest coil has 72 turns,
the middle 64 turns and the smallest 40 turns. A Rohde & Schwarz HMP4030
power supply serves as a computer controllable current source for the magnetic
field.

Compensation/End Cap Voltage Source The voltage supply of the compensa-
tion electrodes and the end caps consists of two digital analog converter (DAC)
cards with a resolution of 16 Bit each. The first is for a coarse adjustment over
the range of about +35V and the second is added with a range of +3.5V. Thus, in
total a finer resolution than the 16 Bits is achieved. The hardware noise of about
4mV is smoothed by a subsequent lowpass RC filter. Otherwise, the required
very small secular excitation amplitudes of a few microvolts would be absorbed
in the noise.

The identical voltage source for the end caps is enhanced to the required volt-
age with an additional voltage amplifier. The maximum achievable voltage is
Uec =270V.

5.6. Laser Systems
The available lasers and their abbreviations are listed in this section (Figure 5.16).

Laser Cooling, UV 3 / ULE To drive a laser cooling transition as described in sec-

tion 4.3, a 313 nm laser is required. In order to achieve a simultaneous cooling
of the ion movement in the three spatial directions, the wave vector is oriented
in such a way that its components in the directions # do not vanish. Since the
coordinate system of the trap u is rotated around the trap axis by 45° with regard
to the plane of the optical table, the beam is irradiated parallel to that plane. A
further angle of 45° to the trap axis provides the axial component of the wave
vector.
UV 3 is a commercial laser system. Two resonant doubling stages quadruple
the frequency of a 1252 nm seed laser (Figure 5.16, Doppler-cooling laser & re-
pumper). Between the two doubling stages there is an EOM, which can generate
A =14.188999 GHz sidebands to the frequency-doubled beam at 30 dBm maxi-
mum rf input power. The sideband frequency is chosen to be a multiple of the
free spectral range of the second cavity. In the non-linear crystal of the second
stage, sum frequency generation takes place between the strong carrier and the
carrier or a sideband.

If the seed (carrier) frequency is set to the frequency wy/4 + A of the atomic
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5.6. Laser Systems

beryllium transition, the imprinted sidebands can be used for Doppler cooling.
This allows a fast switching between Doppler and Raman cooling, where the
Raman process is determined by the detuning A. Therefore, the up to 300 mW
313 nm radiation is directly coupled into the Raman system where it is split into
the Doppler and Raman cooling branches (see “Sideband Cooling, Raman Sys-
tem”). By utilising one of the AOMs there, a fast power stabilisation can be imple-
mented in addition to the slower, internal power stabilisation of UV 3. A second
EOM is located further along the Doppler cooling beam path, which generates
1.25 GHz sidebands on the 313 nm carrier. A manual power control consisting
of a lambda-half wave plate and polarising beam splitter cube is followed by a
lambda-quarter wave plate. With the latter, a pure o* polarisation of the light
can be achieved in front of the vacuum window.

The seed laser is stabilised to an ultra low expansion (ULE) cavity'. For this pur-
pose, a small percentage of the laser radiation is coupled into an optical fibre
before it is amplified and frequency doubled (Figure 5.16, stabilisation). The out-
coupled radiation is further split, one half is used for the wavelength measure-
ment with a wavemeter, the other half is used for the frequency stabilisation. For
this purpose, the latter is phase modulated with an EOM. The sidebands are used
for locking UV 3 to ULE with a double-modulation technique [66]. The sideband
frequencies, which can be very accurately adjusted with a DDS, allow a precise
UV 3 frequency setting. In the locked state, the frequency can be detuned by
about 300 MHz (200 kHz step size) without any mode jump?. For the light con-
verted to UV, this almost corresponds to the beryllium hyperfine splitting. This
locking technique has proven to be very robust. Usually, the laser does not need
to be relocked during a working day.

Ifitis free running, then the line width is measuerd to be 500 kHz (FWHM). When
itis locked to ULE, the linewidth of the central peak is 423 Hz (Figure 5.17).

Beryllium Photoionisation, BePhl For the photoionisation of beryllium, a 235 nm
laser is required. A commercial 940 nm external cavity diode laser resonantly
doubled to 470 nm is used as the basis for the BePhl system. There is also a
small percentage of the 940 nm radiation being used for determining the wave-
length. The setup of the second doubling stage (Figure 5.16, beryllium photoion-
ization) is shown in Figure 5.18. After the 470 nm light is coupled out of the fibre,

sidebands are imprinted with an EOM. These are used to stabilise the resonator

IThe ULE system was built as part of another project and is described in [65].
2The mode jump-free tunability depends on the UV 3 seed mode. The range specified in [2] (Appendix
A) could be significantly improved by optimising this mode.
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Figure 5.17.: Beat signal of the stabilised UV 3 with a stabilised (MOLO) optical fre-
quency comb (RBW: 1 kHz (left), 100 Hz (right).

UV out PBS iris lens EOM lens lens

== : :
waveplate fibre coupler BBO photodetector

Figure 5.18.: Second doubling stage of the beryllium photoionisation (BePhl) source:
Photographic overview complementary to the schematic Figure 5 in Ap-
pendix A. The BBO is located under the heat sink and not visible.
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5.6. Laser Systems

length to the laser. The frequency of the resonantly enhanced radiation is dou-
bled in a beta barium borate (BBO) crystal. An active frequency stabilisation is
not necessary because the Doppler broadening of the hot atoms is much larger
than the drift of the seed laser. In this way, up to 12mW 235nm UV radiation
can be generated with approximately 0.5W 470 nm input radiation. The peak
power drops to about 5.5 mW within a short time scale due to thermal effects. At
this power level, it changes by +10 % over a period of hours (Figure 6, Appendix
A). For the application of photoionisation, 2.7 mW, measured behind the second
window, after the radiation has passed the trap, is sufficient. In the figure it is
not visible that a computer-controlled shutter is placed directly behind the UV
out. As UV radiation can also be used to produce stray charges or discharge the
trap structure, a continuous use should be avoided. Otherwise, the trap must be
compensated again if necessary.

For practical reasons, the laser is irradiated perpendicular to the trap axis.

Sideband Cooling, Raman System To drive a transition that changes the motional
state of the ion (Figure 4.1), two coherent laser beams with a frequency difference
of 1.25GHz and a detuning A of a beryllium resonance have to be generated.
This is achieved by splitting a high-power UV beam (UV 3) into two branches
and shifting each branch by +625 MHz using three acousto-optical modulators
(AOM) each (Figure 5.16, Raman system). The implementation of the system is
shown in Figure 5.19.

The UV beam is coupled into the system at UV in and split into the two branches
at the beam splitter (PBS). The transmitted/reflected part is shifted by 200 MHz
at AOM1* (Gooch & Housego, Type I-M200-3C10BB-3-GH27). In the further path
of the reflected beam, the zero order of AOM1™ is extracted and is used as a
Doppler cooling beam (carrier out). The first diffraction order of both beams is
again diffracted in first order at the other two following identical AOMs, AOM2*
and AOM3* (Gooch & Housego, Type 35210-BR). The AOMs are operated simul-
taneously at 212.5 MHz. If necessary, one of the AOMs in each branch can also
be used for power stabilisation, similar to the carrier output.

The exact timing of the Raman beams, their frequencies and intensities are
controlled by an FPGA. This controls a 4-channel DDS (Analog Devices, Type
AD9959) whose signal is distributed to the AOMs through a cascade of power
amplifiers and splitters. The FPGA can be controlled by a simple script program-
ming language via LabView.

With the setup presented here, the possible diffraction efficiency per branch is

more than 40 %.
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carrier out Raman out PBS AOM1- AOM1* AOM2*

Raman out AOMS3 AOM2- AOMB3* UVin
Figure 5.19.: Raman system: The explanation is in the main text.
To achieve the required polarisations, the ¢* beam must be irradiated in the

counter direction to the Doppler cooling beam, while the 7 beam is perpendicu-

lar to it. The corresponding wave vector points along the trap axis.

Optical Parametric Oscillator, Topo For precision spectroscopy, an optical para-
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metric oscillator is needed, which should address three main applications: (i)
non-destructive detection of the internal state of HD™ by the optical dipole force
(Section 9.1), (ii) internal state preparation of HD* and the homonuclear hydro-
gen molecule ions H} and D; (Section 8.4) and (iii) feasibility studies on novel
transitions. The conception of these experiments (Section 9 and 8.4) and the ap-
plication for the laser system (Toptica, DLC TOPO in combination with DLC CTL
1050) are part of this work, while the commissioning and implementation is part
of another project.

To generate the running standing wave for the ODE the two beams of the Topo

are irradiated in counter direction at 67.5° to the trap axis.



5.6. Laser Systems
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splitter

Ammonia stabilisation

detector pressure gauge

Figure 5.20.: QCL with gas cell for the iodine stabilisation: The dashed path is used to
stabilise the QCL.

Rotational Cooling, QCL For quantum state preparation the rotational cooling
(v=0,L=2) — (v=1,L=1) at 5.5um has to be implemented. A quantum cas-
cade laser (QCL, Alpes Lasers, ALP-RT-CW-DFB-LP-SM) stabilised to an ammo-
nia absorption line is used. The system is shown in Figure 5.20. The system was

build by G. Giri and is shown here only for the sake of completeness.

Molecular Photodissociation, 266 From the fourth excited vibrational state v = 4,
HD™ molecules can be efficiently excited into the anti-binding 2po state with
266 nm radiation. For this purpose, a commercial 532 nm source is resonantly
doubled. The photodissociation is used to check the system’s performance and
is not intended for permanent use. Therefore, the radiation is coming free-space
from the first ion trap experiment as indicated in Figure 5.1. The maximum in-

tensity is limited to Irg5 = 60 mW/mm?.

Laser for Spectroscopy, SL The laser is used to excite the HD* molecular state
(v=0,L=1) — (4,0) at 1420nm. A commercial diode laser is used for this pur-
pose. The laser is actively broadened to a linewidth of approximately 50 MHz
so that it can excite the most intense hyperfine components of the rovibra-
tional transitions simultaneously. This fibre-coupled laser achieves an intensity

1142() =5 mW/mmz.
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6. Experimental Procedures

At the start of each experiment, different ion species has to be loaded. A practical pro-
cedure is to load the beryllium ion first, as it cools the other species and is also used for

diagnostic purposes. The necessary steps are explained in this chapter.

6.1. Beryllium Loading Schemes

The beryllium ion must be trapped and fluoresce so that it can be observed. This pro-
cess is enhanced by Doppler cooling as the kinetic energy is reduced. Phase transitions
occur and the previously diffuse distribution of the ion becomes increasingly localised.
The ion crystallises and the fluorescence increases. Therefore, the choice of a suitable
cooling and repumper scheme is crucial for the successful trapping of beryllium ions.
Four different scenarios are possible for the beryllium trapping, which are illustrated

in Figure 6.1. Options A or C are the most commonly used.

Scheme A This scheme features a strong repumper (UV 3 carrier frequency). The

EOM generates a weak sideband that is used for Doppler cooling. Because of
the strong carrier’s 1.25 GHz detuning, the hot and therefore energetic beryllium
ions can be captured efficiently. Since a mode hop free tuning of the locked laser
to scheme B is not possible, this scheme is suitable for the initial commission-
ing and alignment of the imaging optics. Scheme A is particularly useful because
with the other schemes the ion must be very well controlled.
Due to the way the wavemeter is calibrated, there is a measurement error in
the wavelength measurement. To adjust the laser to the atomic resonance fre-
quency, the following procedure must be followed: If a laser (third harmonic,
574437.959 GHz) stabilised to the molecular iodine transition P58(2-49) is used
to calibrate the wavemeter with its fundamental at 1.566 um, then the UV 3 seed
frequency should be set to 239348.9578 GHz.

Scheme B If the functionality of the sideband and the carrier are exchanged in com-
parison to scheme A, scheme B results. The scheme is an intermediate step to

scheme C, as the EOM has a frequency dependent characteristic (Section 7.5).
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Figure 6.1.: Laser settings for different beryllium loading schemes (A to D): The con-

tinuous arrow symbolises the Doppler cooling or repumper transition
(blue/red) driven by the UV 3 carrier frequency. Sidebands of the external
EOM are shown with dashed lines. The microwave transition for repump-
ing is shown in green.

The powerful carrier frequency drives the Doppler cooling transition, while the
weak sideband of the EOM does the repumping. For loading, the seed laser fre-
quency should be redshifted by about one trap frequency (Q = 35.8585 MHz),
although it is also possible (but slow) for a 10 MHz shift from the resonance fre-
quency 239349.2856 GHz. A total power of 6 uW in front of the window is suffi-
cient for trapping. Overall, this scheme is more susceptible to interference: The
external magnetic field defining the quantisation axis must be carefully adjusted

and a miscompensation of the trap will prevent successful trapping.

Scheme C Here, the sidebands (scheme B) are replaced by microwave radiation for

repumping. Since the M1 transitions are very narrow-band, the microwave fre-
quency must be well matched to the applied magnetic field strength. In order
to be able to detect the effect of the microwave radiation, the Doppler cooling
transition must not be driven too strongly (< 1 uW). Otherwise, the ion can be
observed even without a repumper (for example, while loading; see scheme B).

This scheme was used for the rf spectroscopy of beryllium.

Scheme D For efficient repumping, the microwave radiation and the sideband of the
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6.2. Beryllium Trapping

6.2. Beryllium Trapping

To avoid unwanted stray charges, beryllium atoms should be ionised exclusively by
photoionisation using BePhl (Section 5.6). The effect of a ten-second bombardment
with the electron gun is illustrated in Figure 6.9. The initially small amplitude mod-
ulation of the fluorescence shown in the right sub-image has increased significantly
afterwards (left). After using the gun, the trap must be compensated again (Section
6.5).

Neutral beryllium atoms are therefore ionised by a 2-photon process according to the
procedure described in [67]. The atom is first resonantly excited from 2s'S, to 2p' P,
with one photon (BePhl) and then ionised with a second photon of same wavelength.

After the loading process has been started, the beryllium oven heats up for 20 sec-
onds before sufficient beryllium vapour is emitted. Then BePhl is activated through
a shutter. The neutral beryllium can be loaded with at least 2.7mW (typically 4.7mW)
measured behind the vacuum chamber within a few seconds (according to the selected
loading scheme). Depending on the UV 3 red detuning and power, but also on the
depth of the trap potential, the ion crystallises immediately and becomes visible on
the CCD camera.

The trap potential should be first set so that w;“y = 2m-0.8 MHz and w(ZD =2m-
0.2MHz. This corresponds to a monitor output Upyta = 6.64V, Upys = 6.32V and
an end cap voltage U = 3 V. If the ion does not crystallise immediately, at least a slight
increase in fluorescence can be detected with the PMT. In both cases, the loading pro-
cess is stopped manually. The oven temperature slowly decreases and BePhl is paused.
The crystallisation process can be supported by varying the trap parameters.

If a larger number of ions is trapped than required, it is possible to remove excess
ions by reducing the radial trap potential. The equilibrium positions of the ions change
from an axially oriented string to a string rotated by 90°. The ions located furthest away
from the trap axis are heated the most due to the micromotion and can escape the trap
potential. In about half of the cases, all but one beryllium ion can be removed in this

way.

6.3. Secular Excitation

The secular excitation method is a powerful diagnostic tool. It can be used to measure
the trap potential or to draw conclusions about the stored ion species.
By applying an alternating voltage of a few mV to one of the two end cap or compen-

sation electrodes, the ion(s) can be excited to axial or radial oscillations. This requires

55



6. Experimental Procedures

440 460 480 500 440 460 480 500 440 460 480 500 440 460 480 500 440 460 480 500

500 1000 1500

Figure 6.2.: Forced axial and radial secular oscillation for different excitation ampli-
tudes (Figure 8 of [2], Appendix A). Explanation in the main text.
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Figure 6.3.: Typical radial and axial secular scans of a single beryllium ion.

the ac voltage frequency to match the secular frequency of the ion (system). Figure
6.2 shows the axial and radial oscillatory excitation of a single beryllium ion for two
excitation amplitudes. Panel c shows an overexposed ion at rest. Thus, in the case of
oscillations, the much lower detected intensity per pixel is visible without adjusting the
colour scale and a direct comparison of the different cases is possible. In panel a, the
ion is excited to strong axial oscillations so that the fluorescence is reduced. It can be
detected over a large pixel array. A weak excitation (b) is also easily detectable with the
camera. Panels d (weak) and e (strong) show radial excitations. The weak oscillations b
and d do not show up in a decreased fluorescence signal with the PMT, while the strong
oscillations do due to the Doppler effect.

If the excitation frequency is scanned continuously in order to find the ion’s reso-
nance frequencies, this is referred to as a secular scan. Such a secular scan is shown
in Figure 6.3. Each data point is the average over 100 ms of the PMT signal. Due to
the design of the trap drive, the two radial secular frequencies are not degenerate. The
axial line shape clearly deviates from the expectation. It appears as if there are two

closely spaced axial resonance frequencies. The shape shown here is typical for the
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Figure 6.4.: Three typical beryllium ion strings for the same trap parameters. Cases a)
to c) are normalised to its maximum fluorescence (Figure 4 of [2], Appendix

A).
case distance (pixel) calc. distance for 0" (Mm) fraction (um/pixel)
a) 20.6(2.1) 11.389(21) 0.55(6)
b) 17.7(2.1), 17.5(2.1) 9.737(18),9.737(18) 0.55(7), 0.56(7)

¢ 15.5(2.1), 14.3(2.1), 16.5(2.1) 8.880(16), 8.215(15), 8.880(16) 0.54(7), 0.57(9), 0.54(7)

Table 6.1.: Calibration of the imaging unit with the help of Figure 6.4.

axial excitation in the new trap and leads to an enlarged uncertainty in the axial sec-
ular frequency a)(ZD. Noticeable is also the large spread of the data points that will be

discussed in Section 6.8.1.

6.4. Detection with the CCD Camera

The CCD camera images of three typical ion strings are shown in Figure 6.4. The ion
positions are defined as the pixels with the locally highest intensity. The measurement
uncertainty is estimated to be 1.5 pixels. To calibrate the imaging unit, the distance
between the ions can be measured and compared with the calculated equilibrium po-
sitions (scaling factor [ = 9.039(17) um, Equation 2.25). Here, the applied axial trap po-
tential is determined by the oscillation frequency v’ = 27-727(2) kHz of a single beryl-
lium ion. The evaluation is summarised in Table 6.1. This results in a mean conversion
factor of 0.55(3) um/pixel. In principle, spatial information can also be obtained from
a calibrated PMT signal. This is possible because the number of beryllium ions de-
termines the measured fluorescence intensity. In the case of two different stored ion
species, their total number must be known. It can only be determined with the CCD
camera: For this purpose, the ion positions of a pure beryllium string for different ion

numbers must be matched with the positions of the visible beryllium ions of the mixed
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Figure 6.5.: HHU logo: Normalised image composed of 21 normalised images of a sin-
gle beryllium ion. The trap axis is shown as a red dashed line.

string. If UV 3 does not illuminate the string uniformly, a specific fluorescence level can
be assigned to each arrangement of ions. In practice, however, this complicates the
evaluation of the secular scans. Figure 8.2 shows this using the example of a Be* - HD*

system.

6.5. Compensation of Stray Charges

The ions can be displaced by applying a dc voltage to the compensation electrodes.
When minimising the micromotion, the ions are pushed onto the trap axis by applying
a compensation voltage. With the horizontal electrode, the ions can be moved in the
image plane of the camera and with the vertical one perpendicular to it. Since the trap
is described in a coordinate system rotated by 45°, both electrodes have a simultaneous
influence on the ion position in respect to u = x, y. This fact complicates minimisation
of micromotion. The compensation is achieved with a two-stage procedure in which
the trap is first roughly compensated and then a fine compensation is carried out with
a time-resolved evaluation of the fluorescence signal.

The effect of the electrodes is shown in Figure 6.5. If the end cap potential is also
adjusted, the ion can be moved to any position within a certain volume. In this way, a
lettering can be created. The letters HHU' is composed of 21 images of a single beryl-
lium ion. Each individual image is normalised to the maximum of the fluorescence
and added to the other images. The resulting image is normalised to its maximum.
Since the camera orientation is slightly tilted to the trap axis, the latter is additionally
indicated as a red dotted line. A total of two ions were used for the figure.

In terms of cooling efficiency and storage time, the ions should be pushed on the

trap axis.

'Logo of the Heinrich-Heine University.

58



6.5. Compensation of Stray Charges

S

o \

2 Q
/1 8'Y\ A
\

N
~

. ~
(R

norm. fluorescence

0.0k

-40 -20 0 20 40 60 80
detuning A (MHz)
Figure 6.6.: Beryllium fluorescence for a well-compensated trap (blue) and for an un-
compensated trap with sidebands at the trap frequency Q (orange). The

detuning is defined in respect to maximum fluorescence (Figure 9 of [2],
Appendix A).

6.5.1. Beryllium Fluorescence Pattern

The intensity pattern of a fluorescence spectrum for a beryllium ion in a compensated
trap is Lorentzian-shaped. Depending on the laser power and ion temperature (as well
as other factors), the line width may deviate from the natural line width of the P state.
Figure 6.6 shows such a spectrum with a slight power broadening of 18 percent in re-
spect to the natural line width (blue trace). For laser frequencies close to the atomic
resonance frequency, the laser cooling is not efficient enough to keep the ion in a crys-
talline state. For positive detunings, the ion is heated. This leads to an abrupt change
in fluorescence at A < 0 MHz.

If the ion is not on the micromotion-free trap axis (Section 2.1.1), the fluorescence
signal is superimposed by sidebands at the trap frequency Q (orange trace in Figure
6.6). The competition between cooling and heatingleads to the spectrum shown. Here,
the phase transition of the ion occurs for frequencies higher than the trap frequency.
The sideband at /2 is not fully understood and could be from a parametric excitation.

The aim of the trap compensation is to minimise those sidebands. This type of spec-

tra gives a first indication of the trap’s compensation status.

6.5.2. Radial Compensation - Rough Method

Initially, the ions are stored under extreme conditions (large g and a parameter, Equa-
tion 2.10) and both parameters are reduced in a controlled way afterwards. The former
is done by lowering the trap voltage U,f and the latter by lowering the end cap voltage
Uegc. Figure 2.1 shows that the stability region becomes narrower for small voltages.

This means that the ion can only follow a closed path in the trap when the potential
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approaches the ideal (Equation 2.6). To compensate the trap, the first step is to max-
imise the trap voltage U,¢ > 500 Vpp while keeping the end cap voltage U, as small as
possible. At the same time, the ion position on the CCD camera is observed. Due to the
high radial and low axial confinement, the ion occupies a strongly localised position in
the quadrupole potential minimum, which might be slightly shifted by the end cap po-
tential. This is important for the vertical alignment. The lens system must be shifted
so that the ion is in focus. If the radial confinement is then released, the ion moves to a
new position. In addition to the easily observed horizontal displacement, defocusing
occurs. Next, the image is optimised by moving the ion back into focus with the vertical
compensation electrode and then back to the position it occupied with the strong con-
finement with the horizontal compensation. If the radial potential is increased again,
the shift of the ion position is significantly reduced. If necessary, the procedure must be

repeated to iteratively eliminate the effect of the now changed compensation voltages.

6.5.3. Axial Compensation - Rough Method

After the radial compensation, the axial compensation can be carried out. This is more
difficult from the beginning, as it is initially unclear how the end cap voltages must
be chosen so that the ion is located in the geometric centre of the trap. Applying the
voltage symmetrically is not necessarily ideal because of possible stray charges. As
the end cap voltage increases, it becomes apparent that significantly higher vertical
and horizontal compensation is required. It is an indication of radially asymmetrically
mounted end cap electrodes. If these are oriented at an angle to the trap axis, this
leads to a displacement of the ions from their optimal position, especially at high end
cap voltages.

Example: With a symmetrically end cap voltage of U = 0.40V, a horizontal com-
pensation Uy = 24.64V and a vertical Uy = 3.70V are required, while at U, = 280V,
Uy = 19.30V and Uy = 37.30V are already needed to push the ion back. However,
with an asymmetric end cap voltage Uec; = 323V andUg = 316V, storing an ion at
Uy =19.30V and Uy = 32.40V is possible.

The difference Ug-Uec2 mentioned here as an example is necessary due to intensive

use of the electron gun, which has caused numerous space charges.

6.5.4. Time-Resolved Fluorescence Detection

A more sensitive methode of detecting mircomotion is by a time-resolved analysis of
the fluorescence signal. In this time-consuming procedure, the micromotion is min-

imised iteratively by testing different compensation voltages as follows:
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Figure 6.7.: FPGA schematic: A phase lock loop (PLL) generates the clock from the trap
frequency Q and synchronises the counter. If a gate signal is present and a
PMT event is registered, the counter value is stored in the latch and trans-
ferred to the queue and the USB port.

With the help of a field programmable gate amray2 (FPGA), the photons are detected
with a high bandwidth and mapped onto the phase of the trap electronics. The FPGA
(Figure 6.7) has a bandwidth of 350 MHz, which means that 8 sample points can be
recorded per trap drive periode. These are synchronised to the trap frequency Q and
phase. This clock signal (8- Q) defines the sample rate and thus the resolution.

The sample period is defined by the gate signal. If this is set to one tenth of the trap
frequency, for example, then the events coming from the PMT are recorded for 10 trap
cycles. Thus, a total of 80 sample points are recorded per gate period. Each data point
consists of the event’s rising edge time index related to the gate start time and is 4 bytes
in length. The data transfer rate and the bandwidth are the limiting factor here. A gate
frequency equal to one tenth of the trap frequency has proven to be practicable.

After events have been recorded for 10 trap cycles, the following 10 cycles are overlaid
with the previously recorded ones and so on.

Figure 6.8 shows the result for a data acquisition time of 40 seconds for the three
cases: uncompensated, partially compensated and almost entirely compensated trap.
The relative fluorescence modulation with respect to the mean fluorescence can thus
be significantly reduced by applying a few hundred mV to the compensation elec-
trodes. For the change from the uncompensated to the partially compensated case,
AUpor = —0.6 Vand AU,er = +0.2V have been applied, whereas for the almost compen-
sated case it is AUpor = —0.2V and AUy, = +0.2 V. In the latter case, the modulation is
4(1) %.

In principle, the 10 cycles can be mapped to one cycle during the evaluation (Figure
6.9). A sinusoidal fit to the 8 data points leads to a relatively large inaccuracy in the

trap frequency and is therefore not applied. A fit over 10 cycles reproduces it within a

2The software is based on a modified version of Single Photon Counter (NIST).
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Figure 6.8.: Analysis of the micromotion for different compensation voltages. The lines
are sinusoidal fits to the data (Figure 10 of [2], Appendix A).
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Figure 6.9.: Events mapped onto a trap cycle for an uncompensated (left) and very well
compensated trap (right). A fit over several trap periods (blue, compare
Figure 6.8) is plotted next to one for the raw data (orange).
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Figure 6.10.: Fit of a Gaussian distribution to the spatial intensity pattern (red dots) of
the ion outlined in red in Figure 8.1. The left image corresponds to the
beryllium ion on the left, respectively in the right image it is in its right
place.

few 10 kHz. However, this depends on the compensation level. If the trap is very well
compensated, the fit becomes less meaningful.

The frequency spectrum belonging to the right figure is shown in Figure 6.6 (blue).

6.6. lon Temperature

A measure for the ion’s kinetic energy is its temperature. It can be determined by the
spatial imaging thermometry according to the method of [68]. For this purpose, a
Gaussian distribution is fitted to the spatial distribution of the ion, as one would expect
for thermal motion. As an example, the temperature for the two beryllium positions
shown in Figure 8.1 is analysed and presented in Figure 6.10. Neglecting the imaging
error (point spread function), this leads to an extension along the trap axis of 0.60(3) um
(left) and 0.72(2)um (right). The extension perpendicular to it is accordingly 0.63(2) um
and 0.57(2) um. The required root mean square width is conservatively overestimated
by the FWHM width. Although the radial secular frequency is much higher, the expan-
sion of the ion is similar to the axial one and therefore limited by the imaging system.
For a more precise determination in the future, the sevenfold magnification triplet as-
sociated with the lens system must be used.

By substituting the thermal energy with the energy of the harmonic oscillator % kgT =
%mBe (w(;ic)z z?, the temperature T of the ions can be estimated. In this example it can
be axially estimated as Tief;,; = 0.9 mK and Tijght,, = 1.3 mK (right). The temperature
in radial direction is respectively Tief;,x = 1.0 mK and Tijgn,x = 0.8 mK. As expected, the
effect of micromotion close to the trap axis is negligible.

In this case the analysis is of a single image. Along the trap axis there is a tail indi-
cating high dynamics along the axis. This occurs when light molecules are stored next
to beryllium (Section 8.1). An average over several images loses significance here. If
only beryllium is stored, averaging over several images yields the axial temperature of

0.5 mK [2] indicating a very good Doppler cooling (Section 4.3.1). The averaged (axial)
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motional state 72 = 5 holds for ideal Doppler cooling. It can be calculated from the total

oscillation energy in the (axial) trap potential, Ep sec = fiwsec (71 + %) 2 kg Th.

6.7. Mass Spectroscopy

The mass of co-trapped ion species can be deduced by a combination of the two de-
tection methods, PMT and camera. In the first step, the number of stored ions has
to be determined. For this purpose, the positions occupied by the beryllium ion are
compared with the expected positions for two, three or a N-ion string (Figure 6.4). If
the number is known, the expected secular frequencies can be calculated for different
masses (Section 2.2.1) and compared with a secular scan.

An important example is discussed in Chapter 8.2.

6.8. Comments

To conclude this chapter, two points need to be made. Firstly, the cause of the fluores-
cence noise is unclear and should be discussed, and secondly, an increase in the signal

to noise ratio should lead to a better fit result.

6.8.1. Fluctuation of the Detected Fluorescence

The fluctuation of the detected fluorescence can have a variety of causes, which must
be excluded successively. The obvious explanation is a fluctuation of the laser power.
The slow (internal) power stabilisation of the laser, as well as a fast stabilisation by us-
ing the AOM built into the Raman system does not show any significant improvement,
at least not in the order of magnitude detectable here.

The trap drive in use could have a negative effect on the ions, which is noticeable in
the modulation of the fluorescence. It was developed as a prototype for initial tests and
should be replaced by a new one. The prototype’s monitor output shows an imbalance
of the trap voltage for the two branches, possibly because the resonant frequency of the
circuit is different for the branches. An adjustment is not available due to its design. An
example of a fit to the measurement data for five radial secular scans is shown in Figure
6.11. The higher frequency oscillation mode shows a larger linewidth (4(2) kHz) and
a larger uncertainty in the centre frequency wgcl) =2m-617.9(7) kHz compared to the
second radial mode (wg,l) =21 -563.6(3) kHz, linewidth 2.7(7) kHz) for a mean monitor
output Uy, = 4.60V and Uy, = 4.28 V.
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Figure 6.11.: Fit to five radial secular frequency measurements (left). The raw data and
the fit for one of the cases are shown on the right.

The stored ions undergo chemical reactions, as shown for the case of the MHI (Sec-
tion 8.3). This also applies to beryllium. A sudden disappearance of the beryllium ion
does not necessarily mean a loss out of the trap. Sometimes it can be restored by a
dissociation process using the UV 3 or BePhl laser at a high power. The influence on
short time scales of the interaction with the residual gas on the fluorescence intensity

is unknown.

6.8.2. Improvement of the Signal to Noise Ratio

At present, the scattered light coming from the experiment is split into two beams;
one is used to image the ions with the camera, the other is detected with the PMT.
The use of a latest generation camera with the possibility of single photon counting
allows both detection methods with only one imaging path. This doubles the number
of fluorescence photons. In addition, stray light from the trap structure can be masked
by selectively reading out the pixels (region of interest). A significant improvement in

data quality is expected.
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7. Radiofrequency Spectroscopy

of Beryllium

Hyperfine spectroscopy of beryllium is an important diagnostic tool to determine the
magnetic field strength at the location of the ions. The results and experiences from
beryllium spectroscopy are therefore of particular relevance for the upcoming preci-
sion measurements at the MHIs: The contribution of the Zeeman effect to the MHI is
of comparable order to that for beryllium, since the spin of one unpaired electron is
present in both ion species. Therefore, the beryllium spectroscopy serves as a test of
the rf antenna and its settings. Here it is primarily necessary to measure the transition
frequency, whereby the line width has a secondary relevance (precision measurements

regarding this can be found in [69]).

7.1. Beryllium Hyperfine Transitions

The beryllium energy levels split in a magnetic field according to the Zeeman effect.
The resulting transition frequencies between the two hyperfine states of the beryllium
ion in the ground state can be calculated with the Breit-Rabi formula (Equation 4.1) as
a function of the magnetic field strength. The calculation result is shown in Figure 4.2
for the relevant strengths of a few Gauss.

Normally three of the seven possible transition frequencies are detected. In rare
cases, there may be four.

A spectrum with four transitions (A to D, example 1 in Table 7.1) for the coil currents
I, = =500mA, I, = —470mA and I, = 800 mA is shown in Figure 7.1. It is generated
using the procedure from Section 7.2. The Doppler cooling beam wave vector is in-
clined at 45° to the x-, y-and z-axis. Here the selection rules Amp = 0 for B¢ || B and
Amp = +1 for By L B apply with the orientation of the rf magnetic field B, in respect
to the external magnetic field direction B. The good signal to noise ratio is because in

this case four trapped beryllium ions were examined.
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7. Radiofrequency Spectroscopy of Beryllium

line frequency (MHz) FWHM (MHz) transition rf polarisation
F'=1 F=2

example 1

A 1250.15(7) 0.39(26) mep=0 mp=0 1 (weak)

B 1251.325(6) 0.336(19) mp=-1 mp=0 o0~

C 1252.554(8) 0.380(28) mr=-1 mp=-1 7 (strong)

D 1253.820(21) 1.23(10) mp=-1 mp=-2 o°"
example 2

E 1246.60(4) 1.12(16) mp=1 mp=2 o0~

F 1247.740(19) 0.22(6) mp=1 mp=1 =&

G 1248.961(8) 0.220(20) mrp=1 mrp=0 o°

Table 7.1.: Evaluation of the spectrum shown in Figure 7.1 and 7.3. The transitions are
illustrated in Figure 7.2.
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Figure 7.1.: Example 1: Spectrum of the M1 transitions for the hyperfine components
of beryllium, which are separated in an external magnetic field. Four ions
are stored in the trap for the measurements. A four Lorentzian fit to the data
is shown in red (see also Table 7.1). The four detected lines are labelled A to
D.
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7.1. Beryllium Hyperfine Transitions
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Figure 7.2.: Energy diagram and possible transitions for strong optical pumping into
the states with maximum projection quantum number mpg-y = +2: The
Doppler cooling transitions (continuous green, dashed: further excitation
possibilities for non-perfect polarisation) and the resulting rf spectrum
(Doppler cooling polarisation o™ (red), o~ (blue)). Spontaneous emission
from the states 2P3,, (F = 2) are shown in gray. The less frequent transitions
are shown dashed. The three rf transitions starting from (F' = 1, mp = 0) are
not shown for clarity.

The very weak line A (and the absence of the other transitions, not shown) indicates
a very good optical pumping into the state with maximum projection quantum num-
ber F = 2, mp = -2 (Figure 7.2). A general trend is that the line width becomes nar-
rowest for the line closest to the clock transition (line A) and broader for the other.
This applies analogously to the spectrum with a ¢* Doppler cooling beam. Exam-
ple 2 (Figure 7.3) shows the spectrum for a single beryllium ion and the coil currents
Iy = +570mA, I, = +670mA and I, = 770 mA. The reversed magnetic field direction
changes the polarisation here. The interpretation has to be done with precaution:
This power broadening is related to the transition matrix element. Nevertheless, the
frequency-dependent contribution of the impedance mismatch of the rf source must
be taken into account.

The relatively large line widths for an 2S;/, — 2S,» transition have two underly-

ing reasons: These measurements are performed for simplicity in a continuous mode
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Figure 7.3.: Example 2: M1 transition spectrum for similar coil currents as in Figure 7.1,
but with reversed x and y directions in case of a single beryllium ion. The
evaluation is shown in Table 7.1.

where the rf frequency is swept in steps while simultaneously the fluorescence is de-
tected (Section 7.2). If the objective is to measure the transition as narrow-band as
possible, an interleaved measurement should be performed, as shown in [69]. Since
the Doppler cooling beam is tightly focused, its power is increased in example 1 so
that all four ions are sufficiently illuminated. In this way, line widths < 200 kHz can be

achieved for a single ion at an adapted power level.

7.2. Recording the Spectra

Beryllium ions are stored in the trap according to Section 6.2 using scheme C. The coil
currents are stabilised by the current source within a few milliamp accuracy, and the
UV 3 laser is internally power stabilised. The latter is a slow stabilisation, as power
fluctuations are measured with a photodiode and compensated by varying the ampli-
fier power.

The data is recorded script-based. While the data of the PMT is continuously
recorded with a time stamp and averaged over half a second, the script is executed

as follows:
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7.3. Measurement of the Applied Magnetic Field Strength

The rf synthesiser jumps to the start frequency, the time after setting the frequency
is recorded in the logbook (timestamped). Afterwards, the frequency is held for a pre-
defined period (usually 1.5 seconds) and then it is noted again in the logbook that the
waiting period is over. The rf synthesiser jumps to the next frequency (usual step size
100 kHz) while the next logbook entries are made. This repeats until a final frequency
is recorded.

To plot the spectrum, the PMT data is assigned to the frequencies recorded between
the two logbook entries for that frequency and averaged again. The steady-state be-
haviour of the rf antenna can be taken into account by introducing additional waiting
times later. However, it turns out that this is not required here. If there is a longer

response time, the effect is hidden in the average.

7.3. Measurement of the Applied Magnetic Field
Strength

If the frequencies determined from the spectrum are compared with the Breit-Rabifor-
mula, the magnetic field strength can be calculated. It is accurate within a few hundred
milligauss. In example 1, the centre frequency of line B and C is determined with 6 and
8 kHz precision respectively. The assumption that it is only known by the FWHM is too
conservative according to the data. Nevertheless, the difference in the magnetic field
strength due to the two lines is a few tens of milligauss and cannot be explained by the
fit error.

For better statistics, spectra for different coil currents are evaluated. This also allows
the zero field setting for the coils to be determined.

The magnetic field applied to the ion includes an external magnetic field B =
(Bf@’“, Bf,Xt, ngt) ' (earth’s magnetic field, magnetisation of the experimental setup etc.)
superimposed by the magnetic field of the coils B! that is a function of the three ap-
plied currents Iy, I, and I;. The unknown factors k = (kx, ky, kZ)T for the conversion
from current to magnetic field strength, the external magnetic field as well as an off-
set frequency Vet must be determined by a multi-branch fit. For this purpose, the
data (the three currents and the measured transition frequency vji,e) are fitted to the

functions

fe(Ley I, Iy Vine) = € 1.4% (K Le + BEY? + (ky Iy + BS)? + (kL + BEY)? + Votser

and the seven parameters are adjusted simultaneously. The multiplier ¢ shall equal
¢=0forlineA, ¢ = i% forlines B and G, ¢ = +1 for C and E and £ = +1.5 for lines D and
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Figure 7.4.: Transition frequencies as a function of magnetic field strength. The data
points of the various lines A to G (indicated with projection quantum num-
ber for the transition) are assigned to the magnetic field strengths accord-
ing to the result of the fit (Table 7.2). The error bars correspond to the
linewidth from the individual spectra (similar to Figures 7.1 and 7.3 and
Table 7.1). The continuous lines correspond to the expected frequencies
according to the Breit-Rabi formula. The deviation of the measured value
from the latter is shown in the figure below.

E [70]. The result of a conservative fit, weighted by the linewidth, is shown in Figure
7.4 and Table 7.2. The apparently nice fit returns parameters with an unexpectedly
large standard deviation, although some of the estimates are close to the results of a
measurement with a magnetic field sensor (kff;}sor = 2.3 G/A). The latter does not hold
for £3°"°°" = 0.5 G/A.

Although in this model the deviation of the measured frequency from the theoret-
ical value is only a few ten kHz, no trustworthy parameters can be extracted in this
way. This method at best gives an indication of the magnitude of the magnetic field
strength and seems to be another consequence of the inconsistent frequencies of the

lines described earlier.
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parameter estimate standard error

ky (G/A) 2.36 16
ky (G/A) 2.04 17
k. (G/A) -3.30 5-107
B (G) -0.05 2-107
B (G) -0.25 3-107
B&(G) 2.54 2-107
Vottset (MHz) ~ 1250.12 0.14

Table 7.2.: Table of fitted parameters.

7.3.1. Improvement of the Magnetic Field Strength

Measurement

The measured transition frequencies between the hyperfine components cannot be
assigned to a magnetic field strength without large tolerances. The steps discussed
previously (Section 6.8) promise to improve the quality of the data and thus reduce
uncertainties in the determination of the centre frequency.

Another aspect is the power supply. The current source for the coils is specified with
a typical uncertainty of about +£3 mA. Assuming the model above, this converts into a
variation of the magnetic field strength of about £7 mG. Thus, the expected frequen-
cies fluctuate around 10 kHz, 20 kHz and 30 kHz for lines B and E, C and E and D and
E, respectively.

Since the residuals also fluctuate by some tens of kHz (Figure 7.4), the contribution
of the current noise is not negligible.

A frequency-dependent analysis of the magnetic field strength (ac magnetic field
noise) could reveal further disturbing influences (for example from the pump or the

50 Hz mains voltage with harmonics, etc.).

7.4. Systematic Effects on the Spectrum

Various systematic effects and their impact on the lines in the beryllium spectrum are
considered in this section. Especially with regard to MHI spectroscopy, these must be

known in detail.
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Figure 7.5.: Shift of the transition frequencies as a function of the UV 3 laser power in
arbitrary units. The applied currents are I, = —1.50A, I, = 1.47A and I, =
0.72A.

7.4.1. Frequency Shift due to UV 3 Laser Intensity

A shift in the beryllium transition frequency depending on the irradiated intensities
can be observed. Figure 7.5 shows the ac Stark shift due to the polarisability of the ion.
Each data point is composed of several individual measurements for one power level.
For a repeated measurement of the transition frequencies, the spectra show the so far
discussed jitter of the transition frequencies (Figure 7.6). In the case of example 3 it
results in a mean frequency 1251.39(13) MHz for line B, 1252.59(16) MHz for line C and
1253.8(6) for line D.

A linear fit to the data for the different power levels allows the extrapolation for
a measurement with zero power. The result for line B is 1251.169(12) MHz and a
Stark shift correction of 25.6(1.4) kHz/power(a.u.), for line C it is 1252.367(18) MHz
(24(2) kHz/power(a.u.)) and for line D it is 1253.51(8) MHz (27(4) kHz/power(a.u.)).

7.4.2. Effect of the UV 3 and rf Intensity

The influence of the rf and UV 3 powers on the single ion line shape is measured exem-
plarily for line B, (I, = —0.50A, I, = —0.47A, I, = 0.7 A) (Figure 7.7). As a result (Table
7.3), a power broadening for UV 3 is detectable. This is particularly pronounced for

10a.u. (rf power 31 or 28 dBm) compared to 8 a.u. (31 or 28dBm). The 25 dBm power
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Figure 7.7.: Line shape for three UV 3 power levels and for three rf power levels each. A
summary of the analysis is given in Table 7.3.
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UV 3 power (a.u.) rfpower (dBm) frequency (MHz) linewidth (MHz)

31 1251.38(4) 0.55(18)
10 28 1251.38(4) 0.55(18)
25 1251.39(4) 0.61(19)
31 1251.375(18) 0.40(7)
8 28 1251.36(2) 0.34(7)
25 1251.39(3) 0.36(11)
31 1251.41(4) 0.38(13)
6 28 1251.41(6) 0.6(3)
25 1251.38(3) 0.21(9)

Table 7.3.: Overview of the determined centre frequency and linewidth as a function of
the UV 3 and rf power.

has proved to be unsuitable in experiments, as its repumping effect is not sufficiently
strong and therefore heating effects are increased. As the UV 3 power increases, the
effect of the antenna’s signal decreases until UV 3 alone is sufficient to take over the
repumping.

On the other hand, recording the rf spectrum for low powers is problematic because
the cooling power for a frequency detuned repumper is not sufficient to avoid a phase
transition of the ion. In addition, the signal to noise ratio becomes small, so that a fit to
the data is increasingly defective. The beginning of the latter can be seen for the power
level 6 a.u. A changed line shape due to the rf power cannot be identified here.

A good setting for the analysis of beryllium is 400 nW UV 3 power in front of the vac-
uum window and an rf power of 28 dBm. Due to the non-optimal impedance match-

ing, 1 part rf power out of 3 is reflected back.

7.4.3. Effect of the Trap Potential

To investigate the influence of the trap potential, lines B and C are analysed (coil cur-
rent I, = —500mA, I, = —470mA and I, = +0.72mA) for different trap potentials (Fig-
ure 7.8 and Table 7.4).

For the same reason as described above, the centre frequency can only be deter-
mined within a few hundred kHz (FWHM). A potential influence of the trap on the
transition frequency is not detectable within these limits. An extrapolation of the fre-

quency values for a vanishing trap potential cannot be given here.
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Figure 7.8.: The spectra of lines B and C for 400 nW UV 3 power and 28 dBm rf power
for different trap potentials: a);”y = 2m0.8 MHz (blue), w;”y = 2m0.4MHz
(orange) and w;”y =2n10.2MHz (green).

trap potential line B line C

0, /2m (MHz) frequency (MHz) FWHM (MHz) frequency (MHz) FWHM (MHz)

0.8 1251.282(16) 0.28(6) 1252.55(6) 0.48(12)
0.4 1251.347(16) 0.36(6) 1252.566(13) 0.28(5)
0.2 1251.23(3) 0.29(12) 12525.39(6) 0.33(19)

Table 7.4.: Frequency line widths of lines B and C as a function of the trap potential.
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Figure 7.9.: Frequency dependence of the EOM. These characteristic features are de-
tectable in the the scattered light from the trap as well as in the fluorescence
of the ion.

7.5. Measurement with the EOM

The EOM, which produces sidebands at 1.25 GHz and is used for scheme B (Section
6.1), has a unfavourable characteristic. Especially at the relevant frequency around
1250 MHz, it shows a strong frequency-dependent effect at the required 25dBm rf
power level (Figure 7.9). This can be observed even in scattered light for 33uW, i.e.
without any stored ion. A fluorescent ion enhances this effect and makes it more obvi-
ous.

In order to observe a shift in the transition frequency due to the Zeeman effect, the rf
power must be reduced to 8 dBm anyhow. Since the relative sideband strength is now
too weak, the total UV 3 power must be increased to 11 uW. The spectra recorded in
this way for different coil currents are shown in Figure 7.10. Due to the EOM properties

shown, the rf antenna is more suitable for measuring the magnetic field strength.
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Figure 7.10.: Spectra recorded for different coil currents according to scheme B.
It is remarkable that only one component can be detected, which is
clearly broadened due to the relatively high power. The frequencies and
linewidths are: 1248.29(6) MHz and 3.9(5) MHz (blue), 1244.40(4) MHz
and 2.5(3) MHz (orange) and 1239.49(6) MHz and 1.75(19) MHz (green).
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8. Studies on MHI

The heteronuclear hydrogen molecular ion HD" exhibits dipole-allowed transitions.
In contrast to the homonuclear species, it is therefore easier to study experimentally.
Representative for the MHI, general techniques and results for HD* are discussed in
order to apply them later to the homonuclear MHI. In particular, the remarkably high
chemical reactivity of this molecular ion is addressed. The methods developed so far
are extended to the two-species case.

All multispecies studies were performed using scheme A (Section 6.1).

8.1. MHI Trapping

Before the MHI is loaded, a single beryllium ion must be stored in the trap. It is needed
to detect the successful trapping of an MHI. During the MHI loading process, the beryl-
lium ion is heated by the electron bombardment. The injected neutral gas has a (short-
term) negligible influence. To counteract the heating, the UV 3 power is increased to
150 uW. Since the electron gun is a universal ionisation device and thus also ionises the
residual gas in the chamber (Section 8.6), the trap potential is reduced to U;s = 40V.
This means that heavier ions than beryllium no longer fulfil the stability condition, or
are practically no longer trapped.

The electron gun is set to the values given in Table 5.1. As discussed in Section 6.5,
the electron gun can destroy the compensation of the trap within a few seconds. Its
emission time must be reduced to a minimum. For this purpose, the external magnetic
field is left switched on during the heat-up phase and so the electron beam is deflected
away from the trap. After 8 seconds, a uniform emission is achieved (Figure 5.12). The
magnetic field is switched off so that the beam is directed to the centre of the trap and
molecular hydrogen is simultaneously injected at a pressure of 3.8 x 10~ mbar.

During the loading process, at first the fluorescence decreases, the expansion of the
beryllium ion increases and its equilibrium position shifts under the influence of the
electron beam. The capture of an ion often shows up in a spike in the fluorescence
signal or in a sudden change in the beryllium behaviour, which can be seen in various

forms on the camera. The loading process is then terminated immediately, stopping
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Figure 8.1.: Two equilibrium positions of a beryllium ion after a second species has

been added. The red cross marks the other position (Figure 12 of [2], Ap-
pendix A). In Section 8.2 it will be proved to be HD*.

the gas injection and switching off the electron gun. One of the following three cases

occurs:

1. Ideally, the added ion crystallises immediately. The beryllium jumps to the equi-
librium position for a two-ion crystal. A high dynamic of the ion system can be

observed afterwards.
2. If no crystallisation occurs, this indicates the capture of several ions.

3. The loading process fails, either because the beryllium behaviour was misinter-
preted and the loading process was wrongly aborted, or because the ion that was

initially actually trapped is able to escape.

The following further procedure has proven to be favourable experimentally: Except
for case 3, the trap voltage is slowly increased to U;; = 70V to ensure a better confine-
ment of the ions. For case 1, the rate at which the ions change places slows down until
it comes to a stop. In the Figure 8.1, two new equilibrium positions of beryllium are
juxtaposed. The cross marks the respective other equilibrium position where an un-
known ion species is located. The positions correspond to those of a two ion string.
There are no other ions trapped whose position are not temporarily occupied by the
beryllium.

The same applies to case 2, whereby the crystallisation process can be observed for
a two-ion system when the voltage is increased. If required, the UV 3 power must be
increased by a factor of 10 for this purpose. If no crystallisation occurs despite all this,
more than one ion has been added. The procedure described in Section 6.2 for beryl-
lium can now be used to remove excess ions. If the trap voltage is lowered to Uyt =27V,
the string rotates 90° with respect to the trap axis, resulting in an ion loss. Alternatively,

an attempt can be made to remove excess ions by secular excitation. For this, a radial
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8.2. MHI Detection

mode frequency HD* 9Be* mode type

0P/ @r) &Hz) b b” P bP b P

1860.17 0.9999 0.0000 0.0000 0.0119 0.0000 0.0000 ' 1P
1699.74 0.0000 0.9999 0.0000 0.0000 0.0143 0.0000 )’ IP
599.93 0.0119 0.0000 0.0000 -0.9999 0.0000 0.0000 w? OP
543.71 0.0000 -0.0143 0.0000 0.0000 0.9999 0.0000 % OP
532.57 0.0000 0.0000 0.9365 0.0000 0.0000 -0.3507 % OP
240.93 0.0000 0.0000 0.3507 0.0000 0.0000 0.9365 ' IP
617.90+0.70 - 1 0 0 o
563.56:£0.28 - 0 1 0 ')
207.11+2.98 - 0 0 1 o

Table 8.1.: Measured (lower part for a single beryllium ion) and calculated (upper part
for the Be™ - HD* system) frequencies of the normal modes. The compo-
nents of the eigenvector are mass-weighted, indicated by the dash. IP (OP)
denotes an in-phase (out-of-phase) oscillation (Table 1 of [2], Appendix A).

frequency sweep of 1 to 5 MHz with a high amplitude is applied. As can be seen in Ta-
ble 8.1, this leads to high oscillation amplitudes for the light ion species at w;”y , while
those for beryllium are 49-fold and 40-fold smaller, respectively.

8.2. MHI Detection

After the MHI loading process is completed, the added species must be identified. For
the method presented here, the secular frequencies o'l ofa single beryllium must be
known, which allows the frequencies for an HD" - Be™ ion system to be calculated. In
general, the frequencies for ion systems with different masses are calculated and com-
pared with the experimentally determined ones.

A list of the measured beryllium frequencies (lower part) and the expected ones for
a system of Be' and HD™* (upper part) is shown in Table 8.1.

The secular scan for the single beryllium ion and for the ion system is shown in Fig-
ure 8.2. Here, the measured resonance frequency is w%é_lon,z = 241.2(3) kHz and clearly
shifted from that of a single beryllium ion. It corresponds to that ofa Be* - HD* system.
Thus, the second ion species shown in Figure 8.1 is proofed to be HD*.

During the axial excitation, both ions change places with each other three times.

This can be seen from the fact that the two different beryllium positions fluoresce with
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Figure 8.2.: Axial secular scan for a single beryllium ion (blue) and for a two ion system
of beryllium and an unknown species (orange). During the scan, the ions
have changed places twice, as can be seen from the different fluorescence
levels (Figure 11 of [2], Appendix A).
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Figure 8.3.: Chemical reactions of a single MHI over time: In the frequency analysis, the
measured values are assigned a corresponding theoretical mass and possi-
ble corresponding substances. Initially, there is an HD* ion trapped. After

25 seconds, the deuteron is replaced by a proton. A nitrogen molecule is
trapped later on. The mechanism is explained in the main text.

slightly different intensities, as indicated by the fit. It is assumed that the ions also

change places when the resonance condition is fulfilled.

8.3. Chemical Reactions

A special MHI feature is that they have a particularly high reactivity with the residual
gas in the chamber. For a continuously performed mass spectroscopy (Section 6.7), a
temporal variation of the co-trapped particle mass can be measured (Figure 8.3). As
discussed in Section 8.1 the observations of the beryllium ion with the CCD camera
initially show high dynamics of the ions. The two ions rapidly exchange their positions
and there is repeated heating and recrystallisation of the ion system, which compli-

cates the interpretation of the secular scan. Apart from this, the axial secular frequency
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Figure 8.4.: Residual gas analysis for light particle fragments. In addition to HD, D5 is
also present in a relevant quantity in the gas bottle. Here HD was admitted
with a pressure of 7-10712 mbar. The small differences for the other masses
are related to a longer outgassing time of the RGA filament between the two
measurements.

fluctuates by a few kHz for unknown reasons (Section 6.8.1). Especially for a fast scan
over a large frequency range, a mass difference of 1u may be misinterpreted. A com-
promise must be found between the detectable mass interval and resolution. In the
time between time index 200 s to 380 s, no mass is registered because the relevant sec-
ular frequency range had to be determined anew. The frequencies found in Figure 8.3,
which correspond to an average mass, are insofar the result of two effects: the chemical
reaction in progress or an exchange of particles through charge transfer and the fluc-
tuation of the resonance frequency. It turns out that the capture of a heavy nitrogen
molecule significantly slows down or stops this dynamic process.

The presence of the species involved in the reaction is shown by the residual gas
spectrum (Figure 8.4): there is always hydrogen gas H, present with which the ions can
react chemically. When HD gas is admitted, a substance with mass 4 u is also injected
in a similar amount. Presumably this is D,. The amount of nitrogen in the chamber,
which is also relevant, is not shown in the spectrum. An explanation for this is the
repeated flooding of nitrogen during maintenance work.

A kinematic study of ion-neutral collision processes describes the reaction processes

[71]: For the homonuclear species it is

H; +H, — Hj +H
D; +D, — D3 +D.

For the heteronuclear HD

H,D* +D
HD" +HD — 8.1)
HD; +H
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there are two possible channels. This explains the presence of masses 2 to 5u shortly
after the neutral gas was injected. The capture of a heavy species usually occurs at a

later time, if it has not been ionised directly with the electron gun.

8.4. Concept of State Preparation

Ionisation by electron impact leaves the MHI in a random rovibrational state. Excited
vibrational states of the heteronuclear HD* molecule decay to the ground state of vi-
bration within a few 10 ms [72]. Rotational transitions in the vibrational ground state
v = 0 are driven by the blackbody radiation. At room temperature (300 K), the states
L =1,2 and 3 are most likely to be populated [73]. Depending on the chosen spec-
troscopy scheme, it is possible to wait for the molecule to be occasionally in a certain
initial state. Otherwise, the population probability of a desired initial state can be in-
creased through a selective state preparation. The latter is required if a non-destructive
spectroscopy is performed.

In the case of homonuclear MHIs, a different approach must be taken because their
state does not change after ionisation. Its state preparation will be considered later.

In general, the procedure must be individually adapted to the MHI species and tran-

sition that is studied.

8.4.1. HD™ Molecule

The concept of state preparation for HD* to the ground state (v =0, L = 0) is shown in
Figure 1.2. This is of particular interest for a number of spectroscopy schemes, since
the L = 0 state has only four hyperfine levels. An instructive candidate for spectroscopy
is the transition (0, 0) to (5, 1) with a spectroscopy laser at 1.15 pm (Section 9.2).

If the HD™ is initially in the first rotational excited state (0, 1), it is excited further to
(2, 0) with a laser at 2.7 um (red arrow). By spontaneous emission it either ends in state
(0, 0) or (0, 2) (grey dashed arrows). The second excited state L = 2 is depleted with the
QCL through (1, 1) from where it can spontaneously decay to the ground state (purple
and grey dashed arrow). The comparatively short-lived states L = 3 are not considered
in this scheme.

A successful population of the ground state (0, 0) can be verified with an optical
dipole force (ODE Section 9.1). Afterwards the state preperation can be terminated.
The ion system will be heated by the ODF and must be therefore Doppler and/or side-
band cooled again. When the state of the ion is initialised, the spectroscopy can be
carried out. If this is done with a non-destructive state detection method, the initial

state must be restored in the same way before the next run.
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Figure 8.5.: State preparation of (0, 2): States (0, L = 3) are ignored. The state L =1 is
depopulated with 2.7 um radiation (red) and (0, 0) by a 5.12 um QCL (pur-
ple). In the vibrational ground state, the rotation levels are coupled by the
blackbody radiation (brown). Energies are from [30, 31].

The preparation to the another initial state (0,2) occurs again by the transition (0,1) to
(2,0) (red arrow) and (0,0) to (1,1) at 5.12 um (Figure 8.5). Other states can be prepared

in a similar way.

8.4.2. State Distillation of H] and D;

Instead of HD, the gases Hy and D, can also be injected into the chamber and ionised
with the electron gun. The electron impact causes this ion to be in a random rovi-
brational state, which does not spontaneously decay to the ground state as in the HD
case, since all transitions are almost completely dipole forbidden. This also presents
a special challenge to the spectroscopy lasers in terms of performance, because only
electric quadrupole (E2) or other weak transitions are allowed. Therefore, the desired
initial state must be established in another way.

The concept is to load an ensemble of several MHIs so that one is randomly in the
required initial state. This one ion is now to be filtered out by dissociating all other
ions. This process is called state distillation.

For these two homonuclear species, the ground state (0, 0) is again of particular in-
terest for spectroscopy. By absorbing one or two photons, the ion is excited from the
ground state (0, L > 0) into a corresponding vibrational state v = 1 from which it can
be dissociated with the 235 nm BePhl radiation. From this level, the MHI can be dis-
sociated by the 235 nm-BePhl radiation. As shown in Figure 3.4, these wavelengths are
in the range of 2.35 to 2.38 um for H; and between 3.24 and 3.26 pm for D;. The Topo
laser can target these wavelengths.

In principle, there is also a small dissociation cross section for the states v = 1 with

BePhl. However, it might be too small. To speed up the dissociation process, the ions
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can be excited to state v/ = 3 with the Topo (Section 3). This type of state distillation
can be further simplified by half of the transitions, if a nuclear spin-prepared (para- or
ortho) Hy or D, gas is used from the beginning.

The method still needs to be tested experimentally. For this purpose, procedures
must be developed with which the Topo can quickly and precisely reach the required
wavelengths. In addition, the number of MHIs to be trapped must be determined so
that an ion is present in the desired initial state. The irradiation durations and powers
for the state distillation must also be determined.

In principle, the hydrogen ion can be transferred to the ground state by buffer gas
cooling with neutral helium. The procedure is described in [74] and the references
therein. However, chemical reactions are possible with the additionally admitted gas,
which must be avoided, as already discussed in Section 8.3.

By avoiding the electron impact ionisation, the H ion can also be produced in a
selected state by a 3+1 resonance-enhanced multiphoton ionization (REMPI) of the

neutral molecule [75].

8.5. Spectroscopy of a Single Ultracold MHI

For demonstration purposes of a single ultracold HD" molecule spectroscopy, the
transition (0, 1) to (4, 0) has been chosen. This is a very simple spectroscopy scheme
with a total of only three laser sources: the Doppler cooling laser, the spectroscopy laser
and the laser for photodissociation. Therefore it is very robust against errors. On the
one hand, the initial state L = 1 is relatively frequently populated, so that a state prepa-
ration can be omitted here. On the other hand, the final state L = 0 has the simplest
hyperfine structure splitting. The artificially broadened spectroscopy laser (Section
5.6, Laser for Spectroscopy) can thus robustly drive the transition (Figure 8.6). For the
sake of simplicity, the destructive state detection of HD* by means of photodissocia-
tion from v = 4 is used here. If the spectroscopy laser is detuned by +10 GHz from the
transition frequency, the HD" cannot be excited to the vibrational level from which it
can be dissociated.

The photodissociation laser electronically excites the HD* molecule from the bind-
ing 1so state into the anti-binding 2po state with an theoretical cross-section 8.5 x
1078 cm? [76]. Here, the molecular system reaches an energy minimum for large dis-

tances between nuclei. It breaks apart through two different decay channels:

N H(1s) + D*
HD™ (v =4) + hiwzge —
D(1s) +H*
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Figure 8.6.: HD™" spectroscopy: The spectroscopy laser (red, 1420 nm) excites the ion,
which is occasionally in the initial state (0, 1), to (4, 0), from where it can be
dissociated by 266 nm UV radiation (blue). Energies by [30, 31].

In the process, the remaining ion can only occasionally leave the trap, which leads to
a sudden jump of the beryllium to the new equilibrium position. Presumably, the re-
maining ion reacts quickly with the residual gas or a charge exchange occurs. This
assumption is supported by the observation of low secular frequencies. Basically, a
laser-induced photodissociation event cannot be distinguished from a chemical reac-
tion described in Section 8.3 without UV laser. This requires a statistical evaluation of
many events. Anyhow, the time scale on which the chemical reactions occur without
photodissociation seems to be slower.

The time sequence of the individual steps for the spectroscopy of a single HD* is
shown schematically in Figure 8.7. A single beryllium ion is stored as described in Sec-
tion 6.2 (in deviation, a Doppler cooling power of 60 uW is used). Then a single HD" is
added according to the procedure in Section 8.1. In order to perform the spectroscopy
always under the same conditions, the UV 3 power is increased to 450 uW. This power
boost leads to a crystallisation. Otherwise, the ion must be reloaded. An initial fast
axial secular scan (6 seconds, 100 kHz span) confirms the presence of HD* followed
by ten seconds of spectroscopy laser irradiation and simultaneous photodissociation.
A second fast axial secular scan probes the resonance frequency of the Be™ - MHI sys-
tem. Ifit is not present, the run is registered as a successful excitation. By selecting the
scan range, the reactions of type Equation 8.1 can be identified. A second irradiation
with the spectroscopy laser and the photodissociation laser follows - this time for 20
seconds, followed by another check of the resonance frequency. Finally, a run for 30
seconds and the last test are performed.

If the latter shows that it is still HD*, the blackbody radiation does not seem to pop-
ulate the required initial state in a sufficiently short time to be able to exclude chemical

reactions with the residual gas. Therefore, the ion is removed from the trap by a strong
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Figure 8.7.: Time sequence of a spectroscopic run (Figure 14 of [2], Appendix A). Details
in the main text.

radial secular excitation at 0’ and a new HD* ion is loaded. A complete run including
ion preparation takes about 2 minutes.

Figure 8.8 shows the continuous fluorescence signal during a run. After 10 seconds
of spectroscopy time (laser exc. 1), the first secular scan is started (start trigger: con-
tinuous orange line). The scan range is chosen +50kHz around the w{" resonance
frequency, so that after half the scan time (3 seconds) the HD™ signal is expected (trig-
ger signal, dashed orange line). By centring the frequency range around the expected
value, it is possible to quickly assess whether HD™ is still trapped. Towards the end
of the second laser excitation (laser exc. 2), two dips in the signal occur in quick suc-
cession. The beryllium shows a high dynamic here, which indicates dissociation. It
is likely that this is a dissociation event followed by the capture of a heavy particle.
The second scan confirms this, as the resonance frequency has shifted by more than
50kHz. During the last excitation phase (laser exc. 3), as expected, no change in the
signal can be recognised.

In this way, 27 MHIs have been studied. Of these, 18 where the spectroscopy laser
was set to the transition frequency and 9 where it was +10 GHz out of tune. In the first
case, 5 dissociation events could be detected during the first ten-second excitation,
four more during the second 20-second phase and again 4 during the 30-second phase.
In contrast, for the detuned case, no dissociation could be detected during the first and

second phases. Only one event was detected in the last phase. Since an MHI has been
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Summary of the HD* excitation. The dissociation events are added up and
plotted as a fraction against the total irradiation time. Green for the spec-
troscopy laser set to resonance and red for a +10 GHz detuning (Figure 15
of [2], Appendix A).

used here for several runs and thus for a relatively long time, it is probably a chemical

reaction that cannot be assigned to the interaction with the lasers.

These results are summarised in Figure 8.9. The ion loss under resonance conditions

is significant.

This spectroscopy finally demonstrates the overall functionality of the system.

8.6. Other lon Species

In principle, gases of any kind can be injected into the chamber through the leak valve

and ionised with the electron gun. As long as they fulfil the stability condition for the

Paul trap, they can also be stored. In the case of a nitrogen-beryllium ion pair, the

residual gas in the vacuum chamber can be ionised and stored without an additional
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652 kHz (Figure 16 of [2], Appendix A).

gas feedingif the trap potential is not lowered (Section 8.1). Otherwise, the procedure is
identical to the loading of an MHI. This means that even if neutral molecular hydrogen
is added without lowering the potential, nitrogen will always be trapped.

The variation in the stored particle mass over time shown for the MHI case (Section

8.3) can also be observed for other ions, as shown below.

8.6.1. Charge Exchange

During the experiment, there is often an exchange of charge between the stored parti-
cles and those present in the residual gas (Figure 8.3). The axial COM mode frequency
decreases by this process and the unknown species can be identified. For example, a

spectrum with the axial mode frequencies ' = 277-436.7 kHz and w'? = 277-967.1 kHz

(1)
Be-Be,z

lium ions with the residual gas of type Be* + N, — Be + N . The two calculated values
a)(ZD ~ 2m-431.5kHz and w(ZZ) =~ 2m-986.9 kHz show a few ten kHz deviation from the

(Figure 8.10, w =~ 21 -652kHz) can be identified as reactions of charged beryl-

measured frequency, which has been discussed in detail in another context (Section
7). Conversely, for species lighter than beryllium, the frequency would increase. If only
smaller frequencies (<wge ;) are scanned, the Be* - HD* system under investigation re-

mains unaffected by the detection method (Section 6.3).
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the MHI State

In all previous HD* spectroscopy experiments, the state has been detected in a de-
structive way. Since a single ion is studied, a new one must be loaded after each suc-
cessful excitation, which is demonstrated by the destruction of the molecule. In this
regard, non-destructive state detection is desirable.

There are various methods that can be used to detect the rotational and vibrational
state of the MHI even without destroying the ion. However, the proposals based on
quantum logic ([23, 22]) require a sophisticated experiment. For example, the ion sys-
tem must be prepared in the ground state of the motional mode a)(ZD using Raman
sideband cooling (within this work, a corresponding laser system has been set up) as
the cooling method to achieve a small Lamb-Dicke parameter. If the molecule is ex-
cited during the spectroscopic run, this event is mapped to the excitation of mode w(zl),
which in turn must be detected.

These methods can be implemented in the future if necessary. First, the non-
destructive HD* state detection by means of an optical dipole force should be con-

sidered.

9.1. Detection by an Optical Dipole Force

Another method for HD* with less stringent requirements is based on an idea for
atoms [77] and has been extended to molecules [25]. Here, a running standing wave
is used whose optical frequency is non-resonantly coupling two molecular states. If
the molecule is in one of the two states, the standing wave causes an optical dipole
force (ODF) that excites the mode w(ZD (Section 2.2), whereby the rovibrational molec-
ular state is not changed (non-destructive detection).

In contrast to the methods based on quantum logic, the ion pair does not necessarily
have to be in the ground state of mode w". If the laser used to generate the ODF has a

sufficiently high intensity, this still leads to an enlarging of the ion’s extend that can be
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identified on a CCD camera. The idea has been demonstrated as feasible on an atomic
system [26].

In the following, two relevant transitions are analysed with regard to the ODF using
a Wolfram Mathematica script [78]. These always include a state with L = 0. However,
since the Topo has a large tuning range, transitions (v, L #0) to (v/, L' #0), can also be
taken into account for spectroscopy. The evaluation of the ODF is based on an exten-
sion of [79] and a publication from the Willitsch group at the University of Basel for the
N3 molecule ion [80].

The two counter-propagating beams of the Topo (Figure 5.16) create a running
standing wave with an intensity pattern that corresponds to half of the wavelength.
In order to excite the axial oscillation, the two beams must have a frequency difference
Aw = a)(ZD, which leads to a time-dependent force acting on the ion. For this purpose,
the beam at freqeuncy w is split and the two branches are iw(zl)/ 2 frequency-shifted
with one AOM each. It is assumed that the waists w, of both beams overlap in the cen-
tre of the trap. Even with the strong focussing of the beams assumed in the following,
the Rayleigh length zg = JTLU(Z)/ A >2mm (wy >50um) holds, so that plane wave fronts
can be expected at the ions’ locations.

As a consequence, the axial
Eax+ (2 0, A0, A, a) = Egexp [i (ks coslal-z— (w+Aw/2) - t + Ad)]

and radial

Erad « (U, L0, Aw, A, a) = Egexp [i (Fkssin[al - u— (0 + Aw/2) - t + Ap)]

electrical field components are given as a function of k; = %‘”/2, the peak intensity
2 . -

I= n—’;% depended electrical field strength Ey = E. = \/2ppc! and the incidence angle

a. To simplify matters, an identical waist and power py is assumed for both beams.

This gives the spatial and temporal intensity distribution
Iopr =21 (1+cos[(ks — Aw/c) (cos[al-z—sin[a] - u) — Aw- £+ AP])

of the two beams that leads to an ac- Stark shift of the molecular states.
The optical dipole force is a radiation force associated with the gradient of an energy
U,
Fopr=-VU,
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here caused by the Stark effect (in Joules). It is given for the state i by

) _ I ) G 1D
(i) _ *ODF (@)
Ay = 2¢phic ; gt AW
]

with the transition dipole matrix element (j| |7, 05.") = +1 for E¥Y) < EY) and the laser
detuning Ag.i) =w- a);.i) to the transition frequency [80].

In order to calculate the transition matrix element for the various HD™ cases, the re-
duced dipole transition moments (iL; || d® || fL f> required for this are computed from

the oscillator strengths f.“)

1—

f given in [81] and the relationship

|(iLi]| d™ | FLf)|
2L;+1

2
fi(szg(Ei_Ef)

from [82].

9.1.1. ODF for (v=0,L=0)— (v '=2,L'=1)

As an example, the ODF is analysed for the ground state (v =0, L =0) and state (2, 1),
which should be implementable with the Topo that is detuned by 2 GHz from reso-
nance. The population of the ground state has to be specifically probed later (Section
9.2).

Depending on the intensity of the counter-propagating laser beams I at 2.65um, an

(i)
axial ODE Fopg,; = — a%}i‘“ , for ions on the trap axis (z = 0) of several 10 yocto-newtons

(1072*N) can be expected [78]. It is assumed that w > Aw holds and that the detuning
A;.i) is large for all other transitions except the one under consideration. This drives the
ion oscillation and leads to an increasing spatial expansion of the ions along the trap
axis. As can be seen in Figure 9.1, a previously resting beryllium ion driven by the ODF
oscillates after about 11 ms with the maximum displacement of 5 um (the case shown
here is analogous to Figure 2.3).

For a single ODF beam power of 300 mW (focused to 100 um diameter), "heating"
rates of about 10 ﬁw(zl)/ ms are obtained for the Be* ion (Figure 9.1), which is higher
than the background heating rate. Forced axial secular oscillations on a CCD camera
can be seen in Figure 6.2a and b. As can be seen in Figure 9.1, half of the kinetic energy
is obtained after 5.2 ms ODF interaction time, which corresponds to a beryllium ion
spread of 3.4um. According to Section 6.4, this is equivalent to imaging the ion with
six pixels instead of one.

As aresult, a camera with a frame rate of 120 Hz is sufficient to capture the effect of
the ODE
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Figure 9.1.: Ion positions (left) and energies (right) as a function of ODF time in a typi-
cal trap potential. Each beam’s power is 300 mW. The elongation of the ions
increases continuously during the first 11 ms (left). The energy evolution of
the ions in mode w” as a function of time is shown to the right. Half of the
maximum energy is reached after 5.2 ms.

150 |

T - n

§ Ol <l <. |

1 - -

E 5t Be+ 8 100 +

o) >

% 0 o

S -5} g 50f

g -10¢ HD* 3 c HDT

15 | S | o | ]
0 5 10 15 20 25 0 5 10 15 20 25
ODF time (ms) ODF time (ms)

Figure 9.2.: Ion positions (left) and energies (right) as a function of ODF exposure time
for transition (v=3,L=0)— (v'=5,L' =1).

9.1.2. ODF for (v=3,L=0)«<— (v '=5,L'=1)

For the second transition considered in section 9.2, (v =3,L =0) < (v =5,L' = 1)
at 3.11 um, the ODF is larger (about 200 yocto-newtons) because the transition-line
strength is stronger here. Consequently, the beam diameter can be increased to 200 pm
to obtain a maximum elongation of the Be* ion (5um) after about 7.3 ms and again
after 21.8 ms (Figure 9.2). In this simulation, all other parameters have remained
the same for better comparability with the other transition. Now the heating rate is
23 hw(zl) /ms. The radiative lifetime of state (5, 1) is 16 ms [72], so a high-speed camera
is required for detection.

With a frame rate of 120 Hz, it should be possible to capture the excitation of the
oscillation even allowing for minor synchronisation problems. If necessary, the exper-
imental parameters can be slightly adjusted to optimise the detection. In principle, a
magnification triplet (factor 7) belonging to the lens system used can be implemented

in order to be able to detect the oscillation in a better way.
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9.2. Radiofrequency Spectroscopy of HD*

9.2. Radiofrequency Spectroscopy of HD*

Radiofrequency state manipulation of HD" is an important tool and should be per-
formed in combination with the ODF detection to validate the status of the state prepa-
ration process.

For spectroscopy on a single MHI, this means that a preparation to the ground state
(v =0, L=0) is of special interest since it has a relatively simple hyperfine structure. Its
maximum spacing is about 1008.3 MHz at zero magnetic field strength [55]. Assuming
a magnetic field perfectly compensated to zero Gauss, the four hyperfine states can
be coupled by simultaneously applying three rf frequencies (Figure 9.3). The initial
state is randomly populated at some point in time. In this way, a continuously irradiat-
ing spectroscopy laser can excite the MHI. For a not perfectly compensated magnetic
field, the rf frequencies can be scanned. Because of the absence of a magnetic field, a
pure polarisation of the cooling laser cannot be achieved. Under these circumstances,
the state detection by means of ODF is not possible. For the state detection, the mag-
netic field must first be switched on and the ion system cooled before the ODF can be
applied. For this reason, it could be advantageous to work with an existing magnetic
field from the beginning.

Thus, the rf spectroscopy of a single MHI is always associated with a rovibrational
transition. Depending on the application, either the radio frequency or the frequency
of the excitation laser is kept constant. The procedure is explained using the example

of the fourth overtone spectroscopy but can be adapted for other scenarios.

9.2.1. Fourth Overtone Spectroscopy with a Single lon

The fourth overtone transition (v = 0,L = 0) — (v =5,L = 1) at 1.15um [Kortunov
2022] has been studied on trap 1. A recoil shift has been found. A complementary
measurement at trap 2 could provide an indication of its origin.

Therefore, the ion must be prepared to (0,0;F =1,S=2,J=2,m;=0) or (0,0;F =
0,S=1,] =1,my =0). In this case the degeneracy is lifted by a magnetic field and the
transition m; = 0 to m} =0for (5, 1;F =1,8=2,] = l,m’] =0or (5 LF =08 =
1,/ =2, m’] =0) is analysed.

The four (0, 0) hyperfine states split into a total of 12 Zeeman components, where
each individual one must first be transferred to the initial state (Figure 9.3).

A controlled method is a sequence starting with the detection that the MHI is in the
(0, 0) state. Next, the MHI is assumed to be in the initial Zeeman component of the
ground state (about 8 % probability). The excitation laser is irradiated, followed by a

(0, 0) state detection (Section 9.1.1). If the MHI is no longer in the initial state, the
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Figure 9.3.: Spectroscopy and detection scheme for the transition (0, 0;0,1,1,0) to
(5,1;0,1,2,0). A successful excitation with 1.15um (red arrow) is proved
by an ODF due to the (v =3, L=0) and (v' =5, L' = 1) states.

excitation was successful under ideal conditions and the sequence can be aborted. If
the ion is still in the initial state, the excitation frequency and timing was not optimally
chosen or the ion was in the wrong state from the very beginning.

A series of one or more radiofrequency 7-pulses successively transfers the popula-
tion of the other states to the initial state, always followed by excitation, state detection
and cooling phase. It is important that the degeneracy is lifted by applying a magnetic
field so that a specific transition can be targeted. On the other hand, the magnetic field
strength must be known very precisely in order to predict the resonance frequency and
thus enable a complete population transfer by the 7-pulse.

Another approach consists in probing the final state population simultaneously with
a continuous radiofrequency operation. Since the antenna emits all three polarisa-
tions simultaneously, the states (0,0;1,1,1) and (0,0;0,1,1) could be coupled by ap-
proximately 877.7 MHz for small magnetic field strength, for example, so that with 50 %
probability the initial state is achieved at some point in time from where the excitation
laser drives the transition to the final state. In order to recognise the excitation of the
common mode by the dipole force in the radiative lifetime of 16 ms [72], a suitable
method is needed with which the 120 images per second can be evaluated in such a
way that the one image (or at most the two images) of interest are extracted.

As this might be associated with some difficulties, it is preferable to proceed first

sequentially: The state shown in red in Figure 9.4 is continuously depopulated with
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Figure 9.4.: Sequential population transfer to state (0,0;0,1,1) (red line) with three
rf frequencies 794.9MHz (yellow), 877.7 MHz (green) and 1008.3 MHz
(brown). Description in the main text.

the excitation laser. The population of the final state is monitored by the ODE Thus,
the MHI is not in this state at the beginning (marked by an empty red circle). In the
first step, two radio frequencies of approximately 794.9 MHz (yellow) are continuously
applied, which depopulate the states (F=0,S=1,/=1,m;=-1) and (1,0,0,0). Next,
the frequency is adjusted so that state (0,1,1,1) is depopulated via (1,0,0,0). By ap-
plying approximately 877.7 MHz (green), state (1,1,1,—1) is depopulated in step three.
However, if the MHI is initially in state (1,1,1,0), then state (0,1,1,1) could now be
populated again (full green circles). In the fourth step, the transition between the last-
mentioned state and (1,1, 1, 1) is driven, while at the same time state (1,1, 1,0) is depop-
ulated. The last Zeeman component of this hyperfine state (1,1,1,1) is depopulated in
step 5. Theoretically, a second transition would also be driven (green dashed), but the
two connected states are no longer populated by the previous procedure. With the
sixth step, which is identical to step 2, the states F =0, S =0 and S = 1 are depopulated.

The depopulation of state S = 2 is shown in the steps 7 to 9 (brown) with approx-
imately 1008.3 MHz radiation. In step 7, three frequencies must be irradiated simul-
taneously. State (1,2,2,—1) is depopulated while states (0,1,1,1) and (0,1,1,—1) are
populated. The latter is depopulated via state (1,0,0,0). Thus, state (1,2,2,-2) is also
depopulated. State (1,2,2,0) is depopulated in step 8. Finally (step 9), the three re-
maining states (1,2,2,1),(1,2,2,2), and (0,1, 1, 1) are depopulated.

After these steps have been completed while the resonance frequencies have been

applied continuously, the MHI has been excited once. It must be reinitialised to the
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9. Non-Destructive Detection of the MHI State

state (v =0, L =0) using the schema in Figure 1.2 and probing the state (Section 9.1.1)

again. If the excitation is not successful, at least one frequency is out of tune.

9.3. Candidate transitions for Spectroscopy

Another candidate for spectroscopy is the transition (0, 0) to (1, 1) at 5.1 um. With its
59 ms radiative lifetime [72], this state is noticeably longer-lived than (5, 1) and decays
only into the initial state or the state (0, 2). In the latter case, the QCL can be used for
reinitialisation. This offers a high repetition rate.

With the same ODF source, a pure rotational transition (0, 0) to (0, 1) or highly excited
rovibrational transitions (0, 0) to (12, 1) can be studied in a similar way.

Also interesting are the transitions (0, 2) to (5, 1) and (0, 2) to (12, 1). In this case, the
ODF could be applied on to the transition (0, 2) to (2, 1) corresponding to 2.75um.
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10. Summary

In this work, a fully functional system for the spectroscopy of individual MHIs is pre-
sented. The system stands out for its versatility. Different ion species have been
trapped and studied together with beryllium ions. The beryllium ion serves as a di-
agnostic tool. Due to its fluorescence, it can be observed directly with a PMT or a cam-
era. The number of stored ions, including invisible species, can be deduced from the
positions of the beryllium ion in the trap. By analysing the fluorescence under the in-
fluence of a secular excitation, the trap potential can be measured or the mass of the
trapped ion species can be determined. By spectroscopy of the beryllium ground state,
the local magnetic field strength can be inferred with an uncertainty of a few milligauss
at the location of the ion. Systematic effects have been investigated for the characteri-
sation of the system, such as the frequency shift due to the laser or rf intensity as well
as the influence of the trap potential depth. It is noticeable that all measurements are
limited by a fluctuation of the measured frequencies or by a too small signal to noise
ratio. The former could be due to an instability in the homemade trap electronics or
the source of the coil current and the latter can be fixed by removing a beam splitter
for simultaneous use of the PMT and the camera.

To trap the molecular ion species, the optimal trapping parameters and procedures
have been determined for the individual species. Since the HD"™ molecule is to be in-
vestigated in the near future, a laser for the quantum state preparation for this MHI has
been integrated into the system. Until now, an ion system has been cooled close to the
Doppler limit. This enables time-resolved observation of chemical reactions between
the ion species and the residual gas that are in principal undesirable for spectroscopy.
Therefore, a spectroscopy method has been developed that takes this disadvantage
into account. The functionality of the method has been demonstrated with a simple
destructive spectroscopic measurement: The molecule is dissociated if the wavelength
of the spectroscopy laser is resonant with a rovibrational transition. Detuning the laser
by 10 GHz prevents this.

For the upcoming precision spectroscopy of any transition, the destructive method
on a single ion is impractical. Therefore, non-destructive state detection methods

have been prepared. The sophisticated variants using quantum logic and the required
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10. Summary

preparation of the ion system into the ground state of the oscillation are postponed in
favour of a method using a state-dependent optical dipole force. The laser system for
sub-Doppler cooling required for both scenarios has been developed and set up. The
effect of the ODF is discussed using the example of the fourth overtone spectroscopy
of HD*. A simulation shows that its state can be read out with a high-speed camera
using the system developed here.

The results of the hyperfine quantum state preparation of beryllium have to be
adapted for the spectroscopy of a single HD* ion. A possible scheme has been dis-

cussed in detail.
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11. Outlook

The completion of the new system enables future interesting comparative measure-
ments between ions in the cluster regime (trap 1 in the previous system) and with sin-
gle ions (trap 2 in the new system). Both systems are located in the same laboratory
and are subject to the same external influences and use the same laser resources, al-
lowing a direct comparison of the trap-induced effects. The repetition of the previous
measurement of the (v =0,L =0) — (v/ =5,L' = 1) transition in MHIs in trap 1 with a
single MHI in trap 2 has a clear benefit, as suggested in Section 9.2. After implemen-
tation of the non-destructive state detection, these comparative measurements can be
carried out in a short time.

In order to make the measurements more efficient, the lifetime of the stored ions
must be increased. The limiting factor is currently the high rate of chemical and charge
exchange reactions with the residual gas. A further reduction of the pressure should
slow down these reactions. To achieve this, the volume of the vacuum chamber must
be reduced. This will be done as follows.

With a small modification, the large pipe to the pump station can be removed and the
turbomolecular pump can be mounted directly onto the vacuum chamber. This has
the additional advantage that the injected molecular hydrogen gas can be pumped out
more quickly, reducing one of the most important chemical reactants. The titanium
sublimation pump or alternatively another ion pump must then be mounted in place
of the electrical feedthroughs of the integrated particle detector. The latter has become
obsolete due to mass determination by means of secular excitation. In this way, a lower
final pressure is expected with the same pumping capability.

In addition, the imaging unit will be upgraded. Currently the ion fluorescence is
divided by a beam splitter to a PMT for fast detection and a camera for imaging. By in-
stalling a high-speed camera, we can avoid splitting the signal and improve the signal-
noise ratio. A new camera has already been procured and is awaiting installation.

As a final improvement, the trap electronics should be replaced by more stable elec-
tronics that has more options for adjusting trapping parameters.

After these steps, new transitions can be investigated on the hetereonuclear HD™,

and the homonuclear isotopologues H; and D; can be investigated for the first time
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in the trapped and laser-cooled regime. Since the latter are loaded in the same way
as HD™, storing them in the trap should be straightforward. However, it remains to be
experimentally determined to what extent these ions are in the initial state for spec-
troscopy, or how many molecules must be trapped so that on average one survives the
state distillation process (Section 8.4).

In the case of HD?, the transitions (0,0) to (5,1) and (0,0) to (2,2) are suitable for the
first studies, since the required laser systems are available. Independent of the species
and transition, the dc Zeeman effect can then be determined by frequency measure-
ments for different magnetic field strengths. A shift of the measured transition fre-
quency caused by the trap frequency is not expected for a well-compensated trap, but
must nevertheless be proven for different potential depths. On the other hand, a fre-
quency shift due to the dc Stark effect is expected. The MHI can be shifted out of the
trap’s centre by applying different voltages to the compensation electrodes. The shift of
the measured frequencies due to the laser powers applied during the spectroscopy (ac
Stark effect) can be calibrated by measuring the transition frequencies with different
powers.

It is interesting to see whether the recoil shift observed in trap 1 (but not explained)

is no longer present at trap 2.
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1. Introduction

Trapped ultracold molecular ions are an emerging class of
systems allowing highly precise spectroscopic measure-
ments that have relevance in fundamental physics (for a
general introduction to low-energy experiments in fun-
damental physics, see [1,2]). Such measurements enable
tests of quantum electrodynamics (QED) of three-body
systems [3-5], the determination of some fundamen-
tal constants of atomic physics, and searches for physics
beyond the Standard Model [4]. As a future perspective,
molecular ions could become ideal systems suitable for
testing the constancy of the electron-proton mass ratio
[6-11].

The fundamental technique for providing the required
ultracold molecular ions is the sympathetic cooling of
these ions by suitable laser-cooled atomic ions. This tech-
nique is very general and powerful, allowing to cool
ions of masses 1u [12] up to masses of several hun-
dred u [13] when applied in the regime where a large
number of atomic ions serves as coolant ions (‘cluster

regime’). Several sympathetically cooled molecular ion
species have already been studied spectroscopically by
different groups. In the cluster regime, these include
the molecular hydrogen ion HD* (see below), N;L [14],
CaH™ [15,16], and SiO™ [17].

Following Dehmelt’s paradigm of trapping and spec-
troscopy [18-20] of a single atomic ion, thereby achieving
the best control over environmental conditions and per-
mitting internal state detection, a remarkable effort has
been undertaken by several groups to establish simi-
lar methods for molecular ions. These efforts have been
crowned with notable success. The first quantum-optical
manipulation of a single molecular ion was performed on
an Mgt-MgH™ ion pair. The molecular ion’s quantum
state was read out, neither destroying the molecule nor
its quantum state, by exploiting the strong Coulomb cou-
pling between the two ions [21]. Other investigated two-
ion systems, composed of one atomic and one molecular
ion, have been Cat-CaH* [22] and Cat-NJ [23].In the
former, coherent control and manipulation of molecular
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quantum states was demonstrated utilising a variant of
quantum logic spectroscopy [24,25]. In the latter, a non-
demolition state detection protocol based on coherent
motional excitation [26,27] was used. Other systems of
interest that bridge the gap between the cluster regime
and the two-ion narrative are ion strings composed of
two atomic ions and one molecular ion, such as Ca™ and
CaH™ in [28].

A fascinating family of molecular ions are the molec-
ular hydrogen ions (MHI). These are the simplest
molecules, containing a single electron that binds two
singly-charged nuclei. Over the last two decades, the pre-
cision physics of MHI has made great advances, with
improvements in both experimental and theoretical pre-
cision by factors in the order of 10°. The precisions have
now reached the fractional level of 10711 -10~12 [3-5,29].

Still, there remains a clear potential for further vast
improvements. Detailed theoretical studies have pre-
dicted that the spectroscopy of MHIs could reach frac-
tional uncertainties at the 1077 level [9,10]. Advanc-
ing towards this level requires application of the estab-
lished techniques of atomic ion clocks. So far, the preci-
sion spectroscopy experiments on MHIs were performed
in the cluster regime. One important shortcoming of
these experiments is the destructive internal state detec-
tion technique employed: the spectroscopic excitation of
molecular ions is detected by dissociating them into two
atoms [30]. This approach leads to a very slow rate of
acquisition of spectral data, due to the need to repeat-
edly refilling the coolant ion cluster with molecular ions.
Other disadvantages of experimentation on clusters are
the incomplete control over micromotion and the pres-
ence of inhomogeneous frequency shifts of the molecu-
lar ions in the ensemble. Experimentation with a single
trapped and motionally well-controlled MHI holds the
promise to circumvent these disadvantages and enable
substantial further improvements in spectroscopic pre-
cision.

In this work, we lay the foundation toward ultra-high
resolution, ultra-high precision spectroscopy of single
MHIs. We demonstrate stable trapping and sympathetic
cooling of a single MHI in a tightly confining linear
ion trap, using a single Be™ ion as a coolant ion. The
focus is on a simple spectroscopy test experiment on sin-
gle sympathetically cooled HD™ ions, but the apparatus
should be equally suitable for Hi or DJ . Additionally,
we also show single-molecular ion trapping of another
species, N5, in order to demonstrate the flexibility of
the apparatus to trap and sympathetically cool molecu-
lar ion species that are notably heavier compared to the
coolant ion, here by a factor of three. 14N has been iden-
tified as a promising candidate for a molecular ion optical
clock [8].

The paper is structured as follows: In Section 2 we give
a detailed overview of the experimental apparatus. We
describe in Section 3 procedures and results on the trap-
ping and laser cooling of the coolant and spectroscopy
ions. Section 4 is dedicated to the methods underly-
ing the spectroscopic technique and discussion of the
first spectroscopic results. In Section 5 the findings are
summarised and an outlook is presented.

2. Experimental setup
2.1. Concept and overview

The apparatus was designed with the goal of sympa-
thetically cooling a few or a single low-mass (< 30u)
molecular ions. In this mass range, molecules are mostly
diatomics, but a number of polyatomics are also available,
the lightest of which is Hy . Of particular interest to our
work are the MHIs. The non-radioactive members of this
family are H, HD™, and D, with masses 2—4 u. Due
to its comparatively low mass, Be* is the only practical
atomic ion for sympathetically cooling the MHIs. Con-
cerning the low-mass end of the mass spectrum coolable
by Bet we point out that sympathetic cooling of pro-
tons and Hy by a laser-cooled Be™ ion cluster has been
shown in our group in the past [12,31]. On the high-
mass side, an experiment at NIST achieved maintaining
a single Mg™ ion (24 u) cold by interaction with a single
laser-cooled Be™ ion, after both ions were individually
laser-cooled [32].

In order to achieve one-photon spectroscopy without
first-order Doppler broadening, the molecular ion con-
finement in one spatial direction has to be approximately
equal to the wavelength of the spectroscopy radiation
or smaller (Dicke condition) [33]. For vibrational spec-
troscopy of HD' or H; ions, in particular, the wave-
lengths range from relatively large values, 4-5um for
the fundamental transitions, to moderately large val-
ues for overtone transitions, e.g. 1.4 and 1.1 um for a
fourth- and fifth-overtone transition in HD™, respec-
tively. This regime has recently been explored in the con-
text of molecular ion strings [3] and it has been shown
that a resolved carrier transition could be detected and
precisely measured.

Beyond the Dicke condition, the quantum Lamb-
Dicke regime has been of central importance in quan-
tum optics of trapped atomic and molecular ions. Here,
a substantial reduction in the probability of produc-
ing recoil effects upon photon absorption is achieved
if the classical oscillation frequency of the trapped ion
along the direction of the spectroscopy wave exceeds the
recoil energy. Equivalently, the wavelength of the spec-
troscopy radiation should be much larger than the spatial

109



width of the vibrational ground state wavefunction in
the given trap potential. Then, it is possible to suppress
the occurrence of a motional vibrational excitation or
deexcitation concomitant with the internal excitation of
the molecular ion. Considering transition wavelengths
as small as 1.1 wm, with a recoil frequency of approxi-
mately 50 kHz for HD, one, therefore, must aim for an
ion oscillation frequency of 500 kHz or higher, along the
axis parallel to the spectroscopy wave vector. An addi-
tional condition for achieving high spectral resolution is
that the linewidth of the transition is much smaller than
the oscillation frequency. Quite generally, for molecular
transitions between rovibrational levels in the electronic
ground state, the natural linewidths do satisfy this condi-
tion. For example, in HD™, even a high overtone transi-
tion such as the fifth overtone exhibits a linewidth of less
than 100 Hz.

We designed our apparatus to be able to support dif-
ferent spectroscopy techniques, e.g. destructive detec-
tion [30], detection based on applying a near-resonant
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and therefore internal-state-dependent optical force
[21,23,27,34], and quantum logic [22,25].

Figure 1 shows a scheme of the overall system that
we have developed. This tabletop setup is capable of
producing the required single Be™ ions routinely by pho-
toionisation, and single molecular ions from electron-
beam ionisation of a controlled inlet of gas. One of the
important aspects in the apparatus layout is to provide
optical access for multiple laser beams from multiple
directions, not only transverse and under 45°, but also
axially. Another goal is to allow imaging with high spa-
tial resolution. For this purpose, the laser-excited Be™
ions can be imaged by a lens mounted close to the
trap centre in a reentrant window. Our apparatus is
equipped with a set of three pairs of Helmholtz coils
that allow a precise control of the magnetic field at
the location of the ions. This is important in the pre-
cision spectroscopy of MHI, especially if the absolute
frequency of the transition is in the mid-infrared or THz
range [3,4].
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The overall system including the lasers is depicted in
Figure 2. At the current stage of development and use,
there are four laser systems, the Be™ cooling laser (blue)
together with its frequency stabilisation unit (grey), the
beryllium photoionisation laser (purple), the HD* vibra-
tional excitation laser (red), and the photodissociation
laser (yellow). Power and/or frequencies of all laser waves
are computer-controlled (green).

2.2. Trapping apparatus

2.2.1. Thetrap

We developed a compact linear radiofrequency (rf) trap
suitable for the tight confinement of ions (Figure 3). The
design was adapted from a design developed at the Uni-
versitdt Innsbruck. It provides optical access from 13
directions (6 axes plus 1 line of vision) and additional
non-optical access for the electron gun, ion detector,
oven, etc.

The trap is characterised by short distances from the
trap symmetry axis to its quadrupole (blade) electrodes,
ro = 0.8 mm, and by a short distance of 2.5 mm from
the trap centre to the two axial endcap electrodes. The
quadrupole electrodes have half-circular ends with a
diameter of 0.4 mm. The ions’ confinement is realised by
applying dc voltages Uy to both endcaps (up to 150 V)
and an rf modulation with amplitude Uys (up to 550 V)

electron beam detector

blade

compensation
vertical

compensation
horizontal

Figure 3. The compact rf trap. Dark green: the four quadrupole
electrodes (blade electrodes) for the radial confinement. Grey: the
axial ‘endcap’ electrodes for the axial confinement. Also shown in
grey are two sets of two rod electrodes for compensating horizon-
tal and vertical displacements of the ions.

at a frequency Q2/(27) = 35.9 MHz. We have developed
electronics that allows fast switching of these voltages
so that the trap’s stability parameters can be changed
rapidly. This is useful for the purposes of removing unde-
sired ion species from the initially loaded ion crystal,
supporting the ion crystallization process, and adjusting
the ions’ secular frequencies.
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2.2.2. Thevacuum system

The trap is mounted in the vacuum system as shown
in Figure 1. The trap size with its numerous optical
access directions, including the imaging direction and
additional non-optical access for the electron gun, ion
detector and two beryllium ovens requires a medium-
sized vacuum chamber. We opted for an imaging system
located in the air. Because it has to provide high spatial
resolution, the required high-quality but bulky objective
had to be placed very close to the trap centre, inside a
reentrant window.

To achieve an ultra-high vacuum condition with a
pressure below 107! mbar, a turbo-molecular pump
with a connection flange of 100 mm diameter and an
ion pump with additional non-evaporable getter mate-
rial is used. Additionally, a titanium sublimation pump is
occasionally used to remove residual getterable gases and
to enhance pumping efficiency. A shutter interfaces the
mechanical pumps to the main system, allowing to shut
them off, and thereby minimise disturbing vibrations. A
quantitative analysis of the composition of the residual
background gas is performed on a regular basis using a
residual gas analyser.

Two custom-built beryllium ovens are placed close to
the trap centre. A slit cover placed 10 mm in front of
each oven guides the atomic beam to the trap, avoid-
ing deposition of beryllium on the electrodes. The ovens
are attached to a vacuum flange, and therefore can
easily be exchanged or maintained by removing the
flange.

The alignment of the custom-built electron gun
through the trap centre is crucial to avoid an accumu-
lation of stray charges on the trap structure. The align-
ment can roughly be adjusted by observing a voltage
induced by the electron beam on a pair of electrodes
placed opposite to the electron gun. One electrode is
small, so it provides a signal when hit by electrons pass-
ing close to the geometrical trap centre. If the electron
beam is misaligned or not well focused, the electrons
are detected and blocked by the second large electrode,
which also partially protects the reentrant window. To
obtain a good alignment, we adjusted the Einzel lens and
deflection voltages in the electron gun so as to maximise
the voltage appearing on the circuit containing the small
electrode, while minimising the voltage on the large-
electrode circuit. A fine adjustment is done by observ-
ing the effect of the electron beam on a single Be™ ion:
a displacement of the ion is induced and observed on
the CCD image, if the electron beam hits some parts
of the ion trap. If this occurs, the ion position can be
reset by the photoionisation laser, as described below (see
Section 3.1).
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Figure 4. CCD image of small ion strings. For these particular
images, the 313 nm cooling laser power was set above the sat-
uration intensity. The trap centre is halfway between the outer
ions. From a calibration measurement, one pixel corresponds to
0.55(3) um.

2.2.3. The detection system

An objective lens system of 50 mm diameter consisting
of five lenses and having a focal length of f = 36 mm is
mounted at that distance from the stored ions, imaging
them to infinity. The objective efficiently collects the ion’s
fluorescence with a good numerical aperture (compare
Figure 1). It is mounted inside a reentrant window that is
coated on the vacuum side with indium tin oxide (ITO),
so as to minimise the effect of stray charges that reach
it. The optical path of the light collected by the objec-
tive is divided into two branches by a beam splitter, one
going to an intensified CCD camera and the other to a
photomultiplier tube (PMT).

The objective magnification is 10. We calibrated the
magnification by comparing the image of a beryllium ion
string with the jon-ion separation distances calculated
from the curvature of the axial potential as determined
from the axial secular frequency (see Figure 4).

2.3. Laser system

2.3.1. Photoionisation laser

Neutral beryllium atoms in the atomic beam are pho-
toionised close to the trap centre by a 235nm laser
beam, in a 2-step excitation process [35]. The radia-
tion is provided by a commercial 470 nm laser that is
resonantly frequency-doubled in a custom-built bow-tie
cavity containing a beta barium borate (BBO) crystal
(Figure 5). The maximum achievable output power is
around 12 mW, however, for reliable operation around
5mW is sufficient.

The 235 nm output power stability is +=10%, as can be
seen in Figure 6. This power level is sufficient for loading
a single Be™ ion within a few seconds. The 940 nm exter-
nal cavity diode laser inside the 470 nm laser system is
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Figure 6. Power stability of the beryllium photoionisation laser
output (235 nm). Each point plotted is an average of 50 data points
measured.

once tuned to the correct atomic transition wavelength.
There is no need to control the laser frequency actively
since the Doppler broadening of the beryllium transi-
tion is large compared to the frequency drift range of the
940 nm laser.

2.3.2. Cooling laser

The 313 nm laser for cooling Be' ions is a commer-
cial resonantly quadrupled amplified diode laser (1252
nm), emitting up to 300 mW at 313 nm. We measured
the 1252 nm external cavity diode laser’s linewidth by
beating against an ultrastable frequency comb. When
free-running, the full width at half maximum (FWHM)
is approximately 500 kHz.

We have actively frequency-stabilised the 1252 nm
laser to an ultra-low expansion (ULE) reference cavity.
We use the cavity that was also used in Ref. [36]. For
this purpose, a fraction of the laser radiation is phase-
modulated by a fibre-coupled waveguide electro-optic
modulator (EOM) to imprint sidebands. The modula-
tion frequency is chosen in such a way that the first-order
sideband matches the frequency of the TEM00-mode of
the reference cavity. A double-modulation technique [37]
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Figure 7. Beat of the frequency-stabilised 1252 nm laser with a
mode of an optically stabilised frequency comb. The central peak
has a linewidth of 0.4 kHz, due entirely to the 1252 nm laser. The
resolution bandwidth is 100 Hz.

allows locking the sideband to the cavity, rather than
the carrier, and also enables a fine and precise tuning
of the laser by adjusting the sideband frequency. The
overall sideband tuneability range is 30-800 MHz. Con-
tinuous tuning in the locked state is 20 MHz. The Be*
atomic transition resonance happens to be at a modula-
tion frequency of 743 MHz. Figure 7 shows the beat of
the stabilised 1252 nm laser with the frequency comb.
The linewidth is 0.4 kHz and the drift is negligible. Usu-
ally, the laser stays in a lock for a whole working day,
even when the sidebands are tuned in 200kHz steps
(corresponding to 800 kHz in the UV).

Laser cooling of Be™ requires a repumper in addi-
tion to the Doppler cooling beam. The repumper must
be detuned by 1.25 GHz to the red of the actual Doppler
cooling transition 2S;/2(F = 2,mp = 2) — 2P3)5(F =
3, mp = 3). These two waves are generated by amplifying
and frequency quadrupling the major part of the diode
laser wave (1252 nm) and sending the fourth harmonic
(313 nm) through a bulk EOM that generates first-order
sidebands at 1.25 GHz.

We tune the diode laser frequency such that the
(strong) carrier frequency at the fourth harmonic acts
as the repumper, depleting the metastable ‘dark’ state
281/2(F = 1) while the blue sideband drives the Doppler
cooling transition. By changing the modulation depth,
i.e. the rf amplitude applied to the EOM we can eas-
ily adjust the power of the Doppler cooling wave. Both
repumper and Doppler cooling waves are o " -polarised
by a waveplate and injected into the trap at 45° with
respect to the trap axis, so as to enable Doppler cool-
ing of the ion in all three degrees of freedom. To reduce
the background signal on the PMT due to cooling laser
light scattered oft the trap components, the laser beam
is tightly focused. Its FWHM diameter at the ion’s posi-
tion is 46 m, measured by recording the variation of the
fluorescence intensity along a string of beryllium ions as
follows. First, the laser beam’s focal spot is aligned to
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a single trapped ion to achieve maximum fluorescence.
Then additional ions are loaded to form a string. Using
the fluorescence levels of the outer ions and their the-
oretically calculated distances from the trap centre, the
FWHM diameter of the laser beam is estimated.

2.3.3. Laser for spectroscopy

For vibrational excitation of the HD™ ion, a commer-
cial 1.4 pm diode laser is employed. Its wavelength can
be tuned to the (v =0,L=1) — (v =4,L = 0) tran-
sition at 1420 nm. Here, v is the vibrational quantum
number and L is the rotational quantum number. The
laser’s linewidth is actively broadened to approximately
50 MHz, allowing to cover all intense hyperfine compo-
nents of the rovibrational transition. To make sure that
the HD™ ion is indeed in the path of the laser beam, the
beam is coupled into the trap axially through the end-
caps. From theoretical knowledge of the sensitivity of the
transition frequency on external fields, we are certain that
the frequency shifts from the so far uncontrolled mag-
netic field or other potential line shifts are well within
the linewidth. Using the laser powers measured before
the beam enters and after it exits the vacuum system,
and approximating the beam waist as the diameter of the
holes on the endcap electrodes that guide the laser beam
axially, we estimate an intensity of I14p0 = 5 mW/mm? at
the ion’s location.

2.3.4. Laser for molecular photodissociation

The photodissociation from the v = 4 level is performed
with a continuous-wave 266 nm laser. The radiation is
produced by resonantly doubling 532 nm radiation from
a commercial laser in a custom-built cavity. The 266 nm
radiation is transported to the trap in free space. The
wave is coupled into the trap through the endcap elec-
trodes as well, but counter-propagates with respect to the
spectroscopy wave. We infer in the same way as for the
spectroscopy laser an intensity of I¢s = 60 mW/ mm? at
the ion’s position.

3. lon production and laser cooling
3.1. Beryllium ion preparation

In order to produce an atomic beam, a current is
applied to one of the ovens and ramped up slowly
to 0.68 A. After 20s heat-up time, the photoionisation
laser beam is unblocked. A typical power of the 235 nm
laser measured behind the vacuum chamber is 4.7 mW.
The Doppler cooling laser frequency is red-detuned by
10 MHz (Section 3.3) and the beam power is set to 60 L W.
Typically, a single Be™ ion is trapped within 15s or
less, and subsequent ions are loaded every few seconds,
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using a trap voltage Uy = 70V. Simultaneous loading
of two or three ions is observed when the cooling laser
frequency is further red-detuned by an additional 4 MHz,
the beam power is higher (0.5 mW) and the trap voltage
is increased to U, = 100 V.

In order to load a single Bet ion, the current to the
oven is turned off manually and the photoionisation laser
beam is blocked as soon as the first ion is observed on the
CCD image or PMT. Even if the ion is initially hot and
thus cannot be seen on the CCD image, a small increase
in fluorescence level can be detected with the PMT and
the loading process can be stopped. In the rare cases when
two or more Be™ ions are trapped during this proce-
dure, the trap’s rf amplitude is subsequently reduced to
a value where the quasipotential curvature in one radial
direction is smaller than the axial curvature, causing a
reorientation of the ion string by 90°, from axial to radial.
Now, the ions are no longer in the node line of the rf
potential and therefore exposed to higher micromotion
heating. In approximately half the applications of this
procedure, all but one Be™ ion leave the trap. When this is
observed, the trap’s rf amplitude is restored to its nominal
value.

A single Be™ ion typically remains trapped for several
tens of minutes. Repeated loading of HD™ ions using the
electron gun (see Section 3.5) results in charging of the
trap electrodes and a gradual deterioration in the lifetime
ofasingle Be™ ion is observed. Nevertheless, a maximum
storage time of 85 min has been observed for a single Be™*
ion which was exposed to several HD™ loading attempts
and a total of 16 spectroscopy cycles (see Section 4).

The photoionisation laser at 235nm also causes
reversible charging of the trap electrode. Its effect appears
to counteract that of the electron gun. After multiple
HD™ loading attempts, a drastic shift in the position of
the Be™ ion from the trap centre is observed on the CCD
image. In extreme circumstances, a substantial drop in
the Be™ ion’s fluorescence level is detected in the PMT
signal. A short exposure of the trap structure to the
photoionisation laser beam appears to restore the ion’s
position. Therefore, when necessary, we unblock the pho-
toionisation laser beam for 3-5s prior to a molecular
spectroscopy cycle.

3.2. Secular excitation

Successful loading and cooling of a single Be™ ion is
verified in real time by observing the ion’s position and
fluorescence level on a CCD camera and on a PMT. Sub-
sequently, an rf signal with an amplitude on the order of
millivolts and a frequency sweep around the axial sec-
ular frequency w; may be applied to one of the endcap
electrodes to excite the ion’s axial oscillatory motion.
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Figure 8. Forced axial and radial secular oscillations of a single beryllium ion under typical laser cooling conditions. The centre CCD
image (c) shows the ion when no excitation voltage is applied. The amplitude for axial excitation increases from (b) to (a). Panels (d) and
(e) show a weak and strong radial excitation, respectively. The axes units are in pixel (0.5 um). The crosshair cursor in each panel is a

reference point. The colour spectrum is the fluorescence signal level.

Table 1. Normal modes and eigenfrequencies of an HDT-Be™ pair (predicted) and of a single Be™ ion (measured).

HD* et

Mode & Frequency wq /(27) (kHz2) € € €y € € €y Mode type
Predicted 6 1860.17 0.9999 0.0000 0.0000 0.0119 0.0000 0.0000 Radial (x) in-phase

5 1699.74 0.0000 0.9999 0.0000 0.0000 0.0143 0.0000 Radial (y) in-phase

4 599.93 0.0119 0.0000 0.0000 —0.9999 0.0000 0.0000 Radial (x) out-of-phase

3 543.71 0.0000 —0.0143 0.0000 0.0000 0.9999 0.0000 Radial (y) out-of-phase

2 532,57 0.0000 0.0000 0.9365 0.0000 0.0000 —0.3507 Axial out-of-phase

1 240.93 0.0000 0.0000 0.3507 0.0000 0.0000 0.9365 Axial in-phase
Measured 3 617.90(70) - 1 0 0 Radial (x)

2 563.56(28) - 0 1 0 Radial (y)

1 207.1(3.0) - 0 0 1 Axial

Notes: The frequency values for a single Be™ ion (bottom three rows) are experimentally measured and those for the HD*-Be™ pair are calculated. Here, e

/
o’

i = x,y,z, are the eigenvectors in a mass-weighted coordinate system, defined as ' = \/m x, etc., where m is the mass of the respective particle [38].

When the applied excitation frequency approaches the
secular frequency wi, the amplitude of the ion’s motion
increases resulting in an increase in the ion’s extent as
detected on the CCD camera. Figure 8 shows typical
scenarios. The small oscillation amplitudes (cases (b)
and (d)) are observable on the CCD image, but are not
detectable on the PMT signal - there is almost no change
in fluorescence level.

The increased motional energy of the ion also reduces
its mean fluorescence level when it is irradiated by the
red-detuned Doppler cooling light. This fluorescence is
detected by the PMT and represents a signal that can
be recorded as a function of the excitation frequency.
This procedure will be referred to as a secular scan in
the remainder of the paper. Figure 11 (blue) shows a
typical secular scan when a single cold beryllium ion
is present in the trap. The axial resonance frequency is
clearly observed. For an endcap voltage U,x = 3V the
resonance frequency is measured to be w; (Be™)/(27) =
207 kHz (compare Figure 11, blue data).

Secular scans are also applied when a single Be™ ion
is paired with another ion. To interpret the spectrum, it
is essential to know the eigenmode frequencies of such
a system. They are easily calculated, see e.g. [38]. Gener-
ally, the axial potential curvature and the ions’ mass and
charge are the input parameters that determine the axial

single-ion, axial ion-pair and also axial ion-string mode
frequencies. Those parameters plus the radial rf pseu-
dopotential curvature then determine the radial eigen-
frequencies of ion chains. Conversely, the experimental
result for the single-ion w;(Be™) provides us with the
axial potential curvature and thus we can predict the two
axial eigenmode frequencies w;, w, of a BeT-HD™ ion
pair, see Table 1. From a measurement of the radial single-
Be™ secular frequencies, we obtain the radial pseudopo-
tential curvature and can then compute the radial eigen-
frequencies of the ion pair. Both the measured single-
ion and calculated ion pair frequencies are reported in
Table 1.

3.3. Micromotion minimisation

In the regime of efficient Doppler cooling (weak inten-
sity) we expect the fluorescence spectral lineshape to be a
Lorentzian, whose linewith is due to spontaneous emis-
sion, and only a small contribution from power broaden-
ing. We indeed find that the spectrum of a single ion is
well described by such a profile, see blue data and fit in
Figure 9. The fit gives a FWHM of 23 MHz, to be com-
pared to the natural FWHM of 19.4 MHz. This shows
that little power broadening is present. In order to achieve
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Figure 9. Optical resonance of the 313 nm transition of a sin-
gle laser-cooled beryllium ion. A well-compensated trap shows a
clean resonance (blue); in the opposite case (grey), optical side-
bands appear. The zero of the indicated detuning values A of the
cooling laser frequency has been set at the point of maximum flu-
orescence. Each data pointisa 0.1 s average of the PMT signal. The
blue line is a Lorentzian fit; the grey line is a fit using 5 Lorentzians.

the best laser cooling efficiency, we detune the laser fre-
quency to the point of maximum slope of the profile. In
this case, it is Agpr = —10 MHz. As is well-known, when
the laser frequency is blue detuned, the ion is heated and
the fluorescence drops. In our experiment, the drop is as
low as the background PMT counts level and occurs at
a detuning very close to that of maximum fluorescence.
These observations hold for a well-compensated trap.

If a stray static electric field, especially the stray field
caused by the electron beam having charged the elec-
trodes or other parts of the trap structure, is present in
the trap centre (i.e. the trap is not well compensated),
a single or multiple ions will experience considerable
micromotion. This shows up as sidebands in the opti-
cal spectrum (grey). The interaction between the ion and
the single-frequency cooling laser is now more complex,
with a competition of cooling and heating on the various
sidebands and carrier taking place. As a result, we find
that overall heating of a single ion occurs only when the
laser detuning is equal to the blue micromotion sideband
at A = +35.9 MHz. The seeming appearance of a reso-
nance at 2 /47 is not fully understood and is likely caused
by some parametric excitation.

The strength of the micromotion sidebands compared
to the mean fluorescence of an ion not experiencing
micromotion can be determined also in the time domain
[39]. We record the PMT counts with high bandwidth
using a field programmable gate array (FPGA). After-
wards, we map the times of photodetection events to the
phase of the trap rf drive. In Figure 10 40s of acquired
data are mapped onto 10 trap periods. An uncompen-
sated trap leads to a fluorescence modulation of +40%
(blue). An adjustment of the applied compensation volt-
ages by AUpor = —0.6V and AUy = +0.2V led to a
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Figure 10. Micromotion of a single Be™ ion. Green: in an almost-
compensated trap, a micromotion-induced fluorescence modula-
tion does almost not appear in the fluorescence signal. For differ-
ent settings of the compensation voltages, a modulation is dis-
cernible. Orange: partly compensated trap; blue: uncompensated
trap. The lines are sinusoidal fits to the data.

reduction of modulation by approximately a factor of 2
(orange). For the settings AUpor = —0.2V and AUyer =
+0.2V (green) the fluorescence modulation is reduced
further to 4(1) %.

The above time-correlation method can be applied to
minimise the micromotion amplitude by optimising the
compensation voltages. This results in shifting the ion’s
position to the rf node line and to the axial potential min-
imum. The ion’s position for a well-compensated trap
is then marked on the CCD image. When introducing
new stray charges or fields e.g. due to electron beam-
induced ionisation of HD, a shift of the ion’s position
and a blurring of its image occurs. In such circumstances,
a quick but rough micromotion compensation may be
performed, as opposed to a careful measurement of rf-
photon correlation described above. This is achieved by
altering the compensation voltages and visually control-
ling the CCD image, with the goal to push the ion back
to the marked position on the CCD image. This pro-
cedure looks similar to the change from (d) to (¢) in
Figure 8, with the spatial spread of the Be' ion image
being noticeably reduced.

3.4. lon temperature

The ion’s translational temperature may be determined
by the method described in ref. [40]. Assuming an ion’s
spatial distribution as a normal distribution, as one would
expect from thermal motion, and neglecting the con-
tribution due to imaging errors of the imaging system
(the point spread function), the axial temperature is esti-
mated to be 0.5mK. Here, the influence of micromo-
tion for oscillations along the trap axis is neglected and
the required Gaussian root mean square (RMS) width
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is obtained by averaging the fluorescence data collected
by the CCD and fitting a Gaussian distribution function
to the averaged data. The same procedure is followed
also for the radial direction and a temperature of 8 mK
is estimated.

3.5. Molecularion preparation

There are two basic approaches to the production of pos-
itively charged ions: electron impact ionisation and pho-
toionisation. Laser-induced photoionisation is a ‘clean’
technique since charging of the surrounding materials
can generally be avoided with modest efforts on beam
shaping and alignment. The photoionisation of MHI
requires a complex laser system tuned to specific wave-
lengths in the UV region [41-44], but has the advantage
of producing the ions in a small range of rovibrational
states. Different states can be produced by driving appro-
priate rovibrational components of electronic transitions.

In contrast, ionisation by electron impact is a very
general technique and of great simplicity. Any kind of
molecule can be ionised, with the disadvantage of a wide
probability distribution in terms of rovibrational levels.
This is especially relevant and perhaps problematic in
the case of homonuclear diatomic molecular ions (e.g.
H;, N3) in the ground electronic state: the vibrationally
excited levels are metastable. Thus, the preparation of
such molecules in the ground vibrational state is a chal-
lenge, so that electron impact ionisation may have to be
complemented by buffer gas cooling [45]. On the con-
trary, for heteronuclear MHI (e.g. HD™), the lifetime of
the excited rovibrational levels is in the order of 10-50 ms
(Figure 13). Therefore, within a short time, decay to the
ground level v = 0 occurs, since blackbody excitation
from that level to higher vibrational levels is negligi-
ble. However, several rotational levels are occupied under
steady-state condition, where spontaneous emission bal-
ances blackbody excitation. The steady-state is reached
in a few minutes, an acceptable duration in experiments
undertaken so far.

The HD" loading follows the trapping of a single
Bet. Referring to Figure 14, the cooling laser power is
increased to 150 WW and the trap drive rf amplitude
is decreased to Uy = 40 V. This corresponds to a level
at which species of mass larger than beryllium are not
trapped stably or the capturing probability is practically
zero. Then, a magnetic field is applied, for the purpose
of deflecting the electron beam away from the trap dur-
ing the electron gun’s filament warm-up period. After
8s, the applied magnetic field is switched off, returning
the electron beam to the trap centre. At the same time,
a small amount of the molecular gas is introduced by a
piezo-electric leak valve, whereby we allow the pressure

to rise to 3.8 x 107! mbar. Since the shutter to the pump
station is open, a continuous flow of HD gas is needed.
On the CCD camera, a shift in the position of the Be*
ion can be observed, caused by electrode charging effects.
As a consequence, the PMT records a decreasing fluores-
cence.

A trapping event is indicated by a spike in the fluo-
rescence signal. Three cases must be distinguished: (i)
the captured ion crystallizes immediately and a jump of
the Be™ position can be observed on the CCD, followed
by multiple fast position swaps during the sympathetic
cooling process. (ii) the captured ion does not crystal-
lize immediately. This indicates more than one captured
molecular ion and (iii) the capture failed and the molec-
ular ion is lost. But the Be™ ion position has neverthe-
less changed and the ion’s image spread is larger due to
heating effects.

For the cases of successful loading (case i and ii)
the Bet-HD™ system needs to be cooled efficiently, for
which the following procedures have been experimen-
tally verified. In all cases, the trap rf drive amplitude
is slowly increased over the course of a few seconds to
restore the nominal value of 70 V. For case (i) the swap-
ping rate decreases and the ions come to rest. The same is
true for a previously non-crystallized ion pair. If needed
(case ii), the cooling laser power is increased by a fac-
tor of 10. If this still does not show any effect, the trap
drive amplitude is decreased to 27 V. This leads to a reori-
entation of the ion pair or string by 90°, from axial to
radial, resulting in an ion loss as described in Section 3.1
for beryllium. Alternatively, a 1 to 5 MHz radial secular
scan with high amplitude is applied. In this way radial
oscillation modes having high amplitudes for the molec-
ular ion are excited. For example, in the case of a two-
ion system, as shown in Table 1, this scan would excite
the two radial in-phase modes ws/(27r) = 1700 kHz and
we/(27r) = 1860 kHz, whose Be™ oscillation amplitudes
are 49 and 40 times smaller than the one of HD ™, respec-
tively. This will remove some or all molecular ions of the
trap.

The effect of this procedure is verified by an axial sec-
ular scan (180 to 280 kHz in 30s). Figure 11 shows in
red a typical scan of a Be"-HD™ pair. For the given
trap settings, the axial in-phase mode resonance of the
BeT-HD™ pair is predicted at w;/(27r) = 241 kHz, see
Table 1; it is measured to be 241.17(30) kHz.

The axial excitation is large enough for the two ions
to swap their positions during the scan, before and after
the in-phase resonance (but not on-resonance). This is
because the scan heats the ion pair, in most cases close
to its ‘melting point’, followed by a re-crystallization
that may be accompanied by a swap of ion positions.
Figure 12 shows an example. The effect is observable
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Figure 11. Axial in-phase secular scans for a single Be™ ion (blue)
and a BeT-HD™ pair (red), measured in different experiments. In
the latter case, the ions exchanged their positions twice.

with the PMT, because at the two positions of the Be™
ion a 10% difference in the mean fluorescence level is
observed, a change that can be resolved. Usually, the Bet
and HD™ ions do not change places once they are crystal-
lized and no scan is applied. If an axial frequency different
from 241kHz is measured in a secular scan, this indi-
cates that an undesired second ion has been trapped.
This ion is therefore removed with the methods explained
above.

Sometimes, (case iii), the single Be* ion’s image in the
imaging plane is located at one of the two positions of a
two-ion string after a failed capture or even after the loss
of the molecular ion. This is a result of the charging of
trap electrodes by the electron beam. A short exposure of
the trap structure to the photoionisation laser restores the
ion’s original position. We observed that this procedure
shrinks the ion’s spread, indicating a reduction in heating
effects.

4. Spectroscopy

The energy levels relevant to this work are displayed
in Figure 13. We choose to address a transition that
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Figure 13. Partial rovibrational energy scheme of HD™ (not to
scale). In thermal equilibrium, the lower spectroscopy level (v =
0,L = 1) is populated by 300 K blackbody radiation (BBR, green)
that continually induces transitions between the rotational lev-
els of the ground vibrational state. Simultaneously, spontaneous
emission processes L — L — 1 take place (not shown). The lower
spectroscopy level can be excited to the level (v = 4,L = 0) by
1420 nm radiation (light blue). An ion in that upper level can be
dissociated by 266 nm radiation (dark blue) or it decays back to
the vibrational ground state via spontaneous emission within less
than 1s, reaching first one of the rotational states L = 0, 2 or
4. Grey dashed arrows show the dominant spontaneous emis-
sion processes. BBR and spontaneous emissions within the v = 0
manifold eventually lead to occasional population of the lower
spectroscopy level L = 1. The numbers are the natural lifetimes
of the levels, in seconds [46].

starts from the rotational level L = 1 in the vibrational
ground level because this has the near-maximum the-
oretical occupation probability in thermal equilibrium,
p(v =0,L =1) =0.25 [47]. We choose (v =4,L =0)
as the upper level because the corresponding transition
wavelength (1420 nm) is easily available, and because the
zero rotational angular momentum simplifies the hyper-
fine structure. The spectroscopic procedure is portrayed
in Figure 14.
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Figure 12. CCD images of a Be™-HD™ pair. The Be™ ion can be seen at the two positions of the ion pair. The red cross serves as a guide
to the eye and is located at the assumed position of the MHI. The right image is taken after the HD* ion is loaded. The left image is taken
immediately after a position swap has been observed, shortly after a secular excitation scan. 3V are applied both endcaps. The apparent
difference in the Be™ ion image extension is attributed to the charging of trap electrodes due to the use of the electron gun for HD*

loading.
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After loading and verifying the presence of a single co-
trapped HD ion by means of a secular scan as described
in Section 3.5, the spectroscopy and dissociation lasers
irradiate the ion for 10s. If the ion is in the desired
initial level (v = 0, L = 1), populated by blackbody radi-
ation (BBR), it can be excited by the spectroscopy laser
into the higher rovibrational level (v = 4, L = 0). In this
case, the dissociation laser excites the ion further into
the anti-binding 2po state with essentially unit probabil-
ity, and the ion dissociates. The theoretical cross section
for this process is 8.5 x 10718 cm? at the wavelength
266 nm [48]. The two dissociation channels H(1s)+ D™
or D(1s)+ H* can take place. Only in a fraction of cases,
the dissociation of HD* leads to the observation of a sud-
den change of the Be™ ion’s position on the CCD image
(compare Figure 12) as a consequence of the removal of
the HD" ion. We believe that the dissociated fragments
of HD sometime react chemically with the residual gas
or that a charge exchange takes place. In these events, the
newly formed ion remains in the trap. This statement is
supported by two observations: (a) a restoration of the
Be™ ion’s position to the trap centre is not visible on
the CCD image, and (b) a subsequent secular excitation
scan reveals an unexpected low-frequency resonance
indicating the presence of a heavy sympathetically cooled
molecular ion.

A quick axial excitation scan of the type shown in
Figure 11, but shortened from 30 to 6, is applied to ver-
ify if the Bet~HD™ pair’s in-phase resonance is present
or not. If it is absent, this proves that dissociation of
the HD™ ion has taken place. If it is still present, both
lasers are unblocked for 20 s and a second secular scan is

performed afterwards. If the HD™ ion is still trapped, the
procedure is repeated for the last time, but now the lasers
are unblocked for 30s.

Afterwards, the molecular ion is removed by applying
a strong radial out-of-phase excitation (as discussed in
Section 3.5) and a new MHI is loaded into the trap. Then
the cycle is repeated. A complete loading - excitation -
detection - cleaning cycle has a duration of approximately
2 min.

We performed a total of 18 HD™ preparation and
excitation cycles and observed that out of the 18 single
HD™ ions, 5 were dissociated in 10s, 4 in the subse-
quent 20s and 4 more in the final 30s. We also per-
formed the same procedure with the spectroscopy laser
detuned by Agpec = +10 GHz from the resonance. Out
of 9 HD* single ions none was dissociated in 10s and
none in the subsequent 20's, but one ion was lost dur-
ing the last 30 s run. This single observed ion loss is most
likely not due to a dissociation event, but rather due to a
long storage time of the ion leading to a chemical reac-
tion. Consequently, also for the on-resonance case, such
an event could have occurred. A display of these results
is shown in Figure 15. For a qualitative understanding
of the observation, we compute the normalised excita-
tion rate of the rovibrational transition, using the known
transition dipole moment and ignoring the hyperfine
structure. The value is 1.4s™!/(mW/mm?), assuming a
gas at 8 mK translational temperature and a laser spec-
trum narrower than the Doppler width of 4 MHz. We
estimate that the effect of the hyperfine structure present
and the actual laser linewidth yields an effective excita-
tion rate reduced by a factor of the order 10%, the product
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\axial excitation ; } Bexc.1 3 exc.2! 3 exc.3 1 !
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Figure 14. Timing diagram for the spectroscopy on single HDT ions. The spectroscopy laser (red) and the dissociation laser (yellow)
simultaneously irradiate the HD ion for 10's, then 20 s and finally 30 s. Before and after each irradiation period a secular scan (green) is

performed to probe whether the single HD is still present or not.
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Figure 15. Results of vibrational excitation — dissociation of a
set of single HD* ions. The three columns show the cumulated
fractions of successful HD™ ion dissociations after 10, 30 and
60 s of cumulative irradiation time by the 1420 nm and 266 nm
lasers, respectively. Orange: the spectroscopy laser is tuned to res-
onance, the ion loss is significant. Blue: the spectroscopy laser is
detuned by 410 GHz. The one event that occurred within the last
30 s might be due to a reaction with residual gas in the vacuum
chamber during the relatively long storage time of this specific
ion.

of the number of hyperfine components (10) and the ratio
of laser linewidth to Doppler width (12). Given the above
value of I;429 this leads to an excitation rate of ~0.07 s}
if the molecules are in the initial level. Since the ther-
mal population fraction of that state is 0.25, after a 10s
irradiation, the ensemble-averaged cumulative excitation
probability is & 0.2. The observed excitation probabili-
ties are in rough agreement with this simple estimate. The
action of the excitation lasers on single molecular ions is
convincing. Due to the facts that the vibrational excita-
tion laser intensity is low and that the HD™ ions are not
prepared and do not permanently stay in the initial spec-
troscopy level, a time-dependent cumulative dissociation
probability is observed.

4.1. Otherion species

The apparatus features the ability to trap various ion
species that can be sympathetically cooled by the atomic
ion. As an example, a BeJr—N;r ion pair is prepared as
follows.

We first prepare a single Be™ in the trap and measure
its axial (w;/(2w) ~ 652kHz) and radial (w,/(Q27) ~
1.665 MHz and w3/ (27) ~ 1.673 MHz) secular frequen-
cies by applying excitation scans as described above.
Using these values, we compute the eigenfrequencies of
the BeT-NJ system, in the same way as done for the
Bet-HD™ system.

An Nj ion is loaded in a similar way as an HD™
ion and excitation scans are performed. A typical scan
result is shown in Figure 16. The PMT signal (red
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Figure 16. Typical axial frequency spectrum of a Be*—N; ion
pair. The first resonance is the in-phase axial mode, the second
is the out-of-phase mode. Scan duration: 30 s. The blue line is a
guide to the eye.
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Figure 17. Histogram of BeJr—N;r ion-pair axial resonance fre-
quencies as observed during a number of scans. The theoreti-
cally predicted values for the axial in-phase (black, w1) and axial
out-of-phase (blue, @) modes are indicated by dashed lines.

dots, normalised) and the corresponding fit to the data
(solid blue line) show the axial in-phase resonance
w1/(2m) ~ 436.7kHz and the axial out-of-phase reso-
nance w;/(2mw) ~ 967.1 kHz. The axial out-of-phase res-
onance is less efficiently excited because the lighter ion
(Be™) oscillates with a smaller amplitude than in the in-
phase mode (see Table 1). This results in a signal on
the PMT that is almost hidden in the noise, but was
confirmed by a clearly visible excitation on the CCD cam-
era (comparable to Figure 8(b)), as discussed above. The
results of the resonances observed in a number of scans
are gathered in a histogram (Figure 17).

A comparison of the measured frequencies with
the calculated frequencies w;/(27) =~ 431.5kHz and
wy/(2m) =~ 986.9 kHz, proves the dark ion to be N;‘. The
histogram Figure 17 also contains unknown resonances.
These can be explained by random position changes
or collisions with residual gas occurring during the
scans.



14 (&) C WELLERSETAL.

5. Discussion and conclusions

A system suited for a range of quantum-optical studies
on various single molecular ions has been designed, built
and characterised. At present, single HD™- and single
N;' - ions are reliably prepared in the trap, where they are
sympathetically cooled to sub-millikelvin axial secular
temperatures. Current storage times for the single molec-
ular ions are already sufficiently long for permitting pre-
cision spectroscopic studies.

A proof of the overall functionality is given by demon-
strating the induction and detection of a vibrational tran-
sition on single MHIs. The initial state is a thermally
populated rotational state that is excited to a higher rovi-
brational state by a continuous-wave laser and then pho-
todissociated. The photodissociation is verified by care-
ful observation of the ion positions and analysis of the
secular excitation scans. We find evidence of chemical
reaction or charge exchange of HD" fragments with the
residual gas, resulting in the co-trapping of an unwanted
heavier molecular ion species. We do not observe that the
fragments H" or D" remain trapped together with the
beryllium ion.

Towards the implementation of high-precision spec-
troscopy of a single MHI, it is important to improve the
probability that the prepared single ion is in the desired
initial state for spectroscopy. For the heteronuclear HD*
molecule this can be done via rotational cooling [47]
(red and purple arrows in Figure 13), a technique well-
established in our laboratory, while for the homonuclear
H; molecule other techniques have to be applied, for
example selective photodissociation of those ions that are
in unwanted vibrational states. A more advanced prepa-
ration is hyperfine state preparation [49], a technique
that still requires more development. The availability of
such techniques will shorten the data acquisition time,
improve the data statistics, and allow application of cer-
tain types of nondestructive internal state read out.

We believe that once rotational cooling is imple-
mented, the apparatus could in principle be used for pre-
cision spectroscopy on single molecular hydrogen ions,
achieving precision at the 10713 fractional level with
acceptable effort. Two reasons for this are that (i) accu-
rate theoretical predictions for the transition frequencies
are already available and therefore the transitions do not
need to be searched for over substantial frequency inter-
vals, and (ii) the excitation spectrum of a transition will
exhibit an ultra-narrow resolved carrier component, as
can be inferred from our observations with HDT ion
strings in a beryllium cluster. Based on our results in
Section 4, we find that with approximately 20 single-
ion preparation and excitation cycles we can obtain one
data point of the spectrum (excitation probability) with

reasonable signal-to-noise ratio. We expect that we can
enhance the system performance so as to obtain two data
points per day. Thus, one transition line can be mea-
sured within one week, with an expected linewidth at
the 107!3 fractional level. Our past experience in char-
acterising systematics indicates that a line needs to be
measured half-a-dozen times in order to verify the sys-
tematic shifts, by varying in succession magnetic field,
spectroscopy laser power, trap rf amplitude, and cool-
ing laser intensity by a factor of two. Altogether, within a
two-month period the transition frequency of a suitably
chosen Zeeman component of a rovibrational transition
could be determined with a fractional uncertainty lower
than 10712,

An important question is how thight the confinement
of the MHI is for the conditions realised in the appara-
tus at present. With the current observation tools, the
CCD camera with its 200 ms exposure time, and the
PMT with its signal noise level (10%), we find no indi-
cation that there is significant spurious large-amplitude
motion of the Be"~HD™ system. The spatial extent of
the Be™ ion CCD image is 0.5 um in the two observed
directions, corresponding to a temperature upper limit
of 8 mK. Assuming the same temperature for the HD*
and Be™ ion, we can then place an upper limit to the
HD™ motional range of <1 wm in each direction. Thus,
for the 5.1 pm-wavelength fundamental transition the
Dicke condition kxpys < 1 is satisfied and a substantial
recoil-free carrier transition is expected. Possibly, side-
band cooling on the (v=0,L=1) > (v=1,L =0)
vibrational transition will be feasible.

Finally, we point out that a major improvement in
MHI spectroscopy would be the introduction of a non-
destructive state detection technique that consequently
allows to reuse the same molecular ion for multiple spec-
troscopy cycles, effectively reducing the spectroscopic
data acquisition time. This will also reduce the number
of loading events and hence the total experimentation
time. Evidence that a heteronuclear MHI in an MHI-
Bet ion pair is in a particular rovibrational state should
be obtainable by coherently exciting the motion of the
ion pair using an intense standing-wave near-resonantly
tuned to a fundamental or low-overtone vibrational tran-
sition [23,34]. A suitable laser for this purpose appears
to be a high-power continuous-wave optical parametric
oscillator.
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B. Winding Machine and Material
Studies

Beryllium is an essential component of all our experiments. To ionise and to trap it,
it must be routinely evaporated. Therefore, as much as possible should be stored in
the ovens by winding up the brittle material. To produce windings that are as regular
and dense as possible, a winding machine has been built (Figure B.1). The purpose
of this machine was to avoid double windings or faults that would lead to cold or hot
spots that could have a negative impact on the lifetime of the oven. Initially a tungsten
blank (Figure B.2) is clamped between two stepper motors (motor A) with the help of
specially developed chucks. These allow centred rotation of the thin filament around
its axis, which prevents it from breaking off. For this, the two motors A must rotate syn-
chronised in opposite directions. Depending on the winding speed and the (beryllium)
wire thicknesses used, the wire supply must be moved forward with the feed carriage.
Motor B is used for this. The winding speed and direction as well as the feed forward
can be adjusted on the control unit. The number of turns as well as the length of the
wrapped (beryllium) wire can be checked by the user on the display. An example with
different winding densities is shown in Figure B.3. After about 30 cm of beryllium wire
has been spooled, a chuck is loosened on one side and an additional rod (diameter
0.8 mm) is inserted axially on the other side. By holding the loose end and by a contin-
uously slowly rotating motor A, the filament is wrapped around the rod. This procedure
creates the double spiral shown above (Figure 5.14). It takes about 20 minutes to wrap

dan overn.

B.1. Tests with Materials other than Beryllium

Since beryllium is a toxic and expensive material, initial winding tests are carried out
with other materials and in different thicknesses. As expected, soft copper works best,
but a very thin tungsten or aluminium wire (both 25 um diameter) can also be used to

wrap around 100 um thick tungsten (Figure B.4).
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B. Winding Machine and Material Studies

motor A chuck motor A display

motor B feed carriaae aluminium wire carriage control unit

Figure B.1.: Winding machine: Overview of the components, explanation in the main
text.

Tungsten (thin)  aluminium oxide

Tungsten (thick)

Figure B.2.: Tungsten blanks: The thin wire is approximately 2.5 cm long.

]

Figure B.3.: Example with different winding: Three windings per millimetre are set in
section A, one in section B and four in section C. The millimetre grid of a
ruler is shown at the top of the image.
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B.1. Tests with Materials other than Beryllium

SUAETAEI A BRI et 35 44 0 10

Figure B.4.: Winding tests with copper (a), tungsten (b) and aluminium (c) on 100 pm

thick tungsten.

Figure B.5.: Annealing test of a tungsten/tungsten spiral: Applied current 1.6 A for a)
and 2.2 A for b). The filament burns after a few seconds with the latter cur-
rent (image c).

A simple test without a heating chamber and at atmosphere shows the heat distri-
bution of the filament for a tungsten/tungsten double spiral. By applying 1.6 A, the
beginning of the filament starts to glow (Figure B.5a). If the current is further increased
to 2.2 A, the entire spiral glows, with the first part being the hottest (Figure B.5b). After
a few seconds, the material burns at this spot (Figure B.5c). Without the additional air
cooling, the currents mentioned here are much too high. In practice, a pressure in-
crease in the vacuum chamber is already measured from 0.5 A, whereby a value of 0.63

to 0.69 A proves to be favourable for efficient operation of the experiment.
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