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Abstract

This work describes various novel results of experimental research in the �eld of ion

trapping. One of the most important results - high-resolution spectroscopy of the trapped

and cooled molecular ions, and concomitant spectroscopic approaches are described.

The studies were done with di�erent species, trapped in quadrupole ion traps. Several

coherent radiation sources (mainly, laser sources) were used to perform laser cooling, optical

pumping, excitation of spectroscopic transitions, and photodissociation. Molecular ions were

the model systems for comparing the experimental results with theoretical analyses of the

ions. Hydrogen deuterated cation (HD+), as one of the most fundamental molecular ions, was

a primary object of research: hyper�ne-state-resolved spectra are reported. Another study

involved polyatomic molecular ions to study the possibilities and limitations of high-resolution

spectroscopy. All these studies are performed in extreme conditions - almost collisionless,

ions are cooled to translational temperatures well below 1 K.

The advantages of the long storage time of the trapped particles, in combination with

translational cooling, were used for detection of weak and narrow transitions in molecular

ions, determination of their low transition rates. The detection was performed by way of

selective photodissociation and ion counting.

The quantum state preparation, which is an important aspect in quantum optics, quan-

tum information, and precision spectroscopy, is performed to obtain the hyper�ne-resolved

transitions in HD+, allowing the fundamental theory test, including quantum electrodynam-

ics e�ects, to be carried out.

To increase the resolution of detected transitions (potentially, including Zeeman-state re-

solved spectra), an optical magnetometry scheme was proposed. The method utilizes beryl-

lium ions, which are co-trapped and used also as coolant ions, to detect the Zeeman splitting

and to determine the magnetic �eld strength and its direction. The scheme is based on

stimulated Raman transition detection; it allows the strength of the magnetic �eld to be

determined at a resolution of approximately 40 mG.

The ion traps can also be used with non-destructive spectroscopy schemes. The prelim-

inary results, and characterisations of the new detection scheme based on non-destructive

detection are presented. A new frequency stabilization scheme was implemented for an op-

tical parametric oscillator (OPO), which was used in vibrational spectroscopy of polyatomic

molecular ions, for excitation of doubly spin-forbidden transitions in HD+, and can be further

used for non-destructive optical force excitation.
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CHAPTER 1

Introduction and motivation

In this chapter, the motivation for studying molecular ions will be explained. The internal

structure of di�erent molecules will be brie�y described. The rotational-vibrational struc-

ture will be generally presented, and the relevance of studying hyper�ne structure, Zeeman

splitting, and QED corrections will be discussed. For an introduction to ion trapping and

cooling methods, see Part 1.

1.1. General aspects: Rotational-Vibrational Levels

Molecular ions, as well as their corresponding �parent� molecules, possess generally a

rotational-vibrational, or in short, rovibrational levels. These levels, on an approximate basis,

can be de-coupled from the separate rotational and the vibrational levels. The presence of

the rovibrational levels, generally, in addition to the electronic states, complicates the level

structure of the molecular ions, compared to the structure of atoms or atomic ions. To

determine theoretically the energy levels and transitions in polyatomic molecular ions (with

number of nuclei > 3), analytical approaches are not applicable, and approximations are

used, e.g. based on variational methods, density functional theory, coupled-cluster theory,

multi-reference con�guration interaction methods and other approaches (see, e.g. Ref. [1, 2]).

An analytical approach is not possible even for the most simple molecular ions, hydrogen

deuterated cation (HD+), and dihydrogen cation (H+
2 ), which consist of two nuclei and one

electron. The evaluation of di�erent e�ects is required to achieve the data for the energy

levels, precise enough for validation the theory by comparison with experimentally observable

spectra, and determination of fundamental constants (and their possible time variation) .

The basic approach is based on the Schroedinger equation, which contributes to the en-

ergy of levels from the non-relativistic theory. An important method of approximation is the

Born-Oppenheimer (BO) theory, which describes states of electrons and nuclei as the decou-

pled states. This approach is quite general, and explains the presence of the rovibrational

structure. Fig. 1.1.1 illustrates the rovibrational level structure typical for simple (diatomic)

molecular ions with non-harmonic internuclear potential.

The rovibrational structure is also presentin complex molecular ions. Typically, the tran-

sition spectrum consists of many vibrational transitions, enriched by rotational transitions.
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1.1. ROVIBRATIONAL STRUCTURE

Figure 1.1.1. Illustration of rovibrational structure for diatomic molecules
and molecular ions [3]. The numerical values are for HD+.

The combined e�ect of di�erent transition broadening mechanisms is typically large com-

pared to the rotational levels spacing, and may stay large even at low temperatures, achieved

for molecular ions trapped and cooled to cryogenic temperatures. The complexity of the

structure of polyatomic molecular ions makes it challenging to resolve the details of the rovi-

brational structure (see, e.g. [4, 5]). The transitions observed in the absorption spectra are

usually attributed to the speci�c groups or radicals constituting the molecular ion. For ex-

ample, those molecular ions which have a Phenol-OH group, typically exhibit a rovibrational

transition at the wavelength 2.7 µm. An example of the transition spectrum is shown in

Fig. 1.1.2 for protonated molecular ion H+TyrAla; several distinct lines are associated with

certain bonds.

A software is developed (e.g. PGOPHER, see Ref. [6]) that allows the transitions in

molecules to be calculated numerically.

Our motivation for studying complex molecular ions was to give us the opportunity to

perform IR spectroscopy at a high resolution (. 200 MHz) in extreme conditions: at a

translation temperature below 1 K (see Ref. [5]). This translational temperature is a factor

of 8 below the temperature, typically achievable with He bu�er gas cooling.

Resolving the details of the rotational structure for the multi-nuclei molecular ions is

a challenging task, requiring, for instance, rotational cooling. Using combined traps (with

spatially overlapped trapped atoms and ions) can potentially be a good approach. This is

already used for studying the interaction of trapped atomic ions with neutral atoms (see

11



Introduction and motivation

Figure 1.1.2. Illustration of the IR spectrum of H+TyrAla protonated molec-
ular ions [4]. A to D denotes di�erent conformers. The distinct lines are
attributed to the localized vibrational modes, several of them are designated.

Ref. [7, 8]). The interaction of ultracold neutral particles (which are, e.g. trapped and laser-

cooled in a magneto-optical or a dipole trap) with molecular ions (trapped in a quadrupole

trap) is a promising method, see Ref. [9, 10], and [11, 12] regarding the challenges associated

with the role of time-dependent potential (micromotion e�ect). So far, the method is realized

for cooling only certain (mainly, diatomic) molecular ions, see, e.g. Ref. [13]. The interaction

of ultracold neutral particles with molecular ions is also of interest for research into kinetics

[14], reactive collision [15], and photoassociated or Feshbach molecules (see, e.g. Ref. [16]

and the references therein).
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1.2. HD+: FUNDAMENTAL MOLECULAR ION

Simple molecular ions, consisting of few nuclei, can be e�ectively cooled by bu�er gas

cooling (see Ref. [12]). Direct laser cooling of molecules and molecular ions is a challenging

task (see Ref. [17]), it is achieved only for some particular molecules (see Ref. [18]).

Sympathetic cooling is widely used in ion traps, it relies on doppler cooling of one of

(potentially many) trapped species; the Coulomb interaction allows the other species to be

translationally cooled. This way has certain limitations: unlike the case of collisions of cold

neutral particles, it does not contribute to rotational cooling of molecular ions. From this

point of view, it has similarities with two-photon spectroscopy and saturation spectroscopy,

which rely of cancellation the e�ect of translational motion: the �rst-order Doppler broaden-

ing is eliminated, though molecules are not cooled internally (see e.g. Ref. [19] for molecular

iodine, and Ref. [20] for methane molecules).

One method, applicable, mainly, for diatomic molecular ions, utilizes several laser-induced

transitions to perform optical pumping (see Ref. [21, 22]). This approach, referred to as

�rotational cooling�, is an important step towards achieving the systematic study of the

molecular ion structure. In practice, the laser-induced rotational cooling is not applicable

for polyatomic molecular ions because of complexity of their structure, requiring many laser

sources, and resulting in a small e�ciency of the method.

1.2. Hydrogen Deuterated cation (HD+): fundamental molecular ion

Spectroscopic measurements where the rovibrational spectrum has a high resolution are

typically possible if the molecular ions only consist of a few nuclei, e.g. diatomic molecular

ions. Recent developments in narrow-linewidth IR laser sources, stabilized to a frequency

comb, make it possible to transfer the precision of the atomic frequency standards to the

measurements of transitions in molecules. Very precise theoretical analysis and evaluation

of energy states are available for molecular ions with 1 or 2 electrons. This means an in-

depth analysis can be made upon comparison of the theoretically-predicted and experimental

results, the values of fundamental constants can be de�ned, their time variations sought, and

the applicability of fundamental theories for the description of molecules and molecular ions

checked.

There are di�erent reasons behind the motivation for research of hydrogen deuterated

cation (HD+). First, HD+, being a diatomic molecular ion, is among the most simple and

fundamental molecular ions, like hydrogen cation (H+
2 ), and tritium hydrated cation (HT+).

Second, HD+ consists of stable isotopes and only one electron, has allowed dipole transitions

(rovibrational transitions), which have relatively small linewidth (∼ 50 Hz). Third, the

variety of rovibrational transitions allows several of these transitions to be used to evaluate

di�erent systematical e�ects (like line shift), thus increasing the accuracy (see Ref. [23]). As
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Introduction and motivation

a consequence of the �rst reason, this molecular ion was under consideration in a number of

theoretical papers, and high-accuracy theoretical data is available for HD+ [23�28].

An additional motivation is that HD+ possesses hyper�ne states, which allows hyper�ne

splitting constants to be determined.

Theoretical analysis of HD+ ions requires an estimation and calculation of the contribution

factors of di�erent e�ects. The theoretical interest in hydrogen molecular ions was �rst

posed when quantum theory was still in its infancy. The Born-Oppenheimer approximation

was applied, see Ref. [29]. Adiabatic corrections [30], and thereafter non-adiabatic, Lamb

shift, and relativistic corrections were applied, see [31]. The last decade has ushered in a

new epoch, remarkable due to the usage of numerical evaluations of high-order perturbation

contributions. So far, the QED calculations of up to the 7th order of the �ne structure

constant have been performed (see Ref. [28]).

Currently, the hyper�ne energies for the lowest rovibrational levels are calculated for HD+

with an uncertainty of about 1 kHz. At this level of precision, the accurate spectroscopic

measurements become important. This requires minimization, elimination or taking into

account e�ects of line broadening (residual Doppler broadening, power broadening), line shifts

and polarizability (like AC Stark shift, Zeeman e�ect, RF-trap induced polarization), black-

body-radiation induced processes, RF-trap relevant processes (ion heating, micromotion)

and other systematic e�ects (for general information, see e.g. Ref. [32]). This also requires

stabilized sources of coherent radiation (mainly, lasers).

A signi�cant part of this work is devoted to experimental spectroscopic studies of HD+. As

a result of the comparison of theoretically-predicted and experimentally-observed transitions

in HD+ ions, it becomes possible to draw a conclusion about the applicability of the quantum

theory for description of real ions, and to derive the value of the mass proton to mass electron

ratio (see Ref. [25], and [33] for CaH+ ion).

Theoretical analysis of molecular structure, energy levels, and its discussion is not the

aim of this thesis and can be found elsewhere, see e.g. Ref. [26, 28, 34], and the references

within these articles. The potential of the hydrogen molecular ion as a molecular ion clock

is discussed in Ref. [23, 27].

The focal point of this thesis is the description of experimental approaches, their realiza-

tions, and discussion of the results obtained. In the following chapter, the basic approaches

for carrying out spectroscopy of molecular ions will be detailed. A more detailed description

of the experimental methods and apparatus will be presented in the next chapters.
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Experimental methods and approaches
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�In this part, an overview of the basic aspects and experimental approaches related to

the spectroscopic studies of cold trapped molecular ions will be provided. This includes

production, trapping and cooling of di�erent species, and the spectroscopic technique for

transition detection. Unless otherwise mentioned, the data is relevant to the experiments

with hydrogen deuterated cation (HD+). More detailed information about experiments with

polyatomic molecular ions can be found in the attached paper (Ref. [5]).



CHAPTER 2

Production, trapping and cooling molecular and atomic ions

The radiofrequency (RF) traps, �rst proposed in the middle of XX century [35], have

been improved over the last few decades to generate excellent conditions which are almost

free from external perturbation, so experimental researches can be carried out with trapped

ions (for general information, see e.g. [36]). Being operated in vacuum, these traps provide

small collision rates with residual background gases and, consequently, long-term storage

of trapped ions. Additionally, the trapping technique is frequently combined with laser

cooling. The versatile technique of sympathetic cooling, i.e. cooling (molecular) ions by

means of Coulomb interaction with laser-cooled ions (usually, atomic ions) proposes extreme

conditions for stydying molecular ions - low-temperature, almost collision-free, and applicable

for a variety of species.

In our experiments, the setup ulitizes an ultra-high vacuum (UHV) chamber with installed

linear ion trap, see Fig. 2.0.1. A Be wire is installed in the chamber and a piezo-driven valve

is used to �ood the chamber with an HD gas from a gas bottle (see Ref. [37] for details about

the trap setup). An electron gun installed in the UHV chamber produces an electron beam

with adjustable parameters. Atomic and molecular ions are produced from the corresponding

atoms and molecules by an electron impact ionization. The electron beam is directed towards

the trap center and is slightly focused. The main parameters which are subject to change

are the cathode voltage and the heating wire current, which a�ects the cathode current. The

following are typically used parameters: 750 V for loading Be+ ions and 220 V for loading

HD+ ions; the heating wire current is changed to maintain approximately 20 µA cathode

current. The UHV chamber has several viewports to allow optical access and �uorescence

detection (see also Chap. 4).

The process for trapping the ions starts by loading the coolant Be+ ions. The cooling

laser is set to the maximum available power (approximately 3 mW in the trap center, beam

diam. ≈ 0.3 mm) and the detuning from the corresponding Be+ cooling transition is set up

to a few GHz. The Be wire is heated and the electron gun is activated. After a short time the

ion being loaded become visible as a result of the increase in �uorescence. An image typical

of a �liquid crystal� appears on a CCD camera; this is illustrated by Fig. 2.0.2, (A). Besides

the Be+ ions, other species are co-trapped in the linear trap. Typically, these contaminations
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CHAPTER 2. PRODUCTION, TRAPPING, AND COOLING OF IONS

Ele
ct
ro

n
gu

n

PMT

CCD

lens

lens

Linear
RF trap

UHV
chamber

Laser light

Laser light

Te
ra

he
rtz

be
am

Laser light
Laser light

Figure 2.0.1. Overview of the trap chamber and laser waves. Dimensions are
not to scale.

prevent from the thermodynamical phase change from the �hot cloud� to the Coulomb crystal

state (see [38]), and undesired ions must be removed.

This cleaning procedure is done in two steps. First, parametric cleaning is carried out:

the constant voltage (typically, a few Volts) is applied for a short time to the two opposite RF

electrodes of the Paul trap. This breaks the cylindrical symmetry and reduces the trapping

pseudo-potential, resulting in instability of the heavier ions (see Ref. [39]). Typically, after

this cleaning it is possible to observe a �hot crystal�, shown in Fig. 2.0.2, (B). Second, the

transverse secular excitation is applied to the special electrode, which is installed close to

the trap. This excitation helps to remove the species which are lighter than Be+ ions. The

excitation should have a frequency corresponding to the secular frequency of the ions to be

removed. Typically, a wide range scan is performed to remove the undesired species. After

cleaning, the Be+ crystallization can be readily achieved. A few hundred to a few thousand

Be+ ions are trapped, illustrated by Fig. 2.0.2, (F).

Once the Be+ ions form the Coulomb crystal, HD+ ions can be loaded: the piezoelectric

valve is opened to achieve a pressure ∼ 5 10−11 mbar, and an electron gun is activated for

a few seconds. After loading, the parametric cleaning described in the previous paragraph

can be applied, if required. During the process for loading HD+ ions and the parametrical

cleaning, the Be+ ions stay in the form of the Coulomb crystal, which ensures that the HD+

ions are sympathetically cooled by Be+ ions, and this is shown in Fig. 2.0.2, (C).
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After nearly 1 hour storage time, the collisions with background gas give rise to chemical

reactions with the trapped ions. The products of these reactions can stay trapped, which

results in the crystal distortion due to these impurities. The Be+ Coulomb crystal decreases in

its size and deformes, and the distortion starts to be clearly visible. Fig. 2.0.2, (D) illustrates

the appearance of BeH+, BeOH+ and, possibly, some other species, which form an outer

shell. Fig. 2.0.2, (E) illustrates a crystal shape during parametric cleaning (which cannot

be visualized immediately after Be+ loading). After removing undesired species, a pure Be+

crystal is obtained, shown in Fig. 2.0.2, (F).
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CHAPTER 2. PRODUCTION, TRAPPING, AND COOLING OF IONS

Figure 2.0.2. Loading Be+ and removing undesired species. (A) - a �hot
cloud� state, whereby impurities are not clearly seen. (B) - �hot crystal� state
with a lot of visible impurities in the core. (C) - cold crystal state with HD+

loaded and sympathetically cooled. (D) - cold crystal state after ∼1 hour stor-
age; the crystal is deformed and diminished in size, which is caused by chemical
reactions with charge exchange during collision with bachground gases. (E) -
parametric cleaning is applied (see the text). (F) - pure Be+ crystal after
cleaning. Note the decrease in size compared to (C).
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CHAPTER 3

Transition detection: selective dissociation, and mass spectroscopy

In our experiments, related to detection of transitions, we used the destructive methods

of detection, based on particle counting, and selective photodissociation. Information about

the number of ions is obtained by mass spectrometry, performed by the quadrupole trap.

Under certain parameters of the trap and the cooling laser, the detected signal is simply

proportional to the number or ions of a selected species.

Generally, at the start of the detection procedure, the ion number is detected, giving the

initial number of ions. After spectroscopic transition and the following selective photodisso-

ciation, the number of particles is detected again; the normalized di�erence between initial

and the �nal number of particles forms our spectroscopic signal.

Alternatively, the number of ions is counted continuously during the measurement pro-

cedure, giving the signal about the number of ions throughout the experimental cycle (in

this case, photon counting is performed with a time resolution of 0.1 s). A description of

the methods is provided in the following sections. More information about the details of

experimental realizations can be found in Ref. [40] and in Appendix 5.

3.1. REMPD and R-IRMPD

The selective photodissociation is realized by a resonance-enhanced multi-photon disso-

ciation (REMPD) for HD+ spectroscopy, or by a resonance infrared multi-photon dissocia-

tion (R-IRMPD) in the case of the spectroscopy the phenol-OH hydroxyl group in complex

molecular ions. In both methods, the goal is to dissociate those molecular ions, for which

the spectroscopic transition took place.

REMPD, used in HD+ spectroscopy, is illustrated in Fig. 3.1.1 (A, B) for detection of

terahertz and IR transitions, respectively. The selective photodissociation is realized by using

at least one narrow bandwidth source of a radiation (comb-stabilized lasers, maser-stabilized

THz radiation), and several additional lasers (typically, broadband) to drive transitions to

higher rovibrational levels from which a photodissociation takes place. Fig. 3.1.1, (A) illus-

trates a fundamental rotational (1.3 THz) transition detection: �rst, a quantum state prepa-

ration takes place. It is realized by increasing the fractional population in (v = 0, N = 0)

level; this is a ground level. Two rotational cooling lasers λp1 and λp2, are used to populate
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CHAPTER 3. TRANSITION DETECTION

the (v = 0, N = 0) level. Spectroscopic transition is induced by THz radiation, after which

several lasers at λp2 = 2.71 µm, λ′ = 1565 µm and λ′′ = 405 µm perform a photodissociation.

Fig. 3.1.1, (B) illustrates a fundamental vibrational transition detection at λS = 5.115µm.

As in previous descriptions, the quantum state preparation is made by increasing the frac-

tional population in the (v = 0, N = 0) level, which is a ground level. The two rotational

cooling lasers λp1 and λp2, are used to populate the (v = 0, N = 0) level. Spectroscopic

transition is performed by a narrow linewidth lasing radiation at λs = 5.115 µm, stabilized

to an optical comb. Two lasers at λ′ = 1475 nm and λ′′ = 266 nm make a photodissociation

of the ions, for which the spectroscopic transition at λs = 5.115 µm was realized.

R-IRMPD is illustrated in Fig. 3.1.2. In complex molecular ions, possessing a large num-

ber of nuclei, the Intramolecular Vibrational Redistribution (IVR) takes place; this means

redistributing the absorbed photon energy among other degrees of freedom. After the redis-

tribution, absorption of another photon on the same transition becomes possible. As IVR

occurs on a short time scale (typically, few ten picoseconds), the absorption can be repeated

many times during the typical time for a spectroscopy (in our conditions, a few seconds).

This results in a cumulation of an amount of energy, enough to break the bond(s).

Counting the ions before, repeating it after performing selective dissociation by REMPD

or R-IRMPD, and taking the normalized ratio of the ion loss completes the spectroscopy

procedure. This counting technique, realized by the mass spectrometry in the Paul traps, is

described in the next section.

3.2. Mass-selective detection

The mass spectrometry is carried out in one of the following ways: secular excitation

detection (see e.g. [42]) or by trap release with particle counting (see [5]). In both cases, the

mass-to-charge selectivity of the trap is used [43].

In the case of trap release, the trap parameter(s) is varied to release �rst the heavier ions,

then lighter ions, see Fig. 3.2.1, (a, b). Fig. 3.2.1 (a) shows the dependence of a release RF

voltage (which is a trap parameter) as a function of the particle mass, i.e. the minimum RF

voltage for which the ion is still trapped. Fig. 3.2.1 (b) shows an example of the extraction

method.

In the case of secular excitation, the heating of the selected species with subsequent

�uorescence detection indicates the number of ions of the selected species. The secular

excitation method is based on heating the ions using an external oscillating electric �eld.

The heating e�ect depends on the frequency, and the resonance frequency is referred to as a

secular frequency (which, in turn, depends on the mass and charge of the ion to be heated).

The method requires the ions trapped to be in the Coulomb crystal state, and this method
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3.2. MASS SPECTROSCOPY
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Figure 3.1.1. Level schemes and relevant transitions for REMPD in HD+.
Levels are shown not to scale. λp1 is a rotational cooling laser (see Chap. 6).
(A) - detection of pure rotational (1.3 THz) transition. λp2 is used for both
rotational cooling and transition detection. Quantum state preparation is real-
ized by increasing the fractional population at the(v = 0, N = 0) level; this is
a ground level. Spectroscopic transition is performed by a THz radiation, after
which several lasers at λp2 = 2.71 µm, λ′ = 1565 µm and λ′′ = 405 µm perform
a photodissociation. (B) - detection of the fundamental vibrational transition.
Both transitions at λp1 and at λp2 are used for the rotational cooling. Quan-
tum state preparation is realized by increasing the fractional population at the
(v = 0, N = 0) level; this is a ground level. Spectroscopic transition is made by
a narrow linewidth lasing radiation at λs = 5.115 µm, stabilized to an optical
comb. A photodissociation is performed by two lasers at λ′ = 1475 nm and
λ′′ = 266 nm.

is very sensitive to any change of experimental parameters: cooling laser power, its detuning,

trap parameters, presence of any other species. Fig. 3.2.1 (c) shows the secular excitation

frequency for several species trapped. An illustration of the secular excitation is shown in

Fig. 3.2.1 (d), here the excitation frequency is varied in a wide range to detect a responce

from certain (here, HD+) ions.

Obtaining information about the number of ions is of great importance. A narrow-

range scan of excitation frequency is typically performed, as its center frequency is known; a
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CHAPTER 3. TRANSITION DETECTION

[Polfer et al.]

Figure 3.1.2. Illustration of R-IRMPD method (from Polfer, Oomens [41]).
IR - resonant rovibrational transition in a molecule (molecular ion). IVR -
Intramolecular Vibrational Redistribution. The vessel stands for the other
degrees of freedom of the molecule. After ��lling� the vessel, the molecular
bond(s) is broken, thus allowing the photodissociation by IR radiation without
UV light.

small frequency deviation is possible due to the e�ect of motion coupling [42]. The narrow-

range scan (typically, ±50 kHz) has the purpose of covering the full range of possible secular

frequencies. The experimental realization of ion counting can be generally attributed to

one of the following two methods: (1) a �continuous� excitation, or (2) a probe before/after

REMPD. In the �rst method, the secular excitation is applied throughout the measurement

cycle, and the �uorescence detection is monitored with a time resolution around 0.1 s. An

example of this method is shown in Fig. 5.0.2. In the second method (probe before/after

REMPD), the secular excitation is applied for a few seconds before and then repeated after

REMPD, giving two signals. Their normalized di�erence forms the spectroscopic signal.

Also, di�erent combinations of methods were used as well. Fig. 3.2.2 shows an example of a

method used in experiments.
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3.2. MASS SPECTROSCOPY

Figure 3.2.1. Mass-selective detection with linear quadrupole trap. (a, b):
the extraction method, used in vibrational spectroscopy of complex molecular
ions (see Ref. [5]). (a) - extraction diagram of di�erent species. (b) - example
of results of extraction; several di�erent species are resolved. (c, d): secular
excitation method used in HD+ spectroscopy. (c) - secular excitation diagram
for di�erent species relevant to the experiments; the light atomic and molecular
ions (H+, D+, HD+) have their frequencies, signi�cantly di�erent from those
of heavier species (Be+, BeH+, BeD+, BeOH+) and can be resolved. (d) -
example of a secular excitation, used in HD+ spectroscopy [S. Schiller et al];
m=3 is the weight of HD+ in atomic units.
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CHAPTER 3. TRANSITION DETECTION
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Figure 3.2.2. Illustration of a mass-selective excitation of HD+ ions and frag-
ments of their dissociation. The secular excitation is applied at the beginning
of the measurement procedure, indicating the number of HD+ ions; this ex-
citation is applied in two ways: fast and slow frequency scans. For the fast
scan, the scan rate is > 10 Hz, the scan range is relatively small (few tens of
kHz), and the �uorescent signal is averaged over excitation frequencies (time
constant 0.1 s). This is regarded as �continuous� excitation. For the slow scan,
the rate is < 0.4 Hz, the scan range is relatively large (about 1 MHz) and
it is possible to resolve the issue of di�erent species. This is designated as a
�secular frequency scan�. After initial excitations, quantum state manipulation
and REMPD is carried out. The secular excitations are applied again after the
selective dissociation, providing information about the residual HD+ ions, and
about dissociation fragments that may have appeared. A comparison of the
initial and residual number of HD+ ions provides a spectroscopic signal.
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Part 2

Development of the experimental setup
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�In this section, improvements of the experimental setup, and developments of new appa-

ratus and experimental approaches, will be described. Characterizations, if applicable, will

be provided. Most of the developments and results, described in this chapter, are used in the

experimental studies of molecular ions (see the following chapters and the papers attached).

For information about the setup used in experiments on complex molecular ions, see the

attached paper [5].



CHAPTER 4

Experimental setup

4.1. General scheme, imaging optics and �uorescence detection

The experimental setup, developed earlier (see Ref. [37]), was modi�ed by me to �t the

new experimental approaches. Fig. 4.1.1 illustrates the setup for high-resolution spectroscopy

in HD+ ions. The core of the setup is a linear quadrupole (Paul) trap, installed in an ultrahigh

vacuum (UHV) chamber. The vacuum chamber has optical and terahertz access for delivery

of the electromagnetic radiation to the trap center in the axial and diagonal directions. The

chamber has an electrical access to apply voltages for Be evaporation and to the electron gun

for ionization of the atoms and molecules, and an electrical access to the electrodes of the

trap. Imaging optics are installed for laser-induced �uorescence detection: one is based on a

PhotoMultiplier Tube (PMT) for photon counting, and another is based on a charge-coupled

device (CCD) camera for imaging the Coulomb crystal.
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Figure 4.1.1. Schematics of the trap system and laser beams for high-
resolution spectroscopy in HD+.
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CHAPTER 4. EXPERIMENTAL SETUP

In the course of the experiments, the setup was modi�ed to meet changing requirements;

these modi�cations usually concerned the optical part only. The schemes of the setup used

in the research of a fundamental rotational and weak spin-forbidden vibrational transition

are shown in the attached publications (appendices 4 and 5).

4.2. Optical setup

The optical setup, used in the previous experiments (see Ref. [37, 44]), was modi�ed and

improved in order to meet the requirements of combining di�erent beams. Minor changes

were made to combine the beams as follows: two beams, at 1.4 µm and at 266 nm, were

delivered from the left-hand side of the setup; 313 nm beam and 5.1 µm beam were delivered

from the right-hand side (see Ref. [45]). The motivation to rebuilt the scheme even further

was behind our plan to combine more beams of di�erent wavelengths: 266 nm, 313 nm,

1.4 ... 1.6 µm, 2.7 µm, 5.1 ... 5.5 µm, and later 405 nm. Additionally, the optical mounts

used before were not of a good quality, see Fig. 4.2.1, and in the new scheme it was decided

to replace the mounts with a new type less sensitive to temperature variations. We planned

to use focused beams, and an old scheme of beam alignment, using 2 irises, was not sensitive

enough to ensure a proper beam alignment and their overlap. Among the candidates for

the new scheme for alignment of the beams, we considered the following: delivering several

beams by an optical �ber, and using a �copy point� concept. Regarding the variety of the

wavelengths used, ranging from UV to Mid-IR, a �copy point� concept was chosen as a more

universal and �exible method. With this concept, a 313 nm laser beam is used as a guide

beam, and all other beams are combined with it (see Fig. 4.2.2).

An alignment of the guiding beam can be controlled by imaging optics: from the image

in the CCD camera and/or by the �uorescence signal. Inaccuracy involved in this method of

alignment can be attributed to the following factors (see Fig. 4.2.3): imprecision of a guiding

beam alignment (10 µm), imprecision of a �copy point� with respect to the guiding beam

(around 5 µm) and with respect to the position of the trap center (not more than about

3 mm), and imprecision of the alignment to the iris aperture (typically, 0.3 mm, distance

from the trap center 250 mm). Totally, inaccuracy is estimated to be 25 µm, providing a good

adjustment accuracy for all the beams used. This estimation is valid when the beams are

tightly focused to the diameter of about 100 µm and smaller, i.e. when the precise alignment

is important. If the beam has larger diameter, the need to be precise becomes less critical.

The main candidates for the new scheme of beam overlapping were: optical elements with

a high dispersion, and beamsplitters with high transmission in IR optical domain and re�ect-

ing light in UV optical range. The dispersion element, like a prism, required a long separation

distance to overlap the beams. This is especially undesirable for the longer wavelength, since
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4.2. OPTICAL SETUP

(a)

(b)

Figure 4.2.1. Optical setup before (a) and after (b) improvement of optical
components used.

a collimated beam even with a relatively large diameter of 5 mm starts to diverge quickly,

limiting focus spot size. A more compact scheme based on a beamsplitter with high trans-

mission in IR and high re�ectivity in UV was considered, but was not available at the time

of inquiry.
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Linear
RF trap

313 nm

Pinhole 30 µmø

Copy point

Flip mirror

Power sensor

Figure 4.2.2. The concept of beam alignment, based on �copy point�. The
guiding beam is assumed to be aligned. It is de�ected by a �ip mirror (shown
with a dashed contour), and passes a distance, equivalent to the path from the
de�ecting mirror to the trap center. At the copy point, which is a mirror image
of the trap center, a pinhole is installed. The pinhole represents the trap center
and can be used for alignment of any other beam to the trap center.

313 nm
0.3 mm

~ ~

3 mm

10 µm

5 µm

250 mm

Iris

30 µm pinhole
Copy pointBeam to be aligned

5 µm

Copy point
mirror image

Figure 4.2.3. Imprecision of alignment. The dimensions are not to scale, and
small misalignments are exaggerated to become visible. Two beams are shown:
313 nm guiding beam (in blue) and all other beams to be aligned (in red). The
guiding beam is aligned to the crystal center with 10 µm imprecision. The
pinhole is installed close to the copy point, with imprecision of 5 µm relative to
the beam center, and with imprecision of 3 mm relative to the crystal center.
All beams, except the guiding beam, are assumed to be aligned to the pinhole
with imprecision of 5 µm at the copy point position, and with imprecision of
0.3 mm at the iris position. The total imprecision is estimated as a sum of all
imprecisions, this being 25 µm.

Several semiconductor materials were considered by me, those which have good transmis-

sion in IR, and high, almost metal-like, re�ection in UV. Crystalline silicon looked particularly
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4.2. OPTICAL SETUP

Table 1. Re�ection and transmission of two semiconductor beamsplitter
plates, potentially appropriate for combining di�erent wavelengths. Thick-
ness of the beamsplitters is 5 mm. In a UV range, the materials have high
re�ectivity, and have low transmission losses in IR range. The losses associ-
ated with Fresnel re�ections are too large for the considered applications. The
di�erent colours have a legend: from violet to red, violet means �very useful�,
and red means �unsatisfactory�. In black, information which is not relevant to
the performance of the beamsplitting, is shown.

interesting for our applications, but the e�ciency of transmission IR light was quite low be-

cause of the Fresnel re�ection of the material with a high refraction index. Transmission and

re�ection of Si and Ge are shown in Table 1 for di�erent wavelengths.

An inexpensive Si optical window, AR-coated at 3...5 µm, proved to be a good compromise

solution. The coating ensures low losses at 2.7 µm and at 5.4 µm, two wavelengths, for

which minimal losses are desired as the beams are supposed to apply an optical force and

to drive a two-photon transition, respectively. For other wavelengths, a partial re�ection

is tolerable, because the corresponding beams have high powers, enough to saturate the

corresponding one-photon transitions, and to induce high transition rates in HD+. The data

of the experimentally measured transition and re�ection for AR-coated at 3 ... 5 µm coated

crystalline Silicon, are shown in Table 2.

The scheme of beam combining is shown in Fig. 4.2.4 (left-hand side and right-hand side

of the vacuum chamber). The new scheme, made of stable mirror mounts on 1-inch pedestal

bases, ensures stable beam alignment (see Fig. 4.2.1 (b)); compared to the previously used

scheme, only rare re-alignments are required.

The optical scheme contains also wave retarders (not shown in the Figure). Lenses L1

(CaF2) are installed to focus the beams towards the trap center. The additional lens L2

attached to the �ip mount is intended for collimation of a cooling laser beam at 313 nm,
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CHAPTER 4. EXPERIMENTAL SETUP

Table 2. Transmission and re�ection of Silicon Anti-Re�ection coated for 3
to 5 µm. Thickness of the beamsplitters is 5 mm. The colour legend is the
same as in Table 1.
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Figure 4.2.4. Improved scheme of the experimental setup, used in the exper-
iments requiring combining of di�erent wavelengths. The following abbrevia-
tions are used: C.P. - copy point, W - CaF2 optical window, DM - dichroic
mirror, Mot.M. - motorized mirror mount, MM - magnetic mount, FM -�ip
mount, L - lens, P.D. - space reserved for photodetector mount, Si - Silicon op-
tical window AR coated @3...5 µm both sides, Vac - vacuum chamber, R.C. -
rotational cooling lasers, Box - sealed enclosure �ooded with nitrogen. Two dif-
ferent optical beam paths are shown for 313 nm light, �Beam 1� and �Beam 2�.
The �rst one is realized when a lens L2, attached to the �ip mount, is inserted
in the optical beam; the beam is shown in light violet. In this case a collimated
beam is delivered to the trap center. The second optical beam path is realized
when a lens L2 is removed from the optical path; the beam propagation is
illustrated with dark violet. In this case the focused beam is delivered to the
trap center.
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4.4. REDUCTION OF WATER VAPOR ABSORPTION

313 nm
to experiment
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l a s i n g
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Photodetector

0th order

±1st order

Figure 4.2.5. Scheme for stabilization of the cooling laser power at 313 nm.
An acousto-optical modulator (AOM) can de�ect part of the beam to a beam
dumper, and enables the transmitted power to be varied. A stabilization of
the transmitted power is realized by locking the system to a certain level of
photodetector signal; a feedback from �Lock box� (PID controller) is sent to
the AOM for stabilization of the transmitted power.

after propagation through 2 confocal lenses L2 and L1. Collimated 313 nm beam is more

appropriate for cooling a large Coulomb crystal. Alternatively, 313 nm light can be delivered

via single-mode �ber, however for the cost of power transmitted at a low level. The beam,

delivered via �ber, is useful for small Coulomb crystals and small o�-resonance detuning of the

cooling beam; the �ber-guided beam has high mode quality, which increases the �uorescent

signal and reduces the scattered light, thus increasing a signal-to-noise ratio (see Part 3 on

measurements of a weak excitation).

4.3. Cooling laser power stabilization

The cooling laser source [46] did not have a special scheme for power stabilization of

the 313 nm output radiation, and this power is subjected to �uctuations. To increase the

stability of the output power, which is important for precision spectroscopy, the power is

actively stabilized in the scheme, shown in Fig. 4.2.5. The AOM de�ects part of the incident

beam, thus providing a possibility to vary the transmitted power. A beamsplitter, installed

after the AOM, re�ects a small part of the incident beam to a power detector; the detector

provides an error signal for power stabilization, shown as a �Lock box�. A typical graph of a

stabilized power and a power of a free-running laser source is shown in Fig. 4.3.1. The scheme

used provides a good long-term power stabilization with residual long-term instability < 5 %,

which can be an important step towards an increase in the resolution of the spectroscopic

schemes we use.

4.4. Reduction of water vapor absorption

To reduce the water vapor absorption, which is especially strong for the wavelength of

2.65 µm, that is of particular interest as this wavelength corresponds to (v = 0, L = 0) ⇒
35



CHAPTER 4. EXPERIMENTAL SETUP

0 50 100 150 200 250 300 350
0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

P
h

o
to

d
io

d
e

 s
ig

n
a

l,
 V

P
h

o
to

d
io

d
e

 s
ig

n
a

l,
 V

Time, s

 Stabilized power 313 nm

 Power stabilization is off

 

Figure 4.3.1. Illustration of stability of the 313 nm laser source with acti-
vated power stabilization (blue curve) and without its activation (red curve).
The stabilization scheme e�ectively reduces low-frequency noise, which can be
important for many experiments.

 

Figure 4.3.2. Water absorption at 2.65 µm. The data obtained from Ref. [47].
Parameters used: Database HITRAN2004, gas cell simulator H2O all isotopes,
length 30 cm, 1 bar, 300 K, Volume Mixing Ratio 0.0014 (which corresponds to
about 5 % relative humidity at 300 K). The red arrow points to the frequency
of the (v = 0, N = 0)⇒ (v = 2, N = 1) transition of HD+.

(v = 2, L = 1) transition in HD+ molecular ion, the optical setup is enclosed by the sealed

box, �ooded with a water-free nitrogen gas (Fig. 4.2.4). The absorption by the water vapor

is illustrated by Fig. 4.3.2, where the spinless f0, theor transition frequency is marked by an

arrow. It then follows that relative humidity less than about 5 % is required to transmit
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4.4. REDUCTION OF WATER VAPOR ABSORPTION

> 85 % of power for propagation distance in the air of 30 cm. Experimentally achieved

residual humidity < 3 % ensures that the residual water vapor absorption is . 10 %.

The optical parametric oscillator (OPO) has also been enclosed with a sealed box. The

larger propagation distance, about 1 m, requires even less humidity. Experimentally-achieved

residual humidity is beyond the range and resolution of the hygrometer we used; the humidity

is estimated to be < 0.1 %, which ensures the beam propagation is almost without losses.

The gas absorption modelling was performed using spectralcalc online gas cell simula-

tor [47].
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CHAPTER 5

Demonstration of an all-diode laser transition detection in HD+

The �rst experiment performed with one of distributed feedback (DFB) lasers (see sec. 16.7

for the details about the purpose of the lasers), was a demonstration of an all-diode laser tran-

sition detection in HD+. Several diode lasers for driving the transitions shown in Fig. 5.0.1

were used to perform REMPD of HD+, cooled by laser-cooled Be+ ions. The scheme of

quantum state preparation and of transition detection used here does not require any rota-

tional cooling: the ground state (v = 0, N = 1) is populated thermally to a su�cient degree,

its fractional population is 25 %. The population of the (v = 0, N = 1) level is decreased

during REMPD, and the BBR-assisted pumping redistributes the remaining population of

other levels in a few seconds, thus it is also possible to observe strong decay in a few seconds.

The DFB1 laser was scanned over the range of about 1 GHz, and it induced, mainly, only

the most strong hyper�ne transitions between the (v = 0, N = 1) and (v′ = 2, N ′ = 0) levels.

The tunable telecom laser at the wavelength λ′ = 1565 nm, having linewidth ∼ 50 MHz,

performes population transfer to a higher rovibrational level, (v = 6, N = 1), from which

the HD+ ions are e�ectively dissociated by 405 nm laser light. We used a �constant� secular

excitation scheme (see sec. 3.2) for transition detection, i.e. the secular excitation was applied

at the beginning of the measurement cycle and continued to the end of the measurement.

The result of this transition detection is shown in Fig. 5.0.2, demonstrating the possibility

that HD+ spectroscopy can be carried out with commercially available diode lasers at a

moderate-cost.
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Figure 5.0.1. All-diode laser REMPD. Several diode lasers were used: a dis-
tributed feedback (DFB) diode laser at 2.71 µm, a commercial telecom diode-
based laser at 1565 nm, and a violet diode laser at 405 nm.
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Figure 5.0.2. Illustration of the possibility to perform an all-diode laser
REMPD spectroscopy. A �continuous� secular excitation method of mass-
selective detection is used (see Chap. 3). See the text for the details about
lasers and the detection scheme used.
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CHAPTER 6

Internal state manipulation

Internal state manipulation is a crucial tool in fundamental and applied physics: for

spectroscopy and metrology, in quantum computations and quantum information storage

and transfer, for atom interferometry, and other �elds [48�51].

Quantum state preparation is of importance for high-resolution spectroscopy of HD+ as

well. The HD+ molecular ions, loaded in the trap, are cold vibrationally, since the rovibra-

tional transitions are strong and higher vibrational levels are quickly de-populated (after,

e.g. excitation by electron impact, or optical pumping) via spontaneous emission. The pop-

ulation is distributed among several of the lowest rotational levels, caused by the interaction

with black body radiation (BBR), see Fig. 6.0.1. It was found (see Ref. [21, 22]) that using

a few lasers helps to increase signi�cantly the population in the lowest rovibrational level

(v = 0, N = 0), see Fig. 6.0.2. Several experimental results took advantage of the high

population and, consequently, higher signal detected, see e.g. Ref. [40, 45].
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Figure 6.0.1. Rovibrational levels of HD+ ions [3]. Spontaneous emission
lifetimes are shown in blue, and black-body-induced transition rates are shown
in green for several low-lying rovibrational levels. In the abscence of any other
radiation sources, the BBR induces transitions in the rotational structure of
the lowest vibrational levels. Several rotational levels are well-populated (up
to N = 4... 5), with the highest fractional population at the N = 2 level.
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Figure 6.0.2. Rotational cooling in HD+. Two lasers are used to perform
optical pumping, shown in red and blue. They form an almost-closed transi-
tion scheme (upon neglecting BBR), which ensures e�cient optical pumping.
The λp1 light at 5484 nm is delivered from a quantum cascade laser (QCL)
source. The distrubuted feedback (DFB) diode laser emits light at λp2 = 2.71
µm. Spontaneous emission transitions are shown with dashed lines, and BBR
induced transitions are shown with dotted lines.

Hyper�ne-state-selective transitions

The important step in the state preparation was carried out in [45]: the optical pumping

between di�erent hyper�ne (hf) states was realized, see Fig. 6.0.3. In terms of HD+ molecular

ions, the hyper�ne state is characterized by the three quantum numbers, F , S and J . The

hf-state changing transition is thus a transition (RF or a rovibrational), for which at least

one of these quantum numbers is changed. They can be devided into the three classes: (i)

allowed, for which ∆J = 0, ±1, but F and S remain unchanged, (ii) spin-forbidden, when

one of the F or S quantum numbers is changed, (iii) doubly spin-forbidden, for which both

F and S are changed.

Transitions between di�erent hyper�ne states can be used to increase the population of

any of the hyper�ne states. This can be accomplished by carrying out optical pumping with

involving de-population of the other hyper�ne states and transferring their population to the

desired state. These hyper�ne-state selective transitions result in certain requirements for

the lasers used: the frequency must be well controlled, to ensure that only desired transitions

are excited. Additionally, the required power to drive the transitions can be relatively high

(see Appendix 5), as many of these transitions are forbidden (or doubly-forbidden) and are

weak compared to the most strong transitions (as an example in Fig. 6.0.3, the �P4� line is

a weak, doubly spin-forbidden transition).
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Figure 6.0.3. Hyper�ne states and some relevant hyper�ne transitions (v =
0, N = 0) → (v′ = 1, N ′ = 1) in HD+ [3]. �P, S, W� denotes pump, strong
and weak transitions, respectively.

The more detailed information about implementation of rotational cooling and hf-state

selective transfer can be found in the attached papers (Ref. [45] and Appendix 5).
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CHAPTER 7

The Optical Parametric Oscillator (OPO)

7.1. IR laser souces

Fundamental or low-order overtone vibrational transitions in molecules and molecular

ions require light sources in the IR spectral range. Existing laser sources include quantum

cascade lasers, diode lasers with distributed feedback, schemes for di�erence frequency gen-

eration and optical parametric oscillators (OPO). The latter, OPO, can provide signi�cant

conversion e�ciency and high output power. Nowadays OPO systems take advantage of the

progress being made in manufacturing non-linear material, including periodically-poled crys-

tals. Di�erent kinds of OPOs are available, including commertially designed ones, with a wide

range of speci�cations: wavelength from UV to mid-IR, CW or pulsed mode. Resonators used

to increase conversion e�ciency include: single-, double- and triple-wave resonant; mirrorless

OPOs also exist. Non-linear materials include bulk or periodically-poled crystals. Methods,

developed for frequency and power stabilization, allow OPO to be used as a stable, tunable

high-power lasing source for a number of applications in spectroscopy, physical chemistry and

other �elds (see, e.g. Ref. [52�54]).

A general description of di�erent kinds of OPO can be found elsewhere (see, e.g. [55]).

More detailed information about OPO, used in the described experiments, can be found in

Ref. [56]. Fig. 7.1.1 illustrates the scheme of the OPO setup.

This singly-resonant OPO is used in: (1) vibrational spectroscopy in polyatomic molecular

ions (see Ref. [5]), (2) optical pumping and observation of a weak, doubly spin-forbidden

transion in HD+ ion (see Appendix 5), and (3) experimental attempts to observe an optical

force.

7.2. Frequency stabilization of the OPO

The method of frequency stabilization of the OPO used in vibrational spectroscopy of

complex molecular ions (see Ref. [5]), counterdirectional mode coupling, is described in

Ref. [56, 57]. This method of frequency stabilization did not result in the required long-

term stability of the idler wavelength, and the OPO stabilization scheme was re-built by me

to meet the requirements of long-term mode-hop-free operation. The thermal locking mech-

anism (see, e.g. Ref. [58]) was chosen as a method for providing long-term mode-hop-free
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2.7 µm 2.5 W
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Figure 7.1.1. Scheme of the OPO (after [56, 57]). The Nd:YAG laser seeds
an optical �ber ampli�er, increasing the power to 9 W, used as a pump
for the OPO. The OPO consists of collimation unit C3, pump beam align-
ment mounts, resonator for a signal wavelength (1.8 µm), and a temperature-
stabilized oven for MgO periodically-poled lithium niobate, realizing a fre-
quency down-conversion. DM - dichroic mirror for separation pump and idler
beam. BS - beam sampler; P - polarizer; PA - power absorber; C1, C2, C3 -
�ber collimators.

operation. The most important aspect of the method is its ability to achieve temperature

stability of the nonlinear crystal: typically, a tolerable instability is 10 mK. The �rst thermal

control unit used was not able to maintain the required temperature stability, and was im-

proved. The well-shielded second generation temperature control unit met the requirement

of 10 mK temperature stability, to provide the long-term mode-hop-free operation.

To realize the frequency stabilization of the idler radiation, the pump frequency is actively

tuned to compensate for any drift of the signal (and pump) frequency. The direct measure-

ment of the idler frequency (λ = 2.7µm) is di�cult to realize; this frequency is obtained

by measuring both the pump and signal frequencies alternately using an etalon wavemeter.

The illustration of this method is shown in Fig. 7.2.1. The typical residual instability of the

output wavelength is illustrated in Fig. 7.2.2, 7.2.3, showing that the idler frequency is stable

within about 10 MHz (relative to the wavelength meter), for a duration of several hours. The

short-term instability is estimated to be no more than ± 20 MHz, see attached preprint in

Appendix 5.

The concept of the active stabilization of the idler frequency is realized by sending the

pump and signal beams alternately to the wavelength meter. We use the wavelength meter

High Finesse AngstromWS-7 IR. A PC program controls the shutters, calculates error signals

and provides feedback to the pump laser to stabilize the idler frequency in line with a desired

detuning. This program is run on the dedicated computer, and the possibility of establishing
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7.3. APPLICATION OF THE OPO

Figure 7.2.1. Scheme of OPO idler frequency stabilization. Two wavelengths,
for signal and pump waves, are measured by the wavemeter alternately, to
obtain the idler wavelength. The PC performs calculus to produce an error
signal, sent via DAQ card to the �pump seed� laser.

remote control from the main measurement PC is realized. As the wavelength meter is prone

to drifts, a periodical calibration is required. To make a precise calibration, an absolute

frequency measurement is carried out with the help of the frequency metrology team from

our group [59]. An optical comb, referenced to GPS, was used to calibrate the wavemeter

at di�erent wavelengths: the �pump seed� wavelength 1.064 µm, a �reference� wavelength

1.56 µm, and the �OPO signal� wavelength 1.8 µm. A daily check is carried out using a

beam at 1.56 µm (the �reference� wavelength), which is obtained from the 313 nm frequency-

stabilized laser source (see Ref. [46] for the details related to frequency stabilization in a 313

nm lasing source).

7.3. Application of the OPO

For experimental applications, the OPO idler beam is divided into 2 parts, each beam

then passes through the Acousto-Optic Modulator (AOM), and the 1st order di�racted beam

for each of the 2 beams is then coupled to ZBLAN �ber, see Fig. 7.3.1. The �bers are

single-mode at 2.7 µm wavelength, and provide about 50 % transmission. AOMs are driven

independently, by a self-made DDS synthesizer and 2 ampli�ers (up to about 16 W each).

AOMs are water-cooled, and have center frequencies of 50 MHz. The DDS synthesizer can

provide two independent frequencies, f1 and f2, their di�erence |f1 − f2|, and its multiple

N |f1 − f2|, where N is a natural number (provided that all the frequencies do not exceed

150 MHz); the phase control of the waves is also realized. These phase-locked frequencies are

important for time-resolved photon counting, see Chap. 8 and 11.
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Figure 7.2.2. Illustration of the OPO output power (red, left scale) and idler
frequency (blue, right scale) instability, while OPO idler frequency is stabilized
to the wavemeter. Shown is a typical graph. First 30 min demonstrate higher
�uctuations of both power and wavelength, which can be attributed to the
heating-up of the OPO setup.

-30 -20 -10 0 10 20 30

0

200

400

600

800

1000

   Gaussian fit

N
u

m
b

e
r 

o
f 

m
e

a
s
u

re
m

e
n

ts

Frequency error of idler wave [MHz]

10 MHz FWHM

Figure 7.2.3. Histogram of the OPO detuning from the lock point. A typical
result, obtained during a one-hour period, is shown. The values of error signals
are binned with a step of 1 MHz. The Gaussian �t results in 10 MHz linewidth.

Time-resolved photon counting was used in the test experiments to detect an optical

force, induced by OPO. The two optical waves, frequency-modulated with AOMs, driven

by frequencies f1 and f2, can produce the phase-modulated standing wave. Both f1 and f2

are around 50 MHz and have their di�erence |f1 − f2| in the range from a few ten kHz to
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Figure 7.3.1. Scheme of employment for OPO idler wave. The beam is dev-
ided into two parts (approx. 50:50), each beam passes through independently-
driven AOMs, and the ±1st order di�racted beam is coupled to ZBLAN �ber,
single-mode at 2.7 µm. The signal beam at 1.8 µm is coupled (small part of
the total power) to the wavemeter.

few MHz. The phase-modulated standing wave (also called a running standing wave) can

induce an optical force (see Ref. [60]), exciting the ion motion with frequency |f1 − f2|. If

this di�erence frequency (typical value for our setup is 100 kHz ... 5 MHz) corresponds to

the crystal eigen mode, the secular motion is excited, which can be then detected. As the

DDS provides an output of |f1 − f2|, this output can be used as a reference signal for the

coherent motion detection.

For experiments, in which the OPO performs optical pumping, and which do not require

optical force excitation, the di�erence frequency |f1 − f2| is usually chosen to be a few tens

of kHz. Setting this frequency to zero is not desirable, as this will produce a standing wave,

and consequently, space-modulated intensity distribution, and may a�ect the experimental

results. Using a slight modulation makes averaging of the intensity distribution on the time

scale of seconds, used in the experiments.

The two AOMs can be set to produce the opposite orders of di�racted beams: one of them

is the 1st order, and another is the �-1st� order. This scheme can be useful, for example, for

excitation of Raman transitions. The di�erence frequency can be up to ∼ 120 MHz, which

allows excitation, for example, of certain hyper�ne transitions of HD+.
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CHAPTER 8

Field Programmable Gate Array (FPGA) for time-resolved photon

counting

For the mass spectroscopy in the Paul trap, i.e. species-selective detection, the electric

�eld-induced secular excitation can be applied with an amplitude of many volts and even

larger, to induce a strong enough motion of speci�c ions, with subsequent heating of the

crystal and measuring the change in �uorescence. This method was implemented in several

of our experiments (see Ref. [40, 45] and Appendix 5).

The strong excitation becomes unavailable with, for example, excitation exerted by an

optical force. In this case, a more sophisticated method of detection is required. One of the

most sensitive methods is Doppler velocimetry based on time-resolved photon counting. With

this method, a (periodic) motion of a laser-cooled �uorescing ion leads to a time-dependent

(also periodical) �uorescence, which can be detected, see Fig. 8.0.1. In our approach we

followed a method used in Ref. [60] (and also private communications [61]). For typical

parameters of the setup, the time-resolved detection necessitates certain requirement: taking

into account a low photon �ux detected, the excitation should be repeated many times (many

periods of excitation), and �folded� with a period of excitation. Experimentally this can be

realized using a �eld-programmable gate array (FPGA) as a basis.

8.1. Time-resolved photon counting for a coherent motion detection

A FPGA can be con�gured to work as a counter of short pulses, which can be a photon

�ux, see Fig. 8.1.1. A �uorescent signal from PMT, after preampli�er and a discriminator

(together, a �pulse shaper�), is sent to the event counter FPGA input (�Stop� port). Time-

resolved counting can be realized, when the gate time for the incident count is small enough;

practically, it should be less than the inverse of a photon �ux.

Generally, for the counter incident event an arrival time is written to the �le. If a periodic

signal is to be detected, as in the case of a coherent motion excitation, an additional FPGA

input, �Start� port, can also be used. When a �Start� signal arrives, the time is reset. Thus,

any incident event has a �folded� arrival time, having a form of Tfolded = Treal modTexcitation,

where mod is a modulo operation.
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Figure 8.0.1. Illustration of a Doppler velocimetry. An AC voltage is applied
to one, or several electrodes of the linear RF trap. A periodic electric excitation
(with a period Texcitation) is then applied to the laser-cooled �uorescing ions in
the trap, is shown as a red double-arrowed line. This excitation induces ion
motion and results in periodic changes in �uorescence, shown as a green wavy
line. 1/Texcitation is typically of the order of many tens kHz or more. The
corresponding rapid �uorescence variation can be detected with time-resolved
photon counting.

An FPGA is driven with an external clock frequency. The external clock frequency, as

well as an ion excitation frequency, is derived from the same external RF source (here, a

multi-channel DDS source); this ensures the phase coherence of the waves. The external

clock de�nes the time resolution of the time-resolved counting: the signal is sorted in groups

by its time stamp Tbin = Int (Tfolded/Tclock) , where �Int� denotes an integer part. In other

words, the �folded� arrival time T is binned; typically ten to a few hundred bins are used.

For the typical parameters of the setup, the photon �ux is of the order of a few thousand

counts per second, and an excitation frequency is of the order of many hundred kHz. To

have a reasonable signal to noise ratio, one would like to have at least more than one incident

event per every bin, with the number of bins being more than 10. Additionally, excitation

must be applied during, at least, its full period. Thus, the minimal time to detect a signal

is in the order of millisecond. Practically, to achieve a good resolution, especially when a

weak excitation is to be detected, the reasonable time to detect a signal can amount to many

seconds.

An FPGA-based counter was built by U. Rosowski in our group for the purpose of per-

forming the Doppler velocimetry (see Chap. 11).

49



CHAPTER 8. FPGA

FPGA

Start

DDS

f1

f2

f1-f2 N ( -f )2f1

Stop

Clock in

Data
out

Computer

Linear
RF trap

313 nm

PMT

Counter

Pulse shaper

Excitation (optical or electrical)

Figure 8.1.1. Principle of time-resolved photon counting. Two frequencies,
f1 and f2 (or any of them) from the DDS synthesizer, are used to excite the ion
motion. Optical excitation assumes applying an optical force and a running
standing wave concept (see Chap. 14); electrical excitation can be applied using
trap electrodes. The �uorescent signal is written to the data �le: a time stamp
is made for the detected photon event (when signal arrives at the STOP port).
The time is counted in units of clock frequency units and is reset when the
signal arrives at the START port.
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CHAPTER 9

Optical magnetometry with Be+ ions

One of the important aspects of the precision measurements of the transitions in HD+

molecular ions is an information about the magnetic �eld experienced by the ions in the

trap. The magnetic �eld de�nes the Zeeman splitting of the hyper�ne levels, and this split-

ting becomes important for measurements of hyper�ne transitions (in RF domain), rotational

transitions (in THz domain), and for high-resolution measurements of rovibrational transi-

tions (mainly, in IR domain).

The magnetic �eld in the trap also a�ects the transitions in Be+, which have to be taken

into account to make an optimal choice of cooling radiation parameters. Of importance is

also the possibility to vary the magnetic �eld in 3 orthogonal directions, making it feasible

to reduce the magnetic �eld or to apply the magnetic �eld in any desired direction. One

straightforward approach, applicable to the experimental setup for HD+ spectroscopy, is

making use of Be+ ions as a precise magnetic �eld sensor.

The optical cooling scheme for 313 nm and relevant transitions in Be+ are shown in

Fig. 9.0.1. As well known, [44, 62, 63] , use of σ+ or σ− light polarization provides an

almost close-cycle transition, giving rise to e�cient laser cooling of Be+ ions. In this case,

the population is distributed between the excited 2 2P3/2, F = 3, m = ±3 and the ground

2 2S1/2, F = 2, m = ±2 state, and does not decay into the 2 2S1/2, F = 1 state, as this

would require the transition with |∆m| > 2, impossible with the dipole-allowed transitions.

In practice, because the polarization state is not ideal, magnetic �eld is not stable in its

amplitude and direction, and because of a Larmor precession, a F = 1 state of 2 2S1/2 level

becomes populated. An optical sideband is generated in a 313 nm laser source, with the

purpose of depleting this level and increasing laser cooling e�ciency.

Fig. 1 of Appendix 6 illustrates the general coupling scheme. The case ∆S = 0 corresponds

to an optical repumping scheme; ∆S ' ∆C � Γ21, Γ23, ΩC , ΩS is the case, when the two-

photon transition is important to consider.
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Figure 9.0.1. The optical transitions relevant to the laser cooling [44]. ωL -
carrier frequency; ωR - a red-detuned sideband produced by an EOM.

Determination of magnetic �eld in the trap center

I proposed the use of a two-photon, Doppler-free stimulated Raman transition to precisely

measure the Zeeman splitting and to determine the magnetic �eld. With a Λ-scheme tran-

sition, two beams, pump and Stokes, should be co-propagating to eliminate or signi�cantly

reduce (the wavelengths are not equal) the Doppler broadening. An amplitude- or a phase-

modulating EOM allows both the carrier and the sideband to be produced simultaneously,

which is important for the stimulated two-photon transition.

I suggested the following parameters: carrier detuning in the order of a few tens MHz,

Rabi frequency of the carrier up to a few MHz, detuning of the sideband is scanned to

detect the resonance transition, and the Rabi frequency of the sideband is 10...100 times

lower than the Rabi frequency of carrier. With these parameters, the one-photon transitions

induced by a sideband, are 10−4 . . . 10−2 weaker than those induced by a carrier, the e�ective

Rabi frequency for a Raman transition is up to a few tens kHz. The Stark shift can also

reach a few tens of kHz. The larger intensities with lower detunings are convenient for

preliminary determination of the resonance, and reduction of intensity is necessary to increase

the precision and reduce systematical shifts.

Another scheme, which allows to compensate for the Stark shifts and to measure unshifted

(only broadened) transitions, was also proposed by me: it requires the equality of the Rabi

frequencies of the carrier and the repumper.

More information about experimental realization performed by my colleague J. Shen is

provided in Appendix 6.
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Measurement of an ion motion excitation
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�In this part, the results of an experimental detection of an externally induced ion motion

will be described. Of special interest is detection of a relatively weak excitation. Measurement

of a weak excitation becomes important, for example, to detect an optical force applied to

the ions. Our motivation for using an optical force-based detection arises from the state-

selectivity of the optical force applied to the ions (in addition to the species-selectivity, used

in the mass spectroscopy detection method, which is applied before and after REMPD; see

Chap. 3), and the non-destructive nature of the method. The optical force applies only to

the ions in a speci�c state, thus providing a powerful tool for non-destructive spectroscopic

measurements.

Most of the experiments, described here, were carried out for excitations, induced by

an electric �eld, applied to the endcap (EC) electrodes of the Paul trap, thus inducing an

axial excitation. Unlike an optical force, which is periodical in space with a period of just a

few micrometers for the infrared optical domain, the periodic alternating (AC) electric �eld,

applied to the endcap electrodes, creates an almost uniform electric �eld in the region close

to the trap center. This allowed relatively large (up to many hundreds of ions) Coulomb

crystals to be used in the test experiments for characterization of an ion motion excitation

with a good signal-to-noise ratio. The results are strongly correlated with a case of only

one ion in the trap, because the center-of-mass (COM) mode is excited (see Ref. [64�66]).

In addition, the magnitude of electric �eld excitation can easily be controlled by a voltage

applied to the EC electrodes, whereas an amplitude of optical force is limited by the power

available from the OPO.



CHAPTER 10

Determination of an electric �eld in the trap center

An alternating voltage, applied to EC electrodes, creates an electric �eld in the trap

center, which is signi�cantly screened by the presence of RF electrodes. It was experimentally

determined that the electric �eld in the trap center, induced by the AC voltage, applied to

the EC electrodes, obeys the relation:

(10.0.1) Ecenter[V/cm] ≈ VEC [V ]/10 ,

where VEC is a double amplitude (peak-to-peak) of the alternating voltage, applied to EC

electrodes, and Ecenter is the electric �eld, induced in the trap center. Fig. 10.0.1, (images on

the right side) illustrates experimental determination of the electric �eld: two CCD images

are taken, one before applying the shift voltage, and one after that. The shift voltage is

chosen to move the ion crystal, so that it is moved by half of its length, and the outside ion

takes a central position. In this case it is possible to evaluate the electric �eld experienced

by the outside ion, and thus to estimate the electric �eld induced by EC electrodes. The

ion-ion distance is taken from the image, and is estimated to be 30 µm. The electric �eld,

corresponding to this ion-ion distance, is then multiplied by a factor of 1.65, which models

for a string of a large number of equidistantly spaced ions (here, 7 ions), and is a sum of a

series:

1.65 ≈
∞∑

x=1

1

x2

The voltages applied to the EC electrodes were: EC1= 4.3 V, EC2= 5.82 V before the ion

crystal move, and EC1= 4.42 V, EC2= 5.70 V after the ion crystal move. The result of this

experimental data analysis is represented by the Eq. 10.0.1. It is in reasonable agreement

with the modelling results, made in Ref. [37], see Fig. 10.0.1 (left graph), according to which

the relation has a form Ecenter[V/cm] ≈ VEC [V ]/3.2 . The deviation of the two results can be

related to experimental or modelling errors and uncertainties, the presence of other sympa-

thetically cooled ions (which are invisible in the CCD image), degrading or coating of the

electrode surfaces, stray electric �elds (see Ref. [67]), and other e�ects, which limit the RF

trap performance.
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700 µm

Figure 10.0.1. Determination of the axial electric �eld in the trap center as
a function of the EC voltage. Left image - modelling results from U. Froehlich
dissertation [37]. Images on the right are taken from a CCD camera for exper-
imental determination of the electric �eld in the trap center.

The detailed study of the distribution of the electric �eld in the ion trap was not a

focus of this work. The approximate evaluation of the electric �eld in the trap center as a

function of the excitation voltage applied to the EC electrodes is implemented to determine

the sensitivity of the ion excitation detection.

This part consists of two chapters, describing di�erent methods of an ion motion detection:

by a coherent motion detection, based on a FPGA time-resolved photon counting scheme,

and a lock-in detection of an amplitude-modulated excitation, and discussion of the results.
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CHAPTER 11

Coherent motion detection by FPGA-based time-resolved photon

counting

The basic concept of FPGA-based time-resolved photon counting is described in Chap. 8.

For characterization of this method, a series of experiments were done with axial secular

exitation of Be+ and HD+ ions by electric �eld, applied to the endcap electrodes. Fig. 11.0.1

shows dependence on the applied excitation frequency, when the amplitude of excitation is

kept constant. The frequency, at which the highest �uorescence variation occurs, corresponds

to the excitation at the secular frequency for the speci�c ions, in this case for an ensemble of

Be+ ions. The maximum variation was detected at a frequency of around 85 kHz, which is

the center-of-mass (COM) axial mode of the ensemble of Be+ ions (see Ref. [64�66], and also

Ref. [68]). The resonance frequency determined accords well with the results obtained with

other methods: lock-in detection (see Chap. 12) and by heating the crystal (which requires

much higher excitation amplitude and is not appropriate for detecting weak excitation). The

endcap voltages were 4.34 V and 5.28 V, and were chosen to move the Coulomb crystal to

the center of the trap.

The graphs in Fig. 11.0.2 allow the sensitivity of the method to be determined: the

amplitude of excitation was varied, while the excitation frequency was kept constant and was

close to the COM mode of the ensemble of Be+ ions. The sensitivity is determined to be

about 0.8 mVpp , applied to the endcap electrodes.

For a quantitative, more detailed characterization of the ion motion and the sensitivity

of the method, a discrete fast Fourier transform (FFT) of a folded binned signal is obtained

(see also Chapter 8 regarding the signal processing). To characterize the induced motion, the

FFT spectral component, having a frequency of the externally applied excitation, is divided

by the average FFT spectral density (omitting the DC component for increased sensitivity),

to obtain the �FFT contrast factor�:

(11.0.2) FFT Contrast Factor =
F̃exc∑
ω 66=0 F̃ω

where F̃ω is a FFT component of frequency ω. That is, the �FFT Contrast Factor� re�ects

the spectral density, having the frequency of external excitation, with respect to the averaged
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Figure 11.0.1. Determination of the frequency for axial oscillation of the
ensemble of Be+ ions. The excitation frequency is varied, while its amplitude
is kept constant. The maximum variation of �uorescence occurs at a frequency
of around 85 kHz. Endcap voltages are 4.34 V and 5.28 V.

noise spectral density. This ratio is approx. equal to 1, if no induced motion is applied, and

is more than 1 if there is an excited motion. For a practical application, a Mathematica©

program is written to calculate this parameter from the experimental data. The reason for

introducing this parameter is to characterize the ion's motion in general cases, when several

ions are excited with a periodic force of the same frequency, but having di�erent phases,

e.g. the case of an optical force applied to several ions. In a case of a single ion or a

coherent (in-phase) motion of many ions, an analytical approach to describe their motion is

also possible.

Fig. 11.0.3 illustrates the dependence of the �FFT Contrast Factor� as a function of a

frequency applied to endcap electrodes, for two di�erent amplitudes of excitation, applied to

Be+ ions. Endcap voltages are 4.34 V and 5.28 V. The largest value of the �FFT contrast

factor� corresponds to the highest excitation and occurs, here, at COM mode.
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Figure 11.0.2. Illustration of a sensitivity determination for a Be+ secular
excitation detection by FPGA-based doppler velocimetry. The amplitude of an
excitation was varied, while the frequency of the excitation was kept constant.
The �uorescence variation is large for higher amplitudes of excitation (two
upper graphs), and the variation decreases for smaller excitation amplitudes
(two lower graphs). The lowest detectable excitation is determined to be about
0.8 mVpp, demonstrating the high sensitivity of the dopplerometry method of
motion detection.

If there are 2 di�erent species loaded in the trap, their motion becomes, generally, coupled.

Typically in the case of a large Coulomb crystal, this gives rise to frequency shifts (see

Ref. [42]). The frequencies can be signi�cantly modi�ed in case of a few-ion system with

strong coupling (see, e.g. Ref. [68, 69]). The expected HD+ resonance frequency for a

Coulomb crystal, typically used by us, is close to a theoretical one-ion secular frequency

(the COM mode), and subjected to a minor variation, depending on the crystal parameters

like size, shape, ratio of HD+ to Be+ trapped ions. The wide-range scan was carried out

in an attempt to �nd the resonance of HD+ molecular ions, shown in several examples in

Fig. 11.0.4, and repeated with di�erent parameters, but no one revealed reliable excitation
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CHAPTER 11. COHERENT MOTION DETECTION
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Figure 11.0.3. �FFT contrast factor� (see eq. 11.0.2) as a function of excita-
tion frequency and amplitude. The highest value of the factor corresponds to
the excitation at the axial secular COM mode frequency, here ≈ 85 kHz. The
excitation using higher amplitude makes it possible to observe the wing of the
excitation curve, shown as a red line.

of HD+ ion motion. As seen from the graphs, for a high amplitude of excitation, a coherent

motion is detected, which is associated with an o�-resonance excitation of Be+ ions (proven

by excitation of a pure Be+ ion crystal).

An attempt was made to detect optical force excitation, but the results also did not show

any signal of excitation (see Part 4). The main reason is considered to be the insu�cient

coupling between Be+ and HD+ in the trap used, proved by results in Fig. 11.0.4. One of the

reasons for insu�cient coupling is a lack of loading control for Be+ and HD+ ions. Typically,

electron impact loading makes it practically impossible to load fewer than a few hundred Be+

ions, and less than a few tens of HD+ ions. As a consequence, a Coulomb crystal formed of

many tens of ions, has a weak ion-ion coupling; the eigen modes have a complex structure

and, typically, exhibit only a broad (and shifted) resonance near the COM mode, for each

species in the trap.

Another possible reason, preventing the detection of the optical force, can be attributed

to the limitation of the coherent motion detection: this method allows the detection of only

a motion of a certain frequency, which is equal to the excitation frequency, and is not able

to detect an excited motion in the case of a weak coupling of di�erent species (when the

excited motion of Be+ ions has a frequency, di�erent from the excitation frequency of HD+

ions). Besides this, di�erent HD+ ions experience di�erent phases of the optical force that

may mutually reduce contribution to the �uorescence signal.
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Figure 11.0.4. Search for the HD+ secular motion excitation. The arrowed
lines show the theoretically predicted frequencies of COM mode of HD+ axial
motion for an ensemble of Be+/HD+ ions. The excitation was not detected.

All these arguments were the reasons to apply another technique for weak excitation

detection and to compare the results; another method will be described in the following

chapter.
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CHAPTER 12

Lock-in detection of an amplitude-modulated excitation of the ion

motion

Lock-in detection of an amplitude-modulated (AM) excitation of an ion motion is based

on detection of a Coulomb crystal heating. This method naturally has a lower sensitivity,

compared to the coherent motion detection (which performes a time-resolved detection of a

periodic variation of the �uorescent signal). In comparison with a standard mass spectroscopy

detection approach, the described method has higher sensitivity thanks to the lock-in detec-

tion technique used. As in the case of coherent motion detection, the origin of AM excitation

can be of a di�erent kind. An electric-�eld-induced and an optical-force-induced excitation

is of interest in this work; the �rst one was used in the test experiments to gain easy control

over the amplitude of excitation.

The general scheme of the test experiment is shown in Fig. 12.0.1. The amplitude-

modulated sine wave is applied to the endcap electrodes: A = A0 sin (Ωmt) sin (ωexct) ,

where Ωm is a modulation frequency, and ωexc is an excitation frequency. This excitation

Linear
RF trap

313 nm

PMT Preamplifier

Output

Waveform
generator

AM reference

Input

Reference in

Lock-in Computer

To EC electrodes

Figure 12.0.1. The scheme of the detection of the amplitude-modulated ex-
citation. The waveform generator produces the AM modulated (few tens of
Hertz, 100 % modulation depth) sine wave at the frequency of secular excita-
tion. This waveform is applied to the endcap electrodes of the trap and induces
the periodic heating of the ion crystal. The corresponding increase in the �u-
orescence signal is detected by the lock-in detector, which has the reference
signal from the waveform generator and the input from the photomultiplier
(PMT) with a low-noise bandpass preampli�er.
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Figure 12.0.2. Determination of the axial secular excitation frequency for
Be+ ions, using the lock-in detection of the AM excitation applied to EC elec-
trodes. The resonance frequency is determined to be 75 kHz± 5 kHz. The EC
voltages applied are: EC1 = 4.34 V and EC2 = 5.75 V.

results in heating, modulated in time, provided that Ωm is signi�cantly smaller than ωexc,

and ωexc ≈ ωsec is close enough to an eigen frequency of the ions in the trap, for excitation

of the ion motion. Fluorescence signal is then modulated with Ωm; this signal is ampli�ed

and sent to the lock-in detector, with the reference signal delivered to the lock-in from the

synthesizer.

Fig. 12.0.2 illustrates the electric �eld excitation of Be+ ions. The value of Ωm was a few

tens of Hertz. For the �rst 15 seconds in each graph the secular excitation amplitude was

not applied, and the detected �uctuations originate from a technical noise. During the next

15 seconds the excitation amplitude is set to a higher constant value. From the graphs, the

secular excitation frequency ωexc is determined to be 75 kHz.

Fig. 12.0.3 allows the sensitivity of the method to be determined: it is 3 ... 4 mVpp, applied

to endcap electrodes. This sensitivity is lower than the sensitivity of the coherent motion

detection method, by a factor of ∼ 5.

Fig. 12.0.4 shows the determination of a maximum excitation amplitude, which can be

applied to search for HD+ secular frequency. The reason for determining this value is that

Be+ motion starts to be excited when the amplitude is high enough, and this excitation

should be avoided. The maximum amplitude is de�ned as 40 mVpp, applied to EC electrodes.

For a higher amplitude of excitation, the signal increases, which is associated with a strong

excitation of Be+ ions, and the result is similar to that obtained in the coherent motion

excitation method.
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Figure 12.0.3. Determination of the sensitivity of detection, using lock-in
method. Be+ axial motion was excited at the COM mode, the excitation
amplitude was varied to determine the minimal value, for which the detection
is still possible. The minimum amplitude is seen to be 3 mVpp applied to the
EC electrodes.

Fig. 12.0.5 shows the wide-range scan near the theoretically predicted HD+ secular exci-

tation frequency, with the maximum appropriate amplitude of excitation. As in the method

for coherent excitation detection, no response was detected.

Optical force excitation was attempted to be observed using the method of the lock-in

detection of the amplitude-modulated excitation, and no excitation was detected. As in the

method of the coherent motion detection, this is associated with a weak coupling between

Be+ and HD+ motion in the case of a large Coulomb crystal.
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Figure 12.0.4. Detection of the far o�-resonant excitation of Be+ ions during
excitation at the frequency, corresponding to the HD+ eigenmode. The lock-
in detection method is used. From the graph it follows that the amplitude
for HD+ excitation should not exceed 40 mVpp applied to endcap electrodes.
Higher values of excitation amplitude will induce o�-resonant Be+ motion.
The experiment was done for pure Be+ ions, without HD+. The excitation
frequency was 125 kHz, the lowest value of the theoretically predicted range
of secular frequencies for HD+, and is chosen to maximize the contribution of
Be+ excitation (the excitation becomes stronger for lower frequencies, down to
Be+ secular frequency which is about 75 kHz).
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Figure 12.0.5. Attempt to resolve HD+ excitation with a lock-in detection of
amplitude-modulated excitation applied to endcap electrodes. The amplitude
of the excitation was 40 mVpp applied to endcap electrodes, the maximum
value, for which an excitation of Be+ motion is not detectable. The scan was
carried out in a wide range.
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CHAPTER 13

Summary and conclusions

Characterization of two methods, coherent motion detection and the lock-in detection

of the amplitude-modulated excitation, was given. Their limitations and sensitivities were

determined. Both methods demonstrated high sensitivity, the coherent motion detection

sensitivity is higher and reaches 10−21 N (applied to Be+ ions). Coherent motion detection

requires phase-coherence of excitation and, being used to detect the optical force, is limited

mainly to the con�guration of strongly-coupled 1 Be+ with 1 HD+ ion. Upon comparison of

the results of the test experiments, and on the attempts of optical force detection, the main

conclusion can be drawn: the measurement of an optical-force-induced excitation of HD+

ions requires stronger coupling of Be+ and HD+ motion.

It is worth noting that only axial excitation was considered here. The transverse excitation

would require an optical force excitation, which is much weaker than considered in this work

(see Part 4). For an axial excitation, the two counter-propagating beams can be tightly

focused, with the assurance that the beams propagate in the axial direction. This is not the

case for the transverse excitation: the beams should propagate in the radial direction, and

focusing in only one dimension (e. g. by a cylindrical lens) can be used; alternatively, an

optical tweezer can be applied [70]. In both cases, the optical force is signi�cantly reduced

compared to the axial excitation. Detection of the transverse excitation will also require the

direction of the cooling laser beam, being non-purely axial.

The OPO, described in Chap. 7, can emit the power, which meets the minimum re-

quirement for a detectable excitation, provided that the strongest rovibrational transition

(v = 0, N = 0) → (v = 2, N = 1) is used, and OPO detuning from this transition is not

more than a few hundred MHz.

The setup currently used has several limitations, making it challenging from the point of

view of detecting a weak excitation of HD+ molecular ions. First, a photoionization loading of

Be+ is highly desirable for loading a well-controlled, few-ion Be+ Coulomb crystal, free of any

other species. Second, a tighter trap con�nement is required for a doppler-free spectroscopy

in a Lamb-Dicke regime and for detection of the optical force. The trap currently used does

not allow for a further increase of endcap voltages, as this would require an increase of RF

trap voltage to keep a linear form of crystal; a signi�cant increase of RF trap voltage is now
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limited for technical reasons. And the third reason is related to the design of the vacuum

chamber: it does not allow for �exible optical access (a large numerical aperture for tight

light focusing is especially important, including focusing of OPO beams), and its baking

temperature is limited to 160oC, which limits an ultimate vacuum and the storage time of

the ions trapped.

67



Part 4

Non-destructive transition detection
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�The spectroscopic methods, used in the several experiments we have carried out on ro-

tational and rovibrational spectroscopy in HD+ ions (see Ref. [5, 40, 45] and Appendix 5),

require photodissociation of the molecular ions for transition detection. The methods of

REMPD and R-IRMPD, followed by mass spectroscopy, are described in Chapter 3. These

methods, being relatively simple and robust, have the signi�cant disadvantage of a low mea-

surement rate: almost every measurement cycle requires re-loading of HD+ ions, which re-

quires manual control over many experimental apparatus and their parameters. We used this

method for large Coulomb crystals, with the typical number of HD+ reaching a few hundred.

However, even this relatively large number of ions, and with the quantum state preparation

(see Ref. [45]), demonstrates a signi�cant �uctuation of the number of ions in the desired

quantum state. As a consequence, the measurements must be repeated many times to achieve

a better signal-to-noise ratio.

A completely di�erent approach to detect the transition is based on the state-selective

probe of the ion. To do this, di�erent methods can be used, based on the light-matter

interaction, e.g. applying light pressure (see Ref. [71]), or an interferometry-based detection

of a phase shift for the beam propagating through the ion cloud (see Ref. [72]), or based on

excitation and detection of an ion motion by the optical force (see Ref. [60]). All the methods

are non-destructive (though they are not guaranteed to be quantum non-demolition), and

allow to resolve the ion state. The last one, optical force-based, is of a particular interest,

as it allows experiments to be performed in extreme conditions - with several or, ultimately,

with just one ion in the trap. The optical force excitation allows an individual ion to be

addressed, thus resulting in unsurpassed precision and control over systematical e�ects.

In this part, the general description of the non-destructive method will be given, and

modelling results will be shown.



CHAPTER 14

Phase-modulated standing wave for an optical force excitation

In our experiments, we followed the method used in Ref. [60]. The origin of the optical

dipole force comes from interaction of non-uniformly distributed laser intensity, and the

polarizability of the matter. We regard the case of an optical wave which is near-resonant,

but far-detuned, i.e. the excitation frequency is approximately the same as the transition

frequency and the detuning is signi�cantly larger than the level linewidth, Rabi frequency,

and the laser bandwidth or its instability. This case is associated with a strong AC Stark

shift.

The two counter-propagating beams from the same laser source, having linear polariza-

tions that are parallel to each other, form a standing wave, see Fig. 14.0.1. This standing wave

can induce an optical force to the medium (in our case, trapped molecular ions), provided

that the frequency is reasonably far detuned from the transition of the media to suppress

any one-photon transition. This detuning should not be too large, as the optical force will

reduce. The optical force will act only if a light radiation can interact with the correspondent

internal state, meaning that the targer state must be populated.

Typically, the optical force is weak, and high optical powers with focused beams are used

to increase it. If one of the counter-propagating beams has its frequency, di�erent from

another beam, the phase- (or frequency-) modulated standing wave can be achieved. If the

frequency di�erence is constant, the term �running standing wave� is also used. The �running

standing wave� concept allows to apply an optical force excitation, which can be detected by

coherent motion detection (see Chapter 11).

Fig. 14.0.2 (a, b) illustrates the state-selectivity of the optical force, when the optical

force is created by the radiation with a frequency, close to (v = 0, N = 0)⇒ (v = 2, N = 1)

transition (shown in blue). In case (a) the population in (v = 0, N = 0) level is high (depicted

by a large red circle) and the optical force exerted to the ion is also high; in case (b) the

population in (v = 0, N = 0) level is decreased (e.g. depleted by a spectroscopic transition

(v = 0, N = 0)⇒ (v = 1, N = 1), shown as a red solid line), and the optical force is reduced.

This state-selective excitation is a powerful tool for a non-destructive detection.
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CHAPTER 14. OPTICAL FORCE EXCITATION

Figure 14.0.2. Illustration of a state-selectivity of the optical force excita-
tion [3]. The (phase-modulated) standing wave (shown in dark blue) exerts an
optical force, which is dependent on the species, and on the internal state of
the species in the trap. The optical force becomes prominent only if the laser
radiation is tuned not too far away from the allowed transitions, as shown
for HD+ ions in (v = 0, N = 0) state: optical radiation at 2.65 µm corre-
sponds to a (v = 0, N = 0) → (v′ = 2, N ′ = 1) transition in HD+, thus
making a rovibrational-state selective excitation, dependent on the population
of (v = 0, N = 0) level. The excitation is high when the (v = 0, N = 0)
level is well populated, as shown in case a), and excitation decreases after, e.g.
spectroscopic transition (v = 0, N = 0) → (v′ = 1, N ′ = 1) (shown in red),
which decreases population in (v = 0, N = 0) level, shown in case b).

described in section 4.2, and checked by observation of a beat signal between the two lin-

early polarized, counter-propagating waves. The following parameters of the laser radiation

from OPO at 2.65 µm were used: beams had 200 mW optical power from each side, focused

to approx. 200 µm, detuning was varied in the range (±) 100 ... 1000 MHz from the spin-

less (v = 0, N = 0) → (v = 2, N = 1) transition frequency, and the di�erence frequency

was scanned near theoretically predicted COM mode frequency. The equivalent excitation

voltage, applied to endcap electrodes, is estimated to be ∼ 0.5 mVpp.

It should be noted that this excitation is applied to HD+ ions, and is then transferred

to the coolant Be+ ions. As discussed in Chapter 13, this indirect excitation, in the case of

a weak coupling where a large number of ions have been trapped, gives rise to di�culties

with regard to excitation detection. Actually, it was not possible to determine the sensitivity

of HD+ excitation because of a strong background signal from the o�-resonant excitation of

Be+ ions.

The new quadrupole trap with more sti� ion con�nement, and lasers for an optical pho-

toionization (optical loading) are being designed to realize the optical force excitation.
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CHAPTER 15

Modelling of the optical force excitation

Optical force excitation of the secular motion of the trapped single ion was modelled

numerically. The axial secular motion of the single trapped ion was considered. The following

Newton equation of motion describes the motion of the trapped ion, excited by the phase-

modulated standing wave (�running standing wave�):

mionz̈ = Ftrap + Fdipole + Fdamping ,

where

Ftrap = −dUtrap
dz

, Fdipole = −dUdipole
dz

,

the damping force is, according to [73]:

(15.0.3) Fdamping = −η~k2
C ż

s

(s+ 1)2

∆ Γ

∆2 + Γ2/4
,

and

Utrap = κz2UEC , Udipole =
~Ω2

R(t, z)

4δ
,

(the dipole trap potential see, e.g. in Ref. [74]), so that the forces can be expressed as

Ftrap = −2κzUEC , Fdipole = −~kΩ2
R

4δ
sin(ωt+ 2kz) .

Generally, the ion is heated by di�erent processes which take place in the trap. I neglect these

e�ects as they are spontaneous, and not coherent with the optical force-induced motion, and

give rise to an appearance of a random motion of the ion. Thus, the equation of motion is

written in the form

mionz̈ + η~k2
C ż

s

(s+ 1)2

∆ Γ

∆2 + Γ2/4
+ 2κzUEC +

~kΩ2
R

4δ
sin(ωt+ 2kz) = 0 ,

the numerical value for Rabi frequency (in rad/s) can be expressed in a form, convenient for

practical calculations [74]:

ΩR ≈ 2π × 106 × 27 d
√
I rad/s.

In these equations, mion is the mass of HD+, equal to 4.98× 10−27 kg, κ = 3.4× 10−3 mm−2

is the trap parameter, UEC is the endcap voltage, k = 2π/λ is the wave vector of the optical
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force light, kC is a wave vector of the cooling light wave, ωis the excitation frequency (equal

to the di�erence frequency for the two counter-propagating waves), ΩR is the Rabi frequency

of the one-photon transition, δ is the detuning from the one-photon resonance of the laser

used for optical force excitation, λ = 2.65 µm is the wavelength of this laser radiation,

d is the transition dipole moment in Debye, I is the intensity in Watts per cm2 of the

light used for optical force excitation, s is the saturation parameter of the cooling light, ∆

is the detuning of the cooling light from the resonance, Γ is the linewidth of the cooling

transition, η is a coe�cient of the cooling e�ciency (see the further description). After

substitution the parameters typical in our experiments (assuming I = 500 W/cm2, d = 0.01 D,

and δ = 100 MHz), we obtain an equation

z̈ + 2 η ż + 106z + 10−7 sin(1012t+ 4× 1012z) = 0,

where ion position z is expressed in micrometers, and time t is in microseconds.

The ion motion has a resonance-similar responce as a function of the excitation frequency.

Here, only the resonance excitation is considered, i.e. the optical force has the frequency,

correspondent to the eigen mode of the ion in the trap, as this is the case of the most intensive

excitation. Assuming UEC = 5 V, s = 1, ∆ = Γ ∼ 10 MHz, the optical force is ≈ 6×10−22 N

(cf. to the value of the sensitivity from Chapter 13).

The equation can be solved numerically. Fig. 15.0.1 shows the summary of the modelling

obtained for the parameters, which can be experimentally realized. Three values of η were

considered: for the upper graph it is equal to 1, in the middle graph it is set to 0.1, and

the limit case of η, set to 0, is shown in the lower graph. The upper case demonstrates a

small variation of the ion position in space, and in this case the cooling e�ciency is strongly

reduced (ions are in the Lamb-Dicke regime). The smaller values for η are chosen to take this

e�ect into account and to model the situation of a 1 + 1' ion con�guration in the trap, for

which the indirect cooling (by means of motion coupling) reduces the cooling force. Further

decrease of η demonstrates only a minor increase of the ion motion amplitude.

The simpli�ed model, regarded here, allows a conclusion to be drawn, that the optical

force excitation, applied to HD+ ion, can be detected in the con�guration of 1 HD+ + 1

Be+ ion, loaded in the trap with a sti� enough potential. The more detailed description

of the optical force applied to the 1 HD+ ion, sympathetically cooled by 1 Be+ ion, should

include the parameters of the new trap, which is being designed. Additionally, light-matter

interaction should be replaced by the pure-quantum-mechanical description of the photon

absorption (density matrix equation). In the case of transverse excitation, the time-varying

potential may need to be regarded. A comprehensive description of this is not included in

this thesis.
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Figure 15.0.1. Modelling of the optical force acting on the single ion in the
trap. The oscillations are the optical force-induced ion motions. Upper graph
- case η = 1, middle graph - case η = 0.1, lower graph - case η = 0 (see the
text for description).
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CHAPTER 16

Summary

Di�erent results and approaches in the �eld of experimental ion trapping are described

in this work. The thesis is based on three publications, two preprints, and additional, so far

unpublished materials, which include a detailed description of the setup, and methods used.

Mainly, the results are related to the spectroscopy of molecular ions, trapped and sym-

pathetically cooled by atomic ions in the linear Paul trap. This technique is known to be

versatile and appropriate for trapping and cooling di�erent species. Thus, one of the results

is obtained for a protonated tyrosine-alanine � polyatomic molecular ion, which was cooled

translationally to a secular temperature below 1 K.

Di�erent laser sources play an important role in the described experimental research:

they are used to cool the atomic ions, to perform rotational cooling and quantum state

manipulations, dissociate molecular ions and perform spectroscopic transition. The most

important laser sources, developed for the experiments, are described.

A signi�cant part of this thesis is devoted to the spectroscopy of HD+, one of the most

fundamental molecular ions, having dipole-allowed transitions. The spectroscopy is carried

out for pure-rotational, for rovibrational transitions, and hyper�ne-resolved transition de-

tection is perfomed. To increase the detected signal, the hyper�ne-state selective pumping

schemes were used to implement a quantum state preparation.

The resolution of the rotational spectroscopy, used in the experiments, approached the

limitations related to an uncertainty of the magnetic �eld experienced by the ions. A simple

method of optical magnetometry, based on detection of stimulated Raman transition, was

proposed for determination of the acting magnetic �eld.

In the searches for non-destructive methods of transition detection, applicable to the

experiments, an apparatus for time-resolved photon counting was used and characterized.

The test experiments and numerical simulations for an optical dipole force, acting on the

molecular ions, were performed; the limitations of the setup, preventing an observation of

the ion motion excitation, were described.

Possible further developments and approaches are discussed.
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16.1. Vibrational spectroscopy of cold molecular ions

In this work (Ref. [5]) we observed a photodissociation of cold molecular ions using only

IR laser radiation, unlike several previous experiments in our group, in which UV light

was required for dissociation of the ions. A continuous-wave optical parametric oscillator

(OPO) was implemented in the spectroscopy of polyatomic ions. Protonated tyrosine�alanine

(HTyrAla+) was used as a model system. Molecular ions were trapped and sympathetically

cooled by laser-cooled atomic ions to less than 800 mK secular temperature. The dissociation

rate was proved to be a linear function of the IR photon �ux. Resonant IR multiple-photon

dissociation spectroscopy (R-IRMPD) generated charged molecular fragments, which are

sympathetically cooled and trapped, and subsequently released from the trap and counted.

We measured the cross section for R-IRMPD under conditions of low intensity, and found

it to be approximately two orders smaller than the vibrational excitation cross section. The

observed rotational bandwidth of the vibrational transition is larger than the one expected

from the combined e�ects of 300 K black-body temperature, conformer-dependent line shifts,

and intermolecular vibrational relaxation broadening (J. Stearns et al., J. Chem. Phys., 2007,

127, 154322�154327). This indicates that as the internal energy of the molecule grows, an

increase of the rotational temperature of the molecular ions well above room temperature

(up to 1000 K), and/or an appreciable shift of the vibrational transition frequency (approx.

6�8 cm−1) occurs.

Further studies of cold molecular ions are limited without implementation of rotational

cooling (or, generally, quantum state preparation). The rotational cooling is a challenging

process to perform for polyatomic ions by way of optical pumping, and collisions with cold

neutral particles are required.

�

16.2. High-resolution spectroscopy of the fundamental transition in HD+

Based on the development of a 5.1 µm spectrometer (see Ref. [75, 76]), stabilized to

the frequency comb, referenced to H-maser and GPS, it became possible to perform high-

precision measurements in HD+. The developed spectrometer has the advantage that it is

quick to tune and can carry out hyper�ne-state-selective pumping. These important options

were used to increase the population in the target state, thus improving the resolution of the

experiments.

The laser source has a linewidth of 0.7 MHz, smaller than approx. 3 MHz - an estimation

of a Doppler broadening for the secular temperature of 15 mK, used in our experiments.

78



Summary and outlook

The (v = 0, N = 0)⇒(v = 1, N = 1) transition was addressed as a test system, for

comparison with theoretical data on HD+. Precise measurements of level spacing as well as

their absolute frequency was performed. The achieved resolution is, based on our current

knowledge, better than any other measurements for molecular ions. The results obtained

demonstrate the higher spectroscopic possibility for ion storage method compared with, for

example, molecular (ion) beam experiments.

We determined the �spinless� frequency to be 58 605 051 MHz, with a relative experimental

uncertainty of 1.1× 10−9. To our knowledge, this is the most precise test of ab initio theory

of any molecule done so far. This constituted an improvement to the previous measurements

carried out in our group in 2007 (see Ref. [77]).

�

16.3. Pure rotational transition at 1.3 THz in HD+

After improvement of the optical setup, and utilizing the stability and performance of

the second-generation cooling laser (see Ref. [46]), it became possible to resolve the pure

rotational transition in HD+. This transition at 1.3 THz, being the most fundamental

dipole-allowed rotational transition of any molecule, is of particular interest to high-resolution

spectroscopy. One of the advantages is the ability to apply the spectroscopic transition in

the Lamb-Dicke regime, thus eliminating the Doppler broadening to achieve improved resolu-

tion. However, the fractional population of the individual state is low, and for high-resolution

spectroscopy the hyper�ne-state preparation is required.

In this work, we took initial steps towards achieving high-precision measurements: several

transitions were simultaneously excited. To obtain the spectroscopic signal, the excitation

frequencies were simultaneously tuned.

To further improve resolution, we plan to carry out further separate transition excitation.

�

16.4. Weak spin-forbidden transition

Rovibrational transitions in diatomic molecules with non-zero nuclear spin exhibit a rich

hyper�ne structure. The angular momentum couplings lead to selection rules that classify the

rovibrational transitions into allowed, spin-forbidden and doubly spin-forbidden transitions.

In this work a laser excitation of a doubly spin-forbidden rovibrational transition in HD+ was

demonstrated. HD+, the most fundamental heteronuclear molecular ion, was a model system.

The experiments were performed with molecular ions which had been sympathetically cooled

to a temperature of approximately 10 mK. The weak transition is driven by a continuous-

wave optical parametric oscillator. To increase the excitation signal, rotational cooling was
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employed. We described implementation of the doubly-forbidden transitions for a quantum

state preparation.

�

16.5. Optical magnetometry with Be+ ions

A simple method for the determination of the magnetic �eld in an ion trap using laser-

cooled Be+ ions was developed and demonstrated. The method is not based on magnetic

resonance and thus does not require delivering radiofrequency (RF) radiation to the trap.

Instead, stimulated Raman spectroscopy is used, and only an easily generated optical side-

band of the laser cooling wave is required. The d.c. magnetic vector, averaged over the Be+

ion ensemble, is determined. Furthermore, the �eld strength can be minimized and an upper

limit for the �eld gradient can be determined. The resolution of the method is 0.04 G. The

relevance for precision rovibrational spectroscopy of HD+ is discussed.

16.6. Perspectives

The results achieved with trapped atomic ions in the laboratories around the world, and

our results with trapped molecular ions provide strong motivation for carrying out further

research in the �eld of cold trapped particles.

The success achieved for IR spectroscopy, and demonstration of the hyper�ne-state-

selective spectroscopy encouraged our team to create the scheme for a complete state prepara-

tion, using several laser sources. The REMPD scheme, used before, was modi�ed to improve

its robustness. The new scheme opens more possibilities for state-selective dissociation by

excitation of the correspondent transitions not only in the spectroscopic, but also in one of

the sequential transitions.

However, the ultimate method for improving the measurement e�ciency and increasing

the precision and resolution of spectroscopy is to utilize the non-destructive detection method.

For this, the con�guration of 1 spectroscopic and 1 logic ion seems to be the best solution.

The superiority of this 1 + 1′ ion con�guration for carrying out spectroscopy of atomic ions

is proved by the recent Nobel Prize award to D. Wineland in 2012.

One of the most important aspects is the resolution of the detected transition. The ion's

motion in the 1 + 1′ ion con�guration can be con�ned to less than the light wavelength,

thus providing the Doppler-free regime already for optical transition (not only terahertz

transition). Another way of eliminating the Doppler broadening is to implement the 2-

photon spectroscopy: in the ladder or Raman con�guration, accordingly. We continue our

development of di�erent setups for Doppler-free spectroscopy.
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Building an ion trap, appropriate for operation in the sideband-resolved regime, can open

up new possibilities for precision spectroscopy of molecular ions. It can also provide a strong

con�nement for ions, important for the optical force excitation. In addition, for loading

the 1 + 1′ ion con�guration, good control over the loading parameters is desirable. The

photoionization lasers could provide a good spatial resolution, and species selectivity. The

modelling performed and the preliminary experiments show that the power of the optical

parametric oscillator used will be enough to excite the detectable ion motion.

16.7. Further developments in quantum state preparation

A new setup for a hyper�ne-state-selective optical pumping is currently being developed.

It will allow the HD+ ions to be prepared in a desired hyper�ne state in one of several lowest

rovibrational levels, namely in (v = 0, N = 0), or (v = 0, N = 1), or (v = 0, N = 2)

(see Fig. 16.7.1). The setup uses three lasers, two of them are distributed feedback (DFB)

diode lasers, which induce transitions (v = 0, N = 0) → (v′ = 0, N ′ = 1) (DFB0) and

(v = 0, N = 1) → (v′ = 2, N ′ = 0) (DFB1), and one is a quantum cascade laser (QCL)

to drive (v = 0, N = 2) → (v′ = 1, N ′ = 1). To increase the e�ciency of the hyper�ne-

state-selective optical pumping, tuning of all these lasers should be precisely controlled to

drive only desired hyper�ne transitions. To enable precise control of the QCL laser, a new

stabilization scheme is built on the base of the QCL laser used so far, see Fig. 6.0.2. To drive

other transitions, a new compact optical setup is built on the base of two DFB lasers in our

group [78]; the frequency stabilization schemes allow the output frequencies of the lasers to

be tuned with approx. 10 MHz accuracy.

An example of the advanced hyper�ne state preparation, utilizing the 3 lasers, is shown

in Fig. 16.7.1. The target state is (v = 0, N = 0, J = 2, F = 1, S = 2). The DFB0 laser

is tuned to deplete all, except for the selected hyper�ne state, e.g. (J, F, S) = (2, 1, 2).

DFB1 and QCL drive the hyper�ne transitions with the upper state (J ′, F ′, S ′) = (2, 1, 2).

This ensures that the most probable hyper�ne state, occupied after spontaneous emission,

will have the same quantum numbers. After several cycles of pumping, the population will

be collected in the (v = 0, N = 0, J = 2, F = 1, S = 2) state, thus making it possible

to increase the resolution of hyper�ne-state-selective spectroscopy. This state preparation

also increases the fractional population in the Zeeman states, thus opening up the possibility

of performing Zeeman-state-selective spectroscopy, which is important, for example, in THz

spectroscopy.

�

�
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Figure 16.7.1. Simpli�ed scheme for complete hyper�ne state preparation.
DFB0 (λ = 2.65µm), DFB1 (λ = 2.71µm), and QCL lasers (λ = 5484nm)
drive the hyper�ne transitions to perform optical pumping to the (v = 0, N =
0, J = 2, F = 1, S = 2) state, shown as a thick violet line.
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Appendix 1. Impossibility of forbidden transition excitation

In this appendix, the scheme of cross-coupled levels is considered, and formulae for forbid-

den transition excitation shows that the coupling is prohibited. The motivation behind this

work was a publication about the possibility of inducing a forbidden transition, see Ref. [79].

The erratum, stating that this type of transition is not possible, was published later (see

Ref. [80]), and modelling of the considered task was carried out by myself in the meantime.

The scheme of relevant levels and transitions is shown in Fig. 16.7.2. The level scheme is

typical for diatomic molecules, for example, in HD+ molecular ions. In the scheme considered,

a direct transition from the initial state (1) to the �nal state (3) is impossible because of

transition selection rules applied for diatomic molecules (molecular ions), prohibiting the Q-

branch transition. Thus, a possibility of a non-linear coupling through the interaction with

the intermediate levels is considered.

Typically applied for a two-photon transition, like Raman or a two-photon Doppler-

free transition, the adiabatic elimination technique is applied here with the aim of deriving

the formulae for the light-matter interaction. Allowed transitions are far-detuned from the

frequency of the applied laser radiation (∆2, ∆4 � ΩR). The interaction is considered in

interaction (Dirac) representation, rotating wave approximation (Rabi frequency being much

less than ω - transition frequency) and adiabatic eliminations of intermediate states are

applied.

In this appendix I followed an approach from Ref. [74].

Consider the Schroedinger equation

i~
∂

∂t
Ψ = ĤΨ ,

where full Hamiltonian Ĥ consists of two parts, Ĥ0 - unperturbed part and V̂ - pertur-

bation, described with electric-dipole interaction:

Ĥ = Ĥ0 + V̂ .

In the basis, associated with eigenstates, Ĥ0 has a form of diagonal matrix with elements,

equal to the energies of corresponding levels:
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Figure 16.7.2. Scheme of level coupling. Initially level (v = 0, J = 0)
(marked as 1) is populated, level 2 is slightly populated, and levels 3 and
4 are not populated. ∆4 is large enough to suppress transition between levels
1 and 4. δ is a detuning of the forbidden transition. ∆2 is in the order of ∆4.

Ĥ0 = ~×




E0/~ 0 0 0

0 E0/~ + ∆2 0 0

0 0 E0/~ + ω0 + δ 0

0 0 0 E0/~ + ω0 + ∆4 + δ


 ,

where ω0 is a laser frequency, δ is a detuning from the frequency of the forbidden transition

and E0 is the energy of a ground level. V̂ incorporates interaction between the following levels:

1 and 4, 2 and 3, 1 and 2, 3 and 4, described with the corresponding Rabi frequencies:

V̂ =
~
2
×




0 Ω12 (eiω0t + e−iω0t) 0 Ω14 (eiω0t + e−iω0t)

Ω12 (eiω0t + e−iω0t) 0 Ω23 (eiω0t + e−iω0t) 0

0 Ω23 (eiω0t + e−iω0t) 0 Ω34 (eiω0t + e−iω0t)

Ω14 (eiω0t + e−iω0t) 0 Ω34 (eiω0t + e−iω0t) 0


 .

�

A solution is found in the form:
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Ψ = c1e
−iζ1ψ1 + c2e

−iζ2ψ2 + c3e
−iζ3ψ3 + c4e

−iζ4ψ4 ,

where ζ1...ζ4 are time-dependent phases, which will be speci�ed later. Substituting will

give a set of equations:

idc1
dt

= c1

(
ω1 − ζ̇1

)
+ c2

2
Ω12e

i(ζ1−ζ2) (eiω0t + cc) + c4
2

Ω14e
i(ζ1−ζ4) (eiω0t + cc) ,

idc2
dt

= c1
2

Ω12e
i(ζ2−ζ1) (eiω0t + cc) + c2

(
ω1 + ∆2 − ζ̇2

)
+ c3

2
Ω23e

i(ζ2−ζ3) (eiω0t + cc) ,

idc3
dt

= c2
2

Ω23e
i(ζ3−ζ2) (eiω0t + cc) + c3

(
ω1 + ω0 + δ − ζ̇3

)
+ c4

2
Ω34e

i(ζ3−ζ4) (eiω0t + cc) ,

idc4
dt

= c1
2

Ω14e
i(ζ4−ζ1) (eiω0t + cc) + c3

2
Ω34e

i(ζ4−ζ3) (eiω0t + cc) + c4

(
ω1 + ω0 + ∆4 + δ − ζ̇4

)
,

where ω1 = E0/~ and "cc" denote complex conjugate. We specify ζ1...ζ4 with a view to

further analysis in the following way:

ζ̇1 = ω1 ,

ζ̇2 = ω1 + ω0 ,

ζ̇3 = ω1 ,

ζ̇4 = ω1 + ω0,

which leads to a complete set of equations for amplitudes of wave functions, taken without

approximations:

idc1
dt

= c2
2

Ω12 (1 + e−2iω0t) + c4
2

Ω14 (1 + e−2iω0t) ,

idc2
dt

= c1
2

Ω12 (1 + e2iω0t) + c2 (∆2 − ω0) + c3
2

Ω23 (1 + e2iω0t) ,

idc3
dt

= c2
2

Ω23 (1 + e−2iω0t) + c3 (ω0 + δ) + c4
2

Ω34 (1 + e−2iω0t) ,

idc4
dt

= c1
2

Ω14 (1 + e2iω0t) + c3
2

Ω34 (1 + e2iω0t) + c4 (∆4 + δ) .

�

Rotating wave approximation (RWA) is applied to eliminate fast-changing (with ±2ω0)

component, thus simplifying the equations. Typically, the rotating wave approximation is

valid, except in the event when the time scale of change for Rabi frequencies is comparable

to the optical frequency. In terms of actual practice, the limitation can be reached for the

short laser pulses, like powerful picosecond or femtosecond lasers. In the case of almost-CW

laser radiation used in the experiments, RWA is a valid approximation.

The approximation allows the full Hamiltonian to be considered, associated with a new

basis, in the form:
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Ĥ0 = ~×




0 Ω12/2 0 Ω14/2

Ω12/2 ∆2 + δ − ω13 Ω23/2 0

0 Ω23/2 ω13 Ω34/2

Ω14/2 0 Ω34/2 ∆4 + δ


 ,

where ω13 corresponds to a frequency of a forbidden transition and δ is a detuning from

this transition (being positive for red detuning). Adiabatic elimination is applied for the 2nd

and 4th levels, dc2
dt

= 0 and dc4
dt

= 0, which gives:

c2 = −Ω12c1+Ω23c3
2(∆2−ω0)

,

c4 = −Ω14c1+Ω34c3
2(∆4+δ)

.

Substitution to the equations will give:

i
dc3

dt
= c3

(
ω0 + δ − Ω2

23

4 (ω0 −∆2)
− Ω2

34

4 (∆4 + δ)

)
− c1

(
Ω12Ω23

4 (ω0 −∆2)
+

Ω14Ω34

4 (∆4 + δ)

)
.

This equation corresponds to non-linear interaction, with an e�ective Rabi frequency and

a modi�ed detuning. The modi�ed detuning is associated with an AC Stark shift. The

coe�cient in the brackets after c1 is a coupling coe�cient; it consists of two parts, the �rst

being signi�cantly smaller than the second part because of the large denominator. Thus, the

e�ective Rabi frequency can be written as Ωeff = Ω14Ω34

4(∆4+δ)
; it has a quadratic dependence

on the applied electric �eld and depends on the transition dipole moments and detuning

from the one-photon transition. The coupling e�ciency is however very small because of

large detuning from the resonance: it is described by the coe�cient after c3, which is only

marginally di�erent from ω0. The reason for this is the very une�cient coupling between levels

3 and 4: they are coupled via far-detuned optical transition. The role of the intermediate

state 2 is very small, and it makes almost no contribution to the population transfer.

Generally, from the presented consideration it follows that the e�ective forbidden transi-

tion is impossible with the optical transition only, i.e. without applying RF or THz radiation.
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Appendix 2. Vibrational spectroscopy of Phenol-OH Hydroxyl

group in molecular ions

In this work we demonstrate vibrational spectroscopy of polyatomic ions that are trapped

and sympathetically cooled by laser-cooled atomic ions. We use the protonated tyrosine�alanine

(HTyrAla+) as a model system, cooled by barium ions to less than 800 mK secular temper-

ature. The spectroscopy is performed on the fundamental vibrational transition of a local

vibrational mode at 2.74 µm using a continuous-wave optical parametric oscillator (OPO).

Resonant IR multiple-photon dissociation spectroscopy (R-IRMPD) (without the use of a UV

laser) generates charged molecular fragments, which are sympathetically cooled and trapped,

and subsequently released from the trap and counted. We measured the cross section for

R-IRMPD under conditions of low intensity, and found it to be approximately two orders

smaller than the vibrational excitation cross section. The observed rotational bandwidth of

the vibrational transition is larger than the one expected from the combined e�ects of 300

K black-body temperature, conformer-dependent line shifts, and intermolecular vibrational

relaxation broadening (J. Stearns et al., J. Chem. Phys., 2007, 127, 154322�154327). This

indicates that as the internal energy of the molecule grows, an increase of the rotational

temperature of the molecular ions well above room temperature (up to on the order of 1000

K), and/or an appreciable shift of the vibrational transition frequency (approx. 6�8 cm−1 )

occurs.

The author contributed to: repair and modi�cation of the setup, performing experiments,

data analyses, discussion of the results, writing the paper.

Corrigendum:

1. The phrase in the abstract �We use the protonated dipeptide tryptophan�alanine...�

should be read: �We use the protonated dipeptide tyrosine�alanine�.

2. The phrase in the abstract �... conformer-dependent line shifts, and intermolecular

vibrational relaxation broadening...� should be read: �... conformer-dependent line shifts,

and intra-molecular vibrational relaxation broadening...�.
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In this work we demonstrate vibrational spectroscopy of polyatomic ions that are trapped and

sympathetically cooled by laser-cooled atomic ions. We use the protonated dipeptide

tryptophan–alanine (HTyrAla+) as a model system, cooled by barium ions to less than 800 mK

secular temperature. The spectroscopy is performed on the fundamental vibrational transition of

a local vibrational mode at 2.74 mm using a continuous-wave optical parametric oscillator (OPO).

Resonant IR multi-photon dissociation spectroscopy (R-IRMPD) (without the use of a UV laser)

generates charged molecular fragments, which are sympathetically cooled and trapped, and

subsequently released from the trap and counted. We measured the cross section for R-IRMPD

under conditions of low intensity, and found it to be approximately two orders smaller than the

vibrational excitation cross section. The observed rotational bandwidth of the vibrational

transition is larger than the one expected from the combined effects of 300 K black-body

temperature, conformer-dependent line shifts, and intermolecular vibrational relaxation

broadening (J. Stearns et al., J. Chem. Phys., 2007, 127, 154322–154327). This indicates that as

the internal energy of the molecule grows, an increase of the rotational temperature of the

molecular ions well above room temperature (up to on the order of 1000 K), and/or an

appreciable shift of the vibrational transition frequency (approx. 6–8 cm�1) occurs.

1 Introduction

In the field of cold, trapped molecules, one topic under current

study is the development and refinement of suitable spectroscopic

methods. Concerning more specifically translationally cold

molecular ions, often produced via sympathetic cooling by

laser-cooled ions, a few studies have been performed recently, on

diatomic molecular ions. Ro-vibrational spectroscopy is one

example, applied in particular to HD+ and MgH+. Fundamental

(Dv = 1),1–4 first (Dv = 2),1 and third overtone (Dv = 4)5,6

vibrational spectroscopy, with resolution of the rotational

structure, has been described. In the simplest case, the spectroscopy

consisted in a simple variant of resonance-enhanced multiphoton

dissociation (1 + 10 REMPD), where a vibrational transition is

driven by one photon and a second, UV photon dissociates the

molecule by exciting it from the vibrationally excited level to a

non-binding electronically excited state. The reduction of the

number of intact molecular ions is then detected in an appropriate

way.More recently, in our group we have also employed 1+ 10 +
10 0 REMPD on HD+, where the first photon performed a

rotational or vibrational excitation, followed by a vibrational

excitation and then dissociation by a UV photon.7 It is of

interest to explore if and how spectroscopy can be extended to

sympathetically cooled molecular ions other than diatomic ones.

This work is devoted to a first methodological study of

vibrational spectroscopy of a sympathetically cooled polyatomic

molecular ion. Vibrational spectroscopy of complex molecular

ions is a very important method for gaining information on

structures of molecules, including biomolecules (see, e.g. ref. 8

and references therein), and for studying the energetics of

fragmentation.9 Apart from implementing vibrational spectro-

scopy, we investigate the question whether the rotational

degrees of freedom of the molecules couple, via the ion–ion

collisions between the molecules and other ions in the trap, to

the translational ones, which are sympathetically cooled to less

than 800 mK (secular motional temperature). The molecular

ion species used, protonated tyrosine–alanine (HTyrAla+), is

a test case appropriate for the present purposes since a

previous study by Stearns et al.10 has shown that it exhibits a

spectrally narrow vibrational transition. The vibrational linewidth

observed in that work included the width of the rotational band,

whose details were unresolved, due to experimental reasons, but

also because of the small rotational constant exhibited by this

relatively large molecule.

We found in the course of our studies that resonant IR

multi-photon dissociation (R-IRMPD) can be applied to

sympathetically cooled HTyrAla+ ion ensembles. Here, only
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photons of energy resonant with a vibrational transition of a

specific vibrational mode are used. Upon absorption of the

photon, the vibrational energy is distributed on a time scale of

less than a nanosecond11 to other internal degrees of freedom,

by intramolecular vibrational relaxation (IVR). After that,

another photon of the same energy can be absorbed on the

same transition.12,13,14 (This is not possible with sympathetically

cooled diatomic ions, since there are no other internal degrees

of freedom, nor sufficient collisional vibrational relaxation

because UHV conditions are maintained.) The photon absorption

process is repeated, allowing the molecule to collect internal

energy until it will be large enough to break certain molecular

bonds, leading to generation of charged fragments, and a

reduction in the number of parent molecules. This technique is

used in spectroscopy of trapped complex molecular ions, but has

so far been applied only to uncooledmolecules, to our knowledge.

It is used in conjunction with large-scale, pulsed infrared laser

systems, e.g. free-electron lasers, which allow a very wide spectral

coverage8,15 and therefore a rather complete study of the vibrational

spectrum. For other methods of spectroscopy of polyatomic

molecular ions, using buffer gas cooling, see e.g. ref. 32.

The present laboratory experiment is an example that such

studies are becoming possible with laboratory laser sources only,

even continuous-wave ones. Indeed the IR spectral coverage

with cw sources such as OPOs, quantum cascade lasers and

difference frequency generators16 is rapidly increasing.

2 Experimental apparatus

In this work, a previously developed, general-purpose apparatus

for sympathetic cooling of a large variety of complex molecular

ions is employed.17 Fig. 1 shows an overview of the apparatus.

The molecular ions travel from left, the ion source, to the right,

the ion trap. Mass-to-charge selected molecular ions are trapped

in the ion trap and are sympathetically cooled via Coulomb

interaction with a laser-cooled atomic ion ensemble species.

Depending on their mass and charge, polyatomic ions can be

cooled to translational temperatures well below 1 K.20 The

long storage time of few tens of minutes combined with the

well-defined and nearly collisionless environment in the ion

trap provides very particular conditions for spectroscopy.

As the electrospray ionization takes place at atmospheric

pressure, while the achievement of sub-Kelvin temperature using

laser cooling requires ultra-high vacuum conditions, high demands

are made on the vacuum system. Both conditions are fulfilled

using a differentially pumped vacuum setup that provides a

pressure gradient of more than 13 orders of magnitude, sustained

by in total 11 vacuum pumps.

The molecular ion source is a modified commercial mass

spectrometer Finnigan SSQ 700, based on electrospray ionization

(ESI). A large variety of neutral molecules can be protonated

(i.e. one or more proton(s) attach(es) to the neutral molecule by

polarization interaction) in the ESI molecular ion source,

Fig. 1 Overview of the vacuum setup. Top and side views of the vacuum setup consisting of the electrospray ionization (ESI) molecular ion

source, the octopole ion guide, and the ion trap vacuum chamber in which the molecular ions are trapped, cooled and manipulated in a linear

quadrupole ion trap. The vacuum pressure in the differential vacuum setup decreases from atmospheric pressure at the molecular ion source inlet

(where a solution is fed into the ion source) to ultra-high vacuum values in the ion trap chamber.18,19
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including molecules with masses exceeding 10000 atomic mass

units (amu). As Fig. 2 shows, the molecular ions are produced

from a solution, which is sprayed as droplets into a vacuum

chamber, where the solvent is evaporated until individual

protonated molecular ions remain.

In the present study, a solution of 70 pmol l�1 dipeptide

tyrosine–alanine in a solution of methanol + water (1 : 1

relative concentration) + 0.1% formic acid is prepared, in

which protonated tyrosine–alanine forms (HTyrAla+, mass

251 amu). The protons are supplied by the formic acid. The

solution is filled into a syringe, from which it is sprayed at

atmospheric pressure (1000 mbar) through a thin metal needle

to which a positive high voltage is applied. The emerging

solution is shaped by a streaming nitrogen gas into a so-called

Taylor cone. Solution droplets break away from the Taylor

cone and are accelerated towards a heated capillary (200 1C).
The solvent evaporates and the droplets shrink until a critical

size, known as Rayleigh stability limit, is reached. The droplets

then break apart into smaller ones until bare molecular ions

remain. The stream of molecular ions is transferred through

the skimmer region at 1 mbar to the quadrupole mass filter

with a short octopole ion guide. This mass filter is placed in the

high-vacuum section of the apparatus, at about 10�6 mbar

pressure. The quadrupole mass filter parameters are controlled

by a computer, allowing purification of the ion stream and

delivery of a species with a particular mass-to-charge ratio to

the following apparatus section. After the mass filter, the

molecular ions are coupled into a 2 m long radio frequency

octopole ion guide which transfers the ions to the linear

quadrupole ion trap placed in a cylindrical vacuum chamber

at o10�9 mbar, shown in Fig. 3. Details about the octopole

guide can be found in ref. 18 and 21.

The RF trap consists of four cylindrical stainless steel rods

with a diameter of 10 mm, which are divided into the middle

electrodes of 20 mm length and the two endcap electrodes of

30 mm length. The smallest distance of the electrode surface to

the trap axis is r0 = 4.36 mm. With this geometry, the axial

electric potential of the trap,22,23

Fz = kUECz
2,

has the coefficient k = 1500 m�2. The RF voltages for radial

ion confinement are applied to the middle and the endcap

electrodes with an RF frequency of O = 2p � 2.5 MHz and a

maximum amplitude of URF,max = 500 V. dc voltages of �20

to +20 V can be individually applied to the four middle

electrodes to compensate external electric fields for exact

symmetrization of the quadrupole field. Typical operation

parameters are 200 V o URF o 500 V and 5 Vo UEC o 7 V.

The magnetic field that is necessary for laser cooling of
138Ba+ ions is produced by two coils centered around the trap

axis and mounted beyond the endcap electrodes (see Fig. 4).

The coils produce a magnetic field in the trap center which is

parallel to the trap axis and has a strength of

approximately 5 G.

To count the trapped ions, they are released from the trap

and led to a channel electron multiplier (CEM) mounted

below the trap, serving as an ion detector (Fig. 4). When the

Fig. 2 Principle and setup of the molecular ion source. The upper schematic diagram (not to scale) illustrates the principle of electrospray

ionization as described in the text. The lower photo shows the uncovered molecular ion source, with the needle through which the solution with the

molecular ions is sprayed, the heated capillary in which the solvent evaporates, the skimmer (covered by housing components) which serves as

aperture, a short octopole used as ion guide, the quadrupole mass filter for selection of the ion species to be transferred to the ion trap, and the

beginning of the 2 m long octopole which transfers the molecular ions to the ion trap. The pressures given below the photograph are approximate

values for the atmospheric pressure region (1000 mbar), the skimmer region (1 mbar), the octopole region (10�1 mbar), and the following high

vacuum region (10�6 mbar).
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trap RF voltage URF is decreased, ions of mass m and charge

q are not stably trapped any more once the value reaches

Uex
RF ¼ ar20O

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kUEC

m

q

r
:

Here a is a numerical factor describing the influence of the

electric field of the extraction electrode. This simple expression

holds in the limit of a single trapped ion and zero kinetic energy.

The escaping ions will be accelerated by an extraction electrode

at a dc voltage of about �1000 V and counted. The number of

detected ions versus the RF voltage represents a mass spectrum

of the trapped ion ensembles (q= e is assumed for all ions, as we

have no evidence for higher charge states having been produced,

trapped and sympathetically cooled). In the spectra shown

below, the largest detectable mass (850 amu) corresponds to

the RF amplitude used for normal trapping operation, Uex
RF =

URF = 300 V. By comparing the ion number detected by the

counter with the number of ions initially contained in the

Coulomb crystals (this number is obtained by Molecular

Dynamic (MD) simulations on the basis of CCD images), we

found that the ion detection efficiency is between 10 and 20%.

For the laser cooling of 138Ba+ ions, a cooling laser at

493 nm (generated by sum-frequency mixing of a 920 nm diode

laser wave and a 1064 nm Nd:YAG laser wave) and a

repumper diode laser at 650 nm are required. Both cooling

and repumping laser frequencies are locked to transfer

cavities, which, in turn, are locked to the Nd:YAG laser, itself

stabilized to a ro-vibrational transition of molecular iodine via

Doppler-free saturation spectroscopy.

3 Preparation, cooling and analysis of ion ensembles

First, a barium ion crystal is prepared in the trap by an electron

gun bombarding and ionizing metallic barium (ref. 24, Fig. 5(a)).

Fig. 3 Overview of the ion trap vacuum chamber. Molecular ions from the ESI ion source are transferred to the linear quadrupole ion trap via the

octopole ion guide. The barium ions are produced with an ultra-high-vacuum suitable evaporator directed to the trap center (dashed green arrow).

Cooling (493 nm), repumping (650 nm) and vibrational spectroscopy laser light (2.7 mm) (blue, red and violet arrows, respectively) enter the

vacuum chamber through an axial sapphire viewport. The fluorescence light emitted by the laser-cooled 138Ba+ ions is collimated by radially

arranged lenses to direct it through glass viewports to a CCD camera and a photomultiplier (PMT), both located outside the vacuum chamber.18

The dimensions of the OPO base plate are in mm.

Fig. 4 Trap setup with cleaning and detection components. With an ac voltage scan applied to the radial excitation electrode, molecules with a

specified mass-to-charge ratio can be removed from the trap. The identification of the stored ion species is via their mass-to-charge ratio, and is

obtained via a controlled decrease of the ion trap RF amplitude and a simultaneous detection of the escaping ions. Detection is achieved by

directing the ions by an extraction electrode to an ion detector mounted below the trap.
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Some of these ions react with residual H2O gas molecules to

produce barium oxide ions. The electron gun also ionizes residual

CO2 gas. These molecular ion species are also trapped in the ion

trap. In order to load molecular ions delivered via the octopole

ion guide, the dc potential of the entry endcap is decreased and

the ion guide is activated for several seconds. In addition, room

temperature helium buffer gas (at (4–6) � 10�6 mbar) is

injected into the trap using a piezoelectric valve. This acts as

a buffer gas, in which collisions with the molecular ions reduce

their kinetic energy sufficiently for capture in the trap (Fig. 6).

The ions in the crystal also collide with the He atoms, causing

its melting. The continued action of the cooling laser leads to a

steady state corresponding to a cold gas. After restoring the

entry electrodes’ potential the valve is closed and the pressure

of the buffer gas decreases within several seconds due to

pumping. Then the barium cloud crystallizes again and

sympathetically cools the trapped molecular ions (Fig. 5(b)).

For species-selective cleaning we apply a suitably strong ac

electric field to a radial excitation electrode (see Fig. 4). It

induces a radial secular motion of sufficiently large amplitude

so that the resonant ions are ejected from the trap. The

frequencies of the excitation are made to cover the secular

resonance frequencies of undesired ions. The cleaning is used

in particular to remove CO2
+ and BaO+.

Two ion extraction spectra obtained as described in Section 2

are compared in Fig. 7(a) to show the significant influence of

laser cooling and sympathetic cooling. The ensembles

contained Ba+, BaO+ and HTyrAla+ and had kinetic

energies corresponding to room temperature (red), achieved

by collisions with He buffer gas (lasers were off), and below

1 K (blue), achieved by laser cooling. In the 300 K case, the

peaks in the extraction spectrum are broadened, indicating a

larger distribution in the energy of the trapped ions. For the

cooled ensemble, not only the peak of the laser-cooled Ba+ ions is

narrower, allowing us to resolve the peak of the sympathetically

cooled BaO+ ions, but also the one of HTyrAla+. This latter

peak narrowing is a qualitative proof of the sympathetic cooling

of complex molecular ions.

The action of R-IRMPD on the ion ensemble is seen in

Fig. 5(c), where a Ba+/HTyrAla+ ion crystal was exposed

comparatively long to continuous-wave light at 2.74 mm.

Fig. 7(b) shows the ion extraction spectra, which give detailed

information about the contents of the ensemble. The HTyrAla+

ions were nearly completely destroyed and fragments of

different masses have appeared. For comparison, the red curve

is the extraction spectrum of a crystal acquired directly after

the preparation phase (no R-IRMPD), showing only the two

ion species as expected (this spectrum is the same as the blue

curve in Fig. 7(a)).

The information contained in the ion extraction spectrum

together with the CCD images of the barium ions’ fluorescence

before and after extraction of the ions can be used to characterize

the initial ion ensemble (initial numbers of ions of different

species and their temperatures) and the final state (number

of fragments and final temperature of different species).20 MD

simulations are performed for this purpose. Fig. 8 shows an

example of the final state of an ensemble where R-IRMPD has

partially photodissociated the HTyrAla+ ions. A comparison

with experimental CCD images reveals that the typical

temperature of HTyrAla+ is less than 800 mK. This value is

Fig. 5 Experimental CCD images of ion crystals. (a) A barium ion crystal, containing laser-cooled 138Ba+ ions and sympathetically cooled ions of

other Ba isotopes. The relative abundance of 138Ba+ is 72%. The cooling laser’s light pressure acts only on 138Ba+, not on sympathetically cooled

barium isotopes. The laser cooled ions are therefore pushed to the left with respect to the other isotopes, which are located on the right, in the dark

region. Molecular impurity ions (BaO+, CO2
+) have been previously removed. (b) A crystal, radially compressed and axially prolonged by the

(non-fluorescing) surrounding sympathetically cooled HTyrAla+ ions. (c) The crystal after partial photodissociation of HTyrAla+ ions by

R-IRMPD. Sympathetically cooled ionized molecular fragments lighter than Ba+ ions are trapped close to the trap axis, forming a dark region in

the center of the crystal (marked in red). Compare with Fig. 8.

Fig. 6 Schematic principle of loading of the ion trap with molecular

ions coming from the ion source. The dc potential of the left endcap

electrodes is temporarily lowered, allowing entrance of the ions. Their

kinetic energy (red arrow) is reduced by collisions with helium buffer

gas (yellow dots), leading to trapping.
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the thermal energy associated with the secular motion. In

addition, all ions perform micromotion. The micromotion

energy of the HTyrAla+ ions can be calculated from the trap

parameters and the distance from the axis, and amounts to

kB (11.5 K) per ion.25

4 IR laser source

HTyrAla+ molecular ions have a complex absorption

spectrum, with many lines corresponding to fundamental and

overtone excitation of local vibrational modes, complicated by

the presence of a rotational structure.10 The single line studied

here is the fundamental vibration of the OH group bound to the

phenol ring in the HTyrAla+ dipeptide (Fig. 9). We used the

idler wave of a continuous-wave OPO for the spectroscopy,

since its high power and tunability provides experimental

flexibility. The device is home-built, see Fig. 3.16 It uses a ring

cavity containing a periodically poled lithium niobate crystal,

and is pumped by an independent Nd:YAG master laser

(1064 nm), amplified by a fiber amplifier, with a maximum

output of 9.5 W. Typically, 5 W are delivered via a fiber to

pump the OPO ring cavity located next to the UHV chamber

(Fig. 3). This OPO is tunable over a wide spectral range

(2500–3000 nm) by changing the temperature of the nonlinear

crystal. The typical output spectral linewidth is a few ten kHz,

the output power is up to 2.5 W for the idler wave and up to

3 W for the signal wave (at the highest pump power). In order to

prevent mode-hops, the OPO is stabilized using back reflections

from the gratings in the crystal. The output wavelength of the

idler radiation is determined by measuring the wavelength of

the signal radiation, which is sent to a high-resolution wave-

meter. The master laser is intrinsically frequency-stable on the

time scale of interest here, its wavelength being 1064.49 nm.

The idler wave of the OPO is sent into the trap axially, by an

uncoated CaF2 beam sampler. The power is adjusted by a

combination of a polarizer and a rotated l/2 wave retarding

plate. The diameter of the idler beam inside the trap was

measured as 0.86 mm.

5 Calibration

The molecular ion flux from the ESI source is not stable,

showing both short-time fluctuation and longer-term trends,

the overall flux variation being on the order of 25%. As a

consequence, the number of trapped HTyrAla+ ions varied

from one loading to the next. In order to characterize the

Fig. 7 (a) Mass spectrum of extracted ions, when the trapped

ensemble was laser-cooled (blue) and buffer-gas cooled (300 K, red),

respectively. The wider peaks in the 300 K case are due to the

correspondingly larger kinetic energy distribution of the ions inside

the trap. Note also that in the 300 K case, ions are extracted from the

trap already at higher RF amplitudes as compared to cold ions.

(b) Mass spectrum of a cold ion ensemble without R-IRMPD (blue)

and with R-IRMPD (red).

Fig. 8 Radial mass separation in a multi-species Coulomb crystal. Simulated images for the experimental trap parameters of a Coulomb crystal

containing 440 molecular fragments (pink, mass 65 amu), 1190 Ba+ ions (blue, all isotopes), 460 BaO+ ions (red, 154 amu), and 230 HTyrAla+

ions (green, 251 amu). The image shows the crystal as it would appear if all ions were fluorescing. In this simulation the cooling laser radiation

pressure force is not taken into account. Compare to the experimental CCD images in Fig. 5, where only 138Ba+ ions fluoresce and the radiation

pressure force acts. (a) Side view. (b) Cross sectional view. Ions of lower mass arrange close to the trap axis, heavier ions arrange in shells around

the lighter ions.

Fig. 9 3D view of the structure of HTyrAla+ (conformer A). Atoms:

carbon (orange), oxygen (red), nitrogen (blue) and hydrogen (white).

The arrow indicates the phenol OH group in which the vibrational

excitation studied here takes place.
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variations, the extraction spectra were recorded during a series

of repeated HTyrAla+ loadings without Ba+. Interleaved

procedures were used, alternating between OPO irradiation

on and off. Also, the OPO power and its idler wavelength were

changed within a wide range. Fig. 10 shows the measurements,

taken over the course of 20 min. Here, the barium ion crystal

remained the same, laser cooling was always on. The red

points show the variation of the number of counts of extracted

HTyrAla+ ions. For comparison, the blue points show the

interleaved measurements where after loading and buffer gas

cooling, the HTyrAla+ was partially photodissociated. Here,

the number of counts of the fragments and of the undissociated

HTyrAla+ in the mass spectrum was added. The relative

deviation (green) of this total number with respect to the

average number of HTyrAla+ detected in the previous and

subsequent loadings is moderate, less than 25%. Thus, this

total number of counts is used as a measure of the initial

number of HTyrAla+ after loading, which is not measurable

in a nondestructive way, and also determines the effect of a

spectroscopic excitation in terms of the relative photodissociation

efficiency of the initial (parent) HTyrAla+ ions. This procedure is

quite useful, and more practical than extracting the initial number

from MD simulations, which would be very time-consuming.

The typical ion extraction spectrum in Fig. 7 shows an

advantage of having sympathetically cooled ions rather than

uncooled ions: this method allows a quantitative characterization

of the fragment ions. It is seen that there are at least three

different types of products of photodissociation, having mass/

charge ratios 41, 65 and 90 amu/e. Fragments with atomic mass

close to m
q ¼ 138 amu=e are hard to distinguish from 138Ba+.

We assume that there is no fragment with this mass which is

proved by experiments with room-temperature ions.

A series of R-IRMPD experiments was made for room-

temperature and sympathetically cooled ions, for different

Coulomb crystal sizes and numbers of HTyrAla+ ions

trapped, for different OPO wavelengths, irradiation times

and OPO powers. The extraction spectra were sorted

into groups corresponding to different power ranges, OPO

frequencies and irradiation times.

6 Results and discussion

Fig. 11 shows the fraction of undissociated HTyrAla+ ions as

a function of irradiated energy, given by the product of power

and irradiation time, normalized to the beam cross sectional

area. In this series of experiments, only HTyrAla+ ions were

trapped (in the presence of He buffer gas), irradiated for

different times and powers (at the fixed bean diameter), while

the OPO wavelength was close to the central wavelength of the

observed spectrum. The fraction decreases exponentially with

irradiated energy, indicating that a linear process is occurring,

where a one-photon process dominates. Note that the

dissociation rate is very small. At a typical power of 10 mW

and the beam cross section used here, it is 0.34 s�1, much

smaller than spontaneous or IVR rate (see below). Taking into

account the beam cross section and correcting for the

non-uniform intensity distribution of the Gaussian OPO

beam, we can deduce a (peak) R-IRMPD dissociation cross

section of at least sdiss,min = 1.5 � 10�20 cm2 under our

conditions. As the buffer gas ion cloud may have had a larger

diameter than the laser beam, thus reducing the effective

intensity experienced by the ions, this value is a lower limit.

On sympathetically cooled ions, which are all located within

the OPO wave, only a few measurements of dissociation as a

function of irradiation time were performed at low intensity.

The obtained decay constant is consistent with that given in

Fig. 11, within the errors. Thus, sdiss is similar to sdiss,min.

As phenol is that part of HTyrAla+ that carries the OH

group excited by R-IRMPD, we can compare sdiss with the peak

absorption cross section deduced from a measurement of the

same mode on phenol molecules, sPhOH,abs = 7.4� 10�19 cm2.26

Here we have used the experimental oscillator strength value

f = 7.9 � 10�6, and assumed a Lorentzian band shape with a

FWHM of 6 cm�1, obtained from a rotational band simulation

at 300 K (see below). We can also consider the theoretical

absorption cross section for our particular vibrational transition,

obtained from the transition dipole moment of the mode as

Fig. 10 Ion flux check and ion number conservation. Red: counts

of extracted HTyrAla+ without OPO irradiation. Blue: total counts of

extracted HTyrAla+ and its fragments. Green: relative difference of

counted ions (right ordinate). The comparison of the two cases shows

that the total count is equivalent to the number of loaded HTyrAla+.

Fig. 11 Fraction of undissociated uncooled HTyrAla+ ions as a

function of irradiated energy. In this series of experiments, only

HTyrAla+ ions were trapped and cooled by 300 K He buffer gas,

and irradiated for different times and at different OPO power levels. As

the measurements were done on uncooled ions, significant broadening

of the extraction spectra occurs (see Fig. 7). This limits the resolution of

this method and gives rise to an additive noise. Therefore, a fit function

with an offset has been used to model the data.
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calculated using Gaussian0327 (see Table 1), and assume the

same FWHM. For the four conformers the values are similar,

sabs = 2 � 10�18 cm2 (peak value), approx. three times the

phenol value. Thus, sabs is approximately a factor 102 larger than

the R-IRMPD cross section sdiss. A simple interpretation of this

ratio is that the molecule must absorb on the order of 102

photons in order to dissociate. Note that the corresponding total

energy is approximately one order of magnitude larger than the

UV dissociation energy (Ediss approx. 35 000 cm
�1)10. Two effects

may contribute to this factor. First, the excited molecule may

fluoresce, either from the excited state, or from states that it

evolves into as a consequence of IVR. In a very simple model, the

ratio of decay rate G from the excited state via single or multiple

photon emission and the total decay rate A + G, where A is the

fluorescence rate, determines the actual energy deposition rate,

dEint/dt = sabsIG/(G + A), where I is the intensity (stimulated

emission is neglected). The ratio may be distinctively smaller than

unity and contribute to a reduction of sdiss = (G/(A + G))
(hn/Ediss)sabs. The fluorescence rate A for the excited vibrational

state is calculated to be approximately 95 s�1, using the transition

dipole matrix elements given in Table 1. (The calculated

stimulated emission rate at the OPO intensity shown in Fig. 12

(blue curves) is approximately 50 s�1, smaller than A.) Second,

the molecules, internally heated by energy deposition, will also

‘‘cool’’ by emission of black-body radiation.28 Since the time

scale over which dissociation is obtained under our experimental

conditions is long (of order 1 s) this could be a process of

relevance. Such a cooling process would also increase the number

of IR photons necessary to be absorbed until sufficient energy is

accumulated that leads to dissociation. A detailed explanation of

the ratio sdiss/sabs is beyond the scope of this work, requiring

extensive additional measurements.

The experimentally observed photodissociation spectra are

shown in Fig. 12. It comprises data from several hundred

individual measurements. The fundamental transition of the

phenol-OHmode has the central wavelength of approx. 3640 cm�1,

within a fewwavenumbers both for buffer-gas and sympathetically

cooled ions. The measurements shown in blue are taken at the

lowest intensities, and the maximum dissociation fraction is

below 0.4. This implies that saturation effects are not important

in this case. The full width of this line (for sympathetically cooled

ions) is approx. 10 cm�1 and will be discussed in the following.

The measurements taken with buffer gas cooled molecules

show a larger linewidth. This is likely due to both saturation

(a larger OPO intensity was used) and to an increase of

internal energy (rotational temperature) caused by partial

transformation of micromotion energy, which is much larger

for buffer-gas cooled ions than for sympathetically cooled

ones, to internal energy during collisions with He atoms.

The observed transition linewidths contain information

about the internal rotational temperature. However, this

information cannot be extracted straightforwardly, as several

unknowns contribute to it. First, the preparation step of our

cold molecules is not sensitive to a conformer10 having overall

energies close or below the level kB � (room temperature), so

any ensemble of ions loaded into the trap is expected to

contain various conformations and these will contribute to

our spectroscopic signal. Different conformations have different

rotational constants and vibrational transition frequencies

(see Table 1). This introduces a broadening and shape change

of the vibrational line. Second, in R-IRMPD, the molecule

absorbs many photons before dissociating. The increasing

internal energy may lead to an increasing distortion of the

molecular structure. As this occurs, the vibrational frequency of

the local mode may shift, yielding another cause of broadening.

Third, the molecule may be heated rotationally. Fourth, the IVR

process leads to line broadening of each ro-vibrational transition

line in the band, washing out the fine structure of the

rotational band.

Table 1 Low-energy conformers of HTyrAla+: theoretical and experimental properties from ref. 10. The transition dipole moment components are
given in the principal axis system. The experimental spectrum of ref. 10 was taken in steps of 0.5 cm�1, thus the differences between the conformers’
frequencies are only known with this resolution. The linewidth values are approximate. The observed vibrational frequency has a systematic
uncertainty of 2 cm�1. The theoretical vibrational frequencies were obtained from quantum chemical computations and corrected by a factor 0.954 in
order to take into account anharmonicities of hydride frequencies. This factor has previously given a good fit for protonated amino acids

Conformer

Theoretical Experimental

Energy rel. to ground
[kJ mol�1 = kB (121 K)]

Vibr. freq. of
PhOH mode/cm�1

Transition dipole moment
(dx, dy, dz) [0.0104 D]

Rotational
constants/GHz

Vibr. freq./cm�1 Line-width/cm�1A B C

A 0 3641.2 (9.96, 2.42, 3.59) 1.0902 0.1442 0.1347 3641.5 2
B 4 3642.2 (3.15, 8.60, 5.06) 0.6949 0.2018 0.1792 3642 2
C 0.1 3641.8 (�8.55, 4.35, 5.12) 1.0912 0.1444 0.1346 3642 2
D 4.1 3642.8 (10.6, 1.16, 1.56) 0.6911 0.2022 0.1795 3642.5 2

Fig. 12 Spectra of room-temperature (buffer-gas cooled) and laser-cooled

photodestructed HTyrAla+. The error of the room temperature (red)

fraction of products is significantly larger than for the sympathetically

cooled cases (green, black, blue). Total time to obtain the data shown here

was about 2000 min.



This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys.

The measurements by Stearns et al.10 on HTyrAla+ provide

important information on these issues. In their work, vibrationally

cold ions were obtained by collisions with cold He buffer gas

atoms in a cryogenic trap. The vibrational temperature was

measured to be 10–11 K and the rotational temperature was

presumed to be in equilibrium. Their measurements include

information on the relative shift of the vibrational lines for

four conformers and also on the rotational band linewidths

(see Section 1). It should be emphasized that their spectroscopic

method was not R-IRMPD but vibrationally depleted electronic

(UV) spectroscopy, in which only a single IR photon is

absorbed, therefore a distortion-induced lineshift cannot

contribute to their observed linewidths. As their work was

focused on determining a wide IR spectrum rather than

precisely measuring one particular line, a frequency step size

of 0.5 cm�1 was sufficient. Their measurements indicate that

the frequency shift between conformers is not more than about

1 cm�1 roughly consistent with the theoretical relative shifts.

The FWHM linewidth of individual conformer species is

about 1.7 cm�1, after subtracting the contribution of the

spectral linewidth of the pulsed OPO (linewidth ca. 1 cm�1).

Importantly, this linewidth includes the effect of IVR. Our

10 cm�1 linewidth (in the sympathetically cooled case) is

substantially larger than both the ‘‘cryogenic’’ linewidth and

the upper limit for the conformer shift. Therefore, in our

sympathetically cooled case conformation variations and IVR

broadening cannot be dominant effects. Instead, either our

rotational temperature is significantly higher than 10 K or there

is a substantial internal-energy-induced line shift, or both.

In order to discuss the influence of temperature on the band

linewidth, simulations of the rotational band for different

rotational temperatures were made. As input parameters the

rotational constants as well as the vibrational transition dipole

moments in the molecular frame, as computed by ref. 10 and

reported in Table 1, were used. The rotational constants of the

vibrational ground state are also used for the excited state, due

to lack of any further information. The rotational band

structure was computed using the program PGOPHER,29

including transitions between rotational levels with quantum

number up to J = 510. This high value was required in order

to obtain a sufficiently complete band shape even at the

highest considered temperature, T = 1000 K, at which a very

large number of rotational levels in the ground state are

thermally populated. The individual ro-vibrational transitions

were broadened by a Lorentzian line shape function of

0.9 cm�1 full width at half maximum, in order to obtain a

smooth band. A value smaller than the contributions from

IVR and from the presence of more than one conformer(s) was

chosen, in order not to smooth too much any thermal features.

Fig. 13 shows the simulated spectra for different rotational

temperatures. The resulting line shapes are not Gaussian. The

simulated spectrum for 10 K (where a reduced broadening of

0.067 cm�1 has been used in order to show the structure of the

band more clearly) has a width of 1 cm�1, which can be

compared with the measurements of ref. 10 (approx.

1.7 cm�1). The simulated width is smaller, but an additional

contribution coming from IVR broadening must be considered

as well. Yamada et al.30,31 have measured the lifetime of the

upper vibrational state of the OH vibration in phenol as 14 ps,

which corresponds to a linewidth of 0.4 cm�1. It is conceivable

that the lifetime is shorter in HTyrAla, due to its larger density

of states as compared to that of phenol, which may provide

more doorway states. The IVR rate strongly depends on such

states, as has been shown by Yamada et al., who found, e.g. a

six times smaller rate when the phenol ring is deuterated

(phenol-d5), which significantly changes the vibrational

frequencies of the molecule, and a three times higher rate in

the case of the OH vibration. Such effects may explain the

slightly larger linewidth value observed by Stearns et al.

For rotational temperatures from room temperature on, the

simulated linewidths increase only slowly with temperature,

e.g. at T = 100, 300, 450, 600, 1000 K the simulated FWHMs

are approximately 3.9, 6.2, 7.3, 8.1, 9.2 cm�1 for conformer A.

Thus, in principle the FWHM can be correlated with

rotational temperature, but obtaining a high temperature

resolution would require an accurate measurement of the

bandshape. This was not possible in our work, due to

variations in the ion flux and the limited signal-to-noise ratio

achieved with the low trapped ion number. For comparison,

conformers B, C, D were also simulated, which have

linewidths 8.5, 6.5, 6.5 cm�1 at 300 K, respectively. Conformer

B has a significantly larger FWHM at room temperature and

above than conformers A and C. This variability further

makes an accurate determination of rotational temperature

difficult in the case of a mixture of conformers. The observed

FWHM of 10 cm�1 corresponds to an effective rotational

temperature in the range from above 600 K to above but near

1000 K, significantly above 300 K that the molecules are

expected to have after collisions with 300 K helium buffer gas.

7 Conclusion

Vibrational spectroscopy of a local mode of a sympathetically

cooled polyatomic molecular ion was demonstrated, for the

first time to our knowledge. The vibrational excitation of

polyatomic HTyrAla+ ions was induced by irradiation with

Fig. 13 Simulated rotational bands of the phenol OH vibration of

HTyrAla+. Full lines: conformer A. The temperatures are, increasing

from the smallest line, 10 K, 100 K, 300 K, 450 K, 600 K, 1000 K. The

red/medium-long-dashed (green/long-dashed, blue/short-dashed) lines

are for the B (C, D) conformer. The FWHMs are as follows.

Conformer A: 1 cm�1 (10 K), 3.9 cm�1 (100 K), 6.2 cm�1 (300 K),

7.3 cm�1 (450 K), 8.1 cm�1 (600 K), 9.2 cm�1 (1000 K); conformer B:

8.5 cm�1 (300 K), 11 cm�1 (600 K); conformer C: 6.5 cm�1 (300 K),

8.4 cm�1 (600 K), 9.2 cm�1 (1000 K); conformer D: 6.5 cm�1 (300 K).

The vertical scale is arbitrary for all curves, also for different

temperatures of a single conformer.
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continuous-wave infrared light at 2.74 mm and led to photo-

dissociation via the R-IRMPD process. For comparison,

experiments were also performed on uncooled ions. The

kinetic energy of the ions was significantly different in these

two cases. After loading of the ions into the trap, room-

temperature He gas was introduced as a first translational

cooling step. In the case of subsequent sympathetic cooling,

the rotational temperature may be assumed to have reached a

value on the order of 300 K, since interaction with the 300 K

black-body radiation is dominant. Without sympathetic

cooling, the ion micromotion energy may have been partially

converted to internal energy, leading to an increased rotational

temperature.

For the lower IR intensities used, a photodissociation rate

was observed that is linearly dependent on intensity, and

allowed determination of the approximate R-IRMPD cross

section. It is significantly (approx. two orders) lower than the

vibrational absorption cross section, indicating that a significantly

larger number of IR photons must be absorbed before

dissociation can take place, than that corresponding to a

typical bond energy. The R-IRMPD spectral lines exhibited

modest signal-to-noise ratios, limited by the fact that the

individual dissociation experiments are performed with small

number of ions and this number fluctuates from one loading to

the next. By comparison with measurements by Stearns and

coworkers on HTyrAla+ cooled by cold He buffer gas, we

deduce that the observed linewidth of the vibrational

transition (10 cm�1) is not dominated by IVR from the upper

vibrational state, nor by the small frequency shifts among

conformers that are present as a mixture in our molecular

samples. Instead, it is due to a combination of rotational

temperature imposed by the initial preparation, the interaction

with black-body radiation of the environment, a possible

increase of rotational temperature in the course of absorbing

the approx. 80 IR photons, and a shift of the vibrational

frequency with increasing internal energy in the molecule. The

latter would be caused by cross-coupling anharmonicities of

the molecule’s modes (and is probably a dominant effect).

Phenomenologically, the effective temperature to be assigned to

the line is significantly above room temperature, approximately

1000 K. Further studies (experimental and ab initio calculations)

should allow disentangling the mentioned effects.

Future investigations could be aimed at (i) an accurate

determination of the IVR-induced broadening, by performing

measurements as in ref. 10, but using an injection-seeded

pulsed OPO with reduced linewidth, (ii) determining more

precisely the influence of internal-energy-induced broadening,

by performing R-IRMPD on rotationally cold HTyrAla+ in a

cryogenic trap apparatus as used by Stearns et al. in order to

reduce the effects of high rotational temperature on the

spectral line shape, and measuring with high signal-to-noise

ratio the rotational band shape. As for (i), the measurements

should be performed on samples containing a single conformer,

which can be obtained by selectively UV-dissociating other

conformers. Moreover, a combination IR-multiphoton

absorption and IR-depletion spectroscopy could be applied:

the vibrational lineshape is measured by IR-depletion spectro-

scopy using an injection-seeded pulsed OPO with reduced

linewidth, but preceding the interrogation by multi-photon

IR excitation for a fixed but variable time, under conditions

that the molecules mostly remain undissociated. In this way,

one could determine the line shift as a function of internal

energy. One could also measure the vibrational temperature as

a function of internal energy, using hot band intensities as

indicators. In such measurements, the cryogenic buffer gas

should first be removed from the trap in order not to continue

rotational cooling. Under such conditions, the molecules

would still be rotationally and vibrationally cooled by IR

emission, but with a reduced rate. A determination of this

cooling rate is itself an interesting aim.
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Appendix 3. Fundamental vibrational transition at 5.1 µm in HD+

Advanced techniques for manipulation of internal states, standard in atomic physics, are

demonstrated for a charged molecular species for the �rst time. We address individual hyper-

�ne states of rovibrational levels of a diatomic ion by optical excitation of individual hyper�ne

transitions, and achieve controlled transfer of population into a selected hyper�ne state. We

use molecular hydrogen ions (HD+) as a model system and employ a novel frequency-comb-

based, continuous-wave 5 µm laser spectrometer. The achieved spectral resolution is the

highest obtained so far in the optical domain on a molecular ion species. As a consequence,

we are also able to perform the most precise test yet of the ab initio theory of a molecule.

The author contributed to: repair, improvement of the setup, perform experiments, data

simulation, discussion of the results, writing the paper.
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Advanced techniques for manipulation of internal states, standard in atomic physics, are demonstrated

for a charged molecular species for the first time. We address individual hyperfine states of rovibrational

levels of a diatomic ion by optical excitation of individual hyperfine transitions, and achieve controlled

transfer of population into a selected hyperfine state. We use molecular hydrogen ions (HDþ) as a model

system and employ a novel frequency-comb-based, continuous-wave 5 �m laser spectrometer. The

achieved spectral resolution is the highest obtained so far in the optical domain on a molecular ion

species. As a consequence, we are also able to perform the most precise test yet of the ab initio theory of a

molecule.
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Cold trapped molecules [1,2] currently represent an
intense field of activity relying on sophisticated methods
of molecule production, translational and internal cooling,
spectroscopy and sensitive detection. Many applications,
such as chemical reaction studies [3,4], tests of molecular
quantum theory [5], fundamental physics [6,7] and quan-
tum computing [8] would benefit strongly from the avail-
ability of advanced manipulation techniques, already
standard in atomic physics. These are not straightforward
for molecules, and for charged molecules have not been
demonstrated yet. Production methods for molecular ions
(usually, e.g., by electron impact ionization) and, if hetero-
nuclear, their interaction with the blackbody radiation of
the surrounding vacuum chamber, usually lead to signifi-
cant population of a substantial number of internal states.
A first, important step in the manipulation of internal states
of molecular ions is population transfer between rotational
states (heteronuclear molecules usually being cold vibra-
tionally, i.e., are all in the v ¼ 0 ground vibrational state).
It has been demonstrated that a significant fraction (ca.
75%) of an ensemble of diatomic molecular ions can be
pumped into the vibrational and rotational ground level
(v ¼ 0, N ¼ 0) [9,10]; see Fig. 1.

For a general diatomic molecule, however, this pump-
ing is usually not capable of preparing molecules in a
single quantum state, because spin interactions generate a
hyperfine structure with several states in each rovibra-
tional level. For example, a diatomic molecule with one
unpaired electron (se ¼ 1=2), and nuclei with nuclear
spins I1 ¼ 1=2 and I2 ¼ 1 (such as HDþ) has 4 hyper-
fine states in zero magnetic field if the rotational angular
momentum is N ¼ 0, but 10 if N ¼ 1, and 12 if N � 2;
see Fig. 2(a). The ability to address selectively molecules
in one particular hyperfine state (or even in a single
quantum state with a particular magnetic quantum num-
ber Jz) and to transfer molecules from one hyperfine
state to another are clearly important tools of a molecular

quantum toolbox that can be part of a full quantum state
preparation procedure.
Complicating the addressing, the number of strong

transitions between two given rovibrational levels (v, N),
(v0, N0) is equal to the larger of the two numbers of
hyperfine states, i.e., potentially high, and with only small
differences in transition frequency. Figure 2(b) shows as an
example the case of the fundamental vibrational transition
ðv ¼ 0; N ¼ 0Þ ! ðv0 ¼ 1; N0 ¼ 1Þ in HDþ, where 10
strong transitions occur over a range of about 60 MHz
([11,12]). Addressing a single hyperfine state in a multispin
molecule thus requires a spectroscopy that can resolve
individual hyperfine lines in the spectrum.
In this work, our approach is based on one-photon laser

excitation of the fundamental vibrational transition
ð0; 0Þ ! ð1; 1Þ at the wavelength �f, see Fig. 1. The rela-

tively low transition frequency, �f > 2:5 �m for dia-

tomics, in combination with the low secular kinetic
energy kBTsec achievable by sympathetic cooling, yields a
Doppler broadening ��D of the transitions that is smaller
thanmany line spacings. This provides the desired quantum
state selectivity for addressing some of the hyperfine states,
using strong transitions. For our test case HDþ, �f ¼
5:1 �m, Tsec ’ 10 mK,��D ’ 3 MHz. Additionally, exci-
tation of weak transitions [which violate the approximate
selection rules �F ¼ 0, �S ¼ 0, see Fig. 2(b)], provides
selectivity for all hyperfine states, since for these transitions
the frequency spacings are larger. Compared to the use of a
pure rotational excitation ð0; 0Þ ! ð0; 1Þ [13] or a micro-
wave transition within a rovibrational level, the use of a
vibrational transition has the advantage that the excitation
may be followed by a much faster spontaneous decay from
(1,1), either back into the ground rovibrational level (rate
approx. 6 s�1) or into the relatively long-lived rotational
level (v00 ¼ 0, N00 ¼ 2) (rate approx. 12 s�1). This allows
reasonably rapid pumping of the molecule (possibly after
repeated absorption and spontaneous emission events) into

PRL 108, 183003 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
4 MAY 2012

0031-9007=12=108(18)=183003(5) 183003-1 � 2012 American Physical Society



another long-lived state, a necessary condition for efficient
quantum state preparation, as shown below.

The experiment is performed on ensembles of HDþ ions
trapped in a linear quadrupole radio-frequency trap
(14.2 MHz), sympathetically translationally cooled by
co-trapped, laser-cooled Beryllium atomic ions [14] and
rotationally cooled by lasers. The HDþ molecule is of
interest since it is a fundamental quantum system that
allows precision measurements of QED effects and
fundamental constants [5]. Our laser system consists of
four subsystems: a �f ¼ 5:1 �m laser spectrometer

referenced to an atomic frequency standard [15] (see
Supplemental Materials [16]), a reliable, frequency-
stabilized fiber-laser-based 313 nm laser for cooling of
Beryllium ions [17], a rotational cooling laser system
(a �p ¼ 5:5 �m quantum cascade laser and, for part of

the measurements, a �0
p ¼ 2:7 �m diode laser), and a pair

of lasers (�, �0) for resonance-enhanced multiphoton dis-
sociation (REMPD); see Fig. 1. Rotational cooling [9] is a
crucial tool here, as it significantly increases the fractional
population of molecules in the lower rovibrational level

(v ¼ 0, N ¼ 0), from ca. 10% to 60%–75%. The possibil-
ity provided by our laser system to measure the HDþ
fundamental vibrational transition frequency f ¼ c=�f

also allows us to perform a precise comparison with the
ab initio theory of the molecular hydrogen ion.

FIG. 1 (color online). Schematic energy level scheme of HDþ
with transitions relevant to this work. Hyperfine structure is
shown schematically only for the (v ¼ 0, N ¼ 0) and (1,1)
levels as lines, but is implied for all other levels as well (thick
bars). Full lines: laser-induced transitions, dashed lines: some
relevant spontaneous emission transitions; dotted lines: some
blackbody induced transitions. The spectrally narrow wave �f

selectively excites molecules from a particular hyperfine state
(v ¼ 0, N ¼ 0, F, S, J) to a single hyperfine state (1,1, F0, S0, J0)
Quantum state preparation is performed by irradiating alternatly
the appropriately tuned waves �f and �p, in conjunction with

spontaneous emission from the level (1,1). Resonant laser radia-
tion at �0 and nonresonant radiation at �00 is used to detect that
hyperfine-state-selective excitation to the (1,1) level has oc-
curred, by transferring the excited molecules to the electronically
excited molecular state 2p� from which they dissociate.
Initially, rotational cooling is performed by radiation at �p and

�0
p. The level energy differences are not to scale. The waves at

�0, �00, �p, �
0
p, have large spectral linewidths and do not excite

hyperfine state selectively.

FIG. 2 (color online). (a) Energy diagram of the hyperfine
states and main electric-dipole transitions in zero magnetic field.
(b) Stick spectrum of the transitions (in zero magnetic field;
values of the squared transition moment d2 are normalized to the
strongest transition). The states are labeled by the quantum
numbers (F, S, J). Weak transitions are shown in pink [12].
Very weak transitions are not shown, except for P4 (dashed). The
‘‘spin-independent’’ transition frequency f0;th is the value if

nuclear and electron spin were zero. S0, S1, S2, S3, S4, S5,
S6,W1,W2,W3,W4, P2 are transitions studied here (‘‘W, S, P’’
mean ‘‘weak’’, ‘‘strong’’, and ‘‘pumping’’, respectively). All
were observed except S4. W1, W3 are the transitions used
here to achieve population transfer from the hyperfine states
(v ¼ 0, N ¼ 0, F ¼ 1, S ¼ 2, J ¼ 2, Jz) (empty circle) and
(0,0,1,1,1,J0z) into the hyperfine state (0,0,1,0,0,J00z ) (filled circle).
P1, P2, P3, and P4 are proposed optical pumping transitions
(with indicated polarizations) for preparation of the molecule in
the single quantum state (0, 0, 1, 2, 2, Jz ¼ þ2) (one of the
Zeeman states in the open circled hyperfine state).
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Hyperfine-resolved rovibrational transitions are
induced by the �f ¼ 5:1 �m radiation tuned precisely to

individual transitions. We then detect (without hyperfine-
state selectivity) the population of the goal vibrational level
(v0 ¼ 1,N0 ¼ 1), by 1þ 10 resonance-enhanced multipho-
ton dissociation (REMPD) [18]; see Fig. 1. Together, this
represents a three-photon (1þ10 þ1”) REMPD process.
The reduction of the HDþ number by the REMPD process
is our spectroscopic signal [18].

Figure 3 shows the obtained hyperfine-state resolved
spectrum. All theoretically predicted and addressed hyper-
fine transitions were observed; only the (nominally strong)
transition S4 is barely detected, for unknown reason.
Transition W4, which originates from a lower hyperfine
state with only a small fractional population (J ¼ 0, thus
statistically containing only 5%–6% of all molecules),
could only be made clearly evident using a preceding
hyperfine pumping step (see below). Each of the 4 hyper-
fine states of the lower level was selectively addressed, and
5 of the 12 upper level hyperfine states were selectively
populated. We also observed the line at�10:2 MHz, which
contains two nearly coinciding transitions S2 and S3, but
originating from different ground hyperfine states. The
remaining strong transitions (including the line marked
P1 in Fig. 2) were also observed, but their small spacing
prevents complete resolution, and they are not reported in
the Fig. 3.

We demonstrate hyperfine-state manipulation by optical
pumping of individual hyperfine-state populations into a
goal state. As a goal state we choose (v ¼ 0, N ¼ 0,
F ¼ 1, S ¼ 0, J ¼ 0, Jz ¼ 0) which is nondegenerate
(J ¼ 0) and thus a single quantum state (filled circle in
Fig. 2). After rotational cooling, we apply the following
sequence twice: W1 line (3 s), rotational repumping (�p

and �0
p simultaneously for 5 s),W3 line (3 s). A final 10 s of

rotational repumping is performed before the spectro-
scopic excitation. TheW1 andW3 transitions excite popu-
lation from two initial hyperfine states (0, 0, 1, 2, 2, Jz),
(0, 0, 1, 1, 1, J0z) (without Jz selectivity) into the state (1, 1,
1, 0, 1, J00z ). This state has dominant spontaneous decay to
the goal state (green line S3 in Fig. 2). We find clear
evidence that this hyperfine-state preparation is taking
place by observing the transition W4 starting from the
goal state by REMPD; see Fig. 4. This transition is not
observable in our experiment without the preparation pro-
cedure, since then the population in the lower hyperfine
state is too low.
Our hyperfine-state resolved spectrum represents the

highest-resolution optical spectrum of any molecular ion
so far [5,19,20]. This enables an accurate comparison
of experimental frequencies with ab initio theory. We
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FIG. 3 (color online). Observed hyperfine spectrum of the
ðv ¼ 0; N ¼ 0Þ ! ð1; 1Þ fundamental rovibrational transition in
cold trapped HDþ ions. The effective intensity times irradiation
duration product of the 5:1 �m radiation varied from line to line,
and was adapted to avoid saturation. Brown lines are the result of
fitting f0;exp, the individual line amplitudes, the Doppler tem-

perature (9.5 mK) and the average magnetic field (0.8 G). The
sticks are for illustration purpose and show the theoretical
squared transition dipole moments for the Zeeman components
at 0.8 G, assuming exciting radiation polarized at 45� to the
magnetic field. They are scaled by different factors for presen-
tation purpose. Color coding is as in Fig. 2. S4, S6 were taken at
high intensity-irradiation time product, S5 at a lower value. The
side peak of S1 is probably due to an ion micromotion sideband
of S2=S3. The W4 line required hyperfine-state optical pumping
for its detection (see Fig. 4).
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FIG. 4 (color online). Demonstration of hyperfine-state manip-
ulation. The transition W4 shown here is observed only when
hyperfine optical pumping is implemented. This transition
represents the excitation from a single quantum state,
(0,0,1,0,0,Jz ¼ 0). Data shown were taken alternating measure-
ments preceded by hyperfine optical pumping (upper data points
joined by line) and not (lower data points). The intensity of the
5:1 �m laser radiation was set to its maximum both during
hyperfine pumping on theW1 andW3 transitions and subsequent
detection of the W4 transition. Irradiation time on the W4
transition was 3 s. Rotational cooling by the 2:7 �m and
5:5 �m laser was used. The zero level corresponds to the relative
decrease measured when the 5:1 �m spectroscopy laser was
blocked. The three sticks show, for illustration purposes, the
theoretical transition frequencies and strengths in a 0.8 G mag-
netic field and radiation polarized at 45� to the magnetic field.
The shift of the central component is �0:05 MHz relative to the
zero-field frequency.
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obtain two hyperfine-state separations in the ground
state, �f0;0;a ¼ ðEð0; 0; 1; 2; 2Þ � Eð0; 0; 1; 1; 1ÞÞ=h and

�f0;0;b ¼ ðEð0; 0; 1; 1; 1Þ � Eð0; 0; 1; 0; 0ÞÞ=h, from the

measured transition frequency combinations fðS1Þ �
fðW2Þ, fðW3Þ � fðW1Þ, fðP2Þ � fðS0Þ, and from
fðW4Þ � fðS1Þ, fðP3Þ � fðP2Þ, respectively. In addition,
two excited state splittings, �f1;1;c ¼ ðEð1; 1; 1; 2; 1Þ �
Eð1; 1; 1; 1; 1ÞÞ=h and �f1;1;d ¼ ðEð1; 1; 1; 1; 1Þ �
Eð1; 1; 1; 0; 1ÞÞ=h are similarly obtainable by suitable
frequency combinations. A fit of these hyperfine-state
separations to the data (fitting also the spin-independent
frequency) yields agreement with the ab initio results
ð�f0;0;a; �f0;0;b; �f1;1;c; �f1;1;dÞ ¼ ð130:60ð1Þ; 82:83ð1Þ;
113:33ð1Þ; 71:68ð1ÞÞ MHz [11,21], with deviations
(experimental minus theoretical) of ð� 0:22ð0:13Þ;
0:28ð0:38Þ;�0:13ð0:15Þ; 0:27ð0:19ÞÞ MHz. The values
in inner parentheses being the experimental uncertainties.
The two measured hyperfine separations of the ground
state also allow determining the two hyperfine constants
E4ð0; 0Þ, E5ð0; 0Þ [11] which fully describe the hyperfine
structure of the ground state [12]. Our fit yields
ðE4ð0;0Þ;E5ð0;0ÞÞ¼ ð906ð17Þ;142:33ð25ÞÞMHz, whereas
the theory values are ð925:38ð1Þ; 142:29ð1ÞÞ MHz [11,21].

Assuming instead that the hyperfine energies are given
by the theoretical values (this assumption being strength-
ened by the agreement of hyperfine theory and experiment
for large-v levels [11,22]), we can fit an overall frequency
correction to the spectra W1, W2, W3, S0, S1, S2þ S3,
W4, P2. We obtain the spin-independent frequency
f0;exp ¼ 586 050 52:00 MHz, with combined statistical

and systematic error of 0.064 MHz (see Supplemental
Material [16]). The theoretical value is f0;th ¼
586 050 52:139ð11Þð21Þ MHz, where the first error is due
to the uncertainty of the fundamental constants and the
second is the theoretical error in the evaluation of the QED
contributions [21,23,24]. The difference between experi-
mental and theoretical results is �2:0 times the combined
theoretical plus experimental error. The relative experi-
mental uncertainty of 1:1� 10�9 represents the most
accurate test of molecular theory to date. In particular,
our measurement is the first molecular measurement
sufficiently accurate to be explicitly sensitive to the
QED contributions of order �5 (relative to the
nonrelativistic contribution to the transition frequency),
calculated as 0.109(21) MHz for the transition studied
here [21,24].

Based on the technique demonstrated here, we can
propose a realistic optical pumping procedure for prepar-
ing most of the population in a single quantum state (v, N,
F, S, Jz), i.e., with well-defined projection of the total
angular momentum. Under typical conditions, the relative
statistical occupation of any individual quantum state in
(v ¼ 0, N ¼ 0) is only ’ ð1=12Þ � ð60%–75%Þ ’ 5%–6%
under rotational cooling by a single laser (�p) or two lasers

(�p, �0
p). Exciting sequentially the four transitions P4

½ð0; 0; 0; 1; 1Þ ! ð1; 1; 1; 2; 2Þ�, P3, P2, P1½ð0; 0; 1; 2; 2Þ !
ð1; 1; 1; 2; 3Þ� in a weak magnetic field and with polariza-
tions chosen as indicated in Fig. 2(a) will cause transfer of
the population of all Zeeman quantum states of (0, 0) to the
single Zeeman quantum state (0, 0, 1, 2, 2, Jz ¼ þ2),
via spontaneous emission processes from (1, 1, 1, 2,
J0 ¼ f1; 2g, J0z), which dominantly occur on strong transi-
tions [red lines in Fig. 2(a)]. These excitations should be
interleaved with rotational cooling (lasers �p, �

0
p), which

also serves as repumper following spontaneous decay into
(v00 ¼ 0, N00 ¼ 2). The optical pumping procedure should
take a few ten seconds and lead to 60%–70% fractional
population in the goal state.
In summary, we have shown that it is possible to address

and prepare individual hyperfine states in cold, trapped
diatomic molecular ions even in presence of a complex
spin structure. A midinfrared laser spectrometer controlled
by an atomic standard-referenced frequency comb, and
sufficiently low ion kinetic energies were two important
aspects. The observed, Doppler-limited, transition line-
widths (3 MHz) are the lowest obtained to date on a
molecular ion species in the optical domain [note that

they scale as ðmolecule massÞ�1=2]. We also observed,
for the first time to our knowledge, weakly allowed hyper-
fine transitions using optical excitation. As one application,
we were able to directly determine the population fraction
of molecules, in particular, hyperfine states. The largest
value we found was 19%, clearly indicating the effective-
ness of our rotational cooling. We also demonstrated exci-
tation of a transition from a single quantum state. Since our
test molecule HDþ is the simplest heteronuclear molecule
and is excited from the rovibrational ground state, this
study represents the first precision measurement of the
most fundamental electric-dipole allowed rovibrational
transition of any molecule [19]. A comparison of theory
with experiment showed that (i) the hyperfine energies of
small-v, N rovibrational levels agree within deviations of
less than 0.3 MHz and (ii) the spin-independent energy
agrees within 2 times the relative error of 1:1� 10�9.
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Appendix 4. Pure rotational transition at 1.3 THz in HD+

We demonstrate rotational excitation of molecular ions that are sympathetically cooled

by laser-cooled atomic ions to a temperature as low as approximately 10 mK. The molecular

hydrogen ions HD+ and the fundamental rotational transition (v = 0, N = 0)→ (v = 0, N =

1) at 1.3 THz, the most fundamental dipole-allowed rotational transition of any molecule, are

used as a test case. This transition has not been observed before. Rotational laser cooling was

employed in order to increase the signal, and resonance-enhanced multiphoton dissociation

was used as detection method. The black-body-radiation-induced rotational excitation is

also observed. The extension of the method to other molecular species is brie�y discussed.

The author contributed to: repair and modi�cation of the setup, preliminary experiments,

results discussion, writing the paper.
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We demonstrate rotational excitation of molecular ions that are sympathetically cooled by laser-cooled atomic
ions to a temperature as low as approximately 10 mK. The molecular hydrogen ions HD+ and the fundamental
rotational transition (v = 0, N = 0) → (v′ = 0, N ′ = 1) at 1.3 THz, the most fundamental dipole-allowed
rotational transition of any molecule, are used as a test case. This transition has not been observed before.
Rotational laser cooling was employed in order to increase the signal, and resonance-enhanced multiphoton
dissociation was used as detection method. The black-body-radiation-induced rotational excitation is also
observed. The extension of the method to other molecular species is briefly discussed.

DOI: 10.1103/PhysRevA.85.032519 PACS number(s): 33.20.Bx

I. INTRODUCTION

High-resolution laboratory rotational spectroscopy of
molecules is an important and very well-developed technique
in molecular physics. It has provided extensive data on and
insight into the structure and dynamics of molecules and has
several applications, including the identification of molecular
species in interstellar clouds. In the recent past, the accessible
spectral region has been extended from the microwave region
to the terahertz (submillimeter wavelength) region, thanks to
the development of appropriate terahertz radiation sources
attaining useful power levels. Continuous-wave, narrow-
linewidth terahertz radiation, suitable for high-resolution
molecular spectroscopy, is available from backward-wave
oscillators or via frequency upconversion using Schottky
diodes [1,2] or semiconductor superlattices [3,4].

The resolution of rotational spectroscopy has been in-
creased beyond the Doppler limit by several techniques, such
as molecular beams [5], velocity-class selection [6], Lamb-dip
spectroscopy, and two-photon spectroscopy [7]. For example,
sub-Doppler spectral lines with widths of approximately
15 kHz around 100 GHz [8] and 30–40 kHz at 0.7–1 THz [9,10]
have been reported. However, the resolution of such methods
is limited by transition time broadening and/or pressure
broadening. In order to eventually overcome these limitations,
it is interesting to explore a fundamentally different regime:
trapping cold (<1 K) molecules in an interaction-free (ultra-
high-vacuum) environment and localization to submillimeter
extension. Then, transition time broadening and pressure
broadening, as well as Doppler broadening, may be strongly
reduced or even eliminated altogether. This regime may be
reached with cold neutral molecules stored in e.g. optical traps
or with cold molecular ions in radio-frequency traps. The
production methods of cold molecules have been reviewed
elsewhere; see, for example, Refs. [11,12].

In this work, we take a step toward applying high-resolution
rotational spectroscopy on cold molecules: we demonstrate
rotational excitation on sympathetically cooled and strongly
confined molecular ions, using here secular temperatures
as low as 10–15 mK. Our spectroscopic technique is a
destructive one, resonance-enhanced multiphoton dissociation
(REMPD). The particular implementation used here is 1 +
1′ + 1′′ REMPD, where the molecule absorbs sequentially
three photons of different energies. In our work, the transitions

induced by each photon corresponds to the three main energy
scales of a molecule: rotational (here ca. 1 THz), vibrational
(here: overtone, ca. 200 THz), and electronic (ca. 1100 THz).

With respect to the temperature of the ions and the
detection method, our work is complementary to the recent
demonstration of terahertz rotational spectroscopy of trapped,
helium-buffer-gas-cooled H2D+ and D2H+ ions at kinetic ion
temperatures of approximately 24 K, where Doppler broaden-
ing is limiting the linewidth to approximately 1 MHz [13].

II. THE HD+ MOLECULE AND THE
SPECTROSCOPIC TECHNIQUE

The molecule we consider here, HD+, is the most fun-
damental molecule with electric dipole-allowed rotational
transitions [14]. Its potential as a test system for molecu-
lar quantum mechanics and for novel fundamental physics
studies has been described previously [14–19]. Vibrational
spectroscopy of sympathetically cooled HD+ with the highest
resolution of any molecular ion to date has recently been
reported by us [20]. Pure rotational transitions have so far
been observed only for the last and penultimate vibrational
levels, v = 21, 22, close to the dissociation limit [21,22],
where their N = 0 → N ′ = 1 transition frequencies lie in the
microwave range (ca. 50 and 9.4 GHz, respectively). Here
we report on the rotational transition in the v = 0 ground
vibrational level, at much higher frequency. The rovibrational
transition frequencies have been calculated ab initio with
high precision [18,19], greatly facilitating the experimental
search. The (v = 0, N = 0) → (v′ = 0, N ′ = 1) fundamen-
tal rotational transition studied here occurs at f0, theor =
1 314 925.752 MHz (“spinless” value, i.e., excluding hyperfine
energy contributions), with an estimated theoretical error
of approximately 2 kHz [23]. The f0, theor value includes
(among others) a contribution of approximately 48.8 MHz
from relativistic effects (order α2) and approximately −9.4
MHz from QED effects of order α3.

An important aspect of this work is the use of laser
rotational cooling [24]; see Fig. 1. It is used to transfer most of
the molecular population, initially distributed among several
rotational levels in v = 0, into the rovibrational ground state
(v = 0, N = 0) and it also empties the spectroscopy target
state (v′ = 0, N ′ = 1). It modifies the difference in fractional
population of the lower and upper spectroscopy levels, from

032519-11050-2947/2012/85(3)/032519(7) ©2012 American Physical Society
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FIG. 1. (Color online) Simplified energy level scheme of HD+

with transitions relevant to this work. Full thin arrows, laser-induced
transitions; dashed arrows, some relevant spontaneous emission
transitions; and dotted double arrows, some relevant black-body-
radiation-induced transitions. The terahertz wave (thick arrow) is
tuned so that the four hyperfine states in (v = 0, N = 0) are excited
to corresponding hyperfine states in (v′ = 0, N ′ = 1). Resonant laser
radiation at λ′ (1420 nm) and nonresonant radiation at λ′′ (266 nm)
transfer the rotationally excited molecules to a vibrationally excited
level (v′′ = 4, N ′′ = 0) and then further to electronically excited
molecular states (predominantly 2pσ ), from which they dissociate.
Rotational cooling is performed by radiation at λp (5.5 μm) and λ′

p

(2.7 μm). The level energy differences are not to scale. Hyperfine
structure is indicated very schematically for the levels (v = 0, N =
0, 1) and as thick lines for some other participating levels. The waves
at λ′, λ′′, λp, λ′

p have relatively large spectral linewidths.

approximately −0.15 in thermal equilibrium to approximately
0.7, and thus significantly increases the detectable signal.

The hyperfine structure and the Zeeman effect of the
lower and upper rovibrational levels are important aspects
in the rotational spectroscopy [25,26]. As Fig. 2 shows, the
ground state possesses four hyperfine states and 12 magnetic
substates (with magnetic quantum number Jz). In the region
occupied by the ions in our apparatus, the magnetic field
is nonzero, lifting the magnetic degeneracy. The spectrum
contains a large number of transitions with relatively large
transition dipole moments; see Fig. 3. Most transitions, even
the �Jz = 0 ones, shift by approximately 100 kHz or more
in a field of strength 1 G. Exceptions include five (strong)
Jz = 0 → J ′

z = 0 transitions, whose quadratic Zeeman shifts
in 1 G are at most 6.2 kHz in absolute value [26]. From each
lower hyperfine state there is at least one such transition;
the state (F = 0, S = 1, J = 1, Jz = 0) has two. Three of
them are indicated by the first, third, and fourth arrows
(from the top) in Fig. 2. A fourth is the hyperfine transition
(F = 1, S = 1, J = 1, Jz = 0) → (F ′ = 1, S ′ = 1, J ′ = 2,

J ′
z = 0). Its transition frequency f = f0, theor + 11.78 MHz

is close to other transition frequencies and is therefore
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FIG. 2. (Color online) Energy diagram of the hyperfine states
and main electric-dipole transitions in zero magnetic field. Left side,
rovibrational ground level (v = 0, N = 0); right side, rotationally
excited level (v′ = 0, N ′ = 1). The hyperfine states are labeled by the
(in part approximate) quantum numbers (F, S, J ). The degeneracy
factor of each hyperfine state is (2J + 1). Transitions that do not
change the quantum numbers F, S are relatively strong and are
indicated, starting from the top of the figure, by red, black, green,
and blue lines. The four transitions addressed consecutively in this
work are indicated by arrows.

not considered suitable for the present work. Instead, we
use the (F = 1, S = 1, J = 1, Jz = 0) → (F ′ = 1, S ′ = 1,

J ′ = 0, J ′
z = 0) transition (second arrow from the top in

Fig. 2), which, however, exhibits a much larger quadratic
Zeeman effect (78 kHz at 1 G). The magnetic field in the trap
region is not spatially constant in direction and magnitude, so
some line broadening can be expected.

The theoretical Doppler linewidth, considering only secular
motion, is approximately 55–70 kHz for the lowest tempera-
tures used here (10–15 mK) and approximately 150–200 kHz
if the ion ensemble is in the liquid state (100–200 mK). Note
that the values are relatively large due to the low mass of the
HD+ ion. At 10–15 mK, the molecular ions are well confined
along the axis of the trap and their motion in transverse
direction is restricted to a range smaller than the terahertz
wavelength (0.23 mm). In the axial direction, the confinement
is not as strong, since diffusive motion of the ions is still
occurring along the crystal axis, which exceeds in length (ca.
1.5 mm) the terahertz wavelength. Thus, Doppler broadening
may still be present in our experiment, even at the lowest
temperatures. The terahertz source [27] has a linewidth below
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FIG. 3. (Color online) Section of the

theoretical stick spectrum of the rotational
transition in the frequency range relevant to
this work, showing the Zeeman splittings and
shifts in a 1 G magnetic field. Dashed lines
are π transitions; full lines are σ transitions.
f0, theor is the theoretical “spinless” transition
frequency. The four terahertz frequencies of
list A (see Table I) are indicated by the arrows.
The colors used correspond to those used in
Fig. 2.

100 Hz and subhertz absolute frequency stability, values that
are not relevant in comparison to other line-broadening effects.

The Doppler linewidth is smaller than the typical spac-
ing between hyperfine transitions originating from different
ground hyperfine states, even in the presence of a magnetic
field on the order of 1 G. This is in principle advantageous,
since it could permit resolution of the hyperfine structure.
However, detecting individual hyperfine lines would also lead
to a small signal-to-noise ratio: The individual hyperfine levels
each contain only a fraction of the total population. If a
statistical population distribution were produced by action of
the black-body radiation field (BBR) and of the rotational
cooling lasers, each substate would contain 1/12 of the total
population, this fraction being typically 20 to 30 molecules.
The individual populations are likely to vary significantly in
time, requiring the collection of substantial data and averaging.
We do not attempt to do so here and in order to obtain a
sufficiently strong rotational excitation signal we have applied
the following strategy.

We irradiate the molecules sequentially on terahertz fre-
quencies corresponding to strong hyperfine transitions. Dif-
ferent frequency sets are used; see Table I. Each frequency
from a set is irradiated for 200 ms and is meanwhile frequency-
modulated by ±2 kHz at a 5 Hz rate. The list is repeated several
times for a total of 3 s or more, depending of the excitation
approach used.

The frequency lists include three of the five above
mentioned low-Zeeman-shift Jz = 0 → J ′

z = 0 transitions,
which originate from three of the four hyperfine states of
(v = 0, N = 0), and the respective frequency values have
been chosen to correspond to an assumed magnetic field
of 1 G. As mentioned above, the chosen transition starting
from the fourth hyperfine state (F = 1, S = 1, J = 1) has a
substantial quadratic Zeeman effect. We therefore attempt to

compensate for the lack of precise knowledge of the magnetic
field distribution by exciting at four distinct frequencies,
corresponding to the shifts induced by the magnetic field
values 0.25, 0.5, 0.75, and 1 G (the detuning for 0 G is
−6.617 MHz). Altogether, this list of frequencies (denoted
by A′; see Table I) should nominally excite four of the twelve
Zeeman substates. However, in the presence of a significant
Doppler broadening, more substates (with larger Zeeman
shifts) will be addressed. Indeed, the frequencies necessary
to excite all Zeeman substates of the ground hyperfine states
fall into ranges of approximately ±0.5, ±1, 0, ±0.22 MHz at 1
G, relative to the frequencies of the list A′. These spreads have
a partial overlap with the Doppler broadening at the higher
molecular temperatures (100–200 mK) employed here.

In order to obtain information about the detuning depen-
dence of the rotational excitation, we also apply “detuned-
frequency lists.” Lists labeled B and C are detuned to
smaller and larger frequencies, respectively, relative to list
A′ (relative detunings of list B: −1.782,−1.311,−0.704,

−0.327 MHz, relative detunings of list C: 1.803, 1.443, 0.714,

0.326 MHz). The detunings are larger than the shift induced
by the Zeeman effect in a 1 G field. Lists D and E have relative
detunings approximately half as large as those of lists B and C,
respectively (list D: −0.891,−0.655,−0.352,−0.163 MHz,
list E : 0.901, 0.722, 0.357, 0.163 MHz). Finally, list A is
also used, which is a simplified version of list A′. Frequency
modulation is used in all cases.

III. EXPERIMENTAL APPARATUS AND PROCEDURE

A schematic of our apparatus [28] is shown in Fig. 4. The
ultra-high vacuum (UHV) chamber houses a linear ion trap
driven at 14.2 MHz. HD gas is loaded into the chamber by
opening a piezoelectric valve, after which it is ionized by an

TABLE I. Frequency lists used for excitation of the rotational transition. fi is the terahertz frequency.

Frequency fi − f0, theor (MHz)

Lower hyperfine level (F, S, J ) (1,2,2) (1,1,1) (1,0,0) (0,1,1)

List A′ −33.211 −6.597 −6.578 −6.558 −6.539 −9.069 −2.138
List A −33.211 −6.539 −9.069 −2.138
List B −34.993 −7.850 −9.773 −2.465
List C −31.408 −5.096 −8.355 −1.812
List D −34.102 −7.194 −9.421 −2.301
List E −32.310 −5.817 −8.712 −1.975
500-MHz detuning 500
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FIG. 4. (Color online) Schematic of the apparatus and beams.
GC, Golay cell; FM, flip mirror; DM, dichroic mirror; and dotted
lines, electrically controlled laser beam shutters. The double arrow
indicates the polarization of the terahertz wave. Not to scale.

electron gun. The laser radiation for REMPD enters from the
left and the 313 nm cooling radiation [29] enters from the
right. The rotational cooling radiation enters diagonally. The
terahertz source is positioned close to the vacuum chamber
and its wave is focused into the chamber center by a concave
paraboloidal mirror oriented at right angle to the beam. With
a manual flip mirror, the wave can be sent to a Golay
cell detector for power-monitoring purposes. The terahertz
source has been described previously [27]. It is driven at the
72nd subharmonic of the desired frequency, near 18 GHz.
This signal is provided by a microwave synthesizer, which
is frequency locked to a global positioning system (GPS)-
referenced hydrogen maser. The first REMPD laser is a diode
laser emitting at the wavelength λ = 1420 nm and exciting the
(v = 0, N = 1) → (v′ = 4, N ′ = 0) transition. The second
REMPD laser excitation is nonresonant and is provided by
a resonantly frequency-doubled 532 nm laser. Initially, a Be+
ion crystal is produced in the trap. Typically, the same Be+ ion
crystal is used for several hours of experimentation.

The molecular sample preparation routine starts by fre-
quency stabilization of the cooling laser to a frequency a few
tens of MHz to the red of the frequency for optimal Be+
cooling, using a hyperfine transition of molecular iodine as
reference. Then, a small amount of HD gas is let into the
chamber and ionized by the electron gun. Both HD+ ions as
well as heavy impurity ions are generated, trapped, and quickly
sympathetically cooled. In order to remove these impurity ions,
the DC quadrupole potential is briefly increased, reducing
the quasipotential strength in one transverse direction. The
heavy ions then escape from the trapping region. This ends
the preparation procedure; the produced cold HD+ sample
contains typically approximately 300 molecules.

The acquisition of one data point proceeds as follows:
(i) The terahertz excitation is initially effectively kept off
by detuning the frequency by 500 MHz from the rotational
resonance, and the REMPD lasers are also blocked. (ii)
The rotational cooling laser beams are unblocked, and a
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FIG. 5. (Color online) Atomic fluorescence signal during contin-
uous secular excitation of the HD+ ions (method I, liquid state). The
time axis starts after the 2.7 μm rotational cooling laser is turned
off and the two REMPD lasers and terahertz radiation are turned on.
The upper (black) trace, where the terahertz radiation is detuned from
resonance, shows the molecular ion number decay due mainly to the
effect of BBR-induced rotational excitation. Lower (blue) trace is for
terahertz radiation on resonance. Each trace is the average of 10 indi-
vidual decays. The lines are exponential fits to the first 10 s of the data.

repeated secular frequency scan (740–900 kHz) is activated
and kept on during the remainder of the measurement
cycle (method I). The heating of the molecular ions heats
the Be+ ions sympathetically and spectrally broadens their
313 nm absorption line. This leads to a substantial increase
of the cooling-laser-stimulated atomic fluorescence, due to the
laser’s relatively large detuning from atomic resonance. The
fluorescence signal level is indicative of the initial number
of HD+ in the ion ensemble. (iii) For a duration Tc = 35 s,
the rotational cooling takes place, after which the 2.7 μm
rotational cooling laser is blocked (not the 5.5 μm laser).
(iv) The REMPD lasers are unblocked and simultaneously
the terahertz frequency scan is initiated. The resulting
molecule loss reduces the heating and thus the atomic fluo-
rescence signal. (v) The change in fluorescence as a function
of time is followed until the signal essentially reaches the level
in the absence of molecules. (Figure 5 displays the first 60
s only.) The secular excitation is kept on all the time. This
concludes acquisition of one data point.

In an alternative measurement mode (method II), the secular
scan activated in step (ii) to obtain a normalization signal is
turned off after a few seconds while the rotational cooling
continues. At the end of step (iii), both rotational cooling lasers
are blocked. In step (iv), the terahertz source and the REMPD
lasers are turned on only for 3 s. Immediately afterward, in
step (v) the secular excitation is turned on again and the
reduced fluorescence level is recorded during a few seconds.
The ratio of the two fluorescence levels defines our signal and
gives approximately the relative decrease in HD+ number after
REMPD.

At the end of either procedure, residual HD+ and product
ions are removed from the trap by applying the following
cleaning procedure. (In method II, we do not “reuse” the
remaining molecules, as we prefer to excite molecular samples
prepared in the same way each time.) The cooling laser is
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detuned by a few 100 MHz to the red of the atomic cooling
transition, causing melting of the crystal into a liquid. A secular
excitation frequency scan covering the frequencies of HD+ and
lighter ions is turned on. The cooling laser is briefly blocked
and unblocked several times. Light ions are thereby ejected
from the trap. The secular excitation is turned off and the
system is ready for a new molecule loading.

IV. RESULTS AND DISCUSSION

The first set of measurements was taken in the liquid state
using method I. Figure 5 shows two atomic fluorescence
traces. The upper (black, “background”) trace was obtained
with the terahertz wave frequency detuned by 500 MHz
from f0, theor, a value where no transition line exists. The
REMPD only dissociates molecules in the (v = 0, N = 1)
level. This level has initially been depopulated by the 2.7 μm
rotational cooling laser, which is favorable for the purpose
of the spectroscopy. As soon as the spectroscopy phase
starts, the level receives population not only by terahertz
rotational excitation (if the frequency is near resonance), but
also by BBR-induced excitation from all hyperfine states of
the ground rovibrational level (rate ca. 0.09/s at 300 K). In
addition, the population still present in the (v = 0, N = 2)
level or reaching it from higher-lying rotational levels is
transferred into (v = 0, N = 1) by BBR-stimulated emission
(rate ca. 0.12/s) and spontaneous emission (rate ca. 0.06/s).
Therefore, a REMPD-induced molecule loss is always
present.

A rate equation simulation yields a BBR-induced molecule
number decay rate that depends on REMPD laser intensities
and reaches ca. 0.075/s in the limit of very high intensi-
ties. After partial optimization of the UV dissociation laser
alignment onto the ion crystal and therefore maximization
of its intensity, we observed values of ca. 0.04/s at 25 s
after the REMPD laser was turned on. The rate at this time
rather than at 0 s is considered since at 0 s the number of
molecules present is larger and this may lead to some saturation
of the secular excitation signal. We explain the difference
compared to the theoretical maximum by the actually available
laser power and possibly imperfect REMPD laser beams
overlap. With an improved alignment of the UV laser, an
increase of the BBR-induced decay rate to ca. 0.060/s was
observed.

The lower (blue) trace represents the decay in the presence
of resonant terahertz radiation, using frequency list A′. We
observe a large difference in the initial rate of signal decrease
as compared to the background trace. Note that the decay
occurring in the presence of resonant terahertz radiation also
contains the background decay.

We also performed measurements with the two frequency
lists B and C, for which the frequencies were detuned from
those of list A′ by different amounts for the four hyperfine
states. As Fig. 6 (top) shows, the decay rates do not differ
significantly from the background decay rates, and we can
therefore deduce an upper limit for the magnetic field of 1.5 G,
as the influence of the Doppler width is not significant here.

A second set of measurements was taken with
method II; see Fig. 6 (bottom). Here, the terahertz radiation
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FIG. 6. (Color online) Frequency dependence of the rotational
excitation. Top, in the liquid state, at ca. 100–200 mK, using method
I. �̄500 is the average decay rate when the terahertz radiation frequency
is detuned by 500 MHz. Each data point results from nine individual
decays. Bottom, in the crystallized state, at 10–15 mK, using method
II. Each data point represents the mean of nine or ten measurements.
The two close points were taken with the same list A on different
days and are shown separated for clarity. The error bars in both plots
show the standard deviations of the data, not of the mean. The lines
are guides for the eye.

is applied only when the ion ensemble is well crystallized, at
temperatures of approximately 10–15 mK. Data points were
taken alternately at 500 MHz detuning, with list A, with list B

(D), and with list C (E). Again, a finite (background) signal
is observed when the terahertz radiation is far detuned, since
BBR excites the rotational transition significantly on the used
time scale of 3 s. Irradiation with the frequency list A provides
a clear signal that rotational excitation induced by terahertz
radiation takes place. We find again no significant difference
in the rotational excitation efficiency for the detunings of
lists B and C, compared to the background measurement.
However, reducing the detunings to half the values (lists D

and E) shows an increase of signal. This increase can be
explained by the presence of a magnetic field of ca. 1 G or
a Doppler width of several 100 kHz, or a combination of
both. However, the Doppler width is at most 70 kHz under
the operating conditions, and therefore we conclude that we
observed the effect of the magnetic field on the hyperfine
transition frequencies.
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V. CONCLUSION

We observed a pure rotational excitation of a sympatheti-
cally cooled molecular ion ensemble. In order to facilitate the
observation, we applied a scheme adapted to the particularities
of the apparatus. As the available detection scheme is a de-
structive one that employs photodissociation of the rotationally
excited molecules, a new molecular ion loading cycle has to
be implemented for each data point, and the data acquisition
rate is very low. The number of ions sympathetically cooled is
also small. Therefore, the preparation of a significant fraction
(ca. 70%) of the molecular ions in the lower spectroscopic
level was essential. Even so, the detection of a rotational
transition originating from a single hyperfine state has too low
of a signal-to-noise ratio. This is also due to the concurrent
process of BBR-induced rotational excitation, which yields a
finite background signal (decay rate) in connection with the
photodissociation.

We therefore applied terahertz radiation at four frequencies
that nominally excite the four hyperfine states in the lower
spectroscopic level. This allowed a clear observation of the
rotational excitation, using two different methods. By applying
terahertz radiation detuned from the nominal resonance fre-
quencies by amounts varying from 0.16 to 0.9 MHz (absolute)
for the four frequencies, we found a significantly reduced
but still observable excitation. This can be explained by the
presence of a magnetic field with values up to approximately
1 G. In comparison, the contribution of secular ion motion to
the linewidth when the ions are at approximately 10 mK and
well-confined is negligible.

There is a strong motivation for further development of
the method demonstrated here, since a resolution of the
hyperfine structure of HD+and an accurate measurement of the
hyperfine transition frequencies would represent a significant
test of the ab initio calculations of this molecule. Possible im-
provements are the application of hyperfine state preparation
techniques, recently demonstrated [20], and accurate control
of the magnetic field in the trap region.

Finally, it is useful to consider the extension of this work to
other molecular species. These can be characterized by their
mass and their rotational constant, which are to a certain extent
related. For many species, the masses will be significantly
larger and the rotational constants significantly smaller than
in the case of HD+. The smaller rotational constant will
lead to a significantly smaller transition frequency, in the
microwave regime. It is likely that the Lamb-Dicke regime will
then be effective, in particular if the microwave propagation
direction is along the narrow width of the molecular ion
ensemble, and Doppler broadening would be absent altogether.
The smaller rotational constant will also lead to a smaller
black-body-radiation excitation rate (at 300 K), which is very
favorable, since it will make possible REMPD with near-zero
background. The experimentally demonstrated fraction of
molecules in the ground state obtained by applying rotational
cooling on such heavier molecules is so far significantly below
the level used here on HD+ [30], but simulations [31] show
that similar levels should be achievable with appropriate laser
cooling schemes and laser systems. Hyperfine structure and
Zeeman shift coefficients will be molecule-specific. Molec-
ular ions in an electronic spin singlet state are particularly
interesting, as they would have a reduced number of hyperfine
states, of Zeeman substates, and much reduced linear Zeeman
shift coefficients, simplifying and narrowing the spectrum.
Thus, the extension of rotational spectroscopy of sympathet-
ically cooled molecular ions to other species appears very
promising.
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Appendix 5. Weak spin-forbidden transition detection at 2.7 µm in

HD+

Rovibrational transitions in diatomic melecules with nonzero nuclear spin exhibit a rich

hyper�ne structure. The angular momentum couplings lead to selection rules that classify the

rovibrational transitions into allowed, spin-forbidden and doubly-spin-forbidden transitions.

In this work a laser excitation of a doubly-spin-forbidden rovibrational transition in HD+

was demonstrated. HD+, the most fundamental heteronuclear molecular ion, was a model

system. The experiments were performed with sympathetically cooled molecular ions to

a temperature of approximately 10 mK. The weak transition is driven by a continuous-

wave optical parametric oscillatro. To increase the excitation signal, rotational cooling was

employed. We described implementation of the doubly-forbidden transitions for a quantum

state preparation.

The author contributed to: building the apparatus, modi�cation of the setup, performing

experiments, data analyses, discussion of the results, writing the paper.
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Abstract

Rovibrational transitions in diatomic molecules whose nuclear spins, total electronic spin and rotational

angular momentum are nonzero exhibit a rich hyper�ne structure. The angular momentum couplings

lead to selection rules that classify the rovibrational transitions into allowed, spin-forbidden and doubly-

spin-forbidden transitions. Here, we demonstrate laser excitation of a doubly spin-forbidden rovibrational

excitation in HD+, the most fundamental heteronuclear molecular ion having a 2Σ ground level. The

experiment is performed with molecular ions sympathetically cooled by atomic ions to a temperature of

approximately 10 mK. The weak transition is driven by a continuous-wave optical parametric oscillator.

We employ rotational cooling in order to increase the excitation signal, and all-diode-laser based resonance-

enhanced multiphoton dissociation for detection of the transition. The relevance of doubly spin-forbidden

transitions for quantum state preparation of molecular ions is discussed.

1 Introduction

Weak (nearly forbidden) transitions in atoms are commonly used for precision quantum-optical
experiments. For example, in the �eld of quantum information the atomic ground state and a
long-lived metastable state can be used to encode a qubit, which is manipulated via a weak, e.g.
electric quadrupole, transition connecting the two states. In optical atomic clocks, the coherent
oscillation of a superposition between, e.g. a singlet 1S0 and a triplet 3P0 state represents the
clock oscillation, and its excitation is performed by driving the spin-forbidden transition between
the two states. In molecules, such transitions seem to be more rarely observed or considered in
laboratory applications. Since the upper state addressed by a weak transition can also decay via
allowed transitions into other states, the upper state does not usually have a very long lifetime,
making detection of the weak transition more di�cult.

In recent years, the �eld of trapped molecular ions has developed strongly. The trapping, usually
in conjunction with translational cooling, allows in principle to achieve long storage time of the
molecules. Then, under appropriate conditions (low collision rates, e.g. if cooling is implemented via
sympathetic cooling with co-trapped atomic ions), weak transitions become accessible or detectable.

1



2 2 Motivation

Among the molecular ions which are being studied in ion traps for spectroscopy are MgH+ [1],
AlH+ [2], HfF+ [3], N+

2 [4, 5]. These particular species do not possess hyper�ne structure, although
they possess electron-spin-rotation interaction. A species studied intensely in our group is HD+. It
possesses hyper�ne structure in its full complexity: proton spin (1/2), deuteron spin (1), electron
spin (1/2) and rotational angular momentum (N). The lack of inversion symmetry is responsible
for a higher complexity of the spectra as compared to the homonuclear H+

2 . Notwithstanding
its hyper�ne structure, the relative simplicity of the 3-body quantum system HD+ allows precise
theoretical analysis. Its transition frequencies [6] and their strength [7] can be predicted in detail.
The potential for testing quantum theory, and for fundamental physics has been described previously
[8, 9]. Di�erent transitions in this molecular ion have already been observed [10�14]. The hyper�ne
structure of HD+ has been studied extensively theoretically [7, 15] and experimentally observed
and characterized [12] in two low-lying rovibrational levels. Every rovibrational level is split into 4,
10, or 12 hyper�ne sub-levels, depending on whether the rotational angular momentum is N = 0, 1
or > 1, respectively. The splitting arises from the electron spin-proton spin interaction, the electron
spin-deuteron spin interaction and the electron spin-rotational angular momentum interaction.

The existence of hyper�ne structure of the rovibrational levels forces experimenters to consider
ways to implement quantum state preparation, as this is helpful as a starting point for precision
spectroscopy. The possibility of quantum state preparation was previously demonstrated [12], where
it was also shown how this can be useful for rendering detectable transitions which normally exhibit
too low a signal-to-noise ratio. The weak transition rendered detectable was a singly spin-forbidden
transition, and the quantum state preparation made use of two singly spin-forbidden transitions.

Here we describe how doubly-spin-forbidden transitions are also relevant for quantum state
preparation (at least in the case of HD+), since they will eventually enable preparation of a set of
molecules or a single molecule with high probability in a single, arbitrary hyper�ne state. We then
report the observation of a particular doubly spin-forbidden rovibrational transition, (v = 0, N =
0) → (v′ = 2, N ′ = 1). Note that this is an overtone electric dipole transition, which itself is
weak since it becomes allowed by the small anharmonicity of the internuclear potential. In order
to observe the doubly spin-forbidden transition, we developed an appropriate frequency-stabilized
continuous-wave laser source of 2.7 µm wavelength, which provides su�cient power.

In the following, we �rst present the motivation for this work, then the experimental apparatus
and the measurement procedures, followed by the results, and terminating with their discussion.

2 Motivation

Fig. 1 shows the hyper�ne states' energies for the (v = 0, N = 0) and (v′ = 2, N ′ = 1) levels.
The �rst level has four hyper�ne states, while the second has 10 hyper�ne states. This large
number gives rise to a large number of hyper�ne transitions. Fig. 2 shows the relative strengths
and frequencies of the various hyper�ne transitions. The strongest ones are shown in red, green,
blue and black. In these spin-allowed transitions, the (approximate) quantum numbers F and S
do not change value, and J changes by at most one unit. Their detuning from the corresponding
�spin-less� frequency f0,theor is comparatively small, less than ±50 MHz, because the constants of
the hyper�ne hamiltonian do not vary strongly with vibrational and rotational quantum number,
see Ref. [15]. Hyper�ne-state changing transitions (where at least one of F and S change value) have
detunings as large as ±1 GHz and strengths as small as 10−9 relative to the strongest transition.
They are shown in pink in Fig. 2. These transitions can be divided into two groups: (i) transitions in
which S changes, but not F (�singly spin-forbidden�); these transitions lie inside the coloured boxes
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Fig. 1: (Color online) Energy diagram of the hyper�ne levels. Inside the frame, on the left side,
the hyper�ne levels of the rovibrational ground level (v = 0, N = 0) are indicated; on the
right side, those of the rovibrationally excited level (v = 2, N = 1). The hyper�ne states are
labeled by the (in part approximate) quantum numbers (F, S, J). The magnetic degeneracy
factor of each hyper�ne state is (2J + 1) (not shown). The very weak, F -manifold-changing
doubly-spin-forbidden transitions (where both F and S change their values) having large
negative frequencies are shown in pink. The two transitions addressed (simultaneously) in
this work are indicated by the arrow.
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Fig. 2: (Color online) Stick spectrum of all transitions having relative strength exceeding 2× 10−5.
d is the transition dipole moment normalized to that of the strongest hyper�ne transition.
In this panel, all non-strong transitions are shown in pink. The two transitions addressed
(simultaneously) in this work are indicated by the arrow. They span 4 MHz and are not
resolved.

in Fig. 2. Their detunings are less than ±250 MHz and their strength is a few orders smaller than
the strongest transition. (ii) Transitions in which both S and F change (�doubly spin-forbidden�).
These have detunings in the range of 750 to 1000 MHz and −750 to −1000 MHz and are a few
orders weaker than the singly spin-forbidden transitions. Doubly spin-forbidden transitions with
negative detuning are shown in pink in Fig. 1. A subset of these, namely those originating from
the state (v = 0, N = 0, F = 1, S = 1, J = 2) are listed in table 1. The table contains also one
transition in which J changes by two units, making it weaker still.

Let us return to the rovibrational ground level (v = 0, N = 0) of the molecule, which will be
the lower (initial) level for a range of possible spectroscopic studies. Counting also the Zeeman
sub-states, there are altogether 12 quantum states in the ground level. From our previous work, we
know that when rotational cooling by a 5.4 µm laser is performed, even the hyper�ne state with
the largest fractional population (the (F = 1, S = 2, J = 2) state) has only approximately 20 %
population [12]. This is a small number, and it is very desirable to increase it, since this will lead to
stronger signals and shorter overall measurement times. Quantum state preparation is needed for
this purpose. We will now discuss that an e�cient quantum state preparation requires the ability
to excite doubly spin-forbidden transitions.

As a concrete example we consider the task of precision spectroscopy of the pure rotational,
fundamental transition (v = 0, N = 0)→(v′ = 0, N ′ = 1). This transition has already been
observed [13], but not with high frequency resolution. Among its many hyper�ne transitions,
particularly attractive is the transition between the states (F = 0, S = 1, J = 1) and (F ' = 0, S' =
1, J ' = 2), since it exhibits a small Zeeman shift and a small Zeeman splitting. Its detuning from the
�spin-less� pure rotational transition frequency f0,theor is f −f0,theor = −2.1MHz. The initial state
of this transition is the energetically lowest hyper�ne state of the ground level, see Fig. 1. More
precisely, the Jz = 0→ J ′z = 0 Zeeman component exhibits a quadratic Zeeman shift approx. equal
to 2.9 kHz in 1 G and whose other metrological properties have been discussed in Ref. [16]. The
other two Zeeman sub-states of the lower level, Jz = ±1, can be excited to J ′z = ±2, respectively,
with nearly opposite linear Zeeman shifts of approx. ∓40 kHz, respectively [? ]. Thus, assuming a
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Fig. 3: (Color online) Simpli�ed energy level scheme of HD+ with transitions relevant to this
work. Full, colored arrows indicate laser-induced transitions; dashed arrows indicate spon-
taneous emission transitions; dotted double arrows indicate black-body-radiation-induced
transitions. One doubly spin-forbidden hyper�ne transition between (v = 0, N = 0) and
(v′ = 2, N ′ = 1), excited by the optical parametric oscillator, is shown in red. Resonant
laser radiation at λ= 1583 nm and nonresonant radiation at λ= 405 nm transfer the rovi-
brationally excited molecular ions from (v′ = 2, N ′ = 1) �rst to a higher vibrational level
(v′′ = 6, N ′′ = 0) and then further to electronically excited levels (predominantly 2pσ), from
which the ions dissociate. Rotational cooling is via optical pumping at λ= 5484 nm. The
level energy di�erences are not to scale. The hyper�ne structure is shown schematically for
the levels (v = 0, N = 0) and (v′ = 2, N ′ = 1), and as thick lines for some other levels.
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magnetic �eld B = 0.035G, all three sub-levels of the lower hyper�ne state can be excited with a
1.3 THz radiation �eld having full spectral width of approx. 3 kHz. If the spectroscopy occurs in
the Lamb-Dicke regime, a spectroscopic line-width of 3 kHz would be expected. At this resolution
level, a precise test of the combined hyper�ne energy contribution (−2.1MHz) and a test of the
QED corrections down to those of order α5 relative to the non-relativistic transition frequency
(amounting to 4 kHz [6]) would be possible.

The task of quantum state preparation would in this case be the transfer of population residing
in the upper three hyper�ne levels of the ground level (see Fig. 1) to the lowest-energy hyper�ne
level (F = 0, S = 1, J = 1). This quantum state preparation can be implemented using a tunable
laser source that drives the (v = 0, N = 0)→(v′ = 1, N ′ = 1) transition (as using in Ref. [12]).
Alternatively, the (v = 0, N = 0)→(v′ = 2, N ′ = 1) overtone transition can be used.

However, after loading the molecular ions, after thermalization with the black-body radiation
environment, the molecular population is distributed among several rotational levels in the (v = 0)
manifold, only about 10 % residing in the ground level. Therefore as a �rst step for quantum
state preparation, laser rotational cooling would be employed, as mentioned above [11, 17]. This is
indicated in Fig. 3 as a blue line. Here, a laser transfers population to the ground level (v = 0, N = 0)
via optical pumping. After optical pumping approximately 60% of the molecular ions will be in the
ground level. Concomitantly, optical pumping also increases the population in each hyper�ne state
of the ground level. For example, approximately 20% of all ions are then in the (F = 1, S = 1, J = 2)
hyper�ne state [12].

As a second step, hyper�ne pumping can be used to increase the population in a particular
hyper�ne state. Fig. 1 shows as diagonal lines (pink) the transitions which can be used for pumping
(after a number of intermediate steps) into the hyper�ne state (F = 0, S = 1, J = 1), the lower
state of the proposed spectroscopy transition. These transitions, one of which is shown as a red
arrow in Fig. 3, have the purpose of de-populating the F = 1 manifold of the (v = 0, N = 0)
level. As can be seen from Fig. 1, they include both singly and doubly spin-forbidden transitions.
The transitions excite the ions into the rovibrational level (v′ = 2, N ′ = 1), from which decay by
spontaneous emission to the vibrational ground levels (v′′ = 0, N ′′ = 1) and (v′′ = 0, N ′′ = 3)
takes place. The spontaneous decays will predominantly occur on strong transitions, i.e. on spin-
allowed transitions (without change in F and S). Black-body stimulated emission and spontaneous
emission from these two levels to (v′′ = 0, N ′′′ = 0) and (v′′ = 0, N ′′′ = 2), respectively (short
dashed lines in Fig. 3), will again leave F and S unchanged. The rotational cooling laser (operated
with near-zero detuning) will mainly induce strong transitions, and the following spontaneous decay
(long dashed lines in Fig. 3) will mainly proceed on strong transitions, too. Both types also do not
change F and S. After several cycles of these transitions, the population of the F = 0 state of the
ground level (v = 0, N = 0) is expected to be signi�cantly increased.

A �rst demonstration of hyper�ne pumping, an increase of the population of the (v = 0, N =
0, F = 1, S = 0, J = 0) hyper�ne state was shown, which has only 5 % of total population after
rotational cooling, by driving singly spin-forbidden transitions from (v = 0, N = 0, F = 1, S =
2, J = 2) and (v = 0, N = 0, F = 1, S = 1, J = 1) [12].

The above discussion shows that doubly spin-forbidden transitions are necessary if one needs to
deplete all hyper�ne states (except the goal state) and at the same time transfer the population into
hyper�ne states of appropriate spin structure. Below we show experimentally that such transitions
can indeed be driven. In order to provide su�cient intensity for excitation of doubly spin-forbidden
transitions, we developed a continuous-wave optical parametric oscillator (OPO) as a suitable laser
source.
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(F, S, J)
Detuning, f − f0,theor [MHz] Relative strength

Lower state Upper state

(1, 2, 2)
(0, 1, 0) −971.5 2× 10−7

(0, 1, 1) −975.4 2× 10−4

(0, 1, 2) −978.8 2× 10−4

Tab. 1: Transition strengths (relative to the strongest hyper�ne transition) and precise detunings
of the hyper�ne transitions near -977 MHz detuning from the spin-less frequency of the
(v = 0, N = 0) → (v′ = 2, N ′ = 1) rovibrational transition. The second and third entries
are the doubly spin-forbidden transitions. The �rst transition has ∆J = 2 and is therefore
extremely weak and does not contribute signi�cantly to the detected signal.

For the rovibrational transitions considered here the Zeeman structure is not taken into account,
because the splitting of the states induced by a relatively small magnetic �eld (of order 1 Gauss)
present in the trap, is at most a few MHz, smaller than the combined linewidth due to Doppler
broadening and frequency instability of the laser.

3 Experimental method

3.1 Overview

A schematic of the experimental setup is shown in Fig. 4. A linear radio-frequency quadrupole
trap is operated in an ultrahigh-vacuum chamber. The trap is driven at 14.2 MHz, and is used for
simultaneous trapping of Be+ and HD+ ions. HD+ions are cooled sympathetically by interaction
with Be+ ions [18]. Both Be+ and HD+ ions are obtained from the corresponding atoms and
molecules by electron impact ionization. Be atoms are generated by evaporation from metallic
beryllium wire, and HD molecules are loaded into the chamber from a HD gas bottle with a
piezoelectric valve.

We use a REMPD (resonance-enhanced multiphoton dissociation) technique [19] for detection of
the ions that have been vibrationally excited to v′ = 2, see Fig. 3. First, a 1.6 µm tunable diode laser
further excites the molecules resonantly to v′′ = 6. Then, an inexpensive, commercially available,
spectrally broad 405 nm diode laser (100 mW) photodissociates the molecules. The three laser
beams involved in the OPO+REMPD excitation (2.7 µm (OPO), 1.6 µm, 405 nm) are combined
from the left-hand side of the setup. Laser light for cooling of Be+ is delivered from the right-hand
side. The rotational cooling laser (5.4 µm) enters diagonally.

Doppler broadening arises from ion motion in the trap associated with the ion ensemble's secular
temperature. We worked at the lowest secular temperature reachable, estimated to be in the range
10 to 15 mK, where the corresponding Doppler broadening is about 5 MHz for 2.7 µm radiation.
Micro-motion along the trap axis, at the trap RF driving frequency (here, 14.2 MHz), can contribute
to the line shape of a transition.

3.2 The OPO

The rovibrational transition frequency of the (v = 0, N = 0)→(v = 2, N = 1) transition is
f0,theor = 113.014969 THz (2.65 µm). Among continuous-wave laser sources which can generate
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Fig. 4: (Color online) Schematic of the setup and beams. DM: dichroic mirrors, CCD: charge-
coupled device, PMT: photomultiplier, both for Be+ �uorescence detection. Dimensions are
not to scale.

radiation at this wavelength, OPO sources o�er the highest emission power. A DFB-type diode laser
with typical output power of a few mW, and previously used by us for driving a ∆v = 2 transition
[11] would not have been su�cient for the present purpose. We used a home-made continuous-
wave, singly-resonant OPO, pumped with 9 W at 1064 nm. The resonant (signal) wavelength is
1.8 µm, and the idler wavelength is 2.65 µm. This OPO was previously used in experiments on
vibrational excitation of complex molecular ions [20], where a transition having a line-width of
approx. 5 cm−1 was detected. In that work the OPO's wavelength was stabilized using a technique
based on counter-directional mode coupling [21].

In the present work, the line-widths of transitions in HD+, cooled to a secular temperature of
10 to 15 mK, are Doppler-limited and amount to approximately 5 MHz at 2.65 µm. In order to
achieve excitation rates that are stable in time, an appropriate long-term frequency stabilization of
the OPO's frequency to this level was implemented, i.e. it suppresses the frequency drift.

The �rst task of this stabilization is the achievement of mode-hop-free operation. To this end, a
thermal lock method was used (see, e.g. [22]). Additionally, in order to stabilize the idler frequency
(at 2.65 µm), its value is continuously measured and a digital feedback system based on LabView
adjusts the pump laser frequency accordingly. Because no mid-IR wavemeter was available, we
used a near-IR wavemeter (High Finesse Angstrom WS-7 IR). With this wavemeter, we measured
alternating the pump (1.06 µm) and signal (1.8 µm) frequencies fpump, fsignal. The LabView
program computed in real time the idler frequency as fidler = fpump − fsignal. Deviations of the
idler frequency from the goal frequency f0,theor − 977 MHz were converted into an error signal fed
back to the frequency tuning element of the pump laser.

The remaining instability of the idler frequency is illustrated by Figs. 5 a, b. As seen from
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the graphs, the output frequency is stabilized to within ±5 MHz relative to the goal frequency (as
measured by the wavemeter). The wavemeter accuracy was checked by comparison with measure-
ments using a frequency comb referenced to a H-maser and GPS, which provided absolute frequency
accuracy. Additionally, 1.5 µm radiation from our 313 nm cooling laser source (see Ref. [23]) is
used to perform a routine calibration of the wavemeter; this is possible since the 1.5 µm source is
frequency-stabilized to an iodine line, providing an adequate frequency reference . The frequency
measurements by the wavemeter do not provide full information about the OPO's frequency insta-
bility since the wavemeter does not determine the OPO linewidth. We estimate the combination
of frequency instability and linewidth to yield an e�ective linewidth of ±10 MHz.

The OPO's idler radiation is coupled into a single-mode, 3 m long ZBLAN �ber (FiberLabs Inc.)
and delivered to the experimental setup. A metal-coated o�-axis parabolic re�ective collimator
(Thorlabs, Inc.) is used to collimate the output beam. About 30 mW power is available at the
output of the �ber, and after transmission through air, the power in front of the vacuum chamber
window was about 10 mW. The wave is focused into the trap center, where its beam diameter is
approx. 200 µm, resulting in an intensity of I ' 30 W/cm2. The Rabi frequency ΩR,ab of the doubly
spin-forbidden transitions of interest (the two strongest transitions of Table 1) is estimated using
[24]

ΩR,ab = (2π) 27 dab
√
I/(1 W cm−2)× 106 s−1 .

The value is a few 103 s−1, signi�cantly smaller than the combined linewidth due to Doppler
broadening (approx. 5 MHz) and the frequency instability of the OPO (estimated to be 20 MHz).
The transition rate Rab is obtained as

Rab =
π S Ω2

R,ab

2 ∆ω
,

where dab is the reduced transition dipole moment in debye, S is a relative line strength, and ∆ω
is the e�ective transitions linewidth, ∆ω ' 2π×20 MHz. The transition rate has contribution from
the individual relative line strengths from Table 1 and the reduced dipole moment dab from [7, 25]
(0.011 debye). Taking into account each of the two strongest transitions from Table 1, the excitation
rate for each of them is estimated to be 0.35 s−1, and the total excitation rate is about 0.7 s−1. This
value indicates that the relatively high power employed here (10 mW) can be regarded as weak.

3.3 Procedures

As REMPD is a destructive method, a re-loading of �fresh� HD+ molecular ions is required after
almost every cycle of measurement. Typically, reloading of Be+ ions is not required, and the
atomic ion ensemble (Coulomb crystal) can be used during several hours of experimentation. The
measurement cycle starts with loading HD+ by opening a leak valve for introduction of HD gas and
a short (1-3 s long) activation of the electron gun for ionization. The electron impact loading of
HD+ can produce other species, which are then also trapped and sympathetically cooled. In order
to remove them from the trap, a DC potential is applied to two opposite RF electrodes of the trap,
thus breaking the symmetry and reducing the quasi-potential in one of the transverse directions
[26]. After loading and removal, a protocol is run which controls the lasers, secular excitation, and
records signals from imaging optics and �uorescence detection. The measurement cycle is completed
by removing all ions from the trap (except for the Be+ ions) by application of appropriate secular
excitation produced by an additional electrode.
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Fig. 5: Frequency stabilization of the continuous-wave OPO. (a) Stability of idler frequency and
output power, while the OPO is frequency-stabilized. Two data points per second are
measured and plotted; (b) Histogram of the idler frequency error while the OPO is frequency-
stabilized. The measurement duration was approximately 60 min.
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We used two measurement procedures to detect the laser excitation of the doubly spin-forbidden
transition. In the �rst procedure (�constant excitation�), an excitation of the transverse secular
motion of the HD+ ions is kept applied during the simultaneous OPO and REMPD lasers (1.6 µm
and 405 nm) irradiation. The secular excitation induces heating of the HD+ molecular ion ensemble,
and their energy is transferred to the Be+ ensemble. Its increased energy is then detected as an
increase in �uorescence. During REMPD, the number of HD+ ions decreases, and consequently
the Be+ �uorescence signal decreases. This method naturally leads to a noticeable increase in the
temperature of the ions, which then causes an increased Doppler broadening and is therefore not
appropriate for precise transition frequency measurements.

In the second procedure (�before/after excitation�), the secular excitation is applied for a
short time before OPO and REMPD lasers irradiation, then doubly spin-forbidden excitation and
REMPD are performed, followed by a second secular excitation. As in the �rst procedure, the
�uorescence signals during the secular excitation intervals give information about the number of
HD+ ions in the trap. The normalized di�erence of the two signals recorded before and after
OPO+REMPD de�ne our spectroscopic signal.

4 Results

4.1 OPO frequency instability test

A preliminary characterization of the excitation of the rovibrational transition was performed by
attenuating the OPO power signi�cantly, to approx. 10 mW and tuning it close to the spin-less
transition frequency, i.e. near 0 MHz detuning from f0,theor. The OPO then drives the strong
transitions, which are shown as colored lines at the center of Fig. 2. Using the �constant excitation�
method, we then observed the �uorescence signals presented in Fig. 6 (a). The ion number decreases
with a rate of 0.02 s−1 . The relatively low rate is attributed to limitation of the excitation of
REMPD laser at 1.6 µm. In case (b), an additional spectral broadening of the OPO radiation by
approx. ±30 MHz was applied by sweeping the pump laser frequency which in turn produces a
frequency sweep of the 2.65 µm radiation.

Comparing the two cases, we �nd that the mean decay constant was the same, while its variance
di�ered. The variance was approximately a factor 3 larger in case (a). We interpret this as arising
from the residual frequency instability of the OPO: a moderate frequency sweep averages out the
residual instability and thus reduces the �uctuations of the measurements.

4.2 Detection of the doubly spin-forbidden transition

In our experimental procedure, the detection of a single hyper�ne transition intrinsically has a
small signal-to-noise ratio (SNR). The number of HD+ ions is low, typically a few hundred, and
this population is distributed between several rotational levels. The population in the ground
vibrational level is furthermore distributed over four hyper�ne states, resulting in only a few ten
molecules in the lower spectroscopy state even after rotational cooling. As a consequence, obtaining
a detection with su�cient SNR requires repeating the experiment, and averaging over the obtained
individual measurements. Fig. 4.2 illustrates the excitation of the two weak doubly-spin-forbidden
lines near -977 MHz detuning listed in Tab. 1, referred hereafter as �transition�. Detection was
made using the �before/after excitation� scheme, which ensures that the HD+ ions remain at low
secular temperature, approximately 10 -15 mK. At each detuning value, we performed at least
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Fig. 6: Excitation and detection of (v = 0, N = 0)→(v′ = 2, N ′ = 1) transition in HD+ molecular
ion. (a): the OPO frequency was stabilized to 0 MHz detuning from f0, theor . (b): the
OPO was additionally broadened by ±30 MHz. Both cases show the same average decay
constant, but the �uctuations in case (a) are larger, which is interpreted as resulting from
the residual frequency instability of the OPO frequency.

10 measurements. The OPO+REMPD detection time was 5 seconds for each measurement. The
OPO frequency was locked to the target frequency without additional broadening. The shown error
bars are the standard deviation of the data.

The total time required for data acquisition of the plot of Fig. 4.2 was about 10 hours because
of the length of the individual measurement cycle that includes molecular ion loading, cleaning,
rotational cooling, transition excitation, REMPD, and ion removal.

The transition is clearly detected. It exhibits a line-width of approximately 40 MHz, that we
attribute mostly to the frequency instability of the OPO source. Note that for large enough detuning
from the spin-less frequency, e.g. at -1030 MHz, almost no signal is detected. The instability of
the decay values is ±5 % and represents the sensitivity of our method. It is due to the power
�uctuations of the cooling laser, variation of the number of ions in the lower spectroscopy level, and
variation in background ion loss.

According to Fig. 4.2 the maximum fractional decay signal obtained is 10%. This is the frac-
tion of all molecules that is dissociated via the employed transitions. Considering that the lower
spectroscopy state contains approximately 20% of all ions after rotational cooling, this means that
approx. 50 % of the relevant population was excited during 5 s. This is equivalent to an excitation
rate of 0.14 s−1 . This value is in a reasonable agreement with the excitation rate calculated above,
0.7 s−1 The discrepancy of a factor 4 we attribute mainly to the imperfect spatial overlap of the
2.7 µm beam focus and the molecular ions, and to to the limitation of the excitation of REMPD
laser at 1.6 µm.
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Fig. 7: Spectrum of a pair of doubly-spin-forbidden hyper�ne transitions in the (v = 0, N =
0)→(v′ = 2, N ′ = 1) overtone transition, at a detuning around -977 MHz with respect
to the spin-less transition frequency.

5 Discussion and conclusion

We excited and observed a weak, doubly spin-forbidden transition of HD+ in an ensemble of sym-
pathetically cooled molecular ions. In order to achieve a signi�cant transition probability, a high-
power continuous-wave optical parametric oscillator was developed. We used a destructive detection
method, based on photo-dissociation of the excited molecular ions, that requires re-loading molec-
ular ions after each experimental cycle run.

The fraction of ions addressable by the studied transition determines the maximum achievable
signal. In the ideal case of all ions being in the rovibrational ground level, and relative hyper�ne
state population according to the magnetic degeneracy, a maximum fractional ion number reduction
of -0.25 would be possible. The experimentally achieved value of -0.10±0.05 means that about 40%
of this maximumwas achieved.

The detected transition pair is of importance for the implementation of a �complete� quantum
state preparation, which requires excitation of doubly spin-forbidden transitions to deplete all �un-
desired� quantum states with concomitant transfer of molecular population to an arbitrary target
state. More precisely, the doubly spin-forbidden transitions are required to transfer population
between the F -manifolds. In the present work, we drove two such transitions. For a full quantum
state preparation into the (F = 0, S = 1, J = 1) hyper�ne state two additionalhyper�ne transitions
having detunings of -760 MHz and -844 MHz would have to be excited. These two transitions would
be excited after appropriately frequency-tuning the OPO away from the -977 MHz transition pair to
each frequency in turn. Our OPO system is in principle capable of doing so, as the output radiation
can be tuned within approximately ±100 MHz without mode hop. Work towards implementing
such a complete quantum state preparation is currently under way in our laboratory.
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Appendix 6. Optical magnetometry with Be+ ions

A simple method for the determination of the magnetic �eld in an ion trap using laser-

cooled Be+ ions was developed and demonstrated. The method is not based on magnetic

resonance and thus does not require delivering radiofrequency (RF) radiation to the trap.

Instead, stimulated Raman spectroscopy is used, and only an easily generated optical side-

band of the laser cooling wave is required. The d.c. magnetic vector, averaged over the Be+

ion ensemble, is determined. Furthermore, the �eld strength can be minimized and an upper

limit for the �eld gradient can be determined. The resolution of the method is 0.04 G. The

relevance for precision rovibrational spectroscopy of HD+ is discussed.

The author contributed to: proposition and development of the method, modi�cation

of the setup, preliminary experiments, data analyses, discussion of the results, writing the

paper.

The �nal publication is available at Springer via http://dx.doi.org/10.1140/epjd/e2014-
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Abstract

We demonstrate a simple method for the determination of the magnetic �eld in an ion trap using laser-
cooled 9Be+ ions. The method is not based on magnetic resonance and thus does not require delivering
radiofrequency (RF) radiation to the trap. Instead, stimulated Raman spectroscopy is used, and only an
easily generated optical sideband of the laser cooling wave is required. The d.c. magnetic vector, averaged
over the 9Be+ ion ensemble, is determined. Furthermore, the �eld strength can be minimized and an upper
limit for the �eld gradient can be determined. The resolution of the method is 0.04 G at present. The
relevance for precision rovibrational spectroscopy of HD+ is brie�y discussed.

1 Introduction

Methods of magnetic �eld measurement are of high importance in di�erent �elds of fundamental
and applied research - for example in quantum optics, quantum information processing, and high-
resolution spectroscopic measurements. The large variety of magnetic �eld sensors, utilizing e.g.
microelectromechanical systems (MEMS), the Hall e�ect, the giant magnetoresistance e�ect, super-
conducting quantum interference (SQUID), have di�erent sensitivities and magnetic �eld ranges. A
common natural disadvantage of these sensors is the need to introduce them into the region where
the magnetic �eld is to be determined. Although many sensors are compact, this requirement be-
comes critical in the case of, e.g., experiments with trapped ions or atoms, where the presence of
vacuum complicates sensor deployment and the sensor can not be used in situ while the experiment
is operating. In this case, the trapped ions or atoms themselves can serve as sensors, because the
magnetic �eld a�ects their level energies, and the measurement of transition frequencies (shifts) can
be used to deduce the magnetic �eld. Typically, for atoms in the linear Zeeman shift regime, the
line splitting is on the order of Larmor precession frequency, which is 2.8 MHz/G. If a su�ciently
large magnetic �eld can be applied, a RF transition can be used to probe the splitting, see e.g.
Ref. [1].

The measurement of a small magnetic �eld, when the concomitant Zeeman splitting is reduced
to on the order of 10 kHz or less, is possible in case of non-zero nuclear magnetic moment and
non-zero electronic angular momentum (J), because then RF radiation can be used to measure
the splitting between hyper�ne states. As an example, the hyper�ne transition frequency f0 in the

1



2 3 Experimental scheme and setup

ground 2S1/2 level of 9Be+ is 1.25 GHz in zero �eld. Using RF spectroscopy between hyper�ne
states, the frequencies can be spectroscopied with kHz resolution or better. Since the Zeeman shifts
of the hyper�ne states are on the order of MHz per Gauss, then a resolution at milli-Gauss level is
in principle possible.

Our approach for determining Zeeman shifts of trapped 9Be+ ions is based on using stimulated
Raman transitions. The 9Be+ ion is a key element of many quantum logic, spectroscopic, and
quantum simulation studies [1�4]. The method utilizes only the cooling light and a modulation
sideband and does not require delivering a RF �eld to the trap center, thus simplifying the overall
scheme. In fact, no additional hardware beyond the one used for our experiments on sympathetic
cooling was employed.

2 Motivation

In our experimental setup, 9Be+ ions trapped in a linear ion trap are used as coolant ions for sympa-
thetic cooling of co-trapped HD+ molecular ions. HD+ is a model system in precision spectroscopy
of cold trapped molecules for the purpose of testing quantum theory and the time-independence of
fundamental constants. Precise measurements of transition frequencies of HD+ require information
about the magnetic �eld experienced by the ions in the trap. Therefore, it is natural to consider
the coolant 9Be+ ions as an in-situ magnetic �eld sensor.

For instance, in pure rotational spectroscopy in HD+ at 1.3 THz (see Ref. [5]) it is of interest to
resolve the Zeeman structure of individual hyper�ne lines. As a concrete example we consider the
hyper�ne transition (v = 0, N = 0, F = 0, S = 1, J = 1)→ (v′ = 0, N ′ = 1, F ′ = 0, S′ = 1, J ′ = 2)
at a detuning f − f0,theor = −2.1 MHz from the spinless rotational transition frequency f0,theor
(see Fig. 3 of Ref. [5]). It is particularly attractive, since it exhibits a small Zeeman shift and
a small Zeeman splitting. The Jz = 0 → J ′z = 0 component of this particular transition has a
quadratic Zeeman shift that is approx. 2.9 kHz in a �eld of 1 G. Other metrological properties have
been discussed in [6, 7]. Thus, assuming that one can set a magnetic �eld with the small value
B < 0.05 G in the trap, and that the ions are in the Lamb-Dicke regime, a shift and transition
linewidth (due to a possible magnetic �eld gradient) of less than 10 Hz should be achievable. At
this resolution level, a precise measurement of the hyper�ne energy contribution (−2.1 MHz) and
a test of the QED corrections including those of order α6 relative to the nonrelativistic transition
frequency would become possible (see Ref. [8]). Note that the closest two Zeeman components
arise from transitions Jz = ±1 → J ′z = ±2, with nearly opposite linear Zeeman shifts of approx.
∓40 kHz/G, respectively, and would be clearly removed from the Jz = 0 → J ′z = 0 transition [9].
This example shows the utility of reducing the strength of the magnetic �eld in an ion trap for a
particular application.

3 Experimental scheme and setup

The optical transitions in 9Be+ relevant to laser cooling are shown in Fig. 1. The use of σ+ or
σ− transitions provides an almost closed-cycle level scheme, allowing e�cient laser cooling of 9Be+

ions. In this case, the atomic population is almost completely distributed between the excited 2P3/2,
F ′′ = 3, mF ′′ = ±3 and the ground 2S1/2, F = 2, mF = ±2 state; decay into 2S1/2, F

′ = 1 state
is forbidden, as this would require transitions with |∆m| > 2, which are not allowed in electric-
dipole transitions. However, because of non-ideality of the laser polarization state, instability of
the magnetic �eld and its direction, and Larmor precession, the F ′ = 1 state of the 2S1/2 level
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4 4 Transitions and level splitting in 9Be+

following F refers to any state)

EZ = gFmFµB B ' 1.4
MHz

G
gFmF B ,

where the gF factor is

gF ' gJ
F (F + 1)− I(I + 1) + J(J + 1)

2F (F + 1)
,

and the gJ factor is

gJ '
3

2
+
S(S + 1)− L(L+ 1)

2J(J + 1)
.

For 9Be+ the values are

gF = +2/3 for P3/2, all F

gF = −1/2 for S1/2, F = 1

gF = +1/2 for S1/2, F = 2

The selection rules for dipole-allowed optical transitions are:

∆F = 0, ±1
∆mF = −1, 0, +1 for a σ−, π, σ+ transition, respectively.

The possible Zeeman components of the Raman transition F ′ = 1→ F = 2 and the correspond-
ing Zeeman shifts (i.e. magnetic-�eld shift of ~(ωc − ωs)) are:

∆EZ = (3/2, 1, 1/2, 0)× 1.4MHz
G ×B for mF ′ = −1→ mF = (−2, −1, 0, +1)

∆EZ = (1, 1/2, 0, −1/2, −1)× 1.4MHz
G ×B for mF ′ = 0→ mF = (−2, −1, 0, +1, +2)

∆EZ = (0, −1/2, −1, −3/2)× 1.4MHz
G ×B for mF ′ = +1→ mF = (−1, 0, +1, +2)

for σ−, π, and σ+ transitions. Summarizing, the possible Zeeman shifts of the Raman resonance
at 1.25 GHz are:

∆EZ = (0, ±1/2, ±1, ±3/2)× 1.4
MHz

G
×B (1)

and a maximum of 7 di�erent Zeeman shifts may be observed.
The excitation spectrum depends on strength of the magnetic �eld, its direction with respect to

the propagation direction of the cooling laser beam and its sideband, on their polarization, and on
their intensities. However, we do not attempt to give a complete model, since it is not necessary to
do so for the present purpose.

It is important to note that a particular transition from the above list Eq. (1) is observed only
if the corresponding initial mF ′ -state of the F

′ = 1 hyper�ne level is populated. Generally, all mF ′

states can be populated and thus all 7 lines can be detected. There are special cases of σ− (and
σ+)-induced transitions (carrier and sideband), for which only mF ′ = −1 (+1) states of the F ′ = 1
hyper�ne level have signi�cant population in consequence of the interaction with the radiation. As
mentioned before, this is caused by Larmor precession, non-ideality of light polarization state, and
misalignment of magnetic �eld vector or �eld strength �uctuation. The observed Zeeman splittings
are then limited to:

∆EZ,σ+ = −1.4MHz
G ×B , for σ+ − induced transition ,

∆EZ,σ− = +1.4MHz
G ×B , for σ− − induced transition .

(2)
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Fig. 2: Geometry of the ion trap apparatus and its magnetic �eld coils.

5 Apparatus

Fig. 2 illustrates the setup used for sympathetic cooling and in which stimulated Raman spec-
troscopy of 9Be+ ions has been studied. The cooling laser beam at 313 nm propagates along the
symmetry axis of the linear quadrupole trap (z-direction). We denote the horizontal and vertical
directions in the laboratory as x and y, respectively. The 9Be+ �uorescence is partially collected
by a CCD camera and by a photomultiplier tube (PMT) operating in the photon counting regime.
The latter is used to de�ne the signal. The power of the cooling beam (carrier plus sidebands) is
measured after passing the vacuum chamber, at position Pc.

For compensation of the external magnetic �eld, and for applying a desired magnetic �eld, three
pairs of Helmholz coils are mounted around the vacuum chamber; the directions of the respective
�elds are nearly orthogonal to each other.

The cooling laser is frequency-tunable and lockable in a detuning range of a few hundred MHz
relative the 9Be+ cooling transition. Our laser (see Ref. [10]) includes internally a waveguide electro-
optic phase modulator driven at a frequency fmod ' 1250MHz that generates a phase modulation
sideband pair. The �red� sideband is used as a repumper (wave ωs in Fig. 1).

9Be+ ions are loaded and other species are removed from the trap [11]. During this step, the
313 nm carrier wave is red-detuned by a few hundred MHz from the cooling transition line, and
the sideband power is set to a few ten percent of the carrier power. In order to cool the 9Be+ ion
ensemble and any additional molecular ions to the lowest temperature, or to perform measurements
as the ones described below, the carrier detuning is instead kept at a few ten MHz, and the sideband
power is typically reduced by a moderate factor.

For performing stimulated Raman spectroscopy measurements, the sideband frequency fmod is
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Fig. 3: Measurement time line. See the text for details.

scanned, while all other parameters are kept constant.

The measurement sequence is illustrated in Fig. 3. During each cycle (duration τ1 + τ2) the
carrier is always on, while the sideband is turned on and o�. During the interval τ1 (sideband
on) the PMT signal Nf,i is recorded, and during the interval τ2 (sideband o�), the signal Nb,i is
recorded. From one cycle to the next, the sideband frequency is changed from fmod,i to fmod,i+1, in
order to scan the transition. For each sequence i of the frequency scan, we de�ne the background-
compensated, normalized signal-to-noise ratio as the relative �uorescence (Nf,i −Nb,i)/Nb,i. This
removes to some extent the in�uence of laser power variations, assuming that the background count
Nb is proportional to laser power (i.e. when it is due to scattered laser light).

In order to minimize the magnetic �eld in the trap region, an iterative procedure was used.
The magnetic �eld generated by one of the Helmholtz coil pairs was modi�ed via its current and
the current was optimized so as to produce minimum Zeeman splittings, while the other two �eld
components were kept constant; then the value of the �eld component of that �rst coil pair was held
constant while the �eld component generated by the second coil pair was varied, etc. Repeating
this procedure several times and also reducing cooling laser power and sideband power in order to
achieve higher resolution, we converged to a small magnetic �eld strength.

6 Experimental results and data analysis

In the general case, when all transitions take place, Eq. (1) applies. Fig. 4 illustrates the Zeeman
spectrum for a particular, �xed applied magnetic �eld. Fig. 5 (top) shows the Zeeman splittings
for several di�erent values of one magnetic �eld component, here the Bx-component. In this mea-
surement it can be directly seen that the transverse magnetic �eld B2

y + B2
z is nonzero. For each

measurement, the cooling light power was recorded as well.

We also performed measurements similar to the one shown in Fig. 5 but varying the magnetic
�eld component, By (data set II) and Bz (data set III). The data sets I, II, III, all taken at the
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Fig. 4: Zeeman spectrum as a function of sideband frequency fmod. All 7 possible transitions
are detected. �H� means �high�, �L� means �low�. The number denotes the line number.
Laser power is 70 µW. In this measurement, the current settings are Ix = −5.74 A, Iy =
1.70 A, Iz = 0.14 A, which correspond to Bx = −2.434 G, By = 0.008 G, Bz = 1.022 G.

same power (70 µW at position Pc), were �tted with the functions:

fη = η
√
B2
x +B2

y +B2
z + foffset ,

Bj = kj Ij +Bj,offset ,
(3)

where j denotes the spatial components x, y and z. The values of η are taken in accordance with
the list Eq. (1). The seven coe�cients Bj,offset, kj , and foffset were obtained from a least-squares
�t. The result of this �t may be expressed as:

Bx = (0.362± 0.003) G/A× [Ix − (0.985± 0.042) A] ,
By = (0.434± 0.049) G/A× [Iy − (1.681± 0.065) A] ,
Bz = (3.586± 0.036) G/A× [Iz + (0.145± 0.007) A] .

(4)

From this �t, we obtain the current values that minimize the magnetic �eld components. After
setting the components By and Bz close to zero, we recorded data again as a function of Bx. The
result is shown in Fig. 5 (bottom). The e�ect of the minimization of By and Bz is obvious. Note
that in this case, the peaks L1, L2 and L3 are not detected any more.

Subsequently, we set Bx and By close to zero, and varied Bz. Now the laser wave can be set to σ
polarization since the magnetic �eld is then along the direction of propagation. A typical spectrum
under a �xed value of Bz is shown in Fig. 6. There is only a single resonance. Varying now Bz,
we obtain data set IV, which is displayed in Fig. 7. It was taken with a low value of beam power,
6 µW at position Pc.

We also investigated the light-atom interaction e�ects. Fig. 8 shows examples of the power
dependence of the peak frequency fη and of the line shape of one of the two σ-transitions under
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Fig. 5: Zeeman shifts as a function of one magnetic �eld component, Bx. Top: Data set I. The
data points are the transition frequencies obtained from individual scans such as Fig. 4, all
at 70 µW power. The frequencies of that �gure are reported in the present plot as data
points for the current Ix = −5.74 A. By and Bz are not zero: By = 0.008 G, Bz = 1.022 G
(Iy = 1.70 A, Iz = 0.14 A). Bottom: By and Bz are set to close to zero (Iy = 1.681 A, Iz =
−0.166 A).
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Fig. 6: Spectrum obtained with a σ-polarized beam. Only one peak is detected. A nonzero magnetic
�eld in the beam propagation direction, Bz 6= 0, is applied. The other �eld components are
nearly zero.

Fig. 7: Zeeman shift of the ∆mF = mF ′ −mF = ∓1 transitions as a function of Bz. The magnetic
�eld components Bx and By are minimized.
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Fig. 8: Light shift and power broadening of a σ-transition. All spectra were taken under the same
conditions, only the beam power was varied. The magnetic �eld strength is nearly zero.

near-zero �eld conditions. The peak shift and the linewidth as a function of beam power are
summarized in Fig. 9. We �nd a linear dependence of the frequency shift and linewidth on the light
power. Extrapolation of the peak frequency to zero beam power predicts the hyper�ne frequency
to be f0 = 1250.065 ± 0.013 MHz. A value of 1250 017 670.46 ± 1.5 Hz has been obtained by
Nakamura et al [1], and a value of 1250 017 674.088± 0.024 Hz has been obtained by Shiga et al [3];
the discrepancy of our measurements from these values (3.6 σ) may in part be due to an imperfect
polarisation state of the beam or the small residual magnetic �eld.

7 Discussion

In this work, we focus on the ability to minimize the magnetic �eld. We consider this issue from
two points of view. First, the �t of data sets I, II, III allows us to compute the magnetic �eld
uncertainty when the currents are set to minimize the �eld components. The result is

∆B =
√

(0.362× 0.042)2 + (0.434× 0.065)2 + (3.586× 0.007)2 G = 0.041 G .

We can also consider the data set IV (Fig. 7). A �t of only this data yields

Bz = (3.753± 0.020) G/A× [Iz + (0.166± 0.001) A]√
B2
x +B2

y = (0.007± 0.031) G .
(5)

The result for the current value that minimizes Bz lies outside the 2σ uncertainty range of
the result obtained in Eq.(4), but it should be noted that the conditions of data set IV were
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Fig. 9: Light shift and power broadening as a function of laser power, including the cases shown in
Fig. 6.

di�erent: lower beam power and smaller range of o�sets from the zero-�eld-component current value.
Nevertheless, the �eld strength uncertainty, ∆B′ =

√
(3.753× 0.001)2 + (0.031)2 G = 0.031 G is

comparable to ∆B.
As a third result, we can consider the measurement performed with near-zero �eld, and con-

sider the di�erence between the zero-intensity extrapolated resonance frequency of Fig. 9 and the
literature experimental value, ∆f0 = 47± 13 kHz. From this we may set an upper limit to the �eld
strength present during that measurement, (47 + 13) kHz/(1.4 MHz/G) ' 43mG.

Finally, we can provide an upper limit for the magnetic �eld gradient as follows. The narrowest
linewidth observed when reducing the laser power as much as possible while keeping the ions cooled
(approximately 2 µW), is approximately 40 kHz. Assigning the linewidth to be due completely to a
nonzero magnetic �eld gradient across the ion ensemble (size: 2 mm in z-direction), it would then
be equal or less to 40 kHz/(1.4 MHz/G) ' 29 mG. This is a conservative upper limit, since Fig. 9
indicates that at this laser power there is still light-induced broadening present.

8 Conclusion and outlook

We demonstrated a simple method for measuring the magnetic �eld in an ion trap that uses beryl-
lium ions. The method is simple since it utilizes only the cooling laser and an optical sideband that
is also conventionally present since it serves as a repumper during laser cooling. The magnetic �eld
resolution, approximately 40 mG, is at present limited by power broadening and the Stark shift
induced by the cooling wave, imperfect polarization state of the cooling wave, and by the temporal
instability of the currents supplied to the Helmholtz coils (here, the instability is of the order of
1 mA). In addition, a non-uniformity of the magnetic �eld, if present, also limits the resolution of
the absolute �eld strength determination.

The method has been applied here to an ensemble containing a large number of trapped ions
(a few thousands), since this is typical for our application of sympathetic cooling. We believe that
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the method could be applied also in the case of few ions or a single trapped ion. In the case of
a moderate number of trapped ions (e.g. an ion string), the use of a tightly focused beam would
allow addressing an individual ion and determining the �eld at its location.

As a further perspective, we propose that it may be possible to eliminate the light shift. This
requires equal Rabi frequencies of the sideband and the carrier; then the light shifts induced by
the two radiation �elds compensate each other. The one-photon transition induced by the strong
sideband, can, in principle, hinder from observation the two-photon transition, but an appropriate
choice of intensities and detunings can allow for (partial) compensation of the light shifts and
for detection of the two-photon signal. A complete compensation of the frequency shifts means
equality of sideband and carrier intensities (neglecting for simplicity the issue of branching ratios).
Thus, this scheme requires a modulation index of about 0.33, which is available from high-e�ciency
waveguide modulators.
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