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Chapter 1: Introduction

1.1 Weak interaction manifestation at low energies.
The weak interaction has many intriguing peculiarities. It is the only interaction capable of changing the flavors of fundamental fermions, e.g. for nuclear
beta-decays to be possible. It is mediated by massive (> 80 GeV) W± and Z0
bosons, and has extremely short interaction ranges. Most amazingly, it is the only
interaction which violates parity symmetry: the equivalence under space coordinate
reversal.
Symmetry is one of the most fascinating and fundamental properties in the
universe we live in. The Nobel Prize in Physics 1957 was awarded to C. N. Yang and
T. D. Lee, “for their penetrating investigation of the so-called parity laws which has
led to important discoveries regarding the elementary particles”. Their realization,
that the weak interaction violates parity, was an important element in the development of the Standard Model (SM) by Glashow, Weinberg, and Salam. Among
other things, the Standard Model unifies the weak and electromagnetic interactions,
and has survived numerous experimental tests. However, it cannot explain some of
the biggest puzzles, the best examples being dark matter and dark energy. Moreover, weak-interaction parameters such as the Weinberg angle or those involved in
1

hardronic weak-interactions are not fully characterized.
The weak interaction couples to all fermions, which include elementary particles such as electrons, as well as composite particles such as protons and neutrons.
These three types of particles are exactly what an atom is composed of. We think
of the atom as electrons orbiting around the nucleus, with the electromagnetic interaction governing the electronic properties. The nucleus is a cluster of protons
and neutrons, with interactions originating from the strong force. This description, though, is only complete when we also take the weak interaction into account,
which can manifest itself though parity non-conservation in atomic transitions. This
manifestation represents a particularly interesting category of experiments, namely
atomic parity non-conservation (APNC), which lies in the low momentum exchange
regime, complementary to high energy experiments. The most precise APNC experiment to date is the work carried out in Cs by the group of C. E. Wieman, with
a precision of 0.35% [1].

1.1.1 Atomic Parity Non-conservation Hamiltonian
The PNC Hamiltonian can be written as [2]:

QW
κ
G
H = √ (−
γ5 + αI)ρ(r),
2
I
2

(1.1)

where G is the Fermi constant for the weak interaction, γ5 and α are the Dirac
matrices, QW is the weak charge of the nucleus, κ is a dimensionless factor, and
ρ(r) is the neutron density distribution, This operator acts on the Dirac electronic
2

wavefunction as in our usual quantum mechanical meaning.
Parity non-conserving (PNC)

Parity allowed
e-

e-

e-

e-

e-
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Anapole moment

N

Axial-vector
coupling

N

nuclear spin-dependent
(NSD) PNC

Figure 1.1: Parity non-conserving Feyman diagrams involving weak interaction in
atomic systems. Photon exchanges represent electromagnetic interactions, which are
parity-allowed. The W and Z bosons in the weak interaction contribute to the parity
non-conserving terms, which can in turn be divided into nuclear spin independent
and dependent terms, while the latter one is dominated by the anapole moment.
See text for details.

Figure 1.1 shows the Feyman diagrams for the interactions between electrons
and nucleons (or quarks inside of the nucleus). The left diagram showing electronnucleon photon exchange is our familiar Coulomb interaction. The weak interaction
introduces parity non-conserving terms, that can be divided into two categories corresponding to the two terms in Eq. 1.1: The largest source of APNC comes from the
electron directly exchanging a Z 0 with the nucleons (second diagram in Fig. 1.1).
All the nucleons add together, rendering a “bulk” effect independent of the nuclear
spin, referred to as the nuclear spin-independent (NSI) PNC. The second term in
Eq. 1.1 is dominated by the “anapole moment”, which is produced by weak inter3

actions within the nucleus, adding as a correction term to the Coulomb interaction
(fourth diagram in 1.1). This creates a toroidal current inside of the nucleus, which
produces parity violation effects that are nuclear spin-dependent (NSD-PNC). This
distinction through nuclear spin dependence is important because the two effects
arise from different physical origins, and the measurement methods also differ from
one another. A theme with two experimental approaches will penetrate throughout
this thesis, following the plans of our experimental program.

1.1.2 PNC transition amplitude and the interference technique.
So how do we detect weak neutral current interactions in atoms? The idea is to
look into the electromagnetic interaction, i.e. optical or microwave transitions, for a
tiny transition amplitude between levels in an atom with the same parity.We chose
a transition which is forbidden by the parity selection rule, however can become
slightly allowed as the weak interaction induces a mixture between opposite parity
levels.The matrix element A characterizes the amplitude of a electronic transition.
A parity allowed electric dipole transition between S and P electronic levels in e.g.
an alkali atom, has a matrix element of the form:

AE1 = hS|HE1 |P i = hS|d · E|P i,

(1.2)

The atomic unit for the electric dipole matrix element is ea0 , where e denotes unit
electrical charge (1.6×10−19 Coulomb), and a0 the Bohr radius (0.53 Anstrom). The
lowest electric dipole allowed transitions in alkali atoms typically have transition
4

dipole matrix elements of a few atomic units [3].
The weak-interaction mixing induced transition matrix element for transitions
involving two S states is:
APNC = hS|HPNC |S 0 i,

(1.3)

where HPNC is the Hamiltonian in Eq. 1.1 introduced before. This amplitude
APNC is extremely small: only of the order 10−11 ea0 in Cs [1]. The anapole moment
induced forbidden transition, which dominates the nuclear spin-dependent part of
APNC, has a even smaller amplitude of the order 10−12 ea0 1 . Note that the experimental observable, the transition probability, is proportional to the square of the
amplitude A. It seems formidable to observe such a faint transition at all, let alone
to measure it to sub-percent accuracy. Fortunately we can employ some brilliant
tricks to enhance the signal by large factors.
One crucial method for improving the statistical signal to noise ratio, is the
“interference technique”, which can amplify the signal by several orders of magnitude. The idea is to measure the constructive and destructive interference effects
between two processes, the parity violating one, and a parity conserving one, which
is larger than the parity non-conserving part. This idea is general to weak interaction
experiments (see for example also the results and proposals in the medium energy
sector [4]). Among the classic atomic PNC experiments, the interference technique
is represented by using the (relatively) allowed M1 to interfere in early optical rotation experiments [5–7], and the Stark-interference in the Cs experiment [1]. The
1

87

Compare this to for example the hyperfine mixing induced ultra-narrow clock transition in
Sr, which has an amplitude of the order 10−5 ea0 .

5

key is to chose a relatively allowed transition that has tunable strength, and arrange
the apparatus to have handedness such that two measurements are possible with
the PNC E1 transition. The total transition probability becomes:

|Atot |2 = |APC ± APNC |2 = |APC |2 ± 2APC · APNC + |APNC |2

(1.4)

The last term is negligible. The interference term APNC · APNC effectively enhances
the PNC signal by a factor of the ratio AInt /APNC . This factor can be of the order
105 in the Stark-interference experiments [8]. Besides this “external” amplifying
method, particular atomic systems can also have “inherent” enhancement, which is
one of the main reasons for using francium.

1.2 The francium parity non-conservation (FrPNC) experiment
Francium is the heaviest alkali atom, on the bottom left corner of the periodic
table (Fig. 1.2), with no stable isotopes2 . It possesses a unique combination of atomic
and nuclear structural simplicity, with great sensitivity to effects such as APNC and
possible permanent electric dipole moments due to its high nuclear charge:

1.2.1 Heavy atom enhancements.
Evaluation of the PNC matrix element introduced in Eq. 1.3 can be expressed
as the product of two parts; the atomic/electronic and the nuclear. For example the
2

Isotope with the longest lifetime is the 23 minutes half-life

6

223

Fr.

NSI-PNC term can be written as:

AQw ∝ Qw hS|γ5 ρ(r)|S 0 i

(1.5)

The weak charge of the nucleus Qw comes from standard model predictions, and
the rest comes from atomic theory calculation. The enhancement in heavy atoms
was first pointed out by the Bouchiats [9]. The weak charge scales linearly with
atomic number Z, and the S electronic wavefunction and the derivative of the
P wavefunction mixed into the S and S 0 states contribute another Z 2 [9]. The
NSI-PNC effect thus scales at least as Z 3 , with additional factors from relativistic
enhancements. The anapole moment term is slightly slower, Z 8/3 , which can be
pictorially thought of as more of a “surface” effect rather than a “bulk” property.
Cesium is an excellent atom due to these enhancements, and francium is its natural
extension. Detailed calculations show that the parity non-conserving observables
are about 20 times larger in Fr than in Cs [10, 11].

1.2.2 Tractable atomic and nuclear structure.
Precise theoretical calculations are crucial for extracting weak interaction
physics (for example the nuclear weak charge and the anapole moment) from APNC
experiments. The importance of the atomic (electronic) structure theory is seen in
Eq. 1.5: extraction of Qw from an experiment requires dividing the measurement by
the atomic calculation. This demands accurate knowledge of the electronic wavefunction inside the finite extent of the nucleus. Various atomic properties of Cs
7

have been measured to benchmark the atomic theory calculations, such as dipole
matrix elements that directly enter into the PNC calculation, and.... In the case
of Cs, many direct as well as auxiliary atomic properties have been measured, for
benchmarking the atomic theory. State of the art atomic theory calculations of
APNC have reached unprecedented levels of precision, and are still evolving for better accuracy [12, 13]. Francium has the advantage of possessing a simple electronic
structure, similar to that of Cs or any other alkali, which is a highly desirable feature
when choosing an atomic system.
Besides the electronic structure, the nuclear structure also warrants great attention, especially in the case of the anapole moment. The cesium anapole result has
been interpreted to constrain hadronic parity violation parameters [14–16]. However, as theorists have been pointing out, calculating the Cs nuclear polarizabilities
involves great complexity [14], which complicates the extraction of the weak coupling
constants.
New theories such as lattice quantum chromodynamics are recently emerging
for calculating parity violation [17]. These calculations are evolving beyond a system
of only a few nucleons [18, 19]. As modern experimental tools become available for
studies of ground state nuclear matter properties [20], nuclear physics moves steadily
towards the precision frontier [21]. This would greatly facilitate interpreting APNC
measurements and extracting weak-interaction constants. Francium has advantages
due to proximity to the “doubly” magic nucleus of 206 Pb. A chain of isotopes on the
neutron-deficient side (down from
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Fr with closed neutron shell) shows magnetic

properties, such as the magnetic moment and the hyperfine anomaly, with significant
8

regularity, which will explore this in more detail in Chapter 5.
This collection of benefits from the heavy atom enhancements and tractable
theories on both the atomic and nuclear sectors, makes francium the ideal laboratory
for weak interaction studies in atoms.

1.2.3 On-going experiments and exotic possible sources of APNC.
Parity violation in atoms has been a long lasting tradition in precision measurements, and gained much attention in recent years. Figure 1.2 shows the periodic table, highlighting the elements involved in APNC experiments. Existing PNC
measurements are roughly categorized into two types: optical rotation and Starkinterference. PNC optical rotations in vapor cells are best represented by the Tl and
Pb measurements in Seattle [5, 22] and the Bi measurement in Oxford [6]. Such experiments in metastable Xe and Hg with cavity-enhancement techniques have newly
started [23]. The Stark-interference method is represented by the Cs experiment [1].
The group of D. Budker is actively pursuing this technique in atomic beams of Dy
and Yb [24,25], where two opposite parity states are almost degenerate. Part of our
plan in the FrPNC collaboration is to use this interference method, and we will give
more detail in the next chapter.
Several novel experimental techniques have been proposed, including PNC
frequency shift measurement in a single ion [26]. The Fortson group is pursuing
this in Ba [27], and the KVI group in the Netherlands has efforts in Ra [28]. The
group of D. Elliot at Purdue is revisiting APNC in Cs with two-pathway coherent
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Figure 1.2: Periodic table of atomic parity non-conservation experiments. We choose
francium, the heaviest alkali at the bottom left corner. Various kinds of experimental
techniques are used for measuring PNC in different atoms or molecules. See text
for detailed explanations.
control [29]. The anapole moment is directly measurable with a PNC electrical
dipole transition between hyperfine ground states in an alkali atom. This is the
other part of the experimental program for Fr [30, 31]. The group of D. Demille at
Yale is working towards measuring the anapole moment in molecules [32]. Other
proposed experimental techniques include PNC frequency shifts in a neutral Fr [33],
two-photon excitations in Yb [34], etc.
These experiments aim at testing weak interaction properties, and when theo-
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retical calculations do not match experimental results (and [”[d that we trust both),
it could indicate physics beyond our understanding. This includes physics beyond
the Standard Model (SM) as well as things within the SM that are not particularly
well known, such as the hadronic weak interaction. Among the things modern theories still cannot explain is dark matter/energy. Potential candidates range widely
from supersymmetric particles to light cosmic fields such as that from axions. Recently the group of Flambaum has proposed that the anapole moment can constrain
nucleon coupling with axion dark matter [35]. Such indirect searches for dark matter
in low energy atomic systems can be complementary to direct measurements [36,37].

1.3 Outline of the thesis
The work presented in this thesis focuses on francium trapping and other advances en route towards atomic parity non-conservation. The organization is as follows: Chapter 2 outlines our experimental plans for measuring the weak charge and
the anapole moment, with optical and microwave excitations respectively. Chapter
3 describes the francium trapping facility: a new generation of laser-cooling and
trapping apparatus for radioactive Fr. Chapter 4 details the design and construction of the science chamber, which incorporates the two planned PNC experiments
and provide the basis for exquisite electromagnetic field control. In Chapter 5 we
describe the laser spectroscopy measurements along a chain of francium isotopes.
Our precision hyperfine splitting measurement can provide information about the
atomic nucleus, especially magnetic properties at the next to leading order. We also
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measure isotope shifts which serves as a benchmark for atomic theory calculations.
Chapter 6 contains some off-line developments for improving the sensitivity of our
apparatus. We conclude in Chapter 7 and share some remarks for the future.
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Chapter 2: Measurement Schemes for APNC.

We have introduced in Chapter 1 the effect of weak interactions in atomic
systems: tiny parity forbidden electric dipole transition amplitudes. The experimental observable is an asymmetry on the transition used for the interference, as
we switch the field directions which tunes this transition in and out of phase with
the PNC transition. In other words, we measure the handedness of the atom with
an apparatus that also handedness. The left-handed and right-handed coordinate
systems are defined by the static and dynamic fields we apply.
This chapter describes the experimental plans and techniques involved. We
have two experimental plans in parallel: one aimed at measuring the weak charge
of the nucleus using an optical transition; the other targeted towards directly detecting the anapole moment with a microwave transition. We lay out the schemes
for the two experiments: the optical one containing high-voltage DC electrodes
for level mixing and a high-finesse optical power build-up cavity; the anapole one
involving a microwave cavity with precise positioning of the atom cloud with an
optical dipole trap (ODT). We end this chapter by presenting the requirements of
the FrPNC experiment in a cyclotron accelerator facility: obtaining the francium
from the radioactive atom source, collecting it into a high efficiency capture trap,
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and performing the experiment in a precision trap.

2.1 Overview, two types of parity forbidden transitions.
We first examine the Fr electronic energy level structure. Fig. 2.1 shows the
APNC related francium energy levels. The D2 (used for laser cooling) and D1
lines have wavelengths of about 817nm and 718nm, respectively, which represent
the lowest, parity-allowed, electric dipole (E1) transitions from the ground state.
The 8S excited state is parity even, as is the ground state, and thus it is forbidden
to have any E1 transitions between the two with only electromagnetic interactions1 .
The hyperfine ground states are also forbidden to have E1 transitions among one
another, and the first allowed one is the magnetic dipole (M1) transition. The upper
hyperfine state has practically infinite lifetime.
1
Note that although this E1 transition from the ground state is forbidden, the 8S level is still
a short-lived state with lifetime of about 50 ns [38], because of the decay through the P manifold.
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Figure 2.1: Parity allowed and parity forbidden transitions in a francium atom.
Red lines between ground (7S1/2 state in Fr) and first exited states (7P1/2 and 7P3/2
states) denotes the electric dipole allowed D1 and D2 lines, respectively. These
transitions are mediated by photon exchange between the electrons and the atomic
nucleus. Within the parity even manifold, the optical transition between 7S1/2 and
8S1/2 and the microwave transition between the hyperfine ground states, are electric dipole forbidden but has small amplitudes due to the weak interaction mixing.
They are dominated by the weak charge of the nucleus and the anapole moment,
respectively.

When we take weak interaction effects into account (Feyman diagrams on the
left in Fig. 2.1), there exist small admixtures of P states into the S states.
We need not emphasize again how small these amplitudes are. To obtain a
good signal to noise ratio and counteract the disadvantage of the scarcity of francium atoms, our solution is to laser cool and trap the atoms, which enables long
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interrogations and high efficiency usage of the available atom source. We can estimate the statistical signal-to-noise ratio (S/N) by comparing to the Boulder Cs
experiment: if we trap all the atoms from the accelerator, in 1s 108 atoms are in
the MOT. We have 100 times longer interrogation time (a Cs atom in a beam flies
through the interaction region in a few µs), and recapture for recycling the atoms
100 times. With the factor of 20 enhancement benefitting from Fr atomic and nuclear properties, we have 2 times better statistical S/N than the 1013 atoms/s Cs
used by Wieman [8]. The pre-requisite of doing such an experiment with francium,
is that the Fr atoms are captured with high efficiency, suspended in the center of
an Ultra-high Vacuum (UHV) chamber, and cooled to about 100

above absolute

zero temperature in an exquisitely controlled electromagnetic field environment.
The parity non-conservation experiment will commence in either a MOT, as is the
case for the optical experiment, or in a subsequent optical-dipole trap (ODT), as
is required for the anapole moment experiment. These are of course experimental
challenges that a large portion of this thesis deals with. Let us now examine the
two proposed experimental schemes.

2.2 Optical experiment
The optical experiment aims at following Carl Wieman’s footsteps, and uses a
DC electric field to create the Stark mixing, for the interference with PNC transition
amplitude. The Stark-interference technique is very well documented in Ref. [8],
which contains extensive analysis of the systematic effects. We summarize the key
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features and emphasize some specifics when applying to the laser cooled and trapped
francium atoms. The total transition rate is written as:

Ptot = |Atot |2 = |AStark ± APNC |2 ≈ A2Stark ± 2AStark APNC + A2PNC

(2.1)

Figure 2.2 shows the experimental scheme. Two electrodes made out of glass
has transparent indium-tin-oxide coatings on the inner side facing the atoms and
anti-reflection coatings on the outside. The axis of an optical Fabry-Perot cavity
lies in the horizontal direction. This cavity is needed for the power build-up to
enhance the electric field amplitude and consequently the PNC signal (see Eq. 2.3),
as well as suppressing systematic effects. The static magnetic field, dc electric field,
and the excitation laser polarization defines the coordinate system. Each reversal
of any quantity among the three, is a reversal between a left-handed apparatus and
a right-handed one.
One key difference between a PNC experiment with trapped cold atoms compared to that with an atomic beam, is that the spatial separation of preparation,
excitation, and detection steps of the measurement in a beam setup have to be replaced by alternating the field applied to the trapped atoms via time-sequencing.
Figure 2.2 (b) shows an example timing steps for the measurement. Starting with
atoms in a trap (a second stage MOT in the case of the optical PNC experiment)
with precise controlled electromagnetic field environment, the state preparation involves hyperfine and Zeeman optical pumping to states with maximum mF (e.g.
F = 9/2, maximum mF = ±9/2 for

210

Fr). We then turn on the DC electric field
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Figure 2.2: Schematic and time sequence for the optical PNC experiment. (a)
Transparent electrodes provide DC electric field for Stark-induced mixing, and allows
for optical access for lasers such as those from the MOT beam. A high-finesse optical
cavity builds up the optical power to drive the 7S to 8S transition. The static
electric and magnetic fields (black arrows), plus the laser polarization (indicate
by the blue ellipse), together defines the coordinate system. (b) Example timing
sequence. Thick solid red lines denote cooling/trapping and repumping laser. Thin
solid lines represent optical pumping lasers. Thin and think dashed wiggly lines
indicate single photon decays and cycling transitions, respectively.
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which mixes the energy levels and creates the interference, as well as the excitation
laser, which drives the transition. The 8S excited state lifetime is short enough that
the atoms will always decay via spontaneous emission. The characteristic timescale
for driving the 7S to 8S transition is determined by how fast the atoms move out
of the excitation optical field, and is of the order of a few 100 µs. The detection
relies on measuring the population distribution between the two hyperfine levels.
Flourescence detection with the cycling transition effectively amplifies the signal by
hundreds to a thousand times, ideally reaching the atomic shot noise limit with good
effort in the photon collection and control of technical noise.

2.3 Microwave experiment
The microwave experiment aims at a direct measurement of the nuclear spindependent (NSD) PNC, which is dominated by the anapole moment in heavy atoms
such as Fr. This measurement involves a transition between the hyperfine levels of
the electronic ground state. Ref. [39] first proposed its application to heavy atoms.
Ref. [30] details a specific measurement plan for francium.
Figure 2.3 (a) shows a schematic for the proposed anapole experiment. A
microwave Fabry-Perot cavity creates a standing wave, with the electric field antinodes coinciding with the magnetic field nodes. Subsequent to the MOT stages, the
atoms need to be transferred into an optical dipole trap (not shown in the figure),
where the cloud position can be precisely located at the central one of the electric
field anti-nodes. This anti-node coincides with the magnetic field node, which is
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a property for a perfect standing electromagnetic wave, and is our main method
to suppress the magnetic dipole allowed transition. The static magnetic field, the
microwave field EµW , and the microwave field BµW used for the interference, together
define the handedness of the coordinate system.
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Figure 2.3: a) Schematic for the anapole moment experiment with magnetic dipole
interference. A microwave cavity creates a standing wave. The atoms trapped in an
optical dipole trap (ODT, not shown in the figure) have to be positioned at the center
one of these anti-nodes, which is also the electrical field node. The static magnetic
field, the microwave EµW field, and the interfering microwave BµW field define the
handedness of the coordinate system. b) Time sequence of the measurement starting
with the trapping on the optical dipole trap.
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Fig. 2.3 (b) shows an example of the timing sequence for a microwave anapole
experiment. State preparation involves specific Zeeman levels 2 , and can be achieved
by coherent population trapping [40] or adiabatic fast passage [41] techniques. We
then drive the E1-PNC transition with electric field from the standing microwave
field inside the cavity. The interference M1 transition is driven by another microwave
magnetic field (not shown in Fig. 2.3). The coherent oscillation between the two
hyperfine states can be driven for many Rabi cycles, since the upper state essentially has infinite lifetime. External perturbations such as magnetic field noise or
ODT Stark shift inhomogeneities will be the sources of decoherence and the limiting
factors for the probe duration. Detection relies upon measuring the hyperfine states
population distribution, much like that required for the optical experiment.

2.4 From the accelerator to the precision APNC measurement
We have to carry out the above experimental programs with a francium source
with high enough intensity. A few rare-isotope facilities can provide a sufficient
amount of francium with accelerator-based technologies. We have built the francium
trapping facility at TRIUMF (TRI-University Meson Facility), Canada’s national
laboratory for nuclear and particle physics, where a proton beam from a cyclotron is
available for bombarding uranium targets, producing a large quantity of radioactive
ions including francium.
Figure 2.4 shows the schematic of the Francium Trapping Facility (FTF) at
2

For example mF = ±1/2 to mF = ∓1/2 shown in Fig. 2.3 (b), for fermionic francium isotopes
such as 210 Fr.
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Figure 2.4: Schematic of the francium trapping facility (FTF) at TRIUMF. Not to
scale. The radioactive ions are produced by up to 10 µA of 500 MeV energy proton
beam from the cyclotron accelerator, bombarding a uranium target. These ions are
neutralized and laser cooled and trapped with magneto-optical trapping techniques.
The cold ( 100 µK) francium are then transported to a precision trap for APNC
measurements. The francium laser room is a RF shielded metal hut, isolated from
the noise of the hall.
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TRIUMF. The main accelerator is the world’s largest cyclotron, which produces
up to 10 µA of proton beam available for various physics programs. The FTF is
located inside the Isotope Separator and Accelerator (ISAC) facility. We have a
laser room constructed out of RF shielding materials and provides the necessary
environmental control (RF, temperature, humidity, etc.). The francium beam is
delivered as 30 keV energy singly charged ions. We neutralize these ions, and then
cool and trap them with a high-efficiency magneto-optical trap (MOT). We then
transport the collected cold atoms to a second stage trap where the electromagnetic
field needs to be exquisitely controlled, necessary for weak interaction studies. The
PNC experiment starts there.
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Chapter 3: The francium capture trap

This chapter describes our high-efficiency magneto-optical trap. We have published two instrumentation articles, attached to the end of this chapter, on the commissioning of the capture trap in the FTF [42], and the off-line trapping of 221 Fr [43],
respectively. The main text in this chapter is complementary, containing experimental details not present in the papers, as well as broadening the understanding on the
design decisions to complete the FTF. We may recommend that the reader should
first look at the two papers, which have the overall picture and the results, and then
read the rest of the chapter for more details.
The francium trapping facility at TRIUMF is a unique cold atom trap in
many ways. As stated before, francium has no stable isotopes and the longest
half-life is only 22 minutes. The main solution is to directly connect the trapping
apparatus to the accelerator beamline, and receive the singly charged Fr ions in a
chamber called the neutralizer chamber. Then we use an electrical heating pulse
to release the neutral Fr atoms, and trap them in a vapor-cell magneto-optical
trap (VCMOT) [44]. The trap is newly constructed with design concepts based
on the last version of the Stony Brook trap [45], adding various upgrades in the
UHV system and neutralization technique. New features include modular design for

25

ease of replacing the neutralizer assembly, the offline
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Ac source to obtain

221

Fr

without proton beamtime (see section 3.7 and the second publication attached to
this chapter, Ref. [43]), and a new design of the optical system for delivering the
laser beams via optical fibers. We start with the glass cell.

3.1 Glass cell.
Our vapor-cell MOT is optimized for high trapping efficiency. Some key design
features originate from the need to have large diameter laser beams that completely
fill the cell, that ideally any atom within the volume can experience the cooling
force. This is accomplished by having a cubic cell with the corners cut off (Fig.
3.1), which has major faces sized at about 2 inches, to which our laser beams can
be conveniently expanded. The cube corners are efficiently utilized by having small
viewports, which can be used for imaging and sending in probe laser beams.
Figure 3.1 shows a picture of the glass cell. This cell design directly descend
from the one used in Stony Brook by Seth Aubin and Eduardo Gomez, built by
a glass blower in Stony Brook from 2 inch and 0.5 inch optical flats and a glass
viewport from Larson Electronic Glass. We were using the Stony Brook cell in the
beginning, until it had problems with the glass to metal seal, presumably because
of the multiple runs of dry-film coating process, which involves potassium hydroxide
rinsing. This created a problem a few days before a run in 2012 and we had to
seal it in-situ, with silicon-based sealant (VacSeal VGL-VS1/2). W. Kruithof from
KVI in the Netherlands [46] based their radioactive Na trap cell from the thesis of
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Pyrex Glass

7056 Glass

Transition

Figure 3.1: Picture of the glass cell for the capture trap. Left: complete cell. Right:
2.75” flange with glass to metal seal and glass type transition.
Seth Aubin [47]. Precision Glassblowing from Boulder, Colorado have experience
building the KVI cell, so we purchased our new cells from them. Larson Electronic
glass provided a flange with a glass neck: a Corning 7056 glass tube is joined to
the the 2.75 inch CF flange via a Kovar seal1 , and the center includes the transition
glass to Pyrex. The cell is manually assembled and torch fused from pyrex pieces
cut to size, and then joined to the neck. Appendix A contains detailed dimensions.
The cell has to be coated with a “dry-film” layer, in order to prevent the
released thermal atoms from sticking to the surfaces while bouncing between the
1
This metal alloy is commonly chosen to match the thermal expansion coefficient with that of
Corning 7056 glass. Kovar is magnetic, as we will encounter (or avoid) in the apparatus described
later in this thesis.
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walls of the cell. The dry film coating has always been the “black magic” part of the
capture trap, because we do not fully understand the chemistry involved, plus the
beamtime availability prevent us from exploring different options and compare. We
resort to a safe path with procedures established quite sometime ago [48], which uses
a mixed silane called SC-77. It can be purchased from Alfa Aesar even though one
cannot find it in their online catalog.2 Our summer undergraduate student Alysa
Obertas has re-written the coating procedure 3 . The cell itself does not have any
anti-reflection coating on any surface, and the dry-film likely makes the transmission
worse (by eye inspection) than 96% per surface, which is what we expect for uncoated
glass. However it could also work in favor of us to randomize the phase in the laser
wavefront, as the flatness of the glass is compromised, reducing interference effects.
We are not aware of conclusive and quantitative studies to support either of these
two arguments. Our typical MOT shape is reasonable, occasionally having avocado
shaped deformations as seen in Fig. 8 of Ref. [42].

3.2 Optics and Optomechanics.
The trapping laser beams flooding the cell are fiber coupled and expanded to
Gaussian beams of 3 cm waist (1/e2 diameter). The mechanical assembly is built
from Thorlabs optical-cage (mainly 60 mm cage for the large diameter optics, though
small components on 15 mm cage are used immediately after the fiber output) and
2
It has a short shelf-life of about 6 months, so call them and ask for quick delivery, they will
do the required mixtures and ship to us in about 3 to 4 weeks.
3
For internal reference,
see francium Elog entry (general,
thread 480).
https://elog.triumf.ca/Francium/General/480. Log-in required.
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lens-tube systems (2 inch SM2 series tubes mainly) similar to that described in the
thesis of Andres Cimmarusti [49]. The optics design originates from Roger Brown
from the JQI, and is a three lens construction that has excellent near diffraction
limited performance (few micron resolution calculated by OSLO, compatible with
the fiber mode diameter), and chromatic aberration compensation, the latter of
which particularly important for switching between different alkali atom species.
Based on a suggestion from Gerald Gwinner, we designed this “exoskeleton” cage
for mounting the optics and the quadrupole and bias field coils, which is one of my
favorite pieces machined by the shop at TRIUMF. Figure 3.2 shows the model for
this exoskeleton. It not only supports the 60 mm cage system mounting with ease,
but also serves as a nuclear safety barrier. It prevents people from easily accessing
the glass surface with sharp tools, and breaking the delicate cell apart, e.g. by
accidentally dropping a wrench. For ease of assembling, the exoskeleton is designed
to be a monolithic “cup” with 5 faces, with a “lid” on the bottom. Two edges
have two slots each, which clear 8-32 screws. These edges have angled surfaces that
can match the orientation of the cell (vertical axis aligned with 111 axis in crystal
terminology), so that the cage can be mounted to two brackets which are inturn
bolted to the 2.75” flange on the bottom. Appendix B contains detailed drawings
of this exoskeleton.
We would like to mention some experimental details and the reason why we
made certain decisions. We use quarter wave-plates (QWP) that are true zero-order
at 718 nm. Magneto-optical traps are famous for being quite forgiving for the exact
light polarization. The true zero-order QWPs would have retardance proportional
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Figure 3.2: (Almost monolithic) “Exoskeleton” cage surrounding the glass cell, serving as a mounting structure for optics assembly, as well as a radiation safety caution,
by protecting the cell against breakage.
to the wavelength, yielding about 0.27 waves at 780 nm instead of the ideal 0.25
waves at the design frequency. This does not pose any issues with the Rb MOT.
The wide angle-tolerance of true zero-order waveplates is advantageous because we
generate the circular polarization where the laser beam is still small and expanding,
and avoid using large 2” waveplates. We have explored dual wavelength QWPs, and
found that some of them (e.g. from Opti-source LLC) are fine, and some (e.g. from
Sinocera Optics) have fast and slow axis reversed for the two wavelengths.
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The use of 6 beam instead of 3 beam retro-reflected configuration, is forbidden
because of two reasons: First, the space constraints on the bottom three faces of the
glass cell are already tight, such that we had to insert small kinematic (KM) mounts
into modified cage adaptor plates, instead of using off-the-shelf 2 inch kinematic
mirror mounts. Fiber expansion optics is only possible on the top three faces.
Second, the evanescent-wave fiber-splitters (Evanescent Wave, Inc. custom model
based on 954P series, quotation 8914R1) has wavelength dependent ratios. Three
branches output equally 33% for 718 nm light, while at 780 nm we tested the outputs
to be 40%, 45%, and 10%, respectively. If we use 6 beams, the fiber splitter would
inevitably create power imbalances at one of the wavelengths. This discussion is
valid for the science chamber MOT as well.

3.3 Neutralizer
Francium arrives from the accelerator side as singly-charged ions with 30 keV
energy. These ions are transported through the ISAC beamline with suitable ion
beam optics, and directly stopped by implanting into a metal foil. This foil is
heated to high temperatures to release francium as neutral atoms, and is referred to
as the neutralizer. The common choice of material by several radioactive alkali-atom
trapping groups [50–53] includes a few elements from Group 3 and Group 4 in the
periodic table, namely yttrium (Y), zirconium (Zr) and hafnium (Hf).
The heating process significantly speeds up the diffusion and desorption [52],
such that the atoms move fast within the metal and eventually out of the surface,
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such that a reasonable portion of Fr atoms can be released. One key concern for
choosing the neutralizer material, is that its work-function [54], which is the potential
that the solid material can bind the free electron in the “electron sea”, should be
lower than the ionization potential of an electron in a free Fr atom (4.07 eV). 4 The
fraction of released neutral atoms depend on the neutralizer work function through
a Fermi-type function, the Saha-Langmuir equation [55]:

n+
g+
W − EI
=
· exp(
),
n0
g0
kB T

(3.1)

where n+ /n0 denotes the ratio of ion number density to neutral number density,
g+ /g0 is the ratio of the degeneracy of states, equal to 1/2 for alkali atoms, and EI
is the ionization energy. This results in a release fraction for neutral atoms with
a Fermi distribution, plotted in Fig. 3.3 at temperature 1000 K (which determines
the width of the Fermi distribution to be 0.086 eV), and the ionization energy of
francium 4.07 eV [56].
The actual heating temperature depends on many parameters, including the
crystal structure of the metal, the diffusion coefficient of the particular material,
which for Y has been measured to be DT=1000K = (1.0 ± 0.4) × 10−14 cm2 s−1 [52],
and the threshold to avoid damage to the Dryfilm [57]. A convenient range then
is 1000 K to 1200 K, at about 55% of the melting point of yttrium and zirconium,
respectively.

5

In fact this proportionality to the melting point, is a coarse rule

4

The underlying physics of surface ionization is essentially the same, except the role of high
work function metal and relatively low ionization potential of neutral atoms are reversed.
5
Another material commonly occurring in our group discussions is Hf, which has a work-function
3.9 eV, however the melting temperature is a little too high (2506 K) for us to consider as suitable.
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EI = 4.07 eV
kB T1000K = 0.086 eV
Y

Zr

Figure 3.3: Theoretical curve for neutral atom release fraction. Yttrium and zirconium are indicated with black and red dashed lines, respectively. The gray region
illustrates the center and width, determined by the ionization potential (EI )of Fr
and the heating temperature (T ), respectively, of this Fermi distribution resulting
from the Saha-Langmuir equation (see text).
of thumb for choosing the heating temperature, as shown in the extensive material
searches performed in Ref. [50].

6

There are several other concerns for choosing the neutralizer material:
1. It should have a low vapor pressure, such that the vacuum background is
not affected too much during heating. The vapor pressure for three different
metals including Y and Zr are plotted in Fig. 3.4, with reference data for the
coefficients from [58], which quotes 5% uncertainty within temperature range
298 - 2500 K. As can be seen in the insert in Fig. 3.4, yttrium at 1000 K has
6

There are of course finer details, such as the structural phase transitions of the metal that
only exists in some of the materials, see Ref. [50]. The exact heating temperature is an empirically
determined number. The Italian group in Ref. [52] uses 1000 K, which is also where we (conservatively) operate [42]. In Ref. [45] the quoted heating temperature in Stony Brook is at 1150 ± 150
K.
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Blue: yttrium (Y)
Yellow: gadolinium (Gd)
Green: zirconium (Zr)

Figure 3.4: Vapor pressure [58] as a function of temperature, for three different
neutralizer candidates. The dashed lines indicate 55% of their melting temperatures.
a pressure of low 10−10 Torr, which is visible with the ion pumps, but does
not pose a significant issue for the trapping. Due to the nearly exponential
dependence on the temperature, this vapor pressure quickly climbs up to 10−9
Torr at 1050 K. We have always operated the francium trap conservatively,
gauged by the Nextorr ion pump current, because of the lack of precision
control on the heating temperature.
2. The oxidation in air should be reasonably small, so that the surface layer
is essentially clean metal after a few pulses of heating in UHV. Yttrium is
relatively stable in air due to passivation from the thin protective oxide layer
on the surface. We have observed no difference of the francium trapping with
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either fresh Y foil under argon packaged, or ones that has been sitting in air
for a few months before spot-welding.
3. The metal should not be too soft or brittle, for ease of handling and workability.
We have always been using spot-welding to attach the foil to its holders. This is
a manual process, and it takes a lot of training and caution to make sure that
the attachment is nice and even. Other methods that have been discussed
include electron-beam welding, which is not suitable because the process is
under low vacuum, and would result in undesirable uneven heating and/or
oxidation; and high-temperature oven-brazing, which we have not yet explored.
7

Yttrium has been our neutralizer material for our francium trapping at TRIUMF so far, and was also used in the old Stony Brook trap. the latest Y foil
became wrinkled after one or two beam-times, which amounts to roughly 30,000
cycles, and broke in the run in December of 2014. Some new designs are being
explored with the help of Dr. Alexander Gorelov from TRINAT at TRIUMF, where
Zr is used for neutralizing K. The 4.34 eV ionization energy of
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K relaxes the

work-function requirement, and a crystal structure phase-transition aids with the
release [50]. Searching across the periodic table with the afore-mentioned requirements, a rare-earth element appears as a future possibility: gadolinium (Gd). It has
a work-function of 3.2 eV and a melting point of 1585 K, is relatively stable in dry
7

The metal foil should be bought annealed if possible, as cold-rolled foils without annealing can
have brittleness or other undesirable properties. Eduardo Gomez and I have rolled yttrium with
a bench-top rolling mill in Simon Fraser University Chemistry Department, and it turned out to
be much darker than off-the-shelf Y foils, and is much more flammable, as we burned a few just
during weighing and spot-welding.

35

air, and is available from Alfa Aesar as 25 micron foils ($106 for an 1 inch square
piece, catalog 12397 ). We have included Gd in the vapor pressure plot Fig. 3.4.

3.4 Modular design of the in-vacuum assemblies.
The new designs for Y foil heating, as well as Ta foil mechanical assembly for
the offline

221

F r source [43], share the feature of modularity. Their mechanical and

electrical connections are all attached to a single 4.5” CF flange, which greatly facilitate assembly replacements. This is crucial for dealing with vacuum openings while
residual radioactivity is still present, as we can finish the un-irradiated assembly
independently before venting the vacuum system. Replacements usually takes less
than one hour, though of course the preparations can take a day or two.
Figure 3.5 shows these modular designs, (a) the Y assembly, and (b) the Ac
assembly. Each assembly has two 1.33” CF half-nipples welded to the 4.5” CF
flange, one used for the rotational feedthrough (MDC model 670050), the other
used for the electrical feedthrough. The Ac assembly only has a grounded BNC
feedthrough for measuring implantation current, whereas the Y assembly has a
multi-pin feedthrough that can carry up to 10 A DC current, more than enough
capacity for the heating pulse.

3.5 Laser locking and frequency reference
The laser locking is a scanning transfer-cavity lock, similar to that described
by an early instrumentation article [59] from Stony Brook. The original software
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Rotation
shaft

Ta foild facing back

Y foil
(b)

(a)

Figure 3.5: Modular designs for the neutralizer chamber assembly. The 4.5 inch CF
flanges have 1.33 inch CF half nipples directly welded to it, such that mechanical
rotation and electrical feedthroughs (not shown) are conveniently attached. The
modularity eases with handling, which is especially important when radiation safety
concern is involved. (a) Y (neutralizer) assembly. (b) Ta (source for 221 F r) assembly.
Clearance holes on the 4.5 inch CF flange is obviated.
was lost over the years, and the currently version is based on Labview code started
by Eduardo Gomez in the summer of 2011, greatly improved by Michael Tandecki
afterwards. Fig. 3.6 shows the laser locking control program. The HeNe reference
laser (upper right corner, white lines) peak positions are calculated when the cavity
piezo is scanned over a free spectral range (FSR, 300 MHz for a confocal cavity with
25 cm mirror spacing). The cavity is under hermetic seal built with standard UHV
components, however is not pumped down under daily operations. It is locked to
the HeNe by feeding back to the bias of the piezo ramp voltage, with error signal
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generated from the separation of the two He-Ne peaks. Four laser channels can then
be independently locked to the cavity. The computer program calculates the peak
centroids, and lock the lasers by feeding back to external inputs such as the reference
cavities for Ti:sapph lasers or piezos of diode lasers. A wavelength meter (we used
to have a HighFinesse WS-7, 10 MHz version) reading of the laser frequency is
incorporated, shown in the middle right of Fig. 3.6.
Up to 4 lasers can be simutaneously locked

He-Ne
laser
peaks

integrated
wavemeter
readout

status
check
pannel

Figure 3.6: Capture display of the scanning cavity laser locking program. The
electronic version of this thesis enables zooming in to see the details. See text for
explanation of the working principles.

The program in its current status, has a repetition frequency of about 20 Hz,
which is relatively slow. For the MHz level stability required for stable MOT operation, we can rely on the intrinsic narrow linewidth of the Ti:sapphire laser used
for the trap. Diode lasers might have noise at higher frequency, but are typically
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employed for repumping and hence are tolerant on this feedback bandwidth. The
long-term stability of the HeNe laser is, in the worse case scenario, 8 MHz over 24
hrs, which would compromise for example the optical PNC experiment (transition
linewidth 3 MHz) in data-taking mode. We currently have a Rb saturation spectroscopy based on polarization modulation [60]. This can in the future replace the
HeNe, and we could change to modulation transfer spectroscopy [61] when we need
an absolute frequency reference to better than 1 MHz.

3.6 Radioactive decays of

210

Fr

We choose particular isotope of 210 Fr for starting the PNC measurements. One
of the main reasons for this decision is that the radioactivity should be reasonable
and relatively straight forward to control. Radiation safety is a complex issue, which
we do not intend to completely address here. We only discuss briefly the main
concerns and more detailed discussions and precautions can be found in TRIUMF
safety reports from John Behr.8
8

See for example (internal reference) TRIUMF Elog
https://elog.triumf.ca/Francium/General/473. Log-in required.
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Figure 3.7:

210

Fr radioactive decay chain. Darker colored boxes indicates longer

decay lifetime. Stable isotopes are in black boxes. The thickness of the lines gives a
general guideline to the relative percentage of the decays. Besides the self-explaining
α and β radiations,  denotes electron capture, and we have omitted γ radiation
which accompanies with most of the decays. The most dangerous ionization radiation, the alpha particles, has short lifetimes in the francium and radon isotopes
involved, and will not penetrate the vacuum apparatus in normal operation. The
relatively long lived polonium isotopes requires safety attention while opening the
UHV system after irradiation.

Among the four types of radiations that TRIUMF has or could have in experimental areas, we have three: The alpha particle is a composite particle with two
protons and two neutrons, which is essentially the He nucleus. It can be stopped
by a piece of paper, as well as our body tissue, and certainly the vacuum chamber
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walls. When there is neither vacuum openings nor leaks, the alphas do not pose any
radiation hazard for us. The beta particles, or high-energy electrons, can be stopped
by a thin metal plate, and is also blocked by the vacuum chamber barrier. Gamma
rays on the other hand, penetrate practically everything we have in the laboratory,
and needs shielding with concrete when the amount is too high. Fortunately we are
not at that level, and since the gamma rays have 4π solid angle distribution, we
just have to reduce our body’s cross-section, or in other words stay as far away as
possible from the trap during beam-times. The control center, where the computers,
time sequencing, and data acquisition systems are, is located on the opposite corner
of the RF shielded lab room.
The prime concern when we open the vacuum chamber and change things,
typically several months after a beam-time, is the remaining alpha radiation. We
have to choose isotopes where not only the Fr, but also all the daughter decay
products have reasonably short life-times. A general rule is that any α emitter with
3 months to 3 years life-time is quite bad, because if we ingest or inhale them into
our bodies, we practically absorb all the ionizing radiation from this source in our
lifetime (or shorter, 10 years for example).

209

Fr was the isotope that was chosen

for the first commissioning run; it has a longest daughter of
of 102 years. We have selected

210

209

Po with a half-life

Fr for starting the anapole moment experiments.

Here we plot in Fig. 3.7 its radioactive decay chain, indicating longer life-times with
darker colors. The resulting main radiation hazard, immediately after 5 days of
beam-time, assuming full irradiation intensity at 4 × 108 ions/s, is 0.2 annual limit
of intakes (ALI) from 138 d half-life

210

Po, and 41 ALIs from 8.8 d half-life
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208

Po, if

we were to ingest everything that exists in the science chamber. If we were to inhale
all of them, these two dose numbers would be 1.3 ALIs and 142 ALIs, respectively.
The above estimations comes from John Behr’s radiation safety report. Of course
these are worst case scenarios, as it is impossible to eat or breath all of the radiation
immediately after a beam-time run. We expect volatiles to be pumped by the ion
pumps, whereas non-volatiles would stick to chamber walls. In addition, when the
vacuum system is vented (or broken) the room air gets sucked in, instead of the
contents being blown out. Over the three or four times that we have opened the
system and swiped for radiation, we never detected anything left.

3.7 Francium 221
221

Fr is a special isotope from a practical experimental point of view. It is the

only francium isotope with a suitable “precursor” source,

225

Ac, and was actually

considered by Wieman as a possibility for an APNC experiment [62]. With the
proposed anapole experiment however, this isotope is not quite compatible with the
neutron-deficient ones we have chosen (207 Fr to

213

Fr), mainly because the ground

state microwave transition frequency of 18.4 GHz is rather different from the 40
to 50 GHz range, e.g. 43.8 GHz for

210

Fr, and requires some re-designing of the

microwave cavity and related hardware.
Nevertheless this isotope can be useful in tests, especially if it is conveniently
available “off-line”, i.e. after the proton beam stopped irradiating the ISAC targets.
The

225

Ac remaining in the uranium target can be extracted with the help of the
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laser ion-source group of Jens Lassen.9 We had thought about incorporating a
source fully off-line, for example actinium nitrate liquid solution from Oakridge
National Lab, and then process the necessary nuclear chemistry steps to have things
compatible with the Fr apparatus. Another route that John Behr had explored early
on when I just joined the experiment, was to implant the Ac beam (for example
from CERN) into a metal target, and then transport it across the continent under
hermetic seal. We were discussing in late 2010 what upgrades to our UHV system
this requires. It would involve two layers of all-metal gate-valves and a 20” long
linear feedthrough. We decided that all these approaches were too complicated to
implement, and resorted to the current simpler solution: a rotation feedthrough
with a piece of Ta foil, in front of the Y neutralizer, which can be rotated either
facing the ion beam, the neutralizer, or out of the way. See Ref. [43] attached for
more details.

9

Unlike alkali atoms, 225 Ac does not diffuse easily out of the target, which is why resonance
ionization with pulsed lasers have to be employed for the extraction.
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1 Introduction

1 Introduction
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Weak interaction in atoms

Atomic parity non-conservation arises from the parity-violating exchange of Z 0 bosons between
the atomic constituents, leading to a mixing of atomic levels of opposite parity [2]. As a result, otherwise parity-forbidden electric-dipole transitions can be excited between states of the same parity.
Several processes lead to APNC. If the nucleons and electrons are described as as a vector and
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Parity non-conservation (PNC) is a unique signature of the weak interaction. Thanks to this property it is possible to study the weak interaction in the presence of other, dominating interactions
like the electromagnetic one. Shortly after the discovery of PNC, the possibility of observing it in
atomic systems, due to the possible existence of a neutral weak current, was considered [1].
We have initiated a program, at the Francium Trapping Facility (FTF) at ISAC/TRIUMF, to
study weak interaction physics at low energy through atomic parity non-conservation (APNC) [2]
in neutral francium (Fr) atoms. The scarcity of the unstable atoms can be compensated for by the
techniques of laser cooling and trapping applied to radioactive atoms [3] that allow for long-term
interrogation of the atoms under well-controlled conditions.
The APNC measurements rely on two aspects; first, an apparatus with a well-defined handedness, and second, the interference between a weak-interaction-induced transition and an electromagnetically allowed transition. The control of the environment and the apparatus require careful
planning at all stages, in particular since the measurement takes place in an accelerator hall, where
changing magnetic fields and large RF electromagnetic fields can introduce noise and systematic
effects. The program requires a reliable laser cooling and trapping apparatus that efficiently uses
the radioactive ions. While the accelerator delivers fast ions to our facility, the planned experiments
require slow neutral atoms.
Our APNC apparatus consists of two parts, the capture assembly and the science chamber. The
first step in the manipulation of francium is to accumulate the francium ions on an yttrium foil. The
francium is released in atomic form (because of the lower work function of yttrium with respect
to francium [4]) by resistive heating of the foil, and it is trapped in a magneto-optical trap (MOT).
All of this happens in the capture assembly. Briefly, a MOT uses a combination of near-resonant
laser light (red-detuned from resonance by ∆) with a three-dimensional magnetic field gradient to
produce a force that is both velocity-dependent (dissipative) and position-dependent (restorative)
to cool and capture neutral atoms that are moving at velocities lower than a capture velocity, vc
(about 15 m/s) [3]. Once trapped, the atoms can be probed in the capture assembly or transported
to the science chamber for the actual APNC measurements in a well-controlled environment.
This paper reports the successful commissioning of the FTF at the ISAC facility of TRIUMF;
we focus on the capture assembly, as the science chamber was not constructed yet at the time of the
commissioning run. Section 2 briefly reviews the physics of APNC, followed by the requirements
for the measurements and facility in section 3. The production and delivery of francium into the
FTF is presented in section 4, while an overview of the FTF is given in section 5. Brief results from
measurements with rubidium are presented in section 6. Section 7 summarizes the results from the
on-line commissioning run. Section 8 gives conclusions for the described work and an outlook.

|APC ± APNC |2 ≈ |APC |2 ± 2Re(APC A∗PNC ),

(2.1)

where APC and APNC represent the parity-conserving (typically much larger) and parity nonconserving amplitudes respectively. The second term on the right side corresponds to the interference term, which can experimentally be isolated because it changes sign under a parity transformation.
Our strategy for APNC in Fr is to measure the excitation rate of a highly forbidden transition
inside a handed apparatus (see the review by the Bouchiats [23]). For the case of nsi-APNC it will
be the electric dipole transition between the 7s and 8s levels in Fr that becomes allowed through the
weak interaction. Interference between this transition and the one induced by the Stark effect due to
the presence of a static electric field generates a signal proportional to the weak charge. We follow
a strategy similar to the Cs APNC measurement that reached a precision of 0.35% [16, 17] on the
nsi-APNC. For the case of nsd-APNC it will be the electric dipole transition between hyperfine
levels in the 7s ground state interfering with the allowed magnetic dipole transition to produce a
signal proportional to the anapole moment. In refs. [16, 17] they also obtained the first definite
measurement of an anapole moment with an accuracy of 14% by comparing signals from different
hyperfine levels. The successful extraction of weak interaction physics from the measured atomic
quantities requires a detailed quantitative understanding of the atomic wavefunctions [24–26].
An APNC measurement will generally proceed as follows; we trap and cool atoms on-line at
the FTF. The cold francium sample is then transferred to a science chamber with precise control of
all electric, magnetic, and electromagnetic fields, as well as better vacuum (< 10−10 mbar), where
the handed experiments to study APNC take place. We require probing of large numbers of atoms
in order to obtain a good signal-to-noise ratio. Our preliminary calculations show that 105 to 106
trapped atoms at a temperature below 1 mK should be sufficient.
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an axial vector current respectively this leads to nuclear spin-independent APNC (nsi-APNC) [2].
Nuclear spin-dependent APNC (nsd-APNC) occurs in three ways [1, 5]; (i) an electron interacting
weakly with a single valence nucleon (nucleon axial-vector current and electron vector current),
(ii) an electron experiencing an electromagnetic interaction with a nuclear chiral current created by
parity-violating weak interactions between nucleons (anapole moment) [5, 6], and (iii) the combined action of the hyperfine interaction and the nuclear spin-independent Z 0 exchange interaction
from nucleon vector currents [7–9]. In heavy atoms, process ii) is the dominant source of nsdAPNC [6, 7, 10].
The FrPNC collaboration is working towards measurements of both types of PNC effects [11].
The attractiveness of Fr for nsi-APNC experiments has been discussed since the early 1990s in the
context of searches for new physics beyond the Standard Model (SM) [10, 12–15]. The atomic
theory and structure of Fr (Z = 87) can be understood at a level similar to that of Cs (Z = 55), where
the most precise measurement to date has been performed [16, 17], yet the APNC effect has been
calculated to be 18 times larger [18, 19].
All recent and on-going experiments in atomic PNC rely on the large enhancement of the effect
in heavy nuclei (large Z), first pointed out by the Bouchiats [20–22]. The weak interaction transition
amplitudes are exceedingly small, and an interference method is commonly used to measure them.
A typical experiment measures a quantity that has the form

a)

b)
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Figure 1. a) FTF in the ISAC I Hall at TRIUMF. b) Layout of the FTF with the francium beamline, optics
tables and control equipment in August 2012.

3 Requirements of the Francium Trapping Facility
Reference [27] has a detailed study of all the necessary requirements for the measurement of nsdAPNC in Fr. The environmental requirements are similar for the nsi-APNC measurement. The
ISAC-I Hall at TRIUMF, where our experiment resides, has several linear accelerators, or linacs
(see for example the beamline denoted RFQ in figure 1a), that produce ample radio-frequency (RF)
electromagnetic fields that can interfere with our measurements. The complete FTF is therefore
located inside a Faraday cage.
3.1 RF shielding and temperature environment
The background RF noise at the location of the FTF without the Faraday cage was 21 V/m at
35 MHz and 2.7 V/m at 106 MHz, the most relevant frequencies from the RFQ of the linac on the
west side of the FTF (see figure 1a). The dimensions of the Faraday cage are 5.9 × 6.25 × 3.66 m3
under the existing platform that houses the TITAN facility. There is a column that supports the
TITAN facility so the shielding of the room has to cover the column appropriately. Universal
Shielding Corporation designed and constructed a galvanized steel Faraday cage to be the laboratory of the FTF. The floor, ceiling, and walls are made of metal-covered wood composite, with
the appropriate fire retardants. The doors required double sets of grounding strips to ensure no RF
leakage into the room. The room has penetrations with RF filters to allow water, air, the beamline,
telephone, Ethernet, and other signals and services to enter the room. When the room is properly
closed, the Faraday cage attenuates the RF amplitude by more than 100 dB at 35 MHz to levels
lower than the noise floor of our measuring instrument.
The requirements on the room temperature are a range of 22–24◦ C and a stability better than
±1.0◦ C or better (year round, minute-to-minute). The relative humidity must be stable to ±5%.
The temperature and relative humidity of the ISAC area of TRIUMF show short-term fluctuations
of ±3◦ C and ±15%, respectively, while the long-term ones are season-dependent. Most of the
equipment in the FTF requires this level of environmental stability, in particular the lasers and their
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GPS

Control Racks

locking systems [28]. A few of the systems have extra temperature control as their stability should
be better than 0.1◦ C. The temperature and humidity stabilization is realized by an HVAC system.
3.2 Magnetic field environment

3.3 Radiation safety
The overall design of the FTF incorporates a number of radiation safety features. Radiation safety
is an important consideration for experiments at TRIUMF and also a part of standard engineering practices. We briefly describe these standard nuclear physics engineering steps and procedures in the context of francium trapping, since they are not usually encountered in atomic physics
experiments.
The FTF is equipped to handle the short-term radiation present during delivery and trapping
of francium and also the long-term radiation hazards posed by the francium decay products inside
the vacuum system. At present, the radiation levels during francium delivery and trapping are
sufficiently low (< 10 µSv/hr) to permit in situ operation of the FTF by experimenters, though
the computer control of the apparatus can be used for future external control of the FTF if higher
francium and radiation rates become necessary. The FTF room is designed for connection to ISAC’s
nuclear exhaust system in case of an accidental vacuum breach during a beamtime or a planned
opening of the vacuum system. The turbomolecular pumps on the beamline are connected to this
nuclear exhaust as well. Several francium isotopes decay to long-lived isotopes. For example,
8.7% of 209 Fr, used during the commissioning run, decays into 209 Po, which is an α emitter with
a half-life of 102 years. Handling components that are contaminated with these isotopes requires
special care as the α radiation is hard to detect and is very damaging to biological tissue when
inhaled or ingested (compared to β or γ radiation). The vacuum system components, in particular
the neutralizer chamber (see section 5.1.1), have been designed for rapid swap-out in order to
minimize exposure to these isotopes.
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The applied magnetic fields at the center of the science chamber need a fractional control at the
10−5 level [27], with applied fields of the order of a few gauss initially. During the summer of
2012, with most of the trapping apparatus (capture assembly) assembled and working, we studied the magnetic field environment of the FTF and measured the spectral density of the magnetic
field noise. We measured the magnetic field with a Honeywell HMC1002 Anisotropic MagnetoResistive (AMR) sensor, which has a precision of 100 µG, with a 10 Hz bandwidth and a range of
±2 G. The magnetic noise at the experiment is dominated by line noise at 60 Hz and 180 Hz at the
mG level that can be controlled with feedback and feedforward.
The magnetic field caused by the TRIUMF cyclotron at the location of the FTF is of the same
order as the magnetic field of the Earth, ∼ 0.5 G. Above the FTF sits the TITAN facility with
superconducting magnets for their Penning traps. Their influence at the MOT is also of the order of
the magnetic field of the Earth, and since the magnets operate in steady state, it is possible to correct
for the DC fields with appropriate pairs of coils surrounding the apparatus. Measurements before
the fall of 2011 at the current location of the FTF indicated that the DC magnetic field varies on the
order of 100 mG over the course of several days. While we will not shield the entire room against
quasi-static magnetic fields, active control at the science chamber will be necessary to maintain a
highly-stable magnetic field environment for precision APNC measurements.

During the run, spikes in the radiation levels were detected by γ monitors close to the roughing
lines of the turbomolecular pumps. The spikes (> 10 µSv/hr) coincided with the heating of the
yttrium foil and indicate that significant amounts of activity are pumped out of the vacuum system
into the nuclear exhaust. After opening the system, we detected, by γ counting, a relatively large
amount of 209 Po in the yttrium foil (corresponding to > 50% of delivered francium) and a small
amount in the glass cell (where only upper limits could be set). The reason for the activity in the
yttrium foil is that not all francium atoms are released from it during heating, see section 7.2.

Francium production and delivery

In this section we briefly describe the production of the francium ions, and their transport to
the FTF.
4.1

Production of francium at TRIUMF

A proton beam from the TRIUMF cyclotron with an energy of 500 MeV impinges on a target and
produces a number of neutron-rich and neutron-deficient Fr isotopes. The proton current can be as
high as 10 µA for UCx targets. These isotopes originate from the interaction of the protons with
a hot UCx target made of many thin wafers of the material; see ref. [29] for information about
ISAC. The produced Fr isotopes are surface-ionized in a hot transfer tube, pass through a mass
separator that selects a single nuclear mass and are guided through ISAC’s low-energy beamline.
The production yields of about 1 × 108 Fr/s demonstrated in December 2010 for several francium
isotopes have been increased during the two beamtimes in 2012. Although isobaric contaminants
may be delivered to the experiment, these unwanted atoms are not trapped, since the MOT employs
narrow isomer-specific optical transitions. Figure 2 shows the yield of Fr isotopes available during
the commissioning of the UCx target in December 2010.
4.2 Beamline of the FTF
All the focusing and steering elements of the beamline that deliver Fr1+ onto the yttrium neutralizer
foil (see section 5.1.1) are electrostatic for mass-independent ion transport. We have the possibility
to use the same beamline to feed in stable isotopes such as Rb+ from a commercial ion source
(Kimball Physics ILG-6) to align and test the full system. Four steerer plates and two einzel lenses
control the ion beam from ISAC to the neutralizer chamber with the yttrium foil. Furthermore, the
4-sector x-y steerer plates can be independently controlled to add a quadrupole singlet to optimize
the final tune after the astigmatic ISAC beam transport design [30]. For a 20 keV beam, the voltages
on the einzel lenses are of the order of +12 kV, while the voltages on the steering plates are between
±300 and ±400 V.
We ran a test in January 2012 with a stable 16 O1+ ion beam from ISAC at 20 keV which is
similar to the energy used for Fr1+ . We delivered 90% of the beam in a location about 20 cm before
the neutralizer foil — before the capture assembly was installed — through a 6 mm aperture. The
locations of the electrostatic elements and beam diagnostics are indicated in figure 3. Stable 238 U1+
beam coming out of the target is routinely used at ISAC for tuning the beamline optics prior to Fr
delivery.
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Figure 2. Production yield of Fr isotopes at the ISAC facility at TRIUMF with 2 µA of protons on a UCx
target in December 2010. Yields have increased an order of magnitude since then.

Figure 3. An overview of the beamline delivering the francium ions from the ISAC-I low-energy beamlines
to the capture assembly. Part of the beamline is located outside of the room, and part is inside. There is an
electric break in the beamline so that the room is not grounded to the outside beamline. The vacuum system
is color-coded in red, the beam delivery in blue. The abbreviations used in the figure are the following;
EB: electric break, (G)V: (gate) valve, TMP: turbomolecular pump, QS: quadrupole elements + electrostatic steerer, EL: einzel lens, FC: retractable Faraday cup, IP: ion pump, IS+ES: ion source + retractable
electrostatic mirror, NEG: non-evaporative getter cartridge. The capture assembly together with the final differential pumping diaphragm (inner diameter of 9.5 mm) are located to the right of the final valve. Bellows
(staggered lines in the figure) link different pieces of the beamline.

The vacuum inside ISAC low-energy beamlines is of the order of 10−7 mbar, while we require
a vacuum in the capture assembly that is three orders of magnitudes lower. The first section of the
FTF beamline is pumped by two 550 l/s turbomolecular pumps (Varian Turbo-V 551 Navigator),
which are located outside of the Faraday cage. Combined with differential pumping diaphragms
(with a diameter of 25.4 mm and a length of 50.8 mm), they bring down the pressure by two orders
of magnitude. The second section, inside the Faraday cage, is pumped by two 30 l/s ion pumps
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(Duniway DGD-050-5143-M) and a non-evaporable getter (NEG) cartridge (SAES WP 38/950-ST
707, with a 430 l/s pumping speed for H2 ) and is separated from the capture assembly by a tube
with a diameter of 9.5 mm and a length of 19 mm. The locations of the different components of the
vacuum system is shown in figure 3.

5

Francium Trapping Facility

5.1 The capture assembly
The capture assembly is connected to the beamline and sits about 1.6 m above the floor. It consists
of three main parts: the neutralizer, the glass cell for the MOT, and the diagnostics with a Faraday
cup and α detector (figure 4). A stainless steel chamber (Kimball Physics) houses the collimator
and the dual-position neutralizer. The collimating aperture of 9.5 mm diameter (not shown in figure 4) is held on a groove grabber (Kimball Physics) at the entrance of the chamber and is used for
tuning the ISAC ion beam.
The high-efficiency neutralization and capture scheme developed at Stony Brook [31] has
been used as a starting point for the design of the Y neutralizer. There are two important improvements on the previous design. All related parts are mounted on one 4.5-inch conflat (CF) flange
and attached on one side, as to mitigate possible safety concerns related to the decay products of
francium if we have to replace the neutralizer. The current to the yttrium foil is now delivered by
fixed contacts instead of the continuous wire used before that was the dominant failure mode (when
breaking) in the previous design. The design allows for the atoms to be transferred from the capture
MOT to the science chamber below.
5.1.1

Neutralizer chamber

The ion beam is focused on the Y foil (with a thickness of 25 µm) in the catching position (see
figure 4 and figure 5a). After accumulating the radioactive ions (for about 20 s) the neutralizer
holder rotates to its delivery position and a current runs through the thin foil raising its temperature
to not more than 700◦ C by running a current of about 8.9 A. The chamber has a window mounted on
one of the mini-CF ports at the top of the chamber that allows observation of the neutralizer holder
to measure the temperature using a pyrometer and ensure its proper rotation. Two other mini-CF
ports at the bottom have electrical feedthroughs installed for the collimator read-out and for the
Rb dispensers (SAES) that provide neutral Rb atoms to align and test the MOT. The neutralizer up
position seals the bottom of the MOT glass cell. The figure does not show a rotatable Ta foil, also
on a pneumatic feedthrough, that we have used to accumulate 225 Ac that decays into 221 Fr [32].
The Ta foil and its mount can be removed simply by taking the flange out. A combination of two
pumps maintain the vacuum in the chamber: a 20 l/s ion pump (Duniway) and an ion-getter pump
(NexTorr by SAES), that has 100 l/s pumping speed for hydrogen.
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The FTF consists of the Faraday cage (see section 3.1) that contains all the experimental equipment required to carry out the APNC measurements in the future. Some of the most important
components of the facility will be described in this section; the capture assembly for trapping the
francium ions into a MOT, the associated lasers, and the control and acquisition software.

Three pairs of
counterpropagating laser
beams
Anti-Helmholtz
coils

Fr+ ions

Alpha
Detector

Y foil down receiving Fr+

Faraday Cup

To pumps
To science chamber

Figure 4. Schematic of the capture assembly. The Fr+1 ions impinge on the yttrium neutralizer. After
accumulation, the foil is rotated and heated to release the francium atoms into the glass cell where they
are trapped in the MOT. When the foil is in the upper position, the francium ions impinge on the beam
diagnostics system at the end of the beamline.

a)

b)
Port for rotary feedthrough

Custom flange, two
mini-CF half nipples
on 4.5” CF flange

Yttrium foil, upper position
Neutralizer chamber,

Collimator

Cup bias shield

Faraday cup

Switchable
electrical
contact

Hamamatsu α detector

Port for electrical feedthrough

Figure 5. Fr+ ion beam accumulation and detection in the capture assembly. a) Cut-away view of the
neutralizer chamber.b) Cut-away view of the Faraday cup and α detector assembly.

We are in the process of adding hardware interlocks that will monitor the position of the
neutralizer holder and the Ta foil and the intensity and duration of the current pulse applied to the
Y foil so as to prevent damage to the foil. The interlocks will not require software control and they
will default to a safe state in case of a power or hardware failure.
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Einzel lens

Y foil up
releasing
Fr

5.1.2

The MOT for capturing Fr

5.1.3

Faraday cup and α detector

Crucial for diagnostics before and during an on-line run is the Faraday cup at the end of the beamline shown in figure 4 and figure 5b. The Faraday cup allows tuning the ion optics with stable
beam. The tuning is done remotely in the ISAC control room; electrostatic elements and beamline
diagnostics can be controlled and read back through the TRIUMF EPICS control system [38]. A
suppression electrode before the cup can be biased to prevent unwanted escape of backscattered
electrons. The francium yields are sufficiently high that the radioactive ion beam intensity can also
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The atom trap itself is situated in a glass cell with a silane-based dry-film coating to avoid sticking
of the Fr atoms to the walls, while providing many atom-wall interactions that re-thermalize the
Maxwell-Boltzmann distribution of the atoms at each ‘bounce’. These numerous ‘bounces’ provide
multiple opportunities to capture the atoms in the MOT [33]. We follow a procedure based on
ref. [34] using the silane-based compound SC-77, with modifications established by trial-and-error
over the years.
The pulsed-mode operation of the trap has many benefits; by keeping the trapping cell open
most of the time, we ensure a good vacuum resulting in a long trap lifetime. Closing the trap with
the neutralizer delivers the neutral atoms into the trapping region and prevents them from escaping
before they are trapped. Having the yttrium cold most of the time reduces damage to the dryfilm coating. Finally, the francium is accumulated on the yttrium foil rather than in the MOT, thus
reducing losses. After collecting a laser-cooled sample, the atoms will then be transferred vertically
down to a second chamber for the planned precision experiments. Preliminary tests using stable
Rb with an off-line trap show excellent transfer efficiency (50%), see refs. [35–37]; the atom cloud
is pushed downwards by a short (2 ms), on-resonance laser pulse of 0.5 mW, while the trap light
for the MOT is turned off and the repumping light remains on. A ‘counter push’ is not required to
successfully trap the atoms in the second chamber.
A pair of water-cooled coils provide an axial magnetic field gradient of 7 G/cm for regular
MOT operation, but are capable of up to 20 G/cm. We use additional Helmholtz coils to compensate
for environmental magnetic fields. The ion pump produces a significant field (about 3 G and a
gradient of 0.3 G/cm) at the trap despite our use of mu-metal shielding around the magnet of the
ion pump.
Figure 6 shows the schematic of the capture trap with the MOT glass cell mounted on top of
the neutralizer chamber, surrounded by the optics that deliver the laser beams on each side of the
glass cell cube. Three identical sets of optics expand optical-fiber-delivered trapping light into 5 cm
diameter beams; large beams are required to maximize the trapping efficiency [31]. The beams are
collimated and circularly polarized. A further three sets of optics retro-reflect the laser light as
required for a MOT. All the optics are mounted using commercial opto-mechanics (Thorlabs cage
system). The opto-mechanical systems are supported by a stainless steel structure (exoskeleton)
that ensures alignment of all the optics while protecting the glass cell. The polarization elements
at the trap are optimized for 718 nm, resulting in a minor mismatch when operating with Rb. The
data acquisition (i.e. cameras and photomultiplier tube (PMT)) and laser systems are described in
section 5.3.2 and section 5.2 respectively.

be measured by the Faraday cup. Care must be taken when doing that, since the radioactive decay
will distort the readings of the Faraday cup. Charged particle emission (α and β radiation) will
induce a current after a sufficiently strong radioactive source has been accumulated. β − particles
will result in an extra positive current, while α particles will give an additional negative current.
Next to it, but not looking into the ion beam, is a silicon photodiode (Hamamatsu S3590-09) for
α detection. The detector reading increases every time the Y foil is in the upper position, and we
use it as an extra monitor for the francium beam (see figure 7). The solid angle of particles emitted
from the center of the Faraday cup onto the α detector is ∼ 0.176 sr (1.4%). The information of
the α decay allows identification of elements and isotopes.
5.2 Laser systems
The cooling, trapping, and spectroscopy lasers reside on two separate optical tables in the laboratory and are all locked to a scanning Fabry-Perot cavity [28]. There are two titanium-sapphire
lasers (Coherent 899-21, 899-01) pumped by one 18 W pump laser (Coherent Verdi V18). Another
titanium-sapphire laser (M Squared SolsTiS), pumped by a 10 W laser (Coherent Verdi G10), was
not yet fully commissioned at the time of the run. It will, however, serve as an efficient and reli-
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Figure 6. Drawing of neutralizer chamber with the glass cell (highlighted in blue) for the MOT and the
required optics. Not shown are the magnetic field coils. The size of the larger CF flanges is 4.5 in.

able trap laser for future runs in the FTF, delivering about 1.7 W at 718 nm and 2.6 W at 780 nm.
Furthermore there are two diode lasers (Toptica DL100 and Sacher) at 780 nm and 817 nm respectively. The relevant frequencies for Rb are 780 nm (D2 line) and 795 nm (D1 line), for francium
they are 718 nm (D2 line) and 817 nm (D1 line).
5.2.1

Frequency determination and stabilization

5.3 Experimental control and acquisition
At the time of the commissioning run, three main programs were available to run the experiment: a
sequencer to control the experimental cycle (section 5.3.1), a program to acquire data from the various imaging systems (section 5.3.2) and a program to frequency-stabilize the lasers to the transfer
cavity (section 5.3.3). The programs for experimental control and acquisition are written in LabVIEW or LabWindows. All control is done from PC computers inside the Faraday cage. They are
connected to the outside through optically-isolated connections to prevent RF and ground contamination.
5.3.1

Sequencer

The timing unit of the sequencer is an FPGA (PulseBlaster PB24-100-32k from SpinCore) that
is used to send out digital triggers to devices directly or to trigger analog signals (NI-PCI 6713
cards). It was created originally by other research groups for atomic physics studies [39]. This
system is capable of complicated sequences of pulses and voltages that will be required in the
future. However, during the commissioning run, the timing sequence of the experiment was simple
enough to be generated by two digital delay generators (DG535 from Stanford Research Systems).
5.3.2

Data acquisition and camera operation

Given the importance of images in laser trapping, we have several cameras available to acquire
images of the atom cloud. Two charge-coupled device (CCD) cameras (Roper Scientific RTE/CCD1300-Y/HS and Imi-tech IMB-42FT) were used during the commissioning run to image the trap
and to measure the number of atoms and the lifetime of the trap. The Imi-tech camera uses a
commercial zoom lens (Computar MLH-10x) to give a broad field-of-view to locate the trap more
easily. The Roper Scientific camera uses a custom-made double relay 1:1 imaging system with
achromatic lenses. The latter camera allows to bin several pixels together to reduce the noise and
enhance the detection of small atom clouds.
A third, 1:1, imaging system has been installed since the commissioning run. It was designed
with the help of commercial ray-tracing software (OSLO). The system includes a holder to insert

– 12 –

2013 JINST 8 P12006

Francium does not have any stable isotopes, and a straightforward frequency reference to lock the
lasers is not available. At this point we use a two-step approach. Firstly, a wavemeter (Bristol
621A) provides an approximate frequency determination. It has an accuracy of 60 MHz, while
for trapping an absolute accuracy of 5 to 10 MHz is required. Secondly, to lock the lasers during
a run we use a scanning Fabry-Perot cavity, once the correct frequencies for trapping have been
found [28]. The cavity locking scheme is described in more detail in section 5.3.3 as part of the
software controls.

optical filters in the parallel section of the first relay and also a variable aperture between relay
sections. A beam splitter at the end of the imaging system sends 30% of the light to a CCD camera
(Micropix M-640) to ensure proper alignment of the field aperture while the remaining 70% reaches
a photomultiplier tube for sensitive spectroscopic measurements.
We have adapted an available program for images, initially developed at the U. of Toronto [40],
to capture and process the optical fluorescence images from trapped atoms. This program can operate the Imi-tech and Micropix cameras; it can handle any FireWire-compatible camera. The Roper
Scientific camera uses a program developed in our group based on LabVIEW drivers provided by
the manufacturer.
Transfer cavity lock

The absence of readily-available atomic references at the exact frequencies necessary for the francium trapping requires the use of a transfer lock technique. We have implemented, based on previous work in ref. [28] a way to transfer the frequency stability of a HeNe laser (Melles-Griot
05-STP-901) to other lasers using a scanning, confocal Fabry-Perot interferometer. The free spectral range of the cavity is 300 MHz with a finesse of 100 at 718 nm. Analog input and output is
controlled by two National Instruments cards (PCI-6221 and PCI-6713).
The program sends a voltage ramp to a voltage amplifier (Exfo RG-91), which is then sent to
one (or both) piezo crystal(s) of the cavity assembly. Light from the HeNe and the lasers requiring
stabilization will be transmitted through the cavity at specific voltages of the ramp. After the cavity
the light from each laser is separated either by frequency using dichroic filters or by polarizing beam
splitters, and is detected by photodiodes. The photodiode signals are acquired in synchronization
with the voltage ramp and the relative frequency of the lasers with respect to the HeNe peaks is
kept constant using a software-based PID feedback algorithm. At the time of the commissioning
run everything was set up to stabilize four lasers. The feedback bandwidth is of the order of 20 Hz,
dominated by the voltage ramp (∼ 25 ms) duration, with only a small computational overhead.
The stability of the lock is of the order of ±5 Mhz over a few days. This is mainly limited by (i)
the frequency stability of the HeNe, (ii) non-linearities in the expansion of the piezo crystals with
respect to the applied voltage, and (iii) changes of atmospheric conditions, thus influencing the
optical length of the cavity by changes of the refractive index of air between the mirrors. The last
factor has been corrected recently by operating the transfer cavity under vacuum.

6

Tests with stable Rb

Testing the trapping apparatus with stable Rb has been crucial for understanding its performance.
These tests allow us to verify the proper working of the MOT, and to align all the cameras and
detectors. The exoskeleton provides good alignment of the MOT beams, but cameras (or probe
beams for future measurements) are installed independently of it. An important test is to ensure
that the zero of the magnetic field and the location of the trap coincide as much as possible. We
have found that the Fr trap can appear slightly off from the Rb trap, but not more than 2 mm.
In the future, as the sequences for the experiment become more complicated, tests with stable
Rb will become more and more important. They are useful to verify measurement schemes and to
quantify systematic effects without using radioactive beamtime.
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5.3.3

Table 1. Operating parameters for the September 2012 commissioning run.

Parameter

Value

Range

Optimized

Magnetic gradient

10 G/cm

Trapping intensity

± 5 G/cm

yes

5 mW/cm2

5 mW/cm2

no

Repumping intensity

5 mW/cm2

± 5 mW/cm2

no

Frequency stability
Yttrium foil temperature

T< 700
<

◦C

10−9 mbar

± 5 MHz/day
± 50

◦C

partially
no

6.1 Off-line Rb+ source
We installed a Kimball ILG-6 Rb1+ source for delivering an off-line ion beam to test the ion optics
and the neutralizer. A removable electrostatic mirror deflects the Rb+ beam towards the neutralizer.
However, when sending an ion beam across, we found that its contribution to the atoms trapped is
indistinguishable from that coming from the neutral gas background introduced by the ion source.
The distance between the ion source and the neutralizer is less than 100 cm, while at Stony Brook
the distance to the Rb source that produced the ions was closer to 10 meters and included a few
stages of differential pumping. There is no plan to remedy this issue, because the beam optics have
been tested sufficiently in the meantime and the neutralizer scheme is working reliably.

7

Commissioning run with Fr

We had five twelve-hour shifts between September 2nd and 5th, 2012 for commissioning. The
isotope of choice for the test was 209 Fr, as the wavelengths of the lasers necessary for trapping that
isotope are well known from previous work at Stony Brook [10, 41], it is produced at relatively
high rates (∼ 109 Fr/s), and it minimizes long-lived α-emitting progeny. ISAC delivered 106 –
5 · 108 Fr1+ to the neutralizer, depending on attenuators inserted in the early stages of the beam
transport. We monitor the activity by looking at the α-decay of the atoms on the Si detector next
to the Faraday cup.
Table 1 summarizes the parameters of the trap. Three of them have not been optimized yet: the
laser power and stability, and the Y foil temperature. The latter was heated conservatively during
commissioning.
We also suspect that the coating of the cell was not optimal, but it worked adequately during
the run. We will get a new cell that will be coated and tested following our previous approach [31].
A steady-state beam from ISAC delivers activity into the Y neutralizer in the down position for
a fixed time between 10 and 20 s (see figure 4). Pneumatic actuators operated with solenoid valves
rotate the position of the neutralizer to the upper position for about 1.5 s. Once the neutralizer is
up, a ∼ 8.9 A current flows through it and heats it for about 1 s to a temperature of less than 700◦ C.
The neutral francium is released and enters the glass cell for trapping. The new connection scheme
for the neutralizer heating current (see figure 5a) worked well and reliably during 7000 repetitions;
before the run it was already tested without the final yttrium foil for about 25000 cycles.
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Vacuum
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±

The francium beam reaches the Faraday cup when the neutralizer is up. This allows us to
monitor the α decays that give a direct measurement of the number of ions delivered. Figure 7
shows such a signal which increases every 20 s. It also shows the change of isotope, from 207 Fr to
209 Fr, which was realized in about ten minutes. This same detector serves to measure the lifetime of
the activity as it decays, which is dominated by the decay products of the corresponding Fr isotope.
Figure 8a) shows a false color image from the Roper Scientific camera that looks at the fluorescence at 718 nm. The size of the trap is about 500 µm in its largest dimension. We do not apply
a procedure to accumulate atoms in the capture MOT, as that would require sheltering the cold
atoms from the hot burst of new Fr that arrive. Tests off-line with Rb have shown that we can accumulate in a second chamber as long as the vacuum of the second chamber is sufficiently good [37].
Accumulation can be done by having the MOT in the second chamber on — with atoms from the
previous cycle still trapped —, while a new batch of atoms is transferred from the capture MOT.
The software that processes the images requires as input the intensity of the trapping beams
as well as the laser detuning to determine the number of trapped atoms. This serves to calculate
the number of atoms by knowing how many photons are scattered per unit time. Independent tests
with Rb using absorption imaging show good quantitative agreement with this way of measuring
the number of atoms. While trapping Fr it is difficult to know the exact laser detuning to better than
one half linewidth (4 MHz). This is in contrast with Rb (or any element with stable or long-lived
isotopes) where the exact detuning is well-known since the laser frequency can be determined by
comparison to a stable reference source.
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Figure 7. Sample output of the α detector during the commissioning run. At the beginning of the time
sequence 207 Fr is being trapped. The ‘staggering’ is caused by the yttrium foil blocking the beam most of
the time. In the middle there is no radioactive beam. At the end of the time sequence (at 1080 seconds),
209 Fr is delivered to the FTF.

Table 2. Frequencies for trapping and repumping of the three working isotopes. The accuracy of
±0.002 cm−1 comes from the wavemeter and the fact that these are not the resonance frequencies.

Isotope

Trap (cm−1 )

Repumper - D2 (cm−1 )

Repumper - D1 (cm−1 )

207

13923.548

13924.945

209

13923.470

13924.888

12238.380

221

13922.952

13923.560

12237.054

7.1 Different isotopes
We report the successful trapping of 207 Fr for the first time, based on the frequencies of the D1 and
D2 lines measured at ISOLDE in the 1980’s [42–44]. 221 Fr was used by the Boulder group [45],
and we trapped it on-line to prepare for tests of an off-line Fr source [32].
The frequencies for 209 Fr (see table 2) agree with our previous work and with the work of
the Legnaro group [46]. The frequencies for 221 Fr agree with the trapping done by the Boulder
group [45]. The stability of the cavity while switching between isotopes enables us to measure
isotope shifts with good accuracy using electro-optical modulator (EOM) sideband optical spectroscopy [47].
7.2

Trapping results and efficiency

We have successfully trapped up to 2.5 × 105 209 Fr atoms at the FTF. This gives an efficiency of
about 0.05%, which we calculate by taking the peak number of atoms in the trap and dividing it by
the incoming francium beam integrated over the accumulation time. Figure 8b) shows the decay
of a 209 Fr trap that is not refilled; the lifetime of 20 s is the result of having good vacuum of the
order of 10−10 mbar. We found, however, that, despite several stages of differential pumping in
our beamline, the ISAC low-energy beamlines were still influencing our trap lifetime depending on
changes in environmental temperature (and thus water vapor pressure).
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Figure 8. Fr MOT performance. a) False color CCD image of the MOT fluorescence of a cloud of about 105
209 Fr trapped at the FTF. The pixel size of the camera is 6.7 × 6.7 µm2 ; an area of 0.86 × 0.86 mm2 is shown.
b) Black data points: integrated fluorescence from the trap as a function of time. Red line: an exponential
fit results in a lifetime of about 20 s, even though there are deviations from this model in the data. The right
y-axis is only approximate for these data as the calculated atom number has an uncertainty of ∼ 40%.

8

Outlook and conclusions

The FTF is operating well. We have trapped up to 2.5 × 105 209 Fr atoms, which corresponds to an
efficiency of 0.05%. The vacuum allows to have long trap lifetimes of about 20 s.
We are in the process of designing and constructing the science chamber and have identified
the issues that need improving on the capture assembly. They include a new Y foil for neutralization with better electrical contact for more uniform heating, a new laser (M Squared SolsTis) in
combination with a high-power fiber that delivers more trapping light.
We expect a transfer efficiency to the science chamber in Fr similar or better to the one reached
with Rb (50%) since Fr is heavier and has less transverse expansion. The goal of 106 atoms in the
science chamber for the weak interaction measurements [27, 35] is within reach for our system.
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1 Introduction
Trapped radioactive isotopes provide unique experimental systems for low-energy tests of the Standard Model [1, 2]. Recent and planned experiments include correlation measurements in nuclear β
decay [3–6], investigations of weak neutral currents [7, 8] and electric dipole moment (EDM) measurements [9]. The precision for these experiments requires high statistics, along with a detailed
investigation of systematic effects. Radioactive ion beam (RIB) facilities or long-lived radioactive
sources can provide the radioactive samples for these experiments.
RIB facilities can deliver a wide range of different isotopes; however, available beamtime is
shared by many different experiments. Long-lived radioactive sources complement — or provide
an alternative to — radioactive ion beams. They can be created in a short time (< 1 day) during
an online beamtime with a low chance of failure, while being able to deliver experimenters with
a source that will last for weeks. Such a source can provide radioactive atoms for a longer duration which is crucial for experiments where systematic effects need to be investigated in detail.
The drawbacks of using a radioactive source are its restriction to certain isotopes and additional
radiological hazards.
Radioactive sources have been or are used in a number of experiments for testing fundamental
symmetries, such as the EDM search in 225 Ra [9], trapping of 221 Fr [10], and correlation measurements in β decay [11], as well for nuclear structure studies using a 252 Cf source [12]. In order
to work with short-lived isotopes (t1/2 < 1 day), the source must include a long-lived precursor
isotope. For example, the 221 Fr source of ref. [10] consists of an oven that releases the 221 Fr atoms
into a magneto-optical trap (MOT), while retaining the long-lived 225 Ac precursor. In the case of
the 82 Rb source of [11], the source consists of a 82 Sr precursor which releases Rb ions, while the Sr
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1 Introduction

2

Method

The 221 Fr source consists of a precursor isotope, such as 225 Ac, implanted in a tantalum foil at
a beam energy of 20 keV. When a 225 Ac nucleus undergoes alpha decay to 221 Fr, this daughter
nucleus has a recoil energy of about 105 keV, which is sufficient to escape from the foil. We use
another foil made of yttrium, placed 3 mm away from the tantalum foil, to catch the recoiling 221 Fr
ions and neutralize them; when the yttrium foil is heated it emits neutral 221 Fr atoms. The tantalum
and yttrium foils are on independent mechanical stages so that they can be appropriately positioned
for each of three operations: implantation, recoil catching, and neutralized emission into the MOT
vapor cell.
As an alternative to implanting the source with the 225 Ac precursor, we can also use either
225 Ra or 225 Fr. Both of these alternate precursor isotopes have a β decay path to 225 Ac. Figure 1
shows all the relevant decay paths to 221 Fr, and its subsequent α decay to 217 At. The half-life of
221 Fr is t
1/2 = 288.0(4) s, based on a weighted average of values found in [18–20].
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remains bound in a molecule in the source; the 82 Rb ions are subsequently mass separated to avoid
85 Rb contamination. More recently, the CARIBU facility [12] has implemented a 252 Cf precursor
source, which uses an RF gas catcher to efficiently extract spontaneous fission decay products for
use in experiments.
In this paper, we present the design, construction, and testing of a radioactive 221 Fr source
based on a 225 Ac precursor sample implanted in a tantalum foil. The 221 Fr source was developed
to support the program of weak interaction studies through parity non-conservation measurements
in francium at the ISAC RIB facility at TRIUMF. The offline francium source is integrated into the
trapping apparatus and can be used for testing the laser cooling system and investigating systematic
effects in experiments, while the much higher yield francium beam produced directly by ISAC is
essential to acquire statistics for precision measurements. Alternating between the two modes of
operation is possible without opening the system to atmospheric pressure. The techniques mentioned in the previous paragraph do not allow this easily in our geometry, or they require a substantial modification of the infrastructure of ISAC. Two parity non-conservation experiments are
planned; one to study the electric-dipole parity-forbidden 7S → 8S transition and one to study the
anapole moment using the microwave ground state hyperfine transition. For the 7S → 8S experiment, 221 Fr can be used to optimize the system for the reduction of systematic effects [14]. For the
anapole experiment, 221 Fr will be hard to use for the final experiments, since its ground state splitting is significantly different from the neutron-deficient francium isotopes (i.e. 15.5 GHz versus
∼ 45 GHz [15]). Two examples of what can be done with this source for the latter project are the
optimization of the dipole trap and measurement of differential AC Stark shifts [16], or the study
of the N dependence of the signal from the atoms in a cavity (optical or microwave) to avoid effects
associated with the weak coupling regime of cavity QED that may mix atomic levels in unwanted
ways [17].
The paper is organized as follows: the method is described, along with simulations, in section 2. We have performed several measurements to quantify the efficiency of the technique in
section 3, which are discussed in section 4.

P

225Ac
9.920(3)
days

N

b
225Ra

a

b

221Fr

225Fr

288.0(4)
s

3.95(14)
minutes

a
217At
32.3(4)
ms

N=
134

Figure 1. Decay chains for 225 Ac, 225 Ra and 225 Fr; the proton number (P) is shown on the vertical axis
and the neutron number (N) on the horizontal axis. The different boxes show the isotope on top and the
corresponding half-life below. Branching ratios below 0.1 % are not listed here. This chain eventually ends
with stable 209 Bi.

An 225 Ac source has a half-life of 9.920(3) days [21], and a 221 Fr rate which is initially
8.0 · 10−7 of the implanted 225 Ac amount. A source consisting of 225 Ra has a half-life of
14.9(2) days, requiring a build-up time for the 225 Ra to decay to 225 Ac to reach a maximum 221 Fr
rate of 2.4 · 10−7 of the implanted 225 Ra after 17.5 days. A 225 Fr source is equivalent to one of
225 Ra for all intents and purposes, with its half-life of about 4 minutes. A 225 Ra or 225 Fr source
results in a lower yield of 221 Fr, but the life of such a source is longer than an 225 Ac source. The
isotope to choose depends on the experimental requirements and on the source isotope rate that can
be delivered.
The 221 Fr rates from such a source should be compared to online francium yields which are of
the order of 106 –109 Fr/s for the neutron-deficient francium nuclei 206−213 Fr at ISOL facilities [22,
23]. An implantation of 225 Fr at maximum ISOLDE rates [23] can produce a source in little over
1 hour which releases 221 Fr at rates of 1 · 106 Fr/s; similarly, a 1-day implantation results in a 221 Fr
rate of 2 · 107 221 Fr/s. This is at the lower end of the range of online yields from UCx targets at
ISOL facilities. However, the useful life of this source is longer than a month, whereas a francium
source accumulated online is limited by the radioactive francium half-lives.
The production of a source of 225 Ac at ISAC has one additional advantage compared to 225 Ra
or 225 Fr; after a long-term exposure to proton irradiation of a UCx target, 225 Ac continues to be released from the target if it remains hot (∼ 2200◦ C), whereas 225 Ra diffuses out of the target within
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Z = 87

14.9(2)
days

Glass cell for MOT
Secondary yttrium foil
(up position)

Particle detector

Faraday cup
Primary, tantalum foil

Secondary yttrium foil
(down position)

Figure 2. Schematic figure of the apparatus, highlighting parts relevant fort his paper: shown on the left, the
yttrium (secondary) foil — which rotates upwards to release francium in the glass cell — and the tantalum
(primary) foil, and shown on the right, the particle detector in blue and the Faraday cup in red.

hours. The amount of 225 Ac that stays in the target will be higher for thick sources (i.e. at ISOLDE),
whereas at ISAC recent UCx targets consist of thin wafers to enhance the diffusion of short-lived
species like francium. After an online running period, targets are typically not removed immediately to let them ‘cool down’ for some period. It is possible to create the required source without
interfering with online beamtimes and minimal interference with target maintenance operations.
This is how the 225 Ac source was created for the experiment described in this paper.
The integration of the 221 Fr source into the francium trapping apparatus is explained in section 2.1, while efficiencies and limitations of the technique for our geometry, isotope and implantation energy are explored through simulations in section 2.2. Other possibilities using the same
technique are briefly noted in section 2.3.
2.1

Experimental setup

Ref. [13] explains in detail the online operation of the francium trapping apparatus. Briefly, among
many other elements, francium is created at the ISAC facility at TRIUMF (see [24]) by bombarding
a UCx target with 500 MeV protons with an intensity up to 10 µA for this type of target. The francium atoms are surface-ionized, pass through a mass separator, and are delivered to the experiment
with a beam energy of typically 20–30 keV. In our experiment the ion beam is focussed onto an yttrium foil that accumulates and neutralizes the francium ions. We will refer to this yttrium catcher
foil as the secondary foil in this paper. After the accumulation, typically 20 s, the foil rotates 90◦
upwards out of the path of the ion beam and faces a glass cell. Then it is heated by running a current through it to release neutral francium. The francium atoms are released into the glass cell and
collected in a MOT, which is a combination of three perpendicular pairs of counter-propagating
laser beams and a quadrupole magnetic field.
To add the functionality of the offline 221 Fr source a tantalum foil is added to the system upstream of the yttrium foil, as shown in figure 2. Tantalum was chosen because it is an inert material.
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ISAC beam

We will refer to this foil as the primary foil. The tantalum foil itself is mounted on a cylindrical
holder on a rotational feedthrough, which allows it to face the ion beam, to face the yttrium foil
and to be outside of the path of the ion beam for normal online operation. When they are facing
each other, the gap between the primary and secondary foils is ∼ 3 mm. For this measurement
the yttrium foil was circular with a 1 cm diameter, while the tantalum foil is somewhat larger than
this. An 225 Ac beam from ISAC impinging on the primary foil generates the 225 Ac source. After
adequate accumulation, we can rotate the primary foil to face the secondary foil so that 221 Fr can be
implanted in the latter. Each of these two assemblies is mounted independently on its own CF4.5”
flange to enable the possibility of easy removal or exchange to limit radiation exposure.

The goal of the simulations is to estimate the efficiency of the technique; this was done with the
SRIM simulation code [25]. The 225 Ac implantation energy is 20 keV, the primary foil material is
tantalum and the geometry is as described above (with a distance of 3 mm between the two foils
being the most important parameter). The simulations are performed as realistically as possible
within the SRIM simulation environment. We start with a 20 keV 225 Ac beam implanted into
a tantalum foil; the resulting implantation profile, which has an average implantation depth of
55 Å with a straggle of 22 Å, is used as input for a second simulation to characterize the transport
of recoiling francium from the first foil into the second one. The online beam is modelled as
coming from one point with zero emittance; realistic beam profiles can be obtained by convolution.
The curvature of the primary foil (over the beam spot) is small enough to introduce only small
corrections. Figure 3 shows implantation profiles into yttrium of a 20 keV 221 Fr beam and of 221 Fr
emitted from a tantalum and silicon foil. The implantation depth from the online beam is 129 Å
with a straggle of 46 Å. The depth from the offline sources is on average more (270 Å for Ta),
owing to the higher energy of ∼ 105 keV minus 20 keV, but a fraction is also implanted close to
the surface; the 221 Fr decay products emanate from a localized source and recoil at random angles,
whereas the online source comes from a parallel beam. Different primary foil materials result in
slightly different emission efficiencies. Tantalum (Z = 73, A = 181), a relatively heavy nucleus,
causes a lot of energy straggling of the implanted beam. Silicon (Z = 14, A = 28–30) on the other
hand, despite causing less straggling, does not result in a higher efficiency, 31 %, compared with
34 % for tantalum. Figure 4 shows the emission rate as a function of the emission angle out of
the foil. Surprisingly, at small angles, the rate is higher than expected; atoms emitted at larger
angles, and initially backscattered atoms as well, contribute to this higher rate at small angles,
while reducing the rate at larger angles.
A side effect of this point-like source is that the lateral distribution on the yttrium foil will
be larger than from an online beam; an 225 Ac beam having a Gaussian lateral profile with a 1σ
radius of 1.5 mm, or 90 % within a 3.2 mm radius, with a distance of 3 mm (5 mm) between the
two foils, results in a 221 Fr distribution with a Gaussian profile with a 1σ radius of 3 mm (4.5 mm).
Therefore, 75 % (46 %) ends up on the 1 cm-diameter foil and 45 % (22 %) in the same 3.2 mm
radius as the mass-separated beam.
These two effects, a larger average implantation depth and a larger spot size, have an important
effect for our experiments. In order to load the MOT, we dispense the 221 Fr embedded in the yttrium
foil by heating it. The heating is done by sending a current through the foil (typically ∼ 10 A
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2.2 Calculations of collection efficiencies

Online225
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Figure 3. Implantation profiles for 221 Fr into Y from different sources. In (red) diamonds 221 Fr online from
ISAC, in (blue) crosses 221 Fr from 225 Ac in a Ta foil and in (black) dots 221 Fr from 225 Ac in a Si foil. The
data are normalized such that the integrated count rate is one million for each curve.
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Figure 4. Histogram (with bins of 1◦ ) showing the total emission rate of 221 Fr out of tantalum (black line
with dots) and silicon (red line without dots), as a function of the emission angle with respect to the surface
normal. Data are normalized to the angular emission rate for isotropic emission over 4π.
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2.3 Other isotopes
Extensions to other isotopes and elements are straightforward. The only requirement for the source
is that the mother isotope of the isotope of interest should undergo α decay (giving the daughter
nucleus a sufficiently high recoil energy), and the initial source should be reasonably long-lived,
longer than a week. We are interested in 221 Fr, but 217 At is released as well into the yttrium foil
with an efficiency of 12 %.
Finally, a different isotope of francium, 223 Fr, could be used in our geometry by forming an
227 Ac source. However, the α branching ratio of 227 Ac is low (1.4 %) so that a sizeable source
would be required to generate useable quantities of 223 Fr, presenting a significant radiological
hazard. This decay has been used in the past to study the structure of 223 Fr by α and γ spectroscopy [28].

3

Experiment

A 20 keV 225 Ac+ beam impinges on the primary foil for 18.5(5) hours of at an average rate of
6.0(6) pA (or 3.7(4) · 107 Ac/s) from the ISAC target without active proton irradiation — but after
an online running period. In-source resonant laser ionization using a two-step laser excitation
scheme into an auto-ionizing state in 225 Ac [29, 30] enhances the extraction efficiency by two
orders of magnitude over pure surface ionization. Earlier tests on a UCx target showed that during
proton irradiation one third of produced isotopes at mass 225 is 225 Ac, while the rest is mainly
225 Ra. Thanks to the in-source resonant laser ionization any contribution from contaminants is
negligible. A total of 2.5(3) · 1012 225 Ac atoms are implanted in the foil. Using the 225 Ac half-life
of 9.920 days yields a total decay rate of 225 Ac into 221 Fr of 1.9(2) · 106 /s, immediately after the
end of the implantation.
3.1 Particle detector measurement
The 225 Ac source rotates towards the Faraday cup and α detector assembly (see figure 2) and the
yttrium foil rotates out of the way to measure the 221 Fr release rate for comparison with simulations.
The solid angle of the Faraday cup seen from the 225 Ac source is 0.045(2) %, and the solid angle
of the particle detector as seen from the center of the Faraday cup is 1.4(1) %. As the 225 Ac source
faces the Faraday cup a source of 221 Fr builds up on the Faraday cup. The particle detector is a
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for ∼ 1 s). The deeper average implantation of the 221 Fr in the yttrium reduces the dispensed
amount roughly by a factor of two. This is estimated by using the diffusion coefficient of francium
in yttrium, 1.6(9) · 10−14 cm2 /s [26], and equation (3) in reference [27] for the time-dependent
released fraction. This loss can be minimized by increasing the amount or duration of the heating,
which was not done at this time to avoid possible damage to the foil. Visual inspection shows
that the heating profile is a stripe with a larger temperature in the center and a lower temperature
towards the legs, where the heat sinks. The area that is effectively heated is about 1/3 of the total
foil size. Since the spot size from 221 Fr escaping the tantalum foil is much larger than the online
beam spot size, one expects — for the same heating conditions — a decrease in efficiency. Also,
the 1 cm-diameter neck of the glass cell for the MOT limits the amount of 221 Fr that can be trapped
in the MOT (see figure 2).
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Figure 5. Buildup of a 221 Fr source on the Faraday cup as detected by the particle detector, with t = 0 s
being the start of the 221 Fr implantation: 2 hours (black), 9 days (blue) and 23 days (red) after the 225 Ac
implantation. The white lines overlaid on the data are the best fits for the data sets.

silicon photodiode (Hamamatsu S3590-09). The signal processing consists of a shaping amplifier,
a discriminator and a multichannel scaler. Therefore, no energy discrimination of the detected
particles is done.
The decay chain starting at 221 Fr contains many α and/or β decaying isotopes (see e.g. [20]
including half-lives): 221 Fr, 217 At, 213 Bi, 213 Po, 209 Tl, and 209 Pb. Isotopes with a short half-life
(< 1 s) will be detected with the same effective half-life as the mother isotope: 217 At together with
221 Fr and 213 Po, 209 Tl together with 213 Bi. Isotopes with a half-life longer than the time interval
used for the analysis (i.e. 1000 s) will not influence the analysis: 209 Pb. The remaining relevant
quantities are therefore the half-lives of 221 Fr and 213 Bi, 288.0(4) s and 2737(4) s respectively.
We have made measurements with the particle detector of the 221 Fr produced by the 225 Ac
source at three different times: two hours after the end of the 225 Ac implantation and then 9 and
23 days later. The data are shown in figure 5. A simple model of the growth of the 221 Fr population
deposited in the Faraday cup at a constant rate, where the activity decays into one daughter (213 Bi)
that in turn decays as well, explains the data reasonably well, as shown in table 1. The count rate
on the particle detector as a function of time, Rtotal (t), is then:
h
i
Rtotal (t) = B + RFr · 1 − exp(−t/τFr )
h
(3.1)

i
RFr
+
· τFr · 1 − exp(−t/τFr ) − τBi · 1 − exp(−t/τBi ) ,
τFr − τBi
with τFr and τBi the 221 Fr and 213 Bi lifetimes, respectively, B the background count rate and RFr the
221 Fr implantation rate. The background count rate comes from activity present before starting the
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counts/second

100

Table 1. Fit results for the data from the particle detector measurements. χ 2 /NDF is the reduced chi-squared.

Days after
implantation

221 Fr

0.083

rate (s−1 )

29.6(3)

χ 2 /NDF
1031 / 947

9

15.2(2)

1080 / 999

23

4.83(14)

1028 / 999

implantation, while the 221 Fr and 213 Bi half-lives are well-known quantities. We validate the
model by leaving the 221 Fr and 213 Bi lifetimes free, but once validated, the model only has the 221 Fr
implantation rate as free parameter.
For the final analysis we used the first 1000 s of each data set, since we are interested in the
221 Fr rate and we want to avoid sensitivity to activity migrating in the system. Fitting an exponential
decay through the three 221 Fr rates gives 30.0(6) Fr/s, right after the 225 Ac implantation. The fitted
lifetime is consistent with that of 225 Ac decay, indicating the 221 Fr source in the tantalum foil has
not decayed by other means, e.g. by diffusion out of the primary foil or by having another element
present in the system associated with the trapping facility (e.g. Rb, see ref. [13]).
Starting from the estimated 221 Fr rate escaping the foil, 1.9(2) · 106 221 Fr/s (from measured
225 Ac rates during the implantation), and taking into account solid angles of 0.045(2) % (221 Fr
source to Faraday cup) and 1.4(1) % (Faraday cup to particle detector), an increased 221 Fr emission rate for these angles by a factor of 1.28(3) (see figure 4), double counting because of 217 At
decay, leads to an expected rate on the particle detector of 31(4) counts/s. This number is in good
agreement with the rates of 30.0(6) counts/s deduced from particle detector measurements.
3.2 Magneto-optical trap measurements
The final test of our offline 221 Fr source is to verify that we can use it to load 221 Fr into a MOT. We
operate the MOT with 120 mW (total over 6 beams) of trapping light on the D2 cycling transition
(718 nm) and 8 mW of repumper light on the D1 transition (817 nm). The trapping beams each
have an area of about ∼ 20 cm2 . The magnetic gradient of the MOT is 7 G/cm along the strong
axis. The correct trapping and repumping laser frequencies were approximatively maintained from
the online run one week before through the transfer cavity lock [31]. 221 Fr was implanted into
the yttrium foil for 10 minutes, about one week (177 hours) after the implantation of the 225 Ac.
Starting from a 221 Fr rate of 1.9(2) · 106 /s, this yields 1.78(19) · 108 221 Fr implanted in the yttrium
foil and available for trapping. From these a fraction of 1.3(6) · 10−5 was trapped in the MOT,
with a total trapped amount of 2300(900). This was measured by the fluorescence of the atoms and
the total uncertainty is dominated by the uncertainty in total laser power at the atom cloud position
and the amount of detuning from resonance. The efficiency of the online run of 5(2) · 10−4 comes
from trapping 209 Fr. For 221 Fr the efficiency was measured to be a factor of 5 lower during the
online run; this can be understood qualitatively from their different atomic structures. The 221 Fr
atom has a relatively narrow hyperfine splitting, 58 MHz between the cycling trapping transition
(7S1/2 F = 3 → 7P3/2 F = 4) and a transition that can decay to the lower hyperfine ground state level
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221 Fr

Table 2. Summary of losses from 221 Fr escaping the tantalum towards trapping in a MOT. The losses are
divided between losses that are inherent to our apparatus (‘overall’), and losses which are only applicable to
the technique described in this paper (‘source’).

Loss factor
overall source
3

221 Fr

amount

5.20 · 108

2–5

amount in the primary foil

Francium entering the secondary foil

1.78 · 104

221 Fr

Online trapping efficiency of 209 Fr
trapping efficiency as compared to 209 Fr

Implantation depth

2–5

Larger 221 Fr spot size

1–10

Possible damage to yttrium foil
2.3 · 103

Trapped francium

(7S1/2 F = 3 → 7P3/2 F = 3), as compared to 518 MHz for 209 Fr. A simple 6-level rate equation
calculation suggests that for our repumper parameters only 10–15 % is in the 7P3/2 level at any
given time, which reduces the fluorescence per trapped atom proportionally and also reduces the
collection efficiency of atoms into the MOT. The process of trapping francium from the online ion
beam as compared to 221 Fr from the offline 225 Ac source is 8+10
−5 times more efficient, normalized to
221
the amount of Fr implanted in the secondary foil. Due to the long implantation times required to
accumulate a sufficient amount of 221 Fr into the yttrium foil, no systematic studies using the 225 Ac
source were performed, because at the time e.g. the long-term laser stability was not sufficiently
good.
In the optimistic, 1σ -lower-limit case the efficiency of the offline scheme is only 3 times less
efficient that the online mode of operation in our measurement. This can be explained by (i) having
a non-optimised MOT, or factors inherent to our geometry such as (ii) the more diffuse source of
221 Fr on the yttrium foil and (iii) the deeper implantation profile. In the pessimistic, 1σ -upper-limit
case one can add that there were some mechanical problems in the system, before this test, causing
the yttrium foil to be slightly damaged. This resulted in an irregular heating profile. From our
measurement, we are unable to differentiate between losses from each of those separate effects;
they are listed in table 2 with an estimate of their effect.

4

Discussion

The α detection measurements suggest no fundamental limitation to this technique; 34 % of implanted 225 Ac will escape the foil as 221 Fr for our experimental conditions. Our geometry is optimised for online implantation of francium isotopes for this first measurement of trapping 221 Fr
from an 225 Ac source. In the future a better geometry could be found; the addition of a translational
feedthrough, for instance, would minimize the distance between the two foils avoiding losses from
having a larger francium implantation spot size. The larger implantation depth could be compen-
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5

221 Fr

1.78 · 108
8.9 · 104

2000

Explanation of loss factor

5

Conclusion

We have demonstrated magneto-optical trapping of 221 Fr ejected by α decays from a 225 Ac source
made by implanting a mass-separated ion beam. The use of ejected 221 Fr provides one solution
to technical difficulties encountered by other methods when trapping decay products released by
heating generator material (see ref. [10] and [11]). Such an 225 Ac source foil made by implantation
could in principle be transportable to remote locations where the primary beam is not available, as
can be done at ISOL facilities.
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[21] S. Pommé et al., Measurement of the 225 Ac half-life, Appl. Rad. Isot. 70 (2012) 2608.
[22] ISAC yield database, http://mis.triumf.ca/science/planning/yield/beam.
[23] ISOLDE yield database, https://oraweb.cern.ch/pls/isolde/query tgt.
[24] M. Dombsky et al., Commissioning and initial operation of a radioactive beam ion source at ISAC,
Rev. Sci. Instrum. 71 (2000) 978.
[25] J.F. Ziegler, M.D. Ziegler and J.P. Biersack, SRIM — The stopping and range of ions in matter, Nucl.
Instrum. Meth. B 268 (2010) 1818.
[26] C. de Mauro et al., Measurement of diffusion coefficients of francium and rubidium in yttrium based
on laser spectroscopy, Phys. Rev. A 78 (2008) 063415.

– 12 –

2014 JINST 9 P10013

[9] R.H. Parker et al., Efficient, tightly-confined trapping of 226 Ra, Phys. Rev. C 86 (2012) 065503
[arXiv:1305.7131].

[27] D. Melconian et al., Release of 37 K from catcher foils, Nucl. Instrum. Meth. A 538 (2005) 93.
[28] R.K. Sheline et al., Experimental and theoretical study of the nuclear structure of 223 Fr, Phys. Rev. C
51 (1995) 1708.
[29] J. Lassen et al., Resonant ionization laser ion source project at TRIUMF, in the proceedings of the 6th
International Workshop on Application of Lasers in Atomic Nuclei Research (LASER 2004), May
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Chapter 4: Precision PNC apparatus: the science chamber.

The capture trap with the glass cell, is ideal for high efficient collection of the
scarce francium atoms. This trap however has limitations for our planned precision
experiments. We need the following:
1. Possibility to place inside, position, and control equipments such as electrodes
and microwave cavity mirrors.
2. Ample optical access for laser beams that include: trapping, preparation, excitation and detection, together with PNC excitation laser/microwave and
imaging.
3. Control of the electric and magnetic environment in the interaction region:
center of the chamber.
We also have to address concerns over possible nuclear contamination and its
effects. The new science chamber provides accessibility with a compact overall size.
It also features a non-magnetic construction for control of the stray B field and
its gradient. We describe in this chapter the science chamber for precision PNC
measurements, and the atom transfer from the capture MOT. We first summarize
the requirements determined by the physics goals, and then go into the design
specifics of the science chamber, its construction and commissioning. Appendix A
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contains the engineering drawings.

4.1 Science chamber requirements
Both the microwave and the optical PNC experiments have stringent requirements. Incorporating two different proposed measurement methods, one involving
electrodes that must guarantee static electric field uniformity and reversal symmetry,
the other involving a precision microwave Fabry-Perot cavity, is particularly challenging. Chapter 2 laid out the general ideas and requirements of the two planned
experiments. Here we summarize and illustrate the needs that the science chamber
must fulfill. The overall choice of metal material over a glass chamber, comes from
a combination of flexibility: easier to open and close flanges; and nuclear safety: it
is much harder to knock and shatter a metal chamber. Some further requirements
are related to the potential systematic effects, which we will discuss briefly here.
More thorough details about the systematic effects can be found in Ref. [8] for the
optical experiment, and Ref. [30] for the microwave experiment. We start with the
microwave/anapole experiment.

4.1.1 Microwave experiment
The microwave experiment aims at a measurement of the anapole moment,
and involves the transition between the hyperfine levels of the electronic ground
state. Chapter 2 section 2.2 established the measurement plans, i.e. positioning the
atoms in the center of a microwave cavity with an optical dipole-trap.
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Geometric constraints
We have physical size constrains from the microwave cavity, which contains
a pair of 3 inch diameter mirrors. We choose this size because it is large enough
for a good Fresnel number, while being the largest for commercial availability and
ease of handling. In order for the orthogonal MOT beams (1 inch optics) to clear
the microwave mirrors, these mirrors should be separated by at least 15 cm. This
sets the minimum internal volume. We want the microwave wavelength to be much
shorter than the 15 cm mirror separation to minimize the mode distortion. This
is the reason why we choose the neutron deficient Fr isotopes, which has hyperfine
splittings around 40 50 GHz.
DC Magnetic field
We want to operate at the first order (linear) insensitive set-point, which
corresponds to bias magnetic fields at 1500 G level 1 he anapole moment experiment
requires mF changing transitions, e.g. mF = 0 to mF = 1 for

209

F r. See Ref. [30].

for the Bosonic isotopes [30], or at the 3 G level for the Fermionic isotopes [31],
respectively. At these quadratic bottoms, the second order Zeeman effect remains,
with a coefficient of 84 Hz/G2 , which would shift the line center by 0.3 Hz with
60 mG of magnetic field offset. This corresponds to 40 ppm level control on the
1500 G field. The fermionic isotopes with small bias field relaxes this requirement
significantly. The large bias field also requires putting coils as close to the atoms as
possible, and we choose the re-entrant viewport pocket design, common in groups
such as those in the JQI.
1

T
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Ultrahigh Vacuum
The hyperfine transition essentially has an infinite lifetime compared to our
experimental timescale. We then have infinite time to probe, as long as we can
keep the atoms trapped. An optical dipole trap lifetime is largely influenced by the
vacuum background gas collisions, and we need the UHV pressure to be below 10−10
Torr for the long interrogation.
The requirements for the science chamber from the anapole experiment are
then mainly as follows:
1. Enough volume and clearance for a pair of Fabry-Perot cavity mirrors, separated by about 6 inches, with size of at least 3 inches diameter to avoid clipping
of the (wavelength 7 mm) microwave field.
2. Magnetic field control, to avoid introducing (time-varying) fringe fields and
gradients at the tens of mG level, even with the switching of bias at the 1.5
kG level.
3. Ultra-high vacuum at sub 10−10 Torr level, for long storage times of atoms in
the optical dipole trap.
4. Room for placing the magnetic field coils close to the center of the chamber as
much as possible, for easily generating magnetic field gradients or large bias
fields.
5. Enough ports for UHV electrical feedthroughs, e.g. for piezo-actuator drivers
to position the cavity mirrors.
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4.1.2 Optical experiment
Geometric concerns
The DC electric field, used for amplifying the PNC signal, should be uniform
over the region of the atomic cloud. We have set an lower bound of 10−4 , which
seems easy to satisfy due to the sub-mm size of the atom cloud in a MOT. We have
however chosen to start with trapping laser beams expanded to the limit of 1 inch
optics, and with this spacing between the two electrodes the needed field uniformity
requires their physical size to be at least 4 inches. The optical power buildup cavity
does not occupy much space, with the only concern being that the dielectric surfaces
should be far from the atoms to prevent charge buildup.
Here we take a brief detour and discuss about the spurious patch electric
field and its relation to the systematic error.

This discussion can be general-

ized to provide guidelines also about the microwave PNC systematics. We recall
that the interference technique amplifies the signal by an amount proportional to:
AStark /AE1−PNC . This however, also means that the parity non-conserving asymmetry signal, is smaller by the same ratio, compared to the parity conserving signal,
which is proportional to |AStark |2 . Suppose we want to amplify the PNC by a factor
of 103 , and we desire a measurement precision of 1%, the Stark field reversal precision has to be better than 10−3 · 10−2 = 10−5 . This not only applies to the electric
field reversal, but also the M1 interference microwave field in the anapole experiment. The Cs experiment actually had even better control [8]. Note that however,
anything else not directly entering linearly into the interference signal, does NOT
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require such a precise reversal.
Patch electric fields can be passively reduced by locating dielectric surfaces far
enough from the trap.2 These are compatible with the metal chamber construction
with decent internal volume right now.
Magnetic field
The bias magnetic field during the optical PNC excitation is an example where
the exact value and reversal precision is not as important as the misalignment control. We expect a very similar level of control as in the Cs experiment [8], which
is around hundreds of µG. The few Gauss level bias field we need to apply, or the
quadrupole magnetic field of the MOT which is turned on and off, are all much lower
than the 1500 G bias field for the microwave experiment. In fractional precision the
sub-mG requirement is compatible with that of the microwave PNC experiment.
Summarizing for the optical PNC experiment: fortunately the two very different experiments require similar internal volume, accessibility, and magnetic field
control.

4.2 Design and Construction
Accessibility and magnetism are the two major concerns. Based on the geometrical constraints and ease of handling, we have chosen 8 inch CF as the largest
major size of flanges, which satisfies both the experiments. For the magnetism, we
2

The presence of stray patch fields is a commonly encountered challenge, for example in experiments with Rydberg atoms [63], optical atomic clocks [64], or ion trapping [65]. The exact origins
and solutions are not well established in the AMO community, so we might eventually resort back
to the segmented electrodes and measure along different directions, similar again to the Boulder
Cs experiment.
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explored many material possibilities and considered various companies or actually
having it constructed by TRIUMF’s own machine shop, while eventually resorting to
Pfeiffer Vacuum in Germany. All the flanges are made out of 316LN-ESR stainless
steel, with vacuum firing to remove the residual magnetism, as well as improving
the UHV by pre-releasing the hydrogen trapped in the bulk material.

4.2.1 Accessibility
Figure 4.1 shows the science chamber design as built. For convenience we
define the up/down, left/right (as one would see entering the lab) and front/back
as the z, y, and x directions, respectively. The chamber body is symmetric under
parity flip except for the z direction, where the atoms will arrive from above. The
top is then designed to have a 2.75 inch CF flange in the center, to connect to
the transfer/middle vacuum system. The other major faces, i.e. the front/back,
left/right, and the bottom side, all have 8 inch CF flanges in the center. The MOT
laser beams enter through the x direction as well as the 2.75 inch CF ports in
the perpendicular yz plane, and are 45◦ angled from the z direction. There are 8
additional 2.75 inch CF flanges, 4 on top and 4 on the bottom respectively, arranged
with the same 45◦ angle with respect to the z axis, and rotated 30◦ along the y axis,
such that optical access is available as long as the rotationally symmetric microwave
cavity (along the y axis) clears the MOT trapping beams. Four more 2.75 inch CF
flanges are added on the top at 22.5◦ angle with the z axis, for auxiliary purposes
(e.g. the current plan for pumping laser beams in the optical PNC experiment).

85

These flanges all directly face the center, where the atom trap is. Eight 4.5 inch
CF flanges, modified according to Kimball physics flange OD of 4.13 inches, located
at the corners of the front and back faces, do not have direct line of of sight to the
center, and are designed to accommodate vacuum pumps, high voltage electrical
feedthroughs or in-vacuum magnetic field sensors.
Francium atoms from
Capture trap

8”

Optical/Microwave
exicitation

For pumps, etc.
MOT quadrupole coils enter
through recessed pocket

Figure 4.1: The science chamber: Isometric view of the 3D CAD model.

Fig 4.2 shows the schematic for how the chamber incorporates the microwave
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and optical experiments.
Fr atoms from capture
MOT enter here

Fr atoms from capture
MOT enter here

optical pumping
beams

MOT
beams

MOT
beams

power
buildup
cavity

~ 45 GHz
microwave 506 nm
cavity
light

Blue-detuned
ODT

electric ﬁeld plates

Figure 4.2: PNC experimental setups with the science chamber. Left: microwave;
right: optical.

4.2.2 Magnetism and ultrahigh vacuum solutions
The 10−5 level magnetic field control requirement is at the verge of necessity
for µ metal shielding. We choose to not passively shield to retain the accessibility,
and add active compensation when needed. The science chamber materials, i.e. the
walls and flanges, are all reasonably far away (at least 5 inches distance) from the
active measurement region, and we have set the design goal of relative permeability
of ≤ 1.05, instead of over-engineering with completely non-magnetic materials such
as titanium or aluminum. This requirement is satisfied by carefully treated (e.g.
quenched) 316L Stainless Steel raw material, however is compromised after the
cold working (milling, lathing, etc.) or welding. Grade 300 series SS in general
share this property, with the best example being 304 SS. Its magnetism shares
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the common feature with 316 L, while being more prone to non-magnetic to ferromagnetic phase transitions after machining. In practice, after measuring a great
range of actual UHV parts as well as half-finished machine shop pieces, we found
that they could all have relative permeabilities at the 1.3 level, and sometimes even
depend on the raw material batch or the grain direction. The ideal material should
possess the following properties: crystal structure (which determines the magnetic
phase) robust against metal-working, reasonable machinability and weldability, low
outgassing, and preferably low conductivity for reducing the eddy-currents during
magnetic field switching. Leveraging the these and the cost concerns, we resorted
to a construction with 316 LN flanges, built by Pfeiffer Vacuum (or Trinos, the
company that Pfeiffer acquired) in Germany.
A critical processing of the chamber after machining and welding was the
“vacuum firing”. This process is basically high temperature baking at up to 1050
◦

C, with a relatively short duration of less than 3 hours. The ferromagnetism caused

by the cold-working and welding, i.e. the crystal structure that was changed from
the austenitic stainless phase, on the edges and interfaces of the bulk material, would
“desolve” back into the original crystal phase. The additional benefit is that the
outgassing, especially of hydrogen, is greatly reduced3 . Not all grades of stainless
are suitable for this process though, as it will actually soften the conflat flange
knife-edge. Our 316 LN flange material has well above the hardness required for
a reasonable UHV sealing lifetime (about 50 times of opening and closing), and is
3

See
for
example
presentations
from
CERN
https://cas.web.cern.ch/cas/Spain-2006/PDFs/Chiggiato-2.pdf.
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vacuum

group,

e.g.

still hard enough after the vacuum-firing. The 304 SS and 316 L SS grades on the
other hand, have the risk of becoming too soft. This makes the mixture material
construction (316 L walls and tubes with 316 LN flanges) an excellent solution.
We note a detail about the surface finishing: Kimball Physics have all their
chambers and parts electro-polished, for reducing the surface area and the outgassing. European chamber manufacturers typically use glass-bead blasting for the
surface-finishing. We have no problems with this treatment, tested by the excellent
vacuum pressure (15 nA on a 45 L/s ion pump, or 1 × 10−11 , with only mild baking
of the UHV system (1 week, below 150 ◦ C).

4.3 The entire UHV system and peripherals
The science chamber resides 70 cm vertically down from the capture glass cell.
The entire UHV includes the transfer section between the two chambers, with direct
line-of-sight clearance for the atom transfer, mechanical separation for uncoupling
vibrations, good differential pumping, and the option for entirely separating the
two systems with all-metal-valves. The top and bottom systems are also connected
in the roughing section, where the combined pumping with a Turbo pump is then
directed outside of the FTF, dumping into the ISAC nuclear exhaust. We have
constructed the UHV system with selected low magnetic permeability components
near the science chamber.
The carefully designed UHV system provides the environment, and we have
to bring in the lasers and magnetic fields for the trapping and manipulations, plus
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the imaging system for detections.

4.3.1 UHV system
Transfer section
The glass cell of the capture trap is on top of the neutralizer chamber, as
described in Chapter 3. On the bottom of the neutralizer chamber, an all metal
valve, a close-coupler, a 2.75 inch CF cubical chamber from Kimball physics, a
mechanical shutter and a welded bellows are connected sequentially. The separation
of the two MOT centers is about 70 cm. We use the shutter to close the path between
the upper and lower vacuum systems, and only open it when we are transferring
atoms. This design is beneficial for two purposes: maintaining the excellent vacuum
pressure we have in the science chamber, and reducing the amount of radioactive
contamination. It has an oval/rectangle shaped metal piece attached to the shaft
of a rotation feedthrough. We have included the 2.75 inch CF cubical chamber,
for letting the mechanical shutter “flag” have enough clearance, as well as for laser
access for a 2D MOT/molasses to re-focus when the atoms travel through the middle
of the transfer path if needed.
Pumps on the science chamber
The science chamber is pumped by a 45 l/s ion pump from Gamma Vacuum
(model 45S), and a 200 l/s NEG getter pump from SAES (model Capacitor D 200).
We use the current and pressure reading on the ion pump as the main vacuum gauge.
The MOT lifetime is of course the eventual vacuum performance benchmark. Now
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the science chamber vacuum is routinely 30 nA on the ion pump current, which
correspond to about 3×10−11 mbar pressure.

To ion and turbo pumps

Quadrupole magnetic coil
in recessed viewport pocket

NEG getter pump

Figure 4.3: Picture of the science chamber.

The position of the ion pump is moved as far away from the science chamber
as is permitted by other physical constraints, mainly the beamline stand. Adding
a standard 4.5 inch CF nipple, the trap location is about 70 cm away from the
exit of the ion pump flange. We can look up the magnetic field plot from the
manufacturer, and the stray field created by the ion pump at the trap is about 70
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mG with 1 mG/cm gradient.
Also worth noting is the roughing system, which involves a turbo pump (Pfeiffer Vacuum HiPace 80) inside of the room, backed up by a scroll pump outside of
the laser room in ISAC hall. Since we have already employed the science chamber
for the last beamtime, the entire system has been exposed to radioactivity, and must
only pump through this turbo assembly.
Viewports
Standard off-the-shelf UHV viewports usually possess magnetism from the
glass-to-metal seal, in addition to that from the 304 SS flange material. A commonly
used material for the “sleeve” joining to the glass is Kovar, which has a thermal
expansion coefficient matching well with that of 7056 glass. We cannot afford this,
given the careful choices for the chamber itself. The laser viewports we purchased
are constructed from 316 LN flanges with 316 L sleeves, sealed to optical quality
(20/10 scratch/dig) fused quartz glass. Anti-reflection coating covering 500 nm to
1100 nm is applied to all the surfaces. MPFPI have manufactured all the 2.75 inch
CF viewports, total quantity 22, 16 of which are attached to the science chamber
and 4 attached to the middle Kimball cube. We also have two 8 inch CF re-entrant
viewports from the same company4 . These viewports, especially the glass to metal
seal parts, are closest to the atoms, and can be replaced by more non-magnetic
versions later on if it is experimentally established to be necessary. The 2.75 inch
4

Several groups in the ultracold atom community uses re-entrant viewports from another company UKAEA special techniques group, who has a special technique of diffusion bonding that can
be applied to a wide range of materials, and can potentially have better non-magnetic constructions. The price is however steep, and we have obtained quotes for a stainless steel construction
for the 8 inch re-entrant viewports (with inconel tube and 316 LN flanges) at more than two times
the price of that from MPFPI.
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CF viewports on the other hand, are sufficiently far away. We measured 10 mG
stray field at less than 1 inch away from these viewports, and estimate less than 10
µG at the trap center.

4.3.2 Peripherals
Quadrupole magnetic field coils
The quadrupole magnetic field for the MOT, are produced by a pair of watercooled coils recessing into the chamber body. The wire has a 0.23 inch square crosssection and hollow core in the center, where cooling water from a standard laser
chiller (ThermoTek T225P) runs through. The material come from old stock from
TRIUMF magnetic wires, and already glass-fiber cover to provide the insulation.
We find the winding process to be a bit more challenging than the 0.16 inch crosssection wires commonly used for e.g. Zeeman-slowers in the JQI. The stiffness
requires higher torques during the winding and better clamping while the epoxy
holding the coil together is curing.
Bias magnetic field coils
The bias magnetic field coils are winded on forms machined out of G10. A
cross-section of 0.375 inch square allows about 100 turns for every form, which given
the separation of 12 inch between the opposite ones forming a pair, yields about 10
Gauss of magnetic field generated with 6 A of current. Due to the G10 material
hardness and temperature tolerance, these coil assembly can withstand baking of up
to 180 ◦ C without the need of removing them from the science chamber (see Fig. 4.4
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for details of the assembly). We rely on the machining precision of the science
chamber and the coil holder, for the orthogonality of the bias field directions.
Wind coil
into the groove
For attaching
bias coil support

Attach to
Science chamber

Attach to
breadboard plates

(b)
3/8 in

(c)

1/2 in

1/2 in

(a)

Figure 4.4: Peripheral for the science chamber: Bias coil support. (a) coil winding
support made out of G10. (b) Aluminum plate used for attaching the coil forms to
the science chamber, as well as providing flexible mounting solutions for optics.

Support system
The designed optics platform is a large (36 inch square) piece of stone-epoxy
mixture molded board manufactured by a company named Castinite5 . A non-metal
construction with only brass screw-inserts for mounting optical components, has the
advantage that it introduces zero magnetism or eddy current. Standard 12 inches
by 18 inches breadboards can fit to either of the four sides in the horizontal plane,
5

www.castinite.com
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which also makes a convenient height for posts, since the castinite surface is designed
to be flush with the bottom of the four major 8 inch CF flanges.
We encountered an issue trying to install this breadboard with the science
chamber: the Gamma ion pump HV cable is protruding below and interferes with
the platform. We have inquired to Gamma Vacuum and they do not carry an
angled T for the particular HV connector used. We resorted to machining a 1.5
inches diameter hole into the platform. It is currently sitting in ISAC hall waiting
to be installed during the next vacuum opening, as topologically it is a bit nontrivial to maneuver during the installation (see Fig. 4.5 for the conceptual assembly
of the sice chamber with the Castinite).

Science chamber
full assembly

Figure 4.5: Science chamber full assembly with peripherals.

Main imaging system
The imaging system is currently along the vertical direction, entering into the
volume of the science chamber though another re-entrant viewport from the bottom.
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This design ensures the highest numerical aperture that is conveniently achievable,
for high efficiency photon collection. Figure 4.6 shows a schematic of the imaging
system, which is a double relay system with front-end collection optics consisting
of 2 inch diameter f = 10 cm achromatic lenses. An f − 2f − f system refocuses
the fluorescent light from the atom cloud, which is to a good approximation a point
source, to a focal plane where we place a graduated aperture. The science chamber
design is excellent for reducing light-scattering, due to the tube portion for the
2.75 inch ports and the recess for the horizontal axis. However the background
light from the trap laser beams is still visible in the imaging system. Closing the
aperture greatly reduces this background. The light is then collimated again, where
we have chosen a 1 inch diameter achromatic doublet lens with 3 cm focal length,
for reducing the overall length of the system. We split the collimated light with
a polarizing beam splitter, before re-focusing into the CCD camera (model FL3GE-03S1M-C) and the Photo-multiplier tube (Hamamatsu H7422-50), on the two
branches respectively. A PBS is used instead of a non-polarizing beam splitter, for
extinguishing the (also polarized) push beam from the top on the PMT branch. A
tiny portion of this push beam can already trip the PMT, i.e. produce too much
photo-current such that the protection circuit shuts the PMT off.
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2” f = 10 cm
achromatic
doublets

~10 cm

Recessed
viewport

Hamamatsu
Photomultiplier
Tube
Flea 3
Camera

Figure 4.6: Schematic for the main imaging system.

Auxiliary imaging system
The auxiliary imaging system serves diagnostic purposes, especially for measuring the atom transfer efficiency. Figure 4.7 shows the system on the science
chamber. We have two identical systems, cameras (Point Grey Flea 3) and imaging
systems, built just with one Thorlabs 7.5 cm achromatic doublet each for simplicity,
housed in lens tubes. We adopt standard designs from the JQI, and have the optomechanics assembled from 30 mm cage system from Thorlabs for mounting directly
onto the 2.75 inch CF flanges of the science chamber.
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Figure 4.7: Auxiliary imaging system.

4.4 Laser optics layout
Incorporating
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Rb and several francium isotopes including

210

Fr in the same

experimental setup, also presents a design challenge. Optical fibers deliver all the
laser lights to the traps. The laser arrangement then must have the right frequency
detunings and intensities prior to launching into the fibers. Figure 4.8 shows the
level diagram addressed by various branches of the trapping laser.
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Fmax

Probe/push

U MOT

L MOT
4) 50 MHz×2

1) 80 MHz
3) 80 MHz×2

2) 80 MHz

520 MHz
~620 MHz

5) 260 MHz ×2
for Fr210

Fmax-1
Depumping Fr

Figure 4.8: Trap laser branches addressing different purposes for the two MOTs.

The trap laser optics design allows partial independent control of laser delivery
to the two traps: power is essentially re-distributed between them, for enabling either
one to have maximum intensity possible. The maximum optical power deliverable for
the two traps, are about 1.5 W and 400 mW respectively, the science chamber trap
being lower because the laser beam goes through many more optical components.
Their intensities are roughly the same, because of the 1 inch optics used as compared
to the 2 inch optics design for the capture trap. Figure 4.9 shows the final optical
arrangement that distributes the trap laser optics to the two chambers.
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Trap laser optics layout
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MD SolsTis
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10mW pick off
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80mW
AOM1
80MHz
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HWP
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QWP

Upper trap
on/off
AOM4 60MHz

PBS
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Lower trapAOM2
On/off
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HWP
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QWP
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f=
6.24mm
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High power
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De-pumping

QWP

HWP

PBS

AOM5 60MHz
f=8mm

PBS
AOM3 80MHz

f=8mm
Lower trap,
normal fiber splitter
Auxilary output

Probe 2

QWP

AOM1 (Crystal Technology 3080-122): upper trap on/off.
AOM2 (3080-122): lower trap on(AOM1 must be off)/off.
AOM3 (3080-122): lower trap freq. tune.
AOM4 (isomet 1205C): transfer push
AOM5 (isomet 1205C): on-resonance probe
AOM6 (Crystal Tech. 3110-144): Fr depumper

Figure 4.9: Schematic trap laser layout on the optics table.

4.5 Experimental control hardware and software.
Figure 4.10 shows a simplified schematic for the experimental control and dataacquisition system. The time-sequencing system (left side in Fig. 4.10) follows the
architecture and utilizes the software developed in Trey Porto and Ian Spielman
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groups at the JQI. We have however completely upgraded our hardware to a PXI
based system, which does not require that the control computer have multiple PCI
slots. We use either a pulse-blaster card or a National Instrument FPGA (PXI7815R) to provide precise timing triggers and all digital signals. We have a 64
channel analog output card (Marvin Test GX1649) to provide all analog signals
needed for AOMs, magnetic field control, etc. The control software uses exactly the
same interface as the JQI versions, though the hardware interfaces codes have been
heavily modified, thanks to the hard work by Michael Tandecki. We also added
a “loop scan” function, which allows us to sweep a parameter, e.g. microwave
frequency, well suited for spectroscopy experiments.
The data-acquisition system (right side in Fig. 4.10) either obtains images from
cameras, or count photons from PMTs into multichannel scalers. Figure 4.10 shows
both the control software interface (upper left), and the MCS software interface
(upper right).

4.6 Atom transfer.
Atom transfer is a commonly encountered issue in ultracold atom research,
with experimental solutions ranging from magnetic transfer [66], moving optical
dipole traps or lattices [67, 68], or by direct pushing with an on-resonance laser
light [69, 70], etc. We have followed the third approach because of the simplicity,
and transfer the atoms vertically downwards with a push laser pulse close to the D2
resonance.
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To AOMs, shutters,
PMT trigger, pneumatics,
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DAQ
PC

Control
PC

Triggers

PXI bus
NI 5-slot
PXI chassis

USB to
PhaseMatrix
RF synthesizer
GPIB to
SR430

NI-FPGA
PCI 7815R

Marvin Test
GX1649

NI-FPGA
PXI 7815R

Analog and
digital buffers

Cameras

Trigger from
control system

ethernet
switch

Oscilloscopes

discriminator

Hamamatsu
Photomultiplier
Tube

Figure 4.10: Experimental control and data-acquisition system. The screenshots
can be seen when zooming in with the electronic version of this file. The sequencing
system (left) sends digital triggers to various devices such as analog output cards,
photomultiplier tubes, and cameras. The data acquisition system consists of cameras.
The science chamber has Rb dispensers for laser-trapping tests independent of
the transfer. This allows us to optimize the optics and the magnetic fields, and ready
to receive the atoms from the capture trap. Our starting point is an on-resonance
probe beam with 2 mW of laser power and 2 ms pulse duration, quadrupole field
of the capture trap is left on. Figure 4.11 illustrates a typical overall sequence,
starting from the capture and transfer stages, which takes about 1.5 seconds each.
The top and bottom vacuum systems have direct line of sight connection for less
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~1.5 s

~1 s

~15 s

Time

capture

neutralizer
(heated)

accumulation

middle
shutter

measurement
t~1s, repeat

transfer

Figure 4.11: Timing sequence for atom capture and transfer into the science chamber. The physical travel of the two mechanical parts, i.e. the neutralizer holder
and the (middle) mechanical shutter, sets the timescale of the heating/releasing and
transferring steps at the 1.5 s level.
than 10% of the time during when the middle shutter is opened. The laser push
pulse duration is at the sub 10 ms timescale, and repetitive measurement can start
immediately after the atoms are transferred to the second MOT. The actual laser
interaction time, e.g. the trapping of released Fr atoms, or the push/transfer beam,
have timescales of the order of 10 ms or less. While PNC experiments are being
performed (repetitively with the same atomic sample) in the science chamber, the
atomic ions from the accelerator keep implanting and accumulating in the neutralizer
foil. Typical duration for this (overall) measurement step can be up to 15 s or the
limit of trap lifetime due to either radioactive decay or vacuum background gas
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collisions.
The cameras and imaging systems are identical, however the fluorescence intensities do not directly reflect the relative atom numbers, mainly because the trapping
beams have different intensities, which is taken into account for the estimation of
the 10% efficiency. Figure 4.10 shows the picture on the capture trap (top) and
the picture of the transferred Fr atoms on the science trap (bottom). The diagonal
size of the sensor is 1/4 inch, as is indicated in the left picture, serves as a reference
lengthscale. The false color can be very deceptive as well, as these pictures are taken
independently, normally with automatic color scales, which might not be the same
for the two.

1/4

inc
h

Figure 4.12: Picture of francium atoms in the capture trap (left) and transferred
into the science chamber (right).

We have demonstrated transfer of Rb atoms with about the same efficiency
as was achieved at UMD, i.e. around 50%. The Fr transfer efficiency however has
not reached the same level so far. Figure 4.12 shows the Fr atoms in the capture

104

and the science chamber MOT. During the beamtime in December 2014, we tried
the francium transfer as soon as both the accelerator side and our laser trap side
were ready6 , and immediately observed a small but bright transferred francium
atom cloud in the science chamber MOT. We made some measurements of the laser
intensities, and estimate 10% transfer efficiency for the francium. Because of the
failure of the neutralizer foil shortly after this quick success, there was no time to
optimize anything. One example is the push laser intensity, which only had 600 µW
power before fiber coupling due to the optics chain not being broadband for covering
Rb at 780 nm and Fr at 718 nm without touching, and they were not tuned to best
condition. We believe this transfer efficiency could be increased by at least a factor
of 5.

6

Which took about 8 hours of tuning, as is typical for past beam times.
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Chapter 5: Precision spectroscopy of the francium D1 line.

Immediately after our successful demonstration of the high-efficiency francium
capture trap, we started physics measurements from November of 2012. We had two
experimental runs each lasting about 4 days (10 shifts), and finished the measurements in late 2013. We perform precision spectroscopy on the 817 nm D1 line
along a chain of francium isotopes. We have developed an efficient spectroscopy
technique based on rapid scanning of RF modulated laser sidebands, ideally suited
for our francium atom trap in pulsed-mode operation. This method has enabled
data-acquisition with good signal-to-noise ratio after only a few seconds. These
measurements are precise enough to reveal two finite nuclear size correction effects,
namely the hyperfine anomaly and the isotope shift, respectively. Our results serve
as nice benchmarks for state-of-the-art atomic theory, as well as future many-body
nuclear structure calculations, which are prerequisites for interpreting future PNC
experiments in Fr. We present detailed descriptions of the experimental techniques,
an empirical theoretical treatment with emphasis on the nuclear structure, and discuss further implications to our proposed PNC experiments. At the end of the
chapter is a copy of the paper under review based on hyperfine measurements and
the published one on isotope shifts. I have lead the analysis of the hyperfine mea-
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surements and will focus my discussion on that. The isotope shift analysis was lead
by Robert Collister, and the article is included for completeness. Again we recommend the reader to look at the papers first and then proceed to read the chapter as
complementary information. We start by an overview of the physical origin of these
two effects, arising from the finite nuclear size corrections.

5.1 Physics case: finite nuclear size corrections.
Let us first consider the hyperfine interaction for electronic states with J =
1/2. The lowest order hyperfine splitting Hamiltonian can be written in a simple
form:
Hhfs = Ahfs I · J,

(5.1)

where Ahfs is the magnetic dipole constant, I and J are the nuclear and electronic
spins. For the 7S1/2 and 7P1/2 states concerned in this chapter, the hyperfine Hamiltonian can be regarded as the interaction between the magnetic dipole moment of
the nucleus and the (inhomogeneous) magnetic field created by the electron orbiting
around it. A point-like magnetic dipole is in most cases a fairly good approximation,
however precise measurements reveal the effect from the finite spatial extent of the
nuclear wavefunction. The effect arising from the finite magnetization distribution,
referred to as the hyperfine anomaly (HFA) or the Bohr-Weisskopf (BW) effect [71],
is the dominating term when we compare between different isotopes. We measure
the D1 line hyperfine splittings to extract information about this contact field effect, i.e. happening when the electronic wavefunction penetrates into the nucleus.
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Figure 5.1: Physical origins of hyperfine anomaly and isotope shift. Both effects
arise due to a finite nuclear size correction. The hyperfine anomaly is dominated by
the spatial extent of proton and neutron wavefunctions, where as the isotope shift
originates from the collective nuclear charge distribution.
Fig. 5.1 (a) illustrates the HFA, dominated by the valence nucleons since the rest of
the nucleons are paired up and does not contribute to the magnetism.
The isotope shift (IS) arises from a different finite size effect: the spatial
extent nuclear charge distribution1 . Figure 5.1 (b) illustrates this correction, which
is a collective effect, where all the protons contribute. Note that in both the HFA
and IS we can only compare between isotopes, i.e. the changes in these finite size
corrections.
1

There is also contribution from the mass shift.
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5.2 Measurement techniques and systematic effects
We probe these physical effects by laser spectroscopy of the D1 in the MOT.
We use a rapid-scanning spectroscopy method which probes and recaptures the same
atom ensemble from a single heating pulse for many times. This method, first proposed by Eduardo Gomez, has lots of advantages such as recycling the limited supply
of radioactive atom source, and circumventing systematic drifts of the atom number
and laser frequency. We focus on the measurement techniques and systematic effects
in this section, especially on the hyperfine anomaly experiment. The isotope shift
measurement method is a nice extension with lower measurement precision, which
we will integrate into the discussion. Variations of this rapid-scanning technique
could potentially be applied in our planed optical APNC experiment, where long
atomic coherence time is not necessary.

5.2.1 Rapid-scanning spectroscopy.
The scarcity of available francium atoms, and the pulsed nature of our capture trap, means that we only have one sample of million atoms every 20 s or so.
Scanning rapidly enables efficient use of this sample by recycling the atoms after a
spectroscopy cycle. We also eliminate effects from the time varying (exponentially
decaying) atom number. We perform a single scan in 10 ms, on the RF signals
applied to fiber electro-optical modulator (EOM), with the sidebands covering a
frequency range of 140 MHz.
Figure 5.2 shows the experimental setup schematics, in particular the RF
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Figure 5.2: Schematic of experimental setup, divided into three sections besides the
atom trap: RF synthesis system, fiber modulation, and data acquisition. Blue lines
represent RF signals, typically of the order of 3 GHz, i.e. about half of the 7P1/2
splittings. Red curvy lines indicate fiber coupled probe laser light. Black lines are
digital and analog signals used for controlling the instruments and acquiring data.
Dashed lines represent alternative (later) solutions that we only implemented in the
runs in the fall of 2013.
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synthesis highlighted on the left bottom. We have used two RF frequency synthesis
methods, the first one is based on Analog Devices (AD) ADF4350 evaluation boards
(EVAL-ADF4350-EB2Z), and the second one relies on a commercial frequency synthesizer (PhaseMatrix FSW0020). The AD scanning relies on feeding the Phase
Locked Loop (PLL) inputs of two AD cards with scanning signal from a Stanford
Research Systems DS345 synthesizer sweeping over 5% of the range around 10 MHz.
For example in 207 Fr we scan the DS345 from 9.76 MHz to 10.24 MHz in 10 ms. The
DS345 synthesizer is in turn referenced to a Rb clock (Stanford Research Systems
FS275). We used two AD cards at different frequencies (higher or lower than 10
MHz input) in switching mode, because of the limited scanning range of a single
card (70 MHz). This synthesis chain was our only solution before we acquired the
commercial synthesizer from PhaseMatrix in 2013. This synthesizer could only do
100 µs steps, so we have to scan about 1MHz per step to achieve the same speed.
Some data from this shows step-like shape.
We collect the light into a double relay imaging system, and count the fluorescence photons with a photomultiplier tube module (PMT, Hamamatsu H7422-50)
optimized for infrared sensitivity. The data is acquired by a multichannel scaler
(MCS), which gives the number of counts per timing-bin (typically 640 ns). The
MCS also had two different versions. In the November of 2012 we borrowed a
Stanford Research Systems SR430 from JQI. Later we returned it to Maryland and
developed our own MCS solution with a National Instrument FPGA card (NI PCI
-7811R). The SR430 has a built-in discriminator, which we can set the level just with
front panel operation. The FPGA chain employs a photon counting unit (Hama111

matsu C9744), which converts the millivolts PMT output into TTL signal. This is
in turn sent to the FPGA via an optical link, which separates the grounds between
the PMT side and computer side.
Figure 5.3 shows the experimental sequence and the data-accumulation. We
use a “trap chop” method to eliminate the ac Stark shift from the trap laser itself.
This also serves as a reference for evaluating this shift from other lasers, which
we will detail in the next section. We typically accumulate 600 scans (6 seconds)
to achieve good signal to noise ratio, ranging from above 20 for more abundant
isotopes such as 209 Fr or 213 Fr, to about 5 in more scarce isotopes such as 206g Fr and
206m1

Fr, the ground and isomeric states that we are able to trap for this isotope.

One clear distinction between our fast RF scanning method with the method used
in Ref. [72,73], is that the laser frequency drift becomes a common mode effect. We
eliminate the need for scanning the laser carrier frequency and repeating the scan
at different RF sideband frequency as reported in Ref. [72]. The previous Fr HFA
measurement also suffered from background scattered light from the laser central
carrier, which for a glass cell without AR coating can be quite prominent. Cascaded
free-space electro-optical amplitude modulators were used for turning the probe laser
off [73]. Our fiber electro-optical modulator provides intensity modulation with a
Mach-Zender interferometer configuration, with one arm phase-modulated and one
arm unaffected. The offset point is controlled by a DC bias voltage and is sensitive
to temperature and other environmental changes. This poses a serious disadvantage
that the scattering background will not only be present, but also slowly-varying with
time. We solve this with a bias controller (YYlabs mini-MBC-1). A small tap-off is
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Figure 5.3: Scanning the RF over 140MHz is addresses the upper/lower hyperfine
level with the +/- sideband from the fiber EOM. Data is collected regardless of
whether the trapping laser is on or off, while the “trap chopping” is repeated every
30 mus with 10% duty cycle. Each entire scan takes only 10 ms, and a typical data of
600 scans accumulated is shown under the “PMT counts” column. With the MCS
bin width of 640 ns, the histogram has superb smoothness. Red arrows indicate
when resonance fluorescence occur,which manifests as two peaks with overlay. They
are with trap laser and off respectively, visualizing the ac Stark effect. And the
opposite displacement comparing the two hyperfine peaks, is a direct result from
the opposite directions of the RF sideband scans, reflecting the ac Stark shift being
a common mode effect.
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sent to a monitoring photodiode on the bias controller board, which in turn provides
a DC signal with kHz dithering and PID feedback, locking the fiber modulator at
the null point of the amplitude modulation.
The isotope shift measurement is a nice extension of the above described experimental technique. Fortuitously the IS values lie close by the 3 GHz value of
our RF sidebands. We change the RF frequency range to near the expected location, keep the laser locked with the He-Ne referenced cavity, and wait for the ISAC
operators to switch the isotopes for us. This switching usually takes 30 minutes.
Reference [74] contains more experimental details.

5.2.2 Systematic errors
We now discuss the various systematic effects and evaluation of their uncertainties.
Magnetic field: the dominating systematic effect
The linear Zeeman shift is our main source of systematic uncertainty. We leave
the quadrupole magnetic field on during the scans, and the atoms trapped in the
MOT are (unevenly) distributed among all Zeeman sub-levels, which we can not
resolve in our laser spectroscopy. If the atom cloud is positioned well at the null
of the quadrupole field, and the atoms have equal populations contributing positive
and negative shifts, the Zeeman effect should vanish when we probe with a linearly
polarized laser. Real-life situation is complicated by the imperfect alignment and
the messy optical pumping processes in the MOT. We put an upper bound on the
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Zeeman systematic uncertainty by measuring the hyperfine separations after changing various parameters, such as the polarization of the probe beam, the magnetic
field gradient, or displacing the position of the atoms either by changing the power
of the probe, by removing the retro-reflected probe beam or by inserting a thick
piece of glass in one of the trap arms to imbalance it. We have combinations of
different tests in both Fr and Rb.
We apply a current to the quadrupole field ranging from 40 A to 70 A, corresponding to magnetic field gradient on the strong axis of 10 G/cm to 17.5 G/cm.
For Fr the location of a single peak can shift as much as 1.2 MHz, however the HFS
varies within a 400 kHz range with no clear dependency with the applied current.
The probe laser can push the atom cloud position through the photon recoil force, into a slightly different magnetic field environment. During the dataaqcuisition we have the probe laser retro-reflected. The characterizations with Rb
exaggerate this effect by increasing the probe laser power (kept lower than 200 µW
during actual scans) by at least a factor of two, which introduced a trap displacement between 0.6 mm to 0.8 mm. Such displacements would maximally introduce
1.1 MHz shift at 10 G/cm gradient for a fully stretched state, and we see no clear
variations at the 500 kHz level.
We measure the HFS changes by altering the probe laser polarization with
a 780 nm zero-order quarter-wave plate. We observe a 800 kHz change switching
from π (linear) to σ + , while the change is less than 200 kHz between π and σ−
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probe beams2 . Similar effects in Fr show up with the upper limit between the 370
kHz to 500 kHz, depending on the isotope. We conservatively estimate the final
Zeeman uncertainty for Fr, by using the 800 kHz limit, multiplied by the largest
uncertainty in the laser probe polarization. This determined (unfortunately) by the
lost of record of the exact wave-plate mounting orientation during the first Fr run.
The rotation mount could be ±10◦ away from the desired angle, and we obtain 540
kHz maximum uncertainty due to the linear-Zeeman effect.
Differential ac Stark shift
The trap laser connects to the upper hyperfine level of the ground state, which
is also where the probe laser excites the atoms from. This introduces an ac Stark
shift for D1 line frequency, as well as line-boardening. Figure 5.4 illustrates these
effects. The observed shift is 5 MHz, and we calculate 3.6 MHz from the scaler
lightshift for our typical trap laser intensities. The line is broadened from 10 MHz
with the trap laser off, to 14 MHz with the trap laser on. The scaler shifts for
two hyperfine levels cancel out, however we observe a residual 250 kHz ± 100 kHz
differential shift. This can be explained by considering the two 7P1/2 hyperfine levels
have different Zeeman manifolds, which experiences different vector lightshifts. Note
that both the scaler and vector lightshifts from the trap laser vanish since we only
analyze our data from when it is turned off3 . We in turn use these numbers to
estimate the ac Stark shift from other light sources, i.e. the repumper laser and
2

The atoms in a MOT do not have a well defined magnetization axis, and we refer the polarization to the probe laser propagation direction.
3
We obtain a “chopping filter” by recording the trap laser scattering from the glass cell when
no Fr MOT is present. This provides the criteria for our data-filtering. The on/off extinction ratio
is better than 0.5%.
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Figure 5.4: Sample data showing the AC Stark shifts while we chop the trapping
laser light. The thicker and broader lines to the left ( ∼14MHz full width half
maximum (FWHM)) are when the trap light is on, and the ones to the right (10MHz
FWHM) are when the trap light is off.
the probe laser. The Fr repumper on the D2 line is 45 GHz away from the upper
hyperfine level, and adds an negligible effect. The probe laser carrier is about 3
GHz from either of the two 7P1/2 levels, and will introduce <50 kHz shift when not
suppressed. The fiber-modulator lock suppression renders this negligible.
One non-negligible source of ac Stark shift, is from the presence of the other
laser sideband. We lock the laser carrier at aboout 30 MHz to 40 MHz away from
the center, so that the split of the two peaks is about 70 MHz. When one sideband
is on resonance with one 7P1/2 hyperfine level, the other sideband is always affecting
the ground 7S1/2 state, due to its tens of MHz proximity to the other hyperfine D1
line. This is the main contribution to our final ac Stark effect, and we obtain a
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correction of 90 kHz and an uncertainty of ±60 kHz.
Background and line-shape distortions.
We observed some backgrounds on the MCS photon counts, that exist even
when there are no trapped atoms. We only found during the September 2013 beam
time that it is because the AC cards output power is not flat. This translates
directly into the laser power in the two sidebands, and appears in the PMT counts
due to residual light scatterings from the glass cell. In addition to this, when the
fiber-modulator carrier suppression performance is drifting over time, we have a
time-varying background that changes at the 30 min time-scale4 . We record the
background without trapped atoms immediately after we take the data, and analyze
the effect from it. Figure 5.5 shows a scan with an uneven slope (top) and the
background itself (bottom). We fit the data with either a Lorentzian profile, or with
a polynomial profile addition. We fit the background with a polynomial function
and compare to the fit parameters from the data with the peak. The shift of the
line center is 100 kHz, with variations at our statistical uncertainty level.
Besides the background which has no correlation with the peak locations, we
also have line-shape distortions that shows up as a residual structure, barely visible
in Fig. 2 of the attached hyperfine anomaly article Ref. [75]. The asymmetric
residual is much more evident if we add multiple data sets together, while each data
set contains 600 scans accumulated over 6 seconds. We tried multiple data-fitting
models that adds asymmetric parameters to the Lorentzian function, including a
4

These effects were removed later in 2013, by an improved fiber-modulator locking and scanning
with the PhaseMatrix synthesizer.
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Figure 5.5: Lorentzian fits with and without subtraction of background, and a
polynomial model of the background, which originates from residual scattered laser
light and RF scan power variations.
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Fano-type model [76], and a sigmoidal asymmetric model [77]. They do not remove
the residual structure that is seen in Fig. 2 of Ref. [75]. The possible sources of
the line-skewing includes laser frequency drifts during data-accumulation, and the
previously mentioned time-varying ac Stark shift. We evaluate the total uncertainty
from the line-shape deviations, including the backgrounds, to be 100 kHz.
Scan linearalities, Doppler effect, etc.
We also take into account several other systematic effects that are much
smaller. The RF scanning linearity is significantly better compared to a laser scanning (e.g. in Ref. [72]). We checked this by beating down the frequency with a fixed
frequency RF synthesizer and looking at the time-varied signal with an oscilloscope.
Fitting the sinusoidal signal at multiple time points in a scan yields a result of negligible (<100 Hz) error on the RF frequency calibration. We also compared the RF
frequencies from the AD cards with that from the PhaseMatrix synthesizer operating in list trigger mode. We evaluate the Doppler effect by pushing the atom cloud
with single-pass probe laser, and record the atom velocity with the CCD camera.
The effect on the HFS is below 10 kHz.
Adding all the above uncertainties in quadrature, our total systematic shift
uncertainty is 552 kHz. See attached Ref. [75] for the HFS measurement results
for our chain of Fr isotopes.
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5.3 Hyperfine anomaly: empirical calculation and the shell model.
We use the ratios of the 7P1/2 HFS, including isotopes measured at TRIUMF [75] and those in Stony Brook [72], in conjunction with the 7S1/2 measurements
primarily from ISOLDE at CERN (see Ref. [75] and therein), to extract information
about the hyperfine anomaly. As outlined in Section 5.1.1, the anomaly variations
between different isotopes, is dominated by the Bohr-Weisskopf effect of magnetic
nature. It lies in a unique interface between atomic and nuclear physics, since the
calculation of this effect involves both the wave-function of the atomic electron, and
that of the proton and neutron in the nucleus. Here we employ an empirical treatment based on the calculations in Refs. [78, 79]. We are able to make reasonable
predictions for the anomaly contribution from the single valence neutrons along our
Fr isotopic chain. We can also qualitatively explain the behavior at the edge of our
isotopic chain with a nuclear shell model picture with Nilsson deformed nucleus [80].
The calculations in the references that we use are reasonably old and the problem
deserves attention and re-examination from modern state-of-the-art atomic and nuclear theories. We present our result as a sensitive probe for subtle effects arising
from these contact interactions, and an open invitation for theorists to explain the
hyperfine anomaly with modern tools. This section details our “theoretical” explanation, primarily intended for an atomic physics experimentalist to understand the
HFA.
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5.3.1 Hyperfine interaction: electronic wavefunction integrals
For the S1/2 and P1/2 electronic states that we are concerned with, the quadrupole
moment is zero. We first write the magnetic hyperfine interaction hamiltonian:

Hhfs

1
=−
c

Z

jN (r) · A(r)d3 r,

(5.2)

where jN (r) denotes the nuclear current density at point r in the nucleus, and A(r)
is the vector potential produce by the electron at position r of the nucleus:

1
A(r) =
c

Z

je (re ) 3
d re .
|r − re |

(5.3)

Evaluating this hamiltonian over a hyperfine state and comparing to that of a pointlike magnetic distribution, we have the “fractional anomaly”, which is the parameter
used to quantify the Bohr-Weisskopf effect [79]:

BW =

hnJIF |Hhfs |nJIF i

p.d.
hnJIF |Hhfs
|nJIF i

− 1,

p.d.
where Hhfs
denotes the hyperfine hamiltonian with a point-like magnetic dipole

approximation. Integrating out the spin and angular coordinates of the electron, we
have

BW =

R
Rr
R∞
hII| d3 r(r × jN ) · [ ( rre )3 (F nJ · GnJ /re2 )dre + (F nJ · GnJ /re2 )dre ]|IIi
0

r

R∞
hII| d3 r(r × jN ) · [ (F nJ · GnJ /re2 )dre ]|IIi
R

−1

0
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(5.4)

where the F nJ and GnJ are the large and small part of the electronic Dirac wavefunction, re is the radial coordinate of the electron, and |IIi is the nucleon eigenwavefunction.
Explicitly separating the electronic and nuclear operators, following the approach in Ref. [79], we have the electronic part:
RRi nJ
(F · GnJ /re2 )dre

N (Ri ) = R0∞
(F nJ · GnJ /re2 )dre
0

K(Ri ) =

RRi
0

(F nJ · GnJ /re2 )(re /Ri )3 dre
R∞
(F nJ · GnJ /re2 )dre

,

(5.5)

0

where Ri is the radial coordinate of an individual nucleon; and the nuclear magnetic
dipole moment defined as:

1
µI = hII|
2c

Z

(r × jN )d3 r|IIi/µN ,

(5.6)

where µN denotes the nuclear magneton. Further separating the spin and angular
contributions to the nucleon current, we arrive at this simplified expression derived
by Bohr and Weisskopf [71]:

BW = −hN (R)iαS + hK(R)iη − hN (R) − K(R)iαL ,

(5.7)

where the αS and αL are the fractional spin and orbital contributions to the nuclear
magnetic dipole moment, and η is the spin-dipole term allowing for non-spherical
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contributions. As noted in Ref. [81], these three parts are analogous to the contact,
orbital, and spin-dipole parameters often used to analyze the electronic part of the
hyperfine structure.
The calculations of the electronic integrals in Eq. 5.5 require knowledge of the
radial part of the Dirac wavefunction modified by the finite size of the nucleus, and
is usually evaluated by an expansion in powers of r/RN , where RN can be regarded
as an “overall” size of the nucleus. This requires a particular model of the actual
nuclear charge distribution. Bohr and Weisskopf evaluated the electronic integrals
considering the nuclear charge distribution as in between uniform in the volume
and uniform on the surface of a sphere [71]. Stroke in Ref. [78] calculated with
three different distributions, those of Ref. [71] plus a trapezoidal one 5 , and obtained
different results. Of these, the most accurate is the one calculated with a trapezoidal
charge distribution, which was the best approximation based on electron scattering
experiment data available at the time. Contrary to the conclusion in Ref. [78] that
different distributions change the result by a considerable amount, Ref. [82], which is
a more modern calculation, use 3 different distributions and less than 5% variations,
when keeping the magnetization radius fixed. Recent atomic theories taking into
nuclear size effects typically use two parameter Fermi-distributions [83].
5

Or rather, a polynomial “Hofstadter” type distribution fitting to match parameters of the
trapezoid, see Ref. [78].
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Table 5.1: electronic wavefunction integrals, interpolated from calculations in
Ref. [78]
Electronic state
7S1/2
7P1/2

b2s

b4s

6.13 -1.91
1.59 -0.49

The expansion in powers of nuclear moments leads to the following expressions:

N (R) = b2 · hr2 /RN i + b4 · hr4 /RN i.
2
4
2
2
K(R) = b2 · hr2 /RN
i + b4 · hr4 /RN
i.
5
7

(5.8)

We use the numerical values in Ref. [78] and interpolate for Fr. The results are
tabulated in Table 5.1.
The anomaly then reduces to:

 = −(αS [b2 (1 + (2/5)η)G1 + b4 (1 + (4/7)η)G2 ]
+ αL [(3/5)b2 G1 + (3/7)b4 G2 ])

(5.9)

2
4
where G1 = hr2 /RN
i and G2 = hr4 /RN
i are evaluated over the nuclear wave-

functions6 . We now switch gears and examine the nuclear wavefunctions in the
framework of the spherical shell model.
6
Note that in some calculations Martensson-Pendrill’s group performed, the hr6 i term is found
to amount to several percent of the anomaly, which is below our precision but matters, for example,
in stable isotopes 203 Tl and 205 Tl [83].
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5.3.2 Spherical shell model nuclei:

207

Fr to

213

Fr.

The nuclear shell model is analogous to the Aufbau principle in atomic physics,
which describes the electronic structure as they gradually fill up the “shells”, which
contains orbitals7 . The closed-shell nuclei are analogs of noble gasses. However since
the nucleons interact with each other via the strong force instead of the Coulomb
force for atomic electrons, the potential inside of the nucleus is much better described
by a simple harmonic oscillator (SHO) potential. The SHO potential is in fact an
amazingly good approximation for many applications, especially phenomenological
ones. One step beyond that sometimes a Fermi-like potential called the “WoodsSaxton” potential [84] is used. Including the spin-coupling interaction, the resulting
“magic numbers” are 2, 8, 20, 28, 50, 82, and 1268 . Both protons and neutrons have
these magic numbers, or in other words the nuleon interactions to good extent do not
depend on the electrical charge. Near the heavy mass region where Fr lies,

208

Pb is

the “doubly-magic” nucleus, with proton number Z = 82 and neutron number N =
126. It is the staring point, the black-box “core” for modern theoretical calculations.
Figure 5.6 shows a diagram illustrating the nuclear shell model, highlighting our
example isotope

210

Fr. Five protons are added to the h9/2 orbital above Z = 82

shell, and three neutrons are removed from the p1/2 and f5/2 orbitals below the N
=126 shell.
These orbital wavefunctions provide the basis for evaluating the nuclear in7

The shell model was developed by Maria Goeppert-Mayer and J. Hans D. Jenssen, who shared
half of the Nobel Prize in Physics in 1963. Goeppert-Mayer was the second and last female Physics
Nobel laureate, after Madam Curie.
8
The numbers are instead 2, 10, 18, 36, 54, and 86 for atomic electrons.

126

126

N = 126

82

82

50

50

3 neutron holes
below closed shell

Z = 82
5 protons above
closed shell

28

28

20

20

Valence neutron hole
and proton

“doubly magic core”
i.e. black-box of 208Pb
Fr210 nucleus

2

2

= proton
= neutron hole

N = 126

Z = 82

Figure 5.6: Shell model nucleus of 210 Fr. The nucleons gradually fill up wavefunction
orbitals. For certain numbers of nucleons there are big energy gaps, and form the
so called “closed shells”, similar to the electronic structure in noble gases. These
numbers are different from atomic magic numbers because of the differences in the
potential shape and spin-orbit coupling. Near francium the “doubly magic” nucleus
is

208

Pb, with 82 protons and 126 neutrons.

210

Fr has five proton holes above and

three neutron holes below the respective closed shells. The unpaired valence nucleons
dominate the magnetic dipole hyperfine interaction.
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Table 5.2: Nuclear integrals, angular momentum parameters, and calculated anomalies for valence nucleons in respective orbitals.
Orbital

νp3/2

νi13/2

νf5/2

νp1/2

πh9/2

 this work
 [72]
αS
η
G2 [78]
G4 [78]

-1.99

-2.47

1
0.2
0.58
0.53

1
0.4
0.61
0.43

-2.75
-1.96
1
0.8
0.70
0.70

-3.13
-2.32
1
2
0.58
0.53

-0.57
-0.50
-0.518
-0.667
0.52
0.31

Table 5.3: Nuclear moments obtained from nuclear wavefunction based on the
Skyrme model [85] in the Pb region.
orbitals
hr2 i /fm2
hr4 i /fm4

νf5/2

νp1/2

πh9/2

27.81
1351.55

27.80
1553.29

28.34
1135.16

tegrals G1 and G2 . We use the calculations in Ref. [78] for orbitals nearby the Fr
region, and list these numbers in Table 5.2. This table also includes the angular
momentum coupling factors, which we will investigate in the next sub-section.
Of course the main interest lies in the sensitivity to the neutron magnetization
extent. In Ref. [72], generic nuclear wavefuctions in the Pb region obtained from
the Skyrme model were used. The calculated nuclear moments for f5/2 and p1/2
orbitals are summarized in Table ??.9 However, these moments combined with
RN = 1.07A1/3 + 1.5 fm = 7.89 fm give typically G1 and G2 of 0.45 to 0.3, which
are a fair amount smaller than those from Ref. [78]. This will reduce the anomaly
9

Table 5.3 is for book keeping purposes only. The numbers are obtained from an excel file from
Stony Brook used to analyze the data in Ref. [72].
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of the odd-even isotopes by as much as 40%.

5.3.3 Nuclear g factors and spin alignment.
There are two layers of nuclear g factor couplings involved: 1. the angular
momentum addition from the proton and the neutron; 2. the orbital and spin
angular momentum addition in a single nucleon. Figure 5.7 illustrates the spin
alignments. We first examine the proton and neutron addition.
The total anomaly combining the proton and the neutron is given by [79].

A,S − A,P = π βπ + ν βν ,

(5.10)

where βi is the fractional contributions from the proton and neutron to the magnetic
moment. The angular momentum coupling of the proton and neutron g factors
gives the respective β factors. We use empirical g factors derived from francium
magnetic moments, and tabulate the values along our isotopic chain in Table 5.4.
This approach for Fr is used in the recent literature, e.g. in Ref. [86].
The sum over individual nucleons then reduces to the πh9/2 for isotopes with
paired neutrons (odd-even isotopes), and angular momentum coupling between the
πh9/2 and respective neutron orbitals, for example νf5/2 for

210

Fr, for isotopes with

an un-paired valence neutron (odd-odd isotopes). The β factors are:

βπ = gj,p

gI − gj,n
gI (gj,p − gj,n )
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(5.11)

neutron intrinsic spin neutron intrinsic spin
anti-aligned with I
aligned with I

f5/2

valence
proton only

h9/2

h9/2
f5/2

I=3
= proton spin

h9/2
= neutron spin

I=6

I=9/2

Figure 5.7: Neutron spin alignment with the total nuclear spin. Odd-even isotopes
(207,209,211,213 Fr) have spins determined by only the single valence proton, and is
I = 9/2. The odd-odd isotopes have the proton and neutron angular momenta
coupled together, to produce either high nuclear spin (e.g.

210

Fr I = 6 and neutron

f5/2 pure orbital); or low spin (206g Fr I = 3, again assuming a pure orbital). The
neutron spin is anti-aligned and aligned with the total nuclear spin, respectively.
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Table 5.4: g factors, empirical and experimental magnetic moments, and proton β
factors.
Isotope

206m1

206g

207

208

209

210

211

212

213

gj,p
gj,n
µemp
µexp
βπ

0.860
0.351
4.478
4.69
0.815

0.860
-0.627
4.253
3.97(6)
0.834

0.860
0
3.870
3.89(8)
1.0

0.873
0.351
4.807
4.75(10)
0.817

0.873
0
3.929
3.95(8)
1.0

0.885
0.351
4.319
4.38(5)
0.849

0.885
0
3.983
4.00(8)
1.0

0.893
1.226
4.632
4.62(9)
0.868

0.893
0
4.019
4.02(8)
1.0

Where the total nuclear g factor is given by:

gI =



gj,p + gj,n
2



+ (gj,p − gj,n )

Ip (Ip + 1) − In (In + 1)
.
2I(I + 1)

(5.12)

And βµ = 1 − βπ . Table 5.4 contains the numbers.
We now look at the proton g factors used. For any single valance nucleon,
to get gJ,p from gL,p and gS,p , i.e. the coupling of spin and angular momenta, the
formula has the same form as Eq. 5.12:

gJ =



gL + gS
2



+ (gL − gS )

L(L + 1) − s(s + 1)
.
2j(j + 1)

(5.13)

These factors determine the α parameters, as listed in table 5.2 in the previous
subsection. For the neutron since the orbital angular momentum does not contribute
to the magnetic moment, gl,n = 0. However for the proton, different “quenching” of
g factors could change the size of the proton anomaly. In the main result we have
kept the convention of Ref. [72], with gs quenching factor 0.85, giving gj = 0.834.
If we instead use a quenching factor of 0.6, gs = 3.35µN , yielding gj = 0.961. This
would change αS from -0.57 to -0.34, giving a proton anomaly of π,S−P = −0.825%.
131

This would reduce the total anomaly of isotopes with νf5/2 and νp1/2 orbitals by
about 15% and 10% respectively.
We can make use of the above spin couplings to explain some features of the
HFA, especially for the case of 206 Fr ground and isomeric states. Figure 5.8 highlights
the different predictions for

206

Fr. The sign reversal of f5/2 orbital for

206g

Fr10

compared to other isotopes with neutrons at this orbital, can be understood by
noticing the neutron spin alignment to the total angular momentum of the nucleus.
See Fig. 5.7. For neutron p1/2 , f5/2 and proton h9/2 states, the nucleon spins are
all anti-aligned with the orbital angular momenta. To obtain total nuclear spin of
higher than 9/2, which is the case for

206m1

Fr,

208

Fr,

210

Fr and

212

Fr, the neutron

and proton angular momenta are aligned. Therefore the neutron spin In , which
generates the neutron part of the magnetization, is then anti-aligned with the total
nuclear spin I. This however is the opposite for

206g

Fr with low spin, and thus the

f5/2 orbital has In and I aligned, whereas p3/2 and i13/2 have them anti-aligned.
This concludes the discussion of the BW effect for a spherical shell model
nucleus. Before we proceed into nuclear structure effects beyond this simple picture,
we include the finite charge distribution effect.

5.3.4 The Breit-Rosenthal effect
The hyperfine splitting changes due to the finite nuclear charge distribution, is
called the Breit-Rosenthal effect [87]. There are mainly three models of the charge
10

We follow recent literature and refer the nuclear spin I = 7 as the ground state. The exact
energy level ordering with the low spin state has not been established at the time of this writing.
The two nuclear states both decay through alpha emission, and have almost the same lifetimes of
about 16 seconds.
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Figure 5.8: Hyperfine anomalies of

206

Fr nuclear ground and isomeric states. This

is one detailed version of Fig. 4 in Ref. [75]. The green dashed circles are calculations based on pure wavefunction orbitals, however in the case of

206g

Fr is not in

agreement with either one considered. This suggests a possible mixture of orbitals,
and HFA is more sensitive to this effect than the magnetic moment itself. See text
for discussions. The dashed lines are to guide the eye, illustrating the even-odd
staggering and the proton anomaly trend.
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distributions in the literature used to calculate this effect: when first examining the
isotopic variation of hyperfine constant, Breit and Rosenthal [87] used a spherical
shell charge distribution [87]. Later Crawford and Schawlow used uniform distribution [88]. Rosenberg and Stroke used a trapezoidal distribution [89] and compared
results from different models, and found that the BR effect differs. For example for
Fr (Z = 87) a uniform charge distribution could give 18.5% to the hyperfine splitting, where as a Hofstadter distribution would give 15%. The Hofstadter distribution
gives an effect for the P1/2 state of 5%. Since the charge radius variation is relatively small, the relatively large BR effect still gives 10−4 level variations between
adjacent isotopes. However, when comparing the two ends of the isotopic chain,
206

Fr and

213

Fr, the BR effect could show up at δrc2 which is about 30% of the odd-

even isotope anomaly. On the other hand, in Ref. [83] a different parameterization
is used: A(ρc , ρm ) ≈ A0 (1 − f λc ). Where the parameter f is found with DiracFock calculations for several charge distributions to be f (7S) = 15.8 × 10−4 /fm2 ,
f (6P1/2 ) = 4.14 × 10−4 /fm2 . And λc = 0.94 × hδrc2 i, where the factor of 0.94 is for
taking into account higher moments. It was also observed that the BR effect can be
compared to the BW effect, and the ratio f /b2S ≈ 2.0. We have used this method
and the parameters used for the BR corrections, again taking 213 Fr as the reference.
The charge radii changes are taken from Ref. [90] and [74]. Results are tabulated
in Table 5.5. These numbers are less than half of what is estimated using Ref. [89],
and modern atomic theory at an accuracy of 1% or better should be able to resolve
this discrepancy.
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Table 5.5: Charge radii changes with respect to 213 Fr and the Breit-Rosenthal effect.
See text for method used.
Isotope

206

hδrc2 i /fm2
-0.3851
BR effect /% -0.052

207

208

209

210

211

212

-0.3719
-0.050

-0.2918
-0.040

-0.2710
-0.037

-0.1876
-0.025

-0.1169
-0.016

-0.0793
-0.011

5.4 The Nilsson deformed nucleus,

209g

Fr and

221

Fr.

The study of nuclear shape coexistence and evolution is one of the central
topics of contemporary nuclear physics [91]. Certain transitions from spherical
to quadrupole and higher-order deformed shapes are explained as quantum phasetransitions [92]. The Nilsson model [80] is an elegant solution for deviations from a
spherical nucleus. Its ingenuity originates from simplifying the complicated manybody nuclear interactions into a tangible framework based on a single particle in a
deformed nuclear potential.
In this section we use the Nilsson picture to describe the HFA beyond the
spherical shell nucleus. We can qualitatively explain the two isotopes at the edges
of our isotopic chain:

209g

Fr and 221 Fr. These two isotopes mark a clear boundary of

the single particle shell model, on both the neutron-deficient and neutron-rich sides
of the isotopic chain. We end this chapter by discussing possible implications for
the neutron skin and the relationship with the HFA and APNC.
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Table 5.6: µ and HFA of

206g

calculated with different pure orbitals. The experi-

mental magnetic moment is 3.99 µN [86].

5.4.1

206g

orbital µemp /µN

 /%

νf5/2
νp3/2
νi13/2

0.13
-0.64
-0.20

2.834
4.253
-1.982

Fr nuclear ground state.

The ground state

206g

Fr already shows magnetic moment deviations from the

f5/2 orbital [86, 93, 94]. We list in Table 5.6 the values of the magnetic moment
and the hyperfine anomaly considering three neutron orbitals: f5/2 , p3/2 , and i13/2 .
Figure 5.9 plots these calculations and the experiment. The i13/2 orbital has an
opposite parity and a higher energy, which we do not expect to mix into the neutron
orbital. Its calculation is only included for completeness.
Figure 5.9 shows the Nilsson diagram for neutrons below the N = 126 shell closure. Six neutron holes gradually occupy the sub-levels p1/2 and f5/2 orbitals, while
the seventh one is the valence neutron contributing to the HFA. The quadrupole
moment of

206g

Fr [93, 94] indicates a tiny oblate deformation [95]. This however

can already introduce level mixings between the highest energy f5/2 orbital with the
nearby levels of the p3/2 orbital. This mixture could produce the larger anomaly in
206g

Fr, even though a single particle model in f5/2 orbital yield opposite sign of the

anomaly.
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Fr in a deformed nucleus. The quadrupole mo-

ment [93] indicates a small oblate deformation [95]. The 6 neutrons pair up and
occupy lower levels of p1/2 and f5/2 orbitals. The close lying energy levels of f5/2 5/2
(denoted as “[503 5/2]” in the Nilsson picture) and p3/2 1/2 (“[521 1/2]”) renders the
valence neutron in a mixture state of two orbitals. Nilsson diagram originally from
Ref.

[96]. Grey arrow indicate level crossing of f5/2 [503 3/2] and p3/2 [521 1/2]

orbitals. All the numbers indicate various angular momentum and spin quantum
numbers. Nilsson diagrams can be lengthy to explain, and I suggest the readers
refer to text books such as Ref. [97].
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5.4.2 Neutron rich

221

Fr.

We then turn into the case of

221

Fr, an isotope with 4 pairs of neutrons above

the N = 126 closed shell. The valence proton still dominates the magnetic moment,
and its wavefunction is modified by the Nilsson deformation. Figure 5.10 shows the
HFA result highlighting 221 Fr. The valence proton resides in the h9/2 orbital, however
the HFA does not follow the trend of the other odd-even isotopes. This isotope even
has nuclear spin I = 5/2 instead of 9/2. We were much puzzled by these strange
behaviors and the model used in Ref. [98], until Prof. Alfredo Poves11 pointed
out a simple possibility: the fifth valence proton has nuclear angular momentum
projecting onto the deformation axis, rendering the nuclear spin as I = 5/2.
Figure 5.11 shows a Nilsson diagram for protons near Z = 82. The quadrupole
moment of

221

Fr suggests a prolate deformation [98]. Lower spin states of the πh9/2

orbital is energetically favored, and the five protons gradually fill up from the Z =
82 closed shell. The last valence proton can reside in the [523 5/2] orbital, before the
f7/2 level ([530 1/2] highlighted in green in Fig. 5.11) have low enough energy to mix
in. The Nilsson model calculations are parameter dependent, and several different
sources that we have looked up all predict this level crossing at medium deformations
0.15 < 2 < 0.2 [96,97,99]. Reference [98] however, calculates a much earlier crossing.
The authors of Ref. [98] consider much more complicated orbital mixing effects and
excitations, and tweak some parameters to obtain agreements between theory and
experimental nuclear moments. Our treatment here is considerably simpler: the
11

Then visiting TRIUMF from Spain.
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This is another detailed version of Fig. 4 in Ref. [75]. See text for explanations
emphasizing the neutron rich
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Fr.
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tabulated orbital mixtures in Ref. [99] give less than 5% contributions from other
orbitals. We also obtain a reasonable magnetic moment12 , taking into account the
Clebsh-Gordan coupling coefficients and the proton spin-asymmetry contributions.

5.5 Possible implications of the hyperfine anomaly.
5.5.1 Magnetic moment relationship with the anapole moment.
As is discussed in Chapter 1, understanding the nuclear structure, in particular
the electromagnetic currents inside of the nucleus within the finite size (7 fm max
radius for Fr), is crucial for the interpretation for an anapole moment experiment.
The hope is that with a next-order quantity such as the BW effect, could shine light
on to the nuclear structure models used for calculating the nuclear anapole, and
provide an important benchmark on the theoretical accuracy. This might require
the magnetic moment itself being calculated to reasonable precision, as compared
to our empirical approach of deriving it from experimental values.
The nuclear magnetic moment has both direct and indirect relationships with
the anapole. In fact, as pointed out both in the context of extreme single particle
model (see e.g. Ref. [100]) and a much more sophisticated shell model calculation
(Ref. [14]), the anapole moment acts like the magnetic moment. Ref. [100] has given
an analytical expression for the anapole coupling constant

κa = 1.15 × 10−3 A2/3 µp,n ζp,n
12

See Ref. [75] text, courtesy of John Behr.
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Fr in a deformed nucleus. The quadruple moment sug-

gests prolate deformation [98], where lower spin states of h9/2 become energetically
favored. Four protons pair up and occupy the lower levels of the h9/2 orbital, leaving
the valence proton predominantly in the h9/2 5/2 state (denoted as “[523 5/2]”). The
Nilsson diagram is originally from Ref. [96]. It shows the crossings of h9/2 [523 5/2]
and f7/2 [530 1/2] orbitals, see text.
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where µp,n is the magnetic moment of the valence nucleon, ζp,n is the dimensionless
effective weak coupling for the valence nucleon. The factor A2/3 accounts for the
valence nucleon interacting with the core, and is the source of the heavy atom
enhancement. By contrast the most extensive many-body nuclear structure theory
studies [14], inspired by the Cs work, calculate the anapole to be about half the size
of the spherical shell model calculation [100], the latter being in good agreement
with experiment. The authors of Ref. [14] use the magnetic moment to benchmark
the accuracy for both the Cs and Tl nuclei. In addition, the single particle magnetic
dipole is used to understand the radiative correction terms that also contribute to
the nuclear spin-dependent (NSD) parity violation, which in turn matters for the
dominance of the anapole in all the NSD-PNC interactions [101].

5.5.2 Neutron density and neutron skin.
The neutron skin, a measure of how much the spatial extent of the neutrons
exceed that of the protons (i.e. the charge distribution), has attracted great interest
in recent years (see for example [102–105] and references therein). A measurement
of this (bulk) property would provide important information for nuclear structure
models, in particular theories on isospin symmetry breaking, as well as shining light
on neutron star physics. The most recent experimental efforts being carried out are
best represented by the

208

Pb Radius Experiment (PREX) at Jefferson lab, where

parity-violating electron scattering is used to probe the neutron radius [103]; and
also the (more precise) experiment carried out in Mainz by measuring coherent pion
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photo production [105].
In the early paper from Fortson, where the “chain of isotopes” method of
measuring APNC was proposed [26], the neutron skin effect was considered to be
the dominant uncertainty, when the atomic theory uncertainties are removed by
comparing different isotopes. This can either be viewed as a curse for (nuclear spinindependent) APNC measurements, or be turned around as a tool for probing the
nuclear structure, if the Standard Model is believed. The neutron skin thickness
defined by the neutron and proton radii difference, ∆rnp , is of the order of 3% of
the charge radius, and its uncertainties (before PREX and Mainz measurements) is
estimated in Ref. [106] to add to APNC uncertainty at the 0.2% level. This situation
has not changed much given the new results unfortunately, because of the relatively
large error bars and disagreement of the central values, let along the interpretations
(see e.g. [107]). However, as both Refs. [106, 108] argued, the neutron skin effects
in APNC are correlated along the isotopic chain, and the slope has little model
dependence, unlike the value itself. Everything converges to the 0.2% level, for a
test of the Standard Model to be competitive with the Cs experiment.
The relationship between HFA and the neutron skin is indirect and elusive.
If there were no higher order terms present and only the hr2 i term is present, this
is directly the nucleon radius. This is a crude truncation, however it could still
hypothetically produce the neutron single orbital radius. When the atomic theory
is trusted to 0.5% or better precision, by observing certain relationships between
different moments, the (single valence) neutron radii can be extracted. This however,
is hindered by the magnetic moment coupling and the absolute size of the HFA
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contribution from the proton. Remember from the previous sections, the proton
angular momentum coupling factors for odd-odd isotopes are determined empirically
from their odd-even neighbors, with neutron core (all the paired ones) assumed to
not contribute to the magnetic moment, which is not true at the 1% level of precision.
Also, as is emphasized in many places in this chapter, an important distinction is
that the single particle wavefunction extent is a completely different quantity than
the neutron radius of the ensemble. Their relationship is that the former roughly
can be viewed as residing on the outer surface, and will modify the parameters of
the Fermi distribution [109]. The interaction of single particle with the core is by
itself an interesting subject, however here we do not deem the HFA as an observable
with enough predictive power for neutron skin related APNC physics.
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Hyperfine anomalies in Fr: boundaries of the spherical single particle model
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We have measured the hyperfine splitting of the 7P1/2 state at the 100 ppm level in Fr isotopes
(206g,206m,207,209,213,221 Fr) near the closed neutron shell (N = 126 in 213 Fr). The measurements in five
isotopes and a nuclear isomeric state of francium, combined with previous determinations of the 7S1/2
splittings, reveal the spatial distribution of the nuclear magnetization, i.e. the Bohr-Weisskopf effect. We
compare our results with a simple shell model consisting of unpaired single valence nucleons orbiting a
spherical nucleus, and find good agreement over a range of neutron-deficient isotopes (207−213 Fr). Also,
we find near-constant proton anomalies for several even-N isotopes. This identifies a set of Fr isotopes
whose nuclear structure can be understood well enough for the extraction of weak interaction parameters
from parity non-conservation studies.
PACS numbers: 21.10.Gv,27.80.+w,32.10.Fn

Weak interaction studies in heavy atoms require for their
interpretation precise knowledge of the atomic and nuclear
wavefunctions. To extract nucleon-nucleon weak interaction couplings from the weak interaction induced parityviolating anapole moment [1], nuclei with simple and regular magnetic properties are desirable [2–4]. The nuclear
magnetic moment is used to benchmark nuclear structure
theories for calculating the anapole moment [3], which is a
contact field effect produced inside the finite extent of the
nucleus. Here we explore the regularity of the magnetic
properties of a chain of Fr isotopes and find that 207−213 Fr
in the vicinity of the neutron shell closure mark a range
where the nuclear structure is sufficiently tractable for standard model tests and constraints on new physics [5].
To lowest order, the atomic hyperfine interaction can
be described using a point-like nucleus characterized by
the magnetic dipole moment. Deviations from the pointlike approximation of the nucleus, referred to as hyperfine
anomalies, come from considering how finite magnetic and
charge distributions affect the interaction between the magnetization of the nucleus and the magnetic field created by
the electrons. The magnetic contribution is known as the
Bohr-Weisskopf (BW) effect [6, 7]. The difference in the
nuclear charge distribution (Breit-Rosenthal (BR) effect
[23–25]) produces very small variations between isotopes,
leaving the BW effect dominant [26, 27]. As a new generation of proposed parity violation experiments in atoms
(including Fr) and molecules starts [8–14], it is important
to understand the limiting factors due to the nuclear structure, e.g. the nuclear magnetization, for the interpretation

of parity-violating anapole moments [2–4].
Here we present a systematic study of the variations of
the hyperfine splittings (HFS) in a chain of Fr isotopes. Our
measurements include 213 Fr with the closed neutron shell
(magic number N = 126), 206g,m Fr, 207 Fr, and 209 Fr on
the neutron-deficient side, and the neutron-rich 221 Fr. In
the region of 207−213 Fr with up to 6 neutron holes, we find
near-constant magnetic hyperfine anomalies for the odd-Z ,
even-N isotopes [15]. The neutron rich odd-even isotope
221
Fr shows a different behavior due to the deformation of
the nucleus. The odd-Z , odd-N isotopes have anomaly
contributions from both the proton and the valence neutron.
BW effect measurements usually require precise knowledge of both, hyperfine structure constants and magnetic
moments. Measurements of the nuclear magnetic dipole
moment in Fr are limited to 211 Fr [16] and 210 Fr [17]. Empirical values for other isotopes are usually obtained by
scaling with the isotopic ratios of the hyperfine constants
based on these two experiments, both of which have uncertainties larger than 1% and cannot be used to extract the
hyperfine anomaly. A different approach to study the BW
effect which circumvents the limited precision in the magnetic moments comes from the suggestion by Persson [18]
that was implemented in Fr [15], Tl [19] and Eu [20]. This
method relies on looking at the ratio between hyperfine
splittings of two levels where the electron wavefunctions
are overlapping differently with the nuclear wavefunction,
and consequently is sensitive to the differences in their hyperfine anomalies. We can normalize the change in this
ratio to a specific isotope (213 Fr) for purpose of directly

2
revealing the contribution from the neutron wavefunction.
See Ref. [7] for a review and Ref. [21] for a recent compilation of all available hyperfine anomaly data.
The magnetic hyperfine interaction W can be written as
[18, 22]
l
l
Wextended
= Wpoint
(1 + l ),

Trap
718nm

(1)

where l is a small quantity that depends on the particular
isotope, and on the atomic state (l = S or P ). The 7P1/2
electron overlaps with the nuclear wavefunctions more uniformly than the 7S1/2 electron. The ratio R of the hyperfine splittings for an isotope with mass number A is sensitive to the nuclear magnetization distribution [15]

RHFS (A) =

(a)

} ~1 GHz

7P1/2

} ~6 GHz

Repump
718nm

Probe
817nm

} ~46 GHz

7S1/2

(b)

S
Wextended
≈ R0 (1 + S (A) − P (A)), (2)
P
Wextended

with R0 the ratio of hyperfine structure constants for a
point nucleus. Since both states have J = 12 , the extraction
of precise magnetic hyperfine structure constants from the
measurements is not hampered by the presence of higher
order nuclear moments. The relative size of P grows with
nuclear charge number Z , and is about 1/3 of S in Fr [22].
We measure the 7P1/2 hyperfine splitting of Fr at the
100 ppm level in a number of isotopes. We use these measurements in combination with the 7S1/2 hyperfine splittings [34–37] to determine RHFS (A) to study changes in
the hyperfine anomaly. These measurements are carried
out at the Francium Trapping Facility (FTF) at TRIUMF
[8]. We briefly summarize the operation of the FTF: A 500
MeV proton beam irradiates a target that consists of uranium carbide foils to produce between 107 to 109 Fr+ /sec
of the selected isotope [28]. We produce an ultracold sample of neutral Fr atoms for Doppler-free spectroscopy by
capturing typically a few 105 atoms in a magneto-optical
trap (MOT). Two Ti:Sapphire lasers (trap and repumper)
form the MOT on the D2 line (718 nm) and leave the D1
line (817 nm) background free for the measurement (Fig.
1(a)). A computer-controlled Fabry-Perot cavity monitors
and stabilizes [29] the long-term frequency variation of all
of the lasers to better than ±5 MHz.
A third Ti:Sapphire laser excites the transition from the
upper ground state hyperfine level to each of the two 7P1/2
hyperfine levels at 817 nm (Fig. 1(a)). We amplitudemodulate the probe laser with a fiber electro-optic modulator (EOM, EOSpace AZ-2K1-10-FPA-FPA-800-UL) that
suppresses the carrier and produces sidebands at about half
the hyperfine splitting, such that the two sidebands are separated by the size of the splitting [30]. With this method
we produce rapid scans of the sidebands [31] that minimize many systematic effects compared to scanning the
carrier frequency [15]. For instance, we are less sensitive
to atom number fluctuations or laser frequency drifts, and
the frequency axis of the scan can be precisely characterized since it lies in the microwave regime. We produce
the microwaves with phase-locked-loop synthesizers referenced to a Rb clock (SRS FS275). The frequency sweep

7P3/2

~140 MHz
10 ms

(c)
2.97 µs

27 µs

Trap on
Trap off
Time bin

640 ns

FIG. 1. Measurement scheme. (a) Atomic energy levels relevant
for trapping and measuring. (b) Sideband frequency scan around
2.9 GHz (isotope-dependent). (c) Time sequence for trapping and
data collection.

covers 140 MHz in 10 ms (Fig. 1(b)). The probe beam
has a 3 mm diameter with 100 µW power in each sideband
and is retro-reflected to minimize trap displacement from
radiation pressure imbalance.
We collect the fluorescence light with a double relay
imaging system (numerical aperture of 0.12) with an interference filter at 817 nm and an edge filter at 795 nm to
suppress background light, in particular the trapping laser
at 718 nm. A photomultiplier tube (Hamamatsu H742250) operating in photon counting mode detects the fluorescence, and we record the photon events as a function
of time with a multichannel scaler (SRS SR430). We use
a typical bin width of 640 ns with count rates below 250
kilocounts/s. We avoid the ac Stark shift from the MOT
trapping light with an experimental cycle of 27 µs of trapping followed by 2.97 µs of probing with the trap laser
off (Fig. 1(c)). Data with signal-to-noise ratios of & 20
are obtained within a few seconds. Fig. 2 shows a typical
spectrum, which yields a HFS splitting with statistical uncertainty at the 30 kHz level. The two peaks indicate the
modulation frequency where the +1 (-1) sideband is resonant with the upper (lower) hyperfine peak.
The linear Zeeman effect is the dominant systematic
uncertainty, because the quadrupole magnetic field of the
MOT stays on during the measurement, and the atoms pop-
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FIG. 2. Sample of experimental data. Top: Fluorescence counts
as a function of sideband frequency for 213 Fr with separate
Lorentzian fits to each of the resonances. The hyperfine splitting
is the difference of the frequency position of the two peaks and
it gives 5739.60 ± 0.030 MHz. Bottom: Normalized residuals of
the fits.

ulate all Zeeman sub-levels. We characterized this effect by
changing the magnetic field gradient (7 to 15 G/cm), probe
laser polarization (linear as used in the measurement, to
circular), and the position of the atom cloud (1 mm dislocation). We put an upper bound of 540 kHz systematic uncertainty from the Zeeman shift. This agrees well with auxiliary tests in Rb. The sideband laser power changes during
the scan due to RF power variations, which contributes to
a background structure in the data. We take scans without
the trapped atoms to record this background. These variations, in addition to line-asymmetries caused by laser drifts
during the data accumulation, create small line-shape deviations from a Lorentzian function, as can be seen in the
residual structures of the fit in Fig 2. We evaluate a systematic uncertainty of 100 kHz from the line-shape distortions.
The differential ac Stark shift from the trap laser is mitigated by the fast chopping technique, and the shift from
the repump laser is 90 kHz with an uncertainty of 60 kHz
[32]. Other potential systematic effects include Doppler
shifts, probe laser power, frequency calibration and linearity of the scan, which we all evaluated to be at a negligible
level. The total systematical uncertainty is 552 kHz.
Table I shows the hyperfine splittings of the 7P1/2 state
for the five isotopes from this work, together with those
reported in Ref. [15]. The uncertainty includes both the
statistical and systematic error contributions stated above.
For 209 Fr and 221 Fr we find good agreement with Ref.
[15] and Ref. [33], respectively, with smaller error bars.
The table also lists the ratio RHFS (A) introduced in Eq.
2, based on the literature values for the 7S1/2 splittings
[34–37]. The normalized ratio of the hyperfine anomalies

TABLE I. Isotope, spin (I ), 7P1/2 hyperfine splittings (HFS) and
ratio RHFS (A) of 7S1/2 and 7P1/2 splittings for 206−213,221 Fr.
We illustrate the neutron orbital configuration (ν orbital) and its
spin alignment with respect to the total nuclear spin (ν spin).
Isotope
206g
206m
207
208
209
209
210
211
212
213
221
221

I

3
7
4.5
7
4.5
4.5
6
4.5
5
4.5
2.5
2.5

HFS(7P1/2 )
6009.14(55)
6521.56(57)
5559.04(55)
6561.0(2.3)a
5639.5(1.0)a
5638.36(56)
6150.9(1.3)a
5710.5(1.0)a
6556.0(1.0)a
5739.43(55)
2431.0(55)
2433.0(3.9)f

RHFS (A)
ν orbital
7.6022(14)b ap3/2 + bf5/2
7.6086(10)c
f5/2
7.6308(12)d
7.6053(30)c,d
f5/2
7.6307(16)d
7.6323(13)d
7.6035(17)d
f5/2
7.6297(15)d
7.6042(17)d
p1/2
7.6292(18)e
7.6581(26)d
7.652(12) d

ν spin
↓ν ↑I
↑ν ↑I
↑ν ↑I
↑ν ↑I
↑ν ↑I

a

Ref. [15]. The 7S1/2 values come from b Ref. [34], c Ref.
[35], d Ref. [36], e Ref. [37]. For 208 Fr, the HFS(7S1/2 ) is the
weighted average and scaled uncertainty of the two
measurements following Ref. [38]. f Ref. [33].

RHFS (A)/RHFS (213) (with 213 Fr taken as the reference
isotope for convenience), in a chain of isotopes A = 206213 and 221 is shown in Fig. 3. The isotopes span neutron numbers between N = 119 to 134. The red squares
correspond to measurements from Ref. [15], and the blue
diamonds are the new results. For A = 206 we measured
both the low spin (I = 3) nuclear ground state 206g Fr, and
the first high-spin (I = 7), long-lived isomeric state 206m Fr
(lifetime>10 s, deduced from MOT lifetime). We clearly
distinguish 206m Fr from 206g Fr in the MOT due to their different trapping and repumping laser frequencies.
The shell model explains reasonably well the magnetic
moments of the light Fr isotopes near N = 126 [39]. We
consider only the dominant orbitals of single nucleons in
the shell model to calculate hyperfine anomaly differences
for the 7S1/2 and 7P1/2 electronic states [7, 22]. The total
anomaly combining the proton and the neutron is given by
[7]
S − P = π βπ + ν βν ,

(3)

where βπ,ν are the fractional contributions to the magnetic
moment from the proton and the neutron, respectively. The
calculated anomalies (in %) for a valence proton (π ) or
neutron (ν ) for πh9/2 , νp1/2 , νf5/2 , and νp3/2 orbitals
are −0.57, −3.13, −2.75, and −1.75 respectively. The
total anomaly is represented by the green circles in Fig. 3.
Even though the single particle neutron anomalies are a few
times larger than that of the proton, the neutron fractional
contribution βν is typically only 15%, depending on the
orbitals, yielding a contribution from the valence neutron
of about the same size as the calculated proton anomaly.
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FIG. 3. (color online) RHFS (A) as defined in Eq. 2, for several Fr isotopes normalized to the value for 213 Fr (closed neutron
shell N=126). Blue diamonds are current measurements. Red
squares are from Ref. [15]. The green circles are predictions
based on Ref. [22]. The ground state 206g Fr is shown to the left
of the isomer 206m Fr. Both are enclosed in rectangles with the respective calculations. The proton resides on the indicated πh9/2
orbital.

Our data shows that the even-odd staggering trend
is preserved from 213 Fr with a closed neutron shell,
down to 206 Fr. The neutron-deficient odd-even isotopes
207,209,211,213
Fr all have near-constant anomalies, differing by a small amount consistent with variations due to
the changes in the charge distribution (BR effect) [23–27].
This confirms the previous assumption that the anomaly in
these isotopes is due primarily to the single valence proton in the πh9/2 orbital of the spherical shell [15]. 221 Fr is
also odd-even, with the valence proton in the same πh9/2
orbital. However the 8 neutrons above closed shell create
deformation, leading to a rather different anomaly, which
we explain in more detail later. For odd-odd isotopes
(208,210,212 Fr), the calculations for the respective neutron
orbitals are in good agreement with the experimental data.
For 206g Fr, there are some differences compared to a
pure νp3/2 orbital, which also holds for the magnetic moment [34, 35, 40]. However other nearby orbitals (νf5/2 or
νi13/2 ) give very different values, or even opposite signs
with respect to the normalization. The calculations using

different orbitals for 206g Fr are shown in Fig. 3. We note
that the odd-odd isotopes have the same sign and roughly
the same value of the neutron anomaly contribution. This is
a coincidence resulting from the angular momentum coupling, even though their neutron orbitals and nuclear spins
are different. This is illustrated by the fact the calculation for lower nuclear spin (I = 3) νf5/2 (206g Fr) produces an opposite sign compared to the higher spin isotopes (206m,208,210 Fr), as I = 3 demands the neutron spin
to be anti-aligned with the total nuclear spin (see the last
column of Table I).
Deviating from the spherical shell model, the Nilsson
picture [41] considers the nuclear energy level changes due
to a deformation. Calculations [43] have shown that the
f5/2 and p3/2 neutron orbitals have a level-crossing of the
[521 1/2] and [503 5/2] sub-states at a very small (negative) deformation parameter |2 | ≤ 0.05, a range consistent with the measured quadrupole moment [35]. The valence neutron of 206 Fr can have a mixture of these two orbitals, which shows effects in the magnetic moment [35].
The anomaly is more sensitive to this orbital mixture, and
could have a value outside of the range delimited by the
two pure orbital predictions. This is because operator evaluations such as hf5/2 |r2 |p3/2 i break the orthogonality of
the two eigenfunctions, resulting a linear dependence of
the anomaly to such mixtures, compared to the quadratic
dependence of the magnetic moment.
The neutron-rich odd-even isotope 221 Fr has only the
proton anomaly contribution. Its Nilsson deformation parameter lies in a positive small to intermediate range, 0.1 ≤
2 ≤ 0.2 [16], and the valence proton still occupies the
h9/2 orbital. However, its angular momentum projects on
to the nuclear symmetry axis, such that the nuclear spin
becomes I = 5/2 [43]. Calculations in [43] yield more
than 95% of the wavefunction in the πh9/2 [523 5/2] state.
Treating 221 Fr with this predominant contribution we obtain a correct sign of the anomaly with respect to 213 Fr, as
shown in Fig. 3, and a magnetic moment of +1.85 µN , in
reasonable agreement with the value +1.58(3) µN empirically scaled from the hyperfine splitting [16]. We note
that this is a considerably simpler picture than the nuclear model used in Ref. [16]. The Nilsson calculations
are parameter-dependent, and the states with lower angular momentum projections used in Ref. [16] would involve
more contributions from configuration mixing effects.
In conclusion we present precise measurements of the
7P1/2 hyperfine splitting in several francium isotopes. The
results allow us to study the hyperfine anomaly starting
from a closed neutron shell (213 Fr N = 126) with a simple
nuclear distribution, to the boundaries of the single-particle
spherical shell model. We demonstrate high-quality spectroscopic measurements, both with ground state nuclei as
well as with an isomer. The present results provide the basis for testing the validity and accuracy of future nuclear
structure calculations, which will be necessary to extract
weak interaction physics from parity non-conservation
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measurements in francium.
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We present the isotope shifts of the 7s1/2 to 7p1/2 transition for francium isotopes 206−213 Fr with reference to
Fr collected from two experimental periods. The shifts are measured on a sample of atoms prepared within a
magneto-optical trap by a fast sweep of radio-frequency sidebands applied to a carrier laser. King plot analysis,
which includes literature values for 7s1/2 to 7p3/2 isotope shifts, provides a field shift constant ratio of 1.0520(10)
and a difference between the specific mass shift constants of 170(100) GHz amu between the D1 and D2
transitions, of sufficient precision to differentiate between ab initio calculations.
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I. INTRODUCTION

The variation in the atomic transition energy between isotopes of the same element is known as the isotope shift. It arises
due to a combination of nuclear and atomic effects, requiring
detailed knowledge of both for accurate predictions. Isotope
shifts provide information about the nuclear charge distribution (for examples, see [1,2]) and are sensitive to electron
correlations. They have been employed in the search for space
and time variation of the fine-structure constant (α) [3] and play
a role where accurate spectroscopic information is required,
for example when calculating stellar element abundances [4].
Francium, with its high nuclear charge (Z = 87) and relatively simple, alkali electronic configuration, has attracted a lot
of attention as a candidate for fundamental symmetry tests [5–
7]. These investigations require a thorough knowledge of both
the atomic and nuclear structure, in particular the overlap of the
electronic wave functions with the nucleus, to which optical
isotope shifts are sensitive. The interpretation of atomic parity
nonconservation measurements also relies on accurate manybody theory [8], for which isotope shifts provide benchmarks.
In the present work, we measure the optical isotope shift
between laser-trapped, cold francium isotopes (see Fig. 1).
The isotope shift can be separated into two distinct parts: the
field shift, caused by variation in the charge distribution in
the nucleus, and the mass shift, caused by the different kinetic
energy of the finite-mass nucleus. For a complete treatment of
the optical isotope shift, see Refs. [9,10].
The mass shift comes directly from the changing mass of
the nucleus. In the center-of-mass frame,
  2 
E = P2 /2M =
2M,
(1)
pi
i

1050-2947/2014/90(5)/052502(8)

where M is the nuclear mass, P is the nuclear momentum, and
pi is the momentum of the ith electron. In all but the lightest
of elements, the mass shift can be separated into two parts:
1 
1  2
pi +
pi · pj ,
(2)
E =
2M i
M i>j
where the first term, i.e., the normal mass shift or Bohr
reduced mass effect, can be determined exactly and the second
term, i.e., the specific mass shift arising from the change
in momentum correlations between electrons, is much more
difficult to calculate.
Isotope shifts are measured with respect to a reference
isotope. The contribution of the normal mass shift to the
frequency shift of an optical transition is
me (MA − MA )
AA
,
(3)
δνNMS
= ν(A )
MA (MA + me )
where ν(A ) is the transition frequency of the reference isotope
with mass number A , MA (MA ) is the nuclear mass of
the measured (reference) isotope, and me is the mass of the
electron, which can be neglected in the denominator. The
electron correlations for the specific mass shift must be very
well known in order to check the theoretical models used to
extract, e.g., the time variation of α [3]. Francium, as the
heaviest alkali, is more tractable than multivalence electron
systems such as lead, making it very suitable for testing
calculations. Together, the total mass shift δνMS between
isotopes of mass numbers A and A , and following the form
of Eq. (3), can be written as
MA − MA 
AA
= (N + S)
,
(4)
δνMS
MA MA 
where N,S are the normal and specific mass shift constants.
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II. EXPERIMENTAL SETUP

209Fr

206Fr
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3101.2(3) MHz
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|F = 5
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|F = 5/2
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|F = 4
FIG. 1. Energy-level diagram of 209 Fr and 206 Fr showing the 7s1/2
and 7p1/2 levels. The isotope shift of the D1 line is measured between
the centers of gravity of the ground and excited states comprising the
transition, i.e., the difference between the isotope shifts of those two
states (νI Se − νI Sg ).

The field shift is due to the modification of the point-charge
Coulomb potential by a finite-size nucleus. This results in
a contraction of the spacings between electronic bound-state
energies of an atom. The contraction is isotope dependent so
that there is a difference in the transition frequency between
isotopes,




2 AA
δνFAA
,
S = F δr 

(5)



where δr 2 AA is the difference in the mean nuclear charge
radii squared of the two isotopes. The field shift constant F is
F =−

π a03
|ψ(0)|2 f (Z),
Z

(6)

where |ψ(0)|2 is the change of the electron charge density
at the nucleus between the states involved in the transition
and f (Z) is an increasing function of Z that accounts for
relativistic and nuclear shape corrections.
The sum of mass and field shifts gives the total isotope shift,


δνIAA
S = (N + S)

MA − MA 

+ F δr 2 AA ,
MA MA 

(7)

We trap neutral francium atoms in a magneto-optical trap
(MOT) at the Francium Trapping Facility at TRIUMF in
Vancouver, Canada [11]. Francium has no stable isotopes; the
TRIUMF Isotope Separator and Accelerator (ISAC) facility
delivers up to 109 Fr ions s−1 , which are high rates for
radioactive beam standards, and we trap them to achieve the
large densities conducive to high-precision measurements. A
500 MeV, 10 μA proton beam impinges upon a uranium
carbide (UCx) target to produce a large range of isotopes. The
products are surface ionized on a hot (∼2200 ◦ C) rheniumcoated tantalum tube, accelerated to ∼20 keV, and then mass
selected by passing through a pair of magnetic dipoles. The
francium ions are delivered to the experiment where they
accumulate in an yttrium neutralizer foil that is rotated and
heated for 1 s, causing the now neutral atoms to emerge
from the foil and enter the trapping volume on a 20 s cycle.
Roughly 2.5 × 105 atoms with trap lifetime >10 s for 209 Fr
are initially trapped before trap losses and radioactive decays
reduce that number in the time between yttrium heating pulses.
A schematic of the experimental apparatus is available in Fig. 4
of Ref. [11].
The isotope shift measurements we have performed involve
the fast radio-frequency (rf) scan of sidebands on a carrier
(probe) laser to locate specific transitions in a particular
isotope with respect to a reference one. Figure 2 depicts the
measurement scheme. First, we collect one isotope in the
MOT, such as 206 Fr in Fig. 2, tune the probe laser frequency
to lie in the hyperfine multiplet of the D1 line originating
from the upper hyperfine ground state, and sweep the sideband
frequency in 10 ms to find the transition. Next, we change the
isotope in the trap, to, e.g., 209 Fr, and sweep the rf sidebands
again to find the desired transition while the carrier remains
locked. The measured difference in rf frequencies is used to
calculate the isotope shift. Data collection occurred during two
experimental periods using two different rf generation schemes
(details below). In the first period, we measured the isotope
shifts of 206,207,213 Fr with respect to 209 Fr, while the second
yielded 206,208−212,221 Fr with a fixed laser position and no need
to return to a reference for each new isotope.
Our rf sideband method finds the transitions to both excited
hyperfine levels. Thus we also obtain the hyperfine splittings
to 100 ppm precision, which is sufficient to study changes
in the hyperfine anomaly [12]. The hyperfine splittings and
nuclear spin are required to calculate the hyperfine shifts of
the ground and excited states, which are different for each
isotope. These are necessary to extract the isotope shift since
we need to locate the center of gravity of the transition. We
determine the isotope shift from
δνI S = (ν1 − ν2 ) + (νH Fg − νH Fe ) − (νH Fg − νH Fe )ref , (8)
where ν1,2 are the rf frequencies where the hyperfine transitions
are observed (see Fig. 2), and νH Fg(e) are the hyperfine shifts
of the ground (excited) states for the measured isotope and the
reference. The common probe laser frequency is not included,
as it cancels out. The hyperfine shifts are given by

which we measure in our experiment and compare to theoretical predictions.
052502-2

νH F =

νH F S
[F (F + 1) − I (I + 1) − J (J + 1)],
2I + 1

(9)
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206Fr
|F = 7/2

RF sideband ν1

|F = 5

RF sideband ν2

7P1/2

|F = 5/2
|F = 4
probe locked on

206

Fr

817 nm
frequency held constant
by cavity lock

|F = 5

|F = 7/2

7S1/2
|F = 4

|F = 5/2

FIG. 2. (Color online) Isotope shift measurement scheme; splittings not to scale. The transition to the upper hyperfine excited state
F = 7/2 is located in 206 Fr and the probe laser frequency is locked
using the external Fabry-Perot cavity. Then 209 Fr is trapped and the
transition to F = 5 is located by changing the rf frequency only,
leaving the carrier laser frequency unchanged. This difference in rf
frequencies gives the D1 transition isotope shift once we know the
hyperfine shifts (see Fig. 1).

where νH F S is the hyperfine splitting, and I , J , and F are the
nuclear spin, electronic, and total angular momentum quantum
numbers, respectively.
Our method of setting the carrier laser frequency between
the hyperfine levels allows a clean extraction of the total 7p1/2
splitting independent of the exact carrier laser frequency. The
difference of the observed transition centroids in a single scan
is the hyperfine splitting; any shift in one centroid position
caused by laser offset is canceled by a corresponding shift in
the other centroid, assuming there is no laser drift during a
single rf sweep.
The probe laser frequency is locked to this position via
a scanning Fabry-Perot cavity and a stabilized Melles-Griot
05-STP-901 HeNe laser, transferring the long-term stability of
the HeNe to the other laser (for details, see [11,13]). We keep
the probe laser locked during the isotope change in the
MOT. The probe laser is a Ti:sapphire laser operating at 817
nm; we send linearly polarized light into an EOSpace AZ2K1-10-PFA-PFA-800-UL amplitude modulator for sideband
generation. A fiber carries the probe light to the atoms, and the
light is retroreflected to minimize any pushing of the atoms
as they scatter photons. The 10 mW/cm2 in each sideband is
enough to saturate the transition, and the fluorescence collects
in our detection system (details below) when a sideband
frequency is resonant with a hyperfine level.

The laser light for the MOT [14] is produced by a pair of
commercial Ti:sapphire ring lasers operating at 718 nm. They
are coupled into a fiber splitter to generate the three spatial
beams at two frequencies that are retroreflected to trap on
each axis. Laser powers delivered to the trap are limited by
the coupling fibers, resulting in approximately 20 mW/cm2 in
the trapping beams and 5 mW/cm2 in the repumping beams;
all beams have 1/e2 power diameters of 5 cm. Quadrupole
magnetic field coils provide a field gradient of 7 G/cm (strong
axis). The typical detuning of the trap laser is about 15 MHz,
roughly two and a half linewidths detuned to the red. Once
the transitions are found, the lasers are locked to the stabilized
HeNe via the scanning Fabry-Perot cavity. The stability of the
laser-lock system is important and will be discussed below.
Sidebands are generated by an rf signal applied to the
fiber modulator, consisting of a lithium niobate electro-optic
modulator in one arm of a Mach-Zehnder interferometer. A
YYLabs Mini-MBC-1 modulation bias controller card gives a
bias voltage to the modulator to keep the carrier suppressed.
This increases the power to the sidebands and reduces the
scattered light from the carrier.
Two different rf synthesizer setups have been used to
measure the isotope shifts. One, employed during the first
experimental data collection period, involves Analog Devices
(AD) AD4350 synthesizers mounted on a pair of UG-110
evaluation boards to generate the rf frequencies desired. The
boards operate using a phase-locked loop (PLL) stabilized
voltage controlled oscillator (VCO) referenced to a 10 MHz
clock. A continuous output frequency sweep is performed by
manipulating the input clock frequency using a Stanford Research Systems DS345 function generator. The scanning range
(70 MHz) of one frequency synthesizer is limited to how far
the clock can be moved off the nominal set point before the
PLL is lost and the VCO becomes unlocked, resulting in output
instability and unresponsiveness to further clock manipulation.
This frequency-dependent range, along with the 4.4 GHz
maximum frequency, limits the isotopes we could measure
with these boards using 209 Fr as a reference. Two of the boards
are employed along with an rf switch synchronized with the
clock sweep to pass the correct synthesizer output allowing for
∼140 MHz of continuous frequency scanning.
The second rf setup, used for the second data collection
period, uses a Phase Matrix QuickSyn FSW-0020, a direct
digital synthesizer using a fundamental VCO and PLL to
generate frequencies from 0.5–20 GHz. This synthesizer
allows us to tune the probe laser sidebands to any of the D1
transitions in the isotopes we trap. The output sweep is digitally
controlled stepwise at a maximum 7 kHz rate, giving us 70
frequency steps in the 10 ms allocated for each measurement.
The probe lockpoint is maintained for all isotopes and the
sideband frequency is tuned to locate both D1 transitions
for each isotope once it is trapped. Thus this setup has the
additional advantage of not requiring a return to a reference
isotope for each subsequent measurement.
On-resonance scattered light is collected by a doublerelay optical system and detected by a Hamamatsu H7422
photomultiplier tube (PMT). An interference filter centered at
820 nm and an edge filter with 795 nm cut-on wavelength are
in place to block light other than the D1 line scattered photons
in order to reduce background counts. A Stanford Research
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Systems SR430 multichannel scaler (MCS) collects the signal
from the PMT as a function of time. The MOT operates with
trap and repumper lasers on the D2 line at 718 nm and thus
they do not contribute appreciably to the background.
In order to minimize ac Stark shifts of the 7s ground state,
the trap laser light is extinguished periodically during the 10
ms rf sweep on a 32 μs cycle of 50 MCS bins that are each 640
ns long. The chopping cycle is 21.76 μs (34 bins) with the light
on, followed by 7.04 μs (11 bins) with the light extinguished by
an acousto-optic modulator with a greater-than-104 extinction
factor, and ended by the remaining 3.2 μs (5 bins) with the
light back on.

TABLE I. Overview of our measurements and literature values
that are relevant for calculating isotope shifts to be used for a King
plot. Literature D2 isotope shifts (δνI S ) are reported with 212 Fr as
the reference, with the exception of the 206 Fr D2 value, which is
measured with respect to 208 Fr. They have been recalculated using
the 212 Fr to 221 Fr isotope shift from [16] to be common with our
D1 isotope shifts. Nuclear spins and A(S1/2 ) values are from the
literature and A(P1/2 ) are from our measurements [12]. The final
isotope shift uncertainty reported in parentheses is a combination
of our measurement uncertainty and the A coefficient uncertainties
needed to calculate the centers of gravity.
This work
Isotope

III. RESULTS

Residuals

4
2
0
−2
−4

29175(5)
27432(6)
27210(4)
25432(3)
24927(3)
23300(5)
22437(4)
20869(7)
0

A(S1/2 )
(MHz)

D2 δνI S
(MHz)

Source

3 13052.2(20) 30684(5) [17]
9/2 8484.(1) 28809(5) [16]
7
6650.7(8) 28573(4) [16]
9/2 8606.7(9) 26698(4) [16,18]
6
7195.1(4) 26178(4) [16,18]
9/2 8713.9(8) 24465(4) [16,18]
5
9064.4(15) 23570(2) [16,19]
9/2 8757.4(19) 21929(3) [16,19]
5/2 6209.9(10)
0
[16,19]

much shorter than the 20 s lifetime of the trap or the 15 second
to 20 minute half lives of the isotopes. Statistical uncertainties
from these fits are less than 100 kHz and in some cases less
than 15 kHz. The peaks typically have Lorentzian widths of
8 MHz for data collected with the trap light off; this is partly
due to saturation broadening of the 5.4 MHz natural linewidth,
calculated from the measured lifetime of the 7p1/2 state [15].
An example scan is provided in Fig. 3 for the 206 Fr to 209 Fr
D1 isotope shift. Table I summarizes the results; the reported
errors for the D1 isotope shifts are the quadratic sums of the
measurement error, and hyperfine shift errors, calculated from
A(s1/2 ) and A(p1/2 ) errors and nuclear spins, for both the
measured isotopes and the reference 221 Fr. Additionally, we
measured the 7p1/2 hyperfine splitting of 206 Frm (t1/2 ≈ 16 s)
to be 6524.3(6) MHz and the shifts with respect to 221 Fr for the
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We measure the D1 isotope shifts for isotopes 206−213 Fr
with respect to 221 Fr. Analysis of the data yields the frequency
difference between isotopes of the hyperfine transitions, which
we use to calculate the isotope shift [see Fig. 1 and Eq. (8)]. The
splittings of the p1/2 level are obtained by taking the difference
of the sideband frequencies of the two transitions from a
single scan [see Fig. 3(a)]. Our reported isotope shifts are
ultimately calculated with reference to 221 Fr and we recalculate
the literature D2 isotope shifts from reference 212 Fr to 221 Fr
for the King plot analysis which follows.
To obtain the transition frequency difference, we calibrate
the frequency of each MCS bin by measuring the output of
our frequency generators. The outputs of the latter are mixed
down to allow the wave forms to be observed directly on an
oscilloscope, where they are captured to be fit to sinusoids at
fixed times during the 10 ms scan. The fitted frequencies show
that both the AD cards and Phase Matrix synthesizer behave as
expected as long as the AD cards remain phase locked to their
input clocks. All measured frequencies are as predicted with
uncertainties of less than 10 kHz, enabling us to construct a
linear frequency-time correspondence of the rf, which we use
to calibrate the MCS.
The peaks in the data are fit with Lorentzians on a quadratic
background using the ROOT analysis package to determine the
centroid of each transition. We do not consider the effect of trap
losses or nuclear decays on the fit, as the 10 ms scan length is

A(P1/2 )
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Literature values
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FIG. 3. (Color online) Data of (a) the 7p1/2 splitting of 206 Fr and (b) the reachable transition in 209 Fr using the AD4350 rf generator along
with the normalized residuals of their fits. The Lorentzian fits on a quadratic background are shown (red line). The hyperfine splitting of the
excited state is obtained from scans such as (a), where it is the difference of the centroids of both peaks. The blue lines show the ac Stark shifted
peaks in the presence of the trapping laser light (data points not shown). The reference isotope measurement for the isotope shift shows a single
transition peak; the other is roughly 6 GHz away, well outside the range of our scan. Transitions are identified by knowing the directions of
both the probe laser detuning from the midpoint and rf sweep.
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D1 transition (i.e., rf frequencies ν1 − ν2 ) to be 11774(2) MHz
for the transitions involving the lower 7p1/2 states and
15864(2) MHz for the upper 7p1/2 states. Without knowing
the nuclear spin or the A(s1/2 ), we cannot extract an isotope
shift or A(p1/2 ) value from those measurements.
The dominant systematic effect in our isotope shift measurement is given by the laser-lock drift; all other contributions
are well below this one. Other sources of systematic error are
ac Stark shifts, Zeeman shifts, and background contributions.
These are more important for the hyperfine splitting measurement as laser drift in this case causes a broadening but no shift
in the observed transition energy.
Our laser-locking system exhibits slow drifts over the
time between measurements as the isotope in the trap was
changed. This involves changes in the mass separator of the
ISAC facility as well as changing the laser frequencies, and
took between 30 to 60 minutes before the next isotope was
measured. Long-term observations of the Fabry-Perot cavity
and helium-neon laser exhibited drifts below 3 MHz over
periods of one hour for the system in use during the first
experiment. The drift was determined by feeding into the
cavity a laser stabilized via saturated absorption spectroscopy
in rubidium. We discovered the drift was largely due to
uncontrolled feedback by back reflection from optical surfaces
into the HeNe laser, temperature drift-induced expansion of the
cavity tube, and nonlinearity of the piezo scanning the cavity
length. Thus, for our first isotope shift measurements, we
conservatively place the sum of systematic errors at ±3 MHz,
dominated by the laser-lock drift. Many of these laser stability
issues were improved for the second set of measurements;
we introduced an optical isolator to prevent feedback into the
HeNe, the cavity is held under vacuum and is temperature
locked via proportional-integral-derivative control, and we
lock the probe laser to a frequency such that its locking
peak in the cavity nearly coincides with that of the HeNe,
suppressing piezo nonlinearity effects on the measurement.
These improvements reduce the systematic error of the laser
drifts to below ±2 MHz.
The ac Stark shift of the ground state by the D2 line
excitation is eliminated by chopping the trapping laser light
while the rf sideband sweep is occurring. For the splitting
measurements, any shift present is canceled to first order by
having the probe frequency set between the two transition
frequencies; any change in the ground state shifts the measured
transition frequencies the same amount, which cancels when
taking the difference. The repumper frequency is set an
isotope-dependent approximate 43 GHz away, making its
contribution to the Stark shift negligible. The ac Stark shift of
the ground state from the off-resonance probe laser sideband
is estimated at less than 180 kHz based on measured intensity
and detunings.
Zeeman shift is due to nonzero magnetic fields across the
atom cloud in the trap and must be accounted for as the
quadrupole magnetic field of the MOT remained on when
taking a measurement. The effect of the magnetic field is estimated by two methods: varying the current in the quadrupole
coils generating the field and changing the polarization of the
light exciting the D1 transition. The change in polarization
will induce transitions between different magnetic sublevels
or mF states by the usual selection rules, each of which has a

mF -dependent Zeeman shift. Furthermore, even with perfectly
linear light, we would still induce mF = 0,±1 due to the
changing direction of the quadrupole field around the zero
point. We performed these tests both online with francium and
offline with rubidium; both alkalis have very similar behavior
in magnetic fields. Altogether, the measurements place an
upper bound on the contribution to the systematic error by
the magnetic field of 540 kHz.
Background counts are minimized by the spatial filtering
of the imaging system: a double relay with an aperture at
the image plane. An interference filter centered around 820
nm in front of the PMT and chopping the trap laser during
measurement also reduce background counts. Additionally,
proper control of the fiber modulator voltage bias greatly
suppresses the intensity of the carrier output, reducing its
contribution to background. We did observe fluctuations in
the shape of the background. These are likely caused by
drifts in the phase between paths through the amplitude fiber
modulator, due to small changes in temperature or bias voltage,
resulting in more background light at the carrier frequency.
Investigating this effect over many scans by fitting with
different-order polynomials changes the fit centroid less than
100 kHz and we add this to the systematic uncertainty.
Additionally, there is a systematic uncertainty introduced
from the literature A(s1/2 ) values that we use to calculate
the ground-state hyperfine shift [16–19] required to find the
center of gravity and hence the isotope shift. Measurement
of this quantity constitutes an entirely different experimental
technique, and we do not currently have the means to measure
these 40–50 GHz splittings ourselves. Therefore, we add the
1–4 MHz uncertainties calculated from the published groundstate values to our isotope shift measurement uncertainty.
IV. KING PLOT ANALYSIS

In all but the lightest nuclei, a King plot [10] separates
the mass and field shift components of the isotope shift and
allows comparison between different atomic transitions. The
plot requires isotope shifts for two atomic transitions as well as
the masses [20] of the isotopes measured. Our measurements
on the D1 line along with existing data for the D2 line [16–18]
provide shifts in eight francium isotopes with respect to 221 Fr.
Taking Eq. (7) for two transitions and combining them to

eliminate r 2 AA gives


MA M A 
FD2
δνI S,D2 = (ND2 + SD2 ) − (ND1 + SD1 )
M A − MA 
FD1



MA MA
FD2
δνI S,D1 ,
+
FD1 MA − MA
(10)
a linear equation in isotope shifts weighted by isotopic masses,
which we shall call the modified isotope shifts (MIS), with a
slope given by the ratio of the field shift constants and intercept
dependent on the differences in the mass shift constants. The
normal mass shift can be calculated exactly; thus the intercept
can be used to determine the difference in specific mass shift
constants. A deviation from unity of the slope tells the ratio of
the electronic overlap with the nucleus of the 7p1/2 and 7p3/2
states.
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The King plot in Fig. 4 uses isotopes 207−213 Fr, with 221 Fr
as a reference; 206 Fr is excluded from the fit for reasons
discussed below. We find that FD2 /FD1 = 1.0520(10) and
D2
(ND2 + SD2 ) − (ND1 + SD1 ) FFD1
= 190(100) GHz amu with
χ 2 /ndf = 4.996/5. The normal mass shift constants are
ND1 = 201 and ND2 = 229 GHz amu from Eq. (3) with
negligible errors given by the uncertainty in atomic masses.
This leaves the specific mass shift constant difference (δS)
between the two transitions δS = SD2 − SD1 FFD2
= 170(100)
D1
GHz amu.
The outlier of 206 Fr (labeled in red in Fig. 4) requires
a comment. This isotope was measured in our two data
collections with results in agreement with each other from the
different methods, suggesting it is not a measurement error.
There is a 10σ deviation from the straight-line fit that we are
unable to explain. Including this isotope in the fit produces a
χ 2 /ndf = 38.6/6, again with the point falling 6σ away from
the fit line; thus it is likely that there is some physical reason for
the discrepancy. Evaluation of the complicated considerations
in a more complete field shift theory [21] proves insufficient to
explain this discrepancy; we are not at a sensitivity to observe
those higher-order effects, which come in at the few MHz level
and are within our error bars. It is possible some nuclear effect
is responsible for this deviation; the unusual nuclear magnetic
dipole and spectroscopic electric quadrupole likewise suggest
the 206 Fr nucleus deviates from the behavior exhibited by the
heavier A  213 isotopes [17].
There is a known correction to the field shift from the
electronic density changing over the nuclear volume, which
depends on the nuclear charge distribution [21]. The corrections in δr 4  and δr 6  can be related in various basic nuclear
charge distributions to the change in charge radii dr 2 /dA
[22]. This quantity then shows odd-even staggering. However,
such a phenomenological correction would be within the errors
of our measurements, and an inspection of the residuals in
Fig. 4 show no significant difference between the odd-odd and
even-even isotopes. This effect is unable to account for our
discrepancy.
Furthermore, these higher-order corrections make the field
shift coefficients F isotope dependent. Thus, since we are
mainly concerned with the atomic calculations behind the
isotope shift N,S,F values as predicted from theory, we will
exclude 206 Fr from the linear fit used to evaluate those
coefficients.
Using 212 Fr as the reference isotope minimally shifts the fit
results. The χ 2 /ndf is slightly poorer at 5.047/5 and the slope
has moved 0.5σ to 1.0526(7). The change in the fit is due to the
systematic errors in the measurement of the reference isotope;
that common error is now with respect to 212 Fr instead of 221 Fr.
Furthermore, using 212 Fr as the reference puts the 221 Fr King
plot point in a location that dominates the fit. Therefore, we
will continue to use 221 Fr as the reference isotope.
Calculations for the field shift and specific mass shift
constants have been performed using several methods: manybody perturbation theory and closed-cluster approaches [8], as
well as many-body perturbation theory calculation [23]. Our
results and their predictions are summarized in Table II for the
field shifts and Table III for the specific mass shifts. In Table III,
the finite field result uses the average of three different methods

TABLE II. Field shift constants (MHz/fm2 ) obtained from three
theoretical methods along with the experimental ratio (uncertainty)
obtained from the King plot analysis shown in Fig. 4.
Method
BO( ∞ )a
SD + E3a
M-Pb
Expt. (this work)
a
b

7S1/2

7P1/2

7P3/2

FD2 /FD1

−20463
−20188
−20782

−693
−640
−696

303
361
245

1.0504
1.0512
1.0468
1.0520(10)

Dzuba, Johnson and Safronova [8].
Mårtensson-Pendrill (M-P) [23]

which vary in their consideration of higher-order effects and
the fourth column uses the (SD + E3) value from Table II for
FD2 /FD1 for the results from [8]. Using the [BO( ∞ )] value
instead would cause no change at this sensitivity. The fit of
the King plot agrees with the field shift constants predicted by
the closed-cluster method (SD + E3) at the 1σ level and with
the perturbation theory [BO( ∞ )] method at the 2σ level, and
does not agree with the prediction from [23]. The specific mass
shift constants extracted from this King plot intercept agree
with the finite field and Mårtensson-Pendrill (M-P) results at
the 1σ level and the perturbation theory at the 2σ level.
We can also fix the FD2 /FD1 ratio to theory and see what
specific mass shift constants fit our data. The slope of the King
plot is set in turn to the theory values and the resulting δS
are displayed in Table III. These δS exhibit a linear trend as a
function of field shift ratio. Fitting this line results in


FD2
δS = (102 ± 2) × 103
− 1.0520 + 170 ± 7, (11)
FD1
allowing a δS value (in GHz amu) to be calculated from our
measurements for any future field shift theory predictions.
The deviation from unity in the experimental King plot
slope of 0.0520(10) corresponds to a 2% measurement. The
total ratio has been measured to 0.1%, well below the stated
1% accuracy of the theory [8]. This analysis is limited by
our reliance on previous D2 line measurements and the
ground-state hyperfine A coefficients extracted from those
measurements. Our D1 isotope shift uncertainties are inflated
TABLE III. Specific mass shift constants (GHz amu) obtained
from three theoretical methods along with the experimental value
(uncertainty) obtained from the King plot analysis shown in Fig. 4.
The results from fixing the King plot slope to the different theory
values are also shown.
Method
PTa
FFa
M-Pb
Expt. (this work)
Fixed slope BO( ∞ )
Fixed slope SD + E3
Fixed slope M-P
a
b

7S1/2

7P1/2

7P3/2

δS

−786.1
−237
−570

−53
−62
−154

7.9
77
−18

24
130
117
170(100)
90(9)
8(9)
−359(9)

Perturbation theory (PT) and finite field (FF) approaches [8].
Mårtensson-Pendrill (M-P) [23]
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FIG. 4. (Color online) King plot of the modified isotope shifts (MIS) on the D2 and D1 lines for francium. Existing D2 line isotope shifts
are recalculated using 221 Fr as the reference isotope. We provide results for 206−213 Fr D1 isotope shifts. The slope of the fitted line gives the
ratio of the field shift constants for the two transitions. The intercept provides the corresponding difference in the mass shift constants. Plots of
the D1 and D2 residuals are shown. The blue 207,213 Fr are from the first experimental run data and the black 208−212 Fr are from the second run
data. The red 206 Fr point is not used in the fit for reasons explored in the text.

by typically a factor of two due to the uncertainties of the
ground-state A coefficients alone. Improving the experimental
result would require more precisely measuring both of these
quantities.

=
we deduced the specific mass shifts relation, SD2 − SD1 FFD2
D1
170(100) GHz amu, in good agreement with the theory
predictions.
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Chapter 6: Preparation work with the microwave cavity and the Optical Dipole Trap.

This chapter summarizes other advances in the program, related to the microwave system and the optical dipole trap for the anapole moment measurement.

6.1 Microwave cavity.
The microwave system for generating and delivering the ≈ 45 GHz radiation
is elaborate and deserves explanation. Figure 6.1 shows an schematic of the main
elements of the the microwave synthesis and delivery chain. We use the PhaseMatrix
FSW 0020 synthesizer, which is an excellent low phase noise source with output
frequency up to 20 GHz. We set its output frequency to about 11.5 GHz, and use
two frequency doublers in cascade to produce the desired frequency. The first one
(Marki Microwave ADA 2050) has coax connections and doubles to 23 GHz, and
the second one (Narda DB01-0552) has coax input and WG-19 waveguide output,
delivering 46 GHz. Both are amplified doublers. The rest of the delivery chain
is only partially assembled at the time of this writing. All units after the Narda
doubler before the horns are WG-19 waveguide components. A high power amplifier
can delivery of up to 4 W of power (Millitech 19-130479A) for amplification of 23
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Figure 6.1: Schematic of the 46 GHz microwave synthesis and delivery system. We
have assembled partially in test setups. The counter propagating beams injecting
from both sides of the cavity is needed because of the beam balancing requirement.
We have circulators and isolators to avoid damage to the amplifier. We avoid using coaxial cables because they are lossy compared to waveguides and free space
transmission. See text for detailed explanations.
dB from 43 to 47 GHz), and split into two branches, each with identical components
such as phase shifters, attenuators, and couple to free-space with corrugated horns
before impinging into mode matching teflon lenses (Thorlabs LAT100 and LAT300).
The requirements in Ref [110] on the microwave field are stringent in terms of
mode quality, standing wave condition, and polarization. We have chosen to work
in the “quasi-optical” regime, which means thinking about the microwaves as Gaussian beams propagating in free-space, deflecting with metal mirrors and focusing
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with lenses. Our microwave Fabry-Perot cavity has mirrors with sub-wavelength
patterned metal surface reflectors. The mirror substrates are 3” diameter planoconcave optical blanks made out of BK7 glass, with 0.15 m radii of curvature on
the concave surface. We coat the concave surface with high conductivity metal such
as Cu, Ag, or Al. Aluminum is used for the current version for convenience due to
its corrosion resistancy. In order to have several skin-depths for 46 GHz microwave
to prevent excess losses, we chose the metal coating to be at least 2 µm thick. We
use photo-lithography to imprint patterns on the metal, which allows microwave
transmission without severe perturbation of the Gaussian mode distribution. We
have tried various patterns including a 2D periodic hole array, and now we resort
to a polarization selective 1D grid, which has an additional advantage due to the
polarization selectivity. The curved surface presents a challenge for the lithography,
and Michael Kossin has explored solutions based on 3D printing. Figure 6.2 shows
(a) the pattern, (b) a photo-mask made from a 3D printer, and (c) an example
fabricated mirror. The tests we present next are based on these mirrors.
Figure 6.3 shows our test setup of the microwave cavity. The mirror separation
is close to 12.5 cm, which gives a free spectral range (FSR) of 1.2 GHz (close to
confocal cavity). Scanning the input frequency over two free-spectral-ranges allows
easy optimization of the alignment via the tip and tilt of the input mirror (to the left
in Fig. 6.3). Just before the emitting horn (Millitech SFH-19-R0010), a directional
coupler (Millitech CGC-19-RL300) and then a detector (Militech DET-19-RPFW0)
followed by a low noise current amplifier (Stanford Research SR570) whose output goes into an oscilloscope allows the characterization the reflected power. A
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(a)

(c)

(b)

Figure 6.2: Photomask for producing the microwave cavity mirror with lithographic
technique. (a) example pattern: lines provide polarization selectivity, (b) 3D printed
photo-mask, and (c) a fabricated mirror.

Teflon bead
Figure 6.3: Photograph of the microwave Fabry-Perot cavity test setup.
grid polarizer (Millitech GFS-00-K200S03) ensures linear polarization entering the
Fabry-Perot resonator to better than 10−4 intensity, consistent with the specifications.
Figure 6.4 shows the transmission resonance around 47 GHz together with a
Lorentzian fit (red). The full width at half maximum (FWHM) is 0.92 (5) MHz,
which gives us a good measure of the total losses of the system from mirror transmission and mirror absorption.
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Transmission (%)

9

FWHM
0.92 (5) MHz

7
5
3
1
-2000

-1000
0
1000
2000
46 GHz + frequency detuning (kHz)

Figure 6.4: Transmission measurement on resonance after the microwave passes
through the cavity (blue lines) and fit to a Lorenzian in red.
The calculation of the mode waist (1/e2 intensity radius) of the cavity predicted that the waist is only 1.9 wavelengths or 1.2 cm. A preliminary measured
profile is in Fig. 6.5 where we have used the “teflon bead” method. We scan the
microwave over the transmission peak as the one seen in Fig. 6.4 and then look at
the change in the frequency of resonance with respect to the no bead position as we
scan the a small teflon bead (less than 1 mm in size) attached to a cotton string,
placed inside of the cavity at the center of the mode in both the transverse and
longitudinal directions. The bead changes the phase inside the cavity depending on
where it sits and we can directly see the shape of the field. The extracted field waist
of 12.0 ± 0.2 mm agrees with the expected value of 12.3 mm. The random errors
of the data points are smaller than the size of the points. The continuous red line
shows a Gaussian fit that gives the intensity as a function of position. Using the
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Distance (mm)
Figure 6.5: Measured transverse mode of the microwave cavity (blue points) and
the Gaussian fit (red).
same method we were able to see the standing wave structure of the mode with the
appropriate λ/2 periodicity.
Table 6.1 presents a summary of the measured properties of the cavity. The
tests were done using an input power of about 7 dBm (5 mW) impinging on the
mirror, corresponding to about 33 dBm (2W) power circulating inside the cavity.
We see no problems so far regarding to excess heating of the cavity mirrors. The
power dissipation when we place the cavity under vacuum and inject a full 4 W of
RF power available from the amplifier, remains an open question. Reference [110]
assumes that we could have a field of 479 V/m with 58 mW input power. The
current enhancement factor of 416 is a factor of 4 smaller than the one in that
reference, however our amplifier can give 60 times more power. We are currently
preparing an article with these preliminary results.
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Table 6.1: Microwave cavity parameters.
Property
Working frequency
Working wavelength
Separation
FSR (calculated)
Radius of Curvature
FWHM (measured)
Q (measured)
Finesse (measured)
Power enhancement
Transmission for one mirror (power)
Absorption for one mirror (power)
Cavity ransmission (power)
Polarization extinction

Value

Units

47
6.4
0.125
1190
0.15
0.92 ± 0.05
51300
1309
417
8.3 × 10−4
15.7 × 10−4
0.12
2.5 × 10−4

GHz
mm
m
MHz
m
MHz

6.2 Sensitivity test of Rb atoms trapped in an optical dipole trap.
At the beginning of my graduate studies before the apparatus moved to Vancouver we were able to perform tests in Rb with a blue-detuned optical dipole trap,
as required for the anapole measurement where we want to minimize lightshifts.
These resulted in two papers [111, 112]. The first paper was a sensitivity test to see
if we could measure the influence of a second field on a Rabi oscillation, the success
of this test was key to our moving to TRIUMF. The abstract of the paper D. Sheng,
J. Zhang, and L. A. Orozco, Sensitivity test of a blue-detuned dipole trap designed
for parity non-conservation measurements in Fr, Rev. Sci. Inst. 83, 043106 (2012)
is as follows:
“A dynamic blue-detuned optical dipole trap with stable 87 Rb atoms produces
a differential ac Stark shift of 18 Hz in the ground state hyperfine transition, and
it preserves the ground state hyperfine superpositions for a long coherence time of
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180 ms. The trapped atoms undergoing microwave Rabi oscillations are sensitive to
a small signal, artificially generated with a second microwave source, phase locked
to the first, to look like a parity-non conserving quantity. They effectively resolve
the interference between the two amplitudes, providing a method to calibrate the
signal-to-noise ratio in similar experiments, such as the ongoing efforts in Fr.”
The second paper was a measurement of the differential AC stark shift due to
the presence of the dipole trap appeared in Rb. The paper looks at the scalar shift,
its dependence on geometry, power and frequency detunings. It has been published
as D. Sheng, J. Zhang, and L. A. Orozco, Rb atoms in a blue-detuned dipole trap:
Coherence and ground-state differential ac Stark shift, Phys. Rev. A. 87, 063412
(2013) is as follows:
“Blue-detuned dipole traps and their ability to preserve atomic coherences are
interesting for precision measurement applications. In this paper, we present experimental studies on the differential ac Stark shift of the ground state hyperfine
splitting in

87

Rb atoms confined in a dynamic blue-detuned dipole trap. We sys-

tematically study the power and detuning effects on the Rabi resonance frequency
(differential ac Stark shift) and its linewidth (coherence) and find that their performance is compatible with future parity violation experiments in Fr.”
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Chapter 7: Conclusion.

We have constructed the Francium Trapping Facility at TRIUMF and trapped
up to one million radioactive atoms. The yield in the rare-isotope beam source at
TRIUMF combined our high-efficiency trapping enables atomic parity non-conservation
experiments with highly promising signal to noise ratio. We take great care with
controlling potential radiation hazards, as well as the higher demand for the reliability of the apparatus compared to traps with stable atoms that are available on a
everyday basis.
We have demonstrated high precision spectroscopy with the excited state hyperfine splitting and isotope shift measurements, for a better understanding of the
nuclear structure and benchmarking the atomic theory. These tests are beneficial
for the interpretations of the parity-violating anapole moment in the nucleus, and
extracting the weak charge of the nucleus for standard model tests, respectively.
We have designed a new generation of the science chamber, and demonstrated
atom transfer from the capture chamber. The science chamber offers excellent vacuum background, as well as enabling much better control of the electro-magnetic
field environment. Precision state experiments will soon commence, with the intended near future stages being the observation of the DC Stark-induced transition
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and a precision microwave frequency measurement of the ground state hyperfine
splitting.
We are also progressing on better understandings of the systematic effects
and other limitations for the proposed PNC experiments. Along with the exciting advances in other fronts of AMO physics, in particular quantum control and
metrology, one could envision great future possibilities for measuring atomic parity
non-conservation in Fr, for example squeezing to beat the quantum projection noise
limit.
With these, I conclude this thesis, with great hope and love for the future of
APNC experiments.
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Appendix A: Mechanical drawings
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De Groote, S. De Schepper, V. N. Fedosseev, K. T. Flanagan, S. Franchoo, R. F. Garcia Ruiz, H. Heylen, B. A. Marsh, G. Neyens, T. J. Procter, R. E. Rossel, S. Rothe, I. Strashnov, H. H. Stroke, and K. D. A. Wendt.
Decay-assisted laser spectroscopy of neutron-deficient francium. Phys. Rev.
X, 4:011055, Mar 2014.
[87] Jenny E. Rosenthal and G. Breit. The isotope shift in hyperfine structure.
Phys. Rev., 41:459–470, Aug 1932.
[88] M. F. Crawford and A. L. Schawlow. Electron-nuclear potential fields from
hyperfine structure. Phys. Rev., 76:1310, 1949.
[89] H. J. Rosenberg and H. H. Stroke. Effect of a diffuse nuclear charge distribution
on the hyperfine-structure interaction. Phys. Rev. A, 5:1992–2000, May 1972.
[90] I. Angeli and K.P. Marinova. Table of experimental nuclear ground state
charge radii: An update. Atomic Data and Nuclear Data Tables, 99(1):69 –
95, 2013.
[91] Kris Heyde and John L. Wood. Shape coexistence in atomic nuclei. Rev. Mod.
Phys., 83:1467–1521, Nov 2011.
[92] Pavel Cejnar, Jan Jolie, and Richard F. Casten. Quantum phase transitions
in the shapes of atomic nuclei. Rev. Mod. Phys., 82:2155–2212, Aug 2010.

187

[93] A. Voss, M. R. Pearson, J. Billowes, F. Buchinger, B. Cheal, J. E. Crawford, A. A. Kwiatkowski, C. D. P. Levy, and O. Shelbaya. First use of highfrequency intensity modulation of narrow-linewidth laser light and its application in determination of 206,205,204 Fr ground-state properties. Phys. Rev. Lett.,
111:122501, Sep 2013.
[94] A. Voss, F. Buchinger, B. Cheal, J. E. Crawford, J. Dilling, M. Kortelainen,
A. A. Kwiatkowski, A. Leary, C. D. P. Levy, F. Mooshammer, M. L. Ojeda,
M. R. Pearson, T. J. Procter, and W. Al Tamimi. Nuclear moments and
charge radii of neutron-deficient francium isotopes and isomers. Phys. Rev. C,
91:044307, Apr 2015.
[95] Kenneth S. Krane. Introductory Nuclear Physics. John Wiley and Sons, Hoboken, NJ, 1988.
[96] Richard B. Firestone and Virginia S. Shirley. Table of Isotopes. John Wiley
and Sons, Hoboken, NJ, 8 edition, 1996.
[97] Ben R. Mottelson A. Bohr. Nuclear Structure, volume II. W. A. Benjamin,
Inc, Reading, Massachusetts, 1975.
[98] C. Ekström, L. Robertsson, and A. Rosén. Nuclear and electronic g-factors
of 211 Fr, nuclear ground-state spin of 207 Fr and the nuclear single-particle
structure in the range 207−228 Fr. Physica Scripta, 34(6A):624, 1986.
[99] J. P. Davidson. Collective Models of the Nucleus. Academic Press, New York,
1968.
[100] V. V. Flambaum and D. W. Murray. Anapole moment and nucleon weak
interactions. Phys. Rev. C, 56:1641–1644, Sep 1997.
[101] W. R. Johnson, M. S. Safronova, and U. I. Safronova. Combined effect
of coherent Z exchange and the hyperfine interaction in the atomic paritynonconserving interaction. Phys. Rev. A, 67:062106, Jun 2003.
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