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ABSTRACT

Preparatory steps for the experimental investigation of the highly forbidden 5s —
6s transition in rubidium using an atom trap and laser cooling are reported. A
magneto-optical trap (MOT) has been assembled including saturation spectroscopy
and a dichroic vapor laser lock. A frequency-doubled diode laser system has been
installed to perform the spectroscopy of the forbidden transition with cold Rb atoms
in the trap. The properties of the ns — n's transition in the presence of an exter-
nal electric field have been investigated theoretically. A first measurement will be
exploring the Stark-induced transition amplitude and the very faint magnetic dipole
amplitude. The rubidium experiment is a precursor study for a long-term project at
TRIUMF, Canada’s National Laboratory for nuclear and particle physics, to measure
atomic parity violation in the equivalent 7s — 8s transition in francium, the heaviest

alkali atom which has no stable isotopes.
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Chapter 1

INTRODUCTION

This thesis presents preparatory work towards a long-term program of measuring
weak interaction physics in the radioactive atom of francium at TRIUMF, Canada’s
National Laboratory for nuclear and particle physics in Vancouver. The intention is to
measure an effect known as atomic parity nonconservation (or atomic parity violation,
the two terms will be used interchangeably) in the francium atom, where the effect is,
due to the large nuclear charge of Z = 87, about 18 times larger than in cesium, where
so far the most precise experiments have been carried out. A major complication
is that francium possesses no stable isotopes, so it must be produced in a nuclear
reaction on-line at an accelerator. Due to the low production rates for radioactive
species (relative to the availability of stable isotopes), the atomic spectroscopy has
to be carried out extremely efficiently. We plan to employ laser cooling and atom

trapping techniques for this purpose.

To explore techniques, we are in the process of setting up an off-line experiment
with stable rubidium at the University of Manitoba. This thesis presents the first
steps: The construction of a magneto-optic trap for the capture and storage of a cold
(~ 100uK) sample of rubidium atoms. Once this basic facility is running, it will
be used to perform spectroscopy on the 5s — 6s transition in Rb, the equivalent
transition to 6s — 7s in Cs, where the atomic parity violation work has been carried
out, and to 7s — 8s in francium. A frequency-doubled diode laser system is available

for this purpose and has been tuned to the correct wavelength at 496 nm to excite



Hs — 6s.

In addition, we look into the theory of the 5s — 6s transition in the presence of
an external electric field (which plays a pivotal role in a parity violation experiment
in Cs and Fr), including a Stark-induced electric dipole amplitude, a magnetic dipole
amplitude, which by itself is very interesting to study in Rb and other alkalis [1] |
and the weak interaction induced electric dipole amplitude and their interference. A
program has been developed to calculate transition rates for different geometries for

the external fields and laser polarizations.

1.1 Towards an APNC measurement in Fr

The APNC effect in francium is about 18 times larger than in cesium, which was the
atom used in the best experiments about non-conservation of parity. Later it will be
explained why the size of the APNC effect increases with the atomic number, being
this one of the reasons for Fr to be a good candidate for an APNC experiment, and
also because of the simplicity of alkali’s atomic structure compared to other atoms

that have more than one electron in their outer shells.

As a means to gain expertise towards APNC experiments using Fr, basic spec-
troscopy has to be carried out on the weak 5s — 6s transition in Rb. A frequency-
doubled diode laser system, wavelength tuned to 496 nm, has been installed and is
being readied to excite the transition of the Rb atoms in a magneto-optical trap. It
is not possible to use Fr vapor cells because macroscopic quantities of this atom are
not available, but it is possible to laser trap, and bring them to a similar density as
another stable alkali. The knowledge acquired using a trap-based scheme for Rb can

be later used to implement an on-line experiment with Fr.



1.1.1 Owerview of APNC Ezperiments and Search for Physics Beyond the SM

Before 1956 it was believed that all fundamental interactions would be indistinguish-
able from its mirror image, until the proposition that parity might not be conserved
in weak interactions was raised by Lee, T.D. and Yang, C.N. [2], and in the next
year experimentally proven [3] [4] [5]. Yakov Borisovich Zel’dovich was the first to
propose that parity non-conservation is induced by weak neutral currents, in 1959
[6], but due to the weakness of the effect he concluded that it could not be observed.
In 1974, M. A. Bouchiat and C. Bouchiat, arrived at the conclusion that the parity
non-conserving effect was increased with the atomic number Z, about Z3, and for
the first time the violation of parity was sufficiently large to be measured, and then
APNC experiments were done with some heavy atoms. The Paris group measured
the first APNC effect in Cs atoms with 20% of accuracy, what was later improved to
12%. Subsequently the Boulder group achieved an accuracy of 2%.

The search for new physics by means of APNC is done by comparing the basic
standard model predictions to the estimated parity values derived from the experi-
ments. The higher the atomic number, the larger the APNC effect, which limits the
choice of atom to the heavy ones. But rather than that it is also necessary to have
a very good knowledge of the atomic structure in order to predict the APNC values
with accuracy, explaining why cesium (Z = 55) was the most used atom for these
experiments. With modern laser-cooling techniques and better ways to store highly

radioactive atoms like francium (Z = 87), it is possible to obtain larger APNC effects.

1.1.2 Other APNC Experiments, Current State

After the Bouchiats’ observation that the parity non-conservation effect is intensified
approximately proportional to the cube of the atomic number, suggesting it could
be detectable if tested on heavy atoms, the long search for the APNC phenomenon
started.



The first experiment to point at the existence of neutral weak currents was made
in 1978 in Novosibirsk, by Barkov and Zolotorev [7]. They used the optical rotation
technique in bismuth atoms, obtaining results that agreed with the Weinberg-Salam
model. This technique consists of measuring the rotation of the light beam after
passing through a medium that is under application of a longitudinal magnetic field.
It takes advantage of the fact that the refractive index of the medium is not the same
for right and left circular polarized components of the light, leading to different phase
shifts and therefore polarizing the beam by an angle ¢ proportional to,

B Im(E1,,.)

R(y) 1

(1.1)

where E1 is the electric dipole, and M1 the magnetic dipole transition matrix element.

In the next year the Berkeley group observed the APNC effect in thallium using
the Stark-interference method [8], suggested by Bouchiat [9]. It consists of measuring
the Stark mixing parameter 3, which originates from the interference between the
parity-violation induced E1 and the Stark induced E1 amplitudes, determining the

transition rate
Im(El,.)

Rstark = —©5 (1.2)

The results obtained by the Novosibirsk and Berkeley groups helped to confirm
weak neutral currents do exist, and that parity is violated in the neutral current as
predicted by the standard model.

The parity non-conservation measurements made by Boulder, Oxford, Paris, and
Seattle groups between 1980 and 1995 with Bi, Cs, Pb, and T1, reached an accuracy
of about 1-2%. In 1997, the Boulder group improved the accuracy to 0.35%, and
extracted the first measurement of anapole moment using atoms of **Cs [10].

Currently, several efforts are in progress. The Berkeley ytterbium is the only one
which has observed a parity violation signal so far. These experiments will be briefly

introduced in the following:



Berkeley, Budker group

Recently, researchers in the Budker group at the University of California at Berkeley,
have found, in the 6s? 1Sy — 5d6s 3D, forbidden transition of ytterbium the largest
APNC effect yet observed [11]. The parity forbidden effect measured on ™Yb was
100 times larger than in *3Cs. The main objectives of the group are the measurements
of the changes in the weak charge in each one of the 7 isotopes of ytterbium, the study
of the nuclear structure by exploring the arrangement of the neutrons in heavy atoms,
whether they surround the nucleus forming a outer layer covering the protons in the
center, and ultimately detect anapole moment in the outer layer of neutrons (not yet

observed since this phenomenon was only measured in valence protons).

Seattle, Fortson group

This group is using a single trapped ion of barium, or radium as another alternative,
to search for parity non-conservation, using a technique of spin rotation produced by
an energy shift of the ion, called ”light shift” [12], at the Larmor precession frequency
[13]. Barium has 9 stables isotopes and its APNC effect is 2.5 times larger than in

cesium atoms.

Yale, DeMille group

At Yale, this group uses diatomic molecules in the investigation of parity non-conservation

and anapole moments by placing them in a strong magnetic field [14].

Legnaro, Maryland/TRIUMF groups

These groups are working towards APNC and anapole moment measurements using
the heaviest alkali atom, francium, which has an effect 20 times larger than in atoms

of cesium [15] [16].



1.2 Searches for Physics Beyond the SM

The search for ‘new physics’ beyond the Standard Model is usually associated with
high energy physics experiments at large colliders such as LHC. However, low-energy
measurements have historically played an important role, as well, and they still do.
For example, searches for permanent electric dipole moments in atomic and subatomic
particles, indicative of the violation of time reversal symmetry, are a domain of atomic
physics methods; these experiments put some of the most severe constraints on ex-
tensions of the Standard Model such as supersymmetry. In high energy experiments,
one strives for the direct production of new particles. These particles generally should
have very large mass, otherwise they would have been discovered already (unless they
were exceedingly weakly interacting with conventional matter). Therefore, low-energy
approaches have to be different: Even if it is not possible energetically to produce the
real particle, it can emerge as a virtual particle for a suitable short time (following
the uncertainty principle) in a low-energy interaction, and with sufficiently sensitive

measurement methods, the existence of a new particle/interaction can be inferred.

To make up for the drastically reduced production cross section for the virtual
particle, low-energy experiments usually look for violations of ‘fundamental symme-
tries’, i.e. we look for new interactions that are not invariant under the discrete
symmetries of time (T), parity (P), charge conjugation (C), or combinations thereof,
and Lorentz invariance. Transformations connected with these symmetries (spatial
mirror for parity, particle - antiparticle for charge conjugation, Lorentz boosts) will
result in experimental signatures that clearly distinguish the new processes from the

known ones.

Atomic parity nonconservation is one of several types of low-energy parity-violations
experiments that search for new physics. To compare them, one can, among other
choices, plot their sensitivity of determining one of the central parameters of the Stan-

dard Model, the Weinberg angle 6y (usually given as sin® fy). Figure 1.1 shows the



situation: First, the Weinberg angle is not a constant, but changes its value with the
momentum transfer involved in the process under consideration; this is referred to as
the ‘running’ of the Weinberg angle. While the very precise measurements at LEP
gave an accurate value for sin? @y at 90 GeV, low-energy experiment are required to
confirm this running.

APNC measures the strength of the weak neutral current at very low momentum
transfer. There are three types of such “low-energy” weak neutral current measure-
ments with complementary sensitivity. The atomic weak charge is predominantly
sensitive to the neutron’s weak charge, as the proton weak charge is proportional to
(1 — 4sin® By ), which accidentally is near zero (see next Chapter for details on the
weak charge). The Qweak electron scattering experiment on hydrogen ( at Jeffer-
son National Laboratory, Newport News, Virginia) will be sensitive to the proton’s
weak charge. The SLAC E158 Moeller scattering experiments (Stanford) are sensitive
to the electron’s weak charge. Different Standard Model extensions then contribute
differently. The atomic weak charge is relatively insensitive to one-loop order correc-
tions from all SUSY particles, so its measurement provides a benchmark for possible
departures by the other low-energy observables. Moeller scattering is purely leptonic
and has no sensitivity to leptoquarks, so APNC can then provide the sensitivity to

those.
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Figure 1.1: Running of the weak mixing angle



Chapter 2

COMPLETE DESCRIPTION OF THE S — S
TRANSITION

Atomic parity violation arises mainly from the exchange of a heavy Z boson be-
tween the electron in the atom and the quarks in the nucleus. This weak interaction
does not conserve parity but conserves time reversal, and can be dependent or inde-
pendent of the nuclear spin according to whether the nucleon or the electron constitute
a weak current of axial type, respectively.

According to [17] the Hamiltonian in the case of an infinitely heavy nucleon, and

neglecting electromagnetic radioactive corrections, will be,

H = E(ku’)/g) — kyjo - )0 (r), (2.1)

V2

G =1.027 x 10_5mlj 2 is the Fermi constant, representing the strength of the interac-
tion, and m,, is the mass of the proton; 5 and a are Dirac matrices, and o, = 2.5 are
Pauli spin matrices. The k coefficients are constants, representing the contribution
given by the protons (i = p) or neutrons (i = n) in the parity violating interaction.
If the interaction is nuclear spin independent (dependent), the coupling between
nucleon and electron currents is given by k1; (kg;). So accordingly to the electroweak
theory of Glashow [4], Weimberg [3], and Salam [18], these proton and neutron

constants are given by,

1
ki = 5(1— 4sin®0y) ~ 0.04 kip = —= (2.2)

1
by = —kan = —5 (1 — dsin’6y ) ~ 0.05. (2.3)
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The Weinberg angle is estimated as sin?(fy ) =~ 0.23, and n = 1.25. Equation 2.1 can
be separated into a nuclear spin dependent part, containing the k; coefficients, and
a nuclear spin independent part, with the ko; coefficients. The Hamiltonian of every
nucleon must be added in order to obtain the total parity violating potential of the

atom.

2.1 Nuclear Spin Independent Interaction

Heavy atoms, due to the coherent contribution of the nucleons, dominate this type
of interaction. The Nuclear Spin Independent (nsi) potential H)'s* will mix atomic
levels of opposite parity, and as a result otherwise forbidden E1 transitions can be

excited between states of the same parity.

The Hamiltonian for the nsi part is given by,
= ———54(T), (2.4)
Weak charge: Qw = 2(k1,Z + k1, N).

The Hamiltonian for nuclear spin independent interactions is proportional to the weak
charge, which represents the strength of the parity-violating part of the weak force
between leptons and quarks. Z gives the number of protons, and N the number of
neutrons.

As it was seen before in equations 2.2 and 2.3, the ky,, term dominates thus,

_N. (2.5)

1 — 4sinOy 1 N
2 2 o

Qw = 2(k1pZ + k1, N) ~ 2 (—Z — =N
This shows that atomic parity violation is largely sensitive to the neutrons in the
nucleus. As a result, improved APNC measurements will need improved knowledge

of the neutron distribution in the nucleus.
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2.2 Nuclear Spin Dependent Interaction

The second part of equation 2.1 is nuclear spin dependent (nsd), happens only with
valence nucleons, and depends less on Z because of the pairing of nucleons.

Considering the contribution of all nucleons [5], the nsd Hamiltonian is

nsd_ﬁ K1-«
e I 41)

With K = (I +1/2)(—1)*Y/2=1 where I is the nuclear spin, and [ is the orbital

k2id(r) (2.6)

angular momentum of the valence nucleon.

The valence nucleons contribute to a nsd force generated by the hadronic axial-
vector current. This force is much smaller than the one led by the nsi interaction,
which comes from a hadronic vector-vector current, and has a coherent contribution
from all nucleons.

Parity violating weak interactions inside the nucleus induce a nuclear spin de-
pendent moment, the anapole moment. Therefore the investigation of the anapole

moment can be done through measurements of the nsd interaction.

2.3 Z? Scaling of Parity Violation
Looking back to equation 2.1, with the fifth gamma matrix expanded,

G
H=———{a-pd(r)[Zkiy+ Nki,|+(p—io xp)-d(r)[opkep+ 0o ken+H.c,} (2.7)
2\/§mec

where o is the electron spin, p the momentum, an r the position operators.;o, and
o, are the proton and neutron spin operators, respectively. And H.c. stands for
Hermitian conjugate. Considering only the nsi part, and knowing that m,. and ¢ are

equal to 1 in atomic units,

nsi __

G G
el = ma - po(r)[Zk1p + Nk, ] = mQWU - po(r). (2.8)

This Hamiltonian will mix states of same angular momentum and opposite parities.
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Let’s see how the interaction for an s state atom that had some p mixed into its

ground s state depends on Z, the atomic number.

G 1T/ 1T/ d
—2Qw<n L'|lo - po(r)nL) o< (n'L |%|nL>|T:0. (2.9)

2v2

Now one has to remember that the Z boson is very heavy, about 90 GeV, hence

<n’L’\Hg“\nL) =

v

the weak interaction is extremely short ranged. The Z travels around 10~'8m before
decaying again. Therefore, if two particles want to interact via Z-exchange, they
have to come extremely close, to about 1/1000 of the size of a nucleus. In atomic
parity violation, the Z-exchange is between electrons in the atom and the quarks in
the nucleus. The interaction is only possible when the electron is inside the nucleus,
which is possible in quantum mechanics, as the s-wave function is actually non-zero
at the origin:

InL) = Ry o< rbz=H1/2, (2.10)
So, at the origin, r = 0, we have that L must be also equal to zero,

Ry o< 0020112 = 7172, (2.11)

Then, the s level wave function grows as Z'/2 at the origin.

For L different from zero, then one must have the derivative with respect to r,

then,
dR,
o Lt i (2.12)
dR,
% x (1)0' 1z 12 = 73/ (2.13)
.

And then the derivative (the momentum) of the p level at the origin scales with
732 Therefore it is easy to see that the mixing will occur only between s and p wave
functions, and since all the contributions will be added, we see that it is proportional
to Z1/273/?2 = 72, And adding the result we got from the nsi coupling constant of
— N, and knowing that the number of neutrons in heavy atoms is proportional to the

number of protons, N &~ 1.4 Z, we have one more factor of Z contributing to the final
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approximation to the weak matrix element of Z®R(Z). R(Z) is a relativistic factor
that increases with Z. Therefore, the parity violating effect increases faster than Z3

with (ns|H}$'|nL) < Z*R(Z).

2.4 'Transition Amplitudes

As discussed above, the parity-violating nature of the weak electron-nucleon interac-
tion leads to a mixing of electronic s and p states. As a result, an atomic electron
nominally in an s-state has some p-wave character mixed in: |5) = |s) + €|p) and
vice versa. Without the presence of parity violation, the parity selection rules strictly
forbids electric dipole (E1) transitions between states of opposite parity. Since it de-
stroys the pure parity of states, parity violation permits E1 transitions between two
states of (nominally) same parity. However, this transition would be far too weak
to be detected directly. For example, the APNC-induced transition in Cs 6s - T7s,
which has been used in the Boulder and Paris experiments, has an oscillator strength
f ~ 10722 which is orders of magnitude beyond detectability (the oscillator strength
is a measure of the strength of the transition, and is proportional to the transition
rate; strong transitions will have f close to 1, and weak transitions will have f close
to zero). The solution is to interfere the parity-violating amplitude Apy with a much

larger, parity-conserving amplitude Apc:
f X |APC + Apv’Q = ’Apc|2 + 2R6<APCA*PV> + ’AP\/|2. (214)

By observing the interference term, which is linear in Apy, one ‘amplifies’ the APNC
signal, and it is also crucial for separating the APNC effect from much larger elec-
tromagnetic backgrounds: Performing a parity-flip (i.e. reversing the direction of
externally applied fields), the interference terms changes sign, leading to a modula-
tion of the signal strength.

Alkali ns — n's transitions are nearly ideal for this purpose. While E1 transitions

are not allowed between states of same parity (ignoring small parity violation effects),
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magnetic dipole (M1) transitions generally are allowed and are have oscillator strength
~ 10° times weaker than an allowed E1. For interference with Apy this would be
much too large, as the A3, terms would be too dominating. However, in alkalis,
in the non-relativistic approximation, the M1 amplitude between states of different
principal quantum numbers n are forbidden. Only relativistic effects and the hyperfine
interaction lead to a rather weak M1 amplitude, e.g. in Cs on the order of f ~ 10713,
This amplitude by itself is too weak for an interference experiment with Apy,. But
early on, it was realized that an externally applied electric field would produce a Stark-
induced E1 amplitude Agiqx, which can be tuned to a desirable oscillator strength
by varying the applied field. For this reason, the 6s — 7s transition in cesium has
played a dominant role in APNC experiments.

A parity violation experiment in francium could use the analogous transition 7s —
8s. To explore the techniques with a stable species, we plan to investigate the 5s — 6s
transition in rubidium. In this section, we will look at the ns — (n + 1)s transition

in more detail.

2.5 Stark induced electric dipole amplitude, E1g,,

In an unperturbed system the transition amplitude between the ns — (n+ 1)s states
is given by the sum of the weak magnetic dipole (M1) and the even weaker electric
dipole (E1,,.) transition amplitudes. A dc electric field applied to the system causes
a mixing of the s and p states (Stark effect), which together with the mixing from
the parity non-conserving weak neutral current interactions perturbs the s states, and
therefore we make use of the first order perturbation theory to describe the system.

YqP;F'm!| — eE - r|nsF'm)

- PF/ /
|n81/2FTTI,> = |n81/2FTTL> + Z |q J m Ens — Ean

q,J
F'm/

(2.15)

The state with the bar is the one perturbed by the Stark mixing. Then with the

presence of the static electric field, and an oscillating electric field (¢) from the laser
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beam, can give rise to a Stark induced electric dipole transition amplitude, F'1g;qk-

((n+1)sFama|—eE-r|qPyFm){qPjFm|—ee-r|nsFim1)
E(n+1)stqPJ

+

Fom
(B1E02) stark = (2.16)
g,’;; ((n+1)sFama|—ee-r|qPyFm)(qP;Fm|—eE-rnsFim1)
’ Ens_EqPJ

D¢ = e r is the effective dipole operator. According to [19] the matrix elements

of the effective dipole operator can be written as,

Oé(n+1),nEo5F2m2,F1m1+
((n + 1)51/2F2m2|D€ff\n81/2F1m1> = (217)

Z‘ﬁ(nJrl),n(o- X EO)F2m27F1m1

Then,

Fom .
(ElF?mi)Stark = Q(n+1),;n€ * EO(SFng,Flml + Zﬁ(n—l—l),ne : (U X EO)Fgm2,F1m1

= a(n+1),nEO : 675F2177u2,F1ml + 2ﬂ(nJrl),n(IEO X 5) ’ <F2m2‘0"F1m1>>

(2.18)

where a and [ are the scalar and tensor electric transition polarizabilities, respectively.

(Elgizf)smrk = a(n+1),n€ : E05Fgm2,F1m1 + iﬁ(n+1)7n<E0 X 5) . (F2m2|0'|F1m1)
= Q(n+1),n€ - E05F2m2,F1m1+
iﬁ(n—i—l),n[i(EO X E)xCFQmQ —+ Z(Eo X E)yCF2m2 +

Fimai Fimai

(Eo % €).CE"]6mym, (2.19)

Fymy

The C coefficients are obtained through application of the Wigner-Eckart theorem for

coupled states:

1 q
Cgf%_q = <F2m2|0-1q’F1m27q> (E) , (2.20)

where ¢ = my — mj.
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2.6 Magnetic dipole transition, M1

Magnetic dipole transitions between states with different principal quantum number n
are forbidden by the selection rules. In the case of cesium, for example, the oscillator
strength is approximately 10713,

The M1 matrix element given by:
Wy = Hp + Hs. (2.21)

Hp = g %P L - B is the Hamiltonian that contributes with angular momentum to
orbital magnetism. g is the gyromagnetic ratio that here is equal to the ratio of the
effective mass by the electron mass. Since in this case both masses are equivalent,
the ratio will be equal to 1. 8 = k X € is the oscillating electromagnetic field that
travels in the k direction, perpendicular to the oscillating electric field e, from the
laser beam.

Hg = gs#2 S-B is the spin Hamiltonian where S = hic /2, and o the Pauli matrices.

gs in this case is equal to the electron g-factor and is 2. So we have,
UB KB
Whn = 7(L+25)-ﬁ: 7(L+ha)ﬂ (2.22)

Considering s-states, we will have L=0, then, Wj;; = ug(o-3). Therefore the matrix

element for a transition ns — (n 4+ 1)s is given by,
psB - ((n + 1)sFymylo|nsFim,). (2.23)

We see the same matrix element presented in equation 2.19. The magnetic dipole
amplitude from the (n+1)s — ns transition will be multiplied by this matrix elements,
giving us:

M1gzne = M18 - (Fyms|or|Fym)

= M1{[x(k x &), +i(k X €)y]Cr2r 0 mimgsy + (K X €).C10200m1m, (2.24)

Fimq
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2.7 Electric dipole parity violating transition, F'1,,

The E1,,. amplitude arises from the mixing of states of opposite parity. The mixing

of p-character into the s-wavefunctions can be calculated perturbatively as

[ns) = |ns) +Z|O‘p (aplHplns), (2.25)

ns - Eozp

where |ns) is the perturbed wavefunction, and the sum goes over all intermediate p

states. Then, the electric dipole parity violating amplitude will be given by,

El,, = (n's| — ee - r|ns) = (n's| — ee - r|ns) + (n's| — ee - r|ns

)
(n's|H} |ap)<ap| —ee-rns)  (n's| — ee - rlap)(ap|Hy|ns)
= Z +
n s Eap E?”LS Eap

(2.26)

with & being the oscillating electric field. Bouchiat explains in [9] and [19] the

representation of equation 2.26 in the following format:

(E15272),, = iImE1,,(Fymsle - o|Fym;) (2.27)

Fimq

The matrix element we see here is exactly the same as the previous calculations.

Therefore the E1 transition amplitude will be given by,

(E152m2) = iImE1,[(£e, +iy)0mymass + E20mymy] CE22 (2.28)

Fimq Fimq

As it was said before, the weak interaction mixes some p;/, character into the
s1/2 state, and this can be illustrated in the following way [17]: The non-relativistic s
wave function is given by ¥y = \/%RQ(T)X. Where Ry is the radial wave function of
the s-state, and y is the two-component spinor (electron spin state). For the p wave
function we have ¢; = \/%Rl (r)(—om)x where n = T is the unit radius-vector. The

resulting mixed wave function will be,

b = —=I[Ro(r) —inR(r)on|x (2.29)

s~
3
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Here, in is the mixing coefficient, and it is imaginary due to the time reversal invari-

ance.The last expression can be rewritten in the following way,

Y= Ro(r) (1 - 509n) x.

Now it is possible to see that the mixture of states can be understood as a rotation

of x by an angle ¥ around the direction n.

2.8 Transition Rate

Let’s call Wy, the stimulated-transition probability from a state i) to a state |f). If

we have a delta-like resonance then,
4mr2e? ,
Wy = O / a7 | (|3} 8 (g — ) (2.30)
c

Where Dy; = (fler|i) is the dipole matrix element. And, I*" = I§(w — w'). I is the
total, and I the spectral, intensity of the laser. Since the spectral intensity is given
by a delta function it is assumed that it is much more narrow than the transition.
Considering a transition with finite width then the line shape function is a Lorentzian

centered at frequency w,

”Yt/7f

S — 2.31
(wpi —w') — (wp —w')? + V2 ( )
Where «; = 7 is the half-width of the transition. Then we will have,
47re? W/
Wy = dw'I8(w —w')|(flr]i)]?
o= e [ du' Tt — )| (f1rl) P
4mre? B
_ I N2 | dw'd(w — '
o P [ /ot = e
4mre? . Ye(w)
— I 2
D s
4 2 A\ (2 2
_ ( e L) ) i (2“’) i (2.32)
R2c ™ y(w) (Wi — w)?* + v (w)

The Lorentzian term goes to 1 when the laser is on resonance, wy; = w.
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Then the transition rate for stimulated emission in CGS is given by:

dme? [ (f]r]i)]?

W, = I 2.33
According to [20],
42 1
Wii=— | — ) I(wp)|e- Dplf 2.34
5= (2= ) Hwslle Dy (2.34)
Electric dipole moment matrix: Dy; = —ery;
472 1
Wi = —- I(wyi)le - (—er )| 2.35
o= () Htwsle - (-erz) (2.35)
And we have,
4m2e? (1
W = — ) I(we)|e - rpl? 2.36
i (e ) Hwle (2.36)

Comparing equation 2.33 and equation 2.36:
Ame®T [(f|r|i)|*  Ame*I |(f|r]i)]?  4m?el 21

WEES = = Nk 2.37
! Rc y(w) hc  ~y(w)/2 h2c 7w(w)|<f|r|l>| ( )
And,
4rre? 1 , Ame? )
Wfi = hQC (47‘(’60) I(w]fz)|€ . ’I"fi’ = h2c I(lUfZ)|€ . ’I"fi’ (238)
—1inCGS
Am?e?] 21 9 4mre?
— 5 NP = ——1(wypi)le - 7l
i s ) = o Twle v
21
f T\ 2 = I(w i)|€ " Tfi 2
Sl = Tugle- s
21
l(wye) = ——— 2.39
(0p) = —s (2.39)

Substituting the last equation into equation 2.36:

47r2e? 1
i = —— ) H(wgi)|e - rsil?
Wy =p (4mo) (wyi)|e - 7l

Knowing that v = 1/7, we have the transition rate for stimulated emission in SI is

given by,
2¢?

W i =
f h2C€0

Ile - rsl*r (2.40)
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Converting this last equation to au we will use the following substitutions: e = 1,
h =1, c =137.035, cey = 10.904. The relation between laser intensity and electric
field strength is I = E2/2n where n = 3772 in vacuum. Then,

_2e* E}
T R2ee, 2n

’8 . Tfilz’i' = ‘Eo&' . Tfl'|27' (241)
Then the transition rate for stimulated emission in atomic units is given by:

Wi =|E-rul’r (2.42)

2.9 The hyperfine structure of Rb and Fr

Rubidium and Francium are alkalis which have a bound core and a single valence
electron in its outermost shell.

Rubidium has two natural isotopes **Rb (72.2%) and ®"Rb (27.8%) with nuclear

5

2 and I = 3, respectively. Looking into the diagram of ®Rb, for example,

spins [ =
one can see that the ground state have hyperfine structure split apart by about 3GHz,
then facilitating the adjustment of the laser to the desired transition.

According to the selection rules the only transitions allowed are between levels

with AF =0, £1.

2.10 The Zeeman spectrum

In order to excite a specific transition from one hyperfine state to another we apply a
small static magnetic field that will split the spectral lines, and consequently slightly
change their energies by a different amount. The m sublevels then will be in its reverse
order according to figure 2.1:

This difference in energy is due to the Zeeman Hamiltonian given by,

Hy = gl’%NI B (2.43)
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Figure 2.1: Generic diagram of the energy levels from the atomic ground state showing
the Zeeman structure.

pun = eh/2m, is the nuclear magneton, B is the static magnetic field, and I is
the nuclear spin. This gives us,

WZeeman:HL+HS+HZ: (%(L+QSS)+91%I) 'Ba (244)

where g ~ 9x10724JT~! and py ~ 5x 10727 JT~1, and since pup > py, the nuclear
magneton is neglected. Lets consider the magnetic field being in the z-direction. For
s-states L=0 and knowing that S = 0/2 and gg is approximated to 2, the equation
resumes to,

WZeeman - %GB (245)

Each m level will have a shift in frequency given by,
Av,, = %(nskaf - B|nsF'm) = uggrmB (2.46)

According to the vector model for weak fields [21]:

FIF+1)+JJ+1)—-I(I+1)

SF(F + 1) (247)

gr = gJ

gy is 2 for s-states.
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2.10.1 AF =0

According to [21] the splitting of spectral lines by the Zeeman effect between the two
levels F7 and F, will have their variation in frequencies defined as,
For Am = 0:
Av = (gp, — gr,)mpupB (2.48)

For Am = +£1:
Av = [(gr, — gr, )m2 £ gr | B (2.49)

Av = v — 1y and vy is zero in the absence of magnetic field. The total transition
rate between two states will be proportional to the sum of all transition amplitudes
involved, therefore we will have contribution from the parity conserving amplitudes,
M1 and Elg.k, and the parity violating amplitude, E1,,. So we have:

For g = Am =0, 014 = 019 = 0, then,

(RE) => |aE-e+ CLiB(E x €). + M1(k x €). + iImEl,e.]*  (2.50)

m

Am=0

For ¢ = Am = %1, 014 = 07 41, then,

( Am -1 Z ‘CFmil{ﬂ [(E x 5) +i(E x €),]

+ M1[(k x €), +i(k x €),] £ilmElye.}? (2.51)

This gives us 3 lines in the rate diagram, one for the Am = 0 transition, and two

more for Am = 41 transitions.

2.10.2 AF = +1

Let’s consider an atom with ground state levels F} and F5, which are split into the
magnetic sub-levels —m;... + m; and —ms... + mo, respectively. The first excited
state follows the same pattern, F| = —mj... + mq, the same for Fj. Remembering

that mo > my. For Am = 0 there will be 2m; + 1 possible transitions, being single
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lines. For Am = =41 there will be 2my transitions, each one being constituted by 2
lines, one for Am = +1, and the other for Am = —1. These lines happen between

the Am = 0 hyperfine transitions. The equations for transition rates between these

states are:
For Am = 0:
! ! ! ! 2

(R?;ﬁ) — (an;”) iB(E x &), + M1(k x €), + ilmE1,e.]|? (2.52)

For Am = +1:
(RE) =R, + R (2.53)
q

with,

’ , 2 A
Rli,égtl = (CI?,J’L) IBI(E x €e), £i(E x €),]

+ M1[(k x €), +i(k x €),] £iImE1,¢c.|* (2.54)
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Chapter 3

TRAPPING AND COOLING OF NEUTRAL ATOMS

3.1 Motivation for the use of a trap

The experiment performed until 1998 at the University of Colorado by the Boulder
group, that measured the amplitude of the parity forbidden transition between the
6s — Ts states of cesium, increased the accuracy for the nuclear spin independent
amplitude to 0.35%, and represents the culmination of atomic parity violation mea-

surements to date.

Roughly speaking, the experiment measured a tiny (= 107°) change in excitation
probability under parity reversals (i.e. reversals of externally applied electric and
magnetic fields, laser polarization, and switches between |6sF'm) and |6sF'—m) states)
on an already very weak Stark-induced 6s — 7s transition. In comparison to most
experiments in atomic physics, the excitation rate per atom is very small in this type of
experiment, and to obtain a sizeable overall signal, a large number of atoms have to be
probed. In the Boulder experiment it was possible to have 10 to 10'%s~'em =2 atoms
in the beam. However, this will not be possible for francium and other radioactive
isotopes, neither now nor in the foreseeable future. At the ISOLDE radioactive beam
facility at CERN in Geneva, Switzerland, peak production of ~ 10° s=! for the best
Fr isotopes has been achieved, and the upcoming actinide targets at ISAC at TRIUMF
in Vancouver hopefully will reach similar production levels. Figure 3.1 shows some

achieved and estimated production yields for Fr isotopes.

Atomic parity violation experiments with short-lived radioactive isotopes hence

appear presently not feasible. However, it must be noted that a thermal atomic beam
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Figure 3.1: Francium production yields at ISOLDE; FRIB refers to the upcoming
radioactive beam facility at Michigan State University; courtesy John Behr, TRIUMF.
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makes very inefficient use of the atoms.

In an atomic beam, the atoms traverse the crossed laser beam in a few microsec-
onds and are then lost forever. On the other hand, with the cooling and trapping
techniques, it is possible to expose a single atom, from seconds to minutes, to the
laser light. The atomic beam has high speed and is subject to Doppler broadening
due to its divergence, tuning a fraction of the atoms in the beam out of resonance with
the laser. In a magneto-optical trap (MOT) one can neglect the effects of Doppler
broadening, thus all atoms being used in the experiment can contribute.

Relatively soon after the methods of cooling and trapping with laser light were
pioneered in the 1980s, the use of a laser trap with small samples of radioactive iso-
topes was discussed, and groups at Stony Brook, Berkeley, and Boulder started to
work on on-line trapping setups for beta-decay and atomic parity violation experi-

ments [28, 29, 30].
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In this type of measurement, the signal rate is proportional to the density of atoms
in the interaction region. The amount of atoms used in an experiment with atomic
beams or vapor cells is much higher than in an experiment where the atoms will be
cooled then trapped, but the atomic density between both techniques is equivalent,
making the later an efficient alternative in cases where the quantity of atoms available

are not sufficient.

The benchmark is the number of 65 — 7s excitations per second reported by
Wood et al. for their final Cs APNC experiment, which is ~ 10'° [25]. To avoid
photoionization of excited Fr atoms in the 8s and 7ps, states, which would remove the
atoms permanently from the trap, we estimate a maximum, ‘safe’ 7s — 8s excitation
rate of 30 Hz (see below), suggesting that 3 x 10® trapped atoms could provide a
similar signal, if the parity violating asymmetry in the signal was identical. However,
Elpncis 18 larger in Fr than in Cs[26, 27], leading for comparable Stark amplitudes
to an 18x larger asymmetry, which enters squared into the the expression for the
signal-to-noise ratio. Considering these factors, and taking into account the fact that
the MOT is at most available for the measurement for half of the time (trapping and
cooling atoms during the rest of the time), we find that approximately 2 x 105 Fr
atoms in the interaction region would deliver a signal of comparable quality as the
1998 Boulder experiment (and a trap with 2.8 x 10° Fr atoms for the 1988 Boulder
apparatus). Based on the number of trapped Fr atoms achieved at Stony Brook and

the projected flux to be delivered at TRIUMF, this should be achievable.

This discussion shows that for radioactive isotopes, the use of laser trapping (or
cooling, see discussion in [sanguinetti]) is indispensable, motivating the laser trap
project described in this thesis. In the following, we give an introduction to the

MOT, which plays the central role in the setup.
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3.2 Doppler Cooling

In order to understand the process of laser cooling neutral atoms let’s suppose a

two-level atom as shown in figure 3.2.

T —

L

Figure 3.2: A two-level atom. The laser frequency is red-shifted by a few linewidths.

The laser frequency wy, is slightly detuned (decreased) from resonance, such that
Aw = wy, —wis & —1I', where wy is the frequency of the atomic transition, and I" the
natural linewidth of the excited state. Light of opposite circular polarization is sent

through both sides of an atomic vapor cell.

v

Figure 3.3: Principle of Doppler cooling. Figure in the atom frame.

In the laboratory frame, both beams will be at the same frequency w;. From
the point of view of the moving atoms inside of the cell the beams are at different

frequencies due to the Doppler effect: the beam the atom is traveling towards (beam
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2) will be blue shifted, while the beam that goes in the same direction the atom’s
motion (beam 1) is red shifted (figure 3.3). The laser frequencies in the atom’s frame
are given by Wyeam1 = wr(1—%) and Wyeame = wr(14-2), where v is the atom’s velocity.
The atoms will absorb more photons from the beam whose frequency is up shifted due
to the Doppler effect, re-emitting them right after without preferred direction. The
closer the laser energy is from resonance, the faster the absorption and re-emission of
photons will happen.

The scattering of photons from the atoms will make them lose momentum equiv-
alent to the momentum of the photon absorbed, h*L, reducing its kinetic energy and
then laser cooling the atoms with help of the Doppler effect.

What was explained above can be expanded to a three-dimensional configuration
by using three counter-propagating pairs of beams, which will work as a viscous force
on the atoms slowing them down until the Doppler cooling limit, given by

hI'

— 1
T (3.1)

TDoppler =

where T is the width of the spectral line (natural linewidth), & the reduced Planck’s
constant, and kg the Boltzmann’s constant. This laser cooling technique is called
optical molasses.

The atoms contained in the vapor cell which were cooled down have a lifetime
dependent on their collisions with the hot (room temperature) background gas. The
hot atoms have so much more energy that virtually all collisions lead to the loss of
the cold atom from the molasses. To achieve a reasonable life time of the molasses,
the background gas must be very dilute, around 10~% mbar or less.

Optical molasses generates a velocity dependent force, as the name implies.

3.3 Trapping

The velocity-dependent force applied to the gas, inside of the glass cell, slowed down

the atoms forming the optical molasses. But only this force does not guarantees that
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the atoms will remain in the same place. If one waits long enough, they might start
moving away from the central region where they were trapped by the laser beams.

In order for this not to happen, and to have a real trap, it is essential to add a
position-dependent force to the system. This force will set spatial boundaries to the
atoms not allowing them to escape from the center of the trap.

This is done by placing two conducting circular coils in an anti-Helmholtz mode
around the region where the laser beams intersect. In the Helmholtz configuration the
coils are separated by a distance that is equal to its radius, having the same amount
of current flowing in the same direction, so that it generates a uniform magnetic field
in the middle of the two magnetic coils. The anti-Helmholtz configuration has current
flowing in opposite directions through the coils, giving rise to a magnetic field gradient
that is zero right at the middle and increases its strength along with the distance from
the mid-plane between the coils.

While light is being sent through opposite sides of the cell decreasing the velocity
of the atoms, a magnetic field gradient is applied to the system. As can be seen in
figure 3.4. The radial magnetic field applied will lift the degeneracies of the energy
levels as the atoms moves away from the center. The magnetic field increases radially
and its coupling to the atomic magnetic moment generates a restoring force that
brings the neutral atoms back to the position of minimum energy state. This force
has a position dependence on the Zeeman splitting of the electronic levels, which are
split more and more as the atom moves away from the origin.

In the example of the two-level atom showed in figure 3.4 one can see the two
beams of light of opposite circular polarization hitting the gas from both sides while
the atoms move in the z direction. For simplicity, a transition J =0 — J = 1 is
chosen.

The degeneracy of the excited state, J = 1, will be lifted by the magnetic field
gradient applied, which gets stronger as it moves away from the center of the trap.

The slightly red-detuned laser beam will resonate on the right with the transition
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J m

Figure 3.4: Magnetic field gradient and polarization: position dependence force [31].
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J=0,m=0—J=0,m=—1, and on the left with J =0,m=0— J=0,m=1.
If we choose the polarizations of the laser beams such that the beam coming from
the left is o, and the one from the right o_, the atom will preferably absorb photons
such that the momentum transfer pushes it towards the center.

Since the laser frequency is slightly detuned to the red by = I', a velocity dependent
force is added due to the Doppler effect caused by the motions of the atoms. The
restoring force acting on the atoms will be then given by the contribution of two
linear terms, one dependent on the atomic displacement and the other on the atomic

velocity.

A
Fyor = K]t?

_ AxT S(] S(] ) (3 2)

’ (1 + Sy + MBemmpmPel g . HAettiel

In equation 3.2, Sy is the saturation parameter, which is given by the laser intensity
divided by the transition saturation intensity. Aw = w — wy is the laser detuning,
and (x represents the Zeeman effect for a spatially constant magnetic field gradient,
where x is the coordinate with respect to the center, as can be seen in figure 3.4.

When Sy = 1 the radiation pressure acting on an atom in resonance will be given
simply by Fyor = h%

In the case of weak saturation, i.e. Sy << 1, when the atoms are around the
centre of the trap and consequently are moving with low velocities and under a weak

magnetic field, the denominator of equation 3.2 can be developed such that the final

result predicts the atoms will behave as a damped harmonic oscillator.

3.4 The Real World Magneto-Optical Trap

In the real MOT things become more intricate, since now one has to think about the
trap as a three-dimensional object (figure 3.5), and take into account the splitting of

the hyperfine structure of the atomic energy levels.
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Figure 3.5: Scheme for the MOT in three dimensions.

The alkali atoms going to be trapped generally have a non-zero nuclear spin /. The
simplest situation J = 1/2 — J = 3/2, where one has the ns;/; — ps/, configuration,
the ground state is split into two levels, and the first excited state into four, giving rise
to a multilevel arrangement. Despite the complexity added, this circumstance does
not prevent the MOT from working quite well. It is necessary to keep the system in
a two-level configuration, but the presence of two ground state sub-levels can be a
problem, as is illustrated in figure 3.6. In order for an atom to be trapped and cooled
it must go through many cycles of absorption followed by spontaneous emission. Thus

the atom needs to have what is generally referred to as a closed transition, such that
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Figure 3.6: Principle of the repumper.

after each excitation it will decay back to the lower state is was originally in. 8"Rb
has an almost-closed 5s1/oF" = 2 — 5p3 /o F' = 3 transition (figure 3.6) .

In the electric dipole approximation the selection rules state that the change in an-
gular momentum between the final and initial states must be AF = 0, +1. Therefore
an atom excited to level 5ps/o ' = 3 can only decay to 551/ = 2.

The transition 5s1/2F" = 2 — 5p3/oF’ = 2 might occur due to the linewidths of
the states and of the laser. When this happen the atom excited to the abps, F = 2
is then allowed to decay to 5s1/2F" = 1 ‘dark’ state. Once the atom falls in the dark
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state the cycle between ground and excited state is interrupted, stopping the atom
of being laser trapped and cooled. In order to keep the atom in a two-level scheme
and the loop between absorption and spontaneous emission going, a ‘repumper’ laser
beam resonant with the 5s1/9F = 1 — 5p3/oF' = 2 transition will excite the atoms

from the dark state, repopulating the 5s1/0F" = 2 — 5p3 /0 ' = 3 cycle.

3.4.1 Capture Efficiency: Zeeman Slower versus Vapor Cell MOT

An important factor to take into account when trapping atoms is that at room-
temperature they are too fast to be captured by the MOT, resulting in a negligible
amount of atoms in the trapping region. Therefore it is necessary to first slow them
down to an approximate standstill condition.

There are two main techniques that can solve this problem, helping to enhance
the capture efficiency of the system: Zeeman slower, and vapor cell MOT.

In the Zeeman slower the atomic beam coming from the oven overlaps with the
counter-propagating laser beam which slow down the atoms by means of spontaneous
emissions (figure 3.7). The slowing laser beam is adjusted to be resonant to the atomic
transition, and to keep it like that, as the atoms loose velocity, a solenoid creates a

varying magnetic field along the way, shifting the atomic resonance.

Zeeman Slower Magnet

Slowing
Laser Beam

Atomic
Beam

> —

Figure 3.7: Zeeman slower.
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The vapor-cell MOT configuration consist of having the MOT inside of a vapor
cell, at ambient temperature and very low pressure, approximately 10~8mbar, which
can be controlled to some extent by changing the temperature of the source; the heat-
ing or cooling of the source leads to higher or lower vapor pressure, respectively [32].

Once the atoms leave the oven, they have a wide range of velocities according to
the Maxwell-Boltzmann distribution, and travel in random directions. To guarantee
an effective cooling it is necessary to load the trap with slow atoms, since only the
ones localized in the low-velocity tail of the distribution are captured by the MOT.
Eventually the atoms will pass through the trap and might be cooled by the radiation
pressure from the laser beams if they are below a maximum capture velocity, as can
be seen in figure 3.8.

The net force acting against the movement of the atoms has a significant size only

when
r
|Aw —k-v| < 5\/1—1—50, (3.3)

decelerating just a narrow velocity group of atoms for a certain detuning Aw.

Thus the light beams from the MOT select the slower atoms and trap them apart
from the vapor. The remaining atoms in the vapor will re-thermalize through wall col-
lisions, forming a new Maxwell-Boltzmann distribution and consequently replenishing

the tail, from which the trap keeps capturing.
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Figure 3.8: Fraction of capture atoms as a function of the maximum capture velocity
v of the MOT. Two of the most powerful MOTS, C.Chu’s Cs MOT and the author’s
Fr MOT, reach capture velocities of v/v,, ~ 0.2. Even these traps can only capture
1/200 of all atoms from a thermal beam. Source: G. Gwinner, ca. 1995.
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Chapter 4

EXPERIMENTAL SETUP

4.1 Overview

In the previous chapter, the need for trapping and cooling of francium atoms was
motivated. For work with rubidium at the University of Manitoba, the requirements
are different, and in principle, an atomic beam could be used. However, a main
motivation for the off-line work with a stable atom is to study and implement methods
to be used later on with francium, and for this reason, a magneto-optical trap is used
for Rb as well. In the following, we describe the Rb setup as it is currently being

implemented at Manitoba.

The requirements posed on the laser system for atom-trapping work are substan-
tial. The trapping laser needs to be single-mode, and typically should have at least
50mW of power. It is also necessary to frequency-stabilize its linewidth to around

1MHz or less, which is considerably smaller than the Doppler width.

For Rb (D lines at 780 nm), commercially available tuneable diode laser systems
can produce several hundred mW single mode, for US$10-20k. However, these diode
lasers as delivered need significant additional work to be suitable for trapping. To
have the correct conditions for operation one has to find a suitable mode and make
the laser operate on that single mode. Once this is done the mode needs to be moved
to the right frequency so that the Rb resonance can be found. Then it needs to be
confirmed that the linewidth of the laser is still narrow. Finally, since the laser tends
to drift in frequency with time (temperature and pressure fluctuations), it frequency

has to be actively stabilized to the atomic resonance using an electronic feedback
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mechanism.

To achieve the linewidth required for laser trapping (less than a few MHz), the
diode laser chip has to operate inside an extended cavity. The length of this cavity
has to be carefully controlled to maintain the correct frequency. To do all this, an
optical setup is required that takes up more space and resources than the MOT
itself. Figure 4.1 gives an overview of all components used. After briefly introducing
the various components, their purpose and their interplay, the following sections will
introduce the subsystems in detail.

The trap laser (Toptica DL100) produces about 150 mW of single-mode light
at 780 nm. To avoid feedback into the laser by reflections within the setup, the
light passes an optical diode based on Faraday rotation right after it exits the laser
enclosure. The bulk of the light is sent to the MOT setup, but some amount of light
is coupled into diagnostics required to stabilize the laser frequency. This is generally
done using polarizing beam splitters (PBS). Before entering the PBS, the linearly
polarized light passes a half-wave plate (HWP). By rotating of the HWP, the power
on the two output ports of the PBS can be split up continuously in a wide range
of ratios, allowing one to couple the required amount of light into the diagnostics
sections.

Light from all lasers can be coupled into a Fabry-Perot cavity (Thorlabs S-200-7A,
nominal range 780 nm - 930 nm, finesse 300) to test for single mode operation and
laser bandwidth. When used with the TA-SHG laser at the fundamental (993 nm),
the cavity still works, but with a quite low finesse.

When tuning up the system, the light can first be coupled into a high-precision
wavemeter (Bristol 621) which displays the current laser frequency on a computer.
The accuracy is sufficient to get the laser well within one GHz of the desired fre-
quency. For more precise positioning of the laser relative to the Rb resonance, a
small amount (=~ 10 mW) of the laser light is diverted to a saturation spectroscopy

setup. The light passes through a Rb vapor cell and resonant absorption of laser light



39

4 Vacuum system h ?pr

Sorption pump
(5 x 1073 mbar)

L S
Varlar) ion pump " PBS
(300 liter/sec) P /‘

-8
< 10° mbar P HWP
N>,
SAES Rb getter B>
\ J J
HWP
)
496 nm light
preparation/ Y
characterization g
Rb vapor cell 3
]
(future) > - 3
5
o
z no Y @ @ g
&) filter | J 3
3 X7 > s
= ©
s 3
. . 0.25”BK7 plane
linear polarizer T
(variable ND) RaislSiplats @ .
Saturation spectroscopy software lock W -
to repumper
ops (repumper laser) transition (future) ~—
4 Fa PBS
H] v
PBS HWP T <> HWP
<«4—> HWP T % R PBS
iy L]
«t> HWP
ND
filter Y
<
! I
Fabry—Perot DAVLL linear polarizer <_V_>
TA-SHG (variable ND)
|
lin pol <3 025"BK7plane NS~ |
\ parallel plate _ v
| DL-100 master laser ;tearcr:(]::em g K §
994 nm ring magnets v g S
g =
Rb vapor cell = 5
tapered amplifi .
| | taperedampiifer Saturation
994 nm
= spectroscopy s
£ (trap laser) 3
WP
freq. doubling cavity - ,% error signal "—) < y 5
Crystal s g E‘ to laser PID lin pol. §
8o =
5 55
gs o3
e nz €2 [ ~ 82
0 g_ S di 4 ;' S
5s - 6s laser 596 nm 3 - =
. 3 . N 2 =5
\__ TopticaTA-SHG 110

Figure 4.1: Layout of the experiment.
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Figure 4.2: The optics table for the laser trap. Normally, the diagnostics setup and
the DL100 lasers are inside a black foamboard box which has been removed for this
picture.
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indicates the presence of the Rb resonance. To increase the resolution of the absorp-
tion spectroscopy beyond the Doppler broadening of 2 500 MHz, we use a technique
referred to as saturation spectroscopy, explained below in more detail. As a result,
the excited-state hyperfine splitting is resolved, at a resolution close to the natural
linewidth. The saturation spectroscopy setup allows to set the laser frequency to one
of the atomic resonances with an accuracy at the MHz level. It also allows to judge
the bandwidth of the laser radiation and confirm that the laser operates on a single
mode.

Saturation spectroscopy is also often used to actively stabilize the laser to an
atomic resonance, by ‘locking’ to a resonance peak. One complication of a MOT is
that the trap laser must be kept a few linewidths to the red of the actual resonance.
While this can be solved by shifting the light going to the MOT relative to the
part entering the saturation spectroscopy using e.g. acousto-optic modulators, we
chose to employ a simpler method deviced by the Wieman group, a dichroic atomic
vapor laser lock (DAVLL) [33]. This scheme (also explained below in detail), allows
us to shift the lock point for the laser continuously across a wide range within the
Doppler-broadened absorption resonance. In conjunction with the DAVLL, saturation
spectroscopy provide the absolute frequency information.

The repumper laser (Toptica DL100) is operated in a similar way. However, it can
be locked directly to the resonance (F =1 — F' =2in®% Rband F =2 — F' =3
in 8 Rb) without the need for an offset. Currently, the repumper is not locked, but
is manually placed on the required resonance using saturation spectroscopy. In the
future it will be locked to the resonance using a digital lock using software (LabView)
on a PC.

After the diagnostics beams are taken off, the trap and repumper lasers are joined
in a PBS into a single beam. A telescope expands the beam to around 15 mm diameter

and delivers it to the MOT.

An additional laser on the table, a frequency-doubled diode laser system (Toptica
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TA-SHG-100) provides up to 100 mW of light at 496 nm by frequency-doubling 993

nm radiation in a non-linear crystal.

4.2 Components of the laser trap setup

4.2.1 The Diode Laser System

Diode lasers are able to produce up to hundreds of mW of single-mode light, making
them an ideal tool for atom trapping and laser spectroscopy, but their stabilization is
a task that requires patience and caution to make sure external factors like changes
in temperature or mechanical vibrations are not affecting its stability. A review of
the basic properties of diode lasers and an introduction to their use in atomic physics
is found in [34].

The current injected in the diode, which is localized inside of a resonance cavity,
will promote the population inversion of the carriers from the laser medium, giving rise
to stimulated emission that will generate the laser beam, which has longitudinal and
transverse modes. Longitudinal modes result from the boundary conditions of the las-
ing cavity, which only allows modes that have an integer number of half-wavelengths,
strengthening them by constructive interference and inhibiting the others by destruc-
tive interference. The modes generated inside of the cavity will compete but only the
ones which dominate the optical gain will reach the lasing threshold. At the threshold
stimulated emission dominates over spontaneous emission and the dominating mode
has its intensity reinforced. Transverse modes refer to the spatial variation in a plane
that is perpendicular to the light’s propagation direction due to changes in current
and refractive index of the material used to build the diode laser. Diode lasers can
work in a single transverse (Gaussian) mode, so the beam cross-section has stronger
intensity in the middle and lower in its outside limits. Such a beam profile is generally
preferred. A deterioration in the profile is usually an indication of irreversible damage

to the laser diode, which then requires replacement.
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As the injection current is increased, the diode reaches the threshold of laser activ-
ity, and above this point the laser power increases roughly linearly with the injection
current. Both the temperature and the injection current influence the frequency of
the laser. On one hand, this provides the desired frequency tunability, but on the
other hand, they must be carefully controlled to maintain frequency stability. The
variations in temperature affect the gain, the optical length through thermal expan-
sion of the lasing cavity, and the refractive index. Changes in the injection current
also affect the refractive index of the the cavity due to the number of charge carriers,
and also modify the temperature through resistive heating.

When tuning a diode laser using current and temperature, one has to be aware
of mode hops. As said before, the change in temperature alters the cavity length,
therefore the resonator that was operating on a single mode suddenly jumps to another
mode or sometimes to multimodes, suddenly shifting the wavelength. Sometimes, a
specific wavelength well within the tuning range might not be accessible at all as the
diode simply mode-hops back and forth. An external cavity as used in our system
(see below) largely alleviates this problem.

A scheme of the Toptica DL 100 diode laser head can be seen in figure 4.3. The
Peltier element localized between a solid base block (heat reservoir) and the laser base
plate is responsible for adjusting the temperature by transferring heat from one of its
sides to the other. Both bases are connected by plastic screws for means of insulation.
The temperature reading is made with a sensor localized in the laser base plate, which
sends an error signal to the peltier element in order to keep the temperature of the
diode actively stabilized. In order to tune the laser to the right frequency one has
to precisely adjust temperature and injection current, and then look for fluorescence
inside of a cell filled with rubidium vapor.

Free running diode lasers in general are not completely ready for operation due
to instabilities and the possibility of having a large single mode width, not providing

the necessary conditions for the use in a MOT. The technique of using an external
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Figure 4.3: Schematic Drawing of the Diode Laser Head DL 100. Figure extracted
from Toptica Photonics Manual.

cavity with optical feedback is then used in order to narrow the width of the single
longitudinal mode. In many diode laser systems, the external cavity is formed by
one of the end facets of the diode and a diffraction grating (for our system in the so-
called Littrow configuration) at the other. Adjustment of the external cavity provides
an additional way to scan the frequency of the laser, it improves the mode-hop free
tunability range, and it also narrows the single-mode linewidth. The Quality factor,
or simply Q factor, of the resonator indicates how much energy is being lost with
respect to the amount of energy stored inside of the laser cavity. A high Q factor is
an indication of low energy loss which, with the presence of an external cavity, may
be achieved because the cavity increases the time-of-flight of the photons inside of
the gain medium, rising the number of stimulated emissions, and consequently sup-
pressing the amount of spontaneous emissions. Thus the spectral bandwidth becomes

narrower. Without an external cavity laser diodes have linewidths of approximately
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100 MHz, whereas an external cavity can narrow down the linewidth to 1 MHz or
less.

In the DL 100 model, a diffraction grating in the Littrow configuration is the
mechanism that regulates the feedback into the lasing medium in order to select
the modes. In this configuration (see figure 4.4), 6,, = 6;, i.e., the first-order beam
is diffracted in the same direction as the incident beam, while the zeroth-order is

reflected off the grating as an output beam.

1 23

BO mim

114 mm

Figure 4.4: Littrow setup. Figure extracted from Toptica Photonics Manual.

The grating equation is given by,
mA = d(sinb,, + sinb;). (4.1)

Since the mth-order diffracted beam angle, 6,,, coincides with the incident beam

angle, 0, the grating equation becomes

m\ = 2dsind, (4.2)
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where 6 is the Littrow angle, between the normal with respect to the grating and
the incident beam, for a grating of groove spacing d, and a given wavelength A. The
first-order diffracted beam will provide feedback to the laser diode.

By adjusting the angle of the grating, the wavelength of the light that if fed back
into the diode can be tuned. Note that both the grating angle and the length of
the external cavity are essential to mode selection. Generally, a tilt of the grating
changes the cavity length in some arbitrary way that might not be compatible with the
wavelength selection of the grating. In the DL 100, the pivot point for the rotation is
chosen such that a tilt of the grating to first order also modifies the cavity length such
that lasing is maintained. For coarse wavelength adjustements, the grating can be
manually tilted using the micrometer screw “5” in the figure. However, for electronic
feedback adjustments of the laser and frequency scans, a piezo actuator between the
tip of the screw and the grating mount is used.

While a tilt of the grating in the horizontal plan is used to tune the wavelength,
the external cavity must be carefully aligned in the vertical direction to ensure that
the 1st order diffracted beam finds it way back to the diode. Three set screws “6”
are used to align the cavity vertically. During setup, the cavity had to be realigned

vertically two times to make the laser work properly again.

4.2.2  Wavemeter setup

For frequency and wavelength measurements we have a laser wavelength meter from
Bristol Instruments, Model 621-A, which uses a Michelson interferometer to compare
the wavelength of the light to that of an internal, frequency stabilized helium-neon
laser. This model measures the absolute wavelength of the laser to an accuracy of +
0.2 parts per million, which corresponds to about 200 MHz. While this is not nearly
accurate enough to select the right frequency for laser trapping, the wavemeter can
place the laser well into the Doppler-broadened absorption profile of an atomic vapor,

and puts a narrow atomic resonance within a relatively small frequency scan of the



47

laser.

The light is coupled into the interferometer via a fiber-optic coupler, which is
placed on an optical mount that can have its angles adjusted until one can see its
back reflections symmetrically placed apart from the input light. The wavemeter
and the fiber operate in visual and near infrared range, allowing us to measure the
frequency-doubled probe light at 496 nm, the trap and repumper lasers at 780 nm
and the fundamental of the probe laser at 993 nm. Using flip-mounts which can move
mirrors reproducably in an out of a beam path, a switchyard is implemented on the

table to quickly and conveniently couple all lasers into the wavemeter.

4.2.3 Fabry Perot

A Fabry Perot interferometer as an external cavity can be used to check the longitu-
dinal mode structure of a laser beam. If the finesse is large enough, an upper limit for
the laser bandwidth can also be established. The SA200 - Series Scanning Fabry Perot
Interferometer from Thorlabs used in this experiment is basically an optical cavity
composed of two spherical mirrors separated by a distance equivalent to their radius
of curvature r. To understand how a Fabry Perot works one can follow the path of a
beam that enters the cavity at a certain height H from its axis. The beams performs

a round-trip through paths 1, 2, 3, 4, being reflected back to path 1. The cavity is

Figure 4.5: Ray trace of an off-axis input ray that traverses the cavity. Figure ex-
tracted from Thorlabs manual.

resonant when the total path length the beam travels on a roundtrip is equivalent to
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an integer times the light wavelength (when H#0):
mA = 4r. (4.3)

The distance between each frequency peak is the rate between the speed of light on
air and the length of the round trip. So for a beam well aligned to the cavity axis the
free spectral range (FSR) is
c
FSR=—. 4.4
2r (44)
Our Fabry Perot has a FSR of 1 GHz, and a finesse of 300 between 780 and 930 nm.

It is still usable at 993 nm, albeit with very low finesse.

4.2.4  Saturation Spectroscopy

Saturation spectroscopy of rubidium vapor was the first method used in this exper-
iment in order to explore the hyperfine structure of this atom and largely eliminate
the effects of Doppler broadening caused by the different velocity groups present in
the atomic vapor.

With this technique we are able to reduce the broadening of the absorption peaks
from approximately 500 MHz (FWHM) to about 20 MHz, somewhat larger than the
natural linewidth of 7 MHz.

The principle of saturation spectroscopy is to use two counter-propagating beams
of the same frequency in an atomic vapor. The first, a high intensity beam, will satu-
rate the atomic vapor, while the second of low intensity will be measuring absorption.
As can be seen in figure 4.6, the beam from the diode laser passes through a glass plate
that will reflect approximately 4% of the light in each of its surfaces, then generating
two weak parallel beams, the probe and the reference beam. The unreflected portion,
the pump beam, just passes through and is reflected off mirrors to counter-propagate
with the probe beam in the vapor cell. Unless crossed polarizations are used for the
pump and probe beams, they cannot be perfectly collinear while still sending the

probe beam to a photodiode. Instead, a small pickup mirror is used to overlap the
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Figure 4.6: Layout of the saturation spectroscopy setup used to monitor the frequency
of the trapping laser relative to the D2 line of rubidium.

pump with the probe inside the vapor cell under a very small angle. The detector at
the end of the path has two photodiodes that will receive the probe and the reference

beams and send their signals to an oscilloscope or a differential amplifier, where the
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Figure 4.7: Implementation of the saturation spectroscopy setup used to monitor the
frequency of the trapping laser relative to the D2 line of rubidium.

transmission of the Dy lines are going to be monitored.

If the laser frequency is not tuned to the center of the Doppler-broadened atomic
resonance, the pump and the probe interact with different velocity classes in the
atomic vapor. For example, if the laser is tuned slightly above the atomic resonance,
the pump will the get absorbed by atoms moving with a certain velocity along the same
direction as the pump beam, and the probe will be absorbed by atoms moving with
the same velocity along the direction of the probe beam. Therefore, the absorption
of the probe beam is not influenced by the presence of the pump. However, this
is not true for the velocity class zero, i.e. atoms that have no velocity component
along the direction of the laser beams. I.e. when the laser is tuned to the middle
of the Doppler-broadened resonance, the pump and the probe talk tothe same group

of atoms. Since the strong pump beam already keeps the atoms excited, the atomic
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vapor appear to be transparent to the probe, and the its absorption by the vapor is
locally reduced, leading to the Lamb dip, a Doppler-free feature at the line center as

shown in figure 4.8.

Lamb dip

Figure 4.8: Saturation spectroscopy: The Lamb dip.

In a situation where several resonances are closeby (within the envelope of the
Doppler profile), additional Lamb dips appear which are called crossover resonances.
Saturation can also occur if the pump beam is saturating a velocity group on one
transition, and the probe is resonant with the same velocity group on another tran-
sition. This always happens if the laser is tuned exactly half-way between the two
resonances.

Figure 4.9 shows the level structure and the allowed transitions for the Rb D2
line, for both stable isotopes. From the level separation it is clear that the ground
state hyperfine structure will be fully resolved in a vapor cell, whereas the excited
state splittings are masked by the Doppler broadening, and will lead to Lamb dips
in saturation spectroscopy. The upper panel in figure 4.10 shows this clearly. The
uppermost trace shows a simple, Doppler-broadened absorption spectrum. The two
outer peak are due to 8"Rb, the inner ones stem from %Rb. The middle trace shows
the Doppler profile seen by the probe beam in saturation spectroscopy. Note that

due the proximity of the resonances, not all Lamb dips are individually resolved,
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Figure 4.9: Level diagram for the Rb Dy line

especially for 8Rb. The lower trace illustrates the purpose of the dual weak beam
setup: The reference beam, not countered by a pump, records a simple Doppler
profile. Subtracting the probe from the reference eliminates the Doppler profile and
Lamb dips on a flat background are obtained. In figure 4.11, the Lamb dips are shown

in more detail.

4.2.5 DAVLL

In general the external cavity of the laser drifts in frequency due to thermal changes
and vibrations (typically tens of MHz per hour). While this can be reduced by
placing the laser in an insulated enclosure, it is nevertheless necessary to to stabilize
it electronically in feedback loop to the atomic resonance. As discussed earlier, it
is relatively straightforward to lock the laser frequency to the peak of an atomic
resonance. However, the MOT needs to be stabilized to a frequency about 2 linewidths
to the red of the cycling transition in the hyperfine manifold. For this reason we

decided to employ a locking scheme that can move the lock point continuously within
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Figure 4.10: Saturation in the Rb D2 line. Upper panel shows the Doppler broadened
peak, the saturated absorption and the subtracted signal leaving only the Lamb dips
(taken from the MIT lab course manual); note that the plot is mirrored to match
the scan direction in the lower panel. Lower panel: Saturation spectroscopy with our

trap laser.
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Figure 4.11: Rb Dy hyperfine transitions. Unlabeled peaks are cross-overs. Taken
from [23].

the Doppler profile, known as Dichroic Atomic Vapor Laser Locking (DAVLL) [33].

Figure 4.16 shows schematically our implementation. Linearly polarized from
the trap laser is entering the DAVLL setup. An additional linear polarizer is used
to ensure that the various reflections off mirrors and beam splitters have not intro-
duced any circularly polarized or unpolarized component, and also serves to reduce
the light intensity to a suitable level to avoid saturation of the photodiodes. A Rb
vapor cell is enclosed in a stack of circular ring magnets (Master Magnetics, Inc.,
www.magnetsource.com part # CR162) which produce a reasonably homogenous,

longitudinal magnetic field inside the vapor cell [35].

While the light entering the vapor cell is linearly polarized, it is best for the
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Figure 4.12: Saturation spectroscopy of the Rb D2 resonances using the trap laser
setup.

following discussion to think of this light as a 50-50 superposition of left-handed o—
and right-handed o+ radiation. In the presence of the longitudinal field, o— light
drives Am = —1 transitions, and o+ light Am = +1 transitions. The Zeeman effect
shifts these transitions in opposite direction from the zero-field location, by about 1.3
MHz per Gauss. After passing the cell, the light enters a quarter-wave plate which
will turn the two circular polarizations into linear polarized components perpendicular

to each other. By turning the quarter-wave plate, these two orthogonal polarization
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components can be aligned such that they are separated in the following Wollaston
prism. The separated components, which represent the 0+ and o— light inside the
vapor cell, are sent to photodiodes and subtracted from each other in an amplifier.
Figure 4.14 explains the principle behind DAVLL: As a function of frequency, the
absorption profiles of 04 and o— are shifted with respect to each other symmetrically
to the zero-field resonance. If they are electronically subtracted from each other, we
obtain the dispersive line shape shown in the lower panel. The zero crossing can be
used as a lock point for a feedback system. By misaligning the quarter-wave plate
slightly with respect to the Wollaston prism or by amplifying the photodiode signals
by different amounts prior to subtraction, the two shifted resonances can acquire
somewhat different height, rendering the subtracted signal slightly asymmetric, with
a zero crossing shifted away from the zero-field resonance.

The separation between the Doppler profile peaks which were shifted by the Zee-
man effect depends on the magnetic field strength, which can vary from = 50 to ~ 300
Gauss, with wider locking range for values greater than 200 Gauss. The magnetic
field must be in the ideal range so that the inclination of the slope is maximum and
the broadening of the transitions are minimum, so that the slope does not loose its
linearity:.

The DAVLL signal is used as a feedback signal generating an error voltage that is
applied to the piezo of the external cavity of the laser which shifts the laser to keep
the error signal close to zero, and hence locking the diode laser.

This setup offers a robust method for locking and stabilizing a diode laser fre-
quency, not suffering perturbations from external factors as electrical or mechanical
fluctuations. The DAVLL locking has numerous advantages over the conventional
side-locking method. With the DAVLL setup it is possible to tune the beam over
a wide frequency range of about 500 MHz, which is the approximate value of the
FWHM from the Doppler profiles shifted by the Zeeman effect. On the other hand

the side-locking setup only allows the tuning to a few MHz because the laser is being
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Figure 4.13: Schematic of the DAVLL setup for locking the trap laser.
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Figure 4.14: Origin of the error-signal. Taken from [23].

locked to the side of a hyperfine peak DAVLL has a low cost and it is simple to
build. A more detailed explanation of the DAVLL locking system can be found in
reference [23].

The Toptica DL100 laser system does not allow direct input of a piezo control
voltage into the SC110 scan module which controls the piezo. However, it accepts
a signal on the backplane of the controller crate. We chose to use the Toptica PID
module to feed the error signal into the scan module. With appropriate settings of

the P,I, and D values, stable locking is achieved reliably.

4.2.6 The MOT

Once the trap laser and repumper beams are merged and expanded, they are fed
into the MOT setup. As shown in figure 4.1, the beams must be split up into three

with equal intensities, two horizontal and one vertical. Before entering the MOT cell,



Figure 4.15: Implementation of the DAVLL setup for locking the trap laser.
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Figure 4.16: DAVLL signal using the trap laser. Due to the proximity of the Doppler
broadened resonances, the lineshape of the DAVLL signal deviates significantly from
the symmetric shape shown in 4.14.
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quarter-wave plates are used to produce circularly polarized light. Each of the three
beams is then retro-reflected upon itself. A quarter-wave plate is placed in front of
the retro-reflector. As it is passed twice by the light, it effectively acts as a half-wave
plate, flipping the rotation direction of the field vector; since the reflection reverses
the propagation direction as well, the handedness of the light is preserved, yielding
the required 04+ — o— configuration required for a MOT. Care has to be taken to
give the two horizontal beam identical handedness and the vertical one the opposite
handedness due to the geometry of the quadrupole field. The overall sign of the
handedness is determined by the sign of the magnetic field. In practice, when trying
to establish the MOT, it is most convenient to reverse the polarity of the coil power

supply periodically.

4.2.7  Vacuum system

The vapor cell has approximately 10 cm diameter and is coated on the inside with
silane coating to prevent alkalis from sticking to the walls (for Rb, this is not necessary
as even without the coating, once a monolayer of Rb coats the walls, Rb vapor starts
to build up in the cell; however, for a Fr vapor cell MOT, the silane coating is
indispensable). The cell is on loan from J. Behr at TRIUMF'. The glass cell is attached
to a conflat-based UHV vacuum system pumped by a Varian ion getter pump (200
liters/sec). After baking the system can reach a base pressure of well below 10™® mbar.
The vacuum system is pumped down from atmospheric pressure using a sorption
pump (Varian 941-6501), which can pull a vacuum of around 5 x 10~ mbar, which is
barely enough to get the ion pump started. After the ion pump works sustainably, the
sorption pump is valved off from the UHV system. A standard valve (metal bellows
against atmosphere and viton seal between the two vacua) did prove insufficient, and
an additional all-metal valve was installed.

As a rubidium source, a convenient getter source (SAES Inc. RB/NF/7/25 FT

104+10) was installed on an electric feedthrough in the center cross of the vessel,
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Figure 4.17: Vapor cell MOT.



Figure 4.18: UHV system with sorption and ion pumps.
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pointing a Rb beam into the vapor cell when activated. As shown in figure ?7, the
getter is a strip of metal that contains Rby CrO4 and a zirconium - aluminum alloy,
St101. At room temperature the getter is sealed. Once a current of around 5.3 A is
sent through the strip, the resistive heating opens up a crack in the face of the getter
and the Rb chromate gets reduced by the St101, producing pure Rb which emanates
from the crack. The advantage of these getters is that they can be safely handled in
air and that they produce very little gas load when heated.

«FT type»

Figure 4.19: Rb getter source; taken from the SAES Inc. Alkali Metal Dispenser
catalog.
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Chapter 5

CONCLUSIONS AND OUTLOOK

All the components for the MOT have been set up. Currently, work to observe
a cold cloud of trapped Rb atoms is under way. Once this is accomplished, the
trap will be optimized and the robustness explored and improved. The bs — 6s
measurements generaly will require the application of a homogenous electric and
magnetic fields. Their implementation is not compatible with the current glass cell
vapor MOT. We are in the process of preparing a large stainless steel UHV chamber
as a new vacuum chamber for the MOT. It has several large ports that can be used to
mount electric field plates and in-vacuum magnetic field coils. This chamber should
becomes operational in Fall of 2010. The 5s - 6s probe laser at 496 nm has operated
successfully at the required wavelength, but subsequently, the doubling stage failed
to produce blue output. We are currently re-aligning the system, and light should be
available before the new chamber is ready to take beam.

TRIUMF has conducted first tests with their actinide target in late 2009, and fran-
cium production was demonstrated. In 2011, a Fr trapping facility will be established

on the floor of the ISAC hall.
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Appendix A

MAPLE CODE FOR THE CHARACTERIZATION OF
THE S — S TRANSITION

A code was developed in Maple 11 to calculate all the relevant amplitudes and rates
in alkali ns — n's transitions. It calculates the C-coefficients which are introduced in
Gilbert’s thesis [24] explicitly for '33Cs, for any alkali isotope, i.e. nuclear spin. In the
future, this code will be used to evaluate transition rates for experiments in various

geometries. Attached is a Maple sample session.



7Maple program to calculate amplitudes and rates in
alkali ns -> n's transitions.

G. Gwinner, S. Toews, C. de Oliveira 2008-20/0
C-coefficient calculation, éj symbols by S. Toews

Setting up

V Technical definitions, general remarks

> All quantities in SI units carry the suffix _SI (and must be in basic SI units, no nanometer
etc), quantities without such a suffix are in atomic units, quantities other units or non-
| standard SI (e.g. V/cm) must be labelled with an explicit suffix such as E_stark V_per cm
[> restart; with(LinearAlgebra): #with(StringTools):
> printlevel:=3;
printlevel =3

> algebra:=false;
# Choose algebraic or numerical result.
algebra = false

7Implemer1ts a Kronecker delta function.
> delta:= proc(aa,bb)
if not type(aa - bb, numeric) then RETURN('procname(args) ')
fi;
if (aa = bb) then 1 else 0 fi;
end proc;

O :=proc(aa, bb)
if not npe(aa — bb, numeric) then RETURN ('procname(args)') end if;
if aa=bb then 1 else 0 end if

end proc

| Unit vectors.
L > x:=<1,0,0>: y:=<0,1,0>: z2:=<0,0,1>:

V Variables

[ > Isotope:=4;
#1: Rb85 2:Rb 87 3:Csl133 4:Fr210
Isotope =4

> Fl:=Inuc-1/2; F2:=Inuc-1/2;
# F1: lower n state, F2: higher n state. Note: this might be abolished later on, eventually
the code should not be limited to just one particular transition, everything should be set
up in general (i.e. a given isotope) and then specifics (F1,F2,m1,m2,laserdirection) are
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specified as needed in the actual calculations

F = lnuc —

F2:= lnuc —

> Estark V_per_cm:=2000;
# Stark field in V/ecm; 450-950 V/cm for Wood et al.
Estark V _per _cm:=2000

> r:=1;
# Elliptical polarization ratio eps-x/eps-z or cot(theta); r=0 gives linear polarization in z-
direction; Wood uses r=1,2; note: k is always in y-direction
r=1

> Plaser_ SI:=0.2;
# Total power of laser in W (for diameter of 0.41mm and 30000 powerbuildup, use
36mW here).
Plaser S7:=0.2

> powerbuildup:=1;
# Power buildup in cavity (30000 for Wood, 1 for a single unreflected beam).
powerbuildup =1

> laserdiam _SI:=1.00/1000;
# Diameter of laser in m (waist 0.41mm for Wood). ENTER VALUE AS (diameter in
mm)/1000.
laserdiam_S7:=0.001000000000

> laserdirection:=1;
# Laser beam direction is fixed in this setup to be along the y-axis; chose either
propagation in positive direction (+1) or negative (-1)
laserdirection .= 1

V Physics definitions (Rb85, Rb87, Cs133, Fr210), add new isotopes
here

YV Conversion between SI and atomic units (S2A = S.I. to a.u.; A2S = a.u. to S.I.)

> EF_S2A:= 1.944690567144141%le-12; EF_A2S:= 1/EF_S2A;
# Electric field in V/m to a.u.

EF 824:=1.944690567 10°"*
EF A28:=5.142206256 10"

:> time_S2A := 4.134137337414122*1el6; time_A2S:=
1/time_S2A;
# Time in s to a.u.

time S24:=4.134137337 10'°

time A2S:=2.418884325 1077
(> Laser I_S2A:= 5.548225828243671/(1.889726133921252*1e10)
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~2; Laser_I_A2S:= 1/Laser_I_S2A;
#Laser intensity to au (used conversion for W/m”2 by W and m)

Laser 1 524:=1.553661455 102
Laser 1 A2S:= 6436408632 10"

> rate_S2A:=time_A2S; rate_A2S:=time_S2A;

# rate (events per time unit) conversion

>

>

rate S24:=2.418884325 107"
rate A25:=4.134137337 10'°

YV Constants

YV General constants

c_SI:=299792458; c:=137.0359996287515; mu_B:=0.5;

epsilon_0:=0.07957747154594767;

#Speed of light in S.I.; speed of light, Bohr magneton and permittivity in a.u..
¢ S7:=299792458

1= 137.0359996287515
wz:=0.5
£0:=0.07957747154594767

\ 4 Arom specific

alpha vec:=[235.96,235.96,268.6,375.3];
# scalar transition polarizability alpha in a.u.

avec:= [235.96,235.96, 268.6, 375.3 ]

beta_vec:=[9.22,9.22,26.85,73.23];
# tensor transition polarizabilities beta in a.u.

Breci=[9.22,9.22, 26.85, 73.23]

#DeltaF:=F2-F1;

# eventually will be defined in the calculations section as needed
hfs_lo_vec:=[3.3e9,6.834682610904299e9,9.193e9,
46.768e9];

# Hyperfine splitting of the lower s-state in Hz (nu)

hfs_lo vec:=3.310°, 6.834682610904299 10°, 9.193 10°, 4.6768 10'°]
hfs hi vec:=[717.541e3,1615.3216e3,2.185e9,10.256e9];
# Hyperfine splitting of the higher s-states in Hz (nu).
hfs_hi vec:=[7.17541 10°, 1.6153216 10°, 2.185 10°, 1.0256 10']
Inuc_vec:=[5/2,3/2,7/2,6];

# nuclear spin of isotopes
5 3 7

27272
lambda_SI_vec:=[496,496,540,506] *1e-9;
# Wavelength of the s-s transition

ASZ vec:=[4.96107,4.96 107, 5.40 107, 5.06 107 |

mrel _vec:=[n,n,-42.le-6,46.1le-5];

Inuc _vec = 6
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# Relativistic M1 amplitude, a.u. times muB.
mrel _vec:= [n, n, -0.0000421, 0.000461 ]

:> tau_SI_vec:=[45.6e-9,45.6e-9,53e-9,53.3e-9];
# radiative lifetime of the upper s state
w7 vec:=[4.56 10°, 456 10%, 53 10% 533 10

\ 4 Experimental geometry
> Estark_SI:=Estark_V_per_ cm*100;
# simple conversion from V/cm to V/m
Eistark S7:=200000

> khat:=<0,laserdirection, 0>;
# Define propagation direction of laser field; it is always along the y-axis; the laser
direction is considered the definition of the y-axis, x and y are nominally defined
by the external E and B fields and the laser polarization, but could have slight
misalignments, which will be considered as part of the error analysis. Note: this
might have to be changed, since we will want to consider both laser directions (ie.
power buildup cavity).

0
fhat = 1
0

V Algebr a/not algebr A (might not be consistent yet, but for now, numeric evaluation is first goal)
> # first some definitions that would be used if atomic constants and fields are not
evaluated numerically; if numerical evaluation is chosen (algebra=false), these initial
definitions will be overwritten in the following if-section with numerical values
> Estark:=<Estx,Esty,Estz>;
# generic external electric field, it could be further specified if a certain geometry is
chosen (<Estx,0,0> for example)

Lsty
Estark = | Esty
Estz

> if (algebra=true) then unassign('r') end if;
# leave 't' symbolic, if algebraic evaluation

> eps:=eps_sc*<I*r/sqrt(1+r~2),0,1/sqrt(1l+r"2)>;
# unit polarization vector

1
) 1 eps_scﬁ
eps = 0

% eps seyT

> B:=khat &x eps;
#Laser B-field = cross product (k x epsilon) for M1 amplitude. k is the laser
propagation direction, perpendicular to the polarization. Note: the externally applied
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static B-field will be labelled Bext.

% eps se T

B:= 0
1
iy Iepsfscﬁ

"tf not algebra" section
if not algebra then
#These are left out if algebraic result is desired. In that case, alpha etc. will remain
symbolic.
alpha:=alpha_vec[Isotope];
beta:=beta_vec[Isotope];
Inuc:=Inuc_vec[Isotope];
tau:=tau_SI_vec[Isotope] *time_S2A;
Estark:=<Estark_SI,0,0>*EF_S2A;
#Stark field convert E to au. In Wood et al. E is in x-direction.
Laser_I_SI:=evalf(powerbuildup*Plaser_ SI/(Pi*
(laserdiam_SI/2)"2));
# Laser intensity in W/m”2, should be 8e9 for Wood
Mhf:=(F1-F2)*sqrt (hfs_lo_vec[Isotope]*hfs_hi vec
[Isotope])/(c_SI/(lambda_SI_vec[Isotope]))*mu_B;
Mrel:=mrel_vec[Isotope] *mu_B;
#Spin independent M1 amplitude in atomic units, for Cs. Page 115 Gilbert: M= -
29.73*beta Mhf = 5.35*Beta.
Mtot :=Mrel+Mhf;
# M1 amplitude from p.104 Gilbert
eps_sc:=sqrt(754*Laser_I_SI)*EF_S2A;
# Laser electric field in a.u. for laser intensity in W/m"2. from Saleh & Teich (1st
edition), I = eps”2/(2*377 Ohms), i.e. eps”2 = 754 Ohms * |
#epsZ:=eps_scalar/(sqrt(1+r"2));
# z component of laser electric field, in terms of ellipt. pol. param. r
#eps:=<I*r*epsZ,0,epsz>;
# Complex polarization, with the magnitude of the laser electric field

end if;
o:=3753
B:=73.23
Inuc =6

T:=2.203495201 10°
3.88938113400000006 10
Estark .= 0.
0.
Laser I SI:=2.546479089 10
Mhf=0.
Mrel = 0.0002305
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Mrtor:=0.0002305

eps sc:i=2.694674035 10

> eps;

1
5 Iepsfscﬁ

0
1
5 eps_scﬁ

C- 'L‘OCj/ﬁ't‘l'elltS (use only ccoeffil F1,F2,ml,m2,Inuc) outside of this section)

> ccoeff:=proc(F1l,F2,ml,m2,Inuc)
#a wrapper function that calls Cgil(deltaF,q) to use a notation as used in the literature
if (abs(F1-F2)>1) then 0
elif (abs(ml-m2)>1) then 0
else simplify(eval(subs({F_1=F1,m_2=m2,I_ nuc=Inuc},Cgil
(F2-F1,m2-ml))))
#The variables that are not part of the parameters of Cgil must be substituted into the
expression, if F2-F1 and/or m2-m1 are out of bounds (beyond a change of 1), zero is
returned. Cgil is now defined such that the variables used in it are not used anywhere
else in the code to make sure that it is only using the values given as input via the

procedure "ccoeff".
> end if;
> end proc;
ccoeff:=proc( F1, F2, ml, m2, lnuc)

if 1 < abs(/#7 — F2) then
0

elif 1 < abs(#2/ — mZ2) then
0

else
simplify(eval (subs({F 1=FI,m 2=m2, [ nuc=Inuc}, Cgil (F2 — FI,
m2—ml))))

end if

end proc

VVV

| > #Do not use F_LLF 2m_1,m_2.I nuc anywhere else in the program, and do not use

| "Cgil" directly, but always call the function "ccoeff(F1,F2,m1,m2,Inuc)"

[> €gil(-1,-1):=1/48%(=1)"(2*F_l+2*I_nuc)*(12*F_1+6)"(1/2)*
6~(1/2)*(-(2*I_nuc+2*F_1+3)%(2*F_1+2*I nuc-1)*(2*I_nuc-2*

F_1+43)*(2*I_nuc-2*F_1-1)/F_ 1/(4*F 172-T))"(1/2)* ((F_1+1+

m 2)*(F_l+m 2)/F_1/(2*F_1+1))"(1/2);

1
cgﬂ(—l,—l)Fzzg—(-usz
+ 2/ nuc 1
V12 746 (6 | - 27 nuc
- Vr_[ f11(4f1/2—-1)(( -

+2F7+3)2FI+27 nuc— 1) (2L nuc—2F 7+ 3) (2L nuc—2F 7
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))) FI1QF1+1)
> Cgil(=1,0):=1/24%(-1)"(2*I_nuc+2+F_1+1)* (12*F_1+6)"(1/2)*
67 (1/2)*(-(2*I_nuc+2*F_1+43)*(2*F_1+2*I nuc-1)*(2*I_nuc-2*
F_1+3)*(2*I_nuc- 2*F 1-T)/F_1/(4*F_1"2-T))"(1/2)*(17F_1/
(Z*F_1+41)*(F_1°2-m_2"2))~(T/2);

Cgil(-1,0) := 214 (_1)2/_nuc+2F_/
1
12F7+6 27 nuc+ 2 F 7
vr_( /(47 7 - 1)(( - -

+3H2ﬁj+2{ﬁw—lHZme—ZH]+3H2me—2Kj—IU]

12 FP—m
FI1QR2F7+1)
> Cgil(-1,1):=1/48*(-1)"(2*F_1+2*I_nuc)*(12*F_1+6)"(1/2)*6"
(1/2)*(-(2*I_nuc+2*F_1+43)* (2*F_1¥2*I_nuc- 1)*(2*I nuc-2*

F_143)*(2*I_nuc-2*F _1-1)/F_ 1/(4*F 1°2-1))"(1/2)*((F_1-
m_2)*(F_l+1-m_2)/F_1/(2*F_1+1))"(1/2);

1
Q@/t&,l)?Aﬁi(—lfﬁy
+ 2/ nmuc 1
e [T2F 7+6 6 | - 27 muc
- [ /(4}1/2—-1)(( -

F2F I43)RQF I+27muc—1) 27 nuc—2F 1+3) (2L nuc—2F 7

T F T ) (FITT—m D)

— 1)) F1Q2F7+1)

> cgil(o, -1):=1/48*(-1)"(2*F_1+2*I_nuc)*(12*F_1+6)"(1/2)*
(4*I_nuc”2+4*I nuc-4*F_1"2-4*F_1- =3)*6"(1/2)* ((F_l+1+m_2)*
(F71 m 2)/F_1/(F_1+1))~(1/2)/(F_1*(2*F_1+1)*(F_1I+1))"
(1/2);

1 1
Coi/(0, -1) = —
#0703 Jﬁj(zﬁj+1)p{1+1)[

valme [IOF 746 (47 nuc* +47 nuc—AF P —4F 1

)2

F/+1+m2MF/ m])]

—3)Je [ (F 7+1)

> Cgil(oO, 0)-=1/24*( 1) (2*F_1+2*I_nuc)*(12*F_1+6)" (1/2)* (4*
I_nuc"2+4*I_nuc-4*F_1"2-4%F_1-3)*6" (1/2)*m 2/ (F_1%(2*
F_1+1)*(F_1%1))"(1/2)/(F_1*(F_1+1))"(1/2);

C@HOJU:=§Z((—U2E/+uijl2fLﬁ+6(4{ﬂm‘+4{ﬁmﬁ—4flﬁ

47 1-3)6m )| (JFIRFI+ ) (F I+ ) JFEI(FI+1))
[> Cgil(0,1):=1/48%(-1)"(2*I_nuc+2*F_1+1)* (12*F_1+6)"(1/2)*
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(4*I_nuc”2+4*I_nuc-4*F_1"2-4*F_1-3)*6"(1/2)*((F_l+m_2)*
(F71+1—m 2)/F_1/(F_1+1))~(1/2)7(F_1*(2*F_1+1)*(F_1+1))"
(1/72);

Cgi/(0,1) :=

— 1 ( -1 2/ nuc+ 2F 7
B [FIQFI+1)(F7+1)

V27746 (47 mu+47 nuc—4F P —4F 7

B F/+m2(Ej+l—mj)
3)J7;V/ /(F71+1) J

> cgil(l,-1): —1/48*( -1)"(2*I_nuc+2*F_1+1)* (12*F_1+6)"(1/2)*
6~ (1/2)* (- (2*I_nuc+2*F_1+45)*(2*I_nuc+2*F_1+1)%(2*I _nuc-2*
F_1+1)*(2*I_nuc-2+*F_1-3)/(2*F_1+1)/(F_ 1+1)/(2*F 1+3)) "
(I/2)*((F_1-m_2)*(F_1+1-m_2)/(2*F_1+1)/(F_1+1))"(1/2);

_ . L 2L nue+ 2F 7
Ceil(1, -1) = 73 (-1)
*anﬁj+6J?(

1

TQFEIE) (FiE0) 2F  t3) (BLmet 2 £ 14 S) (2 Lnue

+2F 7+ 1) (27 nmuc—2F 7+1) (2/_}%{0—2/7_/—3)))

lé/(ﬁj—nbﬂ(ﬁj+l—mj)
QF 7+1) (F7+1)

> €gil(l,0):=1/24%(-1)"(2*I_nuc+2*F_1+1)*(12*F_1+6)"(1/2)*
67 (1 2)*( (2*I_nuc+2*F_145)* (2*I_nuc+2*F_1+1)*(2*I_nuc-2*
F_1+1)*(2*I_nuc-2+*F_1-3)/(2*F_1+1)/(F_1+1)/(2*F_ 1+3))
(I/2)*((F_1¥1+m_2)*(F_l+1l-m_2)/(2*F_1%1)/(F_1+1))"(1/2);
( -1 )2Lnuc +2F7

Cgi/(1,0) = LY

T MFI+6 J?T(

1
CQRFIF)(FI+1)(2F 7+3)

(27 nmuc+2F 7+5) (21 nuc

+2Ej+1H24mw—2ﬁj+1H24mm—2gj—3n)

T F TR TR M ) (P T —m D)
QFI+1)(FI1+1)
> Cgil(1l,1):=1/48*(-1)"(2*I_nuc+2*F_1+1)*(12*F_1+6)"(1/2)*
6" (1/2) (-(2*I_nuc+2*F_1+5)*(2*I_nuc+2*F_1+1)*(2*I_nuc-2*
F_141)*(2*I_nuc-2*F_1-3)/(2*F_1+1)/(F_1+1)/(2*F_1+3))"
(T/2)*((F_1¥m_2) * (F_1+1+m_2)/(2*F_1+1)/(F_1+1))™(1/2);

1
Cgl/(l 1) 48 (_1)2/7}1ZI€+ 2F 7




+1\/12F_1+6\/?(

1
- (27 nuc+2F 7+5) (21 nuc

QF I+ 1) (F1+1)2F 7+3)

F2F 74+ 1) (27 muc—2F 1+ 1) (2[_m/c—2F_/—3)))

1/2/ (F 1+m2) (FI+1+m2)
QF /+1)(F7+1)

> ccoeff(4,3,3,2,7/2);
# Just a test

V¥ Calculations

Y Amplitudes (define amplitudes for rate calculations)

[> ml:=F1; m2:=F2;

11
2= —
Sl
[ > Elst:= (F1,F2,ml,m2) -> alpha*(Estark.eps)*delta(F1l,F2)*
delta(ml,m2) + ccoeff(F1l,F2,ml,m2,Inuc)*beta*(Estark &x
eps).(I*z*delta(ml,m2) + (I*x-y)*delta(ml, m2+1) - (I*x+y)*
delta(ml,m2-1));
Elst:= (FI, F2,ml, m2)—o. Estark.eps §( F1, F2) 8(ml, m2) + (ccoej/”(F/, F2 ml,

m2, lnuc) B Lineardlgebra.-&x( Estark, eps)).(128(ml, m2) + (1x— y) 8(ml, m2
+ 1) = (Ix+p) 8(ml, m2— 1))

[ > Bterm:=(F1,F2,ml,m2) -> ccoeff(F1l,F2,ml,m2,Inuc)*B.(z*delta
(ml,m2) + (x+I*y)*delta(ml,m2+1) + (-x+I*y)*delta(ml,m2-1))

4

Brerm = (F1, F2, ml, m2)— (ccoeff (F1, F2, ml, m2, lnuc) B).(z8(ml, m2) + (x
+ 1) 8(ml, m2+ 1) + (-x+ 1y) 8(ml, m2— 1))
[>
> Mlrel:= Mrel*Bterm; Mlhf:= Mhf*Bterm;
Mrel:=0.0002305 Brerm
MIhf=0.

> M1:= (F1,F2,ml1,m2) -> ccoeff(F1l,F2,ml,m2,Inuc)* (Mlrel(F1,
F2,ml,m2)+M1hf(F1,F2,ml,m2))*B. (z*delta(ml,m2) + (x+I*y)*
delta(ml,m2+1) + (-x+I*y)*delta(ml,m2-1));

M= (F1, F2,ml, m2)— (ccoeff ( F1, F2, ml, m2, Inuc) (Mlrel (F1, F2, ml, m2)

+ MK (F1,F2,ml, m2)) B).(z8(ml, m2) + (x+ 1p) 8(mlym2+ 1) + (-x

75



\ 4

>
>
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| )l m2—1))
[ >

> Elpv:= (F1,F2,ml1,m2) -> ccoeff(F1l,F2,ml,m2,Inuc)*(I*Im
(Epv) *eps. (z*delta(ml,m2) + (x+I*y)*delta(ml,m2+1) + (-x+I*
y) *delta(ml,m2-1)));

Elpv:= (F1, F2, ml, m2)— ccoeff (F1, F2, ml, m2, Inuc) (13(£pv) eps).(zS(ml,
m2) + (x+ 1) 8(mlym2+ 1) + (-x+ 1p) 8(ml, m2— 1))

Rate calculations
[ > W_Elst:= simplify(expand(Elst*conjugate(Elst)*tau));
W Elst:=2.203495201 10° | £/s4*

> W_Mlrel:=simplify(expand(Mlrel*conjugate(Mlrel)*tau));
W_Mlhf:=simplify(expand (Mlhf*conjugate(Mlhf)*tau)); W _ Ml:=
simplify(expand(Ml*conjugate(Ml)*tau));

W Mirel:=117.0722509 |Brerm|*
W MK =0.
W M1:=2.203495201 10° | 472>
[>
> Y::I:T?:.St_MI := simplify(expand((Elst+Ml) *conjugate(Elst+Ml)
Wsum_Elst_M1:=2.203495201 10° /st Elst + 2203495201 10° £/t M1

+ 2203495201 10° M7 Elst + 2.203495201 10° M1 M7

> Wsub_Elst Ml:= simplify(expand((Elst-Ml)*conjugate(Elst-M1)
*tau));

Wsub Elst M7:=2.203495201 10° Z7s¢ E1st — 2.203495201 10° Elst M7

— 2.203495201 10° A7 Elst + 2.203495201 10° M1M7

[>

> Elst_Ml_IFsignal:= Wsum_Elst M1l - Wsub_Elst_Ml;

#the E1-M1 IF signal asymmetry deltaR/R. Note: in Gilbert's thesis, she plots 1/4 *
deltaR/R

Elst M1 [Fsignal:=4.406990402 10° Llst M1+ 4.406990402 10° M1 Elst

> Elst_M1l_asymmetry:= Elst_M1l_IFsignal/((Wsum_Elst_M1 +
Wsub_Elst M1)/2);

4.406990402 10° £/t M7 + 4.406990402 10° 41/ £ /st
2.203495200 10° £/st £1st + 2.203495200 10° 417 M7

LElst M1 _asymmetry =

Upcoming
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Appendix B

DIFFERENTIAL AMPLIFIER FOR SATURATION
SPECTROSCOPY AND DAVLL

The photodiode signals from the saturation spectroscopy and the DAVLL se-
tups require subtraction of two signals. A differential amplifier for current sources is
employed, based on a design that has been used in the Orozco group at the State
University of New York at Stony Brook. One input channel has a separate gain ad-
justment so that the relative signal size can be adjusted (to compensate for different
photodiode sensitivities etc.). After subtracting the two signals, a bias voltage can
be applied to offset the signal and the overall gain of the difference signal can be set
as well. Two outputs are available, one has typically a low-pass filter to cut higher

frequency noise.
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Figure B.1: Circuit diagram of the differential amplifier used for saturation spec-
troscopy and DAVLL.



Component Value
U1, U2 TLO74
R1, R8 47 k
R2, R5, R6, R11, R10, R12 | 4.7 k
R7 20 k
R3 3k
R4 10 k
C1, C2, Ch, C6 68 p
C4 10 n
at all V+/- pins 100 n to GND
V+ 15V
V- 15V
Gain, overall 50 k
Gain, ch2 10 k
Offset 5k

Table B.1: Components and their values for the differential amplifier circuit.
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