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Abstract

We report on the magnetic trapping of new species of transition-metal and rare-earth

atoms using buffer-gas loading. This thesis details the results from two experiments.

In the first experiment, we investigate the Zeeman relaxation rate in cold collisions

of transition-metal (TM) and rare-earth (RE) atoms with He. The RE and TM

atoms chosen for this study are in non-S-states, that is, they have finite orbital an-

gular momentum and non-spherical electronic density distributions. The interaction

anisotropy between non-S-state atoms and a collision partner may drive Zeeman

relaxation via inelastic collisions. We find, however, that inelastic collisions are dra-

matically suppressed for transition-metal Ti and rare-earth atoms Pr, Nd, Tb, Dy,

Ho, Er and Tm due to the unpaired electrons being “submerged” beneath a filled

outer s shell. We successfully trap all of the rare-earth atoms studied. In addition

to Ti, we also attempt to measure the inelastic collision rates for Sc, Y and Zr. We

are only able to place a lower limit on the inelastic collision cross sections for Sc-He

and Y-He collisions. We are unable to measure the inelastic collision cross section for

Zr-He collisions due to inconsistent Zr ablation yields. In the second experiment, we

trap and evaporatively cool atomic molybdenum. We observe two-body decay from

the trap and determine the inelastic Mo-Mo collision rate.
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Chapter 1

Introduction

In this thesis, we report on two experiments aimed at extending the scope of ultra-

cold atom physics to new systems and understanding the general questions of how

atoms act in collisions at low temperatures. We report on the suppression of interac-

tion anisotropy in complexes of non-S-state (non-spherical atoms with finite orbital

angular momenta) transition-metal and rare-earth atoms with helium. The result-

ing suppression of inelastic collisions enables us to magnetically trap the non-S-state

lanthanides using buffer-gas loading. We also report on the magnetic trapping and

evaporative cooling of S-state-atom molybdenum.

1.1 Extending the scope of ultracold atomic physics

Twenty years after the first demonstration of magnetic trapping [1] and ten years

after the first observations of Bose-Einstein condensation in atomic vapors [2, 3, 4],

new discoveries in the field of ultracold atomic physics continue apace. The past

three years alone have yielded several new milestones, including the realization of

long predicted BEC of molecules [5, 6, 7, 8], Bosonization of a Fermi gas [7], atom-

1
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atom entanglement [9], and the accurate measurement of the Casimir force in atom -

surface interactions [10].

While the field continues to grow, cooling and trapping experiments remain con-

strained to relatively few species. The prevalence of laser cooling has largely confined

the world of cold atomic physics to atoms with simple internal level structures—

primarily the alkali metals, alkaline earths, and metastable states of the noble gases.1

We wish to extend the scope of cold atomic physics across the periodic table to a

host of new paramagnetic species. We believe that adding to the cold atom arsenal

will aid in areas of research currently underway, such as the formation of cold polar

molecules, the creation of quantum degenerate dipolar gases, quantum computing

using highly magnetic atoms, and precision measurements using heavy atoms to look

for physics beyond the Standard Model—as well as open up the field to discoveries

yet unlooked for.

To this end, we use a laser-free method of loading atoms into a magnetic trap

called buffer-gas cooling, whereby atoms are cooled to below the depth of a magnetic

trap via cold collisions with a cryogenically cooled helium buffer gas [13]. This method

is independent of the internal level structure of the species-to-be-trapped and relies

solely on elastic collisions with He.

The generality of buffer-gas loading makes it a natural tool for co-trapping of

different atomic species. Our lab is currently in a collaboration with the Kleppner

and Greytak groups at MIT to co-trap Li and H with the aim of creating a BEC

of hydrogen with enhanced evaporative cooling efficiency via Li-H collisions, and of

creating ultracold LiH molecules via photoassociation [14]. Photoassociation of polar

molecules has recently been achieved with the production of ultracold metastable

1Notable exceptions include the recent achievements of quantum degeneracy in
Yb [11] and Cr [12].
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RbCs molecules [15]. We would like to apply photoassociation to systems beyond

alkali dimers. Of particular interest are heteronuclear molecules with nitrogen. Not

only is N important chemically, but it can also form molecules with large dipole

moments (PN has an electric dipole moment of 2.75 Debye), making it an interesting

candidate for a dipolar molecular gas [16].

There is currently much interest in the creation of degenerate dipolar gases. In

such systems, the interparticle interaction is dominated by long-range, anisotropic

dipole-dipole (either magnetic or electric) forces rather than the short-range van der

Waals interactions. New effects predicted for dipolar Bose gases include geometry-

dependent stability of the condensate (e.g. cigar-shape traps along the dipole axis may

be unstable to collapse, whereas pancake traps would be stable) and modifications

to the excitation spectrum of the condensate. New phases such as the “supersolid”

and “checker-board” phases are predicted for a dipolar Bose gas placed in an optical

lattice [16]. This area of research recently saw a breakthrough with the achievement

of BEC in a gas of Cr atoms [12]. Cr has a large magnetic moment of 6 μB. While

dipolar effects have not yet been seen, it may be possible to enhance the dipolar

nature of the condensate by tuning the s-wave scattering length close to zero using a

Feshbach resonance [12, 17].

Previously in our lab, buffer-gas loading was used to successfully trap Cr and

Eu (7 μB), in each case producing 1012 trapped atoms in isotopic mixtures and, in

the case of Eu, multiple hyperfine states [18, 19]. Other candidates for dipolar gases

include the highly-magnetic rare-earth atoms Ho (9 μB), Tb (10 μB), and Dy (10 μB).

For these atoms, the magnetic dipole-dipole interaction should be roughly equal to

the van der Waals interaction and dipolar effects in the condensate should be readily

seen. These atoms are magnetically trapped for the first time in this thesis work,
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as described in the next section. Another interesting prospect for highly magnetic

atoms [20] and polar molecules [21] is to use them as qbits in a quantum computer. In

both proposals, the qbits are held in an optical lattice that is placed in a field gradient

to allow for individual spectroscopic addressing of each site, while the dipole-dipole

interaction provides the coupling between qbits.

The application of cooling and trapping to new heavy atom systems may offer

new avenues for precision measurements and may aid in high-precision spectroscopy

of these atoms due to the lengthening of the interaction time. Heavy atoms are of

particular interest due to the large relativistic effects reflected in their spectra. For

example, Dy is used to search for changes in the fine-structure constant (α) with time

thanks to an “accidental” near-degeneracy of two opposite-parity states with different

energy dependencies on α [22, 23].

Finally, extending cooling and trapping to new species will greatly enrich the field

of cold collisions. The production and behavior of degenerate gases depends critically

on the character of the interatomic collisions. Cold and trapped atoms are interesting

even at temperatures above degeneracy as often their collisional properties are poorly

understood. Cold collisions are a major focus of this thesis, as described in the next

two sections.

1.2 Magnetic trapping of non-S-state atoms

The achievement of quantum degeneracy relies on evaporative cooling of trapped

atoms to produce high densities and ultracold temperatures. With few exceptions [11,

24, 25], magnetic traps are used for this purpose. Magnetic traps confine atoms in low-

field-seeking states, in which the electronic magnetic moment is aligned anti-parallel

to the magnetic field. This alignment must be preserved during the collisional ther-
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malization of the atomic cloud. While elastic collisions drive thermalization which

mediates the buffer-gas loading and evaporative cooling, inelastic collisions induce

reorientation of the magnetic moment of trapped atoms to more energetically favor-

able high-field-seeking states (Zeeman relaxation), leading to trap loss. The effect

of inelastic loss on loading and evaporative cooling efficiency can be parametrized

by a single number γ, the ratio of elastic and inelastic collision rates. Depending

on the value of γ, buffer-gas loading and evaporative cooling can be straightforward

(γ > 104) or impossible (γ < 10) [26].

The value of γ is determined by the electronic interaction anisotropy between the

colliding atoms. Evaporative cooling and buffer-gas loading have so far been limited

to S-state atoms, i.e. atoms with zero electronic orbital angular momentum and

spherically symmetric electronic density distributions. The electrostatic interaction

between atoms in S-states is not effective in driving Zeeman relaxation since it is

isotropic [27]. However, if one or both of the colliding atoms has non-zero electronic

orbital angular momentum (non-S-state atom), the electronic interaction between the

atoms is anisotropic [27] and the atomic angular momentum can be strongly coupled

to the rotational motion of the collision complex.

Theoretical studies have shown that there is a large degree of anisotropy in the elec-

trostatic interaction of main-group non-S-state atoms Sr*(P ), Ca*(P ) and O(P ) [28,

29] yielding γ ∼ 1. Molecular beam experiments with O and Cl (3s23p5 2P ) at high

temperatures (103 K) have also indicated a significant degree of interaction anisotropy

in complexes of these atoms with He, leading one to expect γ ∼ 1 [30, 31]. Several

metastable non-S-state atoms have been magnetically trapped [32, 33, 34, 35, 36];

however, theoretical and experimental results on these atoms have indicated that

evaporative cooling of these atoms would generally be impossible [28, 37, 38].
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We proposed that inelastic collisions would be suppressed for transition-metal and

rare-earth atoms in electronic ground states with non-zero orbital angular momen-

tum due to the non-sequential filling of the electron orbitals. In most transition-metal

atoms, the unpaired electrons occupy a partially filled d shell which is shielded by

a closed spherical s shell of higher principal quantum number, i.e. the electron

configuration is given by ndm(n + 1)s2. Most rare earths have the electron config-

uration nfm(n + 1)s2(n + 1)p6(n + 2)s2— the unpaired electrons partially fill an f

shell which is shielded by multiple filled shells [39]. Such atoms should appear more

spherical during a collision so that Zeeman transitions would be suppressed.

The non-S-state transition-metal atoms which don’t follow the above filling order

have a single electron in the outer s shell rather than a closed shell, giving the con-

figuration ndm(n + 1)s. The rare-earth exceptions have an unpaired electron in the

d shell resulting in the configuration nfm(n + 1)s2(n + 1)p6(n + 1)d(n + 2)s2. These

atoms may also have some suppression of inelastic collisions. For the experiments

presented in this thesis, however, we concentrate on the exclusively d-shell-filling

transition metals and the exclusively f -shell-filling rare earths.

In this thesis, we present measurements of cold collisions rates of transition metal

atoms Sc, Ti, Y and Zr with He, and of the magnetic trapping of rare earth atoms

Pr, Nd, Tb, Dy, Ho, Er, and Tm (all of the exclusively f -shell-filling lanthanides).

Chapter 2 provides an overview of the experimental techniques. Chapter 3 details the

data and results for the transition metal experiments. While the measurements for

Sc and Y provide only lower bounds on the inelastic rates, the measurements with Ti

demonstrate that inelastic collisions are indeed highly suppressed, with γ ∼ 104. In

parallel with our experimental work, ab initio calculations of the elastic and inelastic

collision rates for Sc-He and Ti-He collisions were performed [40]. The theoretical
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results are in agreement with the experimental measurements and are summarized in

Chapter 4.

Our rare earth results are detailed in Chapter 5. We find that inelastic collisions

with He are suppressed for all species studied, with γ ranging from 30,000 to 450,000.

In each case, we magnetically trap (0.2 − 2) × 1012 atoms at densities of (0.2 − 8) ×
1012 cm−3 and temperatures of ∼800 mK.

The low anisotropy of the electrostatic interaction for non-S-state transition-

metal- and rare-earth-atom complexes with He suggests that the polarizabilty of

these atoms is nearly isotropic and that angular momentum transfer in the atom-

atom collisions must also be suppressed [41]. This is encouraging for the prospects

for the evaporative cooling of these atoms to ultracold temperatures.

1.2.1 Collapse of the d and f orbitals

The submergence of the unpaired electrons in the transition-metals and rare-earths

is greatly accentuated by the “collapse” of the d- and f- orbitals whereby the radial

wavefunction of these electrons becomes concentrated much closer to the nucleus.

This effect is well illustrated in Figure 1.1, taken from “Theoretical calculations of

the d-, f-, and g-electron transition series” by Griffin, Andrew, and Cowan [42]. The

authors explain,

Of particular interest [in Figure 1.1] are the abrupt changes with Z in
the effective quantum number which precede the beginnings of the vari-
ous d– and f–electron transition series. In each instance, there occurs a
corresponding abrupt change in the nature of the d or f wave function,
consisting primarily of an abrupt contraction (or “collapse”) to smaller
radii.

The orbital collapse comes as a result of a second potential well that develops at

small radii where there is a large effective nuclear charge. A potential barrier exists
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between the two wells such that each contains an independent set of energy levels

and the electron density is concentrated in only one well. For small nuclear charge,

Z, the electron occupies the outer well. As Z increases, the inner well deepens until,

at the beginning of each transition series, the well becomes sufficiently deep that it

houses a bound state of lower energy than the outer well.

(a) d-orbital collapse (b) f -orbital collapse

Figure 1.1: Effective quantum numbers n∗ for (a) d and (b) f electrons as a function

of atomic number Z; n∗ = E
1/2
B , where EB is the energy (in Rydbergs) to remove the

d or f electron from the atom. From Reference [42].

1.3 Atomic molybdenum

Prior to our work with non-S-state atoms, we worked on the trapping and evapora-

tive cooling of S-state transition metal atom molybdenum. Molybdenum is highly

magnetic (μ = 6 μB) and has both bosonic and fermionic isotopes. Its large mag-
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netic moment makes it straightforward to buffer-gas load into a magnetic trap and

to achieve ample trap lifetimes for removing the buffer gas for thermal disconnect

and subsequent evaporative cooling. Mo also provides an interesting comparison to

atomic chromium, which is directly above Mo in the periodic table and has been

previously studied in this lab.

1.3.1 Why molybdenum?

Atomic molybdenum has several features that make it an interesting candidate for an

ultracold gas. Because of its large magnetic moment (6 Bohr magneton), the dipo-

lar and van der Waals mean-field energies will be similar in a Mo Bose condensate,

perhaps leading to new observable dipolar effects [16, 17, 43, 44, 45]. Mo has seven

stable isotopes: two fermions and five bosons. This opens the possibility for sym-

pathetic cooling [46, 47, 48], creation of both Fermi and Bose degenerate gases, and

inter-isotope comparisons. In addition, experimental studies of cold, trapped atoms

at temperatures above degeneracy can provide benchmark data for tests of collision

and atomic structure theory [49]. Molybdenum is also important for a variety of

studies including double beta decay [50] and biological proteins and enzymes.

As described above, inelastic collisions limit the efficiency of evaporative cooling

inside a magnetic trap. Static magnetic traps confine atoms in high energy, low-field-

seeking states. Inelastic spin-changing (i.e. Zeeman-state-changing) collisions lead to

trap loss as atoms move to less-trapped or untrapped states. The dynamics of this

loss also leads to heating [26]. It remains an open question as to whether quantum

degeneracy can be reached in a magnetic trap with atoms having high magnetic

moments as their inelastic spin-relaxation rates will, in general, be higher than for

lower magnetic moment species (like the alkali metal atoms). So far, only atoms
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with magnetic moments as high as 2 μB have been quantum condensed in a magnetic

trap [51, 52].

A promising route for reaching degeneracy with high magnetic moment atoms is

to evaporatively cool them in a magnetic trap only down to a temperature that is low

enough for them to be transferred to a microwave trap [53, 54] or far-off-resonance

optical dipole trap (FORT) [55]. In these types of traps the atoms are confined in

the high field seeking, true ground state and evaporative cooling can be continued

without inelastic loss. This was the method used in the recent achievement of Bose-

Einstein condensation of Cr atoms (μ = 6 μB) [12]. In that experiment, the atoms

are continuously loaded from a magneto-optical trap (MOT) into a Ioffe-Pritchard

trap, where the first stage of evaporative cooling is performed. The atoms are then

adiabatically transferred to an optical dipole trap for the final stage of evaporation

through which degeneracy is reached with 50,000 Cr atoms remaining.

Here we report the magnetic trapping of large numbers of Mo atoms, measurement

of the inelastic Mo–Mo collision rate constant, and evaporative cooling of Mo. These

results are detailed in Chapter 6.



Chapter 2

Overview of non-S-state atom

experiments

This chapter provides an overview of the apparatus and experiment techniques used

in our non-S-state atom experiments. Briefly, transition metal (TM) or rare-earth

(RE) atoms are produced via laser ablation of elemental metal targets mounted in a

cell filled with a cold helium buffer gas and placed in a strong magnetic field. The

atoms are observed via absorption spectroscopy, and the individual Zeeman level

populations are monitored as a function of time. The relaxation of atoms from low

field seeking states to lower-energy high field seeking states provides a measure of the

inelastic collision rate in collisions with helium. The elastic collision rate is measured

by observing the diffusion of atoms through the buffer gas at zero magnetic field.

Inelastic collisions with helium are seen to be highly suppressed, allowing for the

magnetic trapping of the RE atoms.

11
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2.1 Apparatus

A new copper cryogenic cell was built as described in detail in the following section.

The remaining cryogenic equipment and superconducting magnet are described in

detail in the thesis of Jonathan Weinstein [56] and are only briefly reviewed here.

2.1.1 Cryogenic cell

The atoms are produced inside a 5” long, 2.7” diameter cylindrical copper cell, shown

schematically in Figure 2.1. The cell is similar in design to the copper cells described

in the theses of Jonathan Weinstein and Jinha Kim [56, 57] for trapping CaH and Eu,

respectively. The cell is anchored to the mixing chamber of a dilution refrigerator by

a 0.5” diameter, 10” long copper heat link. The heat link flares at the bottom into a

flange which forms the top of the cell, and is mated to the cell walls with an indium

seal. The heat link is machined out of a single piece of OFE copper and subsequently

torch annealed.

Optical access to the cell is provided by a 2” diameter, 0.375” thick BK7 window

mounted at the bottom of the cell. A wedged window with a 30’ wedge angle is used

to avoid etaloning of the probe beam. The window is sandwiched between the cell

walls and a brass ring. An indium seal is made between the window and the cell walls,

while an annulus of kapton sheet provides a buffer between the window and the ring

below. The cell walls and bottom ring are each faced at a 15’ angle to accommodate

the window.

A 0.5” diameter silver-coated Pyrex mirror [58] is used to retro-reflect the probe

beam is mounted at the top of the cell in a copper holder screwed onto the bottom

surface of the heat link. The detection optics are described in Section 2.2. Ablation

targets are glued to the interior face of the holder as described in Section 2.1.3. The
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z^

Ablation

targets

Figure 2.1: Schematic diagram of the cell.

ablation pulse is produced by a Q-switched, frequency doubled Nd:YAG laser [59].

The beam is steered by eye onto the desired ablation target using a mirror mounted

just below the cryostat. Ablation pulse energies of 5-10 mJ with a 5 ns pulse length

are used. Table 2.1 lists the measured ablation pulse energies for various Q-delays.

Table 2.1: Ablation pulse energies. 20 warm-up flashes used prior to each pulse.

Q-delay (μs) Pulse energy (mJ)
325 5.7 ± 0.4
320 7.0 ± 0.4
310 9.6 ± 0.6
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2.1.2 Magnet center tap

The cell is surrounded by a superconducting magnet consisting of two solenoids. The

magnet was previously used to trap atomic chromium and was wired in these exper-

iments for the anti-Helmholtz configuration for trapping (called the “new magnet”

and described in detail in Jonathan Weinstein’s thesis [56]). The data in the present

experiment were taken in two “runs,” or cooldown cycles, the first run looking at the

transition metals, and the second run looking at the rare earths while also revisit-

ing Ti. A center tap was added before the second run, allowing the magnet to be

run in the Helmholtz configuration. The relatively uniform field profile produced by

the Helmholtz magnet results in a sharp absorption peak for each Zeeman level, as

discussed in Section 2.2.4.

The center tap was added as follows. The cask plates surrounding the magnet

were removed to expose the existing soft-solder joint joining the two coils. This joint

was left untouched, while a new lead was soft-soldered ∼1” away. The new lead is

made of 2 mm diameter uninsulated 7:1 Cu:NbTi superconducting wire. One end of

the lead was overlapped with the existing magnet wire over a length of 1.5 inches, and

the two wires were wrapped tightly with smaller diameter superconducting wire. The

assembly was held in place with two hemostats and soldered with 60/40 multi-core

solder. The joint was then wrapped with mylar tape and helical teflon wrap. During

the experiment, the magnet was successfully run Helmholtz with up to 40 A flowing

through the center-tap lead (20 A in each coil), producing a field of 2.3 T in the cell.
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2.1.3 Ablation targets

Target preparation

A high-purity elemental ablation target is used for each atom studied. The list of

targets is given in Table 2.2. Most of the samples are procured as thin foils or as

“pieces” of varying size. Squares ∼2 mm on a side are cut from each foil, and ∼ 2mm

chunks are chosen or broken off from the pieces to serve as ablation targets. A whole

slug is used for Ti. Each elemental target is roughened with coarse sandpaper and

subsequently soaked in acetone in an ultrasonic cleaner for five minutes. The sample

holder is likewise roughened with coarse sand paper and #54 holes (0.050” diameter)

are drilled at each sample site prior to gluing to prevent the epoxy from shearing off

during cooldown. A dab of Stycast 2860/FT epoxy is used for each target, filling

each drilled hole and forming a plug which is gripped tightly by the copper during

cooldown due to differential thermal contraction.

Table 2.2: Ablation targets, arranged by atomic number. aCr is an S-state atom that
is used in these experiments as a reference to measure the buffer-gas density in the
cell (see Section 2.1.4).

Sample purity (% REO) geometry stock number
Sc 99.9 0.005” foil Alfa Aesar (AA) 00294
Ti 99.995 1/8” dia. × 1/8” length slug AA 42394
Cra 99.997 piece AA 10151
Y 99.9 piece AA 00615
Zr 99.8 0.02” foil Goodfellow 046-688-35
Pr 99.9 0.01” foil AA 10305
Nd 99.9 0.004” foil AA 13964
Tb 99.9 0.005” foil AA 00321
Dy 99.9 0.01” foil AA 12381
Ho 99.9 0.01” foil AA 10210
Er 99.9 0.01” foil AA 12386
Tm 99.9 0.004” foil AA 10374
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Target integrity

Many of the atoms studied are reactive in their pure, elemental solid form. It was

a concern that the ablation targets would oxidize during cell assembly, or that the

targets would react with the epoxy used to glue them onto the sample holder.

Before the first run, test pieces were prepared for the reactive atoms (Sc, Y, and

V) to be studied in that cooldown. The test pieces were each glued to a small copper

slab, and the epoxy was allowed to cure in air overnight. It was found that the samples

do not oxidize significantly overnight, nor indeed over 2-3 days, and that there was

no adverse reaction with the epoxy.

The second run involves many more species, many of them reactive. It is found

that some of these (Nd, Pr, La, and Ga) oxidize significantly over the course of a day.

Therefore, for the second run, the samples are prepared and epoxied to the sample

holder in air, but the holder is kept in a beaker filled with argon gas and covered with

a layer of Parafilm M [60] film which was press sealed by hand around the top of the

beaker while the epoxy sets. To minimize exposure, as much of the cell is assembled

as possible before mounting the sample holder into the cell top and making the final

indium seal between the cell top and cell walls. Once the cell is assembled, it is

evacuated, filled with N2 gas, and the buffer-gas fill line blanked off until the cell is

mounted on the refrigerator. Once mounted, it is again evacuated, in preparation for

cooldown.

Extra targets

Due to the long turnaround time in warm-up / cool-down cycling of the experiment,

and thanks to the generality of laser ablation, we often put extra ablation targets

in the cell “just in case.” There is little overhead in doing so, and it leaves us with
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additional options once the experiment is cold.

Figure 2.2: Photo of the sample holder used in the second run of the experiment. A
total of 20 ablation targets are included in the cell. The cell mirror (and a mis-shapen
kapton annulus serving as a buffer between the mirror and sample holder) can be seen
at the center of the holder. The ablation targets are the various irregularly-shaped
objects, not to be confused with the 4 round screw-heads and 2 screw-ends that are
also visible in the photo.

In the second run of the non-S-state atom experiment, we include 20 different

ablation targets (see Figure 2.2 for a picture of the sample holder). In addition to

the rare-earth atoms discussed in Chapter 5 (Pr, Nd, Tb, Dy, Ho, Er, and Tm), we

also have Sc, Ti, V, Cr, Fe, Y, Zr, Mo, La, Gd, Lu, Hf, and CaF2 (a precursor for the

molecule CaF [61]) targets in the cell.

2.1.4 Buffer gas

3He buffer gas is introduced via a 1/16” diameter stainless-steel fill line which is

brazed into the top of the cell. The buffer gas is added in steps, where a small
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quantity of helium is added, and the resultant buffer gas density measured, until the

desired density of ∼ 1016 cm−3 is reached. Once the gas is added, the amount of

helium in the cell and fill line is held fixed by closing a room temperature valve. We

find that it takes several hours for the gas to equilibrate in the cell; the measured

buffer gas density in the cell increases during this time, then reaches a final steady

value.

It is desirable that the buffer gas density be determined by the quantity of helium

in the cell rather than the cell temperature (i.e. that the density not be vapor pressure

limited). Therefore, during these measurements, the cell is maintained at an elevated

temperature so that the saturated vapor pressure of helium is greater than the cell

pressure.

The density of buffer gas in the cell is found by measuring the rate of diffusion of

chromium atoms to the cell walls; see Section 3.3.

2.2 Detection

The atoms are detected via absorption spectroscopy. The optical transition used for

each atom and the corresponding level data are listed in Table 2.3. These transitions

are chosen for their strength (transition probabilities are all greater than 3× 107 s−1)

and accessibility (all of the wavelengths used are in the visible or near UV, and can

be produced with frequency doubled Ti:sapphire laser light). Additional constraints

on the transitions chosen are discussed in Section 2.2.4.

A schematic of the optics used in ablation and detection is shown in Figure 2.3.

A Coherent Verdi laser [64] which outputs 10 W of light at 532 nm is used to pump

a Coherent 899-21 Ti:sapphire ring laser [65]. The Ti:sapphire laser is tunable from

700-1100 nm and outputs ∼1 W of continuous-wave light. The laser is tuned to
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Table 2.3: Level information for the optical transitions used in absorption detection.
List is arranged by ground-state term, then by atomic number. All data taken from
Ref. [39], except aRef. [62] and bRef. [63].

Atom Ground state Excited state λ A
Term gJ Term J ′ g′

J Lvl (cm−1) (nm) (108 s−1)
Cr 7S3 2.002 7P 4 1.7510 23498.84 426 0.315
Sc 2D3/2 0.799 2F 5/2 0.857 25584.64 391 1.66
Y 2D3/2 0.798a 2F 5/2 0.964a 24518.80a 408 1.1
Ti 3F2 0.66 3D 1 0.50 25317.81 395 0.485
Zr 3F2 0.66a 3G 3 0.82a 25729.96a 389 unknown
Tm 2F7/2 1.141 (7/2,1) 5/2 1.06 24418.02 410 0.90
Tb 6H15/2 1.33 (15/2,1) 13/2 1.391 23043.43 434 0.74b

Er 3H6 1.164 7M 5 1.128 24083.17 415 1.8
Pr 4I9/2 0.731 4L 7/2 0.865 21105.88 474 0.58b

Nd 5I4 0.603 5H 3 0.650 21572.61 464 0.83b

Dy 5I8 1.242 5K 9 1.22 23736.6 421 2.08
Ho 4I15/2 1.195 (15/2,1) 17/2 unknown 24360.81 411 1.6b

twice the wavelength of the atomic transition using a Burleigh wavemeter [66] for

reference. The light is then frequency doubled with an LBO crystal [67] inside a

resonant doubling cavity [68]. For Sc detection, a 390 nm diode laser system [69] may

also be used (see Section 2.2.3).

The probe beam then passes through neutral density filter wheel so that the beam

intensity entering the cell may be controlled. The beam is focused through a 50 micron

pinhole to clean up its spatial profile. The focal lengths of the two lenses on either

side of the pinhole are chosen such that the collimated beam leaving the optics table

is 1 cm in diameter. The beam is then directed to an optical breadboard mounted

on the bottom plate of the dewar. The beam diameter is reduced to 2 mm using an

adjustable iris. A beamsplitter then splits the beam into “signal” and “reference” legs.

The signal beam passes through a set of cryostat windows and into the cell, where it

can be interact with the atom cloud. The beam retro-reflects off of a mirror at the
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Optics table

Verdi Pump Laser Ti:Sa Laser

Wavemeter

Cavity Doubler

Pinhole

Dewar optics plate

Pulsed Doubled YAG

Iris

300K window
77K window

4K window

Cell window

Cell mirror
Target

Iris Filter

Probe Beam

Ablation Beam

Mirror

Beamsplitter

Atom cloud

Cryostat

Neutral density filter

Lens

390 nm diode laser

Wavemeter

Signal PMT

Reference PMT

Ti:Sa laser system

Diode laser system:

may be used in place of Ti:Sa 

laser system for Sc detection

Iris Filter

Key:

Figure 2.3: Optics setup.

far side of the cell, exits the cryostat, and is redirected to the “signal” PMT. The

reference beam passes through the beamsplitter and goes directly to the “reference”

PMT. Current outputs from each PMT then go to a SRS current preamp, and the

output is fed into a data acquisition system, where the reference and signal voltages

are digitized and stored in a data file on a computer. Further manipulation is done
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in software (MATLAB is generally used). Intensity fluctuations in the primary laser

beam are divided out by taking a ratio of the signal and reference voltages.

A baseline measurement is recorded prior to the ablation pulse. As there is some

frequency dependence to the light transmitted by the cell optics, the baseline is mea-

sured as a function of laser frequency. The absorption of atoms in the cell is found

by dividing the post-ablation signal by the baseline.

2.2.1 Ti:sapphire laser drift correction

The 899-21 Ti:sapphire ring laser is an actively stabilized, single frequency laser

with a linewidth of ∼500 kHz. Two etalons in the lasing cavity force single-mode

lasing, while the frequency is stabilized by locking to a reference cavity. Over short

periods (1 second) the laser frequency is stable to less than a few MHz, however

the laser is seen to drift tens of MHz over the course of a few minutes. A typical

data set consisting of baseline measurement, ablation, and absorption time profile or

spectrum lasts less than a second. However, for measuring the time profiles of the

Zeeman level populations, the laser is parked on the absorption peak for a particular

level and several data sets are taken in succession and averaged together. This both

improves signal-to-noise and also allows us to average out shot-to-shot variations in

ablation yields so that the populations of various Zeeman levels may be meaningfully

compared. It is necessary to wait a few minutes between sets to allow the mixing

chamber to cool from each ablation pulse. For data taken in the Helmholtz field,

where the absorption peaks are as narrow as 100 MHz, the long term laser drift is

unacceptable.

To combat the drift, we employ part of a laser locking system developed by Robert

deCarvalho and described at length in his thesis [70]. Briefly, part of the Ti:sapphire



Chapter 2. Overview of non-S-state atom experiments 22

Verdi Pump Laser Ti:Sa Laser Cavity Doubler

Stabalized

He-Ne laser

Scanning
confocal

cavity Isolator

Isolator

PBS

PBS

Scope Ch 1

Scope
Ch 2

To cell

Figure 2.4: Laser drift monitor.

laser output is sent to a high-finesse, scanning confocal cavity along with the output

from an ultrastable He-Ne laser (see Figure 2.4). The two lasers are linearly polarized

in orthogonal directions so that they may be combined with a polarizing beam splitters

(PBS) prior to entering the cavity. The transmitted beams are separated with a

second PBS and are detected independently with two photodiodes, whose outputs

are sent to a two-channel oscilloscope. The scope is triggered off of the cavity ramp,

and the cavity is scanned such that transmission peaks from both lasers are observed.

As the stabilized He-Ne laser [71] used has a drift of <2 MHz/hour, any observed

relative drift is attributed to the Ti:sapphire laser. The drift is corrected by adjusting

an analog voltage which controls the laser frequency.

2.2.2 Ti:sapphire laser scan calibration

The Ti:sapphire laser frequency may be scanned via an analog external input voltage

that controls a galvomounted rotating Brewster plate in the reference cavity. As the

rotation angle of this plate is scanned, so is the optical path length in the reference

cavity, and thus the frequency to which the laser is locked. A linear voltage ramp

maps to a linear frequency scan up to 30 GHz in width. The nominal width of the
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scan for a ±5 V voltage ramp is chosen using a dial on the laser control box.
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Figure 2.5: Frequency scan correction factor for Ti:sapphire laser as a function of
wavelength. The nominal scan width provided by the laser control box must be
multiplied by the correction factor to give the actual scan width. The open circles
represent the measured correction factor at various wavelengths; the vertical bars
represent the statistical error in measuring the transmission peak spacing. For the
data point at 782 nm, the error bar is smaller than the open circle marking the data
point due to a large number of measurements at this wavelength. The 2% systematic
error in the etalon FSR is not included in the error bars. The solid line is a fit to
CF= λ0/λ and gives λ0 = 922 nm.

The actual scan width is measured using a ULE etalon [72] with a free spectral

range (FSR) of 5±0.1 GHz and linewidth of 10-30 MHz. The frequency-doubled laser

output is sent to the etalon, and the transmitted beam is detected with a photodiode.

The laser frequency is scanned over a nominal 3 GHz (fundamental) scan width, so

that the doubled scan width exceeds the etalon FSR. The laser ramp center frequency

is adjusted so that two transmission peaks are observed during each scan. The actual
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frequency spacing between the peaks (5 GHz) is compared with the nominal spacing

given by the control box. As shown in Figure 2.5, it is found that the nominal value

is off by as much as 19%, and that the correction factor that must be applied varies

with wavelength. This is expected since an addition to the path length in the cavity,

ΔL, will lead to a change in lock wavelength of

Δλ =
2ΔL

N
, (2.1)

where N is the number of half-wavelengths in the cavity. For ΔL � L this is

equivalent to a change in lock frequency of

Δf =
2cΔL

λL
, (2.2)

where c is the speed of light and L is the length of the reference cavity. If the nominal

scan width is correct for a particular wavelength, λ0, a correction factor, CF= λ0/λ,

is needed at all other wavelengths. A one-parameter fit to the measured correction

factors shown in Figure 2.5 agrees well with the expected dependence on wavelength.

All spectra in this thesis are shown with the appropriate correction factor applied.

2.2.3 Diode laser calibration

Scan width calibration

A grating-tuned diode laser [69] at 391 nm may be used instead of the doubled

Ti:sapphire system for Sc detection. The diode laser system has the advantage that

it may be frequency scanned at a high rate (up to 500 Hz), allowing spectra to be

taken with fast time resolution. This is important for getting a time profile of the

cloud temperature at early times following ablation pulse.

The diode laser uses a Littrow set-up, where the first order Bragg light from the

grating is reflected directly back into the diode. The grating forms one end of a linear
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laser cavity, while the back face of the diode forms the other. The laser wavelength

is scanned by rotating the grating about the axis formed by the intersection of the

grating plane and laser-diode back-face plane. Rotating the grating has the effect

of changing the Bragg condition, and of changing the cavity length. The grating is

coarsely rotated using a thumbscrew, while fine scanning is accomplished by applying

a voltage to a piezo-electric actuator. The coarse adjustment causes the grating profile

to shift enough that a new cavity mode is chosen, allowing a large change in laser

wavelength. The fine scanning relies on the change in cavity length as the grating

mount is rotated to shift the current cavity mode.

The frequency scan width for a given applied sinusoidal voltage ramp is calibrated

by comparing spectra taken with the diode with those taken with the Ti:sapphire

laser. This is readily done using the multiple hyperfine peaks in the Sc spectrum

(see Section 3.4.1). We measure the spacing of a pair of peaks from a calibrated

Ti:sapphire laser spectrum, and then use this spacing as a ruler to set the frequency

scale of the diode spectra.

Phase correction

The voltage applied to the piezo is recorded along with the PMT signals. This voltage

ramp is converted to a frequency ramp by assuming the frequency shift is proportional

to the applied voltage, and using the scaling factor discussed in the previous section.

We find, however, that for fast ramp rates the laser frequency ramp lags in phase

behind the applied voltage ramp. We must correct for this lab before converting the

applied voltage to laser frequency.

Figure 2.6 shows both the applied laser voltage and the laser intensity measured by

the reference PMT for a 500 Hz ramp rate. The laser intensity is expected to change as



Chapter 2. Overview of non-S-state atom experiments 26

0 0.5 1 1.5 2 2.5 3 3.5
−0.4

−0.3

−0.2

−0.1

0

A
pp

lie
d 

la
se

r 
vo

lta
ge

 (
V

)

0 0.5 1 1.5 2 2.5 3 3.5

−2.85

−2.8

−2.75

−2.7

−2.65

R
ef

er
en

ce
 P

M
T

 v
ol

ta
ge

 (
V

)

Time (ms)

data
fit

Figure 2.6: Diode frequency scan phase lag. The upper plot shows the applied voltage
as a function of time for a 500 Hz ramp rate. The lower plot shows the laser intensity
as measured by the reference PMT. The sinusoid fit is shown on the lower plot, but is
omitted from the upper plot. There is so little noise on the applied laser voltage that
the fit and measured curve completely overlap. The laser intensity lags the applied
voltage by 22 degrees here.

the grating is scanned since the external cavity mode that selects the laser frequency

shifts with respect to the internal diode mode1 and grating profiles. Comparing the

two plots, we see that the laser intensity lags the applied voltage ramp. The phase

shift is found by fitting both curves with a sine function. The recorded applied laser

voltage array is then shifted in time so that it is in phase with the laser intensity.

1The internal diode modes are created by the cavity formed by the two the diode
faces.
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2.2.4 Zeeman broadening with anti-Helmholtz magnet

The inelastic collision rate for collisions of TM atoms with helium is found by moni-

toring the individual TM Zeeman level populations over time with the magnetic field

on. In order to monitor the population of a specific Zeeman level, it is necessary to

spectroscopically isolate it. This is most readily done by applying a homogeneous

magnetic field which splits the absorption lines from neighboring levels by an amount

greater than the Doppler linewidth. The frequency shift for a particular Δm = −1, 0

or +1 transition from Zeeman level m is given by

Δf = (g′
J(m + Δm) − gJm)μBB/h, (2.3)

where B is the magnetic field strength, and h is Planck’s constant. The frequency

splitting between two neighboring Zeeman levels, m and m − 1, is then

Δfm,m−1 = [g′
J(m + Δm) − gJm − (g′

J(m − 1 + Δm) − gJ(m − 1))]μBB/h

= (g′
J − gJ)μBB/h. (2.4)

For the transition metals studied, this splitting is ∼2 GHz/Tesla. Considering that

fields greater than a Tesla are easily achieved, the lines are easily resolved with a

homogeneous field. A fairly homogeneous field may be created with coils run in the

Helmholtz configuration. However, as discussed in Section 2.1.2, for the first run of

the experiment the applied field could only be run anti-Helmholtz, and the resulting

spherical quadrupole field is decidedly inhomogeneous. The field profiles for both

Helmholtz and anti-Helmholtz configuration are shown in Figure 2.7.

In the spherical quadrupole field, each transition line is broadened from the field-

free transition frequency out to a maximum shift for atoms sitting at the trap sad-

dle points. Adding to this the fact that there may be multiple transitions (Δm =

−1, 0, +1) possible, it looks like the absorption signals from the various Zeeman levels
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Figure 2.7: Magnetic field profiles along the probe beam (r=0) for Helmholtz and
anti-Helmholtz current geometries. For convenience, the maximum field along the
beam is made to equal B = 1 T in both cases. This corresponds to a 16 A coil
current anti-Helmholtz, and 9 A coil current Helmholtz. The origin, z = 0, is the
midpoint between the two coils. The field magnitude is symmetric about this point.

will be hopelessly muddled. As it turns out, however, it is generally possible to isolate

atoms in the m = ±J levels as long the absorption transition is chosen so that the

ground and excited levels satisfy one of the following sets of criteria:

J ′ = J + 1, gJ < g′
J (2.5a)

J ′ = J − 1, gJ > g′
J (2.5b)

J ′ = J, gJ > g′
J (2.5c)

In case a, the m = +J and m = −J levels are detected on the Δm = +1 and

Δm = −1 transitions, respectively. For a particular field, B, these two transitions
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will have the largest frequency shifts of all available transitions. The former will

be shifted farthest blue, while the latter will be shifted farthest red. In case b, the

m = +J level is detected on the Δm = −1 transition, while the m = −J transition is

detected on the Δm = +1 transition. In case c, they are each detected on a Δm = 0

transition. In all cases, these lines will be shifted farther than any other available

transition and will lie on opposite sides of the field free transition frequency. Of

course, these shifts increase with increasing magnetic field. The farthest ends of a

spectrum taken of atoms in the spherical quadrupole field will correspond to m = ±J

atoms at the trap saddle points (this is the maximum field along the probe beam).

The situation is made even better by the field being flat here— there is a large volume

of atoms to interact with and thus an increase in signal. Note that all the transition-

metal transitions used (see Table 2.3) satisfy criteria a or b. Transitions described by

c are not used since it is generally not desirable to detect on a Δm = 0 transition.

Due to the cylindrical symmetry of the coils, it is evident that along the axis of the

cell, the local magnetic field must be pointed in ±z direction. Since probe beam

runs along the cell axis, the local magnetic field is generally parallel or anti-parallel

to the probe beam. According to electric dipole selection rules [73], only Δm = ±1

transitions are allowed for the atoms probed.2

2Due to the finite beam size and errors in centering the beam, there will be some
atoms for which some component of the field lies perpendicular to the beam, es-
pecially near the horizontal mid-plane of the cell. Along the mid-plane, the field
increases in magnitude as r increases, and the field points in the radial direction.
The atoms here will undergo Δm = 0 transitions, however, this is a small volume of
atoms. Furthermore, these atoms do not sit at the field maximum so they will not
be spectroscopically isolated.
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2.2.5 Polarization issues with Helmholtz magnet

As discussed in the last section, detection with the anti-Helmholtz magnet is always

performed on a Δm = ±1 transition due to electric dipole selection rules prohibiting

most of the atoms lying on the beam from absorbing Δm = 0 light. In the second run,

we exploit the fairly uniform field provided by the Helmholtz magnet when measuring

time profiles of the high and low-field-seeking Zeeman levels. The field is again aligned

parallel or anti-parallel to the probe beam, however in this case there is no symmetry

about the cell mid-plane. Instead, the field is aligned in one direction along the

length of the cell. This asymmetry can pose a problem when comparing absorption

of high- and low-field-seeking atoms due to their being detected on opposing Δm = ±1

transitions.

To explain this further, consider Nd as an example. Nd is detected on the 5I4 →
5H3 line. The low-field-seeking m = 4 state is detected on a Δm = −1 transition

to the m′ = 3 excited state level, whereas the high-field-seeking m = −4 state is

detected on a Δm = +1 transition to the m′ = −3 excited state level. Assume the

current flow direction is chosen to be counter-clockwise, so that the magnetic field

in the cell points in the +z direction. If the probe light is right circularly polarized

(RCP),3 it will interact with the high-field-seeking atoms, but not the low-field seekers.

The opposite is true if the probe light is left circularly polarized (LCP). To make

meaningful comparisons in the absorption of high- and low-field-seeking atoms, it

would be necessary to ensure a high degree of control of the light polarization entering

the cell. This is difficult to achieve due to the many cryostat windows the probe

beam traverses. We instead take two sets of absorption measurements— one with the

3We define the light polarization with respect to the lab +z axis. Note that when
the probe beam retro-reflects off of the cell top mirror, it retains its polarization.
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magnet current running clockwise, the other counter-clockwise— and average them.

All absorption time profiles in this thesis taken with the Helmholtz geometry are a

result of such an average. We use probe light that is roughly linearly polarized; any

systematic difference in high- and low-field-seeking atom absorption due to differing

amounts of RCP and LCP light should average out.

2.2.6 Effect of trapped fluxes on zero-field temperature mea-

surements

The translational temperature of the gas following the ablation pulse may be found

by fitting Voigt profiles to measured zero-field spectra. When making these measure-

ments, the magnet leads are disconnected from the magnet power supply to ensure

that no current is flowing through the coils. Nonetheless, the coils continue to produce

a magnetic field due to trapped fluxes in the superconducting wire. The residual field

was measured previously and was found to be ∼10 Gauss [56]. Nominal “zero-field”

temperature measurements may be affected by this residual field due to Zeeman level

shifts. Here we investigate the effect of Zeeman broadening on the spectra of Ti and

Sc, which are used for determining translational temperatures in Sections 3.4.2 and

3.5.4.

Ti is detected on the 3F2 → 3D1 transition at 395 nm. The J = 2 ground

state consists of 5 Zeeman levels (mJ = −2, . . . , 2), while the J ′ = 1 excited state

is split into 3 levels (m′
J = −1, 0, 1). For zero magnetic field, the Zeeman levels

for each electronic state are degenerate, producing a single J → J ′ absorption line.

The degeneracy is lifted in a magnetic field and each transition line is shifted by the

amount given in Eq. (2.3).

We estimate the effect of the residual field on the Ti absorption spectrum by sim-
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ulating a Voigt profile for each |JmJ〉 → |J ′m′
J〉 transition at the shifted transition

frequency and summing over all the allowed transitions. Each transition is weighted

by the square of the Clebsch-Gordon coefficient linking the ground and excited Zee-

man levels, |〈J, mJ ; 1, ΔmJ |J ′, m′
J 〉|2, where Δm may be 0,±1 (the possible values

for the photon angular momentum). Figure 2.8 shows the simulated spectrum for

500 mK Ti atoms in a 10 Gauss field. The individual line positions and their relative

weights are indicated by the vertical lines. The true zero-field spectrum is shown by

the dashed line. The residual field broadens the spectrum so that the apparent4 tem-

perature of the gas is now 570 mK. The fractional effect of the residual field decreases

with increasing temperature. For the Ti translational temperatures measured in this

thesis, the broadening from the residual field is small compared to the statistical fit

errors and error due to the uncertainty in the calibration for the frequency scale of

the spectrum.

We follow a similar treatment for Sc spectra, however in this case the electronic

states are split into multiple hyperfine lines since Sc has nuclear spin (I = 5/2).

Sc is detected on the 2D3/2 → 2F 5/2 transition at 391 nm. For the translational

temperature measurements described in Section 3.4.2, we scan over two hyperfine

peaks: F = 4 → F ′ = 3 and F = 5 → F ′ = 5. Each F level consists of 2F + 1

Zeeman sublevels, m = −F, . . . , F , which are degenerate at zero field. In a small

magnetic field the sublevels are shifted by an amount

Δf = mgFμBB, (2.6)

where the g factor gF is

4For the “apparent” temperature, we fit a single Voigt profile to the composite
absorption spectrum.
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Figure 2.8: Simulated Ti spectra for B = 0 (dashed curve) and B = 10 Gauss (solid
curve). The vertical lines indicate the individual |JmJ〉 → |J ′m′

J〉 line positions and
relative intensities for the 10 Gauss spectrum.
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Figure 2.9: Simulated Sc spectra for B = 0 (dashed curve) and B = 10 Gauss (solid
curve). The vertical lines indicate the individual |Fm〉 → |F ′m′〉 line positions and
relative intensities for the 10 Gauss spectrum.
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gF = gJ
F (F + 1) + J(J + 1) − I(I + 1)

2F (F + 1)
. (2.7)

The simulated spectrum for 500 mK Sc atoms in a 10 Gauss field is shown in Fig-

ure 2.9. The true zero-field spectrum is also shown, and we see that the two spectra

are nearly identical. The residual field has a negligible effect on the spectrum.

According to these estimates, the residual field in the cell from trapped fluxes

has a small effect on the nominal zero-field spectra for Sc and Ti. However, this

will not generally be the case. As an example, we show in Figure 2.10 the simulated

absorption spectrum for 500 mK Dy (I = 0) atoms in a 10 Gauss field, along with

the field-free spectrum, for the 5I8 → 5K9 transition at 421 nm.5 The 10 Gauss field

has a large effect, elevating the apparent temperature to 1.2 K.
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Figure 2.10: Simulated Dy spectra for B = 0 (dashed curve) and B = 10 Gauss (solid
curve). The vertical lines indicate the individual |JmJ〉 → |J ′m′

J〉 line positions and
relative intensities for the 10 Gauss spectrum. The lines are bunched into three groups
corresponding to ΔmJ = −1, 0, 1.

5Dy is not used to measure the translational temperature in the rare-earth exper-
iments. This spectrum is merely shown for contrast.
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Transition metal results

In this chapter, we present the results from our experiment investigating the suppres-

sion of inelastic collisions in non-S-state atoms. We studied transition-metal (TM)

atoms Sc, Ti, Y and Zr (Table 3.1) using the methods outlined in the previous chapter

for measuring the elastic and inelastic TM-3He collision rates.

Most of the data in this chapter are taken from the first run of the experiment,

where we were constrained to running the magnet in the anti-Helmholtz configuration.

While anti-Helmholtz is a trapping configuration, trapping was not our primary goal

in this run. Even with favorable inelastic collision rates, trapping these atoms would

be difficult in our cell due to their small magnetic moments (each has a magnetic

moment less than 2μB). In order to efficiently trap such atoms, a faster buffer-gas

pump-out is required than can be achieved with this cell [74].

3.1 Elastic collision rate measurement

We determine the elastic cross section σel for TM-He collisions by monitoring the

diffusion of the TM atoms through the helium buffer gas at zero magnetic field. As

35
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Table 3.1: Transition-metal atoms studied, with ground-state term and magnetic
moment (in units of μB).

Atom Term μ/μB

Sc 2D3/2 1.20
Y 2D3/2 1.20
Ti 3F2 1.32
Zr 3F2 1.32

derived in Ref. [75], the exponential lifetime for the diffusion of atoms through a much

denser buffer gas in a cylindrical chamber of radius r and height h is given by

τ = 2.1nσd

√
kT/μ

(
(2.4/r)2 + (π/h)2

)−1
, (3.1)

where n is the buffer gas density, σd is the diffusion cross section, and μ is the reduced

mass. For our cell, r = 3.2 cm and h = 11 cm. The diffusion cross section is a measure

of the forward momentum loss of the atoms as they diffuse through the buffer-gas

and is given by

σd =

∫
dσ

dΩ
(1 − cos θ) sin θdθdφ, (3.2)

where dσ/dΩ is the differential elastic scattering cross section and θ and φ are the

polar and azimuthal scattering angles in the center-of-mass frame. For identical par-

ticles, the amplitudes for forward and backward scattering are equal so that σd = σel.

For distinguishable particles, the diffusion and elastic cross sections differ in general,

with the elastic cross section being somewhat larger than the diffusion cross section

outside of scattering resonances. For Ti-He and Sc-He scattering, σel ≈ 2.5σd [76]. In

this thesis, however, we take σel = σd since the numerical factors relating the elastic

and diffusion cross-sections are not known for all of the species studied.
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3.2 Inelastic collision rate measurement

The inelastic collision rate for collisions of TM atoms with helium is found by moni-

toring the individual TM Zeeman level populations over time with the magnetic field

on. Immediately following the ablation, all Zeeman levels are equally populated due

to the high initial temperature of the gas as a result of the heat deposited by the

ablation pulse. As the atoms thermalize with the cold buffer gas their kinetic energy

becomes comparable to the splitting between Zeeman levels, and atoms in low-field

seeking levels relax to lower-energy Zeeman states through inelastic collisions. We

define the Zeeman temperature, TZ, at a particular field B by equating the ratio of

the local populations of two Zeeman levels, |m〉 and |m′〉, to the Boltzmann factor at

a temperature TZ:

N|m〉
N|m′〉

= exp

(
−gJμB(m − m′)B

kTZ

)
, (3.3)

where μB is the Bohr magneton and k is the Boltzmann constant. Atoms in low-

field-seeking states relax to lower-energy states until the Zeeman temperature comes

down to the translational temperature of the gas. If the Zeeman relaxation rate is

longer than the translational thermalization rate, we may determine the cross section

for inelastic collisions by measuring the rate at which TZ relaxes to the translational

temperature of the gas.

To model the time evolution of the level populations, we must consider that atoms

may move back and forth between levels. For simplicity, we assume that the atoms

have the same probability to be transferred to any level that is energetically allowed

in the collision, and that the inelastic collision rate coefficient is Γin/(2J) for such a

transition. We choose the denominator, 2J , so that the total inelastic rate constant

for the m = J state is Γin (there are 2J Zeeman levels of lower energy than the
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m = J level). We thus assume that an atom in an arbitrary Zeeman level |m〉 is

free to move to a lower energy state during an inelastic collision, however promotion

to a higher lying Zeeman level |m′〉 with m′ > m will be suppressed by a factor

exp (−gJμB(m′ − m)B/kTtrans), where Ttrans is the translational temperature of the

gas. The rate of change of the density of atoms in state |m〉 sitting in local field

strength B is then

ṅm = −ΓinnHenm

2J

[ ∑
m′>m

1 +
∑

m′>m

exp

(
−gJμB(m′ − m)B

kTtrans

)]

+
ΓinnHe

2J

[ ∑
m′>m

nm′ +
∑

m′<m

(
nm′ exp

(
−gJμB(m − m′)B

kTtrans

))]
. (3.4)

We numerically integrate these coupled differential equations to fit the observed time

evolution of the level populations for the inelastic rate coefficient Γin. The buffer gas

density, nHe, is measured independently as described in Section 3.3. The translational

temperature, Ttrans, may be fit simultaneously with Γin; however it may also be mea-

sured independently by fitting a Voigt profile to spectra taken at zero magnetic field.

The above model does not account for drift due to inhomogeneous fields or diffusion

through the buffer gas, so it is only appropriate when the Zeeman relaxation time

is much shorter than the drift-assisted diffusion time (we find that this is appropri-

ate for the TM atoms studied). If the Zeeman relaxation time is much longer than

the drift-assisted diffusion time, the equilibration of the Zeeman and translational

temperatures will not be observed. Instead, trapping should be possible (assuming a

sufficient trap depth). In this case, the inelastic rate can be measured by observing

the loss rate of trapped atoms. This type of evolution is modeled in Section 5.5 for

the rare earths.

Note that it is not necessary to experimentally track all Zeeman levels. We gener-

ally track only two, the m = ±J levels. Since the m = J population is most affected
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by inelastic collisions, it provides the best measure of Γin. Since the m = −J popu-

lation is least affected by the inelastic collisions, its time profile provides a measure

of the drift timescale. 1

If we are able to observe the level populations over a period of time where TZ >>

Ttrans, then the modeling becomes much simpler. We may then extract the inelastic

rate constant simply from the exponential decay of the low-field-seeking, mJ = J ,

state, whose density rate of change reduces to ṅ = −Γin nHe n, giving Γin = 1/(τinnHe),

where τin is the measured exponential-decay time constant.

3.3 Buffer-gas density measurement

The helium buffer-gas density is found by measuring the rate of diffusion of Cr atoms

at zero field and applying Eq. (3.1). Cr atoms are used since the elastic collision

cross-section for Cr-3He collisions is already known, σel = (1.1±0.4)×10−14 cm2 [56].

A fit to the observed exponential decay gives a diffusion time constant of 113± 5 ms

(Fig. 3.1). The buffer-gas temperature is measured by fitting a Voigt profile to Sc

spectra taken using the same ablation and heating powers (see Section 3.4.2). We

assume that the Cr temperature profile is similar to that of Sc since the same ablation

energies are used, and the elastic cross-sections for Sc-3He and Cr-3He collisions are

similar. Over the time period that the Cr diffusion is measured, the observed gas

temperature is (0.8 ± 0.2) K. Using Eq. (3.1), we find that the buffer-gas density is

(1.6± 0.6)× 1016 cm−3. Most of the error in the density is due to the uncertainty in

the Cr-3He elastic-collision cross section.

Constant heating is applied to the cell so that the cell temperature is 350 mK

1While atoms in different Zeeman levels will experience different potential surfaces,
simulations show that for the TM atoms studied, the drift times will be similar [77].
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Figure 3.1: Buffer-gas density measurement. The observed peak optical density (pro-
portional to number) of Cr atoms in the cell as a function of time following a 7 mJ
ablation pulse at t = 0. The gray vertical bars and points are the mean and standard
deviation obtained by time binning the combined data from 4 measured diffusion pro-
files. The diffusion time constant is independent of ablation yield, so we “normalize”
the four individual profiles so their optical densities are equal at a particular time
(0.05 s) before averaging and finding the standard deviation. This prevents the vari-
ation in ablation yield from contributing to the error in the diffusion time constant.
The black line is a fit to exponential decay and gives a diffusion time constant of
113 ± 5 ms.

prior to the ablation pulse. This ensures that the buffer gas density is not limited by

the saturated vapor pressure of 3He.

3.4 Scandium

Here we present our measurements on scandium. We find that Zeeman thermalization

due to collisions with the buffer gas proceeds so rapidly that we are only able to put

a lower limit on the inelastic Sc-3He cross-section.
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In addition to measurements of the elastic and inelastic collision cross-sections,

we also report on our measurements of the previously unknown hyperfine A and B

constants for the excited 2F5/2 state used in the absorption detection.

3.4.1 Hyperfine structure

Scandium has one naturally occurring isotope, 45Sc, which has nuclear spin I = 7/2.

The hyperfine constants for the ground state (2D3/2) are A = 269.558 MHz and

B = −26.360 MHz [78]. At zero-field, the hyperfine interaction splits the ground

state into four levels, with F = 2, . . . , 5. The hyperfine constants for the excited state

(see Table 2.3) were previously unknown; however, we are able to measure them from

our zero-field spectra. The excited state is split into six levels, with F ′ = 1, . . . , 6.

Since electric dipole transitions obey the selection rules

ΔF = 0,±1; F + F ′ ≥ 1, (3.5)

this results in a total of 12 absorption lines, of which we are able to resolve 11.

Fig. 3.2 shows a Sc spectrum taken with the magnet ramped to zero current

which clearly shows multiple hyperfine peaks. We use the formulas for the hyperfine

level shifts and relative line intensities from Appendix A to fit this spectrum for

the excited state A′ and B′ hyperfine constants. We find A′ = (170 ± 2) MHz and

B′ = (−40 ± 50) MHz.

3.4.2 Translational temperature

We measure the translational temperature of the gas by fitting a Voigt profile to

the two Sc hyperfine peaks indicated in Fig. 3.2. We use the diode laser for these

measurements since its fast-scanning allows us to take spectra with millisecond time
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Figure 3.2: Sc zero-field spectrum for the 2D3/2 → 2F 5/2 transition at 391 nm. The
fit to the spectrum shown by the solid line gives values for the excited state hyperfine
constants, A′ = (170 ± 2) MHz and B′ = (−40 ± 50) MHz. The two peaks indi-
cated are used for measuring the translational temperature of the gas as described in
Section 3.4.2.

resolution. Scanning over two peaks allows us to calibrate the frequency axis of each

scan (see Section 2.2.3).

Fig. 3.3 shows an example of such a fit for two successive diode scans taken

in the first milliseconds after the ablation pulse. We see that the Sc atoms have

cooled somewhat between the two scans, however we expect the thermalization with

the buffer-gas to occur much faster, within the first couple of milliseconds. The

decrease in temperature seen is due to the cooling of the buffer-gas itself; the buffer

gas absorbs heat from the ablation pulse and re-equilibrates with the cell walls over

several milliseconds.

Fig. 3.4 shows the time profiles gathered from fitting successive spectra for two

different ablation pulse energies. The cooling of the buffer-gas over the first few
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Figure 3.3: Voigt profile fits to two successive Sc spectra taken in the first few mil-
liseconds after the ablation pulse.

milliseconds is evident. There is also a slow decrease in temperature which is due to

the cell cooling, which occurs over several seconds. Note that we are not able to take

any measurements in the first 2 ms after the ablation pulse. During this time, light

from the ablation pulse overwhelms the probe signal in the PMTs.

3.4.3 Elastic collisions with He

We measure the Sc-3He elastic-collision cross-section by observing the zero-field dif-

fusion of Sc atoms through the buffer gas, and applying Eq. (3.1). Fig. 3.5 shows

a one-body fit to the measured Sc number time profile, giving a diffusion time of

140 ± 10 ms. We find a Sc-3He elastic cross-section of (1.3 ± 0.6) × 10−14 cm2 at a

temperature of 0.8 ± 0.2 K.
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Figure 3.4: Sc translational temperature for two different ablation pulse energies. The
statistical error in the Voigt fits and the systematic error from the laser frequency
calibration are included in the error bars. The bottom panel shows the Sc temperature
over an extended time period for an ablation pulse power of 7 mJ and shows the slow
decrease in temperature due to the cell cooling.

3.4.4 Sc spectra in the anti-Helmholtz field

For the inelastic collision rate measurement, we ablate the Sc atoms into the buffer

gas with the magnet ramped to a current of 60 A. This gives a field at the saddles of

3.8 T, which splits adjacent ground state Zeeman levels by 2.5 K, and the mJ = ±3/2

levels by 7.4 K. At a gas temperature of 1 K, this leads to a suppression of the

mJ = +3/2 population by a factor of e−7.4 = 6000 compared to the population

in the mJ = −3/2 level when the Zeeman temperature has equilibrated with the

translational temperature of the gas.

Immediately following the ablation, all Zeeman levels for the electronic ground

state are equally populated (the energy involved in the ablation is much greater than
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Figure 3.5: The observed peak optical density (proportional to number) of Sc atoms
in the cell as a function of time following a 7 mJ ablation pulse at time t = 0. The
gray vertical bars and points are the mean and standard deviation obtained by time
binning the combined data from five measured diffusion profiles. The diffusion time
constant is independent of ablation yield, so we “normalize” the five individual profiles
so their optical densities are equal at a particular time (0.05 s) before averaging and
finding the standard deviation. This prevents the variation in ablation yield from
contributing to the error in the diffusion time constant. The black line is a fit to
exponential decay and gives a diffusion time constant of 140 ± 10 ms.

the energy splittings between Zeeman levels). If the inelastic collision rate were very

small, these atoms would diffuse throughout the cell without their Zeeman states

changing, and we would observe a spectrum similar to Fig. 3.6a. The peaks at large

absolute frequency shift are from the absorption of atoms at the field saddle regions,

where the field is flat. The lower panel of Fig. 3.6a breaks up the simulated spectrum

in the individual contributions from the various Zeeman levels. The peaks on the

left (red) end of the spectrum are the Δm = −1 transitions, while the peaks on the

right (blue) are from the Δm = +1 transitions. High-field-seeking levels dominate
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Figure 3.6: Sc spectra in the anti-Helmholtz field, with B = 3.8 T at the saddle points.
(a) Simulation assuming uniform atom density in the cell. The top panel shows the
simulated spectrum for equal populations in all Zeeman levels. The bottom panel
breaks up this spectrum into the contributions from the individual Zeeman levels.
(b) Observed spectrum 50 ms after the ablation pulse. We are unable to scan the
laser over the entire frequency range, so this spectrum is pieced together from separate
observations. The asymmetry in the spectrum compared to the simulation is due to
Zeeman relaxation.

the left-hand side of the spectrum since the Clebsch-Gordon coefficients linking the

ground and excited states favor Δm = −1 transitions for these levels. Similarly,

low-field-seeking levels dominate the blue end of the spectrum. The peaks near zero

frequency shift are from Δm = 0 transitions, which experience very little Zeeman

broadening.

A spectrum measured 50 ms after the ablation pulse is shown in Fig. 3.6b. We are

unable to scan the laser over the entire frequency range, so this spectrum is pieced

together from 10 spectra spanning 17 GHz each. The relative frequency of each

section is found using a wavemeter. We do not see a symmetric spectrum as in the

simulation. Instead, we see that the low-field-seeking end of the spectrum is greatly
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suppressed due to Zeeman relaxation of low-field seekers to high-field-seeking states.

At 50 ms, the Sc atoms have achieved complete Zeeman thermalization, so that the

Zeeman temperature has merged with the translational temperature of the gas. This

puts a lower limit on the inelastic collision rate, but for a more precise measurement

we wish to observe the Zeeman relaxation taking place. During the initial Zeeman

thermalization, when the Zeeman temperature is much higher than the translational

temperature, the low-field-seekers (LFS) decay as ṅLFS = −ΓinnHenLFS. By fitting for

the exponential decay time constant, we can find the inelastic collision rate coefficient

Γin = (nHeτin)
−1.
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Figure 3.7: Centering guide for finding the low-field seeking, mJ = +3/2 absorp-
tion peak. (a) Simulation of Δm = +1 field-saddle peaks with the Zeeman levels
thermalized to 1 K. (b) Measured spectrum, indicating where we center the laser for
measuring the mJ = +3/2 absorption time profile. Comparing the two spectra, we
are assured of measuring the absorption for the correct Zeeman level.
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3.4.5 Inelastic collisions with He

We monitor the populations of the mJ = ±3/2 levels over time and use Eq. (3.3) to

calculate the Zeeman temperature time profile. As shown in Fig. 3.6a it is possible

to monitor the mJ = ±3/2 populations at the field saddles without spectroscopic

interference from other Zeeman levels. Rather than scan over the peaks, we park the

laser at the peak absorption frequency for each level so that we maximize the signal-

to-noise and the time resolution (the laser has a limited scan rate). The wavemeter is

not precise enough for setting the laser frequency on the absorption peaks. Instead, we

scan the laser over the peak and adjust the center frequency until we are well centered

on the peak, then stop scanning for subsequent measurements. The peaks are broad

enough that any subsequent laser drift is unimportant.2 The mJ = −3/2, Δm = −1

peak is easy to locate since it is the largest peak overall. The mJ = +3/2, Δm = +1

peak is more difficult since it is quite small, and after tens of milliseconds is almost

lost in the noise.3 To be sure that we center on the correct peak, we compare scanned

spectra to a simulation with the Zeeman levels fully thermalized to a temperature of

1 K. Fig. 3.7 shows such a comparison, and indicates where we park the laser for the

mJ = +3/2 population time profile measurements. It may seem odd that the various

mI lines are resolved for the m = −1/2 → m′ = 1/2 and m = 1/2 → m′ = 3/2

transitions, whereas only one line is visible for the m = 3/2 → m′ = 5/2 transition.

This is merely a coincidence. In the high-field limit, the energies of the |mI , mJ〉
eigenstates are:

2For narrow absorption peaks, the laser drift may be corrected; see Sec. 2.2.1.

3While the mJ = +3/2 state should start out with as many atoms as the
mJ = −3/2 level, during the time it takes to scan the laser to acquire the cen-
tering information, most of the mJ = +3/2 atoms have relaxed to high-field seeking
states.



Chapter 3. Transition metal results 49

E = gJmJμBB + AmImJ , (3.6)

where A is the hyperfine magnetic dipole coupling constant. For simplicity, we ignore

the electric quadrupole coupling, which is small for Sc. The splitting between adjacent

mI levels at high field is then Δf = AmJ . The splittings happen to be about equal for

the ground mJ = 3/2 and excited m′
J = 5/2 manifolds. The mJ = 3/2 manifold has

a splitting between mI states of (270 MHz)(3/2) = 405 MHz while the m′
J manifold

has a spacing of (170 MHz)(5/2) = 425 MHz. Thus the splitting between adjacent

mI absorption peaks is only 20 MHz.

We average several sets of absorption profiles for each level to improve signal-to-

noise and to average out variations in the number of atoms produced in the ablation.

The measured profiles for the first 20 ms after the ablation pulse are shown in Fig. 3.8.

While the number of atoms in the mJ = −3/2 remains fairly constant during this time,

the number of atoms in the mJ = +3/2 state falls by a factor of 15. Are we seeing

the Zeeman temperature come into equilibrium with the translational temperature?

To answer this, we calculate the Zeeman temperature from the ratio of these two

populations using Eq. (3.3) and compare with the translational temperature measured

by fitting Voigt profiles to zero-field Sc spectra. The results are plotted in the lower

panel of Fig. 3.8. We see that the Zeeman temperature has already merged with

the translational temperature at our earliest measurement at 2 ms. The decrease

in mJ = +3/2 level population seen is due to the cooling of the buffer-gas. As the

translational temperature lowers, so does the fraction of atoms in the low-field-seeking

state, so that the Zeeman and translational temperatures agree. While we are unable

to observe the exponential decay of low-field-seekers as the Zeeman thermalization

takes place, we know that this decay occurs before 2 ms, and so we place a lower limit
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Figure 3.8: Zeeman level populations and temperature comparison for Sc atoms in
a 3.8 T field. (a) Observed peak optical density (proportional to atom number) of
Sc atoms in the mJ = ±3/2 levels as a function of time following a 10 mJ ablation
pulse at time t = 0. The vertical bars and points are the mean and standard deviation
obtained by time binning the combined data from four mJ = −3/2 and 10 mJ = +3/2
profiles. (b) Zeeman temperature (black line with error bars indicated by the shaded
region) calculated from the level populations using Eq. (3.3), along with the measured
translational temperature (black circles). The inelastic collision rate is large enough
that the Zeeman temperature tracks the translational temperature of the gas.
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on the inelastic collision rate coefficient of Γin > 10−14 cm3 s−1. This puts an upper

limit on the ratio of elastic to inelastic collisions of γ < (1.6 ± 0.3) × 104.

3.5 Titanium

3.5.1 Zero-field spectrum

Titanium has five naturally occurring isotopes (see Table 3.2), two with finite nuclear

spin. There is one dominant isotope, 48Ti, with 74% natural abundance and zero

nuclear spin. Fig. 3.9 shows a zero-field spectrum taken at a temperature of 1 K in

which all five isotopes are clearly resolved. Multiple hyperfine lines are evident for

the isotopes with finite nuclear spin, 47Ti and 49Ti.

Table 3.2: Titanium isotopes.

Isotope Natural abundance (%) I
46Ti 8.25 0
47Ti 7.44 5/2
48Ti 73.72 0
49Ti 5.41 7/2
50Ti 5.18 0

3.5.2 Elastic collisions with He

We measure the Ti-3He elastic-collision cross-section by observing the zero-field dif-

fusion of Ti atoms through the buffer gas, and applying Eq. (3.1). Fig. 3.10 shows

a one-body fit to the measured Ti number time profile, giving a diffusion time of

150 ± 10 ms. We find the Ti-3He elastic cross-section (1.5 ± 0.6) × 10−14 cm2 at

a temperature of 0.8 ± 0.2 K. Most of the error in the measurement is attributed
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Figure 3.9: Zero-field spectrum of Ti at 1 K taken on the 3F2 → 3D1 transition at
395 nm.
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to the error in the Cr-3He cross-section used to measure the buffer-gas density (see

Section 3.3).
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Figure 3.10: The observed peak optical density (proportional to number) of Ti atoms
in the cell as a function of time following a 7 mJ ablation pulse at time t = 0. The
gray vertical bars and points are the mean and standard deviation obtained by time
binning the combined data from five measured diffusion profiles. The diffusion time
constant is independent of ablation yield, so we “normalize” the five individual profiles
so their optical densities are equal at a particular time (0.05 s) before averaging and
finding the standard deviation. This prevents the variation in ablation yield from
contributing to the error in the diffusion time constant. The black line is a fit to
exponential decay and gives a diffusion time constant of 150 ± 10 ms.

3.5.3 Inelastic collisions with He in the anti-Helmholtz field

We measure the inelastic collision rate of Ti-3He collisions by monitoring the popula-

tions of the high-field-seeking (HFS) mJ = −2 and low-field-seeking (LFS) mJ = +2

states over time in the anti-Helmholtz field. While the two populations should start

out equal after the ablation pulse (the energies involved in ablation are much greater
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than the Zeeman splittings between levels), LFS atoms relax to HFS states through

inelastic collisions with the buffer gas.
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(b) Measured spectra.

Figure 3.11: Ti spectra in the anti-Helmholtz field, with B = 3.8 T at the sad-
dle points. (a) Simulation assuming uniform atom density in the cell, and uniform
populations across the Zeeman levels. A gas temperature of 1 K is assumed. The
low-field-seeking (LFS) field-saddle peak appears at a frequency shift of ∼ −43 GHz
from the field-free line, while the high-field-seeking (HFS) field-saddle peak appears
at a frequency shift of ∼ +43 GHz. (b) Measured HFS (upper plot) and LFS (lower
plot) spectra used in centering the laser for the time profile measurements. The fre-
quency shifts from the field-free line indicated in the upper-left corner of each plot
are measured using the wavemeter. They agree well with the expected peak positions
from the simulation. The arrows indicate the laser frequency used to measure the
time profiles.

Fig. 3.11 shows a simulated Ti spectrum for the field strength used in these mea-

surements, assuming uniform atom density in the cell and equal populations across

Zeeman levels. Each absorption line is broadened by the inhomogeneous field from

the field-free transition frequency for atoms at the center of the cell out to a maximum

frequency shift for atoms at the field saddle regions, where the probe beam sees the

highest magnetic field. Transitions with Δm = +1 are broadened toward the blue,

while Δm = −1 transitions are broadened toward the red. Each line is peaked at
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large frequency shift due to the large volume of atoms available at the flat saddle

points of the field.

As with scandium, we monitor the atoms at the field saddle points so that we

may spectroscopically distinguish the HFS and LFS atoms from atoms in the other

Zeeman levels. The field-saddle peaks are well separated by > 8 GHz, allowing us

to use the wavemeter to locate each peak. Fig. 3.11 shows the centering scans taken

prior to parking the laser on the HFS and LFS saddle peaks for the population time

profile measurements. The center frequencies of each spectrum relative to the 48Ti

field-free frequency are indicated and agree well with the peak positions from the

simulation.

The measured profiles for the first 20 ms after the ablation pulse are shown in

Fig. 3.12. We calculate the Zeeman temperature from the ratio of these two popu-

lations using Eq. (3.3) and compare with the measured Sc translational temperature

profile. For the Sc temperature measurements, we fit Voigt profiles to spectra taken

using a fast-scanning diode system (see Section 3.4.2). We do not directly measure

the Ti translational temperatures since we do not have a diode that covers any strong

optical transitions in Ti. We are unable to scan the Ti:sapphire laser used in Ti

detection faster than a rate of ∼ 40 Hz (i.e. 12.5 ms per spectrum) due to the limited

speed of the resonant doubling cavity locking circuitry.4 We expect, however, the

translational temperature profile for Ti to be the same as that for Sc for the same

ablation power and buffer-gas density. The temperature profile for Ti is verified by

direct measurement in the second run of the experiment as discussed in Section 3.5.4.

4We discovered later that it would be possible to generate sufficient laser power
for the probe beam by single-pass doubling through the crystal. We are then limited
only by the scanning speed of the Ti:sapphire laser. Direct translational temperature
measurements were made on Ti in the second run of the experiment, see Section 3.5.4.
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Figure 3.12: Zeeman level populations and temperature comparison for Ti atoms in
a 3.8 T field. (a) Observed peak optical density (proportional to atom number) of Ti
atoms in the mJ = ±2 levels as a function of time following a 10 mJ ablation pulse
at t = 0. The vertical bars and points are the mean and standard deviation obtained
by time binning the combined data from 15 sets each of mJ = −2 and mJ = +2
profiles. (b) Zeeman temperature (gray dashed line with error bars indicated by
the shaded region), and measured Sc translational temperature (crosses). We expect
the Ti translational temperature profile to be the same is that for Sc. The Zeeman
temperature is initially very high, and merges with the translational temperature over
20 ms. We fit the exponential decay of the mJ = 2 level over this time, and find a
decay constant of τin = (6 ± 3) ms.
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The Zeeman and translational temperatures are compared in Fig. 3.12. The

Zeeman temperature is initially much higher than the translational temperature;

the Zeeman level populations thermalize to the translational temperature over tens

of milliseconds. We fit the observed exponential decay of atoms in the low-field-

seeking mJ = 2 state over this time period to obtain the inelastic decay time τin =

(6 ± 3) ms. We use the measured buffer-gas density nHe to find the inelastic col-

lision rate coefficient, Γin = (τinnHe)
−1. At a translational temperature of 1.8 K,

Γin = (1.1 ± 0.7) × 10−14 cm3 s−1, giving a ratio of elastic to inelastic collisions of

γ = (1.3± 0.5)× 104. Comparing this result to values of γ near unity for O and Sr*,

we see that inelastic collisions for Ti are highly suppressed.

3.5.4 Inelastic collisions with He in the Helmholtz field

We confirm our results for Ti in the second run of the experiment, where we run

the magnet Helmholtz for improved signal-to-noise. We also directly measure the Ti

translational temperature.

For the inelastic collision rate measurement, we ablate the Ti atoms into the

buffer gas with a current of 20 A in each coil, producing a field of ∼2.3 T along

the probe beam. A buffer-gas density of (7.6 ± 3.3) × 1015 cm−3 is used. Fig. 3.13

shows the measured time profiles of the absorption from the HFS (mJ = −2) and

LFS (mJ = +2) Zeeman levels. Their populations begin roughly equal, but the LFS

atoms preferentially decay over the first ∼50 ms due to inelastic collisions.

We calculate the corresponding Zeeman temperature profile from the ratio of these

two populations using Eq. (3.3), and compare the result to the measured translational

temperature (Fig. 3.14). Here we measure the Ti translational temperature directly

by fitting Voigt profiles to spectra taken at zero magnetic field. We are generally
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Figure 3.13: Peak optical density (proportional to atom number) of Ti atoms in the
mJ = ±2 Zeeman levels as a function of time following a 10 mJ ablation pulse at
time t = 0 in a 2.3 T magnetic field. The vertical bars and points are the mean and
standard deviation obtained by time binning the combined data from 8 sets each of
mJ = −2 and mJ = +2 profiles.

limited in how fast we may frequency scan the Ti:sapphire laser by the speed of the

locking circuitry for the resonant doubling cavity. Since all the action in the LFS decay

is happening in the first tens of milliseconds, we need millisecond resolution in our

translational temperature measurements. To achieve a high scan rate, we frequency

double the Ti:sapphire output with a single-pass through the doubling crystal. This

cuts down our available probe power significantly; however, we generally attenuate

the probe beam regardless to avoid optical pumping and power broadening effects.

For the narrow scan widths needed to cover the 46Ti zero-field absorption peak (0.2

GHz fundamental), we are able to frequency scan the laser at rates up to 200 Hz.5 We

5As a gauge for how quickly we may scan the laser without damaging any of
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Figure 3.14: Ti Zeeman temperature (black line with error bars indicated by the
shaded region) measured in the Helmholtz field, and measured translational temper-
ature (crosses). The Zeeman temperature is initially very high, and merges with the
translational temperature tens of milliseconds.

find that the laser scan is well-behaved for this scan rate, however the scan width is

narrower than expected. We calibrate the scan width by comparing the Ti Doppler-

broadened linewidth for fast and slow scans at the same time delay following the

ablation pulse.

As with the anti-Helmholtz measurement, we find that the Zeeman temperature

is initially much higher than the translational temperature, and falls over tens of

milliseconds. We fit the early part of the decay of the mJ = +2 level, where TZ >>

Ttrans, for exponential decay to get the inelastic decay time, τin = 12 ± 3 ms. This

the scanning actuators, we limit the scan rate in GHz/s to what can be performed
internally using the control box that came with the laser. This control box has a
maximum 10 GHz scan width and maximum 4 Hz ramp rate, so for a 0.2 GHz scan
width, so we assume it’s safe to use a 200 Hz ramp rate.
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is a factor of two longer than in the anti-Helmholtz measurement, providing good

agreement for Γin since the buffer-gas density is now a factor of two smaller. We find

Γin = (1.1± 0.6)× 10−14 cm3 s−1. The error on Γin is not much improved since most

of the error is due to the uncertainty in the gas temperature and in the buffer-gas

density rather than the uncertainty in τin.
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Figure 3.15: Ratio of Ti atoms in HFS and LFS states (mJ = −2 and mJ = 2,
respectively) as a function of time following the ablation pulse. The fit uses the
relaxation model Eq. (3.4) and finds Γin = 1.0 × 10−14 cm3 s−1 and Ttrans = 1.1 K.

The improvement in signal-to-noise allows us to follow the LFS state population at

much later times, when the Zeeman level populations have relaxed to the translational

temperature. Fig. 3.15 plots the ratio of HFS atoms to LFS atoms as a function of

time. The ratio begins at unity, then steeply increases due to Zeeman relaxation

via inelastic collisions. The ratio then levels off as the level populations come to

their equilibrium values as described by a Boltzmann distribution at the translational
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temperature. We use the model described by Eq. (3.4) to fit the ratio of atoms in

the HFS and LFS states for Γin and Ttrans. We find Γin = 1.0 × 10−14 cm3 s−1, in

good agreement with the value found from fitting the early mJ = +2 decay, and

Ttrans = 1.1 K, in good agreement with the Voigt profiles measurements at zero-field.

3.6 Yttrium

3.6.1 Egregious Ti:sapphire laser drift

Measurements on yttrium were hampered by difficulties in getting a stable output

from the Ti:sapphire laser system at the wavelength needed for Y detection (408 nm,

24518.8 cm−1 see Table 2.3).6 The output power was erratic, and the laser drift

was egregious (> 10 MHz drift in < 1 s). We found that there is a strong water

vapor absorption line at a frequency very close to half the Y transition frequency.

The water vapor line is at 12259.60 cm−1 with a spectral line intensity of 1.7 ×
10−23 cm−1/(molecule cm−2) and half-width (HWHM) of .4228 cm−1 [79]. Since our

ring laser [65] has an open lasing cavity, it is not surprising that the output became

unstable.

To help alleviate the problem, we tried sealing the openings in the case covering

the laser with paperboard and tape, and flowing nitrogen (N2) gas into the case. This

helped somewhat, however we were unable to completely get rid of the extra laser

drift.

6The output is frequency doubled, so the laser is tuned to half that frequency, or
12259.4 cm−1.
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3.6.2 Collisions with He

We measure the Y-3He elastic-collision cross-section by observing the zero-field diffu-

sion of Y atoms through the buffer gas, and applying Eq. (3.1). We find a diffusion

time of (145±10) ms, which gives a Y-3He elastic cross-section of (1.4±0.6)×10−14 cm2

at a temperature of 0.8 ± 0.2 K. Most of the error in the measurement is attributed

to the error in the Cr-3He cross-section used to measure the buffer-gas density (see

Section 3.3).

We measure the inelastic collision rate by monitoring the populations of the high-

field-seeking (HFS) mJ = −3/2 and low-field-seeking (LFS) mJ = +3/2 states over

time in the anti-Helmholtz field. The HFS level population is detected on the Δm =

−1 transition to the m′
J = −5/2 manifold. The LFS population is detected on the

+3/2 → +5/2 transition. As with Sc and Ti, we monitor the atoms at the field

saddle since these atoms will have the largest Zeeman line shifts, making them easy

to isolate spectroscopically, and the flat saddle provides a large volume of atoms at

constant field to interact with.

Each mJ → m′
J transition consists of 2I + 1 discrete lines corresponding to

mI = −I, . . . , I. 7 The splitting between adjacent mI lines is A′m′
J − AmJ (see

Eq. (3.6)). For Sc this splitting is small (20 MHz), while for Y the splitting is

120 MHz, which is large enough that the mI = ±1/2 saddle absorption peaks are

resolved. Fig. 3.16 shows a scan over the two HFS peaks. For monitoring the HFS

population, we set the laser frequency to the peak of the outer (red) peak, which

happens to correspond to atoms in the mI = 1/2 hyperfine state. If we were to park

the laser on the inner peak, we would have a combination of absorption from the

7There are only 2I + 1 lines (rather than, say, (2I + 1)2) since electric dipole
transitions obey ΔmI = 0.
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Figure 3.16: Spectrum of the Y field-saddle peaks (B=3.8 T) for the high-field-seeking
mJ = −3/2 level. The spectrum is taken 62 GHz red of the field-free line. The peaks
are from the two hyperfine levels (I = 1/2). The vertical arrow indicates where we
set the laser frequency for the absorption time profiles of the mJ = −3/2 level.

mI = −1/2 at the saddles, and mI = +1/2 atoms at some lower field. The outer

peak gives us a cleaner measurement. Similarly, for the LFS, we choose the outer

(blue) peak, which again happens to correspond to the mI = 1/2 hyperfine state.

The transition strength does not depend on mI , so it’s not actually necessary to

choose the same mI value for the HFS and LFS transitions used in monitoring the

populations.

The measured profiles for the first 10 ms after the ablation pulse are shown in

Fig. 3.17. The number of LFS atoms decreases rapidly due to inelastic collisions.

We calculate the Zeeman temperature from Eq. (3.3) and compare to the transla-

tional temperature (Fig. 3.17).8 It appears that the Zeeman temperature has already

8We again use the measured Sc translational temperature since we do not have a
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Figure 3.17: Zeeman level populations and temperature comparison for Y atoms in
a 3.8 T field. The upper plot shows the observed peak optical density (proportional
to atom number) of Y atoms in the mJ = ±3/2 levels as a function of time following
a 6 mJ ablation pulse at t = 0. The vertical bars and points are the mean and
standard deviation obtained by time binning the combined data from 20 mJ = −3/2
and 15 mJ = +3/2 profiles. The Zeeman temperature found from the ratio of these
two populations (Eq. (3.3)) is shown in the lower plot (black line with error bars
indicated by the shaded region), along with the measured translational temperature
(black crosses). The Zeeman temperature tracks the translational temperature of the
gas due to a high rate of inelastic collisions.
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relaxed to the translational temperature at 2 ms, however, it is difficult to say this

conclusively due to the large error bars on both the Zeeman and translational temper-

ature measurements. We take 6 ms to be the upper limit on the inelastic decay time

and place a lower limit on the Y-3He inelastic collision rate of Γin > 5×10−15 cm3 s−1.

This puts an upper limit on the ratio of elastic to inelastic collisions of γ < 3 × 104.
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Figure 3.18: Successive absorption profiles for the yttrium mJ = −3/2 state at the
field saddles following an ablation pulse at time t = 0. The large variation in profiles
is likely due to laser drift.

The large error in the Zeeman temperature is due mainly to large variations in the

absorption time profile for atoms in the HFS state. Fig. 3.18 shows several successive

absorption profiles for the HFS, m = −3/2 level. The various HFS curves have very

different shapes. This indicates that either the mass motion of the atoms is different

shot-to-shot (this seems unlikely), or the laser frequency is drifting appreciably with

diode for the 408 nm yttrium transition.
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time and is moving from the field saddle peak.

3.6.3 Hyperfine spectrum
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Figure 3.19: Y zero-field spectrum for the 2D3/2 → 2F 5/2 transition at 408 nm. The
fit to the spectrum shown by the solid line gives values for the excited state magnetic
dipole hyperfine constant, A′ = (15 ± 2) MHz. The vertical lines give the three line
positions and relative intensities from the fit.

At zero magnetic field, the hyperfine interaction splits the ground (excited) lev-

els of Y into two states with F = 1, 2 (F ′ = 2, 3), resulting in three transition

lines. While the magnetic coupling constant for the ground state is known (A =

−57.217 MHz) [80], we were unable to find a value for the excited state (2F5/2)

constant in the literature.9 We determine A′ by fitting our measured zero-field Y

spectrum using the formulas for the line positions and relative intensities found in

9There is no electric quadrupole interaction for Y (I = 1/2) since this interaction
exists only for I, J ≥ 1.
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Appendix A. We find A′ = (15 ± 2) MHz (see Fig. 3.19).

3.7 Zirconium

We are unable to measure the Zr-3He inelastic collision rate due to inconsistent Zr

ablation yields. Fig. 3.20 shows the average optical density t = 0.2 to 0.4 s after the

ablation pulse for 9 successive pulses. The average optical density is proportional to

ablation yield. After a few ablation pulses, the yield drops off dramatically. While

the ablation beam may be steered to a new spot on the target to bring the yield

back up, the yield again decreases after a few pulses. Inspection of the target does

not reveal any hole-burning. The initial higher yields are probably due to surface

roughness; there are likely narrow features on the surface that are easily ablated that

get vaporized in the first few pulses. The bulk material remaining is more difficult to

ablate and the yield decreases. This difficulty in ablating the bulk material is likely

related to zirconium’s high boiling point (4409 ◦C, compared to 2836 ◦C and 3287 ◦C

for Sc and Ti, respectively).
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Figure 3.20: Erratic ablation yields for Zr. Plot shows the integrated optical density
(proportional to ablation yield) for successive Zr ablations. After a few ablation
cycles, the number of atoms produced in the ablation decreases rapidly.



Chapter 4

Theoretical calculations of Ti-He

and Sc-He collisions

The interaction anisotropy in complexes involving non-S-state atoms couples the ro-

tational motion of the collision complex with the atomic angular momentum resulting

in Zeeman relaxation of magnetically trapped atoms. Theoretical studies have shown

that this interaction is strong in collisions of main-group non-S-state atoms Sr(P ),

Ca(P ), and O(P ), yielding ratios of the rate constants for elastic to inelastic collisions

near unity [28, 37, 29].

We proposed that inelastic collisions would be suppressed in collision complexes

with transition-metal atoms due to shielding of the unpaired electrons by a filled

outer s shell. Our measurements of the elastic to inelastic collision rate ratio in Ti-He

scattering bear this out (see Section 3.5.3).

Motivated by our experimental work, the elastic to inelastic collision rate ratios for

Sc-He and Ti-He complexes were calculated by Krems et al. using ab initio interaction

potentials [40, 81, 49]. They find that the interaction anisotropy is dramatically

suppressed in each case, leading to ratios of elastic to inelastic collision rates orders

69
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of magnitude larger than those for main-group atoms and in agreement with the

experiment results. In this chapter we describe the theoretical framework for collisions

of non-S -state atoms with helium and we provide a description of the above theoretical

results for Ti-He and Sc-He collisions.

4.1 Theoretical framework

The total Hamiltonian describing the collision of an open-shell atom with finite orbital

angular momentum L and electronic spin S with a structureless atom (e.g. helium)

may be written as [29]

H = − 1

2μ

d2

dR2 +
l2

2μR
+ VSO + VES + VB, (4.1)

where R is the internuclear separation, l is the orbital angular momentum of the col-

lision, μ is the reduced mass, VSO is the spin-orbit interaction in the open-shell atom,

VES is the electrostatic interaction between the two atoms, and VB is the interaction

of the open-shell atom with the external magnetic field.

The second term in the Hamiltonian leads to the centrifugal barrier in the collision,

and its eigenvalues are l(l+1)/2μR2 for states of well defined orbital quantum number

l.

The spin-orbit term is given by VSO = A L · S, where A is a constant describing

the spin-orbit coupling in the open-shell atom, and has eigenvalues corresponding to

the energy levels of j states of the open-shell atom, where j is the total electronic

angular momentum, j = L + S.1

1It is clear from the identity L · S = 1
2
(j2 − L2 − S2) that the eigenvectors of VSO

are the eigenvectors of j2.
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The centrifugal operator and the spin-orbit interaction are therefore diagonal in

the uncoupled |lml jmj〉 basis, where ml and mj are the projections of l and j on

a space-fixed quantization axis. These basis functions correspond to the asymptotic

states of the colliding atoms. We next consider the electrostatic interaction, which will

in general not be diagonal in this representation and will provide coupling between

the states. We defer discussion of the external field term to later in the chapter.

4.2 The electrostatic interaction

The electrostatic interaction between an open-shell atom and a closed-shell atom such

as helium may be represented as a Legendre series [82, 83]

VES(R, r̂) =
∑

λ

Vλ(R)Pλ(r̂ · R̂), (4.2)

where r denotes collectively the position vectors of the electrons in the P -state atom.

The λ = 0 term is spherically symmetric, while the terms with λ > 0 have angular de-

pendence and represent the anisotropy of the electrostatic interaction. Due to symme-

try considerations, the only non-zero terms in the expansion are for λ = 0, 2, . . . , 2L.

For a more intuitive picture of the interaction, the expansion coefficients Vλ(R)

may be expressed in terms of the molecular Born-Oppenheimer interaction potentials

VΛ(R), where Λ denotes the projection of the electronic orbital angular momentum

L on the molecular axis. For a D-state atom, there are three Born-Oppenheimer

potentials, VΣ, VΠ, and VΔ, where the subscripts Σ, Π, Δ, etc. correspond to Λ = 0,
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1, 2, etc. The expansion coefficients Vλ are

V0 = 1/5(VΣ + 2VΠ + 2VΔ)

V2 = (VΣ − VΔ) + (VΠ − VΔ)

V4 = 9/5(VΣ − VΠ) + 3/5(VΔ − VΠ). (4.3)

There are four Born-Oppenheimer potentials for an F -state atom, VΣ, VΠ, VΔ, and

VΦ. One has for the expansion coefficients

V0 = 1/7(VΣ + 2VΠ + 2VΔ + 2VΦ)

V2 = 5/7(VΣ − VΦ) + 15/14(VΠ − VΦ)

V4 = 9/7(VΣ − VΔ) + 3/7(VΠ − VΔ) + 9/7(VΦ − VΔ)

V6 = 13/7(VΣ − VΠ) + 13/14(VΔ − VΠ) + 13/70(VΔ − VΦ). (4.4)

In each case, the isotropic component (V0) of the electrostatic interaction is given

by an average of the potentials, while the anisotropic components (V2,4,...) depend on

differences between the potentials. This makes intuitive sense since each potential

represents a different orientation of the open-shell atom with respect to the inter-

nuclear axis. If the open-shell atom were fairly spherical, its orientation during the

collision would not be too important and so the interaction potentials would be nearly

degenerate. The anisotropic components of the electrostatic interaction would then

be small according to Eq. (4.4), as expected. If the open-shell atom were very aspher-

ical, the various potentials would be quite different, giving rise to large anisotropic

terms in the electrostatic interaction according to Eq. (4.4). The amount of splitting

between the various interaction potentials therefore gives the degree of anisotropy in

the electrostatic interaction.
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4.3 Suppression of the interaction anisotropy for

transition-metal complexes

The Born-Oppenheimer potentials for Sc(3D)-He and Ti(3F )-He were determined

using ab initio calculations [40, 81] and are shown in Figs. 4.1 and 4.2. In both
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Figure 4.1: Sc(3D)-He Born-Oppenheimer potentials: solid line—Σ symmetry; dashed
line—Δ symmetry; filled circles—Π symmetry. From Reference [40].

cases, the van der Waals minima are very shallow and the potential curves are nearly

degenerate at all R. From Eq. (4.4), the small splittings indicate that the anisotropy

in the electrostatic interaction in the Sc-He and Ti-He complexes is suppressed.

The energy splitting between the potential curves (and thus the degree of the

interaction anisotropy) may be characterized by the difference in the binding energy2

2The binding energy is the absolute value of the potential energy at the van der
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Figure 4.2: Ti(3F )-He Born-Oppenheimer potentials: solid line—Σ symmetry; dashed
line—Π symmetry; dot-dashed line—Φ symmetry; filled circles—Δ symmetry. From
Reference [40].

of the different electronic states. We compare the binding energy difference in Ti

and Sc complexes with those of main group atoms in Table 4.1. The differences in

binding energy for Sc and Ti complexes with He are orders of magnitude smaller than

for main group atoms.

We attribute the suppression of the interaction anisotropy for the transition-metal

atoms to the shielding of the unpaired 3d electrons by the filled 4s shell. The average

radius of the 4s orbital is more than two times larger than that of the 3d orbital [86]

due to d-orbital collapse [42]. The helium atom experiences the strong, repulsive

Waals minimum.
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Table 4.1: The absolute magnitude of the difference in the binding energy, ΔD, of the
different electronic states for various open-shell atom-He complexes, representing the
anisotropy of electronic interaction near the van der Waals minimum. aMeasurements
performed by glory analysis in a molecular beam at T ∼ 103 K.

Atom Configuration ΔD (cm−1) Reference
C(3P) 2p2 DΣ – DΠ = 25.31 Theory [84]
O(3P) 2p4 DΣ – DΠ = 11.51 Theory [29]

DΣ – DΠ = 13.70 Expt. [30]a

Al(2P ) 3p DΣ – DΠ = 15.74 Theory [84]
S(3P ) 3p4 DΣ – DΠ = 9.37 Theory [84]
Cl(2P ) 3p5 DΣ – DΠ = 13.83 Theory [85]

DΣ – DΠ = 5.27 Expt. [31]a

Ga(2P ) 4p DΣ – DΠ = 24.87 Theory [84]
Se(3P ) 4p4 DΣ – DΠ = 8.69 Theory [84]
Sc(2D) 3d4s2 DΣ – DΠ = 0.05 Theory [40]

DΣ – DΔ = 0.24 Theory [40]
Ti(3F ) 3d24s2 DΣ – DΠ = 0.138 Theory [40]

DΣ – DΔ = 0.120 Theory [40]
DΣ – DΦ = 0.187 Theory [40]

exchange interaction due to overlap with the 4s shell before it is able to sample the

anisotropy of the submerged 3d shell. The exchange interaction is isotropic due to the

spherical symmetry of the 4s shell, leading to nearly degenerate interaction potentials.

While the above mechanism is certainly plausible, one may nonetheless wonder if

the suppression of the anisotropy is instead due to the D or F character of the atomic

terms (main group elements are exclusively S or P ground states). To investigate

this possibly, we make two comparisons. The first is to look at the first excited

state of oxygen, O(2p4 1D), which may be directly compared to Sc, also a D state.

The O(1D)-He interaction potentials found from ab initio calculations are shown in

Figure 4.3 [81, 40]. The van der Waals minima are deep compared to the Sc case,

with large splittings between the potentials. The binding energy difference between

the Σ and Π states is 32.3 cm−1– even higher than that for the O(3P ) ground state.
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Figure 4.3: O(1D)-He Born-Oppenheimer potentials: solid line—Σ symmetry; dashed
line—Π symmetry; dot-dashed line—Δ symmetry. From Reference [40].

To further support the case that it is the shielding by the outer shell that sup-

presses the interaction anisotropy, we look at what happens when the 4s shell is

removed from the titanium atom. The interaction potentials for the Ti2+-He complex

are shown in Figure 4.4 [81, 40]. The charged Ti2+ ion is able to polarize the He

atom much more effectively than the neutral Ti atom can, so the magnitude of the

electrostatic interaction is greatly increased. This charge-induced-dipole interaction

should affect all three potentials in the same way since the helium polarizabilty is

isotropic, resulting only in an overall change in the energy scale. The large split-

tings seen in the potentials3 are due to the dispersion interaction, the allowance for

3Interestingly, the Σ and Φ potentials for Ti2+ are nearly degenerate, with a bind-
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Figure 4.4: Ti2+(3F )-He Born-Oppenheimer potentials: solid line—Σ symmetry;
dashed line—Π symmetry; dot-dashed line—Δ symmetry; filled circles—Φ symmetry.
From Reference [40].

sdσ hybridization which may reduce occupation of antibonding orbitals [87], and the

strongly anisotropic exchange interaction due to the overlap of the now-exposed 3d Ti

orbitals with the 1s He orbital. The large electrostatic anisotropy seen in the Ti2+-He

complex again reinforces the notion that the suppression of anisotropy in the Ti-He

and Sc-He complexes is due to shielding by the outer 4s shell.

ing energy difference of 27 cm−1. This difference is much larger than for neutral Ti,
but the energy scale of the potentials is greatly increased for Ti2+ by the charge-
induced-dipole interaction. Scaling this down by the ratio of the Σ binding energies
for the doubly ionized and neutral Ti complexes, we have a binding energy differ-
ence of 27 cm−1 × (4)/(2200) = 0.04 cm−1, which is similar to the binding energy
differences in the neutral Ti case.
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4.4 Comparison of ab initio collision rates to ex-

periment

Since the electrostatic interaction anisotropy provides the mechanism for angular

momentum transfer in a collision, the suppression in the anisotropy for Sc and Ti

complexes with helium should lead to a suppression in the inelastic collisions when

an external magnetic field is applied (represented by the VB term in Eq. 4.1).

The ratios of elastic to inelastic collision rates are calculated using the ab initio

potentials as described in Reference [40] for Sc(2D)-He and Ti(3F )-He scattering

at a field of 3.8 T and a temperature of 1.8 K and are listed in Table 4.2. The

ratios of rate constants for O(3P )-He and O(1D)-He scattering are also shown for

comparison [29, 40]. The large anisotropy in the electrostatic interaction seen for the

oxygen complexes leads to dismal collision rate ratios near unity, while the inelastic

collisions are suppressed for Sc-He and Ti-He, leading to elastic-to-inelastic ratios

orders of magnitude larger.

Table 4.2: Ratio γ of rate constants for elastic and inelastic collisions at T=1.8 K
and B=3.8 T.

Complex γtheory γexp

O(3P )-He 3
O(1D)-He 1.6
Sc(2D)-3He 800 < (1.6 ± 0.3) × 104

Ti(3F )-3He 7000 ∼ (4.0 ± 1.8) × 104

The theory for results for Sc-He and Ti-He scattering may be compared to the

experimental measurements from the last chapter. The experimental values are again

listed in Table 4.2 for convenience. The theory result for the ratio of elastic to inelastic

collisions for Ti-He scattering is somewhat lower than the experimental value, but it



Chapter 4. Theoretical calculations of Ti-He and Sc-He collisions 79

is within the error of the theory calculation. The collision rate ratio is sensitive to the

splitting between the Ti-He potential curves (Figure4.2); due to the near degeneracy

of the potentials the splitting cannot be precisely measured, resulting in a substantial

error in the theoretical values for γ.

4.5 Implications for 2-body collisions and for the

rare earths

These experimental and theoretical results have broad implications beyond collisions

with Ti and Sc. All of the non-S-state transition-metal (TM) and rare-earth (RE)

atoms have filled outer s shells which should suppress the interaction anisotropy in

collisions. Additionally, the collapse of the d and f orbitals occurs in all of these

atoms (see Section. 1.2.1). Näıvely, one would expect the suppression of inelastic

collisions for RE-He collisions to be even larger than for the transition metals since

the unpaired electrons in RE atoms are more deeply submerged beneath multiple

filled shells. As described in the next chapter, this näıve expectation turns out to be

correct. We do see a dramatic suppression of inelastic collisions for RE-He scattering

with γ ranging 30,000 to 450,000, depending on the RE species. These large values

for γ indicate that the electrostatic interaction is nearly spherical for RE-He collision

complexes.

The low anisotropy of the electrostatic interaction for non-S-state TM and RE

complexes with He suggests that the polarizabilty of these atoms is nearly isotropic

and that angular momentum transfer in the atom-atom collisions must also be sup-

pressed [41]. This is encouraging for the prospects for evaporative cooling of non-S-

state TM and RE atoms to ultracold temperatures.



Chapter 5

Rare earth results

Following our observation of the suppression of Zeeman relaxation in Ti-He colli-

sions, we decided to study the non-S-state rare-earth (RE) atoms. We expect a

higher degree of suppression of inelastic collisions in the rare-earths since their un-

paired electrons are further submerged beneath multiple filled shells. In addition,

provided that the collision rates are favorable, their large magnetic moments make

them amenable to trapping in our current apparatus. Table 5.1 gives the ground state

term, magnetic moment and electron configuration for the entire row of lanthanides.

For the experiment, we focus on the paramagnetic non-S-state lanthanides whose

unpaired electrons are exclusively in the 4f shell since these atoms will benefit from

shielding by two filled s shells (5s and 6s): Pr, Nd, Tb, Dy, Ho, Er, and Tm.1 In this

chapter we report on the suppression of Zeeman relaxation and magnetic trapping of

these atoms.

1Pm would be on the list but has only radioactive isotopes.
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Table 5.1: The Lanthanides. Listed are the ground-state term, magnetic moment μ
(in units of μB) and electron configuration. The atoms studied (paramagnetic atoms
whose unpaired electrons are exclusively in the 4f shell) are marked with a �. †Pm
has no naturally occurring isotopes, and so is not included.

Atom Term μ/μB Configuration
La 2D3/2 1.20 [Xe]5d6s2

Ce 1G4 3.78 [Xe]4f5d6s2

Pr 4I9/2 3.29 [Xe]4f36s2 �
Nd 5I4 2.41 [Xe]4f46s2 �
Pm 6H5/2 1.83 [Xe]4f56s2 †
Sm 7F0 – [Xe]4f66s2

Eu 8S7/2 6.98 [Xe]4f76s2

Gd 9D2 5.30 [Xe]4f75d6s2

Tb 6H15/2 9.94 [Xe]4f96s2 �
Dy 5I8 9.93 [Xe]4f106s2 �
Ho 4I15/2 8.96 [Xe]4f116s2 �
Er 3H6 6.98 [Xe]4f126s2 �
Tm 2F7/2 3.99 [Xe]4f136s2 �
Yb 1S0 – [Xe]4f146s2

Lu 2D3/2 1.20 [Xe]4f145d6s2

5.1 Stray fields

At the beginning of this run, we found that the absorption lines were asymmetric

and greatly broadened. Figure 5.1a shows an example of a 48Ti spectrum and the

best Voigt profile fit. While we expect the gas temperature to be ∼1 K, the fit gives

T = 3.4 K (a linewidth of 150 MHz, compared to an expected linewidth of 85 MHz).

We attribute the distorted line shape to Zeeman broadening caused by ferromag-

netic samples in the cell. Immediately following the cooldown, the new magnet center

tap (see Section 2.1.2) is tested by ramping each coil to 20 A, producing a field of 2 T

at the samples. The samples reach their saturation magnetization in this field and,

once magnetized, continue to generate a field in the cell even when the magnet coils

are ramped to zero current.



Chapter 5. Rare earth results 82

−0.1 0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Frequency (GHz, arbitrary zero)

O
pt

ic
al

 d
en

si
ty

data
Voigt profile T = 3.4 K

(a) Distorted peak

−0.2 −0.15 −0.1 −0.05 0 0.05 0.1 0.15 0.2

0

0.5

1

1.5

Frequency (GHz, arbitrary zero)

O
pt

ic
al

 d
en

si
ty

data
Voigt profile T=1.1 K

(b) Normal peak

Figure 5.1: Ti absorption spectra with zero current in the magnet coils. (a) Spectrum
taken early in the run, showing an asymmetric shape and broadening. The measured
linewidth (FWHM) is 150 MHz. The broadening of the line is likely due to magnetized
ablation targets in the cell. (b) Spectrum taken much later in the run, with a fit to
a Voigt profile which gives a temperature of 1 K, as expected. The linewidth here is
only 85 MHz.

We simulate the spectrum of Ti atoms in a uniform field using the method detailed

in Section 2.2.6. We find that for atoms at a temperature of 1 K, a 45 Gauss field

is required to reproduce the composite linewidth of 150 MHz. This field is too large

to be accounted for by trapped fluxes in the superconducting magnet wire (the field

from trapped fluxes was measured to be ∼10 Gauss [56]). We calculate that the field

from a completely magnetized 0.1 mm × 3 mm × 3 mm piece of iron foil (this is

the geometry of the Fe target in the cell) is roughly 10 Gauss at a distance of 1 cm.

In addition to the iron target (a complete list of targets is given in Section 2.1.3),

there are a number of ablation targets in the cell which are ferromagnetic at cryogenic

temperatures, including Gd, Tb, Dy, Ho, Er and Tm.2 It is a reasonable conclusion

2The Curie temperatures of Gd, Tb, Dy, Ho, Er, and Tm are 293, 220, 90, 20, 19
and 32 K, respectively.
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that the observed line broadening is due to fields from these ferromagnetic targets.

In an attempt to demagnetize the targets, we ramp back and forth between positive

and negative currents in the coils in an effort to scramble the magnetic domains in

each target. We begin at a current of ±1 A per coil, and decrease the magnitude of

the current in 0.1 A steps until we are at 0 A. This has little effect on the lineshape.

We find, however, that the samples do demagnetize over time. Figure 5.1b shows a

Ti absorption spectrum taken late in the run, seven weeks after the initial spectrum.

The peak fits well to a 1 K Voigt profile. The magnet is ramped up and down

producing Tesla fields at the samples throughout the run, so it is unclear why his

demagnetization occurs at all.

5.2 Zero-field spectra

All of the atoms studied have multiple naturally occurring isotopes and/or isotopes

with finite nuclear spin. We were unable to find in the literature the isotope shifts

and/or excited state hyperfine constants for Pr, Nd, Dy, Ho, and Er for the transitions

used in the absorption detection (see Table 2.3). We are able to measure these

constants from our zero-field spectra, and we present these results here.

We simulate each zero-field spectrum with the isotope shifts and excited-state hy-

perfine constants as variable parameters. For atoms with multiple isotopes, the peak

heights in the simulations are fixed by the natural abundances. Hyperfine spectra

are modeled using the formulas for line shifts and relative line intensities found in

Appendix A. The simulation uses a Voigt profile for all absorption peaks with the

temperature as a variable parameter.

The spectra are measured with the magnet ramped to zero current, and the leads

disconnected from the power supply. Each spectrum is taken during one upward
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or downward frequency sweep of the laser. The laser is ramped at 5 or 10 Hz,

so each spectrum is taken over 50 or 100 ms. This is comparable to the diffusion

time (Table 5.4) so we compensate for the loss of atoms during the measurement

by applying factor exp(Δt/τd) point-by-point across the spectrum, where τd is the

diffusion time and Δt is the time relative to the start of the laser ramp.

Our results for the isotope shifts and hyperfine coupling constants are summarized

in Tables 5.2 and 5.3, respectively. The measured zero-field spectra and fits are shown

in Figure 5.2-5.6. The zero-field spectra for Pr and Ho span several GHz due to their

large hyperfine coupling, and as a result, the individual absorption peaks occupy a

small fraction of the scan width. For these atoms, the spectra are undersampled

and the peaks appear broadened.3 This does not much affect the values for the

hyperfine coupling constants since this broadening is symmetric and we are still able

to measure the peak center frequencies. The Dy spectrum appears to suffer from

Zeeman broadening (see Sec. 5.1). The rest of the spectra, however, are taken later

in the run when the ferromagnetic samples in the cell have demagnetized.

3The signals from each PMT are low-pass filtered, with the cutoff set to half the
sampling rate.
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Figure 5.2: Pr zero-field spectrum for the 4I9/2 → 4L7/2 transition at 474 nm. Pr has
one stable isotope, 141Pr. The ground state hyperfine constants are A=926.209 MHz
and B=-11.878 MHz [88]. The fit to the spectrum shown by the solid line gives values
for the excited state hyperfine constants, A′ = (845±5) MHz and B′ = (0±100) MHz.
This spectrum is somewhat undersampled, resulting in a broadening of the individual
absorption peaks.
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Figure 5.3: Nd zero-field spectrum for the 5I4 → 5H3 transition at 464 nm. Nd has
7 stable isotopes, five with I = 0 (142Nd, 144Nd, 146Nd, 148Nd, 150Nd) and two with
I = 7/2 (143Nd, 145Nd). The simulation (solid line) includes only the I = 0 isotopes;
the remaining peaks are hyperfine lines from 143Nd and 145Nd. The measured isotope
shifts are listed in Table 5.2.
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Figure 5.4: Dy zero-field spectrum for the 5I8 → 5K9 transition at 421 nm. Dy
has 5 stable isotopes with > 1% natural abundance, three with I = 0 (160Dy, 162Dy,
164Dy) and two with I = 5/2 (161Dy, 163Dy). The absorption peaks from the isotopes
with zero nuclear spin are indicated; the remaining peaks are hyperfine lines from
161Dy and 163Dy. We fit both the isotope shifts and excited state hyperfine coupling
constants; the best fit is shown by the solid line (the ground state hyperfine constants
are found in Reference [89]). The measured values are given in Tables 5.2 and 5.3. The
absorption lines are broadened beyond the expected natural linewidth and Doppler
broadening. This additional broadening is probably due to Zeeman broadening caused
by the fields from magnetized ferromagnetic ablation targets in the cell.
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Figure 5.5: Ho zero-field spectrum for the 0 cm−1 → 24360.81 cm−1 transition at
411 nm. Ho has one stable isotope, 165Ho. The ground state hyperfine constants are
A=800.583645 MHz and B=-1668.00527 MHz [90]. The fit to the spectrum shown by
the solid line gives values for the excited state hyperfine constants, A′ = (653±2) MHz
and B′ = (−500 ± 200) MHz. This spectrum is somewhat undersampled, resulting
in a broadening of the individual absorption peaks. There are additional hyperfine
peaks extending toward the red which are cut off in this spectrum.
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Figure 5.6: Er zero-field spectrum for the 3H6 → 7M 5 transition at 415 nm. Er has
five stable isotopes, four with I = 0 (164Er, 166Er, 168Er, 170Er ) and one with I = 7/2
(167Er). The ground state hyperfine constants for 167Er are known, A=-120.486 MHz
and B=-4.553 GHz [91]. We fit for both the isotope shifts and 167Er excited state
hyperfine coupling constants; the best fit is shown by the solid line. The fit gives
A′ = (−147 ± 2) MHz and B′ = (−1800 ± 200) MHz. The absorption peaks from
those isotopes with zero nuclear spin are indicated; the remaining peaks are hyperfine
lines from 167Er. The measured isotope shifts are given in Table 5.2.
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Table 5.2: Measured isotope shifts for Nd, Dy, and Er. Following convention, a
negative sign indicates that the lighter isotope is shifted to higher frequency.

Atom Wavelength(nm) Isotope pair Δf (GHz)
Nd 464 142-144 −0.31(3)

142-146 −0.62(3)
142-148 −0.90(3)
142-150 −1.16(3)

Dy 421 160-164 −1.88(2)
161-164 −1.62(2)
162-164 −0.89(2)
163-164 −0.61(2)

Er 415 164-166 −0.095(10)
166-167 −0.063(20)
166-168 −0.101(10)
166-170 −0.193(10)

Table 5.3: Measured excited state hyperfine coupling constants for Pr, Dy, Ho and
Er.

Isotope I Level (cm−1) A (MHz) B (MHz)
141Pr 5/2 21106 845±5 0±100
161Dy 5/2 23734 -87±3 1700±200
163Dy 5/2 23734 122±2 1900±200
165Ho 7/2 24361 653±2 -500±200
167Er 7/2 24083 147±2 1800±200

5.3 Elastic collisions with He

We measure the rare earth – 3He elastic collision rate by observing the diffusion of

the rare-earth atoms through the buffer gas with the magnet ramped to zero current

and applying Eq. (3.1). For the temperature of the gas, we use our Ti measurements

from late in the run, when the ferromagnetic samples have demagnetized and a clean

measurement can be made. We fit Voigt profiles to Ti spectra taken at zero field,

and find T = 1.1 ± 0.3 K (see Figure 5.1b for an example of one of the fits). We use

the same ablation pulse energy (10 mJ) for all elastic cross-section measurements as
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is used for Ti, so we assume the gas temperature will be similar atom to atom.

We find the buffer-gas density in the cell by observing the rate of diffusion of

Ti atoms, whose elastic collision cross section is found in Section 3.5.2. We find a

Ti diffusion time of (64 ± 4) ms, giving a buffer-gas density of nHe = (7.6 ± 3.3) ×
1015 cm−3. A summary of our elastic-collision cross-section measurements for the rare

earths is given in Table 5.4.

Table 5.4: Measured diffusion time constants and elastic-collision cross-sections for
rare-earth – 3He collisions at a temperature of (1.1 ± 0.3) K.

τd σel

Atom (ms) (10−14 cm2)
Pr 58 ± 5 1.3 ± 0.6
Nd 58 ± 4 1.3 ± 0.6
Tb 83 ± 10 1.9 ± 0.9
Dy 60 ± 8 1.4 ± 0.6
Ho 60 ± 4 1.4 ± 0.6
Er 62 ± 4 1.4 ± 0.6
Tm 65 ± 5 1.5 ± 0.7

5.4 Inelastic collisions with He in the Helmholtz

field

We first attempt to measure the inelastic RE-3He collision rates in the Helmholtz field

in the same fashion as our improved Ti measurements discussed in Section 3.5.4. We

ablate the atoms into the buffer gas with a magnetic field of ∼1.1 Tesla (corresponding

to 10 A in each coil) in the cell. We monitor the populations of the high-field-seeking

(HFS) and low-field-seeking (LFS) states with time. While both levels should be

equally populated by the ablation pulse, the LFS atoms relax over time to HFS
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states due to inelastic collisions. In addition, the populations of all levels decrease

with time due to diffusion.

Figure 5.7a shows the HFS (mJ = −7/2) and LFS (mJ = 7/2) population time

profiles for thulium. The HFS atoms diffuse out of the cell with a time constant of

75 ms, which is slightly longer than the 65 ms timescale observed at zero field. This

slight lengthening of the diffusion time is not surprising since the atoms will feel a

significant force from the inhomogeneous magnetic field. What is interesting here is

the LFS atom decay– the LFS atoms stick around a lot longer than had been seen for

the transition metals. We observe exponential decay early on with a time constant

of 21 ms, compared to the 12 ms time constant seen for Ti LFS decay at the same

buffer-gas density. In addition, a significant component of this decay may be due to

drift / diffusion.

Figure 5.7b shows the corresponding Zeeman temperature calculated using Eq. (3.3),

along with the translational temperature measured for Ti at zero-field. (We expect

the Tm translation temperature profile to be similar to that for Ti since the similar

ablation pulse powers and buffer-gas densities are used.) The Tm Zeeman tempera-

ture relaxes to the translational temperature over about 50 ms.4 The observed LFS

decay over this time can be used to put an upper limit on the inelastic Tm-3He colli-

sion rate coefficient, Γin < (τnHe)
−1. We call this an upper limit since we are unsure

of the effect of drift on the LFS diffusion time. We find Γin < 7× 10−15 cm3 s−1 at a

temperature of T = 1 K, which puts a lower limit on the ratio of elastic to inelastic

collisions of γ > 2 × 104.

It should be possible to get a better measurement of the inelastic collision rate by

4The Zeeman temperature appears to dip slightly below the translational
temperature– it’s possible that the translational temperatures are systematically
shifted high due to pressure broadening.
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Figure 5.7: Zeeman level populations and temperature comparison for Tm atoms
in a 2.2 T field. (a) Observed peak optical density (proportional to atom number)
of Tm atoms in the mJ = ±7/2 levels as a function of time following a 10 mJ
ablation pulse at t = 0. The gray vertical bars and points are the mean and standard
deviation obtained by time binning the combined data from 8 profiles. One-body
fits are shown by the black lines; the measured exponential decay time constants are
listed. (b) Comparison of the Zeeman and translational temperatures. The Zeeman
temperature (black line with error indicated by the shaded region) is calculated from
the level populations using Eq. (3.3). The measured Ti translational temperature is
shown by the circles, with error bars indicated by the crosses. We expect the Ti and
Tm translational temperature profiles to be similar.
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adding more buffer gas to the cell—a higher buffer-gas density will result in a shorter

Zeeman relaxation time while lengthening the diffusion time. We find, however, that

at high buffer-gas densities we get “extra light” in the signal beam following the

ablation. In other words, the probe light collected in the signal PMT increases in

intensity after the ablation. Our observations of this unexpected and unexplained

phenomenon are detailed in Appendix C.

While the long LFS decay time makes it difficult to extract a precise inelastic

collision rate, this is, of course, the kind of problem we like to have. The large

suppression of Zeeman relaxation in Tm-3He collisions means that Tm should be

trappable in our cell. It turns out that the inelastic collision rates with He are even

lower for the other rare-earths we studied. We now move on to discuss our efforts to

magnetically trap the non-S-state rare earths.

5.5 Trapping

To look for trapping, we return the magnet to the anti-Helmholtz current geometry,

which creates a spherical quadrupole trapping field with depth of up to 2.7 T for a 60 A

current. For the rare-earth atoms studied, this corresponds to trap depths ranging

from 4.5 to 18 K. For trapping, we expect to see low-field-seeking atoms collect near

the center of the trap, and to observe low-field-seeker lifetimes significantly longer

than the zero-field diffusion time. The buffer-gas density is held constant throughout

the trap loading process, at nHe = (7.6 ± 3.3) × 1015 cm−3.

Figure 5.8 shows early time spectra of low-field-seeking Tb atoms at a trap depth of

1.15 T obtained via absorption spectroscopy on the J = 15/2 → J ′ = 13/2 transition

at 434 nm (see Table 2.3). For this transition, the strongest absorption lines for

low-field-seeking atoms are broadened to the red by the Zeeman level shifts, while
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Figure 5.8: Time progression of Tb trapping. The panels show spectra of low-field-
seeking Tb atoms at increasing times following the t = 0 ablation pulse. The fre-
quency shift (relative to the field-free line) is proportional to the magnitude of the
magnetic field. The optical density at a given frequency shift is proportional to the
number of atoms at the corresponding field. The atoms fall towards low field over
about ∼50 ms. The trap depth is 1.15 T, corresponding to a depth of 7.7 K for the
mJ = 7/2 Zeeman level.



Chapter 5. Rare earth results 96

high-field-seeking lines are broadened to the blue of the field-free line. The figure

shows the low-field-seeking portion of the spectrum for several times following the

ablation pulse. As the Zeeman level shifts are linear with the magnitude of the

applied magnetic field, the frequency shift is proportional to the magnetic field. The

optical density at a given frequency shift is proportional to the number of atoms at

the corresponding magnetic field strength. The peak near zero frequency shift builds

with time, reflecting the movement of low-field-seeking atoms to the lower fields at

the center of the trap. This initial “falling in” is complete by ∼ 50 ms after ablation.

The spectrum shown in the final panel reflects a thermal distribution of trapped

Tb atoms which may be fit for the number of atoms and the temperature of the gas.5

A number of Zeeman levels are trapped at this field value, so this spectrum likely has

contributions from multiple levels, not just the mJ = J state. Less strongly trapped

atoms will extend farther out spatially, and so will give a broader absorption line. If

the populations in these other levels aren’t accounted for and only the mJ = J state

is assumed, the temperature fit will be artificially high. To get some handle on the

relative contributions from less trapped Zeeman levels, we model the time evolution

of the Zeeman level populations under the influence of drift, diffusion, and inelastic

collisions. In addition, the model enables us to fit the observed loss from the trap

and obtain the rate constant for inelastic collisions with helium.

5.5.1 Trap loss model

The level of confinement for a particular Zeeman level is characterized by the param-

eter η, which is the ratio of the trap depth to the translational temperature of the

gas, η = gJmJμBBt/(kT ), where Bt is the field magnitude at the edge of the trap.

5See Reference [56] for a thorough discussion of the spectrum fitting model used
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Figure 5.9, taken from Reference [56], shows the trap lifetime as a function of η in the

absence of inelastic collisions.6 The lifetime increases steeply with η, and for η > 7

is enhanced by more than a factor of 10 over the zero-field diffusion time. For Tb

atoms at a trap depth of 1.1 T and a temperature of 1 K, η = 7.7, 6.7, and 5.6 for the

first three Zeeman levels, mJ =15/2, 13/2, and 11/2, respectively. With a measured

zero-field diffusion time of 83 ms, we expect each of these levels to have a significant

contribution to the t = 50 ms spectrum shown in Figure 5.8.

Figure 5.9: The trap lifetime τ(η) in the short-mean-free-path regime as calculated
analytically for a spherically symmetric, linear trap in the absence of inelastic colli-
sions. The lifetime is expressed in units of τ0, the zero-field diffusion time. Taken
from Reference [56].

In addition to the enhancement of the low-field-seeker lifetimes due to trapping,

these atoms will also suffer depletion from Zeeman relaxation. To model the time

6The analytical model used assumes a linear, spherically symmetric trap with
spherical cell walls. Numerical simulations using the real spherical quadrupole field
and cylindrical cell geometry agree to within 20%, see Reference [56].
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evolution of the level populations, we consider that atoms may move back and forth

between levels due to inelastic collisions as done in Section 3.2. We also include loss

due to drift/diffusion. For the inelastic collisions, we again assume that atoms are

equally likely to be transferred to any level that is energetically allowed in the collision,

and that the inelastic collision rate coefficient is Γin/(2J) for such a transition. We

choose the denominator, 2J , so that the total inelastic rate constant for the mJ = J

state is Γin. We therefore have that an atom in an arbitrary Zeeman level |m〉 is

free to move to a lower energy state during an inelastic collision, however promotion

to a higher lying Zeeman level |m′〉 with m′ > m will be suppressed by a factor

exp (−gJμB(m′ − m)B/kTtrans), where Ttrans is the translational temperature of the

gas. The rate of change of the density of atoms in state |m〉 sitting in a field B is

then

ṅm = −ΓinnHenm

2J

[ ∑
m′>m

1 +
∑

m′>m

exp

(
−gJμB(m′ − m)B

kTtrans

)]

+
ΓinnHe

2J

[ ∑
m′>m

nm′ +
∑

m′<m

(
nm′ exp

(
−gJμB(m − m′)B

kTtrans

))]

−Γdnm, (5.1)

where Γd = Γd(η) is the drift/diffusion rate, given by Γd = 1/τ , with τ found from

Figure 5.9.

5.5.2 Trapping results

We determine the inelastic RE-3He collision rates by fitting the observed decay of

low-field-seekers from the trap. Figure 5.10 shows the measured Tb low-field-seeker

peak optical density (proportional to the number of atoms) for a 1.15 T trap depth,

along with the simulation of the low-field-seeker level populations from Eq. (5.1).

The observed optical density increases for the first 50 ms, during which the low-field-
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seeking atoms collect at low-field. The optical density then decreases exponentially,

indicating one-body decay through diffusion and/or inelastic collisions with the buffer-

gas. For the simulation, the level populations are set to be equal at t = 0, and then

allowed to evolve under inelastic collisions and trap loss. The collection period is not

included in the model. The level population proportions reach a steady value after

about 100 ms, after which all levels decay at about the same rate. We tune Γin in the

simulation so that this decay time matches the observed one-body decay. For Tb, the

observed time constant for exponential decay is 107 ms, and for the simulation this

requires an inelastic Tb-3He collision rate constant of 1.5 × 10−15 cm3 s−1.
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Figure 5.10: Decay of Tb low-field-seekers from the magnetic trap. (a) Observed peak
optical density (proportional to atom number) following the t = 0 ablation pulse. A
fit to exponential decay gives a time constant of 107± 10 ms. (b) Simulation of low-
field-seeker level populations using Eq. (5.1). The inset shows the relative populations
in the various low-field-seeking Zeeman levels at t = 100 ms.

The relative level populations found in the simulation are used in fitting the

trapped spectra for number and temperature. For Tb, all low-field-seeking levels

provide a significant contribution to the spectrum. This is not surprising since the
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trap lifetime of 107 ms is only slightly longer than the zero-field diffusion time of

83 ms. A Tb spectrum taken 100 ms after the ablation is shown in Figure 5.11. We

find that 7 × 1010 atoms are trapped at a temperature of 0.8 K.
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Figure 5.11: Tb trapped spectrum. Solid curve is a simulation of a trapped thermal
distribution with 1011 atoms trapped at a temperature of 0.8 K.

In addition to Tb, spectra and trap decay measurements are taken for Pr, Nd,

Dy, Ho, Er, and Tm. A summary of our results is presented in Table 5.5; individual

spectra are presented in Appendix B. We find that for each species, (0.2 − 2) × 1012

rare-earth atoms are trapped at densities of (0.2 − 8) × 1012 cm−3 and temperatures

of ∼800 mK. Inelastic collisions with helium are strongly suppressed for all the atoms

studied, and interestingly, the suppression appears to increase with increasing L. The

ratio of elastic to inelastic collisions, γ, ranges from 30,000 to upwards of 500,000 for

Dy. Figure 5.12 shows a spectrum taken of trapped Dy atoms a full second after the

ablation pulse, showing 3 × 1010 atoms remaining. Note that the temperature has
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Table 5.5: Summary of rare-earth trapping and collision rate results for collisions
with 3He. Atoms are arranged according to term. Inelastic collision rate data taken
at T = 0.8 K.

Atom Term μ/μB Number trapped Γin(cm
3 s−1) γ ≡ σel/σin

Tm 2F7/2 3.99 2 × 1011 (5.0 ± 2.1) × 10−15 (2.7 ± 1.4) × 104

Er 3H6 6.98 2 × 1011 (3.0 ± 1.3) × 10−15 (4.3 ± 2.3) × 104

Nd 5I4 2.41 1 × 1012 (1.4 ± 0.7) × 10−15 (8.7 ± 4.9) × 104

Tb 6H13/2 9.94 2 × 1011 (1.5 ± 0.6) × 10−15 (1.2 ± 0.6) × 105

Pr 4I9/2 3.29 3 × 1011 (9.1 ± 4.3) × 10−16 (1.3 ± 0.8) × 105

Ho 4I15/2 8.96 9 × 1011 (4.5 ± 2.1) × 10−16 (2.8 ± 1.6) × 105

Dy 5I8 9.93 2 × 1012 (2.8 ± 1.1) × 10−16 (4.5 ± 2.4) × 105
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Figure 5.12: Dy trapped spectrum, taken 1 s after the ablation. Solid curve is a
simulation of a trapped thermal distribution with 3 × 1010 Dy atoms trapped at a
temperature of 0.5 K.

fallen during this time to 0.5 K due to the post-ablation cell cooling.7

7For these measurements, constant heating is applied to the cell to ensure that
the buffer-gas density remains constant and the helium doesn’t liquefy. The heating
is such that the cell temperature cannot fall below 350 mK.
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Following trapping, the next step is to thermally isolate the trapped atoms by

removing the buffer gas. With the current apparatus, our only option for this is to

cryopump the buffer gas by cooling the cell and allowing the He to liquefy onto the

cell walls. Given that it takes of order 1 s to cool the cell, this method is feasible for

isolating the longest-lived species, Dy and Ho.

5.5.3 Thermal isolation

Here we use a 4He buffer gas to more easily achieve good vacuum after trapping. We

use the cell temperature to control the buffer-gas density in the cell, taking advan-

tage of the steep dependence of the He saturated vapor pressure on temperature in

this temperature regime to swing the density over several orders of magnitude (see

Figure 5.13). We heat the cell just prior to loading so that the buffer-gas density is
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Figure 5.13: Equilibrium vapor density for 3He and 4He as a function of temperature.
Taken from Reference [56].

∼ 1016 cm−3. We require that the density be high so that that hot atoms coming



Chapter 5. Rare earth results 103

off the ablation site thermalize with the buffer gas before reaching the cell walls. We

cool the cell immediately following the ablation to reduce the helium density and

break thermal contact between the trapped atoms and the cell walls. The resulting

spectrum for Dy taken from 3.5 to 5.5 s after the ablation is shown in Figure 5.14.

A fit of the spectrum indicates that 1011 Dy atoms are trapped at a temperature of

0.6 K. Figure 5.15 shows a spectrum of trapped Ho atoms following the buffer-gas

removal. We are unable to fit for number and temperature here since the excited

state g-factor is unknown.
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Figure 5.14: Trapped Dy spectrum following the removal of the 4He buffer gas. The
solid curve is a simulation of a trapped thermal distribution with 1011 Dy atoms
trapped at a temperature of 600 mK.

As described in Reference [92], it is possible to remove the buffer gas on a much

faster (50 ms) timescale by pumping the helium out of the cell through a large-

aperture cryogenic valve. This timescale is shorter than all the trap lifetimes we

observe, indicating that thermal isolation of each trapped rare-earth element would
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Figure 5.15: Trapped Ho spectrum following the removal of the 4He buffer gas.

be made straightforward by incorporating such a valve into our apparatus.



Chapter 6

Molybdenum

Prior to our work with non-S-state atoms, we worked on the trapping and evapo-

rative cooling of S-state transition metal atom molybdenum. Molybdenum is inter-

esting since it is highly magnetic (μ = 6 μB) and has both bosonic and fermionic

isotopes. Its large magnetic moment makes it straightforward to buffer-gas load into

a magnetic trap and to achieve ample trap lifetimes for removing the buffer gas for

thermal disconnect and subsequent evaporative cooling. Mo also provides an inter-

esting comparison to atomic chromium, which has been previously studied in this

lab.

6.1 Apparatus

The experimental apparatus is nearly identical to that used previously to evapora-

tively cool atomic Cr, and is described in detail in Reference [56]. Here we provide a

brief review. Mo atoms are produced by laser ablation of a metal target inside a cylin-

drical double-walled plastic cell cooled by a dilution refrigerator (Figure 6.1). The

jacket formed by the concentric cell walls is filled with superfluid 4He that provides a

105
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thermal link between the cell and the mixing chamber of the refrigerator. This type

of heat link is advantageous since superfluid He has a high thermal conductivity at

low temperatures [93] but is also electrically insulating. This enables us to ramp the

magnetic field rapidly without undue heating from induced eddy currents.

Figure 6.1: The experimental plastic cell.

The interior of the cell is filled with a fixed amount of 4He which serves as the

buffer gas. The density of buffer gas in the cell is set by the vapor pressure of 4He

and can be varied from < 1012 to 1017 cm−3 by heating the cell from 0.2 to 1 K.

The molybdenum atoms are produced via laser ablation of a metal target that is

mounted near the top of the cell. The target is a piece of natural isotopic abundance
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molybdenum metal [94]. The target is ablated with a 15 mJ, 5 ns pulse from a

frequency-doubled (532 nm) Nd:YAG laser [59].

6.1.1 Magnet trouble

Surrounding the cell is a superconducting anti-Helmholtz magnet which creates a

spherical quadrupole trapping field.1 After the experiment was cooled down, we

found that there was a short between the magnet coils and the dewar. The short was

probably due to inadequate electrical insulation around the magnet leads2—one of the

leads likely made contact with either the magnet cask or the inner dewar walls when

the dewar was raised. We did not check for a short at any time until the experiment

was cooled, so we cannot tell whether the short only developed during the cooldown.

We connected the shorted lead to the negative terminal of the magnet power

supply. We ramped the magnet first to 10 A and then 20 A without incident. We

then attempted to ramp it to 60 A (the current at which we planned load Mo atoms

into the trap), but the magnet quenched on the way, at ∼55 A. The maximum current

for the magnet was previously found to be 78 A [56]. This premature quenching

probably comes as a result of heating at the short site, which drives a portion of the

superconducting lead normal and triggers the quench. This theory is consistent with

an increase in the helium boiloff from the cryostat that we observe when the magnet

is powered.

We decided to limit the maximum current used to 40 A, corresponding to a trap

1The design of this magnet is described in Reference [56], where it is referred to
as “the new magnet.”

2Mylar tape served as the sole insulation for a portion of the leads. It is possible
that the tape came off or that one of the lead lugs broke through as we were raising
the dewar.



Chapter 6. Molybdenum 108

depth of 7.2 K (2.3 T). While it’s possible that we could have gotten away with a

slightly higher current, we were worried that if the magnet were held at an elevated

current for an extended period of time, the heating would cause the magnet to quench

even at currents somewhat less than observed quench current of 55 A.

6.2 Loading procedure

The loading procedure begins with a deep (7.2 K, 2.3 T) magnetic trap. The cell is

heated to create a high density of buffer gas (1017 cm−3) before firing the ablation

pulse. Roughly 1012 molybdenum atoms are produced in the ablation. The Mo atoms

quickly (few milliseconds) thermalize with the buffer gas, and the low-field-seeking

Mo atoms fall into the magnetic trap. The high-field-seeking atoms are driven to the

walls, where they stick. The cell is cooled to below 0.2 K within 10 s, causing the

buffer gas to liquefy onto the cell walls, and leaving a magnetically trapped, thermally

isolated sample of Mo atoms. At this point, the trap depth may be reduced to force

evaporative cooling.

6.3 Detection

Molybdenum atoms are detected via laser absorption spectroscopy on the a 7S3 →
z 7P2 transition at 390 nm [39]. The optics chain used for detection is schematically

the same as for the non-S-state atom experiments (Figure 2.3).

The probe light is produced using a grating-tuned diode laser.3 Probe powers of

∼100 nW and a beam diameter of ∼2 mm are used. The probe power is chosen so

that it is as high as possible (to limit the affect of shot noise) without affecting the

3This is the same diode laser [69] used for Sc detection; see Section 2.2.3.
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loss rate or temperature of the trapped atoms.

The probe light is directed to an optical breadboard mounted on the bottom of

the cryostat, where it is split into “signal” and “reference” legs. The reference beam

passes directly through the beamsplitter to a PMT. The reference beam is used to

divide out fluctuations in laser intensity. The signal beam passes through a series of

cryostat windows (see Figure 2.3) before entering the cell. Wedged windows (2 degree

wedge) are used for the cryostat [95] and cell [96] windows to prevent etaloning within

each optic. Additionally, the cryostat windows are placed at askew angles (∼1 degree

from horizontal) to prevent intra-window etalons. The probe beam enters the cell

axially and retroreflects from a 1” mirror [97] mounted at the top of the cell. It exits

the cell and cryostat and is detected by a second PMT.

Each PMT outputs a current (few μA) proportional to the intensity of light col-

lected. The current is converted to voltage using a large (10 kΩ) resistor. The voltage

drop across the resistor is amplified [98] and digitized. Voltage offsets are used to zero

out background room light. The recorded signal and reference voltages are therefore

directly proportional to the laser light received at each PMT.

6.3.1 Etaloning in the cell mirror

The molybdenum measurements presented here “piggybacked” on an experiment

whose main goal was to evaporatively cool atomic chromium [70]. The cell described

above contained both Cr and Mo ablation targets, and the Cr and Mo measurements

were taken during the same cooldown period. One of the goals for the Cr experiment

was to attempt laser cooling in the magnetic trap (see Reference [70] for details). The

laser cooling was to be performed after the buffer-gas had been cryopumped to the

cell walls and after a stage of forced-evaporation via a reduction of the trap depth.
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A major concern for this scheme was that the optical pumping beam might create a

hot-spot at the cell mirror where the 4He film would desorb, ruining the vacuum in

the cell.

To minimize the heating and its effects on the cell vacuum, we took two precautions

with the mirror. The first was to use a mirror with a very high reflectivity (>99.95%).

To achieve this, we used a specialty dielectric coating on a fused-silica window [97].

This posed a potential problem for the Mo measurements since the coating was rather

narrow-band and was optimized for the Cr transition at 427 nm rather than the Mo

transition at 390 nm. According to the nominal reflectivity curves supplied by the

manufacturer, the reflectivity dives off right around 390 nm. The measured reflectivity

at 390 nm turned out to be ∼90% in room temperature tests of the cell mirror, which

is plenty good for Mo absorption measurements. The second was to place the mirror

“upside-down” in the cell so that the signal beam reflected off of the back surface.

This was done so that if He desorbed due to heating from absorbed probe light, the

gas would bounce around at the top of the cell and likely re-adsorb onto the cell walls

before it could interact with the trapped atoms.

Much to our chagrin, using the back of the mirror as the reflection surface intro-

duced etaloning in the probe beam.4 Figure 6.2 shows an example of the etaloning

seen. For the vertical axis, we divide the signal voltage by the reference to get rid

of any dependence of the laser intensity on frequency. The curve shown is from a

baseline measurement taken when there are no molybdenum atoms in the cell. The

variation in signal intensity is due solely to etaloning in the cell mirror. This behavior

is modeled in most optics textbooks. From Siegman’s Lasers [99] for light incident

4Adding insult to injury, placing the mirror upside-down did not prevent problem-
atic heating from the probe beam.
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Figure 6.2: Etaloning of the probe beam due to the upside-down cell mirror. The
data are shown by the dots. The solid line is a fit using Eq. 6.2.

on a cavity,

Erefl

Einc

=
√

R1 − (1 − A1 − R1)
√

R2 exp(−2αnL − 4iπfnL/c)

1 −√
R1R2 exp(−2αnL − 4iπfnL/c)

, (6.1)

where Erefl is the total reflected field amplitude, Einc is the incident field amplitude,

R1 and A1 are the reflectivity and absorptance of the front surface of the cavity, R2 is

the reflectivity of the back surface, n is the index of refraction inside the cavity, L is

the length of the cavity, α is the voltage absorption coefficient of the cavity medium

(i.e. the roundtrip power reduction is e−4αL), f is the laser frequency and c is the

speed of light. The ratio of signal to reference voltages is

Signal V

Reference V
= g

∣∣∣∣Erefl

Einc

∣∣∣∣
2

, (6.2)

where g is a numerical factor associated with the relative gains of the reference and

signal PMTs and amplifiers, relative losses in the two optical paths, etc. For our cell
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mirror, L = 6 mm. We assume that there are no losses in the fused-silica mirror

substrate (α = 0). We also assume zero absorptive loss at the front surface of the

mirror since it is uncoated (A1 = 0). We use n = 1.47, which is the index of refraction

of fused-silica at 400 nm [100]. Figure 6.2 shows a fit of the observed etalon curve

using Eq. 6.2 and allowing only parameters g, R1, R2 to vary. We also allow for

an arbitrary offset of the laser frequency, f0. The simulated curve agrees well with

the data, and finds R1 = 0.05 and R2 = 0.6. The reflectivity at the front surface,

R1, is about what we would expect for an uncoated optic. The reflectivity of the

back surface is lower than expected from our room temperature measurements. The

reflectivity of the mirror is a steep function of frequency at 390 nm since it is near

a node of the reflectivity curve. It’s possible that the node position shifted slightly

during the cooldown and resulted in a lower reflectivity at the probe wavelength.

If uncorrected for, the etaloning would appear as a 40% change in the absorption

during the course of each frequency sweep. This is, of course, unacceptable. We

attempt to correct for the etaloning by subtracting off a baseline spectrum measured

with no atoms present. A baseline measurement is taken immediately before or after

every absorption measurement. The subtraction is not perfect, however, due to jitter

in the laser frequency. Any frequency jitter appears as noise on our absorption signal,

limiting the sensitivity of our absorption measurements in this data run. Figure 6.3

shows an example of a measured Mo spectrum. For these data, the atoms are loaded

at a trap depth of 7.2 K (2.3 T) and subsequently evaporatively cooled by reducing

the trap depth to 0.9 K (0.3 T). This absorption is measured 50-55 s after the ablation

pulse; the spectrum shown includes the baseline subtraction. There appears to be an

absorption peak at the center of the spectrum, however the spectrum is quite noisy,
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with the noise amplitude at about 0.2% absorption.5 To improve the signal-to-noise,

we would like to average data taken over multiple ablation pulses. Laser drift poses

a potential problem, as discussed in the next section.
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Figure 6.3: Molybdenum spectrum for a trap depth of 0.9 K (0.3 T). The noise seen
is largely due to laser jitter which maps onto the absorption signal from the resulting
error in the baseline subtraction.

6.3.2 Laser drift and spectrum averaging

We find that the diode laser used for Mo detection drifts hundreds of MHz in the

course of an hour. The laser drift is monitored by observing the drift in the cell

mirror reflectivity. Figure 6.4 shows the observed drift in the etalon curve for a series

of measurements taken over a few hours. This drift is corrected for by shifting the

5Optical density ≈ absorption for values � 1.
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individual spectra by the measured offset before averaging them together. Figure 6.5

shows the spectrum obtained from averaging 20 data sets, with each one taken in the

same manner as the spectrum shown in Figure 6.3. The data set used for the latter

figure is included in the average and is typical of the quality of the individual spectra.

The noise in the averaged spectrum is sufficiently reduced that we are able to make

out absorption peaks from multiple isotopes. This spectrum is discussed further in

Section 6.6.
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Figure 6.4: Drift in the diode laser frequency as measured by the frequency offset
of the cell-mirror etalon curve. The laser is seen to drive hundreds of MHz over the
course of an hour.

6.4 Molybdenum spectroscopy

Molybdenum has seven naturally occurring isotopes, all of which provide significant

contributions to the absorption spectrum. The natural abundance, nuclear spin and
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Figure 6.5: Spectrum of trapped Mo atoms for a trap depth of 0.9 K (0.3 T), averaged
over 20 data sets.

isotope shift for each isotope are given in Table 6.1. All isotopes are included when

modeling the trapped spectra. We fix the relative peak positions and heights using the

isotope shifts and natural abundances listed. The model for simulating the trapped

spectra is detailed in Reference [56].

Table 6.1: Stable isotopes of molybdenum. Isotope shifts are for the a 7S3 → z 7P2

transition at 390 nm and are relative to 96Mo [101]. Following convention, a negative
shift indicates that the lighter isotope is shifted to higher frequency.

Isotope Natural abundance (%) Nuclear spin I Isotope shift (MHz)
92Mo 14.84 0 −0.9144
94Mo 9.25 0 −0.4107
95Mo 15.92 5/2 −0.3028
96Mo 16.68 0 —
97Mo 9.55 5/2 −0.0180
98Mo 24.13 0 −0.2938
100Mo 9.63 0 −0.7945
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6.5 Magnetic trapping
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Figure 6.6: Absorption spectrum of trapped Mo at the loading trap depth of 7.2 K
(2.3 T). The data are shown as filled circles. The solid line is a simulation of a trapped
thermal distribution of atoms with number and temperature as free parameters. The
fit indicates 2 × 1010 Mo atoms trapped at a peak density of 1 × 1011 cm−3 and a
temperature of 500 mK.

Figure 6.6 shows a spectrum of trapped molybdenum atoms taken at the loading

trap depth of 7.2 K (2.3 T) after cryopumping the buffer gas to the cell walls. The

individual isotopes are unresolved due to the large magnetic broadening. A fit to

the spectrum finds (2 ± 1) × 1010 trapped molybdenum atoms at a temperature of

500 mK.
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6.5.1 Inelastic Mo-Mo collisions

We monitor the decay of the trapped atoms to determine the Mo–Mo inelastic collision

rate (Figure 6.7). The decay is fit to the expected functional form for two-body loss,

dn/dt = −1/8ginn
2, where gin is the inelastic rate constant, n is the peak atom

density in the cell, and the factor of 1/8 is a phase-space factor for our particular

trapping geometry [26]. We find gin = (1.2 + /− 0.6)× 10−12 cm3 s−1. This is similar

to the inelastic rate previously seen in Cr, which has the same valence electronic

configuration and magnetic moment as Mo [18].

Figure 6.7: Peak density as a function of time for trapped Mo atoms. The observed
time profile (filled circles) is fit for two body decay due to inelastic collisions, dn/dt =
−1/8ginn

2.

6.6 Evaporative cooling

Once the atoms are loaded into the trap, the trapping fields may be reduced to

force evaporation. The atoms are cooled both by the evaporation and by adiabatic
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expansion resulting from the reduced confinement. The electrically insulating plastic

cell allows for fast ramping of the magnetic field without inducing eddy currents that

would heat the cell. Figure 6.8 shows a spectrum taken after ramping the trapping

fields to a depth of 0.9 K (0.3 T). Absorption lines are not observed for atoms in

states other than the fully stretched state (|mJ = 3〉 for the 5 isotopes with zero

nuclear spin, |mJ = 3, mI = 5/2〉 for the 2 isotopes with I = 5/2). Although all mJ

and mI states are produced in the ablation, spin exchange purifies the sample by

driving atoms either up in angular momentum to the fully stretched state or down to

untrapped states.

Figure 6.8: Absorption spectrum of trapped Mo after forced evaporative cooling. The
trapping fields are reduced to a final trap depth of 0.9 K (0.3 T) from the loading
depth of 7.2 K (2.3 T). Multiple isotopes are resolved as indicated.

The observed spectrum is fit to find the temperature and number of atoms re-

maining. The fit shown determines 8×108 atoms cooled to a temperature of 200 mK.

Multiple isotopes are resolved. The known isotope shifts and relative natural abun-
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Table 6.2: Hyperfine coupling constants for the a 7S3 [102] and z 7P2 [103] levels of
95Mo and 97Mo.

7S3
7P2

Isotope A (MHz) B (MHz) A (MHz) B (MHz)
95Mo −208.583 0.042 195.7 −1.5
97Mo −212.981 −0.085 199.8 15.1

dances are used to fix the relative peak positions and heights for isotopes with zero

nuclear spin [101]. The known isotope shifts and hyperfine constants (see Table 6.2)

are used to fix the positions of the 95Mo and 97Mo peaks [101, 102, 103], however their

peak heights relative to the zero-nuclear-spin isotopes are allowed to vary in the fit.

One might expect the height of the 95Mo and 97Mo peaks to be reduced by a factor

of 2I + 1, however we see a reduction only of a factor of 3. The fully stretched state

population is enhanced after the ablation, possibly due to spin exchange, as was seen

previously with Cr [18]. The trap density is too low to allow for a measurement of

the inelastic rate at this temperature.

6.7 Conclusions and future prospects

In conclusion, we have magnetically trapped all naturally occurring isotopes of molyb-

denum in large numbers and evaporatively cooled them to a temperature of 200 mK.

The inelastic Mo–Mo collision rate is measured and found to be similar to that found

in Cr–Cr collisions. Further cooling of molybdenum to temperatures lower than

200 mK would benefit from a technique such as cooling by evaporation via optical

pumping [104], which avoids the decrease in trap densities associated with the lower-

ing of the magnetic trapping field. Another possibility is evaporation by moving the

atom cloud to the cell wall [105].
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Hyperfine spectrum simulation

The field-free Hamiltonian H of an atom with total electronic angular momentum

J and nuclear spin I is

H = A I · J + B
3
2
I · J(2I · J + 1) − I2J2

2I(2I − 1)J(2J − 1)
, (A.1)

where A and B are the hyperfine magnetic dipole and electric quadrupole coupling

constants.1

The eigenvectors are |F, m〉 states, whose eigenenergies are trivial to calculate by

utilizing the identity I · J = 1
2
(F2 − I2 − J2). We find

E = A
K

2
+ B

3K(K + 1) − 4I(I + 1)J(J + 1)

8I(2I − 1)J(2J − 1)
, (A.2)

with K = F (F + 1) − J(J + 1) − I(I + 1).

From conservation of angular momentum, we have the following selection rules for

1Note that the electric quadrupole interaction exists only for I ≥ 1 and J ≥ 1.
Yttrium (I = 1/2) therefore has only the magnetic dipole interaction.
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electric dipole transitions between hyperfine states of two different levels J and J ′

ΔF = −1, 0, 1, F + F ′ ≥ 1,

Δm = −1, 0, 1 (A.3)

The relative line intensities are derived in Reference [106]; we quote the results

here. The relative line intensities for transitions between states |γJIF 〉 and |γ′J ′IF ′〉
are

S(γJIF, γ′J ′IF ′) = (2I + 1)Q(IJF, IJ ′F ′)S(γJ, γ′J ′), (A.4)

with

Q(IJF, IJ ′F ′) =
(2F + 1)(2F ′ + 1)

2I + 1

⎧⎪⎨
⎪⎩

J F I

F ′ J ′ 1

⎫⎪⎬
⎪⎭

2

. (A.5)

S(γJ, γ′J ′) is the total line strength. The label γ represents non-angular-momenta

quantum numbers which specify the electronic state. Values for Q maybe calculated

using the formulas in Table A.1 and the rule that the 6j-symbol remains invariant

under the transpose of any two columns, and under the transpose of the lower and

upper arguments in each of any two columns.

Table A.1: Formulas for calculating Q(xyz; xy′z′)

y′ z′ Q(xyz; xy′z′)
y z [y(y+1)+z(z+1)−x(x+1)]2(2z+1)

4y(y+1)(2y+1)z(z+1)(2x+1)

y − 1 z (x+y+z+1)(y+z−x)(x+y−z)(x+z−y+1)(2z+1)
4z(z+1)(2y−1)(2y+1)y(2x+1)

y z − 1 (x+y+z+1)(y+z−x)(x+z−y)(y+x+1−z)
4y(y+1)(2y+1)z(2x+1)

y − 1 z − 1 (y+x+z)(y+x+z+1)(y+z−x−1)(y+z−x)
4(2y−1)y(2y+1)z(2x+1)

y + 1 z − 1 (x+z−y−1)(x+z−y)(x+y−z+1)(x+y−z+2)
4(2y+1)(y+1)(2y+3)z(2x+1)
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Rare-earth trapped spectra

Here we present individual trapped spectra for the rare-earth atoms Pr, Nd, Tb, Dy,

Ho, Er, and Tm. The optical transitions used in the absorption detection are listed

in Table 2.3. The Ho spectrum is taken using a single ablation pulse by frequency

scanning the laser. The spectrum represents one ramp of the laser (plus baseline

measurement) at t = 90 to 160 ms. All other spectra are taken by measuring the ab-

sorption time profile a single laser frequency at a time, and stepping across spectrum.

Several measurements (each measurement consists of a baseline measurement and

post-ablation time profile) are taken at each frequency so that variations in ablation

yield may be averaged out. The standard deviations of these averages are indicated

by the error bars at each point in the spectrum.

Each spectrum is fit for temperature and number of atoms trapped. There is a

large error, ±200 mK in the temperature fits due to the uncertainty in the relative

populations of Zeeman levels in the trap. We find that the temperatures of all species

agree within this error. This agreement is expected since the measured temperature

in all cases should reflect the buffer-gas temperature, and should be roughly the same

in each case. (The same ablation pulse energy of 10 mJ is used for each species, and
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in each case, the buffer-gas density is held constant at nHe = (7.6±3.3)×1015 cm−3.)

−19 −17 −15 −13 −11 −9 −7 −5 −3 −1 
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Frequency shift (GHz)

O
pt

ic
al

 d
en

si
ty

Figure B.1: Spectrum of trapped Pr atoms at a trap depth of 2.8 T taken 100 ms after
the ablation pulse. The solid curve is a simulation of a trapped thermal distribution
with 4 × 1011 Pr atoms trapped at a temperature of 700 mK.
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Figure B.2: Spectrum of trapped Nd atoms at a trap depth of 2.8 T taken 100 ms after
the ablation pulse. The solid curve is a simulation of a trapped thermal distribution
with 7 × 1011 Nd atoms trapped at a temperature of 1 K.
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Figure B.3: Spectrum of trapped Tb atoms at a trap depth of 1.2 T taken 100 ms after
the ablation pulse. The solid curve is a simulation of a trapped thermal distribution
with 5 × 1011 Tb atoms trapped at a temperature of 0.9 K.
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Figure B.4: Spectrum of trapped Dy atoms at a trap depth of 1.6 T taken 100 ms after
the ablation pulse. The solid curve is a simulation of a trapped thermal distribution
with 6 × 1011 Dy atoms trapped at a temperature of 0.9 K.
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Figure B.5: Spectrum of trapped Ho atoms at a trap depth of 1.2 T taken from
90 to 160 ms after the ablation pulse. The solid curve is a simulation of a trapped
thermal distribution. The g-factor for the excited state is unknown, so it is not
possible to fit for the temperature of the atoms. A temperature of 1 K is assumed,
and the g-factor is adjusted until a reasonable fit is achieved. The simulation uses a
g-factor for the excited state of 1.4, and finds 1 × 1012 Ho atoms trapped.
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Figure B.6: Spectrum of trapped Er atoms at a trap depth of 1.6 T taken 100 ms after
the ablation pulse. The solid curve is a simulation of a trapped thermal distribution
with 5 × 1010 Er atoms trapped at a temperature of 0.6 K.
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Figure B.7: Spectrum of trapped Tm atoms at a trap depth of 2.8 T taken 50 ms after
the ablation pulse. The solid curve is a simulation of a trapped thermal distribution
with 2 × 1011 Tm atoms trapped at a temperature of 0.8 K.



Appendix C

Extra light

At high buffer-gas densities we sometimes measured a greater amount of probe light

at the signal PMT after the ablation than before. This runs counter to the usual

situation where the ablated atoms absorb the probe light rather than add to it.

While we don’t have a physical explanation for the “extra light” events, we detail our

observations in this Appendix.

Extra light was seen in Ti and Dy measurements at a buffer-gas density of nHe =

(4 ± 2) × 1016 cm3 (no other species were investigated for this effect). Extra light

was not seen in measurements taken at half this buffer-gas density (no measurements

were taken at intermediate values of nHe).

Absorption measurements

As shown schematically in Figure 2.3, the probe beam is split by a beamsplitter

mounted below the dewar into two beams– “signal” and “reference.” The reference

beam passes through the beamsplitter and travels directly to the reference PMT. The

signal beam reflects off of the beamsplitter and into the cell, where it is retroreflected

and sent back out of the cryostat. It is then directed into the signal PMT. Each
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PMT outputs a current proportional to the intensity of light collected. The current is

converted to a voltage using a current preamplifier and digitized. Prior to digitization,

an offset is applied to zero out background light. This is done by blocking the probe

beam at the optics table and adjusting the current offset on the preamplifier so that

the voltage output is 0 V.

Intensity fluctuations in the laser beam are divided out by taking a ratio of the

signal and reference voltages. We call this ratio “the Divide” and denote as D(t) ≡
Vsignal(t)/Vreference(t).

A baseline measurement is taken prior to each ablation pulse. The absorption is

given by:

A(t) = 1 − D(t)

Dbaseline
, (C.1)

where Dbaseline is the baseline divide measured before the ablation. The baseline is,

in general, frequency dependent, so if the laser frequency is swept then

A(f, t) = 1 − D(f, t)

Dbaseline(f)
. (C.2)

In this Appendix we generally plot the signal PMT voltage or measured absorption

rather than optical density since the latter is undefined for “extra light.”

Ti observations

Extra light was seen in Ti spectra taken during the first run of the non-S-state atom

experiments. We first took spectra at zero-field and saw nothing unusual. We then

ramped the (anti-Helmholtz) magnet to a current of 60 A to take spectra of the

high-field-seeking (HFS) atoms at the field saddle. Figure C.1 shows two measured

absorption spectra for the HFS atoms at the saddle, taken at different time delays
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Figure C.1: Negative absorption in the high-field-seeker spectrum for Ti.

following the ablation. The later spectrum looks as expected and is similar to HFS

spectra taken at lower buffer-gas densities following the ablation (e.g. Figure 3.11).

In the earlier spectrum, however, we see the absorption go negative. This negative

absorption corresponds to extra light reaching the signal PMT compared to the base-

line measurement. The extra light is most pronounced at the shoulder of the HFS

saddle peak. For further investigations, we park the laser frequency on or near this
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shoulder.

The extra light seen strongly depends on ablation energy. Figure C.2 shows the

Divide measured at the HFS shoulder for three different ablation energy. At the

lowest ablation energy, there is no extra light seen.1
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Figure C.2: “Extra light” dependence on ablation energy. Q-delays are given in μs.
These curves are measured with the laser parked on the shoulder of the Ti HFS saddle
peak.

The extra light strongly depends on laser frequency. As the laser frequency is

shifted blue, away from the saddle peak, the amount of extra light decreases sharply.

Figure C.3 shows the Divide for two different frequencies. Less extra light is seen

in the gray curve, for which the laser is shifted 160 MHz farther (to the blue) from

the HFS saddle peak. Extra light is only seen at frequencies just blue of the HFS

1The narrow spike in the Divide seen at t = 0 is due to light from the ablation
pulse. The ablation light decays quickly, and disappears into the noise within 3 ms.
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saddle peak. No extra light is seen near the low-field-seeker (LFS) saddle peak. This

is perhaps not surprising since the LFS atoms relax to other states in the first few

milliseconds after the ablation and the extra light is seen only near strong absorption

peaks.
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Figure C.3: “Extra light” profiles for two different laser frequencies. The gray curve
is taken with the laser shifted 160 MHz farther away from the HFS field saddle peak
than for the black curve.

The amount of extra light seen is proportional to probe beam intensity. Figure C.4

shows the measured signal voltage for two different probe intensities. In the bottom

panel, the probe intensity is reduced by a factor of 4 compared to the top panel.

The gain setting for the PMT is held constant, so the bottom panel shows a smaller

absolute voltage (the amount of light collected is proportional to -Vsignal). We see

roughly 1/4 as much extra light in the bottom panel, consistent with the extra light

being proportional to probe beam intensity.

The extra light is coherent. We speculated that the extra light was coming from
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Figure C.4: Signal voltage versus time for two different probe beam intensities. The
laser intensity in the upper plot is 4 times larger than in the lower plot. The amount
of extra light seen is roughly 4 times greater in the upper plot, thus indicating that
the amount of extra light collected at the PMT scales with probe beam intensity.

additional scattering in the cell that increased the light making its way to the signal

PMT. In that case, the amount of extra light seen should decrease if the signal beam

is irised before reaching the PMT, or if the PMT is moved farther away from the
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cryostat. We saw, however, no effect on the amount of extra light seen in either case.

Dy observations

Extra light is seen in Dy measurements near both the HFS and LFS absorption peaks.

In the Dy measurements, the magnet is run in the Helmholtz configuration with a

current of 10 A. Figure C.5 shows the measured absorption profile with the laser
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Figure C.5: Absorption time profile with the laser frequency parked directly on the
high-field-seeker absorption peak for Dy. There appears to be extra light suppressing
the absorption signal in the first 500 ms.

parked on the HFS absorption peak. While the absorption never goes negative, there

does appear to be extra light in the first several hundred milliseconds. The absorption

is remarkably constant from 40 to 300 ms considering that the atom density should be

fall significantly during this time due to diffusion. Constant absorption for changing

atom density is generally seen only for A = 1, i.e. when the probe beam is completely
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absorbed as it passes through the cell, making the absorption insensitive to atom

density. In the figure, however, the apparent absorption is only 72%. We believe that

we do indeed have 100% absorption during this time, and the discrepancy seen is due

to extra light. As the extra light decays, we eventually have an increase of apparent

absorption, at t ∼ 500 ms. There is also a period of higher absorption seen in the first

40 ms following the ablation—this is consistent with the extra light rise time seen in

the Figure C.3 (black curve).

We also see extra light in the LFS spectra. Figure C.6 shows the absorption time

profile seen for frequency sweeps across the LFS absorption peak. The measured

absorption clearly dips below zero at times greater than 150 ms. The laser frequency

ramp is overlaid for reference.
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Figure C.6: Absorption time profile with the laser scanning over the Dy low-field-
seeker absorption peak. The absorption dips below zero, indicating the presence of
extra light.
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