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Abstract 

Atomic europium has been magnetically trapped using buffer-gas loading, Laser 

abiated EU('S~;?) atoms are thermalized to 250 mK in a 3He buffer gas. Anti-Helmholtz 

superconducting coils produce a quadrupole magnetic field to trap the M j  = ?/2 state 

of Eu. Detection is via absorption spectroscopy at 462.7 om- up to 1 x loL2 EU atoms 

are loaded at a central density of 5 x 1012 ~ r n - ~ .  Atoms can be held for longer than 

100 s- 
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Chapter 1 

Introduction 

The structure of the atom has been studied for more than a century. Early studies 

led to and then verified the theory of quantum mechanics. Atoms and small molecules 

have been useful in testing (and generating new) theory because they can be studied as 

esserlt idly closed systems. Many other systems exhibit analogous behavior. but are too 

coruplex or are too strongly coupled to the environment to be used for precision tests. 

In order to gain W h e r  precision in atomic studies. two criteria must be met, First. 

the atom must be decoupled kom its environment. This means the atom must be in 

a 10%- density gas phase. rather than a strongly interacting solid or liquid. Second. 

the measurement must take place over a long time. This second criteria has driven 

researchers to search for sources of cold atoms- Thermal cells and beams. the workhorses 

of atomic physics for many decades. are Limited because almost any cold atom (T c 

10 K) will stick to any solid wall. Due to the available production techniques, beam 

temperatures are also limited to -1 K. . 

Together. these criteria have led physicists to develop traps, means of confining cold 

atoms without physical walls. It should be emphasized that any such system is out 

of equilibrium - if allowed to &thermalize-. the atoms would form a solid. It is the 

Iou- rleusity of trapped samples that allow them to persist for a long time as a low 



temperature gas. 

In recent years, trapping of atoms has become a d a b l e  through magnetic traps: 

optical molasses and laser cooling. Evaporative cooling, a technique for cooling atoms 

once they are in a consmtive trap (i-e. the trapping force is conservative): has allowed 

researchers to cool trapped atoms by many orders of magnitude. and led to the first 

attainment of Bose Einstein condensation (BEC) in a weakly interacting atomic system. 

Although any paramagnetic atom or molecule (including more than half of the pe- 

riodic table) can be trapped in a static magnetic trap. only a handful of these species 

have been trapped- So far the trapping of the ground state of neutral particles has been 

limited to Group 1A atoms, specifically hydrogen, sodium, lithium. and rubidium. This 

paucity of trapped species has been due to the lack of a generd trap loading mechanism. 

In order to load atoms into the trap. it is necessary to cool atoms below the trap 

depth while they are inside the trap. So far, cooling of a few species has been accom- 

plished by cleverly manipulating properties that are unique to those species, In case 

of hydrogen. it was the low binding energy H has to a liquid He surface. Cooling took 

place through collision between the liquid He surface and hydrogen atoms. In case of 

alkali-metal atoms. it was the presence of strong optical transitions and simple internal 

level st ructtrre that allowed optical precooling. In order to greatly expand the number 

of atoms and molecules that can be trapped. a more general cooling or loading method 

is necessary- 

In this thesis. buffer-gas loading of atoms into a magnetic trap is described and 

demonstrated using atomic europium. The buffer-gas loading technique has been used 

for loading ion traps at room temperature. However. it has never been used for loading 

neutral atom traps until now. The buffer-gas loading used in the thesis relies only on 

t hermalizing elastic collisions between a cryogenic helium gas and the species to be 

trapped. This precooiing method is quite general. Any atoms or moIecules that are 

paramagnetic can be loaded into a magnetic trap as long as the trap depth is higher 
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than 250 mK (below which no buffer gas exists that has a significant vapor pressure). 

Chapter 2 explains the motivation for the cooling and trapping of neutrd atoms 

and gives an overview of other techniques and recent progresses in the field. Chapter 

3 presents theoretical background including the spectroscopic properties of europium 

information on laser ablation and the theory of absorption spectroscopy of trapped 

europium. Chapter 4 describes a series of room temperature (table top) experiments 

t bat were performed before the trapping experiment. The apparatus and the trapping 

procedures are described in detail in Chapter 5. Chapter 6 describes the data analysis 

and presents the results of trapped europium. Finally? Chapter 7 summarizes the work 

and suggests future direct ions. 



Chapter 2 

Background: Trapping and 

Cooling of Atoms 

-1 neutral atom (Na) was first trapped in 1985 by Migdall et d. [I]. Since then. there 

has been a rapid progress in the field of trapping and cooling of atoms. Magnetic traps. 

optical traps. laser cooling, and evaporative cooling are among the techniques used. 

There have already been many interesting discoveries. The field continues to produce 

important restllts and is opening up exciting possibilities in many areas of physics. In 

this chapter. we present an overview of recent developments in trapping and cooling 

of neutral atoms. First, the motivation for trapping neutrals will be discussed. Next. 

the most widely used trapping and cooling techniques will be briefly reviewed. For a 

comprehensive overview of the experimental development in trapping and cooling of 

atoms. see the review article by Ketterle and Druten[2]. 

This chapter is intended for a reader unfamiliar with the field of atomic trapping 

and cooling. Those readers familiar with the h l d  may wish to skip to Chapter 3 where 

the description of the new experiments is begun. 
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2.1 Motivation: Why map and Cool Neutral Atoms? 

The recent attainment of Bose Einstein condensation (BEC) in a weakly interacting 

alkali gases has been one of the most exciting developments in atomic physics in the 

past decade. Realization of BEC offers more than just a confirmation of a prediction 

made by Bose and Einstein in 1926- Bose-Einstein condensates are a new form of matter, 

unavailable until now. Perhaps as significant is the creation of "atom laser" which has 

been now successfully demonstrated at MIT[3]. The "atom laser- is a macroscopic 

aggregation of coherent atoms just as a laser beam is a system of coherent photons. -4n 

atom laser may find use as a new investigative tool for probing surfaces with a very high 

resolution (e-g. atom interferometry). 

From the beginning a primary mot i ~ t  ion for pursuing trapping has been to improve 

t be resolution of spectroscopic experiments- Atomic spectroscopy has allowed for pre- 

cision studies of atomic structures and the careful studies of interatomic interactions. 

Stally of these measurements could be dramatically improved if the atomic samples were 

colder and slower (confined). 

The study of collisions at low temperatures has been particularly interesting. At 

temperature below 1 K. the dynamics of atomic collisions enters a new regime. Their 

behavior is qualitatively different from that of thermal energies. For cold collisions, 

the cross sections for elastic. inelastic, and certain physical and chemical processes can 

become very sensitive to the interparticle potentials. internaI alignment and the presence 

of ligk[;l. 5. 61. Advances in cooling and trapping techniques have permitted the study 

of a new class of inelastic processes for different atoms and enabled the detailed study 

of higher-order collisional processes[7, 81. 

In addition to improvements that can be made with trapping and further cooling 

of atoms. extending cooling and trapping techniques to molecules will likely have a 

great impact in magy areas of physics and chemistry, and thus is of great interest. 

High resolution spectroscopy and the study of cold collision physics could be performed 
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with moIeculesf thus improving our understanding of intermoleculas potent ids, energy 

exchange and cluster format ion among many other phenomena. 

One of the most exciting prospects offered by working with cold trapped molecules 

is to make improved tests of time reversal invariance by searching for electric dipole 

moments (EDM) of elementary partides using radicals such as YbF and TIF[9: 101. 

EDM measurements can be made in atoms, but the effect is greatly ampued  in highly 

polar molecules due to the large internal electric field between the constituent atoms. 

EDhI measurements are typically done using a variant of the separated oscillatory fields 

technique first developed by Ramsey[ll]. The sensitivity of these types of experiments 

is proportional to the interaction time. Current experiments are done primarily in 

molecular beams. where the interaction time is limited to several ms. In a trap. this 

time could become 1 s or greater. Further analysis is necessary before the potential 

improvement of moving to a trap can be quantified. but it may be possible that the 

sensitivity of au EDM measurement could. in the far future. be increased enough to test 

some of the limits of the Standard Model[l2]. 

2.2 Trapping Techniques 

%-all-free confinement of neutral atoms is accomplished by using interaction between 

atoms and fields to create a potential well. In moat traps, magnetic forces. electric 

dipole forces or a combination of the two are used to create a trap. 

2.2.1 Static Magnetic naps  

One of the most successful traps for neutral atoms has been the static magnetic trap. 

Because Maxwell's equations do not ailow a maximum of a static field in kee space, 

only atoms in the low-field-seeking states at a minimum of the magnetic field can be 

trapped. The field geometry of static magnetic traps falls into two categories, One is 

spherical quadrupole field which is created by coils in an anti-Helmholtz configuration. 



It produces a linear. "V-shaped" potential (E = pgr, where B is the magnetic field) 

which provides a tight confhement. The magnetic field is equal to zero a t  the center 

of such a trap- The presence of the zero field is problematic (because it can induce 

Majorana spin-flips of the trapped atoms) and cannot be removed by simple addition 

of a bias field (this only translates the zero point), BEC of sodium and rubidium atoms 

was first achieved by using novel "tricks" to circumvent this problem. The MIT group 

added a bIue detuned focused Iaser beam at the center- Sodium atoms were repelled 

from the center by the optical dipole force[lt]. The Boulder group. on the other hand. 

added a rotating magnetic field at a kequency higher than the orbiting frequency of 

thr atoms but much less than the Larmor frequency[14]. The resulting time-averaged 

poteritial n-as a parabolic potential with a non-zero minimum- 

The second type of trap is a Ioffe-type configuration: it is typically created by four 

ct~rrent bars along the axial direction and two pinching coils capping the  ends of the 

current bars. This confibmat ion allows a parabolic (axial) and linear (radial) field mini- 

xnum around a finite bias field. This removes the loss of the trap atoms due to Majorana 

spit1 flips. The fist trapping of atomic hydrogen employed this trap configuration[l5]. 

Current work with sodium. lithium and rubidium atoms w s  the Ioffe-type trap(l6. I?]. 

Oue advantage of magnetic traps is the deep trap depth. Using superconducting 

LIiagnets. a trap depth on the order of at least 1 K (for most paramagnetic atoms) 

can be easily achieved. However. because atoms are trapped by the higher energy Iow- 

field seeking states. collisions can cause transitions to ant i-trapped high-field seeking 

states (which are rejected from the trap). In a magnetic trap. this is mostly caused by 

spiu exchange and dipolar relaxation. Spin exchange involves an exchange of angular 

nionlentum between the electron spin and the nuclear spin. It has a rather large rate 

coefficient. typically lo-'* cm3/s. and usually causes atoms to leave the trap within the 

first few seconds after loading. Only atoms in a hyperfine state which does not undergo 

spin relaxation are usually left behind- Even those "pure" states can stili spin-flip to 



a lower hyperfine state by coupling the spin angular momentum to the orbital angular 

momentum. This process, called dipolar relaxation. typically has a rate coacient 1000 

times smaller than spin relaxation. Both spin exchange and dipolar relaxation occur at 

a rate proportional to nl the local density. 

At high densities three-body recombination (or dimerization) can also lead to trap 

loss. At high densities. the rate of dimerization becomes important. This process is 

proportional to the threebody collision rate- This is because in order for two atoms 

to form a molecule (which has a lower energy than the sum of the energies of the two 

atoms). a third body is necessary to carry away the extra energy (in order to conserve 

both euergy and momentum). The three-body recombination is given by Ln2. where 

L is the rate coefficient. It becomes a dominant process for n > loL3 ~ r n - ~  for sodium 

at om (and is similar for other alkali atoms) [2]. 

,411 the above processes occur preferentially at the center of a trap where the density 

of atoms is the highest. The atoms have the lowest total energy. The loss of low energy 

atoms results in heating of the sample and thus limits the Iowest temperature that can 

be attained by evaporative cooling. The ultimate temperature is determined by the 

ratio of -good" (elastic) to "bad" (inelastic) collisions. Evaporative cooling is most 

efficient w i t t ~  atoms that have a high ratio of "good' to ';bad" collisions. For hydrogen. 

the lowest temperature that can be reached by evaporative cooling is 1 jrK.[2] For alkali 

atoms such as sodium or rubidium, it is much lower (- pic0 Kelvins) due to the large 

elastic cross section (1000 times larger than for hydrogen). 

2.2.2 Dipole Traps 

An atom inside an off-resonant laser beam experiences either an attractive or repulsive 

potential depending on whether the laser is red- or blue- detuned. Because the potential 

is proportional to the laser intensity, the atoms aggregate toward the region of maximum 

laser intensity for red-detuned light and the minimum intensity for blue-detuned Light. 
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Atoms have been trapped in a single tightly focused red-detuned laser beam(l8, 191. 

Later this design was improved by using two crossed red-detuned beams, which provided 

a more isotropic trap[20]. 

In a red-detuned trap, atoms are attracted to the high intensity region. Trapped 

atoms are subject to heating &om scattering by trapping photons- This problem can 

be somewhat alleviated by using intense, far-detuned light(21. 221. In a blue-detuned 

trap. heating is less of an issue because atoms are trapped in the dark region. In such 

a trap atoms are surrounded by rephive walls of blue-detuned light. This has been 

demonstrated for sodium atoms[l3]. 

2.2.3 Other Traps 

The Magneto-Optic Trap (MOT) is a non-conservative trap. Trapping is achieved by a 

combination of viscous and restoring forces which dissipates the kinetic energy of atoms 

ancl confiues them to a region of space. In this respect. the MOT can be thought of as 

a cooling and trapping method,(See section 2.3.1.) 

Other possible traps include: (1) ac electric field trap which utilizes a harmonic 

potential produced by the second-order Stark effect around a saddle point of the elec- 

tric field inteusity[23]. (2) microwave trap which traps the lower h-vperfine state of 

Llydrogen[SQ]. (3) ac magnetic trap[25, 261, (4) eiectric fields with molecules that have 

a permanent electric dipole moments and others. Many more varieties are possible by 

combining them with dipole traps and magnetic traps. 

2.3 Loading Techniques 

For neutral atom traps. the trap depth is typically about 1 K (for cryogenic traps) to 

about 100 mK (for room temperature traps). In order to load atom. into such traps. 

at1 efficient precooling mechanism is required. Before this work. successful loading of 

riclrtral atorus lias relied on either interaction of atoms with light (laser cooling) or direct 
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thermalization with surfaces whose temperature is cryogenically controlled- 

2.3.1 Laser Pre-cooling 

-411 of the alkali atoms (with the exception of Fr) have been magnetically trapped (Li, Na 

Rb. Cs)[13. 17. 141- Laser precooling was used to load these atoms into magnetic traps- 

One important advantage of the laser cooLing technique is that atoms can be cooled 

below 1 mK (typically to 100 pK), therefore allowing the use of a shallow magnetic 

trap. Because the atoms can be cooled to sub mK temperatures. a magnetic trap can 

be constructed wit bout using superconducting magnets and the requisite cryogenics to 

support it. Laser precooling can also be used for loading optical traps whose trap 

depths are. iu geueral. 5 1 mK[20]. 

The general principle behind laser cooling is to manipulate parameters that influence 

iliteractiou between atoms and photons such that it produces a damping force against 

the moving atoms. This causes the necessary dissipation of the kinetic energy of the 

atoms. For example. if an atom is placed in a region of counterpropagating lasers that 

arc red detuned with respect to the transition wavelength. it preferentially absorbs a 

photon moving in the opposite direction but spontaneously reemits into any direction 

with equal probability. The net efFect is that the atoms get momentum kicks in the 

opposite directio~l to their velocity resulting in dissipation of their kinetic energy (i.e. 

Doppler cooling). 

Optical molasses utilizes the Doppler shif't to preferentially absorb counterpropa- 

gating photons. Although this is not a trap, the strong damping provided by Doppler 

cooling can also produce viscous confinement. Sodium atoms caught in optical molasses 

have such a short mean &ee path that it takes longer than 1 s to diffuse I cm. This 

confinement is similar to that of a particle in Brownian motion in a viscous fluid. 

-1 magneto-optic-trap (MOT), exploits the differences in Zeeman-split levels in a 

ivcak inhomogeneous magnetic field to cajole the atoms to preferentially absorb pho- 
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tons moving in the opposite direction. The optical molasses and MOT were first demon- 

strated at Bell Lab, in 1985[27] and 1987[28] respectively. 

The MOT and opticai molasses can be loaded &om a vapor cell or  a Zeeman-slowed 

atomic beam[28]. The atoms can then be transferred into a static magnetic trap. Atoms 

can also be directly loaded into a magnetic trap by employing the DoppIer cooling 

met hod(291. 

For MOT or Doppler cooling, the temperature to which atoms can be cooIed is the 

-Doppler Limit-. defined by ksT = W/2 where I?-' is the radiative lifetime of the 

excited state. It was observed that in optical molasses, atoms can be cooled as much 

as two orders of magnitude below this Limit by the polarization gradient cooling[30]. 

Its limit is given by ksT = p2/2M, where p = h/X is the recoil momentum of a single 

scattered photon. In practice, atoms are cooled to no lower than approximately 10 recoil 

energies by this technique. 

Several uew laser cooling techniques have been developed to cool atoms even further 

below the recoil Limit. These include Raman cooling[31], velocity-selective coherent 

populat iou trapping (VSCPT) [32] and gravitational Sisyphus cooling[33]. These cooling 

techniques have not yet been demonstrated in loading the atoms into a magnetic trap. 

However. since 34OT and Doppler cooling are already sufficient for loading magnetic 

traps. these new techniques might be used for loading more shallow traps such as optical 

dipole. a far off-resonance (FORT), or microwave traps. 

2.3.2 Pre-cooling via Thermalization with a Surface 

Because a sample of gas in physical contact with a surface wiU thennalize to the temper- 

ature of the surface. it seems possible to cool atoms by placing them inside a cold cell. 

However. this is not feasible at very low temperatures because most atoms impinging 

upon a wall simply stick to the wall and stay there- 

Tlie lowest binding energy of any atom to a wall is 0.4 K. for atomic hydrogen to 3 ~ e -  



'He liquid-coated walls. For H and helium-coated wallst there is a temperature region 

in which hydrogen may be contained at reasonable density (100-800 mK) . H adsorbed 

on liquid helium forms a 2 dimensional gas on the d a c e  and does not dissolve in the 

liquid. For a gas in equilibrium with the surface the surface density CT, is given by 

where Eb is the binding energy? n is the bulk density just above the surface and Ad 

is the thermal DeBrogIie wavelength, As the gas and the wall are cooled down, the 

stdace density increases. C?lt imateiy t hree-body recombination at the surface rapidly 

destroys the sample, This limits work with hydrogen in contact with physical walls to 

temperatures above 80 mK[34]. Also, the residence time on the surface. r,. is given by 

wilere z.1 is tlle average velocity of atoms in the gas and s is the sticking probability. For 

temperatures below 60 mK. Tr becomes greater than 1 s and atoms can be considered 

stuck on the walls- 

The first demonstrat ion of evaporative cooling was performed with hydrogen atoms 

loaded into an Ioffe-type magnetic trap using this technique[l5]. For hydrogen. laser 

cooling is hard to implement because of the difficulty of producing the appropriate 

high power. cw laser of such short wavelength (121.6 nm) and therefore has never been 

implemented as a precooling technique. (Although L-cr laser cooling of trapped H has 

been performed[35] .) 

2.4 Evaporative Cooling 

After loading into the trap. the atoms can be further cooled using e~pora t ive  cooling. 

Even though other methods for cooling exist (e.g. sub-recoil Doppler cooling methods 

such as Raman cooling and VSCPT). evaporative cooling has proven to be very efficient 

;LI~C!  sin~ple tc)  implement. 
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Evaporative cooling of trapped neutral atoms was first proposed by Hess in 1985[36] 

and was observed for the first time at MIT with atomic hydrogen in 1987[37]. Forced 

evaporation was shown to cool the trapped sample efficientIy while simultaneously in- 

creasing the density of the atoms[38]. Since then, forced evaporative cooling has become 

an import ant tool for producing dense, ultra coid atoms. It was instrumental in achiev- 

ing BEC. 

The advantages of evaporative cooling include general applicability to any atomic 

species and trap type. the absence of adverse effects due to radiation, the simdtaneous 

decrease in temperature with increase in density, and the fact that it works over a wide 

range of temperatures and densities. Atthough the limiting temperature depends on the 

ator~lic species and trap methods. for alkali atoms the fundamental temperature Iimit 

is expected to be in the pico-Kelvin range[2]. 

The main principle behind evaporative cooling is simple: the atoms with high energy 

are preferentially removed from the trap. The remaining atoms then rethermalize at a 

lower temperature. Successful evaporative cooling requires that the internal thermal- 

ization time be short compared to the lifetime of the sample- The thermalization time 

is set by the atom-atom elastic collision rate and the Lifetime is set by Ioss and heating 

caused by inelastic collisions ("bad collisions"). Examples of bad coUisions are dipo- 

lar relaxation. spin exchange, Majorana spin-flips, three-body recombination, Rayleigh 

scattering. and photoassociative two-body inelastic collisions. (The last two occur in a 

red-det uned optical dipole trap.) 

Forced evaporative cooling has been demonstrated in an optical dipole trap for 

sodium (201 and in magnetic traps for hydrogen(381, sodium[39] rubidium [l4], and 

lithium(29j. The techniques that have been used for removing high euergy atoms in 

the aforementioned experiments include: lowering the trap edge causing the high en- 

ergy atoms to stick to the wall[38], and radiatively pumping high energy atoms into 

u~itrapped states (that exit the trap and stick to a wall). Radiative evaporation can be 



Table 2.1: The former status of magnetic trapping[2]. The number of atoms iV, peak 

density no aucl temperature T given above are the initial values (right after the loading 

and before atoms were evaporative cooled). 

Atom 

H 

Li 

Na 

~b 

achieved in different ways. The most common method for magnetically trapped atoms is 

rf-induced evaporation which exploits one- to-one correspondence between Zeernan shift 

arid potential energy. By tuning the rf-frequency to the hyperfine transition for atoms 

at high magnetic field. high energy atoms are selectively removed[.lO]. This can also be 

done using optical wavelengths if a suitable transition exists. If the linewidth of the 

transition is broad. one can spatidy select out the high energy atoms by focusing the 

laser on the edge of the atom cloud[35]. 

To review all the theoretical and experimental studies of evaporative cooling is be- 

yond the scope of this thesis. For more detail. see a review articIe on evaporative cooling 

of trapped atoms by Ketterle and Dmten[2] and references therein. 

2.5 Current Status of Magnetic Trapping 

The atoms that Lave been trapped in their ground state are H, Na. Li. Rb. and Cs[41. 

13. 17. 12. 431. The total number, density and temperature are shown for H, Na, Li 

and Rb in Table 2.1. BEC has been observed in Rb. Na and Li[14. 44, 451. In this 

t liesis. we report trapping of europium atoms[46]. A more recent experiment in our lab 

clculonstrated trapping of chromium atoms. That work will not be discussed in this 

T(K) 

1 x 

2 x 1 0 - ~  

2 x loc4 

9 x 

N 

7 

2 x 1 0 ~  

1 x lo9 

4 x lo6 

no 

2 10'3 

7 x 1 0 ~ ~  

1 x 10" 

4 x 1010 
1 



thesis but is the subject of a future publication[47]. 



Chapter 3 

Theoretical Background 

The purpose of this chapter is to provide theoretical background of the trapping and 

detect ion techniques employed in the experiment. First. the h d a m e n t  d mechanisms 

for the laser ablation process will be described. Second. a physical model of the ther- 

rnalization process via elastic collisions with the buffer gas will be described. Lastly. 

ttlc principles behind the spectroscopic detection of Europium will be discussed. 

3.1 Laser Ablation 

Laser ablation is used in o w  experiments as a source of atoms. Atoms are liberated 

from a lump of solid materia1 placed a few centimeters horn the trap center. Theoretical 

and experimental background on the ablation process is presented in this section. 

3.1.1 Background 

Laser ablation of solid materials has been well established as an important tool in many 

scientific disciplines including physics. materials science, chemistry and biology. A quick 

glance at some of its application shows how versatile and wide1y applied this technique 

has become: surface processing of materials such as composite substrates[48]. organic 

polymers[49]. and inorganic crystds[50]. rnicropackaging. surgery[5 11. laser desorption 
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for mass spectrometry[52], generation of x-rays[53] and the growth of novel materials. 

Despite prolific practical and scientific applications, sorting out the fundament d 

mechanisms of laser ablation and identifying the physical processes in a laser-ablation 

event has proven quite difficult. For example, the coupling mechanism between the laser 

Light and the sample can be very complex siuce the optical and thermal properties may 

change upon Iaser exposure due to formation of excited states, heating, phase transition, 

and/or photochemical reactions. There are also complications due to pIasma formation. 

nonlinear absorption. or redeposition of ablated materials which have to be taken into 

account. Therefore. the dominant physics during an ablation event depends strongly 

oil the ablation conditions like fluence. wavelength. pulse duration. and pressure and 

chemical composition of the ambient gas. 

3.1.2 L'lModel for Ablation 

Despite this complexity. a simplified description of the laser ablation will be given for 

the case relevant to our experimental conditions. Although this falls short of explaining 

the complex arid rich phenomena to our satisfaction. it will illuminate some of the basic 

physical processes that occur during Iaser ablation. 

When the ablation beam impinges on the material. the light is partly absorbed 

either due to a single photon or multiphoton transition. The absorption causes the 

temperature to rise. Some of this energy is transferred to the motion of the atoms and 

ions that make up the lattice. The resulting heating occurs leads to melting, evaporation 

and plasma formation, depending on the beam intensity. 

For intensities greater than 10 kW/cm2, heat losses at the surface due to black- 

body radiation(-1 kW) and convection (-LOO W) can be ignored because they are 

much smaller than the input power. (For our experimental condition. the intensity is 

typically on the order of -1 GW/cm2.) The energy absorbed Erom the laser heats up 

the ixiaterial \-ia couduction. The heat penetration depth due to heat conduction is on 



the order of 6. where K is the thermal difhwivity and t p  is the duration of the light 

pulse. If the laser spot size r and the material thickness d are greater than the diffusion 

length 6. the temperature change, T - To may be estimated by 

where p is the density, C, the specific heat per unit volume. R the reflectivity and I. the 

laser intensity. Since r - 0.01 cm, d - 1 cm. and 6 - 200 nm for our experimental 

condition. the above approximation is valid. If the temperature exceeds the melting 

and boiling temperature. then the heat of hrsion(Hf.,) and vaporization (Huap) should 

be added to the left side of eqn. 3.1. Hence, 

At intensities between lo6 w/cm2 and 10'' W/cm2. the vapor in kont of the surface 

becomes dense and ionized. This in turn increases absorption of the laser beam by the 

plasma. &lultiphoton absorption. photoionization, photochemical reaction, and dust 

production (i-e. bulk removal of the target) become significant and therefore. the energy 

involved in these processes need to be taken into account in eqn. 3.2. 

3.1.3 Previous Experiments 

The time-of-flight experiments at these intensities have s h o w  peculiarities, such as 

occurences of hyperthermal neutral atoms in addition to thermal atoms. Figure 3.1 

shows a two peak structure in kinetic energy distribution of the ablated atoms[541. The 

low energy peak is thought to correspond to a regular thermal beam of neutral atoms 

and the high energy peak correspond to hypert hermai atoms. The high energy peak is 

typically four to eleven times the temperature of the lower energy peak. A characteristic 

temperature obtained by fitting a typical time-of-flight data using a hdf range Maxwell 

Boltzman is on the order of several tens of thousand Kelvin[55]. The mechanism by 
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degrees 

Figure 3.1: Kinetic energy distribution of ablated Al atoms. The figure is taken h m  

ref. [XI. 

which the atoms gain such high kinetic energies is not understood. In the limiting case 

of pure thermai vaporization at  the surface, it would be expected that atoms would come 

off near the critical temperature which is typically -- lo3 K. which corresponds to 0.1 eV. 

One possible explanation for the production of the hyperthermal atoms is electronically 

excited desorption of atoms from the surface by direct absorption of photons[54]. 

For flueoce greater than 101° W/cm2, the material is rapidly transformed into a high 

temperature (above 10000 K): high density plasma regardless of its chemical composi- 

t ion. 

3.2 Buffer Gas Loading 

In this section. thermalization with 3 ~ e  buffer gas as a precooling method is described 

and a model calculation of the thermalization process is presented. 
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Figure 3.2: Temporal development of the mass spectrometer signal from an aluminium 

sample fitted with a half range Maxwell Boltzmann distribution with a characteristic 

temperature of 12000 K. Ablation laser wavelength 532 n m  and 275 mJ pulse energy 

was used. The figure is taken fkom ref. [56]. 
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3.2.1 Thermalhation with Buff- Gas 

In order to load atoms into a conservative trapping field, it is necessary to remove 

translational energy fiom the atoms while they are in the trap region. One way is via 

collisions with a cold buE"r gas. Because buffis-gas bading relies on elastic collisions, it 

is essentially independent of the internal structure of the trapped species and therefore 

should be useN for loading a wide &ety of atomic and molecular species into traps. 

More than half of the atoms (roughly 70%) in the periodic table are paramagnetic (see 

Table 3.1). Also. a number of interesting non-reactive molecdes and many reactive 

radicals are paramagnetic. As discussed, only alkali atoms and atomic hydrogen have 

been magnetically trapped due to the lack of an easily employable general precooling 

technique. Optical cooling techniques applicable in cooling alkali atoms (those have a 

simple level structure) are difficult to implement for most atoms and moIecuIes. This 

is due mostly to their complicated level structures. Alsol in many cases. the excitation 

wavelengths are not accessible with current laser technology. Hydrogen was trapped 

using t hermalization with the helium coated surface by exploiting the exceptional low 

binding energy between them. All other atom-surface pairs have much higher binding 

energy and therefore this loading scheme cannot be generalized to other species. 

The use of a buffer gas for loading traps was first employed for loading ion traps 

at room temperature[59]. This was possible with ions because the strength of the 

electrostatic interact ion allows very deep traps to be created. 

For static magnetic traps, the trap depth is limited to typically 1-10 K even when 

using superconducting magnets. The total number of molecules loaded into the trap is 

determined by a balance between the 0wr of atoms from the atoms source (in our case, 

Iaser ablated atoms) and the loss of atoms due to readsorption on the cell walls. The 

loss of molecdes over the trap edge is given by the rate at  which atoms at the edge 

of the trap collide with the physical walls (assuming that any molecule impinging on 

the wall is lost). The total loss rate is given by n,uA/4. where n, is the density at the 
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I Stare 2S+l L, I g j  J I Element - -1 

N, P, AS, Sb, Bi 

MnT Rel Tc 

Mo, Cr 
Eu 
B. Al, Ga. In. T1 

F, C1? Br. I. At 

0. S. Se. Te. Po 
Nb 

Sc. Y. La. Lu. -4c 

Pt 

Gd 
Fe. 0 s  

V. Ta 

Ti. Zr, Hf 

Tm 
Ni 

Table 3.1: Maximum magnetic dipole moments of selected ground-state atoms ananged 

by term(57. 581. Here S. L and J are spin, orbital and total electronic angular momen- 

tum quantum numbers respectiveIy and g~ is the Land6 factor. 



wall. v is the average velocity of molecules~ and A is the area of the sd'e defined 

by the trap edge- The density at  the edge of the trap is given by n, = noe-q, where 

q =< p > Hm=/kT (i.e. the ratio of the trap depth to the temperature), no is the 

density at the center, < p > is the space-fixed magnetic moment of the atom, H,, 

is the magnetic field strength a t  the trap edge, T is the translational temperature of 

the gas. For continuous rf-discharge source, the flux can on the order of 1012 sd1[62]. 

For 77 = 10. the expected number density just after initial loading is calculated to be 

no = 6 x 1013 cm-'. For an ablation source. atoms are released all at once when the 

ablation beam hits the precursor metal and some fraction of them are loaded into the 

trap. The trap lifetime. 7. is given by 

where iV is the total number of atoms in the trap. N = noV where V is the "effective 

volume" of the trap. I/' is determined by the temperature of atoms and the geometry 

of trapping fields. For our trap, V = &rl-3 with % = 24-15 cm3 and T is roughly 1 s for 

q = 10 (see Chapter 6.2.4). This gives enough time for the buffer gas to be pulled out 

of the trap. 

The above analysis suggests that in order for buffer gas loading to work, the buffer 

gas has to have sufficient vapor pressure at temperatures well below 0.1-1 K. Only 3 ~ e  

axid "He gases have a significant vapor pressure in this temperature range. Figure 3.3 

shows vapor pressure vs. temperature for 3He and 'He below 1 K. From their vapor 

pressure curves. it should be possible to load traps with a depth greater than -2 K 

using 3 ~ e  and a depth greater than -7 K using 4He. 

The idea of using cryogenic 3He buffer gas to loading traps was £kt suggested by 

Doyle in his thesis[34] and was later described in more detail[62]. The idea outlined was 

that paramagnetic atoms and molecules would be precooled by elastic collision with ~e 

buffer gas kept at 210 mK with a number density of 5 x 10"crn-~. This takes place in 

a trapping region created by a static magnetic field. The particles that are precooled to 
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Figure 3.3: Vapor pressure c w e s  of 3He and 4 ~ e .  The data were taken from ref. 

[60. 611 and fit with P=a*exp(b/T) where P is pressure and T is temperature. 
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this temperature are magnetically confined. After loading, the buffer gas is removed by 

lowering the cell temperature to 80 mK which reduces the vapor pressure below 10-l5 

Torr . 
This thesis describes the first realization of this technique using atomic europium 

and using 3 ~ e  and 4He as the buffer gas. 

3-2.2 The Thermalbation Model 

Let Ti be the initial temperature of the atoms as it comes off the surface, either as a 

result of an RF discharge or due to laser ablation and let TL\r be the temperature of the 

atoms after LV collisions with the buffer gas at temperature Tb. 

In order to find the number of collisions required for thermalization, we first consider 

the effect of a single collision. For this calculation. we assume the buffer gas and the 

atom to be trapped are two point partides of mass. m and b1- Their velocities before 

the collision are ~7* and and after the collision are CJ and FI. In order to simplify 
- 

the calculation. we change into the center of mass kame with p, = 3f';'mc~ .\I-rn and let 

ci. q,. f and vI be the velocities in the center of mass kame. The conservation of 

rrlomeuturu and energy in this frame give 

- ptot = O = M V i + m 8 i = & i + m ~ f  

Averaging over statistical distribution of the atoms and using the conservation laws, 
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< ii, > and < - v- > are equal to zero fkom symmetry. 

The change in temperature of an atom before and after colliding with a b d e r  gas is the 

This can be generalized into a differential equation. 

where T.J- is the temperature of the trap atom after N collisions with the b&er gas. 

The solution to eqn. 3-11 is given by 

The characteristic number of collisions (i-e. l/e) for thermalization is given by 

(.''-m)2 which is 26 for Eu atoms in 3 ~ e  buffer gas. 2.11m 

The number of coUisions required for hot Eu atoms to reach within f 10% of the 

b d e r  gas temperature is 250 for TEu= 1000 K and T3se = 0.25 K. 

In order to ensure that the atoms thermalize before colliding with the wall of the 

container surrounding the trap. it is necessary that the density of the buffer gas be such 

that the displacement of the atoms aRer 250 collisions is smaller than the size of the trap 

region (e-g. 250 x A, 5 d = 2 cm where A, is the mean fiee path of the Eu in the helium 

and d is the diameter of the cell). Because Eu atoms are much heavier and energetic 



than 3He atoms: they travel ballistically for most of their path before thermalizing to the 

temperature of the buffer gas. Therefore, the path length traveled during N collisions is 

N x A, (instead of fl x Am.) Ifwe assume an elastic cross section of about 10-l4 em2 

between Eu and 3 ~ e [ l  11. then the m.inhum density required is - loL6 For 3 ~ e .  

the density at 250 mK is 7 x 1015 and thus satisfies this criterion. (See Figure 3.3.) 

3.3 Spectroscopic Detection of Eu 

In this section. the theoretical background for spectroscopic detection of Eu is presented. 

This includes calculations of the eigenenergies of Eu vs. magnetic field strength. the 

absorption cross section and from these, the number density 

3.3.1 Hyperfine eigenstates of Eu 

The Hatniltonian ?I of an atom with total electronic angular momentum f and nuclear 

spin Jsubject to an external magnetic field takes the form: 

a-here J and I are the electronic and nuclear angular momentum quantum numbers. g, 

and g~ the corresponding g-factors. a and b the hyperfine magnetic dipole and electric 

quadn~poie coupling constants. and pg the Bohr magneton. The actual values of the 

aforementioned constants for U~S;,~,Z'~P~,~ and y8p;,, are given in Table 3.2. The 

matrix elements of R can be obtained analytically either in the coupled basis, IF, M >, 

corresponding to the weak-field Limit, or in the uncoupled basis IMj, hff 3 ,  correspond- 

ing to the strong-field Limit. Hence. either yields the eigenenergies and line strengths in 

closed form. 
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Table 3.2: Hyperfine constants (in MHz) of selected states of Eut their g-factors, isotopic 

shifts (in MHz). and wavelengths (in nm) of transitions fiom the ground state. The 

natural abundances of the 151 and 153 isotopes are 47.8% and 52.2% and both isotopes 

have nuclear spin of 5/2. The values were taken from ref. [63]. 

State 

a 8 q j 2  

z'OP;,~ 

y8~:,2 

Low-field limit . 

In the lo---field limit. the angular momenta f and couple to a resultant angular 
- - 

momentum P = J+I characterized by a quantum number F = J t I .  J+I- 1. . . . , I J -  I [ :  

g~ 

1.99 

2.225 

1.929 

each value of F has 2F + 1 projections 12.I = -F. -F - I. . . . . +F on the spacefixed 

axis defined by the directions l?. Note that there are x F ( 2 F  + 1)  = ( 2  J + 1)(2I + 1 )  

coupled states IF. M >. The eigenenergy is given by 

where 

15'a 

-20.05 

968.6 

-219.1 

with 

153a 

-8.85 

431.3 

-97 
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r 

"'b 

-0.7 

157.3 

-295 

Isotopic shift 

- 
0 

-2977 

X 

0 
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S and L the total electronic spin and orbital angular omentum quantum numbers, and 

9s the jgrornagnetic ratio of the electron: H r igl. 

In the strong-field limit, the angular momenta fand f a r e  no longer integrals of motion 

but their projections Mj and MI on the space-fixed axis are. Since h!.J and MI take 

respectiveIy (2 5 + 1) and ( 2 1  + 1) values. there are (2J+1)(2I+l) uncoupled states 

I k1 J .  iVII > . In the uncoupled basis, the eigenvalues of Hamiltonian 3.13 are given by 

(neglecting the magnetic octupole and higher-order interactions) 

Energy vs. Magnetic field : Exact Calculation 

In the intermediate-field regime, the energy level can be solved exactly by diagonalizing 

the Hamiltonian. The matrix elements of this Hamiltonian can be most easily calculated 

in the uncoupled basis. lhlJ. kfI >. 

The explicit evaluation of the non-zero matrix elements are as foLlonrs. 
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b 4 - 
~f we let p r 21(21-1,J(2 J-l) and f = $P- f(21- J + 1) - F P then the last term in 

the Hamiltonian (eqn. 3.13) can be written as f l  f - The matrix elements corresponding 

to this interaction are 

Figure 3.4 shows the result of this calculation for ground and excited state for L 5 1 - 1 5 3 ~ ~ .  

In the low-field limit, the total angular momentum. PI and MF are good quantum 

numbers. As the magnetic field strength is increased, the energy levels become grouped 

according to MI and MJ values (which are good quantum numbers in the high-field 

limit). Tlle correlation between the energy levels at these two limits is illustrated in 

Figure 3.5. 
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- gnvW =. B (151h, ground date) Energy vs. B excited state) 
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Figure 3.1: Eigenenergies of Eu atoms in the ground state and in TJ'P;,~ excited state at 

different magnetic field strengths. At high field, levels split to 8 bands (corresponding to 

different M j s )  with each band consisting of 5 different levels (corresponding to 5 Mls). 

The magnified level structure is shown in Figure 3.5. 
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Figure 3.5: The correlation diagram of eigenstates of Eu atoms (for 8~712ands~7,2 

states). 
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3.3.2 Line Strength Factor 

The line strength fanor Sq(M;, Mf ; MJ, M I )  of a transition between states ( M i ,  M; > t 

1 Mj I MI > due to an electric dipole moment dq (of unit magnitude. with q = 0 for 

parallel and q = f 1 for perpendicular transition) is given by 

Sq = I < Miy M;IdqIM~y MI > l2 (3.29) 

< M;. M;ldqlMJ, MI >a 6(M:, M I )  < J, 1, M j .  g; S, M; >c J'lldll J > 

(3.30) 

where < J. 1. MJ,  q: J r .  M; > is a Clebsch-Gordan coefficient [64]. 

3.3.3 Absorption 

When an atomic system is subject to a monochromatic radiation, it has a probability, 

Pi ( t  ) . of absorbing a photon and make a transition from the lower energy level E, 

into the higher level E!. This process is cded  (induced) absorption. The transition 

probability per second. pi is given by 

d 
zP*/ = ~(vfi)Bi/ (3.31) 

where p(uf i )  the spectral energy density of the radiation field and qi = (Ef - Ei) /h .  

The constant factor Bi/ is the Einstein coacient of induced absorption and is given by 

1 
Bit = -I&/(* 

6 ~ ~ f i ~  
1 1 1 

=- ($<d.>12+z1<4 .  2cOFi2 > 1 2 + i 1 < d i  

for isotropic case. The factor 4 in fiont of x2, y21 z2 indicates that the atoms are ran- 

domly oriented with respect to the electric field of the radiation. If, however, the atoms 

are not randomly oriented with respect to the field, then Bil should be modified to 
> 



fl. fv and f2 are given by < sin2@cos2+ >, < sin29sin2+ >, and < cos28 > respectively 

by taking z-direction to be along the orientation of atoms and averaging over the atoms 

subject to the radiation. 

In e d u a t  ing the matrix element of the dipole operator between angular momentum 

states. it is more convenient to express x, y, and z as a superposition of tensor operators 

whose rank is 1. Y!, , Y:~. This is because we can then use the Wigner-Edcut 

theorem to evaluate the ratio between the different components of the same tensor 

operator. (The difference among the different components of the same tensor operator 

is due to geometry not dynamics. and it is given by Clebsch-Gordon coefficients.) 

They are given by 

For li >= IIMJ.iVIL > and 1 f >= 1MJ.M; >: BiI then can be expressed in terms of 

tensor operators as follows: 

where 

and S, is given by eqn. 3.30. Note that for an isotropic case (either an isotropic 

radiation and/or random orientation of atoms). F-l. Fo. and F- are f each. If the 
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atomic system has degeneracies gj for the initial state and gf for the ha1  state. then 

For (i >= I h.6. Mi > and (f >= I M j ,  MI > (i-e in presence of a high magnetic field) 

Absorption Cross Section 

The rate of change in the population numbers for a system with two energy levels. & 

and E2. populated by LV~ and N;! is 

111 a steady-state situation where Nr change little over time. the ratio of N2 to is 

If >> B12p(v).  Noto[ =z N1 and most of the photons absorbed are lost from the 

incident flu due to spontaneous emission. This enables us to directly infer the number 

of atoms in the laser beam from the power absorbed. The rate of photon absorption 

per atom is Blqp(v) .  If we let a,b, be the rate of the photon absorption per incident 

photon flux. 

The S ( v )  term which gives the frequency dependence of the cross section depends on the 

spectral density of the impinging radiation field and the spectral features of the li >+ 

1 f > transition such as natural Linewidth, Doppler broadening. magnetic broadening, 

isotope effect! and hyperfine interaction. Its normalization is given by 
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111 the 10%- optical density regime, S(v) is simply the absorptance at 1~ divided by the in- 

tegrated area of the spectrum. ( i.e. S(v) s A(v)/ ju A(u)du where A(v)  is absorptance 

at Y) 

3.3.4 Absorption Spectroscopy: Density of Atoms in the Tkap 

Uihen a laser beam passes through an absorbing medium, its power decreases due to 

absorption. The absorptance A is defined as 

where Pi, and Pat are the input and transmitted power respectively- For absorption 

cross section a(v)  and density of the medium n(x, y. 2). 

n-here -4 is the beam area. For atoms inside a magnetic trap. 

Therefore. we can extract the number of atoms and the central density from the ab- 

sorption profile if the magnetic field distribution. temperature. beam geometry and the 

absorption cross section are known. 

Note that the absorption cross section for untrapped Eu with random orientation is 

different from that of trapped Eu atoms. This is because both S(U)'s and Bif's (line 

strength and Einstein B coefficient) are difFerent for trapped and untrapped atoms. 

This is due to the fact that only M j  = ?/2 states are trapped and that the atoms are 

oriented according to the magnetic field distribution (see eqa. 3.42). The above model 

was implemented as a program in determining the number of Eu atoms and the density 

in the trap. 



Chapter 4 

Preliminary Experiments 

Irl this chapter. the procedures and results of several preliminary experiments (before 

the actual trapping of Eu) are discussed. This includes spectroscopic detection of oxygen 

molecules. and attempts to produce Eu atoms using various techniques. Some of this 

early work is directly relevant to the trapping of Eu. Some. although not directly 

relevant. is included for completeness and to assist others in future work on trapping of 

nlolecules arid atoms- 

4.1 Laser Ablation 

The application and basic theory of laser ablation have already beeu discussed in Chap- 

ter 3.1. In this section we present work on laser ablation and detection of solid Eu using 

the table top. room-temperature cell. 

Although laser ablation has found broad application in material science, it has rarely 

been used as an atom source. One of the great advantages of laser ablation is its 

versatility. By choosing the right precursor and ablation laser intensity. many different 

atoms and molecules in a variety of internal states can be produced. Atoms: molecules 

and ions are produced simuitaneously during a single laser ablation pulse. By tuning 

t tic rxperimental parameters. the yield of a certain species can be enhanced. Another 



advantage is the simplicity of implementing laser ablation: it can be used in almost 

any apparatus with an optical access.(e.g., in contrast to a thermal beam which itself 

requires an apparatus for its production.) 

Because laser ablation is a rapid, nonequilibrium process, it heats the sample (e.g. 

chunk of solid Eu) only locally and over a small surface area (determined by the beam 

spot size). Thus the energy required to vaporize the sampie can be s m d  compared to 

other methods. With a single 10 mJ, 5 ns pulse, focussed down to about 100 pm. more 

than loL3 neutral Eu atoms are produced. (The initial number of atoms in the trap is 

about 10". Because only one out of seven fbfJ states is trapped. we expect the actual 

production of atoms to be at least 10 times higher. See Chapter6.2.) 

4.1.1 Apparatus 

Figure 3.1 shows the basic arrmgement of the apparatus used in preliminary studies of 

laser ablation. The pulsed beam enters through the window opposite the Eu lump and 

is focused on its surface. This is inside a vacuum cell made out of a CF +way cross. 

The focusing Iens is mounted on a trans1ationa.i stage to allow h e  tuning of its focal 

position (and thus the diameter of the beam spot on the ablation target). 

.I probe beam is used to detect the ablated atoms and it enters the cell perpendicular 

to tlie pulsed 1-AG beam and exits on the other side. The distance between the probe 

beam and the ablation target. Eu Lump, was varied between 1-10 mm. The cell was 

connected to a small gas handling system for introducing and pumping out the buffer 

gas to the cell and measuring its pressure. 

hIeasurements were carried out over different ranges in pressure. pulse power, and 

with different buffer gases. The fkequency of the probe laser was often fixed at one of 

the Eu lines (710.841 nm). 
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Figure 4.1: A table-top setup for ablation and detection of Eu. 



Absorption Time Profile at Various Pulse Energies. 
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Figure 1.2: Typical absorption profiles of ablated Eu atoms at different pulse energies. 

The probe beam was perpendicular to the plume propagation at about 1 crn away from 

the Eu metal surface. 5 Torr of argon b a e r  gas %.as used. 

4.1.2 Observations 

As expected. it was observed that the absorption signal increased when the pulse energy 

was increased (Figure 4.2). The signal was also sensitive to how tightly the ablation 

beam was focused. By changing the focus size. we were able to increase the signal 

significantly for a given pulse energy. 

Interestingly. we observed two peaks in the absorption time profile. These were seen 

even more clearly when the pulse energy was low. (37 mJ) One possible explanation is 

that these two peaks correspond to a hyper-thennal and thermal beam that often occur 

in an inz:ac~ro ablation event[54]. In our experiment. the peaks were probably slowed 
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Absorption Time Profile at Various Argon Pressures. 
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Figure 4.3: Etl ablation signal at various pressures of .4r buffer gas. The probe beam 

passed perpendicular to the propagation of the plume at about 2 crn away from the Eu 

rxietal sudace. 

down and more spread out due to coUisions with background gas (see below). 

The absorption time profile changes with the buffer gas pressure. Figwe 4.3 shows 

several time profiles for various pressures of an Argon background gas: s i d a r  behavior 

was observed with a 3 ~ e  buffer gas. However, the delay between the ablation and the 

peak arrival was a factor of 4 5  shorter than for the argon bufFer gas. and the pressure 

at which it reached the maximum absorption signal was a factor of 10 higher. This is 

probably due to the fact that 3 ~ e  is much lighter than 4 0 ~ r  and therefore requires about 

9 times more colIisions for the ablated Eu atoms to therrnalize. (see section 3.2.2). 

Because %e is the buffer gas used in the actual trapping experiments. we inves- 

tigated it in  some detail. (See Figure 1.4 and 4.5.) The peak absorption initially 
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Figure 4.4: The peak absorption vs 3 ~ e  b&er gas pressure. 

Peak Delay vs. Pressure ( 3 ~ e )  

Figure 4.5: The delay time between the firing of an ablation pulse and the arrival of the 

peak an absorption signal at different 3 ~ e  buffer gas pressures. 



increases with pressure, peaking around -3 Tom and becoming smaller as the pressure 

further increases- At Iow pressures the timescale increased with pressure (consistent 

with W i v e  loss), but above -500 mTorr the plume disappeared much more quickly- 

We found in the Literature [65] cases where the presence of the b d e r  gas facilitates 

dimer and cluster formation of abhted neutral atoms. One possible explanation for our 

data is that at low pressure, the absorption signal is small because the plume is hot (as 

indicated by the Doppler broadening.) Because the frequency of the probe laser is fixed, 

the broadening of the linewidt h would then reduce the oscillator strength. Also, at  low 

pressure the density of the plume could be lower because of its larger volume compared 

to the volunie at higher pressure: then the signal would increase with pressure. At even 

higher pressures. it is likely that neutral atoms begin to form dimers and clusters before 

reaching the probe beam. resulting in a reduction of the signal. 

Analysis of the temporal behavior is consistent with this model. When the pressure 

is low. the plume travels quickly across the probe beam because the Eu atoms are not 

fully thermalized. Therefore, the signal lifetime is short and the peak occurs after a 

reIatively short delay time with respect to the ablation pulse. As the pressure increases. 

the lifetime decreases because the atoms are consumed by dimerizstion and cluster 

format ion, 

In another table-top experiment, the arrangement of the cell was altered such that 

the ablation laser and the probe laser were parallel to each other. (See Figure 4.6.) The 

cell was filled with a 3 ~ e  buffer gas. Figure 4.7 shows a corresponding typical ablation 

time profile with 100 mTorr of 3He. At this pressure, the presence of the two peaks 

is more prominent. We surmise that the early peak is due to a nonthermal, ballistic 

part of the plume and the later peak to the fully thermalized one. We investigated 

the nature of these peaks further by either taking a spectrum of the fast peak only (by 

sampling the first 10 ps) or of both peaks together. (by sampling the first 200 p s )  the 

fast peak by and the combined peaks. One can see from Figure 4.8 that the two peaks 
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Figure 4.6: A table-top setup for Eu ablation. Note the probe laser in parallel to the 

ablation laser. 
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Figure 4.7: -4 typical absorption time profile at 100 mT of 3He b d e r  gas. Note the 

presence of a early narrow signal preceding a wider and slower signal. 
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Figure 4.8: Eu spectra from integrating the first 10 ps vs integrating the first 200 ps. 

The spectra was taken with 100 mTorr of 3He buffer gas. Note the fast traveling peak is 

red-shifted more than the slow one because atoms move antiparallel to the probe laser 

beam. 



have meren t  widths. 1.44 GHz for the fast peak and 0.63 GHz for the combined peak. 

The Linewidth due to Doppler broadening is given by 

where u is the transition frequency, T is the temperature. k is the Boltzman con- 

s t a t .  and M is the mass of the atom[66]. This corresponds to a temperature of about 

3400i500 K for the fast peak and and about 660f 200 K for the combines peak. If we 

assume the number of atoms in the slow peak to be LO times greater than the number 

of the h-pert hermal atoms (reasonable assumption given our Figure 4.7). the tempera- 

t w e  of the slow peak is -380 K. suggesting that the thermalization of the Eu atoms is 

not complete. This is consistent with our model of co1lisiona.l relaxation. (See below.) 

At 100 mTorr. an Eu atom undergoes about 60 collisions with 3He on a path of 2 em 

whereas about 75 collisions are needed for a thermalization within 10% of 300 K for 

atonis coming off of a surface at 1000 K (see Chapter 3.2). 

The fast peC& is red shifted with respect to the combined peak, by 0.62 GHz. One 

possibility is that this is due to the plume traveling antiparallel to the probe laser. 

Fonvard traveling atoms (with respect to the sudace of the metal) have a most probable 

velocity. rTP. given by [ll] 

At this velocity, the laser frequency is shifted by, 

The negative sign indicates that the atoms are traveling antiparalle1 to the laser. Hence 

the spectroni of the fast peak (3400 K) should be red shifted with respect to the spectrum 

of t l ~ t ?  coliibined peak by 0.58 GRz. This is consistent with our data within 10%. 



The tabletop cell allowed us to gain a quahtative feel for what factors inftuenced 

the magnitude and duration of the Eu absorption signal. We found the ideal buffer 

gas pressure was about L Tom. The signal or the plume size was the largest when the 

surface wa 

s first ablated. A more tightly focused pulse produced greater yield. but was more 

susceptible to zdd.hg. That is, the same spot was repeatedly ablated, material is 

removed in a more or less narrow cylinder carved into the substrate. Ablated atoms 

liberated at  the bottom of the channel then readsorb in the channel before being lib- 

erated into the plume, Hence. when the surface was drilled, the plume size and the 

signal decreased. The number of pulses required for this depends on pulse energy. To 

deal with the drilling problem. we simply moved the ablation beam to a fresh spot and 

readjusted the focus. (Typically after about 20-30 shots of 20 mJ pulse.) 

The level of the Eu surface contamination (formation of oxides) also affected our 

signal strength- Eu oxidizes rapidly in air: we found it tarnishes visibly in 5-20 seconds. 

In order to provide a clean metal target for the ablation beam, we loaded the Eu 

samples in a home-built glove box fdled with dry nitrogen. The surface of the Eu lump 

was scraped with a razor blade to expose untarnished metal underneath. Despite our 

best efforts, in many cases the Eu lump was significantly tarnished by the time we were 

ready to ablate it. 

X clean cell improved the signal significantly (as much as  a factor of 2), and we 

found it helpful to periodically pump out the cell and refill it with fkesh He. presumably 

flushing out contaminants. 

4.2 Oven 

Before the work with ablation a set of experiments was done with Europium in an oven, 

This allo\ved an easy way of finding the spectral lines. 

Heating in an oven is the oldest and the most popular method of vaporization. Such 
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Figure 4.9: Table-top setup for Eu oven spectroscopy 



popularity stems from its generality and simplicity. Eu is particularly easy to work with 

because it is soft and has a low melting point compared to most metals (817 "C). At 

500 O C .  its vapor pressure is already 1 mTorr[67]. 

Our first at  tempts at Eu spectroscopy were done using a simple long stainless tube 

with windows at each end. The central portion of the tube was placed inside a tube 

oven (maximum temperature 1200 OC)[68]. At 500 OC: we observed strong Eu absorption 

signds. We found empirically that the europium had to be heated to a much higher 

temperature than expected (based on the published vapor pressure curves). (A process 

called -cracking as will be explained.) Europium is a highly oxidizing material and 

readily f o rm  Eu2O3 on the surface when exposed to atmosphere. the oxides having a 

much higher melting temperature than the metal. Although care was taken to expose a 

EreshIy cut Eu lump to air as IittIe as possible. some oxides were formed. As a result, it 

became necessary to heat the lump to the point where cracks formed in the oxide Iayer. 

allowing the surface of pure Eu to be exposed. Thus the term "cracking". 

It was fotmd that the cleanliness of the cell improved the absorption signal and 

an effort was made to keep the cell clean. In the end oniy a few simple precautions 

were necessary: the cell made out of a clean stainless steel. it was pumped and baked 

thoroughly. and filled with an inert gas. 

Fieme 4.9 shows the set-up. The cell contained 1 tom of He buffer gas. The He 

provided a stable background pressure and decreased the rate at which the windows were 

coated with Eu- Cooling the tube near the windows helped alleviate coating problems by 

condensing the vapors on the tube wall before they reach the windows. The absorption 

spectra are shown Figure 4.10. The data were found to be in excellent agreement with 

the published spectra [63]. This data gave us an absolute refereuce point for studying 

europium ablation and also confidence in our wavemeter. 

Despite its simplicity and the successful demonstration of production of Eu vapors, 

the oven was not considered a viable atom source for the trapping experiment because 
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Figure 4.10: Eu spectrum at 570 OC. The data (dots) is shown with the theoretical 

spectrum (line). The laser was scanned 25 GHz starting at 14067.47 cm-'. The entire 

scan took 2 s. 
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of the di£EcuIty introducing the vapor into the cryogenic cell. The oven cannot be 

placed close to the cell because of the tremendous heat bad it would entail. If it were 

to be placed outside the refrigerator, most of the vapor wouid condense on the pipe 

wall before it reached the ceU. Although this method would still work, it would be 

technicdy difficult. Local heating of the Eu precursor very close to the trap region is 

much preferable. 

4.3 RF Discharge 

After successful work with O2 spectroscopy it was thought that initial tests with the 

trapping apparatus might benefit from the use of a simpler atomic species. Europium 

was chosen because of its large paramagnetism (makes it easy to trap) and the high 

oscillator strength of its visible transitions (makes it easy to detect)- 

Our initial attempt at creating atoms employed a RF discharge. The discharge 

creates a europium plasma where a host of different species of particles are released 

from the precursor. including positively charged ions. neutral atoms, radicals and many 

difTerent molecules and clusters. These process are not well understood (as with the 

laser ablation described in Chapter 3.1). RF discharge was our natural choice because 

in other experiments a low temperature discharge had been successfully implemented 

to create atomic hydrogen[38]. 

The first test was done with a table top cell as shown in Figure 4.1 1. A coil of copper 

wire(2 mm dia.) was wound 10-15 turns around a glass tube.(2.5 cm dia.) The tube 

had a window at each end to allow a probe beam to pass through. The tube was filled 

with a millitorr of either argon or helium buffer gas and the precursor material rested 

at the bottom of the tube. The coil was excited in the X/4 mode and had a primary 

resonance near 66 MHz. The coupling was made close to critical by tuning the input 

tapping fraction of the coil while using a directional coupler to monitor the reflected 

power. When ~ 1 0  Watt of power applied to the coil at its resonant frequency. the 
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Figure 4.11: A table-top setup for rf-discharge cell. 



discharge produced a bright pink glow. (Higher power is needed to start the discharge 

initinlly. roughly 40 Watt or so.) 

A probe laser beam passing through the glass cell was tuned to the transition fie 

quency of the atoms of interest and the absorbed power was monitored. The laser was 

also scanned in the region of the known optical absorption lines. Initial attempts at 

producing Eu vapor in the discharge included using solid Eu metal precursor, powdered 

particles of Eu metal. and then EuC13. No signal was seen. We also tried using strip 

of woven graphite fiber wetted with the solution of EuC13. similar to the method used 

in heat discharge ewperirnents(69l. We hoped that spreading out the precursor over a 

larger surface would increase the interaction between the precursor and the plasma but. 

again. we did not see any sign of the atomic europium vapor. Later. a difl'erent ceU 

was made out of stainless steel C o d a t  components in order to minimize the amount of 

glass in the cell as we suspected glass to be more likely to contaminate the discharge. 

This set-up required the discharge coil to be placed inside the cell. making the design 

considerably more complicated. Many attempts were made using the new cell with only 

negative resrilts. This approach to Eu vaporization was then abandoned- 

4.4 Spectroscopy of O2 (blCgf t X3C;) 

Although spectroscopy of O2 is not directly related to the trapping of Eu. this ex- 

perimental work is included for completeness in the hope it will be useful for future 

experiments on the trapping of 02- 

Our initial candidate for demonstrating molecular trapping was O2 (X3 C; ) O2 is 

naturally occurring; stable. and paramagnetic (2 p ~ :  Hund's case (b) ). It also offers an 

electronic transit ion in the near inftared part of the spectrum (762 nm) , easily accessibIe 

with our Ti:Sapphire laser. The oscillator strength for this magnetic dipole transition 

(DLC; t X3C; . Einstein A coefficient of ,087 s-') is too weak to get a reasonable 

absorptiou signal under ordinary conditions. However. the long lifetime naturally lends 



itself to time resolved fluorescence detection of trapped 02- 

We initially set up a table-top apparatus for doing Iaser induced fluorescence (LIl?) 

spectroscopy of 02. (Figure 4.12) The cell built from a CF Pway cross was Elled with 

pure oxygen gas (99.9999% purity) to 10-40 tom. A probe beam passed through the 

cell ard was modulated with an optical chopper ( which turns the beam into a square 

wave.) and was detected using a photodiode. A cooled photomultiplier[?O] tube was 

placed directly in kont of the window located 90' with respect to the probe beam. The 

signal &on1 the PbIT was sent to a preamplifier. amplifier and then to a multichannel 

scaler(MCS). 

In order to successfully apply LIF to 02, several difficulties bad to be overcome. 

First. the Ti:Sapphire laser had to be isolated from the atmosphere. When exposed to 

the atmosphere (the normal situation), the laser did not lase at the resonant frequencies 

of oxygen. Absorption by oxygen molecules in the cavity lowered the gain at these 

frequencies (relative to other competing modes). The problem was solved by placing 

the laser cavity inside a nitrogen-filled box with holes cut out for the input pump beam 

and exit probe beam. The box was flushed and then sIightly over-pressured with dry 

nitrogen. 

Second. it was discovered that nonradiative quenching of the excited state is veq- 

sensitive to the presence of nitrogen and organic impurities in the ce11[71]. Without a 

clean cell and pure oxygen gas, the fluorescence was quenched by non radiative processes 

and no measurable signal was detected. The use of 99.9999% pure oxygen gas and a 

frestily pumped out UHV-grade cell led to success. The cell had to be pumped out 

periodically and filled with fresh oxygen gas because the gas slowly became contaminated 

with impurities. presumably emanating from the cell walls. In the case of fluorescence 

measurement. major effort is required to reduce the background light. In order to reduce 

the room light into the PMT[70], the experiment was carried out in dark. For reducing 

t t ~ c  scat tcrecl laser light into the PMT. two sets of 6 (or sometimes 7) bafaes were placed 
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Fip~re  4.12: A table-top setup of laser induced fluorescence (LIF) spectroscopy of O2 



between each probe-beam window and the cell. The baffies were made out of aluminum 

disks with 5 mm holes a t  the center and were anodized bladt[72]. Our initial cell used 

Brewster windows, but it was found this did little to reduce scattered light. 

Efforts were also made to reduce the dark current of the PMT. This was accomplished 

by avoiding exposure of the cathode to the room light and by coobg  the tube. By 

keeping the PMT in the dark for several hours and cooling it to -20° C. its dark count 

rate was reduced to less than 25 counts/s- 

4.4.1 Data Taking 

Data tcaken either using (a) time resolved LIF technique or by (b) continuous LIF. 

(a) For the time resolved fluorescence detection- the laser beam was modulated with 

a mechanical chopper. After passing through the cell. the beam was detected by a 

photodiode, The photodiode signal was converted to a TTL signal using a comparator. 

Using a home made gating device. this signal was converted to a variable-width TTL 

signal with an adjustable delay. The MCS board counted pulses only when the laser 

bean was off. 

(b) The blX;(v' = 0) excited state can decay either to the original ground vibra- 

tional state with v" = 0 or to the vibrational state v" = 1. Roughly 7% of the fluores- 

cence photons are due to u' = 0 + v" = 1 transition and their frequency corresponds to 

863 nm[71]. This makes it possible to do continuous LIF using cut-off filters that block 

the excitation frequency and transmit the fluorescence of 863 nm. By placing a stack 

(2 to 4) of specially coated filters(O.l% transmission for 762 nm. 85% transmission for 

863 nm for each filter[73]) in fkont of the PMT. we were able to remove most of 762 nm 

pliotons and detect only 863 nm photons with a signal-to-noise ratio better than 100 

for an integration time of 500 ms. 

The laser power used was different for each method. Typically 5 to 20 mW was 

~iseci for time resolved fluorescence and 200 mW to 300 mW for continuous LTF- (Before 
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F i e  4 - 1 3  Fluorescence signal of I6O2 molecules. The pressure inside the cell was 

13 Tom. 

each run. the beam power was adjusted appropriately so that the electronics were not 

saturated. In extreme cases of electronic saturation. increasing the power decreased the 

comt rate due to pulse pileup.) 

4.4.2 Results 

Figure 4.13 shows a typical spectrum obtained by scanning the laser over 14 GHz about 

131 18.036 cm-l. (J:1+0. K:1+0, PP banch[74]). The linewidth shown here is -1 GHz. 

This agrees reasonably with expected Doppler broadening of 0.6 G f i  and a pressure 

broadening of 0.5 GHz. We also detected 160L80 at 13141.537 cm-' (J:7+7, K:6+7, R~ 

branch) [74] which has 0.2% natural abundance.( Figure 4.14) By increasing integration 
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Figure 4.14: Fluorescence signal of 160180 molecules. The pressure inside the cell was 

filled with 1 1 Tom of oxygen gas. 

t iine by a factor of 120 (to 12 s). we were able to achieve the same signal to noise ratio 

as 13118.036 cui-I line. 

As mentioned above, the signal would deteriorate. presumably due to impurities 

desorbing fkom the cell walls. Figure 4.15 shows the deterioration of the signal over a 

period of 800 s. 

We also found that the fluorescence signal was sensitive to variation in pressure. 

Below 5 Tom of 02, the signal was s m d  because not enough molecules were excited 

and also. perhaps. because the contaminants could more easily diffuse to the center of 

t lie cell. Above 200 Tom. presumably nonradiative self-quenching of oxygen reduced 

the signal. (See Table 4.1). 
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Figure 4.15: Decay of O2 fluorescence signal over time. The laser was scanned 14 GHz 

at 0.2 Hz around a resonant frequency ( 13118.036 un-') and the signal was monitored 

continuously for 800 s. The decay is probably due to contamination of 02. The cell was 

initidly filled with 13 Torr of 99.999% chemically pure caygen gas. The resolution of 

this plot is insufticient to resolve individual peaks, but the maximum fluorescence can 

be seen to be dropping significantly. 



P (Torr) Counts Linewidth (GHz) 

Table 1.1: Fluorescence counts vs. Pressure. The measurements were made by tilling 

the cell with the oxygen to 500 Torr and pumping it down to smaller presswe values 

in a single run. The pressure is measured with a convectron gauges[75] and they are 

unadjusted values. 



Chapter 5 

Experiment a1 Procedure 

5.1 Apparatus 

In this sect ion, the experimental apparatus is described. The apparatus can be divided 

into two main parts: the cryogenic ceU assembly and the optical system. The cryogenic 

cell is surrounded by the superconducting magnet that produces the trapping fields. The 

center of magnetic trap is in the center of the cryogenic cell. The cell is connected rigidly 

and thermally to a dilution refkigerator. The optical system consists of an ablation laser 

for producing atomic vapors, a probe beam for doing absorption spectroscopy of the 

trapped atoms, and photodetectors for measuring the absorption of the probe beam. A 

simplified schematic of the experimental setup is shown in Figure 5.1. 

5.1.1 Cryogenics 

The use of a cryogenics in the experiment, especially the employ of a dilution refigerator, 

requires that the experiment to be very well planned and efficiently executed. The cost 

of heliurn(~$l50/day) is a major factor. Besides the cost of helium, the low temperature 

components and technologies are custom and thus refits are doubly expensive- Also the 

behavior of some materials and devices are not well understood. Cooling down and 
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Dilution refrigerator -r 
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K m 3  A 0  Chopper 

Pulsed Nd:YAG 

Figure 5.1: A schematic diagram of the experimental setup. 
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warming up the refigerator takes 2-3 days and about 1 person-week. This puts some 

constraints on the flexibility of the experiment. Making a change to the cell is impossible 

to do during a run. Similar considerations put restrictions oa the cell design and the 

optical access to the cell- 

Despite these drawbacks, the dilution r&gerator makes many aspects of buffer-gas 

loading more straight-forward; a wide and low temperature range can be accessed. Also, 

because even the best magnetic traps would offer depths of not more than about 5 Tesla, 

only a 3.5 K deep trap is possible for 1 p~ species. This is important because "incipient 

trapping (an atom lifetime of 1 s) starts to occur when the temperature of the atoms 

are 10 times lower than the trap depth, making it necessary to have a buftkr gas at 

350 mK or lower. 

The restrict ion of loading temperature eases with higher Bohr magneton species 

(and. therefore. greater trap depth). In fact, a simple He pumped cryostat with opera- 

tion temperature around 1 K may be sufficient for trapping atoms with high magnetic 

moments[76]. Such a system is attractive because of the low production and maintenance 

costs, smaller sizet and, perhaps best of all, much shorter turnover time compared to a 

dilution refigeration system. This is currently being implemented and will be tested in 

the near future for atomic species such as Eu, Gd and Ho (magnetic moments > 5 pB).  

One important side benefit of using a cryogenic system is the facility of achieving 

very high vacuum. Unlike a room temperature magnetic trap, which often can have a 

problematic atom loss due to collisions with the background gas, a cryogenic cell can 

easily achieve a gas pressure of < lo-" Torr by simple cryopumping. 

Another advantage is the natural inclusion of a superconducting magnet. 

Dilution Refkigerator: Theory of operation 

A brief description of the principle behind a dilution refrigerator is given here (For more 

detailed description see ref. [77]). When a mixture of 3He and 4He is cooled below a 



Figure 5.2: A Phase diagram of 3He and 4He mixture at low temperature 

critical temperature =s 0.8 K, it separates into two phases; the Lighter "concentratedn 

phase which is rich in 3 ~ e  and the heavier 'diluten phase which is rich in 'He. The 

concentration of 3 ~ e  in each phase is dependent on the temperature as shown in Fig- 

ure 5.2. Because the enthaipy of 3 ~ e  in the two phases is Merent, cooling can be 

obtained by evaporating 3He kom the concentrated phase into the dilute phase. This 

is accomplished by pumping on the dilute phase which, in turn, preferentially removes 

the lighter? higher vapor pressure, 3 ~ e .  As the 3He in the concentrated phase mosses 

over to the dilute phase to establish an equilibrium, energy is removed and cooling takes 

place. The closed pumping cycle forces the 3He mixture back to the mixing chamber 

where the mixture is condensed and separates into two phases. 

Cooling power decreases with the temperature but remains finite even near 0 K 

because the concentration of 3He in the dilute phase remains finite. A schematic diagram 
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Figure 5.3: A schematic diagram of a dilution refkigerator. 

of a dilution refigerator is shown in Fig 5.3. The dilute phase of the mixture has a 

liquid vapor boundary in the still where 3He is evaporated and pumped away. The 

vapor travels through the closed pump system and is forced back into the dilution unit 

through the inlet line which is thermally anchored to the 1 K pot. The 1 K pot holds 

Liquid 4He and its temperature is maintained close to 1.3 K by pumping. After the 

vapor is cooled to 1.3 K, it travels through a flow impedance which condenses the vapor 

to Liquid. As it passes through the heat exchanger, its temperature falls even further. 

It then enters the mixing chamber. The sample to be cooled is either mounted directly 

on the mixing chamber or is connected to it via a heat link. The entire unit is separated 

from the liquid helium bath by aa inner vacuum chamber. 

Our 3He-4He dilution refrigerator is a Kelvinox 300 made by Oxford Instruments 

with the nominal cooling power of 300 pWatt at 100 mK. Our initial test showed also 
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300 pWatt at 100 mK and a base temperature of 15 mK- Later, when the dilution 

refiigerator was modified to have an optical access, the additional heat load due to 

blackbody radiation &om the room Limited the Iowest accessible temperature to about 

70 rnK. 

Dilution Refkigerator: Schematic 

Figure 5.4 shows a typical Kelvinox 300 dilution refrigerator inside the dewar and the 

physical dimensions. (Our dilution refkigerator was modified to provide a space for 

the magnet, cell and opticd accesses.) There are two places where vacuum has to be 

maintained: the Dewar vacuum which is used for insulating the liquid nitrogen jacket 

from the room and also between the nitrogen jacket and the helium dewar. A high 

vacuum gas handling system with a difhion pump backed by a rotary pump was used 

to pump out the dewar vacuum. The Inner Vacuum Chamber (IVC) insdates the 

dilution unit born the liquid helium. A UHV gas handling system with a turbo pump 

backed by a dual stage rotary pump was used for pumping on the IVC and the cell. 

Three different types of thermometers were employed for monitoring the tempera- 

ture during a run. A silicon diode thermometer, model DT-470 fkom Lakeshore, was 

mounted on the top of N C  flange and was used for monitoring the temperature of the 

dewar. The diode is sensitive fiom room temperature down to 4 K. Calibrated ther- 

mometers monitored the dilution refigerator. These were supplied by Oxford along 

with calibration charts for each of the different thermometers. They were ruthenium 

oxide resistors that were calibrated against a primary thermometer [78]. Their resistance 

was measured with a resistance bridge (791. The resistance of the Ru02 thermometer 

increases with decrease in the temperature. Ru02 thermometers are convenient, inex- 

pensive and can be used over a wide temperature range, typically fiom 1 K to 50 mK. 

Ru02 thermometers were also used for monitoring the temperature of the cell and the 

3 ~ e  can, 
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Figure 5.4: A typical dilution refigerator. Our dilution refrigerator has more space 

below the mixing chamber for the magnet. 
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Figure 5.5: Anisotropy of 6 0 ~ o  radiation vs. Temperature. 

To measure temperature accurately below 80 mK, a nuclear orientation thermometer 

was employed. A Co6"Co crystal was mounted on the mixing chamber and a gamma 

detector (a photo-multiplier tube with a scintillator) was positioned outside the dewar. 

At low temperatures ( < 5 mK) the 6 0 ~ o  nuclei are almost entirely aligned with the high 

internal magnetic field of the ferromagnetic crystal, and the gamma radiation is highly 

anisotropic. At high temperatures, (> 80 mK) the nuclei are completely unaligned, 

and the gamma radiation is isotropic. The ratio of radiation rates between the on-axis 

and off-axis positions [or warm vs. cold counts on-axis] is therefore a good indicator of 

temperature between 5 and 80 mK (See Figure 5.5) 

During initial test of the refrigerator we calibrated the resistance thermometers with 

the nuclear orientation thermometer over the 5-50 mK range. 

The temperature of an object is accurately measured only when a good thermal 

contact between the thermometer and the object is established. When mounting our 
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Figure 5.6: Contour map of the constant magnetic field magnitude and the direction of 

the field's orientation. Z-axis is the axis of symmetry. The scale of the arrow given at 

the bottom represents the field strength in units of Gauss for 1 A in the magnet. The 

field strength varies Linearly with the current in the magnet. 

thermometers, we polished the mating surfaces smooth and applied enough pressure 

such that the surfaces pushed strongly against each other. We also used high thermal 

conductivity materials such as copper with reasonably large surf'e areas. Epoxies were 

also used for mounting the thermometers directly to certain surfaces. 

5.1.2 Magnet 

The magnetic trapping field is generated by two superconducting solenoids run in the 

anti-HeImholtz configuration. This creates a spherical quadrupole field and hence pro- 

vides an elliptical confinement of atoms around the trap center-(Figure 5.6) This elliptic- 

ity is due to the steeper z-axis field gradient, where the z axis is the axis of symmetry. 

One reason for choosing the anti-Helmholtz configuration (as opposed to, for exam- 

ple. the Ioffe configuration) is the simplicity of construction and operation. Another 



CHAPTER 5. EXPEXWENTL4.L PROCEDURE 83 

advantage, although not really important to these experiments, is that the spherical 

quadrupole field provides the tightest confinement of trapped atoms in all three dimen- 

sions. The potential is linear with the distance h m  the origin. This can play a role in 

determining certain aspects of evaporative cooling- Although an Ioffe type trap provides 

close to the same confinement, such a trap is technically more ~WEcult to make. 

The anti-HeImhoItz configuration has some disadvantages compared to other trap 

geometries. The only change that can be made to the magnet is the change of the fidd 

strength. The field geometry is preset and cannot be altered. In the case of density- 

limited trapping, more atoms can typically be trapped in a properly designed IoEe 

geometry because of its Iarge trap volume. 

Also. the anti-Helmholtz configuration system has a zero field at the center which 

cannot be removed by simply adding a bias field. A zero field can induce loss of trapped 

atoms via Majorana spin £lips and will limit the Metime of the trapped atoms in the 

absence of other loss mechanisms. Despite these drawbacks, the anti-Helmholtz config- 

uration system was used in these initial experiments due to its technical simplicity. 

Magnet Construction 

The individual solenoids are wound around a titanium bobbin with 5.08 cm clear 

bore[80]. All the titanium used in the construction of the magnet is 6-4 ELI annealed. 

Both solenoids are 2.77 cm thick with an inner and outer diameter of 5.3 and 13.0 cm 

respectively and 2.83 cm in length. Their centers are separated by 3.3 cm and there are 

approximately 5220 turn for each solenoid. The wires used are multifdamentary NbTi 

(niobium-titanium) embedded in a copper matrix (2 twists/inch). The use of twisted 

multifilamentary wires help eliminate the flux jumping that can occur in single filament 

conductors. 

The magnets are wet wound in epoxy to inhibit the movement of the wire (due to 

Lorentz forces). To counter the huge force repelling the two coils apart when run in the 
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anti-Helmholtz configuration, the magnet is encased in a titanium cask (again 6-4 ELI 

anneaIed alloy). The cask was designed to withstand more than 2.5 xlo5 N without 

plastic deformation or failure. The parti& titanium alloy was chosen because it has 

been carefidly characterized at  low temperature and is relatively light weight.The entire 

magnet assembly is immersed in liquid helium. Vapor-cooled current leads are used to 

lower helium boil-off. 

Prior to the experiment, the magnet was tested inside a helium dewar and was 

"trained". Training consists of increasing the current until the magnet quenches. With 

each quench, the wire moves closer toward its equilibrium position and therefore the 

quenching field initially increases and then asymptotes toward a stable value. When 

the magnet quenches, the resistance of the superconducting magnet suddenly increases 

to its normal value and heat is generated as the energy stored in the magnet is dumped 

into the (normal) wire. Rapid boiling of the liquid He typically ensues. (This can be 

dangerous if the exhaust for the He bath is not properly set-up to handle the sudden 

increase in pressure.) 

If a quench were to occur during the running of the experiment, it would not only 

increase the cell temperature (due to Eddy current heating) but also shut down the 

dilution refrigerator (due to the rapid temperature increase), disrupting the experiment. 

Therefore, it is necessary to know the quenching current of the magnet before the 

refrigerator is turned on and to stay safely below that current. During our magnet 

training. the magnet was quenched seven times at currents of (in chronological order) 

65 Amp, 79.2 Amp, 86.2 Amp, 86.1 Amp, 86.1 Amp, 83.9 Amp, and 86.3 Amp. At 

86 Amp, the trap depth is 3 TesIa making it possible to trap atoms with magnetic 

moment 1.5 B o b  magneton or higher at 250 mK. (See Chapter 3.2.1 .) 
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5.1.3 Cell Assembly 

The cell assembly is comprised of three main sections: the heat link, 3 ~ e  can and cell. 

Figure 5.7 shows a cross section of the apparatus. As shown in Figure 5.7, there are two 

separate heat links. A copper rod of 2 cm diameter connectes the mixing chamber and 

the 3 ~ e  can and a second copper rod of 1.3 cm diameter provides thermal anchoring 

fiom the top of the cell to the mixing chamber. This design was employed in order to 

have the ability to maintain two separate temperatures in the 3He can and the cell. The 

mating areas of the heat links were gold plated for better thermal contact. 

The purpose of the 3 ~ e  can was to allow the helium buffer gas to be nyopumped 

out of the cell. By lowering the temperature of the 3 ~ e  can, the buffer gas can be 

cryopumped into the 3 ~ e  can region, thus, hopefully, ensuring no future interference 

with the trapped atoms in the cell. The 3 ~ e  can has 21 holes of size 5 mm dia. with 

depth 5 mm for increasing the surface area. It is connected to the cell by a thin-walled 

stainless steel tube (2.54. cm dia, 0.0508 cm thickness) which allows gas to flow freely 

between the cell and the can. A b d e r  gas is introduced to the 3He can and to the cell 

through a 1/8 inch stainless steel tubing with the wall thickness of 0.7 mm. The tube 

which originates at fiom room temperature is thermally anchored at 4 K and at  1 K 

before readring the 'He can. It is coiled in order to prevent room temperature radiation 

from making it to the cell and to limit ballistic travel of gas horn the room temperature 

end of the tube into the 3He can. 

The cell is positioned at the center of the magnet. It resides in vacuum and is 

separated horn the magnet (and the liquid helium) by a stainless steel vacuum can. 

The vacuum can, a tube of 5 cm diameter and 0.8 mm wall thickness, is directly around 

the cell. The cell has inner and outer diameter of 4.27 cm and 4.5 cm respectively and 

is 6.8 cm Iong. It is made of OFE copper with 4.4 cm diameter fused silica window 

attached at the bottom [Bl] (described in detail below). A special design was required 

for the window at the bottom of the cell. Because the thermal expansion coefficients are 
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Figure 5.7: Schematic diagram of magnetic trapping and optical detection apparatus. 

The superconducting magnet is immersed in Liquid helium. Optic& access to room 

temperature is provided by a set of borosilicate and fused silica windows at the cell 

temperature, 4 K, 77 K and 300 K. Only the 4 K window is shown in the figure. The 

77 K and 300 K windows lie directly below the 4 K window. The YAG beam and the 

probe beam enter the same set of windows. 
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Figure 5.8: Different designs employed for attaching window at the bottom of the cell. 

(a) and (b) caused the window to shear into an upper and lower piece when the tem- 

perature of the cell was lowered below 77 K. The problem was solved by by making the 

£in longer and thinner (as shown in (c) ) .  

different for copper and fused silica, a very high stress can develop if care is not taken. 

In our first cell design (Figure 5.8(a)), the window was sheared parallel to the face of the 

window and separated into an upper and lower section as its temperature was lowered 

below 77 K. Undoubtedly this was due to the stress from the copper contracting on the 

window. Two things were concluded from this initial failure. First, the copper fin that 

was in contact with the perimeter of the window should be made as thin as possible 

in order to minimize the radial force on the window. Second, the fin seal should cover 

the full thickness of the window, not half way. In a later design, the fin was machined 

to less than 0.13 mm thickness and covered the entire thickness of the window. (See 

Figure 5.8(c).) 

A 1 cm diameter aluminum on BK-7 mirror is mounted on top of the cell for retrore- 

flecting the probe laser beam. Next to the mirror and opposite to each other are two 

sample holders made out of copper. Solid lumps of Eu and Gd were mounted inside. 

(Initially3 Gd was also considered for trapping.) 

During initial runs, we found that the cell swayed kom side to side due to unavoidable 

vibrations from pumps, etc. This was indicated by movement of the retroreflected beam 

that. in turn. induced noise on the absorption signal. Because the dilution refigerator 
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Figure 5.9: Cell centering device (the "dog collar"). The tip of the sharpened vespel 

rods are in contact with the IVC wall but due to a poor thermal contact, the heat load 

on the cell is negligible. 

was hung from the top, at the end of a long lever arm, the cell was particularly sensitive 

to vibration. We also discovered that the cell moved when the magnet was ramped up 

or down (possibly due to magnetic force on the lump of Gd, which is ferromagnetic). In 

some cases, this caused enough displacement such that the cell touched the vacuum can 

and this led to intolerable heating of the cell. To remedy this problem, a device which 

resembles a dog collar was put around the cell for centering it with respect to the N C  

(shown in Figure 5.9). It was made of a brass ring with 3 Verpel-22 [82] rods screwed to 

the ring. Vespel was chosen for its low heat conductivity[83]. The rods were sharpened 

to less than 0.35 mm dia. in order to minimize heat conduction between the vacuum can 

and the cell. With the dog collar, there was much Iess oscillation. The additional heat 

load through the vespel rod was estimated (and determined vial experimental tests) to 

be less than 10 p W ,  

In order to provide optical access the dewar and the NC were modified. This was 

done by installing a set of three windows; the h t  window separated room &om OVC, 

the second window was thermally anchored to the nitrogen jacket and the 4 K window 

separated the OVC from NC. The 77 K and 4 K windows block IR that would otherwise 
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attenuation filter reference cavity 

Figure 5.10: Schematic of Coherent 899 ti:sapphire laser with active stabilization. 

cause intolerable heating on the cell. The 4 K window was made of uncoated laser grade 

BK7 glass. This was chosen because BK7 has somewhat lower IR transmission (in 3- 

4 p m  regime) than fused silica. The 77 K and the room temperature windows were 

made of laser grade fused silica anti-reflection (AR) coated at 760 nm. (These were 

originally specified for fluorescence detection of trapped w g e n  molecules.) 

5.1.4 Ti:Sapphire Laser and doubling crystal 

For the probe laser beam in infrared region, we used a tisapphire laser with a tuning 

range from 700 nm to 1000 nrn. This was pumped with an Argon Ion laser, a Coherent 

1-200 Argon Ion laser (maximum power of 25 W), 15 W, multiline, and an aperture 

setting of 10 (for the best Gaussian beam) was typically used. 

The Ti:sapphire laser is a model 899-21 CW ring laser from Coherent with active 

frequency stabilization-(See Figure 5.10.) The output beam is linearly polarized along 

the vertical direction and is 0.2-1 watt depending on the operation wavelength. Two 

electronically controlled etalons ensure single-frequency laser operation with a linewidth 

of less than 20 MHz. The frequency can be further stabilized to less than 1 MHz using 
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an electronic servo system that locks the laser frequency to a stable passive rehence 

cavity. With the scanning Brewster plate placed in the laser cavity, the frequency of 

the laser can be scanned up to 25 GHz. 

The power fluctuation of the laser is approximately 15%. A noise eater ( a laser 

intensity stabilizer, Thorlab CRZWB, max. input power 25 mW, operating wavelength 

700-1000 run, 4 kHz bandwidth) was sometimes used to stabilize the beam power (-2%) 

which helped eliminate one source of noise from our absorption signal. 

Frequency jumping was, at times, a more serious problem. It can be caused by 

vibration, air currents, gain loss due to absorption by molecules in air, mistuning of 

electronic components, failure in the feedback system, unstable lasing posit ions on the 

mirrors, and misalignment of the reference cavity. It can also occur if the laser frequency 

is set in a region between two adjacent modes with equal gain coefficients. When 

the frequency of the laser does not lock reliably, all these possible culprits have to 

be systematically tested and ameliorated to ensure proper scanning and maintaining a 

single-frequency operation. The wavelength of the emitted laser light was determined 

by splitting part of the beam into Bureleigb WA-20VIS Wavemeter. 

In order to probe the stronger (see Table 3.2) Eu tramition at 462 nm, the ti:sapphire 

beam was doubled from 925.7 nm by passing it through a KNb03 crystal. The crystal 

was cut at an angle of 51 degree to the c-axis to satisfy the phase matching condition for 

925.4 nm[84]. The crystal is efEective at doubling over a wavelength range of f 20 nm. 

It was mounted on a rotational stage for angle tuning. Because the crystal is sensitive 

to pressure and can be easily damaged, care must be taken during mounting. The first 

and second harmonic beams were separated from each other by passing it through a 

prism after which the first harmonic was removed. 

The conversion efEciency of the doubling crystal varies with the input beam power. 

For 1 Watt input power, the conversion efficiency is low resulting in only a few mi- 

crowatts of 925.4 nm power. However, this was sufficient for doing absorption spec- 
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troscopy of Eu, 

5.1.5 YAG Laser 

Laser ablation of Eu was achieved by employing a pulsed doubled Nd:YAG laser[85].A 

fourth harmonic generator (BBO) was present in our unit. (The fourth harmonic was 

used for a different experiment.) With this setup three different wavelengths are pro- 

duced; 1064 nm, 532 nm, and 266 nm, These beams are separated &om one another by 

a set of dichroic mirrors. 

For safety and convenience, we chose the 532 nm beam for laser ablation. At 532 nm, 

our eyes have high sensitivity. White cards and very low laser powers can be used to 

guide the beam easily without requiring a visual aid. The pulsed YAG at 532 nm has 

a temporal width of zz 5 ns and the maximum energy of 250 mJ per pulse. The energy 

per pulse can be varied by adjusting Q-switch delay time (the time between the firing 

of the flash lamp and the Q-switch) . (See Figure5-11.) The pulse can be generated as 

a single shot (triggered externdy) or in a continuous train at 10 Hz. The shots can be 

fired either manudy (with a pushbutton) or electronically (with a TTL pulse). The 

pulse power fluctuates f 20%. The pulse power was measured by using a glass slide to 

reflect 8% of the beam into a pulse power detector[86]. 

It should be noted that only specially coated mirrors, beam splitters and beam 

dumps that are designed to withstand the intense laser power should be used for guiding 

the ablation laser[87]. (50 h4W/cm2 .) Other mirror types such as Al-coated mirrors got 

damaged when hit by the pulse laser. 
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Pulse energy vs. Q-delay 

Figure 5.1 1: Pulse energy vs. Q-delay time. (Note: As the flash lamp deteriorates this 

dependence changes.) 

5.2 Detection Method 

5.2.1 Detectors 

For most beam detection in the experiment, detectors based on the photovoltaic opera- 

tion of UDT PIN-6DP photodiodes were used. In photovoltaic mode, there is no external 

bias voltage across the photodiode. This allows greater sensitivity to low light levels 

dbeit with a lower frequency response. The detector circuit design is as shown in Figure 

5.12. RF? and CF were chosen to compromise between maximum signal amplification 

and maximum fkequency response- 

During the detection of trapped europium atoms, the probe beam power was often 

reduced below a small fraction of a mic1:owatt to prevent optically pumping the atoms 

out of the trap. For measuring absorption at this low light level, the photodiode detector 

was replaced with a photo-multiplier tube. A biallrali photemultiplier tube[70] was 

operated in current mode for this purpose. In current mode, the average DC current 
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Figure 5.12: Circuit Diagram of the photodiode detector (in photovolt aic mode). 

signal from the tube is converted to a voltage signal with a resistor. The voltage 

signal was then sent to a preampMia for amplification before it was displayed on the 

osciUoscope- 

Scattered Light from the YAG beam can be problematic causing saturation in these 

detectors. The 532 nm YAG photons are filtered out by placing RE655 (for 710 m 

probe laser) or BG-12 (for 462 nm) Schott glass filters in front of the detectors. 

5.2.2 DAC System 

The data acquisition system consisted of the following components: a CAMAC timing 

module, an osciUoscope, a function generator, and a computer. The timing card, the 

oscilloscope, and the function generator was interfaced to the computer using GPIB 

(IEEE 488.2). A sequence of triggering events were controlled by a CAMAC timing 

module[88]. The module has an internal 1 MHz clock. Each of its 12 channels can be 

programmed to execute time related TTL signals. The unit has the ability to output a 

different 12 bit word at any fixed time up to 16,777,215 clock intervals, with a minimum 

interval of 1 psec. The timing card was used for triggering acousto-optic module (AO) 

(sometimes used for switching the probe laser), YAG laser, and the oscilloscope. The 
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event sequences were transferred to the timing card through a GPIB module in the 

CAMAC crate- 

The laser power level (the absorption signal) was recorded with a four channel, 

500 MHz, &bit digitizing oscilloscope[89]. The digitized data from the scope was trans- 

ferred via GPIB to the computer for storage and analysis. 

A function generator(901, was used for scanning the laser frequency. A saw tooth 

shaped voltage wave fiom -5 V to +5 V was connected to the external sweep input 

of the laser control box. The laser frequency could be scanned by as much as 25 GHz. 

The function generator was triggered by the timing card. 

5.2.3 Data-taking Sequence 

Three different data acquisition (DAC) sequences were used during the experiment. 

Time Profile 

For studying the density of atoms in the trap, the laser frequency was hd at the 

resonant frequency with the highest absorption, and the scope monitored the time profile 

of an absorption signal. The sequence used was as  folIows: 

A baseline (zero absorption reference) for the absorption signal is acquired for 

1-100 sec with the scope. 

The YAG laser is fired and atoms are ablated. 

The scope begins sampling data ( one channel for the absorption signal, another 

channel for the refewnce beam, and a third channd for monitoring the temperature 

of the cell) 

After the scope stops(1-150 sec), the data is downloaded to the computer. 

The pulse energy of the YAG laser at a h e d  Q-delay has poor repeatability unless it 

is warmed up. The Bash lamp is therefore flashed at 10 Hz for 20 sec before the actual 
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laser pulse is fired. The c d  temperature is recorded by sending the analog output fkom 

the resistance bridge to the scope. 

Spectrum 

The Eu spectrum over all visible Lines is necessary for determining the absolute density 

of Eu in the cell and for identi-g which states are trapped. Other information such 

as the temperature of the atoms, the position of the probe beam may also be obtained 

from the spectrum data. The DAC sequence for taking the spectrum can be done in 

either the pulse-and-sweep mode (for taking a snap shot of the spectrum some delay 

after the atoms are ablated.) or the fast sweep mode (for studying spectral evolution of 

the trapped atoms over a long period). The pulse-and-sweep mode proceeds as follows: 

The laser is set on external control. In this mode the frequency of the laser can be 

controlled by an external &5 V analog signd. We typically scan 1-8 GHz. Lnitidy 

the input is set to -5 V, the low end of the range. 

a After being warmed up, a single pulse of the YAG laser is fired. 

a The scope is triggered after a (typically 3 sec) delay from the YAG firing. The 

delay is present with the idea to allow untrapped and marginally trapped Eu 

atoms to escape. 

a The laser is freguency scanned about 1 sec. The scope records the scanning 

voltage, the reference beam power, and the signal beam power during the scan. 

The scope data is downloaded to the computer. 

The fast sweep mode has the following sequence: 

The laser is set on external control, as above. 

A triangle wave (-5V to 5V) at 5-10 Hz is sent to the laser. 
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The scope is set up to be triggered on the rising edge of the triangle wave. The 

scope is usually run in "average mode". In this mode, 10-30 scope traces are 

a-ed 

The following sequence is repeated. 

A reference scan is taken (no atoms in the trap) to correct for etalon effects. 

(Etalon effects came from the many entrance windows to the cell.) 

a The scope is reset and the average is cleared. 

The YAG laser is warmed up and fired. 

After a delay to allow fot sufficient averaging, the data is downloaded. 

It should be noted that this procedure records the average spectrum over a significant 

time, so strict interpretation of time-varying spectral features must be done with care. 

This mode enabled us to monitor the change in the spectrum of the Eu atoms in the 

trap continuously, and provided us with our cleanest data. (See Figure 6.2) 

5.3 Buffer Gas Loading of Eu 

X typical, actual loading procedure is described here. More detailed discussion of vari- 

ations on this will be described in the results section. First, a torr of 3 ~ e  or 4 ~ e  Gas 

is introduced to the cell at room temperature. This enough to provide the saturated 

vapor pressure at below 1 K. (See Figure 3.3.) 

The cell is cooled to 250 mK for 3He and 800 mK for 4He. The magnet is energized 

to 15 Amps (0.52 Tesla) for 3 ~ e  and 50 Amps (1.7 Tesla) for 'He. This creates a 

potential deep enough to trap only the Mj=7/2 state. The probe laser is set on the 

center of one of the absorption lines of Eu. The typical power used to probe the atoms 

is 0.1 pW- The 3.5f 1.5 am diameter beam enters at an angle about 2" with respect to 

the cell axis and passes through the cell center with an offset of 3*1.5 mm. The beam 
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then reflects fiom the mirror at the top of the cell, passes the cell center again, exits the 

cell, and is detected by a photemultiplier tube- A YAG pulse of approximately 15 mJ 

ablates the solid Eu creating Eu vapors. The pulse energy was kept as  low as possible 

while still being able to produce enough flux of Eu atoms because a large heat load on 

the cell obstruct &cient loading of the atoms. Also, the lower the power, the slower 

the coating of the mirror with layer of Eu atoms. Eu atoms that are released by the 

abIation pulse thermalize with the cold buffer gas and are loaded into the trap. Buffer 

gas is then pulled away by lowering the cell temperature leaving a trapped sample of 

atoms which eventually escape slowly- We take scans of data or record the decay of 

absorption signal at 6xed frequency. Detailed description of procedure and data are 

given in Chapter 6.1.2? and 6.2- 



Chapter 6 

Results and Data Analysis 

In this chapter. results of the experiment and the data analysis are presented. Data 

was taken in one of two ways: either absorption time profiles at a fixed wavelengths 

or the laser was scanned over the entire absorption band of about 14 GHz at certain 

fixed delay times after the ablation pulse. The first method provided information on 

the loss dynamics of the trapped atoms while the second method provided the spectral 

evolution of the trapped atoms, the number density and temperature. 

6.1 Spectra 

This section presents spectra of trapped and untrapped Eu. Experimental and t heoret- 

icd spectra are compared. 

We investigated thermalization of laser ablated Eu as a function of the buffer gas tem- 

perature. The cell (filled with -1 Torr of 3He gas) was cooled down from the room tem- 

perature to 4 K. An Eu absorption spectrum was taken at 300 K, and 77 K employing 

the pulse-and-sweep (see Chapter 5.2.3). (The temperature was monitored by the diode 

thermometer.) We scanned over one of the hyperfine lines in the red z ' O P ~ / ~  - a8S7/2 
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band (4 ps natural lifetime, A= 710.8 nm). The natural linewidth of this transition is 

less than 0.1 MHz. The width due to Doppler broadening is estimated to be between 

24-423 MHz for T =1 K-300 K. (See eqn. 4.1) A simple calculation predicts the coUi- 

sional broadening (7) due to 1 tom of 3?Ie b a a  gas to be about 1-17 MLIz for T = 

1-300 K (Note: 7 = 2nva [91] where n is the density of the b d e r  gas, v is the mean 

velocity of atoms, and a is the cross section for phase randomizing collisions.) For T 

= 1-300 K. the Doppler broadening is much greater than either the natural linewidth 

or the pressure broadening. Therefore, it should be possible to infix the temperature 

of the Eu vapor directly from the width of the Line. Figure 6.1 shows the lineshape 

at 300 K and 77 K. The linewidths of 500=t30 MHz, and 275*30 MHz co~~espond to 

temperatures of 400*50 K. and 125zt30 K respectively. Fkom this data, we concluded 

that the ablated plume had thermalized with the b&er gas. 

6.1-2 Spectra of Trapped Atoms 

Figure 6.2 shows sample spectra of the trapped ensemble measured in a time period 

between 0-20, 0-40, 0-60 sec after the ablation pulse. This sample was loaded into a 

0.52 T deep trap with the cell at 250 mK. One can see that the main features of the 

spectra change littIe with time but their integrated absorption intensities are decreasing. 

The trap spectra were assigned on the basis of the spectral constants of ' 5 1 v 1 5 3 ~ ~  

given in Table 3.2 [63] and the distribution function of the number of atoms in the 

beam path subject to a given magnetic field, N(H) . N(H) was determined for a given 

magnetic state, M j ,  the loading temperature, the calculated spatial distribution of 

the magnetic field (Biot-Savart integration of the known currents), and &om factors 

accounting for the probe beam geometry such as the beam diameter, the offset from the 

center and the polarization direction of the probe laser. The density was assumed to have 
- < r > H  

a Boltzman distribution, e k~ (" . At our loading temperature, the splitting between 

different MI 's is less than 2 mK. Therefore, as an initial assumption, an equal weight 
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Eu Spectrum, (700 mTorr ' ~ e  buffer gas) 
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Figure 6.1: Eu ablation spectra (around 14068.17 cm-' with 700 mTorr of 3He buffer 

gas) taken at 300 K and 77 K. The linewidth becomes narrower with decrease in tem- 

perature as expected. 
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Spectra of Trapped Atomic Eu 
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Figure 6.2: Sample absorption spectra of the trapped ensemble of Eu in a 0.6 T deep 

trap at 462.7 nm measured at 20 s, 40 s, and 60 s after the ablation pulse. 
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was assigned to each hyperfine state- This was corroborated by our measurements. 

The spectra of the trapped atoms were simulated by summing up computed spectra 

pertaining to all field strengths (8) and weighting each by the corresponding factor 

N ( H ) .  This is valid in our density regime which lies in the low optical density regime. 

The spectnun for a given H was d d a t e d  by stlmming all d o w e d  electric dipole 

transitions ( weighted by S,, the linestrength factor given below) of a given Mj state 

for each isotope. The natural abundance of each isotope (48% for Is3Eu and 52% for 

l S 3 ~ u )  was also taken into account by a factor fi-  All hyperfine states MI ( -5/2 to 

5 / 2 )  were weighted eq~aily~ as mentioned above. Each transition was given a Lorentzian 

line shape. L(u - vr,,), with the linewidth given by the sum of the natural linewidth 

(26 MHz for lifetime of 6 ns [92]) and the Doppler width (14 MEIz at 250 mK). 

However. the observed spectrum is insensitive to these widths because magnetic 

broadening is much larger (-270 MHz). This determination of A(u) can be summarized 

where 

E ( M j ,  M I )  is calculated from eqn. 3.18. E(Mj ,  MI) was used for all N(H) instead of 

E(F1 M) because at H,, = 0.6 T, more than 90% of the detected trapped atoms are 

subject to B > 0.05 T where the strong-field limit is reached. S(M;, M;; M j ,  MI)  is the 

line strength factor of electric dipole transition between states I M i ,  M; > >c I Mr , MI > . 
It takes into account the distribution of the orientation of the atoms. The details of this 

formula are given in Chapter3.3.3. (See eqn. 3.42) 
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where q = 0 for p d e l  and q = f 1 for perpendicular transitions. F, represents kaction 

of N(H) that will have 6M = q transition and it depends on the direction of the laser 

polarization with respect to the orientation of the atoms. (See eqn. 3.38) 

The spectrum was simulated for diffient Mj's- The result clearly indicated that 

the trapped atoms correspond to M ~ = 7 / 2  state. This is consistent with our model of 

loading: the lower M j  states are not as tightly confined and leave the trap quickly. The 

spectrum for 1MJ=5/2 was also simdated and was added to the MJ=7/2 with different 

weights in order to determine if the spectrum can be simulated equally well with both 

states present. We found that the simulated spectrum started to deviate &om the actual 

spectrum if more than 10% atom fiaction of MJ=5/2 is included. 

Because we were not equipped to image the trapped atom cloud directly, and careful 

measurements of the beam diameter and ofiet were not taken, the final determination 

of the parameters had to be inferred &om the spectrum data- In the simulation, it was 

found that as the offset is increased, the location of the AM = -1 peak shifts lower in 

fkequency space with respect to L1M = 0 peaks. At zero offset, much of AM = -I peak 

of L 5 3 ~ ~  overlaps with the AM = 0 peaks and is indistinguishable. At higher off-set, 

however, the peak is more visible due to wider separation. Our best fit indicated the 

beam offset of 5 * 1 mm. 

The width of the A M  = -1 peak gave us information on the beam diameter. The 

best fit was obtained for a beam diameter of 5 mm assuming the temperature of the 

cell to be 250 mK. Our knowledge of the beam size before it entered the cell and the 

geometrical consideration of the beam path, Limited the beam diameter to 3.5 k 1.5 mm 

and the offset to 3 1.5 mm. Our estimate of the beam diameter and the offset from 

the simulation based fits are consistent with this limit. 

In the simulation, the probe beam was assumed to travel vertically and thus have 
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only one ofket value. This was done for ease of calculation. However, in the real 

experiment, the beam hits the retso-reflecting mirror at a small angle fiom 90" in order 

to separate the input and exit beam. Therefore, the location of the entering beam and 

the exiting beam are Metent in the trap region. A rudimentary effort was made to 

improve the spectrum by mixing the simulated spectra with two diffkrent offsets but 

this did not improve the simulation. 

Also unknown was the direction of the beam polarization with respect to the di- 

rection of of the ofbet in the x-y plane (where z is the axis of the beam propagation 

and the axis of symmetry for the trap). We discovered that the ratio of the A M  = -1 

and AM = 0 transition in our simulation was determined by the direction of the offset 

with respect to the direction of laser polarization. This gave us information about the 

direction of the laser polarization with respect to the o&et. The angle between the 

offset and the polarization is 45 * 5". 

Figure 6.3 shows the assignment of the lines according to the isotope and hyperfine 

substates. It is clear Eom the theoretical fit to the spectrum that all of the hyperfine 

states of Eu are trapped and that all of the hyperfine states persist throughout the 

trap lifetime. (See Figure 3.5 for the correlation diagram.) However, their relative 

intensities change disproportionately with time. We believe this may be due to spin 

exchange processes. However, it may also be that different hyperfine states have different 

dipolar relaxation rates. Figure 6.4 shows the individual spectrum after 20 s, 40 s, 60 s 

separately. It can be clearly observed the states other than MI = 5/2 state go away 

faster. 

The linewidth of the hyperfine lines are due to magnetic broadening. The temper- 

ature of the trapped atoms can be inferred from the magnetically broadened hyperfine 

Iine. At 250 mK and 15 A, the number of atoms vs. the magnetic field strength is 

shown in Figure 6.5 for our best estimate of the beam geometry. The F-I of this 

graph (AH) is - -085 T. For AM = 0 transitions, the width is due to the difference in 
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Spectra of Trapped Atomic Eu 
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Figure 6.3: Simulated spectrum and the assignment of the hyperfine lines. Ali features 

are due to the M j  = 7/2 state of E U ( ~ S ~ , ~ ) .  For each isotope, there are two subbands 

of magnetic hyperfine transitions, with AMJ = 0 and -1. The locaticn of the AM3 = 1 

sub-bands shifts to the left (i.e to the red) with respect to AMJ = 0 bands as the beam 

offset from the center of the trap is increased. Note that for the AMj = 0 transitions 

in 'jlEu, all six MI nuclear spin states are clearly resolved. 
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Figure 6.4: Figure 6.2 drawn separately for each delay time. Note that the MI = 512 

states have narrower linewidt h than other states and decays more slowly than other MI 

states. 
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Figure 6.5: Calculation of atom number vs. magnetic field strength for a beam of 0.5 cm 

dia with 0.5 cm offset at T= 250 mK. The trap is 0.52 T deep. 
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the ground state and the excited state g-factors, g, and g, respectively. It is given by 

= 250 MHz-(Figure 6.3) The observed linewidth of UJ = 0, hiI = 5/2 hyperfine 

lines are 270 f 10 MHz. Given the uncertainty of our beam geometry, the predicted 

and obsmed Iinewidths are rather in good agreement. The reason that the observed 

linewidth is greater is probably due to the fact that during the fist 20 s after the 

ablation, the temperature of the cell is slightly higher than 250 mK. The maximum 

possible measured bv = 280 MHz would indicate a temperature of 400 K. 

Figure 6.6 shows a 100 mK, 200 mK, 300 mK, and 400 rnK fit to the data- These fits 

were made using our best estimate of the beam geometry, More accurate temperature 

information. which would be vital for studying evaporative cooling, could be gained by 

better control of the beam geometry. 

The transition has a natural linewidth of 25 MHz, corresponding to a temperature of 

10 mK. This transition can therefore not be used to measure the temperature of atoms 

much colder than 30 mK. However, many narrower transitions exist and these could, in 

the future, be used to measure lower temperatures. 

Procedure for Taking Spectra of the mapped Sample 

Trapping is ideal for high-resolution spectroscopy. The atoms can be probed for a long 

time, and can be held at a temperature hr below their freezing point, leading to narrow 

transit ions. 

To take our spectrum, first the magnet is energized to a desired value (typically 

15 Amps, H,, = 0.52 TesIa) . The Iaser is scanned 14 GAz (7 GHz before doubling) at 

1-10 scans/sec. The YAG laser fires a pulse creating a pulse of atoms. The absorption 

spectra of the atoms in the trap region are integrated for about 20 scans. The data are 

monitored and recorded. (See Chapter 5.2.3 for details.) The spectrum shown in Figure 

6.2 represents an average of 19 trap loads, integrating for 20 seconds per load. 
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Figure 6.6: Eu spectrum simulation at various temperatures for our best beam geometry. 

The best simulation is for T = 250 mK and 300 mK. 
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Special Features of the Spectrum 

Although almost all the features of the trap spectrum have been reproduced in our 

simulation, one peak (marked by a in Figure 6.3) is not reproduced. Efforts to reproduce 

this peak using 2 different beam o h t s  for the entering and exiting beam and also 

including lower MJ states were made but were unsuccessful. The peak was extremely 

repeatable, and persisted for the entire lifetime of the trapped sample, which makes 

it seem unlikely that it was a laser glitch or other artifact. Also unexplained is the 

difference in the bewidth between the simulated hyperfine lines and the actual data. 

Except for MI = 5/2 lines, the width of other hyperfine lines of the actual spectrum 

were much greater than the simulated spectrum. It is not clear why the hyperfine lines 

have different linewidt hs. 

The beam geometry was not as well controlled as it should be. Although the beam 

position and polarization relative to the trap can be extracted from the spectrum, more 

information could be learned fiom the spectrum if this geometry was better quantified. 

Unfortunately, we did not successfully simulate the spectrum until &er the trapping 

run was complete, so the dependence of the spectrum on beam position was not verified. 

We attempted to image the atom cloud onto a CCD camera, but our camera system 

was rather unsophisticated and we were not successful. A more elaborate imaging 

system is being developed for future experiments. 

Optical Pumping 

It was found that by raising the probe beam power to =lo pWatt, we could optically 

pump the atoms out of the trap. Figure 6.7 shows the absorption vs. time for a number 

of different beam powers. For this run, we were primarily interested in avoiding optical 

pumping, so we limited o w  power to 10 times lower than the lowest power where optical 

pumping was observed. One might be able to use this to evaporatively cool the sample 

by tuning the beam to eject those atoms residing in high magnetic fields (and therefore 



CH-WTER 6. RESULTS AND DATA ANALYSIS 111 

Time Profile of Absorption Signal (4K, 15 Amp) 
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Figure 6.7: Evidence of optical pumping is shown above. When the laser probe beam 

power is lowered by factor 10 and 100 &om the initial power, the number of atoms after 

a fixed delay is higher. 
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high energies). This is analogous to the & M e  (351, potentially ailowing separate 

control of the trap depth and field gradient. 

6.2 Time Profile 

6.2.1 Incipient napping 

We investigated lengthening of the sample lifetime (- 1 s) by looking at the time profile 

of absorption signal at various magnetic fields. The magnet current was ramped up to a 

desired value slowly so that the cell temperature did not rise high enough to shut down 

the Edge. The cell temperature was kept at 250 mK except when the Eu was ablated 

which caused the temperature of the cell to rise for a short time- After an ablation pulse, 

the temperature equilibrated back to 250 mK within 20 sec. The absorption signal was 

monitored at the wavelength of 462.7 n m  which is in the blue z ' ' P ~ / ~  - band 

(6 ns lifetime [92]). 

Time [a] 

(Continued on the next page.) 
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Figure 6.8: Absorption time profile at various magnetic fields, 0-30 Amps (0-1.04 Tesla). 

The frequency of the probe laser was the same for each time profiles. The atoms were 

loaded at 250 mK. However, due to the ablation pulse the temperature rises above 

250 mK then falls back to 250 mK. Except for 0 Amp, 1-body, Zbody and a combination 

of 1 and 2-body fits are given for each time profile data. Note that at low magnetic 

field strength 1-body fits are better but at high field strength 2-body fits approximate 

the decay better. The data shown in the figure was smoothed over 4 bins. 
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Figure 6.8 shows the absorption time profile at various magnetic fields. According 

to the figure, the longest trap lifetime occurs at 15 Amps (0.52 Tesla). At this field 

strength, q of our trap is 9.5 for Mi = 7/2. r )  is the ratio of the trap depth to the 

thermal energy, given by 

where < p > is the magnetic moment and g is the gyromagnetic ratio- Initially the 

Lifetime of the signal increases with the increase in the field . Above 20 Amp, (0.7 Tesla, 

eta = 12-7) however, the signal decays faster as the field is further increased. This is 

most likely due to the increase in density at the center of the trap at higher fields which 

in turn causes the 2-body decay term to increase. 

The loss mechanisms of atoms from the trap region can be classified into 1-body ( oc 

to n, where n is the local density), 2-body (a to n2) and, 3-body (a to n3) loss terms 

corresponding to decay curves of e-', llt, l / t2  respectively where t is the time. 

For a fixed atom number, 2 and 3 body losses would be accelerated in more tightly 

confining traps (higher currents in our configuration). This is because the atom cloud is 

concentrated in the center of the trap, resulting in a higher density for the same number 

of atoms- 

At low fields, the dominant 1-body loss mechanism is atoms leaving over the edge 

of the trap and sticking to the walls. In the absence of diffusion, which could slow 

this loss but not accelerate it, the loss rate would scale as e -pBfkT  and be strongly 

suppressed at  high fields. (See Chapter 6.2.4.) Other 1-body loss mechanisms, such as 

Majorana transitions at the trap center, codd remain significant at higher fields, but 

are expected to provide a trap lifetime on the order of 1000 sec (see Chapter6.2.4 ). We 

therefore expect 1-body losses to dominate at low fields, and 2 or higher order processes 

to dominate at higher fields. 

Figure 6.8 illustrates time profiles for a selection of different trap depths. Each load 

was done at 250 mK (the equilibrium temperature in the absence of heating due to the 
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Table 6.1: 1 and 2-body rate coefficients &om fitting the absorption time profiles at var- 

ious magnetic field strength. (See Figure 6.8.) The rate coefficients a and b correspond 

to the constants in n = -an - bn2. The temperature was assumed to be 250 mK at 

dl time. It was also assumed that the line strength stays the same with the change in 

magnetic field. (The line strength factor at 15 A was used for fitting the data.) 

ablation laser) pulse energy of -10 mJ and the probe laser fixed at 28,136.26 an-'. 

Each plot shows the observed time profile, the bat-fit time profile for a combination of 

1 and 2 body losses, and the 1 and 2 body components of this loss shown separately. 

Each fit was determined by adjusting a parameter (in m e  of l-body or 2-body fit) or 

parameters (in case of 1 & 2-body fit) until it produced the least mean square Werence 

between the fit and the data. The time profile at 0 field is included for comparison, but 

losses in this case are qualitatively different (consistent with difhion through the 3He 

gas). so no curve fits are provided. 

Current fit a(s-I) b(cm3s-I) Current 

0 -4mp 

5 Amp 

12 - h p  

18 -Amp 

26 .Amp 

I l-body 

1-body 

2-body 

1&2-body 

1-body 

2-body 

2&2-body 

1-body 

2-body 

1&2-body 

1-body 

2-bodj- 

l&Zbody 

fit 1 a(s-I)  

1 

2 

0 

0,411 

0.20 

0 

0.13 

0-11 

0 

0.033 

0.13 

0 

0.0083 

, I  

I 

b(cm3s-l) 

- 
0 

2.8 x 10-lo 

1.6 x 10-lo 

0 

2-7 x 10-l2 

6.9 x lo-13 

0 

6.9 x lo-'3 
I 

4.1 x lo-13 

0 

4-1 x 10-13 

3.7 x 10-l3 

- 

8Amp 

15Amp 

23 - h p  

30 Amp 

- 

0 

3.1 x 10-I' 

7.6 x 10'13 

0 

8.5 x lo-13 
4.5 x 10-l3 

0 

- 
l-body 

2-body 

1&2-body 

1-body 

2-body 

1&2-body 

1-body 

- 
0.51 

0 

0.51 

0.10 

0 

0.041 

0-12 

2-body 

l&2-body 

l-body 

2-body 

1&2-body 

0 

0.011 

0-27 

0 

0.076 

4.1 10-l3 

33  x 10-l3 

0 

4.5 x 10-1~ 

2.6 x locL3 
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Table 6.1 shows the 1 and 2 body rate coefficients at various magnetic fidd strength. 

The conversion factor betareen the nurent in the coils and the maximum igl is 

345 Gauss/Amp. The rate coeflicients are given fkom 1-body and 2-body fits sepa- 

rately and from the combination of 1 and 2-body fit. The two body term, 4, has been 
corrected for the changing overlap of the atom cloud and the beam at  higher fields. It 

is, however, a rough estimate because the exact position of the beam and the detailed 

spectrum were not recorded. (Note: the 1-body term is independent of the density.) 

This information was recorded for the data taken at 15 Amps, leading to an estimated 

2-body loss cross section of 4.5 f 2.7 x (see Chapter 6.2.2). For other data 

sets. the same Line strength at 15 Amp was a s w e d  in caICU1ating the rate coefficients. 

(In order to measure the rate coefficients accurately, the actual line strength, taken from 

the spectrum at each current value, should be used.) Also, the temperature of the cell 

rises immediately after ablation to about 1 K and then f& back to to 250 mK in about 

20 s. This prohibits a strict interpretation of the results of the fit that includes data for 

which t < 20 s. In spite of these uncertainties, the dominance of 1-body losses at low 

fields and 2-body losses at higher fields can be clearly seen. This was also confirmed 

by comparing the mean square Merences of each fit. The mean square Merence of 1 

St 2-body fit (with two adjustable parameters) was always smaller than that of either 

1-body fit or 2-body fit which have only one adjustable parameter. At low magnetic 

fields (< 15 A) , the mean square Merence of 1-body fit was smaller than that of 2-body 

fit (and closer to that of 1 & 2-body fit). At high magnetic fields (> 15 A), the mean 

square digerence of 2-body fit was smaller than that of 1-body fit- Figure 6.9 shows 

our data taken at 23 amps with a 1-body, 2-body, and bbody fit for t > 20 s. I-body 

losses are clearly a poor fit, but we have no data which clearly indicates a 2-body rather 

than %or-more body loss mechanism. 2-body losses have been assumed since the rate 

coefficient for 3-body loss is more than 10000 times higher than that of alkali atoms 

( - cm6s- for sodium atom[93]) (and therefore seemed unreasonable). 
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23 Amp, 1-body fit 23 Amp, 2-body fit 23 Amp. 3-body fit 

2Q90JO506070m # 1 9 0 # 5 O d 0 r 0 8 0  # ) 3 0 1 0 5 0 d 0 7 0 8 0  

Time [s] 

Figure 6.9: 1-body, Zbody, and Bbody fits of the absorption time profile at 23 Amp 

(0.8 Tesla) and 250 mK. The rate coefEcients for 1-body, 2-body, and 3-body decays 

are 0.032 s-', 4.5 x 10-'~cm~s-' and 3.0 x 10-~~cm~s- '  respectively. The mean square 

difTerences for 1-body, Zbody, and bbody were 0.005969, 0.005919 and 0.005914 re- 

spect ively. 
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6.2.2 Eu Density Calculation 

The density of the Eu atoms was extracted fiom absorption as follows. In order to 

calculate the density, first we have to determine the absorption cross section at our 

laser fkequency for a given experimental condition. The absorption cross section is 

given by 

(See Chapter 3.3.3.) where B is the Einstein B-coefficient and S(u) is the normalized 

linestrength factor (i-e. IS(v)dv = 1). For typical experimental conditions for the 

time profile measurement (250 mK, 15 A) o is about 1 .78~10-~~crn~ .  If the optical 

density is low, S(v)  is simply given by the absorptance at v divided by the area under 

the spectrum. With the determined absorption cross section, a computer program 

caIculates the absorption according to the following formula, 

where the z-axis is dong the direction of beam propagation. (Note: the factor of 2 is 

due to the fact that the beam passes through the cell twice.) The srtmmation is over the 

area of the beam diameter(in x-y plane). For a given temperature T, beam geometry 

and the magnet current, the code calculates the absorptance at several Merent values 

of no. Eqn. 6.8 was approximated by a 5th order polynomial relating no toA(u) and 

A(u)tono The conversion from the absorption to the density at the center of the trap is 

made using this function which approximates no to A(v). 

One source of error with this method is that it does not take into consideration 

the temperature variation that takes place in the cell over approximately the first 20 

seconds. The temperature &wts the spatial distribution of the cloud, changing both 

the spectrum and the overlap of the probe beam with the trapped atoms. 
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no was calculated using this method for the time profiles of absorption vs. time. 

The total number of atoms in the trap is  give^ by 

where V is the "effective volume" of the trap. For a linearly varying potential as ours, 

vis 

where g =< p > H,,/kT. For our trap geometry, is calculated to be 245 cm3. For 

our typical trapping condition (15 A, 250 mK) and beam geometry (5 mm beam dia, 

and5 mm offset). the relationship between Ntot, the total number of atoms in the trap, 

and no and between Nbeamt the number of atoms in the beam path, and no are given 

by 

where no is given in 

6.2.3 Trapped Eu with Buffer Gas 

The procedure for trapping Eu is as follows: The trapping current is set a t  15 Amps 

(0.52 Tesla trap depth). (See the previous section 6.2.1 .) The cell temperature is raised 

to 250 mK. A single YAG pulse ablates the Eu atoms and the heater on the cell is 

turned off immediately following the ablation pulse. 

It was observed that the temperature of the cell rose quickly for 1 sec and dropped 

over the next 20 sec to 170 mK. 170 mK was the lowest temperature the cell could reach 

when the experiment was performed. The probe laser frequency was fixed at  frequency 
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which yielded the highest absorption and the time profile of the absorption signal was 

monitored with a scope. 

From Figure 6.10, it is clear that the atoms remained in the trap for a longer time 

when the 3He gas is cryopumped to 170 mK as compared to 250 mK data At 170 mK, 

the density of 3 ~ e  is 4 x 10'~cm-~ compared to 1 x 10'~crn-~ at 250 mK. At this density, 

the Eu-He mean free path is .- 3 cm assuming an elastic scattering cross section of 

10-l4 cm2. In calculating the density? we assumed that the trapped atoms were in 

thermal equilibrium at 170 mK. 

In Figure 6.11, the time profile was fitted using I-body and 2-body decay separately 

and also in combination for both 170 mK and 250 mK data. Because the temperature of 

the cell varies sigdicantly during first 20 s, only the data after the first 20 sec was used 

in our fit. Far the same reason, determination of no during first 20 sec is approximate 

(within a factor of 1.6)- The actual no during the first 20 s would be lower if higher 

temperature was used for the density calculation . 

6.2.4 Trap Loss Mechanisms 

Possible 1-body decay mechanisms for the trapped atoms are the loss over the trap edge, 

Majorana spin-flips, and Eu-He 2-body (or Sbody) processes. For 2-body decay, the 

possible loss mechanism are Eu-Eu dipolar relaxation, spin exchange, and Eu-Eu-He 

3-body processes. 

Decay Rate Calculation 

For 1 and 2-body decay, the loss rate can be written as 
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Time Profile of Trapped vs Untrapped Eu 

-250 mK (high Ere d-1 q=95 

-1'10 mE 3 4 4  

-20 0 20 40 80 80 100 - 131 
Time Profile of Trapped vs Untrapped Eu 

-250 mK (high He density) q=0.5 

-170 mK (br He m y )  q-14 

Figure 6.10: Time profile of trapped vs. untrapped Eu. The magnet current was 15 A 

in both cases. The trapped Eu was created by cryopumping 3 ~ e  to 170 mK at about 

20 s after the ablation pulse. 
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(a) 
250Pa& 1-body fit Zsomg 2-body fit 250mK. 1 and 2-body fit . - w , . . - -  

om 020 - 0.20 

* 0.15 
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: 
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L - . -  
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1 7 W  2-body fit 170mII. I and 2-body fit 
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3 0.15 
CI = 0.10 s 
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5 

2 0 

-0.05 

# 1 4 0 d 0 ~ 1 0 0 I 2 0 1 4 0  # 1 # d 0 ~ 1 0 0 1 2 0 1 4 0  # )#60d01001#)110  

Tinkt 181 

Figure 6.11: Curw fits for absorption time profiles at 170 mK and 250 mK. a = 0.03s-' 

and b = 8 x 10-~~crn~s-' for 250 mK data and a = .001s-' and b = 3.7 x 10-'~cm~s-' 

for I70 mK data (from 1 & 2-body fit). 
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Using eqn- 6.9 and integrating over d3+; this becomes 

The general solution to this Herential equation is 

For pure 1-body decay, this becomes no (t) = no (0) e q - S  For pure 2-body decay, no (t) = 

( ( $ r 3 G t  + &)-I 

Loss Over the n a p  edge 

The loss of atoms over the trap edge is given by the rate at which the atoms in the trap 

collide with the physical walls in the region where the wall is inside the trap plus the 

rate at which the atoms escape the trap edge for the rest of region. 

If we assume that any atom that strikes the wall or escapes the trap boundary is 

lost. then the rate is given by 

8 and 4 define the direction of the velocity vector with respect to the normal to the 

surface. n is the local density on the surface, n = n o e v .  no is the density at the 

center of the trap and < p > is the magnetic moment of the atom. A is the area of the 

surface defined by the physical wall and by the trap edge. v is the mean velociw given 

by @ (640 crn-s-I at 250 mK for Eu atoms). nA averaged over the surface of our 
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I Current (Amp) I q = - / AefI (em2) ( 

Table 6.2: Aef computed at various d u e s  of 9. Aeff was integrated over surface 

area partly defined by the wall and partly by the equipotential surflace of the highest 

magnetic field strength that encloses the center of the trap. 

trap edge can be written as noAeff cm-I where AeZf = ~ o p S u r f o r e  e- dz. For 

several values of r),  Ae has been tabulated in Table 6.2 for our trap geometry. The 

total number, N, of the trapped atoms is given by eqn. 6.10. The lifetime due to the 

loss over the trap edge is then 

For &Ij= 7/2 Eu atoms at 250 mK and 15 A (H,, = 0.52 Tesla), r is 1 s. This is 

short compared to the observed Lifetime of the sample (7 s initially and 25 s or longer 

20 s after the ablation pulse). For 170 mK, T is 200 s. 

This is true in the absence of diffusion through the buffer gas. It is unlikely the 

presence of a buffer gas slows down the loss over the trap edge by very much. In the 

absence of magnetic field, atoms leave the trap region via difhtsion. According to 0 Amp 

data (See Figure 6.84, the lifetime is 4 s. Ewe take this as our diffusion time constant, 

it is possible that initially atoms are hot relative to the depth of the trap potential and 

the loss rate is Limited by diffusion time rather than the loss rate over the trap edge (in 
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absence of other loss mechanisms). When the temperature of the sample comes to an 

equilibrium (20 s after the ablation pulse), the lifetime will depend on the temperature- 

If the temperature of the sample is above 250 mK, we expect the liretime will be limited 

by the *ion time (1 s) since -ion is longer than r. At 170 mK, T -200 s. The 

diffusion time at  this temperature (according to a simple scaling law) should be a factor 

of 16 lower due to the decrease in density of the b&kr gas (3He). Therefore, we expect 

the trap lifetime to be limited by r (not by the di&lsion time). 

Majorana Decay 

As can be seen &om the magnetic field prome of our trap (Figure 5.6, the direction 

of the field varies with the position in the trap. Atoms moving around inside such a 

trap will perceive a rotating magnetic field. For a moving atom to foLlow the changing 

field direction and keep its orientation with respect to the field, the Larmor frequency, 

v. has to be larger than the angular frequency of the rotating magnetic field. When 

this adiabatic condition is violated, it would spin-£lip to a high-field-seeking state (This 

process is called Majorana spin-flip) and be rejected fkom the trap. In the region of 

near zero magnetic field, this is the dominant 1-body loss mechanism. 

For our trap geometry, the size of this region can be roughly characterized by r*, 

where v is the velocity of the atom and < C( > is the magnetic moment. ( Here the 

angular fkequency of the rotating field was assumed z.) The averaged value of T' over 

the velocity distribution is riVg = d?r?JmCORh < p > (this is accurate up to an order 

of unity constant factor). r:, is 1.1 pm for 250 mK and 15 A (% =0.3 Tesla crn-I). 

For the rest of the discussion, r& will be denoted by simply r' The loss rate due to 

Majorana spin flips can be estimated by considering this region ( r 5 r') as a hole in 

the trap. The atoms that enter it are ejected &om the trap. The rate at which atoms 
< p > H ( r e )  

enters this region is given by (similar to eqn. 6.18). n(+*) = n o e - T  is 
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rr no for our experimental conditions. A is -- 2 . 6 ~ ~ ' ~  accounting for the fm 9 is twice 

as steep along the axial direction of the trap as the radial direction- The lifetime due 

to Majorana loss is then given by 

Using typical trapping parameters ( 250 mK, 15 A), we estimate that Majorana flops 

limit the trap lifetime to 5 hrs.Including an extra factor of 10 to accommodate for the 

order-of-magnitudeestimate nature of this calcdation, we can set a lower bound for 

Tbfajorona at - 0.5 hr. This is mueh greater than the Hetime of the trapped ensemble 

and therefore Majorana losses should not be a dominant loss mechanism. 

Dipolar Relaxation and Nuclear Spin Exchange 

Dipolar relaxation occurs when a collision induces the spin magnetic moments of two 

atoms to interact and one of the atoms makes a transition to an anti-trapped high-field 

seeking state or a marginally trapped ( M .  < 7/21 state. An alternate view is that an 

atom in presence of a second atom which is moving toward it with a non-zero spin sees 

a changing magnetic field created by the magnetic moment of the second atom. This 

coupling of spin to orbital angular momentum causes the spin to flip to an untrapped 

state. 

Spin exchange is another mechanism by which atoms collide inelastically leaving one 

of the atoms in untrapped state. Spin exchange is caused by the exchange potential 

component of the interatomic potential and involves an exchange of angular momentum 

between the electron spin and the nuclear spin. Spin exchange is forbidden for a doubly 

spin polarized atoms due to angular momentum conservation. 
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In evaporative cooling experiments with alkali atoms, dipolar relaxation is the main 

binary loss mechanism. This is because the spin exchange, with a rate which is gener- 

ally much higher than the dipolar relaxation rate (1000 times greater in hydrogen[2]), 

removes &om the trap all hyperfine states except for the "pure" ones that are not af- 

fected by spin exchange. For atomic hydrogen, only d-state atoms remain in the trap 

after approximately 1 s. [37] The remaining atoms then leave the trap through dipolar 

relaxat ion- 

Both dipolar relaxation and spin exchange involve binary collisions, hence the loss 

rate is proportional to n2. The rate coacient Gdip for hydrogen atoms was measured to 

be 1 x lo-'' cm3s-I ( averaged over low field-seekers at low field and low temperature). 

The measured value agreed rather well with the calculated value[94j. For other alkalis. 

the measured d u e s  of Gdtp range from 1 x lo-'' cm3s-I to 3 x 10-l4 CI~~S-~[~]. If 

we assume our measured two-body decay rate of trapped Eu atoms are purely due to 

dipolar relaxation and fitted data to the appropriate 2-body decay function, Gdip = 

3.7 f 1.8 x 10-'~cxn~s-~. Ab. initio calculations of dipolar relaxation rate for Eu have 

not been carried out. (The rate calculation may depends critically on the low energy 

interatomic potential of Eu molecule.) Hydrogen and alkali atoms that have one electron 

in the outer shell. Eu, however has a half-filled f-shell. Thus, calculation of these rates 

(for both dipolar, spin-exchange and elastic collisions) would be quite different. Perhaps 

this work may motivate a serious at tempt at making such calculations. Since the dipolar 

relaxation rate is due to the p2/r3 term in the interaction Hamiltonian, a simple scaling 

law would indicate the dipolar relaxation rate of MJ = 7/2 of Eu atoms would be 

(72)2 = 2401 times greater than that of hydrogen atoms. (The interaction energy scales 

as < p >* and the transition rate scales as the square of interaction Hamiltonian matrix 

element.) This matches quite well with our measured value. However, because the rate 

may be sensitive to the exact shape of the intermolecular potential at low collision 

velocities. it is difficult to draw accurate analogies with other systems. such as atomic 
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hydrogen. 

For alkali atoms, spin exchange rate macien t  is generally much greater. For sodium 

(Na), G, = lo-" cm3s-'[95]. It is uncertain whether this also holds for Eu atoms. 

If the spin exchange rate of the trapped Mj = 7/2 states of Eu atoms is much greater 

than the dipolar relaxation rate, we would expect all of the hyperfine states except for 

M j  = 7/2, Mr = 5/2 (which is doubly spin polarized) to depopulate faster leaving only 

M j  = 7/2. MI = 5/2 states. We see, however, all the hyperfine states are present after 

60 sec (Figure 6.2). This implies that the spin exchange rate is comparable or lower 

than the dipolar rate. At closer inspection, we observed that the relative population of 

dxerent hyperfine states do change with respect to time; Mj = 712, MI = 5/2 states 

decay at a slower rate than other hyperfine states. However, this could be due to the 

difference in dipolar relaxation rate among di.f%erent hypefie  states and therefore it 

does not provide a solid evidence for spin exchange. 

We have not attempted calculation of the spin exchange rate for MJ = 712 states 

of Eu atoms nor found the calculation in the literature- The absence of detailed exper- 

imental measurements makes it diflicult to draw any further conclusion regarding the 

effects of spin exchange. 

3-body Decay Term 

It is possible that the decay of the trapped sample includes n3 term as well as afore- 

mentioned n and n2 terms (i-e. n a -h3 where n is the density of the sample). This 

can be caused by three-body recombination process involviag three Eu atoms. 

The three-body recombination rate coefficient, L is not known for Eu atoms. For 

alkali atoms, L is on the order of cm6s-I ( L = 2 x 2.6 x and 4 x 

for Na, Li, and Rb respectively[93].) If we assume L for Eu to be 100 times bigger than 

that for sodium atoms, the 2-body decay term would dominate for n < loL3 ane3- Thus 

we expect the 3-body decay term to be negligible for our trapped sample- 
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Other Losses 

3 ~ e  has a nudear magnetic moment which is - 1000 times smaller than the magnetic 

moment for Eu. Hence dipolar relaxation due to E U - ~ H ~  collisions should be negligible 

compared to Eu-Eu collisions (by a factor of lOOd if Eu and 3 ~ e  have the same density). 

This process becomes signiscant only when mae > 1o6nE.. Other loss mechanisms 

include Eu-Eu and E U - ~ H ~  dimerizations. In order to form a dimer, a three-body 

collision is necessary. This requires ~ u - ~ ~ e - ~ ~ e  or Eu-~u-~He collisions for E U - ~ H ~  

dimer formation and Eu-Eu-Eu or Eu-Eu-~H~ colIisions for Eu-Eu dimer formation. 

Using a simple hard sphere model, +cL, the rate at which type 1 atoms impinges 

on a composite particle (2+3) (i-e. density of which is the probability per unit volume 

that particle 2 and 3 are within a spherical volume extended by r2 + r3) is given by. 

where n:! and n3are density of particle 1 and particle 2 and 

where rl. r2 and r1 are radius of particle 1, 2 and 3 respectively and v l  is the velocity 

of particle 1. 

From this formula, it follows 
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The contribution to n ~ ,  due to Eu + He and Eu+Eu dimer formations is 

where cl, c . ~  and c3 are dimensionless constants (< I), which depend on factors such as 

the interatomic potentials of Eu+Eu and Eu+He, the velocity of VE, and VR,, etc- 

At T = 250 mK, k's are on the order of - cm6s-1 (using hard sphere 

radii of 0.05 am for He and 0.2 nm for Eu). If we assume the ratio of inelastic scattering 

to elastic scattering to be 1:10[96], q, c2 and c3 are .- 0.1. Since nsrr,(250 mK) zz 

1016 ~ r n - ~  and nfi,., = 5 x lo1* em-3, the upper Limit of nEu/nEu &om three-body 

processes is - -01 s-I mainly horn inelastic scattering of Eu+He+He- Other three- 

body rates are smaller since n h  < nae. nEu/nEu from 2-body decay rate due to 

Eu-Eu inelastic scattering is 10-l3nEU in cgs unit. Th~efore, the 2-body decay term 

dominates for nEu > 10" cme3. 

At T = 170 mK, ~ ~ ~ ( 1 ? 0  mK) = 4 x 1014 Hence, the three-body loss rate 

according to the above model would be -- 1000 times smaller. At this temperature, we 

expect the loss rate due to these three-body inelastic collisions to be negligible. 



Chapter 7 

Conclusion and Future Research 

7.1 Summary 

Loading of paramagnetic neutral atoms into a magnetic trap using a cryogenic b a e r  

gas has been described and demonstrated. lo1* Eu atoms were loaded into a static 

anti-Helmholtz trap at 250 mK. A trap lifetime greater 100 s was observed. 

In order to further cool the atoms, evaporative cooling is necessary. Unfortunately. 

our cell and detection method were not designed to accomplish this. Nevertheless, the 

new precooling and trap loading mechanism described here should greatly expand the 

number of atoms and molecules that can be trapped. 

7.2 Fut w e  Improvements 

Several improvements can be made to the experiment to better our understanding of 

the trapped atoms. First we need to image the atom cloud either with a CCD camera or 

an intensified CCD camera. This will tell the shape and size of the atom cloud as well 

as the location of the beam with respect to the trapped atoms. This information has to 

be deduced from the data in our current set-up. Imaging the cloud will provide us the 

temperature and the momentum distribution of the cloud. For many of the molecules 
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we are considering for trapping, it is more difficult to find a transition in the visible 

with high enough oscillator strength for doing absorption spectroscopy. A laser induced 

fluorescence spectroscopy set up may be necessary for obsenring the molecules. 

In the current set-up, we cannot evaporatively cool atoms due to the eddy cur- 

rent heating in the cell when the magnet is quickly ramped down. Either an rf-knife 

teehnique[97] should be employed ( this may be technically difEcult because we need to 

sweep -10 GHz) or the cell should be made out of a composite nonconducting material 

such as G10[98]. 

A different trap geometry, for example an Ioffe trap, offers more flexibility in con- 

trolling the trap parameters and a bigger trap volume. The trap volume issue may be 

important if the number of trapped atoms is density limited as  in the case of a large 

dipole-dipole relaxation cross section. 

A number of interesting experiments can be carried out with the existing or modi- 

fied experimental setup. As mentioned above, evaporative cooling can be performed on 

non-allcali atoms with only minor modifications. This would make it possible to attain 

BEC in other than dkali species. Molecules have never been trapped. napping of 

molecules is a natural and important extension of this work. There are many param- 

agnetic molecules with large enough magnetic moments that can be trapped using the 

current setup. (For example, VO, GdO, EuO and 02.) napping any one of them would 

likely provide important information on molecular collisions and cluster formation at 

low temperatures. High resolution spectroscopy of paramagnetic atoms that are suit- 

able for testing fundamental theories could also be easily implemented. The magnetic 

broadening can be reduced by cooling the atoms further, thereby decreasing the requi- 

site field strength; also, in the case of a very cold ensemble, the trapping field can be 

switched off altogether. The measurement can be effected while the slow atom cloud is 

expanding. 
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