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Chapter 1 

Introduction 

1.1 Context of this work 

The Eindhoven Theoretical Atomic Physics group has a long tradition in work on cold 

atoms of hydrogen and its isotope deuterium. This thesis deals partly with some recent 

developments in connection with these same systems. Most of the interest, however, goes to 

subjects related to laser-cooled alkali atoms. This work was stimulated by specific questions 

from experimental groups which contributed strongly to the breakthrough in laser cooling: 

Pritchard's group at MIT, Chu's group at Stanford University and Wieman's group at JILA. 

In view of the relevance of our work in the field of laser manipulation of atoms, it seems 

appropriate to give an impression of the experimental context. Rather than giving a complete 

review of the field, we restrict ourselves to a few illustrative developments. 

1.1.1 Laser cooling 

Recent years have seen a tremendous increase of the possibilities to manipulate atoms 

and other neutral particles with lasers. Underlying all these developments is the fact that 

light can exert forces on an atomic system because photons carry momentum. In fact, the 

associated acceleration is of the order of lcf m/s2 for sodium and very large compared to 

the effects of mechanical forces in every-day life. In 1985 three experimental groups [1] 

3 



4 Ch. 1. Introduction 

succeeded in slowing a thermal atomic sodium beam to velocities corresponding to 50 to 

100 mK by irradiating the atoms with a counterpropagating laser beam. The physical picture 

of one-dimensional slowing can be described in terms of repeated cycles of stimulated 

absorption of a laser photon, resulting in a highly directional momentum change, and a 

subsequent spontaneous emission with an isotropic momentum distribution, resulting in a 

net average velocity change (see Fig. 1.1). An important improvement was achieved with 
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Figure 1.1: Atom slowing scheme. The atom absorbs a laser photon with momentumJik and 

subsequently spontaneously emits a photon with molilentumlik; in a random direction. 

two counterpropagating laser beams [2), detuned by a frequency shift of the order of a line 

width below an atomic resonance. An atom moving against the direction of a laser beam 

sees it Doppler shifted into resonance while the beam copropagating with the atom is shifted 

out of resonance. As a consequence the atom scatters more photons from the opposing beam 

and slows down. For an atom moving in the opposite direction the role of the laser beams 

is reversed. This Doppler-cooling scheme can be extended to a three-dimensional version 

using three pairs of counterpropagating beams along mutually perpendicular directions. The 

counterpropagating laser beams have appropriately been called "optical molasses" as the 

atoms feel a viscous force essentially proportional to and opposing their velocity (3]. The 

effective force derived with a more-quantitive discussion of the Doppler-cooling process is 
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depicted in Fig. 1.2. This figure shows the cooling force for small velocities of the atoms 
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Figure 1.2: Doppler cooling of atoms to zero velocity by two red-shifted counterpropagating 

laser beams. The net force is given in tbe upper part of the figure 

as well as the existence of a capture range. Atoms moving with large v will not be cooled. 

The lowest achievable temperature in this model is given by the balance of cooling forces 

and heating by spontaneous emission, the latter due to the random walk in momentum space 

due to the momentum kicks of the spontaneously emitted photons. This Doppler limit is 

Tnoppler = lir /(2k8 ) [3][4], where r is the natural line width of the optically excited level. For 

cesium atoms Tnoppler = 122pK, corresponding to a velocity of 0.087 m/s. Furthermore, a 

second limit worth mentioning is the temperature T recoil = li2k2 /(2kBma10m) corresponding to 

the spontaneous emission of a single photon ofmomentumlik (forcesium Treron = 0.20pK, 

corresponding to a velocity of 0.0035 m/s ). 

In 1988 it was noted that gas samples could be cooled to temperatures an order of 

magnitude less [ 5] than the Doppler limit. This unexpected reduction of the lowest obtainable 

temperature was seen when magnetic fields were reduced to the w-6 T level and the lasers 

were detuned several line widths below resonance. The phenomenon is now explained in 

terms of the interplay between the magnetic sublevels of the ground state, and in terms of 

polarization gradients that res.ult from the superposition of counterpropagating laser beams 
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with mutual orthogonallinear polarization. Theoretical treatments of the time-dependent 

internal and translational behavior of atoms in such fields indeed show that the minimum 

achievable temperature is as low as a few times the recoil limit [6]. 

Recent proposals suggest schemes for achieving even sub-recoil temperatures. One 

of these is the method of coherent population trapping [7][8][9], based on a process of 

optical pumping of atoms into a superposition of low-velocity states, from which escape is 

forbidden by selection rules. The idea was demonstrated by Aspect et al. by cooling one 

component of the transverse velocity of a beam of metastable helium atoms [7] to a velocity 

corresponding to half the recoil temperature. Extensions of this cooling scheme to two and 

three dimensions have more recently been suggested [8][9]. Another proposal, from Chu's 

group, uses stimulated Raman transitions to create "velocity-trapped" states. This scheme 

has been shown to be successful [10] in one dimension of transverse cooling of an atomic 

sodium beam to an effective tempemture of 24 pK (v ~ 270pm/s), a factor lOS below the 

recoil limit. A three-dimensional generalization has been proposed [11 ]. 

1.1.2 Atom trapping 

Once atoms are cooled to low temperatures electric and magnetic dipole forces as well as 

gmvitational forces easily overcome thermal motion and these weak forces become sufficient 

to trap the atoms. This section describes three types of tmps which are currently used or 

developed. 

The magneto-optical trap (M01) or Zeeman-shift optical tmp [12)[13]is the most widely 

used trap because of its simplicity and low building costs. Figure 1.3 shows its principles 

for a fictitious atom with a J = 0 ground state and a J = 1 excited state moving along the 

z-axis. An inhomogeneous magnetic field B,. = bz along this axis shifts the energy of the 

excited states with mJ = +1 and mJ = -1 in opposite direction. Furthermore, the atoms 

are exposed to two counterpropagating laser beams along z with a-+ and u- polarization 

detuned below resonance. An atom at z = 0 or Bz = 0 will absorb and subsequently 

spontaneously emit on average equal numbers of photons from either beam and thus on 

avemge does not experience a force. If the atom is displaced to z > 0 it experiences a 

net force along -z because the probability of absorption from the a- beam is enhanced 

compared to that from the a-+ beam: the MJ = 0-+ MJ = -1 transition is Zeeman shifted 
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Figure 1.3: Schematic drawing of the magneto-optical trap for a fictitious atom with ground 

state J = 0 and excited state J = 1. (a) Experimental setup. Absorption of 0'+(0'-) light 

allows the atom to induce a AM J = + 1 ( -1) transition. A magnetic field gradient is applied 

to split the levels. (b) Level diagram as a function of position z. The dashed lines represent 

the laser frequency v and detuning. 

into resonance. For an atom at z < 0 the role of the two beams reverses. Using Helmholtz 

coils with opposite currents to generate the appropriate field gradients in all directions and 

three pairs of counterpropagating laser beams, a three-dimensional trap is realized. As the 

lasers are tuned below resonance, dissipation of atomic velocity occurs as well. In an MOT 

typical densities n = 1011 atoms/cm3 and temperatures of T ~ 1 mK for sodium {12] and 

n = 5 x 1010 atoms/cm3, T = 30pK for cesium [14] have been measured. 

Long before the advent of laser cooling, sub-kelvin spin-polarized atomic hydrogen could 

be trapped and stabilized in a gas cell with superfiuid-helium lined walls [15], in attempts 

to achieve the conditions of temperature and density needed for Bose-Einstein condensation 

(BEC). We come back to the latter topic in the later discussion of applications. At the typical 

temperature-density combination 0.1 K - 1019 atoms/cm3 for BEC pursued in a cryogenic 

set-up of the above type, the main obstacle was identified as the strong tendency of the 

atomic hydrogen to recombine to molecular H2 in three-body collisions. A possible way-out 
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suggested by Hess et al. [16] is the use of a static magnetic trap to realize BEC at a much 

lower temperature-density combination. Also, in the case of laser-cooled alkali atoms, it 

was soon realized that a static magnetic trap is to be preferred relative to a (magneto-)optical 

trap for achieving BEC: experiments showed that radiation pressure from light reemitted by 

trapped atoms leads effectively to strong long-range repulsion as more atoms are loaded into 

such a trap, and thus to a density limitation [17]. 

A magnetic trap for neutral particles does not use lasers but solely relies on Zeeman shifts 

of the hyperfine levels associated with the electronic ground state. In Fig. 1.4 these shifts are 

shown for atomic H and for 133Cs as a typical alkali atom. Ideally, one would like to trap the 

(a) (b) 

E E 

F=4 
F=1 

F=O F=3 

Figure 1.4: Hyperfine level diagram as a function of magnetic field. (a) Hydrogen with four 

levels, (b) Cesium with sixteen levels. 

lowest, high-field seeking state as in the above-mentioned cryogenic scheme for H, since this 

would allow no collisional decay to lower states .. However, according to Maxwell 's equations 

a local static field maximum cannot exist in free space and consequently low-field seeking 

states have to be trapped. In the last few years atomic hydrogen has been successfully trapped 

in a magnetic trap by the experimental groups [18] of Greytak and Walraven. The lowest 

temperature for hydrogen reached in this way is 100 J.'K at a density of 8 x 1013 atoms/cm3 

[19]. Note that the energy-level diagram for 133Cs contains low-field seeking states in the 
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lower hyperfine manifold, in contrast to the case of H. This fact will play a crucial role in 

Chapters 2 and 3. 

In the experimental setup of the magnetic trap used by Wieman's group at nLA [14] 

for trapping atomic cesium, a sample of this gas is kept at a very low pressure and at room 

temperature in a storage bulb made of glass. Lasers at 852 nm and some coils generate 

a magneto-optical trap which captures the low velocity tail of the Maxweli-Boltzmann 

distribution. The temperature of the atoms in the MOT reaches 30pK at densities of 5 x 1010 

atorns/cm3• The magnetic fields of the MOT are then turned off while the lasers provide 

an additional cooling stage where temperatures of 1 pK are reached. In the next stage .the 

atoms are pumped into a low field-seeking hyperfine state. Finally, the atoms are stored in a 

magnetic trap. The field configuration of the trap consists of magnetic fields compensating 

gravitational effects, which tend to clutter the atoms at the bottom of the trap, fields generating 

confinement in all directions and a large bias field prohibiting Majorana spin flips. 

Further cooling in the magnetic trap is achieved using a technique called evaporative 

cooling. The idea is to selectively eject the most energetic atoms and let the remaining 

atoms thermalize via elastic collisions between the trapped particles. The simplest method 

of ejecting the fast atoms is to lower the magnetic walls [19] although other means have 

been suggested as well [20]. A prerequisite for evaporative cooling to be effective is that 

thermalization occurs on a time scale much shorter than the time scale for atom loss. Atom 

loss in a magnetic trap occurs either by elastic collisions with residual gas or by inelastic 

hyperfine changing collisions between trapped atorns. The first loss mechanism can be 

reduced by lowering the pressure of the background gas. The second mechanism is a 

more fundamental obstacle and possibilities to suppress inelastic collision rates are therefore 

discussed in the following. 

A third type of trap, which is mentioned here as a further illustrative example, is presently 

being developed: the atomic "trampoline" or "gravitational atomic cavity", as it is also 

called [21][22]. The basic physics behind it is simple: atoms are jumping up and down like 

children on a trampoline in an amusement park. The trap consists of a single concave glass 

surface placed below the atoms. The glass surface is illuminated from below by an intense 

blue-detuned laser beam at an angle of incidence above the critical angle for total internal 

reflection. The evanescent wave above the glass surface generates a repulsive dipole force, 

and so becomes a concave mirror for atorns. The atoms are confined from leaving the trap 
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vertically by gravity, and are confined transversely by specular reflection at the "mirror" 

surface. 

1.1.3 Applications 

Laser cooling, trapping and related techniques are finding various applications in both science 

and technology. We start by mentioning four which have direct relevance for this thesis. A 

first type of experiment aims at the observation of quantum collective effects in ultracold 

samples of neutral atoms. For some years samples of spin-polarized hydrogen [24] are used, 

not yet with final success, to observe Bose-Einstein condensation (BEC). More recently 

samples of cesium [14] or lithium [23] stored in magnetic traps have been suggested as likely 

candidates to observe BEC as well. The phenomenon of BEC in a weakly-interacting Bose 

gas is an old subject in the literature (see the reviews [24] and [25]). Recently, important 

progress has been made in the theoretical description of the time-development of the phase

transition process [26]. 

A second class of experiments is related to the construction of improved time standards. 

The hydrogen maser and the cesium time standard in their room-temperature versions are 

presently the most stable and accurate atomic clocks. New versions based on cold atoms 

promise to lead to a considerable improvement, since most of the troublesome systematic 

frequency shifts associated with a time standard will be reduced as the velocity of the atoms is 

reduced. An improved accuracy of the cesium clock by a factor 10-100 is expected [27] and 

a factor of 10 improvement of stability has been experimentally demonstrated for a hydrogen 

maser [28]. In Fig. 1.5 a picture of a new cesium clock based on an atomic fountain is shown 

[27]. Atoms are cooled and launched with "moving molasses" created by three pairs of 

counterpropagating laser beams with the vertical pair at slightly different frequencies, so as 

to correspond to a standing wave moving with a velocity of 1.4 m/s. The hyperfine frequency 

of the cesium atoms is measured using separated oscillatory fields [29] as the atoms move 

freely up and down under gravity. Many other precision experiments benefit from the use 

of cold atoms. Examples are the search for a permanent electric dipole moment of atoms 

{breakdown of space inversion and time reversal symmetry), an improved test of the charge 

neutrality of atoms and a precise measurement of the gravitational acceleration. 

A third class of experiments can be grouped under the title "atom optics": optics type 
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Figure 1.5: Cesium atomic fountain clock [27]. The atoms are cooled and pushed upwards 

with a moving molasses (in particular beams with frequencies IlL ± ll.v ). 'The lasers are 

switched off and the atoms move ballistically up and down through a TB cavity. In the cavity 

the atoms experience an RF pulse tuned on the hyperfine transition. Finally, the atoms are 

detected with a probe laser beam. 
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experiments with photons replaced by atoms. Examples include atom interferometers and 

the development of mirrors for atoms: the above-mentioned evanescent-wave mirror in 

the atomic trampoline and the use of a superfl.uid helium film for reflecting slow atoms 

(19](30][31 ]. 

A fourth class of applications is the study of atomic collisions. Collisions between ultra

cold atoms are necessarily described by quantum mechanics, since the de Broglie wavelength 

can no longer be considered small. Following a suggestion by Pritchard [32] we refer to cold 

atoms as ultracold when their velocity is so low that in interatomic ground state ~ground state 

collisions only s-waves take part. For Cs this occurs when T < 30 p.K. i.e. temperatures a 

factor five below the Doppler limit. In magnetic traps ground state - ground state elastic and 

hyperfine changing collisions can be investigated as well as recombination. The collisional 

frequency shifts in atomic clocks contain information on relative phases of collision ampli

tudes. Furthermore, "optical" collisions i.e. ground state - excited state collisions, occurring 

in (magneto)-optical traps are significantly influenced by spontaneous emission when the 

collision times are long compared to the decay time [33}. 

Finally, we mention briefly an important application outside the scope of this thesis: the 

exciting applications in biology. Chu's group has succeeded in using an optical "tweezer" to 

stretch a DNA molecule and measure its elasticity [34]. A large number of laser manipulation 

techniques are already being applied to other biological systems [35]. 

1.2 Contents of this thesis 

This thesis is baSed on six papers or manuscripts of papers, each addressing a different aspect 

of ultracold atoms. Chapter 2 [36] describes collisions of cesium (133Cs) atoms in a magnetic 

trap with a special emphasis on resonances and centrifugal barrier phenomena. Chapter 3 [37] 

deals with the same type of collisions with a special attention for possibilities to realize the 

Bose-Einstein condensed state in such a trap. Chapter 4 [38] describes hyperfine changing 

collisions of magnetically trapped sodium (23Na) atoms, of importance for estimating the 

decay of the atomic density in a magnetic trap. The collisional frequency shift is the only 

frequency shift in a cesium atomic fountain clock: which cannot be reduced by reducing 

atomic velocities and as such constitutes an essential limitation for cold cesium clocks. In 

Chapter 5 [39] we study this shift and its consequences for the accuracy. Measurements of the 
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hyperfine-induced spin~exchange parameter Q for the hydrogen maser by two experimental 

groups at the University of British Columbia [40] and at Harvard University [41] show a 

discrepancy in sign with the predicted value calculated a few years ago by our group [42]. 

This discrepancy is one of the motivations for the theoretical study of the atomic deuterium 

maser in Chapter 6 [ 43]. A comparison with experiment may contribute to an explanation 

for the discrepancy. Finally, the reflection of a hydrogen atom against a superfluid helium 

surface is studied in Chapter 7 [31] with special attention for the role of the long-wavelength 

ripplons. 
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Abstract 

We study the magnetic field dependence of the cross sections for elastic and inelastic collisions of 
pairs ofultracold cesium atoms in a magnetic trap, calculated with the coupled-channels method. 
We pay special attention to atoms in the f = 3, m1 = -3 weak-field seeking state of the lower 
hyperfine manifold. The cross sections show a pronounced resonance structure. We discuss its 
origin, starting from the pure hound singlet and triplet rovibrational Csz states and introducing 
perturbations due to the hyperfine and Zeeman interactions. We also discuss the role of the 

centrifugal barrier in the final collision channel in reducing the loss of atoms from the trap due 
· to transitions induced by the magnetic dipole-dipole interaction. 

2.1 Introduction 

Since the first successful slowing-down of a thermal atomic beam with the radiation pressure 

of a counterpropagating laser beam [1] in 1985, the ability to manipulate the position and 

17 
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velocity of atoms has tremendously increased. A variety of techniques has been developed 

to slow down atoms to Doppler and later to sub-Doppler velocities (2]. In addition, there 

has been rapid progress in developing techniques to trap cold atoms in magnetic, optical and 

magneto-optic traps [2], and in doing experiments with freely falling atoms in an atomic 

fountain [3],[ 4] and in an atomic trampoline [5]. All of these accomplishments are based on 

single-atom properties, i.e. the interaction of single atoms with external fields. 

There is a growing awareness, however, of the importance of two-atom properties in all 

of these experimental circumstances. Contrary to ionic species with their strong Coulomb 

interaction, neutral atoms have the advantage that their number can be increased, for in

stance for improving the signal-to-noise ratio or for achieving the critical density for Bose 

condensation, without disastrous interparticle perturbations leading to coUisional frequency 

shifts or escape of atoms from traps. To find limits to densities which nevertheless exist, 

it is necessary to investigate hyperfine-state changing and non-changing collisions. In two 

previous short papers we studied the role of such collisions in a cesium atomic fountain [6] 

and in a cesium magnetic trap [7]. 

The most spectacular envisaged application of the cesium fountain is the construction of 

an improved version of the cesium atomic clock with an estimated increase of accuracy by 

two orders of magr;itude. The latter is due to the much longer time which slow atoms spend 

in a limited domain of space during their ballistic Bight. Atoms are directed upward either 

·with a pulse of light [5] or with "moving molasses" [ 4]. On their way up and down through 

the cavity, transitions between the ground-state hyperfine levels If, m,), with j the total 

one-atom spin vector, are induced by means of the Ramsey method of separated oscillatory 

fields. Owing to the slowness of the atoms the time between the two microwave pulses used 

to induce the transition can be very long relative to that in the conventional cesium clock. 

In Ref. [6] we have shown that elastic collisions lead to frequency shifts with a profound 

influence on the accuracy and stability of the cesium fountain clock. Note that we use 

symbols/, m 1 for single-atom hyperfine quantum numbers and F, MF for the corresponding 

two-atom quantities. 

An intriguing aim of experiments with magnetically trapped cesium atoms is to observe 

quantum collective effects in a weakly-interacting Bose gas, the so-called Bose-Einstein con

densation (BEC). This occurs.when the thermal de Broglie wavelength becomes comparable 

to the mean distance between the atoms or larger. In these circumstances it is favorable for the 
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atoms to occupy the one-particle ground-state macroscopically. The first such attempts dealt 

with atomic hydrogen. A gas sample of ground-state hydrogen atoms in the doubly-polarized 

If, m,) = 11, -1} hyperfine state was stored in a storage cell or gas bubble surrounded by 

superfluid 4He down to temperatures of order 0.1 K. These attempts were hampered by an 

unacceptable limitation of the lifetime of the gas sample due to three-body recombination [8] 

at the high densities required for BEC. One way to avoid this difficulty is to use a relatively 

large buffer volume with lower densities to increase the lifetime of the total system. Another 

way is to store and evaporatively cool hydrogen atoms in a magnetic trap [9],[10], which 

allows in principle the realization of BEC at much lower temperature-density combinations. 

Due to the impossibility of creating a static magnetic field maximum in free space, only 

atoms in the weak-field seeking doubly-polarized If, m,) = 11, +1) state can be trapped. In 

this way temperatures of about 100 pK were reached [10]. Up to now none of these attempts 

have realized the ultimate goal of BEC. 

The advent of laser cooling and manipulation techniques has created the new perspective 

of realizing BEC in an ultracold gas of alkali atoms. Suitable candidates on which experi

mental groups are concentrating are cesium [11] and lithium [12]. Optical and magneto-optic 

traps are unsuitable to realize the final stage of BEC: radiation pressure from light reemit

ted by trapped atoms limits the maximum atomic density [13]. A static magnetic trap in 

combination with evaporative cooling offers better prospects. Both atomic species have the 

important advantage relative to atomic hydrogen of a nuclear spin greater than 1/2, so that 

their ground-state hyperfine diagram displays at least one weak-field seeking state in the 

lower hyperfine manifold. As Wieman et al. have pointed out [11 ], this offers the possibility 

to reduce the loss of atoms from exothermal collisions in which the interatomic magnetic 

dipole force induces hyperfine transitions from s- to d-wave channels: for low magnetic 

field strengths the atoms feel only the weak long-range part of the dipole force due to the 

centrifugal barrier in the final channel. 

In Ref. [7] we discussed the prospects for achieving BEC in atomic cesium and found 

them to be promising especially if the !!, m1) = 13, -3) hyperfine level is used. BEC in 

a weakly-interacting Bose gas such as cesium is only possible in the temporarily existing 

metastable state, in which hyperfine changing collisions or molecule formation in three-body 

collisions have not yet reduced the density of atoms in the original hyperfine state appreciably. 

Note that the situation for atomic hydrogen is in principle identical, the only difference being 
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that the triplet H2 system has no bound states, so that recombination can only occur via a 

spin flip induced by the dipolar force. In contrast, triplet ~ has many bound states, so 

that recombination in a Cs + Cs + Cs collision does not require spin flips. It follows from 

the foregoing that the realization of BEC is subject to severe conditions on the time scales 

of collision phenomena. The time scale for thermalizing elastic two-body collisions, which 

are essential for evaporative cooling and for establishing the metastable state, should be 

sufficiently short relative to the recombination time scale. In addition, for BEC to occur in 

the metastable state, the two-body elastic collisions have to be effectively repulsive, i.e. a 

positive value for the scattering length is required in order for the condensed phase to be 

stable against collapse [14]. 

In this paper we will not repeat the line of reasoning and the results of Ref. [7] with respect 

to these conditions. Instead, this paper will be devoted to a more extensive presentation of 

some aspects of the work which have received insufficient attention in our previous short 

papers [6],[7], notably the pronounced Feshbach-type resonance structure in the magnetic 

field dependence of the theoretical elastic and inelastic two-body relaxation rates predicted 

by our calculations and the role of the final centrifugal barrier in reducing the loss of 

atoms. A related resonance structure has previously been predicted [15] for more general 

diatomic systems and observed [16],[17] for gas samples of atomic hydrogen: the inverse

predissociation phenomenon. In this paper we show that it also occurs in dipolar transitions 

and at weak fields. 

The further paper is organized as follows. In Sec. 2.2 we discuss in some detail the 

tWo-body theory needed. Extensive attention will be given to the symmetry aspects of the 

various interaction terms as desired for the understanding of resonances in elastic and inelastic 

exchange scattering in Sec. 2.3 and in inelastic dipolar scattering in Sec. 2.4. In Sec. 2.5 we 

will go into the role of the centrifugal barrier in the final channel in determining the behavior 

of the dipolar rates. Some conclusions are finally given in Sec. 2.6. 
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2.2 Interaction terms, symmetries and method ofcalculation 

We consider the collision of two ground-state cesium atoms in a (local) magnetic field along 

the z-axis .. We start from the effective two-body Hamiltonian [7],[18] 

H = if + "twhl + v;z> + vc + vd 
2p. i=l $ $ ' 

(2.1) 

comprising a kinetic energy term with p. the reduced mass, single-atom hyperfine and Zeeman 

terms 

(22) 

(2.3) 

for each of the atoms, where §e and S" are the single-atom electron and nuclear spin, 

respectively. The two-atom interaction terms vc and Vd are the central interaction and the 

magnetic dipolar interaction, respectively. The central or exchange interaction represents 

an effective description of all Coulomb-interactions between the electrons and nuclei and 

depends only on the magnitude of the total electron spin s = Si + s~. It can be written as a 

sum of singlet and triplet terms: 

ve = Vo(r)Po+ Vi(r)Pt, (24) 

with Ps projection operators on the subspaces with definite total electron spin quantum 

number s = 0, 1. The dipolar interaction vd is given by the familiar magnetic dipole-dipole 

expression 

(2.5) 

It is sufficient to include the electron-electron and electron-nuclear parts. 

Asymptotically, where the central and dipolar interactions can be neglected, the system 

is described by the eigenstates of each of the atoms separately. In Fig. 2.1 the 16 (one

atom) ground-state hyperfine energies are shown as a function of magnetic field. The 

one-atom hyperfine states are conveniently labeled with If, m,} , where f = §e + §n is 

the total spin vector. Magnetic traps generally operate with fields well. below the critical 

value Be = 4ahf/(7Ji) :::::: 0.33 T, so that f is still a conserved quantum number. Figure 

21 also shows that both f = 4 and f = 3 low-field seeking states lend themselves to 
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Figure 2.1: Energies of 133Cs hyperfine states, labeled If, m,), as a function of magnetic 

field. The energy is scaled with the zero-field hyperfine splitting Ebr = 4ahr· 

magnetic trapping. Since cesium atoms behave as bosons the wave function is required 

to be symmetric under exchange of atoms implying that for an even (odd) value of the 

orbital angular momentum quantum. number l the scattering channels have a symmetric 

(antisymmetric) spin structure. As a consequence, it is useful to introduce (anti)symmetrized 

two-body hyperfine states 

for characterizing the scattering channels at infinity. 

Independent of the nature of the interatomic interactions the projection of the total angular 

momentum j = l + F on the magnetic field axis z, with l the relative orbital angular 

momentum of the atoms and F = f~ + J~, the total spin, is conserved since an arbitrary 
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rotation of the total system around this axis is a symmetry operation. For zero magnetic field 

J is a good quantum number as well. 

Since vc depends on r, it conserves the orbital angular quantum numbers R- and m.e 

implying also that transitions between scattering states with different MF are not allowed. 

To indicate the angular momentum structure of the dipolar interaction (2.5) we express it in 

spherical tensor operators [18],[19]: 

_PoP; ~ ff-11'(-1)~-'1'2- (r)~·e 
41rr3 L...t 5 • ~' L...tzp. 

p.=-2 

+2PoP.eP.n .,f.. ff-1!'(_: 1 )~-'y; (~)~en 
47rr3 L...t 5 z.-.. r L...tzp. , 

il=-2 

(2.6) 

with E2~' standing for a spin operator of rank 2. As a consequence it can change both 

the orbital angular momentum and the total spin quantum numbers, giving rise to so-called 

dipolar transitions satisfying 0 < IAMFI :::; 2 and Ill = 0, 2 with l = 0-+ l = 0 forbidden. 

For the so-called exchange transitions with AMF = 0, which can be induced by the much 

stronger central interaction, the dipolar interaction has a negligible effect. From this it is 

clear that the (two-body) collisional decay of an arbitrary mixture ofhyperfine states for Cs 

atoms in a magnetic trap takes place on two time scales [18],[20]. On a short time scale all 

hyperfine states with I m 11 < f disappear, since these can decay via exchange transitions. An 

interesting exception is the 13, -2} state for temperatures T < 0.12 [Tesla-2K] B2, since 

then the 13, -2) + 13, -2) -+ 13, -3} + j3, -1) transition is energetically forbidden. The 

central interaction between two doubly-polarized 14, +4) atoms gives rise to purely elastic 

triplet scattering. Transitions to other channels and the associated decay of the density is 

therefore only induced on a longer time scale by the much weaker dipolar interaction. In a 

collision of two j3, -3} atoms the central interaction in principle allows transitions to other 

channels with MF = -6 but as long as the collision energy is small relative to the hyperfine 

splitting 4ahf such channels are closed. Dipolar transitions will again determine the lifetime 

of the gas. 

A basis of spin states which is more fully adapted to the V" and V4 terms is the set 

ISMs/ M1} used extensively in previous hydrogen work [18], with f the total nuclear spin. 

Keeping in mind that magnetic traps generally use magnetic fields well below Be and the 

fact that both V 0 .and Vhf conserve F, the basis I(SJ)FMF} sometimes offers advantages 

too. The atomic permutation symmetry of both types of basis states is characterized by 
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( -1 )5+1 ( -1 )1+1 so that the above-mentioned Bose symmetry can be expressed by the 

requirement f. + S + I = even. 

In the latter basis it is illustrative to not only assume that B is small but also that ahr 

is. The first order energy shifts can then be calculated by replacing Vhf by the equivalent 

expressions 

yhf- ~~S · j- a;r{F(F + 1)- S(S + 1)- I(I + 1)}, (2.7) 

which is non-vanishing only for S = 1. The hyperfine interaction is thus seen to lift the 

degeneracy of the triplet rovibrational bound states (and resonances) with respect to I and F. 

Both experiment [21] and our coupled-channel calculations for the discrete spectrum show 

that this first-orderpicture is valid for the lower part of the energy spectrum. For higher levels 

such as those corresponding to the scattering resonances showing up in the calculations of 

this paper a first-order picture is totally inadequate due to the fact that the energy distance of 

subsequent singlet and triplet vibrational states approaches the large value of the hyperfine 

constant ahr for Cs. A particularly clear example of resonances showing these higher-order 

effects will be given in the following section (see the discussion of Fig. 2.4). The part of Vhf 

diagonal inS already being covered completely by Eq. (2.7), the only part which is missing 

in the first-order picture is the mixing of singlet and triplet states of the same F. Owing to 

the Base-condition£+ S +I= even, this mixing occurs only for F < 8 if F =even (odd) 

for i even (odd). 

Let us now turn to the influence of a non-vanishing but weak magnetic field. Since vz 
is a rank 1 term under rotations, the various F states will be coupled with the constraints 

IAFI = 0, 1 and t..MF = 0. Neglecting the much smaller nuclear Zeeman term, the energy 

splittings of the basis states I(SI)F MF) due to the electronic Zeeman term can be calculated 

by replacing vz by the familiar equivalent Lande expression 

S B . BFS-·F/F2 M {S(S+1)+F(F+1)-I(I+1)} 1<B 
le" -le " - F 2F(F+1} J(f• • (2.8) 

To understand the resonances seen in our coupled-channels results it will be necessary to take 

also the F -mixing due to higher-order vz terms into account 

Before actual calculations of transition probabilities and elastic cross sections can be 

made the singlet and triplet potentials are needed. To find them theoretically, a many-electron 

problem would have to be solved which can only be done approximately. One can also use 
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spectroscopic data on the rovibrationallevels of the ~ molecule. The same procedure as 

in Ref. [6] and [7] is used. For the singlet potential we use a spectroscopically determined 

Rydberg-Kiein-Rees (RKR) potential from Weickenmeier et al. [22]. To obtain the triplet 

potential we reverse the exchange contribution of the singlet potential beyond 15.6 ao, while 

for smaller internuclear distances we use an ab-initio calculation by Krauss and Stevens [23] 

but modified in such a way that it agrees with the position Re of the minimum, the harmonic 

vibrational frequency We and the dissociation energy D, given in Ref. [22]. Owing to the 

uncertainties in the singlet and triplet potentials indicated in Ref. [22] and [23], and also 

the possible importance [24] of an additional spin-orbit term [25] with presently unknown 

magnitude, the results of our calculations can only be interpreted as indications of orders 

of magnitude. Furthermore, they illustrate the qualitative features expected to be observed 

experimentally, for instance relative to the resonances. The measuremellt of the collisional 

frequency shift in the cesium fountain and of thermalization times and decay rates of cesium 

in a magnetic trap, and especially their resonance structure, will give information on how to 

improve the relevant properties of the potentials needed for more precise predictions. 

At extremely large internuclear separations, of the order of the wavelengths (.A "" 2400 ao) 

of optical transitions, the usual static electric multi pole expansion is insufficient to describe 

the collisions and must be modified to incorporate retardation effects [26]. For such distances 

the central potentials fall off more rapidly, essentially like 1/r7 instead of the usual van der 

Waals 1/r6 behavior. 

We rigorously solved coupled channel equations distinguishing between three radial 

regions. Up to a radius ro ~ 80 ao we solved the differential equations in the SMsl M1 basis. 

At this point, beyond which the exchange part of the central interaction, i.e. Vt ( r) - Vo( r ), 

is negligible and the radial wave functions of the closed hyperfine channels are sufficiently 

small,· the coupled equations were transformed to the hyperfine basis and integrated with 

the open hyperfine channels only from ro to a radius rt. where the central interaction itself 

becomes negligible. For larger distances the dipolar interaction is the only interaction taken 

into account and included in first order. 

In view of the complicated spin structure, due to the large value of the nuclear spin 

involved, it is very difficult to do the associated Racah algebra by hand. We have used the 

computer algebra system "Mathematica" to deal with this complicated task. 
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Figure 2.2: Scattering length a for elastic 13, -3) + 13, -3) scattering as a function of 

magnetic field. Labels denote quantum numbers(!, F, Mp ). 

2.3 Resonances in elastic and inelastic exchange scattering 

Figure 2.2 shows as an example the scattering length a for elastic scattering of two 13, -3} 

atoms as a function of magnetic field, calculated from the low-energy limit -ka of the 

scattering phase shift. We see three resonances with very different strengths. The resonances 

also show up in the elastic scattering as a function of collision energy for fixed B. This 

enables us to follow them in a plane spanned by E and B. Figure 2.3 shows the paths 

obtained. Clearly, the resonance positions show an almost linear, Zeeman-like behavior. The 

error bars denote the width of the second resonance which turns out to be almost constant in 

the E - B plane, while that of the two weaker resonances is very small and proportional to 

B2 and B4 for the first and third resonance, respectively. 

Insight into the nature of these resonances can be obtained on the basis of the various 

existing, more or less equivalent. resonance theories formulated long ago for nuclear reactions 

[27]. In each of these theories resonances arise from the existence of discrete quasibound 

states. A resonance occurs in the scattering process due to the coupling of these quasibound 

states with the continuum of scattering states. the coupling is concentrated at collision 
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Figure 23: Position and width of the l = 0 and MF = -6 resonances in the plane spanned 

by the collision energy ofl3, -3} + 13, -3) scattering and the applied magnetic field. Labels 

denote quantum numbers ( l, F, MF ). The error bars oftbe F = 6 resonance denote its width. 

energies close to the energy of a quasibound state and the ovemll strength of the coupling 

determines the partial and total resonance widths. 

Figure 2.4 shows a systematic explanation for the positions of the resonances, introducing 

various interaction terms in the Hamiltonian one by one. We start with neglecting the 

hyperfine and Zeeman terms altogether. In that limit the quasibound states reduce to the 

bound l = 0 rovibrational states of the singlet and triplet Cs2 molecule with vanishing decay 

widths. In Fig. 2.4a the energies of these states are presented, together with the vibrational 

quantum number v. The energy scale is in Kelvin, the zero of energy corresponding to 

the threshold of the continuum of the singlet and triplet potentials. Fig. 2.4b shows what 
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Figure 2.4: Physical picture for f. = 0, MF = -6 resonances. The vertical scale shows 

the total energy with zero energy located at the threshold of the continuum of the singlet 

and triplet potentials. (a) Energies of the relevant l = 0 singlet and triplet bound states. 

(b) Resonance energies, labeled IF, splitted by hyperfine interaction. The dashed line is 

the hyperfine energy -9>.ahr/2 of the 1{3- 3,3- 3}+) state. (c) Resonance energies for 

MF = -6 as a function of magnetic field. The dashed line is the hyper.fine +Zeeman energy 

of the 1{3- 3,3-- 3}+) state. 
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happens to these states when the hyperfine term Vhf is gradually introduced, multiplying it by 

an auxiliary parameter .\ increasing from 0 to 1. The degeneracy of the original states with 

respect to I and F is then lifted, the spin states I(SI)F MF} introduced in the previous section 

being the appropriate basis. For small A the levels split and shift according to the first-order 

perturbation result of Eq. (2.7). Since we restrict ourselves to the MF = -6 resonances 

showing up in a 13, -3) + 13, -3) collision, F is equal to 6, 7 or 8. Note that S +I has to 

be even because of I. = 0. For larger values of A pairs of bound states with equal F start 

to repel each other, giving rise to "avoided crossings". The repulsion can be understood 

in terms of the perturbations involving the coupling between the singlet I(OF)F MF) and 

triplet 1(1, F ± 1)F Mp} levels, already dealt in connection with Eq. (2.7). This coupling 

does not only involve a spin-dependent factor, but also the radial overlap of the various 

singlet and triplet bound states. By symmetry F = 8 and odd F triplet states do not couple, 

so that these states are described by Eq. (2.7) for all A. This allows the possibility of an 

identification of the pure triplet resonances in our calculated cross sections. The dashed line 

in Fig. 2.4b shows the total hyperfine energy of two 13, - 3} atoms. At the actual value of the 

hyperfine strength the positions of the F = 7 and 8 states coincide with the two resonances 

in Fig. 2.3 which disappear at B = 0. Since 1{3- 3, 3- 3}+) is a pure F = 6 state and 

different F values are only coupled by vz this disappearance is not surprising. To find the 

exact positions of the F :::: 6 bound states the coupling to all vibrational singlet/triplet states 

should be included. Neglecting the far levels a simple model with two triplet and one singlet 

vibrational level can be used to calculate the location of the broad F = 6 resonance in Fig. 

2.3. This model gives a level which lies within 5 x 10-3 K from the exact location. It should 

be noted that the mixing of v levels in the Cs2 molecule is rather extreme, because the strong 

hyperfine splitting approaches the magnitude of the small vibrational energy distances. 

Figure 2.4c finally shows how the MF = -6 levels shift upon introducing a magnetic 

field. The Zeeman term vz couples the subspaces with differentFwhile conserving M F. As 

long as this coupling is weak the energies of the magnetic substates, degenerate for B = 0, 

split linearly with B. For F = 8 and F odd the shift of the Mp = -6 levels depends solely 

on the spin structure as described by Eq. (2.8). For other F values the field dependence is 

given by the expectation values of vz in the eigenstates obtained by the above-mentioned 

mixing of singlet and triplet levels. For stronger fields the off-diagonal part of vz becomes 

important. For F = 8 or F odd these higher-order perturbations may even be included in a 



30 Ch. 2. Threshold and resonance phenomena in ultracold ground-state coUisions 

straightforward way, since one is dealing with pure S = 1 states. In Fig. 2.4c the dashed line 

again gives the total (hyperfine +Zeeman) energy of the 1{3- 3, 3- 3}+) state. The energy 

differences of the solid lines with this dashed line would have to agree with Fig. 2.3. For the 

F = 7 and 8 resonances this indeed turns out to be the case. In particular, the intersection 

of the F = 7 line, described with a linear model, with the dashed line reproduces the exact 

position of the corresponding resonance in the scattering length to within 5 x 10-4 T. For 

the F = 8 line the error is ten times larger, showing that the linear approximation is slowly 

breaking down for the associated stronger field. The higher-order approach reduces the error 

to that for the linear F = 7line. The discrepancy for the F = 6 resonance is much larger and 

given by 1 x 10-2 T, which is mainly due to the incorrect treatment of the strong hyperfine 

coupling. This discussion shows that the precise location of the resonances is directly related 

to the position of the unperturbed singlet and triplet vibrational levels around E = -9ahr/2. 

The experimental observation of the resonances can be used to locate these bound states to 

within about w-2 K. In Figs. 2.2 and 2.3 we have added the ( t, F, MF) quantum numbers 

for the resonances as they follow from the previous analysis. 

In each of the above-mentioned resonance theories (see for instance Ref. (27],[28]) the 

partial width of a resonance for decay into a particular scattering channel is proportional to 

I(BIHcoupi<P)i2, where I B) is a quasibound state, I<P) a scattering state and Hcoup the coupling 

between the two. Since in the present case the resonances can only be formed from and decay 

into the 1{3- 3, 3- 3} +)channel, a partial resonance width is at the same time a total width. 

From the discussion of Fig. 2.4 it follows that the F = 6 resonance has a width proportional 

to a~, while for F = 7 and F = 8 a magnetic field is essential for decay into an F = 6 channel, 

so that the corresponding widths behave as B2 and B4, respectively. 

Ideally, it would have been illustrative if we could calculate both resonance energies 

ER and widths r of the various resonances on the basis of one of the existing resonance 

theories. A particularly elegant framework would be the Rosenfeld-Humblet theory (29] 

which is based on the original idea of a Gamow decaying state, devised for a decay of atomic 

nuclei. The idea is to find solutions of SchrOdinger's equation ll'P = El¥ with "outgoing" 

waves in all channels at infinity. The associated complex eigenvalues ER- ir /2 determine 

the resonance energies and widths. A practical implementation within a coupled-channels 

framework would involve an elaborate integration of a set of complex differential equations 

and a search in the complex energy plane for solutions with the correct asymptotic behavior. 
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However, as long as the resonances are far apart the R-matrix approach [30] shows that their 

energies are well approximated using the Wigner-Eisenbud boundary condition d'P / dr = b'lf 

with a real constant b at a radius r1 beyond which the central interaction is negligible. Using 

this approach we indeed found the scattering resonances at the correct field values with 

positions rather insensitive to the value of b. In addition, however, we found spurious 

resonances introduced by the specific boundary condition, which we could distinguish from 

the real ones by their strong dependence on r1 and b. 

In the foregoing we restricted ourselves for simplicity to low-energy scattering in the 

1{3- 3, 3- 3} +) channel, because this involves exchange scattering with one open channel 

only. (In)elastic exchange scattering involving other open channels is more complicated but 

does not add fundamentally new aspects. 

2.4 Resonances in dipolar rates 

The dipolar transition rates turn out to contain resonances too. Since the dipole interaction Vd 

is only important for the atom loss from the !4, +4} and the 13, -3} gas we restrict ourselves 

to these cases. The resonance structure is now complicated by the fact that the dipolar 

interaction is non-diagonal in I, and MF. Resonances thus show up not only in the lF MF 

subspaces of initial and final channels, but also in other subspaces coupled by additional yd 

steps. Note that a coupled-channels approach, such as we apply, treats Vd as well as other 

potential terms up to infite order. Actual results show, however, that a calculation up to finite 

order would in practice have been sufficient. Due to the weakness of Vd only resonances for 

which at most two yd steps are necessary show up in our calculated results. 

It turns. out that resonances do not occur in the dipolar rates of the doubly polarized 

14, +4} gas. This may be understood from the discussion of Fig. 2.4. Irrespective of the 

magnetic field strength the total energy for a collision initiated in the 1{44,44}+) channel is 

located above the zero energy defined in this figure and therefore never crosses one of the 

bound rovibrational states. This is clear from Fig. 2.5, showing the three zero-temperature 

dipolar decay rates for a doubly polarized 14, +4} gas as a function of B. Note that theE = 0 

limit of inelastic relaxation rates is finite. It turns out for the temperatures of interest, i.e. 

below 10 pK. deviations from this limit are less than 10 %, apart from resonances. 

In Fig. 2.6 the zero·temperature decay rates for a 13, - 3) gas are shown. They do show a 
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complex resonance structure. The three previously discussed l = 0~ MF = -6 resonances 

are again present and in addition resonances of the subspaces with l = 2 and MF = -4 to 

-7 have appeared. The labels of each resonance give the corresponding l, F, MF values. 

A detailed discussion of these additional resonances analogous to that in connection with 

Eq. (2.7) shows that those with F = 5, 7 and 8 can be described in a simple way without 

singlet/triplet mixing. Only one triplet state is involved: v = 53 for F = 5 and 7 and v = 52 

for F = 8. The states. are shifted according to Eq. (2.7) and (2.8) and in addition according 

to the rotational energy for l = 2. The resonances with F = 4 and 6 show a strong mixing 

of singlet and triplet bound states. In Fig. 2.6 we have also indicated the number of v<~ steps 

needed for each of the resonances to contribute to the total transition amplitudes considered. 

The l = 0 resonances associated with the subspace of the initial MF = -6 channel and 

the l = 2 resonances corresponding to the subspace of the final MF = -4 or -5 channels 

clearly need only a single V4 step. All other resonances need second-order v<~ coupling. 

2.5 Influence of final centrifugal barrier 

The influence of the centrifugal barrier in the final channel for a dipolar decay process is 

of utmost practical importance in that it may reduce the loss of atoms. Therefore we study 

it in some detail. For the low temperatures of experimental interest it suffices to consider 

l = 0 -+ l = 2 transitions only. The role of the centrifugal barrier is immediately visible in 

the dipolarrates of the 14, +4} state to the 1{44~ 43}+), 1{44,42}+) and 1{43, 43}+) channels 

in Fig. 2.5, and in all three decay rates of the 13, -3) state in Fig. 2.6. They tend to zero 

as B -+ 0, because the outer classical turning point in each of these final channels goes to 

r = oo. We have been able to understand the more detailed B-dependence, and in particular 

its difference with the case of atomic hydrogen [18], by studying how the contributions to 

the total coupled-channel dipolar transition amplitudes are distributed over the r-axis and by 

making a comparison with results for the simple distorted-wave integral 

(2.9) 

with an initial£ = 0 triplet radial wave function at zero kinetic energy and a final£ = 2 

radial wave function for a collision energy Et proportional to PeB. With the exception of 

the I{ 44, 44} +) state, all spin states involved are actually combinations of S = 1 and S = 0 
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states. Since, however, only the triplet parts contribute to the dominating electron-electron 

term of the dipolar matrix-element, the pure triplet case should give a semi-quantitative 

picture. This is confirmed by introducing a radial cut-off for Vd in the full coupled-channel 

calculation and varying the cut-off radius. 

The B -dependence can be understood by considering the competition of the contributions 

from a small-rand a large-r radial part of the integral (2.9), separated by the radius r4. For 

lower fields where the final collision energy is below the top of the barrier, r d is the outer 

turning point. For stronger fields where the final collision energy surmounts the barrier, r d is 

the radius where the triplet interaction is equal to fli? /2r2 - E1 in absolute magnitude. 

In the small-r part the triplet potential Ri .;_C6/r6 dominates in the radial equations so 

that the initial and final waves are proportional, contributing maximally to the radial integral. 

As a consequence, this contribution to the dipolar rate depends on the amplitude of the final 

wave function and on rd. For weak magnetic fields the amplitude of this wave function 

is reduced starting from infinity due to the centrifugal barrier. For strong fields the WKB 

approximation becomes valid for all r. As a consequence, if we give the final wave function 

the usual WKB normalized amplitude kj1
'
2 at infinity, the amplitude in the inner region is 

independent of B. Note that the chosen normalization corresponds exactly with the way in 

which u J( r) occurs in the dipolar rate expression. This would suggest that at strong fields 

the inner part of the dipole amplitude would tend to a constant, after an initial increase due to 

enhanced barrier penetration. However, r d and thus the length of the inner region decrease, 

so that in total the amplitude decreases. 

In the outer region the triplet potential is negligible. In general u,(r) oscillates much 

faster than ui(r ), so that the integral is effectively limited tor values just outside the classical 

turning point of the final channel. This occurs for weaker fields only. Increasing the magnetic 

field starting from zero enhances the dipole integral since the contributing region shifts to 

smaller r, so that the dipole interaction strength "' 1/rl increases. However, increasing 

the magnetic field also shifts the oscillations of u,(r) to smaller distances from rd, which 

counteracts the initial increase. 

The relative importance of the inner and outer regions for reasonable values of B as 

considered in Fig. 2.5 and 2.6 is such that for E1 > w-3 K, or equivalently magnetic fields 

above Ri 10-3 T, the inner region dominates. For lower fields the outer region dominates. 

This contrasts with calculations for atomic hydrogen [18], for which the contribution of the 
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inner region is negligible even for fields as high as 10 T. This is due to the high l. = 2 

centrifugal barrier and the small eo. The hydrogen rates still show a "knee" shape for fields 

of about 0.1 T, but this is entirely due to the spin structure. 

The remaining cesium dipolar rates in Fig. 2.5 have a finite exothermal energy even for 

B = 0. The large final collision energy EF of order ahf ~ 0.1 K leads to a dominating 

inner region contribution. The radius rd is for large E1 approximately proportional to E;t16 

and only slowly dependent on magnetic field. The dipolar rates are therefore only weakly 

dependent on B. 

2.6 Conclusions 

On the basis of symmetry considerations with respect to the various interaction terms in the 

Hamiltonian we have been able to give a detailed discussion of the resonances in the elastic 

and inelastic exchange scattering of two ultracold Cs atoms. Gradually switching on the 

hyperfine strength and the magnetic field, we were able to follow the resonance positions 

and widths in the E - B plane. In addition, the quantum numbers of the resonances could 

be identified. It was shown that the basis of I(SI)FMF} states is particularly adequate for 

describing the physics of the resonances. A successful description could also be given for 

the more complicated resonance structure in the dipolar rates, distinguishing the numbers 

of Vd steps involved. It is expected that observation of the resonances will play a crucial 

role in determining the relevant parts of the triplet and singlet potentials which are at present 

insufficiently known. 

The role of the t. = 2 centrifugal barrier in the final decay channel in determining the 

magnitude of the dipolar loss of atoms from a magnetic trap has been studied. The field 

dependence of the rates can be explained in terms of the competition between an inner and 

an outer radial region. Differences with atomic hydrogen have been pointed out. 

This work is part of a research program of the Stichting voor Fundamenteel Onderzoek 

der Materie, which is financially supported by the Nederlandse Organisatie voor Wetenschap

pelijk Onderzoek. 
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Abstract 

We study necessary conditions for the observation ofBose-Einstein condensation in a magneti· 
C3lly trapped sample of atomic Cs gas, associated with the value of the elastic sC3ttering length, 
the rate of elastic SC3ttering events and the lifetime for deC3y of the density due to both magnetic 
dipole relaxation in two-body collisions, as well as recombination to Cs2 in three-body collisions. 
We find that, on the basis of these conditions, the prospects for observingBose-Einsteln conden
sation are favorable for a gas of ground-state Cs atoms in the highest state of the lowest hyperfine 
manifold. In all calculated elastic and inelastic two-body rates we find a pronounced resonance 
structure, which can be understood in terms of the interplay between the singlet/triplet interaction 
and the hypertine, Zeeman and magnetic dipole interactions. The experimental observation of 
these resonances may help to eliminate present uncertainties about interaction potentials. 

Rapid developments in techniques to cool and manipulate atoms offer new opportunities 

for many fascinating applications, such as atom interferometry, atomic resonators, atomic 

43 
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fountains and Bose-Einstein condensation (BEC) in a weakly-interacting Bose gas. Although 

less easy to manipulate than charged particles, atoms have the advantage that the number of 

particles dealt with simultaneously can be large without significant mutual perturbation.· This 

makes it possible to improve the signal to noise ratio in these experiments, and in the case of 

BEC to make the phase transition more easily attainable by raising the critical temperature. 

There is, however, a limit to this possibility; We have shown recently [1], that ground-state 

atom collisions provide a strong limitation to the anticipated improvement of the accuracy 

and stability of the Cs atomic fountain clock: [2]. Also in the case of BEC atomic collisions 

play a decisive role in determining the conditions for practical realizability. This has become 

clear during more than a decade of work on spin-polarized atomic hydrogen [3],[ 4]. The same 

is true for atomic cesium, which has more recently been recognized as a suitable candidate 

due to its favorable optical cooling properties. The most promising strategy [5] appears 

to be be to pre-cool a Cs gas sample, followed by evaporative cooling in a magnetic trap, 

which avoids the detrimental role of the radiation trapping force [6) and the photon recoil in 

(magneto-)optical traps. 

An essential ingredient for the BEC phenomenon is a positive value of the scattering 

length a for elastic two-body collisions of atoms in the selected hyperfine state [7], which 

makes the atom-atom interaction effectively repulsive. Secondly, the elastic collision rate 

should be large enough: elastic collisions are essential for evaporative cooling by restoring 

thermal equilibrium after the escape of fast atoms and thus for quenching the system into the 

critical region of the BEC phase transition, after which the ground state is macroscopically 

populated [8]. Thirdly, the decay of the density due to inelastic two-body collisions and due 

to recombination to Cs2 in three-body collisions should be slow enough. In this paper we 

will investigate in how far the question of the validity of these conditions can be answered on 

the basis of present knowledge of interaction potentials, excluding the accidental situation of 

a vanishing triplet scattering length or a triplet bound state at zero energy. 

We start from the effective two-body Hamiltonian [1),[9),[10J 

(3.1) 

with hyperfine and Zeeman terms 

Vhf a S-e S-N yz ( se SN)B = Ji2 ' t = 'Ye z - 7N z (3.2) 
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for each of the atoms, a central interaction 

vc = Vo(r)Po + vt(r)Pt, (3.3) 

consisting of singlet and triplet terms with Po and Pt projection operators on the singlet and 

triplet subspaces, and a magnetic dipole-dipole interaction va with electron-electron and 

electron-nucleus parts. Symmetry considerations show that the so-called exchange transi

tions, induced by the central interaction conserve the orbital angular momentum quantum 

numbers f. and mt, as well as the total spin projection MF = mFt + mF2. The dipole-dipole 

interaction which is much weaker than the exchange interaction and therefore has little ef

fect on exchange transitions, induces dipole transitions conserving mt + MF and satisfying 

IMI = 0,2. 

As in our previous paper on the cesium fountain [1], we use a spectroscopically determined 

singlet potential, taken from Ref. [11 ]. Presently, there are no comparable data available for 

the triplet potential. Therefore, we follow the procedure ofRef. [1 ]. Beyond r = rt = 15.6ao 

vt(r) is determined from the singlet potential by reversing the exchange contribution. For 

smaller r it is taken from an ab initio calculation by Krauss and Stevens [12]. Both singlet and 

triplet potentials are supplemented with a retardation correction [13] at very large interatomic 

distances of the order of the wavelengths of optical transitions. The modification consists 

essentially in a more rapid fall-off, proportional to 1/r7 instead of the usual van der Waals 

1/r6 behavior. 

We rigorously solved the coupled channel equations in the SMslM1 basis, with S the 

total electron spin and f the total nuclear spin, up to a radius r0 of about 80a0 beyond which 

the exchange part of the central interaction is negligible and the radial wave functions of 

closed hyperfine channels are sufficiently small. Transforming from the S Msl Mr to the 

hyperfine basis, we integrated the radial equations of the open hyperfine channels from ro to 

a radius of order 1000- 1500ao, where the central inthraction is negligible. For even larger 

radii the dipole interaction with its long range still contributes significantly to the scattering 

matrix and was included in first order. The low temperatures prevailing in the magnetic trap 

allow us to calculate the thermally averaged inelastic scattering rates in the T = 0 limit. For 

elastic processes the rates show their limiting VT behavior. The Bose character of the Cs 

atoms thus implies that only symmetric spin states are relevant. 

Let us now turn to the first of the above-mentioned conditions for BEC. In view of the 
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selection rules of the exchange interaction a doubly polarized gas of Cs atoms in the highest 

low-field seeking hyperfine state can only decay via the weak dipole interaction. In analogy 

to the case of atomic hydrogen [14], this state may thus be suitable for the observation of 

BEC. Unfortunately, it turns out that due to the uncertainty in the triplet potential for r < rt. 
the sign of the scattering length a for elastic scattering of two (F, mF) = ( 4, +4) atoms is 

uncertain. On the basis of present knowledge it is therefore not clear whether BEC is possible 

in this hyperfine state. However, the Cs hyperfine diagram contains a second long-lived low

field seeking state with lmFI = F, absent in atomic hydrogen. The importance of this highest 

state of the lowest hyperfine manifold was recently stressed by Wieman et al. [5]. In contrast 

with the doubly polarized situation the scattering length of two (3,-3) atoms depends on the 

applied magnetic field and appears to have a resonance structure. From a number of coupled 

channel calculations for different potentials within the range of uncertainty indicated in Ref. 

[1], we conclude that a is either positive over a long range of fields or positive in narrow 

field ranges at the positions of the stronger resonances. Taking into account the order of 

magnitude, 5 x w-4 T, of the resonance widths, it seems that a field configuration suitable 

for BEC can be chosen. 

Next we estimate the time of decay of the atomic density due to magnetic dipole relaxation. 

In Fig. 3.1 we present the field dependence ofthe T = 0 rates for the decay of the ( 4,+4) state. 

The values for the transitions to the symmetrized two-atom spin states {F1mFh FzmF2} = 
{ 44, 43}, { 44, 42} and { 43, 43} decrease atlow B due to the approach to the threshold in the 

final channel [9]. The transitions to the states { 44, 42} and { 44, 32} are strongly suppressed 

due to their spin structure which forbids a direct electron-electron dipole transition and take 

place via higher orders, as well as via the much weaker electron-nucleus dipole interaction. 

Fig. 3.2 shows the dominant rate for the dipole decay of a gas of atoms in the (3,-3) state: 

that for {3, -3,3- 3} - {3, -3, 3, -2}. As expected this rate, like the two remaining 

dipolar rates for this hyperfine state, shows a final channel threshold behavior for B - 0. 

It should be noted that the suppression due to the t = 2 centrifugal barrier is less for the 

1/r3 dipole interaction than it would have been for a typical short-range interaction. For this 

reason the total (3,-3) decay rate is less suppressed relative to that for ( 4,+4) than one might 

have expected intuitively. Nevertheless, a definite advantage of the (3,-3) hyperfine state is 

the greater flexibility associated with the field dependence. 

From the order of magnitude of the total decay rate we find a lifetime of order 1015 
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Figure 3.1: T = 0 dipolar relaxation rates G;.-.J for the doubly polarized cesium gas as a 

function of magnetic field. The horizontal scale shows a gradual transition from a linear to a 

logarithmic field dependence as we plot 1 + B I B0 logarithmically. Here Bo = af160p,B = 

1.02 x 10-3 1; where the factor 1/160 ensures a fa.vorable separation between linear and 

logarithmic parts. 
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(cm-3 fn) sec, both for ( 4,+4) and (3,-3). For a typical BEC temperature/density combination, 

20 nK/1012 cm-3, at which experimental attempts are aiming [5], the estimated decay time 

is of order 10l sec. This should be compared with the rate of elastic collisions which our 

coupled-channel calculations show to be of order tp-11 (T /1pK)112, corresponding to a time 

of order 1 sec. between collisions at the above BEC temperature/density combination. 

The most prominent feature of the decay rates for (3,-3) is their resonance structure, 

which we already mentioned in connection with the sign of a. A more detailed study shows 

the resonances to be associated with Feshbach quasibound states, belonging to subspaces 

with definite values of i and MF. Neglecting vc~, these subspaces are uncoupled. The 

resonance structure is the continuation to higher energies of the hyperfine-mixed singlet and 

triplet states spectroscopically observed in the Cs2 spectrum [15]. Due to the strong hyperfine 

coupling in Cs combined with the small energy distance between these higher rovibrational 

singlet and triplet levels, this mixing is a complicated phenomenon which cannot be treated 

in perturbation theory. The quantum numbers of the resonances have been determined by 

comparing their strengths in the various channels, as well as by carrying out reduced coupled

channel calculations in separate (f., MF) subspaces with Vd = 0. In Fig. 3.2 we have added 

the (f., MF) quantum numbers thus obtained for the various resonances, as well as the total 

order of Vd needed to couple them to the initial and final channels. Resonances do not 

occur in the decay rates of the doubly polarized state in Fig. 3.1. This can be understood in 

terms of the absence of an (f., MF) subspace without open channels. We come back to the 

interpretation of the resonances in a future paper. 

Finally we consider the three-body recombination rate in a (4,+4) Cs gas. We calculated 

the zero-temperature limit of the rate constant [16]: 

L = w(211'1i)':£q, J dtiJKq,,!{Vi(rl3) + Vi(r23)}IB'Pi+l~l (3.4) 
J 

where IW~+l) is the exact zero-energy scattering state for three incoming atoms and S the 

unnormalized symmetrization operator. The final state lq,!) describes a triplet molecule 

formed by atoms 1 and 2, and the free atom 3 with momentum ifJ relative to the molecular 

center of mass. The normalization of lW~+)) and 1~!) is described in Ref. [16]. The 

summation is over all triplet Cs2 molecular states, qJ is determined by energy conservation; 

while the integration is over all directions of if!. The most difficult task in estimating Lis the 

calculation of lW~+>). We have approximated it by a Jastrow-like product of three two-atom 
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zero-energy triplet scattering states. In the case of the zero-energy scattering state of three 

doubly-polarized hydrogen atoms this turned out to be an excellent approximation to the 

exact three-body state [17]. Here it is also expected to be a good approximation because the 

Jastow-like product is essentially exact in that part of configuration space, which dominates 

the transition matrix element. We find L = 5 x 10-29 cm6/sec. The two-atom spin state ill 

a (3,-3) gas being predominantly S = 1, there is no reason to expect the zero temperature L 

value for three (3,-3) atoms to be very different. 

A comparison with hydrogen in the doubly-polarized Id) state with total dipole decay rate 

G ~ 10-15 cm3 sec-1 [9] and recombination rate L ~ 10-38 cm6 sec-1 [16] clearly shows the 

enhanced importance of recombination in cesium due to the existence of triplet~ molecules. 

For cesium densities above 1013 cm-3 particle loss is dominated by recombination, for lower 

densities by dipole relaxation. In Fig. 3.3 we present our estimated two-body and three-body 

decay times as well as the elastic scattering time as a function of temperature. The density 

is assumed to have the associated critical BEC value. It appears that in a wide temperature 

interval a favorable ratio of decay time to elastic scattering time is to be expected. For 

instance, at the temperature/density combination 20nK/1 012 cm - 3 the ratio is of order 103• 

Varying the ab initio part of the S = 1 potential as mentioned previously, it is possible 

to get an impression of the sensitivity of the calculated rates to the uncertainty in this part 

of the potentiaL In this connection note that due to the weakness of the hyperfine couplings 

relative to the triplet potential for r < rt the precise shape of Vl.(r) is only of importance 

for the calculated collision quantities via one overall parameter per partial wave: the phase 

of the triplet radial wave functiuon at r 1• The results show that the rates presented above 

are reliable to within an order of magnitude. The position of the resonances as a function of 

magnetic field, on the other hand, turns out to be very sensitive, indicating the complicated 

interplay between the hyperfine and exchange interactions for larger distances where these 

two interactions are comparable. 

In principle, only a few experimental collision quantities are needed to determine the 

above-mentioned unknown phase parameters for I. = 0 and 2. We expect such data to be 

available in the near future. If the phases determined from different experimental pieces of 

information turn out be contradictory, we will be forced to conclude that ultracold collisions 

are so sensitive to the fine details of the interatomic potentials that even the careful analysis 

of Ref. [11] is not adequate for an accurate determination of the singlet and triplet potentials. 



51 

T (pK) 

Figure 3.3: Elastic BIJd inelastic time scales as a function of the critical temperature. 
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In this case one may try to avoid an extrapolation of spectroscopic bound-state information 

to the continuum, by using more direct continuum data in searching for the parameters of 

the relevant long-range part of the potentials. A comparison of coupled-channel results with 

elastic scattering and (exchange or dipole) relaxation data will be of great help in this search. 

A systematic approach might start with a determination of the absolute value of the triplet 

scattering length at by measuring the elastic field-independent rate for ( 4, +4) + ( 4, +4) 

and the B = 0 elastic rate for (3,0) + (4,0), since both are pure triplet channels. When 

supplemented with the magnetic-field positions of the pure triplet MF = 8 or 7 resonances 

observed in channels with different MF, one should be able to determine also the sign of 

at, which, as pointed out above, is a crucial quantity for BEC in a doubly-polarized Cs 

gas sample. Once the relevant long~ range parts of the central potentials have been reliably 

determined, the rates for the dipole transitions may be used to search for an additional spin

spin term with presently unknown magnitude in the S = 1 ground-state channel due to a 

second-order spin-orbit effect [18]. Its possible importance was recently pointed out by 

Julienne et al. [19]. However, preliminary calculations indicate that such a term, which 

would be concentrated close to the bottom of the triplet potential, is strongly shielded by 

the final state centrifugal barrier in the case of the (3,-3) state. In the more exothermal 

decay channels of the (4,+4) state, it might show up and lead to interesting consequences 

distinguishing ultracold collisions of heavy atoms from those in atomic hydrogen. 

In conclusion, we have shown that on the basis of present knowledge of the interaction 

potentials the conditions for observation of BEC in atomic cesium gas are particularly 

favorable for the (3,-3) hyperfine state. By a suitable choice of the magnetic field strength the 

interatomic interaction can be made effectively repulsive and for a large range of temperatures 

the thermalizing elastic collisions are much more frequent than inelastic two and three-body 

collisions, causing the decay of the gas sample. Furthermore, we predict a pronounced 

resonance structure in various scattering quantities, which might resolve present uncertainties 

in the interaction potentials if observed experimentally. 

This work is part of a research program of the Stichting voor Fundamenteel Onderzoek 

der Materie, which is financially supported by the Nederlandse Organisatie voor Wetenschap

pelijk Onderzoek. 
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Chapter 4 

Collisions between cold ground-state Na atoms 
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Abstract 

We study hyperfine transitions In collisions between cold ground-state 23Na atoms, which are 
of crucial Importance for the decay of the atomic density in magnetic traps. For comparable 
densities we find initial decay by exchange collisions to be roughly a factor 10 more rapid than 
that In atomic hydrogen. The doubly polarized atomic gas that thus forms spontaneously in thls 
initial process subsequently decays by dipolar relaxation with a rate that is about a factor S larger 
than that in atomic hydrogen. The sensitivity of the calculated rate coustants associated with the 
uncertainties in the singlet and triplet potentials is discussed. 

In the last few years a rapid development has taken place in the field of cold atoms. 

As a result of this, fascinating possibilities now come into view, such as the realization of 

Bose-Einstein condensation in H gas and gases of heavier bosonic atoms [1], the study of a 

gas of anti·H atoms [2], studies of quantum refiection against surfaces [3], and the realization 

of an ultrastable atomic clock by means of an atomic fountain [ 4]. 

The atomic densities in some of these experiments are increasing presently to the point 

where collisions between atoms are of great importance, both in determining the lifetime 
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of a trapped gas sample and in determining the frequency stability of the proposed new 

atomic clock. Collisions between cold atoms are also of interest in their own right, due to 

the occurrence of very unusual energy, time, and distance scales. Recent studies [ 5] show, 

for instance, that the collision between an optically excited atom and a ground-state atom 

proceeds differently due to the fact that the probability of spontaneous emission during a 

collision approaches unity, so that this process can no longer be treated as a small perturbation 

on the collision and has to be included in a more fundamental way. Another interesting aspect 

of cold collisions is the long de Broglie wavelengths involved. This leads to typical quantum 

effects such as the inapplicability of the semiclassical Landau-Zener theory for avoided 

crossings and the increased stability of doubly polarized atomic deuterium gas due to the 

exclusion principle [6]. 

Some time ago we presented theoretical predictions [7]-(9] for hyperfine changing col

lisions between cold H atoms, which turned out to be of crucial significance both from the 

point of view of loss mechanisms from magnetic traps (10],[11] and for the frequency sta

bility of the sub kelvin hydrogen maser [12]. The purpose of this paper is to study similar 

processes for ground-state 23Na atoms. We refer to Ref. [1] for a general review of atom 

traps, which underlines in particular the importance of the calculations to be presented below 

for the estimation of loss mechanisms. After summarizing out method of calculation, we 

present spin-exchange and magnetic dipole relaxation rates, associated with transitions from 

trapping to anti trapping hyperfine states in magnetic traps. 

We use the effective Hamiltonian [8] 

2 2 2 

H = £... + L V.bf + L v;z + vc + vd 
2p. i=l i=l 

(4.1) 

with hyperfine and Zeeman terms 

Vhf a g• gN = n,z • ' 

vz = (l.s; - 'tNs;;)B (4.2) 

for each of the atoms, a central interaction 

ye = Vo(r)Po + Yt(r)Pl, (4.3) 

comprising singlet and triplet terms with Po and Pt denoting projection operators on the 

singlet and triplet subspaces, and a magnetic dipole interaction Vd consisting of electron-
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electron and electron-nuclear parts. In the following the 23Na atomic hyperfine states are 

labeled 1-8 in order of increasing energy (see Fig. 4.1). 

3a/4 

-Sa/4 

0 s 10 

Figure 4.1: Energies of the 23Na byperiine states as a function of magnetic field. a is the 

byperiine constant and Bo = a/li"fe = 0.0316 T. 

On the basis of its symmetry under separate orbital and spin rotations Vc induces so-called 

spin-exchange transitions that conserve the relative orbital quantum numbers l and m1 and 

the total spin projection MF. The influence of V4 on such transitions is negligible. The 

remaining, dipolar, transitions are dominated by first-order Vel contributions. 

For the singlet and triplet potentials we have used spectroscopically determined Rydberg

Klein-Rees (RKR) potentials [13]·[15] for interatomic separations between the classical 

turning points for the highest observed rotational and vibrational states. For small distances 

an a+ b/r extrapolation is sufficiently accurate in view of the smallness of the radial interval 
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accessible to very-low-energy atoms in that region. At large distances an extrapolation 

is made by means of experimental [14] and theoretical [16] information on the induced 

multipole potentials. 

Coupled equations in the S Ms I M1 basis (S = total electron spin, I = total nuclear spin) are 

rigorously solved up to a radius r0 beyond which the central interaction is negligible. A value 

as large as 300a0 is usually required, compared to about 40ao for the H+H collision problem. 

The S matrix calculated at ro is transformed to the hyperfine basis and supplemented with an 

additional contribution from the interval r > ro due to Va. calculated in first order. Shifting ro 

to larger values only affects the total S matrix at the 0.1% level. This shows the applicability 

of the first-order treatment for r > r0 and at the same time provides a strong check on the 

consistency of the method of calculation. It is noteworthy that higher-order effects in yt.t in 

the inner region are not as small as in the case ofH, affecting the final dipolar cross sections 

at the 10% level. 

The low temperatures of interest permit us to carry out a calculation in the T = 0 limit. 

This implies an initial I value of 0. Even with this restriction the total number of two-body 

spin channels to be considered is 36. The total number of possible transitions is 410. In view 

of this complexity the use of computer algebra in dealing with the spin structure proved to 

be almost indispensable. A more-detailed description of our method and a more complete 

presentation of results is to be given elsewhere. Here we select some transitions to illustrate 

the general features and orders of magnitude. 

In Fig. 4.2 we present the T = 0 relaxation rate constants for all exchange transitions 

proceeding from the { 67} symmetrized spin channel as a function of magnetic field. Here, 

6 and 7 represent the hyperfine states of atoms 1 and 2. Compared to the exchange rates in 

atomic hydrogen the present rates are about a factor 10 larger. 

It turns out that our coupled channel 23Na exchange rates can be rather accurately repro

duced by a simpler approach in the spirit of R-matrix theory [17] or multichannel quantum 

defect theory [18], in which we assume degenerate internal states [8] within a certain inter

atomic distance r 1 and make use of the smallness of the exchange potential Vo - Vi. beyond 

that distance by treating it in first order. The {67} -+ {58} rate goes to zero for B -+ 0 due 

to the approach to the reaction threshold in the final channel. For strong B fields the rates 

turn. out to decrease roughly according to inverse powers 1/B2'"' with n being the change in 

asymptotic nuclear magnetic quantum number involved in the transition. This decrease is 
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Figure 4.2: T = 0 spin-exchange relaxation rates Gi-1 as a function of magnetic field. The 

lower horizontal scale shows 1 + B / Bo logarithmically. The upper scale shows corresponding 

values for B. The curves correspond to the following rates: (1){67}-+ {16}, (2){67}-+ 

{38}, (3){67}- {58}, (4){67}- {12}, (5){67} -t {27}. 
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primarily due to the spin-dependent factor in the transition element and much less due to the 

spatial part. 

In Fig. 4.3 we present our results for the most important T = 0 dipolar rates, i.e., those 

depopulating the doubly polarized 8 hyperfine level. As for atomic hydrogen these rates are 

dominated by the (pure triplet) electron-electron dipolar part, except for ilMI ¥: 0 transitions 

at strong magnetic fields where the electron-nuclear part becomes comparable. In this case 

we find the dominant rates to be roughly a factor of 5 larger than for atomic hydrogen. 

Another noteworthy difference relates to the applicability of the plane-wave approximation 

in the dipolar rates: In the case of atomic hydrogen the much simpler plane-wave calculation 

was sufficiently accurate to estimate the rates to within a few tens of a percent. For a 

heavier atom such as Na the error would be as large as almost 2 orders of magnitude. The 

explanation for this remarkable difference is the much longer range of the van der Waals 

interaction combined with the shorter local de Broglie wavelength of a heavier atom. For the 

same reason as above the {88} -+ {78}, {77}, and { 68} rates go to zero for small B. The 

dipolar rates also show the above-mentioned 1/ B2" spin-dependent decrease for strong B. 

A point of interest is the uncertainty of the calculated rates due to the inaccuracy of the 

singlet and triplet potentials. By varying the potentia Is within the range of their uncertainty 

it is possible to obtain insight into the reliability of the rates. From a· number of such 

calculations we found the dominant exchange rates to be uncertain by at most 10% and the 

dominant dipolar rates by at most 5%. 

From our results we expect a magnetic trap filled with low-field-seeking 23Na atoms 

to change into a doubly polarized 8-state atom trap in a time of order 1/(Gezchn) ::::::! 1011 

sec/(n cm3). The density of the latter decays on the much longer time scale given by 

1/(GdlPn)::::::! 3 x 1014 sec/(n cm3). 

This work is part of a research program of the stichting voor Fundamenteel Onderzoek der 

Materie, which is financially supported by the Nederlands Organisatie voor Wetenschappelijk 

Onderzoek. We thank D.E. Pritchard for stimulating us to start this research project and 

acknowledge valuable advice on the potentials by W.C. Stwalley and W. DerntrOder. 
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Figure 4.3: T = 0 dipolar relaxation rates G1,_1 for the doubly polarized 23Na gas as a 

function of magnetic field. Horizontal scales as in Fig. 4.2. Curves correspond to following 

rates: (1) {88} -+ {11}, (2) {88} -+ {18}, (3) {88} -+ {78}, (4) {88} -+ {17}, (5) 

{88} -+ {77}, (6) {88} -+ {28}, (7) {88} -+ { 68}. 
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Abstract 

In connection with experiments aiming at the improvement of the ces!um atomic beam clock by 
means of a fountain of laser cooled cesium atoms, we present expressions for the line shift and 
line broadening due to collisions between cesium atoms. The coherent collision cross-sections 
occurring in these expressions are calculated by means of the coupled-channels method. The 
magnitude of the calculated shift implies that spin-exchange collisions are an important factor in 
limiting the anticipated accuracy of a future cesium fountain clock and of other intended fountain 
experiments. 

Atomic clocks are based on the observation of the oscillating magnetic moment provided 

by a coherent pair of hyperfine levels. The performance of such an atomic clock can be 

improved by lengthening the time interval over which the unperturbed oscillation of the 

atomic "pendulum" is observed. In the fifties various possibilities were explored to lengthen 

this observation time. Ramsey [1] considered the possibility to confine atoms in a storage 
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ring with inhomogeneous magnetic fields or to store atoms in a storage cell with suitably 

coated walls. An alternative possibility, explored by Zacharias and associates [2], was to use 

an atomic fountain, i.e. a collection of slow atoms moving in a ballistic orbit and undergoing 

an rf pulse both on their way up and on their way down with a long time in between. Due 

to a bad signal-to-noise ratio associated with an insufficient number of slow atoms in a 

thermal beam this attempt was unsuccessful. A recent experiment by Chu et al. [3], with 

Na atoms has shown that the laser cooling and trapping techniques which are now available 

create fascinating new possibilities in this regard [4]. Presently, atomic fountain work with 

precooled Cs atoms is going on at Ecole Normale Superieure in Paris by Salomon et al. [5], 

at Stanford University by Chu et al. [6] and at at least eight other institutes [7]. Since most 

of the limiting factors of a conventional clock are considerably reduced, it is anticipated that 

this development will lead to an unprecedented accuracy: About 102 better than any existing 

clock [5]. The new atomic fountains also hold great promise for other applications in which 

the ultraprecise measurement of phase shifts is involved, such as the search for a possible 

electric dipole moment due toP and T violation, QND measurments of small photon numbers 

and atomic interferometry. As we will show, a fountain experiment may also shed light on 

the possibility of attaining Bose condensation in a Cs trap. 

To improve the signal-to-noise ratio atomic densities in atomic fountains are being in

creased to the point where the line shift due to interatomic collisions between the cold cesium 

atoms might become significant and even spoil the above-mentioned expectations about the 

spectacular improvement of the cesium clock and other applications to be achieved with a 

fountain. In this paper we calculate this crucial quantity, which is the only frequency shift 

that cannot be reduced by lowering the atomic velocity and which seems to be the main 

missing piece of information about the atomic cesium fountain [6]. Previous calculations 

[ 4] of the spin-exchange shift for the conventional cesium clock have neglected the atomic 

hyperfine splitting which is a bad approximation for the p,K temperatures prevailing in a 

cesium fountain,as we will show presently. In the following we present expressions for the 

collisional frequency shift, as well as for the corresponding line broadening. In addition, 

we calculate the coherent cross-sections occurring as coefficients in these expressions and 

study their dependence on collision energy, orbital angular momentum and occupations of 

hyperfine levels. Finally, we discuss the implications for present and future cesium fountains. 

A calculation of line shift and broadening may be based conveniently on the quantum 
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Boltzmann equation [8],[9]. This leads to the equation 

.!:..p,pl = Pa/3 En" E [(1 + 6,1')(1 + Dpp)(1 + Dav)(1 + Dpv)]112(vu,p,v-p) 
dt C V # 

a -(re- i6wc)Pa/J 

for the collisional time evolution of the non-diagonal density matrix element Pa/3 describing 

the coherence of the a = l3t Cl and fJ = 14, q hyperfine states IF, MF}· The collisional 

shift 6wc and broadening re thus depend linearly on the partial hyperfine densities nv. The 

complex coefficients {vu} are associated with the contribution of collisions in which a 11 state 

atom makes a transition to a p. state in colliding with an atom which is in a superposition of the 

a and fJ states. The brackets (} stand for an average over the distribution of relative velocities 

v = '2Jikfm and corresponding energies E pertaining to the experimental circumstances in 

the fountain. The complex "cross-sections" are cross-terms of interfering S-matrix elements: 

lTa/3,11-ll(E) = ; L:(U + 1) [S{,_.}.{av}(E)Sfpp},{/Jv}(E)- Opv] t 

l 

the curly bracket notation denoting symmetrized (even orbital angular momentum l) and 

anti-symmetrized (odd l) two-atom hyperfine states. 

The S-matrix elements have been calculated using an effective two-atom Hamiltonian 

[10], comprising atomic hyperfine interactions and singlet/triplet potentials. The singlet 

Cs-Cs potential Vo is taken from work by Demtr&ler and coworkers [11 ], where it is derived 

from precise and extensive measurements of Cs2 rotation-vibration energies. No comparable 

measurements are as yet available for the triplet potential Vt . Its tail beyond r1 = 15.6a0 

can, however, be reliably determined from the singlet potential by reversing the exchange 

contribution found in Ref. [11]. For smaller radii the potential has been taken from an 

ab-initio calculation by Krauss and Stevens [12]. The parameters Re, De and We following 

from this calculation agree closely with values estimated in Ref. [11 ]. 

The Schr&linger equation for the collision was solved in the form of a set of up to 16 

coupled-channel equations in the hyperfine basis for each separate combination of .e and total 

spin magnetic quantum number MF. The complicated spin structure of the problem was 

dealt with by means of computer algebra. Writing out the complex cross-sections in real and 

imaginary partial-wave contributions, 

i6w.,- r., = 2: n,(1 + 6"'" + 6pv)(v(i>.!- u~)} 
,e 
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we present in Fig. 5.1 the zero-field energy dependence of the partial cross-sections .A for 

i = 0 in the energy range from 10-8 to 10-4 K, in Fig. 5.2 that of the er quantities for i = 0 

and in Fig. 5.3 that of the ..\ quantities for i = 1. In the absence of a magnetic field the 

cross-sections are independent of the sign of MF. Because of Bose symmetry odd I.-values 

do not contribute to the 3, 0 and 4, 0 cross-sections. Despite the pK temperatures of the laser 

cooled atoms, collision energies are clearly not low enough to assume s-wave scattering. 

The l = 1 partial wave also yields a significant contribution. Note also that the low-energy 

behavior of all ..\11 and er v except cr3,0 is proportional to Et-l/Z, in accordance with the Wigner 

threshold law [13] forS-matrix elements. The exceptional behavior of cr3,o "" Eu can be 

understood on the basis of unitarity and the spin structure of the symmetric spin state { a,S} 

with a = 13, q and ,8 = I4,Cl, which is purely triplet. Some of the ..\11 and 0'11 show an 

appreciable influence of the bias magnetic field applied to separate the 3, 0 -+ 4, 0 clock 

transition from the remaining hyperfine transitions. For the larger partial cross-sections, 

however, including A3,0 and A4,o, the influence is negligible for field strengths to 2 X 10-5T. 

Therefore we do not take the bias field into account in the further discussion. In connection 

with previous calculations [ 4] of the collisionalline shift for the conventional cesium clock, 

which neglected the hyperfine splitting, we stress that this approximation leads to vanishing 

>.values, for all MF ::/: 0 states. Fig. 5.1 shows that this is a bad approximation, as mentioned 

previously. 

For a cesium fountain frequency standard the collisionalline broadening of order 5 x 10-11 

sec-1n/cm-3 predicted on the basis of our calculations is unimportant, since it is small 

relative to the inverse transit time except at the highest expected densities. The collisional 

line shift can be calculated by modelling the time evolution of the partial densities ofhyperfine 

levels and that of Pa/J in the specific experimental circumstances. From our calculation it 

is possible, however, to indicate an order of magnitude. Assuming a more or less uniform 

distribution over magnetic substates the relative frequency shift is estimated to be of order 

1 x 10-22nfcm-3• The same result is obtained if the atoms are optically pumped into 

the MF = 0 hyperfine states, so that this will not reduce the frequency shift. In view of 

the anticipated accuracy [5] (10-16) of a cesium fountain clock, we conclude that the spin

exchange frequency shift is a crucial effect to be taken into account at the present and expected 

densities [5),[6] (107 - 1010 cm-3). From the very different values of the,\ cross-sections we 

also conclude that it would be helpful to reduce the partial densities of the substates with the 
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Figure 5.1: Line shift cross-sections >.},IMFI for l = 0 and B = 0, as a function of collision 

energy. 

largest,\ values. Furthermore, it does not help to further reduce the temperature: the E-112 

dependence of >.., is compensated by the collision velocity, so that for l = 0 we calculate 

essentially the zero temperature limit. 

It is of interest to point out that some uncertainty is associated with the results of the 

present calculation in connection with the triplet potential for r > r1• The fact that the above

mentioned parameters of the ab-initio potential used agree closely with values following from 

Ref. [11] gives some confidence in the reliability of the above results, at least with respect 

to order of magnitude. Due to the fact that the uncertainty in Vi is restricted to an r 

interval where the hyperfine splitting is very small compared to the exchange interaction, 

the quantities .\11 and 1711 do not depend on the detailed shape of Vi for r < rh but only on 
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Figure 5.2: Line broadening cross-sections 4,IMFI for R. = 0 and B = 0. 

a single parameter, i.e. the logarithmic derivative of the triplet radial wave function at r 1• 

This makes it easy to get an impression of the range of values which the cross-sections can 

take in principle when the triplet potential for r < r 1 is varied over a range of shapes much 

larger than the uncertainty which is suggested by the above close agreement of potential 

parameters. Varying the well-depth De with respect to that of Krauss et al. we indeed 

find a periodic behavior of coupled-channel cross-sections and a confirmation of the above

mentioned order of magnitude. From the point of view of the atomic cesium fountain it is clear 

that spectroscopic measurements of rotationally resolved triplet spectra of the type of Ref. 

[11] are highly desirable. On the other hand, it is also clear that a single measured collisional 

frequency shift would in principle be sufficient to determine the above-mentioned logarithmic 

derivative. Knowledge of the theoretical >. quantities would make it possible to correct the 
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Figure 5.3: line shift cross-sections >.},IMrl fori = 1 and B = 0. 

experimentally observed cesium frequency for the spin-exchange shift. In this connection 

it would be crucial to know sufficiently accurately the total and partial densities during and 

in between the rf pulses. Assuming the relative uncertainties to be of order 10%, which is 

already rather difficult to achieve [6], the remaining inaccuracy (8vfv!::::: 1 x 10-23nfcm-3) 

would still be a serious threat to the expected accuracy of cesium fountain clocks. In any case 

it is a crucial effect to be taken into account in all cesium fountain experiments concentrating 

on phase shifts between hyperfine states. 

The measurement of a single collision shift in a fountain may also be relevant outside the 

field of atomic fountains. The >. quantities depend essentially on the difference as - ar of 

singlet and triplet scattering lengths. The value of as being known sufficiently accurately, a 

forthcoming fountain experiment may very well give the first reliable information on ilr and 
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thus on the possibility of realizing Bose condensation in a Cs trap for which a positive sign 

of the scattering length is an unavoidable condition [14]. 

This work is part of a research program of the Stichting voor Fundamenteel Onderzoek 

der Materie, which is financially supported by the Nederlandse Organisatie voor Wetenschap

pelijk Onderzoek. We thank S. Chu and C. Audoin for stimulating us to start this research 

project. 
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Abstract 

We study the spin-exchange frequency shifts and line broadening of the deuterium maser in 
the temperature range from 0 to 10 K. We consider both a version operating on the p - e 
transition at B = 3.0pTand one operating on tbe/3- 6 transition at B = 3.9 mT. For the first 
transition a comparison is made with our earlier results based on the Degenerate-Internal-States 
approximation and its first-order corrections. We find cusp structures due to channel thresholds 
and also resonance structures, both of which disappear almost completely after thermal averaging 
in the temperature range considered. 

75 
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6.1 Introduction 

Atomic hydrogen masers have been developed to study the hyperfine structure of all three 

hydrogen isotopes [1 ]-[3], but only hydrogen (H) has been used for precision measurements 

other than hyperfine structure determinations near room temperature [4]. The radioactivity 

and relative scarcity of tritium severely limit its use. The lower deuterium {D) hyperfine 

frequency(~ 327 MHz) relative to the hydrogen frequency(~ 1420 MHz) mak:es it difficult 

to provide a stable rf cavity Q high enough forD maser oscillation using a room temperature 

cavity [3]. Of the two D transitions which have frequency minima at some magnetic field, 

the f3- f. transition (adopting the conventional notation o:(3"(8f( in order of increasing energy, 

see Fig. 6.1) is contaminated by the o:- 8 transition detuned by only 40Hz, while the (3 -li 
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Figure 6.1: Energies of the deuterium hyperfine states as a function of magnetic field. 

transition requires a stable and homogeneous 3.9 mT field which is difficult to provide over 

the large experimental volumes used near room temperature [3]. 

Recent pulsed magnetic resonance experiments on atomic deuterium gas near 1 Kelvin 

by Hardy and coworkers [5]-[7] suggest that D maser oscillation can be achieved at low 

temperatures. Lifetimes against recombination were as long as 30 minutes, despite the 

tendency of D to dissolve in the liquid helium film coating the experimental cell. The Q of 
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their superconducting rf cavity is high enough forD maser oscillation using a state-selected 

atomic beam like those used in several low temperature H maser designs [8]-[10]. Uniform 

and stable magnetic fields near 3.9 mT can be maintained by superconducting magnetic 

shielding. Investigations of electron-spin-exchange collisions (11 ]·[15] in the D maser 

would be interesting in view of the current disagreement between experiments measuring 

collisional frequency shifts in H masers and theoretical predictions of the shifts due to 

hyperfine structure effects during electron exchange collisions [16][17]. Including such 

effects predicts collisional frequency shifts which are not cancelled by cavity pulling effects 

[18]. Moreover, they have potentially distinctive signatures because of their dependence on 

the H level populations. Reanalysis of the earliest room temperature experiment [19] in terms 

of these signatures to measure the hyperfine-induced shifts reveals a discrepancy of about 

two standard deviations. A more recent room temperature experiment was designed to be 

particularly sensitive to the density-dependent frequency shifts proportional to the sum of the 

populations of the two H levels coupled by the oscillation [20]. Theory fails by six standard 

deviations to account for the magnitude of the measured shifts, which even have an opposite 

algebraic sign. Preliminary attempts [6] to measure frequency shift and broadening cross 

sections at cryogenic temperatures also disagree with theory by several standard deviations. 

In all three experiments the measured shifts are so small relative to the resonance line widths 

and other sources of frequency shifts that it is difficult to estimate whether there may be 

contributions which only mimic the signatures of the hyperfine-induced collisional shifts. 

Consequently, it would be interesting to compare theory to experiment in a related system 

in which both the theoretical predictions and competing systematic effects may be different. 

For this reason we have calculated the hyperfine-induced frequency shifts for both the /3 - e: 

and /3 - 6 transitions in a D maser. A preliminary report on part of the present work was 

presented previously at the 19th international conference on Low Temperature Physics [21 ]. 

It was restricted to the /3 - e: transition and was based on the Degenerate-Internal-States 

(DIS) approximation and its first-order correction. In the present paper we also carry out full 

coupled channel (CC) calculations. In Sec. 6.2 the method of calculation is explained. The 

frequency shift and broadening cross sections of the /3 - e: maser are studied· in Sec. 6.3. The 

appearance of cusps and resonances in the calculated quantities is discussed in some detail. 

In Section 6.4 we discuss the /3 - 6 maser and in Section 6.5 we end with some conclusions. 
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6.2 Method 

The starting point is the time evolution of the single-atom spin density matrix of an ensemble 

of deuterium atoms undergoing two-body spin-exchange collisions, which may be obtained 

[11} from the quantum-mechanical Bogoliubov-Born-Kirkwood· Yvon (BBGKY) hierarchy: 

d
d p,.,., I = p,.,.m 2::: GvPvv 
t roll. 11 

(6.1) 

Here, n is the density, the summation is over all spin hyperfine states, while l'i. and l'i.' 

are the hyperfine states involved in the maser transition. The quantities /Jwc and r c are the 

collisional frequency shift and line broadening, respectively. The rate-constant-like quantities 

G11 contain information on the spin-exchange collisions in the form of S-matrix elements: 

Gv = (V L:<U + 1) L c,.,.•)w ~ ( sf,.>.},{~<~~}(k)Sf: • .x},{t<'ll}(k)- D{,.>.},{t<II}D{,;'.\},{1<111}) )tb' 
l ,\ 

(6.2) 

with v = lik / p the relative velocity of the atoms in the initial state, k the corresponding 

wave number, 8~'" the Kronecker delta, and the brackets denoting a thermal average. Greek 

indices stand for hyperfine states and l is the orbital angular momentum quantum number. 

The summation over mt has already been carried out. The Si-matrix elements describe the 

spin-exchange transition amplitude between spin states { a/1} for a fixed value of l. In view 

of Fermi-Dirac statistics the two-particle (anti-)symmetrized spin states are correlated with 

odd (even) .e. 
The S-matrix elements follow from the SchrOdinger equation for a D+D collision, where 

the Hamiltonian includes intra-atomic hyperfine interaction terms as well as inter-atomic 

singlet and triplet potentials as described in Ref. [22] and [23]. These potentials differ 

slightly from those of our previous papers on the collisional effects in the H maser [16J[11} 

and the D maser [21]. However, only minor changes are expected for the final cross sections, 

taking into account the values of the singlet and triplet scattering lengths for both H+H and 

D+D which all change by less than 1 %. 

Non-adiabatic corrections to the adiabatic Bom-Oppenheimer approximation are taken 

into account by using the reduced deuterium atomic mass in the D+D SchrOdinger equation. 

This procedure can be justified in the same way as for H+H scattering [16][17]. 
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6.3 The /3 - € maser 

The frequency shift and line broadening due to spin-exchange collisions are directly given 

by Eq. 6.1. We rewrite this equation in terms of the frequency shift coherence cross sections 

>.; and the line broadening coherence cross sections u,: 

&..1c = n(v)m ( Ao(p .. - ppp) + ,\l(p .. + ppp) + l2Pac:r + lsPn + x4P66 + >:sp(() (6.3) 

fc = n(v)m (uo(P<e- ppr;) + &l(Pa+ P/3!3) + &2Pac:r + U3Pn + U4P66 + O'sPcc) (6.4) 

with the thermally averaged quantities 

l(T) = (v>.(E))/ {v)th 

&(T) = (vu(E))/(v)th 

with E = 1/2 p.v2 the center-of-mass collision energy. 

(6.5) 

(6.6) 

In Fig. 6.2 the results of CC calculations for the four cross-sections ;\o, >.1. >.z, and A4 of 
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Figure 6.2: Full coupled channels results of frequency shift cross sections for the {j - e maser 

as a function of collision energy E. Negative values of>.; are plotted-;.\;. 
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the /3 - e maser at B = 3.0pT as a function of collision energy are shown. The remaining 

cross sections are omitted for clarity because they approximatively satisfy A2 = - A3/2 = As, 

which is exact in the DIS approximation at B = 0 T as discussed below. It turns out that 

the agreement with our preliminary results in Ref. [21] is good, the discrepancies being 

generally less than 1%. One exception is connected with the cusp-like discontinuities in A2 

and A4 at low energies to which we return below. Another exception is the quantity ..\1 in the 

higher part of the energy interval considered in Fig. 6.2, where it is very small. 

The calculations in Ref. (21] were not based on full CC calculations, but instead on 

the DIS approximation and its first-order corrections. The DIS approximation is based on 

the assumption that the hyperfine splitting can be neglected in the calculation of the S· 

matrix elements in Eq. 6.2. This offers the possibility to express the latter in singlet and 

triplet scattering phase shifts which are easily obtainable by means of an elastic scattering 

calculation: 

s{;W,{~P} - Shs}.{aP} 

4vs}.{aP} 

Po(P1) standing for a projection operator projecting on the singlet (triplet) subspace, k{aP} 

and khs} the initial and final wave number and k an average wave number determined by 

k2 = (k~.,s} + k~.,.p})/2. The physical significance of the DIS approximation is illustrated by 

Eq. 6.7. The hyperfine interactions are responsible for the spin structure of the initial and 

final states { a/3} and { 18} respectively, but is neglected during the collision. As pointed 

out in Ref. [21], introducing this approximation and neglecting the small influence of the 

magnetic field on the spin states one finds At and A4 to be zero, while Az = -AJ/2 = As, i.e. 

(6.8) 

Finite values of A1 and ).4 can be obtained by treating the influence of the hyperfine 

splitting on the collision in first order. In classical terms we thus take into account the finite 

hyperfine precession angles of the electronic and nuclear spins during the collision. As 

pointed out in Ref. [24] a first-order Born-type treatment of the hyperfine interactions in a 

collision leads to a divergent space integral. A more subtle approach, derived in the same 

paper, replaces the spatial integral by one over a finite volume enclosing the interatomic 

interaction region, supplemented by an integral over the surface of this volume. The result 
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is a correction of the form 

with Vbt the sum of the two hyperfine interaction terms for the two atoms and e: the average 

hyperfine energy of the initial and final two-atom spin states. Equation 6.9 has the form of a 

simple spin matrix element times a quantity t:l computable by elastic scattering calculations: 

(6.10) 

where m is the deuterium mass, W is a Wronskian, 0'- is a Hankel-like free outgoing wave 

with asymptotic behavior ei(kr-t1rjZ) and the DIS singlet (triplet) radial wave functions u~ 

(uf) are normalized so as to have the outgoing part -S~Ot with S~ = e2•8~. Note that the 

intermediate equations (10) and (11) in Ref. [16], as well as (53) and (54) in Ref. [17] should 

contain an additional overall minus sign in their right hand sides to be in agreement with the 

further equations and the final calculated cross sections in the same paper. 

The above agreement of our present full CC calculations with the DIS ( + first order) 

results in Ref. [21] confirms the validity of the previous simplified approach for systems as 

H+H and D+D. It is of interest to point out that the situation is completely different for the 

frequency shifts in the cesium atomic fountain in which case the first-order corrections turn 

out to be so large that the unitarity limit is violated [25]. Also in our previous work on Na+Na 

cold atom collisions [26] we have found a similar breakdown of the simplified approach. As 

noticed in Ref. [16] a DIS +first-order approach is not able to describe the cusps occurring 

in the energy dependence of some of the cross sections due to threshold effects. Whereas 

the exact S-matrix elements are analytic functions of each of the channel wave numbers, 

a non-analytic dependence appears as soon as the channel wave numbers, and in particular 

that of the channel which opens up at the threshold considered, are expressed in the collision 

energy. The resulting non-analytic dependence on energy does not follow from a DIS + first 

order approach. In this connection it is interesting to note that the cusps are absent in .>.0 
and .>.1• This is understandable on the basis of the Wigner threshold law [27], which predicts 

a discontinuous energy derivative of S-matrix elements only for l = 0. Indeed, it follows 

from Eqs. 6.2 and 6.5 and the fermion character of the D atoms that only odd partial waves 

contribute to .>.o and .>.1. 
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In contrast with the H maser (for B = 0), where inelastic S-matrix elements do not 

contribute to the collisional frequency shifts and broadenings for symmetry reasons, inelastic 

contributions are significant for the D-maser. It turns out that for low energies uo, u1 and u2 

are the only rates in which these inelastic contributions are important. For higher energies 

uo is completely determined by them, while inelastic components in other cross sections are 

negligible. 

The cross sections in Fig. 6.2 have been obtained by summing over partial waves as 

indicated in Eq. 6.2. It is of interest to point out that the individual partial wave contributions 

contain a resonance structure which is almost invisible in the total sum. In Fig. 6.3 the 
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Figure 6.3: Partial-wave contributions to ..\2 as a function of energy showing resonances for 

.e = 6 and 7. 

partial wave contributions to ..\2 as a function of collision energy are shown. The calculations 

have been continued up to energies of E / kB = 100 K since later on temperatures T ::::; 10 K 

will be of interest and energies several times kBT are needed for convergence of the thermal 

averaging. We see two clear resonance structures. One occurs for .e = 6 at 9.9 K. Actually, it . 

consists of three overlapping resonances with comparable widths that are only one hyperfine 
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splitting apart. A similar resonance structure is seen for l = 7 at 60 K. 

The origin of the resonances can be understood in terms of an extrapolation of singlet 

bound states into the continuum. Treating l as a continuous variable (as in Regge theory 

[28]), the energy of a vibrational level v can be traced as a function of l(l + 1). Starting 

with an l = 0 rotational bound state and increasing l continuously, the bound-state energy 

obtained by solving the radial equation increases until the threshold is reached. Above 

threshold, following Ref. [29], we determine for each fixed value of l the energy where 

the phase-shift changes by 1r. In Fig. 6.4 we give the "trajectories" in theE vs. l(l + 1) 

!i' -ZOO e 
'-' 

= 
-400 

0 10 40 60 

Figure 6.4: "Trajectories" of vibrational levels v = 19, 20 and 21 of the singlet potential in 

theE vs. l(l + 1) plane. The crosses denote bound states and the circles denote resonances, 

both at integer (physical) values of l. The dashed line shows approximately the height of 

the centrifugal barrier for a given l. The exact abscissa for l = 6 and 7 are indicated by the 

dash-dotted lines. 

plane for the v = 19,20 and 21 vibrational levels of the deuterium singlet potential. The 

crosses are the physical bound states, while the circles denote the resonance energies, both 

at integer l values. The energies of the l = 6 and 7 resonances which follow from Fig. 6.4 

are in agreement with the position of the l = 6 and 7 resonances, visible in Fig. 6.3. The 

above-mentioned three l = 6 resonances are a manifestation of a single singlet resonance 
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but shifted according to the energies at which various scattering channels contributing to >.2 

are in resonance. The three I. = 7 resonances overlap completely and are not separately 

visible as their width is much larger than the hyperfine splitting. From Fig. 6.4 it also seems 

plausible that the broad structure for the l = 2 partial wave between 2 to 5 K is a resonance 

related to the v = 21 trajectory. In both the total ..\z(E) and ..\4(E) curves in Fig. 6.2 this 

structure is visible as a wiggle in the same energy interval. 

In Fig. 6.5 and 6.6 the CC results for the X and if quantities as a function of temperature 

are given. For temperatures T < 10 K integration over energies up to 100 K and partial 

waves l ~ 8 are necessary. After thermal averaging the resonances are no longer visible and 

the cusps due to threshold effects also disappear except for a weak bend in ..\2 at T = 30 mK, 

i.e. equal to twice the hyperfine splitting. 

6.4 The f3 - 6 maser 

The frequency-shift of this maser is again rewritten: 

with a corresponding expression for the line broadening fc with ..\; replaced by u;. The 

non-averaged cross sections ..\;and u; show cusps and resonances with the same origin as for 

the f3- 8 maser. Again, they disappear after thermal averaging. In Figs. 6.7 and 6.8 the cross 

sections X; and if; as a function of temperature are shown. For temperatures above twice 

the hyperfine splitting the cross sections..\; with i = 1, ... ,5 are smaller than Xo by several 

orders of magnitude. This can be understood on the basis of the DIS approximation, which 

is valid at these temperatures. It predicts >.P15 = 0 if i = 1, ... , 5 for the same (symmetry) 

reason explaining the vanishing >.1 and >.2 cross sections of the H maser at zero magnetic 

field [16)[17]. 

6.5 Conclusions 

The approximate results on the basis of the DIS approximation+ first-order corrections given 

in our preliminary report for the f3- e maser, are confirmed by the rigorous CC calculations of 

the present paper. Before summation over partial waves and thermal averaging the calculated 
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Figure 6.5: Thermally averaged frequency shift coherence cross sections X; of the /3 - e 

maser at B = 3.0 p T as a function of temperature. 
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Figure 6.6: Thermally averaged line broadening coherence cross sections ii'i of the {3 - e 

maser at B = 3.0 p T as a function of temperature. 
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cross sections show pronounced resonance structures, which can be explained in terms of 

resonances in singlet elastic scattering. Even after summation over l the energy dependence 

of the cross sections shows cusp structures related to the passage of thresholds in the various 

scattering channels. 

In the case of the [3 - c maser, the DIS approximation predicts that >.o is the only non

vanishing frequency shift cross section. The rigorous CC results show a corresponding 

strong dominance of >:0 relative to the remaining Xi quantities. The values of the latter 

are certainly substantial, however, and do provide a potential testing ground for theoretical 

predictions of collisional frequency shifts. The cusp and resonance structures occurring in 

the energy-dependent cross sections again disappear after thermal averaging. 

This work is part of a research program of the Stichting voor Fundamenteel Onderzoek 

der Materie, which is financially supported by the Nederlandse Organisatie voor WetenschaP"' 

pelijk Onderzoek. 
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Abstract 

We propose a new method for studying the reflection of a hydrogen atom from a superfiuld· 
helium film. Starting from the narrow width of the reflected angular distribution recently found 
experimentally, we tentatively extrapolate to the extreme limit of low ripplon wave numbers 
in which the adiabatic or degenerate-internal-states approximation becomes valid. We obtain 
simple closed expressions for single- and multiple-ripplon processes, which do not require the 
integration of a SchliXIinger equation for their evaluation and do not depend on the specific form 
of the potential. 

7.1 Introduction 

In almost all experiments dealing with spin-polarized atomic hydrogen at low temperatures 

[1 ],[2], the interaction of H atoms with surfaces of liquid helium plays a crucial role. The 

93 
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density of adsorbed gas, the hyperfine wall shift, the thermal accommodation and sticking 

coefficients are examples of experimental quantities, which play a decisive role in recently 

developed ideas about, for instance, the achievement of Bose-Einstein condensation [3], the 

operation of the cryogenic H maser [ 4] and attempts to detect surface spin waves [5]. Even in 

experiments where contact with material walls is avoided by means of a static magnetic field 

minimum in free space [6],[7], contact with superfluid helium is unavoidable in the course 

of transport of the hydrogen gas to the trapping region. 

In view of the importance of atom-surface processes a completely new category of 

experiments is now being prepared or already carried out, with the purpose of an angle

resolved measurement of inelastic scattering. The purpose of the present paper is to propose 

a new approach for analyzing such experiments in terms of ripplon creation and annihilation. 

The conventional approach [8]-[10] is based on perturbation theory in the deviation from a 

flat surface. It allows the calculation of single-ripplon creation and annihilation in first order, 

and the calculation of multiple-ripplon processes, with rapidly increasing effort, in higher 

orders. The starting point of our investigation was a prominent feature of the experimental 

data available at that time, involving normal incidence of a beam of cold (T = 0.1 - 0.4 

K) hydrogen atoms: The inelastic angular distribution turned out to be concentrated in a 

very small angle of less than 1 o around the surface normal, but nevertheless unambiguously 

distinguishable from specular reflection [11 ]. On the basis of this the total momentum of 

the ripplon(s) involved in an inelastic scattering event is low, i.e. at most w-3a;1• In this 

paper we speculate on the possibility that the wavelengths of the individual ripplons are so 

long and the total ripplon energy so low that some drastic approximations can be made. The 

validity of the approximations can only be tested by comparison with experiment or by full 

coupled-channel calculations. From a theoretical point of view it is satisfactory that the 

sharply peaked result for the angular distribution obtained in the following is at least not in 

contradiction with our starting point. 

The first approximation is the following. If only the very slow (small frequency wq ) 

ripplon modes are involved, it is natural to introduce the adiabatic approximation or its variant, 

the degenerate-internal-states approximation. With some qualifications to be mentioned 

below, the classical picture is that the atom collides elastically with an instantaneous-"frozen" 

surface, whereas the surface starts to react dynamically after the collision. 

The second approximation is based on the above-mentioned long ripplon wavelengths: 
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We assume that the atom-surface potential for the frozen surface is equal to the flat-surface 

potential, but displaced according to the local height of the surface. 

As we shall see, the combination of these two approximations allows us to give simple ana

lytical expressions for the reflected atomic angular distribution connected with single-ripplon 

and multiple-ripplon processes. Contrary to the conventional formalism these expressions 

do not contain the specific atom-surface potential, indicating that inelastic scattering depends 

primarily on the surface dynamics and is rather insensitive to the potential. In an early stage 

of our investigation we were informed [12] that preliminary results obtained on the basis of 

the conventional analysis along the lines ofRefs. [8]-[10] confirmed very accurately (to less 

than 1 % level) the potential independence implied by our method. 

7.2 Method 

Consider an H-atom incident from the z > 0 half-space upon a 4He surface. The eigenvalue 

equation with which this system is commonly described is: 

[- 2~/~+HsurJ(h,8/8h)+V(r,h)]'V(r,h) = E'V(r,h). (7.1) 

The dynamical modes of the surface are described by the surface Hamiltonian H,,. .. ,. The 

elementary excitationsare ripplons, associated with fluctuations in film height h(j)) = h( x, y ): 

. (7.2) 

where 

h- _ [liqtanh(qD)] 1
/

2
( t . ) 

9 -
2 

rq-+r-q. 
pwq 

(7.3) 

We use periodic boundary conditions in the x-y plane with period L for both the atom and 

the surface. The associated area is A = L2• Furthermore, p is the bulk 4He density and D 

the film thickness, while r} and rq are the creation and annihilation operators for a ripplon. 

In Eq. (7.1) h is a short-hand notation for the collection { hq} for all wavevectors. 

We are looking for scattering solutions of Eq. (7.1) having the asymptotic form 

(7.4) 
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for atomic positions r far from the surface, </>;is the initial surface eigenstate. The Schr&iinger 

equation can be turned into a coupled-channels problem by expanding W in terms of basis 

functions with z-dependent coefficients: 

W(r, h) = I: ui(z)e;x:.i.'<f>J(h). (7.5) 
j 

Here and in the following we use the notation k; = (~;, kiz) and ~j = ~; + Q;- Qi> Qi 
representing the total momentum of ripplons present in surface eigenstate <f>J· 

Instead of solving Eq. (7.1) as a coupled-channel problem, we assume that the process of 

inelastic scattering can be described satisfactorily on the basis of the adiabatic approximation. 

This corresponds to the assumption that the energy differences of all surface eigenstates 

significantly coupled in the collision are negligible. Their energy eigenvalues can then be 

replaced by a common value e. The surface Hamiltonian is thus effectively a constant times 

the unit operator and we may turn to a new basis relative to which the atom~surface interaction 

and consequently h is diagonal. In the theory of the excitation of surface waves in atomic 

nuclei by nuclear reactions this is referred to as the adiabatic approximation [13]. We have 

shown in recent papers [14],[15] that it can also be applied with considerable success to spin

exchange and dipolar relaxation by H+H collisions in the sub-Kelvin regime. It proved to be 

excellent even in the zero-temperature limit, provided some adjustments are introduced in the 

spirit of multichannel quantum defect theory, which imply that the replacement of internal 

eigenvalues is only made in the limited spatial region where the channel coupling occurs. 

The results of our previous extensive calculations [14],[16] for H+H inelastic scattering 

could thus be found via much simpler closed formulae containing only singlet and triplet 

phase-shifts, obtainable from uncoupled radial equations. On the basis of this experience we 

recently applied the Degenerate-Internal-States (DIS) approximation also to the scattering of 

dressed H-atoms [17] in a microwave trap. In this paper we extend it to inelastic scattering 

of an H-atom from a superftuid helium surface. 

On the basis of the adiabatic approximation the solution of Eqs. (7.1) and (7.4) is 

w(r, h) = 'ifJPt(r; h)</>;(h), 
I 

(7.6) 

the 'if; function being the frozen-surface atomic scattering wavefunction with plane-wave part 

exp( ik? · rj, depending parametrically on h and satisfying 

[-_E_t.+V(r,h)]t/Jk'!(r;h) = (E-e.)'ifJJ<9(r;h). (7.7) 
2mH • • 
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Equivalently, expanding the product wave function (7.6) as in Eq. (7.5) with coefficients 

given by 

(7.8) 

the set of functions u;(z) satisfies the above-mentioned coupled-channels equations in the 

case of degenerate surface states. For the sake of generality we allow kf to be different from 

k;, corresponding to a more general choice for e. The functions u;(z) have the asymptotic 

form 

u;{z) (7.9) 

The S-matrix element Si; is the adiabatic approximation to the exact S;; determining the 

asymptotic form of the coupled solutions UJ(z) fornondegenerate surface states. In the DIS 

approximation one would first extract .[lii; and jki: before approximating the remaining 

coefficient by the adiabatic value. Such factors also play a role in the v'T decrease of the 

sticking probability at low temperature and are determined by the behavior of the "on-the

energy-shell" S;; value close to the i and j thresholds, i.e. for small k;z and kiz· The DIS 

assumption means essentially that the relevant ranges of wave numbers are so small that 

after extracting factors which would make S;j - 6;; equal to zero, the remaining part can be 

considered as a constant. 

Substituting Eq. (7.9) in Eq. (7.5) we find for 'P the asymptotic behavior 

'P(r, h) z_:oo e•kf-F </>;(h)- L. Siie•PJ·r </>;(h). 
j 

(7.10) 

Note that this expression takes into account the creation or annihilation of an arbitrary number 

of ripplons: <Pi represents an arbitrary surface eigenstate. From Eq. (7.8) it can be seen that 

we do not restrict ourselves to single-ripplon processes: The 'If; function, when expanded in 

the field coordinates h9 , contains also higher than first-order terms. 

It is illustrative to give a more explicit expression for the adiabatic approximation to S;;. 

Writing the asymptotic form of the frozen-surface scattering wave function as 

(7.11) 

we have 

(7.12) 
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Note that the surface reacts dynamically to the scattering process although the atom is 

scattered by a frozen surface shape. The classical picture is that the atom follows an orbit 

determined by the force from a static surface, while the surface starts to react to the sudden 

opposite force from the atom only after the collision. 

A second, closely related, approximation we now introduce is based on the fact that the 

ripplon wavelengths involved are at least of the order lOOOao and therefore large both relative 

to the amplitude of the surface fluctuations and relative to the range of the interatomic H3He 

interaction along the surface. On this basis we write the atom-surface interaction as 

V(r, h) ~ Vo(z- h(P)), (7.13) 

where Vo(z) is the potential due to a flat surface, i.e. the flat-surface potential is simply 

displaced by the surface height at the horizontal position of the atom. In addition, the frozen 

surface scattering wave function now behaves as for a flat but displaced potential, i.e. all kJz 
are equal (:: k) and 

(7.14) 

where h = h(p) and uk(z) is the one-dimensional scattering wave function for Vo(z). The 

factor e-ikh ensures that the plane wave part of 'lj; has its correct form exp( ik? · rj. 
Eq. (7.14) may be used to expand 'lj; in ''horizontal" momentum states. Outside the range 

of the potential we then find the expansion (7.11) with 

fk?-.kJ(h) = -e2i6(k)~ j dpe'(l<;-~t3 )·ife-2ih(ifl. (7.15) 

In this equation e2i6(k) is the reflection amplitude associated with the potential Vo(z): 

(7.16) 

Note that in the present approach the scattering amplitude (7.15) and thus the S-matrix 

element (7.12) separate into a potential dependent phase-factor and a factor depending on the 

surface dynamics, i.e. the ripplon dispersion relation. The former drops out in calculating 

probabilities. This insensitivity to potential shape is one of our main conclusions. 

It is of interest to compare the potential insensitivity of the reflection angular distribution 

discussed in this paper with that for the non-sticking part of the thermal accommodation 

coefficient calculated in Ref. [10]. This non-sticking part aNS is an integral over the same 
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transition probability and was found to differ by about a factor 2 for various choices of the 

adsorption potential. This might seem to contradict the weak potential sensitivity predicted 

here. Note, however, that the accommodation coefficient uses the energy transfer /iw9 as a 

weight factor. In addition, contrary to the reflection angular distribution, which is a sum of 

ripplon creation and annihilation terms, it is a difference of such contributions as represented 

by the factor et.{;(q - 1 in Goldman's expression for aNS. This gives rise to a second /iw9 

factor. The quantity aNs thus places greater weight on higher energy transfers than the 

inelastic scattering angular distribution which we study in this paper, so that deviations from 

the extreme low-q behavior are expected to be larger. In fact, calculating aNs by taking the 

q --+ 0 limit of the transition matrix-element squared [cf. Eq. (7.17) below], the Boltzmann 

integrations for perpendicular and parallel atomic momenta can be carried out analytically 

and we find 

aNS = 2((3)mHkiT2 /(31r"(r]i2) 

= 1.94 x w-2T2
/ K 2 

, 

in which 'Yo = 3. 78 x 1 o-4 J f m 2 is the 4 He surface tension. This is the expression obtained 

by Castaing and Papoular [18] in the limit where the H atom is treated as a classical particle, 

divided by (7r4/30)/((3) = 2.70 [19]. It agrees reasonably with Goldman's results. In any 

case it may be used to estimate the fraction of aNS which is due to the small range of q values 

0 < q < q ... ,.z corresponding to the 1° angle around specular reflection which interests us in 

connection with the reflection experiment. This fraction turns out to be 

with p the 4He density. Its order of magnitude varies from w-6 to 10-s in the experi

mental temperature range. Clearly, the potential-independent part of aNs is predominantly 

determined by much higher q-values. The potential-dependent part of the transition matrix

element is of even higher order in q, so that the potential sensitivity of the low-q contribution 

to aNS may be expected to be smaller than that exhibited by Goldman's results by a factor 

of at least 10S. We conclude that a restriction of the q integral in the non-sticking part of 

the accommodation coefficient to our q range would reduce the potential dependence to the 

previously mentioned less than 1 % level. 

The fact that our inelastic angular distribution does not depend on the potential enables 

us to give explicit expressions for the final results. As an example we work out Eq. (7.15) to 
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first order in h for the case of normal incidence (R; = 0). The DIS's probability for inelastic 

scattering per steradian is then given by 

P(IJ) = 

(7.17) 

The plus and minus subscripts refer to the one-ripplon creation and annihilation, respectively. 

The final wave numbers are determined by energy conservation 

2 2 2mH 
k#- k; ± -li-Wku:sine = O, 

while q:1: = k:1: sin() are ripplon wave numbers. 

Thermal averaging is easily carried out numerically on the basis of Eq. (7.17). Explicit 

expressions can be given in two angular regimes, depending on the predominance of either 

the van der Waals or surface tension term in the ripplon dispersion relation. For small 0 

(0 <OS at T = 0.1 K) 

{P(IJ)}th = 24~:;1T3 cos2 0, 
1ip 

while for larger angles (0 >OS at T = 0.1 K) we have a rapid falloff: 

(P(O)) = 4mHk1T2_1_ 
th 1i2"frJi2 tan2 () ' 

(7.18) 

(7.19) 

the angular width at half maximum being less than 1° for the experimental temperature 

range 0.1-0.4 K and film thickness 220 a0 [11]. Eqs. (7.17), (7.18), and (7.19) clearly 

exhibit the underlying reason for the dominant role of the long-wavelength ripplons: The 

strong increase of their number nr for decreasing wavenumber q at the low temperatures 

considered. Note that both in Eq. (7.18) and in Eq. (7.19) one cos 0 factor comes in because 

the DIS approximation is different from the adiabatic one. 

In view of the results obtained above it is of importance to derive the insensitivity to the 

potential also in the context of the usual analysis of the scattering of hydrogen atoms by 4He 

surfaces, which is based on the distorted-wave Born approximation (DWBA). The inelastic 

transition amplitude is a matrix-element of the perturbation 

6V = V(r,h)-V(r,O) 

= -hdVo(z)fdz 
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between unperturbed atomic and surface states. In the usual notation of scattering theory we 

find for the S-matrix up to first order in the surface displacement h: 

S·· = s .. s ... ,.e2i6(k)- 21ri[~] (k(-> .~..I6VIk~+> .~..} 
Jt ,, "J•"• li.~k J •'+'J t •'+'•' (7.20) 

with the SV matrix element equal to 

Here, conforming to our earlier approximations, we have given the final perpendicular wave 

number the same magnitude as the initial one. According to the analogue of Eq. (7.20) 

for one-dimensional potential scattering, the integral between curly brackets in Eq. (7.21) is 

essentially the first order change of the one-dimensional reflection amplitude due to a small 

displacement of the potential. This, however, is also given by 

(7.22) 

We thus find that the influence of the potential is again only contained in an overall phase

factor e216(k), which drops out when calculating probabilities. The result is identical to 

Eqs. (7.17)-(7.19) with one cos(} factor omitted. It is clear from the foregoing that a result 

such as we have found can certainly not be obtained without a consistent choice of potential 

for calculating the distorted waves uk(z) and U-k(z), on the one hand, and the potential 

occurring in the perturbation SV on the other. 

7.3 Conclusions 

In summary, we have presented a new formalism for treating inelastic H-a tom scattering 

from the surface of superfiuid 4He in terms of ripplon creation and annihilation. The method 

makes use of two approximations, both of which are based on the extreme low-q limit, Le. 

the tentative assumption that only very long wavelength ripplons are involved in the inelastic 

scattering process. Expanding the exponential e-2ikll in Eq. (7.15), using Eqs. (7.2) and 

(7.3) and substituting in Eq. (7.12), we find simple closed expressions, which do not contain 

distorted wave integrals and Green's functions. Compared with the conventional approach, 

our formalism makes it possible to calculate also multiple-ripplon processes with relatively 

little effort. Except for the last step, i.e. the separation of the potential part in Eq. (7.15), our 
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approach applies also to phonon processes [20]. In this case the atom-surface potential does 

not drop out since the (p-dependent) one-dimensional reflection amplitude changes in a more 

complicated way due to a variation of the bulk 4He density than due to a simple displacement. 

After completing this work we obtained a detailed discription [2] of the reflection ex

periment studied in this paper, as well as an analyses [22] on the basis of the conventional 

distorted-wave approach, which fully confirm the validity of our low-q limit for the one

ripplon part. Reference [22], in particular, confirms via an alternative derivation the potential 

independence of the low-q distorted-wave results obtained in the present paper. 
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Summary 

Since the first experimental successes in the field of laser cooling of neutral atoms in the 

mideighties, the atomic physicist has a new and powerful method to manipulate atoms. It has 

not only become possible to cool a collection of atoms to ultracold temperatures (for instance 

several pK, corresponding to a few cm/s in the case of atomic cesium), but also store the 

atoms in optical, magneto-optical or magnetic traps. This thesis deals with some theoretical 

problems associated with these experimental developments. 

At several places in the world experimental groups are trying to bring a gas of magnetically 

trapped ultracold atoms in such circumstances of temperature and density that the Bose

Einstein condensed phase will be realized. A necessary condition for the possibility of 

cooling the trapped gas by forced evaporation and of achieving quantum collective behavior 

is a sufficient number of elastic collisions. On the other hand exothermal collisions in which 

atoms change their hyperfine state and thereby possibly escape the trapping region, should 

occur infrequently. In Chapters 2 and 3 a quantum mechanical description of ultracold 

collisions in a gas of atomic cesium is given. The two chapters show that in such a gas with 

all atoms in the 1/m/) = 144) or 13- 3) hyperfine state the ratio between the number of 

unwanted inelastic and wanted elastic collisions can be made sufficiently small. Furthermore, 

Chapter 2 gives an extensive discussion on the origin of the resonance structure in both spin

exchange and dipolar cross sections as a function of magnetic field. In addition the threshold 

behavior of the most important dipolar relaxation rates is discussed. Chapter 4 treats the 

spin-exchange and dipolar collisions in a magnetically trapped sodium gas, which then gives 

an impression of the timescales for the decay of the atomic density. 

Another application of cold atoms is the use in precision experiments. Previous work 

already showed that the accuracy and stability of the hydrogen maser could be strongly 

improved by realizing a cryogenic version of this instrument. Recently, also an ultracold 

version of a cesium clock has been realized by means of an atomic fountain, with an outlook 

to a substantial improvement of the accuracy and stability. In Chapter 5 it will be shown that 

collisions of atoms during their ballistic orbit and the associated density-dependent frequency 

shifts and line broadening will restrict their improvement. Since the density is not sufficiently 

reproducible, the above-mentioned expected improvement of the accuracy and stability by a 

factor of 100 wil not be achievable and will be restricted to a factor 10. Chapter 6 describes 
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how collisions in a f3 - f and a f3 - S deuterium maser influence the stability of the maser. 

Frequency measurements for this D maser may shed light on the discrepancy which seems 

to exist between three experiments and the hyperfine-induced collisional frequency-shift 

previously predicted by our group for the cryogenic and room temperature H maser. 

Finally, in Chapter 7 a model is proposed and studied for the reflection of cold hydrogen 

atoms from a superfiuid helium surface with special attention for long-wavelength ripplons. 

The problem is of interest in particular for the construction of "optical" elements in the future 

field of "atom optics", especially the construction of a mirror for cold atoms. 

Samenvatting 

Sinds de eerste experimentele successen op het gebied van laserkoeling van neutrale atomen, 

bereikt met natrium atomen, halverwege de jaren tachtig heeft de atoomfysicus een nieuw 

en krachtig hulpmiddel tot zijn beschikking om atomen te manipulereil. Het is niet alleen 

mogelijk geworden een verzameling van atom en af te koelen tot ultralage temperaturen (bijv. 

enkele pK, dat wil zeggen snelheden van enige cm/s voor atomair cesium), maar ook is het 

mogelijk ze op te slaan in een optische, een magneto-optische of een magnetische valkui1. In 

dit proefschrift worden enkele theoretische problemen behandeld die samenhangen met deze 

experimentele ontwikkelingen. 

Op verschillende plaatsen in de wereld wordt door experimentele groepen getracht een 

gas van magnetisch opgesloten ultrakoude atomen in zodanige omstandigheden van tempera

tuur en dichtheid te brengen dat Bose-Einstein condensatie optreedt. Een noodzakelijke 

voorwaarde voor de mogelijkheid van koeling in de valkuil, door middel van geforceerd 

afdampen, en het bereiken van het quantum collectief gedrag is het in voldoende mate 

voorkomen van elastische botsingen tussen de atomen onderling. Tevens mogen exotherme 

inelastische botsingen, waarbij atomen overgaan naar andere hyperfijntoestanden en daardoor 

mogelijk ontsnappen, niet te vaak voorkomen. In Hoofdstukken 2 en 3 is een quantummecha· 

nische beschrijving van koude botsingen in een gas van atomair cesium gegeven. De twee 

hoofdstukken laten zien dat in een dergelijk gas met alle atomen in de hyperfijntoestanden 

lfmt} = 14, 4} of 13- 3} de verhouding tussen het aantal ongewenste inelastische botsingen 

en gewenste elastische botsingen voldoend klein gemaakt kan worden. In Hoofdstuk 2 is 

verder uitgebreid ingegaan op de oorzaak van de resonantiestructuur in zowel spin-exchange 
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als dipolaire botsingsdoorsneden als functie van het magneetveld. Tevens wordt ingegaan op 

het drempelgedrag van de belangrijkste dipolaire relaxatiesnelheden. Hoofdstuk 4 behandelt 

de inelastische botsingen voor magnetisch opgeslagen natrium gas waardoor een indruk van 

de tijdschalen voor het verval van de atomaire dichtheid is verkregen. 

Een andere toepassing van koude atomen is het gebruik in precisie experimenten. AI 

eerder is gebleken dat de nauwkeurigheid en stabiliteit van de cryogene waterstofmaser sterk 

verbeterd kunnen worden door het realiseren van een cryogene versie van dit instrument. 

Recent is ook een ultrakoude uitvoering van een cesiumklok gerealiseerd door middel van 

een atomaire fontein. Het is aannemelijk dat op deze manier de nauwkeurigheid en stabiliteit 

ook in dit geval sterk verbeterd kunnen worden. In hoofdstuk 5 wordt aangetoond dat 

deze verbeteringen aan een beperking onderhevig zijn door het voorkomen van botsingen 

tussen atomen gedurende hun ballistische baan, die leiden tot een dichtheid-afhankelijke 

frequentieverschuiving en lijnverbreding. Omdat de dichtheid niet voldoende nauwkeurig 

reproduceerbaar is, zal de bovengenoemde gehoopte verbetering van nauwkeurigheid en 

stabiliteit met eenfaktor 100 vermoedelijk niet haalbaar zijn en beperkt blijven tot een faktor 

10. Hoofdstuk 6 beschrijft hoe botsingen in een {J - e en een {J - 8 deuterium maser de 

stabiliteit van de maser beinvloeden. Mogelijk kunnen freq uentie metingen aan deze D maser 

leiden tot een verklaring voor de discrepantie, die lijk:t te bestaan tussen drie experimenten en 

de eerder door onze groep berekende hyperfijn geinduceerde botsings frequentieverschuiving 

voor de cryogene en de kamertemperatuur H maser. 

In Hoofdstuk 7 is tenslotte een model voorgesteld en bestudeerd voor de refiectie van 

koude waterstofatomen aan een supertluide helium oppervlak, met nadruk op de rol van de 

ripplonen met grotere goltlengten. Dit probleem is o.a. van belang voor de constructie van 

"optische" elementen in een toekomstige "atoom-optica", in het bijzonder de constructie van 

een spiegel voor koude atomen. 
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1 

Door de afwezigheid van laser-geinduceerde interatomaire repulsie biedt de magnetische 

valkuil ten opzichte van (magneto-)optische valkuilen grote voordelen voor het opslaan van 

neutrale atomen. 

2 

Voor de beschrijving van "koude optische botsingen", d.w.z. botsingen van koude atomen in 

een bijna resonant laserveld, is het meenemen van de rol van de kernspin essentieel, ondanks 

de geringe sterkte van de hyperfijn-interactie. 

H.M.J.M. Boesten, afstudeerverslag TUE, 1992 

P. Feng, D. Hoffmann en T. Walker, Comparison of trap-loss collision spectra for 85 Rb and 
87Rb, ingezonden ter publicatie 

3 

Ter voorkoming van onnodige verwarring is het aan te bevelen een atomair gas slechts 
dan ultrakoud te noemen als een beschrijving van onderlinge grondtoestand-botsingen van 
atomen met s-golf verstrooiing voldoende is. 

D. Pritchard, Voordracht Symposium over Ultracold Collisions, Cambridge (U.S.A.), april 
1992. 

4 

Naast de door Wieman et aL voor opsluiting in een magnetische valkuil gebruikte 13 - 3} 
hyperfijn toestand van cesium is ook de 13 - 2) toestand geschikt, mits bij een aangelegd 
magneetveld B de temperatuur van het gas beneden 0.12 [K T'"2 ]B2 blijft. 

Dit proefschrift, hoofdstuk 2 
C.E. Wieman, prive mededeling 



5 

Recombinatie aan het oppervlak is voor de realisatie van een oppervlakte cryogene waterstof 

maser essentieel, omdat hierdoor bijgedragen wordt aan de populatie·inversie. 

A.C. Maan, B.J. Verhaar, H.T.C. Stoof en I.F. Silvera, The surface state hydrogen maser, 
ingezonden ter publica tie 

6 

De door Bishop en Shih gebruikte methode om voor H2 moleculen de niet-adiabatische 
effecten in rekening te brengen via een afstandsafhankelijke gereduceerde massa, is onge

schikt voor het beschrijven van H+H botsingen vanwege de onfysisch grote massa voor grote 

intemucleaire afstanden. 

D.M. Bishop enS. Shib, J. Chem. Phys. 64, 162 (1976) 

7 

In metastabiele toestanden ingevangen ladingsdragers spelen een belangrijke rol bij laser
geassisteerd etsen van Si (100) met XeF2 bij 514 nm. 

H.J. Spruijt, M.J.M. Vugts en H. C. W. Beijerinck, prive mededeling 

8 

Gezien de snelle ontwikkelingen op het gebied van laserkoeling en ultrakoude botsingen is 

bet aan te bevelen een AI0/010 cursus over dit onderwerp te organiseren. 

9 

Gezien de reeds bestaande (tweede-geldstroom) infrastructuur in beta-faculteiten staat de 

inspanning die daar nodig is voor het stichten van onderzoekscholen in geen verhouding tot 

de te verwachten meerwaarde. 



10 

Wie geen wijs meer wordt uit het grote aanbod aan spreadsheets, filesystemen en pro

grammeertalen kan gerust zijn. Software fabrikanten zullen in hun streven naar behoud 

van hun marktaandeel steeds meer aandacht besteden aan de gebruikersvriendelijkheid van 

programma's, waardoor een hoge mate van uniformiteit zal ontstaan. 

11 

Mensen die meedoen aan televisie spelprogramma's waarmee geld wordt ingezameld voor 

een goed doel, maar niet de gewonnen prijzen afstaan, gaan voorbij aan het doel van deze 

programma's~ 


