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Trapping and cooling of (anti)hydrogen

J.T.M. Walraven |

Van der Waals—Zeeman Laboratory, University of Amsterdam, Valckenierstraat 65-67,
1018 XE Amsterdam, The Netherlands

Magnetic traps offer the possibility for long-term storage and accumulation of atomic anti-
hydrogen. These are invaluable features for revealing subtle differences that may exist between
hydrogen and antihydrogen in interaction with electromagnetic or gravity fields. An overview
is given of various aspects associated with trapping and cooling of neutral particles, putting
emphasis on their relevance for the antihydrogen problem. ‘

1. Introduction

It is a fascinating thought that it may be possible in the not too distant future to
study the simplest form of atomic antimatter, antihydrogen, within the walls of a
physics laboratory. The essential ingredients are at our disposal. Antiprotons are
being manipulated routinely at CERN and stored for essentially arbitrarily long
periods in a Penning trap to search for subtle asymmetries in its behaviour com-
pared to that of the proton [1-4]. Positrons are familiar already for a long time in
many fields of physics and manipulated in laboratories all over the world [5].
Clearly, the present challenge is to combine these particles into the antiparticle of
the hydrogen atom (H), i.e. to create antihydrogen (H) [6,4].

There is no a priori theoretical reason to expect dramatic differences in behavior
between H and H in interaction with electromagnetic or gravity fields. However,
the observation of any asymmetry in this respect, whatever small, has profound
consequences for the fundamental understanding of matter [7]. The experimental
efforts to create H are therefore best directed towards methods that allow, in due
time, for precision experiments in the electromagnetic and gravitational domain.
Building on the experience with trapped antiprotons [1-3] and trapped atomic
hydrogen [8-13], the use of a neutral atom trap appears the logical choice for future
experiments with H.

Traps offer the possibility for long term storage and accumulation of Hand, at suf-
ficient density, even for the containment of H in a gaseous state in internal thermal
equilibrium. In a trap it seems also feasible to mix samples of H and H and to study
H-H collisions by observing the annihilation decay as a function of time[14].
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Also the subkelvin temperatures (translational energies) characteristic for
trapped neutral atoms are desireable from the experimental point of view. For the
spectroscopist the atoms cannot move slowly enough [15-17]. The lifetime of the
metastable 225, /2 state is extremely long (1/7 s). The resolution of Doppler-free
two-photon spectroscopy of the 128, p—>2 2, /2 transition, used for precision
determinations of the Rydberg, is limited by second-order Doppler broadening
which scales (for a thermal sample) linearly with temperature T (Aw/w
= —1?/c? « T, where w is the transition frequency, v is the thermal speed and c is
the speed of light) and shows up in an asymmetric lineshape. Hinsch and
co-workers [18] recently obtained a width of ~ 9 kHz for these lines using a cryo-
genic atomic beam operated at T ~ 9 K. Hence, it should be possible to virtually
eliminate second order Doppler broadening by using magnetically trapped atoms
at temperatures of a few millikelvin [16,17].

It is also instructive to compare the temperature of trapped atoms with the grav-
itational energy. Due to the small mass of H, a 1 m difference in gravitational
height corresponds to a potential energy difference of only ~ 1 mK. Hence, direct
measurements of the gravitational acceleration by ballistic methods become possi-
ble at temperatures of order 1 mK or below [19,20]. With regard to conceivable stu-
dies of H-H collisional properties it is appropriate to mention that the quantum
regime (s-wave scattering limit) is reached for T <1.5K [14].

2. Trapping neutral particles

To trap a neutral particle two essential conditions have to be satisfied. First the
particle has to be slowed down to a trapable kinetic energy, i.e. a kinetic energy
smaller than the potential well depth of the trap being used (typically ~ 1 K). Then,
to realize the actual trapping, an additional requirement is essential. It clearly is
not sufficient to simply present a static trapping potential to the particle as this only
leads to a reversible exchange of kinetic and potential energy during the passage
of the particle over the trap. Some dissipation mechanism is needed, although this
may be avoided by a trick such as rapidly switching the trapping field, catching a
bunch of particles while they reside in the trapping region.

The first neutral particle to be trapped was the neutron. Kiigler et al. [21]
injected a beam of slow neutrons (v <20 m/s) into a 1.2 m diameter magnetic sto-
rage ring with the aid of a pneumatically driven totally reflecting mirror. By rapidly
withdrawing the mirror before the neutrons complete their first full revolution
trapping could be realized.

Trapping of neutral atoms proceeds quite differently. Migdall et al. [22] used
an atomic beam of Na atoms which was slowed down by a counter-propagating
laser beam using optical (Doppler) cooling with the Zeeman-tuning technique [23],
in which a tapered magnetic field serves to compensate for the changing Doppler
shift during the slow down. Trapping was realized by rapidly energizing a two-coil
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minimum-B-field trap, catching only those atoms that happen to reside in the trap-
ping region at the instant the trap is closed (single bunch method).

Continuous loading of Na into a static trap was first realized by Bagnato et al.
[24]. In this experiment the oscillatory motion in a minimum-B-field trap of the
type proposed by Pritchard [25] was damped by applying a one-dimensional optical
molasses [26] along the axis of the trap. )

Trapping experiments with H were done at MIT in the group of Greytak and
Kleppner [8,10,11] and in the Van der Waals—Zeeman laboratory of the University
of Amsterdam [9,12,13]. In principle, also H can be cooled and trapped with the
optical methods mentioned above, but unfortunately the appropriate light source,
a cw laser at wavelength A\ = 121.6 nm to excite the 12S —22P transition (Lyman-
a; L,) is not available. Interestingly enough, H happens to be the only atomic sys-
tem that may be cooled and trapped with a non-optical method. As originally de-
monstrated at the University of Amsterdam [27], H can be cooled to subkelvin
temperatures by exchanging heat with liquid helium covered surfaces. Hess [28]
proposed to exploit this feature to both cool and trap H, relying on interatomic col-
lisions in the trap to dissipate the kinetic energy of the accelerated particles into
heat (heat of trapping). Hess et al. [8] reported the first experiments based on this
approach.

Not surprisingly, also antihydrogen requires its tailor-made approach. The
method to cool H cannot be applied to H due to the large probability of annihila-
tion of the anti-atom in a surface collision. Also the optical cooling and trapping
methods seem out of reach [29,30]. In the case of H, however, we have the interest-
ing option to synthesize the anti-atom inside the magnetic trap. For this it is essen-
tial that the formation process does not result in H atoms having a translational
energy that exceeds the well depth of the trap (~ 1 K). Starting with antiprotons (p)
and positrons (e*) or positronium (Ps), three formation mechanisms are discussed
in the literature [6,4],

p+2et—>H* e,
p+Ps*—>H*+e,
p+et +niw—>H* + (n+ 1)hw. - (1)

These processes are known as the three-body recombination mechanism, the
exchange reaction with excited positronium and stimulated photorecombination,
respectively. Starting with the constituent particles at rest, the H* should be created
in an excited state with sufficiently large principle quantum number if the forma-
tion recoil (of the first two processes due to ejection of the e or ™) is to be less than
1 K. It should be noted in this context that if the H* is created with substantial
electronic orbital angular momentum the effective trapping depth may be substan-
tially larger than 1 K, making the trapping easier. Further, the projection of
the magnetic moment on the magnetic field vector should not change sign during
de-excitation to the ground state. The duration of the de-excitation time seems of
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little concern in view of the exceptionally long holding times that may be achieved
in a cryogenic environment.

3. Magnetic traps

Static magnetic traps are currently being used in trapping experiments with H
[8-13]. This type of trap is based on the spatial dependence of the Zeeman energy
Ez = —p-B(r) of a neutral particle with magnetic moment # in an inhomogeneous
magnetic field B(r). Particles with their magnetic moments polarized anti-parallel
to the local magnetic field experience an effective potential well

Up(r) = ulB(r) — Bo] 2

around a magnetic field minimum By (minimum in the modulus B(r) of the mag-
netic field) in which they remain trapped if their kinetic energy is insufficient to
reach the edge of the well. Magnetostatic traps are always based on magnetic field
minima as a local magnetic field maximum in free space is inconsistent with the
Maxwell equations [31]. For a Bohr magneton, such as in the case of H, the trap-
ping energy is 0.67 K/T. This implies that for superconducting magnets of typically
several tesla a magnetic well depth of at most a few kelvin may be realized.

It should be emphasized that also interesting dynamic confinement principles
have been proposed to trap H. Lovelace et al. [32] proposed an ac magnetic trap
formed by superimposing a large static field and a low frequency (~ 1 kHz) oscilla-
tory field generated by a coil having its symmetry axis along the direction of the
main field. This trap operates on the same dynamical confinement principle as the
Paul trap for ions [33]. Although originally proposed for H, this trapping principle
was first implemented experimentally for cesium by Cornell et al. [34]. The rather
small trapping depth (~ 1 mK) that may be realized with this approach is incompa-
tible with the cryogenic filling technique used with H.

Agosta and Silvera devised a resonant microwave trap, based on trapping of per-
manent magnetic dipole moments in the focal region of a concentric microwave
etalon located in a homogeneous magnetic field [35]. Driving the dipoles at a
(near)resonant frequency they experience a spatially inhomogeneous effective
magnetic field (Rabi field). Particles with magnetic moments having a positive pro-
jection onto the Rabi field direction are pulled into the focal region, those with a
negative projection are repelled. Depending on the detuning, the trapped states
have their magnetic moment mostly parallel (negative detuning) or antiparallel
(positive detuning) with respect to the homogeneous field. The principle of this
trap, also originally proposed for H, was recently demonstrated for cesium at NIST
[36]. Like the low frequency ac trap also the resonant microwave trap is rather shal-
low, typically a few mK.

Let us now return to the static magnetic traps and analyze the choice of trap for
the H experiments. A careful review of static trap field configurations has been
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given by Bergeman et al. [37]. The simplest magnetostatic trap is the two-coil quad-
rupole trap. Two dipole coils, wound in opposite direction, produce a highly inho-
mogeneous field with a characteristic zero-field point in the center. As the
potential does not depend on the azimuthal angle (¢) the orbital angular momen-
tum along the trap axis is conserved. Strictly speaking, this is only true if the atomic
magnetic moment adiabatically follows the changing direction of the magnetic
field along the orbit. If the atoms pass near the zero field region, i.e. for small angu-
lar momentum along the z-axis, Majorana depolarization (spin flips) may occur
which leads to ejection of the particles from the trap. In the collisionless regime this
leads to depletion of the fraction of particles with small angular momentum along
the

z-axis. In general this fraction is small, except for conditions where only the low
lying oscillator levels in the trap are populated (for H this requires energies below
~ 1 mK). For the two-coil quadrupole the problem of Majorana depolarization
has been analyzed in detail for the collisionless regime by Bergeman et al. [38].

Trapping experiments with H are done at densities 10! Sny <104 cm™3. At
such densities thermalization occurs within a few seconds (see section 4). The low-
lying oscillator states, most susceptible to Majorana depolarization, are therefore
continuously replenished which results in a steady loss of sample. For the experi-
ments with H, aimed at observing a macroscopic population of the ground oscilla-
tor due to Bose-Einstein condensation, this effect is clearly unacceptable.
Therefore, the zero-field point is avoided by choosing the Ioffe geometry, two coils
with parallel current in combination with four straight conductors (Ioffe bars)
biased to produce a quadrupole field (note that adding a homogeneous field to the
two-coil quadrupole field only leads to a shift in the position of the field zero).
The Ioffe trap was originally proposed for plasma confinement [39]. Its importance
for neutral atom trapping was pointed out by Pritchard [25].

The coil arrangement, sample cell and field profile of the Ioffe trap used in Am-
sterdam are shown in fig. 1 [9,12,13]. The trapping field is generated by four dipole
coils, having a common symmetry axis (z-axis), and four racetrack shaped coils
parallel to this axis. The field minimum arises as the sum of a dipole field, due to the
dipole coils and mainly directed along the symmetry axis and a quadrupole field
produced by the racetracks and purely orthogonal to the z-axis. The two dipole
coils in the middle are used to trim the field near the field minimum. The use of four
racetrack coils rather than two assures a pure quadrupolar symmetry all along the
symmetry axis. Near the trap minimum the field may be expressed to good approx-
imation by the following expression in cylindrical coordinates:

B, = —apcos2¢ — Bpz,

B4 = apsin2g,

B, = By + 22 — 16p%. 3)
The modulus of the magnetic field is given to good approximation by
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Fig. 1. The Ioffe trap used in Amsterdam with corresponding field profile. Solid line: field along the
axis; dashed line: field 6 mm off-axis (on wall of sample cell).

B= \/(Eo + B22)* + (02 — 2a8zc0s 2¢) p?. 4)

The cos 2¢ term in eq. (4), due to the quadrupole field, breaks the axial symmetry
around the trap axis. Therefore, unlike the two-coil quadrupole the Ioffe configura-
tion does not conserve the orbital angular momentum along the trap axis although
the violation is small for orbits confined to small values of z. The coupling between
the three degrees of freedom in the motion of atoms trapped in this type of trap is
discussed by Shlyapnikov et al. [14].

4, Stability considerations

To clarify the limitations on the stability of H in a magnetic trap, let us discuss
a typical experiment with ordinary H. To have a complete picture the full experi-
mental cycle is discussed, although the filling stage is not relevant for the H case.
The H atoms are produced by dissociating solid H; in a helical rf cavity operated at
0.6 K in a ~ 4 T magnetic field (see fig. 1). Helium provides an exceptionally small
energy of physisorption (g,) to the H atom, e, ~ 1 K for Hon*He and e, ~ 04K
for H on 3He. Therefore, to minimize sample loss due to surface catalyzed recombi-
nation, the walls of the sample cell and dissociator are covered with a film of liquid
helium. All four hyperfine states of the 12S; , electronic ground state are produced
in the dissociation process. These are labeled a,b, c and d in order of increasing
energy (see fig. 2) and may be expressed as linear combinations of the high field
basis states |ms, m;) :
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Fig. 2. Fine structure diagram of atomic hydrogen. For the ground state the hyperfine structure is

also shown.
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where the hyperfine mixing angle 0 is defined by tan 20 = ay/[Ai(y. + p)B], with ay
the hyperfine constant and 4. = 1.760 x 10! s~ T~! and 4, = 2.675 x 108s~1 T!
the electron and proton gyromagnetic ratios, respectively.

The gas distributes itself over the cell in accordance to the electron-spin polariza-
tion. The atoms in ¢ and d states (H 1) are pulled into the trapping region (low-field
seekers) and thermalize, whereas a- and b-state atoms (H |) remain near the disso-
ciator (high-field seekers). In thermal equilibrium the density distribution of H7
(or H|) as a function of position r may be written as

n(r) = noexp[—Uy(r) /ksT), (6)

where ny is the density at the center of the trap. With the trapped gas effective
volumes of order/ = 1,2, 3,. .. are associated, which are defined by

Vie= [ntr) . o8

Notice that Vie(T) = Vie(T/1), Vie = N/ny. At low temperatures the density of
trapped gas near the walls is negligible and V. may be expressed in approximate
form as
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Vie = Vo[l +3(T/To)[(T/ To)*"?, (8)

with Vy = 2n%/2a723-1/ 235/ 2 and Ty = pgBo/kg. For the Ioffe trap used by Luiten
etal. [12] V) = 0.048 cm? and Ty = 67 mK. Knowledge of V. and its temperature
dependence is essential for a detailed description of many of the (quasi)equilibrium
properties of the trapped gas.

As an estimate for the characteristic time for internal thermalization we calcu-
late the elastic collision event rate 7, ! per atom. For a gas in thermal equilibrium |

771 = 1n0GaVae/ Vi, 9)

where G = —vrael is the event rate constant with g = 1.3 x 10713 cm? the elastic
(s-wave) cross section and o, = [16kgT/ ﬂ:m]l/ ? the average relative thermal speed.
Forng = 102 cm—3and T = 100 mK one calculates 7, ~ 2.

The stability of H T gas is limited by magnetic relaxation to H |, caused by spin
exchange and the magnetic dipolar interaction between the atoms. The rates for
these processes have been calculated by Lagendijk et al. [40] and Stoof et al. [41].
Spin exchange is a very efficient mechanism. However, for only collisions between
two c-state atoms it leads to relaxation, provided the mixing angle 6 is not too
small. In collisions between two d-state atoms spin exchange is trivially of no conse-
quence as is seen from eq. (5). For c—d collisions one may show that spin-exchange
relaxation may proceed only via odd partial waves which are not populated in the
s-wave scattering limit. Hence, in the case of d—d and c—d collisions, relaxation pro-
ceeds much slower because it is induced by the relatively weak dipolar interaction.
For a mixture of ¢ and d state atoms this implies a depletion of the c-state compo-
nent and spontaneous electronic and nuclear polarization of the samples [40].

We estimate the lifetimes for both relaxation processes. For a pure d-state sam-
ple the decay rate ;) = N/N due to dipolar relaxation s given by

Taip = no<Gdd>V2e/ Vie, (10)

where (G, is the loss rate constant for dlpolar relaxation averaged over the trap
accordmg to (G) = (1/V2) [ G(r)[n(r) /no)* dr. In terms of the event rates defined
in ref. [41] G4y may be expressed as Gy = 2G%,,, + G%,,. + G4, For the trap used
by Setija et al. [13] with ny = 102cm™3 and T = 10 mK the average yields
Gy =2 x 107 cm?/s and 74, = 1000 s. Similarly, for a pure c-state sample
under the same conditions but for spin exchange G =2G¢,, + G, + G .,
~ 10718 cm3/sand 75 =~ 20s.

Clearly the description given above for H can be reformulated for H simply by
reversing all spins in eq. (5). Both the thermalization rate and the relaxation rates
will be identical to the H case. As an example assume that N = 10° anti-atoms
atoms are somehow trapped and cooled to 10 mK in a trap with the same para-
meters as the Ioffe trap used in Amsterdam*!. With eq. (8) the effective volume is

#Trap parameters used in refs. [12,13]: By = 0.1 T, a=22T/cm, B=0.022T/cm?,
Vo = 0.048 cm?®and Ty = 67 mK.
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found to be Vi =34x10"3cm® and ny =3 x 108cm=3. Thus, with G, =
1.3 x 1012 cm3 /s (see above) at 10 mK, one calculates 7! = 1.3 x 10~s~! which
means that the sample thermalizes in approximately 2 h. Similarly, with the rate
constant for spin exchange (G, =~ 10713cm?/s) the H sample is found to be
depleted from the c-state fraction in approximately one day. The dipolar lifetime of
the sample is calculated to be 2 months. Hence, after storage for 24 h at 10 mK in
an appropriate Ioffe trap an H sample with behave as a (meta)stable gas in internal
thermodynamic equilibrium. However, assuming in a less optimistic scenario that
“only”” N = 10* anti-atoms are trapped the sample is better described, even after
several days at 10 mK, as a collection of non-interacting particles.

5. Evaporative cooling

Several methods are described in the literature that may be applied to cool, at
least in principle, magnetically trapped H. Two of the methods, evaporative cool-
ing and optical cooling, have been demonstrated with magnetically trapped H and
will be discussed in the coming two sections. Other methods are adiabatic cooling
and cooling by mixing H into H. These are described by Shlyapnikov et al. [14] else-
where in this volume.

Evaporative cooling was proposed in 1985 by Hess [28] and has been applied
most successfully at MIT in the group of Greytak and Kleppner and co-workers,
who reached temperatures down to 100 uK with this method in H gas [8,10,11].
Recently, in a spectroscopic study of magnetically trapped H, evaporative cooling
was studied optically by Luiten et al. [12] at the University of Amsterdam. An opti-
cal variant of evaporative cooling, light induced evaporation (LIE), was demon-
strated very recently by Setija et al. [13]. LIE is not further discussed in this paper as
it only can be applied at densities 79> 10! cm~3 which seem unrealistically high
for H.

Evaporative cooling is based on the selective removal of atoms with a (total)
energy which is higher than the average. It is essential that the atoms are removed
under quasi-equilibrium conditions, i.e. at arate 7! slow in comparison to the elas-
tic collision rate 7! (thermalization rate) but faster than the sample decay rate
771. The internal energy of the gas is given by

U = (e +)NaT, (11)
as the sum of a potential energy (first term) and a kinetic energy (second term) con-

tribution. In analogy with eq. (7) it is useful to define potential energy averages of
order/=1,2,3,...

yeksT = V! / Up()ln(r) /o] dr. (12)
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Notice that ye(T) = 11e(T/1)/! and y1e(T) = (T/V1e)(0V1e/OT). If atoms are al-
lowed to escape (evaporate) over a potential energy barrier of height e, = nkgT,
then the rate of change of internal energy of the sample is

= (n+3)NaT. (13)

Combining egs. (11) and (13) leads to the following relationship between tempera-
ture and total particle number:

T_ 1= Ve N
T e+ T(One/0T) +3 N

Thus for n> . particles loss leads to cooling. For a fixed value of ¢, the n in-
creases with decreasing temperature (n o< 1/7T’) and the evaporation rate

sl (15)

c
is suppressed exponentially. Therefore, to continue the evaporation at constant
rate, €, has to be ramped-down in order to keep 7 constant. This procedure is
known as forced evaporative cooling [10,11]. For the Ioffe trap used in Amsterdam
one easily derives that 2 <7Vie <3and T(a'yle/aT) <V1e +3 Usmg the identities
N/N =ngy/ng + Vie/Vieand Vie/Vie = 1T/ T, it is found that, in spite of the par-
ticle loss, the central density may increase according to

@ — %e + (1 - 7’)7le + T(a’)’le/aT) +%Z
"o n—"e T

The steepest increase in ng is obtained for n — oo (which corresponds to the limit
of constant particle number). The other limit, n—-0, implies both heating and loss
of ny. Magnetic relaxation relates to an intermediate case in which atoms are
removed at an average potential energy ks = v2ckpT. Because in general
~Y2e <71e the relaxation always leads to heating. For the Ioffe trap used in Amster-
dam (see footnote #labove) i ~ 5 3and e = Y1e /2.

Let us now turn to the consequences for antihydrogen. H can be cooled evapora-
tively if the samples can be made sufficiently dense to achieve thermal equili-
brium. As discussed in previous section this is possible with N = 10® atoms at 10
mK in a Ioffe trap as used in Amsterdam (footnote #1). To cool the sample by
forced evaporation at constant ny one has to choose = 3.5 as follows from eq. (16)
by setting 779 = 0. With the aid of eqgs. (14) and (15) the cooling rate is then found
to be T/T ~ %771 =4 x 1072771, Since this rate may be impractically slow one
could aim for cooling with increasing ny, which, although initially slower, at least
becomes faster with decreasing temperature. A more practical approach is to select
a trap with a smaller effective volume. With the Ioffe traps V. may be reduced by
increasing the § parameter and decreasing By (see eq. (8); it is hard to improve on
the o parameter). The V. of the configuration used by van Roijen et al. [9] is, at 10
mkK, a factor 4 smaller than the value used in the example. The trap configurations
used at MIT were optimized to yield a large effective volume [8,10,11].

(14)

(16)
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6. Optical cooling

Optical cooling of trapped H should be possible using a well-established decel-
eration principle based on the Doppler effect (Doppler cooling) [42-44]. Relatively
few papers deal with optical cooling of magnetically trapped neutral atoms.
Helmerson et al. [45,46] studied the case of Na. The hydrogen case was analyzed by
Hijmans et al. [47]. Very recently Setija et al. [13] succeeded in demonstrating Dop-
pler cooling of H experimentally. Doppler cooling of ground state H atoms
requires excitation of the 128 —22P transition (Lyman-a) by a narrow band light
source in the vacuum ultraviolet (VUV). Starting from the d state there are five
allowed electric dipole transitions, labeled o1, 7, 02, ™2 and o3 in the notation of
Hijmans et al. [47] (see fig. 2). For c-state atoms also the 2P /2,m;=-3/2 State may be
excited due an electron-spin-down admixture in low field caused by the hyperfine
interaction (see eq. (5)). Only the o, transition corresponds to a closed optical
pumping cycle (for d-state atoms). All other transitions have branching ratios that
lead to H|. To enable Doppler cooling with minimal optical pumping losses
(0.3% per scattered photon for d-state atoms) the o transition is spectrally isolated
from the other transitions by applying a small offset field B = 0.1 T.

The optical requirements put severe practical limitations on the experimental
possibilities [29,47]. The light source of Setija et al. [13] is based on nonresonant
third-harmonic generation of L, using frequency-doubled, pulse-amplified light
from a tunable cw dye-laser operated at 729.4 nm. Detailed descriptions are given
elsewhere [47,48]. The source yields typically 2 x 10°L, photons per 10 ns pulseina
bandwidth of 100 mHz and at a repetition rate of 50 Hz (~ 10~ duty cycle). About
3 x 107 photons/pulse are available at the site of the sample. Spectra are recorded
by sweeping the frequency of the dye-laser and monitoring the L, transmission sig-
nal with a photodiode behind the sample in the experimental cell (see fig. 1).

Optical cooling of magnetically trapped H is conveniently described by consider-
ing the energy balance of an ensemble of atoms before and after the scattering of
photons, using a formalism as given by Wineland and Itano [44]. The difference in
internal energy of the sample per scattered photon (after averaging over the direc-
tion of the scattered photons) is given by AU = #ik-v + 2E;, where v is the initial ve-
locity of the atom, k the wavevector of the incident light (k =2n/)) and
E, = K’k?/2m the photon-recoil energy. For H atoms excited at Lyman-o E; = 0.6
mK. To obtain cooling the momentum vectors of atom and photons should be in
opposite directions (red detuning). The effect is illustrated in fig. 3, where we show
the 7; and o lines as part of the transmission spectrum, recorded before and after
irradiating the sample for 15 min at the indicated frequency v; in the red wing of the
o1-line. The fitted curves indicate Doppler cooling from 80(10) to 11(2) mK accom-
panied by an increase of my by a factor 16 from ng =8(2) x 101%cm=3 to
ny = 1.3(4) x 10'2cm™3. For the cooling only a single L, beam is used, relying on
elastic collisions between the trapped atoms to obtain three-dimensional cooling.
Due to use of pulsed radiation the cooling proceeds in minutes rather than millisec-
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Fig. 3. (a) Transmission spectra before (open circles) and after (closed circles) Doppler cooling.

The solid lines are calculated spectra for 7 = 80(10) mK, np = 8(2) x 10'°cm=3 and T =11(2)

mK, no = 1.3(4) x 10'2cm™3, respectively. (b) Cooling efficiency per scattered photon in recoil
units (E;).

onds (as usual in optical cooling experiments), i.. in a time long in comparison
with the interatomic collision rate but shorter than the sample life time at the
quoted density. Hence the sample remains close to internal thermal equilibrium as
in the case of evaporative cooling.

For a closed optical pumping cycle and neglecting multiple scattering the local
rate of change of internal energy of the sample due to Doppler cooling at frequency
w = ck may be written (after integration over the thermal velocity distribution) in
the following form:

dU(w,r) = 2E;

I(;i):) (1 - kihT'a%)”(')d(w, rd’r, (17)

where I(w, r) is the intensity profile of the incident light beam, o(w, 7) is the atomic
cross section for scattering L, photons of frequency w at position » and
n(r)o(w,r) = kIm(e™ X &) is the local extinction coefficient, with ¢ the polarization
vector and

. . 6m2 Dy:Dj, I '
X=i——) m(r)=——" (¢ 18)
B "0, D B0 (

the susceptibility tensor. In eq. (18) I is the natural linewidth, b = k(2kgT /m)l/ 2
ameasure for the Doppler broadening, Dy, the electric dipole transition matrix ele-
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ment between ground-state (hyperfine) level 4 and excited state level /, and n,(r)
the partlal density of h-state atoms. The real part of the complex error function
w(¢) = e¢’ erfe(—i¢) with ¢ = (w — wy +1I'/2)/b is the Voigt profile describing a
Doppler-broadened line. The first term between the parentheses in eq. (17)
describes the heating due to photon recoil and the second term the Doppler cooling.
For optically thin samples the L, beam is virtually unattenuated, i.e. the beam pro-
fileis frequency independent, I (w, r) = I(r), and eq. (17) may be rewritten as

U(w )—Zi(l—k;Taa )P( ) 19)

where P(w) = [I(r)n(r)o(w,r) d’r is the power removed from the L, beam at fre-
quency w (absorption spectrum). For optimal cooling in low density samples the
frequency should be tuned to the position of maximum derivative in the red wing of
the o line. For free atoms the lowest temperature achievable with Doppler cooling
isT = lhI’/kB ~ 2.4 mK. Due to Zeeman broadening in the inhomogeneous trap-
ping ﬁeld this Doppler limit is slightly increased, to 3.1 mK in the configuration of
ref. [13].

A complication that applies to H but most likely not to H is that gas density is
usually so high that the samples are optically thick at Lyman-o. Then, the Doppler
limit is further increased by multiple scattering and relaxation heating. Eq. (19) is
no longer valid and one has to rely on numerical integration of eq. (17). In this way
the energy transfer per scattered photon versus frequency, shown in fig. 3, was cal-
culated. The trajectory in the T-ny plane, recorded during Doppler cooling is
shown in fig. 4 and compared to a curve obtained for constant particle number.
Cooling is accompanied by compression in accordance with eq. (8). The initial
deviation from the theoretical curve, above 50 mK, is caused by some additional
cooling due to the evaporation mechanism. Towards the end of the cooling period a
further increase in density is opposed by two loss mechanisms, spurious optical
pumping to H | and dipolar relaxation. Both the relaxation heating and particle
loss are observed by letting the sample evolve in the dark for 37 min after the cool-
ing period is terminated (see dash-dotted line in fig. 4). By applying Doppler cool-
ing once more, the sample is subsequently cooled to T ~ 8 mK, close to its
theoretical limit.

In summary, Doppler cooling may be valuable to cool H, without loss of sam-
ple, from the trapping temperature (~ 1K) to temperatures T' <10 mK, close to the
Doppler limit. This may be of interest to reduce second-order broadening in preci-
sion spectroscopic studies or to simply reduce the sample size. It may also serve as
a first stage before cooling to sub-Doppler temperatures by evaporative or adia-
batic cooling. For T 210 mK it is very unlikely that thermodynamic samples may
be produced. Therefore, the cooling of the anti-atoms has to proceed indepen-
dently, not necessarily a handicap as long as the orbital degrees of freedom are
coupled and the particles samples the whole trap. This coupling between degrees of
freedom has been studied by Shlyapnikov et al. [14] in relation to one-dimensional
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Fig. 4. Cooling trajectories in the T—ny plane. Doppler cooling data compared to a constant-atom-
number trajectory (solid line). The dipolar decay and heating during a 37 min period is indicated by
the dashed line.

adiabatic cooling. It was found to be substantial in Ioffe traps for 7> Ty. To calcu-
late the cooling rate eq. (17) cannot be used as it presumes a thermal velocity distri-
bution. Accurate estimates of the cooling rate should be based on realistic
velocity distributions of the trapped anti- atoms.
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