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Prospects for Bose-Einstein condensation of metastable neon atoms
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The calculated upper limiiC ipo's 10 ¥ cmP/s of the rate constant for suppressed ionization in a gas of
metastable NEP,) atoms in the fully alignedd=2,m;=2) state is used as input to investigate the prospects
for achieving Bose-Einstein condensati@EC). The heating rate of the trap population by secondary colli-
sions of the hot products of the process of ionization—i.e., ground-state atoms, ions, and dimer-ions—with
cold trapped metastable atoms is discussed in terms of a semiclassical model. An important step lies in limiting
the depth of the magnetic trap to a value of a few millikelvin, to limit the range of small-angle scattering that
contributes to heating. Also, a tight radial confinement reduces the probability for secondary collisions. At a
trap depth of 10 mK, a radial dimension ofg@@m, and a density of 2 10'3 cm 2 the heating rate is 1.4K/s,
which should be compared to the transition temperature to BEC oftB.6The collisional heating is domi-
nated by ion—metastable-atom collisions, due to their long-range charge-induced dipole interaction. Keeping
the evaporative cooling switched onTt T reduces the heating a hundredfold. Using a bright beam of laser
cooled neon atoms, an initial population &f10'° atoms can be loaded into a magneto-optical trap in one
second. Tight magnetic traps are easy to achieve for metastable neon atoms, due to their magnetic moment of
3 wg. We conclude that achieving BEC is feasible for metastable neon. This also holds for triplet metastable
helium, once the loading rate of traps has been improved. Finally, the semiclassical model used for calculating
the heating rate is applicable to a wide range of inelastic collisions in trapped alkali gases and/or collisions with
background gas.

PACS numbse(s): 03.75.Fi, 34.50.Fa, 05.30d, 51.90+r

[. INTRODUCTION atomic beam approach using a thermal source and a simple
Zeeman slower results in even higher loading rates, of the
Bose-Einstein condensation occurs when the mean intebrder of 13° atoms/s. Second, there is a large body of spec-
atomic distance becomes of the same order as the thermal B@®scopic and collision data on the alkali dimers. This allows
Broglie wavelength of the atoms, with the transition tem-one to extract accurate information on the potential surfaces

peratureT defined by the condition involved. Third, based on this information, detailed calcula-
tions have been performed on the scatteringuwfra)cold
D=nA3=n(27h%mksTc)¥?=2.61. (1)  atoms, resulting in reliable information on the scattering

length. Also, the two- and three-body collisions that lead to

Here,D is the phase space densitythe number densityn  the loss of atoms in the final magnetic trap, have been inves-
the atomic mass, anlg Boltzmann's constant. In 1995, tigated. In most cases reliable rate constants for these loss
Bose-Einstein CondensatidBEC) was first observed in a processes are available; in some cases only lower or upper
cold dilute sample of trapped alkali atoms, by three groupdimits for these rate constants are available.
using Rb[1], Na[2], and Li[3], respectively. For tempera- For the metastable rare-gas atoms the experimental con-
tures belowT, a macroscopic population of a single quan-ditions are less favorable. First, because the electronic energy
tum state is obtained. Recently, in 1998 BEC was als®f the metastable states is of the order of 8(&&nor) to 20
achieved in a dilute gas of H atonf4,5]. Since the first eV (helium), the relative population in a gas discharge or an
observation of BEC in a dilute gas, a whole new field ofatomic beam is only a fraction 16 or 10 ° of the total
atom optics and coherent matter has emerged. density. Therefore, techniques of beam brightening have to

At this moment, most efforts in the field are still directed be used to obtain sufficiently large fluxes for loading atom
to Bose-Einstein condensation of the alkali atoms. Emphasisaps. Second, the process of Penning ionization of two col-
has been laid on Rb, the work horse in this new field, withliding metastable atoms is an important loss process. For an
Na as the runner up. For Cs it is not clear if BEC can beunpolarized sample, the rate constant is of the order of
reached, due to the recently found experimental evidence oh0 % cm®/s [6—9]. In a spin-polarized sample, however,
large dipolar relaxation rates for the,mg)=|4,4) and|3,3) ionization is strongly suppressed by spin selection rules. For
states. For potassium, the main interest lies in producing helium, theoretical estimates predict a suppression by a fac-
trapped, quantum-degenerate Fermi gas. tor 10* to 1¢° [10,11]. This shows promise for trapping and

The advantages of investigating the alkali atoms are parsevaporative cooling of metastable atoms in a magnetic trap
mount. First, because the alkali atoms are trapped in the{r12,13. For xenon, however, recent experiments show no
ground state, vapor-cell atom traps can be applied for achiewevidence of suppression of ionizati¢8]: for a polarized
ing high density samples. Dual-chamber schemes result isample the ionization rate is even larger by 50%. Third, the
trapped samples of the order of®1&toms, using a pulsed or time scale for experiments is limited by the long but still
continuous cycle and a loading time of a few seconds. Arfinite lifetime of the metastable states. For triplet helium we

1050-2947/2000/62)/02360715)/$15.00 61 023607-1 ©2000 The American Physical Society



H. C. W. BEIJERINCKEet al. PHYSICAL REVIEW A 61 023607

The advantages of using metastable rare-gas atoms are the
excellent real-time diagnostics of the sample of trapped at-
oms, both in the stage of cooling above as well as the
stage belowT - where the condensate and the thermal cloud
coexist(Fig. 1). Both the UV photons that are emitted when
the metastable state decays as well as the ions produced in
the still remaining ionizing collisions provide diagnostics for
the density and the sample size. By combining this informa-
tion with the geometry of the trapping field, we can also

FIG. 1. Harmonic potentialwith w,<w,) with a schematic determine the temperature in a noninvasive way.
view of the Bose condensate in the quantum mechanical ground In this paper we investigate the feasibility of reaching
state with energy: o, [fraction 1—(T/T¢)?] and the thermal cloud conditions where Bose-Einstein condensation occurs for
at temperatureT>#%w, /kg [fraction (T/T¢)*]. In this schematic ~metastable neon. We have investigated two geometries of the
view the self-energy of the condensate has been neglected. sample in a magnetic trap, resulting in two different, cylin-

drically symmetric geometries of the final state condensate.

find 7=9000 s, which decreases te=24 s for neon[14] First, a high density final state with a small aspect ratio is
and =43 s for xenor{15] in the 3P, states. Finally, hardly discussed, with the latter defined as the ratio of the long over
any theoretical or experimental data on binary metastabléhe short axis of the ellipsoidally shaped thermal cloud of
atom collisions or interaction potentials are availaliglé]  trapped atoms. Second, a low density final state with a very
with He as an exceptiofB]. large aspect ratio is investigated. The former is close to the

The outlook of a Bose-Einstein condensate of metastablgeometry used by the group of Ketterle for achieving BEC in
rare gas atoms is promising enough to tackle all these diffisodium[19]; the latter corresponds to the geometry used for
culties. The idea of an atom laser of electronically excitedthe recent BEC experiments with atomic hydroden5].
atoms is tantalizing. Moreover, one can speculate on collecFypical values of the sample size, aspect ratio and number
tive phenomena in a condensate with a large internal eledensity are given in Table | for the two geometries, together
tronic energy, e.g., collective electronic deexcitation. Also, awith the transition temperaturg; .
condensate of metastable rare-gas atoms seems an ideal canTo provide a reference frame for the disturbing effects of
didate for loading an optical lattidd.7,18. heating of the sample, we first discuss the creation of hot

thermal clqud “KT7=1pK

hm,:lo.omK
:

condensate

TABLE I. Characteristic parameters for neon of the initial state of evaporative cooling and two final states
in the magnetic trap at the onset of BEC. The count rate and decay time of the real time diagnostics are given
for all three states.

Final state Final state
Parameter Initial state (high density (low density
radius (wm) 10 3
length (um) 22 250
aspect ratio 1:2.2 1:83
populationN (no. of atomy 100 10° 2X10°
number densityn (cm™3) 5x10% 104 2x10%
temperaturel (u K) 2x10° 1.78 0.6
phase space density xa0’ 2.61 2.61

rate constante, (1072 cnt s71)
“good-to-bad” ratione /(NK)gas”
“good-to-bad” ratio Ke /(K P max
elastic collision rate K, (s 1)

2300 (a,,45080)?
2260 (a,4508,)?

113 (a,4/50a0)?

6.6 (a,4/50a,)?

665 (a5 2/50a,)>
665 (a22/50a,)?

3.9 (ay2/50a,)2

389 (a, 2/50a,)2
78 (ayJ/50a,)?

UV count rateS,, (s %) 2.8x10° 33 7
ion count rateS; (s™1) 5% 10 1x10° 4x10
probe ion count rat&, (s 1) © 4%x10° 8x10° 3.2x10°
UV decay timer,, (S) 24 24 24
ionization decay timer; (S) 200 1 5
probe decay timer, (ms) 25 0.125 0.625

8 qual to the transition temperatufe .
bAt a background pressure of 19 Torr.

°Exciting a fraction 102 of the total population.
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(dimery ions and ground-state atoms by ionization in terms Il. SUPPRESSION OF IONIZATION
of an equivalent backgrqund pressure in the trapping cham.— The process of ionizatiof22] for a sample of metastable
ber. Th|§ approgch provides an easy comparison o EXPEIKaon atoms in théP, state with an electronic energy of 16
ments with alkali atoms, where background gas scattering i V is given by

the dominant loss process at low densities of the trappe

atoms. In this case, hot ground state atoms invade the B Cmy 1 b
trapped sample, causing an extra trap loss and an extra heat!\le|‘]_2’mJ>+ NelJ=2,m;)—Ne(*Sp)+Ne" +e” (PI)
ing of the sample of trapped atoms. For this reason, in most —Nej (v)+e™ (Al), 2
alkali experiments, the evaporative cooling is not switched

off after reaching BEC. For the two final state geometries ih m indicating the magnetic substate. The kinetic energy
(Table ) of our trapped metastable neon atoms, the ionizayt the electron is of the order of 12 eV, as determined by the
tion rate is equal tt\;=10° s™* andN;=4x10* s * forthe  difference potential of the initial and the final state. In the
high-density and the low-density case, respectively. Theséirst reaction(Penning ionization, or Pl the final state neon
rates correspond to an equivalent background pressure of iBns and atoms in the ground state each carry a kinetic en-
X 10 1° Torr and 3.6<10 2 Torr, respectively. This ap- ergy on the order of 100 to 500 K, depending on the energy
proach gives some feeling to what extent the condensate gained in the well of the initial state potential and the inter-
disturbed by the hot products of residual ionization. nuclear distance where ionization occurs. In the second reac-

However, we have to keep in mind that these hot product§on path, usually referred to as associative ionizatia,
consist of both(dimen ions and atoms in the ground state @lmost all of the initial state kinetic energy is stored in the
[see Eq(2)] with a wide range of collision energies, ranging molecular ion as ylbratlonal energy. The kinetic energy of
from 2 to 125 K for the neon system. Both features have 4he molecular ion in thr—; fmal state is due to the center-of-
major influence on the cross sections involved and the resulf"@ss energy of the colliding Neatoms.

ing influence on both particle loss and heating. For exampleéh The domr:na_nt p[)ocesds Ie?ﬁ'n% tol |ont;z_att|0n 'f_ k%nef th
the (dimer ion—metastable-atom interaction is dominated angemechanism based on the Loulomb intéraction of the

b . . . . L electrons involved. In this case the valence electron of atom
y the charge-induced dipole interaction with its long-range . )
C,/R* potential. Only a very careful, full uantitative (1) transfers to the available core-;tgte Qf ata leaving

4 P nly y Lo y q the core of atom(1) to form a positive ion. The valence
angly3|s of 'Fhe collls_lon processes involved can resolve th%lectron of aton(2) is no longer bound and leaves the scene
major question of this paper: can BEC,: be reached for met"TZAl—ZQ. Theradiative mechanism is absent for these meta-
stable neon? Also, we want to identify the most favorablegiapie atoms, because it requires the existence of a dipole-
experimental conditions for achieving BEC. For comparisongjjowed transition to a lower state.
we finally apply our thorough analysis to the case of triplet Because the Coulomb interaction does not affect the elec-
metastable helium to answer the same question of the feaston spin, the magnetic quantum numioes of the total spin
bility of BEC. S does not change. For two atoms in a p{ie-2m;=2)

In Sec. Il, the suppression of ionization in a realistic situ-state the process of ionization is spin forbidden. However,
ation of trapping and cooling is presented, based on the rehe anisotropic nature of the long-range electrostatic interac-
cent work by Doeryet al. [6]. In Sec. Ill, we discuss the tion due to the (p) ! core hole will apply a torque that can
dynamics of the ionizing collisions to determine the energyrotate the total angular momentudnof the atoms with re-
released in the hot products. The heating of the sample bgpect to each other. This will result in a residual ionization,
inelastic collisions and the recoil due to radiative decay iseven for initially fully aligned atom$6].
treated in Sec. IV. First, we present a semiclassical frame- Detailed quantum-mechanical calculations of the ioniza-
work for accurately describing the heating rate of the sampldion rates for(ultra) cold collisions have very recently been
by the secondary collisions of the hot products ggj,  Performed by Doerget al.[6]. B%th the electrostatic dipole-
Ne*, and Ng with trapped metastable neon atoms. Next, weinduced  dipole Vpp= _CGS/R and the quadrupole-
apply the model to the case of metastable neon in Sec. \Aluadrupole termVqq=Cs/R” (due to the core onlyare
which enables us to evaluate the advantages and disadvafc'ded in the long range potentials. For the short range,
tages of the two final state geometries. information is derived from the N&"X,) and Na("2)

In Sec. VI we discuss the bright beam used for loading th@°tentials. The results show that the anisotrdys in the
atom trap. The dynamics of the process of evaporative coofduadrupole-quadrupole interactiddefined as the range of
ing are also treated in this section, using the review paperSs values found for the different molecular potentials, with
by Walraven[20] and Van Druten and Ketterli21] as a _C5'>=0).|s the dqmlnant driving force for the reS|dua! ion-
starting point. The diagnostics for the sample size and ded_zat|on(F|g_. 2). Its influence exceeds the effect of the dlpo_le—
sity are discussed in Sec. VII. In Sec. VIIl we investigate thelnduced dipole term by a factor of 12. For neon, we find
prospects for BEC in triplet metastable helium, again using® C5="0-84 a.u[6] andAC6=|4.5 a.u. ae~1952 a.ul6].
the semiclassical model. Finally, in Sec. IX, we wrap up theThe rate constant&; and P for the unpolarized and po-
paper with some concluding remarks. The main conclusion i§fized case, respectively, are given by
that for both N& and Hé the prospects for achieving BEC
are good. Ki=8x10 1 cmd/s,

023607-3



H. C. W. BEIJERINCKet al. PHYSICAL REVIEW A 61 023607

He Ne Ar Kr Xe

X i s When varying the phase of the Nainglet potential, the
109 ' ' ‘ ; value of K% never exceeds the upper limit of E@).

% Ay monpolarized ] Of course, we should keep in mind that the treatment of

5 102} ] Doeryet al.[6] does not provide a final answer, in the sense

o i 1 that other mechanisms for spin-flips exist that haeébeen

2 105t | taken into account. For instance, at short ranBe (0a,)

‘g - orientation of the core of the metastable atoms could lead to

S 1018 i a splitting among the nine possible spin-polarized potentials.

5 1=0, polarized i A full theoretical treatment awaits the development of reli-
0.0 01 T 10 100 ableab initio short-range potentials, such as currently under-

AC{/ACE™ taken by Kotochigovaet al.[23].

An effect of second order spin-orbit splitting, that turned
FIG. 2. Calculated ionization rate for both an unpolarized asout to be important for the heavier alkali atoms, is not to be

well as a polarized sample of metastable rare gas atoms, as a funexpected for metastable neon atoms due to its scaling with
tion of the anisotropyACs/ACE°™ due to the (p) ' core hole. 72 with Z the nuclear charge. Another process that has not
The parameteAC5™" is the value ofACs for neon. We observe a peen taken into account in the calculation of the residual
scaling KP°~(ACg)2. The collision energy is€=1 uK, where jonization is the magnetic dipole-dipole interaction, which is
s-wave scattering with angular momenturs0 occurs. The arrows  the cause of residual ionizing collisions in a spin-polarized
indicate the value for Ar, Kr*, and X¢. gas of triplet metastable helium atoms. However, the result-
ing rate constant for this process is roughly #bcm?® s71

for this system, the same value as the upper limit for the rate

) ) _ constant which we use throughout this paper for investigat-
For collison energieE<1 mK, as relevant for trapping and jng the role of residual ionization for metastable neon atoms.

cooling, these rate constants are energy independent. On the other hand, the occurrence of a resonance might

Because resonances due to quasibound states can inflyot be prohibitive at all for reaching the transition to BEC in
ence the ionization rate considerably, due to the longer colmetastable neon. First, one can always switch to the other
lision times involved, Doeret al. [6] have varied the well  apundant isotopé®Ne. Second, resonances can be shifted by
depth of the NQ. trlplet potential which is dominant for the app|y|ng homogeneous magnetic fields. Th|rd|y, the occur-
value of ', The results are given in Fig. 3 as a function of rence of a resonance in the ionization rate constant is prob-
the semiclassical phask of the Ng triplet potential for a  ably accompanied by an analogous resonance in the scatter-
range slightly larger thanr radians, i.e., over at least one ing length a,,. The ratio of “good-to-bad” collisions,
bound state. We observe a variation of the ionization ratgvhich is the important number for effective evaporative
ICip°' for polarized atoms over more than three orders of mageooling, is then not influenced and keeps the road to BEC
nitude. However, for the larger part=(98%) of the range in  quite open(Sec. VID.

KP=5% 10715 cmP/s. (3)

phase the ionization rate is less than The definitive answer on the actual magnitude of the sup-
| pression of ionization in a spin-polarized gas of metastable
(KP) max= 10" cm/s, (4)  neon atoms has to be provided by future experiments, by

_ _ _ looking at the ion yield of a sample trapped in a magnetic
which we will use throughout this paper to calculate thetrap (Sec. VII). The proof of the pudding is in the eating.

influence of the residual ionization in a trapped sample. In Table | we present the ionization decay time for the
two geometries investigated, resulting =1 s and 7

= =5 s for the high density and low density case, respectively.
g ] Both decay times are much shorter than the finite lifetime

3 10121 Tw= 24 s of the metastable state, i.e., ionization fully deter-

¥ A mines the time available for measurements in the final state.
g Ml ol

§ 10151 'vaw\/\w =0 Ill. ENERGY RELEASE IN IONIZING COLLISIONS

5 =

= 70 i 5o Once the rate constant for ionization has been determined

in a quantum-mechanical calculation, the energy release can
FIG. 3. Calculated residual ionization ratef® for Ne2,2) b.e describe.d.i-n fully S.emidaSSical terr_ﬁ&'z]. A schemalic

+Ne|2,2) collisions as a function of the well size of the Naiplet view of Fhe |_n|t|aI .and.ﬂnal state potentials of the process.of
potential used to model the short-range interaction. The well size igq' (2)_'5 given n F_'g' 4. The energy of tfe eI_ectron 1S
measured in terms of the semiclassical phas® deterTlned by the difference potentia{*—v |, with V*
:f:j[meV(R)/h]l’ZdR with V(p)=0 over a range slightly gr_u_jv the real potentials cor_respondlng to the_*Nel\Ie*
larger than, i.e., over at least one vibrational state. This implies initial state and Né+Ne(*S,) final state, respectively. The
that we scan over all possible resonances. The collision energy isnaginary part of the interaction potentials, the so-called
E=1 uK, whereswave scattering with angular momentirs=0  auto-ionization widthI'(R), is an exponentially decaying
occurs. function with a characteristic length on the order af;46].
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B. Associative ionization

In the center-of-mass system, all energy gained in the
potential well of the initial state is stored in the internal
degrees of freedom of the final-state dimer ion. In the labo-
# ratory system, the dimer ion has an average kinetic energy
equal to half the thermal energy of the trapped atoms, as
determined by the velocity of the center-of-mass system.
This would imply that the dimer-ions, that are irfBy, or in
a 2Py, state with an associated magnetic momgnt % g
and 2ug, respectively, would still be trapped in the mag-
netic trap.

However, in this case, the recoil of the electron has to be
taken into account. The increase in energy related to the
recoil is

energy

E*

FIG. 4. Schematic view of the initial state ]2+ Ne|2,2)
potentialV* (R) and the final state N&&,) + Ne' potentialV* (R)
in the process of collisional ionization. At a distariRethe electron
leaves the scene with energyE,=[E*+V*(R))]—-[E*
+V™*(R,)], without changing the local kinetic enerdg—V*(R,)
=E’'-V*(R)) of the colliding atoms in the initial and final state,
respectively. Both the Pl and Al processes of ionization are indi-

Eai=(me/m)Eg, 6)

cated, together with the initial-state asymptotic eneffggnd the
final-state asymptotic enerdy’ (PI process or vibrational quan-
tum numben’ (Al process.

with m, andE, the electron mass and kinetic energy, respec-
tively. Inserting Ec=12 eV we find E5=1.96 K corre-
sponding toAv=40 m/s. It is clear that the dimer-ion is not

trapped, because the depth of the magnetic trap is much

Semiclassicallv. the autoionization width can be inter_smaller. However, secondary collisions of the hot dimer-ion
Y can result in a small additional loss of trapped atoms per

preted as a decay ralg(R)/% for the transition to the ionic i,hi7a60n event. Also, grazing collisions can heat up the
final state. The largest probability to ionize is at the classma{rapped atoms. These effects are discussed in Sec. IV. Be-
turning point of the initial state potential, where the atomscq ;e the cross sections for vibrational and rotational relax-
spend most of their time. This results in a rather peaked yieldtion of the molecular ion are very small, of the order of

of ions in this range oR values. When ionization occurs, the 10a2 and less, no internal energy of the dimer ions will be
electron leaves the scene instantaneously, compared to tigsipated in the sample of trapped atoms.

heavy particle motion. The kinetic energy of the two collid-
ing particles is conserved, if we neglect the recoil kick by the
electron. At low collision energies, the local kinetic energy
of the initial state atoms is fully determined by the local lonizing collisions of the metastable rare gas atoms di-
depth of the potential, with the well depth as an upper limit.rectly result in the loss of trapped atoms. As shown in Sec.
Depending on the details of the initial and final state potenl!l, the final state products will have large kinetic energies,
tials, the final state products will end up as a molecular iorfue to the conversion of potential energy at short range—in

Ne; or two free particles Ne and NetSy). At low collision the well region—into radial motion. This gives rise to a sec-

energies, the branching ratio for associative ionization is usu(_)ndary effect on the trapped atoms: the hot products can

; . collide with a cold trapped atom due to their finite mean free
ally n the range of 0'0.1 to 0.1, fully d.etermmed by the path in the trap. The effect of these secondary collisions is
details of the initial and final state potentials.

twofold: extra loss and heating.

All large-angle collisions will result in a transfer of en-
ergy that is larger than the trap depfh This results in an
extra loss fractiore of trapped atoms, as given by

IV. HEATING RATE OF TRAPPED ATOMS

A. Penning ionization

The major part of the ionizing collisions will result in the
first reaction path of Eq.2), with the release of an ion and a
ground-state atom with thermal energies. The maximum
available kinetic energy now is equal to the well depth of the
initial state potential, which is on the order of 250 K. This
value is a suitable estimate for the total kinetic energy of thewith N; the production rate of hot products;..andQg.care
products, equally divided into a kinetic ener§y,=125 K the mean free path and the total cross section for secondary
for each of the two heavy particles with equal massThe  elastic collisions of these hot products with cold trapped at-
recoil of the electron can be neglected in this case. Secon@®ms, respectively. The distance that a fast particle travels in
ary collisions of these room-temperature ions and groundhe trap, averaged over all spatial directions, is indicated by
state atoms can result in trapped metastable neon atoms Hé;~(7D/2) with D the diameter of the sample. To obtain
ing accelerated to thermal velocities, i.e., a finite probabiltyinsight we can insert typical valueQs=10°a3 and 5
for the extra loss of trapped atoms. Grazing collisions canx 104a§ for atom—metastable-atom and ion—metastable-
result in heating of the sample of trapped atoms. Both effectatom collisiong(Sec. Vj, respectively. For the two final state
are discussed in Sec. IV. geometries of the sample in the magnetic trap, we then find

Nloss:Ni(1+ €),

€= {1} \se=N{1)Qgec, (6)
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hot product with k= uv/# the wave number and the relative velocity
of the collision partners. For an inverse power-law potential
Vo V(R)=C,/R® (with s=4 for the charge-induced dipole in-

teraction of ion-atom scattering=6 for the induced dipole-
dipole nature of atom-atom scatter)ngimple analytical for-
mulas are available.

For anglesf< 6, ... We observe aliffraction peak, which
can be approximated 01,32
FIG. 5. Newton diagram of the secondary collision of a hot

product, atom or ion, with velocity with a cold trapped atom, 0sed 0)] 05ed 0)=1— a1(5)( 0/ 0 sed?, 9
showing the corresponding velocity transfed/2 for reduced mass . . . .
p=mi2. with a;(s) a numerical constant given in Table II. For angles

0> 0y secWe find the classical resui29-31]

Nsec= 70 um, €<0.14 andAg.=360 um, €<0.008, re- Teed 0) Tsed 0) = an(S)( 6/ 6, Se[)—Z(s-%—l)/s, (10)

spectively. The additional loss fraction is thus fully deter- '

mined by the secondary ion-atom collisions. Clearly, how-which corresponds toefraction, in analogy to geometrical

ever, the extra loss fractioais only a minor effect and can optics when scattering light on an inhogeneous medium. The

be neglected in first order. constaniw,(s) is given in Table Il. Successful semiempirical
But we also have to consider small angle scattering of théormulas connecting the two regions are given by several

hot products with the cold trapped atoms, with a transfer otuthors[29,31]. The absolute value of the differential cross

kinetic energy that idessthan the trap deptlf, which is  sectiono¢.{0) in the forward direction and the total elastic

generally on the order of 10 to 30 mK. However, these smaltross sectio..are given by[33,34

angle collisions will result in trapped atoms with an energy

much larger than the trap temperatur which is in the 05ed 0)=k?Q2. /{1672 co[ 7/ (s—1)]},
millikelvin to microkelvin range. All of this energy will fi-
nally be dissipated in the population of trapped atoms, result- Qsec= @3(S)(Cs/hv) @D, (1)

ing in an effective heating rate. For a collision of a hot par- . S _

ticle (atom, ion, or dimer ionwith velocity v and kinetic ~ With a3(s) given in Table II. To obtain insight in the fraction

energyE=mv2/2 on a stationary target atom, the velocity ©f the total cross section in the forward diffraction peak for

transfer to the cold atom is given byv=va(u/m), with ~ 0=0osec@nd the refraction dominated range f@# 6o,sec

u=m/2 and u=2m/3 for the hot atoms, atomic ions, and W€ can calculate the integral of these approximations of the

dimer ions, respectivelyFig. 5). differential cross section in these intervals. We find that 15 to
The finite deptr€ of the trap results in an upper bound for 25 % 0f the cross section is in the diffraction pealkepend-

the energy transfer that will still result in heating but not in g on the value o), with the remainder in the refraction

the loss of an atom, as determined hy(Av)?<¢&. This in ~ dominated region.

turn limits the range of scattering angles that we have to take 1YPical values of the cross sections are given in Table Il
into account for both Ne¢'S;) + Ne* and Ne + Ne* secondary collisions

at an energ\Ep, =125 K, as relevant for the Pl process. For
O<(m/ ) (EIE) 2= 0,0y (7)  the Al process typical values of the cross sections are given

for Ne, +Ne* secondary collisions at an enerfiy, =2 K,
For collisions with thermal neon atoms at an eneip;  as determined by the recoil of the electron.
=125 K in the laboratory system and a trap depth of 50 The lower limit on the energy where this semiclassical
Gauss(corresponding t&€=10 mK), the maximum scatter- description starts to fail is determined by the condition that
ing angle is #,,,,=18 mrad. This determines the angular sufficient partial waves contribute to the scattering cross sec-
range where we need a correct description of the differentidions. For the neon systemwaves start to contribute at 10
cross sectionrg{ ). In the Sec. IVA we will investigate mK [6]. This implies that the lower limit for our model for
semiclassical scattering theory, that provides an excellerfieat transfer is still valid at 2K, the energy release in asso-
analytical framework for describing small-angle scattering inciative ionization. We can now identify which models we
thermal collisiond27-30. In Secs. IVB and IV C we apply have to apply to calculate the heating rates for the case of
these results to obtain an accurate description of the heatimfom—metastable-atom scattering an{dimen ion-—
rates for atom—metastable-atom ddimern ion—metastable- metastable-atom scattering, by comparing the maximum
atom secondary collisions. scattering angle to the scaling angle.

A. Small-angle differential cross section 1. Atom-metastable-atom scattering:=s6

In semiclassical theorf27—31], the small-angle differen- For thermal collisions of neon atoms in the ground state
tial cross sectionre.{ #) scales with the characteristic dif- With trapped metastable atoms the collision process is domi-
fraction angle nated by the induced dipole-dipole interaction, characterized

by the long rangeCq/R® potential. In this case, the maxi-
00 se= (4/K*Qged M2, (8)  mum scattering anglé,,,, is always muctsmallerthan the
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TABLE Il. Parameters for secondary collisions of hot, final state products of residual ionizi@g2Ne
+Ne|2,2) collisions with cold trapped atoms, assuming a kinetic ené&gy-125 K andE, =2 K for the
hot product from the Pl and the Al process, respectively. The resulting heatinﬁys@ttf the total popula-
tion of trapped atoms is given for both the high-density—low-aspect-ratio and low-density—high-aspect-ratio
case of the final state. The depth of the magnetic trap is fixet=td0 mK.

Ne(*S,) + Ne* Ne' +Ne* Ne; + Ne*

Pl, Ep=125K Pl, Ep=125 K Al, E5=2K
s 6 4 4
ay(s) 0.9975
ay(s) 0.2846 0.1920 0.1920
as(s) 8.083 11.37 11.37
C, (a.u.)? 52.7 103.9 103.9
w (a.u.) 10 10 13.33
v (m/s) 322 322 57
k (agh) 2.7 2.7 0.63
Qsec (a3) 1.35x1C° 9.03x 10 2.88xX 10°
0sed0)(a3) 1.28x10° 1.50x 10° 8.36x 10°
0o sec(mrad) 36 4.4 10.5
Omaxd 00 sec 0.50 4.1 7.3
AQsec/ Qsec 0.095
AE(6p)(MK) 0.60 0.2
Teec (uK/s) P 0.60X 7p 104X np 249X 7
Teec (uK/s) © 0.007X 7p 1.25X p, 3.0X mp

8Reference$36] and[35].
PHigh density case witAc=1.7 uK (Table |).
‘Low density case witifc=0.6 uK (Table ).

characteristic anglé, . (Table 1l and Fig. 6. This state- important for calculating the heating rate for atom-—
ment holds for a wide range of collision energies, due to thénetastable-atom collisions.

scaling 1aw6q,/ g sec~ E~ V2~ DI=E~ Y0 that can easily

be derived using Eq¢8) and(11). Therefore thaliffraction 2. lon—metastable-atom scattering:=s4

regionin the differential cross sectidieq. (9)] will be most For thermal collisions of neon ions and dimer ions with

the trapped metastable atoms the interaction is determined by
atom - the charge-induced dipole interaction, characterized by a
metastable long rangeC,/R* potential that extends to larger internu-
10° L atom N clear seperation®. In this case, the total cross section is
3 much larger than for the thermal collisons with the ground-
A state atoms, resulting in a much smaller value of the charac-
10" L metastable teristic_ anglefy s In this case, the maximum s_cattering
2 angle is always muctarger than the characteristic angle.
The refractive regionof the differential cross sectiofEq.

(10)] will give the largest contribution to the heating rate.

0(@)gec / 6(0)sec

B. Heating by atom-metastable-atom collisions

N

H Omax

10° 011 012 S 1’ é S Using Egs.(8), (9), and (11) we can now calculate the
0/0 heat transfer rates for atom—metastable-atom collision pro-

0,56¢ cesses by inserting=6. The effective total cross section
FIG. 6. Small-angle differential cross sectione 6)/o.f0) A Qsecfor the transfer of heat can be approximated by

for the case of a&¢/R® potential for atom—metastable-atom ther-

mal collisions. Full line: qguantum-mechanical calculations; dashed AQSEC%(W&%aX)USEC(O)’ (12)

line: classical mechanics. The results are also indicative for scatter-

ing on aC,/R* potential for ion—metastable-atom collisions. Typi- Using a constant value for the forward differential cross sec-

cal values for the maximum scattering andlg,, are indicated for ~ tion. The rate of increase of the total enelgyi.e., kinetic

the case of atom—metastable-atom and ion—metastable-atom seé@Rergy plus potential energy, of the trapped atoms is then

ondary collisions, respectively. given by
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U= (n<|)AQseJ(AE)Ni , (13) The heating rate of the trapped atoms in a harmonic potential
then is equal to

with (n{1)AQse9 the probality “densityX length X cross

section” for a grazing collision anil; the production rate of
hot atoms or ions, i.e., the ionization rate. The average . " va
amount of transferred kinetic energy, given hE=£/2, is T=0.25n(1)Qsed[E**AE(o sed V¥3ks]/7i . (18)
calculated by integratingm(Av)? over the angular range
between 0 and,,,,. We assumeN trapped atoms in a har-
monic potential with six degrees of freedom, with a tota

energyU=N(3kgT). The heating ratd of the trapped at-
oms is then given by

U=(3kgT)N=n(DA(QE)N;,

Compared to the expression for the heating rate for atom—
|metastable-atom collisions in E@L4), the major difference
is the occurrence of the full value of the total crdds..in
the collision probability “densityx length X cross section”

in Eq. (18) as compared to the much smaller fractional cross

sectionA Qecin Eq. (14). This results in a scaling~ £%* of
the ion—metastable-atom heating rate with the trap dépth

. L o lowering the trap depth thus results in a much slower de-
Equatlon.(13) was_5|mpllf|ed by the .SupSt'tUt'orNi/N crease of the heating rate than is the case for atom-—
=1/7;, with 7; the time constant for ionization. metastable-atom collisions.

Insight is obtained when we investigate the scaling of Eq.  1he implications for the heating rate by dimer ion—

(12) with the parameters related to the trapped species andeiastable-atom collisions are even more severe. Due to the
the inelastic collisions leading to the trap loss, resulting in very small collison energies of the dimer iofiesulting from

the recoil kick of the electron in the Al procgsand the
scalingQ..c~ E 4 we expect a large cross section and thus
a large heating rate for these collisions. However, a small
value of the branching ratig,, to the process of Associative
lonization will most likely limit the effect on the heating
rate.

T=(n{1YAQge (E/6Kg)/ 7 . (14)

AQgec~ E(nCPE25). (15)

The dependency on bot, andE can be easily understood.
With decreasing enerdy, the mean free path for small angle
scattering decreases. This is due to the incre@sg;
~ C2PE~15 of the total cross section for secondary collisions
and the corresponding increasg,{0)~ Q2. of the differ-
ential cross section. Inelastic collisions witrsmall release
of energy thus result in Erger dissipation of energy in the ~ Finally, we also have to consider the heating effect by the
sample of trapped atoms, a rather counterintuitive result. recoil kick of the UV photon emitted in the radiative decay
A last remark concerns the dependency of the heating ratef the metastable atom. This kick corresponds to an energy

on the trap depth, as given By~£2. A smaller value of€ A.Eu\, in the 50uK to 1'mK range. At thege collision ener-
results in both a smaller average value of the transfered erdi€S Onlys waves contribute to the scattering process, with a
ergy[Eq. (14)] as well as a smaller range of forward scatter-CT0SS Section fully determined by the scattering length. How-

ing that contributeEqs. (7) and (12)]. Choosing for an ever, in this case !t concerns the scatt_ering leragh for
experimental setup with a small value &fis thus advanta- collisions of atoms in the.ground ;tate Wlt_h the trapped meta-
geous for lowering the heating rate. stable atoms. The effective heating rate is then given by

D. Heating by UV-photon recail

U=(n{1)Qr—0)(Eu)Nyy,
C. Heating by (dimer) ion—metastable-atom collisions (N{1)Qr=0) (Eu)Nu

For the calculation of the heating rate ftdimer ion— T=(n{1YQ7—0) (Eu/3kg)/ 7oy=(Eyu/3kg)/ 7y, (19
metastable-atom collisions we use E@, (10), and(11) for
s=4. The effective produch (QE) of the partial cross sec- with Q;_,=8waj, the s-wave scattering cross section. To

tion and the energy transfer is given by the integral obtain the second equation we have substitubég/N
=1/7,,. Again we have assumed a harmonic trap with six

0max
A(QE)=I Osed O)AE(0)27m0d0=[4a,(S)/3] degrees of freedom. Compared to the results for atom—
0 metastable-atom and ion—metastable-atom scattering, the fi-
><(7_”9(2) e 0)AE(0pc00 (Orman! 00,500 nite depth of the trap plays no role becalsg<¢&. The
se , , )

heating rate only depends on the finite radial dimengion
(16) of the trap. The upper limit corresponds to the case of an
infinite scattering lengtta, ,—, when the total recoil en-
with AE(6)=(m/2)(véu/m)? the energy transfer corre- ergy is dissipated in the éample.
sponding to a scattering angke By using the accidental
relationship @regysegose&O)zQsec for a potential withs
=4 and the substitutiontnay/ 0o sec=[E/AE(0p sed 1Y% We
obtain In Table Il we have listed the collision parameters that
serve as input for the calculation of the heating rate for neon.
A(QE)=0.25Q¢c AE( g e /4% (17 The C, [35] and C4 [36] values originate from theory, but

V. HEATING RATES FOR NEON
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TABLE IlI. Heating lifetime 7,.,7= T/ T<ec Of the total population of trapped atoms by secondary colli-
sions of hot, final-state products of residual ionizing collisions with cold trapped atoms at the onset of
condensation at temperatufe . In these calculations we have assumed continuous evaporative cooling with
a cutoff at an energy=6kgT. The results are given for neon and helium, using the input data of Tables
Il and V. Both the high-density—low-aspect ratio and the low-density—high-aspect ratio of the condensate
state are investigated.

Ne He
High density Low density High density Low density
R(S,) +R* 2.7X10° 6.6X 10°%/ 7p, 1.8X 10"/ 7, 3.8X10° 7p
R*+R* 2.9/p 183/p, 4.9/p, 313/p
R; + R* 12/77A| 77/77A| 25/77A| 159/77A|

are expected to be clogeithin 10%) to reality considering 1.4 uK/s compares favorable to the vallig=0.6 uK, re-

the current status of this type of calculations. For the energgulting in a heating lifetime of approximately 0.5 s. This
of the ion and atom released in the process of Penning ionsalue has to be compared to the lifetime=5 s for ioniza-
ization we have usefp; =125 K, as discussed in Sec. lll. tion.

The scaling lawT~E 26~ can always be applied to ob- __Finally, we have also investigated the heating rate at the

tain the heating rate at other values of the energy release. FEC transition temperature, where we assume that the pro-
the process of associative ionization we haved used the recdifSS Of evaporative cooling is left switched on with a cutoff
energy of the electron as the collision enet§gc. Il). The fﬁ. 6kBT[C];f Th||s resuﬁsgnl_an'tefzthactlve ttrtap_ depﬂnqualtto
C, value for the Ng¢ +Ne* system has been fixed at the is cutoff value, which limits the scaitering ang#g,ay to
value for the Né +Ne* system. The depth of the trap has values much smaller thamye. with a correspondingly

. o . .~ smaller heating rate for the ion—metastable-atom collisions.
been fixed ta€=10 mK, resulting in a maximum scattering

. In Table Il we show the heating lifetim [Eq. (21)] for
angle Oma=18 mrad for atom-metastable-atom and i0n—q fina) state at the transition tgempera?f}% T?/pical life-
metastable-atom scattering amg,,=76 mrad for the low  imes 7, . are then always much larger than the lifetime for
energy dimer ion—metastable-atom collisions. ionization, both for the high-density and the low-density

To compare the contributions from the Pl and the Al pro-case. Keeping the process of evaporative cooling switched
cess we assume a branching rajiq=0.1. We observe that on in the final state at the transition temperature is thus very
ion—metastable-atom collisions, resulting from the long-effective: the heating rate is lowered by two orders of mag-
range ion-induced dipole interaction, are the dominant connitude while we also profit from the ongoing cooling effect.
tribution to the heating rate. Due to the small branching ratio;The latter has not been taken into account in this calculation.
the even larger heat transfper collisionfor the dimer ion The decay of the metastable state with a lifetimg
results in a smaller contribution to the heating rate. =24 s results in the emission of a UV photon with a wave-

For the scaling of the heating rate with respect to thdength of 70 nm, with an associated recoil kick of the atom
number density and the geometry of the sample of trappeéiqual to 25 cm/s corresponding to an enekgy=60 uK.
atoms we find No information at all is available on the actual value of the

scattering lengtha, , for cold atom—metastable-atom colli-
T~n2(l>, (20 sions, which is required for evaluating E.9). If we as-
sume a scattering length, ,= 1008y, we find a mean free
which is obtained by substituting=1/(X*n) in Eq.(18).  path (1Q;_,) ‘=14 and 71um for the high-density—low-
To decrease the heating rate without affecting the conditionaspect-ratio and the low-density—high-aspect-ratio cases, re-
where BEC occurs, we have to choose for a tighter confinespectively. The resulting heating rates are given in Table IV.
ment in the radial direction. By lowering the number densityFor this large value, ,= 1008, of the scattering length, the
n we also lower the value of the transition temperatlirge  heating rate is always less than the heating rate for ion—
according to Eq(1). The heating lifetimer,¢,at the transi- metastable-atom collisions. This even holds for the case of

tion temperaturd  then scales as an infinite scattering lengthy ,.
) We conclude that the low-density—high-aspect-ratio final
Thea= T/ T~n"%3, (21)  state is the best choice for achieving BEC. Keeping the pro-

_ ) .. cess of evaporative cooling switched onTat extends the
‘I’B"E'éh helps us to choose favorable geometries for obtainingeating lifetime to values larger than the ionization lifetime

The heating rates have been calculated for both final stat?af >S

trap geometries. For the value @fy we use the radial size VI. TRAPPING AND COOLING FEATURES
given in Table I. For the high-density—low-aspect-ratio case
the total heating rate of 118K/s is fatal for achieving BEC

at the transition temperaturé-=1.7 uK. For the low- For loading the trap, an atomic beam of cold atoms is the
density—high-aspect-ratio case the total heating rate odnly choice[37—42. In Eindhoven, a bright beam line is

A. Bright atomic beam
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TABLE IV. Heating rateT of the trapped population for the high-density—low-aspect-ratio and low-
density—high-aspect-ratio configurations of the final state, respectively, by the recoil of the UV photon
emitted during the radiative decay of the metastable atom. Data are given both for neon and helium, as a
function of the scattering length, , for atom—metastable-atom cold collisions.

Ne He
High density Low density High density Low density
ap ,=50a, T (uK/s) 0.14 0.009 0.007 0.0005
ap =100, T (uK/s) 0.57 0.035 0.029 0.002
g ® T (uKi/s) 0.83 0.83 0.041 0.041

available for this purpose, routinely delivering a total flux of factor g;=1.5, leading to a dipole moment ofy3 with a

5X 10'° metastable neon atoms per second in 1Rg state  potential energy of 0.202 mK per Gauss. For a three-

[39]. The beam characteristics are an axial velocity of 10Qimensional harmonic trap the BEC condition of E). can

m/s in a 1 mmdiameter beam with a divergence of 3 mrad, be written ag43]

designed for applications in intrabeam scattering experi-

ments. By combining a beam stop in the upstream part with kBTC=O.9%5N1’3, (22)

a beam-limiting collimator in the downstream end beyond

the beam compressor, the atomic beam only consists of cold, — T )

20Ne(®P,) metastable atoms. All undesired beam compoWith @=(w;w,)™" the geometric mean value of the frequen-

nents are removed, such as thermal energy neon atoms in thi€s of the confining potential. For the high-density—low-

ground state, thermal N&,) and ??Ne(®P,) metastable at- aspect-ratio and the low-density—high-aspect-ratio cases we

oms, and UV photons from the discharge-excited atomidind =382 (27) Hz and 224 (2r) Hz, respectively. To

beam source. _ _ _ _ _ satisfy our demands on the tight radial confinement, with a
A variety of laser cooling techniques is used in this beamypical radial dimension of 10 and @m, we find radial

line. The atoms leaving a LMNcooled discharge-excited frequencies equal to w,=500 (27) Hz and o,

beam source are captured in a collimator with a 100 mrad- 1000 (27) Hz for the high- and the low-density cases, re-

acceptance; after an extra transverse Doppler-cooling staggnectively. The corresponding axial frequencies and aspect
the atoms enter a midfield-zero Zeeman slower. Then, & inc A then are w.—222 (27) Hz, A=22, and
z ' bt} z

magneto-optical compressor tightens the beam to its desired 12 (27) Hz, A=83
diameter, with a sub-Doppler transverse cooling stage to e

mold it into the desired beam divergence. A single cw dye Both a loffe-Pritchard ftra;ﬁ44_] ora c!over—legf trajj19]
laser is used for operating the beam line, using AOM's tocan be used for a trap with a tight radial confinement and a

shift the laser frequency for the different stages of laser cooll2r9€ aspect ratio, the latter choice being required to obtain a
ing. sufficiently large populatiorN of trapped atoms. Using a

clover-leaf coil configuration, a radial frequencw,
B. MOT =1000 (27) Hz can be achieved with a radial gradieBjt
) . =150 G/cm and a bias fielH,=0.5 G. The former gradient
To be trapped in a magneto-optical trtdOT), the beam 3 pe readily achieved in a clover-leaf coil configuration
of cold atoms has to be decelerated from its original velocCityith a 100 mm distance between the two planes where the

of 100 m/s to a velocity less than 15 m/s. The stopping..: ; . :
distance is on the order of 10 mm, leaving a variety of methg—cOIIS are located, leaving sufficient space for a trapping

: S X chamber and diagnostics.

ods to achieve this. First, the MOT laser beams, crossing thé . . _

atomic beam at a 45 ° angle and red detuned by a few?ine— T(.) match '_[he size of the mag_net|c trgp to the_ MOT, it is

widths, are nearly sufficient to slow the atoms to the trappin equired to w|den up th? trap by Increasing the b_|as Tl .

velocity. Also, an extra laser beam can be employed, with hus decreasing the radial frequency and increasing the radial
. , , . . o 4

free choice of angle and detuning. For the MOT, we opt fordimensions to a few mm. We assume that”gtoms in the

a low density and a large diameter, to avoid large trap lossel€-2 state are loaded in the trap. Next, we apply an adiabatic

due to ionization of the unpolarized population. Typically, COMPression by a decrease of the bias field, with a decrease

we can loadN= 10 atoms in the MOT with a loading time volume and a corresponding increase in temperature. At

of 1 s. As a radius we choose=5 mm, resulting in an the onset of evaporative cooling, we assume a temperature

- L _ . _ l 73 .
equilibrium density of 1.8 10° cm~3 with a corresponding 1~ 2 MK and a density oh=5x 10" cm° with an asso-
decay time for ionization equal tg=0.7 s. For the tempera- ciated trap lifetime for residual ionization af=200 s.

ture in the MOT we expect a value of the order of
~100 uK. D. Evaporative cooling

In this section we use the recent review paper by Ketterle
and Van Druterj21] as a starting point. The essential param-

Finally, the population has to be transferred from theeter of evaporative cooling is the rati® of “good colli-
MOT to a magnetic trap. The N&p,) state has a Larde sions” to “bad collisions.” The larger this number is, the

C. Magnetic trap
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easier it is to get into the regime of runaway evaporativewith five times fewer atoms. For the case of metastable neon
cooling with an increasing elastic collision rate. As yet, nowe find an elastic collision rate of 1135 for the initial
accurate information at all is available on the potentials forstate; for the final state we find 665 and 78" or the high-
binary collisions of metastable neon atoms. The scatterinensity and the low-density case, respectively, when assum-
length a,,, which determines the cross sectioQe  ing a scattering length equal & ,=50a,. Cooling times of
=8maj, and the rate constarte=(v)Qq for elastic scat- 5 few seconds can be achieved in this case, especially if we
tering at these low energies, are thus unknown. keep in mind that we have assumed a loss in population by a
For the alkali gases, collisions with the background gagactor 16 throughout this paper. This opens the possibility
are the dominant factor for the loss of atoms from a magnetigt app|ying rather low values of the cutoff, resulting in cool-
trap. For the metastable rare gases the situation is different,q times that are always much less than the ionization time.
At a background pressure of 10Torr, the trapping time ;¢ always holds for the initial state with=200 s; only a
due to these collisions '5_2” the EJrlder 20 S, using a typic mall fraction of the cooling time is most likely spent close
rate constankgse=1.6X 1.0. . cm’ s~ for collisons with the to the final state densities with=1 and 5 s, respectively.
background gas. In the initial state of the trapped metastable Because ionization is a two-body collision process, the

neon atoms, W|thri_=200 s, the (?0”'5'.0”5 W'th th_e ba.‘Ck' . loss of metastable atoms will preferentially occur on the
_grour_1d gas determ|r_1e the trapping time. _Th's situation 18,5is of the magnetic trap where the density is high. These
|dte_nt|ca][ Elf) g;e Iali(ha“ Igfa?es. Ffo ' t_he.tvv? flngl s:a}te gteom'atoms have a lower than average potential energy: their loss
etnes of Table 1, he lifetimeér; Tor 1onization 1S at 1east a - iy tqys result in an effective heating of the remaining popu-
faC‘_OT four smaller than the trapping time for b""Ckgroundlation of trapped atoms. If we assume an average potential
collisions. energy ofkgT/2 of these centerline atoms, the effective en-

ol I e e esia) ioniang sollsons of 1 roy ansie i equl o th remining facla ofpoen-
X L X ial energy. Wi n directl riv heating r I
tion to the “bad collisions.” This is identical to the case of H Jal energy. We ca directly derive a heating rate equal to

atoms, where spin-changing binary collisions are the majofl — (2T/3)/7. For the final state geometries investigated,
loss proces$20]. The elastic collision ratek,, as well as  this results for neon imf=1.1 uK/s andT=0.08 uK/s for

the rate of suppressed ionizatioiC P then have the same the high density and low density case, respectively. These
dependency on the densityin the trap: the rati®R of “good  rates are independent of the depth of the trap. Keeping the

collisons* to “bad collisions* is independent of density and €vaporative cooling switched on after having reached BEC is
scales ag'/2 the solution for this problem.

For the case of metastable neon, the evaporative cooling

thus evolves from an “alkalilike” initial state to a “hydro-

genlike” final state. For the initial and final state the rao E. Mimimizing the trap depth

is given by Looking at the scaling of the heating rates with the trap
. depth, we conclude that it is important to choose for the
R=NKe/Ngadlqas, Initial state, lowest value off that can be experimentally obtained for
metastable atoms escaping in all directions. A simple method
R= Ko/ KP*=(v)87a3 J (K P) max= Rimin, final state, is to add an open-ended glass tube with radjysplaced on

(23) axis with thez axis of the magnetic trap. The inner wall of

. ) the tube now acts as a “wall of death” for atoms with an
W'th0|<V> the average velocity of the trapped atoms andenergy larger than the magnetic eneygi.r,,: metastable
(KP*)max given in Eq.(4). Numerical values foRmi, are  atoms are de-excited by a surface collision. For neon atoms
given in Table I. We have to compare these minimum valuesyith a magnetic energy of 0.202 mK/G, a trap depth of 10
to the requiremerR=120 and 450 for run-away cooling ina mk corresponds to a maximum magnetic fidBd=50 G.
linear trap (initial state atT=2 mK) and a harmonic trap \yith a gradient of 100 G/cm this translates rtpg=5 mm.
(final state, respectively. For the initial state, it is very easy care has to be taken, however, that the MOT laser beams are
to achieve conditions of runaway cooling. Depending on the,ot disturbed in such a way that insufficient atoms can be

actual value of the scattering length ,, the cooling can |paded. The actual design is clearly a tradeoff between these
slow down when getting closer to the final state. In the cas@yg demands.

of scattering lengtha, ,=50a, the conditions of runaway
(1:oolli<ng are fulfilled in the whole cooling range from 2 mK to VIl. REAL-TIME DIAGNOSTICS

uK.

To estimate the time required for the phase of evaporative A spin-polarized sample of metastable atoms trapped in a
cooling, we use the results of Van Druten and Ketterle. Fomagnetic trap can be monitored by observing the loss pro-
the case of a harmonic potential and a cutoff at an energgesses. First, the finite lifetime of the metastable statg (
equal to &, T, we find an increase of phase space density by=24 s for neoh results in a flux of UV photons by the
a factor 10 in 600 elastic collision times with a loss in total radiative decay to the ground state. The trapped population
population by a factor 100. Lowering the cutoff to, e.g., aN(t) decays exponentially according to N(t)
value of XgT gives the same increase in phase-space den=N(0)exp(-t/r,), which can be easily monitored using a
sity in half the number of collisions, at the price of ending upchanneltron. The count rat®,, for UV-photons is equal to
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Suwv= 7 QuN)/ 7y, (24) The measured values forand N can be combined with

the field geometry of the magnetic trap to reveal the tempera-

with »,, the quantum efficiency of the detector afig, the  tureT of the trapped atoms. At high temperatures, as encoun-

solid angle acceptance. Assuming,=1 and (), tered in the initial stage at the onset of evaporative cooling,

=102 sr, the count rate ranges fro8y,=2.8x10° s™* in  the trap is linear in the radial direction and harmonic in the

the initial state of the trapped sample to the order of 18 s axial direction. At low temperatures the trap is harmonic in

in the final statgTable ). These count rates are quite suffi- all three dimensions. This results in

cient to track the evolution of the population during the

phase of evaporative cooling. (2kgT/M)¥2 [ keT |2 .
The residual ionization of the trapped atoms results in N/n~V~ o 3B ~T7% highT,
ions leaving the sample at a ree of z MB5r
dN n2 3 2k=T/m 1/2
S=—m=(KP°')7V=(ICF°')nN/2, (25) N/n~V~jﬂl%~T3m, lowT, (27
= i

with V=N/n the effective volume of the trapped sample. \yhere we have set the temperature equal to the trapping po-
This results in an ion count rai§=5x10" in the initial  tengial to calculate the characteristic size of the sample. We
state; in the final state we fir§{=10° and 4<10° s™* for  conclude that the density, temperature, and total population
the high density and the low density case, respectively, a%f a sample of metastable atoms trapped in a magnetic trap
suming a quantum efficiency of unity for the detector usedcan be monitored in real time using two channeltrons for
These count rates allow us to measure the evolution of thgetecting the ions and the UV photons, respectively.

density of the sample on a time scale of microseconds to
milliseconds, an interesting prospect.

Finally, we can also measure the density of the trapped
|2,2) atoms by an external probe. A short laser pulse, at a Currently, the group of Hogervorst in Amsterdam is ac-
frequency tuned to a transiton to a short-lived tively pursuing BEC in metastable heliufii2,13. At first
Ne(3p,|J=1m;=1)) state, will result in a small fraction of glance, the triplet metastable H¢1s)(2s) 3S, atom with
atoms in the ionizing Ne(§3P,) metastable state. The extra its long lifetime of 9000 §45] and an isotropic electrostatic

VIlIl. COMPARISON TO METASTABLE HELIUM

yield S, of ions due to this ionizing fraction is given by interaction, seems to be the best candidate for achieving
BEC. The first theoretical results for the calculated small rate
_ de_ _ constant for residual ionization, driven by magnetic dipole-
Si= =i ynNy=N, /7y, (26) ) ; . o .
dt : dipole interactions, indicate a suppression of.8owever,

the large recoll related to its light mass results in drawbacks
with N, the total number of atoms in stafe). The decay in laser cooling and trapping of large fluxes of atoms. This
time 7,=(nK; ;) ~* of the extra contribution to the ion count implies lower trap densities, smaller values of the transition
rate is a direct measure for the absolute densitgf the temperature T and correspondingly longer evaporative
trapped|2,2) state. The calculated value fd; , is the scal-  cooling times. This longer time scale results in a stronger
ing factor relating the time scale to the density scale. For thénfluence of trap losses and associated heating by collisons
initial state we find7,=25 ms; for the final state,,=125  with the background gas.
and 625us for the high and the low density case, respec- However, for our comparison of helium with neon, we
tively. When ionizing a fractionN,=10"°N of the total assumequalloading rates andqualdensities. This avoids a
population per probe pulse, the peak count r@&gsor the  |ong discussion on experimental advantages and disadvan-
initial and final state are always larger than the steady-stateages of both systems. At the final density, the lifetime of the
ion signalS; (Table ). In all cases we find,/S=8, which  trapped helium atoms is equal to the neon results, due to the
is a sufficient signal-to-background ratio for an accuratecomparable values of the rate constant for residual ioniza-
measurement of the decay time. tion. At equal density, the transition temperature scales as

Using Eqs.(24), (25), and(26) we have three linear equa- To~m™?%, resulting inTc=8.6 uK and 2.9uK for the high

tions with two parameters, i.e., the densityand the popu- density and low density case, respectively.
lation N of the trapped2,2) atoms. The ionization rate con- In Table V we have listed the parameters used to calculate
stant K, can be determined reliably from intra-beam the heating rate for the trapped metastable helium atoms in
collision experiments with cold atoms, with an estimated acthe final state. Because the well depth of the initial state is on
curacy of 20 to 30 %. At the initial state conditions, with the order of 1000 K, deeper than is the case for neon, we
fairly high count rates for all three diagnostics, we can therhave usedsp, =500 K for the product energy in the Pl pro-
determine the rate constakitP® for the residual ionization. cess. For the Al process we have used 17 K as deter-
When this calibration has been done, we can limit ourselvesmined by the electron recoil. For helium the branching ratio
to the two non-invasive measurements $f, and S;; the  for ionizing collisions has been determined experimentally
probe pulse method is only necessary for small sample sizeby Mller et al. and Mastwijk, resulting iny,=0.07 atE
where the UV count rate gets too low for accurate datdlon =17 K [9] and 54, =0.030 at 0.1uK [41], respectively.
in a short time step. For the high density case the total heating rate then is
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TABLE V. Parameters for secondary collisions of hot, final state products of residual ionizjdgiHe
+He1,1) collisions with cold trapped atoms, assuming a released kinetic energy per partiélg, of
=500 K for the Pl ancE, =17 K for the Al process. The resulting heating ratg. of the total population
of trapped atoms is given for a depfls 10 mK of the magnetic trap. Both the high-density—low-aspect-ratio
and the low-density—high-aspect-ratio cases of the final state are investigated.

He(*Sy) + He* He' +He* He; +He*

Pl, Ep=500 K Pl, Ep=500 K Al, Ep=17 K
S 6 4 4
ay(s) 0.9975
ay(s) 0.2846 0.1920 0.1920
as(s) 8.083 11.37 11.37
C, (a.u.)? 21.82 157.8 157.8
© (a.u.) 2 2 2.66
v (m/s) 1442 1442 373
k (agh) 2.41 2.41
Qeec (@) 5.20x 10 4.40x 10* 1.08x 10°
05ed0)(a3) 1.52x< 10 2.84x 10° 2.05x 108
0o,sec(mrad) 64 7.0 13
Omax! 00.sec 1.4x10°1 1.3 2.0
AQged/ Quec 7.4x1073
AE(6p) (MK) 6.1 25
Teec (uK/s)PC 0.027p, 91X 77p 179X n
Tsec(,uK/S)b’d 0.0002< 77p, 1.1X 7p 2.1X gy

aSee Ref[46].

bSee Table | for density, aspect ratio, and ionization decay time.
‘High density case witilc=8.6 uK.

dLow density case Wit c=2.9 uK

95 uK/s (assumingn, =0.05), which should be compared T=0.04 4K/s, which is a factor 20 smaller than for neon
to Tc=8.6 uK and7=1 s. Itis clear that this does not lead due to the much longer lifetime of the triplet metastable state
to BEC. For the low density case the conclusion is positivepf helium. With the same assumption for the &Y
the total heating rate is 1,2K/s at a transition temperature -+ He(|1,1)) scattering length as for nedSec. \j, the heat-
Tc=2.9 uK. When sufficiently high loading rates can be ing rates are given in Table IV for the two final state geom-
achieved to obtain an initial population of the trap of 10 etries. Compared to the heating rate for ion—metastable-atom
10'° atoms, reaching BEC seems feasible. Looking at theollisions, this contribution is negligible. Collisional heating
heating rates, we can also decide on choosing for a smallgs clearly the most important factor.
value of the transition temperature, e 5= 0.5 ©K, with a
factor 13 lower demand on the number density. With the
number of trapped atoms 10f the chance of success is
high. This would be an important milestone in the field of  \etastable neon is an ideal gas for efficient handling of
BEC related physics. beams and traps of cold atoms. It is the equivalent of Na in
Fina”y, we have also investigated the heating rates for th@hany respects_ The good Suppression of ionization of a Spin-
situation at the transition temperatufg when the evapora- polarized sample opens the road to BEC. Compared to the
tive cooling is not switched off. The trap depth is then lim- glkali's, the metastable atoms have the advantage of excel-
ited to £=6kgTc, reducing the heating rates considerably.|ent real-time diagnostics of the trapped dilute gas, due to the
In Table IIl the resulting values of the heating lifetimg..c UV photons and ions released by radiative decay and re-
=Tc/T are given. We observe the same trend as for neorsidual ionization, respectively. The associated side effect of
the lifetime for heatingrc, typically is a factor 4 to 10 heating of the trapped metastable atoms by collisions with
larger than the lifetime for ionization, both for the high den-hot (dimer ions resulting from residual ionization can be
sity and the low density case. controlled by a careful design of the trap. By choosing a trap
The UV photon emitted by the radiative decay of triplet geometry with a tight radial confinement and a depth in the
metastable helium has an energy of 19.6 eV, corresponding0 mK range, both the probablity for a secondary collision
to a wavelength of 56 nm. The recoil kick of the photon and the energy transferred in small angle scattering are lim-
results in an energy transfey,,=1.11 mK, i.e., a velocity of ited to acceptable values. Typical lifetimes of the trapped
2.2 m/s. The upper limit of the heating rate is then equal tssample are 1 s. Keeping the evaporative cooling switched on

IX. CONCLUDING REMARKS
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after BEC has been reached results in an extension of ththe magnetic trap, to obtain the same confinement with a
condensate lifetime to the ionization lifetime of five seconds.smaller magnetic moment=2ug.

The succes of evaporative cooling is determined by the Of the heavy rare gasesAthrough Xé, the suppression
magnitude of the scattering length , for metastable-atom— of ionization is less efficient due to their larger anisotropy of
metastable-atom collisions. As yet, no information is avail-the quadrupole-quadrupole interaction of the core fi6le
able on its actual value. For the upper limik§%),,,  Experiments with these species are limited to an investiga-
—10 % cnP s ! for the ionization rate constant used fion of cold collisions in magnetic traps, still yielding a rich
throughout this paper, a scattering lengty,=50a, is re- fielq of physics[1'6]. Experimen_ts as phptoassociative ion-
quired to remain in the regime of runaway cooling. The acJzation and Penning ionization in spin-aligned states can re-

tual lower limit for a, , is determined by the actual value of V€@ mtirlestlng deta;]ns on the “dimer” pOt?nt'als.”()f the H
the ionization rate constant for a polarized gas of metastabi1€tastable states. These experiments can also still open the
atoms. This is one of the first data that have to be measurefP°" 10 BEC for metastable argon. The currently available

in a magnetically trapped sample of atoms, using the diagbest value f_or the suppression _is a factof.]When nature
nostics described in this paper. TR&\e isotope, with its helps us, this can perhaps be improved by a factor 2 or 3,

10% natural abundance, serves as a rain check when ti@P€ning the road to low temperature traps and possibly BEC.

20Ne isotope fails to meet the requirements. Bright beams of
the ?°Ne isotope are readily produced, with a factor five loss
of intensity as the only difference. The first author H.C.W.B. gratefully acknowledges the
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