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Magnetic trapping of ytterbium and the alkaline-earth metals
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Atomic ytterbium(Yb), magnesiumMg), calcium(Ca), and strontium(Sr) possess a simple yet versatile
internal level structure and a diversity of naturally abundant fermionic and bosonic isotopes, making these
systems ideal for studies of cold collisions and weakly interacting quantum degenerate gases. Unlike alkali-
metal atoms, however, Yb, Mg, Ca, and Sr cannot be magnetically trapped in the ground state. We analyze a
solution to this problem involving magnetic trapping in a low-lying metastable excited state and predict that
significant magnetic trap populations can be obtained via contindousitu loading from Yb and Sr'S,

—1P, magneto-optical traps.
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Magnetic trapping of ground-state neutral atoffifhas  reportedS,—1P; Yb MOT (60 G/cm axial field gradient
enabled unique explorations into two-body interatomic inter{14,21]. In the figure, coil windings lie in the centers of the
actions[2] and collisions[3], radio-frequency and optical four black dots and equimagnitude field contours are labeled
spectroscopy4], trapped atom laser-inducgfl] and evapo- in Gauss. The spatial extent of a magnetic trap employing
rative cooling[6], and weakly interacting quantum degener-this field is set by the direction-dependent radius of the maxi-
ate gasef§7,8]. Atomic ytterbium(Yb) and the alkaline-earth mum closed contour centered about the magnetic field null.
atoms magnesiuniMg), calcium (Ca), and strontium(Sr)  We label the magnitude of this conto, where in Fig.
[hereafter collectively labeled singlet-tripléST) atomg 1(a), Byy=40 G. In Fig. 1b) we plot the3P, (m;=2) mag-
possess a diversity of naturally abundant fermionic andetic trap depth for each species as a functioBgf. The
bosonic isotopef9], spectrally narrow transitions that enable trap depth is scaled b¥g, the species specifi¢S,— 1P,
ultralow temperature, high spatial density laser coolit@—  Doppler-limited MOT temperature. The inset shows the trap
12], and a simple internal level structure ideally suited todepth normalized byT;, the species specifi¢S,—3P;
quantitative studies of cold collisio43]. As such, ST at-

oms offer unique opportunities for future studies of magneti- (-10° 5{,
cally trapped samples. Lacking the requisite ground-state 30(2 02 ‘S{f
magnetic substructure, however, ST atoms cannot be held ii () ol 00 2 / Ca
ground-state magnetic traps. . e By (Gauss)

In this paper we analyze the solution to this problem pro- 77 \\\\ =10p ® Mg
posed by Loftut al.[14] which relies on magnetically trap- g , @ 60 7@
ping ST atoms in the low-lying®P, (m;=2) weak-field 3 N =)l % 50 a0 60 80 100
seeking metastabl¢15-18 excited-state. We begin by £ o > Gozo304040< Byl (Gauss)
showing that for each ST atom a single magnetic field sup-2 /\/\\ o Sr
ports both a S,—!P; transition magneto—opticalﬁé;ap %l 15 EPW(EE b v
(MOT) and a pure magnetic trap capable of holdi ~ s
—1P, MOT-cooled a(tioms. Next, we discuss thrize situ 22\\\ ST //2 ] 6//////// ca
techniques for loadingP, (m;=2) magnetic traps with at- Radial Distance (cm ) £ sl(c = Mg
oms precooled intS,— P, or 1S,—23P; MOTs and provide ( © = —
numerical estimates, based on the relevant Zeeman substa % 1 2 3 4 5 6 7
dependent decay path$9], for the resulting magnetic trap 1 (mm)

loading rates. Finally, we discuss a zero-background tech-

nique for observing the magnetically trapped atoms. For sim- FIG. 1. (a) Contour plot of the anti-Helmholtz magnetic field

, " nete 1
plicity, our discussion is confined to magnetic trapping of the"'Sed for & previously reportetS,—'Py Yb MOT [14]. Coil wind

most abundant. even atomic mass number ST atom isotope'ggs lie in the centers of the four black dots and equimagnitude field

. contours are labeled in Gaugb) *P, (m;=2) magnetic trap depth

Note, however, th"’?t _the _procedures outlined her? are applgs a function oB,, the maximum2 effé]ctive trap fielp~40 G in

cable to the remaining isotopes, even those with nonzergig. 1a)]. The trap depth is scaled b, the species specific

nucl_ear spin. ) 15,— 1P, Doppler-limited MOT temperature(c) °P, (m;=2)
Figure Xa) shows a contour plafcalculated according to

X . - magnetic trap depth versus the trap sizewith a fixed axial field
analytic expressions given by Bergmanal. [20]) of the  gragient of 60 G/cnithe axial gradient in@)]. Here,r is measured

typical anti-Helmholtz magnetic field used for a previously rejative to the magnetic field null point. Insets @ and(c) show
the P, (m;=2) magnetic trap depth normalized By, the spe-
cies specific!S,— 3P, Doppler limited[22] temperatures for Yb
*Present address: JILA, National Institute of Standards and Techand Sr. Note that a field gradient 6f10 G/cm(~5 G/cm) is re-
nology and University of Colorado, Boulder, CO 80309. quired to suspend YESr) atoms against gravity.
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FIG. 2. Simplified energy-level diagrams showi@) type I, (b)
type Il, and(c), type Il transfer processes and a zero-background (b)
technique for observing atoms magnetically trapped in iRe 30| 88y (5565)S
s65) °S;

(m;=2) state. In(a), transitions and states labeled with dotted-
dashed lines apply only to Yb. Ib), Pump I(Pump Il and Pump
111) is used for incoherern(semicoherenttransfer. For all three, the
detection(probe transitions are denoted by dashelbtted lines.
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Doppler-limited[22] temperatures for Yb and Sr. Figuré&lL
depicts the*P, (m;=2) magnetic trap depth as a function of
the trap sizer, for a fixed axial magnetic field gradient of 60
G/cm. Hereyr is measured relative to the magnetic field null
point [note that in Fig. (@), r,,»~7 mm along the axial di-
rection]. For all four species the magnetic trap shown in Fig.
1(a) is deep enough to capture precooled ST atoms, ever
those that are only cooled foy. 5s9's,
Figure 2 presents three techniques for loading ST atoms '
Into a 31P2 (”1‘3:2) magneftlc trap. Type | transfgfig. 2a)] FIG. 3. Simplified energy-level diagrams f@) Yb and(b) Sr.
uses a'So— P, MOT to simultaneously precool the ST at- gjectric dipole and quadrupole and magnetic dipole and quadrupole
oms and, through radiative branching induced MOT loSSyransitions are represented by solid, dashed, dotted, and dotted-
[23], load the atoms into thdP, (m;=2) state. In contrast, dashed lines, respectively. States with a supersoriive odd par-
type Il (type Ill) transfer employs'Sy—'P; (*Sy—3P;)  ity, transition wavelengths are given in vacul®4,25, and
MOT precooling followed by population transfer to tRe, numbers in parentheses give transition probabilifies ™) [16-18,
(m;=2) state via optical pumping. As discussed below, all27-31. The inset in(a) shows an expanded view of the YiP,
three transfer schemes are applicable to Yb, Ca, and Sr3D,;—3P, 1, decay channel.
while, due to the details of the Mg internal level structure,
Mg requires the use of type Il or type Il transfer. Note that
in all cases approximately equal populations are loaded int
the 3P, (m;=2) and 3P, (m;=1) weak-field seeking
states. As demonstrated elsewh[é}_}; howeve_r, th_e resulting and Refs[13,16,17,24—3p while the latter are calculated
spin-mixed sample could be purified by ejectifg, (m; ; .
=1) atoms from the magnetic trap with a swept-frequency ”accordmg to the W|gner-Eckhar'F theordf8].
field. The remainder of our discussion, therefore, will focus . In type | and type II_tr_qnsfe[rFlgs. Z_a) and Zfb)’ respec:
on atoms loaded into the more tightly confind®@, (m, tively], the atoms are |n|t|_aIIy loaded _mtbso— P, MOTs. _
=2) state. In the following, we write the continuous or Type | transfer then consists of aIIowmsg the atoms to radia-
quasi-continuous type | and type Il transfer ratgs,, as tvely cascade from _thépl state to the’P, (m;=2) state
RM: f(NS/Ts): RSf wheref<1 is an eﬁ:ectivelpl_):ipz while they are held in théSO—lPl MOT. Note that in this
(my=2) or 35,—3P, (m,=2) cascade decay fractiohlg ~ CaS€7c< 74/1000 for all four ST atoms where, is the time
(7J) is the populatior(lifetime) of a !S,— P, MOT, andRg ~ required to slow atoms from the MOT capture velocity to
is a 1S;—'P; MOT loading rate. Type Ill loading, which Ts. Thus the atoms are generally cooledTtg before the
involves transferring population from 4S,— 3P, MOT to  radiative cascade from théP, state to the®P, (m;=2)
the 3P, (m;=2) state in a pulsed manner, is characterizedstate occurs. For Yb and Sr, this transfer scheme is relatively
by f'N; wheref’ <1 is a®P, (m;=2) transfer fraction and efficient(see Table)l since cascade radiative decay from the
N+ is the steady-state population of'&,—3P; MOT. Note P, state which terminates in th&P, , states( P, state is

H 2 3po
§(825%10) (5s3p) By

0

—_
(=1
T

Level Energy (103 cm'l)
O

460.9 nm ( 2.0x10%)

5,

thatf andf’ depend on spontaneous decay rates and Zeeman
Qpstate dependent weighting factors. For the former, we use
either measured or theoretically predicted val(se== Fig. 3
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TABLE |. Estimated3P, (m;=2) state transfer fractiof for [10,35. Moreover, the resulting magnetic trap spin mixture

the continuous and quasicontinuous type | and type Il transfer profayors atoms in théP, (m;=2) state over atoms in théP,
cesses. Thévalue given for type Il loading assumes a semicoher-(m;=1) state by a factor of 2.

ent, stepwise transfer to tH#, (m;=2) state; the incoherent type Lastly, in type Il transfer, the atoms are precooled in
Il transfer fractionf is smaller by roughly a factor of 3. 130_3P1 MOTs loaded with either also_lpl MOT
[10,17] or a Zeeman slowed atomic bedit2]. The MOT

Loading scheme Species f optical and magnetic fields are then turned off, polarized
Type | 174y without repumping: 0.01 pulses load atoms into th#P, (m;=2) state by exciting the
with repumping: 0.1 stepwise'S,—°3P; (m;=1)—3S; (m;=1) transition, and
40ca 0.2 the magnetic trap is turned on around the optically prepared
865, 02 atoms. For a givertS,—3P; MOT population,Nt, the re-
sulting magnetic trap population i§'Ny where here,f’

Type I 17%b 0.3 ~0.3. Although the most technically challenging of all three
Mg transfer techniques, this approach has the benefit of produc-
“Ca ing ultracold(~3 K in the case of Sf36]), large population
88y (~10" atoms[10—12) samples and is an attractive extension

of the intercombination line laser cooling currently being
pursued in Sf10,11] and Yb[12]. Note, however, that type
) Il transfer cannot be applied directly to Mg or Ca since in
the dominant Yb(Sn 'Sy—'P; MOT loss mechanism hese cases; 1~ Fg/10 whereF (F,) is the 1S,—3P; op-
[10,11,23 and intermediate states decay quickly to %  tical (gravitational force and thus'S,— 3P, MOTs cannot
state[see Figs. @) and 3b)]. Using theNs and 7 values  syspend Mg or Ca against gravity. For these two species,
reported for Sr in Ref.[11], for example, givesRy  however, magnetic trapping of ultracold samples could be
~10° atoms/s. Moreover, in Yb the transfer efficiency canachieved by substituting the quenched narrow-line laser
be increased approximately an order of magnitude by opticooling technique recently developed by Cusisal.[37] for
cally pumping population from théP, state to the®P,  the 15, —3p, MOT stage. Finally, we point out that due to
(m;=2) through excitation of theP,—°S; transition[see  the reduced sample temperatures achieved with type Il
Fig. 3(@]. As shown in Table I, type | transfer is similarly transfer, Majorana flops will likely be a significant source of
efficient for Ca. Note, however, that cold Ca atoms lost fromrap |oss if the quadrupole magnetic field geometry assumed
a 'Sy—'P; MOT via radiative decay spene10 ms in the here is employed. This problem, however, can easily be over-
intermediate 'D, state [Ca Einstein A('D,~°P,)  come by switching in either rotating bi488] or loffe [39]
=92.9s* [28]], a process that increases th@, (m;=2)  fields during the magnetic trapping stage.
cloud size{using the conservative force experienced'iny, For all three transfer schemes, zero-background detection
state atoms in the Fig.(d field, the atoms travel-1 mm  of the magnetically trapped atoms can be realized via optical
prior to 'D,~ %P, decay and results in additional heating excitation of the3P,—3S, transition followed by selective
[approximately a factor of 2 along the Fig(al trap axial  observation of radiative decay from thS, state to either
direction]. Finally, note that type | transfer cannot be used forthe 3p, state or the’P,, state. Several factors, however, must
Mg since in this case théS,—'P; transition is radiatively pe considered when performing these measurements. First, in
closed|[34]. contrast to traditional ground-state magnetically trapped al-
In type Il transfer, these limitations are overcome by op-kali metal samples, the probability that a given atom will
tically pumping 'S,—*P; MOT precooled atoms to th#,  radiatively decay to untrapped staté®, and >P,) follow-
(m,=2) state via radiative decay from thi&, state, a pro- ing excitation of the®P,— S, transition is approximately 1
cess that can be accomplished two ways. First, exciting thgsee Fig. 3 and Ref32]). Consequently, detecting the mag-
'P,—3s, transition with a Rabi frequency)> 1/, where  netically trapped atoms requires efficiently collecting the
7p is the °S, state lifetime, equalizes th&P; and °S, state  3s,—3p,  fluorescence. Additionally, although thés,
populations and fills théP, (m;=2) state with a ¥ time  —3p,, transition is spectrally separated from tA8; —3P;
of ~7,. This incoherent population transfer is continued un-and S, — 3P, transitions byA\ 4>10 nm in Yb and Sr, for
til the 'Sy—'P; MOT is emptied, can be repeated once ev-Mg and Ca, AAg~1nm [24,25, requiring, for zero-
ery 7s (note g, 7.>7,), and assuming equal population dis- background measurements, a spectrometer or an equivalent
tributions in the 'P; and ®S; magnetic substates, givds spectrally selective device. Note, however, that for suffi-
~0.1 for all four ST atom species. Alternatively, once everyciently high spatial densities it may be possible to use the
7, the 1Sy— P, MOT optical fields are extinguished and absorptive[7] or dispersive light scatterinft0] techniques
temporally separated, circularly polarizetpulses excite the commonly employed to characterize magnetically trapped al-
stepwise!Sy—3P; (m;=1)—3S; (m,;=1) transition. Sub- kali metals.
sequently, radiative decay from tH&,; (m;=1) state loads Studies of laser cooled Yb and alkaline earth atoms have
the atoms into the’P, (m;=2) state. This semicoherent provided important insights into light-assisted collisions,
process enhances the type Il transfer efficiency by roughly eadiation-pressure induced MOT density limits, and all-
factor of 3 and due to the spectral width of th&,— 3P, optical pathways to quantum degeneracy. We have presented
transition, enables additional one-dimensional coolingand analyzed several novel strategies for efficiently loading-
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these species into magnetic traps and demonstrated that sig- Note added in proofRecently, refined values for the Mg,
nificant trap populations can be obtained usit®,—'P,  Ca, and SriP, state lifetimes have become availbale. See
MOT magnetic fields and currently achievés,—P; MOT  Ref.[41].

populations. Our procedures may thus enable the uniquely

simple yet versatile properties of Yb and the alkaline earths The authors wish to thank S. G. Porsev for calculating the
to be exploited in the ultracold, photon-free regime availableVig, Ca, and Sr°P, state radiative lifetimes and C. Greiner
in magnetic traps where evaporative cooling and ultimatelyfor helpful comments and suggestions. We gratefully ac-
,observations of quantum degeneracy in these species may keowledge financial support from the National Science

possible.

Foundation under Grant No. PHY-9870223.
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