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Simultaneous multi-isotope trapping of ytterbium
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Working with ytterbium(Yb), we demonstrate dual-isotope magneto-optic traps of extreme experimental
simplicity yet containing either fermion-boson or boson-boson isotope pairs. Pairs studied include
1yph+172vh (a fermion-boson mixtuseand 7%Yb+174yb and *"4Yb+172vb (boson-boson mixturgsTrap-
ping is performed using the Yb 6)'S,-(6s6p)*P; transition, an uncooled thermal source, and bichromatic
trapping beams. Static and dynamic properties of the composite cloud are conveniently probed on the spin-
forbidden (&2)1S,-(6s6p)3P; transition. A unique strategy for continuously loading these samples into
magnetic traps is described.
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Dual-isotope magneto-optic tragpIMOTs) [1-3] pro-  one with one and one without hyperfine structure. Addition-
vide unique gateways to studies of mixed-isotope light-ally, we demonstrate DIMOTSs containirg®vb+1"4vb and
assisted collisiongl,3] and, potentially, to the production of 17%vb+1"2yp which comprise boson-boson mixtures of
unique systems such as quantum degenerate fermjdhic nuclear-spin-free atoms. Trap loading is performed using a
and/or fermionic-bosonic gas¢g,3,5 and interpenetrating thermal source with natural isotopic composition and bichro-
bosonic superfluid§6,7]. DIMOTSs involving alkali-metal —matic trapping beams. Adjustment of the relative power and
atoms have been demonstraféd-3] but involve significant frequency offset between the individual trapping-beam fre-
experimental complications such as the need for up to eighjuency components provides independent control over the
distinct cooling/trapping laser frequencies, isotopically en-constituent trap lifetimeg9] and populations. Composite
riched or artificially produced radioactive samples, andcloud properties, including the relative sizes, spatial overlap,
heating-induced loss of one isotope due to the trapping lasepopulations, and lifetimes are determined using calibrated
for the other[2,3]. probe and trapping-beam induced fluorescence from the

Ytterbium (Yb), on the other hand, provides for the real- 555.6 nm*Sy-'P; [14] and 398.8 nm*S;-'P; transitions
ization of several distinct DIMOTs while avoiding all of [see Fig. 1a)]. Significantly, we obtain individual trap popu-
these experimental complications. Comparable bosoAic ( lations approaching the largest values previously achieved in
=168,170,172,174,176) and fermionié£171,173) isoto- ~ single-isotope'Sy-*P; Yb MOTs [9] and peak spatial den-
pic abundancé8] eliminates the need for isotopically en- sities near the regime where intratrap collisions significantly
riched samples while the significant cooling power of theaffect trap dynamic$17,18. Finally, we describe a unique
398.8-nm 1S,-1P; transition[9—11] enables efficient trap pathway for continuously loading these samples into purely
loading directly from a thermal sour¢8]. Further, only two ~ magnetic traps.
trapping-beam frequency components are requii@l a Some aspects of the apparatus have been reported else-
small range of frequency differences provides access to sewhere[9,14]. Other features and modifications are noted here
eral separate isotope palirs2], and the trapping beams for
one isotope do not weaken the trap for the offi]. Trap (@) ()
dynamics can be probetbndestructivelyia weak excitation Mirror AOM 396 8 nm
of the 555.6-nm*S,-3P; intercombination transitiofi14].
Additionally, Yb DIMOTSs provide unique and to date unre- :
alized opportunities to explor@) cross-isotope collision dy-- & (6s6p)°P,
namics in nuclear-spin-free systems, enabling quantitative 5: 4
comparisons with theory over a larger range of internuclear & /'E
separations than is possible using alkali-metal atoms : Il§ N
[1,3,15-18, (2) collisions between atoms with and without (14 trapping
hyperfine structure, studies that cannot be performed with ¥ $55.6m beams
alkali-metal atomg15,16, and ultimately(3) isotopic mix- (6s7)'S, ——%
tures of quantum-degenerate fermionic and fermionic- DBS
bosonic gases. Alkaline gqrths, ha\,/'r_lg_ analogous internal FIG. 1. (a) Partial Yb energy level diagram showing transitions
level structure{20], offer similar possibilities but have 1ess (gjeyant to the experiment. Radiative decay pathways frontfhe
favorable or yar!ed fermionic natural abyndar{éﬂ] and  eycited state are'P,—'S, or 1p,—3D, %Py, [9,25]. (b)
'Sp-*P, trap lifetimes that are, due to excited-state leakageschematic diagram of the experiment in tXeZ plane. AOM,
one to two orders of magnitudghorter than those for Yb  acousto-optic modulator; CCD, charge-coupled-device camera;
[9,22]. PMT, photomultiplier tube; AHC, anti-Helmholtz magnetic field

In this paper, we present a realization ofdYb+2Yb  cails; L, lens; M4, quarter-wave plate; DBS, dichroic beamsplitter;
DIMOT which comprises a fermion-boson mixture of atoms,BS1, 50/50 beamsplitter; BS2, optical flat
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[see Fig. 1b)]. The thermal Yb source comprises an effusion

oven with a 2.3-mm-diameter output nozzle followed by a Now = 1%107 T
collimating skimmer(8 mm diameter, located 19 cm from 507 T 2
the nozzlg¢. A heater maintains the oven bodgozzle at " 2vh k
450°C (625°0, resulting in a measured flux of 40} " (028) E
10" atoms/sec through the observed trapping regloon? -~ | I 1 8
cross section, 35 cm downstream from the noz#fuores- = 30 (0?)’ [ II 1100 1500 1900

cence from this region is imaged onto a charge-coupled de:
vice camera(CCD, which provides~75 um resolution of
trap featuresand a photomultiplier tub&MT) that is either
sampled by a digital oscilloscofB00-us overall system re- 1

sponse time or used in photon-counting configuration. 10;_/;__,__)%—\—\%}* 4
Bandpass filters allow selective detection of either the et et
555.6-nm or 398.8-nm trap fluorescence. In all that follows, 0
the axial magnetic field gradient is 60 G/cm. Vacuum levels
during the experiment are less than #dorr.

The bichromatic trapping beams are generated by passing FIG. 2. 398.8-nm photocount rate collected from the trapping
80—-120 mW of 398.8-nm light through an acousto-opticregion whenP,=80mW, P;=0 (single-isotope MOT operation
modulator (AOM). The resulting zeroth{power Py, fre- and v, is scanned. N;7, is the estimated number of trapped
quencyv,) and upshifted first-ordefpower P, frequency  "*Yb, vi,4 is the *"Yb 'Sy-*P; resonance frequency, and trap
v,) beams are combined on a 50/50 beamspli®31), ex- population ratiosN, /N;,, are listed in parentheses. The signature
panded to B2 intensity diameters of 1.5 and 1 cm, respec-for 1%y is absent presumably due to inefficient trapping caused by
tively, and split into three pairs of trapping beams. One pairoptical pumping in the'So(F=3) ground statd10].
with relative power of unity, is normal to the atomic beam

T Vo - V1748 (MHz)

Count Rate ( 10
[\
S

600 300 0 300 600 900 1200
Vg - Vi74p (MHz)

and parallel to the axis of the anti-Helmholtz coisHC). In Fig. 2, we plot the 398.8-nm photocount rate collected
The other two pairs, normal to the first and with relative from the trapping region wheRy=80mW, P;=0 (single-
powers of 10, intersect the atomic beantat5°. isotope MOT operation and vy is scanned. v,74 is the

The weak collimated 555.6-nm probe beam is produced’*Yb 1Sy-'P, resonance frequency,7, is the estimated
by a ring dye laseflong-term linewidth less than 2 MBz  1"%Yb trap population, and population ratids /N,,, where
combined with a trapping beam traveling normal to the AHCN, is the population for isotope are listed in the parenthe-
axis, has a ¥ intensity diameter of 5 mm, and is single ses. Note that, with the exception &PYb (0.13% natural
passed through the atom cloud. Saturated absorption in abundance N,/N;;,>0.1, and frequency shifts between
external Yb gas cell provides frequency markers for the Ybseveral pairs are nearly eqyal]. Consequently, for an es-

15,-3P;, resonance. sentially fixed value ofé=wv,;— vy, multiple isotope pairs
L 4x
] 4x FIG. 3. 555.6-nm fluorescence
] spectra from(@) *"*Yb+1"?Yb and
i -40 0 40 (b) b+4b DIMOTs. »,

-3170 -3130 -3090 Vp - V1726 (MH2) (vi76) is the probe (b
172G p

- Vp-Ving (MHz) 2765 2805 2845 15,-3P, resonance frequency.
5 vV, - V1726 (MHZ) Note that in(b) the probe polar-
i ization is orthogonal to the polar-
] 7yb (F=1/2) AmYb (F=3/2) ization used in(a). Dashed ver-

ticle lines in the inset tab) give
6vb and 74Yb 1S.-3Pi(m;
=0) resonance frequencids is
the total angular momentum for
each of the twa*’Yb 2P, hyper-

(b) | 17t;Y-b

Isotope N (atoms) n(atoms/cm3)

Fluorescence Power ( arb. units)

s f -1040 -1000  -960 171 1x10° 2x10° fine excited states. Note the

3 Vp = Vinng (MHz2) 172 2x10° 3x10° 7lyp 15(F=1) ground state is

5'1990 -1945 -1910 7 176 1x10° 2x10% magnetically split only at a rate of
vy - Vinag (MHz) *Yb 750 Hz/G, which is unobservable

2 174 3x10° 1x10® :

3 in the present context. Trap popu-

2 lations and peak spatial densities
. . . \ are listed in the table.

-4000 2000 0 2000 4000
Vp - Vi75 (MH2Z)
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can be separately captured, allowing different permutations 3
of electronic structure and quantum spin statistics to be ex-'g
plored in a single experiment. MoreoveM,,, exceeds the 8
best previous results obtained using precooled Yb atomic—
beamd[9], indicating that efficient trap loading, essential to 2
obtaining large DIMOT populations, is possible using a &
simple and compact thermal Yb source. These results hav: g
allowed us to create and study three separate Yb DIMOTS &
The remainder of this work, however, will focus on mixtures
of 1"%Yb+1"2vb and }"5vb+17%YD.

In Fig. 3(@), we plot the probe-induced 555.6-nm fluores- s
cence spectra collected from the trapping region wRgn X 0
=55mW, P;=60mW, & matches the'’2Yb-1"*Yb(F = %) )
15,-1P, frequency shif{305 MHz[12]), and v, is tuned 40
MHz below the 1"2Yb S,-'P; resonance. In the figure, FIG. 4. 398.8-nm fluorescence as a function of position captured
vp (v1756) is the probe(Y?Yb 'Sy,-2P; resonanck fre- by the CCD under the conditions_of Fig(a3. Y(t_heé;Zplalr;e is
quency. The presence of three peaks, each having a unigf@allel (norma) to the AHC axis.(a) Composite’*Yb+1"2b

substructuréshown in the figure insetsind separated by the €loud. (b) lower (uppep contour is the’™Yb (*"Yb) fluorescence
172y 17y p(F = 1, 3) frequency shift$19] definitively dem- observed when the trapping beams t6#b (*’*Yb) are blocked.

212 i
h . 17 . (c) Column-averaged fluorescence observed abmg (a) and (b).
onstrates simultaneous trapping BfYb and 1?vb and il () Composite cloudi) 2vp: (i) YD,

lustrates the significant differences between the electroni
structure of the two isotopes. Specifically, the trap magneticrb isotope mixtures. In Fig. 4 we show, for the conditions of
field splits the'’?Yb fluorescence peak into three features,Fig. 3(a), the spatially dependent 398.8-nm fluorescence re-
reflecting the simpleJ=0—J=1 character of the'’*Yb  corded by the CCD. Figure(d is the fluorescence of the
155(J=0)-*Py(J=1) transition. In contrast, the'’Yb  composite’?Yb-1"2rb cloud while the lower(uppe) con-
emission features display two or four components, reflectingour in Fig. 4b) is the 1"*Yb (*"2Yb) fluorescence observed
the trap magnetic-field splitting of the more complexwhen the trapping beams fdf?yb (**Yb) are blocked. In
1Sy(F=3)-*P,(F=3,3) transitions[14]. the figure,Y is parallel to the AHC axis. Figure(d) depicts

In Fig. 3(b), we plot the 555.6-nm fluorescence collectedthe column-averaged fluorescence observed aloni the-
from the trapping region wheR,=50mW, P;=15mW, 6  ordinate in Figs. &) and 4b). Comparison of Figs. (4)
is chosen to match thé’®vb-1"%b S,-'P; isotope shift  through 4c) shows that thé”*Yb and*’2vb clouds are com-
(509 MHz[12]), and vg is tuned 30 MHz below thé’®Yb  pletely overlapped in theX-Y plane, while the magnetic-
1S,-1P, resonance. Here, the presence of two fluorescencield-induced splitting of the 555.6-nm fluorescence reveals
features separated by th&Yb-1"4vb 1S,-3P, isotope shift  that cloud centers are displaced by less than @80(much
[19], each having three spectral components, indicates simuless than the 1-mm é/cloud radius, indicating that the in-
taneous trapping of’%b and 1"4vb. We find thatN,,, is  dividual isotope clouds occupy essentially the same spatial
limited by the available laser power, which is small due tovolume. Similar spatial overlap was observed for the
the low (less than 30%diffraction efficiency exhibited by 7#yb+"%yb DIMOT shown in Fig. 3b). Using the ob-
the AOM used to trap this isotope pair. Note that the fre-served cloud populations and radii, we find approximately
quency difference between theSy-3P1(m;=0) resonance equal peak spatial densities af~2x 108 atoms/cm. For
frequencies and the spectral location of the magnetically inthis set of parameters, we do not find conclusive evidence for
sensitive 'Sy-*P;(m;=0) fluoresence peaKsee the insets cross-isotope collision§.e., a change in the population or
to Fig. 3b)] reflects trapping-beam-induced Stark shifts ofloss rateq1,3] of one isotope when the other is added or
the 'S, ground state. removed from the composite cloudNote, however, that the

Along with unambiguous confirmation of simultaneous fractional contribution to total trap loss made by intratrap
trapping, these fluorescence features provide real-time infoieollisions depends critically on the electronic structure of the
mation about individual isotopes in the composite cloud.interacting atoms and the cloud spatial dengity—18 and
Specifically, the relative areas under the pe@propriately  the trapping laser intensity and detunirig3,15—18. Future
weighted to account for th&’*Yb hyperfine structunegive  efforts will focus on increasing this contribution by optically
the population ratiosN;7,/N;7; and N176/N174 While, from  repumping atoms shelved in the 5(633)3P2Y0 metastable
the peak widths and splittings, individual cloud displace-states to increase the trap spatial denidty7].
ments from the magnetic-field nuf, and the radiiAS/2, of Observing quantum-statistical effects with cold dual or
the 12vb, 1"%vb, and1’®vb clouds can be determingd4].  single Yb isotope samples requires significantly lower tem-
Note that the ability to observe real-time changes in relativeperatures and/or higher spatial densities than observed here
trap populations is a powerful tool for investigating cross-or in other experiments with trapped Yb. To date, ground-
isotope interactions and a useful alternative to the trapstate magnetic trapping followed by forced rf evaporation
destructive techniques employed elsewH&8,16,11. [4,23] is the only proven strategf24] for driving neutral

Ensuring that the two trapped isotopes occupy the samatomic gases into the quantum-degenerate regime while Yb,
spatial volume is essential to future experiments with trappetlke the alkaline-earth atoms, cannot be magnetically trapped

Pow

Fluoresce:
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in the ground state. Note, however, that for the magnetiaetically trapped atoms can be achieved using optical exci-
field employed in this experiment, Yb atoms in thetation of the (&6p)3P,-(6s7s)3S, transition {
(6s6p)P, (m;=2) metastable state experience a magnetic=769.9nm) followed by observation of radiative decay
potential well depth of-8 mK~ 10T (whereTp=670uK  from (6s7s)3S; to either (&6p) 3P, or the (6s6p) P,

is the 'Sp-'P, Doppler-limited temperatuje More impor-  states. Note that this entire process can be pursued with ex-
tantly, for nominal Yb MOT or DIMOT populations of jsting diode laser technology and could potentially be ap-
10°-10 atoms and typical trapping-beam power-limited plied to the alkaline-earth atoms calcium and stront[aei.
lifetimes of 200 msg[9,10], cold atoms arecontinuously In conclusion, we have presented a realization of both
transferred to the °P, (m,=2) state at a rate of fermion-hoson and boson-boson Yb DIMOTS, demonstrated
10°-1C° atoms/sec [9,25. Using a second laser \( he tremendous versatility and experimental convenience that
=648.%nm) to optically pump population from the vy, y4vides for these types of experiments, and described a
(6s6p)°Po state to the’P5(m;=2) state via radiative decay unique pathway for magnetically trapping these cold
from the (6575)°S, state would improve this transfer effi- g5mnjes. Our results are the first steps toward investigating
ciency by roughly an order of magnitud@s], giving, for niq e types of light-assisted collision dynamics and a start-

magnetic trap lifetimes=1 sec[26], magnetic trap popula- g noint for realizing quantum-degenerate mixtures of fer-
tions of more than 10atoms. Alternatively, precooling in a mionic and bosonic Yb.

15,-3P; MOT [10], followed by magnetic-field switching

and optical pumping to®P,(m;=0) via excitation of the

(6s6p) 3P;-(6s75)3S; transition (. =679.9 nm) would en- The authors wish to thank J. Bohn and D. J. Heinzen for
able lower magnetic trap temperatures and higher spatidbr helpful comments and suggestions. We gratefully ac-
densities compared to the passive loading scheme describ&dowledge financial support from the National Science
above. In either case, zero-background detection of the magroundation under Grant No. PHY-9870223.
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