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Power-dependent loss from an ytterbium magneto-optic trap
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Radiative decay of excitedP, states to metastables is expected to limit attainable lifetimes in magneto-
optic traps(MOTSs) containing alkaline-earth-metal-like atoms. We present measurements of power-dependent
loss from a (82)1Sy-(6s6p) 1P, ytterbium MOT, show that the observed power dependence is consistent with
radiative decay from the @p)*P, excited state leading to population of lower-lying metastable states, and
determine the (86p)P;-to-metastable state decay rate. With weak excitation of tt#8){6,-(6s6p)*P,
trapping transition, MOT lifetimes approaching 800 ms are observed.

PACS numbsdfs): 32.80.Pj, 42.50.Vk, 95.30.Ky, 32.16f

Atomic ytterbium(Yb, Z=70) is ideally suited to studies nozzle. Fluorescence from this region is imaged onto a
of magneto-optic trapping involving coupled and narrow-chilled photomultiplier tub€PMT) used in photon-counting
linewidth transitions(see Fig. 1 Specifically, laser cooling configuration. The atomic beam is precooled in a 40-cm-long
resulting from two-color excitation of three-level V-type sys- constant decelerationr™ Zeeman slowef13] with a peak
tems can be explored with the intrinsically simple 398.8-nmmagnetic field of 270 G, corresponding to a capture velocity

(6s?)1Sy-(6s6p)tP; and 555.6-nm (8%)1Sy-(6s6p)°3P;
lines. Unlike A and cascade three-level atoiig, the laser-

of 200 m/s.
The atoms travel 40 cm beyond the slower before entering

cooling dynamics of this system have not been investigatedhe trapping region where water-cooled anti-Helmholtz coils
Additionally, the 555.6-nm transition is predicted to have aproduce an axial field gradiefs, of 60 G/cm. To prevent

cooling limit (within an order of magnitude[2] of the

single-photon recoil temperatuig~ 360 nK, and may open window is heated to 200 °C.
new pathways for achieving ultralow temperatures and high We produce 60 mW of 398.8-nm light by resonantly dou-

spatial densities in a magneto-optic trd@OT) [3,4]. With

Yb from coating the window opposite the atomic beam, the

bling a Ti:sapphire laser in an external buildup cavity whose

abundant bosonicA=168,170,172,174,176) and fermionic resonance frequency is locked to the Ti:sapphire output fre-

(A=171,173) isotopekb], Yb may provide opportunities for

quency. The resulting 398.8-nm light is offset locked to the

studying fermionic, bosonic, or composite systems. Trapped6s?)*S,-(6s6p)*P, trapping transition via saturated ab-
Yb has also been identified as an excellent system in whicBorption and feedback to the Ti:sapphire laser. A portion of
to explore optical frequency standard and search for a the 398.8-nm beam is acousto-optically down-shifted by 500

permanent electric-dipole momemj.
The (65%)1S,-(6s6p)*P; 398.8-nm Yb transition(Ein-
stein coefficienAg=1.76x 168 s~ 1) [8] provides substantial

MHz and used to precool the atomic beam in the Zeeman
slower. The balance of the 398.8-nm light, with total power
P+, is expanded to a & diameter of 1.5 cm and split into

cooling power[4,9] but is not radiatively closed. Some of the three pairs of mutually orthogonal retroreflected beams that,
available upper-state decay channels terminate in metastataéter being appropriately polarized, intersect in the center of

excited states. As a result, lifetimes f68,-1P; Yb MOTs
are expected to depend on the excited-state fra¢dotD—
12]. In this paper, we describe a quantitative study of Yb-
MOT lifetime versus trapping-beam power. Our measure-
ments confirm the dependence of trap lifetime on excitation
level, clearly indicate that radiative decay to metastable lev-
els is primarily responsible for this behavior, and allow us to
estimate a value for the Yb €6p)'P;-to-metastable-state
decay rate. Significantly, we find that for low trapping-beam
power (low excited-state populationtSy-1P; Yb MOT life-
times approach 800 ms, a value that is four times longer than
previously obtained with this Yb transitiof#] and one to
two orders of magnitude longer than similarly power-
dependent lifetimes observed in strontium and calcium traps
employing analogous transitiof3,10].

The Yb atomic beam used to load the MOT is generated
with an effusion oven(2-mm nozzle diamet@r Separate
heaters maintain the oven bo@yozzlg at 540°C (780 °C),

(6s6p) ', 2

(25068.222)

398.8 nm

68 ns

(698,
© =

(5d65)°Dy
T=3(25270.902)
— T J=2(24751.948)

T=1(24489.102)

(6s6p)°Py

1=2(19710.338)

=t —————— ]

1
I
1
I
]
I
]
1
1
v

| J=1(17992.007)

———<—¥ ]=0(17288.439)

—y 460 ns
380 ns
14.5s
875 ns
//
o
65‘)/‘/
d
7
-,
"
e
-,
-,
e
»

FIG. 1. A partial energy-level diagram fdf*Yb. Level energies
(in cm™1) are given in parentheses and lifetimes are shown next to

resulting in a measured flux of 1atoms/s through the trap- the corresponding transitions. Decays denoted by solid lines termi-
ping region (1-cn? cross section, located 90 cm from the nate in metastable states, leading to trap loss.
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) ) FIG. 3. Local decay slope as a function of the absolute num-
FIG. 2. Photocount rate from &*b MOT as a function of time o of trapped atomsh and p are —30 MHz and 6<10°° Torr

after turning on the trapping beams for fixdd(—30 MHz) andp respectively P is (@) 24 mW, (b) 20 mW, (c) 14.5 mW, andd) 8
(6x10° Torr and three different values & . Pt is (a) 24 mW, mw.

(b) 14.5 mW, andc) 8 mW.

, _ , dN/dt=7(Pr,A,B;) — [y of (Pr,4)+pyc(f)+E(A)PY]
the anti-Helmholtz field. The absolute trapping-beam energy 5
density experienced by the atomg,, determines the XN=B(f)N°=n—a(Pr,A,N)N, ()
excited-state population fraction. We determjag through wheren is a loading ratea, o is the rate at which population

absolute measurement 8% and modeling, based on mea- ; =y, o (6s6p)P, state decays via radiative cascade into
surement, of the trapping-beam profile as Gaussian with

3 i -
1.5-cm diameter (& intensity points. ?656p) P, o metastable statep,is the background gas pres

h 4 all ble Yb i includi sure, v, is a background gas collision coefficierg,is a
16 We have trapped all seven St"’_‘ ey _|sotopes, inclu InQhree-photon ionization coefficieng is an Yb-Yb collision
8Yb (0.13% natural abundangevith maximum trap popu-

) i J coefficient,N is the total number of atoms in the trap, ahnd
lations for the most abundant isotop€'Yb, of 10’ atoms. s the fraction of trapped atoms in the excited statg given

In addition, we have successfully trapped five isotopesby f=(s/2)[1+s+(2A/T)?]"%, where I'=Ag/2w=28
7%, %D, 1%vb, tlyb, and *"%b, without the use of MHz and's is the normalized energy densitg= s/ s,

Zeeman slowing, although in this case, trap populations arghere u =1.93 pJicm is the 1Sy,- 1P, saturation energy

reduced by about 20. The remainder of this work will focusdensity and corresponds to the energy density of a

on MOTSs containing'’#Yb that are loaded with the Zeeman 58-mW/cnf light beam. Note that thé dependence ofy,

slowed atomic beam. reflects the unknown difference between ground- and
We determined the spatial geometry of 4Yb MOT by  excited-state scattering rates.

translating a pinhole across an image of the atom cloud. Dur- Measuring how the total trap decay ratearies withP+,

ing this measuremen®+, and the detuninh=v—v,74, A, and N provides insight into trap depopulation mecha-

where vy (v174) is the trapping beam'(*Yb 150_1p1 tran- hisms. Depopulation resulting from Yb-Yb collisions intro-

sition) frequency, were 20 mW and 30 MHz, respectively. duces telltale nonexponential filling dynamics whose signa-

The atom cloud was approximately spherical with a diametefure, for the case of Fig. 2, is an increasevitwith N [14].

of 2.5 mm. Using the estimated number of trappééyb  Thereis no clear indication for this behavior in Fig. 2. In Fig.

. —1
atoms, 4<1C°, we find an average trap spatial density of 3» We plota (i.e., the local slope of [1-R()R]) as a
~5% 108 atoms/cra. function of the absolute number of trapped atoms for several

In Fig. 2, we study the filling rate of ’%b MOT as a different values ofP;. The data of Fig. 3 are derived from

function of P;. Specifically, we plot Ihl—R(t)Rs_Sl], where multiplg mgasurements,_ at constaht and. b, like those
R(t) (Rsg is the instantaneousteady-statephotocount rate shown in Fig. 2. According to Eq.1), a will be constant
and t iSS the time delay following abrupt switch-on of the during trap filling provided the trap parameters are held con-

ina b —0 th 1a b itched stant and Yb-Yb collisions introduce negligible trap depopu-
trapping beams. At=0, the trapping beams are switched oN (5 compared to other loss mechanisms. The local slopes
with a mechanical shuttéd 00-us switching time. For each

: : shown in Fig. 3 are essentially independent\pfindicating
P, the plottedR(t) is an average over 60 fill cycles. For all that yb-Yb collisions play an insignificant role, certainly
three tracesp=—30 MHz. when compared to the observed variatiomimwith Py .

It is clear that the trap fillequivalently, the decayrate In Fig. 4, we plota as a function ofP; and P when
increases withP+ over thePt range studied. Various mecha- whenp (6 107° Torr) andA (—30 MHz) are constant. For
nisms for trap depopulation lead to characteristically differ-eachP; measurement, fits are performed to fill data under
ent fill dynamics. Specifically, trap filling proceeds accordingthe assumption of constaat As shown in Eq.1), photo-
to ionization should produce a linearversusP? plot[8,15]. In
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TABLE I. Summary of the results obtained by fitting as a

., function of Pt (Fig. 4). For comparison, we include; [4], and the
theoretically predicted values far, 5, a;, anda,q/a; [8,12]. Un-
certaintites in the theoretical values were computed using the re-
ported uncertainties in the matrix elements.

Loss Rate o ( s'l)
=3 — ™~ w LY
®an

This work Previous work Theory

a0 23(1) st 6.6(4.6s 12
a, 21326 s P 52026st?
a0/a, 1.1(0.5°" 1.25(0.34 2

LossRate &t (s7')

®Reference$8,11].
bReferencd4].

0 5 10 15 20 25
Pp(mW) We conclude, on the basis of the measurements and
. - 1
FIG. 4. Measured variation it_i asa function ofP+. Observed ;aer::jliynsés tzbggsl,ﬂ;?;r:a(;jfla:ﬂ\ée éepc)%)lgof trg‘z?aﬁs)tal:l;llesftliés
values fora correspond to trap lifetimes of 200 mss 7<800 ms. - ! . 2,0 . .
The solid line is a least-squares straight-line fit. The inset shows (S€€ Fig. 1is the dominant trap loss mechanism responsible
plotted as a function oP3. for the observed power dependent fill rates. Using &g,
we can estimate the value afo. To do so, we must make
the o versusP? inset to Fig. 4, however, linearity is not accurate estimates of the excited-state fracfiavhich de-
observed, indicating that photoionization is not the dominanpends on the absolute energy density and detuningA.
depopulation process. Measured valuesapfhowever, do  Both of these quantities vary spatially throughout the MOT;
vary linearly with P+, a behavior that is entirely consistent, the former due to the transverse profile of the trapping beams
in the weak excitation limit explored in Fig. 4, with depopu- and their mutual interference and the latter due to the spa-
lation proceeding via radiative decay of thest)'P, ex- tially varying magnetic field. As such, precise determination
cited state that cascades to thes(ﬁﬁ):ngyo metastable states. of f is difficult. In estimatingf, we note that the trapping
Note also that the nonzero value efobtained by extrapo- beams are relatively weak and thus replace the spatially
lating thea versusP+ plot to Pt=0 provides[according to  varying value ofu, with its trap-volume average. We also
Eq. (1)] a measure of trap depopulation resulting from Yb-neglect magnetic-field-induced detuning variations. Overall,
background gas collisions. we estimate that our deduced value fds accurate at the

The effect of background gas collisions is clarified in Fig. 5004 level. Errors irf, therefore, are the dominant source of
5, where we plotx (again treated as a constant throughoutyncertainty in our estimate af, .

the fill cycle) versus background chamber pressure for fixed T obtaina, , from the variation ofa with Py, we use
Pr=20 mW andA = —30 MHz. A linear variation ofx with  the slope of the straight-line least-squares fit shown in Fig. 4,
p is observed as expected from H@). Note that the ex- an approximation that is well justified in the weak excitation
trapolated nonzero value af at p=0 rules out the possibil-  regime explored here. This result is summarized in Table I,
ity that the dependence of on P (see Fig. 4 results ex- \here for comparison we include the recently measured
clusively from differences in Yb ground- and excited-stateyg|ye fora,, i.e., the rate for decays from tH#®, state that
scattering with background gas. lead to population of thé’P, state[4,8], and theoretically
predicted values foa, o, a;, and the ratica, o/a;. We note
that Ref.[4] measured the ratia;/Ag, and was thus less
sensitive to absolute errors in trapping beam power than is
the case here. Theoretical values were determined by com-
bining the reduced matrix elements reported by Poeteal.
[12], with experimental values for the relevant transition fre-
guencied8].

Interestingly the ratioa,q/a;, determined from the
present measurement and the measurement of [REfis
consistent with the theoretically predicted value. Absolute
5L values fora, o anda,, however, are larger than the theoreti-
cally predicted values by about 4. Investigation of both ex-
perimental and theoretical methods are required to determine
0o 2 4 &  ® 10 the source of this discrepancy.

8 In conclusion, we have measured power-dependent loss
p (107 Torr) 17 1o 1
from a Y"%b 1Sy-!P, MOT and shown that the observed

FIG. 5. Measured variation ia as a function ofp. The solid ~ power dependence results, at least in large part, from decays

line is a least-squares straight-line fit. of the 1P, state that transfer population to metastable states.

051401-3

101

N e}
T T

S
T

Loss Rate o ( s! )




RAPID COMMUNICATIONS

LOFTUS, BOCHINSKI, SHIVITZ, AND MOSSBERG PHYSICAL REVIEW A1 051401R)

Our measured rates are consistent with a related experimenant assistance with designing and constructing the resonant

tal measurement but deviate significantly from the theoretifrequency doubler and D. Mcintyre, P. Anandam, and C.
cally expected values. Oates for many useful comments and suggestions. We grate-

fully acknowledge financial support from the National Sci-
The authors with to thank D. Alavi for providing signifi- ence Foundation under Grant No. PHY-9870223.

[1] P.R. Hemmer, M.S. Shahriar, M.G. Prentiss, D.P. Katz, K.
Berggren, J. Mervis, and N.P. Bigelow, Phys. Rev. L68.
3148(1992; M. Kumakura and N. Morita, Jpn. J. Appl. Phys.
31, L276(1992; R. Gupta, C. Xie, S. Padua, H. Batelaan, and
H. Metcalf, Phys. Rev. Lett71, 3087(1993; H. Pu, T. Cai,
N.P. Bigelow, T.T. Grove, and P.L. Gould, Opt. Commun.

L2127 (1990; T. Kurosu and F. Shimizu, Jpn. J. Appl. Phys.,
Part 131, 908(1992; F. Shimizu, Hyperfine Interac?4, 259
(1992; C.W. Oates, M. Stephens, and L.W. Hollberg, 1897
Digest of the IEEE/LEOS Summer Topical MeetitsEE,
Montreal, Canada, 1997T. Kisters, K. Zeiske, F. Riehle, and
J. Helmcke, Appl. Phys. B: Lasers O, 89 (1994.

118 261(1995; W. Rooijakkers, W. Hogervorst, and W. Vas- [11] A.S. Bell, J. Stuhler, S. Locher, S. Hensler, J. Mlynek, and T.

sen, Phys. Rev. Letf74, 3348 (1995; W. Rooijakkers, W.
Hogervorst, and W. Vassen, Phys. Rev58, 3083(1997.

[2] P.D. Lett, W.D. Phillips, S.L. Rolston, C.E. Tanner, R.N.
Watts, and C.I. Westbrook, J. Opt. Soc. Am6R2084(1989);
D.J. Wineland and W.M. Itano, Phys. Rev.28, 1521(1979.

[3] Single-photon recoil temperatures have recently been observed

in a Sr MOT. See H. Katori, T. Ido, Y. Isoya, and M. Kuwata-
Gonokami, Phys. Rev. Let82, 1116(1999.

[4] K. Honda, Y. Takahashi, T. Kuwamoto, M. Fujimoto, K.
Toyoda, K. Ishikawa, and T. Yabuzaki, Phys. Rev5% R934
(1999; T. Kuwamoto, K. Honda, Y. Takahashi, and T.
Yabuzaki,ibid. 60, R745(1999.

[5] N. Holden, inHandbook of Chemistry and Physijcalst ed.,
edited by D. R. Lide(CRC, Boca Raton, 1990pp. 11-100.

[6] J.L. Hall, M. Zhu, and P. Buch, J. Opt. Soc. Am.& 2194
(1989.

[7] R. Maruyama, N. Fortson, and M. Romalis, Division of
Atomic, Molecular and Optical PhysiceAmerical Physical
Society, College Park, MD, 1998

[8] W.C. Martin, R. Zalubas, and L. Hagan, istomic Energy
Levels-The Rare-Earth Elememational Bureau of Standards
(U.S) NSRDS-NBS 60(U.S. GPO, Washington, DC, 1918
NIST Atomic Spectra Databases, available in electronic form
at http://physics.nist.gov/PhysRef-Data/ASDA1/.

[9] M. Watanabe, R. Ohmukai, U. Tanaka, K. Hayasaka, H.
Imajo, and S. Urabe, J. Opt. Soc. Am.1B, 2377(1996); R.
Ohmukai, H. Imajo, K. Hayasaka, U. Tanaka, M. Watanabe,
and S. Urabe, Appl. Phys. B: Lasers Of4, 547 (1997).

[10] T. Kurosu and F. Shimizu, Jpn. J. Appl. Phys., Par2@

051401-4

Pfau, Europhys. Let#5, 156 (1999.

[12] J. Migdalek and W.E. Baylis, J. Phys. B}, L99 (1991); D.

DeMille, Phys. Rev. Lett74, 4165 (1995; C.J. Bowers, D.
Budker, E.D. Commins, D. DeMille, S.J. Freedman, A.-T.
Nguyen, S.-Q. Shang, and M. Zolotorev, Phys. Rev53
3103 (1996; C.J. Bowers, D. Budker, S.J. Freedman, G.
Gewinner, J.E. Stalnaker, and D. DeMilldgid. 59, 3513
(1999; S.G. Porsev, Y.G. Rakhlina, and M.G. Kozlabjd.
60, 2781(1999.

[13] W.D. Phillips, J.V. Prodan, and H.J. Metcalf, J. Opt. Soc. Am.

B 2, 1751(1985; E.L. Raab, M. Prentiss, A. Cable, S. Chu,
and D.E. Pritchard, Phys. Rev. Let9, 2631 (1987; A.
Cable, M. Prentiss, and N.P. Bigelow, Opt. Let5, 507
(1990; C. Monroe, W. Swann, H. Robinson, and C. Wieman,
Phys. Rev. Lett65, 1571(1990; T.E. Barrett, S.W. Dapore-
Schwartz, M.D. Ray, and G.P. Lafyatibjd. 67, 3483(1991);
M.A. Joffe, W. Ketterle, A. Martin, and D.E. Pritchard, J. Opt.
Soc. Am. B10, 2257(1993.

[14] M. Prentiss, A. Cable, J.E. Bjorkholm, S. Chu, E.L. Raab, and

D.E. Pritchard, Opt. Lettl3, 452 (1988; A. Gallagher and
D.E. Pritchard, Phys. Rev. Le3, 957 (1989; D. Sesko, T.
Walker, C. Monroe, A. Gallagher, and C. Wiemahbid. 63,
961 (1989; T.G. Walker, D.W. Sesko, C. Monroe, and C.
Wieman inPhysics of Electronic and Atomic Collisions. XVI
International Conference edited by A. Dalgarno, R.S.
Freund, M.S. Lubell, and T.B. Lucatorto, AIP Conf. Proc. No.
205 (AIP, New York, 1990.

[15] R. Loudon,The Quantum Theory of Ligh2nd ed.(Clarendon

Press, Oxford, 1983p. 196.



