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Narrow line cooling and momentum-space crystals
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Narrow line laser cooling is advancing the frontier for experiments ranging from studies of fundamental
atomic physics to high precision optical frequency standards. In this paper, we present an extensive description
of the systems and techniques necessary to realize 6§$ﬁﬁﬁ’l narrow line cooling of atomi&®Sr. Narrow
line cooling and trapping dynamics are also studied in detail. By controlling the relative size of the power
broadened transition linewidth and the single-photon recoil frequency shift, we show that it is possible to
smoothly bridge the gap between semiclassical and quantum mechanical cooling. Novel semiclassical cooling
processes, some of which explicitly depend on the relative size of gravity and the radiative force, are also
explored. Moreover, for laser frequencies tuned above the atomic resonance, we demonstrate momentum-space
crystals containing up to 26 well defined lattice points. Gravitationally assisted cooling is also achieved with
blue-detuned light. Theoretically, we find the blue detuned dynamics are universal to Doppler limited systems.
This paper offers the most comprehensive study of narrow line laser cooling to date.
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[. INTRODUCTION quantitatively understanding energy dissipat[ds], serves
more as a useful conceptual tool than a dominant player in
system dynamics. Moreover, gravity is essentially negligible
since the ratio of the maximum radiative force to the gravi-
fational force R=#AKI'/2mg, is typically on the order of 19
Where 2, k, m, andg are Plank’s constant, the light field
wave vector, the atomic mass, and the gravitational accelera-
tion, respectively.

In contrast, narrow Doppler cooling lines are character-

Narrow line magneto-optical tragMOTSs) are rapidly be-
coming powerful tools in a diverse array of experimental
studies. These unique and versatile systems have, for e
ample, already been used as integral components in obtai
ing fully maximized MOT phase-space densitjiég nuclear-
spin based sub-Doppler coolin@,3], all-optical quantum
degenerate gasdd], and recoil-free spectroscopy of both

?_ipolel altlﬁw?dt[S] and doult:_)ly-f&rgi_lqderm] pptitcal tra?st[- ized byT'/ wg~1 or less. The 689 niffSr1S-*P, transition
ions. In the future, narrow line s promise to revolution- o "3 “ypic \uork for example, haB/wr=1.6 where

ize the next generation'of high_ preci'sion opticql fre_quencyF/ZTr (gl 2r=hK214mm) is 7.5 KHZ(4.7 kH2). In this case
tsrgzngg:g?g;:]hgtirrng\:ilgteﬂ,cgzl:jn?r’]g";:]hel:er_eﬁgt\gensiioonf the relevant thermal-mechanical energy scale and thus the
gep underlying semiclassical or quantum mechanical nature of

frequency shiftwg, also displays a unique set of thermal- h ling d d iis of a ai i
mechanical laser cooling dynamics. In a previous pape; the cooling depends am Detalls of a given cooling process
: " are then set by the laser detuningg@ A=w - ws Where

H i g 3
we explored these behaviors by coolfif§r on the'S,*P, o (wp) is the lase(atomic resonangdrequency. In particu-

intercombination transition. In the present work, we signifi- 1e 3 . L .

cantly expand upon this discussion and provide a comprel-ar’ fftQ lsb d'.Dlt.M(t)T dynamlcr? canﬂbe ldl;ldlegulrto;hree

hensive description of the experimental techniques used t valitalively distinct regimes, hereafter 1a eldelll), de-
ined by the relative size df\|, I' ~ wg, and . In regime

realize and stud)]/SO—?’Pl cooling and trapping. X . . E
. : . . (I, corresponding to trapping beam intensities on the order
Fully understanding narrow line laser cooling requires . ls=3 uW/cn? or s~1, wg is the natural energy scale.

first clarifying the difference between broad and narrow, 2 i e nhoton recoils and conseauently. auantum phvs-
Doppler cooling lines. Broad lines, historically used for . » Singie p q Y. d phy

nearly every laser cooling experimeil], are defined b ics, govern trap dynamics. This situation enaples_ limiting
F/wR{>1. T%e 461 nn?ssrglso-PPl tran[:tiﬂon shown in FigY temperatures of roughly ha!f the photon recoil lingitg
1(a), which typifies a broad line, has, for examplewg =2hwp/kg=460 nK, wherekg is Boltzmann's constaide-
~3%10°. In this case,l, or more generally the power- spite the incoherent excitation provided by the trapping

broadened linewidtHg, is the natural energy scale. Here, beggﬁ[vl:r'slj' fos> 1 the svstem evolves toward semiclas-
I'e=I'V1+s is defined by the saturation parameterl/Ig Y y

: . : : o sical physics wherd'c> wg and hencd't is the dominant
where | (Ig) is the single-beam peak intensityransition | hi i d ional d )
saturation intensify Semiclassical physics thus governs theenergy.sca e. In this case, cooling an motiona lynamics are

determined by the relative size 8 and A. In regime(ll),

cooling process and the photon recoil, although essential tfhe A<T¢ radiative force produces damped harmonic mo-

tion and, in analogy to standard Doppler cooling, MOT ther-
modynamics set entirely by the velocity dependence of the
*Present address: Aculight Corporation, Bothell, WA 98011,force [12,15. For these conditions, the expectéd and
USA. Email address: tloftus@aculight.com s-dependent temperature minima are observed, although with
"Email address: Ye@jila.colorado.edu values globally smaller than standard Doppler theory predic-
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FIG. 1. (Color onling (a) Partial®8Sr energy
(587 's, level diagram. Numbers in parentheses give Ein-

20 cm Transverse stein A coefficients(in s). Wavelengths are in
. Cooling vacuum.(b) Top (x-y plane view of the Sr cool-
Approximate Scale l

‘?“‘: ing and trapping apparatus. Bluged) arrows
\ represent 461 nrt689 nm, 679 nm, and 707 nm
trapping (trapping and repumpingbeams. M,

NI mirror; A/ 4, dual wavelength quarter-wave plate;

/2, half-wave plate; DBS, dichroic beamsplitter;

i Slower PBS, polarization beamsplitter; BS, beamsplitter;

| Clgoslgg SMPM, single-mode polarization maintaining;

X ECDL, external-cavity diode laser; BA, Bayard-
Window

Alpert vacuum gauge; NI, nude vacuum gauge;
TSP, titanium sublimation pump; CC, compensa-
tion coil.
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tions. Alternatively, in regimgl) where A>T, the atom- to motivate the experimentally observed 3D lattice structure.
light interaction is dominated by single-beam photon scatterThis intuitive picture is then confirmed with numerical cal-
ing and trap thermodynamics become intimately linked toculations of the final atomic velocity and spatial distribu-
both the velocity and thepatial dependence of the force. tions. Using the numerical calculations, we also show that
Here, gravity plays an essential role as the r&idor the 6>0 momentum-spac_e crystals are a univgrsal feature of
13)_3P1 transition is 0n|y~16 Consequenﬂy, the atoms sag standard Doppler COO|Ing and that observations should be
to vertical positions where the Zeeman shift balangdsad- ~ Possible, although increasingly impractical, with broad line
ing to s-independent equilibrium temperatures. molasses.

Narrow line C00|ing also di5p|ay5 a unique set®F0 Finally, we demonstrate thd& directly influencess>0
thermal and mechanical dynamics. For these experiment§jermodynamics, enabling cooling around & and
the atomic gas is first cooled joK temperatures and theh ~ S-dependent velocity, where gravity balances the radiative
is suddenly switched fron#<0 to 5>0. Subsequently, the force. Observed values fog agree well with numerical pre-
sample evolves from a thermal distribution to a discrete seflictions while cooling is evident in distinctly asymmetric
of momentum-space packets whose a|ignment matches |;:ﬁ10Ud Spatial distributions that appear in both numerical cal-
tice points on a three-dimensior(@D) face-centered-cubic culations of the Cooling process and the experiment. As with
crystal[16]. Up to 26 independent packets are created witinomentum crystal formation, gravitationally assisiézt 0
5 ands-dependent lattice point filling factors. Note this sur- cooling is universal to Doppler limited systems. In the more
prising behavior occurs in the setting of incoherent excitatiorfypical case wher&k~ 10°, however, equilibrium tempera-
of a nondegenerate thermal cloud. To obtain qualitative iniures (vo) are on the order of hundreds of milli-Kelvin
sight into the basic physics, we begin with an analytic solu{100 m/9 rather than the more useful micro-Kelvin
tion to the one-dimensionallD) semiclassical radiative (~10 cm/g values achieved with narrow lines.
force equation. Here, we show thét-0 excitation enables The remainder of this paper is organized as follows. Sec-
“positive feedback” acceleration that efficiently bunches thetion Il gives an overview of the 461 nr’rSO-lPl MOT used
atoms into discrete sets éf ands-dependent velocity space to precool®Sr to ~2.5 mK. 3P2 metastable excited-state
groups. A simple generalization of the 1D model is then usednagnetic traps that are continuously loaded by ]tﬁdelPl
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cooling cycle are also described. Section Il details theear track that allows the coil center to be translated from the
highly stabilized 689 nm light source and the process used trapping chamber to a 1 cml cmXx 4 cm rectangular glass
transfer®Sr from the'S,-'P, MOT to the 'S,-°P, MOT.  cell. The coils are constructed to provide window-limited
Descriptions of the techniques used to control and studpptical access to the geometric center of the trapping cham-
13)-3P1 laser cooling are also provided. Sections IV and Vber and produce axial gradients of 0.849G/(cm A). The
then focus ond<0 mechanical and thermal dynamics, re- gradient is linear over a spatial range-ef-3 cm in both the
spectively. Finally, Sec. VI explore$>0 cooling and axial and transverse directions. Current in the coils is regu-
momentum-space crystals. Conclusions are given in Setated by a computer controlled servo and monitored with a
VI Hall probe. For the'S,-'P, MOT, the axial magnetic field
gradientdB,=50 G/cm.
Il. 1s,-'P, MOT PRECOOLING The trapping chamber is evacuated by al ADion pump
and a titanium sublimation pump while the oven chamber
Pre-cooling®®Sr to milli-Kelvin temperatures is an essen- uses a 40/s ion pump. The two chambers are separated by
tial requirement for observinﬂ;So-*°‘P1 cooling and trapping a 6.4 mmx 16 mm cylindrical differential pumping tube lo-
dynamics[1]. For this purpose, as shown by Figbl, we cated between the electro-mechanical shutter and the gate
use a standard six-beam 461 Agy-'P; MOT that is loaded  valve. Typical vacuum levels in the oven, trapping, and glass
by a Zeeman slowed and transversely cooled atomic beargell chambers during operation of the atomic beam are 2
The atomic beam is generated by an effusion o@mm  x 1078 Torr, 1.5x10° Torr, and 3x 10 Torr, respec-
nozzle diametgrwhose output is angularly filtered by a tively.
3.6 mm diameter aperture located 19.4 cm from the oven 461 nm cooling and trapping light is produced by fre-
nozzle. Separate heaters maintain the oven ljodyzle at  quency doubling the output from a Ti:sapphire laser in two
525 °C (725 °O), resulting in a measured fludivergence external buildup cavities[19] that together produce
half-angle of 3x 10 atoms/s(19 mrad. >220 mW of single-mode light. The 461 nm light is then
The atomic beam is then transversely cooled byoffset locked to the'S,-'P, resonance by saturated absorp-
2-dimensional 461 nm optical molasses. The elliptical crosstion feedback to the Ti:sapphire laser. Relative frequencies of
section, linearly polarized molasses laser beams havea 1/the transverse cooling, Zeeman slower, and trapping laser
diameter of~3 cm (~4 mm) along (normal tg the atomic  beams are controlled with acousto-optic modulat&©Ms)
beam propagation axis, contain 10—20 mW of power, andvhich are also used as shutters. Additional extinction of
are detuned from th&S;-'P, resonance by —15 MHz. Stray 461 nm light is provided by electro-mechanical shutters. The
magnetic fields in the transverse cooling region are less thaitensity stabilized trapping beams havee tiameters of
1 G. Subsequently, the atomic beam passes through a3 cm, are detuned from théS-'P, resonance by
6.4 mm diameter electromechanical shutter and a gate valve40 MHz, and typically have a total power of 30 mW. For
that allows the oven to be isolated from the rest of thethese settings, we find tHwé‘b-lPl MOT population is maxi-
vacuum system. mized. Further increases in, for example, the trapping beam
After exiting the transverse cooling region, the atomicpower simply increases the cloud temperatut&,-'P;
beam enters a water cooled 20 cm long constant deceleratiddOTs are monitored with a charge-coupled-deviGCD)
o~ Zeeman slower[18] with a peak magnetic field of camera and a calibrated photodiode. Typical trap lifetimes,
~600 G, corresponding to a capture velocity-0600 m/s.  populations, and temperatures are 20 msx1®’, and
The 461 nm Zeeman slower cooling laser is detuned fron2.5 mK, respectively.
the 1S,-P, resonance by —1030 MHz, contains 60 mW of ~ As shown by Fig. (), operation of the'S-'P, MOT
power, and is focused to approximately match the atomiefficiently populates the ground-statelik’éP2 metastable
beam divergence. The window opposite the atomic beam is excited-state(~500 s radiative lifetime[20,21]) via 1P1
z-cut Sapphire optical flat that is vacuum sealed via the— lD2—>3P2 radiative decay. Consequentl&lﬁ)—lPl MOT
Kasevich techniqul7], broadband anti-reflection coated on loading times are typically limited to 10—-50 riz2—24. To
the side opposite the chamber, and heated to 200 °C to prevercome this loss proces%l?2 population is repumped to
vent the formation of Sr coatings. The alternating currenthe 'S, ground-state via théP,— S, — 3P, —'S, channel
window heater, which produces a small stray magnetic fieldpy driving the 707 nn?P,-3S, and 679 nm*P,-3S; transi-
is only operated during th&s,-'P, MOT precooling phase. tions with two external cavity diode lase(ECDLs). Each
A separate compensation coil reduces the slower magnetlaser is locked to a reference cavity that is simultaneously
field magnitudggradienj to <100 mG(<8 mG/cn) at the  locked to a frequency stabilized helium neon laser. Double-
trapping region, located 15 cm from the slower exit. Straypassed AOMs are then used to tune the absolute laser fre-
magnetic fields at the trap are further nulled by three sets afuencies. After passing through a single-mode polarization-
orthogonally oriented Helmholtz pairs. maintaining optical fiber, the copropagating 707 nm and
The trapping chamber is a cylindrical octagon with six 2679 nm laser beams are expanded to & ldiameter of
3/4” (two 6 in) ports in the horizontak-y plane (along ~1 cm and delivered to tht§-*P; MOT. An AOM located
gravity z axis). All windows are broadband anti-reflection before the beam expansion optics allows for rapidly turning
coated. The MOT anti-Helmholtz coils, oriented such thatthe beams either on or ofi<1 us transition timg At the
the axial magnetic field gradierdB,/dz=dB, lies along trap, the 707 nni679 nm beam contains 1.5 m\2.5 mW)
gravity, are mounted on a computer controlled precision lin-of power, resulting in an optical repumping time of
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x10 x10” able hold time, the 461 nm trapping beams and the 707 nm
12{e 121 and 679 nm repumping beams are switched on, enabling the
5 ¢ 5 3P2 magnetic trap populatiolNy, to be determined from
£ g £ g ¢ °° 461 nm fluorescenci®6]. Figure 2a) showsN,, versus hold
z 2 time for a fill time of 2 s while Fig. &) givesNy, versus fill
& ¢ o3 time at a fixed hold time of 400 ms. For bothB,
o4 =4 1:501G/cm, giving a magnetic trap depth 6f30 mK. The
& &S S-"P; MOT lifetime (steady-state populatipns 16 ms
oOTD= 1'1.23(4) Sé 5 og T =1.0‘55(2); : (2.8x107). The observed 1.28) s exponential decay time
(@) Hold Time (s) b) Fill Time (s) agrees well with the expected1.3 s vacuum limited value

extrapolated from measurements reported in R28] at
FIG. 2. °P, magnetic trap population versgs) hold time for a higher pressures. In contrast, the significantly shorter
fixed 2 s loading time andb) loading time at a hold time of 0.582) s fill time implies that additional loss processes are
400 ms. Solid lines are exponential fitsy(7) is the measured operative during the loading phase, possibly due to interac-
exponential decayloading time. tions between atoms in th¥D, or 3P, states with'S-'P,
MOT atoms or the atomic beafB0]. This idea is supported
<100 us. With both lasers operating, tht,-'P; MOT by the magnetic trap loading rate. For the parameters used
population and lifetime are typically enhanced byxi@nd here, the observed rate of 257X 10° atoms/s is~2X
15x, respectively, with the former value limited by atomic smaller than the theoretically predicted value of (5.8)
beam induced trap loss. X 10° atoms/s[25] where the theory only accounts for rel-
Along with contributing to !S-'P, MOT loss, P,  evant branching ratios in th&®, —'D,— °P,(m=1,2) radia-
_>1D2_>3P2 radiative decay continuously loads milli-Kelvin tive cascade. Similar discrepancies between observed and
atoms in the’P,(m=1,2) states into a magnetic trap formed predicted loading rates were reported in R8].
by the'S,-'P, MOT quadrupole magnetic fiel@4-3Q. Im-
p_ortantly, t_h_ese samples are expepted to display a wealth of lll. 15,-°P, MOT LOADING AND DETECTION
binary collision resonances that arise due to an interplay be-
tween anisotropic quadrupole interactions and the local mag- Exploring 689 nm180-3Pl narrow line cooling dynamics
netic field [31-33. Qualitatively similar processes and requires a laser system whose short-term linewidth is small
hence, collision resonances, are predicted for polar moleompared to the 7.5 kHz transition natural width. In addi-
ecules immersed in electrostatic fie[@]. Studies of meta- tion, the absolute laser frequency must be referenced, with
stable Sr collision dynamics will thus likely impact the un- similar stability, to the'S;-3P, transition and be tunable over
derstanding of a diverse range of physical systems. To pursuerange of~10 MHz. Figure 3 shows the 689 nm laser sta-
these studies, we plan to first lodR, state atoms into the bilization and control system consisting of a master-slave
guadrupole magnetic trap and then mechanically translateCDL, a temperature stabilized and vibration isolated pas-
[35] the sample to the glass cell chamber. Subsequently, sive optical reference cavity, and a Sr saturated absorption
tight loffe-Pritchard magnetic trap will be used to perform aspectrometer.
variety of collision experiments. The linewidth of the master ECDL is first narrowed by
As a first step in this direction we have loadedl0®  locking the laser to a stable optical reference cavity via the
3p,(m=1,2) state atoms into the quadrupole magnetic trapPound-Drever-Hall techniqu36]. The cavity consists of
and achieved trap lifetimes 1 s. For these measurements, high reflectivity Zerodour substrate mirrors that are optically
the 3P, trap is first loaded by operating tH&;-'P, MOT for ~ contacted to a Zerodour spacer. The measured cavity finesse
a variable fill ime. The 461 nm cooling and trapping lasers(free spectral rangeat 689 nm is~3800(488.9 MH2, giv-
and the atomic beam are then switched off. Following a variing a linewidth for the TEM, mode of~130 kHz. To isolate

M . .
To Tra @}_HSMPM Optical Fiber FIG. 3. (Color onling 689 nm laser system.
i W4

o] Soli i i i
589 DL PBS ‘ id (dashedl lines are optical beam&lectrical

Slave @ | i I 42('\)/'“72—|]-0)CM connections \/4, quarter-wave platey/2, half-
wave plate; M, mirror; CM, curved mirror; PBS,

BS polarization beamsplitter; BS, beamsplitter; Ol,
689 nm ECDL | {=hl- 2 N 1oz optical isolator; FR, Faraday rotator; SMPM,
TCUR PZTH M smgle-mode_ polz_arlzatlon malntalnlng; ECDL,
:-----|:OE [ external-cavity diode Ie_i_ser; DL, d_|ode_ Ia_ser;
S 10M|-'|z ,______ TSVI, temperature ;tablllzed and vibration iso-
:_m____ N __'>______= _________ * lated; PD, photodiode; A_OM, acousto-optic
= . a2 . ' modulator; EOM, electro-optic modulator; DBM,
. :-" 1 | @ H"E K E :‘:/;‘zmm double balanced mixer; INT, integrator; AM, am-
(‘ +»|{1 GHz I - I ‘f ! | Optical Cavity 1 Enclosure plitude modulation; CURPZT), current(piezo-
, [AOM % L : electric mounted gratingmodulation input.
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the cavity from environmental perturbations, the cavity iS [N_-25x10
suspended by two thin wires inside a temperature stabilizec|T,, =26 mk
can that is evacuated ta107° Torr and mounted on vibra-
tion damping material. The effective absolute cavity fre-
quency is tuned by double-passing the 689 nm light sent tc '
the cavity through a 1 GHz AOM. The electronic feedback, [In-Situ In-Situ In-Situ Tor @
with an overall bandwidth of-2 MHz is divided into a slow =~ = 48mm— it ,
loop that adjusts the piezo-electric mounted ECDL grating

and a fast loop that couples to the diode laser current. With—50

the cavity lock engaged, in-loop analysis shows that jitter in dB, (G/om)

N =6.6x108||N =6.3x10%||N =6.3x10°
Tu=126pK||[Ty=12pK || Ty=1.2uK

- . lg

Il I L
| L L
the cavity-laser lock is<1 Hz. | /_‘O—I_

To further evaluate the performance of the 689 nm laser____ 3 0—
system, the short-term laser linewidth is determined by beat-4g1 nm Laser | 10 - 50 ps _.”.;
ing the cavity-locked 689 nm light against a femto-second OFF
comb that is locked to a second optical cay®y]. Here, we 89 nm L%ﬂ ON |
find a short-term linewidth 0.&<300 Hz, where the measure- ——oFF
ment is limited by the optical fiber connecting the 689 nm m%adba”"—l_
light to the femto-second comb. Next, the absolute stability Spectrum Single Frequency —
of the 689 nm laser is evaluated by beating the cavity locked -
689 nm light against a femto-second comb that is locked to & 0 20 40 60 80 100
Hydrogen maser via a fiber optical link to NI§B8]. From Times{m)
these measurements, the laser-cavity system drifts
~+400 mHz/s and has a 1 s stability ef4x10°* (i.e.,
<180 H2 with the former value limited by cavity drift and
the latter value limited by the effective maser noise floor. To
eliminate the slow cavity induced drift, the master ECDL is
next locked to théS;-3P, resonance via saturated absorption
feedback to the 1 GHz AOM. For added stability, a DC mag-
netic field is applied to the Sr vapor cell and the spectrometeGaussian fits are performed to both thesitu and TOF im-
is set to perform frequency modulation spectroscopy on thages. The temperaturg, is then given byT,=(m/4kgt2)
15,-°P,(m=0) transition. With the system fully locked, the X(R&-r?) wheret is the flight time andRe (r) is the TOF
1s stability is then~4x10 while for time scales (in situ) 1/€? radius of the cloud.
<5 min, the drift rate is~+10 mHz/s. On longer time Figure 4 depicts théS-*P, MOT loading procedurl].
scales, baseline fluctuations in the error signal cause fréAs outlined in Sec. I, a'S§-'P; MOT first precools~3
quency excursions that arel kHzlday x 10 ato_ms to~2.5 mK. At time_t:O, the 461 nm |Ight and

A portion of the 689 nm master ECDL output is next usedthe atomic beam shutter are switched dff, is rapidly low-
to injection lock a 689 nm slave diode laser. The slave laseg™®d to 3 G/cm, and red-detuned, broadband frequency

output, after double-passing through an AOM used for fre.modulated 689 nm trapping beams are turned on. 10 ms later

quency shifting and intensity chopping, is then coupled intg®d for the following 50 ms, the cloud is compressed by

a single-mode polarization-maintaining optical fiber. UponIinearly increasingdB, to 10 G/cm. Frequency modulation

o ! : ; parameters for the 689 nm trapping beams are set to give
exiting the fiber, the 689 nm light, with up to 6 mW of complete spectral coverage of tt&-'P, MOT Doppler pro-

power, 1S expanded to a ezzld!ameter 9f 5.2 mm anq d". file and, as shown below, manipulate the cloud size at the
vided into three equal intensity trapping beams. Dichroic nd of the magnetic field ramp. Subsequentlyt=60 ms,

beamsplitters are then used to co-align the 689 nm an e frequency modulation is turned off and the atoms are
461 nm trapping beams. Trapping beam waveplates arfe|q in a single-frequency MOT. As shown by the Fig. 4
3A/4 (\/4) at 461 nm(689 nm). _ _ _images, transfer into the 689 nm MOT decreases the sample
'S)-°P; cooling and trapping dynamics are monitored ei-temperature by more than three orders of magnitude while
ther by in situ or time-of-flight (TOF) fluorescence images only reducing the cloud population by a typical factor of
collected with an intensified CCD camera. The camera cag-4, giving final sample temperaturesefl uK and popu-
view the cloud in either the horizontaly plane or nearly lations of ~10’. Typical single frequency trap lifetimes and
along gravity. Thex-y plane (along gravity images have a spatial densities are-1 s and~5x 10 cm™3, respectively.
spatial resolution of 2Jum/pixel (37 um/pixe. Forin situ  With 707 nm and 679 nm optical repumping of tH&-'P,
images, the 461 nm trapping beams are pulsed on foMOT, the 'S-3P; MOT population(spatial densityis typi-
10-50us immediately after the atoms are released from theally 4x 107 (3 10'2 cm®). Optical repumping of thés,
trap while for TOF images, the atoms are allowed to first-"P; MOT, however, is not used in the remainder of this
freely expand for a variable amount of time. We have veri-paper.
fied thatin situ images recorded with 461 nm pulses are
identical to direct images of the in-trap 689 nm fluorescence
aside from an improved signal-to-noise ratio. Typical TOF  As outlined in Sec. 1,6<0 'S-*P, MOTs provide a
flight times are 20—35 ms. To determine cloud temperaturesynique opportunity to explore three qualitatively distinct la-

FIG. 4. 'S,-*P; MOT timing diagram. Images at top show the
atomic cloud at each stage of the cooling and compression process.
From left to right, the first four frames are situ images while the

last frame shows the cloud after 25 ms of free expansion from the
6=-520 kHz, s=75 single-frequency MOTN (Ty,) is the cloud
population(temperature

IV. 6<0 MECHANICAL DYNAMICS
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FIG. 5. (Color onling. (a) Semiclassical radiative force versus position(bottom axis v,=vy=0) and velocity(upper axisx=y=0)
position(bottom axisp,=v,=0) and velocity(upper axisx=y=0)  for a range of intensities. Correspondi¢i trap potential energy in
for a range of detunings. Correspondifiy trap potential energy in  the z direction and(c) in situ images of thé'S;->P, MOT. Dashed
the z direction and(c) in situ images of the'S;-*>P, MOT. Dashed lines in (c) are calculated maximum force contours. For eadh,
lines in (c) are calculated maximum force contours. For eah, -520 kHz.
=248.
consists of free-flight between hard wall boundaries while
ser cooling regimes whose underlying mechanics are gowalong thez axis, mechanical dynamics are set by the relative
erned by either semiclassical or quantum mechanical physsize of the radiative force “kicks,” gravity, and the cloud
ics. In this and the following section, we will describe the thermal energy. As shown in Sec. V, the thermal energy is
unigue experimental signatures for reginiBs(lll ) and give ~ small compared to the gravitational potential energy. More-
detailed explanations for the observed trapped atom behawver, the ratio of the maximum radiative force to the gravi-
ior. tational force, R~ 16. Thus, the atoms sink to the bottom of
Insight into regimeg) and (II) thermal-mechanical dy- the trap where they interact, along thexis, with only the
namics is provided by the semiclassical radiative force equadpward propagating trapping beam.
tion [12] As 6 decreases in Fig.(§) or sincreases in Fig. @), the
. trap mechanically evolves to reginid) where A <I'g pro-
IE(* 2= kT S duces a linear restoring force and hence, damped harmonic
v =5 , > > motion [12,15. Consequently the trap potential energy as-
2 145+ A(A ~ k-0~ pdB- /T2 sumes the U-shaped form familiar from standard broad line
s mg Doppler cooling. As the trap moves more fully into regime
, - . > - II), perturbations to the potential energy due to gravity be-
148" +4(A+k 0+ pdB- X% f:o)mep less pronounced. Opne expects, tf?grefore, tr?at thtz cloud
(1 aspect ratio will evolve toward the 2:1 value set by the quad-
- rupole magnetic field.
where x={x,y,z}, dB={dB,,dB,,dB,}, and wu=(g;ug/#) The intuitive descriptions developed above are directly
where g;=1.5(ug) is the °P; state Landeg-factor (Bohr  confirmed by Figs. &) and &c) which showin situimages
magnetoi s’ >s accounts, along a single axis, for saturationof the 'S,->P; MOT along with overlaid maximum force
induced by the remaining four trapping beams. Figui@ 5 contours calculated from Eql). For excitation conditions
shows the'S;-*P, radiative force as=s'=248 for arange of corresponding to regimél), the cloud approaches the 2:1
6 values while Fig. 6) shows the force af=-520 kHz for  quadrupole magnetic field aspect ratio. In contrast, for re-
arange o=s' values. As described in Sec. |, the qualitative gime (1) the cloudx-y width is determined largely by the
nature of the force and hence the resulting trap mechanicaeparation betweexy force maxima or alternatively, by the
dynamics depends on the relative sizeAodndI'e. For re-  wall separation for thex-y potential energy box. In the ver-
gime (1), corresponding tdd|>120 kHz in Fig. %a) or s tical direction, the atoms sink to the bottom of the trap where
<248 in Fig. &a), A>I and the 3D radiative force acts the lower cloud boundary, is defined by the location of the
only along a thin shell volume marking the outer trap bound-z-axis potential energy minima which is, in turn, proportional
ary. Here, the trap boundary roughly corresponds to positiontp the position where the Zeeman shift matches the laser
where the radiative force is peaked. This situation, as showdetuning. Asé increasesz, shifts vertically downward, an
by Figs. %b) and &b), produces a box potential with a gravi- effect predicted in Fig. ®) and clearly revealed in Fig(&).
tationally inducedz-axis tilt. Hence, in the-y plane, motion  To quantify this relationship, Fig. 7 shoveg versusé along
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FIG. 7. Vertical cloud position versug for s=248 anddB, FIG. 9. Relative trap population versdswhenr, andr,, are
=10 G/cm. The solid line is a linear fit. optimized at each poiniopen circle$ or fixed atr,=0.79 mm and

r,=1.56 mm(solid circleg. For both,s=248 anddB,=10 G/cm.

with a linear fit to the data givingdz/dé=2#/(udB,)

=0.5094) um/kHz, in agreement at the 5% level with the the subsequen®=-520 kHz,s=75 single-frequency MOT

expected linear slope of 0.4@8 um/kHz. shown in the bottom frame. Here, dynamics similar to Fig. 5
Unique 'SP, MOT mechanical dynamics are also &€ observed: as the broadband modulation moves closer to

manifest in the transfer efficiency between the broadban#sonance, the cloud density distribution becomes more sym-
and single-frequency cooling stages. Here, it is important ténetric and the aspect ratio evolves toward 2:1. Figum 8
note that following broadband cooling, the cloud vertical andshows the broadband to single-frequency MOT transfer effi-
horizontal 1£? radii (r, andr,, respectively are set by the ~CI€Nncy TE versus broadband spectra number. Clearly, TE in-
final value fordB, and the spectral separation between thecréases as the overlap between the broadband cooled cloud
blue edge of the modulation spectrum and t8g°P, reso- and the single-frequency MOT force contour increases, indi-
nance. Figure @) shows three typical modulation spectra cating that TE can be optimized by “mode-matchimgand
while Fig. &b) showsin situ images of the corresponding 'n to the single-frequency MOT box. This idea is supported
broadband cooled clouds at the end of the magnetic fiel@Y OPen circles in Fig. @) which give predicted TE values
ramp. For each, the measured temperature i€0B5uK. based on the relative volume of the broadband cooled cloud

Overlaid dashed lines give the maximum force contour for2Nd the single-frequency radiative force curve. Overall, the
prediction reproduces observed TE values with a discrepancy

110 for spectra 1 and 2 that likely arises from the broadband
MOT density distribution.
sadss Further evidence for broadband to single-frequency
‘ mode-matching is provided by the single-frequency MOT
Spectra 1 populationN versusé shown in Fig. 9. Here, solid circles

give N versus$§ whenr,=0.79 mm andr,=1.56 mm. Ac-
cording to the Fig. 5 model, the single-frequency MOT ac-

Relative Optical Power
o
i

* quires these dimensions at-1637 kHz, which lies within
2% of the § value whereN is peaked. Hence, we again find
Spectra 2 that optimal transfer occurs when andry, are matched to

0.0 the single-frequency radiative force contour. Additional con-

firmation for this effect is provided by open circles in the
- figure which giveN whenr, andr,, are optimized at each.
To understand the trend in this case toward smallexs §

—
Q
~

Detuning (-MHz)

>
[$)
§ ! ; vjﬁsnféegredicﬁon . speclg decreases, note the finite slope for the blue edge of the
5 0.1 modulation spectrum sets the minimum effe_ctive deturdipg
3 - 2 that can be used during the broadband cooling phase. In anal-
%0.01 . - ogy to Fig. 5, 8,, sets minimum values for, and . Thus
= : mode-matching becomes progressively more difficultas
1 2 3 Single-Frequency MOT

decreases and the single-frequency radiative force contour
shrinks, leading to the observed decreassl.in

Broadband Spectra Number

—
(¢
~

(b)d— 55mm —»

FIG. 8. (Color onling. Modematching broadband cooled atoms
to the single-frequency MOT@) Broadband modulation spectra. V. 6<0 THERMODYNAMICS
Dashed vertical lines give the effective detuning corresponding to

the measured cloud sizé) In situimages of the broadband cooled ~ 6<0 'S-°P; MOTs display a rich variety of thermody-
atoms. For each, the temperature i(8.8 uK. Dashed lines give namic behaviors that are directly linked to the mechanical
the maximum force contour for thé=-520 kHz, s=75 single- dynamics explored in Sec. IV. Figure (8) shows the MOT
frequency MOT shown in the bottom framéc) Broadband to  equilibrium temperaturd, versusé for saturation param-
single-frequency MOT transfer efficiency versus broadband spectr@ters ranging frons=7.5 tos=1800. For large’ ands, cor-
number. responding to regime¢l) whereA>T'z>T", Ty is basically
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rate. Trap thermodynamics, therefore, are dominated by a
balance between gravity and the radiative force due to the
upward propagating beam. Here, it is important to realize
that asé changes, the-axis atomic positiorg, self adjusts
such that the effective detuningy—«dB,z,, remains con-
stant. Consequently the trap damping and diffusion coeffi-
cients, and thus the equilibrium temperature, remain con-
stant.

To obtain a quantitative expression faf, under these
conditions, we first find the damping coefficiemtoy Taylor
expanding the semiclassical force expression

F(o,.2) KD S
Uz = _ _ 2
2 L4+ 4(A ku;2 udB,2)

-mg, (2)

where (dF/dv)=a is evaluated atv,=0, z=Zz, Solving
F(0,25)=0 and usingR=(%kI'/2mg), the s-independent ef-
fective detuning is given by

A-pdBz _ VRs-s'-1
r 2 ’

3

which, in combination with Eq(2), states that the scattering
rate depends only oR, s, andI'. Substituting this expression
into (dF/dv), we obtain the damping coefficient

circles are experimental data while the solid, dashed, and short

dashed lines give standard Doppler theory, the Doppler limit

(hl'g/2kg), and the single-photon recoil limizwg/kg), respec-

tively. (c) Global scaling factor applied to Doppler theory in order

to match regiméll) data versus intensity.

a=

~ 2fik’\Rs—s' - 1 @
R%s '

Next, the diffusion coefficienD, is calculated by substitut-
ing Eq. (3) into the single-beam scattering rat, is then

&-independent. Insight into this behavior is provided by Fig.given by

11(a), which details the unique regimg) connections be-
tween trap thermodynamics, the spatial dependence of the
radiative force, and the relative size of the radiative force and
gravity. Recall that forA >T'g, the cloud sags to the bottom

of the trap where interactions occur, along the vertzeakis,

_ AT
PT 2R

D (5

Combining Egs.(4) and (5), the predicteds-independent

with only the upward propagating trapping beam. Moreovergequilibrium temperature is
due to polarization considerations and the free-flight motion

executed by atoms in the horizontal plane, horizontal beam - Dy - Al'\s R - (ﬁ_&) (6)
absorption rates are more thax 4maller than the vertical la] ~ 2kg 2yR-5/s—1/s \2kg)
2.15 where we have useds~ ys+1 for s>1. As shown by Fig.
Alclgs 11(b), the numerical factoNg is approximately 2 over the
o e 0 entire relevant experimental range. Regifhetemperatures,
= g% € 210 therefore, depend only oRg. To test this prediction, Fig.
& JTrapping Beam) 5 10(b) shows T, versuss for a fixed large detunings=
© £ —520 kHz. For the central portion of the plot where regime
~ < 2.05 : : -
W = ) dynamms are relevant, we find good agreement with Eg.
(6) aside from a global scaling factor of two.
. <—IAtoms 200 . For smallsin Fig. 1), the system evolves from regime
z, O 10° 102 104 (1) to regime(ll) where A<TI'g, I'e>T'. As this transition

(@) z Position (arb. units) (b) Intensity ( I/l )

FIG. 11. () Schematic depiction of regimg) cooling. Atoms
sag to the bottom of the potential ener@®E) curve where interac-

occurs, trap dynamics change from free-flight to damped har-
monic motion. Here, one expects thermodynamics similar to
ordinary Doppler cooling includings- and s-dependent
minima with equilibrium values having the functional form

tions occur primarily with the upward traveling trapping beam. The[12,15

inset shows the excitation geometfly) Numerical factoMNg in Eq.
(6) versus intensity.

T(s,4) = To(4|A[/Te) 1 + 4ATe?],
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% = -8 . E IR ANEN Conversely, quantum theory predicts that for regige), =
& O ™| 51071 Doppler N foll 14
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g 41 o g Quantum '_5—;. 2
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Time (ms) Intensity (/) whereT; is the initial cloud temperature. As a test of these
= T KA predictions, Fig. 1) shows 7 versuss at 5=-520 kHz
Regime (lIl) (1 (1

along with 7 values predicted by the above three theories.
FIG. 12. (Color onling The approach to thermal equilibrium at NOte.that fo_r eacts .Value we find _the t_emperature Versus
6=-520 kHz. (a) Measured temperature versus time 83¥248. ume Is W_e” fit by a smgle_ _exponen_tlal aside from thé ms
The inset gives a semilog plot for times greater than 5 ms. The soIi(IJOng rapid decrease typlfled by Fig. (82 In regl_me(ll) at
line is a linear fit.T, instantaneous temperatur®, final equili- ~ 5-4920, 7=14(2) ms, in good agreement with Doppler
brated temperature(b) Measured exponential equilibration time theory which givesr~12 ms. As expected for regimg),
versuss. The dashed, short dashed, and solid lines are predictiongorresponding to 1€ s< 4000,  follows equilibration times
from standard Doppler theory, the single-beam theory outlined irfPredicted by the single-beam damping coefficient while in
the text, and quantum theory, respectively. regime(lll) at s=6.1, 7=3.1(4) ms, consistent with the Eq.
(9) quantum mechanical predictions.

To=(Al'g)/(2ke), )
VI. >0 COOLING AND MOMENTUM-SPACE CRYSTALS

whereT,, realized al =I'g/2, is a generalized version of the  Tuning to §>0 during the single-frequency cooling stage
s<1 Doppler limit. As shown by the solid lines in Fig. ),  reveals two fundamental and unique physical procesdgs:
Eq. (7) correctly reproduces the functional shape of the datathe creation of well-defined momentum packets whose ve-
As shown by Fig. 1), however, matching the absolute data |ocity space alignment mimics lattice points on a face-
values requires multiplying Eq7) by a s-dependent global centered cubic crystal an@) laser cooling around a velocity
scaling factor(<1) whose value decreases wihleading to v, where the radiative force balances gravity. In the follow-
temperatures well below the standard Doppler lifijit In ing, we explore these two effects in detalil.

contrast to ordinary Doppler cooling, the cloud thermal en- Basic insight intod>0 momentum packet formation can
ergy in regime(ll) is thus not limited by half the effective be obtained by considering the elementary problem of 1D
energy width of the cooling transition. Notably, we find this atomic motion in the presence of two counter-propagating
surprising result cannot be explained either by analytic treats~ g jight fields. For simplicity, we assumdB=0. Accord-

ments of Eq(1) or semiclassical Monte Carlo simulations of jnq 1o Eq.(1), an atom with initial velocitys; will preferen-
the cooling process. The Monte Carlo simulations, in fact

simply reproduce standard Doppler theory. Finally,sap-
proaches unity in Fig. X0), the trap enters regimdil)
where '~ wr~kgT/A and thus the cooling becomes fully

tially interact with the field for WhicHZ-Ji>O. Hence, the
absorption process tends to accelerate rather than decelerate
the atom, further decreasing the probability for absorption
events that slow the atomic motion and enabling “positive

quantum mechanical. Here, we obtain a minimum temperaf_eedback" in velocity space. This process terminates for final
ture of 25@20) nK, in good agreement with the quantum " locity space. P
velocitiesv; satisfying

mechanically predicted value of half the photon recoil tem-
peratureTr/ 2 =fwg/ kg=230 nK [14]. 1 I'V1+s
The approach to thermal equilibrium also displays signa- v > K A+ > ,
tures of regimesl)—lll). Figure 12a) gives the cloud tem-
perature versus time following transfer from the broadbandvhich has a linead dependence and scales with. Neigh-
cooling stage to a5=-520 kHz, s=248 single-frequency bor atoms with initial velocities around;, undergo similar
MOT. As shown by the figure inset, the data is well fit by a“positive feedback” acceleration and ultimately achieve final
single exponential aside from the rapid decrease for timeselocities neaw;. To quantify this latter effect, we first sim-
<5 ms that arises from atoms falling outside the trap capturgjity the problem by neglecting the beam for whidhs;

velocity [8,9]. Recall from Fig. 10 that scanningat this (. The equation of motion for the atomic velocity is then
detuning provides access to all three cooling regimes, each

(10

of which is characterized by a unique evolution toward ther- v _ kD S 11
mal equilibrium. Specifically, for regimes) and(ll), semi- A 2m 4(A -kv)? |’ o
classical Doppler theory predicts an equilibration time 1+S+?

=m/2|a| where « is given in regime(l) by Eq. (4) and,
according to ordinary Doppler theory, in regingd) by  which can be solved analytically for the interaction titres
[12,15 a function of the velocity
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Figures 18a) and 13b) show plots of Eq.(12) at &
=80 kHz and =200 kHz, respectively. For botls=30 or
s=300. The chosen; values of 0.1 cm/s, 5cm/s, and
10 cm/s span the velocity distribution for a LX cloud.
Assuming an interaction time of 25 ms, Fig.(&Bclearly
shows that due to laser induced acceleration, the entire ran
of initial velocities is rapidly bunched to a significantly re-
duced range of final velocities. Considering a fully 1D situ-
ation, this result implies the cloud is divided into two well
defined and oppositely moving packets. Asncreases to
200 kHz in Fig. 18b), the s=30 atom-light interaction be-
comes sufficiently weak fop;~0 that two final velocity
groups centered aroungk~8 cm/s andv;~25 cm/s ap-
pear. In contrast, we find that fe=300 the transition to two
groups does not occur unti~400 kHz. Accounting again
for the full 1D symmetry, thes=30 case corresponds to di-
viding the t=0 cloud into three groups, two that move in
opposite directions with relatively large final velocities and
one that, in comparison, is nearly stationary. Overall, Eq
(11) thus predicts that fo6> 0 the atomic cloud evolves into
a discrete set of momentum-space packetss Ascreases at
fixed 6, the number of packets increases while, as predicte
by Eq.(10), the mean velocity for a given packet scales with
both § ands.

- 30 o 30 ;7 X
- Y S S e L b
s =300 H _
g 20/ 2 2 20 i ffs =300
= = s=30/, i
5 5 Y/
= i E= J s i
5 10 g 10 A S
o . 7
-“E’ 6 =80kHz *2 o z-x?  0=200kHz FIG. 13. One dimensional velocity bunching
- Ob 20 20 60 00 o 40 60 due to single-beams>0 absorption for(a) &
(@) Velocity (cm/s) (b) Velocity (cm/s) =80 kHz and(b) =200 kHz. Solid, short dash,

and dashed lines correspond to initial velocities
of 0.1 cm/s, 5 cm/s, and 10 cm/s, respectively.
(c) Three-dimensionals>0 momentum space

structure. Final momenta corresponding to the
black, gray, and white circles arise from three-,
two-, and single-beam interactions, respectively.

beam interactions in which the cloud is divided into two
pieces along each coordinate axis. According to Figga)13
and 13b), these points have & ands-dependent mean ve-
locity and appear at relatively small detunings. For lar§er
values, two-beam interactions fill points along the Fig.c13
corner connecting lines. In analogy $=30 in Fig. 13b),
atoms in these points hawe~ 0 along a single axis and thus
remain nearly stationary along that axis. Along the remaining
two axes, howevep; >0, enabling acceleration to larger.
The 3-beam to 2-beam transition, as shown in Figga)l3
and 13b), occurs at progressively largér values ass in-
Weases. Together, the two processes form a total of 20 di-
vided groups with 8, 4, and 8 packets in the top, middle, and
bottom layers of the cube, respectively. Finally, &sn-
creases further, atoms with~ 0 along two axes experience
acceleration only along the remaining axis, producing the
1-beam lattice points shown as 6 open circles in the Fig.
13(c) cube face centers.

Figure 14 shows an array of top vie@slightly off verti-
cal) in situ cloud images for intensities ranging frasw 30 to
$=1040 and detunings spannidg80 kHz to §=200 kHz.

For each|dB|=0 and the atom-light interaction time is fixed
at ty=25 ms(ty,=25 m9 in the horizontalx-y plane(along
z-axis) molasses beams. The initigJ=t,=0 cloud tempera-
ture is 11.%2) uK. Here, the observed cloud evolution
agrees well with the qualitative predictions developed from
the Fig. 13 model. As increases at fixed, sets ofn-beam
lattice points sequentially fill witm=3 filling first followed

by n=2,1. Moreover, ass increases, transitions between the

Generalizing this analysis to the full 3D molasses beanf-beam processes occur at progressively lafyealues. Fi-

geometry leads to the structure shown in Fig(ck3a 3D

nally, for fixed &, the mean lattice point velocity, propor-

array of momentum-space groups whose alignment mimiconal to the resulting lattice point spacing in the Fig. 14
the lattice points on a face-centered-cubic crystal. Given thénages, scales withas expected from both E¢L0) and Fig.
structure can be directly observed in position space. FrondB|# 0. The detailed changes to the cloud evolution that
symmetry considerations, cube corners correspond to threesult from this situation are described below.
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FIG. 15. (Color onling Calculated horizontad> 0 final versus
initial velocity for (a) various é at s=30 and(b) variouss at §
=120 kHz.(c) and(d) give the corresponding spatial distributions.
For eacht=25 ms and the,=0 temperature is 11.5K.

The intuitive understanding a¥>0 dynamics developed
above is confirmed by Fig. 15. Here, we show numerical
calculations based on E¢L) of the final horizontal velocity
and spatial distributions for thes=30 column andé

=120 kHz row in Fig. 14. For the calculationlB|=0, t,

=25 ms, and the initial cloud temperature is 1L&. The
Figs. 15c) and 1%d) spatial distributions should be com-
pared to cube lines in the-y plane along the Fig. 14-y
molasses beam propagation directions. Importantly, this fully
1D model reproduces both the Fig. 14 observations and the
Fig. 13 predictions for the- and s-dependent lattice point
filling factors and mean lattice point velocity. As expected,
the temperature of each packet in its moving frame is lower
than thet,=t,=0 ms atomic cloud, a result arising from the
previously described velocity bunching effects and directly
connected to cloud shape asymmetries observed in both the
experimeninote the sharp outer cloud edgesd the Fig. 15
theory. Notably, however, only two vertical layers are ob-
served in Fig. 14 while the Fig. 13 model predicts three. As
explained below, this apparent discrepancy arises from novel
gravitationally induced-axis dynamics.

At this point, it is important to realize that Eql) is
semiclassical and thus does not account for dynamics that
depend on the relative size bfand wg. The 6>0 momen-
tum crystals observed here, therefore, are a universal feature
of Doppler limited systems. Similar processes should then
occur with broad lines such as the 461 hgg-'P, transition.

To test this possibility, Fig. 16 shows numerically simulated
final horizontal velocity and spatial distributions for a
2.5 mK®8sr cloud excited by 461 nmi> 0 optical molasses.

For the calculation|dB|=0, t,,=500 s, ands=2. As clearly
indicated by the figure, structures very similar to those

in the uppermost center frame show the propagation direction foghaown in Fig. 14 can be generated over length scales consis-
the horizontal molasses beams. Note the horizontal beams are "Ant with 461 nm cooling beam diameters and typi%ﬁj

completely orthogonal to the field of view. The initial cloud tem-
perature is 11.2) uK.

-1P1 MOT temperatures. Moreover, we find that by increas-
ing eithers or ty, structures with contrast identical to those
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FIG. 16. (Color online Broad line momentum space crystals.
Calculated horizontala) final versus initial velocity andgb) corre-
sponding spatial distributions for 461 néx 0 optical molasses. For

each,ty=500 us and the initial temperature is 2.5 mK. R

T 0 o = t,=21ms
shown in Figs. 14 and 15 can be created. Note the mode§ . a N |
does not account for spontaneous emission induced randor> 201" et Bl 2 ™ =1 ms,’.
walk heating, a process the would tend to smear the contrass  f- % =0 ms gL 0 Pl -
between individual momentum packets. This omission, how-> 401 """~ Y ems | 8] oM
ever, should not significantly affect Fig. 16 since random g £ 6ol ceet=ttimg & 2 t=0:ns
walk heating scales asl [12] while, from Eq.(1), the di- _t:=21 s P
rectional acceleration scales BsThus, ad” increases from 20 0 0 B8 4 0 4
the narrow to the broad line case, random walk heating be(b) Initial Velocity (cm/s) (c)  Vertical Position (mm)

comes progressively less important.

Although the physics underlying>0 momentum-space FIG. 17. (Color onling Side viewin situ images fors=30,
crystals is thus fully operative for broad lines, details of the|gg|=0, §=140 kHz,t,=25 ms, and a range df, times. Thety,
crystal formation process will make experimental observa=t,=0 cloud temperature is 113 uK. Calculatedb) final versus

tions difficult. From Eq.(10), v; for a given packet is pro- initial velocity for the same set of paramete¢s) Corresponding
portional toI". Hence, broad line packet velocities are ordersspatial distributions.

of magnitude larger than achieved in the narrow line case. In
Fig. 16, for examplep;~ =60 m/s. Visualizing the entire however, gravity accelerates the central layer into resonance
structure then requires imaging light with an optical band-with the downward propagating molasses beam, causing the
width of ~260 MHz or an equivalently broad optical transi- two downward propagating layers to merge. For the
tion. This situation should be compared to the experiments25 ms time used in Fig. 14, this process is complete.
performed here where; <1 m/s, and hence sufficient im- Hence, only two layers are observed with the mdesg
aglng bandwidth is obtained with thE/27=32 MHz % intense packets in the Fig. 14 images corresponding to the
-p, transition. In addition]" sets the lattice point spacing, lower two (uppermostcube layers.
or alternatlvely the molasses beam diameter required to Comparing the numerically simulatei>0 spatial distri-
achieve a given contrast between individual lattice pointsbutions with Figs. 14 and 13 reveals that theoretically pre-
For the contrast shown in Figs. 14 and 15 for example, thelicted|dB|=0 lattice spacings are2x larger than observed.
required broad line molasses beam diameters grow to tens This result occurs due to stray magnetic fields. Here, an in-
centimeters, making experimental observations impractical.dependently measured100 mG/cm permanent chamber
Figure 17a) showsin situ images of the 689 nd>0  magnetization spatially shifts the effective detuning as the
molasses when the cloud is viewed in the horizontgl  atoms move outward, causing an apparent deceleration and
plane at 45° to the-y axes. For the image#d%|z0, s=30, thus reduced lattice spacing. This effect can be seen most
5=140 kHz, ty=25ms, and t, is varied from t, clearly by measuring the vertical position of the upward
=0 ms tot,=25 ms. Here, the apparent contradiction be-moving cube layee; versusty. In this case, Eq(1) predicts
tween Fig. 14 and the Fig. 1§ prediction for the number of that the atoms are accelerated to a veloeifywhere the
vertical layers is shown to occur due to gravity induced dy-radiative force balances gravity. The cloud then moves up-
namics. Increasindy, from t,=0 ms tot,=6 ms, for ex- ward atv, and hence, experiences an effective acceleration
ample, creates three vertical layers, as predicted by Figle=0. To test for a magnetic field induced nonzexp Fig.
13(c). For t,>6 ms, however, the lower two layers slowly 18 showsz; versusty, for s=30 andé=140 kHz. The solid
merge together, becoming a single cloud along the verticdine in the f|gure is a fit to the simple kinematic equation
direction fort,>21 ms. To understand this process, recallzr=2Zy+vgty— (getv)/2 Here,v, is treated as an initial veloc-
that the central layer in the Fig. &3 cube corresponds to ity since fors=30 andé=140 kHz, the atoms are accelerated
atoms with near zere-axis velocities. For the chosehand  t0 vy in <2 ms. From the fit, we findj,=—0.9816) m/<’,
in the absence of gravity, these atoms remain mgaf. As  consistent with a stray gradiedB,=100 mG/cm. Once this
shown by the numerical calculations in Figs(dj7and 17c), gradient is included in numerical calculations of Et), the
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4 The equilibrium temperature of the upward moving layer
can be calculated by following the same procedure used to
derive EqQ.(6). Here, however, we sgidB,z=0 in Eqg. (2)

24 and perform the Taylor expansion abouwt=v, The
S-independent effective detuning is then

Vertical Position (mm)

A-kv, _ VRs-s'-1

0 20 40 r 2
Single Frequency Time (ms)

(14)

which leads to damping and diffusion coefficients identical
FIG. 18. Measured vertical position of the upward moving layerto Egs.(4) and (5), respectively. The expected equilibrium
versusty, at 5=140 kHz ands=30. The solid line is a fit to the temperature is then given by E(B). Thus, gravity, via the

model described in the text. ratio R, again plays an important role in narrow line thermo-
dynamics, in this case enablify> 0 cooling. Unfortunately,
measured and calculated lattice point spacings agree. this prediction cannot be accurately verified due to spatial

Finally, the exceptionally sharp velocity and thus spatial®Verlap among the horizontal plane packets in the upward
distributions for the upward propagating layer in Fig. 17 im-mMoving cube layer. The observed and theoretically predicted
ply velocity compression beyond the bunching effects deSharp vertical spatial distributions in Figs. (& and 17c),
scribed earlier. In fact, as shown by Fig.(apwhich depicts however, strongly suggest that-0 cooling is operative in
the composite gravitational and radiative force for the up_the experiment. Finally, note that although this same cooling

ward moving atoms, stable cooling occurs arowgdvhere ~ Mechanism should occur for broad lines whire 10°, voin
the composite force is zero. From E®), v, is given by this case has impractical values on the order of 100 m/s.

Moreover equilibrium temperatures are large, at roughly
1 r— 160X (Al'g/ 2kg) ~ 200 mK for the's,—'P, transition even
U():E A+E\S(R_1)_l ’ (13) ats=1.

which depends linearly oA and scales approximately Eg. VIl. CONCLUSIONS
Figure 19b) shows measured values fop versusé at s . . -
In summary, narrow line laser cooling exhibits a wealth of

=10 ands=75, clearly demonstrating the expected linear ehaviors ranging from novel semiclassical dynamics
6-dependence. To obtain quantitative comparisons Wiﬂpherein ravit gca?n lav an essential role to uan¥um me-
theory, we next perform linear fits to the data and then obtaif €"€n 9 y play . oq

chanically dominated subphoton recoil cooling. In €0

predicted values foov, from numerical calculations that in- . : . _
clude the 100 mG/cm field gradient discussed above Fror‘ﬁem'(:las.SICaI case, trap dyn_amlcs are set by _e|the_r hard wall
) oundaries or a linear restoring force. Qualitative differences

';h:elg >;pnedr|r6n§ thé) W?n??kﬁ; osgﬁa?;ﬁjé(l_r?} eIL; rg /sfllgst)aatree between these two situations are reflected in both the atomic
K ' b 9 motion and the equilibrium thermodynamics. Here, mechani-

at the 10% level with the predicted values Gfvo/d4) cal dynamics range from free-flight in a box potential to
=5725) um/(kHz 9 at s=10 and 63&0) um/(kHz ) al  yamned harmonic oscillation. Accordingly, equilibrium tem-
$=75. Moreover, experimentally observed absolute valuegeatyres range from detuning independent values scaled by
for v are reproduced by the calculations at the level of 20%e power-broadened transition linewidth to detuning depen-
in good agreement with the expected E#3) intensity de-  gent minima well below the standard Doppler limit. As the
pendence. saturation parameter approaches unity, the trap enters a quan-
tum mechanical regime where temperatures fall below the

s =30 ] photon recoil limit despite the incoherent trapping beam ex-
2 85 140KHz| @ 12 citation. For&>0, the cloud divides into momentum-space
Zz f"- E : crystals containing up to 26 well defined lattice points and
5 Z g | the system exhibitss>0 gravitationally assisted cooling.
% 1 P 2 These surprisingg>0 behaviors, which again occur due to
g Py, 1>e 4l an incoherent process, are theoretically universal features of
s / \l g 0575 Doppler limited systems. Observations should therefore be
04— - ) . 510 possible, althoygh difficult, with broad Iin_e optical molasses.
5 1 20 0 o 80 180 Perhaps a similas>0 mechan!cal evolution also occurs for
@) v, (cm/s) (b) Detuning (kHz) atoms, such as the more typically employed Alkali metals,

that support both Doppler and sub-Doppler cooling.
FIG. 19. (Color onling 6=0 cooling. (a) Composite gravita-
tional andé> 0 radiative force versus,. Arrows show the direction ACKNOWLEDGMENTS
for force induced velocity changes. Stable cooling occurs around a
velocity vy, labeled by the circle, where gravity cancels the radia- The authors wish to thank K. Holman and Dr. R. J. Jones
tive force.(b) Measured versuss for s=10 ands=75. Solid lines  for their work on the femtosecond comb measurements. This
are linear fits. work is funded by ONR, NSF, NASA, and NIST.
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