PHYSICAL REVIEW A VOLUME 57, NUMBER 1 JANUARY 1998
Atom cooling in one dimension with high-intensity laser light

M. R. Williams, M. J. Bellanca, L. Liu, C. Xie, W. F. Buell,T. H. Bergeman, and H. J. Metcalf
Department of Physics, State University of New York at Stony Brook, Stony Brook, New York 11794-3800
(Received 26 December 1996; revised manuscript received 12 May 1997

In sub-Doppler laser cooling of atoms, the lowest temperatures are known to occur (aulomot too lowy
excitation, and the temperature increases roughly linearly with laser intensity. However, under conditions for
which the lowest temperatures are obtained, the small velocity capture range and low optical pumping rate
limit the number of atoms that can be collected into the cold sample. In this study, we present measurements
for laser cooling of Rb and metastable He atoms for two counterpropagating laser beams with orthogonal linear
polarization(linLlin) over a wide range of saturation parameters and laser detunings, together with results of
semiclassica{Fokker-Planck and quantum density matrix calculations. We find that at higher laser intensity,

a larger number of atoms can be collected into a final velocity distribution that is significantly narrower than
that given by a linear extrapolation vs the square root of laser intensity. Two cooling mechanisms are at work:
the sub-Doppler Sisyphus mechanism and also Doppler cooling. Under certain conditions that we discuss,
Doppler cooling aids Sisyphus cooling by collecting high-velocity atoms beyond the Sisyphus capture range.
He* presents a rather unusual situation in that the minimum average kinetic efgyydr purely Sisyphus
cooling is comparable to the minimum value Bf, with Doppler cooling aloneS1050-2947@8)00501-0

PACS numbds): 32.80.Pj, 42.50.Vk

[. INTRODUCTION available for the Na and Cr studies in order to better under-
stand laser cooling under these conditions.

Optical collimation to produce the brightest atomic beams We find that at high intensity for Rb, and moderate in-
is important in many experimental situations, includingtensity for H&, Doppler cooling and polarization gradient
atomic beam lithography and experiments in collisions andSisyphus cooling complement each other, resulting in a
spectroscopy. To optimize atomic beam intensity and collidarger velocity capture range while maintaining a relatively
mation simultaneously, one needs to balance the conditionzarrow final width in the velocity distribution. Each of these
for the narrowest velocity distributions against the conditionscases lies outside the region of applicability of models in
for efficient collection of atoms into a small range of veloci- which the excited state populations are adiabatically elimi-
ties. The resultant “cold peak” in the velocity distribution at nated (AE) [11-14. The measured widths of the velocity
v=0 corresponds to a low temperature when it has a Gaussglistributions turn out to be significantly narrower than would
ian shape. Polarization gradient and other sub-Doppler coole found from extrapolation to higher intensity of AE results
ing methods depend on the multilevel structure of atoms t@uch as those ifil2,14). Our calculations, using both quan-
achieve temperatures lower than with purely Doppler cooltum density matrix and semiclassical Fokker-Planck equa-
ing, but the velocity capture range of such methods is quitéion methods with excited states retained, show that devia-
restricted. Still lower temperatures have been achieved btjons from an overall Gaussian velocity distribution play an
velocity selective coherent population trappifi-3], but ~ important role. As previously recogniz¢ti2], non-Gaussian
this alone does not efficiently collect fast atoms into the colddistributions are ubiquitous in linin cooling.
peak [4]. The lowest reported temperatures have been The non-Gaussian character can be understood by consid-
achieved by evaporative cooling in three dimensifis7],  ering the velocity dependence of both the semiclassical force
but this technique cannot be used for brightening of atomi¢ F(v)] and momentum diffusiopD (v)] functions[12,15—
beams. 17]. The steady-state velocity distributioR(v)] calculated

Recently it has been reported that there is an unexpectedfyom the Fokker-Planck equation is Gaussian when the ratio
small increase in the width of the velocity distribution when F(v)/D(v) is linear inv. Ideally [12] one hasF(v)*v/[1
high-intensity light is used to collimate atomic beams in a+ (v/v¢)?], where v, is the velocity capture range, and
one-dimensional linlin configuration[8—10] (linLlin laser ~D(v)=D;/[1+ (v/vc)?]+ Dy, in whichDy is negligible. In
cooling employs counterpropagating laser beams with orsuch a caseF(v)/D(v)«v everywhere. Sincd(v) and
thogonal linear polarization This conclusion is most ex- D(v) are useful tools for qualitativeand nearly quantitatiye
plicit in the work with Rb and Na atomi,9], but was also understanding of the experimental results, we have devel-
reported with C{10]. In view of these results, our goal has oped a semiclassical algorithm for calculatifdv) and
been to obtain additional data for Rb and also to studyD(v) that includes excited statg$6—1§, and present some
linLlin cooling of metastable He atoms (Hg and to com-  of these results below. In the results from these semiclassical
pare our measurements with theoretical models that were natlculations ofD(v), Dy is typically not negligible forv

>v., and in factF(v) andD(v) do not exactly follow the
above simple parametrizations. As a consequence, even at
*Present address: The Aerospace Corporation, Mailstop M2/253pw intensity and large detuning, we find that the linear re-
P.O. Box 92957, Los Angeles, CA 90009-2957. gion of F(v)/D(v) typically does not extend significantly

1050-2947/98/5)/401(11)/$15.00 57 401 © 1998 The American Physical Society



402 M. R. WILLIAMS et al. 57

beyond the maxima ofF(v)| atv=*v.. SinceP(v) nor- lated into units ofE,, the Doppler limit can vary greatly
mally is significant beyond =v., there are usually more between different atoms, and thus the strategy for optimizing
atoms in the wings than for a truly Gaussian shape, and oniée capture velocity and the width &f(v) depends or.
can say that linlin cooling is typically less efficient for Experiments with H& cooled on the 2S;—2 °P, tran-
larger|v|. ThusE,=M(v?)/2 is often greater than the esti- Sition at A=1.083um present an intezresting contrast
mateEge=Mu2y/2, wherev,, is the 14/e half-width of the ~ With Rb because: is larger (e =2.6<10 ° for He", vs
velocity distribution, orEj=M(Av)28In 2, wheredy is ~ 8-4X107" for Rb) [22]. Thus while the Doppler limit for Rb
the full width at half maximum(FWHM) of P(v). [For 'S 273, itis only 6.7, for He", or about one-fourth of the
GaussiarP(v), Ey=E..=E...] E,, is strongly influenced S!syphus limit E,,= 25E, . A_n important dlffere_nce betwe_en
$oav e mget. —av -~ Sisyphus and Doppler cooling is in the behavior at relatively
.by Doppler cooling, which collects atoms from the wings large velocities. First, the velocity capture range given
into the cold atom peak.

approximately by one-half the separation between the peaks

_Better agreement with the measurements can be obtaingl ihe F(y) functions, is typically larger for Doppler cooling
with quantum density matrix or quantum Monte Carlo calcu-ihan for Sisyphus cooling. For Doppler cooling,~ | 8]/k,
lations than with such semiclassical methods, especially fo\fvhile for linLlin Sisyphus cooling,v —FT./k where
ground staté->1. In this study we use two quantum density T 2/9 for aF = 1/2—3/2 transition at’lo(\:/v intezsit'[aﬂ and
matrix methods. Time evolution calculations with a basis of = — N ) .
free-particle state¢labeled “QDM” here) include excited COTF[J;;?IG vlaltuesf1|‘:c;r othég asl %wer; m_tS(fec. vV Q[Sgee
states and are believed to be most accurate. The quantuRf' Otf plosocl)t (v) vs Slc‘zse Vec?ICI ytcl)r Vaf['r?“ g
basis states for AE calculations are the eigenstates in tHf§ ON€ particular detuning valdeSecondly, at less than op-
light shift potential, obtained by eliminating the excited imum values ofU,/E,, the velocity diffusion rate in the
states Steady-staté\E results depend only on the parameter Wings produces a sharp rise iy, as seen in AE results
Uo/E, , and not otherwise on the detuning or intengitg]. reported in[12] and presented here. This is associated with

N 212y i ; the velocity-independent term B(v) (Dg in the notation of
HereU, fhoSI(1+46°IT7) is the depth of the optical y-indep ) ~0 )
potential ~ wells, f=[(F+1)(2F+1)—1]/[(F+1)(2F Ref.[12]), and is due to fluctuations in the difference of the
+1)], S=w — wA, is the detuning of the laser frequenay momentum carried away by the two counterpropagating laser
from the atomic resonance frequenoy, andl'=1/7 is the beams. However Doppler cooling continues to function in
spontaneous emission 3ra$$lllsati§ thg saturatiqn param- :E;St frc()erg:—Te?. i?tﬁnctjlgtzn?r?gsigﬁg?;gﬁlga?é\gefssﬂtcs Iilhg;w
eter, wherd so= mh¢/3\ °r, E,=Mu;/2 'S t'he recoil energy Doppler coéling removes the sharp increasé&jy at. small
for an atom of mas# cooled on a transition of wavelength U, /E, . Although we do not measute,, in He* , we clearly

— — i i i i oftr- \Y '
)s\tatzewg(a;czg?\vris f’ilgll;\:leés ttr(;e {ﬁgo'rla\tlgoﬂfy' 1v—vr;|eer?excl:"lted observe non-Gaussian velocity distributions that arise be-

p/ts P i i i
—ST/2[1+ S+ (26/T)2]. For a two-level atom, rate equa- cause the linear range &f(v)/D(v) is small relative to the

tions give the excited state fraction to bg/(2I',+1I"), and steady-state yelqcny FWHM. .
this is approximately true also for lidin excitation of a . The organization qf this paper is as folIc_;ws. In Sec. Il we
multilevel atomic transition, although different branches andVe 2 brief description of our semiclassical and guantum

Clebsch-Gordan factors modify this result. AE is valid whendens'.ty matrix mgthods. Also in th|§ section, .result_s of semi-

o L - classical calculations show how high laser intensity can be
I'p<I'/2. Within the AE approximation, the minimum value used to collect atoms from a large velocity range into a rela-
of E,, in linLlin cooling occurs atUy/E,~100 [12]. For 9 y rang

. . tively narrow cold peak. In Sec. Il we describe our experi-
Uo/E,=100, steady-state AE calculations show gin- 0 setups for Rb and Mend the methods of data analy-
creases approxmat.ely linearly withy /E, 0,2 with S, hence sis. In Sec. IV we compare experimental results with
theszvr:]lgl\élf%z(gi) Ig%ia:isrﬁzgt% u?ehpi)(/)r?z; Here however géomputations performed with both semiclassical Fokker-
beyond the regime where the FWHM 8(v) is a linear lanck and guantum density matrix methods. In Sec. V we

) ) . discuss implications of these and other similar results. Both
1/2

function of 5™ For detuning 5.|<5F and at higher vaI_ues the theoretical and experimental work reported here are re-

of Uy/E,, we find thatP(v) is narrower than the width

. . ._stricted to one dimension.
extrapolated from low-intensity results, as found also in

three-dimensional3D) laser cooling experimen{d.9]. This
narrowing occurs largely because Sisyphus cooling is as-
sisted by Doppler cooling at large|, especially at high
laser intensity. Such assistance not only helps to narrow We have employed both semiclassical Fokker-Planck
P(v), but more importantly, also collects high-velocity at- equation(SC-FPB and quantum density matrix methods to
oms from the wings. We emphasize that Doppler coolingcalculate atomic velocity distributions. The SC-FPE method
effects are obtained theoretically only when excited states afd2,15,16,18is efficient, versatile, and gives useful physical
included in the calculation, and thus dmt appear in AE insight through the calculateB(v) and D(v), in spite of
calculations. certain limitations we describe below. We have formulated
The role of Doppler cooling relative to Sisyphus cooling the equations and a computer algorithm to compute both
depends or=E, /AT'=%k?/2MT. For linLlin cooling, the ~ F(v) andD(v) in 1D for multilevel atomic transitions in-
minimum E,, varies from about 45, for F=1/2—3/2 to  cluding excited state levelsl6]. Our method parallels that
20E, for F=3—4 transitions. The 1D Doppler cooling limit used by Berg-Bensenet al. [15] for cooling of two-level
is Ea={(Mv?/2)=kT,/2=74T/40 [20,21. When trans- atoms. To obtain the steady-state density matrix elements for

Il. THEORY
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the various internal states at a given velocity, we use a comsther authors have employed the form of H@), e.g.,
tinued fraction methodi24] differing slightly from that used [26,27]. Other forms of the FPE for laser cooling have been
in Ref.[15] to avoid singular matrices that occur with mul- used elsewherfl5,2§.

tilevel atoms. Because of the high saturation parameters in- Figure 1 shows plots ofF(v) and D(v)=D(v)
volved in this work, it was necessary to go to high orlgy  +D{(v) for linLlin cooling on the 8Rb F=3—4 transi-

to 180 in the continued fraction computations. For compu-tion. Figure 1a) is for S=1.5, §=—5I", hence U,/E,
tational efficiency, we have exploited the block matrix sub-=110, and shows a steep gradienfifv) nearv =0. Figure

structure of the evolution matrix. 1(b) (for S=20, 6= —5I") shows that at highe®, the veloc-
GivenF(v) andD(v), the steady-state velocity distribu- ity range over which the force is significant is larger than in
tion P(v) can be obtained by simple integration: Fig. 1(a), while in Fig. 1c) (S=20, §=—1T), the force re-

mains substantial over the entire velocity range shown, albeit
with a smaller gradient at the origin.
: (1) These functions are used together with B} .to calculate
the time evolution of the velocity distribution as shown in
] o o ] ) Fig. 2[(a), (b), and(c) correspond to the respective parts of
WhereNils a normalizing coefficient. The time evoIgﬂqn can gig. 1]. The interaction times in Fig. 2 extend up to 1606r
be obtained from the FPE for the momentum distributionapoyt 27,5, and the initial velocity distribution is taken to
W(p): be flat out to+18Q,=1.08 m/s, as in our experiments. The
conditions of Fig. 2a) give a velocity peak with nearly the
d minimum width, but only a small fraction of the atoms are
Ds(p) %W(p)) collected into it. In(b) the cold peak is somewhat wider than
in (a), but many more atoms are collected. By reducing the
detuning to5= —1I" as in Fig. Zc), virtually all the atoms are
* ap? [DedP)W(P)], @ collected into the cold peak even after an interaction time of
only 1000r. These computational results illustrate the possi-

wherep=Mu, andD(p) andD(p) are the contributions bilities for obtaining increased atomic beam intensities by

to the diffusion from stimulated and spontaneous emissiorollimation with intense laser light and small detunings. Cal-
respectively. The derivation of this forfa6] follows from a  culations in this last regime db and 5 have generally not

generalization of the treatment of Minogi25]. Several been done previously because the simplifying assumption of
AE is no longer valid.

Clearly, the cases shown in Figs. 1 and 2 do not provide a
systematic survey of results expected under various condi-

P(v)=N exp“v dv'E(v')/D(v")

dW(p)_ d d
T %[F(D)W(P)H%

2
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FIG. 2. Temporal evolution of velocity distributions for differ-

FIG. 1. Velocity-dependent semiclassical force and diffusionent choices of laser parameters in intervals of A0the laser pa-
functions for the®Rb F=3—4 transition for different choices of rameters correspond to those of Fig(d.shows a very narrow cold
the laser parameter&@) S=1.5, 6= —5I" (optimumU,/E,) leads  peak because of the large damping constant, but the narrow velocity
to a large damping rate over only a very small range of velocitiescapture range leaves most of the initial distribution uncooley.
(b) S=20, 6=—5TI" leads to a much larger capture range. S leads to a somewhat wider cold peak, but with many more atoms
=20, 5§=—T results in a slowing force over the entire velocity collected into it.(c) collects virtually all the atoms into a respect-
range under consideration. ably narrow cold peak.
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M
Detection
Laser

tions of detuning and intensity. Optimum conditions for col-

lecting atoms will depend on the atomic species, the avail

able interaction time, the available laser intensity, and the cqgjing Laserl‘*l%
initial range of velocities. Furthermore, equilibration to a '
cooler velocity distribution in a region of decreasing laser
intensity [29] offers possibilities for attaining a narrower
P(v) once the atoms have been collected into a cold pea @:
with intense laser light. Thus the combination of high-
intensity collimation techniques discussed here with low-
intensity cooling in the tail of the laser spatial distribution s
and with other techniques mentioned in R&0] and in Sec. I
V has promise for producing very bright atomic beams.

The QDM method 13, 14, 22, 3] offers a more quantita- FIG. 3. Apparatus for Rb experiments showing the thermal
tive computational approach using a basis of direct productstomic beam geometry and the sheet of light fluorescence detection
of momentum eigenfunctions and internal statgs,m) scheme arranged for velocity selective detection with the detection
=|p)®|m), including excited states. The Hamiltonian for laser at an angle of 110° with respect to the atomic beam. The inset
this calculation includes the atomic center of mass motionshows the measured cooling laser beam spatial profile.
the internal atomic energy levels, and the atom-laser interac-
tion [22,31). ally insensitive to details of this repumping intensity. The

Because of the wide initial velocity range and the number, - L . .
. " laser beam profile is nearly an elliptical Gaussian with a
of internal states for th&=3—4 transition, we have not P Y X

attempted detailed modeling of the time evolution for thebeam diameter (&) along the atomic beam direction of 20

85 . . - mm and truncated to a diameter of 10.4 mm. Further, the
Rb experiment with QDM calculations. However, we havedo nstream edae of the beam has been chosen to be where
used QDM calculations to determine steady-state) by W 9 w

starting with a velocity distribution nearly equal in width to the intensity 1S abqut 85%. of the maximum 0 minimize .ef'
the final one. For such calculations, we used 80—160 mof_ect.s of Iow-mtensﬂy cool[ng as atoms”exn the interaction
mentum states for each of 16 interma} states, resulting in "€91on[29] (See inset to Fig. 3We position the cutoff ap-

a total of N'=1300—2600 basis states. The density matrixe"ture as close as possitfigbout 10 cm to the interaction
included only those off-diagonal elements between state&gion to minimize the effects of diffraction fringes.
connected by the atom-laser interactiovithin “families” ), A part of the cooling laser beam is split off and passes
and within a limited range of momentum differences. Typi-through an acousto-optic modulatohOM) with a center
cally, there were\?/20 elements of the density matrix used frequency of 80 MHz, and the down-shifted beam is used in
in the calculations. The results of the calculations are showa standard saturated absorption spectroscopy arrangement.
in later sections in comparison with our measurements. Fofhe laser frequency is thereby locked by saturated absorp-
the H& J=1—2 transition, the number of internal states tion spectroscopy near the251,2(F9=3)—>5 2P, (Fe=4)

and momentum basis states was small enough that we coulchnsition (of 8°Rb), either to a Lamb dip or a crossover
use the QDM method to model the temporal evolution of theresonance. By locking to appropriate lines and using differ-
cooling process, including the spatial variation of the laseent AOM frequencies, we can achieve a wide range of de-

Laser Beam!
Profile

—

profile. tunings for the cooling laser beam. The absolute uncertainty
in the laser intensity was about 10¢measured with a pho-
. EXPERIMENTAL APPARATUS todiode calibrated with a thermopile detegtdsut the rela-
AND DATA REDUCTION tive uncertainty(i.e., fluctuation was only 2%.

The resulting atomic velocity distribution is measured
1.6 m downstream using fluorescence detection with a

Our apparatus for Rb is shown in Fig. 3. A thermal atomiccharge-coupled devid€CD) camera as the atoms traverse a
beam is produced by an oven operated &450 K with a  resonant sheet of light. The detection laser beam is produced
horizontal 2 mnx100 um slit, and the beam is defined by a by a linewidth narrowed §v, <1 MHz), grating feedback
vertical 25umx2 mm collimation slit 34 cm downstream. diode lasef33] (Sharp LTO25 operated in the weak feed-
This configuration results in an initial transverse velocity full back regime for spectral narrowing. The beam power is at-
width of about 350,. The atomic beam crosses counter-tenuated to 1.4 mW and is focused in one dimension by
propagating laser beams of orthogonal linear polarizationsylindrical optics into a sheet of light with a waist size of
from a Ti:sapphire lasemia 3 cmlong interaction region 50 umX1 cm. This beam intersects the atomic beam and the
where the magnetic field has been canceled to better thaesulting fluorescence is imaged with 1:1 magnification onto
+5mG. a thermoelectrically cooled CCD detector array. Because the

To compensate the effects of optical hyperfine pumping idaser cooling geometry is basically one dimensional, we sum
8Rb, phase modulation sidebands are applied by an electréhe pixels vertically over a length of 17Q@m. The spatial
optic modulator at a frequency @s,=Ay— A+ 8, where  resolution of the detection system is 1Jubn, resulting in a
A4/2m=3.036 GHz is the ground state hyperfine splitting detection resolution of 0u4 for a longitudinal velocity of
andA./27=120 MHz is the excited state hyperfine splitting v, = v3kgT/M~360 m/s. However, the 2am collimating
betweenF.=3 and 4. The sidebands are adjusted so thaslit introduces a spatial averaging that makes the effective
Sq~1% of the main carrier, although the results are genervelocity resolution about equal tg, .

A. Rubidium



57 ATOM COOLING IN ONE DIMENSION WITH HIGH- . .. 405

<« 28m—> 18m magnetic field in the interaction region is zeroedtt® mG
Collmating with three. pairs of Helmholt; coils.
sl Immediately after the slit the atoms pass through two
He* Scanning equal intepsity, counterpropagating laser beams produced by
: | He® beam o tor a laser-diode pumped cw lanthanum neodymium hexa-

\ L beams have a &7 full width of 16 mm and are apertured to
Skimmer .Laser 32 mm. For some measurements the Iase_r beam is blocked
beams 20.5 mm downstream of the slit with a straight edge, so that
it is cut off downstream of the Gaussian peak at 85% of the
FIG. 4. Schematic of apparatus for Hexperiments, showing maximum laser intenSity. Thus the atoms are prevented from
atomic beam geometry and metastable atom detection region. ~ equilibrating to a narrower velocity distribution in the low-
intensity Gaussian tail of the laser spatial profile. As in the
This detection mechanism is clearly state and isotope Rb experiments, care is taken to minimize diffraction effects
§h the cutoff beam. In other scans the atoms are affected by

lective. We make it velocity §electlve as well by ch_oosmgthe entire 32 mm of the apertured Gaussian laser beam width
the angle between the detection laser and the atomic bearﬁﬁowing further cooling in the low-intensity tail

to be other than 90°. For our velocity selective detection we After the interaction region, the atoms travel 1.7 m to the

zgttetgliznal?sfgr tz) %i rlés()onZESV\z?r? %Seatrrt]i?:u(lj:rtlfcr)];n?tu(girfg etector. A 30um slit in front of the movable detector limits
P 9 he transverse velocity resolution to 4.4 cm/s orw@.5The

;’ﬁ;ﬂg':ly ﬁhacis;ijlovg:g::i\frvye d?:tr;isjtliicr:lvlzeg gﬁtrecgg;:]ye?eflslcfhgmetastable He atoms are detected by conversion electron
9 ' P ' " _emission when they strike a stainless steel plate in the detec-

width of the selected velocity class was approximately 5Ot r. The liberated electrons are accelerated to a pair of mi-
m/s. This has two advantages: all detected atoms have hagd" P

: ) ) : 8rochannel plates, and the resulting current read by a pi-
approximately the same laser-atom interaction time, an .
coammeter whose output is fed to the computer.

there is little spreading in the transverse velocity measure- Since the detection mechanism for*His different from

ment from a variation in the times of flight. .
The raw data from the CCD have been processed in tW(t)hat for Rb, the backgrounds and hence data analysis are

steps to minimize the effects of background scattered ”ghglffergnt. '_I'he_ m_easured velocity profiles ShO.W the cooled
. e . .~ velocity distribution of metastable atoms minus a back-
and to normalize for variations in the atom beam flux. First,

an image taken with the sheet-of-light detection laser tuneground scan. The background is taken by increasing the He

very far above resonance was subtracted from it. Second, thigurce pressure to collisionally quench the metastable atoms

difference was divided by a polynomial that was fit to 250 that only the ultraviolet light from the discharge produces
measured profile obtained with the cooling laser beanfl)_
blocked, after a similar subtraction. The major sources of
background are scattered light from the detection laser, sc
tered light from the cooling laser, and fluorescence from the
interaction region(There remains a very small amount of
scattered light signal from rescattered fluorescent light in the IV. EXPERIMENTAL RESULTS

detector region that is not accounted for in this procedilme. AND COMPARISON WITH THEORY

the absence of any cooling this procedure would produce a A. Results with Rb atoms—flat initial velocity distribution

flat line at 1. By translating the atomic beam, we estimate e | f th locity distributi fRb
that the initial velocity distribution is flat to within about xamples of the transverse velocity distribution o at-
20% out to+ 180, . oms obtained from CCD exposures are shown in Fig. 5. The

asymmetry that appears in the obsen®@) at high laser
intensity probably arises from a slight imbalance in the laser
cooling beams, particularly in the tail of the intensity distri-

In order to eliminate concerns about hyperfine opticalbution, where the edge of the reflected beam is somewhat
pumping and, more importantly, to elucidate features parsmeared by diffraction effects. For the fitted curves in Fig. 5,
ticular to lighter atoms, we have performed experiments inwe have simulated this effect by introducing different base-
“He* to complement our results in Rb. The apparatus for thdine slope parameters on either side of the velocity peak.
He* experiment has been described [iB4] and will be For Rb, we summarize the data from the individual CCD
briefly reviewed herésee Fig. 4. A supersonic beam of He  exposures by plots of the FWHM of the velocity distribution
atoms is produced in a liquid-nitrogen cooled, dischargeversusSY2 Typically, it is not possible to determing,,
excited source. With our standard operating conditions, the=M(v?)/2 accurately from measurements becaisg is
longitudinal velocity distribution is centered at 1600 m/s andvery sensitive to the baseline, which often is not well deter-
is approximately 240 m/s wide. The source output is ap-mined. By contrast, the full width at half maximum is not so
proximately 5x 10'%He* atomg s 'sr'!, and the ratio of strongly affected by the baseline, and this is typically the
2 1S to 23S metastable atoms is less than 0.02. The fluxrelevant measure for the velocity range where the bulk of the
through a 35umx6 mm vertical collimation slit located 25 atoms lie. The FWHM values extracted from fits to the CCD
cm downstream from the nozzle isx2.0® atoms/s. The exposures have been plotted$%? in Figs. §a) and &b) for

— aluminate (LNA) laser operating ath=1.083um [35].
::"j Along the atomic beanflongitudina) direction, the laser
f @

hotoelectrons at the conversion surface of the detector.
hus the difference of the signal and background scans for
n experiment with the laser blocked simply records the ini-
ial atomic velocity distribution.

B. Helium
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FIG. 5. Measured Rb atomic beam fluorescence profiles for dereaches a plateau when essentially all of the atoms are collected into
tuning 6= —3I'/2 and for three values of the saturation parameterthe cold peak.

S. These data were taken for longitudinal velocity cla?g

=350 m/s. See text for the normalization or background subtraceetuningsé= —3I'/2 and —5I", respectively. These figures

tion procedure. also show FWHM values obtained from SC-FPE and steady-
state QDM calculations.

PP ! ' At low intensities the FWHM increases roughly linearly
501 010020 039 0'4/& e/l . * with S¥2. The solid lines in Fig. 6 are obtained from a linear
(a) el s fit to AE results at lower values @2, as shown explicitly
40 e * : in the inset to Fig. @). At low intensities there is good
* agreement between AE and QDM results. By contrast, Figs.
30 ¢ | @ 6(a) and Gb) indicate that the measured and also the calcu-
@70 lated FWHM values at high intensity are less than expected
20 -© ' from these linear extrapolations of the low-intensity calcula-
10 10 tions. For bothé=—3I'/2 [Fig. 6a)] and 6=—5I" [Fig.
0 6(b)], the deviations start to be significant whép /T is
< 0 T approximately 0.Zthe excited state fraction is about O) s
E o 1+ 2 3 4 S5 6 7 8 8 10 shown by the top scale in each part of Fig. 6. For given laser
T 60 — intensity, as detuning increaséy,/I" decreases and, accord-
= I, — ingly, the deviations decrease.
L s0f A7 024 A second parameter of interest here, in addition to the
FWHM of the velocity distribution, is the number of atoms
s} (b) in the cold peak, as indicated by its area. Figure 7 shows that
o this area(fit amplitude times fit width for both detunings
30 does increase approximately linearly w2, up to the re-
20 LT gime where almost all the atoms have been captured into the
—&— Expt cold peak(giving an area of about 11 units in this figlre
10 f__:}j gCDM The combination of plots such as Figgagor 6(b) and 7
—  AE,LinearFit indicate that over a range &fin which the FWHM doubles,
0 G D the number of atoms within the cold peak increases tenfold.
0 1 2 3 4 5 6 7 8 9 10

Such plots can be used to select the optimum laser detuning
Slr"n/a2x : and intensity.

The discrepancies between experiment and QDM results
shown in Fig. 6, especially at high laser intensity, may be
associated with some degree of equilibration to a narrower

mental FWHM valuegdiamonds with error baysare taken from velocity distribution in the low-intensity tail of the laser spa-

fits to the measured distributions as shown in Fig. 5. Also shown ant.*Ial me"e' Furthermqre, the plotte8 values refer to the
results of SC-FPE(open circles and QDM calculations(plus maximum of a Gaussian that was cut off downstream at ap-

sign, as well as a linear fitstraight solid lines to the low-  Proximately 85% of the maximum. The SC-FPE results in
intensity AE results fof =3—4. The inset in(@) shows the com-  Fig. 6 show distinctly lower FWHM values than the experi-
putational data points and the fitted line. The small dips represerineéntal values or the QDM results. Since it is plausible that
resonance transfer processes, as discussed by Cddgpior the ~ €xperimental widths would be narrower than theory, there is
case ofF =4—5. The scale at the top of each figure giigs/T, no reason to doubt that the QDM results are more accurate.
from which an estimate of the excited state fraction can be obtainedherefore the question arises why SC-FPE calculations are
as discussed in the text. inaccurate.

FIG. 6. FWHM of the®Rb atomic velocity distribution v&§2
for laser detuningga) §=—3I'/2 and(b) §=—5I". The experi-
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We find that the discrepancies between QDM and SC-
FPE results are much smaller for laser cooling onFan
=1/2—3/2 orF=1—2 transition. We believe that the good
agreement foilF;=1/2 and 1 validates our computer algo-
rithms, including such effects as transfer of coherences frorr
excited to ground states in spontaneous decay, which occur
for Fg=1. We do not fully understand the origin of the dis-
crepancies between SC-FPE and QDM steady-state resul
for Fy> 1. Factors neglected in the SC-FPE approach@re
the spatial dependence 6fv,x) and D(v,X) on a wave-
length scale(b) effects of the atomic deBroglie wavelength
necessarily neglected in any SC method, &)dcorrelation
time effects(the Fokker-Planck equation assumes that diffu-
sion processes act with &-function time correlation
[37,39).
We have used a semiclassical Langevin mett88] that
includedspatial dependence i(v,x) andD(v,x) for two-
level (Dopplen cooling processes, and found that it removes
a large part of the discrepancies between QDM and SC re
sults for this simpler situatiofi22]. For linLlin Sisyphus
cooling, it is not clear why spatial effects would be larger for
F=3—4 transitions than foF = 1— 2 transitions. However,
for larger F, there is a much wider range of values of the 1200
Clebsch-Gordan coefficients. The redistribution of popula- %‘-1800
tion amongmg levels as an atom moves through the laser £ 2400 5o 240
standing wave may not be rapid compared with the dampinc -80 N )1
time. If this affects only the correlation tim@vhich is as- (b) velogity (V/Vr.
sumed to be infinitesimal with the Fokker-Planck equation
it appears to act in the wrong direction. Preliminary results FIG. 8. Dynamics of the collection of high-velocity Rb atoms
[39] with the Langevin equation approach to two-level cool-into cold peakia) experimental results arith) SC-FPE calculation.
ing indicate that longer correlation times tendnarrow the In both the experiment and' the calculation, the initial distribution is
velocity distribution. If this conclusion applies to litin ~ t@ken to be a peak 4& wide centered ab=18Q, . The laser
cooling, it would increase the discrepancy between SC anfarameters ar=30, 9=—2I".
QDM results. Further studies of spatial dependence in semi- )
classical calculations are complicated by the tendency of These separqte processes are shown more clearly in the
D(v,x) to go negative over part of the spatial period. ThusSC'FIDE r_esults in Fig. 9 In F|gs(a? gnd 9b) (S=2), the
the reasons for the apparent failure of the SC-FPE approac%gceleratlng force dominates, but it is too weak to slow the
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for E,>1 remain an unsolved problem |n_|tial distribution_to_within the narrow capture range of the
9 ' Sisyphus force within the total elapsed tifi®00r). Figures
_ 9(c) and 9d) (S=10) show a regime where the force and
_B. Results with Rb atoms— diffusion act together to drive the atoms quickly and effi-
narrow initial distribution at nonzero velocity

ciently into the Sisyphus region. In Figs(éd and 9f) (S
We now turn our attention to the manner in which atoms="50), F(v) is larger so the capture time is less. However,

at high transverse velocities are collected into the cold peakiere diffusion dominates: the initial velocity distribution
To study the dynamics of the deceleration of atoms with higHoroadens rapidly, a larger fraction of the atoms are lost be-
transverse velocities, we prepared the atoms in an initial disfore they reach the Sisyphus region, and the final velocity
tribution of width approximately 4f centered atv width is greater than for lowe®. A more thorough analysis
=18, by using parallel collimating slits. We then took of this process, beyond the scope of the present work, would
CCD exposures of the cooled distribution for a series of intake into account the slope of the force vs velocity curve as
teraction times by increasing the interaction length symwell asD(v) in the evolution of the width of the velocity
metrically about the peak of the Gaussian laser profile. Figdistribution.

ure 8 shows such traces together with calculations using the The functionsF(v) andD(v) can be used to devise op-
SC-FPE approach. This figure illustrates several quite intettimum strategies for beam collimation. For example, in Fig.
esting aspects of the collection dynamics of high-velocityl0 we show justF(v) for two different detunings and a
atoms into the cold peak. At short times the high-velocityvariety of intensities. The steep dispersion shape nead
atoms are decelerated by the Doppler force, which has arises from the linlin Sisyphus cooling, while the broader
large capture range, but at the same time, diffusion broadengings at higher velocity come from the Doppler cooling pro-
the velocity distribution considerably. When atomic veloci- cess. Collection of atoms at high velocity into a narrow cold
ties are within the capture range of the Sisyphus coolingpeak is facilitated if there is not a gap f{v) between these
force, these atoms are captured into the cold peak. two regimes. Fors=—3I'/2 [Fig. 10@)], a deep minimum
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FIG. 9. Collection dynamics with semiclassical force and diffusion cutt@s for the 8Rb F=3—4 transition, with laser detuning
6= —23I'/2 and laser intensitya), (b) S=2, (c), (d) S=10, and(e), (f) S=50. The initial velocity distribution is centered at 230n each
case, and the time evolution Bf(v) is shown in the three bottom graphs, for which the line thickness increases with elapsed time. In each
case, the time steps are @Q@nd the final trace is for 3660

in |[F(v)| occurs neaw =0.2"/k even for high laser inten- be close tos=—T', in good agreement with the empirical

sity, so evidently the detuning is so large that high-velocityconclusions in Ref{10].

atoms would be stranded near this minimum and not make it

into the Sisyphus region. On the other hand, ot —I'/2 C. Results with He* atoms

[Fig. 10b)], a modest laser intensity such®&s 5 effectively

removes the minimum. In addition, at smaller detuning the Our calculations and experiments on*Hgrobe phenom-

increased diffusion helps atoms through the gap regiomna that are not easily observable in Rb or other heavy alkali-

where the force is small. The optimum detuning is found tometal atoms because of their small valuesofn Fig. 11, we
showE,, andEg, values from both AE14] and QDM cal-
culations to show these effects. Our AE calculations use a
quantum basis but provide purely steady-state results,

—=— QDM -3I'/2
—e— QDM -5T
--B- AE

0! L 1 1 1 1 1 1 I
0 20 40 60 80 100 120 140 160

Uo/E;

FIG. 10. Force vs velocity for several values of the saturation FIG. 11. Comparison ofa) E,, and(b) Eqe vs Uy /E; for He*
parametelS for a J=3—4 transition. Insets show the low-velocity from QDM and AE calculations. Steady-state AE results depend on
detail. (a) 6=-3I'/2. (b) 56=—-T"/2. S, 8, ande only through the parametét,/E, .
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whereas the QDM calculations are based on time evolutiomum obtained with “sub-Doppler” methods, and where the
calculations starting with a distribution close to the steadysteady-state width of the velocity distribution substantially

state value.

The AE resultgno Doppler coolingfor E,, in Fig. 11(a)
show the well-known minimum nedd,/E,~100 and the
sharp rise at lower values. The results &y, from QDM

exceeds the linlin peak-to-peak separation &f(v) even
under near optimum conditions.

Our measurements exhibit the effects of Doppler cooling
in the velocity distributions, but the interpretation requires

calculations show a lower minimum at a much lower valuesome care because of non-steady-state effects. Non-Gaussian
of Uy /E, because Doppler cooling effects here collect atomsshapes can occur when cooling is incomplete and a narrow

from the wings into the cold atom peak. FOR/E, <100,

cool atom peak lies on top of the broader initial distribution.

Sisyphus cooling sharpens the velocity distribution at lowAs the atoms traverse the laser’s spatial distribution, they see
lv], henceEgy, decreases to a low value even in the AE the light intensity vary as a Gaussian with a FWHM of about

results, which give much higher values fay, .

These plots oE,, andE4 for He* reflect several conse-
quences of the large value efin He*. First, the Sisyphus
cooling limit for He* from AE calculationsE,,~ 25E, (the
minimum kinetic energy forany detuning, is nearly four
times the 1D Doppler limit of #I'/40~6.7E, (which occurs
with §=—T'/2). For 6= —3I'/2 (—5I"), the minimum value
of E,, for Doppler cooling is about B, (34E,), while for
linLlin cooling of HE* from QDM calculations, the mini-
mum value ofE,, is 10E, (20E,). By contrast, for Rb, the
Sisyphus limit of~20E, is much smaller than the Doppler
limit (at = —TI'/2) of ~273E,. Thus for H&, the Doppler

10 us~100r. The short interaction time allows remnants of
the initial velocity distribution(Gaussian with a FWHM of
about 20,) to persist at low intensities or large detunings.

At relatively high laser intensity, however, where the op-
tical pumping ratd", is rapid and the cooling reaches steady
state, a broad pedestal does appear in the obsd?¢edl
which can be associated with the Doppler part of the cooling
process. This is seen in Figs.(@&2and 12e), where mea-
surements were made with the laser profile cutoff at 85% of
its peak value, folS=32.

We also studied equilibration of the HeP(v) to lower
intensity laser light in the Gaussian tail of the laser beam

limit for E,, is comparable to the Sisyphus limit, suggestingprofile by unblocking the downstream side of the laser beam.

that Doppler cooling plays a significant role in_litin cool-

Experimental results are shown on the left side of Fig. 12,

ing of He". This is consistent with the conclusion one and computational results are presented in Fig. 13. The ad-

reaches from Fig. 1&) that AE calculations oE,, are not
reliable for He .

ditional narrowing in our experimental data is apparent in the
right plot in each pair in Fig. 12. The plot on the upper right

This last conclusion appears to be inconsistent with the)f Fig. 13 shows the laser intensity affecting an atom vs
corresponding values df,/I" and the standard estimates for time, with and without a cutoff at about 85% maximum in-

the excited state fractiorfexact for a two-level atom
I'y/(2T'p+T'). For linLlin cooling of He* with Uy/E,
=20, 6=—3I'/2 (—5I') and thusS=4.18(12.7),',/T

tensity. For the calculations in this plot we have included the
intensity profile of the laser beam in our QDM model by
introducing a temporal variation of light intensity as the at-

=0.15(0.056. However, these values apply only to atomsoms move through the laser beam. The temporal evolution of
with v =0. For atoms close to the Doppler resonance velocthe velocity distributions shown in this figure shows addi-

ity, vpop™ *|6|/k, T'p/T" will be significantly larger. Since
atoms withv nearuvpg, play an important role in linlin
cooling of He", a large value of’,/T" here will invalidate
AE calculations ofE,, even thoughl',/T" is small forv

tional narrowing in the low-intensity region downstream
when the Gaussian tail of the lasemist cut off.

V. DISCUSSION OF RESULTS, AND CONCLUSIONS

=0 atoms. The semiclassical approach also begins to be

questionable for He because typical values for,e for He*

imply a violation of a key condition for the validity of the

semiclassical approach, nametyP(v)/dv<P(v)/v, .
Another interesting feature of lidin cooling in He is

Our results, together with previous repoft3—10,3Q,
present encouraging possibilities for the practical production
of bright thermal atomic beanisee also a brief discussion in
[40]). A large capture range and high cooling rate combine to

that the damping force region between the inner peaks dihake high-intensity cooling useful as a preliminary step in

F(v) at |v|=*v. is very much narrower than the steady-

state Gaussian widthge, or that is,vge/v>1. This con-
trasts with the case of heavier alkali metals for whigfa is
typically a few timesv.. Empirically we find for anF

=1-—2 transition in the low-intensity limit,f =vk/T',
=0.13+0.034|/T". (For anF=1/2—3/2 transition,f =2/9
independent of detunindL1], while for anF =3—4 transi-
tion, we find f ~0.045+0.0146|/T".) Letting Uy/E,=u,
from expressions given above and valuesEgf shown in
Fig. 11, we obtairv 4o/v~1.34+ 71l for 6=—3I'/2, and
vgelve~1+162h for 6=—5I". For u=100 as for Rb,
vgelvc is thus in the range 2-3, while far=10-30, as is
of interest for H& (Fig. 11), vg4e/v~5—20. The work de-

beam collimation. The velocity capture range can be further
enhanced by tilting the transverse laser cooling beam
[41,42. Even brighter beams can easily be achieved by fol-
lowing an optimized region of high intensity with a suffi-
ciently long low-intensity tail to permit an equilibration to a
cold peak of minimal velocity widtH29]. Following this,

one could also contemplate a region optimized for velocity
selective coherent population trappitfgr He*) or bichro-
matic velocity selective coherent population trappidg]

(for Rb) to produce even narrower velocity distributions.
Two-dimensional magneto-optic traps, consisting of quadru-
pole magnetic fields plus transverse cooling lasers, have been
used to spatially concentrate an atomic beam after a narrow
transverse velocity distribution has been achieved

scribed here is a systematic study of this unusual situation if44,45,41,42,4p Other schemes to optimize sub-Doppler

which the Doppler cooling limit is comparable to the mini-

and subrecoil cooling separately have been propd4&y
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FIG. 13. Calculated evolution of the velocity distribution of*He

atoms for three parameter rangéa) S=7.2, 6=—-5I'/2, (b) S
FIG. 12. Measured velocity profiles for He(a), (c), (e), (g) are —72 5=—T (c)pS= 32 5= _Fgé ) ()

taken with the 85% cutoff in placéb), (d), (f), (h) are for the full
32 mm aperture and show narrowing due to equilibration to lower
intensity in the tail of the laser spatial distributiof@), (e) for S

=32 clearly exhibit the narrow peak atop a broader pedestal due tgistributions are typically non-Gaussian in shape. There are
Doppler cooling.(c), (d), (g), (h) on the other hand have not yet two velocity regimes: one associated with the steep force
reached steady state, and the pedestal is due to the initial distribfiinction nearw =0 from Sisyphus cooling and one with the
tion. less steep Doppler force which extends to higher velocities.
Doppler cooling can greatly increase the velocity capture
range, and becomes more significant for light atdlage ¢)

uch as H&. The optimum detuning is determined from the

and it has also been found that subrecoil and Sisyphus coo esire to maximize the capture velocity while avoiding a gap

in_g can coe_xisﬁ48_], creating brighter subrecoil beams in the in F(v) between the region of large Doppler force and the
h|gh-|nten5|ty_ regimg4J. . . Sisyphus region, and is found to be approximatély—1I',

Our experimental results demonstrate that with higher Iahn agreement with other studiés0]. He* represents an in-
ser intensity, more atoms can be collected into the cold pe resting, previously unstudied régime, where the Doppler

while at the same time the FWHM increases by a.rela.tivelﬁemperature is lower than the mimimum predicted by AE
small amount. To establish some of the systematics in th'éalculations of the Sisyphus cooling. We plan to explore this

regime, we have compared our measurements to results fro - . - . 3
. . ) > tgcon dominated regime further by using thé ®—3 3P,
both QDM and SC calculations. High laser intensities an ansition in H& at 389 nm.

small detunings require that excited states not be eliminatecﬁ

from the calculations. Semiclassical calculations usttg)

and D(v) fupctions obtqingd with excited states included ACKNOWLEDGMENTS

give useful if not quantitative accuracy fétg>1. These
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