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Laser collimation of a chromium beam
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We have studied laser collimation of a chromium atomic beam using a transverse polarization gradient
cooling scheme. We present detailed measurements of the angular distribution of atoms on the beam axis, over
a broad range of laser intensities and detunings, including those that produce significant excitation, and observe
collimation angles as small as 0£6.01 mrad(50% quantile. We compare our results with existing calcu-
lations based on assumptions of steady-state conditions and low excited-state population.
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[. INTRODUCTION The fundamentals of laser cooling have been thoroughly
described by several author§l]. In the simplest scheme,
Collimated atomic beams play an important role in manyatoms are cooled in a region of counterpropagating laser
applications of current interest, from atom interferometerdeams, sometimes referred to as optical molasses, where the
[1] and atomic clock$2] to collision studieg3] and direct- lasers are detuned below the atomic resonance. Due to the
write nanofabricatioh4]. While collimation can be achieved Doppler shift, it is more likely that atoms absorb light, and
in a very straightforward way using nozzles and/or collimat-hence momentum, from the laser beam that is propagating
ing apertureq5,6|, these approaches generally result in aopposite to their own motion.
great loss of flux. Recently, laser cooling techniques, which Enhanced cooling can be obtained by employing polariza-
utilize dissipative forces to increase the brightness of atomition gradients in the laser fielfl2]. In particular, the lin
beams, have arisen as an alternative that provides high de-lin configuration uses two counterpropagating lasers with
grees of collimation without significant loss of flIX—9]. orthogonal linear polarizations to create a superposition with
We report here results on laser collimation of a thermalcontinually varying polarization. Atoms with the appropriate
chromium atomic beam using one-dimensional transverstransitions(angular momentunrd—J+1, J#0) experience
sub-Doppler polarization-gradient laser cooling. We havdaser forces that depend on the polarization, such that motion
measured angular distributions of atoms on the beam axis fagainst the polarization gradients results in additional
a range of laser intensities and detunings. We have also deelocity-dependent forces and the associated cooling effects.
termined the conditions under which a minimum angular In recent years, the understanding of polarization-gradient
spread is obtained within the constraints of our experimentdlser cooling has evolved to the point where it appears to
configuration. Many of the measurements are made unddpllow near-universal behavior if one concentrates on the
conditions of high excited-state fraction and non-steady-statbmit of low excited-state fraction and assumes that steady-
conditions, so our data cover a relatively unexplored area. Astate conditions have been attained. These circumstances can
a result, there is no theoretical work available for direct com-be found, for example, in a three-dimensional atom trap or
parison. We compare our results with theoretical calculationsvhen slow atoms are cooled in one dimension over a long
based on assumptions of low-excited-state fraction anéhteraction distance.
steady-state conditions, in order to contrast this work with Given these conditions, the temperature of the cooled at-
other laser cooling studies. oms (or, equivalently the rms velocity spread or the average
kinetic energy E,) is found to depend(for a given
J—J+1 transition only on the light shift potential, [12—
A. Background 16]. This quantity, which incorporates the essential laser pa-
Since the first experiments on cooling free atoms withrameters of intensity and detuning, represents in a single
near-resonant laser ligHtl0], many cooling mechanisms number the effective depths of an array of light-shift poten-
have been identified, including Doppler-limited, sub- tials associated with the different magnetic substates of the
Doppler, and sub-recoil coolind.1]. These techniques have atom and their differing interactions with the varying polar-
been applied in one, two, and three dimensions, to slow anfation state of the laser. In terms of the laser parameters,
trap atoms and to transversely cool and therefore collimat&o is given by[16]

and brighten an atomic beam. 5
Uo=#|A| jrzipe: (1)
*Present address: School of Physics, University of Melbourne,
Parkville Vic 3052, Australia HereI is the linewidth of the transitionA is the laser de-
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tuning with respect to the atomic transition frequency, andorm is completely unspecified. In addition, the quantile is
Q is the Rabi frequency for the strongest magnetic sublevethe true number of interest where the ultimate goal is to
transition, i.e., folM|=J—|M|=J+1. The Rabi frequency collimate a beam so that as many atoms as possible pass
is given by Q?=3I"?(1/1,), wherel is the intensity of the through an aperture.
laser field and  is the saturation intensity for the transition  |n searching for the highest degree of collimation, we
[17]. concentrated on finding the laser configuration that mini-
When comparing laser cooling for different atoms, it is mized both the 50% and 90% quantiles. Our smallest quan-
useful to scale the light shift and the average kinetic energyjjes were obtained with a cooling laser having a Gaussian
E, by the recoil energf,=%2k*/2M of an atom with mass  rqfile along the atom beam axis. For aedfull width
M absorbing or emitting a photon of momentutk [18]. ot 23+1 mm. we found that 90% of the beam was
With this scaling, the near-universal behavior becomes aPzooled into 6.63t 0.02 mrad (full angle) and 50% into

0.16-0.01 mrad, using a laser power of 40 mW and a detun-
ing of —T" [21].

Although a Gaussian laser beam gave narrower collima-
tion angles, we chose to truncate the beam profile, to more
closely approximate a uniform illumination, for our studies
of collimation as a function of laser parameters. This allowed
us to establish a well-defined interaction length for the atoms
¥nd also to perform experiments under more nearly constant-
intensity conditions. This eliminated the possibility of any
adiabatic cooling effects in the gradually decreasing intensity
of a Gaussian tafl22].

rapidly with Uy, reaching a minimum when the light shift
reaches a value arourd,=50E, [14,1€. Typical experi-
mental values of this minimum average kinetic energy in
three-dimensional experiments akg(min)=32E, for ru-
bidium (J=3—4) [18], 26E, for cesium J=4—5) [19],
and 2E, for sodium =2—3) [17]. From the minimum,
the average kinetic energy increases approximately linearl
as a function of light shift with a slope of about 0.14 in one
dimension[14-16,2Q and 0.35 in three dimension48,19

for all atoms investigated so far.

B. This work Il. ANGLE AND VELOCITY DISTRIBUTIONS

While a fairly good understanding has evolved of laser This experiment, which produces and measures the colli-
cooling in low-excitation, steady-state conditions, less ismation of an atomic beam, is, in some ways, very similar to
known about the situation examined by the current study. Irexperiments that study transverse laser cooling. However, it
our work, the major emphasis is the attainment of a highs important to recognize that angular distribution measure-
degree of collimation in a thermal atom beam using lasements(which we report cannot directly provide the trans-
cooling over a necessarily limited interaction region. Be-verse velocity distributiorifrequently obtained in transverse
cause of the relatively fast atomic speeds and short interacooling experimenjs without making some assumptions.
tion region, steady-state conditions do not exist over the fullfwo problems prevent us from establishing this relationship:
range of parameters investigated. Despite this, we observ& we do not knowa priori the shape, or functional form, of
collimations that are not very different from those expectedhe transverse velocity distribution after cooling ai)
in a steady-state situation. The apparent reason for this is otinere is an unknown degree of correlation between longitu-
use of higher laser intensities; stronger cooling appears tdinal and transverse velocities. Characterizations of, or as-
compensate for the lack of complete steady-state conditionsumptions about, both of these effects are required for a de-
Though this improves the collimation of the atom beam, itconvolution of the transverse velocity distribution from the
brings the conditions of our experiments further from thebeam angular distribution and the known longitudinal veloc-
regime of well-understood laser cooling, which is restrictedity distribution.
to low excitation fractions. The functional form of the transverse velocity distribution

Our experiments measure the angular distribution of atis undetermined because of the departure from the low-
oms in a chromium atomic beam after interacting with aexcited-state limit. While for low-excited-state fraction the
polarization gradient laser cooling process. The angular disiransverse velocity distribution is expected to be Gaussian in
tributions we present are spatially resolved; we observe onlghape[16], a high-excited-state fraction has been seen theo-
those atoms passing through a point in the center of the beamatically to result in a distinctly non-Gaussian distribution,
and measure the probability that an atomic trajectory has with a narrow central feature and broad wir@s,24.
certain angle relative to the beam axis. We have concentrated The correlation between transverse and longitudinal ve-
on two goalsi(i) obtaining the highest degree of collimation locities is unknown because we generally do not have
within the constraints of our apparatus afiijd gaining fur-  steady-state conditions. If the steady state is fully reached, it
ther insight into laser cooling at high-excited-state fractionis reasonable to assume that the transverse velocities are
and non-steady-state conditions. fully thermalized and no correlation remains between the

In addition to measuring and presenting the full anguladongitudinal and transverse velocities. If steady state is not
distributions, we have also derived 50% and 90% angulareached, however, we must allow for two possible sources of
quantiles. These are defined as the full angular width cencorrelation. A correlation could occur because of our limited
tered about zero that contains 5Q&6 90%) of the integrated interaction distance, which can result in longitudinally faster
angular distribution. Though these angular measures depaatoms interacting with the laser for shorter times and thus
from the more conventional full width at half maximum or being cooled less. Also, it could be a remnant of the corre-
rms spread, we find them to be a convenient and unbiasddtion present as a result of geometrical constraints on the
way to represent the width of a distribution whose functionalatom beani25].
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Since comparisons between laser cooling theories and ex-

periments have centered on the velocity distribution and its i) CCD camera
spread, it might seem from the above discussion that a com- photadiode ‘ i

parison cannot be made when the angular distribution is _,.A%—H Knife edge S
measured. This is not so, however, because calculations ¢ Source | ——— - —— -
go one additional step to include the effects of correlation 1500°C ‘ LI Coltmation  probe
between transverse and longitudinal velocities and calculate o <L
an angular distribution. This should be relatively straightfor- %

ward for a quantum Monte Carlo approach.

In the absence of a quantum Monte Carlo calculation ap-
plicable to our specific conditions, it is interesting to calcu- FIG. 1. Experimental arrangement, showing effusive chromium
late the angular distribution that would result if steady-statesource(at 1550 °G with 1-mm-diam. aperture, split photodiode for
conditions prevailed. With this assumption, there is no corfrequency locking, precollimating apertuf&x1 mn¥), collimation
relation between the velocities and the angular distribution isegion, knife edge, and fluorescence imaging detector. The optical
given by elements shown are mirr¢M), beam splitteBS), linear polarizer
(LP), cylindrical telescopéCT), cylindrical lens(CL), and quarter-
wave retarder X/4).

7
M BS BS M

P(a)da= foocdeF(vZae)G(vZ)vZ da, (2

dimensional optical molasses located 50 mm downstream
from the square aperture. TH&; to 'P, dipole transition
wherea=v, /v, is the angle between the velocity vector andwas used for cooling, at a wavelength 0£425.43 nm(in
the beam axisF (v4)dvy is the (presumed known or calcu- air), with a linewidth of['/2w=5 MHz and saturation inten-
lated transverse velocity distribution, ar@(v,) is the ther-  sity 1,=8.5 mW/cn?. The initial angular distribution enter-
mal distribution given by viexp(—vi/ZvS), with ing the molasses, determined by the 1-mm circular aperture
Ug: kgT/M, kg being the Boltzmann constat, the atomic  of the crucible, had a base width of approximately 2 mrad.
mass, and’ the oven temperature. We note thta) is an Naturally occurring Cr includes 83.8%Cr that is free of
atomicdensityangular distribution, as opposed tdlax dis-  hyperfine structure. The other isotopes were not cooled or
tribution, so the thermal distributioB(v,) contains a factor detected in our experiments. Atoms pumped to tRg ex-
of v2 instead of the more familias®. The extra factor of cited state can also decay to ti®;, metastable states,
v, in EQ. (2) comes from the relatiodv,=v,da. where they will remain trapped and undetectable using our
An analytical form forP(a) can be obtained iF(v,) is  fluorescence techniques. The branching ratio is approxi-
Gaussian, as it would be for low-excitation, steady-state conhately 1:5500, which implies approximately 8% loss for our

ditions. With the rms deviation df(v,) defined to beyy,,  iNteraction times. We assume that to first order the atoms are
we obtain lost proportionally from all transverse velocity groups and
this loss does not have a significant effect on the final angu-
2 2 2 lar distributions.
UoxVo
P(a)da=2| ——5 5| da. 3
@vo+ Uiy B. Laser

A single-mode ring-dye laser with stilbene-420 dye,
Opumped wih 4 W of UV argon-ion laser light, typically pro-
duced 200-300 mW of blue light at 425.43 nm. The laser
was locked to the atomic transition using a split photodiode
techniqud 26|, calibrated against a saturable absorption cell.
Il EXPERIMENT The Gaussian laser beam was expanded asymmetrically
Figure 1 shows our experimental arrangement, which in4Sing cylindrical lenses to a & W"thh_Of 23+1 mm along
cludes the vacuum chamber with atomic beam source, th@€ atom beaniFig. 2@)] and a 1¢° width of 4.2+0.2 mm

cence probe and imaging system used to determine the aRest atomic beam collimation. _ _ _
gular distribution of the atoms on the beam axis. The laser beam profile used for our studies of intensity

and detuning dependence was obtained by truncating the
Gaussian beam along the atom beam symmetrically about
the center to a length of 10:80.5 mm. This produced a
The chromium beam was produced using a radiativelynhominally uniform intensity that fell off by 27% at the ends
heated tantalum crucible with a 1-mm circular apertureof the interaction regiofiFig. 2(b)] and dropped off by 11%
Typical operating temperatures of 1550 °C produce a mosit the edges of the atom beam.
probable longitudinal velocity of (2T/M)Y?=761m/s. The truncation of the laser beam was done at a distance of
The longitudinal velocity distribution was measured and175 mm from the atom beam, and as a result diffraction
found to be in excellent agreement with a thermal distribu-caused the truncated edge to fall off with a certain width. To
tion characterized by the crucible temperature. The beardetermine whether this width had an effect on our results, for
was further defined with a 1-mm square aperture 450 mninstance, as might be caused by residual adiabatic cooling as
from the crucible. The atomic beam was then cooled by onethe atoms exit the cooling regidr22], we also performed

The squared-Lorentzian distribution of E@) will be used
below for comparing steady-state, low-excitation theory t
our results.

A. Atomic beam



1334 R. E. SCHOLTENEet al. 55

1 T
3 a H
7 _ (a) 6000 (@) CCD line scan ]
= ]
= 3
- 3 4000
s 9
2 (b)
Z 3 2000
= =
2 2
c 3 c
of 3 O
0 5 10 15 20 25 ©
Position (mm) 200
FIG. 2. Laser intensity profiles along the direction of the atom of
beam, measured at the interaction regi@:full Gaussian profile [
and (b) truncated profile. A fit to the Gaussian profile yields a 200 [ ]
1/e? full width of 23+1 mm. The truncated profile has a full width
at half maximum of 10.0.5 mm. The laser profile perpendicular L
to the atom beam(not shown was very nearly Gaussian with 1.0 010 1.0
1/e? full width of 4.2+0.2 mm. ‘Distance (mm)

tests with the truncation much closer to the atom beam, at a FIG. 3. Fluorescence proﬁ|es of the atomic beam acquired by
distance of 12.5mm. The intensity fallofB0-10% oc-  capturing an image with the CCD imaging camera and band aver-
curred in 0.24 mm for the 175-mm separation and 0.074 mmaging along the direction of the atom beaf@). Transverse profile
for the 12.5-mm separation. No significant difference wasof a laser-collimated atomic beam, showing knife edge shadmw.
seen between data taken with the two truncation locations. Spatial derivative of the profile shown {i).

The effective laser intensity for the nominally uniform
profile was obtained by fitting Gaussian functions to the full /2
laser profiles alonfsee Fig. 2a)] and transverse to the atom |(X)=f
beam. The resulting two-dimensional Gaussian laser profile ‘

was normalized by setting the integral equal to the measuré@perex s the distance along the profile are-0 is defined
total power in thg} laser beam. The profile was then averagegs the |ocation where the knife edge cuts the atomic beam.
over a X 10 mm*” rectangle to give the effective intensity in The angular distribution is thus obtained by differentiating

the interaction region. . the spatial intensity profile and taking the limifL<1 to
The laser cooling region was produced by retroreflecting ia|q

the linearly polarized laser beam from a multilayer dielectric
mirror and quarter-wave retarder combination located inside di(x)

the vacuum chamber. Three orthogonal pairs of Helmholtz f(a)=—-L ax 5)
coils were used to bring the magnetic field in the interaction

region to a level of &2uT.

f(a)da, (4)

an l(x/L)

A typical spatial profile and derivative are shown in Fig. 3.
We note that the atomic beam is not perfectly uniform, as
seen by the gentle curvature at the top of the profile in Fig.
We determined the angular distribution in the atom bean®(a), and this affects the derivative in a manner unrelated to
after interaction with the laser cooling using a fluorescencéhe true angular distribution. This complication was avoided
imaging technique[27]. The atomic beam was partially by using only the points in the shadow of the knife edge, i.e.,
blocked by a knife edge, located a distaheel20 mm be- wherex>0. To extract these points we applied a nonpara-
yond the cooling region, and the atoms were then allowed tonetric smoother to the negative peak of the derivative, locat-
drift a distanceL=660 mm until they intersected a probe ing the local minimum, and mirrored the data for 0 about
laser beanisee Fig. 1L The transverse spatial profile of the this point.
atomic beam, representing a shadow of the knife edge, was The imaging system on the CCD camera consisted of a
recorded by capturing an image of the fluorescence from thd25-nm line filter and a 105-mnfi/1.8 camera lens on a
probe with a charge coupled devi@@CD) camera; this pro- bellows extension. The captured two-dimensional image was
file was then used to obtain the angular distribution as folband averaged along the atom beam in the central, brightest
lows. portion of the fluorescence to yield the line scans such as the
We first assume that the angular distribution is the samene shown in Fig. @&). Calibration of the imaging system
for all locations at the exit of the cooling region over a spa-was carried out by capturing images of a calibrated scale,
tial extent5x=AxI/L, whereAx is the width of the trans- which showed that one pixel of the CCD camera corre-
verse spatial profile at the probe. For all measuremeittss  sponded to 8.8&m at the atom beam, or an angle of 0.013
no larger than 0.1 mm, or about 1/10th of the atom beanmrad.
width, so this is a good assumption. We then relate the spa- The probe laser was focused using a cylindrical lens to
tial profile at the probe to the angular distribution in theprovide a thin plane of illumination, with thickness
beamf(a) by ~200um, lying along the cooling direction and perpendicu-

C. Angular distribution measurement
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5 resents the highest degree of collimation observed, with 90%
-~ of the atoms within 0.6£0.02 mrad and 50% within
g 4 3 0.16+0.01 mrad.
£ ab 3 Figure 5 shows the complete set of measured distributions
:; obtained using the truncated, nominally uniform laser profile,
= of E for various intensities and several detunings. Besides show-
F ing the distributions as a function of intensity for a range of
69. 1E 3 detunings, we also display the effective light shift potential
well depthsU for each measurement so that correspondence
-%.6 04 02 00 02 04 06 can be made with cooling theories. In determinihgfor our

Angle (mrad) data, there is some ambiguity as to the correct expression.
Equation(1) is strictly only valid for low excitation fraction,
FIG. 4. Angular distribution of the cooled Cr beam obtained byand our experiments are generally not carried out in this
inverting and symmetrizing a derivative profile such as shown infegime. If there is a significant excited-state population, the
Fig. 3(b). This distribution corresponds to the highest degree ofoverall effective potential is modified by the potentials of the
collimation observed, obtained by using a Gaussian laser bea@xcited state. To approximately take account of this we
[Fig. 2(a)] with total power 40 mW and detuningI'. 90% of the  choose to calculate the average light shift of the ground state
atoms are within 0.610.02 mrad and 50% are within 0.4®.01  and the excited state weighted by their populations, given by
mrad. [12,28

lar to the imaging system. This reduced the depth of field
required of the imaging optics. It also ensured measurement
of only a small verticali.e., transversesection of the beam

for which the cooling laser intensity was approximately con-ywhere in Eq.(6) Q is the Rabi frequency derived from the
stant. The probe laser power was typically 5 mW, chosen tehtensity in only one of the two laser beams making up the
obtain sufficient fluorescence intensity without increasing thebolarization gradient laser cooling region. While Ef) is
apparent angular spread of the atomic bewmich occurs at  strictly valid only for equilibrium conditions, we feel it gives
higher power levels because saturation causes the effectivecioser approximation to the true effective potential than Eq.
thickness of the illumination plane to increalSE is worth (l) We note that these two expressions become equiva|ent

noting that the Doppler shifts associated with the angulafor Jow excitation fraction, i.e., in the limit of low intensity
spreads found in this experiment are in the range of 0.3ind/or large detuning.

MHz, far smaller than the natural linewidth of 5 MHz. Mea- At |ow light shifts the distributions shown in Fig. 5 have
suring the transverse velocities spectroscopically woulty semicircular shape with a small central peak. The semicir-
therefore be extremely difficult. cular part of this distribution consists of atoms that do not
Uncertainties in the angular distribution measurementave sufficient time to interact with the cooling laser. The
were predominantly a result of noise in the profiles, with ashape is a direct consequence of the circular source aperture
minor contribution(1%) from uncertainty in the conversion in the chromium oven. The small central peak represents the
from pixels to angle. The contribution of the noise to thegmall, but increasing, fraction of atoms that are cooled. As
derived quantiles was estimated by a “bootstrap™ approachgnly a small fraction of the atoms appear to be affected by

in which (i) the profiles were smoothed until they appearedine cooling, these distributions are most likely far from
noise-free,(ii) the standard deviation of the differen@®-  steady-state conditions.

sidua) between the smoothed and raw data was calculated, at the higher light shifts the distributions appear to be
(|||) 1000 al’tifiCiall data sets were generated by add|ng rancomp|ete|y modified by the Coonng process, with the major_
dom numbers with the same standard deviation to thy of the atoms cooled from the background into the narrow
smoothed profile(iv) quantiles for each artificial data set central peak. We expect that these distributions are the clos-
were calculated, an@) the standard deviation of these quan-est to steady-state conditions, since the shape is not unlike
tiles was calculated. . o that predicted by Eq(3). However, even at the highest light
The angular distributions also include a contribution dueshifts, there are small tails at large angles that could be either
to convolution with the edge resolution of the optics, WhiChincompIeter cooled atoms or high-velocity components of a
was measured by capturing the image of a sharp edge placggbady-state transverse velocity distribution.
at the atom beam location. The derivative of this image had Tq further quantify the distributions shown in Fig. 5, we
a 50% quantile of 0.013mrad and a 90% quantile ofhaye calculated 50% and 90% quantites, and aq, of the
0.026 mrad. No correction was performed to remove thigjistributions, which were determined by summing the data as
contribution. a function of angle and examining the result. As mentioned
above, the quantiles provide a simple, unbiased measure of
the angular width of the distribution and are useful experi-
mental quantities if one wishes to know how much atomic
Figure 4 shows the measured angular distribution for laseflux can be passed though a given aperture size with a spe-
cooling with the full Gaussian laser beam profile shown incific amount of cooling. We calculate both the 50% and 90%
Fig. 2(@). The single-beam laser power for this measuremenguantiles, as this gives more information about the overall
was 40 mW and the detuning wasl". This distribution rep-  shape of the distribution. For example qif, remains small,

U0=—|n (6)

2

1 4072
tT2raaz)

IV. RESULTS AND DISCUSSION



1336 R. E. SCHOLTENEet al. 55

B0ra)ya=-n2 2501 ) Az—i/\\
100
3 200 S 200
g N €
c [~
o A_JL_“ L o L0
3 150f 1°°§ 3 1501 j/k noé
% JL z = Tz FIG. 5. Angular distributions of the cooled Cr
2 100f Jk 40 g g 100f ,JL g beam obtained by inverting and symmetrizing de-
s 20 £ § = rivative profiles such as shown in Fig(b3, dis-
=S 50 A 10 ;o 50 A 10 played as a function of laser detunidgand in-
L 4 P . tensity. (@ A=-T/2, (b A:_fl“, (c)
T T 2 it P A=-2I", and(d) A= —4T", wherel is the natu-
== 1 2 3 ral linewidth of Cr (2rx5 MHz). The profiles
Angle (mrad) Angle (mrad) are plotted in such a way as to also display for
p y play
each case the effective potential well defuth,
201 ) A =_§/\\ 20T d) A= —ar given by Eq.(6), and also the corresponding laser
intensity. Each profile is given a vertical offset
100 y p 9
5 200} ggoo L corresponding to its value df, and the scale is
g < g -« given on the left vertical axis of each plot. The
® s 9 5 scale for the intensity is given on the right verti-
8 9 g
5 150 s T 150f 1003 : , ;
g JJ\\ e 2 z cal axis. The profiles are all normalized to have
"3 02 .; z unity area.
@ 100} g 9100 8
c 2 2
o =
50 A 10 _“,’..‘mw_zo
T 4 it
=0 1 2 R N
Angle (mrad) Angle (mrad)

but aqy increases, this indicates that the distribution is retain- Also shown in Fig. 6 are the results of a low-excitation,
ing a narrow peak, but is gaining wings. steady-state one-dimensional calculat[d®]. The calcula-
Figure 6 shows the quantiles derived from the distribu-tion predicts the transverse average kinetic energy for laser
tions shown in Fig. 5. Bothwsg and aqg are plotted as a cooling of rubidium, which has a cooling transition with the
function of U, defined in Eq.(6), for various detunings. same angular momenta as chromiuds=@—J=4). The re-
Also shown for reference in Fig. 6 is the calculated excitedsults should be directly applicable to chromium, provided
state fractionfe, for the strongest |M|=J—|M|=J+1) everything is scaled by the recoil enerfy. The calculated

transition, given by kinetic energies were transformed into angular distributions
using Eq.(3), which assumes a Gaussian transverse velocity

02 distribution and no correlation between longitudinal and

fex:m' (™ transverse velocities, consistent with steady-state, low-

excitation conditions. The angular distributions were then in-

All the quantiles shown in Fig. 6 have similar behaviorteg_lr_";‘]ted numerlcallé/ to Obta";] thi quantlleijs. . .
for lower values olJ,, decreasing a¥l, is increased until a e agreement between the theory and experiment is re-

minimum is reached arounty~10CE, . This initial de- markable forasg, copsidering t_he disparity in conditions.
crease is consistent with an approach toward steady-staf¥fhile an expected divergence is seen at low values gf
conditions, with more and more atoms being captured by théue to the uncaptured portion of the atom beam, the agree-
cooling process. The shapes of the distributions in Fig. gnentis quite good for larger values d%. Particularly good
bear this out, showing a disappearance of the uncooled@greement is seen for the larger detunings, which is perhaps
semicircular distribution. The variation with detuning is also understandable because these have the smallest excited-state
in accord with this picture, as one would expect steady-statéraction.
conditions to require higher values bf, for larger detun- The experimental values fatgg lie consistently higher
ings. than those calculated. A likely cause of this situation is a
After reaching a minimum, the quantiles increase slowlydifference between the shapes of the experimental and theo-
as U, is increased further, with larger detunings increasingretical angular distributions since if the shapes were the
more slowly than smaller ones. This increase is a result ofame, both quantiles would have to agree equally well. That
heating from spontaneous emission, which competes witlxg, is larger than the theory indicates that the distribution
the cooling processes. The faster increase for smaller detuhas large-angle tails, which is consistent with the type of
ings is clarified by considering the excited-state fraction,non-Gaussian velocity distribution observed in high-
which is much larger for the smaller detunings. excitation cooling calculationg23,24). An even larger dif-
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the longitudinal and transverse velocities may have signifi-
cant effects, yet is not really considered in this comparison.
Third, there is still some ambiguity in the choice of definition

for Ug. It is somewhat unsatisfactory that the definitions are
different for the theory and experiment, yet it is clearly in-

appropriate to use a low-excitation definition for our experi-
mental conditions.

V. SUMMARY

These experiments have shown that a chromium beam can
be transversely cooled and collimated well below the Dop-
pler limit using lin L lin molasses. Using a Gaussian laser
profile, 50% of the beam can be collimated within 0.16
+0.01 mrad. Applications that require intense and well-
collimated atomic beams, such as atomic interferomletty
collisional studie$3], and nanofabrication using atom optics
[4], can benefit from these results, which demonstrate that a
large number of atoms in a beam can be collimated effi-
ciently, to an angular width corresponding to a few times the

O gq (mrad)

o A=) recoil velocity, in a short interaction time. _

- A=-T The conventional models of laser-atom cooling, based on
- A=-2T R assumptions of infinite interaction times and low-excited-
o— A=-4T ] state fractions, are clearly not applicable to the cooling of

atoms over a limited interaction distance in a thermal beam.
] Interestingly, however, our measurements show the general
1 trends expected from low-excitation approaches, which pre-
________ ] dict improved cooling and reduced kinetic energies along the
laser axes as the light shift is increased from zero, reaching a
characteristic minimum energy spread before rising due to
diffusion heating effects at higher laser intensities.
, , } , The particular shape of the angular distributions has not
0 50 100 150 200 250 been considered previously and yet this is of essential impor-
: U, (units of recoil energy) tance to the application of laser cooling for the production of
collimated atomic beams. The distribution is of particular

FIG. 6. Angular quantiles for the angular distributions shown ininterest for nonequilibrium conditions, where the contribu-
Fig. 5, plotted as a function of the effective potential well depthtion of the large-angle wings to the total transverse kinetic
U,, given by Eq.(6). These quantities are defined as the angularenergy can be quite large, even while the bulk of the atomic
width that encompasses a specific integrated fraction of the profilddeam is well collimated.

(a) 50% quantile andb) 90% quantile. Different detunings are To further experimentally explore one-dimensional laser
indicated by different plotting symbols and line types, as shown incooling in an atomic beam, use of a velocity-selected atomic
the inset. Uncertainties are one standard deviation and are shoviseam or velocity-selective detection would be highly desir-
only where larger than the plotting symbol. A calculation of the able. This would not only permit measurement of beam col-
quantiles based on a low-excitation equilibrium theory is also indi-|imation for well-defined interaction times, but also allow
cated in each graph by the heavy solid curve. Also shown for refgirect measurement of the transverse velocity distribution.
erence at the top of the figure is the calculated excited state fraction Tq |earn more about the cooling processes underlying the
fex [Eq. (7)] for the different detunings. collimation of a thermal atomic beam, much insight could be
gained by carrying out time-dependent quantum Monte Carlo
ference is seen between theory and experiment for small@@lculations for conditions corresponding to the present work
detunings, which again points toward a strong effect due to &nd deriving angular distributions taking into account all ve-
high-excitation fraction. locity correlations and non-steady-state effects.

While the agreements and disagreements between the ex-
periment and low-excitation, steady-state theory are interest-
ing, a few caveats must be kept in mind before too many
conclusions are drawn. First, the general decreasggjand We are indebted to T. Bergeman and P. Marte for many
agg at small values o), for both the theory and experiment invaluable discussions and theoretical calculations and
probably arises from very different effects: the experimentwould also like to thank M. D. Stiles, W. D. Phillips, and S.
decreases because more and more atoms are participatingRolston for their advice and suggestions. This work was sup-
the cooling process, while the theamyhich always assumes ported in part by NSF Grant No. PHY-9312572 and by the
all atoms participate fully decreases because of increasedlTechnology Administration of the U. S. Department of Com-
cooling efficiency. Second, the role of correlation betweermerce.
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