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Transverse Diffusion in Isotropic Light Slowing
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We have demonstrated the slowing of a beam of cold (180 K) metastable neon atoms in a diffuse
reflecting cylindrical cavity with monochromatic light. Using a well-collimated atomic beam entering
the cavity, it is shown that stimulated emission has a major effect on the transverse velocity distribution.
A large saturation parameterresults in a loss mechanism for the center line beam intensity. A Monte
Carlo simulation shows that the light intensity should be evenly distributed with moderate saturation
conditions, to optimize the slowing effect while minimizing the transverse diffusion.

PACS numbers: 32.80.Pj, 42.50.Vk

Studying cold collisions requires dense samples of cold In contrast to Zeeman slowing, the absorption-
atoms. The method used so far has been to fill a trap witetimulated emission cycle has to be taken into account
slow atoms that are subsequently cooled to the desireid isotropic light slowing. Stimulated emission by a
temperatures in the mK range. The collision processesesonant photon from the cone cancels the slowing effect
are then probed by observing, e.g., the trap loss rat&f the absorbed photon. In general the two photons have
or in more detail, the yield of fluorescence or electronsa different azimuthal angleAe = ¢ — ¢, (Fig. 1).
Commonly used methods for slowing atoms down toThis results in an extra transverse velocity change,
velocities in the capture range of the trag (0 ms™! [Av | = 2v,  sin(A¢/2), and contributes to the trans-
for Na or metastable Ne) are the Zeeman technique [1,2]erse diffusion. The average contribution for one cycle
and the chirped frequency technique [3,4]. Recently whités equal to
light [5] anq isotropic monochr_omatic light §Iowers [6,7]. <AU2L>A¢ — 202, = 2(ik/m)*sirtg . )
have been introduced as promising alternatives. Isotropic ) ) ’ o )
light slowers are interesting because of their simple/Ve will refer to this extra transverse diffusion amu-
implementation into an atomic beam line and the absenc@ted diffusion In this Letter we investigate the isotropic
of both magnetic fields and an on-axis laser beam. slowing of a beam of cold metastable neon atoms, includ-

Monochromatic isotropic light slowing is based on geo-ing transverse diffusion.
metric selection of resonant light through the Doppler

effect. An atom with resonance frequeney, compen- slowing laser
sates for the laser detuning, = w; — w,, by absorb- ) -

ing an incident photon from a cone with top angle= collimated ) fiber X
arcco$— & /kv) with respect to the atomic velocity [see nput beai“ R y ,

RS S

2A8;,~ 0.8 mrad

Fig. 1(a)], resulting in
detector
acceptance

w, = w; + kv cod, @

with k the magnitude of the wave vector. The correspond-
ing velocity changey, = hk/m, has componentboth
parallel (co®) and perpendicular (si#) to the atomic
velocity ©. The parallel component can be utilized for
slowing the atomic beam. For red detuned light< 0,

we find 0 < 6 < 7/2, meaning that the photon recaoil,

v, || = hkcos#/m, opposes the atomic motion. Subse-
quent spontaneous emission results in a zero photon recoil a) absorption: b) stimulated emission:
on average, and the atoms are slowed. As the atoms de- K, = (0,0,) ks = (8,9,)

celerate, the anglé decreases until the minimum value FIG. 1. The isotropic slower is a 31.5 mm long cylindrical

of ¢ (= 0) is obtained, corresponding to a final atomic Spectralon rod with an inner diameter of 1.5 mm. Laser light
velocity vs = —d8/k. The perpendicular component of js” coupled into the cavity using a multimode fiber. Atoms
the photon recoily, , = hiksing/m, is zero on average. entering the cavity are collimated te 0.8 mrad. An aperture
However, the statistical distribution of the azimuthal anglein front of the detector determines the solid angle acceptance,
of the absorbed photong[ in Fig. 1(a)] and the random = 2 X 5.2 mrad. Atoms absorb photons from a cone with top

o gled (a). The photon recoil parallel to the atomic velocity
nature of the spontaneous emission afterwards lead to %ﬁ]cancelled by stimulated emission (b). The azimuthal angles

. . . 2
increase of the perpendicular velocity spregih1 ), and  of the absorbed and the emitted photgn,and ¢,, result in a
contribute to the so-called transverse diffusion. net velocity change of the atoms in the transverse direction.
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The isotropic slower is implemented experimentallydistribution is given, as measured with the laser switched
using cylindrical sections of Spectralon [8] with a diffuse “off.” Note that 25% of the detected metastable atoms
reflectivity R = 0.99. The outer diameter is 32 mm; the is not affected by the light: it is the wrong isotope, 10%
length of a single section & = 31.5 mm. The bore has 2’Ne€*, or a different metastable level, 15#Ne*(*Py).
an inner diameted = 1.5 mm. Up to three sections can The effect of slowing is obvious. Atoms with a higher
be lined up, thus enlarging the cavity length. Light isinitial velocity are slowed towards the desired final velocity
coupled into the cavity sections halfway using a multimodevs = 480 ms™! resulting in a sharp peak in the laser “on”
optical fiber (see Fig. 1). The intensity distributidn(z)  distributions. The width of the peaksdsy =~ 20 ms™!, in
of the laser light on the inside wall of the optical cavity agreement wittAvtor. Because of the drift o, in time
is calculated in a Monte Carlo simulation [9], in which between the measurements, the frequency 8héfslightly
typically a thousand ray traces are calculated using different for the three power settings. The height of the
Lambertian reflection distribution [10]. We observe aslowed peak hardly increases with increasing laser power.
nearly linear drop ofd(z) from the center { = L/2) The most remarkable feature is the discrepancy in the
to the outer endsz(= 0,L) by a factor of 40. This area above and below the initial velocity distribution when
decrease depends critically on the ratiéd. This model comparing the on and off situations: Some of the atoms are
can also reproduce the convoluted intensity distribution ombviously lost when they are decelerated. For higher input
the outside wall as measured by Batelaral. [7], who  powers the difference becomes even more pronounced.
used a diameter of 6 mm instead of the reported 3 mm [11]To investigate this loss of atoms we have performed

A CW ring dye-laser (Spectra Physics) is tuned near respreliminary measurements with a 1D position sensitive
onance to the neon two level transition)at= 640.2 nm.  detector, replacing the current detector of the atomic beam.
Saturated absorption at the atomic frequeagyis used We observe that the beam profile with the slower switched
to calibrate the laser frequeney,. The laser frequency on has a different character: broad “wings” are visible,
is locked to an electronically controlled external cav-together with a loss of atoms from the narrow central peak
ity, providing the desired frequency offsét,= —27 X  of the original atomic beam. This suggests that transverse
750 MHz (vs = 480 ms ). No active long-term drift diffusion beyond the 2 mrad acceptance angle inthe
corrections for the laser frequency are made. The maxdirection of the atomic beam detector is the main cause
imum frequency drift is estimated at 10 MHz/h, which  of the loss of atoms visible in Fig. 2.
is acceptable with typical measuring times of 10 min fora To investigate the above effect we simulate the atomic
velocity distribution. trajectories in the slower with a Monte Carlo calculation.

A beam of cold metastable Neatoms is passed Allatoms starton axis and thus see a cylindrical slice of the
through the cavity to determine the influence of thecavity wall with resonant light [Fig. 1(a)]. The effective
isotropic light field onboth the axial and perpendicular width of the slice is determined by the Lorentzian profile of
velocity distribution. The N& atoms are produced in the transition. The energy density distributibfiw, z)d w
a discharge excited supersonic expansion source, cooled

with liquid nitrogen to an effective temperature Bf~= 2000 .
180 K [12], corresponding with a mean velocity of = '
560 ms ! and a velocity spread of\v = 130 ms™!. Aﬁ
The final velocity distributionZ(v)dv is determined 1500 i

using the time-of-flight (TOF) method with a mechanical
chopper and a metastable atom detector, which are located
790 and 1760 mm downstream of the isotropic slower,
respectively. The velocity resolutiodvror = 20 ms !

at v = 500 ms!, is determined by the width of the
slit in the mechanical chopper [13]. To measure the 500
effect of transverse diffusion on the perpendicular velocity

distribution, we collimate the atomic beam 2d0;,, =

1000

I(v) [arb. units]

0.8 mrad, i.e., a perpendicular velocity spread , = 0 P
0.2 ms !. The rectangular solid acceptance angle of 400 500 600 700 800 900
the metastable atom detector2i® ge;x X Agery) = 2 X

5.2 mrad, corresponding to a velocity acceptante, =~ velocity [m/s]

0.5 ms™! in thex direction. Note that, = 0.03 m/sfor  FiG. 2. Experimental results for velocity distributions with
neon. Transverse diffusion can thus result in a loss oflaser on” and “off,” obtained with three Spectralon sections.
detected metastable atoms. The detuning isd = —27 X 750 MHz (vs = 480 ms™ ).

v dictrib it The laser powers used aBex 2.5 mW (o), 3 X 10 mW (o),
The measured velocity distributions for three valgies and 3 X 40 mW (0). The solid line represents the initial

2‘_5’ 3 X 10, and3 X 40 mW of.input power are .shown ip distribution (laser off). The hatched area represents the 25%
Fig. 2. Three sections are aligned, each equipped with fiaction of the metastable atoms which are unaffected by the
separate optical fiber. As a reference the initial velocitylaser light, i.e.??Ne* and N&(Py).
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experienced by the moving atom can be derived from the
calculated light intensity®(z) on the cavity wall using

the Doppler effect. Therefore the rates of absorption and
stimulated and spontaneous emissions can be calculated
using the Einstein coefficients and the energy density in
the cavity [14]. Along the trajectory, the time evolution

of the internal state of the atom is calculated according
to the stochastic nature of absorption and emission, taking
into account the corresponding rates. This also holds for
the choice whether stimulated or spontaneous emission
will occur. Note that the rates which determine these
events arez dependent. The distribution function of
final velocities givesoth the deceleration as well as the
transverse diffusion of the atoms. By choosipg= ¢, °
(Fig. 1) we can switch off the effect of an absorption- ° ° 190
stimulated emission cycle on the atomic motion, without 3r °
modifying the time evolution of the internal state of
the atom.

In the Monte Carlo calculation we have taken input |
powers3 X 2.5 and 3 X 40 mW for the three cavities. . 60
The laser detuning i§ = —27 X 750 MHz. The results fga ie 40
of the calculation are shown as a function of the initial L 20
atomic velocityv in Figs. 3(a) (the average final velocity) o
and 3(b) (the rms value of the deflection angle). " b

The average final velocities in Fig. 3(a) clearly demon- 0 : : :
strate a broad initial velocity range being transformed to 500 600 700
a narrow range of final velocitiesy vs. The width of initial velocity [m/s]

this broad rangey — vs, is called thecapture rangeand £ 3. Monte Carlo calculation of (a) the average final
is found to be~ 35 and=~ 96 ms™! for the3 X 2.5 and  velocity and (b) the rms value of the deflection angle versus
3 X 40 mW cases, respectively. The capture range dethe initial velocity. Shown are two input power calculations,
pends on both the interaction time in the cavity L/vs, 3 X 2.5 mW (circles) and3 X 40 mW (squares). The capture
and the decelerations v, I'/2, with T the spontaneous range, which gives &0 ms ' wide v; range, has been indicated

. A . for th for both cases. The significant role of stimulated diffusion is
emission rate. An upper estimate for the capture range I§emonstrated in (b). The deflection angle is calculated both

given by with (empty markers) and without (filled markers) including the
stimulated emission process. The right-hand axis in (b) gives
(v — v§)max = (LT 2vs)v,, the loss fraction of the atoms due to the final aperture (Fig. 1).
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PRI B |

which equals152 ms™! for three sections withL =
94.5 mm. Because of our method of switching off the
effect of absorption-stimulated emission cycles, as dis- The importance of stimulated diffusion is also obvi-
cussed previously, Fig. 3(a) is unaffected by this action. ous from Fig. 3(b), where the results of the Monte Carlo
As a result of the transverse diffusion the atomscalculation with and without stimulated emission are dis-
are deflected over an angle= v, /vy. The average played. Inthe3 X 2.5 mW case we observe a negligible
deflection angle as a function of the initial velocity difference, indicating that spontaneous emission is the ma-
is shown in Fig. 3(b). The rectangular apertutey X  jor driving force of the transverse diffusion. However, for
4 mm, positioned 765 mm downstream of the isotropicthe 3 X 40 mW case there is an extra contribution of 1.0
slower results in a loss factor. This loss factor ismrad due to stimulated diffusion, which is also prominent
calculated for each deflection angle and is shown on thwithin the capture range. Higher laser power has the neg-
right-hand y axis. Comparing Figs. 3(a) and 3(b) we ative side effect of a large increase in transverse diffusion.
see that the position of maximum deflection corresponds If the goal is to enlarge the capture range and si-
to the fastest atoms just within the capture range. Thenultaneously reduce transverse diffusion, one should
resonance condition for these atoms results in a rathenaximize the number of absorption-spontaneous emission
large initial angled, resulting in a fairly large contribution cycles and minimize the number of absorption-stimulated
from stimulated diffusion< sir? 8). For initial velocities emission cycles. The number of cycles scale-as/(s +
above the capture range the anglbecomes so large that 1) for spontaneous emission and ass?/(s + 1) for
the average photon recoikk cosf/m, is insufficient to  stimulated emission, with the on-resonance saturation
slow the atom to the desired final velocity. parameter as defined in a two level system. From
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the calculated intensity distributiod®(z) the value of reflectivity by = 0.8% results in a loss factor 0.9 for

s(z) is found to vary between).01 <s <09 and velocitiesv > 500 m/s [7,15].

02 < s <153 for the 3 X 25 mW and 3 X 40 mW This work demonstrates the isotropic slowing effect for
cases, respectively. It is evident that tBex 40 mW  Ne" in a small cavity with low laser powers. Although
situation is dominated by the absorption-stimulated emispapers [6,7] stated that this could be a promising tech-
sion cycles. nique for beam slowing, the effect of transverse diffusion

An alternative manner to enlarge the capture range isaused by stimulated emission can destroy the beam qual-
elongating the cavity by using multiple cavity sections.ity dramatically. In the experiment of Batelaahal. [7]

The laser power per section can now be chosen such thtite perpendicular velocity resolutiom ( =~ A2 ms™!) is
stimulated diffusion has a negligible effect. For large ve-too large for this effect to be observable. In the experi-
locities in the capture range the resonance condition ofnent of Ketterleet al. [6] the perpendicular velocity is
Eq. (1) results in large angl®s To avoid the average pho- not resolved at all. Through a careful design of the cavity
ton recoil,ik cosf /m, from becoming too small, we might [15], the effect of transverse diffusion can be minimized.
use different laser detunings in the various cavities thugn the setup described above the saturation parameter still
keeping co® as large as possible throughout the wholevaries over fairly large range .. /smin = 20). The laser
cavity as has been demonstrated by Kettetlal. [6]. light can be more evenly distributed along thexis, e.g.,

To compare our model with experimental results weby illuminating the cylindrical cavity at more positions,
need to construct a velocity distribution from our calcu-spaced at closer intervals. Alternative ways of minimiz-
lated results of Figs. 3(a) and 3(b). The initial paralleling the transverse diffusion can be realized by illuminat-
velocity distribution is transformed to a slowed spectruming the cylindrical cavity along the whole axis [11], or
using the calculated deceleration. Both the time of flightusing a spherical cavity. In these cases, the intensity dis-
velocity resolution and the finite solid angle acceptance ofribution in the cavity has no longer a peaked structure.
the detector have been taken into account. This results We wish to acknowledge helpful discussions with Dr.
in a velocity distribution with a narrow slowed peak at aH. Batelaan. This work is financially supported by the
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