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PHYSICAL REVIEW A, VOLUME 64, 065403
Stochastic rainbow caustic observed with cold atoms

B. T. Wolschrijn, D. Voigt, R. Jansen, R. A. Cornelussen, N. Bhattacharya,
R. J. C. Spreeuw,and H. B. van Linden van den Heuvell
Van der Waals-Zeeman Institute, University of Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands
(Received 11 June 2001; published 15 November 2001

We report the direct observation of a type of rainbow caustic. In contrast to known examples, this caustic
originates from a dissipative, stochastic process. We have observed this when usifiiRboddoms bouncing
inelastically on an evanescent-wave atom mirror. The caustic appears as a sharp peak at the lower edge of an
asymmetric velocity distribution of the bouncing atoms. The stochastic process is a spontaneous Raman
transition due to photon scattering during the bounce. The results are in good agreement with a classical
calculation.

DOI: 10.1103/PhysRevA.64.065403 PACS nuntber32.80.Lg, 03.75-b, 42.50.Vk

Caustics are ubiquitous phenomena in nature. Some exus Raman transition. They leave the surface with less ki-
amples are the cusp-shaped patterns of light reflection on theetic energy, due to the difference in optical potential. The
inside of a coffee cup and the patterns of bright lines ob-outgoing atoms have a broad velocity distribution. This is
served on the bottom of a swimming pddl]. The prime due to the stochastic nature of the spontaneous Raman pro-
example of a caustic is the common rainbow, which can beess, so that atoms make the transition at different depths in
understood in a ray-optics picture by considering how thethe evanescent wave. Our measurements and analysis show
scattering angle of a light ray depends on its impact paramthat the resulting velocity distribution is highly asymmetric.
eter on a water dropld2]. Whereas the incident rays have The caustic appears as a sharp peak at the minimum possible
smoothly distributed impact parameters, the outgoing rayselocity. This divergence demonstrates the strong preference
pileup where the scattering angle has a local extremum. Sugiy making the Raman transition at the turning point.

a divergence of the ray density, the caustic, appears at the The experiment is performed in a rubidium vapor cell. We
rainbow angle. In atomi¢3] and nucleaf4] scattering ex- trap about 10 atoms of 8Rb in a magneto-optical trap

periments, analogous rainbow phenomena have also beg(oT) and subsequently cool them in optical molasses to

observed. : .
. . 15 uK corresponding to a rms velocity spread of
The examples of caustics known so far have in common K P g ty Sp v

that the outgoing parametéscattering angleis adetermin- :e?].tirfaglsé E;r r;ﬁmMgl:-)I—O\r/]s sthaeazgﬁggi]sta?fsﬁ.r?acr?emo? r;d rliS ht-
istic function of the incoming parametémpact parameter ' 9

In this paper we report on our observation of a new type oiangle BK7 prism. When. the falling cloud arnves_at the sur
rainbow caustic which exists by virtue ofstochasticpro- face, the mean velocity is 3_4 cm/ S_’ an_d th_e VEIOC_'ty spread is
cess, and distributes a single-valued “impact parameter»="0-9 cm/s. Note that this distribution is for fixer=0,
over a range of “scattering angles.” To our knowledge, suchot for fixed time. At the surface, we create an EW by a
stochastic caustics have not been observed before. Gaussian-shaped laser beam of 0.8 mef adius, which
We have observed this caustic in the vertical velocity dis-undergoes total internal reflection. _ o
tribution of cold atoms, after bouncing inelastically off an ~ The blue detuned EW induces a repulsive optical dipole
evanescent-wavéEW) mirror [5—8]. Previous experiments Potential Ug(z) =Ug(0)exp(-2«2), where the subscrip
on the transverse velocity distribution of atoms bouncing=1,2 _denotes the hyperfine ground statex
elastically on corrugated mirrof®,10] also allow an inter- = koyVn?sir?6—1, with ko= 27/\ the free space wave vector
pretation in terms of caustics. However, those were of théf the light,n=1.51 the refractive index, anélthe angle of
usual deterministic kind, where the outgoing transverse veincidence[11-13. The maximum potential ¢(0)xlo/5¢,
locity is a deterministic function of the position where the wherel is the incident intensity at the glass surface, apd
atom hits the mirror. The caustic then originates from atomgs the detuning. Here we define the detunifg, relative to
reflecting from inflection points on the mirror surface. the transition %,,(F=1,2)—5P5F'=F+1) of the D,
Other experiments on inelastically bouncing atoms havdine (780 nmj, see Fig. 1.
concentrated on the cooling properties. However, the appear- An atom entering the EW in thé=1 state is slowed
ance of the velocity caustic seems to have escaped attentiotiown by the potential (z). Spontaneous Raman scattering
although the underlying phenomenon was present in time-ofean transfer the atom to the higher hyperfine ground state
flight signals in Ref[6]. The incident atoms in our experi- (F=2). When transferred into this state, the potential acting
ment are nearly monochromatic, i.e., they have a narrow vean the atom i$J,(z), which is weaker due to the increase of
locity distribution. During the bounce the atoms are opticallythe detuning by approximately the hyperfine splittidg
pumped to a different hyperfine ground state, by a spontane~ §;+ dits (Fig. 1). The ratio of the two potentialsg
=U,(0)/U(0), quantifies the reduction in potential energy.
As a result the atoms will bounce inelastically, i.e., to a lower
*Email address: spreeuw@wins.uva.nl height than their initial release position.
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FIG. 1. (a) Relevant atomic levels of’/Rb and(b) an atom -0.3 02 -01 0 0.1 02 03 v(m/s)

enters the evanescent wave infits: 1 state with initial velocity; . . ) o
It is decelerated and spontaneously scatters a photon at a velocity FIG- 3. Construction of the velocity caustic in terms of phase-

v,. After being pumped td==2 it accelerates and leaves the po- SPace trajectories. The velocity of the incident atomsuvijs
tential with asymptotic velocity . =—0.34 m/s. The thick-solid line shows the trajectory of the lower

hyperfine state bouncing elastically. If the atom is pumped to the

Experimental data of bouncing atoms are taken by absor other hyperfine state it continues on a different trajectory. The thin
P 9 y . F?ines represent possible outgoing paths, each starting at a different

tion imaging. After a varlabl_e time delay the_atomlc cloud is pumping velocity, depending on the position of Raman transfer. The
exposed to 20,‘5 of prObEf .“ght' resonant with theSg(F density of outgoing trajectories diverges, yielding a caustic in the
=2)—5Pg,(F'=3) transition. Thus only atoms that have ye|acity distribution. Shown in the upper curve are the total distri-
been transferred t6=2 contribute to the signal. The atomic pytion (solid line), and the contribution of atoms moving towards
cloud is imaged on a digital frame-transfer close-coupled de¢otteg and away from(dashed the surface while being trans-
vice camera. The presented images show an area of 2f@rred.
X 4.5 mnt with a pixel resolution of 15um (Fig. 2). The
initial position of the MOT is outside the field of view. The As expected, the atoms bounce up lower than their initial
horizontal line at the bottom shows the prism surface. height. Furthermore, the spatial distribution shows another
A typical series with 2 ms time increments is shown in striking feature: it displays a high density peak at lavand
Fig. 2. Each density profile has been converted into a horia long low-density tail extending upward. Note also that
zontal line sum. The solid curve is the result of a calculatiorthere is a time focus, the density peak is sharpest when the
described below. The amplitude of the experimental curves islowest atoms reach their upper turning point. This density
rescaled such that the maximum optical density of the expeak is an immediate consequence of a caustic appearing at

perimental curve coincides with the theoretical maximumthe minimum possible velocity.
value. This is the only fit parameter. The caustic can be understood by considering the atoms

as point particles moving in the EW potential. This corre-
sponds to the ray-optics limit for the optical rainbow. We
consider an atom arriving at the surface infts 1 hyperfine
ground state, with an initial downward velocity<0. Its
trajectory through phase space is determined by energy con-
servation: U,(0)exp(2«2)+ smv?=2imv?, and is depicted
in Fig. 3 by the thick line. While it is slowed down by the
EW it may scatter a photon at a velocity,, and be trans-
ferred to theF =2 state. The atom continues on a new tra-
jectory determined byJ,(z). To illustrate the formation of
the caustic, possible trajectories starting at various positions
in phase space are depicted as thin black<(0) and gray
(vp>0) curves. For asymptotically large the density of
curves represents the outgoing velocity distribution, showing
the caustic where the trajectories pileup. This distribution is
FIG. 2. Absorption images (2:24.5 mnf) at different mo-  Similar to a rainbow. The density of outgoing trajectories
ments after bouncing on an EW, with detuningl'92and -1  diverges at the fainbow velocity” Below this velocity the
=1 um, wheret=0 is defined as the time that the center of the intensity is zero, similar to Alexander’s dark band in the
cloud reaches the mirror. A line sum shows the atomic density disoptical rainbow[2]. Above the rainbow velocity the intensity
tribution above the prism. The dotted line indicates the prism surdistribution decreases smoothly.
face. The initial MOT was located at 5.8 mm above the surface. The Despite the similarities, there is a crucial difference be-
thick curve in the middle is the result of our calculation at 7 ms. tween a rainbow created by sunlight refracted by water drop-
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other deterministic caustic. For example, the optical rainbow
angle is determined by the index of refractionof water.
However, the energy of the photons is not changed, and,
therefore,n cannot be compared t8. The change in the
position of the caustic withB can clearly be seen in Figs.
3(b) and 3c). Here we measured the height of the upper
turning point, as a fraction of the initial MOT height, for
three values of the detuning.
In order to quantitatively analyze our experimental data,
Height (mm) Height (mm) we write the optical hyperfine-pumping rate during the
bounce asl'’(z)=(1-q)l'U,(2)/h6,, where q is the
branching ratio toF=1. We definen(v) as the survival
0.20- C) probability for the atom to reach the velocitywithout un-
dergoing optical pumping. This function decreases mono-
tonically as n=—T"7%, with 5(v;)=1. For |v|<|v||, the
solution is n(v)=exd —(v—v)lv.], wherev .=2«h /(1
0124 —qg)mI’, with m the atomic mass. When the pumping pro-
) cess takes place at a certain velocityv,, the atom leaves
B the surface with velocity;=\v2(1—B)+ Bv’ (Fig. 1.
0.08+ This results in a distribution of bouncing velocities, resulting
from atoms that were pumped while moving towauq § or

Optical density

0.16

0.041 away from @) the surface:
) 400 800 1200 1600 [ ad) b
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FIG. 4. (a) Density profiles at=14 ms after the bounce for for \B|vi|<v{<|vi|, that diverges ab;=\/B|vi|. This ve-
x~'=1.96, 0.80, and 0.62m, §;=150". The curves have been |ocity caustic originates from atoms which are pumped near
offset by 0.015. The variation of in this range has no influence on the turning point. There are two reasons for scattering pref-
the position and shape of the spatial density profite. Density  erentially at this position. An atom spends a relatively long
profiles for various detuningsi; =67, 150, and 23B, again with time at the turning point since its velocity is lowest there. In
O..015 offset. The curves are mea§ured at the moment that the deﬁddition, the intensity of the EW, and thus the photon scat-
sity peak reaches its highest point and have the same scale. tering rate, is highest at the turning point. The divergence is
Measured height of the upper turning point as a fraction of they, arifact of the ray-optics description. It disappears due to
initial (MOT) height. This represent8, the relative optical poten- diffraction when the atoms are treated as matter waves.
tial strength of the==1 andF =2 ground states. The curve results 1o o mhare the experimentally obtained spatial distribu-
from a calculation including the full level structure. tions with the model, we first calculated the one-dimensional

lets and our “velocity caustic.” The appearance of a rainbowPhase-space densify(z,v). The spatial distribution is ob-
is usually adeterministicprocess, where the scattering angletained by projectingp on thez axis. Initially the MOT is
is uniquely determined by the impact parameter. In our exdescribed by a normalized Gaussiap(z,v)>exd—(z
periment the incoming velocity; is nearly single valued, —Z)%205]lexp(-v%20?2) with z,=5.8 mm, ¢,=0.3 mm,
and is distributed over a broad range of outgoing velocitiesind o,=3.8 cm/s. The cloud falls due to gravity and ex-
by the stochasticprocess of spontaneous Raman scattering.pands due to thermal motion. When it arrives at the EW, its
Given the character of this caustic, the analogy, withvelocity distribution is nearly Gaussian centered around
known examples, can only be valid to some extent. For ex=34 cm/s, with a spread ef,=0.9 cm/s. When the cloud is
ample, the position of the caustic is independent of the sizeeflected, its velocity distribution is changed in the way de-
parameterx. Similarly the optical rainbow angle does not scribed above. We measure the spatial distribution of inelas-
depend on the droplet size. We measured for three differeritcally bounced atoms after a time-of-flightwheret=0 is
values of the decay length~ ! the atomic density profile at defined as the time that the center of the cloud reaches the
the upper turning poinfFig. 4(a)]. This is defined as the mirror. To illustrate the agreement with the experimental
highest position reached by the peak density. The shape dfata, the result for a time=7 ms is drawn as the thick line
the cloud did not change, but the number of atoms decreaseu Fig. 2.
with decreasingc since the total number of scattered photons A very intriguing aspect of our experiment is the possibil-
is lower. ity to observe supernumeraries: interference of two trajecto-
The limitation to the analogy becomes apparent throughiies with the same outgoing velocity, but with different
the parameteg, which determines the position of the caus- pumping velocityv,. In the velocity distribution after the
tic. This parameter characterizes the “degree of dissipationinelastic bounce, the high velocity tail is the sum of two
and, therefore, has no analogy in the optical rainbow, or angontributions: from atoms that move towards and atoms that
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move away from the surface when they are pumpedr to The caustic appears as a sharp peak at the lower edge of the
=2. Interference between these two paths should result igelocity distribution of rubidium atoms, bouncing inelasti-
oscillations in the velocity distribution. This is a nontrivial cally on an evanescent-wave atom mirror. The caustic bears
effect because it involves the spontaneous emission of a phgome resemblance to the common optical rainbow. However,
ton. its dissipative character makes it uncomparable with any de-

Given our experimental parameters, we expect a typicalerministic caustics and qualifies it as a new physical phe-
oscillation period of 1 cm/s. This spacing dependsofust  nomenon.

as in a rainbow the supernumeraries depend on the droplet ) )
size. These oscillations are not yet resolved in our measure- This work is part of the research program of the “Stich-
ments, because in the EW field the magnetic substates af@g voor Fundamenteel Onderzoek van de MatetOM)
not degenerate, each producing a different velocity distribuwhich is financially supported by the “Nederlandse Organi-
tion. satie voor Wetenschappelijk OnderzoefWO). R.S. has

In conclusion, we have observed a new type of caustibeen financially supported by the Royal Netherlands Acad-
due to thestochasticdistribution of a monochromatic input. emy of Arts and Sciences.
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