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Experimental Investigation of Nonergodic Effectsin Subrecoil Laser Cooling
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We present the first detailed investigation of the line shape of the momentum distribution of atoms
cooled far below the recoil limit. This distribution is deduced from a direct measurement of the atomic
spatial correlation function of metastable helium atoms cooled by velocity-selective coherent population
trapping. The measured line shape is then compared to the prediction of an analytical model of this
cooling based on Lévy statistics. A very good agreement is found between experiment and theory and
fundamental features such as self-similarity and nonergodicity are identified.

PACS numbers: 32.80.Pj, 42.50.Vk

Laser cooling techniques are commonly used to lowetow momentump = 0, the mean timer(p) = [R(p)]™!
the temperature of neutral atoms and ions, making theiit remains there before undergoing the next jump can be
momentum distribution as narrow as possible. Mostvery long. The random walk in momentum space there-
often, the details of the shape of this distribution do notfore slows down akp| — 0, leading to an accumulation of
matter as much as its width, which gives the momentumatoms aboup = 0, with a momentum distributio(p)
spread of the atoms. Nonetheless, there is a lot tavhose widthé p can become much smaller thak (subre-
learn from this shape as it reflects the dynamics andoil regime). Up to now, the vanishing &f( p) for p = 0
essential features of the evolution of the atoms durindhas been implemented by using two different methods: ve-
the cooling. Using a matter wave interferometric methodocity selective coherent population trapping (VSCPT), us-
described in a previous paper [1], we present in this Letteing a velocity selective destructive quantum interference
a detailed experimental investigation of the momentunbetween different transition amplitudes leading to the same
distribution of metastable Helium atoms, cooled wellexcited state [4] and velocity selective Raman cooling [5].
below the recoil limit in the nanokelvin range. As in  One of the most important features of subrecoil cooling
other physical problems like micelles or spin glassess the absence of steady state. Even for an arbitrarily
as well as in finances or geology, “broad distributions”long interaction timef, there are always atoms with a
naturally occur in subrecoil cooling. By broad, we meansmall enoughp that their characteristic evolution time
a distribution with power-law tails decreasing too slowly 7(p) is longer thand and even approaches infinity as
to have its mean and/or its variance defined. Lévylp| — 0. A first consequence of this situation is that
statistics are known to be the relevant tool to deal withP(p) never stops to evolve whe# increases, with a
these distributions [2,3]. Here, we compare the measuredidth 8 p decreasing as/+/6 (for VSCPT). This has
momentum distribution of the atoms with a theoreticalbeen experimentally checked with a great accuracy [1].
model based on Lévy statistics and we show how oulNonergodic features also appear in the shap®@f) and
measurements reveal some important features of thimeir investigation is the subject of this Letter. Before
cooling process such as self-similarity and nonergodicity.describing our experimental results, we briefly sketch the
In most cooling schemes, the ensemble of atomsnain steps in the derivation dP(p). More details can
reaches a dynamical equilibrium resulting from a compebe found in [6,7].
tition between the cooling process, a friction force which We first introduce the probability distributiaP(7s | p)
damps the atomic momentum, and a heating process, tltd the time g spent in a state before the next sponta-
momentum diffusion due to spontaneous emission. Theeous jump. This distribution is nothing but the well-
motion of an atom interacting with laser light is thus very known “delay function” or “waiting time distribution”
similar to a classical Brownian motion, and the resulting[8,9]. In the long time regimeP(rs | p) can be approxi-
momentum distribution is found to be Gaussian, as exmated by [10]:
pected for a normal random walk. . —R(p)7
The situation is quite different for subrecoil cooling. In P(rs|p) = R(p)e 7™, ()
this case, the cooling mechanism is not based on a frictiowhere the jump rate is given by
force but on an inhomogeneous random walk. More pre- Lo _
R(p) = = (&) if Ipl < po,
g - it Ipl = po.

cisely, the steps of the random walk in momentum space
have still the sizdik, the photon momentum, but the jump
rateR( p) is now momentum dependent and vanishes when
the atomic momentunp tends to zero. If, after a spon- Here we neglect the slow decreaseRgip) at largep due
taneous emission, the atom reaches a state with a vety the Doppler effect. This simplification is valid if the

(@)

3796 0031-900799/83(19)/3796(4)$15.00 © 1999 The American Physical Society



VOLUME 83, NUMBER 19

PHYSICAL REVIEW LETTERS

8 NovEMBER 1999

interaction time is short enough so that the momentum
diffusion during @ does not allow p to reach large values.

We now introduce a value py,p such that all atoms
with |p| = puap have a smal enough jump rate to
be considered trapped in momentum space [11]. An
atom initially trapped will eventually emit a spontaneous
photon which, if we assume py., < ik, will certainly
kick it out of the trap. Outside the trap, it will undergo
a series of spontaneous emissions, which will eventually
bring it back to the trap, and so on. The time evolution
of the atom therefore consists of a succession of trapping
and diffusing periods. We call 7; the duration of the ith
trapping period, and #; the duration of the ith diffusing
period (7; isa“first return time” in the trap).

It then can be shown from Egs. (1) and (2), that
the two random variables 7 and % are distributed as
P(x) ~ 1/x%/% for large x. We recognize here a typical
power law for the tails of a “broad distribution” with no
mean value or variance. Therefore, if we are interested,
for example, in the total time an atom has spent in the
trap, namely T = >, 7;, we can no longer use the centra
limit theorem. Instead we must resort to the generalized
central limit theorem which states that 7 is distributed
not as a Gauss law but as a Lévy law [3]. In fact, the
broad tails of P(r) and P(%) are one of the key points
of the cooling process since they reflect the fact that the
evolution of the system is mainly dominated by the very
long times.

Another important quantity for the calculation of P(p)
is the “sprinkling distribution” S(z): S(r)dt is the proba
bility that an atom enters the trap between r and ¢ + dt,
whatever the number of entries and exits it made before.
This function can be calculated from P(7) and P(#) and
one finds S(r) o +~'/2, which shows that the sprinkling
of the trap becomes weaker and weaker as ¢ increases,
an indication of the “aging” of the system. Finally, one
can say that an atom with | p| < py.p at time 6 entered
the trap for the last time at some time ¢ = @ and did not
undergo a spontaneous jump between ¢ and 6. The final
momentum distribution is therefore given by

0
P(p) = fo SOU(PYY(p.0 — dt. (3

where II(p) is the probability that an atom entering the
trap has a momentum p with | p| = pap, and ¥(p, 0 —
t) is the probability that its next spontaneous jump would
occur after a delay 7 = 6 — ¢t. With the assumption
Piap << Tk, one can consider II(p) as uniform and
equal to 1/2py.p. In addition, one has W(p,0 — 1) =
[o_, P(rslp)drs = e R @D A simple caculation
then gives

1 L . (PP
P(p) « N py e P /Pofo x V2e¥dx, (4)

where N is a normalization constant and the parameter
py isdefined as

1A G

T Xk

R(pp)0 =1 = py =

In this expression, iI is the natural width of the transi-
tion, Ex = h*k*/2M the recoil energy, ) = Q/T and
6 = 0T the dimensionless Rabi frequency and interac-
tion time [12]. The expression above shows that P(p)
can aways be transformed into the same law G(%), in-
dependent of py, by asimplerescaling n = p/py. The
momentum distribution thus displays a self-similar behav-
ior: it remains time invariant in the scale parameters used.

It is easy to prove from Eq. (4) that the tails of P(p)
decrease as 1/p?, and this can be given a simple physical
explanation. For a momentum | p| > pg, the mean time
7(p) = [R(p)]~! spent in the State p is, according to (5),
much shorter than #. A trapping event with momentum
| pl > po can thus be sampled many times during the
observation time 6, and we expect time and ensemble
averages to be equivalent. The population of a state p is
therefore proportiona to the mean time spent in this state
leading to P(p) = [R(p)]~" = 1/p%. However, this be-
havior in 1/p? cannot be extrapolated for |p| < ps.
First, it would lead to a nonnormalizable distribution. A
second, more physical argument isthat | p| < pg implies
7(p) > 6 so that the corresponding trapping event has a
high probability not to be sampled many times during 6.
Time and ensemble averages can thus no longer coincide
and the deviations of P(p) from a 1/p? law at small p
reflect the resulting nonergodicity. However, in the pres-
ence of a weak loss process adding a nonzero jump rate
Ry varying slowly with p about p = 0, the distribution
of the delay 75 would be truncated beyond the value R;, '
In the regime 6 > R; ', al trapping events could then
be sampled many times during # and the system would
show ergodicity with a L orentzian momentum distribution
P(p) = [R(p)]"" = 1/(Ry + p*/70p0)-

The theoretical line shape (4), valid for p > py as
well as p < py, results from an ensemble average. The
corresponding rescaled distribution G(7) is represented
by the solid line of Fig. 1. For n < 1, it is much flatter
than the normalized Lorentzian £ (n) having the same
tails (dotted line of Fig. 1). This arises from the fact that,
whatever the interaction time 0, atomic states with | p| <
pg have even longer trapping times and thus cannot be
discriminated by the experiment. This effect is even more
dramatic if we use, instead of the “probabilistic” form (1),
the “deterministic” form P(rs|p) = 8[rs — 7(p)] which
means that an atom trapped with momentum p remains
in the trap during a well-defined time 7(p) = [R(p)] L.
In this case, G(n) displays a plateau for 0 = n = 1 and
then decreases with the same asymptotic behavior in 1/7?
as seen before (dashed line of Fig. 1). With the more
correct form (1) of P(rs|p), the plateau disappears but a
clear flattening remains present.

It is challenging to obtain an experimental evidence for
the nonergodicity of the cooling process by observing the
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FIG. 1. Theoretica normalized momentum distribution as a
function of the dimensionless parameter n with the probabilistic
form of the delay function (solid line). Around n = 0, G(7)
is much flatter than the Lorentzian L (n) having the same
asymptotic behavior (dotted line) and this is related to the
nonergodicity of the VSCPT cooling. The effect is even
stronger with the deterministic model (dashed line).

predicted shape (4) of P(p). With long interaction times,
V SCPT reaches the nanokelvin range and it becomes hope-
less to measure accurately P (p) with the usual time-of-
flight technique. We rather use a new method, described
in detail in [1], which givesthe Fourier transform of P (p)
with a high degree of accuracy. After a VSCPT cooling
stage, an atom is left in a coherent superposition of two
completely overlapping wave packets with opposite mean
momenta */ik. As soon as the VSCPT laser beams are
switched off, the two wave packets freely fly apart. Af-
ter a “dark period” of duration ¢p, they are separated by
& = 2(hk/M)tp. We then switch on the VSCPT light
again for ashort pulse of duration 74 = 8 us. During the
dark period, the overlap of the two wave packets decreased
and so did the destructive interference which inhibits the
fluorescence for completely overlapping wave packets. A
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fraction of atoms therefore absorbs light and diffuses away
in momentum space. We measure the remaining fraction
ITne which is not coupled to the light.  Since the overlap
is simply given by the Fourier transform of P(p), we de-
rive [13]:

c(p) = 5 + o [ dp P(proog Z22). (g

Like P(p), the function IInc(zp) is self-similar and can
be rescaled yielding the function F () where { = 7p /74,
;D = tpI', and Ty = MF/(kaﬁ) = 91/2()_1.

The experiment was performed after a careful cancella-
tion of the magnetic field to 0.3 mG using the Hanle effect
[14]. We measured ) with a high degree of accuracy at
the exact location of the atomic cloud, by use of the radia-
tive broadening of the Hanle effect signal [15]. We took
12 sets of datawith Q) = 0.72(2) and different values of 8
ranging between 2000 and 15000. We then rescaled each
set according to 7p — 70 '/2 = ¢/ and removed the
data points corresponding to 7,6 /2 < 0.8 as explained
in [13]. For the raw data (Fig. 2d) the 12 measurements
do not have the same decay time since P(p) and thus
Inc(7p) depend upon @. After rescaling (Fig. 2b), the
datacollapse and lie very well on the theoretical curve cor-
responding to ) = 0.72, directly demonstrating the self-
similarity of the process.

As explained above, a loss process could introduce er-
godicity in the system and change P ( p) into aLorentzian.
It isthusinteresting to see if the data are well fitted by the
expression (4) and if this fit is significantly better than
the one using a Lorentzian momentum distribution. Since
we measure the Fourier transform of 2(p), we thus seek
deviations of the measured F(7p0~'/2) from an expo-
nential. The average of the 12 sets of rescaled data is
presented in Fig. 3 along with afit by the calculated func-
tion F with Q as the only adjustable parameter (solid
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FIG. 2. Measured IInc(1p) (data marks) before (a) and after (b) rescaling. These 12 data sets are obtained with the same Rabi
frequency ) = 0.72(2) but different values of the interaction time @ ranging from 2000 to 15000. Since the final temperature

depends upon 8, the 12 curves of raw data do not have the same decay time. After rescaling, al the data collapse on the theoretical
function (solid line).
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FIG. 3. Fit of the averaged data with the calculated function
F (solid line) or a simple exponentia (dashed line). Residues
are presented in the inset. The vertical bar on the left is the
largest error bar of the data.  The data are well adjusted by the
theoretical function (x* = 0.0049) and the fit gives ) = 0.70
in very good agreement with the measured value () = 0.72(2).
The exponential fit leads to x> = 0.0285.

line) and a simple exponential fit (dashed line). The data
fit well to the function derived from Lévy statistics and
give ) = 0.70(0), in very good agreement with the ex-
perimental value 0.72(2). On the contrary, the best ex-
ponentia fit fails to reproduce the signal, especialy for
ip6~1/2 < 4 where the discrepancies are 3 or 4 times
larger than the standard deviation o represented as error
bars on the plot. This clearly shows that we are not in an
ergodic regime limited by some loss process. It should
be noted that the data exhibit a weak but statistically sig-
nificant deviation from the theory around 7,6 ~'/% = 5.
In order to check if a residual magnetic field could pro-
duce such an effect, we performed the same experiment in
the presence of a controlled transverse magnetic field and
found no modification of the signal aslong as B < 2 mG.
Since we compensate B with a precision of about 0.3 mG,
we ruled out the possibility that this deviation could be
due to a stray magnetic field. The largest deviation oc-
curring at a time much larger than the decay time of F,
this could be related to some details of (p) in the close
vicinity of p = 0, which are not identified in our model.
In conclusion, we have used an interferometric method
to determine the line shape of the momentum distribution
of ultracold atoms with a great accuracy. Our results
confirm the predictions of atheoretical analysis of VSCPT
based on Lévy statistics and give clear evidence for
fundamental features of subrecoil cooling such as self-
similarity and nonergodicity. This not only gives a new
lightening on subrecoil cooling, but aso is one of the

very few experimental evidences of anomalous diffusion
processes [16] in laser cooling.
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