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Abstract. - We use velocity-selective Raman pulses generated by two diode lasers to cool cesium 
atoms in 1 dimension to an r.m.8. of 1.2mm/s. This is about 1/3 of the single-photon recoil 
velocity v,= hk/M,  where hk is the photon momentum and M the atom’s mass. The 
corresponding effective temperature is a factor of 9 below the single-photon recoil temperature 
given by kB T, /2 = 1/2Mv&. Because of the high cesium mass, this temperature is only 
(23 f 5) nanokelvin, the lowest 1D kinetic temperature reported to date. 

In recent years the temperature of laser-cooled neutral atoms has rapidly dropped[ll. 
Today there are two experimentally tested laser cooling methods that lead to atomic samples 
where the velocity spread is smaller than the atom’s recoil velocity after emission of a photon: 
velocity-selective coherent population trapping (VSCPT) [2,3] and Raman cooling [41. These 
cooling mechanisms were initially demonstrated in one dimension on He and Na, 
respectively, and they have recently been extended to higher dimensions [5,6]. They have in 
common the idea of letting the atoms randomly scatter photons until they fall by spontaneous 
emission into a velocity-selective state which is no longer coupled to the laser field. In 
VSCPT, a C.W. light field tuned to a Jg = 1 -+ J ,  = 1 transition produces a velocity-selective 
dark state. This state is a linear superposition of magnetic substates having different linear 
momenta. In Raman cooling, on the other hand, the light field is pulsed. Atoms are pushed 
toward v = 0 with a sequence of laser pulses which induce velocity-selective Raman 
transitions followed by resonant excitation and spontaneous emission. Appropriate choice of 
laser pulse shape and detuning prevents atoms with v - 0 from being further excited. 

While VSCPT requires a specific type of atomic transition, Raman cooling can be applied 
to any three-level system with two long-lived states. Among all possible atoms, cesium has a 
particular place for several reasons; first it is used in primary time and frequency standards 
for which lower temperatures allow longer interaction times [7,8] and hence better accuracy. 
Secondly, a sample of atoms of mass M cooled to a given fraction of T, has a velocity spread 
which scales as 1/M. Cesium with its high mass is therefore appropriate for experiments 
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requiring low-velocity spreads. It is also used in a large number of atomic-physics experiments: 
high-precision measurement of parity violation effects [9] or of AIM by atom interferometry [lo], 
collisions at ultra-low energies and search for Bose-Einstein condensation [l]. 

In this paper we report on subrecoil cooling of cesium atoms using the Raman cooling 
method. We obtained a one-dimensional effective temperature T = Mv&,,,. /kB of (23 k 5 )  nK, 
about one order of magnitude below the single-photon recoil temperature T,, of 197 nK. The 
corresponding r.m.s. velocity spread is only 1.2 mm/s, or v, /3. T/T, is comparable with 
the 1D Raman cooling of Na ( T  = T,, /20) and with the 1D He VSCPT cooling (T = T, /20). 
Our temperature is a factor 4 (10) lower than that obtained in 1D with Na [4] and metastable 
He[3], respectively. Furthermore, our use of a simple magneto-optical trap in a room 
temperature vapour cell 1.111, together with an all-diode-laser system considerably simplifies 
the implementation of this cooling method. 

The basic idea of cooling with velocity-selective Raman transitions has been described 
in [4] and is illustrated in fig. 1. Initially atoms are in level 11). A light pulse from two 
counterpropagating laser beams of frequencies w 1  and w 2 ,  with w 1  - w 2  tuned to the red of 
the two-photon Raman transition connecting the I 1) and 12) states, will selectively transfer 
from 11) to 12) the atoms for which the Doppler shift compensates the laser detuning 6. The 
two-photon resonance condition is 

6 = 01 - ~2 - OHFS = 2k(v + v,,), (1) 

where k = w1 / c  - w2/c.  This gives the atoms a momentum kick of 2hk toward v = 0. 
Resonant excitation by the laser at w3 followed by spontaneous emission returns the atoms to 
11). The random momentum change in emission spanning 2 hk gives them a chance to fall 
near v = 0. If the excitation probability by the subsequent pulses at v = 0 is very low, all 
atoms can be pumped into an extremely narrow velocity class centred at v = 0. 

Our all-diode-laser apparatus (fig.2) consists of two parts: one for collecting and 
pre-cooling the atoms with polarization gradient cooling [12] and one for Raman cooling. 

About 4 .  lo7 atoms are first loaded in a magneto-optical trap (MOT) from the cesium 
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Fig. 1. Fig. 2. 

Fig. 1. - Level scheme and transitions used for Raman cooling of cesium. 
Fig. 2. - Experimental set-up. DL: diode laser. AO: acousto-optic modulator. P: polarizing cube. PD: 
photodiode. A Pockels cell (PC1) exchanges the direction of o1 and o2 beams. PC2 is used to reverse the 
direction of the Raman repumping beam at  frequency os. For far detuned Raman pulses, the w 3  beam 
direction is chosen to give a hk kick in the same direction as the Raman beams whereas for small 
detunings it gives a kick in the opposite direction. 
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vapour in a glass cell [ l l ]  at a pressure of Torr. After a loading time of - 350 ms, the 
current in the trapping coils is switched off and the laser intensity is reduced leaving the 
atoms in optical molasses for - 40 ms [12]. For the last 10 ms, the detuning is increased from 
the initial 31' to 1OI '  (where T/2x = 5.3 MHz is the natural width of the excited state). This 
reduces the temperature to - 6 pK. After this molasses time the residual magnetic field has 
reached a stationary value of less than 1 mG. All trapping beams are then switched off, using 
acousto-optic modulators for fast switching and supplementary mechanical shutters to obtain 
complete extinction. 

Next a sequence of Raman and repumping pulses is applied to the atoms. The Raman 
cooling beams are derived from two grating-stabilized diode lasers which are phase-locked 
with a frequency offset of 9.19GHz corresponding to the hyperfine splitting of the ground 
state of cesium [13]. The two lasers are detuned from the excited state F' = 4 by a quantity A 
which is monitored. The detuning 6 from Raman resonance is varied by passing one of the 
beams through an acousto-optic modulator (AO1) driven by a tunable frequency synthesizer. 
The two Raman beams are combined in a polarizing cube (Pl) and passed through another 
acousto-optic modulator (A02) driven by a home-made arbitrary wave-form generator, 
which controls the envelope of the Raman laser pulses. A Pockels cell (PC1) followed by a 
polarizing cube (P2) is used to separate the two beams. The Pockels cell allows us to exchange 
the directions of the two beams and hence to change the sign of both the resonant velocity 
and the transferred momentum. The two beams with nearly equal maximum intensity 
(20 mW/cm2) and a diameter of - 10 mm enter the cell along a horizontal axis, travelling in 
opposite directions and having orthogonal linear polarizations. The optical pumping beam 
(frequency w 3 ,  1.4 mW/cm2) is tuned to the 6$/2, F = 4 + 6P3/2, F' = 3 transition and 
superimposed on the Raman beams as shown in fig. 2. We observed that when this linearly 
polarized pumping beam was present in only one direction, a complete optical pumping 
required several l o o p ,  a duration much longer than I ' - l .  This is a consequence of the 
existence of dark states[14]. By having more than 10% of the light propagating in the 
opposite direction (with orthogonal linear polarization), we reduced the pumping time to 
50 p with more than 90% pumping efficiency (l). 

Crucial to this experiment is the compensation of stray magnetic fields which split the 
magnetic sublevels and broaden the Raman resonance. The residual field is measured in situ 
by driving the Raman transition with copropagating beams. In this case the excitation is 
Doppler-free and the linewidth is dominated by the residual field, if long low-power pulses 
are used. We minimize this linewidth to 1 kHz ( I B I < 1 mG) using compensation coils and a 
p-metal shield. To probe the velocity distribution of atoms in F = 3, we introduce a 1.5 ms 
pulse of counterpropagating beams at low saturation [E]; this selectively transfers a velocity 
class into F = 4. We then switch on the trapping laser tuned to the F = 4 + F' = 5 transition, 
detecting these atoms by measuring their fluorescence (2). A full-velocity scan is obtained by 
repeating the cycle trapping, molasses, Raman excitation, fluorescence detection, which 
takes about 430 ms, for different values of the Raman detuning 6. The 1 kHz linewidth 

(l) There are two atomic dark states in a laser field tuned to the F = 4 + F' = 3 transition. These 
states are coherent superpositions of the F = 4 Zeeman substates which do not absorb light [141. These 
non-absorbing states become velocity-selective and unstable when the laser field is produced by counter- 
propagating beams with different polarizationsC21. Our present 50p.s pumping time is shorter than the 
duration of most of the cooling pulses and contributes less than 28% to the Raman cooling time. 

(2) This fluorescence appears as a peak lasting about 1 ms, after which the atoms have decayed to 
the F = 3 ground state. This peak is superimposed to a constant fluorescence background from the fast 
atoms in the cell. The difference between this background and the peak is the recorded signal. In fig. 3, 
it is typically 1% of the background near the centre of the uncooled velocity distribution. 
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Fig. 3. - a) Raman cooling of cesium atoms using 7 repetitions of the pulse sequence shown in b), with a 
total duration of 8 = 24 ms and A/2z = 4.2 GHz. The inset shows the central peak fitted by a Gaussian 
curve of width = (1.2 f 0.1) mm/s or 0 . 3 4 ~ ~ ~ .  This corresponds to an effective temperature of (23 2 
f 5) nK. The small and sharp peak near v = - v,, is a spurious signal due to non-velocity-selective 
excitation induced by a stray reflection of one of the Raman beams on a cell window. The dashed curve 
is the velocity distribution without Raman cooling after the same time 8, corresponding to a 
temperature of 5.9pK. b) The pulse sequence used for Raman cooling. After applying the 8 pulses 
resonant with velocities v e 0, the directions of the Raman beams are exchanged and the same 8 pulses 
are applied to atoms with v > 0. This 16-pulse sequence is repeated 7 times. The excitation probability 
vs. velocity is calculated by solving the Schrodinger equation for a two-level atom under the influence of 
a Blackman pulse. 

observed in the Doppler-free configuration corresponds to a velocity resolution of v,, /8 or 
0.44mm/s for our detection method. 

For Raman cooling, since it is the Fourier transform of each laser pulse which mainly 
determines the width of the selected velocity class, we use a sequence of laser pulses with 
different durations, amplitudes and detunings with respect to the Raman resonance. Short 
pulses with larger detuning are used to slow atoms with larger velocities, followed by longer 
and longer pulses with smaller detuning to have a narrow velocity-trapping state (fig. 3rd). 
To design the optimum pulse sequence, several effects have to be taken into account. First, 
since the atoms fall under gravity during the Raman cooling cycle, the beam diameter limits 
the available time to approximately 30ms. Secondly, the maximum intensity of the Raman 
beams limits the efficiency of pulses shorter than about 3 0 p ,  for a typical detuning A of 
2.7 GHz, corresponding to an effective two-photon Rabi frequency OeE = O102/2A of 
2 10' rad/s, where ai, is the Rabi frequency of beam i. Next, as the residual excitation at  
v = 0 is a crucial factor in determining the efficiency of the cooling process, we used pulses 
with a Blackman envelope[l6] as done in[4]. Indeed, we checked that replacing them by 
square pulses severely reduced the cooling efficiency. The excitation profile of a Raman pulse 
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also depends on saturation, light shifts and residual magnetic field. We, therefore, stgdied 
the effect of each cooling pulse by applying it to the pre-cooled atoms and recording the hole 
burned in the velocity distribution. In this way we obtained its efficiency, excitation line 
shape and line centre. The transfer efficiency of each pulse a t  its resonant velocity is about 
0.5 (5). We designed the cooling sequence by combining the information obtained from this sys- 
tematic investigation with the results of calculations of the excitation profile, ie. solving the 
Schrodinger equation for an effective two-level atom, including the Blackman pulse envelope. 

A typical experimental result is presented in fig.3a). The pre-cooled atoms follow a 
Gaussian velocity distribution (dashed curve) corresponding to a temperature of 5.9pK 
typical of polarization gradient cooling in Q+-Q-  3D molasses. After 6 = 24 ms of Raman 
cooling, the peak at v - 0 is a factor of 5 higher than the pre-cooled velocity distribution. The 
insert shows an expanded view of the central peak and its best fit with a Gaussian 
distribution having a r.m.s. velocity of (1.2 f 0.1) mm/s = 0 . 3 4 ~ ~ .  This corresponds to a 1D 
effective temperature of (23 2 5) nK. About 37% of the total number of atoms N are 
compressed in the interval [ - v, , v,]. N ,  measured as the area of the velocity distribution 
with or without Raman cooling after the same time 8, remains unchanged to within 5%. For 
8 = 24 ms, N is 83% of the initial number of trapped atoms because of gravity acceleration 
out of the observation volume of a small fraction of atoms. 

The cooling was obtained by repeating 7 times the sequence of Blackman pulses shown in 
fig. 3b), for A = 4.2 GHz. Each sequence improved the height and decreased the width of the 
peak, leading to a l /e cooling time of about 18 ms (4). The pulses have durations z = 80, 80, 
80, 100, 150,200, 225, 500 p. Here z is the total duration of each Blackman pulse [16]. The 
Raman detunings are 6/2x = - 53, - 36, - 25, - 10, - 5, - 2, + 2, + 5 kHz. Because of the 
two-photon recoil shift (eq. (l)), the resonance for atoms with v = 0 corresponds to 6/2x  = 
= 8 kHz. These detunings were chosen and optimized taking into account the measured light 
shift of each pulse (typically 3 kHz for a 200 p pulse). The optimization was made easier by 
the fact that all cooling parameters (except A )  are computer-controlled and that the lasers 
remain locked for the whole day. 

We have obtained still lower temperatures ((12 f 5) nK, v,,,. = v, /4, T/T, = 1/16) 
using the same pulse sequence after a fine adjustment of the two-photon detuning of the 
Blackman pulses closest to resonance (to f 500 Hz) and at  A = 2.7 GHz. However, the 
fraction of atoms in the interval [ - v, , v,] was less than at  4.2 GHz (29% instead of 37%) 
and the enhancement of the peak at  v - 0 was 4.5. We believe that this reduced efficiency is 
due to off-resonant one-photon excitation of the cold atoms to the upper states by the Raman 
beams and subsequent spontaneous recoil heating. At a detuning A = 2.7GHz, the 
probability for an atom of being excited during the total cooling cycle was about 0.5. We 
checked the importance of this off-resonant excitation by repeating the cooling experiment a t  
A = 1.7 GHz and choosing the amplitude of each pulse in order to have the same effective 

(9 The on-resonance efficiency of a Raman process is 1 for a x-pulse in a pure three-level system. In 
the case of cesium, there are various Zeeman substates in the initial, intermediate and final states. 
They couple differently to the field of the laser pulses, leading to different x-pulse conditions and hence 
to a reduced transfer efficiency for a pulse of given intensity and duration. This lengthens the l / e  
cooling time. 

(*I This cooling time obviously depends on the duration of the pulses, ie. on the width of their 
Fourier transforms. When comparing two different atoms with the same pulse sequence in units of 
recoil velocity and cooling down to a given fraction of the recoil velocity, we find that the cooling time is 
proportional to M / k 2 .  With this scaling factor, our cooling time is similar to that of the sodium 
experiment [41. 
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Rabi frequency as for the 2.7 GHz detuning. This led to a further reduction of the efficiency 
and also gave a higher final temperature. 

In conclusion, we have demonstrated one-dimensional Raman cooling of Cs atoms using a 
simple diode laser apparatus and reaching temperatures well below the recoil limit. The 
method could probably be improved by working at larger A, using more powerful diode 
lasers, which are now becoming available. This would reduce the residual excitation at v = 0, 
allowing more efficient collection of all the atoms in the subrecoil peak. Extension of the 
method to two dimensions is straightforward, using alternating pairs of beams. In the limited 
cooling time available because of gravity (- 30 ms), our Monte Carlo simulations indicate 
that subrecoil temperatures can be obtained. 3D subrecoil Raman cooling in microgravity is 
an interesting possibility[17] as well as cooling of atoms confined in a trap[18]. 
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