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Extraction of sodium atoms from a trapped Bose-Einstein condensate (BEC) using
a coherent, stimulated Raman process is demonstrated. Opticdl Raman pulses drive
transitions between trapped and untrapped magnetic sublevels, giving the output-coupled
BEC fraction awell defined momentum. The pulsed output coupling can be run at such a

rate that the extracted atomic wave packets strongly overlap, forming a highly-directional,

guasi-continuous matter wave.
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The occupation of asingle quantum state by a large number of identical bosons (1-
5) is amatter-wave analog to the storage of photonsin asingle mode of alaser cavity. Just
as one extracts a coherent, directed beam of photons from a laser cavity using a partialy
transmitting mirror as an output coupler, one can analogously extract directed matter waves
from a condensate. Such a source of matter waves, or "atom laser,” is important in the
field of atom optics (6), the manipulation of atoms analogous to the manipulation of light.
Its development is providing atom sources as different from ordinary atomic beams as
lasers are from light bulbs.

The first demonstration of a BEC output coupler was reported in 1997 (7), where
coherent, rf-induced transitions were used to change the internal state (magnetic sublevel)
of the atoms from atrapped to an untrapped one. This method, however, did not allow the
direction of the output-coupled atoms to be chosen. The extracted atoms fell under the
influence of gravity and expanded because of their intrinsic repulsion. We demonstrate a
highly-directional method to optically couple out a variable fraction of a condensate, and
apply this method to produce a well collimated, quasi-continuous beam of atoms, an
important step toward atruly cw atom laser (8).

Our output coupling is based on stimulated Raman transitions between magnetic
sublevels (9,10). The sublevel into which the atoms are transferred is unaffected by the
trapping potential and the process imparts a well defined momentum to the output-coupled
condensate fraction. In contrast, previous work on Bragg diffraction (11) transferred
momentum without changing the interna state of the atom. A single Raman pulse can
couple out any desired fraction of the condensate. By changing the angle between the
wavevectors k of the Raman lasers (k =27/A, A =589nm) and using higher order (2n-
photon) Raman transitions, it is possible to impart any momentum of magnitude 0 to 2n7k
(11) to the atoms (for sodium, 27k corresponds to a velocity of 6 cm/s). In thisway it is
possible to choose the energy of the extracted deBroglie wave, producing a widely-tunable

atom laser.
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In the present experiment a hybrid evaporation technique using a Time Orbiting
Potential (TOP) trap (12, 13) isemployed to form a sodium condensate (11). We typicaly

obtain a condensate, without a discernible normal fraction, with about 10° atoms in the
3S,,,F =1 m=-1 state (14). Once the condensate is formed we adiabatically expand the
trapping potential in 0.5s, reducing the trapping frequencies to w,/2m = 18 Hz,
wy/21=25Hz and w,/21m=35Hz. We have measured (15) that our adiabatic cooling
reduces the asymptotic rms momentum width of the released condensate to 0.09(1) 7k (16).

In Raman output coupling (Fig. 1), a moving standing wave, composed of two
nearly counter-propagating laser beams with a frequency difference 8 = w,—w; (17), is
applied to the condensate for a short period of time. These beams propagate nearly along
the z-axis of the trap (gravity is along X) and each beam is detuned from the
39,5, F =1 - 3P3,,F' =2 trangtion by A/2m=-185GHz to suppress spontaneous
emission. A dimulated Raman transition occurs when an atom changes its state by
coherently exchanging photons between the two laser beams (absorption from w, and
stimulated emission into ,). The atom acquires momentum P =#(k, - k,) = PZ (in our
case) with P =2nrksin(6/2) (18). Therefore, an atom initidly a rest acquires a kinetic
energy /ndrecoii = P?/(2M), where M is the atomic mass. The stimulated Raman process
can change the internal energy state of an atom by driving Am=1 or even Am=2
transitions (19). The energy difference between the absorbed and emitted photons must

account for both the change in kinetic energy and any change in the internal (magnetic)

energy level of the atom: 70 = 710,070 By changing the internal state of trapped

recoil
atoms to m=0, a date that feels no trapping forces, we release the atoms and impart a
momentum that kicks them away.

Our Raman output coupling scheme dramatically reduces the transverse momentum
width of the extracted atoms compared to other methods such as rf output coupling (7).
The 0.09(1) 7k rms momentum width discussed previously corresponds to the average

release energy of 2/7p (the chemical potentid p N3, where N is the number of atoms
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in the condensate) per atom caused by the intrinsic repulsion between the atoms. |If,
however, only a small number of atoms is coupled out of the condensate into the m=0
state, the average energy per extracted atom is two times larger (20). For atoms coupled
out of a spherically symmetric trap without an initidl momentum kick, this release energy
causes an isotropic momentum spread. In our case, where significant momentum is
imparted to the atoms, the release energy is primarily channeled into the forward direction.
This dramatically reduces the transverse rms momentum width, resulting in a highly
collimated output beam. The transverse momentum width (21) is reduced by roughly the
ratio of the characteristic time it takes the output-coupled atoms to leave the till-trapped
condensate, divided by the timescale over which the mean field repulsion acts on the freely
expanding condensate (22) and will therefore be extremely smal compared to its
longitudina momentum of 27k. This has been confirmed by numerical calculations which
estimate the mean field component of the transverse rms momentum width to be 0.004 7K.

The uncertainty principle imposes an additiona transverse momentum width of
0.0027k due to the finite size of our condensate. The predicted mean-field momentum
width is close to this lower limit and corresponds to a divergence of a few milliradians,
comparable to that of atypical commercial optical laser. As this momentum width is so
small, it is difficult to measure experimentally (during the typical 7 ms duration of the
experiment the radius of the atomic cloud would only expand 1 pm).

To implement this Raman output coupling scheme requires that special attention be
paid to the time-varying magnetic field in the TOP trap. In the presence of gravity the
atoms sag (in our case about 0.8 mm) away from the center of the trap to a position where
the magnitude of the magnetic field changes as the bias field rotates (23). The time

dependent detuning for the two-photon transition is:

Amy,

5) =27 8| - 202 S‘M” 62) (1)
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where i is the Bohr magneton and Am =0, 1, or 2.  The frequency difference
between m=-1 and m=0 sublevels changes by nearly 4 MHz as the TOP field rotates.
This frequency difference is large compared to the effective width of the transition, the
inverse of the Raman pulse length (typicaly 6 ps). Therefore, the Raman pulse is
synchronized to the maximum of J(t) to minimize variations in the resonance frequency
during the transition. Compared to continuous output coupling, this pulsed Raman output
coupling results in less spontaneous emission for the same percentage of output-coupled
atoms.

When the Raman pulses were applied, the magnetic field direction was along the X-
axis (vertical), as was the polarization of one of the two Raman lasers (which only drove
Am=0 (1) transitions). This laser had an intensity of 300mwW/cm?(24). The second
Raman laser drove Am=1 (o) transitions when its polarization was along y. It had an
intensity of 600mW/cm? but only half of this power was useful due to selection rules.
For A/2m=-1.85 GHz, this intensity corresponds to an average time per atom between

spontaneous emission events of 70 ps.

Directiona output coupling is observed by imaging the atoms several milliseconds

after the Raman pulse. Figure 2 shows optical depth images obtained by first optically
pumping the atoms to the 3S,,,F =2 state, then absorption-imaging (2) on the 3S;,,,

F=2 - 3P5,, F'=3 transition. The sequence (Figs. 2A-C) shows aBEC (F =1,m=-1),
followed by two BECs after the application of a single Raman pulse. The TOP trap
confining fields were held on for 7ms after applying the Raman pulse before being
switched off. The system was then alowed to evolve freely for 1.6 ms before being
imaged. Notice that the position of the output-coupled atoms in Fig. 2B is different from
that of Fig. 2C. In the former, the atoms that have undergone the Raman transition are in
the state m=0 and therefore no longer fed the trapping potential, whereas in Fig. 2C the
atoms are dill trapped. The position of the m=0 atoms corresponds to free-flight with

momentum 27kz during the entire 8.6 ms whereas the position of the atoms in Fig. 2C
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corresponds to their classical turning point in the trap (7 msis approximately one quarter of
the 28.6 ms oscillation period along Z).

In the case where the detuning of the lasers from the excited State is large compared
to the excited-state hyperfine structure splitting, it is not possible to drive Am=2
trangitions directly with two photons because the ground state acts like a spin 1/2 system
for which there are only two states. Instead, we can couple to the m=+1 date by
combining the Raman process with Mg orana transitions due to the TOP rotating magnetic
field zero (13). Atoms were first output-coupled to the m=0 state and imaged 10.6 ms
later after having crossed the orbit of the zero of the magnetic field (27), known as the
“circle of death”, which orbitsin the x-z plane (Fig. 2D). For this image the rotating bias
field was reduced by afactor of 3, reducing the distance to the orbiting magnetic field zero
to 0.3 mm. As the atoms crossed this orbit they lost their quantization axis and were
repeatedly projected to dl three magnetic sublevels a the 20 kHz TOP frequency. The
aomsin m=-1, 0, and +1 states were respectively retarded, unimpeded, and gected by
the trapping potential, giving rise to three spatialy separated stripes of atoms. At the time
of imaging, the atoms that ended in the m=-1 state have aready been pulled back to the
circle of death by the trap.

Although it is not possible to drive the Am= 2 transition with two photons, it is
possible with four using the m=-1- m=0- m=+1 transtion scheme (Fig. 3C). A
single 6 us Raman pulse with 6/ 2= 6.15MHz and the same intensities used for Fig. 2B
was applied. InFig. 3A, the TOP was switched off immediately after the Raman pulse and
the atomsimaged 5.6 mslater. The m=+1 atomsreceived 47kz of momentum from four
photons, while the m=0 atoms received only 27kz from two photons; thus the m=+1
atoms moved twice as far as the m=0 atoms. With the TOP switched off 4 ms after the
Raman pulse and the system imaged 1.6 ms later (Fig. 3B), the atoms in the m=+1 anti-

trapped state are accelerated away from the trap, causing them to move further.
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To produce quasi-continuous output coupling we used multiple Raman pulses. The
laser intensities were reduced and the detuning was again chosen to be 8/2rm= 6.4 MHz
to couple primarily to the m=0 state. For the optical depth images of the condensate after
one, three and six Raman pulses (Figs. 4A-C), the TOP was held on for a9 ms window
during which time 6 pus Raman pulses were fired a a subharmonic of the rotating bias
frequency. The magnetic fields were then extinguished and the atoms imaged 1.6 ms later.
The intensity of the laser whose polarization was aligned with X was 300, 150, and 100
mW / cm?, respectively, in order to couple out different fractions of the condensate (the
intensity of the second Raman laser was twice that of the first).

In Fig. 4D the TOP trap was held on during a 7 ms window during which time 140
Raman pulses were fired a the 20 kHz frequency of the rotating bias field and the

distribution of atoms was imaged 1.6 ms later. The Raman pulse duration and intensity

were reduced to 1 ps and 40 mW / cm?® for Fig. 4D, to ensure that the tota integrated

pulse time of 140 ps was much less than the spontaneous emission time of ~500 pus. The

phase of the output-coupled matter wave evolves a ~100 kHz with respect to the
condensate itsef due to the kinetic energy imparted by the two-photon Raman
transition (28). Since 100 kHz is an integer multiple of the ~20kHz output coupling
repetition rate, the interference of successive pulses is aimost completely constructive (29).
In the time between two Raman pulses each output-coupled wave packet moves only
2.9 um, much less than the ~50 um size of the condensate, so the output-coupled atoms
form a quasi-continuous coherent matter wave. By varying the delay between pulses, the
interference between output-coupled wavepackets can be used to investigate the coherence
properties of the condensate.

It is apparent that thereis aso coupling to the m=+1 date in Fig. 4D because some
output-coupled atoms have moved the distance that an atom with momentum 47kz moves

in 8.6 ms. Such coupling to the m=+1 state occurs in this case because the spectra width

of the 1 us Raman pulse is sufficiently broad (30) to drive a transition from the state m=0
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(momentum 27kz) to the state m=+1 (momentum 47kz). In our experiment the
trgjectories of the two output-coupled beams (m=0 and m=+1) are spatialy separated
because the direction of momentum transfer is orthogonal to gravity. These two beams
appear to overlap in Fig. 4D because the camera views them from above. Coupling to the
m=+1 state could be suppressed by using alarger bias magnetic field and a larger detuning
A to exploit the second-order Zeeman shift, and to reduce the pulse bandwidth without
excessive spontaneous emission. To completely suppress coupling to unwanted anti-
trapped states a Raman transition to the F=2, m=0 ground state of Na could be used.

An important property of the condensate, and any output-coupled fraction, is its
coherence. Coherence effects between two condensates have already been observed by
dropping them and allowing them to interfere (31). Because we use a stimulated Raman
process, our output beam should be fully coherent. The effect of the mean field on the
atoms as they leave the BEC will be to distort the outgoing wave without resulting in any
true loss of coherence. In a separate experiment we observed matter-wave interference due
to the 100 kHz phase evolution discussed above and we are using it to measure the

coherence properties of the condensate.
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m=+1 are anti-trapped. The state m=0 does not fee the confining potential of the
magnetic trap.

Thiswas done by switching off the trap and measuring the rate of the mean-field-
driven ballistic expansion of the condensate at long times (>10 ms).

All uncertainties reported in this paper are one standard deviation combined
statistical and systematic uncertainties.

For frequency stability, both beams are derived from a single dye laser with the
frequency difference controlled by two acousto-optic modulators.

6, which equals 166° in our case, is the angle between k, and k,, and

k| =k = k. Therefore P =1.997k = 27k.

We define Am = My —Minitia- Miniia = —1 1S the only magneticaly trapped
state.

Assuming the scattering lengths among adl m-states are the same, this can be
derived from expressions found in, F. Dalfovo, S. Giorgini, L. P. Pitaevskii, S.
Stringari, Rev. Mod. Phys. 71, (2) (1999). The energy needed to add one atom is
M, which has a magnetic contribution of 3/7p and a mean-field contribution of
4/7u. If asmal number of atoms are output-coupled to m=0, a state that is not
magnetically trapped, their release energy will smply be 4/7u, or twice the
average release energy of 2/7p for the whole condensate.

In addition, the longitudinal momentum width is reduced by roughly the same
factor due to kinematic compression.

The characteristic time during which the mean field potential energy turnsinto
kinetic energy inthereleased BEC is 1/t (in our case about 6 ms), where @ is the

geometric mean of the three trapping frequencies. For our two-photon Raman
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transition the characteristic time scale for leaving the region of the condensate is 300
UsS.

Thisis because our TOPfield rotatesin X - Z plane which includes the direction of
gravity.

The power quoted was the average over a3 mm diameter aperture in the center of a
somewhat inhomogeneous 7 mm beam. These powers were empirically chosen to
produce good output coupling.

The resonance frequency, for the Am = 2 four-photon transition discussed later,
was found to be 6.15(5) MHz, in good agreement with the cal culated val ue of

6.0(2) MHz based on measurements of the trapping magnetic fields. This
additional detuning of 2x250 kHz = 500 kHz from the four-photon resonance
frequency islarge compared to the Fourier width of the Raman pulse and results

in asuppression of coupling to the 47kz, m =+1 state.

A stimulated Raman transition that changes the momentum state of an atom but does
not change the internal energy state can be viewed as Bragg diffraction (11). See
also, P.J. Martin, B.G. Oldaker, A.H. Miklich, and D.E. Pritchard, Phys. Rev.
Lett. 60, 515 (1988).

Due to our choice of applying the Raman beams along the quadrupol e axis of the
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X-Z plane because gravity isalong X. Thisisthe plane of the rotating magnetic
field zero and so the atoms will, a some point in time, cross this "circle of death”
(actually an ellipse).

In the case of 6=180°" the recoil momentum from afirst-order Raman transition is
exactly 27kz, which corresponds to a frequency of 100.1 kHz.

Thiswas confirmed in a separate experiment which looked at the interference of

two clouds of atoms diffracted out of the condensate.

If the output coupling process were made continuous, by using an optical dipole or
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magnetic trap with no time dependent magnetic fields, such coupling would not
occur because the Fourier width of the light pulse could be made arbitrarily small.

It would therefore be a smple matter to make a continuous Raman output coupler in
such a case.
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Figure Captions

Principle of the Raman output coupler. Energy conservation requires a
relative detuning, & = w,—w, between the Raman lasers. Tota energy as
afunction of atomic momentum is plotted, where the parabolas correspond

to kinetic energy P2/2M.

(A) Condensate before the application of aRaman pulse. (B) Am=+1
transition (19) from a6 pspulse with 6/ 2m=6.4MHz. This detuning is
chosen to be dightly larger than the 6.27 MHz resonance frequency to
suppress four-photon coupling to the m=+1, 4nkz state (25). (C) Am=0
trangtion (26) after a 14 ps Raman pulse with equal laser intensities of
25mW/cm®.  The relative detuning was &/2m=-98kHz and the
polarizations of both lasers were aligned with X. The diagramsto the

right of (B) and (C) show the polarization of the lasers with respect to the
local magnetic field. We verified that no transitions occurred when incorrect
polarizations were used. (D) The rotating magnetic field zero (circle of
death) resultsin Majoranatransitions of an output-coupled condensate
fraction inthe m= 0 state. The arrow denotes the physical location of the

rotating biasfield zero. Thisisagraphic depiction of Mgjoranatransitions.

Atoms are coupled to both the m=0 and m =+1 magnetic sublevelsusing
asingle Raman pulse. (A) Magnetic trap is switched off immediately after
the Raman pulse. (B) Magnetic trap is held on for 4 ms after the Raman

pulse. (C) Shows the transition used and the laser polarizations.

In Fig. 4A-C, one, three and six 6 us Raman pulses were applied to the
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condensate, respectively. (D) Firing 1 us Raman pulses a the full
repetition rate of ~20kHz imposed by the frequency of the rotating bias

field (140 pulsesin 7 ms) produces a quasi-continuous atomic beam.
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