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We report the experimental achievement of 8”Rb Bose-Einstein condensation in a magnetic trap with
microwave and radio frequency (RF) induced evaporation. Evaporative cooling is realized by using 6.8 GHz
microwave radiation driving the 8’ Rb atoms to transit from the ground-state hyperfine state |F = 2, mp =
2) to |F = 1,mr = 1). Compared with RF-induced evaporation, 8TRb atoms are hardly to achieve pure
condensate by microwave evaporation cooling due to the effect of atoms in the |FF = 1,mr = 1) state being

pumped back into the trapping |F = 2, mp = 1) state.
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Since the first experimental realization of the Bose-
Einstein condensation (BEC)' 3] ultracold atomic gases
have achieved a lot of attention in experiment!*) and
theoryl®®!. Especially, the observation of quantum de-
generate Fermi gas (DFG) and quantum degenerate
Bose-Fermi mixtures (BFM) provides new opportunities
for understanding high-7. superconductivity, strong in-
teraction, and quantum many-body systems. Typically,
evaporative cooling of atoms is still a crucial technique
in reaching the quantum degenerate temperature for al-
kali atom gas. And sympathetic cooling is used to cool
some species which cannot be efficiently cooled by di-
rect evaporation, such as in the cases of “°K[" and °Lil®!.
Usually, evaporative cooling can be fulfilled through sev-
eral methods, such as lowering trap field, radio frequency
(RF), and microwave (MW) techniques.

The advantage of radiative evaporation (RF and MW)
is that we do not have to modify the magnetic potential,
because the evaporative rate can be precisely controlled
by the amplitude and frequency of the radiative field. For
RF-induced evaporation, the RF radiation flip the atomic
spin between |F,mp = i) and |F,mp = i—1) states. The
resonance condition for magnetic field strength B is

griB = hwrr, (1)

where gp is landé factor, wgrp is the RF field frequency.
For MW-induced evaporation, MW evaporation transfers
atoms between Zeeman sublevels, which belong to differ-
ent hyperfine levels of the ground states. The resonance
condition for a transition between the hyperfine states
|[F,mp =1) and |F —1,mp =i—1) is

gr 2mp — 1) upB + hwp s = homw, (2)

where wp /27 is the hyperfine splitting (~ 6.8 GHz for
8TRb), and wyrw /27 is the MW frequency. MW radiation
evaporation has been explored by many groups!3—13!
which is utilized frequently in sympathetic cooling. Ow-
ing to the large difference in the hyperfine splittings
of the different atoms, MW cooling method is species-
selective and avoids any evaporative losses of the other
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species during the cooling process.

In this letter, we report on the production of 8 Rb BEC
by evaporative cooling using MW-knife. The MW-knife
is tuned to the hyperfine transition at 6.8 GHz, which
induces transitions from trapped |F = 2, mp = 2) state
to untrapped |F = 1, mp = 1) state. In the same initial
condition, we also apply the RF radiation to the 8"Rb
atoms. When the 8"Rb atoms are cooled down to critical
temperature point, a lot of 3’Rb atoms are populated
in the hyperfine state |F' = 2,mp = 1) due to atoms
in the |F = 1,mp = 1) state being pumped back into
the trapping |F = 2,mp = 1) state by the same MW
radiation in the course of evaporation. Compared with
RF-induced evaporation, it is difficult to achieve the pure
Rb BEC with MW radiation evaporation.

Our experimental apparatus is based on double
magneto-optical trap (MOT) apparatus, which has been
described in detail previously!'*='7. In short, 3"Rb
atoms are captured from a vapor background in the
first MOT (MOT1) and then transferred into the sec-
ond MOT (MOT?2) which resides in glass cell with much
lower background pressure, and loaded in a magnetic
trap. The magnetic trap in our experiment consists
of an Ioffe-Pritchard potential produced bfy three coils
in quadrupole-Toffe configuration (QUIC)I718l.  The
schematic of the coils for QUIC trap is shown in Fig. 1.
The typical axial and radial oscillation frequency of Rb
are Vax = 16.3 Hz and 1,9 = 179.3 Hz. In the QUIC, we
can load ~ 10 Rb atoms with a temperature of about
300 K. Evaporative cooling of 87Rb is performed, and
the evolution of sample is obtained by time of flight
(TOF) absorption imaging.

The MW signal is produced by a MW signal genera-
tor (N5183 MXG, Agilent). Then the MW radiation is
amplified up to 1 W by a power amplifier (ZVE-8G+
2-8 GHz, Minicircuit) and delivered to 3"Rb atoms by
a waveguide coaxial converter (HD-T0WSMAK, Vector
Telecom) and a waveguide (HD-7T0WAL150, Vector Tele-
com), as shown in Fig. 2. To avoid the feedback signal
to damage the power amplifier, a coaxial isolator (H13-
1FFF, Aerotek) is used between power amplifier and
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Fig. 1. Schematic of the experimental apparatus showing the
magnetic trap setup, glass cell, and MW evaporation setup.
amplifier isolator

MW signal ' 'v
generator -

Fig. 2. Schematic of the MW radiation production and am-
plification.

switch on/off .
power  coaxial

coaxial converter. The frequency sweep and the MW
switch are controlled and synchronized by a computer in
the experiment. The distance between the mouth of the
waveguide and 3"Rb atoms is about 15 cm.

After Rb atoms are prepared in their polarized spin
state |[F' = 2, mp = 2) and loaded in a QUIC trap, forced
evaporative cooling of Rb is performed on the ground-
state hyperfine transition between |F = 2,mp = 2) and
|[FF = 1,mp = 1). The MW frequency is swept from
6.9 GHz to a final value of 6.8372 GHz in about 37.4 s.
Figure 3 shows the absorption images of 8’Rb atoms
at different MW knives. These images were taken with
1-ms expansion time and 60-us exposure time. It is ev-
ident that the density of atomic gas increases when the
evaporation terminates at different MW frequencies. By
optimizing the MW power and sweeping frequency with
real earnest, we find that the pure BEC is hard to be
achieved at the end of the evaporation stage. At last
we may achieve 8’Rb BEC including the condensate and
thermal atoms with a total atomic number of 2.03 x 10°,
as shown in Fig. 4(b), where the number of condensate
is 1.03 x 10°. In the same initial condition, we could
cool up to 3.0 x 10° 8Rb atoms into a pure condensate
by RF-induced evaporation, as shown in Fig. 4(a) with
the final RF-knife frequency of 0.998 MHz. These results
are caused by different evaporation mechanisms for the
RF and MW-induced evaporation. For 8’Rb atoms, as
shown in Fig. 5, RF radiation would induce a chain
of transitions between different Zeeman sublevels start-
ing from trapped states to untrapped state. Because of
power broading and approximative linear width energy
level among 3"Rb Zeeman sublevels, transitions between
different Zeeman sublevels occur synchronously. This is
a phenomenon of multi-photon transition. The RF field
depletes all Zeeman sublevels of a target hyperfine state.
The atoms are barely populated in the ground-state
hyperfine state |[F' = 2,mp = 1) in RF-induced evapo-
ration cooling. However, MW evaporation is different.
MW evaporation uses transition from the hyperfine state
|F = 2,mp = 2) to untrapped state |F' = 1,mp = 1).
The important effect is that a small fraction of atoms

in the high-seeker state |[F = 1,mp = 1) would trans-
fer back to the |F = 2,mp = 1) state'!?] when they
move towards a high magnetic field. It will affect the
evaporation cooling due to many hot |F = 2,mp = 1)
atoms mixing with the |F = 2, mp = 2) atoms. This
problem may be solved by choosing the fixed MW car-
rier frequency, which is equal to the frequency between
|F =2,mp =1) and |F = 1,mp = 0) state, such that
it removes |F = 2,mp = 1) atoms to |F = 1,mp = 0)
state. MW evaporation has a merit of Zeeman sublevel
selective. It is very important in manipulating and puri-
fying the magnetization of a mixture!*0l,

Figure 4 shows the BECs obtained by the use of RF
and MW-induced evaporation. Figure 4(a) corresponds
to the case of RF-induced evaporation where the image is
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Fig. 3. Absorption images of 5’"Rb atom groups at different
end frequencies of the evaporation ramp.
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Fig. 4. Comparison between the BECs obtained by RF-

induced evaporation and MW evaporation. (a) Two-dimens-
ional (2D) image of the BEC obtained by RF-induced evap-
oration after 25-ms TOF; (b) (2D) image of the BEC ob-
tained by MW evaporation after 30-ms TOF; (c) and (d) are
vertically integrated column optical densities of images corre-
sponding to (a) and (b) respectively.
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Fig. 5. Functional schematic of the RF and MW radiation
evaporation. For 8"Rb atoms, RF evaporation induces tran-
sitions between different Zeeman sublevels belonging to the
same hyperfine level of the ground states. And MW evapo-
ration selectively uses transitions between Zeeman sublevels
belonging to different hyperfine levels of the ground states.

Fig. 6. Separation of the spin |F = 2,;mp = 1) state and
|F' = 2,mp = 2) state when Rb BEC is achieved. (a) RF-
induced evaporation; (b) MW evaporation.

taken with 25-ms expansion time and 60-us exposure
time, and Fig. 4(b) is MW evaporation where the image
is taken with 30-ms expansion time and 60-us exposure
time. The vertically integrated column optical densities
of Figs. 4(a) and (b) are respectively shown in Figs.
4(c) and (d). We also note that a lot of thermal cloud
appears on the left of the condensate in Figs. 4(b) and
(d) due to the slight difference of the switch-off time
constant between the Ioffe and quadrupole coils during
the process for the condensate being released from the
QUIC trap. It is evident that most of the thermal atoms
stay in the state |F' = 2, mp = 1). But these phenomena
are unconspicuous in Figs. 4(a) and (c).

To ascertain the presence of the state |F =2, mp = 1)
in Rb, by utilizing Stern-Gerlach effect, we let Rb atoms
of different Zeeman substates separate in space, as shown
in Fig. 6. The atoms in the state |[FF = 2,mp = 2)
lie in the left of the figure and the atoms in the state
|F = 2,mp = 1) in the right. Figure 6(a) shows the case
of RF-induced evaporative cooling. It is obvious that the
spin of atoms is almost in the |F = 2,mp = 2) state,
and only a little atoms stay in the |F = 2,mp = 1)
state. However, the result is very clear for MW radiative
evaporative cooling, in which almost half of atoms stay
in the |F = 2,mp = 1) state, as shown in Fig. 6(b).

In conclusion, we have demonstrated MW radiation
evaporation cooling of 3’Rb atoms and achieved BEC

although the atoms with wrong Zeeman substate appear
in the ultracold atoms. Comparing the RF-induced evap-
oration with the MW radiation evaporation, RF-induced
evaporation cooling is adopted in our experiment real-
izing quantum degenerate Fermi mixture of 8’Rb and
40KI7 - This will not affect the 4°K sample, while the
presence of residual Rb atoms in the |F' = 2,mp = 1)
Zeeman substate will give rise to inelastically collision
losses if we adopt the MW radiation evaporation.
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