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ABSTRACT We have developed a simple magnetic transport
method for the efficient loading of cold atoms into a magnetic
trap. Laser-cooled 8’Rb atoms in a magneto-optical trap (MOT)
are transferred to a quadrupole magnetic trap and they are then
transported as far as 50 cm by moving magnetic trap coils with
a low excess heating of atoms. A light induced atom desorption
technique helps to reduce the collision loss during the mag-
netic transport. Using this method, we can load cold 7Rb atoms
into a magnetic trap in an ultra high vacuum chamber with high
efficiency, and we can produce 8’Rb condensate atoms.

PACS 39.25.+k; 32.80.Pj; 03.75.Pp

Introduction

Recent developments in the field of atom optics
have opened up the possibilities of various applications of
ultra cold atoms, such as precision measurements, and quan-
tum information processing [1, 2]. For these applications of
ultra cold atoms, it is important to realize a coherent atom
source based on the Bose—Einstein condensation of atoms [3].
A widely used method for the production of condensate atoms
is a combination of a magneto-optical trap (MOT) for the pre-
cooling of atoms, and a magnetic trap for further cooling of
the atoms using a RF-induced evaporation. In this method, the
MOT and the magnetic trap are usually formed in the same
place to realize an efficient loading of cold atoms into a mag-
netic trap. However, this configuration makes it rather difficult
to realize a small magnetic trap with a tight confinement, as
well as an optical trapping and manipulation of condensate
atoms using a three dimensional optical lattice [2]. Recently,
an alternative method, a magnetic transport of cold atoms
from the MOT to a spatially far separated ultra high vacuum
(UHV) chamber, has been demonstrated using a row of mul-
tiple magnetic trapcoils [4]. But this requires sophisticated
switching electronics for the many trap coils to avoid heat-
ing of atoms during the transport. A similar but rather simpler
method has also been demonstrated using moving coils in-
stead of multiple coils [5], and it was applied to the recent
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study on a Bose—Fermi mixture with Rb and *°K atoms [6].
But the performance of this method has not been fully re-
ported so far.

In this paper, we describe a simple but efficient mag-
netic transport of cold 3Rb atoms to load cold atoms into an
UHYV chamber. We use a linear actuator for industrial use to
move magnetic trap coils for the magnetic atom transport [5].
We have investigated the optimum condition for reducing the
heating of atoms and the atom loss during the magnetic trans-
port. In order to reduce the collisional atom loss during the
transport, we employ a light induced atom desorption (LIAD)
technique for the MOT loading [7]. These two methods help
to realize an efficient loading of cold 8’Rb atoms and a Bose—
Einstein condensation in a QUIC type magnetic trap [8].

Experimental setup

A schematic diagram of the experimental setup is
shown in Fig. 1. The vacuum system was identical to the one
which was previously used for the double MOT system. Two
glass cells (32mm x 32mm x 100 mm) are separated by
about 50 cm and they are connected by a stainless-steel tube
with a inner diameter of about 1 cm. The first glass cell is con-
nected to an ion pump and a Rb reservoir and it is used for
the cooling and trapping of 8’Rb atoms in the vapor cell MOT.
The Rb vapor pressure in the cell is controlled by slightly heat-
ing the Rb reservoir and a valve between the reservoir and
a chamber. The second glass cell is evacuated to ultra high
vacuum (UHV) at a pressure of 2—3 x 10~!! Torr by using an
ion pump and a Ti-sublimation pump and it is used for produc-
ing condensate atoms in the magnetic trap.

50cm

é
<

Moving
MT coils

S
7

Transfer QUIC
MT coils MT coils

Linear actuator

lon : lon
pump Glass cell pump
+Rb MOT beams + TSP
FIGURE 1 Schematic diagram of the experimental setup: MT’s, magnetic

traps; TSP, Ti sublimation pump
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The laser system for the MOT consists of two extended-
cavity laser diodes (EDLD) and a tapered amplifier diode.
Using a master-oscillator power amplifier (MOPA) configura-
tion, we typically obtain 100 mW of laser power from a single-
mode optical fiber, and this laser power is divided into six laser
beams with a diameter of 20 mm for the MOT. For the re-
pumping, we use about 5 mW of the second ECLD power, and
this light is combined with the above MOT beams and they are
sent into the first cell.

Two coils in an anti-Helmholtz configuration are used for
the MOT and a quadrupole magnetic trap at the first cell. Each
coil has 64 turns with a diameter of 66 mm, and can produce
a magnetic field gradient of 100 G/cm in an axial direction
with a current of 20 A. These coils can be moved along a linear
track by a linear actuator (THK, VLA-ST-45-R-500). A max-
imum velocity and acceleration of this actuator is 0.68 m/s
and 2.9 m/s? respectively. The position repeatability of this
actuator is within 20 wm. The motion of this linear actuator
can be controlled by a host personal computer.

The magnetic trap at the UHV cell is of the loffe—Prichard
type using three coils in a quadrupole coil loffe configuration
(QUIC) [8]. Two quadrupole coils and an Ioffe coil are made
by copper tubes with an outer diameter of 2.5 mm and 1.5 mm,
respectively, and are water cooled. Running with a current of
100 A in these coils, the radial and axial trap frequencies for
the Rb F =2, my = 2 state are 314 Hz and 20 Hz, respec-
tively. A bias field at the potential bottom is about 0.5 G.

3
3.1

Experimental results

Light induced atom desorption

In our present experimental setup, we need more
than 10® atoms in the magnetic trap at the UHV cell prior to
the evaporation cooling to produce Bose—Einstein condensate
atoms.We can typically collect 3 x 108 cold Rb atoms in a va-
por cell MOT with a Rb pressure of about 10~ Torr. When
we transport cold Rb atoms from a high pressure first cell to
the UHV second cell, it is important to reduce the atom loss
during the transport. In the case of magnetic transport of cold
atoms, the atom loss is mainly due to the collision to the Rb or
background gases in the first cell [4]. Butif we increase the Rb
pressure in the first cell to collect more atoms in the MOT, it
induces the increase of loss during the magnetic transport and
the following evaporation cooling. Thus we employ a light in-
duced atom desorption (LIAD) method to temporally control
the Rb vapor pressure in the first cell [7]. We found that a light
from ultra violet (UV) light emitting diodes (LED) efficiently
desorbs Rb atoms on an inner surface of a pyrex glass cell [9].
We use a hundred UV LED’s (a peak emission wavelength of
about 400 nm ) with a maximum total optical power of 1 W.
These UV LED’s shine directly onto the glass surface near the
MOT. The LIAD efficiency of these UV LED’s (1 W total) is
much higher than that of the white light from a visible halogen
lamp (150 W,) and is comparable to that of the UV halogen
lamp (75 W) [9]. The advantage of the UV LED light is its
small heating effect on the glass cell and long lifetime.

We control the Rb vapor pressure in the first cell around
5x 1071 Torr by controlling the temperature of the Rb
reservoir. The number of atoms in the MOT is monitored
by detecting the fluorescent light from the trapped atoms
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FIGURE 2 Time variation of the fluorescence from the Rb atoms in the
MOT. At first, the MOT magnetic field was switched on at # = 2 s, and next
the UV LED’s were switched on at t = 8 s. After 10s, the UV LED’s were
switched off, and finally the MOT field was switched off att =20s

(Fig. 2). Under this low Rb vapor pressure, we typically col-
lect 2—-3 x 107 atoms in the MOT. Then we switch on the UV
LED light. The Rb atoms are desorbed, and the number of
trapped atoms increases and reaches about 3 x 108 after 5s.
When we switch off the UV light, the number of atoms de-
creases but with a slower decay rate than a loading rate. In
order to examine the fast recovery of the Rb pressure after
switching off the UV light, we transferred the atoms from the
MOT to the quadrupole magnetic trap after the LIAD MOT
loading. We measured the 1/e lifetime of the magnetically
trapped atoms to be about 2.8 s. We also measured the lifetime
for the case without using the UV light as a comparison and
it was nearly the same 2.8 s for this case. This result implies
that the Rb pressure immediately returned to the initial value
after switching off the UV light. This lifetime is long enough
for the atoms to escape from the high pressure glass cell in the
magnetic transport.

3.2 Magnetic transport of cold atoms using moving coils

Cold Rb atoms collected in the MOT are com-
pressed and further cooled in optical molasses, and then op-
tically pumped into the F =2 and mp = 2 state before be-
ing trapped in a quadrupole magnetic trap. The magnetically
trapped Rb atoms are transported to the second UHV cell by
using a linear actuator to move the magnetic trap coils. A high
initial phase space density of atoms prior to the evaporation
cooling is crucial for the production of Bose—Einstein conden-
sation. In order to avoid the excess heating of atoms during
the magnetic transport, the velocity of the actuator is smoothly
varied in a S-shaped curve and the actual velocity variation of
the actuator can be monitored by the rotation encoder (Fig. 3).
We evaluated the heating effect of atoms during the magnet
transport. The atoms were first moved by the moving coils in
the above scheme with various acceleration and velocity, and
then they were returned to the original position in the same
scheme. The final velocity distribution of atoms was measured
by the time of flight images. A typical velocity distribution of
atoms after the transport is shown in Fig. 4. In this case, the ac-
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FIGURE 3 Measured time variation of the velocity of the linear actuator
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FIGURE 4 Time of flight absorption images of the atomic cloud before the
magnetic transport (a), and after the magnetic transport (b). Both images
were taken after 5 ms of expansion

celeration and the maximum velocity is 2 m/s*> and 0.6 m/s,
respectively, and the one way transport time is about 1 s. The
initial temperature of atoms is about 100 pK (Fig. 4a). After
the transport, the velocity distribution along the moving direc-
tion increases, and it corresponds to the temperature of about
300 uK (Fig. 4b). We expect that the temperature increase
during the one way transport is about 100 pK, which is half
of the measured temperature increase of 200 uK for the round
trip transport. We found that the final temperature increased as
the maximum acceleration during the transport increased, but
the temperature increase was independent of the maximum
velocity. As the elastic collision rate in a magnetic trap is es-
timated to be 1s~!, the increased kinetic energy of atoms is
not redistributed into other directions within a transport time
of 1 s. Thus the loss in the phase space density of atoms after
the transport is estimated to be about 30 % for the tempera-
ture increase in one dimension from the initial 100 pK to the
final 200 WK. As the loss in the number of atoms is within
20% using the LIAD method described above, the total loss
of the phase space density during the magnetic transport is
within 50%.

33 Producing a Bose-Einstein condensate

The atoms transported by the moving magnetic
coils are transferred to the QUIC type magnetic trap in the
UHYV glass cell. We additionally use transfer quadrupole
magnetic coils which partially overlaps two quadrupole mag-
netic coils as shown in Fig. 1 [4]. The coil currents of
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FIGURE 5 Absorption images (a) and the horizontal (axial) density pro-
files (b) of the atomic cloud after 20 ms of expansion for the various final RF
frequencies

three magnetic trap coils are gradually changed to move the
atoms smoothly from the initial quadrupole trap to the final
quadrupole trap [4]. The atoms are then adiabatically com-
pressed by increasing the coil current of the quadrupole trap
from 36 A to 100 A, and the magnetic potential is finally con-
verted into an loffe—Prichard type potential in a quadrupule
and loffe configuration (QUIC) by gradually increasing the
current of the Ioffe coil [8]. As a result, we typically load
0.8-1.0 x 103 ¥’Rb atoms in the QUIC type magnetic trap
with a temperature of about 400 wK. The 1/e trap lifetime of
the atoms in the UHV cell is measured to be about 75 s. We ap-
ply an RF-induced evaporation cooling to the trapped atoms.
The RF frequency is swept from 30 MHz to about 650 kHz
within 50 s. Around a critical temperature of about 200 nK,
condensate atoms are formed and pure condensate atoms of
about 4 x 10*are produced below the critical temperature
(Fig. 5).

4 Discussion

The present method described here is simple but
is useful for the production of BEC atoms. Compared with
a conventional double MOT method [11], a careful alignment
of the laser beams for the pushing of atoms is not needed, and
the ultra high vacuum needed for the long evaporation time
is easily realized. It is also useful for the applications of pro-
duced condensate atoms for various experiments such as an
optical trap in a 3D optical lattice and a magnetic atom wave-
guide because the trapping laser beams for the MOT are not
needed to be introduced into a magnetic trap. Compared with
the similar method using multiple magnetic trap coils [4], the
present method is much simpler and the atom loss during the
transport has been improved by using a LIAD technique.

Further improvements in the present method include the
use of a larger MOT beam size to increase the number of
atoms in the MOT, and the use of a smaller magnetic trap
to increase the initial atomic density at the evaporation cool-
ing stage. These improvements will increase the number of
condensate atoms and also the speed of evaporation cooling
due to the higher elastic collision rate. A micro magnetic trap
on a substrate, so called “atom chip”, is a good candidate to
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realize fast production of condensate atoms due to its tight
magnetic confinement of atoms [12]. The present method can
be easily applied to the loading of cold atoms into this atom
chip.

Instead of the present LIAD method, a pulsed thermal Rb
atom source using an alkali dispenser may be also used for
the fast control of the Rb pressure [10], however, it simultan-
eously emits some amount of hydrogen gases which can not
be quickly pumped out by a small ion pump [9]. The hydrogen
gases can be effectively pumped out by the additional use of
a Ti sublimation pump or a non evaporating getter pump. We
found that LIAD using the UV LED works effectively for the
Rb atoms on a Pyrex glass surface [9]. A Pyrex glass contains
small amount of Na atoms, and these Na atoms may play an
important roll in increasing the efficiency of the LIAD of Rb
atoms on a Pyrex glass surface. But the detailed mechanism
has not been well understood and it is rather outside the scope
of this paper.

5 Conclusions

In summary, we have demonstrated that an effi-
cient loading of cold atoms into a magnetic trap is realized by
a magnetic transport of cold 3’Rb atoms using moving mag-
netic coils. Using this method, we have successfully demon-
strated a production of Bose—Einstein condensate atoms of
87Rb in a magnetic trap. The present method will allow real-
ization a simple and fast production of Bose—Einstein conden-

29

sation, and it will be also helpful for the various application of
condensate atoms.
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ABSTRACT We have developed a simple method for the fast and
efficient production of a Bose—Einstein condensate (BEC) on an
atom chip. By using a standard six-beam magneto-optical trap
and light-induced atom desorption for loading, 3 x 107 8’Rb
atoms are collected within 1 s and loaded into a small-volume
magnetic potential of the chip with high efficiency. With this
method, a BEC of 3 x 10° atoms is realized within a total time
of 3's. We can realize a condensate of up to 2 x 10* atoms by
reducing three-body collisions. The present system can be used
as a fast and high-flux coherent matter-wave source for an atom
interferometer.

PACS 03.75.Be; 32.80.Pj; 39.25.+k

Introduction

The production and manipulation of Bose—Einstein
condensates (BECs) on a substrate with integrated conduc-
tor patterns, a so-called ‘atom chip’, has raised considerable
interest recently [1—3]. The atom-chip technique can be em-
ployed for developing various quantum devices using coher-
ent matter waves for precision measurements and quantum
information processing [3]. Another application, an atomic
interferometer on a chip, was demonstrated very recently [4].
Furthermore, atom chips allow us to realize a compact ex-
perimental apparatus for various practical applications of
BECs [1,5].

A high repetition rate for the production of a condensate
and a large number of condensed atoms are preferable for pre-
cision measurements using an atomic interferometer in order
to improve the sensitivity. A total BEC production time from
the magneto-optical trap (MOT) loading phase to evaporative
cooling mainly depends on the MOT loading time and the
evaporation time. The MOT loading time is determined by the
Rb background pressure and the capture volume of the MOT,
and the evaporation time is determined by the elastic collision
rate, which is proportional to the atomic density and inversely
proportional to the trap volume.

In order to increase the efficiency of evaporative cooling,
it is necessary to load a large number of cold atoms with high
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density into a small-volume chip potential. Up to now, two
kinds of methods have been developed. The mirror MOT [6]
is the most popular method to prepare cold atoms near a chip
surface. By using the chip surface as a mirror, we can pre-
pare cold atoms just below the chip, and then capture them
by the chip potential. This method is simple, but it needs
a flat metallic reflective surface, which may limit the design
of an atom chip. Considering the MOT efficiency of a mirror
MOT, the capture volume of a MOT is smaller than a standard
six-beam MOT with the same trapping laser beam diameter,
and also the trapping beam size is limited by the size of the
chip. On the other hand, the method of combining a stan-
dard six-beam MOT with an adiabatic magnetic transfer [2]
has the advantage of a large MOT volume and a high loading
efficiency and is surface independent. However, this system
needs a complex wire configuration in order to change the
magnetic potential from quadrupole field to Ioffe—Pritchard
(IP) field adiabatically. Therefore, it is important to develop
an alternative method of loading cold atoms into a chip po-
tential to improve the total efficiency for fast BEC production.
In this experiment, we have improved the MOT efficiency and
the initial number of cold atoms in the chip potential by using
acombination of a standard six-beam MOT and a simple mag-
netic transfer with recatching, which enable us to realize fast
and efficient production of a BEC with an atom chip in a small
glass cell.

2 Experimental setup

The experimental setup is shown in Fig. 1.
A Pyrex glass cell of inner size 30 mm x 30 mm x 90 mm
is connected with a 45-1/s ion pump, a titanium sublima-
tion pump, and electrical feedthroughs. All processes from
cooling and trapping of a 3Rb atom by the MOT to the real-
ization of a BEC by rf evaporative cooling on the atom chip
are operated in this glass cell. In order to realize efficient
loading of many atoms into the MOT as well as ultra-high
vacuum for a long lifetime in the magnetic trap, we use a light-
induced atom desorption (LIAD) technique that can increase
the pressure temporarily during the MOT loading phase, but
the ultra-high vacuum quickly recovers after loading [7]. We
use a UV halogen lamp (75 W) and UV LEDs (1 W) to de-
sorb Rb atoms from the inner surfaces of the Pyrex glass cell.
Two pairs of anti-Helmholtz coils for MOT and transportation
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FIGURE 1 Experimental setup. The atom chip is inserted into a glass cell

from upper electrical feedthroughs, and all coils are mounted outside the cell.
87Rb atoms are cooled by a six-beam MOT, and magnetically transported
to the atom chip by the MOT coils and the T coils. The MOT coils and the
T coils overlap in order to transport the atoms adiabatically

(T coils), and two pairs of Helmholtz coils which generate ho-
mogeneous magnetic fields B, and B, are located outside the
glass cell. The center of the MOT is located 2 cm below the
chip surface in order not to block the cooling lasers. The MOT
and the T coils overlap so that trapped atoms are transferred
adiabatically [8].

The atom chip used in this experiment is shown in Fig. 2a.
The atom chip is bonded to a copper block, which is mounted
downward in a glass cell. The gold pattern on a Si sub-
strate was made by standard photolithographic and electro-
plating techniques [2]. The configuration of the wires used
to trap cold atoms and make the BEC is shown in Fig. 2b.

B[Gauss]
500 |V

40
30
20
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20

x [mm]

[

FIGURE 2 Atom chip and magnetic potential. (a) Atom chip used in
this experiment. A gold pattern is deposited on a Si substrate of 20 mm x
20 mm x 0.5 mm. (b) Wire configuration used to trap and produce the BEC
at the center of the chip. The widths of the Z- and C-wires are 200 um and
100 pm, respectively, and the gold layer is 10-pum thick. The Z-wire and the
C-wire support currents of 4 A and 1 A, respectively. Magnetic potential pro-
duced by an atom chip, (c) in a radial direction, (d) in the axial direction. The
dashed lines represent the magnetic potential for loading (I, =4 A, I. =0A,
By =0.5G, By =15G), and the solid lines that for compression (I, =4 A,
I.=—-06A, B, =11G, B, =60G)
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In the present experiment, we only use a Z-shaped wire (Z-
wire), which produces a Ioffe—Pritchard (IP)-type magnetic
trap with an external bias field B,, and a crossed wire (C-
wire), which produces a small dimple at the center of the IP
trap [10]. Other wire patterns have been prepared for the ma-
nipulation of condensate atoms, but they are not used in the
present experiment. To minimize current noise, the currents
for these wires are provided by a regulated power supply with
batteries.

Experimental results

The experimental procedure consists of three
stages, a MOT loading stage, the magnetic transfer, and the
magnetic trap on a chip. Initially, ¥’Rb atoms are cooled
and trapped in a six-beam MOT. The laser power densities
of the cooling and repumping beams are 4 mW/cm? and
1.6 mW/ cm? per beam, respectively, with a beam diameter of
15 mm. During MOT loading, the UV halogen lamp and UV
LEDs are turned on. Although the efficiency of the LIAD is
sufficient to increase the pressure temporarily with only UV
LEDs [9], we also use the UV halogen lamp to increase the
Rb pressure further for fast MOT loading. In this way, we can
collect up to 1 x 10® cold atoms within 5-10 s. However, we
typically collect 3 x 107 cold atoms within 1-5 s. After load-
ing the MOT, the UV light is turned off and the atoms are held
in the MOT for 3 s to improve the pressure in the glass cell.
Then, we can realize a magnetic trap lifetime of about 15s.

After compression MOT (CMOT) and polarization gradi-
ent cooling (PGC), the atoms are optically pumped into the
|F =2, mp = 2) hyperfine ground state and cold atoms are
captured in a quadrupole (QP) magnetic field produced by
apair of MOT coils, with 73 G/cm in the axial direction. Mag-
netically trapped atoms are transferred close to the atom chip
by using the transportation (T) coils. After a 100 ms magnetic
trap with the MOT coils, the T coils with 80 G/cm in the axial
direction are turned on within 250 ms, and then the current of
the MOT coils is decreased within 250 ms. Then, the atomic
cloud is transferred to 0.5 mm below the chip surface by ad-
justing the currents of the MOT and T coils. The position of
the atomic cloud in the x, y direction is adjusted by applying
homogeneous bias fields B, and B,. The number, tempera-
ture, and phase-space density of the atoms are N ~ 3 x 107,
T =110 pK, and pps = 9 x 1078, respectively.

After the cold atoms are transferred close to the surface,
they are recaptured in the chip potential when the trapping po-
tential is switched from QP potential to IP potential (Fig. 2c)
within 1 ms. During the transfer, it is important to preserve
the phase-space density. The deviation between the position
of the transported atoms and the potential minimum of the
chip trap causes serious heating and loss. Therefore, we ad-
just the position of the atomic cloud to the optimum pos-
ition within 100 pm in all x, y, z directions. Also, we apply
weak homogeneous magnetic fields during the loading pro-
cess in order to follow the atomic magnetic spin adiabatically.
Then, we can transfer 50% of the atoms from the QP poten-
tial to the chip potential. The loss is mainly caused by the
mode mismatch between the transported atomic cloud and
the relatively small atom-chip potential. The number, tem-
perature, and phase-space density of the loaded atoms are
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N~ 1.5 x107, T = 100 uK, and pys = 7 x 1078, respectively,
and the phase-space density is nearly preserved in this transfer
process.

A first set of experiments was optimized to maximize
the number of condensate atoms. Immediately after loading,
the atomic cloud is radially compressed by increasing bias
fields within 200 ms, and then a small dip potential is real-
ized at the center by introducing current in the crossed wire
within 300 ms (Fig. 2c). At this point, the potential minimum
is 130 wm from the chip surface, and the trapping frequen-
cies are (v, vy, v;) = (740, 4000, 4000) Hz. After this com-
pression phase, 40% of cold atoms are tightly compressed in
a dip shown in Fig. 2d, and the initial elastic collision rate
is estimated to be 50 s~!. Then, the rf field is applied to the
atomic cloud for evaporative cooling. We use a DDS (direct
digital synthesizer) oscillator which realizes a rapid and ar-
bitrary frequency sweep. The first rf linear sweep starts from
37 MHz to 11 MHz for 3.2 s. Then, all of the atoms enter the
dip of the cross-wire trap (Fig. 3a), and the estimated elas-
tic collision rate reaches 6 x 103 s~1. Then, we increase the
if sweep rate to prevent three-body collision loss. We drive
a second linear sweep from 11 MHz to 4 MHz linearly for
400 ms. At the end of the second sweep, the three-body re-
combination rate is estimated to be 5 s~ [11]. This rate cannot
be neglected, and it causes serious loss and heating of the
high-density atomic cloud, therefore limiting the number of
condensed atoms [12, 13]. In order to reduce three-body col-
lisions, we decrease the atomic density by decompressing the
trapping potential adiabatically. Then, the three-body recom-
bination rate is reduced to 0.5 s~!. After a final sweep from
4 MHz to around 1.8 MHz for 600 ms, the BEC phase tran-
sition occurs at 7 =2 uK for N =5 x10* atoms. This is in
good agreement with the theoretically estimated critical tem-
perature T, = 1.8 pK. As a result of the optimization of the
evaporative cooling to increase the number of the condensate
atoms, 2 x 10* condensate atoms are produced below the crit-
ical temperature with a total evaporative cooling time of 4.3 s
(Fig. 3b). The BEC lifetime is about 30 ms, which is limited
due to three-body recombination.

A second set of experiments was optimized to minimize
the BEC production time. In order to increase the evapora-
tive cooling speed, the initial elastic collision rate should be
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FIGURE 3  Evaporative cooling in a cross-wire trap and BEC phase tran-
sition. (a) Absorption images of atomic cloud during first rf sweep. From
left to right: v = 30 MHz, vif = 20 MHz, vf = 11 MHz. Cold atoms of
N=55x103,T =90 uK, Pps =1 % 1073 are in the dip of the potential at
the end of this rf sweep. The TOF (time of flight) is 1.6 ms. (b) Final rf sweep.
From left to right: vy = 1.86 MHz, vy = 1.83 MHz, vy = 1.78 MHz. We ob-
serve a sequence of thermal cloud, bimodal cloud, and pure condensate. The
TOF is 10 ms
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increased. Thus, the atomic cloud is compressed further after
the loading into the chip. The potential depth of a dip is in-
creased 1.5 times compared to the first set of experiments and
about 60% of the atoms are transferred into the dip. As a re-
sult, the initial atomic density increases twice and the initial
elastic collision rate is increased to 100s~!. Since the evap-
oration cooling period is as short as 1s, we simply sweep
the rf frequency linearly from the start frequency of about
35 MHz to the final frequency of around 2.8 MHz. After op-
timizing the start and final rf frequencies and the sweep time,
we could produce 3 x 10° condensate atoms with a rf evapo-
ration period of 0.7 s. With such a short evaporative cooling
time the requirements for the ultra-high vacuum are not so
serious. After 1 s of MOT loading, the cold atoms are trans-
ferred into the magnetic trap without waiting for recovery
of the vacuum. The atomic cloud is transferred and loaded
into this small-size chip potential within 1 s. After this rapid
MOT loading and the transfer, the same amount of condensate
atoms are realized after this rapid evaporative cooling. A total
time from the MOT loading to the production of the BEC is
within 3 s. Thus, we realize the shortest BEC production time
yet reported.

In this fast BEC production procedure, the maximum
number of condensate atoms is 8 x 10> where the period of the
linear rf sweep is around 1 s. On the other hand, a longer evap-
oration period resulted in the decrease of condensate atoms
mainly due to the three-body collision loss, which was on
the order of 5s~! at the final stage of the evaporative cool-
ing. The lifetime of the condensate in this tight potential is
5 ms, whereas the estimated three-body recombination loss
rate of this condensate is about 100 s~!. This result suggests
anon-negligible high three-body collision loss rate during the
evaporative cooling.

4 Discussion

The increase of phase-space density with the num-
ber of atoms and evaporation time is shown in Fig. 4 in order
to evaluate the efficiency of evaporative cooling. We estimate
the efficiency of the evaporative cooling from the relative in-
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FIGURE 4 The increase of phase-space density with the number of atoms
and evaporation time. p,s and N are the phase-space density and the num-
ber of atoms, respectively. (a) Phase-space density (circles) and peak density
(triangles) vs. the number of atoms under the conditions of the max-
imum condensate (closed) and the fastest production (open). Each point
corresponds to MOT, chip trap, first evaporation, second evaporation and
decompression, and third evaporation from the right-hand side of the fig-
ure. (b) Phase-space density during evaporative cooling under the con-
ditions of the maximum condensate (circles) and the fastest production
(squares)
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crease in the phase-space density pps with the decrease of
atom number N as y = —log pps/log N in Fig. 4a. In the first
set of experiments, which realizes a large number of con-
densed atoms, the efficiency y is 3.4 at the beginning of the
evaporation and 2.4 at the end, and the average y of the en-
tire evaporative cooling is 3.0, which is almost close to the
best value that has been reported up to now [14]. Though y
is slightly decreased by three-body loss during the final rf
sweep period, decreasing the atomic density helps to suppress
the influence of three-body collisions successfully. The ini-
tial increase of the phase-space density with time as shown in
Fig. 4b is limited by the initial atomic density. In the second
set of experiments, which realizes the fast BEC production,
the average y is decreased to 2.2; however, the phase-space
density increases by a factor of eight within 1 s as shown in
Fig. 4b. This demonstrates the high efficiency of chip-based
evaporative cooling. This decrease of average efficiency is
caused by extra evaporation at low density and three-body loss
athigh density, which is proven by the experimental result. We
find that it is essential for the fast production of a large conden-
sate to increase an initial atomic density for quick rethermal-
ization at the first stage of evaporative cooling, and to decrease
an atomic density for suppression of three-body loss at the
final stage.

Next, we discuss the optimization to increase the number
of atoms with a modest evaporative cooling period of about
3s. As pointed out before, the efficiency of the evaporative
cooling is almost at maximum. Thus, the increase of the con-
densate atoms can only be realized by the increase of the
initial cold atoms. Under the same experimental conditions,
we could collect 10% atoms in the MOT with a rather longer
loading period of about 5's, and we could load 5 x 107 cold
atoms into the chip trap. A higher density results in the in-
crease of the three-body collision loss and a lower density
results in the decrease of the efficiency of the rf evapora-
tion. Therefore, according to the increase of the initial number
of cold atoms, we should modify the size of the dip poten-
tial in order to keep the atomic density nearly the same as in
the dip potential during evaporative cooling. Thus, by opti-
mizing the MOT loading and the dip potential size, we can
easily increase the number of condensate atoms to 6 x 10*
with a total time within 10s. Further increase of the con-
densate number is in principle possible, but it may require
the modification of the glass cell for accommodating larger
MOT trapping beams and also modified chip electrodes for
a larger and deeper trap potential. We will be able to produce
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more than 10° condensate atoms every 10s using the same
method.

Conclusions

In summary, we realized a Bose—Einstein conden-
sate of 3 x 10° atoms within a total time of 3s by using
a combination of a standard six-beam MOT with LIAD, a sim-
ple magnetic transfer technique, and a tight confinement on
an atom chip. Efficient MOT loading increases the number
of cold atoms, which enhances the efficiency of evaporative
cooling, and also decreases the MOT loading time. The load-
ing process using this method from a MOT into a chip trap is
simple and efficient. Since the efficiency of evaporative cool-
ing in the tight confinement on an atom chip is very high,
fast production of a BEC is realized. In addition, the present
method enables the use of various atom-chip configurations
toward atomic interferometers and other applications.
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Dephasing due to atom-atom interaction in a waveguide interferometer
using a Bose-Einstein condensate
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A Mach-Zehnder-type atom interferometer with a Bose-Einstein condensate has been investigated on an
atom chip by using optical Bragg diffraction. A phase shift and a contrast degradation, which depend on the
atomic density and the trapping frequency of the magnetic-guide potential, have been observed. Also, the
output wave packets were found to exhibit a spatial interference pattern. The atom-atom interaction and the
guide potential induce the spatially inhomogeneous phase evolution of the wave packets in each arm of the
interferometer. The observed contrast degradation can be quantitatively explained as a dephasing due to this

inhomogeneous phase evolution.

DOI: 10.1103/PhysRevA.74.031602

Recently, a micron-sized atom waveguide has been devel-
oped by using microfabricated structures on a chip, known as
an “atom chip,” and many kinds of atom-wave manipulation
have been performed using this method [1-4]. An on-chip
atom interferometer presents a great possibility to realize a
small-scale and highly sensitive inertia sensor such as a gy-
roscope [5], and progress has been made towards practical
applications [2—4]. Although numerous difficulties exist re-
garding heating, decoherence, and fragmentation due to the
chip surface and imperfect wire patterns [1], these problems
can be solved by separating the atoms from the surface. A
high density of the condensate atoms has, however, been
argued to influence the interference signal due to atom-atom
interactions. An atom interferometer with a Bose-Einstein
condensate (BEC) in a magnetic-guide potential was demon-
strated by using optical Bragg diffraction recently, and con-
trast degradation of the interference fringes was reported [2].
Additionally, a theoretical calculation of the interference
fringe was suggested in Ref. [6] and the influence of the
atom-atom interaction was shown qualitatively.

In order to investigate how the atom-atom interaction in-
fluences the interference signal, we realized a BEC interfer-
ometer in a guide by using optical Bragg diffraction similar
to that reported in Ref. [2]. In this work, experimentally mea-
sured interference signals are given for various atomic den-
sities and trapping frequencies and we report that the atom-
atom interaction plays an important role in inducing the
dephasing of an interference fringe.

We performed the experiment with a condensate of about
8 X 10° ¥Rb atoms in the 55, F=2, mp=2 state. The con-
densate is prepared in a small dimple-shaped magnetic trap
produced by an atom chip following the method of Ref. [7].
The magnetic potential is then changed into the guide poten-
tial, which has trapping frequencies of w,=27X210 Hz and
w,=2m X 10 Hz, where o, and w, are the radial and axial
trapping frequencies, respectively. The axial trapping fre-
quency is adjusted by controlling the current in the crossed
wire on the atom chip [7].

A Mach-Zehnder-type atom interferometer is realized by
three optically induced Bragg-diffraction pulses [8-10].
Each pulse consists of two counterpropagating linearly po-
larized laser beams whose frequencies differ by the two-
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photon recoil frequency of about 15 kHz in order to correlate
the two momentum states [0%1k) and |27 k), where k is the
wave vector and the beam waists are 200 um. They are de-
tuned by about —130 GHz from the atomic resonance
(A=27/k=780 nm) so that spontaneous emission is negli-
gible. Two laser beams are incident on the condensate, which
is trapped at 300 wm below the chip surface, and they are
aligned parallel to the axial direction of the guide potential
[Fig. 1(a)]. A @/2 pulse and a 7 pulse are realized by a
single Bragg pulse of duration 50 and 100 us, respectively.
The 7/2-1-7/2 sequence of three Bragg pulses is applied to
the trapped BEC in the magnetic guide [Fig. 1(b)]. In this
experiment, the time interval 7 between pulses is fixed to
1 ms. After the second /2 pulse, the magnetic-guide poten-
tial is turned off. After a 15 ms time of flight, the interference

a) Atom chip

FIG. 1. (a) Schematic drawing for the atomic interferometer on
an atom chip. (b) Space-time diagram for the interferometer. Three
optically induced Bragg-diffraction pulses form the Mach-Zehnder
atom interferometer as shown. The first 7/2 pulse splits the atom
wave packet in two along the paths A and B, respectively. The next
7 pulse reflects both wave packets and the second 77/2 pulse acts as
a second beam splitter.

©2006 The American Physical Society
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FIG. 2. (a) Typical time-of-flight absorption image of the con-
densate atoms after the second 7/2 pulse for w,/27=15 Hz and
¢;=m/2. Two black areas correspond to the atoms in the momen-
tum state |p=0%k) (right) and |p=2%k) (left), respectively. There
are also s-wave scattered atoms around two black peaks within the
elliptical area. The density profile of the atoms along the axial di-
rection is shown in (b). This density profile is fitted with three
Gaussians and the fitted profile is shown by a dashed line. The
population oscillation of the condensate in the state [p=27k) as a
function of the phase ¢; of the second Bragg pulse is shown in (c).

signal is observed using a standard absorption imaging tech-
nique.

A typical absorption image of the output wave packets is
shown in Fig. 2(a). There are two peaks corresponding to the
|072k) (right) and [27k) (left) momentum components
(coherent components). There are s-wave scattered atoms
(decoherent components) around the two peaks (inside the
dotted elliptical area) in Fig. 2(a). In the present analysis, we
assume that the decoherent components do not influence
the coherent components [11]. In order to extract the
coherent components from the image, the density profile of
the atoms along the axial direction is fitted with three Gauss-
ian functions [Fig. 2(b)], then the number of atoms in
|07 k)(Nyzy) and |27 k)(N,yy) are evaluated [11,12]. Thus we
evaluate the population of atoms in state |2Ak) as Payy
=Noui!/ (Nogk+ Nasik)-

The relative phase of the second 7/2 pulse, which is ¢;,
is experimentally varied in the range 0= ¢; =2 at an in-
cremental interval of 7/6 to observe the interference fringe.
We varied the ¢; by changing the phase of the radio fre-
quency of the acousto-optic modulator for one of the Bragg-
diffraction laser beam before the second 7/2 pulse. At each
relative phase ¢;, we have made five measurements to re-
duce statistical errors and we have calculated the mean and
the statistical error of the population P,;; [Fig. 2(c)].
We fitted the observed fringe to the expected form
Py, k:%—%l cos(Ap+ ¢;) and we determined the fringe con-
trast M and the phase shift Ap.

We investigated interference signals that depend on both
the atom-atom interaction and the magnetic-guide potential
simultaneously by changing the axial trapping frequencies,
since the strength of the atom-atom interaction depends on
the chemical potential, which itself depends on the axial
trapping frequency as described below. In this way, the phase
shift and the contrast, which depend on the trap frequency,
have been obtained as shown in Fig. 3.
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FIG. 3. The phase shift (a) and the fringe contrast (b) as a
function of the trap frequency w, along the waveguide. (a) The
observed and calculated phase shifts are plotted by a solid circle
with an error bar and a solid line, respectively. (b) The observed
contrasts are plotted by a solid circle with an error bar. The calcu-
lated contrasts are plotted for the initial number of atoms N=10*
(long-dashed line), 8 X 10® (solid line), and 6x 10° (short-dashed
line), respectively. The number of atoms for the present experiment
is N=8 x 10°.

In order to explain the present experimental results, we
evaluate the phase shift by a simple model [6]. The wave
function at =27, but slightly before the final 7/2 pulse, is
given by a superposition of two wave functions, one repre-
senting path A and the other path B as in Fig. 1(b), namely,
W= (i)’ ?+ 5) V2. Here A¢p means the relative phase shift
between path A and path B. The interfered output momentum
state after the final /2 pulse, is determined by the relative
phase shift A¢ as chk:%[l—cos(AqS)] at ¢, =0. This rela-
tive phase shift is given by the classical path integration as
A¢=%(fpmh aLdt={, pLdt), where L is the atomic
Lagrangian. When the experimental condition satisfies
o, T<1, the kinetic energy term hardly contributes to the
relative phase shift. Then we may approximately evaluate the

relative phase shift as
27 27
f UAdt—f UBdt>, (1)
0 0

where U, p are the effective potentials that the wave func-
tions of ¢, and ¢ experience during propagation, respec-
tively.

The effective potential is given by [6]

A¢z—%<

Uy=Uy(r.z+74(0) + Uy(r,2) + U, (r.z + AZ(1)),

Up=U,(r,z+7p(1)) + Uy(r,2) + U, (r,z = AZ(1)).  (2)

Here U,=%5(w’r’+wz?) is the magnetic-guide potential,
Us(r,z)=%gn(r,z) is the self-mean-field potential, which is
effective within the wave packet of each condensate, and
U,(r,z)=Ngn(r,z) is the mutual-mean-field potential that

acts between the two wave packets, respectively, and
U,(r.2)

n(r,z):]-\’,‘—g max(l— ,O), which is normalized by

In(r,z)dV=1, represents the spatial atomic-density distribu-
4mh’a, . .
18 the coupling constant,

tion of the condensate, g=
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,u:%ﬁzﬁ(lSNas \@)mis the chemical potential, where
E):(wf,wz)m, and N is the number of the condensed atoms.
The peak strength of the mean and mutual mean-field poten-
tials are given by Uy(0,0)=% and U,,(0,0)=pu, respectively.
zsp(t) are the center-of-mass (c.m.) positions of the two
wave packets and Az(7) is defined as AZ(r)=7,(¢)—Z(¢). The
c.m. motion is considered as

) ot 0 0=t=7)
ZA(f)z{vrT’ ZB(t)z{vr(t—T) (T<1=27), <

where v,:zi—lk is the two-photon recoil velocity.

We evaluate the three contributions to the relative phase
shift by substituting Egs. (2) and (3) for Eq. (1), and we
investigate each effect in terms of the atom-atom interaction
and the magnetic-guide potential. The first contribution to
examine is that due to the magnetic-guide potential, which is
given by A(bg(z):—%f(UgA—UgB)dt=—agz—bg. The second
one is that due to the self-mean-field potential, which is
given by A¢(z)=—7 [ (U~ U,)dt=0. The third one is that
due to the mutual-mean-field potential, which is approxi-
mately given by A(ﬁm(z):—%f(UmA—UmB)dt~2agz when
v, T<R, is satisfied, where R, is the Thomas-Fermi radius of
the BEC in the axial direction. Therefore the total relative
phase shift is given by

Ad(z) ~ Apy(2) + Apy(2) + A, (2) =a,z— by,  (4)
where

292
ag—mszv,/ﬁ,

273 2
by=mw T v;/2 % . (5)

This estimate shows that the spatially inhomogeneous at-
tractive magnetic-guide potential induces a position-
dependent relative phase shift A¢,(z) and that the spatially
inhomogeneous repulsive mutual-mean-field potential due to
the inhomogeneous density distribution of the condensate
also induces a position-dependent relative phase shift
A, (z). These two mechanisms work destructively and re-
duce the spatial relative phase, but they do not cancel each
other because the mutual-mean-field potential is twice as
large as the magnetic-guide potential. Therefore, the total
relative phase shift has a spatial dependence given by Ad(z)
[8,10]. The offset of the relative phase shift b, comes from
the magnetic potential difference between two paths.

Since the relative phase shift has some spatial dependence
as discussed above, the output momentum states after the
second /2 pulse acquire this spatial dependence, which is

n(r,z)
2

nopi(r,2) = {1 = cos[A¢(2)]}. (6)
Equations (4) and (6) show that the output momentum state
has a spatial interference pattern that has a spatial frequency
of a, and the phase of b,. In the present experiment and the
experiment reported in Ref. [2], the number of atoms in the
state of |0/ k) and |271k) have been counted without spatial
information. For comparison, we integrate ng;(r,z) and
noi(r,z) over the whole volume numerically, and this inte-
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FIG. 4. Absorption images of the condensate in the |[p=0) mo-
mentum state for trapping frequencies of w/27=10 Hz (a) and
30 Hz (b). The calculated spatial-density distribution ng(r,z) of
the atoms in the |p=07 k) momentum state for a trapping frequency
of w/27=10 Hz (c) and 30 Hz (d). The dashed line corresponds to
the size of the Thomas-Fermi profile of the condensate for 8 X 103
atoms.

gration convolves the spatial phase information into the fol-
lowing factor:

5~y wosBd), ()

Py = f nopi(r,2)dV = L Mo
where the effective phase shift A ¢ and the contrast M g are
given by Ad)eff:arctan(f):—bg and M =\VA?+B?, and
A=[n(r,z)cos[Ap(z)|dV and B=[n(z)sin[A¢(z)]dV. If
A¢(z) is not uniform, this integration gives a dephasing and
it results in the contrast degradation of the interference fringe
[8]. Due to the symmetric property of the spatial relative
phase, the effective phase shift does not depend on the vol-
ume of the condensate and is given only by —b,. However,
the effective contrast depends on the condensate volume,
which depends on the number of condensed atoms. These
parameters are related to the experimentally evaluated quan-
tities.

The phase shift and the contrast calculated numerically
are shown in Fig. 3. The calculations were performed for
various numbers of condensed atoms in order to investigate
the number dependence. The figures show that the effective
phase shift depends on the guide curvature and the effective
contrast decreases at a larger guide curvature.

Comparing the observed phase shift and the calculated
one [Fig. 3(a)], we see good agreement between the two in
both the qualitative potential curvature dependence and the
quantitative values. The observed contrast degradation also
tends to follow the theoretical value. Furthermore, we have
observed an absorption image with a unique spatial distribu-
tion, which is reflected in the spatial phase A¢(z) [Fig. 4(b)]
[10]. This spatial profile is similar to the calculated noz(r,z)
[Fig. 4(d)]. Consequently, we conclude that the effective po-
tential causes the relative phase and the density distribution
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of the output momentum state to depend on the position, and
that the contrast degradation may be explained as a dephas-
ing effect.

The dephasing is suppressed at small axial-trap frequen-
cies because it is the result of the position-dependent relative
phase characterized by a, which is proportional to the
squared axial-trap frequency. Although the dephasing can be
suppressed by preparing a BEC in a flat two-dimensional
guide potential, this arrangement has some drawbacks such
as the phase fluctuations observed in an elongated BEC
[13-15]. Even if the potential is changed into a two-
dimensional guide potential from the three-dimensional one
nonadiabatically, the density distribution of the condensate
would lead to an inhomogeneous relative phase. As pointed
out in Ref. [6], in the case of v,T<R,, the spatial-phase
evolution can be suppressed by increasing the axial-trap fre-
quency by a factor of 2 just before the first 77/2 pulse. Then
A¢(z) ~0 and the fringe contrast increases.

Here we also suggest that this contrast degradation due to
dephasing can be improved by the following method. We can
evaluate the interference fringe from the observed spatial
pattern of the atomic density shown in Fig. 4(b). Although
the spatial resolution was not enough in the present experi-
ment, if one observes the density distribution of the output
condensates with high spatial resolution, one can analyze the
spatial interference pattern with Eq. (6) and a high-contrast
interference fringe can be obtained [10].

In the present analysis, we eliminated the influence of the
repulsion effect [10] and the s-wave scattering on the inter-
ferometer because the atomic density is low enough (2
X 10" cm™3). When we operated the interferometer with the
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atomic density up to 8 X 10'3 cm™, the fraction of scattered
atoms increased to 70%. In this case we observed a density
or scattering-dependent additional phase shift of 0.3 rad
compared with the interference fringe at low density shown
in Fig. 2(c). In the present analysis, the phase shift does not
depend on the density or the fraction of the scattered atoms.
However, when one operates an atomic interferometer with a
high atomic density to realize a high signal-to-nose ratio,
high atomic density is an inevitable condition. Therefore, the
phase shift of the interferometer using high atomic density
should be investigated more carefully for precision measure-
ments.

In conclusion, we have realized an atomic interferometer
using a Bose-Einstein condensate in a magnetic waveguide
on an atom chip. We have observed the phase shift and con-
trast degradation of the interference fringe signal, which de-
pend on the magnetic-guide potential and the atom-atom in-
teraction. We have shown that the observed phase shift and
the contrast degradation are caused by dephasing, which is a
result of the spatial inhomogeneous phase evolution of the
wave packets. We also observed a fringe pattern in the den-
sity distribution of each wave packet due to the inhomoge-
neous phase evolution. A spatial analysis of the wave packet
will allow us to recover the fringe contrast from the degra-
dation due to the dephasing.
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We report the experimental observation of rectified momentum transport for a Bose-Einstein conden-
sate kicked at the Talbot time (quantum resonance) by an optical standing wave. Atoms are initially
prepared in a superposition of the 0 and —2%kk; momentum states using an optical 77/2 pulse. By changing
the relative phase of the superposed states, a momentum current in either direction along the standing
wave may be produced. We offer an interpretation based on matter-wave interference, showing that the

observed effect is uniquely quantum.

DOI: 10.1103/PhysRevLett.99.043002

The current interest in rectified atomic diffusion, or
atomic ratchets, may be traced back to fundamental ther-
modynamical concerns [1] and also the desire to under-
stand the so-called “Brownian motors” linked to directed
diffusion on a molecular scale [2,3]. Abstractly, the ratchet
effect may be defined as the inducement of directed diffu-
sion in a system subject to unbiased perturbations due to a
broken spatiotemporal symmetry.

Given the scale on which such microscopic ratchets
must work, it is not surprising that the concept of quantum
ratchets has recently augmented this area of investigation.
The addition of quantum effects such as tunneling gives
rise to new ratchet phenomena such as current reversal [4].
Whilst early quantum ratchet investigations, both theoreti-
cal and experimental, have focused on the role of dissipa-
tive fluctuations in driving a ratchet current [5], recent
theory has considered the possibility of Hamiltonian ratch-
ets, where the diffusion arises from Hamiltonian chaos
rather than stochastic fluctuations [6]. This has led to
proposals [7,8] and even an experimental realization [9]
for ratchet systems realized using atom optics, in the con-
text of the atom optics kicked rotor [10] where periodic
pulses from an optical standing wave kick atoms into
different momentum states.

It is generally accepted that a ratchet effect cannot be
produced without breaking the spatiotemporal symmetry
of the kicked rotor system. In Ref. [9], a rocking sine wave
potential was combined with broken time symmetry of the
kicking pulses to effectively realize such a system in an
experiment. Other schemes involve the use of quantum
resonance (QR) to drive the ratchet effect. At QR, atoms
typically exhibit linear momentum growth symmetrical
about the initial mean momentum. However, it has been
suggested that merely breaking the spatial symmetry of the
kicked rotor at QR may be sufficient to produce a ratchet
current [11]. In this Letter we present the first experimental
evidence of such a resonant ratchet effect in which the
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underlying mechanism is purely quantum. Our system uses
a Bose-Einstein condensate (BEC) kicked by an optical
standing wave [12], but there is no asymmetry in either the
kicking potential or the period of the kicks (which is set to
the Talbot time 7 corresponding to quantum resonance
[13]). Rather, the observed directed diffusion is a property
of the initial atomic wave function (which we prepare
before kicking) in the presence of a resonantly pulsed
optical lattice. The experiment cannot be performed with
thermal atoms, as it requires an initial atomic momentum
spread much less than a photon recoil in order to avoid
dephasing effects. Our work presents analytical, simula-
tion, and experimental results for a specific realization of a
ratchet at QR similar to that proposed in [11]. We also offer
a clear physical interpretation in terms of matter-wave
interference.

As shown in Fig. 1, our experiment is comprised of a
BEC which is subjected to pulses from an optical standing
wave. The experimental configuration has been explained
elsewhere [14,15] and thus we provide only a summary
here. A BEC of ~3 X 10° 8’Rb atoms is realized and
loaded onto an atom chip [15]. The atoms are trapped in
the 58, /,, F = 2, m; = 2 state by the magnetic field gen-
erated by the chip and sit 700 uwm below the chip surface.
Typically, the axial trapping frequency for the BEC is
w, =27 X 17 Hz and the axial and radial Thomas-
Fermi radii are d, = 17 umand d, = 3 um, respectively.
The BEC is prepared in an initial superposition state using
aBragg 7/2 pulse and then kicked using light from a diode
laser. Figure 1(a) shows the configuration used to control
the intensity and frequency of the two beams used to create
the Bragg and kicking pulses. A free running 100 mW
diode laser, red detuned 4 GHz (i.e., A = 780.233 nm)
from the 8’Rb 5%8,, — 5°P;, transition, enters a 50/50
beam splitter and the output beams are passed through
separate acousto-optic modulators (AOMs) to control their
frequency and amplitude after which they intersect with

© 2007 The American Physical Society
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FIG. 1 (color online). Diagrams of the experimental setup and
sequence. In (a), the laser configuration used to control Bragg
diffraction and the kicking beam is shown. The beam is split by a
50/50 beam splitter (BS) and the output light passes through
separate acousto-optic modulators (AOM) which control the
beam intensities /, , and frequencies w;,. The atom chip BEC
setup is shown schematically in (b) along with the optical lattice
created by the two intersecting beams. The three different phases
of Bragg diffraction, phase evolution, and kicking are shown in
(c) and are explained further in the text.

the BEC [Fig. 1(b)]. The experimental sequence of laser
pulses is shown in the diagram in Fig. 1(c).

For the Bragg pulse, the intensity of one beam is
dropped to 3% of its maximum power using the amplitude
modulation (AM) mode of one function generator while
the frequency of the counterpropagating beam is increased
by 4w, = 15 kHz (where w, = 2.37 X 10* Hz is the re-
coil frequency of 8’Rb) relative to the other beam. After the
Bragg pulse, a period A, of free evolution is used to adjust
the quantum phase of the | —2#k;) state relative to |07k;),
and the beam intensity and frequencies are made equal for
kicking. The overall pulse envelope and timing were con-
trolled by another pulse generator. The Bragg or kicking
beams have an optical power of about 5 mW. For a /2
pulse, a duration Az of 60 us was used. For the kicking
pulses, a width of T}, = 5 us was used with a pulse period
T equal to the Talbot time T; = /2w, = 66.3 us for
87Rb. Like other groups performing kicked BEC experi-
ments [12], we have found that neither the energy due to
atom-atom interactions nor the harmonic potential affects
our results for the time scales used here, given the rela-
tively much greater energy due to kicking of the atoms. We
simulate the system by calculating the evolution of the
initial wave function subject to the single atom
Hamiltonian 2 (i.e., simulation of the Gross-Pitaevskii
equation is not necessary).

We now provide a theoretical treatment of our system.
First we consider the preparation of the initial state by a

Bragg /2 pulse. We will assume the BEC starts in an
initial 0 momentum eigenstate |0%k;). This is not a bad
approximation, since the atoms in the BEC have a thermal
spread which is much less than 27k;. The 7/2 pulse creates
an equally weighted superposition state |ig) = % X
(I0fk;) — i|2hk;)). After the Bragg pulse has been applied,
a period A 4 of free evolution is allowed. During this time,
the | —27k;) state accumulates a phase ¢ = 4w,A 4, where
¢ = 27 corresponds to A, = Tr. The initial state just
before kicking starts is then

1
V2

The dynamics, due to sharp periodic momentum kicks
applied to this state, are governed by the Hamiltonian [16]

i) = —= (100k;) — ie'?|—2nk))). (D

e
v _ P I _
H= > + Kcos(Zk,x)ZB(t’ 17), (2

where p and X are the atomic momentum and position
operators, respectively, K = hV,T,/h is the kicking
strength for an optical potential of height V,, ¢ is time, ¢
is the kick counter, and 7 = 47T /T is the scaled kicking
time. The associated Floquet operator for the case of QR
(r =4m) is [17] UQR(I) = expl—iKtcos(2k;%)]. Applied
to |¢;), the output wave function ¢/, and momentum dis-
tribution P(m) are [18]

e—i%m )
W [Jm(Kt) - el(¢)Jm+1(Kt)]’

b, (m) 3)

P(m) = Y2(KD) + 2, (K1) — 205, (K1) 1 (K1)
4

Equations (3) and (4) have a particularly interesting prop-
erty: for general phase ¢, the wave function and thus the
momentum distribution grow asymmetrically with time.
This property is seen in Figs. 2(a) and 2(b) which show
the wave function after 5 kicks for ¢ = 7. The change in
net momentum may be seen to be due to interference
between the diffraction orders of the two initial wave
functions which is mostly destructive below m = —1 but
constructive above this initial mean momentum, leading to
an asymmetric distribution of atoms [Fig. 2(c)]. The dra-
matic nature of this induced asymmetry is demonstrated
even more clearly in [Fig. 2(d)] which shows the theoreti-
cal probability distribution after 100 kicks. We note that
the directed transport of atoms has been caused by the in-
terference of diffracted matter waves, that is, the observed
“ratchet’ effect is entirely quantum (indeed, our experi-
ment may be viewed as a type of atom interferometer
[19]). Experimental confirmation is presented in Fig. 3
which shows absorption images of a kicked BEC after
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FIG. 2 (color online). Wave functions and momentum proba-
bility distributions for kicked atoms with K = 0.6. The momen-
tum m is in units of 2fk;. In (a) and (b), respectively, the real and
imaginary parts of atomic wave functions after 5 kicks for ¢ =
ar are shown. The wave function evolving from an initial |Ohk;)
state is shown with x’s (simulations) and a dot-dashed line
[theory of Eq. (3)], while that which evolved from an initial
| —2hk;) state is shown with O’s (simulations) and a dotted line
(theory). The lines are merely to guide the eye, and the theo-
retical wave function is only nonzero at multiples of m = 2hk;.
In (c) asymmetry is seen to arise in the final momentum
probability distribution corresponding to ¢ = 7 (dashed
line—theory, squares—simulations) while for ¢ = /2 (solid
line—theory, triangles—simulations) there is symmetry about
m = —hk;. In (d) the same system is shown after 100 kicks
emphasizing the extreme asymmetry of the momentum distribu-
tion.

preparation into state ;. The behavior seen matches that
predicted by Eq. (4). In particular, for ¢ = 0 the atomic
momentum distribution increases in asymmetry towards
negative momentum, whereas for ¢ = 7, the asymme-
try is in the opposite direction. For ¢ = 77/2 the distri-
bution is almost symmetrical (allowing for experimental
fluctuations).

We may also find the momentum current i(r) = (d/dr) X
(p(t)) by calculating the first moment of the momen-
tum distribution (p) =Y, mP(m) =33, [mJ; (K1) +
mJ? . (K1) — 2cos(¢p)mJ,,(K1)J 1 (K1)]. The first two
terms give the momenta of the two superposed initial
states, e.g., 0 and —1 (in 2hk; units), respectively. The
term of interest is Y, mJ, (K1)J,.(Kt), which may be
summed by applying the standard Bessel recursion formula
and the Neuman sum rule [20] to give K¢/2. Thus

i) = < (plo) = = cosd . ®

Equation (5) offers a useful way to summarize the data.
The atomic momentum distribution was reconstructed
from the absorption images shown in Fig. 3 and the
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FIG. 3 (color online). Sequences of absorption images for the
ratchet BEC experiment from ¢ = 0 to t = 7 kicks for (a) ¢ = 0,
(b) ¢ = 7/2, and (c) ¢ = m. The t = 0 case shows the initial
distribution after the Bragg /2 pulse. In the top panel of (a), the
0 and —27k momentum states are shown. At the bottom of each
column, a sum over the rows of the image for t = 7 is shown
giving the distribution of atom number N with position. In these
plots, the dashed line marks the position of the mean initial
momentum hk. The images clearly show the presence of a
ratchet current which reverses direction when the phase ¢
crosses 7 = ¢ /2 (for which phase the current is seen to vanish).

mean momentum calculated. To check repeatability we
took another set of data for the same parameters as those
in Fig. 3, for t > 2 (since very little diffusion occurs in the
first two kicks). Average currents for the two data sets are
shown in Fig. 4, along with error bars showing the differ-
ence between the measurements. The extraction of very
small mean momenta ({p) ~ hk;) from the distributions in
Fig. 3 is hampered by experimental imperfections such as
CCD noise and scattered light, and laser frequency drift,
which may lead to occasional changes in experimental
parameters. This is the most likely cause of the large error
bar seen in the case of ¢ = 7 when ¢ = 6. Increasing the
accuracy of the measurements would require a larger atom
number and ideally a separate laser for Bragg diffraction
and kicking. Nonetheless, Fig. 4 clearly demonstrates the
momentum current effect and a current reversal for ¢ = 0
compared with ¢ = 7. The data show a general linear
trend as predicted by Eq. (5), with fitted lines shown in
both cases. For ¢ = 77/2, although individual momentum
distributions are not perfectly symmetrical, the current is
near 0 on average. The control case for an initial |0%k;)
distribution is also shown and seen to exhibit near 0
average momentum current. Note that the dotted and
dashed lines are not fits to the data, since there are no
free parameters in either of these cases. Theoretically, the
momentum current should persist indefinitely. In an ex-
perimental setting, however, imperfections such as the
finite pulse width and any small difference between the
pulse period and the Talbot time will reduce the ratchet

043002-3

40



PRL 99, 043002 (2007)

PHYSICAL REVIEW LETTERS

week ending
27 JULY 2007

0.6 [ ' ' - %

04 T 3

021 >

0 P
02F e % |

-04 1

{p)

-0.6

-0.8

t (kicks)

FIG. 4 (color online). The experimentally measured {p) (in
units of 271k;) is shown along with theoretical curves for various
initial conditions. Experimental data are shown by x (¢ = 0), O
(¢ = m/2), 0 (¢ = ), and + (no initial 77/2 pulse). The solid
and dash-dotted lines are fits to the data for ¢ = 0 and ¢ = 7,
respectively. Dashed and dotted lines show (p) = —0.5 and
(p) = 0, respectively (note that these lines are not fits to the
data).

current. Because of a low signal to noise ratio at higher
kick numbers in the current experiment, it was not possible
to probe these effects with our current setup. We note that
the effects seen here require a well-defined quantum phase
between the initial states in superposition. Therefore, the
experiment must be performed using a BEC as a ther-
mal cloud typically has a large spread of initial momenta
(and therefore quantum phase after free evolution), de-
stroying the directed diffusion effect. It may be possible
to exploit any sensitivity of the ratchet current to pulse
timing and phase variations to make accurate interferom-
etry measurements.

In summary, we have demonstrated a novel quantum
ratchet effect, in which directed momentum transport oc-
curs in a system subject to a pulsed potential with no net
bias. The effect has no classical analogue, unlike previous
such systems studied experimentally. The direction of the
ratchet current varied with the initial quantum phase as
predicted, showing complete reversal for ¢ = 0 compared
with ¢ = 7. This realization of directed momentum trans-
port suggests new possible mechanisms for directed mo-
tion on any scale where quantum interference effects are
non-negligible and resonant transport exists.

M. S. would like to thank Scott Parkins and Andrew
Daley for discussions regarding this work.

Note added in proof.—After submission of this Letter,
similar experimental results were reported by Dana et al.
[21].
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Abstract. We consider a Bose-Einstein condensate which is split into two momentum components and then
“kicked” at the Talbot time by an optical standing wave. The mean energy growth is shown to be suppressed
or enhanced depending on the quantum phase between the two momentum components. Experimental
verification is provided and we discuss possible implications of our results for recently suggested applications

of kicked atoms.

PACS. 05.60.Gg Quantum transport — 05.45.Mt Quantum chaos; semiclassical methods — 03.75.Nt Other

Bose-Einstein condensation phenomena

1 Introduction

Interference is a fundamental effect in quantum mechan-
ics. In particular, the possibility of interference for ob-
jects which are classically point particles is one of the chief
well-springs of so-called “quantum weirdness”, that is, the
counter-intuitive differences between classical and quan-
tum mechanics. Moreover, quantum interference, along
with entanglement, also offers an extra resource absent in
classical physics which may be employed to improve mea-
surement sensitivity [1] or to gain speed-ups over classical
information processing algorithms [2,3].

In this letter we consider the possibilities that such
interference presents for the coherent control of energy
growth in the system known as the Atom Optics Kicked
Rotor [4]. This system consists of cold atoms which receive
sharp momentum kicks from a far-detuned optical stand-
ing wave with wave number k. The possibility of taking
advantage of quantum interference effects in this setting
has arisen due to the introduction of Bose-Einstein con-
densates (BEC) in kicked atom experiments [5]. Gong and
Brumer have predicted that preparing the rotor in an ini-
tial superposition of momentum eigenstates allows quan-
tum coherent control of the ensemble mean energy in both
chaotic regimes [6] and at quantum resonance [7]. Indeed,
it has already been demonstrated experimentally, that an
initial superposition of 0 and 1 momentum eigenstates (in
the units of the optical standing wave momentum quanta
2hk) can lead to a ratchet effect [8,9]. However, this ar-
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> Present address: Errato, c/o Institute of Engineering Inno-
vation, The University of Tokyo, 2-11-16, Yayoi, Bunkyo-ku,
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rangement does not allow non-trivial control of the ballis-
tic energy growth for the atoms.

Here we use a BEC in a different initial configura-
tion to [8,9] in order to examine control of the ballistic
energy growth rate. Our system is comprised of a BEC
which is coherently split into two momentum components
separated by 4hk. This initial state is then subjected to
sharp momentum “kicks” from a periodically pulsed opti-
cal standing wave. The two initial momentum components
in superposition evolve in principle as separate dynamical
systems but because they have phase coherence, quantum
interference occurs leading to changes in the overall dy-
namics. In particular the rate at which the mean energy
of the system increases may be suppressed or enhanced
compared with the standard case by adjusting the quan-
tum phase between the two systems.

2 Theory

The Hamiltonian for an atom which experiences §-kicks
with period T, is given by [10]

P
2

H = — + K cos(2kz) Z St —tr), (1)

where p and & are the atomic momentum and position
operators respectively, k is the kicking strength parameter,
t' is time, ¢ is the kick counter and 7 = 477T/66.3 x 1076
is the scaled kicking time.

The one kick evolution operator for atoms subject to
a standing wave pulse followed by a period of free evo-
lution is [11] U = exp(—iK cos(2ki)) exp(—irp?/2). In
this paper, we are interested in what happens when the
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Fig. 1. (Color online) Theoretical wavefunctions ((a) and (b))
and energy vs. time curves for interfering kicked rotor systems
with £ = 0.14. In (a), the unfilled bars show the initial wave-
function for which the quantum phase is ¢ = 7. The filled bars
show the absolute value of the wave function (i.e. the square
root of the momentum distribution) after 7 kicks. In (b) the
case for ¢ = 0 is shown for the same parameters. In (c) the
mean energy of the atomic ensemble is shown (minus the ini-
tial energy) for ¢ = 7 (dashed line), ¢ = 0 (dotted line) and
the standard result (i.e. where there is only one kicked rotor
system and no quantum interference) (solid line).

quantum resonance condition is fulfilled, namely that the
atoms start in an initial momentum eigenstate (or super-
position thereof) and that the pulse period is equal to the
Talbot time (or 7 = 4x). In this case, it may be shown
that the second exponential term reduces to unity and
the evolution operator for quantum resonance becomes
Uqr.(t) = exp(—iKt cos(2kz)).

We now extend the analytical results of reference [11]
to the case where the initial state is of the form

[¥s) = 1/V2(|0Rk) — €| — 4hk)) = 1/V2(0) — e'’| = 2)),
(2)
where the superposed states are momentum eigenstates
defined by pln) = n|n). Cohen’s result [12] ¢,(m) =
(m|Uqr.In) = (=)™ " J,_n(Kt) may be used to find the
output wavefunction 1, after kicking and thus the theo-
retical momentum distribution P(m) = |1, |?, giving

1 1
P(m) = 5J?n(Kt) + §J,2n 1o (Kt) 408 Ty (Kt) T2 (Kt).

®3)
The first two terms in this equation are the usual momen-
tum distributions for atoms starting with momenta 0 and
—4hk respectively and kicked at quantum resonance [11].
The final term is an interference term which modifies the
overall momentum distribution. Predicted wavefunctions
for the cases where ¢ = 7 and ¢ = 0 are shown in Fig-
ures la and 1b respectively. For the ¢ = m case, the mo-
mentum spread of the atoms is suppressed due to con-
structive interference of atoms in the —2hk momentum
state and corresponding destructive interference at higher
momenta. Conversely when the phase is set to 0, destruc-
tive interference in the —2hk momentum state leads to

43

The European Physical Journal D

" 62 64 66 68 70
T(W s)

Fig. 2. (Color online) The mean energy of a kicked superpo-
sition state after 7 kicks as a function of the quantum phase
¢ for k = 0.14. The solid line shows the theory given in equa-
tion (5), and the squares show data from quantum simulations.
Crosses show experimental data for three values of ¢ and the
circle marks the value measured in the case of no initial Bragg
diffraction (which was used to determine k for these experi-
ments). The inset shows simulation energies as a function of
the kicking period T' demonstrating the suppressed height of
the quantum resonance peak for the ¢ = 7 case (solid line)
compared with the ¢ = 7/2 case (dashed line) and the en-
hancement which is possible in the ¢ = 7 case (dotted line).

redistribution of atoms to higher momenta and a conse-
quent increase in the mean energy. The mean energy may
be calculated by evaluating the second moment of the mo-
mentum distribution 2E = (p?) = > m?P,(m). Substi-
tuting 3 gives

E(k,t) iKQtQ +cosd Y mP i (Kt)Jmia(Kt)

iKQtQ + cos pC (K1), (4)
where C(Kt) = Y, m2Jp (Kt)Jpi2(Kt). Cp(z) may be
evaluated by successive applications of the Bessel recur-
sion formula mJp,(2) = 2/2(Jm-1(2) + Jm+1(2)) along
with Graf’s theorem [13] giving C,(z) = 22/4. Thus
the mean energy of the interfering kicked rotor system
is given by
[y [
E(Kt) = ZK t +cos(q§)§K . (5)
Equation (5) shows that in principle, the energy growth
rate at quantum resonance can be suppressed or enhanced
by up to 50% by varying the relative phase between the
two momentum states as shown in Figure 2. This coher-
ent control of the dynamics is afforded by quantum in-
terference which redistributes atoms into higher or lower
momentum orders depending on the quantum phase. The
inset to Figure 2 shows simulated energies as the kicking
period T is swept over the quantum resonance at T' = T
for three different values of the quantum phase ¢. It may
be seen that the interference effect gives rise to broad-
ening and narrowing of the peak for ¢ = 7 and ¢ = 0
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respectively. Figure 2 also shows quantum simulation re-
sults for comparison with the theory. The simulations are
of the single particle Hamiltonian (1), since on the time
scales of the experiments performed here, atom-atom in-
teractions in the BEC and also the effect of the harmonic
trap potential may be ignored [5]. We note from the out-
set that the increase in the energy growth rate found here
cannot be gained just by redefining the time at which the
first kick occurs in the normal kicked rotor. For example,
defining the first j kicks as a state preparation phase gives
E = (1/4)K?(t + j)?, i.e. the energy increases faster than
the usual case due to redefinition of the time origin. How-
ever the coefficient of ballistic growth cannot be changed
by a mere shifting of the time origin in the standard kicked
rotor experiment. It turns out that for the rectified diffu-
sion experiment performed previously [8], any increase in
the energy growth rate due to the initial superposition is
merely of this trivial kind. The effect seen in this paper is
new precisely because it leads to a non-trivial increase in
the ballistic growth coefficient itself (conversely, no ratchet
effect is observed for the configuration considered here).
It is also worth noting that, until now, the maximum
energy growth rate for kicked atoms was k*t/2, which gen-
erally occurs for atoms in an initial momentum eigenstate
kicked at quantum resonance'. However, this growth rate
is also found in the semiclassical limit of the kicked rotor,
as shown in reference [18]. Therefore, it is fair to say that
until now, the quantum kicked rotor has not been able to
exceed the classical maximum momentum diffusion rate.
The effect seen here, however, uses quantum coherence to
push the diffusion rate above the classical maximum.

3 Experimental results

We now consider the experimental verification of equa-
tion (3). In order to realise the system experimentally, we
use a combination of Bragg diffraction of atoms to create
the initial superposition state required, followed by the
usual kicking procedure used to realise the atom optics
kicked rotor (AOKR) with atoms in a pulsed standing
wave [4]. Our basic experimental setup and method has
been explained in detail elsewhere [14,15]. The main de-
tails are as follows: A BEC of ~3 x 10% 8"Rb atoms is
realised and loaded onto an atom chip [15]. The atoms are
trapped in the 55,9, F' = 2, my = 2 state by the mag-
netic field generated by the chip and sit 700 um below
the chip surface. Typically, the axial trapping frequency
for the BEC is w, ~ 27 x 17 Hz and the axial and ra-
dial Thomas-Fermi radii are d, = 17 ym and d, = 3 um
respectively.

As discussed in reference [8] our experiments consist
of an initial state engineering phase, to prepare the BEC
in a desired momentum superposition state, followed by
a kicking phase to induce the resonant transport of the
atoms. This is followed by standard absorption imaging
of the BEC after a 25 ms flight time [14].

1 Away from quantum resonance, the growth rate oscillates
about the quasilinear value k?/4 before dynamical localisation
sets in.
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Experimentally, preparation of the initial state is
achieved through the combination of a Bragg pulse
followed by a period Ay of free evolution to adjust
the quantum phase. Two counterpropagating beams are
aligned along the z-axis of the condensate to provide the
Bragg/kicking beams for the experiment. The beams have
a Gaussian profile with a half width of ~1.0 mm. The
optical power is 5 mW and the detuning from the 3"Rb
5281/2 — 52P3/2 resonance is ~4 GHz. We use the same
two beams to provide both the Bragg pulse and the kicking
pulses. However the parameters required in each case are
quite different. To solve this problem we use two synchro-
nised Agilent 33250A function generators to provide driv-
ing signals for the AOMs which control each Bragg beam.
We control the frequency of one generator using frequency
shift keyed (FSK) modulation to provide the required fre-
quency difference Aw between the two Bragg beams, and
use externally gated amplitude modulation of the other
generator to ensure that the geometric mean /I I> of the
Bragg beams is sufficiently low to give coherent Bragg
diffraction over a pulse interval of Agp ~ 100 us (for a
/2 pulse). In the experiments described here, the ampli-
tude of beam 1 is reduced to Iz = 0.121; for the Bragg
pulse. The envelope of the pulses, (including the quantum
phase accumulation time and kicking) A, and the timing
of the FSK and amplitude modulation is controlled by an
additional function generator (NF Wavefactory 1966).

Because the BEC is so cold (=10 nK) it may be consid-
ered, to a good approximation, to be in a |0/k) momentum
eigenstate before the state engineering phase [14]. This as-
sertion is supported by the recent measurements of high
order quantum resonances made using a BEC as reported
recently by Ryu et al. [16]. In that study, ballistic mo-
mentum growth was observed for up to 20 kicks — almost
three times as many as studied here — and no signif-
icant variation was observed due to the small non-zero
quasimomentum of the atoms?. If we choose Aw = 8w,
where (where w, &~ 2.37 x 10* Hz is the recoil frequency of
8TRb) the state after application of the Bragg m/2 pulse
is given by

1 1
i) = —=|0hk) — —
) = ~7510nk) — |
The atoms are then allowed to evolve freely for a time Ay
giving rise to a relative phase shift between the superposed
states of ¢ = (8hk?)t/Mpy, ~ 9.48 x 10*A,, and the state
just before kicking occurs is then

— 4hk). (6)

1
[¥i) = 7

as assumed by the theory in equation (2). After the ini-
tial preparation of the atomic wavefunction, the frequency
and intensity of the beams is made equal to provide the
optical standing wave necessary for kicking. As in other

(|0Rk) — €| — 4hk)), (7)

2 In line with the predictions of reference [20], however, it
would be expected that after a large number of kicks, the non-
zero momentum width of the condensate would result in sub-
ballistic energy growth.
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Fig. 3. Images of initial state preparation and kicking of the
BEC with corresponding image cross sections showing the rela-
tive atomic population N. (a) shows the BEC after preparation
of an approximate |1;) = (1/v/2)(|0hk) 4| — 4hk)) initial state
using a Bragg 7/2 pulse. The |0hk) and | — 4hk) are indicated.
In (b) atoms were diffracted by 3 kicks starting from an initial
|Ohk) eigenstate, whereas in (c) the kicks were applied after the
preparation of the BEC in state ;. The noise floor has been
suppressed in the images only, allowing a clearer picture of the
atoms. The cross sections were created by summing over the
rows of the images.

recent reports, we have found that performing the kicking
experiments in trap is not problematic since the energy
gained by the atoms due to kicking far exceeds the trap-
ping frequency and atom-atom interactions [5]. Therefore
a single particle analysis is sufficient to describe the dy-
namics as we now show. For the analytical solution of the
atomic dynamics, we assumed that the kicking pulses were
ideal ¢ functions. Although this is not well approximated
in most experiments, the analytical predictions turn out
to be remarkably robust against non-zero pulse widths
and non-rectangular pulse shapes so long as the number
of kicks and mean atomic energy remains low [17,18].

In our experiments, the atoms are imaged after kicking
using standard absorption imaging techniques [14]. The
resulting atomic distribution can then be analysed to cal-
culate the atomic momentum distribution and also the
mean energy of the kicked atomic ensemble. Figure 3a
shows an absorption image of the BEC after application
of a Bragg m/2 pulse with Aw ~ 30 kHz and with no
kicking applied. The atoms are clearly separated into two
distinct momentum classes of roughly equal amplitude.
The lower plot of Figure 3a shows a 1D atomic density
distribution calculated by summing over the rows of the
absorption image. Because the momentum separation of
each group of diffracted atoms is known to be 2Ak, the fi-
nal momentum distribution of the atoms may be inferred
from the normalised density distribution. In Figure 3b a
kicked condensate is shown (starting from an initial |0%k)
eigenstate) after 3 kicks have been delivered demonstrat-
ing the usual diffraction of atoms into higher momentum
orders. In Figure 3c the same thing is shown for a conden-
sate which has been prepared in the initial state |¢;). We
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Fig. 4. Experimental (left column) and theoretical (right col-
umn) atomic momentum distributions are shown for the case
of no initial superposition state. The vertical axis of the exper-
imental data is in arbitrary units, whilst the horizontal axis
shows the momentum m in units of 2kk. The simulations are
for £ = 0.14. Atoms are coupled symmetrically into higher
momentum orders about the 0 momentum eigenstate.

note that as more kicks are delivered, the signal-to-noise
ratio of the data becomes noticeably worse as the con-
densate is diffracted into higher momentum orders, which
prevents us from probing high kick numbers or kicking
strengths for these experiments.

Figures 4-6 show experimentally obtained momentum
distributions after 7 kicks for the experimental realisation
of the interfering kicked rotor system alongside theoreti-
cally predicted momentum distributions. Figure 4 shows
the “control” case in which the initial state is |0hk). From
the observed diffraction, the kick strength parameter k
was estimated to be 0.14 and this value has been used
to create the theoretical distributions shown in the right
hand column. In Figure 5 the initial state was prepared
in the superposition state |1;) with a relative quantum
phase ¢ = 7 between the states. As can be seen this leads
to a marked increase in the number of atoms in the central
momentum state (which is | —2kk)) leading to a lower mo-
mentum spread and hence mean energy than that found
in the control case.

For ¢ = 0, as seen in Figure 6, the momentum spread
about —2hk is greatly enhanced compared with the ¢ =
case. Most notably, the population of the —2hk state re-
mains relatively small compared with the other states for
the first few kicks, unlike the case for ¢ = m. We note
however, that although this larger momentum spread is
in qualitative agreement with equation (3) the observed
momentum distributions do not agree so well quantita-
tively with the theoretical predictions. In fact, although
we were able to show suppression of energy growth con-
sistently in our experiments, enhancement of the energy
growth coefficient was not clearly observed in all cases.
The enhancement effect relies on the precise cancellation
of the atomic momentum-space wavefunction at —2hk,
which can easily be ruined by slight fluctuations in the
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Fig. 5. Experimental (left column) and theoretical (right col-
umn) atom distributions are shown for the case an initial su-
perposition state with ¢ = 7. The simulations are for k£ = 0.14.
Suppression of momentum growth by constructive interference
in the —hk momentum state is clearly seen.

Fig. 6. Same as Figure 5 but with ¢ = 0.

power and detuning of the free running Bragg laser which
lead to slight inequalities in the populations of the 0hk
and —4hk states or even slight population of the —2hk
momentum order in the initial state. Indeed, some asym-
metry is apparent in the initial superposition state. Such
experimental imperfections ruin the interference required
to reliably demonstrate the enhancement effect in the lab.
This situation could be improved by introducing a sepa-
rate laser for performing Bragg diffraction which could be
further detuned from atomic resonance, thus reducing the
effect of small fluctuations in wavelength or power of the
laser. Nonetheless, the experimental results demonstrate
that the interference effect occurs and leads to the alter-
ation of the energy growth rate compared with the stan-
dard result. In the current experiments, it proved difficult
to accurately measure the mean energy from the atomic
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momentum distribution mainly due to the low atom num-
ber and the resulting low signal to noise ratio. Future ex-
periments with increased atom number should enable the
reliable measurement of the theoretical curves seen in Fig-
ure 2.

4 Discussion

It seems pertinent to ask whether any other easily prepara-
ble momentum states offer the same benefits as the |[¢) =
(1/v/2)(|0hk) — | — 4hk)) state. After all, in a standard
kicked rotor experiment, starting from a single momentum
eigenstate, the first kick creates a momentum superposi-
tion state whose components then interfere during sub-
sequent kicks. However, although the standard kicked ro-
tor experiments essentially involve a kicked superposition
state after the first kick, there is no way to control the
quantum phase or amplitude of each momentum state in
the superposition. Engineering the initial state to have a
specific relative quantum phase and amplitude is the fea-
ture that allows the ballistic diffusion rate to be controlled
in this investigation. It has been shown that a superposi-
tion of the Ohk and —2hk eigenstates leads to directional
momentum transport [8,9], although, as noted earlier, no
control over the ballistic growth rate is available in this
case. Furthermore, numerical simulations suggest that ini-
tial superpositions of two states separated by more than
4hk in momentum space do not exhibit quantum phase
dependent changes in the diffusion rate.

We now speculate as to the possible advantages of the
system studied here in applications compared with the
normal kicked atom system. In the first place we con-
sider the utility of the standard quantum resonance ef-
fect as augmented by our technique. As first shown in
reference [19] for the two frequency kicked rotor system,
the kicked rotor system contains resonances which exhibit
sub-Fourier narrowing with time, potentially allowing the
differentiation of two frequencies in a time which beats the
Fourier limit. This feature is due to the nonlinear nature
of the quantum kicked rotor. The quantum resonance in
mean energy employed in this paper has also been shown
to exhibit such sub-Fourier scaling of the resonance width
with time (a property which can be explained using a
semi-classical description of the quantum resonance) [20].
Therefore, one could in principle distinguish the differ-
ence between a kicking signal’s frequency and exact quan-
tum resonant frequency in sub-Fourier time by monitor-
ing the width of the atomic momentum distribution of
the kicked atoms. Our method can increase the sharpness
of the quantum resonance curve (see the inset of Fig. 2)
thereby providing a purely quantum increase to the sensi-
tivity of any sub-Fourier frequency measurement schemes
(although it should be noted that the overall scaling of the
resonance peaks is expected to remain the same).

More generally, the increase in energy diffusion over
the classical value may give rise to a quantum-over-
classical speed-up in any process which relies on momen-
tum diffusion. To use a contemporary example, recent
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studies suggest links between quantum resonance and dis-
crete time quantum random walks (QRW) [21]. QRW are
of interest partially because they can be used to implement
quantum search algorithms [22]. Very recently, there has
been a proposal to implement QRW using a BEC in a mo-
mentum superposition state such as that used here [24].
Additionally, there is a separate proposal for implement-
ing QRW in kicked cold atoms using a superposition of
internal atomic electronic states to create the “quantum
coin” effect needed for QRW [23]. Because the quantum
random walk takes place in momentum space, it may be
possible to use an additional superposition of momentum
states to enhance the momentum diffusion, hence speed-
ing up the random walk through momentum space and
plausibly any algorithm based on the random walk.

Lastly, we note the possibility of using the effect seen
here is to distinguish the phase of momentum eigen-
states in a superposition. In principle, for superpositions
of several different eigenstates, the interference proper-
ties we have explored for a two state superposition should
uniquely identify a single phase flipped state amongst a su-
perposition otherwise consisting of states with 0 relative
phase, since the output momentum distribution depends
sensitively on interference between the states in superpo-
sition (a similar effect has also been noted by Gong [7]).
Assuming that it is possible to set the phase of each eigen-
state independently, this suggests the possibility of storage
and retrieval of information using the quantum phase of
the eigenstates in a similar way to that performed with
Rydberg atoms in reference [25] (which are also promis-
ing due to the existence of stable quantum wave packets
for Rydberg atoms [26]). That is, starting from an initial
superposition state, the operations afforded by applying
pulses from an optical lattice are conceivably sufficient to
perform some quantum information processing algorithms
on the states in superposition (although such a scheme
would certainly not be a universal quantum computer).
This idea is the subject of ongoing research.

In conclusion, we have presented a method of coher-
ently controlling the ballistic quantum transport of atoms
subject to Talbot pulses from an optical lattice. The
method uses quantum interference between two coherent
kicked atom systems to adjust the ballistic growth rate
of the kicked atoms by up to 50%. The observed effect
may be explained in terms of the interference between the
matterwaves diffracted from the two initial sources. We ex-
pect that recent proposals for making use of the properties
of quantum resonant dynamics will benefit from similar
quantum interference methods.
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Suppression of Dephasing due to a Trapping Potential and Atom-Atom Interactions
in a Trapped-Condensate Interferometer
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We propose and demonstrate a novel trapped-condensate interferometer using optical Bragg diffrac-
tions in a harmonic magnetic potential, which can realize a long coherence time with low dephasing.
Dephasing of wave packets due to the magnetic potential is canceled by setting the interrogation time
equal to the oscillation period of the harmonic potential. The harmonic potential also helps to suppress
dephasing due to condensate atom-atom interactions. An interference signal with a fringe contrast of 30%
is observed at an interrogation time of 58 ms. For a longer interrogation time about 100 ms, the spatial
coherence of the condensate is still maintained with low dephasing, although the interference fringe is

washed out by external vibrational noise.
DOI: 10.1103/PhysRevLett.99.180401

Atom interferometry [1] has been successfully devel-
oped for precision measurements of acceleration [2—4],
rotation [5], fundamental constants [6,7], and other appli-
cations. The sensitivity of atomic interferometers increases
with longer interrogation time in general. In the case of a
free space interferometer, the maximum interrogation time
is limited due to the free falling of atoms in the Earth’s
gravitational field. In order to improve the measurement
sensitivity, trapped-atom interferometers have been inves-
tigated with great interest recently, because the trapping
potential holds atoms in the Earth’s gravitational field and
makes it possible to realize a long interrogation time easily.
In particular, the coherent manipulation of Bose-Einstein
condensates (BECs) on a substrate, known as an atom chip
[8], has provided the realization of a trapped-condensate
interferometer. Therefore, many experiments are currently
proceeding to investigate trapped-condensate interferome-
ters on an atom chip [9-17].

Although a trapped condensate interferometer has an
advantage over the free space one in its long interrogation
time, it generally suffers from undesirable effects of the
trapping potential and the atom-atom interaction.
Decoherence due to the scattering or heating of atoms
can be reduced by lowering the atomic density in the
trap. However, dephasing which arises from the trapping
potential and atom-atom interactions [10,11,15], and also
phase diffusion due to atom-atom interactions [17,18],
limits the coherence time. Very recently, the coherence
time of up to 1 s was realized with trapped thermal atoms
by reducing the trap frequency [16]. Additionally, the
coherence time of trapped-condensate interferometers
was increased to up to 200 ms by using atom-number
squeezed states [17,18]. However, a trapped-condensate
interferometer compatible with all the requirements of a
long coherence time, large separation, and a large enclosed
area, has not been realized so far. Therefore, the develop-
ment of a novel trapped-condensate interferometer is a
subject of great interest for precision measurements.

0031-9007/07/99(18)/180401(4)

180401-1

PACS numbers: 03.75.Dg, 32.80.Qk, 34.20.Cf

In this Letter, we present a novel trapped-condensate
interferometer in a harmonic magnetic potential which can
suppress dephasing due to the trapping potential and atom-
atom interactions and can realize a long coherence time
and a large separation. We consider a system shown in
Fig. 1, where a BEC is trapped in a harmonic magnetic
potential given by U(r, z) = 2 (w?r* + w2z?) and optical
Bragg diffraction is used for a coherent atomic beam
splitter along the z direction. We present a principle of
suppression of dephasing using the harmonic potential and
show experimental results which confirm this principle.
Finally, we propose a trapped Sagnac atom interferometer
based on the principle.

In the case of trapped-atom interferometers, momentum
changes of the wave packets due to the trapping potential
cannot be avoided for a long interrogation time, and this is
a major source of dephasing due to the trapping potential.
However, if the wave packets evolve in a closed system

FIG. 1. Schematic drawing for the dephasing-free atom inter-
ferometer. The interferometer is realized in a harmonic potential.
The interrogation time T is set equal to Ty,

© 2007 The American Physical Society
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without energy dissipation, the initial state can be revived
periodically. In particular, any wave function of all of the
noninteracting atoms trapped in a harmonic potential re-
turns to the initial state at 1 = mT,, where Ty = 27/ w, is
the oscillation period and m is an integer. This mechanism
is analogous to collapse and revival of the quantum field
[19,20]. Therefore, if two /2 pulses are applied to the
atoms with a time interval set equal to the revival time mT,
dephasing due to the potential can be canceled completely
for noninteracting atoms trapped in a harmonic potential.

Next, we consider weakly interacting condensate atoms

trapped in a harmonic potential, which is initially ¢;, =
Jn(r, z) = |0nk). Here n(r, z) = max[u — U(r, z),0]/g is
an atomic density distribution of a BEC, where w is the
chemical potential of a BEC and g = 4mh’a,/m is the
coupling constant characterized by the scattering length a;.
The BEC is changed into a superposition of the two
momentum states by a 77/2 Bragg pulse along the z direc-
tion at t = 0, that is (t = 0) = (\/n(r, z) — iy/n(r, 2) X
e/l [\[3 where v,, = 2hk/m is the two-photon re-
coil velocity, and then the excited BEC propagates along
the z direction. When the two BECs do not overlap spa-
tially, the center-of-mass (c.m.) motion of the BECs is
decoupled with the internal dynamics, namely, collective
shape oscillations [21-24]. Consequently, the c.m. mo-
tions of the BECs can be considered as equivalent to
classical oscillation of an atom. Although their density
distribution should be slightly deformed by the influ-
ence of the condensate mean fields, time evolution of the

BECsS can be approximately given by ¢(z) ~ {\/n(r, z2) —
i\/n[r, < = Zc.m,(t)]eimvc'm'(t)Z/h}/\/zs where Zc.m.(l‘) =
7o sin(w_ 1) and v, (1) = v,, cos(w, 1) is the c.m. position
and the c.m. velocity. The oscillation amplitude is given by
Zp = v,,/w.. Since the wave function can almost return to
the initial wave function at r = mT,, namely, ¥(0)~
(mT,), the two BECs can be made to interfere with low
dephasing by applying the second 7/2 pulse at the re-

vival time and can show the output state of i, ~
—iy/n(r, z)e™v»/" = |2nk). Therefore, it is possible to
suppress dephasing for the trapped-condensate interfer-
ometer by using a harmonic potential and appropriate
timing of the Bragg pulses.

To this end, we propose a novel trapped-condensate
interferometer which can suppress dephasing, as depicted
in Fig. 1. The two optical Bragg pulses are applied in the z
direction with the interrogation time 7 set equal to T}. The
first 77/2 pulse is applied to the trapped condensate at ¢ =
0, and the excited BEC oscillates in the harmonic potential.
The two BECs are made to interfere by the second 7/2
pulse at the revival time of 7. The resultant population of

atoms in the |27k) momentum state is given by Pay =
cosz(w), where P,y is the population of atoms in the
|27k) momentum state, A¢ is the atomic relative phase

resulting from the interferometry, and ¢; is the optical
relative phase of the second 77/2 pulse.

The experimental operation of the interferometer is
similar to our previous experiment [11]. A BEC of ¥’Rb
in the 58,/,, F = 2, mp = 2 state is realized on an atom
chip following the method of Ref. [25] and loaded into a
magnetic guide potential adiabatically. Each Bragg pulse
consists of two counterpropagating linearly polarized laser
beams with a frequency difference of about 15 kHz. The
Bragg laser beams are aligned along the axial direction
within 20 mrad so as not to excite any transverse motions
and are incident on the condensate which is trapped at
700 um below the chip surface in order to prevent the
condensate from experiencing surface effects [26,27]. The
relative phase of the second 7/2 pulse, which is ¢, is
experimentally varied in the range 0 = ¢; <27 to ob-
serve the interference fringe. Following the second 7/2
pulse, the magnetic guide potential is turned off. After a
25 ms time of flight, the interference signal is observed
using a standard absorption imaging technique. The popu-
lation of the atoms in the |2Ak) momentum state is eval-
uated from the absorption images as a function of ¢; .

To realize the dephasing suppression condition, the os-
cillation period of the magnetic potential should be evalu-
ated with high accuracy. In order to evaluate the oscillation
period, we applied a 7 Bragg pulse to the trapped conden-
sate and observed the resulting oscillations. After an arbi-
trary delay time, the magnetic guide potential was turned
off, and the c.m. position was observed after a 25 ms time
of flight. The observed oscillations for two trapping po-
tentials are shown in Fig. 2. The oscillation frequencies
are evaluated by fitting a sinusoidal function to the data.
They have axial oscillation periods of 58.657(6) ms
[97.21(1) ms], whose frequencies are w,= 27 X
17.048(1) Hz [10.287(1) Hz], respectively. Their trapping
frequencies and the recoil velocity result in the amplitudes
of zp = 110 um and zy = 180 wm. The radial confine-
ment was fixed to w, = 277 X 60 Hz in this experiment. In
these magnetic potentials, the BEC including 3 X
10 atoms has Thomas-Fermi radii of d, = 17 um and
d, =3 pm in the axial and radial directions, a tempera-
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FIG. 2. Evaluation of the axial trapping frequencies for each
magnetic guide potential. The solid circles represent a single
measurement and the solid lines are the fitted sinusoidal func-
tion. (a) Ty = 58.657(6) ms, w, = 27 X 17.048(1) Hz, z, =
110 pwm, (b) Ty = 97.21(1) ms, w, = 27 X 10.287(1) Hz, zy =
180 pm.
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ture of w/kB = 7 nK, and an energy of u/h = 150 Hz,
respectively.

Next we estimate the anharmonicity of the magnetic
potential. The potential is approximately given by U(z) =
co T 36222 + 735 ¢42* due to its symmetry, and the fourth
order term is the main source of the anharmonicity. Since
the size of the condensate is determined by the potential
2UR)

dz?
of the potential curvature is required so as not to excite
internal modes. It leads to the requirement given by
%zz < 1 with |z| = z,. Based on a numerical calculation

. c 2 . .
curvature given by co(1 + 352 ), a small variation

of the magnetic potential, the change of curvature is esti-
mated at less than 5 X 1072, and the requirement is sat-
isfied. In fact, we did not observe any collective modes in
the oscillating condensate with our current imaging
resolution.

The observed interference signals are shown in Fig. 3.
The signals are fitted by a sinusoidal function. The inter-
ference fringe shows a contrast of 30% with the interrog-
ation time of 58.66 ms [Fig. 3(a)]. This high contrast fringe
with such a long interrogation time proves that the inter-
ferometer realizes the cancellation of dephasing due to the
trapping potential and atom-atom interactions. On the
other hand, the data for an interrogation time of 97.21 ms
are distributed around 0.5 with peak-to-peak amplitudes of
about 0.5 at each ¢;, and the interference fringe is hardly
seen in Fig. 3(b). However, if the fringe contrast is limited
by dephasing, the signals cannot be largely distributed.
Therefore, the result shows that the dephasing was sup-
pressed successfully for an interrogation time of nearly
100 ms.

Here we show that a spatial coherence of the condensate
is maintained by the dephasing suppression mechanism
even at T ~ 100 ms. We performed an additional measure-
ment with an interrogation time given by T = T, + AT,
where AT is a deviation time from the oscillation period.
Since a larger deviation time induces larger degree of
dephasing, the peak-to-peak amplitude of the signals
should become smaller than that for AT = 0. We set the
trapping frequency equal to 10.29 Hz (T, = 97.21 ms) and
fixed the optical relative phase to ¢; = 0 and measured the
signals at each deviation time. The experimental results are
shown in Fig. 4. We can see that the variance of the signals
is maximum at A7 = 0; on the other hand, it decreases at
AT # 0. This experimental result clearly shows a high
degree of spatial coherence of the condensate without
dephasing even for the long interrogation time of almost
100 ms. Therefore, we conclude that the contrast degrada-
tion of the interference fringe is not caused by dephasing
due to the potential and atom-atom interactions.

One possible source for the degradation of the fringe
contrast is the phase diffusion due to the atom-atom inter-
action in a condensate [17,18]. In our present experimental
condition, the maximum coherence time limited by this
phase diffusion is estimated to be about 400 ms, which is
still longer than 7 ~ 100 ms. Then we next consider ex-
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FIG. 3. Interference signals from the atom interferometer at

(@) Top=15866ms, w,=27X1705Hz and (b) T,=
97.21 ms, w, = 27 X 10.29 Hz. The populations of the atoms
in the momentum state of |2#k) are plotted as a function of the
optical relative phase of ¢, . The solid circles represent a single
measurement and the solid lines are the fitted line by a sinusoidal
function.

ternal vibrational noise as the other source for the contrast
degradation. We have evaluated the expected interference
phase change due to the external vibrational noise. If the
position of the magnetic potential and the laser field of the
Bragg laser are oscillating at a frequency w with a same ac-
celeration of d(w) simultaneously, the resultant phase shift

is given by A¢ = 2ka(@)T3 770y Si“;j#(f%”

0w = w — w,. When w = w,_, the phase change becomes
maximum and is given by A¢ = kaT} /2. In the case of
T = 100 ms, therefore, the present interferometer is highly
sensitive to the vibration noise at the frequency around
10 Hz. In the present experiment, both of the vacuum
chamber and the mirror mounts for the Bragg laser beams
are mounted on an air damped optical table. The vibra-
tional noise on the table, as measured using an accelerom-
eter, was found to be « =2 X 1075 ms~2/+/Hz level around
10 Hz. It increases rapidly for lower Fourier frequency and
it has a peak around the natural frequency of about 2 Hz of
the optical table. The expected phase variation due to this
vibrational noise is at least 1 rad. Thus the vibrational noise
can be one of the main source of causing the random phase
shift and washing out the interference fringe at 7 ~ 100 ms.

, where

chk
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0.6

0.4
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FIG. 4. The interference signals depend on the deviation times
of the second 7r/2 pulse. The solid circles represent a single
measurement.

180401-3

50



PRL 99, 180401 (2007)

PHYSICAL REVIEW LETTERS

week ending
2 NOVEMBER 2007

S

FIG. 5. Schematic drawing of the dephasing-free trapped-atom
Sagnac interferometry. A 7 pulse is applied to a BEC in the x
direction at ¢ = 0. A following 7r/2 pulse in the y direction at
t =T/4 separates the BEC into two momentum states of
|[+2nk), and |—2hk), [10,29], and the two condensates start to
revolve with a radius of ry = v,/w,. A second 7/2 pulse is
applied at r = 5T /4.

By further improving vibrational isolation of the apparatus,
the fringe contrast can be increased up to 50%, and fur-
thermore it should be possible to increase the interrogation
time up to the maximum coherence time. Further extension
of the interrogation time can be realized by using atom-
number squeezed states [17,18] or ultracold fermions [28].

We now note a possible source of dephasing in the
present interferometer. One of the most likely sources of
dephasing is the mutual mean-field between the two con-
densates. Even if the trapping potential is harmonic, the
effective trapping frequency which the condensates expe-
rience changes due to the mutual mean-field while the two
condensates separate and overlap [11,15]. Therefore, the
internal and the external degrees of freedom should couple
with the time dependent trapping frequency and then the
condensate wave packets will change during these pro-
cesses [23]. Also, the size of the two condensates should
shrink by a factor of 0.87 after the first 77/2 pulse because
the number of atoms decreases to half that of the original

In conclusion, we proposed and demonstrated a novel
trapped-condensate interferometer in a harmonic magnetic
potential by using a two /2 Bragg pulses with a time
interval set equal to the oscillation period of the harmonic
potential, which can suppress dephasing caused by the
trapping potential and condensate atom-atom interactions.
An interference signal with a high fringe contrast of 30%
was observed at an interrogation time of 58 ms. With a
longer interrogation time of nearly 100 ms, the separated
condensates still showed high spatial coherence with low
dephasing, but the interference fringe was washed out by
external vibrations.
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ATOMIC INTERFEROMETER WITH COLD RUBIDIUM
ATOMS FOR THE PRECISION MEASUREMENTS OF
GRAVITATIONAL ACCELERATION

KEN’ICHI NAKAGAWA, MUNEKAZU HORIKOSHI, AND YUSUKE KODA

Institute for Laser Science, University of Electro-Communications, 1-5-1 Chofugaoka,
Chofu 182-8585, Japan

We have developed an atomic interferometer using a stimulated Raman transition and
laser-cooled *’Rb atoms. Using this interferometer, we demonstrated a measurement of g
with a Ag/g = 5 x 10°. We discuss the future improvements toward the precision
measurements of g and also a Newtonian gravitational constant G using an atomic
interferometry.

Precision measurements using an atomic interferometry have become
important for the metrology and fundamental physics'. As the interactions
between an atom and external fields can be theoretically well characterized, one
can expect small systematic errors in the measurements using atomic
interferometers. We are interested in the developments of atomic interferometers
for the precision measurements of a gravity acceleration g and a Newtonian
gravitational constant G. The Newtonian gravitational constant G has been
determined with less precision than those of other fundamental physical
constants until now”. Thus it is a challenge to determine this G with higher
precision using atomic interferometers. Until now, high precision measurements
of a gravity acceleration g and a gravity gradient have been demonstrated by
using atomic interferometers with laser cooled Cs atoms™*. We have developed
a similar atomic interferometer with laser cooled Rb atoms. Compared to cesium,
rubidium has an advantage of smaller collisional phase shift which will
contribute to the smaller systematic errors. And we can use Bose-Einstein
condensate atoms which will contribute to the higher sensitivity. Recently an
atomic interferometer with Rb atoms has been demonstrated by using a rather
different principle’.

Our atomic interferometer is basically same as the one reported by Peter et.
al using a stimulated Raman transition between hyperfine ground states to
implement beam splitters and mirrors for an atom®. We collect cold *’Rb atoms
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from a vapor cell MOT and these atoms are further cooled down in a ¢'-G°
optical molasses. Using a velocity selective Raman pulse, we prepare about 10°
atoms in the F=1, mg=0 state with a vertical velocity distribution of about 600
nK. Three n/2-n-n/2 stimulated Raman laser pulses are applied to cold atoms to
form a Mach-Zehnder-type atom interferometer. Using this atomic
interferometer, we could measure the interference fringe signals (Fig. 1). From
this fringe signal, we could determine the gravity acceleration g with Ag/g =5 x
10, which was mainly limited by the available interrogation time between
Raman pulses of about 10 ms. We will use an atomic fountain technique to
increase this interrogation time up to 100 ms and this may give a 100-fold
increase of the sensitivity. We will discuss the future improvements towards the
precision measurement of the Newtonian gravitational constant G.

2511 2512 25.13

Sweep rate (MHz/s)
Figure 1. Typical interferometer fringe signal
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ATOM-CHIP-BASED FAST PRODUCTION OF
BOSE-EINSTEIN CONDENSATE ATOMS

MUNEKAZU HORIKOSHI AND KEN’ICH NAKAGAWA

Institute for Laser Science, University of Electro-Communications,
Chofu-shi, Tokyo 182-8585, Japan
E-mail: hori@ils.uec.ac.jp

We have developed a simple method for the fast and efficient production of Bose-
Eintstein condensate (BEC) using an atom chip in a small glass cell. Using a
magnetic transfer of cold atoms, 1.5 x 107 of cold 37Rb atoms are loaded into an
atom chip from a magneto-optical trap(MOT) with a high efficiency. The following
RF induced evaporative cooling can produce BEC of 3 x 103 within 0.7s or 2 x 104
within 4.3s. The present system can be used as a fast and high flux coherent atom
source which is important for the atomic interferometer .

Recently making and manipulation of Bose-Einstein condensate (BEC)
using atom chips have been of considerable interest in atom optics!. The
atom chip technique enables to realize a simple and compact experimental
apparatus for various coherent atom optics with BEC?. To produce BEC
on atom chips, an efficient loading of cold atoms into a small atom chip
potential is important, and a mirror MOT method has been developed
and widely used3. However, this mirror MOT method requires a flat and
reflective mirror surface on an atom chip and it limits the various new
design of atom chip and also it limits the performance of the MOT.

We have developed a simple but versatile method for the fast production
of BEC on an atom chip in a small glass cell (Fig.la). A wire pattern of
an atom chip consists of a Z-shaped wire (Z-wire) for the Ioffe-Prichard
type trap potential and a crossed wire (C-wire) for the compression of
atoms (Fig.1b). We use a conventional six beam MOT with the help of a
light induced atom desorption technique?, and we collect 3 x 107 of cold
atoms with 10s long magnetic trap lifetime for evaporative cooling toward
BEC phase transition. Cold -atoms are then transfered and loaded into an
atom chip when the Ioffe-Prichard type atom chip trap is switched on and
simultaneously the quadrupole magnetic field is switched off.

116 o 1
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The number of loaded atoms, temperature, phase space density are
N ~ 15 x 107, T = 100pK, pps = 7 x 1078 respectively. The loading
efficiency from a MOT to an atom-chip is about 50% and it is mainly
limited by the mode mismatching between the transported atomic cloud and
a small atom chip potential. Immediately after the loading, the potential
is changed to a cross wire trap by using a current through a C-wire to
compress the atomic cloud in the axial direction. A pure condensate atoms
of up to 2 x 10* is produced after a 4.3s rf induced evaporation cooling.
When the atomic cloud is further compressed in the compression stage, we
can reduce the rf evaporation period to 0.7s. In this condition, we can
produce condensate atoms of 3 x 103, then total production time including
the loading of the MOT and the magnetic transport and the rf evaporation
cooling is within 3s.

To punps

(a) ﬁ (b)

Ato Chip

Teanster cofl
.

E

s

MOT coil

Glass cell

Figure 1. (a)Experimental setup. (b)The wire configuration.

Further improvements of the present method includes the use of a larger
beam size for the MOT beams to increase the initial number of atoms in
the MOT, and the fast production of condensate atoms with further large
number of condensate atoms will be realized . As the present method does
not require flat metal refrective surface on an chip, it is useful to realize
various atom chip design including micro optical components on a chip.
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Abstract
We developed a fast and efficient method to
produce Bose-Einstein condensation on an atom
chip in a small glass cell. ’Rb condensate atoms
are realized within 3s and the maximum number
of condensation was 20,000.

Making and manipulating  Bose-Einstein
condensation (BEC) on the substrate with
integrated conductor patterns, so called ‘atom
chip’, is of considerable interest recentlyl. Using
the atom chip technique, it has been expected to
develop various quantum devices using coherent
matter wave for sensitive and precision
measurements and also quantum information
processing’. Now the compact experimental
apparatus based on this atom chip has been
realized for these practical applications’.

For the various practical applications of coherent
atom optics, such as atomic interferometer and
quantum information processing™>, a simple
experimental apparatus for the production of
condensate atoms has been developed using a
mirror MOT meth0d6, in which the laser-cooled
atoms are collected near the chip surface.
However, this method requires the metal surface
on a chip substrate and it causes a trap loss and
decoherence for the atoms close to the surface
and it also limits the various design of atom chip
using integrated optical elements, optical
transparent substrates, and superconducting wires
so on. Thus we have developed a reliable and
widely applicable method to produce condensate
atoms on an atom chip without using a mirror
MOT method.

The experimental apparatus consists of three
parts, standard MOT, transportation, and the
atom-chip (figure 1). A Pyrex glass cell of inner
size 30x30x90mm is connected with a 251/s ion
pump, a titanium sublimation pump, and
electrical feedthroughs. All processes from
cooling and trapping by MOT to the realization
of BEC are operated in only this glass cell. We
use light induced atom desorption (LIAD)
technique’ in order to modulate Rb pressure. A

1464
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Figure 1: Experimental setup

75W halogen lamp and 36 of ImW UV-LEDs for
LIAD are located outside of the glass cell. The
atom chip is mounted in a glass cell downward.
Two pair of coils for MOT and transportation (T
coil), and three pair of coils which generate
homogeneous magnetic field are located outside
of the glass cell. The distance from MOT to the
chip is 2cm. The atom chip used in this research
is shown in figure 2. The gold pattern on Si
substrate was made by standard lithographic and
electroplating techniques. Magnetic potentials
produced by current carrying through these wires
manipulate cold atoms near the chip. The
configuration of the wires used to trap and make
BEC is shown in figure 2. This wire pattern
consists of a Z-shaped wire (Z-wire) and a
crossed wire (C-wire).
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Figure 2: Atom chip and wire configuration

At first, Rb87 atoms are cooled and trapped by
standard 6-beam MOT. During MOT loading,
LIAD is turned on for 1s, then Rb pressure
increases and the number of cold atoms increases.
Then LIAD is turned off and atoms are held in
the MOT for 1s to improve pressure in the glass



cell. After compression MOT (CMOT) and
polarization gradient cooling (PGC), cold atoms
are optically pumped into the [F=2, mF=+2>
hyperfine ground state and captured in
quadrupole magnetic trap (QP) with MOT coils.
3 x 10 atoms are captured in magnetic trap of
10s lifetime.

Magnetically trapped atoms are transported to the
optimum position near the atom chip within
600ms by the balance of the current of MOT and
T coils. Though our configuration of T coils and
atom-chip is simple and versatile, it is impossible
to move magnetic minimum point adiabatically
from QP field to loffe-Prichard (IP) field of
atom-chip in our configuration. Therefore two
magnetic potentials are switched within 1.1ms
nonadiabatically, that is, IP potential of atom-chip
recatches cold atoms released from QP trap of T
coils. At that time, two magnetic fields are
slightly superimposed so that a magnetic spin can
follow adiabatically. The number of atoms,
temperature, phase space density of the atoms
captured by the potential generated from 4A of
Z-wire and 15Gauss of bias field are N = 1.5 x
107, T=100uK, phase space density = 7 x 10™
respectively, and the loading total efficiency from
a MOT to an atom-chip is 50%. The loading
efficiency is limited by mode mismatching.
Immediately after loading, the potential is
changed to cross wire trap of (Iz=4A, Ic=-0.6A)
and (Bx=11G, By=60G) in order to compress
atomic cloud enough. The trapping frequency is
(740, 4000, 4000) Hz, and this tight confinement
help to make BEC efficiently,. A pure
condensation of 20,000 Rb87 atoms in
|[F=2,mF=+2> state is observed after 4.3s rf
induced evaporation cooling (figure 3).

-% 1] | 0.6mm
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Figure 3: BEC phase transition

And also we realized BEC within total time of 3s.
After 1s of MOT loading, cold atoms are
transferred to magnetic trap without waiting to
recover the vacuum. Then cold atoms are
transported and loaded into an atom chip and
compressed within 1s. Tight confined atomic
cloud in the potential of (Iz=4A, Ic=-0.8A) and
(Bx=17G, By=70G) is applied single rf ramp
from 30MHz to 2.85MHz within 1s, and 8,000 of
BEC is realized.

Here we consider the utility of our system. Our
system doesn’t need mirror MOT. And our
method of transportation and loading is simple
and versatile. If only a chip has a wire to trap, it
is possible to produce BEC with almost any atom
chip after transportation cold atoms from normal
MOT. Though the maximum number of BEC is
20,000 in this experiment, it is improved by
increasing the initial number of atoms and
optimizing evaporative cooling. The number of
MOT is limited by the size of cooling lasers and
Rb pressure. In this experiment laser diameter is
15mm, and we can expand up to size of glass cell.
Rb pressure during MOT loading is limited by
the efficiency of LIAD. And by inserting
something to increase area to adsorb inside the
glass cell, and applying more strong light for
LIAD, Rb pressure can increase more. Finally
about freedom of access to BEC optically, it is
solved by transparent substrate. Considering
things described above, we can use chip based
BEC as well as coil based one.

In conclusion, we realized 8,000 of pure
condensation within total time of 3s or 20,000 of
pure condensation within total time of 7s in a
glass cell. The number of BEC and total
production time can be improved more. This
system is useful for atom interferometer and
quantum information processing due to fast cycle
and simplicity and also it gives more possibility
of atom chip research because the chip doesn’t
need high reflective surface for mirror MOT.
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Physics of Cold Trapped Atoms

Towards coherent atom _opticsl on a chip
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Recently ultra cold atoms and Bose-Einstein condensed atoms are guided and manipulated in an
integrated micro atom waveguide on a substrate, so called atom chip [1]. This technique opens the
way to realize a micro atomic interferometer with guided atoms and it will also help to implement a
quantum information processing 'with cold atoms [2]. We have develeped a fast and efficient method
to produce ¥ Rb Bose-Einstein condensates on an atom chip. Using this method; we could produce
condensate atoms within 3 s, and the maximum number of condensate atoms was about 2 x i()“.
We are now investigating the coherent manipulation of condensate atoms on the chip towards the
realization of an atom-chip-based atomic interferometer [3]. We will discuss the possible applications

of the coherent atom optics on the chip.
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Atomic interferometer on an atom chip
Ken'ichi Nakagawa, Munekazu Hdrikoshi

Institute for Laser Science, University of Electro-Communications
CREST JST, 1-5-]1 Chofugaoka, Chofu, Tokyo, 182-8585 Japan

ABSTRACT

Guiding and manipulating ultracold atoms in.a micro trap on a surface, so called
atom chip has opened the way for the various applications of ultra cold atoms such as
atom interferometry, quantum information processing. We have developed an atom chip
with the aim.of coherent manipulation of Bose-Einstein condensate (BEC) atoms and its
applications to atomic interferometers. Using this atom chip technique, we have achieved
a fast production of 87Rb BEC atoms within three seconds. Such a fast production of
BEC atoms is favorable for the sensitive detection using atomic interferometers.
In order to investigate a decoherence and dephasing of BEC atoms on a chip surface, we
have reailize a Mach-Zehnder atomic interferomer with BEC atoms on a chip using a
standing wave laser light as a beam splitter for-atoms. From the observed interferometric
fringe signals, we have found the atom-density dependent phase shift and contrast
degradation which are caused by the dephasing due to the atom-atom interaction.
We have also observed a decoherence in a fringe signal due to the s-wave scattering for
higher atomic density. We will discuss the possible solutions for the reduction of these
dephasing and decoherence.




BOSE-EINSTEIN-CONDENSATE INTERFEEOMETER ON AN
ATOM CHIP WITH A LONG COHERENCE TIME’

KEN’ICHI NAKAGAWA, MUNEKAZU HORIKOSHI'

Institute for Laser Sciencet, University of Electro-Communications, 1-5-1 Chofugaoka,
Chofu, 182-8585, Japan

We demonstrate an atom interferometry with a long coherence time using Bose-Einstein
condensates of *’Rb atoms on an atom chip. Dephasing of wave packets due to the trap
potential is reduced by applying two Bragg laser pulses with an time interval T equal to
the oscillation period of the magnetic trap. We observe a high contrast (~ 30 %)
interference fringe signal for T = 58 ms.

Recently many attentions have been paid to atomic interferometry using
Bose-Einstein condensates in a trap or waveguide because of its inherent long
interrogation time [1-4]. However, the various dephasing effects due to the
atom-atom interaction and/or the trap potential limit the maximum interrogation
time [1-4]. Although the atom-atom interaction can be reduced by lowering the
atomic density or using a number squeezed state of atoms [2,3], the dephasing
due to the trap potential is still a problem for the realization of long
interrogation time [4]. In this paper, we present a novel interferometer using
Bose-Einstein condensates with a long interrogation time of more than 50 ms.

The experimental setup and procedure are similar to those of our previous
experiment [4][5]. Bose-Einstein condensates of about 3 x 10° *’Rb atoms in the
|[F =2, mp = 2> state is loaded into a micro magnetic trap on an atom chip [5].
The axial trap frequency (Vuxia) is about 17 Hz (or 10 Hz) and the radial trap
frequency is 60 Hz. We use a Bragg diffraction of atoms using two off-
resonance counter-propagating laser beams as a beam splitter for the atom [4]. A
first /2 Bragg laser pulse splits a condensate into two momentum components
‘0hk> and ‘ 2hk> (k=2m/A, A~ 779 nm) (Fig. 1). The ‘ 2hk> component starts to
oscillate in a trap potential. If the anharmonicity of the trap potential is enough
small, the collective mode motion of the condensate is hardly excited during the

" This work was partly supported by a Grant-in-Aids for Science Research (17340120) from the
Ministry of Education, Science, Sports and Culture, and a Ground-based Research Program for
Space Utilization promoted by Japan Space Forum.

T Present address: The University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan.
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oscillation and the dephasing due to the atom-atom interaction can be
minimized. When the ‘2hk> component returns to the initial position, a second
7/2 pulse is applied to recombine these two components. If the time interval T
between two pulses is equal to the trap oscillation period ( = 1/va), the
dephasing due to the trap potential is cancelled and a high contrast (~ 30 %)
interference signal is observed for T = 58 ms (Fig. 2 (a)). When we increase the
time interval T to 97 ms (Vi = 10 Hz), an interference fringe is washed out
(Fig. 2 (b)). We attribute this contrast degradation to the external vibrational
noise which randomly modulates the optical phase of the Bragg pulses. Further
improvements in the vibrational isolation will allow to realize an interrogation

(2>

!

Bragg
pulse |0 hk>

[w2>

time of longer than 100 ms.

t

2hk)

Figure 1. A schematic diagram of the interferometer.
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Figure 2. Interference fringe signals for T = 58 ms (a) and T = 97ms (b).
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Wolfgang Ketterle: WHEN ATOMS BEHAVE AS WAVES: BOSE-EINSTEIN CONDENSA-
TION AND THE ATOM LASER, Nobel Lecture, 2001
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