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An effective method of accelerating Bose gases using magnetic coils
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Based on the experimental device which is a non-uniform magnetic field to trap an atom, we show how to obtain a
certain velocity of a Bose gas by controlling the magnetic coils. By comparing the relationship of the different current
supply and delay time versus the ultimate velocity of the atom, we theoretically predict the method of accelerating the gases
to an expected velocity. This method is of great convenience and significance for the applications in cold atom physics and

precision measurements.
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1. Introduction

The realization of Bose—FEinstein condensation (BEC) has
rendered studies of quantum phenomena at ultra-cold tem-
perature possible.

the fundamental research such as atomic interferometry,!!]
2]

It has become a very powerful tool in
Bragg diffraction,/”! atomic clock,**! and quantum phase
transition.®! For all these research areas, manipulating the ex-
ternal state of a cold atom, i.e., its momentum, is a key tech-
nique. So far, most of the experimental studies have been im-
plemented by accelerating atoms. In Ref. [6], Bragg diffrac-
tion that indicates the long-range coherence of BEC was stud-
ied by using a moving atom cloud. The condensate was accel-
erated and the transition from the pure super-radiant regime to
the Bragg scattering regime appeared. Bloch oscillations of
Bose—Einstein condensates with a certain velocity in the one-
dimensional optical lattice was observed in Ref. [7]. However,
the average velocity of the BEC was derived from the occu-
pation numbers of the different momentum states after a flight
time, which was not directly seen from the imaging picture.
There are several methods driving neutral atoms to move.
The usual way is using a pair of counter-propagating Raman
laser beams with a proper frequency difference to illuminate
atoms. The energy generated from the light frequency dif-
ference is absorbed and then transferred to the atom’s kinetic
energy. For driving atoms, complicated optical accessories
are applied to shift the light frequency and an additional light
path is needed. With two designed light pulses, which were
also produced by two counter-propagating light beams with
the same frequency, a BEC cloud can be split into several
momentum parts. However, pure momentum is impossible to
achieve by using this kind of pulse and strong light power is
necessary.!®! Here we present an approach to accelerate the
cold atoms to a certain velocity by utilizing a dynamic mag-
netic field. First we elaborate the interactions between neutral
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atom and magnetic field. Then by adjusting the parameters of
the magnetic system, we can control the acceleration of the
atom to an expected velocity. Our theoretical and experimen-
tal results agree well. Finally, we give the maximal values of
atom velocity with different conditions under this method, in
theory.

2. Experiment

The common procedure to generate a BEC is transform-
ing atoms that are in magnetic—optical traps (MOT) into mag-
netic trap. After loading the cold atoms into the magnetic trap,
evaporation cooling is used to remove the high kinetic energy
atoms. About one-thousandth of atoms can be kept which fi-
nally become the BEC. In our experiment, we use quadrupole
coils (anti-Helmholtz coils) and an Ioffe coil! to constitute
a quadrupole-Ioffe-configuration (QUIC) trap!'?! (Fig. 1). All
the coils are settled around an ultra-vacuum glass container on
a copper supporter that can be cooled by water. To prevent the
eddy current in the copper frame when being energized, some
crucial parts in the holder are fabricated with gaps.

The potential energy of atoms in the QUIC trap U (r,z)
can be written as

U(r,z) =Up+ %ma)rzrz—i— %ma)zzzz7 (1
where r is the radial direction, z is alone axial of the Ioffe coil,
and @, and w, are the radial frequency and axial frequency
in the QUIC trap, respectively. The BEC in such a gradient
magnetic field will be stressed by a force

F=-V(—pu-B)=-V(mpgrugB) = -V(ugB) (2)

for an atom in |F = 2,mp = 2) state, where U is the atomic
magnetic moment and B is the magnetic intensity in the trap-
ping area. When turning off the current in coils, the current is
not perfectly decreased to zero immediately but with a decay
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time. In principle, we can choose different decay times of the
currents in loffe and quadrupole coils to get a certain magnetic
field that can accelerate atoms by gradient force F'. If the cur-
rent in the Ioffe coil decays faster than in the quadrupole coil,
then the atoms will move in a region where the quadrupole
magnetic field has the major effect. In that case, atoms should
be projected towards to the center of the quadrupole trap.

quadrupole coils

e N

T
LA
N
T initial position of BEC
© R

z
Toffe coil

Fig. 1. (color online) The structure of the QUIC trap. The coils in or-

ange are the quadruople coil, which consists of two coils with the same

structure but inverse current (anti-Helmholtz coils), while the coil in

green is called the Ioffe coil. The blue dot shows the initial position of

BEC which is also the bottom of the static QUIC trap (zo = 8.025 mm).

With the force at direction z alone, the axial of the Ioffe
coill'3 is

9B(z(t),1)

F(z,t) = mZ(t) = —up 5

0 e 0 _
= —Up Iia—zﬁ(z)e '/T’+Iqa—zfq(z)e Y7l (3)

so we can get the expected atom velocity, where m is the
atomic mass, fi (fy), & (I3), and 7; (7q) are respectively the
structure function, driven currents, and decay time of the loffe-
type (quadrupole) trap.!'*! We achieved it by optimizing the
discharging loop of the current control circuit. When shutting
down the power supply system, the oscilloscope detected that
the quadrupole current I; and Ioffe current /; attenuate in a
pattern like exponent. The characteristic time of I; is approxi-
mately 66 us while I is 87 ps. In the whole process, there are
magnetic zero points, which will cause the abscondence of an
atom if approaching the points (Majorana transition). What we
can assure is that the response of an atom to the external field
is so retardant that most of the atoms are far from the bottom
of the trap. With our calculations, when the current in both the
Ioffe coil and the quadrupole coil is 21 A (f; = Iy = 21 A), an
atomic velocity of 1.7 mm-s~! (corresponding to 0.5%k) can
be achieved.

To make the trap work steadily, we need a stabilized
power supply or constant current source controlled by digital
or analogue signals. One of the advantages of the QUIC trap is
that the current normally required is merely 21 A, so the power
dissipation is merely 520 W, provided that the impedances of

the quadrupole coil and the Ioffe coil are 0.7 Q and 0.2 Q,
respectively. Using QUIC trap apparently makes the control
and cooling much easier compared to using other traps. The
power source is TAKASAGO’s GP 35-50R. It has two oper-
ating modes: a constant voltage mode, in which the stability
can reach 10~4, and a constant current mode, in which the sta-
bility can reach 103, We chose a constant voltage mode, and
adopted self-made circuits to control the current in both the
quadrupole coil and the Ioffe coil. By applying the negative
feedback system, the stability of the circuit can reach 1073,
In our experiment, we prepared a cigar-shaped BEC sam-
ple of 10° 8’Rb atoms in the quadrupole-Ioffe configuration
trap, of which the axial frequency is 20 Hz, the radial fre-
quency is 220 Hz and the quantum state is |F = 2,mp = 2).
Before releasing, the atoms stay still in the bottom of the
trap. Then we shut down the current of the QUIC trap that
leads a horizontal projectile motion of BEC. In order to detect
the location of atoms, after switching off the magnetic trap,
we imaged the expanding cloud at releasing time At by us-
ing resonant probe light propagating along the x axis. The
CCD camera!!®! recorded a slight movement from left to right
for approximately 3.67 wm within 1.8 ms, as well as an anti-
parabola distribution of the condensate with the radial length
vibrating periodically (Fig. 2). We study the atomic velocity
from the center of the distribution movement within a certain
time period Af. After measuring the locations of the atom at
different times, we can detect from (Fig. 3) that the atom, re-
gardless of its acceleration which is not prominent in early

time, travels in a constant velocity of 1.7 mm-s~.
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Fig. 2. (color online) The atomic number distribution in two dimen-
sions after 1.8 ms, described by optical density. The subplot in the fig-
ure collects the data from the digital picture (red line) and fits into the
anti-parabola distribution (green dash line and blue line) which indicate
the Bose—Einstein condensate. (1 pixel~ 6.8 um).

By using this method of accelerating cold atoms, we are
able to generate high enough atomic velocity theoretically.
There are several factors influencing how atoms run in the trap,
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which consequently contribute to the condition of the bottom
and its vicinity, thus determining how an independent (without
interaction) atom responds to the change of external field. We
compared the two eminent factors, the current supply and the
discrepancy of characteristic times of two parts of the coils.
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Fig. 3. (color online) The movement of atomic gas via different releas-
ing time At. The blue dots show the experimental results, and each dot
indicates the mean value of the data collected from the three repeated
experiments. The red line is the theoretical curve with our experimental
parameters as inputs, where [; = Iy =21 A, 7, = 66 us and 7q = 87 ps.

Firstly, we study the difference of coils’ current in both
the Ioffe coil and the quadrupole coil with a fixed decay time
(Fig. 4) (1000 ps for quadrupole, 1 us for Ioffe). From the
picture, we can sketchily see that the initial behaviors of the
velocity are mutually different and the final velocity of the
atom depends linearly on the current supply. The current only
changes the shape of the bottom linearly, derived from the lin-
ear relationship of the current and magnetic intensity. How-
ever, it is hasty to conclude that the linear relationship of the
final velocity and the current for the reactions of an atom are
not linear. Fortunately, we already know that an atom like Ru-
bidium responds so sluggishly that in the whole process, it is
far from catching up with the movement of the bottom. With
this approximation and the fugacity of the field, by judging the
initial effect posing to the atom, the final velocities linearly de-
pend on the current supply. With this condition at a maximal
current value of 30 A, a velocity of 357k can be achieved.
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Fig. 4. (color online) The relations of velocity and time with different
initial currents and with the same characteristic time of the Ioffe coil,
1 ps, and of the quadrupole coil, 1000 ps.

Then we calculate another situation. The current in both
the Ioffe coil and the quadrupole coil is 30 A with 7, =1 us.
By changing the characteristic time of quadrupole 7, , we
change the speed of the bottom of the trap. The initial ac-
celerations are identical for the four curves, which means this
factor does not affect the conduct at the beginning of shutting
down the power due to the fact that it does not change the in-
tensity but the position. Subsequently, this non-linear factor
results in disparate accelerations at the point of the atom ex-
perience and the times the velocities become asymptotically
flat. Unlike the first factor whose fives velocities almost end
up a constant simultaneously, a larger discrepancy of the two
characteristic times will exert a longer effect on the atom. The
red curve (74 = 0.5 ms) (Fig. 5) only experiences a millisec-
ond reaching only 157k, whereas the purple curve(7qy = 5 ms)
has a much larger velocity of 977k within 4 ms. Usually, it
is more convenient to take advantage of this factor to acceler-
ate atomic gases to an expected velocity. However, we should
carefully choose parameters of the current delay time in order
to make the accelerating duration time within a certain valid
time. As in the gravitational field, after 5 ms the atoms will
drop 123 um from the center of the magnetic trap, this calcu-
lation model would no longer simulate the real condition.
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Fig. 5. (color online) The relations of velocity and time sharing the
same initial current 30 A and the characteristic time of the Ioffe coil
1 ps, but with different characteristic time of the quadrupole.

3. Summary

In summary, we have both experimentally and theoreti-
cally studied the behavior of cold atoms in the magnetic trap.
As the QUIC trap is a common trap generating BEC, it is very
convenient to use this method without adding or changing the
coil. With the current control electric circuit, we can gener-
ate a low-noise rapid-response quadrupole-loffe configuration
trap. By using a different designed current delay time, that
leads to a gradient magnetic field, atoms can be accelerated to
an expected velocity. According to our calculations, an atomic
velocity of 977k can be achieved. In the subsequent experi-
ment, we accelerated atomic gases within 400 ms to reach to a
velocity of 0.32%k and observed a magneto-optical diffraction
of ultra-cold atom.!®! In that case, this method can be taken
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as an effective and convenient tool for moving BEC into the
QUIC trap.
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