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Optimal transport of cold atoms by modulating the velocity of traps”
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This work experimentally demonstrates a new method of optimizing the transport of cold atoms via modulating the
velocity profile imposed on a magnetic quadrupole trap. The trap velocity and corresponding modulation are controlled by
varying the currents of two pairs of anti-Helmholtz coils. Cold 8’Rb atoms are transported in a non-adiabatic regime over
22 mm in 200 ms. For the transported atoms their final-vibration amplitude dependences of modulation period number,
depth, and initial phase are investigated. With modulation period n = 5, modulation depth K = 0.55, and initial phase ¢ =0,
cold atom clouds with more atom numbers, smaller final-vibration amplitude, and lower temperature are efficiently trans-
ported. Theoretical analysis and numerical simulation are also provided, which are in good agreement with experimental

results.
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1. Introduction

The transport of cold atoms is highly important in the
experimental development in atomic physics. This process
benefits experiments that require delivery of cold atoms on
a set of experimental platforms separated by relatively long
distances.'*! Cold atom transport also enables new applica-
tions of cold atoms, such as the usage as scan-probes to detect
surfaces of several material structures.’! Moreover, the trans-
port of cold atoms itself is of significant interest, '] as numer-
ous phenomena accompanied by the transport still need to be
reasonably explained.

Many approaches have been used to realize the trans-
port of cold atoms. Neutral atoms have been transported by

8-141 Optical traps, such as optical

magnetic or optical traps.!
tweezers, are used by mechanically moving the lenses to move
the focal point®!'% or by moving lattices realized with two
counter-propagating beams.!'! Given the magnetic trap trans-
port, scholars can mechanically move the coil,?! vary the cur-
rents in a lithographic conductor pattern on the atom chip,’! or
use a conveyor belt that can be seen as a chain of magnetic trap
dots.*! In addition, the transport of ions in linear Paul traps!'*!
and an array of Penning trapsl®! have been realized.

Usually, scholars choose a sufficiently slow and adiabatic
transport!®!1%17] that is simple to realize without exciting the
oscillation mode of the transported atom cloud mass center.
However, in magnetic transport, the adiabatic process takes
such a long time at a high energy cost. The long time required
for the current to generate the magnetic trap sometimes results

in unnecessary heating, which may induce magnetic field fluc-
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tuation and decoherence of ultra-cold atoms. In addition, adi-
abatic transport is impractical in many research studies, i.e.,
experiments must be completed in a short time in fast quan-
tum information processing.'®!°! Considering the disadvan-
tages of the slow, adiabatic approach, several theoretical and
experimental studies on non-adiabatic methods have achieved
fast, easy, and effective transport of cold atoms comparable to
the ideal result of adiabatic transport [6:7-20-22]

In this paper, non-adiabatic transport of cold atoms is
investigated, and a lossless, fast transport with a final state
close to the initial one is attempted. This method requires
the transport to bring minimal heating as well as not to cause
final vibration of the transported atoms mass center. Previ-
ous studies'®! report on some key factors that play important
roles in avoiding these conditions. These factors include the

1071 and trans-

velocity profile imposed on the transport trap,
port duration.

This study proposes to modulate the velocity profile im-
posed on the transport trap and experimentally demonstrates
the proposal to optimize non-adiabatic transport of cold atoms.
The rest of the present paper is organized as follows. In Sec-
tion 2 a basic model for a transport process is introduced, and
the amplitude of final vibration after the transport is analyzed
to be the Fourier transform of the velocity profile. Two trans-
port examples are compared, namely, using the velocity profile
with and without modulation. The advantages of modulating
the velocity profile are discussed in detail. In Section 3 the ex-
periment is introduced and the results are discussed. An opti-
mal transport of the cold 8’Rb atoms is obtained by modulating
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the velocity profile. The final-vibration amplitude dependence
of the modulation parameters is also investigated. In Section 4
some conclusions are drawn from the present study.

2. Theory

2.1. Basic model

Assume that a neutral atom is being transported in one
dimension by a magnetic trap potential, and let X denote the
atom coordinate in the laboratory frame. The transport starts
at time ¢ = 0 and ends at = 7T'. Thus, the Newton’s equation
of motion!?! is

mX (1) =F, (1)

where m is the atomic mass, and F is the force generated by

the inhomogeneous magnetic field given by

. aEB(X,I)
F=—"x @

The above equation simply deals with a one-dimensional case.
Egp(X,t) is the potential energy of a neutral atom with mag-

netic moment g in a magnetic field B(X,¢), and expressed as
EB(th):_u'B(Xat)' (3)

According to quantum mechanics, the projection of p on
B (X,t) has discrete values given by mp, which is the quantum
number of the component along the magnetic field direction
of the total angular momentum F' = I + J. Here, I is the
nuclear spin, and J is the total electron angular momentum.

Therefore, the potential energy is
EB(Xat):gFmF“B|B(Xat)|7 (4)

where Up is the Bohr magneton, and gr is the Landé g-factor.
For a magnetic harmonic trap, the force is

F=—-mad[X(1)—X.(1)], (5)

where X; (¢) is the trap center coordinate in a laboratory frame,
and y is the frequency of the magnetic harmonic trap along
the transport direction, and expressed as

o =1/Ep" ©
m

A magnetic quadrupole trap is used as the transport trap
with a frequency that can be estimated as done in Ref. [24].
For simplicity, the transport trap is considered as a harmonic
trap. Therefore, atom transport by a harmonic trap can be de-

scribed by the motion equation,

X (t)+dX (1) = of X (7). (7)

An arbitrary solution of this kind of differential equation
with the initial condition X (0) = 0, X (0) = 0 can be given by
t
X(t)= coo/ X (') sin[ax (1 —1")] dr'. 8)
0

A velocity profile V, (), used as a function of time, is im-

posed on the transport trap
Ve(t)=Xe (1) =ve (t)[h(t) —h(t—T)]. 9)

The unit step function A(¢) determines the transport duration
fromt=0tot =T,

1, t>1,
h(t_to):{o t<tg.

The trap velocity is zero before transport starts (f < 0), as well

(10)

as after the transport has ended (¢t > T'). During the transport
(0 <t < T), the velocity profile V. (¢) changes into function
ve (1).

Assuming that the initial position of the trap center is

X. (0) = 0, equation (8) can be simplified into

X (t) =X (1) —/Ot Ve (') cos [ax (r—1)]de’. (1D)

After the transport, the trap is kept on, and the final vibra-
tion of the atom (r > T) is defined as

s(HH)=X(t)—X. (1), t >T. (12)
Therefore,
T
S(t)=—/ Ve (t')cos [ap (t—1')]de', t>T. (13)
0

The final vibration s(¢) describes the atom oscillating
around the trap center with the frequency of @y. The s(¢) can
be expanded into the following form to infer the amplitude of
the final vibration:!"!

s(t) = —cos(a)ot)/(;T Ve (') cos (axt") dr’

T
— sin (axr) / Ve (') sin (o) d’
0
= Cjcos (apt) + C, sin (ayt)
= Acos|ay(t—T)+er], t>T. (14)

Here,
T
C=- / Ve (') cos (o) dr',
J0
T
C=- / Ve (') sin (o) dt’. (15)
0

The final-vibration amplitude after the transport is

A=\Jcr 4, (16)
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and the phase ¢r att =T obeys
Ci

\/C2+C3

G

sin(oT — @r) = ————.
\/CI+C3

Considering the property of the velocity profile shown in
Eq. (9), C; and C; defined by Eq. (15) can be rewritten as

~+oo
Ci=— [ Vet cos (at')ar'

cos (T — @r) =

a7

Cr=— / ” Ve (¢') sin (oot) dt'. (18)

Thus, the final-vibration amplitude and phase can be expressed
as

)

A=|FVe(t)]la,
or = T — L F [V ()]

oy — 7 (19)

where .7 [V, (¢)] is the Fourier transform of the velocity profile
Ve (t),ie, Z Ve ()] = [T2Ve(t) e ®dr.

We must keep the final-vibration amplitude as small as
possible to obtain a final state close to the initial one. The final-
vibration amplitude Ais not the distance between the atom and
the trap center at t = T, expressed by s(7) = X (T') — X (T).
The value of A in Eq. (16) would be zero if and only if C; =0
and C; = 0. From Eq. (14), when the phase part ¢r happens
to be (N+1/2)m (N is an integer), the distance s (7') would
be zero, whereas A would still exist. Equations (11) and (13)
indicate that the atom would not exactly follow the center of
the harmonic trap, and would instead oscillate around the trap
center during transport. At the end of the transport, the atom
may stay in the trap center, and as such, retain velocity. In such
a case, after the trap stops, the atom still oscillates around its
center. Only when the atom stays in the trap center with zero
velocity, will its oscillation stop. The velocity profile with a
low or zero amplitude of @y component will be a good choice

for non-adiabatic transport.

2.2. Example: using a square velocity profile

Assume that the frequency of the harmonic trap wy =
27w x 16 Hz, transport distance L = 22 mm, and duration
T = 200 ms, the square velocity profile will be written as a
function of time (shown in Fig. 1(a)):

L
Ve(r) = 2 Ih() —h(e—T)], 20)
where v, (1) = L/T is a constant.
The frequency properties of the velocity profile (shown
in Fig. 1(b)) provide information about the final-vibration am-

plitude. The frequency component @y = 27 x 16 Hz has a

relatively large magnitude. Thus, according to Eq. (19), the
final-vibration amplitude brought about by the square velocity
profile will be as large as 0.5 mm.

The motion trajectory of the atom (Fig. 1(c)) directly
shows the vibration. Equation (7) is numerically simulated
using the velocity profile expressed in Eq. (20). The initial
condition is set to be X (0) =0, X (0) = 0, and X, (0) = 0.
After transport, the trap velocity becomes zero, and the trap
is kept on for 200 ms. Thus, the total simulated time is
tf = T +200 ms. The square velocity profile imposed on the
transport trap causes a large final-vibration amplitude.
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Fig. 1. (color online) (a) Square velocity profile imposed on the trap; (b)
magnitude part of the Fourier transform for the velocity profile; (c) sim-
ulation for the motion trajectory of the atom and trap center. The dashed
and solid lines represent the motion trajectories of the trap center X (¢)
and the atom X (¢), respectively. Transport distance L = 22 mm,; trans-
port duration 7' = 200 ms; trap frequency wy =27 x 16 Hz.

From Fig. 1(b), the amplitude curve has some zero val-

ues. The trap frequency with zero amplitude can be chosen to
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obtain fast transport without final vibration. Similarly, special
transport duration may be chosen. However, the curve around
those zero points would be very sharp, indicating that this kind
of transport is highly sensitive to the trap frequency or trans-
port duration. A small fluctuation in the magnetic field would
cause a large vibration. Keeping trap frequency constant is
difficult in experiments, and thus, this kind of transport would
cause splitting of the cold atom cloud and bring in a significant

heating effect.

2.3. Example: modulating the velocity profile

The velocity profile with modulation is used to lower the

final-vibration amplitude with frequency component @y

Velt) = ; {lJrKcos (2’;’”+<p>} h(t) —h(t —T)],
n=1,23,....,0<K<1, —n<o<m), (21)

ve(t) = % [H—Kcos (27;m+¢)],

L is the transport distance, T is the transport duration, K is

where

the modulation depth, ¢ is the initial phase of the modulation,
and 7 is the period number of cosine modulations added to the
velocity profile. The n is kept as an integer to ensure that the
integration of velocity over the transport duration is the trans-
port distance L.

Assuming that the transport is done under the same con-
dition as those in Subsection 2.2, except for the modulated
velocity profile (shown in Fig. 2(a)), figure 2(b) shows the
frequency components of the velocity profile. Obviously, the
magnitude of the frequency component (wy = 27 x 16 Hz) is
successfully lowered to 0.02 mm upon adding four periods of
cosine modulation with depth K = 0.55 and initial phase ¢ =0
(shown in Fig. 2(a)). According to Eq. (19), the final-vibration
amplitude is lowered.

Figure 2(c) directly shows the reduced final-vibration am-
plitude through velocity profile modulation. Equation (7) is
numerically simulated using the velocity profile expressed in
Eq. (21) with K = 0.55, ¢ =0, and n = 4 (shown in Fig. 2(a)).
The initial condition is set to be X (0) = 0, X (0) = 0, and
X.(0) = 0. The numerical simulation is in good agreement
with the frequency analysis: by modulating the velocity profile
imposed on the trap, the atom has a very small final vibration.

Figure 2(b) shows the curve having a flat area where am-
plitude is nearly zero. The transport of cold atoms with a mod-
ulated velocity profile is insensitive to trap frequency or trans-
port duration. Due to the appealing property of this method,
the heating or splitting of the cold atom cloud during transport

in a magnetic quadrupole trap may be avoided.

Final-vibration amplitude depends strongly on these
modulation parameters: depth, initial phase, and period num-
ber (shown in Fig. 3). These parameter effects are con-
sidered in the numerical simulation. Figure 3(a) infers the
final-vibration amplitude dependence of the modulation pe-
riod number n, keeping K = 0.55, ¢ = 0. The n=0 means
that the velocity profile without modulation is used. Similarly,
figure 3(b) (Fig. 3(c)) shows the final-vibration amplitude de-
pendence of the modulation depth (initial phase of modula-
tion). When adding four periods of cosine modulation with
K =0.55 and ¢ = 0, the amplitude final-vibration amplitude

is the smallest value (see points A, B, and C in Fig. 3).
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Fig. 2. (color online) (a) Velocity profile with modulation; (b) magni-
tude part of the Fourier transform for the velocity profile; (c) simulation
for the motion trajectory of the atom and trap center. The dashed and
solid lines show the motion trajectory of the trap center X, () and the
atom X (r), respectively. The conditions are the same as those in Subsec-
tion 2.2, except for the velocity profile with modulation depth K = 0.55,
initial phase ¢ = 0, and the period number of cosine modulation n = 4.
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Fig. 3. Numerical results for final-vibration amplitude. (a) Amplitude
dependence of modulation period number n, with K = 0.55 and ¢ = 0;
(b) amplitude dependence of modulation depth K, with n =4 and ¢ =0;
(c) amplitude dependence of modulation initial phase ¢, with n =4 and
K =0.55.

2.4. Discussion

The final-vibration amplitude of transported atoms be-
comes small through several methods, such as adiabatic trans-

8,16,17

port with long transport duration 7. I However, some

disadvantages cannot be avoided, including impracticality

(8191 Another way is to choose a spe-

in some experiments.
cial transport trap frequency @y or transport duration 71° to
achieve fast transport without final vibration. When using a
different method, the trap frequency should be highly stable
during the transport, because the curve is very steep around
the zero points (shown in Fig. 1(b)), and therefore sensitive
to transport duration or trap frequency. In experiments, this
method would cause the splitting of a cold atom cloud and
bring about a significant heating effect as mentioned earlier.

Modulating the velocity profile to obtain a small final-

vibration amplitude is especially appealing when the transport
trap frequency is not rigid, for example, a magnetic quadrupole
trap. Figure 2(b) shows that the curve is very flat around the
trap frequency @y. In other words, the amplitude remains very
small in a large area in the frequency domain around @y. This
indicates that a small variation in trap frequency would not
cause a large final-vibration amplitude. Another advantage of
the proposed method is that the transport duration should be
invariable in some experiments;>! by modulating the velocity
profile, the final-vibration amplitude of transported atoms can
be lowered without changing the transport duration.

3. Experiment
3.1. Experimental setup and process

Cold 8Rb atoms are experimentally transported under
nearly similar conditions with the previous numerical simula-
tion, to demonstrate that modulating trap velocity can be used
to optimize the transport of cold atoms. The target distance is
L =22 mm, and the transport duration is 7 = 200 ms. Figure 4
shows the major experimental setup in this work. Two pairs of
anti-Helmholtz coils, MOT, and transfer coil pair, partly over-
lap. The centers of these coil pairs are vertically separated by
40 mm. Cold atoms can be transported along the gravitational
direction. The currents of the two coil pairs are varied to move
the magnetic quadrupole potential trap. The velocity profile
imposed on the trap is modulated as expressed in Eq. (21). An
optimal condition for transport is obtained through the varia-
tions of modulation parameters.

vacuum chamber

g\

MOT coils

transfer coils

Fig. 4. (color online) Schematic plot of the experimental setup.

The frequency of the quadrupole potential trap is esti-
mated by the method used in Ref. [24]. As stated, a cloud
of size r is assumed to be in a linear potential with gradient
B’. Then, the cloud would be confined to the same size in a
parabolic potential with a curvature of B’ /r. An effective cur-
vature of linear confinement is defined as B = B, ; /r, and
the effective trap frequency is defined as @er = /UBL/m.
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In the experiment, frequency varies with transport distance in-
creasing. The trap depth in the transport process is in a range
from 6 mK to 10 mK. Concurrently, the frequency is 27 x 9 Hz
at the beginning of the transport process, and 27 x 19 Hz at the
end. The average frequency of the trap over the distance from
0 mm to 22 mm is 27 x 16 Hz.

The transport of cold atoms is conducted as follows. First,
a typical MOT setup is used to produce cold atoms. Then,
polarization gradient cooling is performed by turning off the
magnetic trap, reducing the power intensity, and linearly in-
creasing the detuning of MOT beams. After that, the atoms are
optically pumped into |F =2 mp = 2) state of ground level
5781, with the bias field 4 Gs (1 Gs=10"* T). Next, the mag-
netic potential trap is switched on with a radial gradient of
20 Gs-cm ™! for 7 ms to load the atoms into the quadrupole
trap and start the transport. Afterward, the number of loaded

3 and

atoms is about 6 x 10° with a density of 1.7 x 10 mm~
the temperature of the cold atom cloud is about 130 uK. A
modulated velocity profile with different parameters is used to
move the magnetic quadrupole potential trap downward over
a distance of 22 mm from the MOT center.

Standard fluorescence imaging technique is used on a
charge-coupled device camera to record the images of the cold
atom cloud. When the magnetic quadrupole trap is turned off
at the end of the transport, a circularly polarized laser pulse
is used as the probe light with an intensity of 2.4 mW -cm 2
and a duration of 1 ms. The laser pulse is red-detuned by
13 MHz compared with the pulse from the 5%S; n(F=2)—
5°P, /2 (F" = 3) transition. For each image, the transport pro-
cess is conducted once due to the destructive imaging process.
The scope of the atom cloud is specified within e ! folding the
highest fluorescence intensity for calculating the atom number.
The time-of-flight probing technique is used for temperature
measurement. For the final-vibration amplitude of the trans-
ported atom mass center, the trap is kept on and the position of
the atom cloud mass center is measured every 5 ms from 0 ms
to 50 ms by recording a set of images after the transport for
different modulations.

3.2. Results and analyses

Figure 5 shows the results of the present experiment. The
final-vibration amplitude dependences of modulation period
number, depth, and initial phase are investigated through ex-
periments. In Fig. 5(a), n = 0 means that the velocity profile
is applied without modulation. The experimental results are
in good agreement with the numerical simulations. Using the
velocity profile without modulation causes the atom mass cen-
ter to vibrate with amplitude equal to 1.16 mm. When mod-
ulating the velocity profile with period number n = 5, depth
K = 0.55, and initial phase @= 0, the final-vibration ampli-
tude is lowered to 0.46 mm. The final-vibration amplitude

provides information about heating and excitation caused by
the transport. A small amplitude implies an efficient transport
with lower atomic temperature and larger atomic number. Fig-
ure 6 shows the atomic temperature and number dependence
of the modulation period number.
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K=0.55, ¢ =0
g 24f b
&
~
]
e}
g 1.6 b
2,
g /I/I\L
< 08f
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9% 2 4 6 8 10
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£ 20r
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g
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0.5

—-1.0

p/m
Fig. 5. Measured final-vibration amplitudes. (a) Amplitude dependence
of modulation period number n, with K = 0.55 and ¢ = 0; (b) amplitude
dependence of modulation depth K, with n =5 and ¢ = 0; (c) amplitude
dependence of modulation initial phase ¢, withn =5 and K = 0.55.

In Fig. 6, in the absence of modulation, the transported
atom number is about 3.5 x 10 and the temperature is about
330 pK. When adding modulation with period number n =
5, depth K = 0.55, and initial phase ¢= 0, the transported
atom number is about 4.5 x 10 and temperature is as low as
190 pK. In the experiment, the number of loaded atoms before
transport is about 6 x 10, with temperature about 130 uK.
Thus, by modulating the velocity function, efficiency increases
from 58% to 75%, whereas the temperature reduces from
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330 uK to 190 ukK.
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Fig. 6. (color online) Measured dependences temperature of transported
atoms (a) and atom number (b) on modulation period number, with the
modulation depth K = 0.55 and initial phase ¢= 0. Here, n = 0 means
that the transport uses the velocity profile without modulation.

The experimental results are slightly different from the
numerical simulations, showing that the final-vibration ampli-
tude is the smallest when adding modulation with period num-
ber n =4, depth K = 0.55, and initial phase ¢= 0 modulation
on the velocity profile. However, the values n =5, K = 0.55,
and ¢= 0 are used in the experiment. This may be caused by
changing the trap frequency in the transport process. The trap
frequency is rigid in the simulation but changing in the ex-
periment. Moreover, a harmonic trap is used in the numerical
simulation, but a magnetic quadrupole trap is used in the ex-
periment. Transport with a modulated velocity profile success-
fully lowers the final-vibration amplitude as it is insensitive to
trap frequency.

4. Conclusions

In this work a non-adiabatic transport of cold atoms in a
magnetic quadrupole trap is optimized by modulating the ve-
locity of the trap potential. When selecting a proper modula-
tion period n, depth K, and initial phase ¢, the final-vibration
amplitude should remain very small over a large range in the

frequency domain. Thus, the heating effect is reduced. Sev-
eral special transport durations!® are chosen to obtain a non-
adiabatic transport without final vibration. However, this kind
of transport, free of modulation, is sensitive to trap frequency
or transport duration, because its amplitude curve around each
of the zero points is very sharp. This may cause splitting of
the atom cloud and lead to a significant heating effect. Opti-
mizing transport by modulating the trap potential velocity can
avoid such problems as it is insensitive to the trap frequency
or transport duration. This method works not only in experi-
ments where a magnetic trap is used to transport cold atoms,
such as a magnetic quadrupole trap, but also in experiments
using an optical trap.
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