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Direct loading of atoms from a macroscopic quadrupole magnetic
trap into a microchip trap*
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We demonstrate the direct loading of cold atoms into a microchip 2-mm Z-trap, where the evaporative cooling can
be performed efficiently, from a macroscopic quadrupole magnetic trap with a high loading efficiency. The macroscopic
quadrupole magnetic trap potential is designed to be moveable by controlling the currents of the two pairs of anti-Helmholtz
coils. The cold atoms are initially prepared in a standard six-beam magneto-optical trap and loaded into the macroscopic
quadrupole magnetic trap, and then transported to the atom chip surface by moving the macroscopic trap potential. By
means of a three-dimensional absorption imaging system, we are able to optimize the position alignment of the atom cloud
in the macroscopic trap and the microchip Z-shaped wire. Consequently, with a proper magnetic transfer scheme, we load
the cold atoms into the microchip Z-trap directly and efficiently. The loading efficiency is measured to be about 50%.
This approach can be used to generate appropriate ultracold atoms sources, for example, for a magnetically guided atom

interferometer based on atom chip.
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1. Introduction

Atom chips!!=# are very promising tools for the pre-
cise control and manipulation of ultracold atoms. By apply-
ing modest electric currents on the chip wires, large mag-
netic field gradients and curvatures can be produced in close
proximity to the chips.’! A variety of trapping,'®! guiding,!”!
transporting, (¥ and the evaporative cooling!®~!!! of cold atoms
have been realized on the atom chips. The atoms can be
cooled to hundreds of nK after evaporative cooling. And
the ultracold atoms are ideally suited for high precision mea-
surement experiments, such as atomic clocks!'?l and atom

interferometers, 13-14]

as well as quantum statistics studies in
Bose—Einstein condensate (BEC)!*1%:15] and related degener-
ate phenomena. In addition, the ultracold atoms held in close
proximity to the chip surface are versatile probes for the atom-
surface interactions such as the Casimir—Polder interaction, [1¢]
local magnetic fields,!!”! and current flow irregularities. '8!

In order to prepare the ultracold atoms, a large number
of cold atoms are required to be loaded into a small-volume
microchip trap, where the evaporative cooling can be per-
formed efficiently. A typical method is that the atoms are
firstly cooled and trapped in a standard six-beam MOT, then
magnetically transferred close to the chip surface, and then

15,19

loaded into the small-volume microchip trap.!'>1°! However,

various complex transfer wire configurations!'’! or interme-
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diate magnetic traps!!>?°1 are often required during loading
the atoms from the macrocopic magnetic trap into the small-
volume microchip trap. Therefore, we develop an approach
of directly loading cold atoms from a macroscopic quadrupole
magnetic trap into a 2 mm-scale microchip Z-trap. Since the
evaporative cooling can be performed efficiently in the 2 mm-
scale microchip Z-trap even to achieve BEC as shown in the
literatures. [%-12%]

In this paper, we report a direct loading of cold 3’Rb
atoms into a microchip 2 mm-scale Z-trap from a macroscopic
quadrupole magnetic trap (QMT) with a high loading effi-
ciency, and the evaporative cooling in the Z-trap is estimated
to be highly efficient. The cold atoms are loaded into the mi-
crochip Z-trap by switching the trapping potential from the
macroscopic quardrupole potential to the microscopic chip po-
tential gradually, instead of using an additional intermediate
magnetic trap. The cold 3’Rb atoms are prepared in a standard
six-beam MOT firstly, and then loaded into the initial QMT
generated by the MOT coils. Then the atoms are moved verti-
cally with the quadrupole magnetic field minimum towards the
position near the chip surface, and the detailed process can be
seen in our previous work.>3! By switching the trapping po-
tential from the macroscopic quardrupole potential to the mi-
croscopic chip potential, the atoms are directly loaded into the
microchip 2 mm-scale Z-trap from the final QMT. In addition,
we use a three-dimensional absorption imaging system com-
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bining a grazing incidence imaging setup and an orthogonal-
angle-of-incidence imaging setup to precisely optimize the po-
sition alignment between the atom cloud and the chip Z-trap.
It is beneficial for improving the atom loading efficiency of the
microchip Z-trap.

2. Experimental setup and procedure

The experimental setup is illustrated in Fig. 1, and it is
based on a single chamber vacuum system. A quartz glass cell
of inner size 30 mm x 30 mm X 120 mm is connected with
a 40 /s ion pump, a titanium sublimation pump, and elec-
trical feedthroughs. The vacuum is maintained at a pressure
of approximately 1x 1073 Pa. The atom chip has dimensions
of 14 mmx 18 mm, and consists of a 0.25 mm thick silicon
dioxide substrate and a 6 pm thick deposited gold layer. To
facilitate heat dissipation, the chip is embedded in a copper
block. The gold wire pattern of the chip surface is made by
the standard photolithographic and electroplating techniques.
The leads of the chip wires are connected to the electrical
feedthroughs. As shown in Fig. 1(b), the main part of the
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chip wire pattern includes a Z-shaped wire and a concentric
isometric three-ring wire. And the central part of the Z-shaped
wire has a length of 2 mm. With an external bias field By,
the Z-shaped wire can be used to produce a 2 mm-scale Z-
trap, which is an loffe—Pritchard-type magnetic trap. Figure 2
shows the magnetic potentials created by the Z-shaped wire
carrying a current of 3.5 A with three different values of the
external x-bias magnetic field: 1.2 mT, 3.5 mT, 6.5 mT, which
are the three extreme values used in the experiment. The
concentric isometric three-ring wire is used for the toroidal
waveguide!?*?3! of the ultracold atoms for future experiments.

We use two pairs of partly overlapping anti-Helmholtz
coils, which are the MOT and transfer coils, respectively,
to transport the atoms from the MOT center to the chip
surface.?°-281 The center of the MOT coils is located at 28 mm
below the chip surface so that the atom chip does not hinder the
six-beam MOT configuration. The QMT can be moved verti-
cally towards the chip surface by increasing the currents in
the transfer coils while keeping the currents in the MOT coils
constant. We use the three-dimensional printing technology to
make the nylon skeleton for the coils, which can eliminate the
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Fig. 1. (color online) Experimental setup. (a) The atoms are captured in a standard six-beam MOT which is 28 mm below the atom chip surface, and
then magnetically transported close to the atom chip by the MOT and transfer coils. (b) The main part of wire pattern on the atom chip concludes a
Z-shaped wire (black line) and a concentric isometric three-ring wire (grey line). Only the Z-shaped wire is used in the present experiment.
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Fig. 2. (color online) (a) The contour map of the magnetic field through the microchip Z-trap center when I, = 3.5 A, Bypias = 1.2 mT
in the plane of z = 0.5 mm. The red dashed wire presents the chip Z-shaped wire. The magnetic field distribution through the microchip
Z-trap center along the y-axis (b) and the z-axis (c), when I, = 3.5 A, and B,pips = 1.2 mT, 3.5 mT, 6.5 mT respectively.
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effect of eddy currents that is always an intractable problem for
the traditional metal skeleton. In addition, there are also three
pairs of Helmbholtz coils (not shown in Fig. 1(a)) which are
used to generate the homogeneous bias magnetic fields Bypias,
Bybias» and Bipias.

The whole experimental procedure mainly consists of
three stages, the MOT loading stage, the QMT transport stage,
and the microchip trap loading stage. The time sequence is
shown in Fig. 3.

QMT QMT ZMT  ZMT ZMT
loading  transferring loading holding compressing
Ivor \
Teranster /\
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40 ms 160 ms 20 ms 100 ms

Fig. 3. Time sequence of the atom transport process from the QMT into
the chip Z-trap. The ZMT denotes the chip Z-trap.

Initially, the 8’Rb atoms are cooled and trapped in the
standard six-beam MOT located at 28 mm below the chip
surface. The cooling beam is red detuned 12 MHz from the
F =2 — F’ = 3 resonant transition of the 8’Rb D, line. The
beam density of each cooling beam is 18 mW/cm? and the
beam diameter is 7.5 mm (1/e?). The repumping beam is cou-
pled to the cooling beams and the laser power is 5 mW, with
the beam diameter of 7.5 mm (1/e?). In order to realize ef-
ficient loading of atoms into the MOT as well as ultra-high
vacuum for a long lifetime in a magnetic trap, we use the light
induced atom desorption (LIAD) technique.?>3% During the
MOT loading phase, the UV LEDs are switched on to tem-
porarily increase the rubidium pressure. We collect about 1
x 108 cold atoms after a time of 3—4 s. After loading the atoms
into the MOT, the UV LEDs are turned off and the atoms are
held in the MOT for 3 s to recover the ultrahigh vacuum in the
glass cell.

After the MOT loading stage, the atom cloud is com-
pressed within 30 ms. The cooling laser red detuning is in-
creased to 32 MHz and the repumping power is reduced to
1 mW, meanwhile the quadrupole field gradient is increased
from 1.4 mT/cm to 4.0 mT/cm. Then we perform a polariza-
tion gradient cooling (PGC) process to further cool the atoms
within 6 ms. We turn off the currents in the MOT coils, in-
crease the cooling laser red detuning to 72 MHz, and decrease
the power of the cooling laser beams to 10 mW simultane-
ously. The temperature of the atom cloud is about 20 uK after
the PGC process. And then the atoms are optically pumped
into the |F = 2, mp = 2) hyperfine ground state. After that,
the magnetic field gradient of the MOT coils is increased to

7.3 mT/cm, and the atoms are loaded into the initial QMT pro-
duced by the MOT coils. The number and temperature of the
atoms in the QMT are N ~ 7 X 10°and T =110 pK, respec-
tively.

Then, in the QMT transport stage, the trapped atoms are
moved vertically with the magnetic field minimum from the
MOT center towards the atom chip surface within 160 ms by
increasing the currents in the transfer coils to 26 A linearly
and keeping the currents in the MOT coils constant. Simul-
taneously, the x-bias magnetic field is increased to Bypias1 lin-
early in the last 50 ms to align the quadrupole trap center with
the chip Z-trap center. During the transport process, the atom
cloud is compressed gradually, and no obvious loss of atoms is
measured. The atom cloud is transferred to about 0.5 mm be-
low the chip surface eventually. The number and temperature
of the atoms in the final QMT are N ~ 7 x 100 and T = 120 uK,
respectively. The Gaussian radius of the atom cloud is 700 um
in the x-axis and z-axis, and 500 um in the y-axis.

At last, we perform the microchip Z-trap loading after the
cold atoms are transferred close to the chip surface. Within a
certain loading time #y, the currents in the MOT and transfer
coils are linearly reduced to 0 A, the x-bias magnetic field is
ramped from Bipias1 t0 Bybias2, and the current of the chip Z-
shaped wire is increased to 3.5 A linearly. Thus, the trapping
potential is switched from the macroscopic quardrupole po-
tential to the microscopic chip potential gradually. As a result,
the atoms are loaded into the microchip Z-trap directly.

In order to illustrate the feasibility of the atom load-
ing scheme of the microchip 2 mm-scale Z-trap, we cal-
culate and analyze the magnetic field distribution at differ-
ent step in the loading process. We set Bypias = 0.3 mT,
Bpiasy = 1.2 mT. B (t) = (03 +09ﬁ) mT, Iz(l‘) =358 A,
IMOT(I) = 16(1 —B) A, Itransfer(t) = 26(1 —ﬁ) A when the
time ¢ = Bty (0 < B < 1), and ¢y is the loading time interval.
As shown in Fig. 4, during the loading process, as the time ¢
increases, the magnetic trap is tighter and tighter, and the trap
bottom is raised up gradually. Therefore the atom cloud can
be compressed and transferred into the microchip Z-trap from
the final QMT gradually. And the loading efficiency can be
estimated to be high. The position fluctuation of the magnetic
trap center is negligible since it is less than 80 um and much
smaller than the mm-scale of the atom cloud.

The atom cloud in either the macroscopic QMT or the mi-
crochip Z-trap is monitored by a three-dimensional absorption
imaging system, which combines a grazing incidence imaging
setup and an orthogonal-angle-of-incidence imaging setup, as
shown in Fig. 5. The two probe beams are both locked to
the F = 2 — F’ = 3 resonant transition of the 8’Rb D, line.
In the grazing incidence imaging setup, a probe beam reflects
from the chip surface with an angle 8 = 6°. The grazing in-
cidence imaging setup gets two images, and their separation
d can measure the distance h of the atoms from the chip sur-
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face along the z-axis: h =d/(2ncos @), and n= 0.7 is the im-
age magnification. The orthogonal-angle-of-incidence imag-
ing setup provides the location of the atom cloud relative to
the wire structures on the chip in the x-axis and y-axis. The
three-dimensional absorption imaging system can be used to
check and optimize the position alignment of the atom cloud
trapped in the final QMT with the microchip Z-trap, which
can significantly improve the atom loading efficiency of the
chip Z-trap.

2.0 T T T T T

Magnetic field/mT

Magnetic field/mT

272 273 274 275 27.6 27.7 278
z/mm

Fig. 4. (color online) (a) Plots of the magnetic field minimum along x-axis
(a) and z-axis (b) illustrating the transformation of the final QMT into the
microchip Z-trap, where 8 is 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1, respectively.

atom chip

<«—probe beam II

L.

Fig. 5. (color online) Sketch of the three-dimensional absorption imag-
ing system (not to scale).

3. Experimental results and discussion

The atom loading efficiency of the microchip 2 mm-scale
Z-trap from the final QMT is influenced by the position devia-
tion between the centers of the atom cloud trapped in the final

QMT and the chip Z-trap. The number of atoms loaded into
the microchip Z-trap can be approximately estimated to be the
atom density times the overlapped volume of the two traps.
The scale of the atom cloud is larger than the scale of the mi-
crochip trap, especially in the x-direction and z-direction. The
scale of the chip Z-trap is 2 mm in the y-direction (also shown
in Fig. 2), and the change of the overlapped volume of the two
traps can be ignored when the y-bias magnetic field Bypias is
changed. Therefore we mainly adjust the position alignment in
the x and z directions precisely in order to maximize the atom
number in the chip Z-trap. The optimized way we adopted
is changing the B,piss1 in the QMT transferring process and
Bipias2 1n the chip Z-trap loading process (ZMT process). The
former can optimize the position alignment in the x direction
and the latter can optimize it in the z direction.

The atom cloud trapped in the final QMT is detected by
the orthogonal-angle-of-incidence absorption imaging system.
The absorption images of the atom cloud are shown in the
Figs. 6(a)-6(c) when Bypias1 is 0 mT, 0.3 mT, and 0.525 mT,
respectively. We can see that the chip Z-trap is right above
the center of the Z-shaped wire in Fig. 2 (a), so we only need
to optimize the position deviation between the centers of the
atom cloud trapped in the final QMT and the chip Z-shaped
wire in the x-axis and z-axis. From Figs. 6(a) and 6(c), we
can see that the atom cloud obviously deviates from the cen-
ter part of the Z-shaped wire in the x direction. And the atom
cloud is aligned to the Z-shaped wire when Bipias1 is 0.3 mT,
as shown in Fig. 6(b). When B,i,s applied in the chip Z-trap
loading process is 1.35 mT, the number of atoms loaded into
the chip Z-trap changes with Bypiss1, as shown in Fig. 6(d).
Each data point is the average of five separate measurements
and the error bar equals one standard deviation. The optimum
atom number can reach 3.5 x 10® when Bypias) is 0.3 mT, which
proves that the atom cloud is aligned to the chip Z-trap center.

The dependence of the atom number in the chip Z-trap on
Bipias2 18 shown in Fig. 7. Changing the x-bias magnetic field
B,pias2 in the chip Z-trap loading stage would change the z-axis
location of the trap center, the trap volume and trap depth of
the chip Z-trap. The dashed line in Fig. 7 represents the cal-
culated distance between the chip Z-trap center and the chip
surface as a function of B,pjaso When Bypiasi = 0.3 mT. When
Bipiasy 18 low, the chip Z-trap center deviates from the atom
cloud center and the trap depth of the chip Z-trap is rather low,
so few atoms are loaded into the chip Z-trap. At a high bias
field of Bypias2, the atom number is also decreased because the
trap volume of the chip Z-trap is smaller and the position de-
viation increases. The optimum number of atoms is 3.5x 10°
when B, is 1.35 mT, which is close to the theoretical cal-
culated value of 1.2 mT when the distance between the chip
Z-trap center and the chip surface is 500 pm.
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Fig. 6. (color online) The atom cloud in the final QMT is detected by the orthogonal-angle-of-incidence absorption imaging setup: (a)
Bibias1 = 0, (b) Bypiasi = 0.3 mT, (¢) Bypiasi = 0.525 mT. (d) The number of atoms loaded into the chip Z-trap changes with Bypias;- The solid

lines only serve to guide readers.
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Fig. 7. The atom number in the chip Z-trap changes as a function of Bpias-
The solid lines only serve to guide readers. The dashed curve is the calcu-
lated distance between the chip Z-trap center and the chip surface.

The dependence of the number of atoms in the microchip
Z-trap as a function of the chip Z-trap loading time is shown

in Fig. 8. The data are modeled using the equation!!'!

dN
o =Re /" —aN, (1)

where the first term describes loading N atoms into the chip-Z
trap at a rate R with a time constant 7 during a time ¢. The sec-
ond term takes into account the loss of atoms during the trap
loading. An additional loss term due to collisions between
cold trapped atoms is not considered because of the relatively
low density (~10'© m=3) of the atom cloud. We can derive

the general solution of Eq. (1) as
_ Rt —t/7T —ot
N—O“__l(e e ). (2)
The best fit of Eq. (2) to the data gives R =3.8 x 10%,7=03s,
a = 0.19 s, and the best loading time we derived is 5.2 ms.

w W
T T
1 1

Atom number/106
S

= 1 g 12 16 20

Time/ms

Fig. 8. Dependence of number of atoms in the chip Z-trap on the load-
ing time. The solid curve is fit to the data using Eq. (2).

(d)

Fig. 9. (color online) Absorption images of the atoms trapped in the
microchip Z-trap when I, = 3.5 A, Bypiasz3 = 6.5 mT. The atom images
are detected by the Grazing incidence imaging (a) and the orthogonal-
angle-of-incidence imaging system (c). The profile of the atom cloud
along the vertical dashed line is also shown in panels (b) and (d), re-
spectively. The solid red curve is a Gaussian profile fitted to the data.

Finally, the atom transport efficiency achieves 50% from
the macroscopic QMT to the microchip 2 mm-scale Z-trap
after optimizing the experimental parameters. The number
and temperature of the loaded atoms are N ~ 3.5 x 10° and
T ~ 300 pK, respectively. After the initial loading of the chip-
Z trap, we can compress the trap and make the atoms closer
to the chip surface by keeping the chip Z-wire current 3.5 A
and increasing the x-bias magnetic field to Bypiys3 (6.5 mT).
The atom cloud is about 100 wm away from the chip surface.
The absorption images of the atomic cloud in the compressed
microchip Z-trap are shown in Fig. 9. The atom density distri-
bution in the vertical x direction is fitted by a Gaussian func-
tion, and the Gaussian radius of the atom cloud is 75 pm along
the x-axis, 730 pm along the y-axis. The phase density of the
cloud is 4.4 x 107, The magnetic trap frequency is (5370, 26,
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5370) Hz, and the elastic collision rate is estimated to be high
enough for efficient evaporative cooling. In the future exper-
iment, the ultracold atoms can be further transferred into the
toroidal magnetic guide by adjusting the three directional bias
magnetic fields after the evaporative cooling.

4. Conclusion

We have demonstrated a simple and efficient loading of
cold atoms from a standard six-beam MOT into a 2 mm-scale
microchip Z-trap. The atoms are firstly loaded into the stan-
dard six-beam MOT, then transferred vertically 27.5 mm up to
the position near the chip surface after a simple QMT transport
stage. Finally, the cold atoms are loaded into the microchip
Z-trap by switching the trapping potential from the macro-
scopic quardrupole potential to the microscopic chip poten-
tial gradually, instead of using an additional intermediate mag-
netic trap. We have calculated and analyzed the magnetic field
distribution at different steps in the microchip Z-trap loading
process, and proved the feasibility of the direct atom loading
scheme. We studied the mode-match between the macro QMT
and the microchip 2 mm-scale Z-trap, and maximized the chip
Z-trap loading efficiency by optimizing the transfer scheme
and precisely adjusting the position alignment of the traps with
the help of the three-dimensional absorption imaging system.
Finally, we loaded 3.5%10° atoms into the 2 mm-scale mi-
crochip Z-trap, and the loading efficiency achieved 50%. We
also further compressed the chip Z-trap and the atom cloud
was about 100 pm away from the chip surface, the correspond-
ing elastic collision rate is estimated to be high enough for
the efficient evaporative cooling. This approach could be used
to generate appropriate ultracold atoms sources, for example,
for a magnetically guided atom interferometer based on atom
chip. The work also paves the way for studying the interaction
of ultracold atoms with surfaces and quantum devices based
on atom chips.
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