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We propose a scheme to produce a uniform magnetic field with a system comprising a pair of coils and an atom chip.
After optimizing the parameters of the chip wires, we improve the homogeneity of the magnetic field by two orders of
magnitude. We exhibit that this method can be applied in the investigation of Efimov physics in 8’Rb—*"K mixture.
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1. Introduction

As a powerful tool to control interactions between atoms,
magnetic Feshbach resonances have been widely applied to
explore a vast array of phenomena in ultracold atomic and
molecular quantum gases.!"?! This has led to a number of
intriguing physical phenomena such as the observation of a
“Bosenova” from a controlled collapse in a Bose—Einstein
condensate (BEC),[?! the sonic analog of a gravitational black
hole in a BEC,*3! the creation of ultracold molecules,®! and
the investigation of Efimov physics in three-body systems.[’"]
In many experiments, a large scattering length |a| is necessary,
so the magnetic field must be tuned very close to the reso-
nance point. Even slight fluctuations or inhomogeneity of the
magnetic field will change the scattering length dramatically
and lead to failure. The stability can be enhanced significantly
by applying a feedback control to the current in the coils and
shielding the external magnetic fields. However, the homo-
geneity of the magnetic field depends on the configuration of
the coils. The nonuniformity of the magnetic field also hinders
the atoms from reaching ultralow temperatures, which could
cause serious problems in some experiments.

Several kinds of coils have been applied to generate uni-
form magnetic fields, of which the most commonly used is
a Helmholtz coil.['% A Helmholtz coil consists of two iden-
tical coaxial circular coils separated by a distance 7 which
equals to the radius R of the coil, and each one carries an
equal electric current in the same direction. Another impor-
tant coil, the saddle-shaped coil,!'!! can produce a magnetic
field with higher uniformity than a Helmholtz coil of the same
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scale. However, both cannot be used in some experiments
owing to their geometry or dissipation power. For example,
there are tens of windows in the vacuum chamber of the multi-
purpose cold atomic experimental device, in which we utilize
the design. The coils should not block any light path around
the chamber. For some experiments involving Feshbach res-
onance between 8’Rb—*°K mixture, a uniform magnetic field
as high as 550 G with power dissipation less than 1000 W is
required. In the evaporative cooling phase, the coils are also
utilized to generate a quadrupole magnetic field for trapping
atoms.['2] Therefore, neither a Helmholtz coil nor a saddle-
shaped coil satisfies all these demands. In our preliminary de-
sign, we set a pair of coils at the exterior regions of the top
and bottom windows of the chamber, which can produce 550
G with power dissipation of approximately 800 W, but it does
not meet the requirement for the uniformity of the magnetic
field.

In this paper, we propose an alternative way to improve
the homogeneity, which combines magnetic fields created by
currents in both macroscopic coils and wires on a chip. Our
calculation shows that the magnetic field produced by the chip
wires cancels most of the inhomogeneity of the magnetic field
created by the macroscopic coils. As an example of an appli-
cation, we demonstrate that this system can be used to explore
the Efimov effect in 3’ Rb—*°K mixture with a scattering length

up to |a| = 55000a, which has not been achieved before.
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2. Scheme for the generation of a magnetic field

2.1. Generating a magnetic field by the current in a pair of

coils

The magnetic field generated by the current in a single

coil is!13!

B,

Bp

Fig. 2. (color online) The magnetic field generated by a pair of coils. (a) The magnetic field strength along the z axis. (b) The magnetic
field strength along the x axis. (c) The magnetic field gradient along the z axis. (d) The magnetic field gradient along the x axis.
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Fig. 1. (color online) (a) Structure and winding details of coils. (b) A sketch of the coils atom chip combined system.
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The configuration of the coil assembly is shown in
Fig. 1(a). We apply Egs. (1)—(5) to calculate the magnetic
field generated by each coil and then accumulate all of them.
The clockwise current in the coil assembly is set to 20.411 A,
which produces a magnetic field of 550 G in the central region.
Figure 2(a) presents the variation of B along the x and z axes.
The variation AB is approximately 140 mG in the cubic space
of 1 mm? at the central area and 5.6 mG in region 4100 um
around the center. The distribution of the field strength along
each axis is quadratic and the center is a saddle point. The
quadratic feature of the magnetic field is confirmed because
the magnetic field gradients along the z and x axes are well
behaved and linear, as shown in Figs. 2(c) and 2(d).

2.2. Improving the homogeneity of the magnetic field by
adding an atom chip

The foregoing calculation indicates that the magnetic
field along the z axis can be expressed as

Bparis (Z) = Bpairs (O) + CZ27 (6)

where Bpairs (0) is the magnetic field at the center, and the fac-
tor C is obtained by fitting the curve. In principle, we can can-
cel the nonuniformity of the magnetic field by adding a mag-
netic field with the opposite linear gradient. We implement
the scheme with current-carrying wires on an atom chip.[!#413]
Considering the current limit of the chip wires and the symme-
try, we use several concentric circular wires on the chip. The
coordinate of the chip surface in the z axis is zj. At point z, the
distance from the chip surface is h =z —z;.

The magnetic field around the height /¢ in the symmetry
axis, which is produced by the current in a single circular coil
on the chip, can be expanded as

Binge (1) = B (o) + ' (o) (h— ho) + 5B (o) (1~ ho)?

1
+gB”Uth—hw3+R4mm ()

where kg is the height from the chip surface to the center of
the atomic cloud. Because we are only concern about the mag-
netic field in a small region, the fourth- and higher-order terms
can be ignored. Therefore, the magnetic field produced by a
single circular current is

Bgingte(h) ~ B(ho) +a(h — ho) +b(h— ho)* + c(h— hg)?, (8)

where all coefficients are given by the derivatives of each or-
der. We now put n concentric circular currents on the chip, the
total magnetic field along the symmetry axis is

Benip(h) = Y Bu(ho)+ Y an(h—ho)
+ Yobu(h—ho)* + ) calh—ho)®

= Ap +A1(h - ho) +A2(h — h0)2 +A3(h — h0)3. )

We then rewrite the expression of the magnetic field produced
by the macroscopic pairs at the coordinate / as

Bpairs(h) = Bpairs(_Zl) +C(h1 +Zl)2
= Bpairs(_Zl)‘FCZ%+2C11h+Ch2. (10)

The combined magnetic field is
B(h) = Bpairs(h) 4 Bepip (h). (11

To improve the uniformity, all terms of 4, 2, and 43 should be
eliminated. This leads to the following adjustments.

1) Az equates to zero. This can be achieved by adjust-
ing the radius of the ring after hg is set. For a single circular
current, the third-order derivative is

3uolR? 20h3 — 15Rhy
2 (RP+h})027

B"(ho) = (12)
where R is the radius of the ring. When R = 12/ /3, the third-
order derivative is zero.

For several rings, we set their radius around 52/ /3 and
make the third-order derivatives cancel each other.

2) To eliminate the terms of h2, the coefficients should
satisfy A; = —C. This can be realized by adjusting the current
in the chip coils.

3) To eliminate the terms of /4, we adjust the position of
the chip surface z;. It is easy to find that the condition is

= —hy— =L 1
21 ho °C (13)

4) To generate the required magnetic field, we change the
current in the pairs and chip wires with the same factor.

Owing to the zero-divergence of the magnetic fields and
the axial symmetry of the system, once we reduce the space
variation of the magnetic field along the z axis, the space vari-
ation of the magnetic field along the x and y axes is also can-
celed within a limited region.

We then perform a numerical simulation with the above
steps.
rents. The central radii of the rings are R —2d, R —d, R,
R+d, and R+ 2d, respectively. The width of all circle wires
is 0.2 mm, and the gap between adjacent wires is 0.01 mm,
so d = 0.21 mm. The thickness of all these wires is 2 pm.
When we estimate the parameters with the aforementioned

First, we set hp = 3 mm and apply five circle cur-

processes, we ignore the width of the wires. However, when
we calculate the magnetic field, we consider the effect of the
finite wires widths by assuming uniform current density.

We now estimate the parameters following steps 1 to 3
when the current in the coils is 20.082 A. We obtain R =
3.4641 mm and A, = —C = —54.874 T/m?. The current on the
chip wires is Iopjp = —1.6824 A, which can be calculated from
A;. We then obtain A = 0.2815 T/m and z; = —5.56 mm.

The first step of the parameter estimation process is based
on a single ring with a thin wire that is slightly different from
the real case. By slightly modifying z; to —5.5809 mm, we can
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further improve the homogeneity of the magnetic field. With
the above parameters, the magnetic field strength at the central
area is approximately 538.203 G. To compare with the case of
the coil assembly, we adjust the value to 550 G by multiplying
a factor of approximately 1.022 to all currents.

Figure 3 shows the final calculation result. The homo-
geneity of the magnetic field has been improved remarkably,

especially in the small region near the minims. The magnetic
field varies by only 0.04 mG in the region of £100 pwm around
the minims field point (x,y,z) = (0,0,3.13 mm). Compared
with 5.6 mG in the case of the coil pair only, the homogeneity
of the magnetic field has been improved by approximately two

orders of magnitude.
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(b) (©)
: 550.001 550.0007
. 550.000 ¢y 550.0005 550.0015
= ~

549.999 9 550.0003 )
' 550.0005
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Fig. 3. (color online) The magnetic field generated by a coils_atom chip combined system. (a) The pseudo-color image of the magnetic
field strength |B] in the (x,0,z) plane. (b) Field strength along the (x,0,3 mm) axis. (c) Field strength along the (0,0, z) axis.

2.3. Other technical points of the atom chip

To avoid the extra magnetic field generated by currents in
wires that connect the rings on the chip and the current feed
through, each pair of wires carrying the input and output cur-
rents is set closely parallel on the other side of the chip. They
connect the corresponding rings by using through-wafer in-

[16] The distance between each pair of

terconnect technology.
parallel wires is only tens of microns, so the magnetic fields in
our area of concern cancel each other. The chip can be glued
on a copper support, which is fixed to the vacuum chamber.
To avoid the possible conduction between the chip wires on
the rear side with the metal mount, an insulating layer of sili-
con dioxide is coated on the rear side of the chip. The typical
resistance of all the chip wires is approximately 10 Q, so the
system adds only approximately 30 W of power. The power is
still in the permissible range.

Because the atomic cloud is 3 mm from the chip surface,
there is enough space to put another layer of chip covering on
it. The added top layer can be fabricated by other wires for
different experimental purposes. It is also beneficial that the
top layer is a mirror with high optical quality, which is a bene-
fit to some experiments involving a reflection image or optical

lattices.[!7-18]

3. Application of this scheme in the investigation
of Efimov physics

3.1. Efimov physics in heteronuclear mixture of “°K-%’Rb

We now turn our attention to Efimov physics, which
is a universal phenomenon in quantum three-body systems.
Efimov predicted a universal set of bound trimer states ap-
pearing for three identical bosons with a resonant two-body
interaction.[’] These states even exist in the absence of a

corresponding two-body bound state. Efimov-related loss

resonances as a function of a have been observed in ul-
tracold homonuclear and heteronuclear atomic systems. ]
However, these resonances in the rates of inelastic colli-
sions between three atoms of 8’Rb—*°K mixture have not

19201 Fyrther work is needed to resolve this

been observed.|
contradiction. In 37Rb—*‘K mixture, the dominant three-
body recombination process is 8’Rb+8Rb+4°K, and the
87Rb-+49K+40K loss is suppressed by Fermi statistics. 8’Rb
and “°K atoms are prepared in the |F,mg) = |1,1) and
[9/2,—9/2) states, respectively, which are the lowest energy
hyperfine states in a magnetic field. The atom loss rate is given

by
Ny (1) = 2Nk (1) = —2at / Srng (r,1)nd, (r,1),  (14)

where ngy(r,t) and ng (r,t) are the densities of 3’Rb and 4°K,
respectively, and o is the loss rate coefficient. We apply the
magnetic Feshbach resonance to control the interactions be-
tween 3’Rb and 4°K atoms. In a magnetically tunable Fesh-
bach resonance, the s-wave scattering length a is a function of

A
B_BO), (15)

the magnetic field B

a(B):abg<1—

where aypg is the background scattering length, and By denotes
the resonance position. For 8’Rb—*°K mixture which we dis-
cuss in this paper, the parameters are a,; = —187ag (ag is the
Bohr radius), By = 546.618 G, and A = —3.04 G.
At negative a,
Cq coth (7sp) sinh (217*) ha*

ala<0) =750 [soIn(a/a_)] +sinh® (n*) m1 (10

whereas for positive a,
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sin® [soIn (a/a )] + sinh® n* 4 coth (7sg) cosh (n*) sinh (1 *) hia4

a(a>0):Ca

where the coefficients Cy, = 345, 59 = 0.6536, n* = 0.02, and
my = 39.964u (u=1.6605 x 10727 kg) is the mass of ‘K.

3.2. Application of the combined magnetic field scheme in
the research of Efimov physics

3.2.1. Resonance peaks broadened in inhomogeneous
magnetic fields

In real experiments, owing to the inhomogeneity of the
magnetic fields, the loss rate coefficient o has spatial varia-
tion. Thus, the atom loss rate should be rewritten as

Niw (1) = 2N (1) = —2/ Bro(r)ng (r,1) g (r,1) . (18)

We will then calculate the initial atom loss rate versus the mag-
netic field in the center of the atomic cloud based on Eq. (18).

105 T T : -
(a) ——data 1
——data 2
4|
10 data 3
_ 103 L
K3
¥ 10%2%
2 |
| o
10t ¢ I
10[] L
101 . . . .
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B/G
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(b) ——data 1
—— data 2
1051 data 3 |
0
wn
= 101
5
—_—
103,
102 ———
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Fig. 4. (color online) The atom loss rate versus the magnetic field
strength in the central region. Data 1, data 2, and data 3 show the mag-
netic fields generated by coils only, a combined system, and a uniform
magnetic field, respectively. (a) The results with the parameters of the
first group. (b) The results with the parameters of the second group.

The Efimov effect is a few-body physical effect, so
the temperature of 3’Rb atoms should be higher than the
Bose—Einstein condensation transition temperature 7; to avoid
many-body effects. Therefore, n(r) can be approximated as a

sinh? (7sg +n*) + cos? [soln (a/a )] my’

A7)

Gaussian distribution

2 2 2
n(x,y,x):n(070,0)exp (_XG_y_Z>7 (19)

where o, = a)% \/% , and @, is the trap frequency along
the x direction, and o, and o, are defined in the same way.
m = 1.44 x 1072 kg is the mass of the 8’Rb atom. The atom
number is N = n(0,0,0) (277:)% 0,0,0;. The temperature of
40K is slightly lower than Fermi temperature 7. However, it
is still valid to approximate its density distribution as a Gaus-
sian distribution when we perform a semiquantitative analysis.

Our calculation is based on two sets of parameters. The
parameters of the first group are ay = 5100ay, T = 3 nK,
Wrp = 27 X 3 Hz, wg = 27 x 4.13 Hz, Ngp = 10*, Nx =
2 x 10?; the parameters of the second group are a = —55000aq,
T =600 pK, wrp =27 x 0.6 Hz, wx = 27 x 0.826, Nrp, =
4 x 103, Nx = 1 x 10°. Figure 4 shows the calculation results.
For the parameters in the first group, the atom loss rates are al-
most the same regardless of whether the magnetic field is gen-
erated by coils only or a combined system or in the uniform
case. Meanwhile, for the parameters in the second group, the
peak atomic loss rate is broadened when we use the magnetic
field generated by the coils only, but the peak is almost not
broadened with the magnetic field produced by the combined
system.

3.2.2. Temperature limit in inhomogeneous stray mag-
netic fields

Another undesirable effect of inhomogeneous stray mag-
netic fields is that they limit the lowest atom temperature. This
effect is more critical than the broadened resonance peaks. The
atoms are trapped in an optical trap so the optical potential is
at the same order of temperature as the atomic cloud. If the
potential induced by inhomogeneous stray magnetic fields is
comparable with the optical potential, the atomic cloud will
escape from the trap. In the experiment we discussed above,
the observation range of || is limited to k|a| < 1, where
k= +/2ukpT /I is the thermal wave number, kg is the Boltz-
mann constant, and U is the reduced mass for 40K and 87Rb.[21]
Previous experiments measured the loss rate coefficient o ver-
sus a within |a| < 3000ag, which was limited by the temper-
ature 7 = 300 nK. If we want to check Efimov resonances
with higher |a

, a lower temperature of the atomic sample is
necessary. For example, to check the resonance peak at ap-
proximately a = —55000qa0, the temperature should be low-
ered to 600 pK, along with the parameters of the second group.
The ultralow temperature can be reached by adiabatic decom-
pression of the trap after evaporative cooling and sympathetic
cooling. In the process of an adiabatic decompression, the
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temperature of atoms is proportional to the average trap fre-
quency. With a reasonable estimation, we assume that the ini-
tial temperature of 8’Rb atoms is 600 nK with the trap fre-
quency of wrp = 27 x 600 Hz. Therefore, when we adia-
batically reduce the trap frequency to wrp = 27 X 3 Hz or
@Ry = 27 x 0.6 Hz, the corresponding temperature of 3’Rb
atoms can be lowered to 3 nK or 600 pK. When the trap fre-
quency @Wrp = 27 X 3 Hz and temperature Ty, = 3 nK, the
size of the 3’Rb atomic cloud in the trap is ¢ =~ 28 um. The
magnetic field variation in the concerned region of +50 um
from the center is approximately 1.4 mG or 0.01 mG for the
magnetic field produced by the macroscopic coil pairs only or
the combined magnetic field. For the latter case, the potential
variation for the |F = 1,mp = 1) state of ’Rb is equivalent to
approximately 0.35 nK, which is much smaller than the trap
potential. For the macroscopic coil pairs only, the spatial po-
tential variation of the same state is up to 49 nK. Therefore, the
nonuniformity of the combined magnetic field only slightly
changes the density distribution of the atomic cloud. How-
ever, in the case of the macroscopic coil pairs, the potential
variation is larger than the trap potential, so we must add some
kind of potential compensation, which can be implemented by
spatially modulated far detuned laser beams.

We then check another group of experimental parameters.
When the trap frequency wrp = 27 x 0.6 Hz and tempera-
ture Tgp, = 600 pK, the scale of the atomic cloud in the trap
is 0 =~ 64 um. We are concerned with the variation of mag-
netic fields in the region of =100 um from the center. In the
case of macroscopic pairs only, the variation of the magnetic
field in this region is approximately 5.6 mG and the potential
variation for the |[F = 1,mp = 1) state of 8’Rb is near 200 nK.
Meanwhile, in the case of the combined magnetic field, the
potential variation is approximately 1.4 nK. Both are higher
than the trap potential, but for the combined magnetic field,
it is easy to be compensated because the potential variation is
only several times of the trap potential strength. For the coil
assembly only, the compensation optical field becomes very
difficult to realize because it should match the spatial potential
variation of the magnetic field with the precision of 1073,

3.2.3. Other benefits of the combined system

Our method also has the benefits of fast and precise con-
trol of the magnetic fields. It is difficult to implement precise
and fast control of the current in regular coils owing to their
considerable inductance. The inductance of the chip wires is
lower by several orders, so the response time can be reduced
remarkably. This is crucial for the kind of experiment where
the magnetic field is set to the value near the resonance po-
sition. For instance, in the preceding section, we discussed
the experiment with the scattering length a = —55000a: the
fluctuation of the magnetic field on the order of 10 mG is suf-
ficiently large to wipe off the resonance peak. We reduce the
fluctuation of the magnetic field by applying both a slow feed-
back to the macroscopic coils and a fast feedback to the chip

wires. The response time of the currents in the chip wires is
on the order of microseconds, which is fast enough for manip-
ulation of the magnetic field in most experiments.

4. Conclusion and perspectives

In conclusion, we have proposed a scheme to obtain a
uniform magnetic field by combining the magnetic fields gen-
erated by currents in macroscopic coils and chip wires. The
homogeneity of the magnetic field has been improved by two
orders of magnitude compared with the method that uses only
the coil assembly. This method can be applied in the experi-
ment for investigating the Efimov effect in 3’ Rb—4"K mixture.
The test range of the scattering length is extended to more than
55000aq, which is sufficient to compare with the theoretical
prediction. Recent experimental and theoretical work already
revealed the Efimov resonance departure from the universal
prediction.!??! Our scheme provides an experimental approach
for further investigation.
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