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Reflection of cold atoms from an array of current-carrying wires
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Abstract. We report the realization of a new type of magnetostatic mirror for slowly moving atoms which
comprises a planar array of parallel wires alternately carrying electric current in opposite directions. One of
the features of this atomic mirror is that the magnetic field may be readily varied, switched or modulated by
altering the current in the wires. Reflection signals close to 100% at a pulsed current of 3 A are demonstrated
for a beam of free-falling laser-cooled cesium atoms at normal incidence. The current dependence of the
reflection signals exhibits structure which is associated with the sequential onset of reflection of cesium

625’1/2, F = 4 atoms in the m =

+4, +3, +2 and +1 magnetic states. Measurements of the spatial

distribution of the reflected atoms indicate the reflection is predominantly specular at currents of 3 A.

PACS. 03.75.Be Atom and neutron optics — 32.80.Pj Optical cooling of atoms; trapping —
39.10.4j Atomic and molecular beam sources and techniques

1 Introduction

There is currently much interest in developing new and im-
proved atomic mirrors for reflecting beams of slowly mov-
ing atoms for atom optics and atom interferometry [1].
The most commonly used atomic mirrors are presently
evanescent light-wave mirrors [2-5], which are based on
the interaction of the induced electric dipole moment of
an atom with a non-uniform light field. An alternative ap-
proach exploits the interaction of the permanent magnetic
dipole moment of an atom with a spatially varying mag-
netic field [6]. A periodic array of elements of alternating
magnetic polarity generates a magnetic field whose magni-
tude decreases approximately exponentially with distance
above the array. When atoms move adiabatically towards
the array they experience a gradient force, which is repul-
sive for atoms in positive magnetic states (mgp > 0). The
array can thus behave as an atomic mirror. Such magne-
tostatic mirrors have the advantage that they are static,
permanent and robust; they do not involve light fields thus
avoiding complications associated with spontaneous emis-
sion, fluctuating phase shifts and stray near-resonant light;
and they can have large reflecting potential and large re-
flecting area. Magnetostatic atomic mirrors have to date
been realized by writing sinusoidal signals on magnetic
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audio-tape [7], by constructing an assembly of perma-
nent rare-earth magnets of alternating polarity [8,9], and
by writing signals on a magnetic floppy disk [10]. More
recently, preliminary magnetic mirrors with periodicities
on the scale of microns have been produced by fabri-
cating magnetic structures comprising arrays of parallel
grooves [11,12].

Another type of magnetostatic mirror has been pro-
posed [6] which is based on the magnetic field produced
above an array of parallel wires alternately carrying elec-
tric current in opposite directions (see, e.g., Fig. 1). A
precursor of such an array, i.e., a single current-carrying
wire, has recently been used to demonstrate the transverse
Stern-Gerlach deflection of a beam of free-falling cold ce-
sium atoms [13]. Current-carrying magnetic mirrors have
a number of potential advantages over mirrors based on
permanent magnets. The magnetic field may be readily
varied, switched or modulated by altering the current in
the wires; each element in the series array carries the same
current and hence produces the same magnetic flux; and it
should be possible to fabricate very flat magnetic mirrors
on optically flat substrates (such as silicon, CVD diamond
or sapphire). In this paper we report the realization of such
a current-carrying mirror and demonstrate the reflection
of a beam of laser-cooled cesium atoms normally incident
on it. Preliminary accounts of the design and fabrication
of the mirror have been reported previously [12,14]. Very
recently an array of current-carrying wires similar to that
described here has been used to deflect a thermal beam of
metastable helium atoms at grazing incidence [15].
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Fig. 1. (a) Schematic diagram of the cross-section of part
of the current-carrying wire mirror. (b) Photograph of the
current-carrying wire mirror, consisting of an array of 42 par-
allel gold wires and two compensating wires on the ends.

2 Physical principles

We consider the inhomogeneous magnetic field produced
above an array of thin wires alternately carrying electric
currents of equal magnitude I in opposite directions (see,
e.g., Fig. 1). For an infinite array of wires, the components
of the magnetic field above the array may be described
by [6]

pol 1

By (z,y) —iBy(r,y) = _iT m

1)

where y is the distance from the array normal to the sur-
face, x is the distance in the plane of the array perpen-
dicular to the direction of the wires, k = 27/a, and a is
the periodicity of the array given by twice the spacing of
the centroids of the wires. For distances above the surface
y > a/2m, the magnitude of the magnetic field may be
expressed as [16]

210l
B(z,y) = %e_ky(l +e M cos 2ka + - - - ). (2)

Thus when an atom in a positive magnetic state (mgp >
0) is moving adiabatically towards the surface of the ar-
ray, it experiences a gradient force F = —mgrpupV B(x,y)
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that repels it from the surface, and if the potential bar-
rier produced by the magnetic field is sufficiently high
the atom will be reflected by the array. The first term
in equation (2), which decays exponentially with decay
length a/27, is dependent only on the coordinate y and
is responsible for specular reflection (a mirror term). The
second term exhibits a periodic dependence on the trans-
verse coordinate xz and produces a corrugation in the
magnetic field magnitude, which can give rise to diffuse
reflection. However this corrugation term decays much
faster with y than the first (mirror) term. For atoms
of mass M dropped from height h the relative ampli-
tude of the corrugation term in equation (2) is given by
C ~ [Mgh/(mgrpugBo))?, where By = 2u01 /a is the char-
acteristic pre-exponential magnetic field in equation (2).
For I = 3 A and a = 330 ym, By is about 230 G. For
sufficiently strong magnetic fields such that the atom is
reflected at distances y > a/4m the second (corrugation)
term may be neglected, and reflection should be predom-
inantly specular.

For an array with a finite number of thin wires, the
expression for the magnetic field components becomes [16]

a a
+47r(:c+iy+w+a/4) Cdn(z 4 iy —w—a/4)

| ®

where 2w is the width of the array in the z direction.
Equation (3) shows that the magnetic field distribution
may approximate the infinite case if two wires carrying
half the current are added at x = +(w + a/4), i.e., at the
ends of the array at half the normal spacing.

Model calculations of the magnetic field profiles for a
finite array of width w = 7 mm consisting of 42 parallel
wires of finite width 60 pm and periodicity ¢ = 330 pm
were performed by numerically integrating over the width
of the wires. Curve 1 of Figure 2 shows the magnetic field
at height y = 80 um for a current of 3 A and no compen-
sating wires. Under these conditions the magnetic field in
the central region of the array is about 45 G, which is
sufficient to reflect cesium F = 4, m = +4 atoms dropped
from a height of 19 mm. Curve 2 shows that when compen-
sating wires are added the oscillations at the periodicity
a = 330 um are almost completely suppressed, confirming
that these oscillations originate from “end effects” associ-
ated with the finite number of wires. The residual corru-
gations, at half the periodicity of the array, originate from
the corrugation term in equation (2).

3 Experimental
3.1 The current-carrying mirror

The magnetic mirror consists of an array of 42 parallel
gold wires, each 60 pm wide, 8 mm long and 10 pym thick,
prepared on a highly polished silicon substrate which is
bonded to a molybdenum heat sink (Fig. 1). The pe-
riodicity of the array is a = 330 pm, the active area
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Fig. 2. Calculated magnitude of the magnetic field at height
y = 80 um above an array of 42 parallel wires, each 60 um
wide and 8 mm long, with periodicity a = 330 pm, and car-
rying a current of 3 A. (1) No compensating wires; (2) with
compensating wires carrying half the current and located at
the ends of the array at half the normal spacing.

7 mm X 8 mm, the low-current resistance 16 2 and the
inductance 100 nH. Silicon was chosen as the substrate
because of its well-known characteristics from experience
with fabrication of microelectronics and its reasonably
high thermal conductivity. However because of its semi-
conducting properties silicon is limited to relatively low
operating temperatures.
The mirror was fabricated in the following way:

(i) 10 nm-thick bonding layers of titanium and nickel
were vacuum-evaporated onto a polished high-purity
silicon wafer, followed by a 100 nm-thick seed layer
of gold.

Photoresist was spun onto the gold surface.
Photolithographic techniques involving UV light
transmitted through a computer-generated mask of
the required mirror pattern were used to expose the
photoresist.

The photoresist was processed and the exposed re-
gion removed.

A further layer of gold was electroplated between the
walls of the remaining photoresist onto the gold seed
layer to a thickness of about 10 pm.

The remaining photoresist was removed and the
residual seed layer of gold chemically etched away
to form the final gold structure.

The surface of the mirror was coated with a 100 nm
protective layer of silica.

(vii)

The mirror is activated by applying current pulses
of duration typically 10-12 ms at a repetition rate of
about one every four seconds synchronous with the trap-
ping/cooling/release cycle described below. Peak currents
up to 3.8 A were used, corresponding to a current density
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of 6 x 105 Acm™2 and an average power dissipation of
0.6 W. For 3 A current pulses, the increase in tempera-
ture of the wires during each pulse is estimated from the
change in resistance of the gold to be less than 10°C. At
these temperatures current leakage due to the electrical
conductivity of the pure silicon substrate is still negligibly
small. The compensating wires at the ends of the array
were not activated in the measurements reported here.

3.2 The cold atom source

The laser cooling set-up is similar to that described pre-
viously [8]. Cesium atoms are loaded from a vapor at a
background pressure of about 3 x 10~? torr into a standard
magneto-optical trap (MOT) using three pairs of counter-
propagating o+ —o~ laser beams tuned about 10 MHz to
the red of the 625 )o(F = 4) — 62 P;o(F’ = 5) laser cool-
ing transition at 852 nm. The laser beams are derived from
a 150 mW single-frequency diode laser which is injection-
locked to an extended-cavity master diode laser. The mas-
ter laser is locked to the center of the saturated-absorption
cross-over resonance F' = 4 — F’ = 4,5, which is 126 MHz
below the cooling transition. A (110 &+ 25) MHz acousto-
optic modulator (AOM) in double-pass configuration be-
tween the master and the slave lasers allows variable de-
tuning from the cooling transition of the first order output
of a second AOM, which is positioned in the output of the
slave laser for switching and intensity control of the laser
cooling beams. The laser-cooling beams are combined with
a repumping beam tuned to the FF = 3 — F’ = 4 tran-
sition and then expanded to 20 mm diameter with about
5 mW in each beam.

After loading the trap, typically with about 107 atoms
in a cloud of diameter about 2 mm, the atoms are cooled in
optical molasses (at a detuning 50 MHz and at about half
the laser trapping power) for 20 ms. The molasses is then
switched off, releasing the cold atoms to free-fall under
gravity. Time-of-flight (TOF) absorption measurements,
using a probe beam locked to the FF = 4 — F’/ = 5 tran-
sition and positioned 12-14 mm beneath the trap, yield
a molasses temperature of about 10 uK, corresponding to
an rms velocity spread of 3.5 cms~!. After release from
the molasses the free-falling atoms pass through two coun-
terpropagating beams of ot-polarized F = 4 — F/ = 4
light to optically pump them towards the m = +4 state.
The optical pumping beams are combined with a F' =
3 — F’ = 4 repumping beam to reduce losses due to
spontaneous decay into the F' = 3 ground state. A weak
magnetic field of about 0.5 G is applied in the direction
of the pumping beam to provide a quantization field and
to ensure the optically pumped atoms remain in the same
magnetic quantum state.

3.3 Atomic reflection measurements
The mirror is positioned 18-20 mm beneath the trap and

is activated with a current pulse to coincide with the ar-
rival of the free-falling atoms. The incident and reflected
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Fig. 3. Time-of-flight absorption signals for the falling and
reflected o"-pumped cesium F = 4 atoms dropped from a
height h = 20 mm above the mirror. The wire mirror was
activated with a current pulse of 3 A and 12 ms duration to
coincide with the arrival of the falling atoms. The reflected
signal was recorded by turning on the o™ -polarized probe beam
just prior to arrival of the reflected atoms.

atoms are detected by measuring the TOF absorption of
a weak (~ 0.3 uW cm™?) ot-polarized probe beam tuned
to the closed FF = 4 — F’ = 5 transition. A thin ellip-
tically shaped probe beam (1 mm thick, 20 mm wide) is
positioned about 6 mm above the mirror along the long
direction of the wires. When measuring reflectivities, the
probe beam is turned on just prior to arrival of the re-
flected atoms, to ensure the reflected atoms have inter-
acted only with the optical pumping beam prior to de-
tection. Mechanical shutters are used to completely block
out any stray near-resonant light.

4 Results
4.1 Reflection measurements

Figure 3 shows the TOF absorption signal recorded for
oT-pumped cesium F = 4 atoms dropped from a height
of 20 mm above the mirror when the mirror is activated
with a 3 A current pulse of 12 ms duration. The mean
velocity of the atoms incident on the mirror is 62 cms™!.
The first TOF peak, near 54 ms, corresponds to absorp-
tion by atoms falling through the probe beam after re-
lease from the optical molasses. The second peak, near
74 ms, corresponds to absorption by atoms which have
been reflected from the mirror. To verify that the second
peak corresponds to atoms reflected by the magnetic field
above the array, additional measurements were taken with
a o~ -polarized optical pumping beam, and also with the
timing of the current pulse mismatched with the arrival of
the atoms at the mirror. In each of these cases the reflected
peak was negligibly small (< 1% of the fall signal).

The ratio of reflected to incident absorption signals
taken from the measured areas under the TOF curves is
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Fig. 4. Current dependence of the ratio of the absorption sig-
nals for the reflected and incident atoms dropped from a height
h = 18.5 mm above the mirror. No dedicated optical pumping
beam was employed. The solid curve represents a fit to the
data based on a simple model, as described in the text.

(77+2)%. From the measured velocity spread of the atoms
(~ 3.5 cms™!) and from the observed spatial distribution
of the falling atoms (Sect. 4.3), we estimate that about
17% of the falling atoms actually miss the mirror. Any
misalignment or tilt of the mirror will result in a larger
loss of atoms. A small loss may also occur for those atoms
which strike the edges of the mirror where corrugations
are largest (Fig. 2). After allowing for the loss of atoms
missing the mirror and a further estimated loss of 5% for
those atoms that arrive outside the 12 ms duration of the
current pulse, we find the corrected reflectivity at a current
of 3 A to be (98 +5)%.

Measurements taken in the absence of an optical
pumping beam (but still with the probe beam turned on
just prior to arrival of the reflected atoms) yield a cor-
rected reflectivity of only 25%, which is consistent with
earlier observations that the atoms leave the molasses
predominantly in low |m| states [13]. We note that, un-
like the situation with our permanent rare-earth magnetic
mirror [8], the magnetic fields available from this current-
carrying mirror (about 200 G at 3 A) are too small to
allow reflection of m < 0 atoms by the repulsive gradient
force associated with the quadratic Zeeman effect.

4.2 Current dependence

Figure 4 shows the measured ratio of reflected to incident
absorption signals as a function of current through the
wire array for atoms dropped from a height of 18.5 mm.
In this experiment no dedicated optical pumping beam
was employed, though some optical pumping would have
occurred as the atoms fell through the o-polarized F =
4 — F' = 5 probe beam which was left constantly on. The
observation of apparent reflectivities greater than 100% in
this experiment is attributed to optical pumping by the
probe beam of atoms in low m states to more strongly
absorbing high positive m states.



D.C. Lau et al.: Reflection of cold atoms from an array of current-carrying wires

The observed threshold current for reflection of cesium
atoms dropped from a height of 18.5 mm is 0.45 A (Fig. 4),
which is close to the calculated threshold current for reflec-
tion of cesium atoms in the m = +4 state. The threshold
currents for reflection of atoms in other magnetic states
are thus expected to be 0.6 A (m = +3),0.9 A (m = +2)
and 1.8 A (m = +1) (the threshold current for atoms in
the m = 0 state is estimated to be 5.4 A). The observed
current dependence exhibits three regions of steeply rising
reflectivity designated in Figure 4 by A, B and C. The ob-
served thresholds for B and C closely match the expected
threshold currents for the m = +2 and m = +1 states.
The threshold for the m = +3 state (0.6 A) is close to that
for m = +4 (0.45 A) and is not expected to be well re-
solved in this experiment. Thus we identify the regions A,
B and C as representing the sequential onset of reflection
of atoms in the m = +4 (and +3), +2 and +1 states, re-
spectively. This identification is further supported by the
observed current ranges of the three regions A, B and C,
which are approximately proportional to 1 /m. The thresh-
old currents for m = +4 atoms determined for a range of
different drop heights are found to increase linearly with
drop height, in accordance with what is expected in the
linear Zeeman effect regime.

The solid curve in Figure 4 represents a fit to the data
based on a simple model in which the individual contri-
butions of atoms in the magnetic states m = +4, +3,
42 and +1 are summed, with the populations treated as
free parameters. In this model, we assume for each state a
simple linear increase in reflectivity, over a current range
from threshold up to a saturation value, as the regions (in
the zz plane) where the magnetic field exceeds threshold
grow in size and coalesce. The current range for atoms in
the m = +4 state was determined from a fit to the data,
and the current ranges for atoms in the other states were
scaled in accordance with their magnetic quantum num-
bers. The relative populations of the states given by the fit
are about 30% (m = +4), 5% (m = +3), 25% (m = +2)
and 40% (m = +1). Such a distribution of populations
is not unreasonable if many of the falling atoms are not
optically pumped by the weak (~ 0.3 W Cm72) probe
beam, but instead remain in the low |m| states in which
they leave the molasses [14].

4.3 Spatial distribution

Measurements of the spatial distributions of the incident
and reflected cesium atoms are shown in Figure 5 for
pulsed currents of 3 A and 1 A. The data were obtained
from TOF absorption signals taken by stepping a 1 mm-
diameter probe beam sequentially across the mirror in the
(transverse) x direction at 6 mm above the mirror. The
oT-polarized optical pumping beams were used in these
experiments.

At the high current of 3 A, the spatial distribution
of the reflected atoms is found to be close to that of a
specularly reflected atomic beam allowing for ballistic ex-
pansion associated with the initial velocity spread of the
atoms. The additional rms velocity spread introduced by
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Fig. 5. Spatial distributions of the incident atoms and reflected
atoms for pulsed currents of 3 A and 1 A. The solid curves
represent Gaussian fits to the data. Drop height = 19 mm.
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Fig. 6. Time-of-flight absorption signals showing the first and
second reflection signals of cesium atoms bouncing on the
current-carrying wire mirror.

diffuse reflection by the mirror is estimated from the spa-
tial profiles to be about 2.7 cms™! corresponding to an
rms angular spread of about 45 mrad (equivalent to about
seven photon recoils). At the low current of 1 A, the spatial
distribution of the atoms is significantly broader (equiva-
lent to about 40 photon recoils), which is consistent with
the atoms being reflected from much closer to the surface
of the mirror where the corrugations and hence diffuse
reflection are larger.

4.4 Additional time-of-flight investigations

Figure 6 shows the TOF signal taken when the mirror
is activated with a second current pulse to coincide with
the arrival of atoms which have fallen back to the mirror
after the first reflection. The positions of the second fall
(173 ms) and second reflection peak (194 ms) correspond
approximately to the expected arrival times of the atoms.
The second reflection signal is rather small (about 1.5%
of the first fall), largely due to the small fraction of atoms
that strike the mirror after 183 ms of ballistic expansion.
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Fig. 7. Time-of-flight absorption signal showing the narrowing
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is reduced to 4 ms.

Other losses could result from some of the atoms not in-
tersecting the probe beam after ballistic expansion and
from collisional losses in the beam [8].

When the duration of the current pulse is reduced from
10 ms to 4 ms, the width of the TOF reflection signal is
found to decrease by a factor of about two (Fig. 7), due
to the fact that only those atoms in the velocity distri-
bution that arrive within the 4 ms interval are reflected.
The observed narrowing of the TOF signal due to such
“velocity filtering” corresponds to a factor of about four
reduction in the 1D temperature in the vertical direction.
The amount of observed narrowing is limited by the finite
size of the molasses and the thickness of the probe beam.
Similar velocity filtering effects have been observed with
pulsed-light evanescent-wave mirrors [17].

5 Summary and discussion

We have demonstrated the operation of a new type of mag-
netostatic mirror for slowly moving atoms which is based
on a planar array of current-carrying wires. Reflectivities
close to 100% have been found at pulsed currents of 3 A
for an optically pumped beam of free-falling laser-cooled
cesium atoms at normal incidence. A second reflection sig-
nal, from atoms that have fallen back to the mirror after
the first reflection, has also been observed. Velocity fil-
tering of the atoms has been observed when the duration
of the current pulse was reduced to less than the spread
in arrival times of the atoms. Measurements of the spa-
tial distribution of the reflected atoms indicate that at
a current of 3 A the reflection is predominantly specu-
lar, and the velocity spread introduced by corrugations in
the mirror is estimated to be equivalent to about seven
photon recoils. More stringent tests of the specularity are
required, for example, by measuring the expansion of a
finely collimated cesium beam over extended periods of
time after reflection [18].
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Current-carrying magnetic mirrors have a number of
potential advantages over mirrors based on permanent
magnets. The ability to vary the current provides an addi-
tional degree of freedom, allowing the magnetic field above
the mirror to be varied, switched or modulated. Such a
mirror thus offers interesting possibilities such as the use
as a velocity filter for slowly moving atoms. Each element
in the series array carries the same current and hence
produces the same magnetic flux, and the magnetic field
above the array can be modelled reliably thereby allowing
the mirror to be readily characterized. Substrates, such as
silicon, CVD diamond or sapphire, with optical flat quality
should allow the fabrication of very flat current-carrying
mirrors. Finally, the use of photolithographic techniques
will allow the fabrication of complex wire patterns [15,19],
such as cylindrical mirrors comprising arrays with variable
wire spacings.

The performance of the prototype mirror could be im-
proved substantially in future versions. Model calculations
of the profiles of the magnetic field indicate that by acti-
vating the compensating wires at the ends of the mirror
to reduce end-effects the corrugations could be reduced by
a factor of about two. Substantial reductions in the cor-
rugations due to higher-order spatial harmonics will be
possible by using higher peak current in the wires to gen-
erate higher magnetic fields. For a pulsed current of 3 A
and 10 ms duration, the increase in temperature of the
wires is estimated to be less than about 10°C. Use of a
peak current of 8 A, for example, would be expected to
raise the temperature by less than 70°C and to reduce
the corrugations by a further factor of about seven. At
90 °C the silicon substrate would conduct, and it will be
necessary to use another substrate such as CVD diamond
or sapphire, both of which also have higher thermal con-
ductivities than silicon. The peak current could be further
increased by using gold wires with larger cross-section; for
example, by increasing the wire thickness from 10 pym to
60 pum to form a square cross-section, it should be possi-
ble to raise the current by a further factor of about 2.5.
Finally, the use of cryogenic cooling will increase the elec-
trical and thermal conductivity of the gold and also the
thermal conductivity in the case of sapphire, and allow
substantially higher peak currents [15].

Magnetostatic mirrors, like evanescent light-wave mir-
rors, are intrinsically dispersive elements, with the dis-
tance of approach and the phase shift Ap = —(2ap/h)
cosfy + w/2 [6] (where 6y is the angle of incidence
from the normal) being proportional to the momentum
p of the atoms and to the periodicity a of the mirror.
Current-carrying mirrors with much smaller periodici-
ties are needed in order to produce a “hard” mirror so
that atoms with a spread of velocities are reflected over
a narrow range of distances and with a small range of
phase shifts, and in order to produce coherent mirrors and
diffraction gratings for slowly moving atoms. The use of
smaller periodicity will in general result in larger ohmic
heating. However, for a mirror of giving wire thickness
and given area and assuming a wire width that scales as a,
the increase in temperature is expected to scale as I?/a?,
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or as B (Eq. (1)), which is independent of the periodic-
ity a. We estimate that by maintaining a constant wire
thickness it should be possible to reduce the periodicity
by at least an order of magnitude. Use of cryogenic cool-
ing has recently allowed the construction and operation
of current-carrying gold arrays with periodicities down
to about 50 pum, where the operating currents were 3 A
(pulsed) and the surface magnetic fields about 1 kG [15].
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