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Single-Beam Zeeman Slower and Magneto-Optical Trap Using a Nanofabricated
Grating
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We demonstrate a compact (0.25 L) system for laser cooling and trapping atoms from a heated dispenser
source. Our system uses a nanofabricated diffraction grating to generate a magneto-optical trap (MOT)
using a single input laser beam. An aperture in the grating allows atoms from the dispenser to be loaded
from behind the chip, increasing the interaction distance of atoms with the cooling light. To take full
advantage of this increased distance, we extend the magnetic field gradient of the MOT to create a Zeeman
slower. The MOT traps approximately 106 7Li atoms emitted from an effusive source with loading rates
greater than 106 s−1. Our design is portable to a variety of atomic and molecular species and could be a
principal component of miniaturized cold-atom-based technologies.
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I. INTRODUCTION

Miniaturized cold-atom systems may form the basis of
a host of emerging quantum technologies, from quantum
repeaters [1] to clocks [2]. Such miniaturized systems will
likely employ a magneto-optical trap (MOT) for initial
cooling and trapping of atoms. Conventional MOTs con-
fine an atomic gas near the center of a quadrupole magnetic
field in the overlap region of three pairs of counterpropa-
gating laser beams [3]. Due to the number of laser beams,
MOTs typically have expansive optical layouts with a large
number of mechanical degrees of freedom. Even mobile
experiments that incorporate MOTs have a size on the
order of 1 m [2,4–6]. To fully realize the potential of cold-
atom-based quantum technologies beyond the laboratory
environment, the size and robustness of MOTs need to be
improved.

Previous research on MOT miniaturization has focused
on elements that can be trapped from a room-temperature
background vapor, namely Cs or Rb. However, many other
elements can be laser cooled and each have advantages
for various quantum technologies. For example, Sr [7] or
Yb [8] can be used as a highly accurate clock. Lithium,
due to its low mass, has been identified as a possible sen-
sor atom for primary vacuum gauges [9,10] and, given its
large recoil energy, could find use in cold-atom gravity gra-
diometers [11]. Most atoms, including Li, do not have an
appreciable vapor pressure at room temperature and thus
are typically loaded from a heated dispenser. Here, we
present the design of a compact laser cooling and trap-
ping apparatus for Li that integrates a MOT with a Zeeman
slower and requires only a single input laser beam. Figure 1
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shows the essential features of our apparatus. We antici-
pate that our design can be adapted to other elements and
possibly molecules.

The two main approaches to MOT miniaturization are
based on early experiments using pyramidal retroreflectors
[12] or tetrahedral laser-beam arrangements [13]. These
pyramidal and tetrahedral MOT configurations allow the
formation of a MOT using a single external laser beam
and a compound reflective optic [12,14]. In the tetrahedral
geometry, the compound optic can be fully planarized by
replacing the reflectors with diffraction gratings (see Fig. 1)
[15]. Both grating and pyramidal MOTs have been demon-
strated to trap large numbers of atoms [16–20] and cool
them below the Doppler limit [17,18,20–22]. Pyramidal
MOTs have been made into single-beam atom interfer-
ometers [17,20] and are being developed into compact
atomic clocks [23,24]. Grating MOTs have found use as
magnetometers [25] and electron-beam sources [26]. The
optics for both MOT types are amenable to nanofabrica-
tion [16,18,27–31]. Nanofabricated pyramidal MOTs are
inferior to grating MOTs in two key areas. First, grating
MOTs form above the nanofabricated grating chip, mak-
ing the laser-cooled atoms easier to manipulate and detect.
Second, the fabricated optics of a grating MOT are planar,
making grating MOTs fully compatible with atom chips
[32,33] and photonics [34].

The atom loading rate R of a MOT depends strongly
on the capture velocity vc. Namely, R ∝ (vc/vp)

4, where
the constant of proportionality depends on the total flux
from the source and vp = √

2kBT/m is the most proba-
ble thermal velocity of particles with temperature T and
mass m (kB is Boltzmann’s constant) [35]. While difficult
to calculate a priori, a reasonable upper limit on vc is given
by the maximum atomic velocity that can be stopped in a
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FIG. 1. An illustration of the experimental apparatus (not to
scale). The red arrows depict the input and diffracted laser beams.
The blue arrows wrapping each laser beam denote its circular
polarization. The copper rings represent electromagnets and the
attached black arrows show the direction of current flow. The two
MOT coils form a quadrupole magnetic field, while the Zeeman
coil increases the magnetic field behind the diffraction grating.
Lithium atoms that leave the heated dispenser are slowed by
the single laser beam behind the grating and then captured by
the MOT. The second dispenser in the background illustrates a
hypothetical side-loading configuration, which we compare to
our experimental results. The axes of ensuing figures refer to
the coordinate system shown here. The gravitational force is
antiparallel to the z axis.

distance ds (typically the radius rb of a MOT laser beam)
by the radiation force, i.e., vc <

√
ds�k�/m, where k =

2π/λ is the wave number of the cooling light with wave-
length λ, � is the decay rate of the excited state, and � is the
reduced Planck constant. The corresponding figure of merit
for R is then (ds�k�/2kBT)2, assuming the same source
output flux. Lithium’s figure of merit is among the worst
of all laser-coolable atoms, with its red cooling wavelength
of λLi ≈ 671 nm, its linewidth of �Li ≈ 2π × 6 MHz, and
its typical source operating temperature T ≈ 700 K.

Lithium’s poor figure of merit is worsened when loading
a grating MOT directly from a dispenser. For simplicity,
the dispenser could be placed to the side to avoid block-
ing laser beams (see Fig. 1). This placement results in
ds �

√
2rb for a conventional six-beam MOT, but only

ds � rb/2 for a grating MOT. Moreover, a dispenser placed
to the side of a grating MOT will tend to deposit metal on
the grating, gradually reducing its performance.

Another important MOT performance metric is the
steady-state atom number NS = Rτ , where τ is the trap

lifetime. To achieve the same output flux, different ele-
ments require different source temperatures, T. Higher-
temperature sources outgas undesired species at a rate that
is exponential in T. These undesired species can collide
with trapped atoms, reducing τ .

We exploit the natural integrability of the tetrahedral
MOT configuration with a Zeeman slower by etching an
aperture in the grating and loading the atoms from behind
[13,36]. Light passing through the aperture in the chip can
interact with the counterpropagating atoms for a greater
distance, increasing ds (see Fig. 1). By tailoring the mag-
netic field behind the chip, we make a Zeeman slower to
capture atoms with higher initial velocity. The aperture can
also limit gas flow, allowing for differential pumping that
mitigates the effects of dispenser outgassing.

II. DESCRIPTION OF THE TRAP

A nanofabricated silicon diffraction grating chip forms
the core of the device, as shown in Fig. 2(a). The grat-
ing chip, fabricated using photolithography at the National
Institute of Standards and Technology in the Center for
Nanoscale Science and Technology (CNST) NanoFab
cleanroom facility [37], consists of three one-dimensional
diffraction gratings, which are arranged so that their
grooves form concentric equilateral triangles [see Figs.
2(b) and 2(c)]. Each grating has a period p = 1.00(5) μm
and a 500(10) nm trench width [see Fig. 2(d)] (here,
and throughout the paper, parenthetical quantities repre-
sent standard uncertainties). The gratings are cropped by
an outer circle with a diameter of 22 mm. The diffrac-
tion gratings have a first-order diffraction angle θd ≈ 42◦
at λLi. The grating trenches are etched to a depth of
168(2) nm (approximately λLi/4), chosen to minimize
zero-order reflections. A 100(5) nm layer of aluminum
is deposited on the chip surface. The thickness of the
aluminum coating is chosen by interpolating the data of
Ref. [30] to yield, at λLi, the optimum first-order diffrac-
tion efficiency of 33% for a triangular-grating MOT; we
measure 37(1)%. Higher-order diffraction is suppressed
because p < 2λLi. For normally incident, circularly polar-
ized light, the normalized Stokes parameters of the first-
order diffracted beam are Q = 0.03(1), U = 0.13(1), V =
0.84(1). A triangular aperture, defined by an inscribed cir-
cle of radius 1.5 mm, allows both light and atoms to pass
through the chip.

Three sets of electromagnets generate the necessary
magnetic fields [see Fig. 2(a)]. Set (2) is an anti-Helmholtz
pair that produces the magnetic field gradient needed for
the MOT. Set (3) extends the range of the magnetic field
beyond the chip and adapts it into the square-root profile
of a Zeeman slower (see Sec. IV). The antisymmetric set
(1) prevents the field from set (3) from shifting the MOT
axially. All sets are made from direct bond copper on an
aluminum-nitride substrate.
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FIG. 2. The cooling and trapping apparatus for Li. (a) A pic-
ture of the full device including (1) compensation coils, (2) MOT
coils, and (3) Zeeman coils. The atom dispenser is concealed by
the Zeeman coils, but its approximate position is shown in Fig. 1.
(b) The 27 mm × 35 mm diffraction-grating chip, with a U.S.
quarter for scale. (c) A scanning-electron-microscope (SEM)
image of the diffraction grating near a vertex of the triangular
aperture. (d) An edge-on SEM image with critical dimensions.

Our Li dispenser is a custom-length, commercially
available vapor source. It consists of a stainless-steel tube
filled with 15 mg of unenriched Li. The dispenser emits
atoms through a 5 mm × 0.1 mm rectangular slit. Assum-
ing an operating temperature of 375 ◦C, the dispenser can
operate continuously for approximately 200 days before
exhausting its Li supply [38,39]. Future versions of our
trapping system will use a three-dimensionally printed tita-
nium dispenser that can hold more than 100 mg of Li [40],
allowing at least 500 days of continuous operation.

The full 0.25 L assembly is constructed on a stan-
dard vacuum flange and inserted into a vacuum chamber
pumped by a 50 L/s ion pump. The vacuum chamber has
a base pressure of 3(1) × 10−8 Pa. Outgassing from the
Li source causes the pressure to increase to approximately
10−6 Pa.

The single intensity-stabilized laser beam strikes the
grating normally. It has a 1/e2 radius of 20(1) mm; an
iris stops the beam to fit the grating. The center fre-
quency of the laser is detuned relative to the 2S1/2(F = 2)
to 2P3/2(F ′ = 3) cycling transition, which has a satura-
tion intensity of Isat ≈ 2.54 mW/cm2. An electro-optic
modulator adds sidebands at approximately 813 MHz; the
+1 sideband is equally detuned from the 2S1/2(F = 1)
to 2P3/2(F ′ = 2) “repump” transition. Because the MOT
magnetic field gradient continuously deforms into the mag-
netic field of the Zeeman slower, an additional slowing
laser would not improve atom capture. The intensities I
reported herein are the carrier intensity at the center of

the incident beam. Fluorescence from the MOT is contin-
uously monitored by a camera along an axis orthogonal to
the cooling beam. The same camera also records absorp-
tion images to more accurately measure the number of
trapped atoms.

III. MOT PARAMETERS

Figure 3(a) shows images of the cloud of 7Li atoms pre-
viously trapped in the MOT after various expansion times
t. The diffraction grating is not visible in the images, as
the MOT forms approximately 4 mm from the chip. The
fitted 1/e radii of the cloud, shown in Fig. 3(b), follow
the expected w2(t) = w2

0 + (2kBTMOT/m)t2, where TMOT is

(a)

(b)

(c)

FIG. 3. The MOT performance. (a) Absorption images show-
ing the optical density (OD) of the 7Li cloud at three different
expansion times t. (b) The fitted x (blue) and z (orange) squared
1/e radii w2

i=x,z of the cloud versus t2 (most error bars are smaller
than the data points). (c) The steady-state atom number NS ver-
sus the laser detuning and intensity, in units of �Li and Isat,
respectively.
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the temperature of the trapped cloud and w0 is the ini-
tial radius. The measured temperatures are 900(50) μK
in the radial direction and 590(30) μK in the axial direc-
tion. For the data in Figs. 3(a) and 3(b), the laser detun-
ing is �/�Li = −2.0, the saturation parameter is s0 =
I/Isat = 3.6, the carrier-to-repump power ratio is about
3:2, the magnetic field gradient at the center of the MOT
is B′ = 4.5 mT/cm, and the peak magnetic field of the
Zeeman slower is Bmax ≈ 12 mT. These trapping param-
eters and the extracted temperatures are similar to those of
“compressed” Li MOTs reported in the literature [41–43].

Figure 3(c) shows the equilibrium atom number NS in
the MOT as a function of the detuning and intensity of
the laser beam. The magnetic field gradient, the peak field
of the Zeeman slower, and the carrier-to-repump ratio are
the same as in Figs. 3(a) and 3(b). The captured atom
number increases with the laser intensity and begins to
saturate at I/Isat ≈ 2.5. We find that the maximum atom
number occurs near a detuning of �/�Li ≈ −2.5. Vary-
ing the carrier-to-repump power ratio between 1:1 and 2:1
does not qualitatively change the results in Fig. 3(c) or
substantially affect the maximum atom number.

The simplicity of our setup complicates measurement
of the MOT lifetime. There is not a distinct laser beam
for the Zeeman slower and the Li dispenser takes minutes
to turn off, so the MOT always loads atoms during opera-
tion. However, we can shut off the current in the Zeeman
and compensation coils [see Figs. 1 and 2(a)] to drastically
reduce the MOT loading rate (see Sec. IV). The MOT pop-
ulation then exponentially decays to a lower equilibrium
atom number. Fitting the MOT decay curves yields trap
lifetimes τ ≈ 1 s for our operating conditions.

IV. PERFORMANCE OF THE ZEEMAN SLOWER

To quantitatively understand the loading of the MOT,
we calculate the average force f exerted on an atom by the
input beam, with wave vector k0, and its reflections, with
wave vector ki (i = 1, 2, 3), using

f =
3∑

i=0

�ki�

2

1∑

m′
L=−1

siP(m′
L, γi, εi)

1 + stotal + 4δ2
i /�2

,

δi = � − ki · v − m′
LμBB/�,

(1)

where we have assumed an S-to-P transition (i.e., ignoring
fine and hyperfine structure) [14]. Here, si = Ii/Isat is the
saturation parameter for beam i (with intensity Ii), stotal =∑

i si, � is the detuning, v is the atom’s velocity, μB is
the Bohr magneton, m′

L is the projection of the excited-
state’s orbital angular momentum onto the magnetic field,
and γi is the angle between the magnetic field B and the
wave vector ki. The polarization of beam i is denoted
by εi = ±1, where +1 (−1) represents right-handed (left-
handed) circular polarization. P is a Wigner d-matrix

that determines the transition probabilities to excited
state m′

L and is given by P(m′
L = −1, γi, εi = ±1) =

(1 ∓ cos γi)
2/4, P(m′

L = 0, γi, εi = ±1) = sin2 γi/2, and
P(m′

L = +1, γi, εi = ±1) = (1 ± cos γi)
2/4.

The calculated force along the z axis is shown in Fig. 4
for a magnetic field gradient of B′ = 4.5 mT/cm and a
maximum magnetic field of Bmax ≈ 12 mT. For these val-
ues of B′ and Bmax, the magnetic field behind the chip
closely matches the ideal B(z) ∝ √

z profile of a Zeeman
slower. The input laser beam (see Fig. 1) is resonant with
the cycling transition along the bright yellow curve (i.e.,
kv = −� + μBB/�), maximizing the slowing force f [see
Eq. (1)]. The force is reduced in the MOT region (the yel-
low curve darkens to pale green) because the diffracted
laser beams increase stotal (see Fig. 6). The dispenser source
is located at zs ≈ 54 mm, beyond the maximum of the
magnetic field at zmax ≈ 30 mm, and about 10 times fur-
ther from the MOT than the aperture at za = 5 mm with
characteristic radius ra = 2 mm.

Behind the aperture (see Fig. 1), atoms are slowed simi-
larly to an ideal Zeeman slower, where the velocity follows
vB(z) = μBB(z)/�k. In this case, all initial velocities v0 <

vc = μBBmax/�k should be slowed. Figure 4 shows sim-
ulated on-axis v(z) trajectories. Atoms emitted from the
source with v0 receive a slowing impulse as they come
into resonance with the slowing laser beam in the region
of increasing magnetic field (z � 30 mm in Fig. 4), travel
along the Zeeman slower at nearly constant velocity, and
then fall onto the vB(z) curve.

FIG. 4. Forces on the atoms in the Zeeman slower. The color
plot shows the axial force on a 7Li atom versus position z
and axial velocity v for B′ = 4.5 mT/cm and Bmax = 12 mT.
The vertical dashed lines denote the MOT region; the vertical
short-dashed line denotes the chip location. The atom source
is positioned at the left edge of the plot (z = zs ≈ 54 mm).
The solid white curves show the trajectories of the slowest and
fastest captured velocities. The dashed white curves show the
trajectories for intermediate initial velocities.
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FIG. 5. The measured loading rate of the MOT with �/�Li =
−2.0 and s0 = I/Isat = 3.9 at four different magnetic field gradi-
ents B′: 4 mT/cm (blue), 4.5 mT/cm (orange), 5 mT/cm (green),
and 5.5 mT/cm (red). The curves are best fits of the model
described in the text.

We calculate the resulting loading rate by considering an
effusive source with surface area S . Each area element of
the source dS emits φ atoms per second per unit area per
steradian, according to a cosine distribution [44]. Due to
the size of the chip aperture and MOT beams, only atoms
emitted at angles θ (relative to the z axis) less than the
capture angle θc are captured by the MOT. Integrating over
the full source surface S leads to

R = 8
√

π

∫

S
φ dS

∫ θc

0
cos θ dθ

∫ vc(θ)

0

v3
0

v4
p

e−v2
0/v2

p dv0.

(2)

As a first approximation, we consider a point source at
x = 0, take vc to be independent of θ , and define the cap-
ture angle θc through geometry, i.e., tan θc = ra/(zs − za).
The capture velocity then scales as vc ∝ Bmax and thus the
loading rate R ∝ B4

max. Figure 5 shows the experimental
efficacy of our Zeeman slower for four different mag-
netic field gradients B′. At most, we observe a factor-of-4
increase in R for a doubling of Bmax, suggesting a scaling
closer to B2

max.
The naïve B4

max scaling breaks down if the accelera-
tion required to keep an atom on the vB(z) curve (see
Fig. 4) exceeds the maximum possible acceleration from
the slowing laser beam. This condition is expressed as

dvB

dt
= dvB

dz
dz
dt

= μB

�k0

dB(z)
dz

vB ≤ �k0�

2m
s0

1 + s0
, (3)

where the right-hand side of the inequality is the maxi-
mum magnitude of f in the Zeeman slower [see Eq. (1)]. In
the present study, the largest vB(zmax) ≈ 120 m/s, defined
by Bmax ≈ 13 mT. Combining this largest vB(zmax) with
s = 3.9 and the largest B′ = 5.5 mT/cm from Fig. 5,

we find that the inequality in Eq. (3) is always fulfilled.
Because dB(z)/dz < B′ in our apparatus, our calculation
also demonstrates that deviations from the ideal B(z) ∝ √

z
field in the Zeeman slower cannot explain the observed
scaling of R with Bmax.

Another potential deviation from R ∝ B4
max is the

assumed independence of vc and θc. Consider the on-
axis atomic trajectories in Fig. 6 with a nonzero initial
angle with the z axis. These trajectories blossom: as the
axial velocity decreases, the initial transverse velocity
causes the atom to deviate farther off-axis. The blossom-
ing effect reduces θc. Neglecting the initial velocity change
in the increasing magnetic field region (z � 30 mm in
Fig. 4), an atom will travel at its initial velocity v0 until
it intersects the universal vB(z) curve. To illustrate the
blossoming effect, we take vB(z) ≈ v′z so that the atom
falls onto the universal trajectory at zI = v0/v

′, where v′ =
μBB′/�k. Along the vB(z) trajectory, the atom obeys z(t) =
(v0/v

′)e−v′t. The angle θc that just clears the aperture can
then be determined from the source-aperture travel time tsa:

tan θc ≈ ra

v0tsa
= ra

zs − za

{
zs − za

zs − zI [1 − log(zI/za)]

}
, (4)

where we have assumed that θc 	 1. For our device, the
term in braces reduces θc by approximately 70% of the
geometric limit at B′ = 5.5 mT/cm and Bmax = 13 mT (see
Fig. 5). With this correction, the loading rate, evaluated
numerically, scales roughly as R ∝ B3

max in our region of
experimental interest.

Finally, we consider a source that is misaligned with
respect to the slowing laser beam. Figure 6 shows sev-
eral such trajectories, which start at x ≈ 5 mm with various
emission angles. Simulations of these off-axis trajectories
indicate that atoms starting outside the slowing laser beam
can still be captured provided that they enter the Zeeman
slower at a position ze such that vB(ze) > v0 and subse-
quently clear the aperture. We use these two conditions to
calculate the scaling of the loading rate for each B′, shown
in Fig. 5 as the solid curves. The model suggests that the
vast majority of the flux is being emitted from the source
approximately 2.5 mm outside of the slowing laser beam,
a slight misalignment.

After disassembling the apparatus, we discovered that
the Li metal had migrated out of the dispenser onto its
exterior surface. Most of the Li was positioned just outside
of the Zeeman slower beam, as suggested by our loading
rate calculation. The Li migration may have been exac-
erbated because the gravitational force is antiparallel to
the z axis (see Fig. 1) and might be reduced by reorient-
ing the apparatus. However, restricting the orientation of
the device is undesirable for future applications. Inserting
a Ni mesh into the dispenser to wick the Li metal would
prevent migration in all orientations [40,45] and improve
the loading rate scaling to R ∝ B3

max.
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FIG. 6. Off-axis trajectories of atoms. The color plot shows the total saturation parameter of all lasers, stotal; the stream lines show
magnetic field lines, with a larger magnetic field magnitude being darker. Blue (green) trajectories are trapped trajectories from a
source placed behind (to the side of) the chip, starting at 0.7vc (0.25vc); gray trajectories are untrapped. The width of the trajectory
curves indicates the magnitude of the velocity.

The above results suggest that the device would be
improved by moving the source further from the MOT
while maintaining alignment with the slowing laser beam.
Consider a fixed magnetic field gradient B′ throughout
all space and a movable source with position zs. The
capture velocity for atoms traveling along the z axis is
vc = v′zs. As the source moves away from the MOT,
the capture velocity increases because vc ∝ zs, but θc
decreases as tan θc = ra/(zs − za) for small v0 and as
tan θc ≈ rav

′/[v0 log(za/zs)] for velocities v0 � v′zs. To
understand the competition between vc and θc, we numer-
ically evaluate Eq. (2) as a function of zs. We find that
R is roughly constant for zs/za < 3 and becomes R ∝
(zs/za)

3/2 for zs/za > 10. Therefore, placing the source
farther behind the chip is optimal, provided that optical
alignment can be maintained, the inequality in Eq. (3) is
always satisfied, and the magnetic field gradient can be
extended to continue the Zeeman slower.

Loading from behind the chip should always outperform
loading from the side, given that vc and θc are roughly
equivalent for a source at zs = za and a source placed to
the side (see Fig. 1). However, outperforming side loading
places additional restrictions on the size of the appara-
tus (zs/za > 3), beam alignments, and source placement.
As an example, a source placed to the side might have
performed equally well in the device presented here. We
simulated several side-loaded trajectories, shown in green
in Fig. 6, and found that the side-loaded capture velocity
is roughly 25% that of the best on-axis capture velocity.
The reduction in capture velocity is compensated by the
increase in θc, causing R to be unchanged. Moving our
source forward to the position of the peak magnetic field
(i.e., zs = zmax) would be sufficient for back loading to be
faster than side loading.

V. DISCUSSION

We demonstrate a single-beam slowing and trapping
apparatus for 7Li atoms. We trap more than 106 atoms with
loading rates exceeding 106 s−1. The integrated Zeeman
slower behind the chip is effective in increasing the cap-
tured flux by over a factor of 3. The source placement pre-
vents unwanted metal deposition on the grating and allows
for future vacuum improvements via differential pumping.

Our design can easily be adapted to serve as a cold gas
source for a variety of applications. By implementing dif-
ferential pumping or using a low-outgassing atom source
(rather than a dispenser) [46,47], our device could be used
as a primary vacuum gauge [9,10]. The diffraction grating
period and etch depth can be altered to optimize trapping
of other elements, such as Rb, Cs, Ca, Sr, or Yb. The trap-
ping of alkaline-earth atoms using our apparatus would
allow the development of portable optical frequency stan-
dards, which could be used for geodesy [48] or space-based
gravitational wave detection [49] and will be necessary
for future redefinition of the SI second [50]. A multiple-
length Z-wire magnetic trap [51] could be patterned onto
the back of our grating chip, permitting atoms to be pulled
closer to the chip surface for chip-scale atom interferome-
ters [32,52] or quantum memories [33,34]. The tetrahedral
MOT configuration should also be applicable to “type-
II” MOTs [53,54], which are used to laser cool and trap
molecules [55,56]. We anticipate that, with suitable mod-
ifications to the grating, our system could trap molecules
from a buffer-gas beam source [57], enabling the develop-
ment of deployable devices using laser-cooled molecules.

Improvements to the present design can be made to
increase both R and NS. First, our dispenser could be
redesigned to better mode match with our slowing laser
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beam and could be placed closer to the maximum of the
magnetic field. Together, the changes to the dispenser
should increase our loading rate by at least a factor of 10.
Second, the Zeeman slower can be shortened by increasing
the magnetic field gradient. Because of the lack of a coun-
terpropagating beam [58], the increased magnetic field
gradient should not impact the capture velocity, provided
that the inequality in Eq. (3) is satisfied. Third, adding dif-
ferential pumping, which was not implemented here, will
decrease the loss rate τ and hence increase the equilibrium
number of atoms in the MOT.

ACKNOWLEDGMENTS

We thank W. McGehee and S. Maxwell for their care-
ful reading of the manuscript. We also thank the CNST
NanoFab staff for allowing us to use the facility to fabri-
cate grating chips. D.S.B. and E.B.N. acknowledge support
from the National Research Council Postdoctoral Research
Associateship Program.

[1] A. Kuzmich, W. P. Bowen, A. D. Boozer, A. Boca, C. W.
Chou, L.-M. Duan, and H. J. Kimble, Generation of non-
classical photon pairs for scalable quantum communication
with atomic ensembles, Nature 423, 731 (2003).

[2] S. B. Koller, J. Grotti, S. Vogt, A. Al-Masoudi, S. Dörscher,
S. Häfner, U. Sterr, and C. Lisdat, Transportable Optical
Lattice Clock with 7 × 10−17 Uncertainty, Phys. Rev. Lett.
118, 073601 (2017).

[3] E. L. Raab, M. Prentiss, A. Cable, S. Chu, and D. E.
Pritchard, Trapping of Neutral Sodium Atoms with Radi-
ation Pressure, Phys. Rev. Lett. 59, 2631 (1987).

[4] M. Hauth, C. Freier, V. Schkolnik, A. Senger, M. Schmidt,
and A. Peters, First gravity measurements using the mobile
atom interferometer GAIN, Appl. Phys. B 113, 49 (2013).

[5] D. Becker, M. D. Lachmann, S. T. Seidel, H. Ahlers, A. N.
Dinkelaker, J. Grosse, O. Hellmig, H. Müntinga, V. Schkol-
nik, T. Wendrich, A. Wenzlawski, B. Weps, R. Corgier, D.
Lüdtke, T. Franz, N. Gaaloul, W. Herr, M. Popp, S. Amri,
H. Duncker et al., Space-borne Bose-Einstein condensation
for precision interferometry, Nature 562, 391 (2018).

[6] L. Liu, D.-S. Lü, W.-B. Chen, T. Li, Q.-Z. Qu, B. Wang, L.
Li, W. Ren, Z.-R. Dong, J.-B. Zhao, W.-B. Xia, X. Zhao, J.-
W. Ji, M.-F. Ye, Y.-G. Sun, Y.-Y. Yao, D. Song, Z.-G. Liang,
S.-J. Hu, D.-H. Yu et al., In-orbit operation of an atomic
clock based on laser-cooled 87Rb atoms, Nat. Commun. 9,
2760 (2018).

[7] S. L. Campbell, R. B. Hutson, G. E. Marti, A. Goban, N.
Darkwah Oppong, R. L. McNally, L. Sonderhouse, J. M.
Robinson, W. Zhang, B. J. Bloom, and J. Ye, A Fermi-
degenerate three-dimensional optical lattice clock, Science
358, 90 (2017).

[8] N. Hinkley, J. A. Sherman, N. B. Phillips, M. Schioppo,
N. D. Lemke, K. Beloy, M. Pizzocaro, C. W. Oates, and
A. D. Ludlow, An Atomic Clock with 10−18 Instability,
Science 341, 1215 (2013).

[9] J. Scherschligt, J. A. Fedchak, D. S. Barker, S. Eckel, N.
Klimov, C. Makrides, and E. Tiesinga, Development of

a new UHV/XHV pressure standard (cold atom vacuum
standard), Metrologia 54, S125 (2017).

[10] S. Eckel, D. S. Barker, J. A. Fedchak, N. N. Klimov, E.
Norrgard, J. Scherschligt, C. Makrides, and E. Tiesinga,
Challenges to miniaturizing cold atom technology for
deployable vacuum metrology, Metrologia 55, S182
(2018).

[11] F. Sorrentino, Y.-H. Lien, G. Rosi, L. Cacciapuoti, M.
Prevedelli, and G. M. Tino, Sensitive gravity-gradiometry
with atom interferometry: Progress towards an improved
determination of the gravitational constant, New J. Phys.
12, 095009 (2010).

[12] K. I. Lee, J. A. Kim, H. R. Noh, and W. Jhe, Single-beam
atom trap in a pyramidal and conical hollow mirror., Opt.
Lett. 21, 1177 (1996).

[13] F. Shimizu, K. Shimizu, and H. Takuma, Four-beam laser
trap of neutral atoms, Opt. Lett. 16, 339 (1991).

[14] M. Vangeleyn, P. F. Griffin, E. Riis, and A. S. Arnold,
Single-laser, one beam, tetrahedral magneto-optical trap,
Opt. Express 17, 13601 (2009).

[15] M. Vangeleyn, P. F. Griffin, E. Riis, and A. S. Arnold, Laser
cooling with a single laser beam and a planar diffractor, Opt.
Lett. 35, 3453 (2010).

[16] M. Trupke, F. Ramirez-Martinez, E. A. Curtis, J. P. Ash-
more, S. Eriksson, E. A. Hinds, Z. Moktadir, C. Gollasch,
M. Kraft, G. Vijaya Prakash, and J. J. Baumberg, Pyrami-
dal micromirrors for microsystems and atom chips, Appl.
Phys. Lett. 88, 071116 (2006).

[17] Q. Bodart, S. Merlet, N. Malossi, F. P. Dos Santos, P.
Bouyer, and A. Landragin, A cold atom pyramidal gravime-
ter with a single laser beam, Appl. Phys. Lett. 96, 134101
(2010).

[18] C. C. Nshii, M. Vangeleyn, J. P. Cotter, P. F. Griffin, E.
A. Hinds, C. N. Ironside, P. See, A. G. Sinclair, E. Riis,
and A. S. Arnold, A surface-patterned chip as a strong
source of ultracold atoms for quantum technologies, Nat.
Nanotechnol. 8, 321 (2013).

[19] E. Imhof, B. K. Stuhl, B. Kasch, B. Kroese, S. E. Olson, and
M. B. Squires, Two-dimensional grating magneto-optical
trap, Phys. Rev. A 96, 033636 (2017).

[20] X. Wu, F. Zi, J. Dudley, R. J. Bilotta, P. Canoza, and H.
Müller, Multiaxis atom interferometry with a single diode
laser and a pyramidal magneto-optical trap, Optica 4, 1545
(2017).

[21] P. D. Lett, W. D. Phillips, S. L. Rolston, C. E. Tanner, R. N.
Watts, and C. I. Westbrook, Optical molasses, J. Opt. Soc.
Am. B 6, 2084 (1989).

[22] J. Lee, J. A. Grover, L. A. Orozco, and S. L. Rolston,
Sub-Doppler cooling of neutral atoms in a grating magneto-
optical trap, J. Opt. Soc. Am. B 30, 2869 (2013).

[23] B. M. Xu, X. Chen, J. Wang, and M. S. Zhan, Realization
of a single-beam mini magneto-optical trap: A candidate for
compact CPT cold atom-clocks, Opt. Commun. 281, 5819
(2008).

[24] D. R. Scherer, R. Lutwak, M. Mescher, R. Stoner, B.
Timmons, F. Rogomentich, G. Tepolt, S. Mahnkopf, J.
Noble, S. Chang, and D. Taylor, Progress on a Miniature
Cold-Atom Frequency Standard, arXiv:1411.5006 (2014).

[25] J. P. McGilligan, P. F. Griffin, R. Elvin, S. J. Ingleby,
E. Riis, and A. S. Arnold, Grating chips for quantum
technologies, Sci. Rep. 7, 384 (2017).

064023-7

https://doi.org/10.1038/nature01714
https://doi.org/10.1103/PhysRevLett.118.073601
https://doi.org/10.1103/PhysRevLett.59.2631
https://doi.org/10.1007/s00340-013-5413-6
https://doi.org/10.1038/s41586-018-0605-1
https://doi.org/10.1038/s41467-018-05219-z
https://doi.org/10.1126/science.aam5538
https://doi.org/10.1126/science.1240420
https://doi.org/10.1088/1681-7575/aa8a7b
https://doi.org/10.1088/1681-7575/aadbe4
https://doi.org/10.1088/1367-2630/12/9/095009
https://doi.org/10.1364/OL.21.001177
https://doi.org/10.1364/OL.16.000339
https://doi.org/10.1364/OE.17.013601
https://doi.org/10.1364/OL.35.003453
https://doi.org/10.1063/1.2172412
https://doi.org/10.1063/1.3373917
https://doi.org/10.1038/nnano.2013.47
https://doi.org/10.1103/PhysRevA.96.033636
https://doi.org/10.1364/OPTICA.4.001545
https://doi.org/10.1364/JOSAB.6.002084
https://doi.org/10.1364/JOSAB.30.002869
https://doi.org/10.1016/j.optcom.2008.08.012
https://doi.org/10.1038/s41598-017-00254-0


D.S. BARKER ET AL. PHYS. REV. APPLIED 11, 064023 (2019)

[26] J. G. H. Franssen, T. C. H. de Raadt, M. A. W. van Ninhuijs,
and O. J. Luiten, Compact ultracold electron source based
on a grating magneto optical trap, Phys. Rev. Accelerat.
Beams 22, 023401 (2019).

[27] S. Pollock, J. P. Cotter, A. Laliotis, and E. A. Hinds, Inte-
grated magneto-optical traps on a chip, Opt. Express 17,
14109 (2009).

[28] S. Pollock, J. P. Cotter, A. Laliotis, F. Ramirez-
Martinez, and E. A. Hinds, Characteristics of integrated
magneto-optical traps for atom chips, New J. Phys. 13,
043029 (2011).

[29] J. P. McGilligan, P. F. Griffin, E. Riis, and A. S. Arnold,
Phase-space properties of magneto-optical traps utilising
micro-fabricated gratings, Opt. Express 23, 8948 (2015).

[30] J. P. McGilligan, P. F. Griffin, E. Riis, and A. S. Arnold,
Diffraction-grating characterization for cold-atom experi-
ments, J. Opt. Soc. Am. B 33, 1271 (2016).

[31] J. P. Cotter, J. P. McGilligan, P. F. Griffin, I. M. Rabey, K.
Docherty, E. Riis, A. S. Arnold, and E. A. Hinds, Design
and fabrication of diffractive atom chips for laser cooling
and trapping, Appl. Phys. B 122, 172 (2016).

[32] J. Fortagh and C. Zimmermann, Magnetic microtraps for
ultracold atoms, Rev. Mod. Phys. 79, 235 (2007).

[33] M. Keil, O. Amit, S. Zhou, D. Groswasser, Y. Japha, and
R. Folman, Fifteen years of cold matter on the atom chip:
Promise, realizations, and prospects, J. Mod. Opt. 63, 1840
(2016).

[34] E. Vetsch, D. Reitz, G. Sagué, R. Schmidt, S. T. Dawkins,
and A. Rauschenbeutel, Optical Interface Created by Laser-
Cooled Atoms Trapped in the Evanescent Field Surround-
ing an Optical Nanofiber, Phys. Rev. Lett. 104, 203603
(2010).

[35] K. Lindquist, M. Stephens, and C. Wieman, Experimental
and theoretical study of the vapor-cell Zeeman optical trap,
Phys. Rev. A 46, 4082 (1992).

[36] Z. Lin, K. Shimizu, M. Zhan, F. Shimizu, and H. Takuma,
Laser Cooling and Trapping of Li, Jpn. J. Appl. Phys. 30,
1324 (1991).

[37] Commercial fabrication facilities, equipment, materials, or
computational software are identified in this paper in order
to adequately specify device fabrication, the experimen-
tal procedure, and data analysis. Such identification is not
intended to imply endorsement by the National Institute of
Standards and Technology; nor is it intended to imply that
the facility, equipment, material, or software identified is
necessarily the best available.

[38] H. C. W. Beijerinck and N. F. Verster, Velocity distri-
bution and angular distribution of molecular beams from
multichannel arrays, J. Appl. Phys. 46, 2083 (1975).

[39] C. B. Alcock, V. P. Itkin, and M. K. Horrigan, Vapor
Pressure of the Metallic Elements, Can. Metall. Q. 23,
309 (1984).

[40] E. B. Norrgard, D. S. Barker, J. A. Fedchak, N. Klimov,
J. Scherschligt, and S. P. Eckel, Note: A 3D-printed alkali
metal dispenser, Rev. Sci. Instrum. 89, 056101 (2018).

[41] M. O. Mewes, G. Ferrari, F. Schreck, A. Sinatra, and
C. Salomon, Simultaneous magneto-optical trapping of
two lithium isotopes, Phys. Rev. A 61, 011403(R)
(1999).

[42] A. T. Grier, I. Ferrier-Barbut, B. S. Rem, M. Delehaye,
L. Khaykovich, F. Chevy, and C. Salomon, �-enhanced
sub-Doppler cooling of lithium atoms in D1 gray molasses,
Phys. Rev. A 87, 063411 (2013).

[43] A. Burchianti, G. Valtolina, J. A. Seman, E. Pace, M. De
Pas, M. Inguscio, M. Zaccanti, and G. Roati, Efficient all-
optical production of large 6Li quantum gases using D1
gray-molasses cooling, Phys. Rev. A 90, 043408 (2014).

[44] K. J. Ross and B. Sonntag, High temperature metal atom
beam sources, Rev. Sci. Instrum. 66, 4409 (1995).

[45] W. Gunton, M. Semczuk, and K. W. Madison, Realization
of BEC-BCS-crossover physics in a compact oven-loaded
magneto-optic-trap apparatus, Phys. Rev. A 88, 023624
(2013).

[46] S. Kang, R. P. Mott, K. A. Gilmore, L. D. Sorenson, M. T.
Rakher, E. A. Donley, J. Kitching, and C. S. Roper, A low-
power reversible alkali atom source, Appl. Phys. Lett. 110,
244101 (2017).

[47] D. S. Barker, E. B. Norrgard, J. Scherschligt, J. A. Fedchak,
and S. Eckel, Light-induced atomic desorption of lithium,
Phys. Rev. A 98, 043412 (2018).

[48] C. W. Chou, D. B. Hume, T. Rosenband, and D. J.
Wineland, Optical Clocks and Relativity, Science 329, 1630
(2010).

[49] A. Vutha, Optical frequency standards for gravitational
wave detection using satellite Doppler velocimetry, New J.
Phys. 17, 063030 (2015).

[50] T. E. Parker, Invited Review Article: The uncertainty in
the realization and dissemination of the SI second from
a systems point of view, Rev. Sci. Instrum. 83, 021102
(2012).

[51] M. B. Squires, S. E. Olson, B. Kasch, J. A. Stickney, C.
J. Erickson, J. A. R. Crow, E. J. Carlson, and J. H. Burke,
Ex vacuo atom chip Bose-Einstein condensate, Appl. Phys.
Lett. 109, 264101 (2016).

[52] S. Abend, M. Gebbe, M. Gersemann, H. Ahlers, H.
Müntinga, E. Giese, N. Gaaloul, C. Schubert, C. Läm-
merzahl, W. Ertmer, W. P. Schleich, and E. M. Rasel, Atom-
Chip Fountain Gravimeter, Phys. Rev. Lett. 117, 203003
(2016).

[53] J. Flemming, A. M. Tuboy, D. M. B. P. Milori, L. G. Mar-
cassa, S. C. Zilio, and V. S. Bagnato, Magneto-optical trap
for sodium atoms operating on the D1 line, Opt. Commun.
135, 269 (1997).

[54] K. N. Jarvis, B. E. Sauer, and M. R. Tarbutt, Characteristics
of unconventional Rb magneto-optical traps, Phys. Rev. A
98, 043432 (2018).

[55] J. F. Barry, D. J. McCarron, E. B. Norrgard, M. H. Stei-
necker, and D. Demille, Magneto-optical trapping of a
diatomic molecule, Nature 512, 286 (2014).

[56] M. R. Tarbutt, Magneto-optical trapping forces for atoms
and molecules with complex level structures, New J. Phys.
17, 015007 (2015).

[57] N. R. Hutzler, H.-I. Lu, and J. M. Doyle, The buffer gas
beam: An intense, cold, and slow source for atoms and
molecules, Chem. Rev. 112, 4803 (2012).

[58] D. Haubrich, A. Höpe, and D. Meschede, A simple model
for optical capture of atoms in strong magnetic quadrupole
fields, Opt. Commun. 102, 225 (1993).

064023-8

https://doi.org/10.1103/PhysRevAccelBeams.22.023401
https://doi.org/10.1364/OE.17.014109
https://doi.org/10.1088/1367-2630/13/4/043029
https://doi.org/10.1364/OE.23.008948
https://doi.org/10.1364/JOSAB.33.001271
https://doi.org/10.1007/s00340-016-6415-y
https://doi.org/10.1103/RevModPhys.79.235
https://doi.org/10.1080/09500340.2016.1178820
https://doi.org/10.1103/PhysRevLett.104.203603
https://doi.org/10.1103/PhysRevA.46.4082
https://doi.org/10.1143/JJAP.30.L1324
https://doi.org/10.1063/1.321845
https://doi.org/10.1179/cmq.1984.23.3.309
https://doi.org/10.1063/1.5023906
https://doi.org/10.1103/PhysRevA.61.011403
https://doi.org/10.1103/PhysRevA.87.063411
https://doi.org/10.1103/PhysRevA.90.043408
https://doi.org/10.1063/1.1145337
https://doi.org/10.1103/PhysRevA.88.023624
https://doi.org/10.1063/1.4986197
https://doi.org/10.1103/PhysRevA.98.043412
https://doi.org/10.1126/science.1192720
https://doi.org/10.1088/1367-2630/17/6/063030
https://doi.org/10.1063/1.3682002
https://doi.org/10.1063/1.4971838
https://doi.org/10.1103/PhysRevLett.117.203003
https://doi.org/10.1016/S0030-4018(96)00660-8
https://doi.org/10.1103/PhysRevA.98.043432
https://doi.org/10.1038/nature13634
https://doi.org/10.1088/1367-2630/17/1/015007
https://doi.org/10.1021/cr200362u
https://doi.org/10.1016/0030-4018(93)90387-K

	I. INTRODUCTION
	II. DESCRIPTION OF THE TRAP
	III. MOT PARAMETERS
	IV. PERFORMANCE OF THE ZEEMAN SLOWER
	V. DISCUSSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


