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Abstract. Atom and, of late, molecule interferometers find application in both the crucible of fundamental
research and industrial pursuits. A prevalent methodology in the construction of atom interferometers
involves the utilisation of gratings fashioned from laser beams. While this approach imparts commendable
precision, it is hampered by its incapacity to attain exceedingly short wavelengths and its dependence
on intricate laser systems for operational efficacy. All applications require the control of matter waves,
particularly the particle’s velocity. In this manuscript, we propose a continuous beam monochromator
scheme reaching enormously high velocity purification with speed ratios in the order of 103 based on
atom-surface diffraction. Beyond these high purifications, the proposed scheme simplifies the application
by reducing the degree of freedom to a single angle, selecting the wanted particle’s velocity.

1 Introduction

Atom interferometry is one of the advanced investiga-
tion techniques in modern physics[1,2] covering a wide
range from fundamental research, such as the transi-
tion between the classical and the quantum world due
to high mass [3] or slower particles [4,5], via as well
as magnetic and gravity sensing [6,7], quantum metrol-
ogy [8], atomic clocks [9], dark matter and gravitational
wave detectors [10] also in space [11,12] to matter-wave
lithography [13,14]. Recently, portable atom gravime-
ters for geophysical investigations, such as prospecting
and oil survey, have become commercially available [15].

Atom interferometers are also proposed as accelerom-
eters for sub-sea navigation in submarines and under-
water drones [7,16]. However, reaching the envisaged
accuracy requires either a velocity-sensitive measure-
ment or an accurate velocity preselection. Velocity-
sensitive measurements are challenging but realisable [5,
17,18].

A measure for the wave’s monochromaticity is speed
ratios (ratio between velocity v and velocity spread Δv,
v/Δv). To reach large speed ratios, one needs control
of the particle’s trajectories [17,19] and a low particle
flux [5] to distinguish each particle. An alternative to a
velocity-sensitive measurement is velocity preselection,
enabling high-contrast interferences. Here, we differen-
tiate between two principles: (a) changing the momen-
tum of particles with the wrong velocity (momentum)
or (b) removing the particles with a different momen-
tum.
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Velocity-dependent accelerating or decelerating par-
ticles within a particle beam have been realised by the
Rydberg–Stark decelerator, a chain of quadrupoles cre-
ating an inhomogeneous field that couples differently
to the dipoles moving with different velocities [20–22].
Thus, this technique is restricted to particles with a per-
manent dipole moment. Another possibility is the Zee-
man slower, which works analogously to the Stark effect
but uses magnetic fields coupled to the spin-polarised
magnetic moment.

The more straightforward solution is removing the
particles from the beam with a velocity different from
the target velocity, which can be realised using two
choppers, which only transmit particles with a veloc-
ity matching the time window for the chopper open-
ings. This technique has been realised in various con-
figurations and setups, e.g., a cascade of choppers [23]
or a helical gearwheel [24,25]. However, it has the
apparent disadvantage that a continuous beam will be
pulsed. A further possibility, removing particles with
an unwanted velocity from a beam, uses atomic mir-
rors, which has been demonstrated experimentally [26]
as well as the slowing of atomic beams, the so-called
atomic paddle [27], Stark effect decelerator [28] and Zee-
man slower [29].

Here, we present a novel approach to velocity selec-
tion, which enables a continuous beam with speed ratios
up to several hundred by exploiting the recently pro-
posed reflective atom interferometer [30]. The exam-
ple presented here is for a helium beam scattering
off hydrogen-passivated Si(111) [31]. However, the pro-
posed device can be adapted to other materials and
atomic beams. The reflection direction is velocity-
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sensitive depending on the surface structure. Thus, by
sending the reflected (diffracted) beam through a pin-
hole, the particles with a velocity outside a specific
range will be blocked, and the beam’s speed ratio will
be enhanced. The velocity-dependent beam spread is
increased using three reflections instead of one (simple
reflection scheme). Experimentally, this is made possi-
ble by the monolithic nature of the atom interferometer,
which ensures that the reflective surfaces do not move
relative to each other.

2 The monochromator

The proposed monochromator for matter waves is based
on the reflective atom interferometer introduced in
Ref. [30], which consists of two parallel structured
plates cut into a single crystal. It requires two parallel
nano-structured planar surfaces, which can be achieved
by cutting a monolithic crystal, such as silicon, and
chemically dipping the Si(111) crystal in an HF solu-
tion [32]. The incoming beam is diffracted three times
within the device before leaving. For each diffraction,
the incidence ϑinc and reflection angles ϑout are related
by Bragg’s law

ϑout = arcsin
[
sinϑinc + n

λdB

aS

]
, (1)

with the diffraction order n, the de-Broglie wavelength
λdB = 2π�/p = 2π�/(mv), the reduced Planck con-
stant �, the particle’s mass m and velocity v, and the
lattice constant of the structured surface aS. Due to the
structure of this equation, the three internal diffractions
ni lead to a total diffraction order for the entire device
N = n1 + n2 + n3. Figure 1 illustrates the situation. In
previous work [30], we have seen a strong dependency of
the diffraction orders’ positions on the incoming beam’s
wavelength, which motivated the further consideration
of the device to act as a monochromator. In the follow-
ing, we will first consider the relation between the inci-
dence and reflection angle with respect to velocity devi-
ations. One of these angles should be fixed for practical
applications, where we used the outgoing angle ϑout.
Thus, we first analyse the optimal incidence angle con-
cerning a strong velocity dependence. Afterwards, we
derive conditions for the device’s dimensions, expressed
in the length-to-separation ratio d/s, allowing for an
almost arbitrary scaling of the device. All given exam-
ples consider a helium beam in a monolithic Si(111)-
H(1×1) device according to Ref. [30].

2.1 Optimal incidence angle

The diffraction angles ϕ in the monolithic monochro-
mator are determined by[30]

ϑout = arcsin
[
sin ϑinc + N

2π�

mvaS

]
. (2)

To diffract most of the unwanted velocities of the
incoming beam, a large variance of the diffraction angle
with respect to velocity changes is required

dϑout

dv
=

− N2π�

mv2aS

√
1 −

(
sin(ϑinc) + N 2π�

mvaS

)2
�→ max.

(3)

Thus, the diffraction angle must be large to achieve a
wide spread of the velocity distribution. The optimum
would be mathematically at ϑinc = π/2. However, this
solution means that the outcoming beam is parallel to
the slab, leaving the application scope of Eq. 1. We
introduce a small angle ε to compensate for this effect,
ensuring non-parallel beams, and the outcoming diffrac-
tion angle reads ϕ = π

2 −ε leading to an incidence angle

ϑinc = arcsin
(

cos ε − N
2π�

mvaS

)
. (4)

Furthermore, a small lattice constant is required aS �→
0.

For applicational purposes, we set the output beam
to a specific value, ϑout = 1.48 rad (= 85◦). This means
the device always works with a fixed output angle,
and the velocity selection occurs by changing the input
angle. Figure 2 illustrates the dependence of the inci-
dence angles for different beam velocities of a helium
beam diffracted in a monolithic hydrogen-passivised
silicon monochromator with a lattice constant aS =
3.383 Å [33]. It can be seen that the lower diffraction
orders cover a larger velocity range.

Figure 3 illustrates the corresponding velocity diver-
gence (3). It can be seen that the higher diffraction
orders are more sensitive to velocity changes than the
lower ones.

2.2 Optimal dimensions of the monochromator

The monochromator is based on three diffractive reflec-
tions between two parallel plates separated by a dis-
tance s. The first reflection is described by the diffrac-
tion angle:

α1 = arcsin
[
sinϑinc + n1

2π�

mvaS

]
, (5)

the second one by

α2 = arcsin
[
sinα1 + n2

2π�

mvaS

]
, (6)

and finally, the exiting beam

ϑout = arcsin
[
sinα2 + n3

2π�

mvaS

]
. (7)
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Fig. 1 Sketch of the setup: two parallel nano-structured
slabs of length l and period aS separated by the distance
s. An incoming beam with incidence angle ϑinc is reflected
three times: first into the diffraction order n1 with diffrac-
tion angle α1, followed by the diffraction order and angle
n2 and α2, respectively, and leaving the apparatus after a
third reflection of order n3 and the diffraction angle ϑout.
The distance between the first and third reflection points is
marked by d

Fig. 2 Incidence angles for a helium beam in a monolithic
Si(111)-H(1×1) monochromator for different velocities lead-
ing to a large diffraction angle (ϑout = 1.48 rad (= 85◦))
for the first (blue line), second (orange line) and third
(green line) total reflection order. It can be seen that the
lowest diffraction order covers the largest velocity range
(down 300 m/s). The second-order diffraction is bounded
by 600 m/s and the third one by 890 m/s

By inserting these equations into each other, one finds
the condition for the last diffraction order

n3 = N − n1 − n2. (8)

To determine the extension of the device, the diffrac-
tions need to occur within a certain length d (spatial
distance between reflection 1 and 3) smaller than the
length of the device l, whose ratio to separation is given

Fig. 3 Velocity divergence for the diffraction of a helium
beam for the incidence angles in Fig. 2

by the diffraction angles:

d

s
= tan α1 + tan α2, (9)

which is bounded by

d < l < d + s tan ϕ (10)

⇔ tan α1 + tan α2 <
l

s
< tan α1 + tan α2 + tan ϕ .

(11)

The lower bound ensures three reflections and the upper
bound for the beam leaving the device. Figure 4 illus-
trates this condition for a monochromator made off
monolithic Si(111)-H(1×1) for a helium beam operating
on the first total diffraction order N = −1. We consider
the internal diffraction orders to be from -2 to 2. Thus,
25 paths are possible, from which sixteen occur due to
the criterion (11), and eight are pairwise equal, lead-
ing to twelve different paths. In Fig. 4, we depicted six
paths, which are labelled by the total transmission rate
	 as the product of the diffraction populations at each
diffraction point, 	(3) = a1a2a3 (index (3) labels the
number of considered reflections), where we used the
reflection probability for the zeroth-, first- and second-
order diffraction ai ∈ {0.06, 0.03, 0.015} according to
Ref. [30,33]. It can be observed that due to the large
diffraction angle for the outgoing beam (tanϕ), a wide
range of length-to-separation ratios can be covered. Fur-
thermore, not all combinations of internal diffraction
orders fit all particle velocities. A ratio of 10 will cover
the entire considered velocity range.

2.3 Continuous velocity selection—a practical
example

Let us consider a monolithic Si(111)-H(1×1) monochro-
mator with lattice constant aS = 3.383 Å [33], a length
d = 5 cm and a slap separation s = 5mm. These param-
eters lead to a length-to-separation ratio of 10, covering
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Fig. 4 Dimension ranges for the monochromator operating
on the first total diffraction order (N = −1) for a helium
beam inside a monolithic Si(111)-H(1×1) device for differ-
ent velocities. The incidence angle is chosen according to
Eq. (4), ϑinc = 85◦, to achieve a large beam separation
with respect to velocity deviations. Due to considering five
diffraction orders for each reflection, 25 combinations of the
internal diffraction orders n1 and n2 are possible, leading
to sixteen paths grouped into twelve different paths. Six
are depicted and labelled by the corresponding transmission
rates �(2)(%) = a1a2. The transparent area marks the range
of the length-to-separation ratio d/s bounded in the lower
limit by the condition for three reflections and in the upper
limit by leaving the device. The horizontal dashed black line
marks the ratio d/s = 10 used in further considerations

the entire velocity range from 300 to 5000 m/s for the
helium beam, see Fig. 4. The lower bound is determined
by the period of the slab’s structure aS. Another mate-
rial has to be chosen to reach lower velocities. We con-
sider a plane wave entering the device through a pinhole
with a 1 mm diameter 10 cm away from the device under
an optimal incidence angle ϑinc(v) according to Eq. (4)
for a total reflection angle of 85◦. We have chosen the
first total diffraction order as the working point, blue
lines in Figs 2 and 3. In addition, we considered two
further pinholes 50 cm and 1 m after the device with a
diameter of 1 cm each to block the background signal,
such as contributions from other diffractions. For the
simulation, we considered a rectangular velocity distri-
bution with a symmetric width of 500 m/s around the
central velocity, v = v ± 250m/s. We calculated the
propagation of this wave package using ray optics and
determined the speed ratio v/Δv after passing the final
pinhole. The results are depicted in Fig. 5. It can be seen
that the monochromator yields excellent speed ratios
for small particle velocities (below 1000ms−1) where
it reaches values around 1000. In the medium range,
around 2000 m/s, it is comparable to and slightly bet-
ter than current techniques. The speed ratio decreases
for high particle velocities due to the worse velocity
divergence in this range; see Fig. 3. The speed ratio
for a single reflection with an incidence angle of 50◦,
achieving a transmission over a wide velocity range into
the first order, is compared. It can be seen that the

Fig. 5 Comparison of the initial and final speed ratio
for a helium beam passing the monolithic Si(111)-H(1×1)
monochromator

triple reflection monochromator yields an enhancement
by one order of magnitude.

2.4 Discussion

We introduce a novel monochromator scheme for mat-
ter waves and demonstrate the resulting large achiev-
able speed ratios (up to 600–1000) over a wide veloc-
ity range (up to 2000ms−1). For a numerical example,
we restricted ourselves to the consideration of helium
beams. However, the device can be adapted to several
other species. An increase in the particle’s mass would
yield a left shift of all curves (Figs. 2, 4 and 5) towards
lower velocities. To adapt the monochromator to even
smaller velocities, the lattice constant needs to increase
to diffract the particles with lower velocities.

According to the incoming matter wave, its velocity
spread must be restricted. It can be observed in Fig. 2
that an incoming beam with a certain incidence angle
will be diffracted to the same spot for three different
velocities. The transmitted velocities have an integer
ratio, vN = |N |v1, where N denotes the total diffraction
order, meaning that v2 = 2v1 is transmitted via the
second diffraction order and v3 = 3v1 via the third one,
and so on. Thus, if the velocity spread of the incoming
wave (v/Δv < 1) is wide enough to cover two or three
total diffraction orders (Fig. 2), the outgoing beam will
have a narrow velocity distribution around each of the
two or three selected velocities.

The proposed monochromator uses three reflections
to separate the velocity contributions of the beam.
However, a single reflection would also reduce the veloc-
ity spread and provide a large transmission [26]. By
comparing these different setups, there are some advan-
tages for the three-reflection monochromator: (i) Due
to the free-propagation between the reflection points,
the velocity-dependent beam spread is wider, purifying
the beam more than with a single reflection. (ii) The
arrangement is easy to handle when the selected veloc-
ity is changed as it keeps one angle fixed.
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3 Conclusions

We present a novel continuous beam monochromator
scheme based on reflection atom interferometry, pro-
viding atom beams with high speed ratios and working
across a broad velocity range. Due to the monolithic
configuration, the proposed device will be easy to han-
dle because only the incidence angle has to be tuned
according to the wanted mean velocity. The theoreti-
cal calculations result in low transmission rates, which
can be improved, for instance, by using quantum reflec-
tion [34] or reflection at evanescent potentials [35].
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