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(57) ABSTRACT

An exemplary embodiment of the present disclosure pro-
vides a chip-scale atomic beam system comprising an
atomic vapor source, a plurality of channels, and a propa-
gation chamber. The atomic vapor source chamber can
comprise an atomic vapor source configured to emit an
atomic vapor. The plurality of channels can have first ends
and second ends. The first ends can be in fluid communi-
cation with the atomic vapor source chamber. The plurality
of channels can be configured to collimate the atomic vapor
as it moves through the plurality of channels from the first
ends to the second ends. The propagation chamber can be in
fluid communication with the second ends of the plurality of
channels. The propagation chamber can have an internal
pressure less than an internal pressure of the atomic vapor
source chamber to enable the collimated atomic vapor to
propagate through the propagation chamber.
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CHIP-SCALE ATOMIC BEAM GENERATING
SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 63/302,308, filed on 24 Jan. 2022
which is incorporated herein by reference in its entirety as if
fully set forth below.

GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with government support
under Agreement No. N00014-20-1-2429, awarded by the
Office of Naval Research. The government has certain rights
in the invention.

FIELD OF THE DISCLOSURE

[0003] The various embodiments of the present disclosure
relate generally to atomic beam generating systems and
methods.

BACKGROUND

[0004] Systems for generating atomic beams are a long-
standing technology for atom-based sensors and clocks.
Conventional atomic beam generating systems, such as Cs
beam tubes for atomic clocks, exist either in lab-scale
vacuum systems or in custom vacuum tubes. Such Cs beam
atomic clocks are broadly used in telecommunication sys-
tems. However, these conventional systems are often too
large for certain applications and rely on complex manufac-
turing techniques. Accordingly, there is a need for improved
systems for generating atomic beams that that are more
manufacturable and/or more compact that conventional sys-
tems. Embodiments disclosed herein provide such systems.

BRIEF SUMMARY

[0005] An exemplary embodiment of the present disclo-
sure provides a chip-scale atomic beam system comprising
an atomic vapor source, a plurality of channels, and a
propagation chamber. The atomic vapor source chamber can
comprise an atomic vapor source configured to emit an
atomic vapor. The plurality of channels can have first ends
and second ends. The first ends can be in fluid communi-
cation with the atomic vapor source chamber. The plurality
of channels can be configured to collimate the atomic vapor
as it moves through the plurality of channels from the first
ends to the second ends. The propagation chamber can be in
fluid communication with the second ends of the plurality of
channels. The propagation chamber can have an internal
pressure less than an internal pressure of the atomic vapor
source chamber to enable the collimated atomic vapor to
propagate through the propagation chamber.

[0006] In any of the embodiments disclosed herein, the
system can further comprise one or more passive pumps
configured to cause the internal pressure of the propagation
chamber to be less than the internal pressure of the atomic
vapor source chamber.

[0007] In any of the embodiments disclosed herein, the
one or more passive pumps can comprise one or more
non-evaporable getter pumps.

[0008] In any of the embodiments disclosed herein, the
one or more passive pumps can comprise graphite.
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[0009] In any of the embodiments disclosed herein, the
atomic vapor source can comprise alkali atoms, alkali earth
atoms, or molecules thereof.

[0010] In any of the embodiments disclosed herein, the
atomic vapor source can comprise Rubidium.

[0011] In any of the embodiments disclosed herein, the
atomic vapor source can be configured to emit the atomic
vapor when thermally or optically stimulated.

[0012] In any of the embodiments disclosed herein, the
system can comprise a stack of one or more layers bonded
together.

[0013] In any of the embodiments disclosed herein, the
stack can comprise at least one silicon layer bonded to at
least one glass layer.

[0014] In any of the embodiments disclosed herein, the
plurality of channels can be formed into the at least one
silicon layer.

[0015] In any of the embodiments disclosed herein, the
one or more layers can be bonded by anodic or fusion
bonding.

[0016] In any of the embodiments disclosed herein, a top
layer and a bottom layer of the one or more layers can be
transparent.

[0017] In any of the embodiments disclosed herein, the
plurality of channels can have an aspect ratio of between 1:1
and 1:100,000.

[0018] In any of the embodiments disclosed herein, an
internal volume comprising the atomic vapor source cham-
ber, the plurality of channels, and the propagation chamber
can be hermetically sealed.

[0019] In any of the embodiments disclosed herein, the
system can be configured as an atomic clock.

[0020] In any of the embodiments disclosed herein, the
system can be configured as an atom interferometer.

[0021] In any of the embodiments disclosed herein, the
plurality of channels can have an orientation configured to
generate a desired atomic flux.

[0022] In any of the embodiments disclosed herein, the
plurality of channels can be parallel to each other.

[0023] Another embodiment of the present disclosure pro-
vides a chip-scale atomic beam system, comprising a first
chamber, a second chamber, and a plurality of channels. The
first chamber can have an internal volume comprising an
atomic vapor source. The first chamber can have a first
internal pressure. The second chamber can have an internal
volume. The second chamber can have a second internal
pressure less than the first internal pressure creating a
pressure differential between the first and second chambers.
The plurality of channels can have first ends and second
ends. The first ends can be in fluid communication with the
first chamber The second ends can be in fluid communica-
tion with the second chamber.

[0024] In any of the embodiments disclosed herein, the
pressure differential between the first and second chambers
can cause an atomic vapor emitted by the atomic vapor
source to travel from the first chamber, through the plurality
of channels, and to the second chamber.

[0025] In any of the embodiments disclosed herein, the
system cam further comprise one or more passive pumps
configured to, at least in part, induce the pressure differential
between the first and second chambers.
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[0026] In any of the embodiments disclosed herein, the
first chamber, plurality of channels, and second chamber can
be formed, at least in part, from a stack of one or more layers
bonded together.

[0027] In any of the embodiments disclosed herein, the
internal volume of the first and second chambers and the
plurality of channels can be hermetically sealed.

[0028] These and other aspects of the present disclosure
are described in the Detailed Description below and the
accompanying drawings. Other aspects and features of
embodiments will become apparent to those of ordinary skill
in the art upon reviewing the following description of
specific, exemplary embodiments in concert with the draw-
ings. While features of the present disclosure may be dis-
cussed relative to certain embodiments and figures, all
embodiments of the present disclosure can include one or
more of the features discussed herein. Further, while one or
more embodiments may be discussed as having certain
advantageous features, one or more of such features may
also be used with the various embodiments discussed herein.
In similar fashion, while exemplary embodiments may be
discussed below as device, system, or method embodiments,
it is to be understood that such exemplary embodiments can
be implemented in various devices, systems, and methods of
the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The following detailed description of specific
embodiments of the disclosure will be better understood
when read in conjunction with the appended drawings. For
the purpose of illustrating the disclosure, specific embodi-
ments are shown in the drawings. It should be understood,
however, that the disclosure is not limited to the precise
arrangements and instrumentalities of the embodiments
shown in the drawings.

[0030] FIG. 1 provides a schematic of a chip-scale atomic
beam system, in accordance with an exemplary embodiment
of the present disclosure.

[0031] FIG. 2 provides a schematic of a cross-sectional
view of the chip-scale atomic beam system in FIG. 1 across
the line LL, in accordance with an exemplary embodiment
of the present disclosure.

[0032] FIG. 3 provides a schematic of a chip-scale atomic
beam system, in accordance with an exemplary embodiment
of the present disclosure.

[0033] FIG. 4 provides a plot of Rb fluorescence spectrum
measuring the transverse velocity distribution of the atomic
beam generated by a chip-scale atomic beam system and Rb
absorption spectrum measuring the Rb vapor density feeding
the channel array, in accordance with an exemplary embodi-
ment of the present disclosure. A saturated absorption spec-
trum from a natural abundance Rb cell is included for
reference.

DETAILED DESCRIPTION

[0034] To facilitate an understanding of the principles and
features of the present disclosure, various illustrative
embodiments are explained below. The components, steps,
and materials described hereinafter as making up various
elements of the embodiments disclosed herein are intended
to be illustrative and not restrictive. Many suitable compo-
nents, steps, and materials that would perform the same or
similar functions as the components, steps, and materials
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described herein are intended to be embraced within the
scope of the disclosure. Such other components, steps, and
materials not described herein can include, but are not
limited to, similar components or steps that are developed
after development of the embodiments disclosed herein.
[0035] As shown in FIG. 1, an exemplary embodiment of
the present disclosure provides a chip-scale atomic beam
system comprising an atomic vapor source 106, a plurality
of channels 110, and a propagation chamber 115. The atomic
vapor source chamber 105 can comprise an atomic vapor
source 106 configured to emit an atomic vapor. The atomic
vapor source 106 can be configured to emit the atomic vapor
when thermally and/or optically stimulated. The atomic
vapor source 106 can be any elemental metal or chemical
compounds that output atomic vapor, for example, when
thermally or optically stimulated. In some embodiments of
the present disclosure, the atomic vapor source 106 com-
prises comprise alkali atoms, alkali earth atoms, or mol-
ecules thereof. In some embodiments, the atomic vapor
source 106 can comprise Rubidium, such as a Rubidium pill.
[0036] The plurality of channels 110 can have first ends
and second ends. The first ends can be in fluid communi-
cation with the atomic vapor source chamber 105. The
plurality of channels 110 can be configured to collimate the
atomic vapor as it moves through the plurality of channels
from the first ends to the second ends. The plurality of
channels 110 can have an aspect ratio that ranges between
1:1 and 1:100,000. The plurality of channels 110 can have an
orientation configured to generate a desired atomic flux. In
some embodiments, the plurality of channels 110 can be
substantially parallel to each other, as shown in FIG. 1.
[0037] As shown in FIG. 3, in some embodiments, the
system can comprise two or more cascaded set of channels
110 111. The sets of channels 110 111 can be separated by
an additional chamber 130. Thus, the atomic vapor gener-
ated by the atomic vapor source 106 in the atomic vapor
source chamber 105 can flow through the first set of chan-
nels 110, through the additional chamber 130, through the
second set of channels 111, and to the propagation chamber
115. The multiple sets of channels 110 111 can allow the
atomic vapor to be more collimated when reaching the
propagation chamber. The flow of the atomic vapor is
represented by the arrows shown in FIGS. 1 and 3.

[0038] The propagation chamber 115 can be in fluid
communication with the second ends of the plurality of
channels 110. Accordingly, atomic vapors generated by the
atomic vapor source 106 in the atomic vapor source chamber
105 can propagate from the atomic vapor source chamber
105, through the plurality of channels 110 during which the
atomic vapor can be collimated, and to the propagation
chamber 115.

[0039] The flow of atomic vapor can be induced by a
pressure differential between the atomic vapor source cham-
ber 105 and the propagation chamber 115. In particular, the
propagation chamber can have an internal pressure less than
an internal pressure of the atomic vapor source chamber 105
to enable the collimated atomic vapor to propagate through
the propagation chamber 115. The pressure differential can
be induced by one or more pumps to remove residual gases
and maintain a vacuum. The pumps can be passive pumps
configured to cause the internal pressure of the propagation
chamber to be less than the internal pressure of the atomic
vapor source chamber 105. In some embodiments, the
pumps can be passive pumps, including but not limited to
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non-evaporable getter pumps 125, graphite 120, and com-
binations thereof. As shown in the FIG. 1, the one or more
pumps can comprise non-evaporable getter pumps 125 and
graphite rods 120. As shown in FIG. 3, when the additional
chamber 130 is used, the additional chamber can also
comprise pumps, such as graphite rods 120.

[0040] The pressure differential between the propagation
chamber 115 and the atomic vapor source chamber 105 can
also be maintained in part by hermetically sealing the
device. For example, in some embodiment, an internal
volume comprising the atomic vapor source chamber 105,
the plurality of channels 110, and the propagation chamber
115 can be hermetically sealed to create a vacuum.

[0041] FIG. 2 shows a cross sectional view along the line
LL in FIG. 1. As shown in FIG. 2, a portion of the atomic
beam system can comprise a stack of one or more layers 150
155 bonded together. The layers 150 155 can be many
different materials known in the art. In some embodiments,
the stack can comprise at least one silicon layer 150 bonded
to at least one glass layer 155. In some embodiments, as
shown in FIG. 2, the stack can comprise multiple layers of
silicon 150 and glass 155 bonded together. The one or more
layers 150 155 can be bonded together. Many different
bonding techniques can be employed, including, but not
limited to, anodic bonding, fusion bonding, and the like.
[0042] In some embodiments, the plurality of channels
110 can be formed into at least one silicon layer 150 in the
stack, as shown in FIG. 2. The plurality of channels 110 can
be formed many different ways, including etching, machin-
ing, and the like. In some embodiments, as shown in FIG. 2,
the plurality of channels 110 can be substantially coplanar
within the silicon layer 150. The disclosure is not so limited,
however. Rather, in some embodiments, the plurality of
channels 110 can be non-coplanar. For example, the adjacent
channels can be vertically offset from each other. In some
embodiments, the plurality of channels 110 can be formed
from multiple rows of channels within the same layer or
within different layers in the stack.

[0043] In some embodiments, a top layer and/or a bottom
layer of the one or more layers can be transparent, such as
a transparent glass. The top and/or bottom layers can be
made of a material that allows the atomic beam to be
interrogated in the propagation chamber 115. Interrogation
of the beam in the propagation chamber 115 can be per-
formed, for example, using external electromagnetic fields.
[0044] As shown in FIG. 4, initial characterization was
performed on an exemplary atomic beam system using
absorption spectroscopy, which shows that a beam is formed
and that the system maintains a level of vacuum.

[0045] The atomic beach systems disclosed herein can
have many different applications. In some embodiments, the
systems can be configured as an atomic clock. For example,
an atomic clock can be created by introducing a laser beam
at two or more locations in the propagation chamber where
the collimated atomic beam is propagating. A method of
separated oscillatory fields can be used to interrogate an
atomic transition. Atomic fluorescence can be collected to
measure the effect of the oscillating field. The fluorescence
signal can be used to stabilize the oscillator driving the
oscillatory field.

[0046] In some embodiments, the system can be config-
ured as an atom interferometer. For example, an atom
interferometer can be created by introducing three or more
laser beams to the propagation chamber wherein the colli-

Mar. 27, 2025

mated atomic beam is propagating. The three laser beams
can be used to realize a Mach-Zehnder atom interferometer.
The atomic fluorescence can be collected to measure the
atomic state near the end of the propagation chamber. The
atomic state can be inferred from the collected data.
[0047] The following described an exemplary process that
can be used to manufacture an the atomic beam systems
disclosed herein. Silicon and glass wafers can be etched or
machined to form appropriate cavities for atom sourcing,
collimation, and atom beam propagation. The silicon and
glass layers can be anodically bonded together (except for
one final layer). An atomic vapor source (e.g., Rb pill), and
pumps (e.g., non-evaporable getters and graphite rods) can
be inserted. The system can be placed on a heated stage in
a vacuum chamber with the full stack of components and
one unbonded interface. The system can be heated to near
100° C. to drive residual gases from components. The
non-evaporable getter pumps can be thermally activated.
The final layer can be bonded to the other layers. The system
can be removed from the vacuum chamber. Finally, the
atomic vapor source chamber can be heated, e.g., to 100° C.
and the atomic vapor source can be laser activated (tem-
perature, e.g., ~ 400-700° C.) to achieve high fractional
absorption in the atom source region.
[0048] It is to be understood that the embodiments and
claims disclosed herein are not limited in their application to
the details of construction and arrangement of the compo-
nents set forth in the description and illustrated in the
drawings. Rather, the description and the drawings provide
examples of the embodiments envisioned. The embodiments
and claims disclosed herein are further capable of other
embodiments and of being practiced and carried out in
various ways. Also, it is to be understood that the phrase-
ology and terminology employed herein are for the purposes
of description and should not be regarded as limiting the
claims.
[0049] Accordingly, those skilled in the art will appreciate
that the conception upon which the application and claims
are based may be readily utilized as a basis for the design of
other structures, methods, and systems for carrying out the
several purposes of the embodiments and claims presented
in this application. It is important, therefore, that the claims
be regarded as including such equivalent constructions.
[0050] Furthermore, the purpose of the foregoing Abstract
is to enable the United States Patent and Trademark Office
and the public generally, and especially including the prac-
titioners in the art who are not familiar with patent and legal
terms or phraseology, to determine quickly from a cursory
inspection the nature and essence of the technical disclosure
of the application. The Abstract is neither intended to define
the claims of the application, nor is it intended to be limiting
to the scope of the claims in any way.
1. A chip-scale atomic beam system comprising:
an atomic vapor source chamber configured to emit an
atomic vapor comprising atoms used to generate a
thermal atomic beam from the atomic vapor;
channels having lengths defined from first ends to second
ends, the first ends in fluid communication with the
atomic vapor source chamber, the channels configured
to passively collimate the atomic vapor as it moves
through the lengths of the channels and generating the
thermal atomic beam; and
a propagation chamber in fluid communication with the
second ends of the channels, the propagation chamber
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configured to have an internal pressure less than an
internal pressure of the atomic vapor source chamber to
enable the thermal atomic beam to freely propagate
through the propagation chamber;

wherein the chip-scale thermal atomic beam system is

configured to enable the thermal atomic beam to be
interrogated in free propagation.

2. The chip-scale atomic beam system of claim 1 further
comprising one or more passive pumps configured to cause
the internal pressure of the propagation chamber to be less
than the internal pressure of the atomic vapor source cham-
ber;

wherein the passive collimation of the atomic vapor is at

based, at least in part, by one or more properties of the
channels.

3. The chip-scale atomic beam system of claim 2, wherein
the one or more passive pumps comprise one or more
non-evaporable getter pumps.

4. The chip-scale atomic beam system of claim 2, wherein
the one or more passive pumps comprise graphite.

5. The chip-scale atomic beam system of claim 1, wherein
the atomic vapor source chamber comprises an atomic vapor
source configured to emit the atomic vapor;

wherein the atoms comprise alkali atoms, alkali earth

atoms, or molecules thereof.

6. The chip-scale atomic beam system of claim 5, wherein
the atomic vapor source comprises Rubidium.

7. The chip-scale atomic beam system of claim 1, wherein
the atomic vapor source is configured to emit the atomic
vapor when thermally or optically stimulated.

8. The chip-scale atomic beam system of claim 1, wherein
the system comprises a stack of one or more layers bonded
together.

9. The chip-scale atomic beam system of claim 8, wherein
the stack comprises at least one silicon layer bonded to at
least one glass layer.

10. The chip-scale atomic beam system of claim 9,
wherein the channels are formed into the at least one silicon
layer.

11.-12. (canceled)
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13. The chip-scale atomic beam system of claim 1,
wherein the channels have an aspect ratio of between 1:1 and
1:100,000.
14.-17. (canceled)
18. A method of generating a thermal atomic beam with
a chip-scale atomic beam system comprising:
stimulating an atomic vapor source to emit an atomic
vapor in a first chamber having a first internal pressure;

passively collimating the atomic vapor in an array of
microcapillaries to generate the thermal atomic beam;
and

interrogating the thermal atomic beam in free propagation

in a second chamber having a second internal pressure
less than the first internal pressure creating a pressure
differential between the first and second chambers.

19. The method of claim 18, wherein the microcapillaries
are parallel to each other.

20. (canceled)

21. The method of claim 18, wherein the stimulating is
thermally stimulating or optically stimulating.

22. (canceled)

23. The method of claim 18 further comprising inducing
the pressure differential between the first and second cham-
bers.

24. The method of claim 23, wherein the inducing com-
prises using one or more passive pumps configured to, at
least in part, induce the pressure differential between the first
and second chambers.

25. The method of claim 24, wherein the one or more
passive pumps comprise one or more non-evaporable getter
pumps.

26. The method of claim 24, wherein the one or more
passive pumps comprise graphite.

27.-33. (canceled)

34. The method of claim 18, wherein the array of micro-
capillaries have an aspect ratio of between 1:1 and 1:100,
000.

35. The method of claim 18, wherein internal volumes of
the first and second chambers, and the array of microcapil-
laries, are hermetically sealed.

36.-37. (canceled)



