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The vacuum beam guide (VBG) presents a completely different solution for quantum channels to
overcome the limitations of existing fiber and satellite technologies for long-distance quantum
communication. With an array of aligned lenses spaced kilometers apart, the VBG offers ultrahigh
transparency over a wide range of optical wavelengths. With realistic parameters, the VBG can outperform
the best fiber by 3 orders of magnitude in terms of attenuation rate. Consequently, the VBG can enable
long-range quantum communication over thousands of kilometers with quantum channel capacity beyond
10" qubit/ sec, orders of magnitude higher than the state-of-the-art quantum satellite communication rate.
Remarkably, without relying on quantum repeaters, the VBG can provide a ground-based, low-loss, high-
bandwidth quantum channel that enables novel distributed quantum information applications for

computing, communication, and sensing.
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Itis an outstanding challenge to build an effective low-loss
quantum channel for global-scale quantum networks, which
will enable transformative applications of secure quantum
communication [1], distributed quantum sensing [2], and
network-based quantum computation [3,4]. The main
obstacle is the absorption loss of optical channels, with
attenuation length limited to tens of kilometers for fiber and
free-space channels, resulting in an exponential decrease
in the direct quantum communication rate over long dis-
tances. Significant progress has been made in extending
the communication distances for quantum networks, includ-
ing satellite-based quantum entanglement distribution over
1200 km [5] and memory-enhanced quantum communica-
tion [6] beyond the repeater-less bounds [7,8]. However,
satellite-based quantum channels are fragile, expensive, and
restricted by local weather conditions [9,10]. Furthermore,
quantum repeaters without full quantum error correction will
still suffer from a polynomial decrease in communication rate
over long distances [11]. Hence, it is highly desirable to
establish a reliable quantum channel capable of directly
transmitting quantum signals over vast distances, such as the
continental scale of 10* km (with an attenuation rate of at the
level of 10~ dB/km) for a wide range of optical frequencies.

To overcome this challenge, we explore a completely
different approach—the vacuum beam guide (VBG)—
which uses an array of lenses (in an evacuated tube) to
guide light, as opposed to relying on total reflection
induced by fiber. The large vacuum spacing between lenses
significantly reduces the effective travel length of light in
optical materials, thus eliminating the problem of material
absorption. Inspired by quantum communication satellites,
the VBG channel is set up within a vacuum chamber tube,
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which eliminates air absorption and effectively isolates
the channel from the outer environment, ensuring robust-
ness against environmental perturbations. Although beam
waveguides were proposed for classical optical communi-
cation [12], it was taken over by low-cost optical fiber,
which is sufficient for classical communication, despite its
intrinsic loss. For quantum communication, however, it is
crucial that the design of the vacuum beam guide has the
potential to achieve ultra-low-loss long-distance communi-
cation. With the ability to build large-scale vacuum chambers
hosting precision optical elements separated by multiple
kilometers, we can make exciting scientific discoveries, such
as gravitational wave detection by the Laser Interferometer
Gravitational-wave Observatory (LIGO) [13].

Here, we propose deploying the VBG as the backbone
quantum channel toward a global quantum network with a
hierarchy structure as shown in Figs. 1(a) and 1(b). We
model the system and estimate the upper bound of the
attenuation dominated by residue air absorption, optical
losses introduced by lenses, and misalignment of the beam
guide. Our estimation demonstrates the VBG as state-of-the-
art under a practical and exemplifying configuration, estab-
lishing it as one of the most practical and potentially useful
quantum communication techniques at a global scale.

Ultrahigh transmission of VBG.—The VBG is a long
vacuum chamber tube that consists of an array of N
lenses spaced L apart, which enables the connection of
quantum terminals separated by L, = N L, as illustrated
in Fig. 1(c). The vacuum has a typical pressure below
~1 Pa, which ensures low absorption from the remaining
gas at room temperature. The lenses are shielded from
seismic vibrations and are optically aligned with adaptive

© 2024 American Physical Society
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A hierarchical structure of large-scale quantum networks connected by vacuum beam guides (VBGs). (a) The VBG backbone

network (blue links) can transfer quantum information with high capacity (with TeraQubits/ sec) over long distances, connecting
regional quantum networks (orange links). (b) The regional network consists of fiber or free-space quantum channels designed to
distribute quantum information to branch nodes and quantum terminals (with GigaQubits/ sec) across urban scales. (¢) The design of the
VBG involves placing lenses with identical focus length f and radius R at regular intervals within a vacuum chamber tube, constructing
a VBG with N, sections. The positions of the lenses are stabilized by an advanced alignment system. In the VBG, the fundamental
Gaussian mode with waist w( can travel at an extremely low loss over a distance of L,,,. Quantum states can be transferred from quantum
node A at one end of the VBG to quantum node B at the other end of the VBG.

feedback. In this analysis, we consider a feasible and
robust confocal design with a spacing of Ly =4 km and

a focal length of f = L;/2. The beam waist is w, =

\/Af/m =3 cm for the telecom-band wavelength 1. The
lens radius of R = 12 cm is sufficient to achieve negligible
diffraction loss.

Optical signals encoding quantum information can trans-
mit through the VBG with little loss, even after passing
through an array of aligned lenses over thousands of
kilometers. The effective attenuation rate (in units of
dB/km) characterizes the VBG transmission loss, with
three major contributions associated with the lens, residual
gas, and imperfect alignment:

Aot = Meps 1 Agas + Ralign- (1)

We now discuss the conditions to achieve an attenuation
rate at the level of 10™* dB/km for all three contributions.

The lens loss, @, 1S associated with absorption,
scattering, reflection, and diffraction. As illustrated in
Fig. 2(a), a lens radius of R > 12 cm is adequate to

suppress diffraction loss for Ly =4 km. Furthermore,
by adding a multilayer antireflective coating, the total
loss per lens can be reduced to less than 107#, resulting in
an effective loss rate of ae, < 107+ dB/km at the wave-
lengths A~ 1550 nm, which can match the telecom
band [14].

Optical loss from residual gas in the VBG is primarily
due to absorption. As shown in Fig. 2(b), we compute
the attenuation rate ag,, at various levels of gas pressure
with the absorption computed based on the HITRAN
database [35]. At a pressure of 1 Pa, the attenuation rate is
Agas < 10~* dB/km for optical wavelengths within the
selected telecom bands. Further reducing the air pressure
below 1072 Pa is sufficient to achieve negligible air
absorption by reducing attenuation rate below 10~* dB/km
almost over the entire spectrum. Increasing the pressure
much above 1 Pa will lead to increased acoustic
coupling [36].

We can derive an upper bound for the effective attenu-
ation rate induced by imperfect alignment in the confocal
design:
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FIG. 2. Different effective attenuation rates as a function of wavelength under various configurations. (a) Attenuation rate from the
lenses, @j.ns, With lens radius R = 8, 12, 20 cm. For a large radius (R > 12 cm), the lens loss is limited by residual reflection and
absorption from the AR coating. (b) Attenuation rate due to residual gas, a,,,, with moderate vacuum pressures: P = 0.01, 1 Pa. (c) The
misalignment attenuation rate, @, With random transverse displacements o, = 0.06, 0.1, 0.2, 0.6 mm while fixing
(61,/Lo) = (67/f) = 0.1%. (d) The total attenuation rate of the VBG compared to the advanced fiber [33,34] under the configuration

of Ly=4km, R=12cm, P =1 Pa, and 6, = 0.1 mm.
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where o, and o, are the magnitudes of the fluctuations of
transverse and longitudinal displacements for each lens,
and o is the deviation of the focal length. The general
bound for @, for near confocal design is derived in
Supplemental Material [14]. Since wy < Ly, f, the fluctu-
ating transverse displacement is the dominant cause of
attenuation, while the other two contributions can be
sufficiently small, (o;,/Lo).(c;/f) < 1073, achievable
with current technology [14]. As illustrated in Fig. 2(c),
it is essential to have good transverse alignment (e.g.,
o, < 0.2 mm) to achieve a low effective attenuation
rate (Qyign < 10~* dB/km). Even with relatively poor
alignment (e.g., o, =0.6 mm), we can still achieve
Qglign < 1073 dB/km, which is much better than the
attenuation rate of fiber by at least an order of magnitude.
Practically, each lens will be actively positioned using
slow actuators, based on standard alignment sensing
systems [37], bringing the residual miscentering
to < 0.1 mm.

By summing up all three contributions, we can plot the
total attenuation rate along with the individual contribu-
tions in Fig. 2(d), assuming practical parameters such as
R=12cm, P =1 Pa, and 6, = 0.1 mm. The VBG can
achieve an attenuation level as low as 3 x 107> dB/km for
an optimized choice of wavelength within the atmospheric
window, which corresponds to an effective attenuation
length of 80000 km, more than 3 orders of magnitude
better than state-of-the-art fiber technology.

Quantum channel capacities of VBG.—We can use the
VBG as a highly transparent bosonic quantum channel to
transmit quantum information over long distances [38]. The
VBG has a transmission efficiency at wavelength A

’7[’1} —_ 10—0.1L[ma[ﬂ] , (3)

which can be used for various quantum communication
protocols. For one-way quantum communication (e.g.,
from Alice to Bob only), the one-way pure-loss capacity
for a single wave packet at a wavelength A is given by

i[fy]w) ’ O} ’

which vanishes for #[4] <1/2. If the pure-loss VBG
channel is further assisted by two-way classical commu-
nication (between Alice and Bob), the corresponding two-
way pure-loss capacity at a wavelength 4 is [8]

ool = o ().

which is finite for all 4] > 0.

As shown in the insets of Fig. 3, the VBG can have a
broad band with a large one-way or two-way channel
capacity over long distances. In the low-loss regime with
L < 1/a, efficient multimode encoding techniques can
be used to approach the asymptotic scaling of one-way
channel capacity [39].

We can calculate the frequency-integrated channel capac-
ity, which provides the maximum transmission rate of
quantum information, by integrating over the frequency [40]:

¢,[2] = max [Iogz ( 1 )

(5)

<,

S (6)

Ql(0r2)E/Ql(orZ)dU_/QI(OIZ)M]

for one-way and two-way quantum communication proto-
cols, respectively. The VBG has a significant advantage
over other techniques, particularly due to its ultralow
attenuation rate over a wide range of wavelengths, leading
to an extremely large quantum capacity exceeding
10'3 qubits/second over a distance of 10* km under one-
way quantum communication protocol as shown in Fig. 3(a).
While the estimation in Fig. 3(b) suggests that even with a
baseline coupling loss as large as 50%, where the one-way
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FIG. 3. The quantum channel capacity Qj(,2) at 1 Pascal as a function of transmission distance with ¢, = 0.1, 1 mm when fixing

(61,/Lo) = (64/f) = 0.1% compared to the ideal alignment. (a) One-way frequency-integrated quantum capacity with perfect
coupling. (b) Two-way frequency-integrated quantum capacity assuming 50% coupling efficiency. The insets show the relation between
channel capacity qj(or2) as a function of wavelength at L = 100, 1000, 10 000 km. The inset of 10 000 km in (b) is in log scale to show

finite two-way quantum capacity over a wide range of parameters.

protocol fails, it is still possible to achieve a Tera-level qubit
rate via two-way protocols for continental scale communi-
cation. This points out a practically feasible pathway toward
ultrafast global quantum networks.

While satellite techniques may offer advantages in
mobility and coverage [41,42], the ground-based VBG
offers high reliability as it is operational at all times, robust
to environmental disturbance, and provides extremely high
throughput, with achievable quantum communication rate
at least 4 orders of magnitude higher [14]. The concept
of a beam guide [12] was investigated to address diffraction
loss in satellite-relayed quantum communication [10].
Nevertheless, that protocol remains susceptible to atmos-
pheric and turbulence-induced losses, thereby affecting
reliability, transmission rate, channel capacity, and com-
munication latency (due to the limitation of two-way
quantum communication). Additionally, unlike quantum
repeaters [43], the VBG only requires passive optical lenses
to focus the optical beams and does not need any quantum
memory or active quantum devices to perform quantum
error detection or correction. Therefore, the VBG should be
feasible to implement with current technology.

Discussion.—We may also design the VBG to operate
with visible light, which could take advantage of a broader

air transmission window and low-loss lens materials.
However, this approach demands stricter requirements
in terms of lens surface roughness, beam alignment, and
the mitigation of the UV absorption tail at visible
wavelength.

The construction of VBG demands a considerable amount
of investment and engineering effort. Additionally, main-
taining the low pressure and the alignment of lenses in VBG
also requires careful engineering. Nevertheless, we have
already shown that such construction is feasible in principle,
drawing from the vast experience gained from the develop-
ment of LIGO. Pursuing this endeavor is undoubtedly
worthwhile, given the unprecedented advantages it offers.
In practice, there will be a trade-off between the VBG’s
performance and cost, and we can optimize its design
parameters to achieve the desired balance.

Summary and outlook.—We have presented a ground-
based VBG scheme that enables the implementation of a
highly transparent and reliable optical quantum channel
with an effective attenuation length of over 10* km and a
large communication bandwidth. With currently available
technology, the VBG can establish a continuous quantum
channel connecting remote quantum devices with an
ultrahigh quantum capacity above 10'3 qubits/ sec over
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continental scales, orders of magnitude higher than other
approaches using satellites and quantum repeaters.

By addressing the challenge of lossy quantum channels,
our high-throughput VBG has the potential to revolutionize
quantum networks. The immediate and promising applica-
tion of VBG will include various quantum key distribution
schemes such as MDI-QKD [44,45], TF-QKD [46,47], and
even DI-QKD [48-51]. The latter is particularly challenging
for satellite-to-ground links due to the inevitable absorption
loss of 3-8 dB [42] introduced by the thickness of the
atmosphere. Furthermore, the VBG will enable a wide range
of other exciting novel quantum network applications,
including global-scale secure quantum communication [1],
ultra-long-based optical telescopes [2], quantum network of
clocks [52], quantum data centers [53], and delegated
quantum computing [54,55].
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