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1 Abstract

Current solutions for quantum communication channels such as telecom fibers and satellite
relays face significant issues such as high loss and disrupted transmission. Huang et al. have
introduced a vacuum beam guide as a promising new solution designed to provide a low-loss
and stable quantum channel, with less than 10−4 dB/km loss not subject to atmospheric
variability. This system uses a periodically spaced array of lenses within an evacuated tube
to propagate a coherent electromagnetic field over long distances with minimal loss. The
initial proposal is limited to analyzing a confocal vacuum beam guide and calculates only
absorption loss and a preliminary estimate of alignment loss. Our analysis further exam-
ines the performance of a generalized class of vacuum beam guide configurations with the
inclusion of physical imperfections using computer optics simulations. These simulations
were developed into software tools that allow for detailed evaluation and optimization of
different vacuum beam guide configurations. By identifying a configuration’s alignment tol-
erances, this work enables the development of a system that is suitably insensitive to realistic
constraints. These results advance the vacuum beam guide closer to potential implemen-
tation as a quantum communication channel and contribute to the realization of reliable,
continental-scale quantum communications with low loss and high throughput.

2 Introduction

Covering the globe with a system of quantum communication would allow for large develop-
ments in information security by implementing quantum cryptographic key distribution [1],
precision distributed measurement by the use of non-local coherences [2] and transmission
of entangled information [3], and broadly a realization of the “quantum internet” with the
connection of physically separated quantum nodes [4]. However, prior to the successful
implementation of a large-scale quantum network, reliable, low-loss, long-distance quan-
tum channels must be engineered capable of transporting the quantum information over
the network without corruption or loss of coherence. The optical channel requires a signifi-
cantly higher quality than those utilized for classical communication due to the limitations
of quantum error correcting codes when compared to their classical counterparts [5]. Cur-
rent demonstrations of quantum transmission typically involve transmission of the quantum
information in light over optical channels such as fiber [6][7] or transmission via satellites
[8][9]. The use of optical fiber is relatively cheap and simple to implement, but suffers from
high loss at long distances, with a typical attenuation on the order of 0.2 dBkm−1 due to the
constant interaction with the fiber. Transmission via satellite relay networks shows compar-
atively low absorption due to the inter-satellite links occurring in vacuum but suffers instead
from the challenges of relaying the signal through the atmosphere to an orbiting train of
satellites. As a result, communications rely on fair weather and retain a loss on the order
of 30 dB from the diffraction and attenuation of the beam while transmitting through the
lower atmosphere. Given these limitations, a hybrid approach merging vacuum transmission
with a rigid, ground-based channel, the vacuum beam guide shows promise.
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Figure 1: The vacuum beam guide proposed by Huang et al

3 Vacuum Beam Guide for Quantum Communications

Utilizing technology developed for the laser interferometer gravitational wave observatory
(LIGO) interferometers, Huang et al propose a vacuum beam guide as a state-of-the-art
channel for long-distance quantum communications [10]. As depicted in Fig 1, the vacuum
beam guide would consist of a periodic array of lenses to support a periodic Gaussian mode
of transmission, repeatedly refocusing the beam to reduce the maximum diameter of the
beam and thereby the necessary encompassing tube. To reduce the total amount of absorp-
tion of the beam in matter, the beam tube is held at vacuum and the lenses are kept sparse
in the tube. Appropriate mode matching at the input and output of the beam guide is then
responsible for interfacing the beam with the optical setups at both ends. The system is pre-
dicted to allow for optical transmission with attenuation due to absorption, diffraction, and
misalignment on the order of 10−4 dBkm−1 for reasonable parameters and consequentially
a channel capacity on the order of 1013Qubits/s over 104 km. If implemented, this quality
of connection would exceed the current fiber-based communication by orders of magnitude.
This work aims to further the understanding of the vacuum beam guide by programmati-
cally simulating and assessing the transmission of squeezed light stated through an optimized
vacuum lens array using the Finesse3 optics simulation package developed to model interfer-
ometric gravitational wave detectors [11]. This allows for the incorporation of more realistic
noise sources, such as the scattering of the transmission beam into higher-order Hermite-
Gaussian modes and the surface imperfections of physical lenses, as well as assessing the
effects of noise-mitigation systems such as serrated baffles.

In this analysis, the vacuum beam guide is modeled paraxially as a periodic series of thick
lenses, each 3 cm thick with a 1.444 index of refraction as preliminary values. For simplicity,
the radii of curvature on both sides of the lens are kept equal. Although a realistic im-
plementation of the vacuum beam guide would involve turns and steering mirrors to avoid
obstacles and correct the beam trajectory, here the beam guide is modeled as a straight
path without active control to determine the stability of the system to natural imperfec-
tions and misalignments. Ignoring reflections, these thick lenses can be equated to ideal
thin lenses with a slightly altered separation by equivalence of their ABCD matrices. This
periodic series of lenses is then equivalent to periodic transmission in a resonant cavity [12],
allowing any stable resonator configuration to generate an equivalent stable vacuum beam
guide configuration. For a beam guide with all-identical lenses considered here, this equates
to a symmetric cavity, but asymmetric two-mirror cavities or multi-mirror cavities could be
equated to vacuum beam guides with alternating or cycling patterns of lenses. This work
focuses on the matching lens configuration due to its simplicity both in the number of vary-
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Focal Scale 0.70 0.75 0.78 0.80 1.00 1.25 1.40 1.50
Waist at Focus [cm] 2.42 2.56 2.60 2.68 3.04 3.37 3.52 3.62
Waist at Lens [cm] 4.53 4.43 4.40 4.37 4.30 4.35 4.39 4.43
Rayleigh Range [km] 1.19 1.33 1.38 1.45 1.88 2.30 2.52 2.65

Divergence Angle [µrad] 20.4 19.3 18.9 18.4 16.2 14.7 14.0 13.6

Table 1: Symmetric Vacuum Beam Guide Solutions

ing parameters and bulk manufacturing as well as the fact that an asymmetric lens array
would result in unequal spot sizes of the transmitting mode on the lenses. As the size of the
encasing tube is dictated by the largest of the spot sizes, it is likely beneficial to utilize this
size at all lenses. This symmetric cavity then has a stability criterion for the focal scale, the
ratio of the focal length of the mirrors or lenses to their separation:

fscale = f/L ≥ 1

4
(1)

This family of solutions is parameterized fully by the focal scale, the separation between
lenses, and the number of repeated segments, or equivalently the focal scale, the number
of repeated segments, and the total length of the vacuum beam guide. From this family,
eight focal scales were chosen to investigate, using an arbitrary 3.75 km segment length and
transmitting at a 1550 nm wavelength, as shown in Table 1. The radius of the lenses is 12 cm
with full absorption outside this circle. These include the confocal, fscale = 1 design proposed
by Huang et al. [10] as well as the fscale = 0.78 design found by parameter optimization [13].
The fscale = 1.40 design was included to match the waist size on the lens of the fscale = 0.78
design, and the other solutions were included to show the effect of slight variations away
from these solutions.

4 Simulation Work

To evaluate the performance of the vacuum beam guide with these configurations, the system
was modeled in the Finesse3 optical simulation software [11]. This Python package allows
for the construction of a model out of elementary optical elements such as curved interfaces
and spacers and the simulation of a coherent source of laser light or squeezed vacuum propa-
gating through the optics and being measured by a series of detectors. The calculations are
performed by propagating the specified source Gaussian beam through the system according
to the ABCD matrices. Astigmatism of the Gaussian beam is constrained to align to the x-y
axes of the model. The effects of apertures, small misalignments, and lens imperfections are
calculated by expressing the electromagnetic field between components as a two-dimensional
Hermite-Gauss expansion to finite order and then determining the coupling caused between
the different ingoing and outgoing components. The models can then be evaluated both for
the losses and scattering of a Gaussian beam in transmission and the squeezing transmitted
through the system as a model of quantum data transmission. For the classical character-
ization, a laser element is introduced at the input of the beam guide with the appropriate
Gaussian mode. A series of detectors are then placed throughout the beam guide and at
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the output to measure the power in the middle and end of the guide and the scattering
of power into higher-order Hermite-Gaussian modes. For the quantum characterization, a
simulated homodyne detector interferes the squeezed vacuum with a local oscillator, and the
reduction in the quantum noise from the squeezed vacuum is measured. This is performed
in the simulation both prior to entering the vacuum beam guide and after exiting the beam
guide to measure the reduction in squeezing due to transmission losses.

First, the vacuum beam guide was simulated as a perfectly aligned series of perfect lenses,
with losses only resulting from the aperture clipping at each lens and the absorption and
reflections at each lens. For each lens 6 ppm of the light was absorbed, and 3 ppm of the
light was reflected off of each surface of each lens. To consider this best-case scenario, the
fscale = 0.78 configuration was tested as it had been optimized for this ideal case. Eighty
segments were included for a total 300 km, over which the vacuum beam guide has a loss of
only 1900 ppm or 0.008 dB, 2.7× 10−5 dB/km. Additionally, the transmitted beam remains
strongly in the fundamental Gaussian mode, with a fraction of the light scattering into
higher modes, visually similar to the Laguerre-Gauss p = 1, l = 0 mode, seen in Fig 2. With
22 dB of input squeezing, the output of the beam guide was measured to retain 20.8 dB of
squeezing on the output of the beam guide, surpassing the theorized 20.5 dB conservative
upper limit for fault-tolerant squeezed-light quantum computing [14]. We can compare this
with a theoretical value for squeezing reduction by pure attenuation as calculated in [15],

S = S0(1− l) + l (2)

where S0 is the initial fractional amount of squeezing and l is the fractional loss in the system.
This also predicts a reduction to 20.8 dB output squeezing, with an insignificant deviation
attributable to phase error.

Then, to investigate the effects of real lens imperfections and misalignments a rough phase
map was applied to the lenses, and each lens was offset and tilted randomly. Optimally,
a vacuum beam guide design would be sufficiently robust to misalignments to not require
costly professional installation of each lens. The phase maps were randomly generated from
1/f spatial frequency noise as shown in Fig. 3 and applied to both sides of each lens, with
each phase map being independently generated. Then lens tilts and offsets were added to
the simulation space parameterized by the standard deviation of the misalignments. The
misalignments in both axes for both tilt and offset of each lens were taken independently
from identical Gaussian distributions with the specified variance, modeling alignment errors
that are entirely uncorrelated. In Finesse3, lens tilts are natively supported as parameters,
but offsets in the transverse plane are not supported. Instead, offsets have been implemented
as a offset of the aperture map and an equivalent tilt of the lens. The equivalent lens tilt can
be determined from equating the optical path length through the tilted lens and the offset
lens as a function of tangential displacement. In one dimension this looks like for a curved
interface

OPDtilt = (n2 − n1)

[
x2

2R
− xθ

]
(3)

OPDoffset = (n2 − n2)
(x−∆)2

2R
= (n2 − n1)

[
x2

2R
− x

∆

R
+

∆2

2R

]
(4)
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Figure 2: For the aligned fscale = 0.78 configuration, the intensity and phase maps of a
1W Gaussian beam immediately prior to the 10th lens, alongside the same plots with the
fundamental Gaussian mode subtracted out.

Figure 3: A characteristic phase noise map alongside the amplitude spectral density of its
cross-section.
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Figure 4: The channel capacity of each beam guide generated with a given offset standard
deviation (left) alongside the same summarized into the average for each focal scale with 2σ
error bars (right). 300 km total length in 80 3.75 km segments.

yielding an equivalence in the linear terms

θ ∼ ∆

R
(5)

This allows the implementation of a transverse offset in Finesse3 up to the paraxial approx-
imation. For this approximation to hold, the tilts of the lenses must remain significantly
smaller than the divergence angle of the Gaussian beam being modeled, here tens of micro-
radians. Due to the large radius of curvature, a one-millimeter offset equates to less than
one microradian of tilt for all of the modeled configurations, so substantial offsets of up to a
centimeter can be modeled.

With each of several offset variances for each configuration, several lens arrays were gener-
ated, each with independent misalignments and the same 80 lens segments, and the total
power transmitted was measured. The loss was then converted to a channel squeezing ca-
pacity

Smax = −10 · log l (6)

given by the maximum squeezing output allowed under Eq. 2. As the effect of phase corrup-
tion on the output squeezing was not significant in the aligned case and the output beam
profiles computed for the misaligned cases were largely consistent with astigmatic Gaussians,
this figure can be considered a good estimate for the capacity of the vacuum beam guide
configurations. The results of these simulations with perfect tilt alignment are shown in Fig.
4. As expected, channel capacity decreases with increasing misalignments, and as misalign-
ments become large, there is an increasing probability of a very low channel capacity as the
beam becomes more likely to exit the window of the apertures. This data also shows a sig-
nificant distinction between solutions with focal scales greater and less than one in that focal
scales greater than one have significantly lower channel capacities when perfectly aligned but
remain more resilient to misalignments resulting in a superior channel capacity for misalign-
ments of 1mm or more. The abruptness of this transition merits further investigation to
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Figure 5: The channel capacity of each beam guide generated with a given length (left)
alongside the same summarized into the average for each length with 2σ error bars. fscale =
0.78, 3.75 km segments

validate and explain the effect to ensure that it does not result from a simulation artifact. To
test how this loss scales with distance, the fscale = 0.78 solution was simulated with a vary-
ing number of 3.75 km segments. Again, the lenses were given random surface textures and
offsets, with the resulting channel capacities shown in Fig. 5. The loss increases faster than
linearly with distance, potentially indicating compounding errors as the beam propagates
through the beam guide, and for the 2mm misaligned beam guides, transmission abruptly
drops to zero, again as the beam begins to travel outside of the windowed apertures.

The modeling of tilt misalignments is somewhat more difficult. Given the small divergence
angle, the tens of microradian tilts that can be modeled within the paraxial approximations
are vanishingly small compared to what is feasible without costly precision alignment of the
lenses. As an attempt to measure the sensitivity of the system to tilts, the fscale = 0.70 con-
figuration was modeled with varying tilt alignment precisions less than the divergence angle,
as shown in Fig. 6. As tilt distributions up to ten microradians showed no significant effects
to the losses in the beam guide and Finesse3 is currently unable to natively model larger
tilts in the x and y planes simultaneously, an alternative approach is required to assess vac-
uum beam guides for resilience to these alignment errors. The Finesse3 beamsplitter object
allows for tilts larger than the divergence angle by calculating the outgoing beam direction
and astigmatism, but due to Finesse3 restricting the astigmatism to the x-y axes, any given
beamsplitter can only model a tilt in one of these axes. Therefore, a simulation of larger tilts
would require either estimating the three-dimensional result from a two-dimensional simu-
lation or utilizing an optical simulation system based on more general astigmatic Gaussian
beams such as IfoCAD [16].

Additionally, for tilts that are larger than the divergence angle yet still sufficiently small,
the effects of the lens misalignments can be modeled as introducing deviations into the path
of the outgoing beam. To consider the effects of the optics on the path of a ray using the
ABCD matrix formalism, the ray can be transformed onto the axis of the optic, propagated
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Figure 6: The channel capacity of each beam guide generated with a given tilt alignment
precision (left) alongside the same summarized into the average for each precision with 2σ
error bars. fscale = 0.70, 300 km total length in 80 3.75 km segments.

through the optic, and then transformed back into the original frame. For a lens with offset
δlens and tilt βlens, the displacements to the outgoing ray offset δray and angle βray are then
given as [

δray
θray

]
=

[
A− 1 B
C D − 1

] [
δlens
θlens

]
(7)

Although this model would fail to capture the astigmatism of the Gaussian beam generated
by the misalignments, utilizing this model to calculate the location of the apertures relative
to the beam path could allow a moderately accurate simulation of significant two-dimensional
lens tilt misalignments within the Finesse3 model.

5 Conclusions

The vacuum beam guide provides for ultra-low loss quantum transmission over continent-
scale distances. Using Finesse3, solutions can be examined for losses and resilience against
realistic imperfections. To this effect, solutions with focal scales less than one differ sharply
from those with focal scales greater than one, having higher aligned capacities while being
more sensitive to displacements. The effects of lens surface imperfections are rather simple
to implement, with more analysis to be performed to determine maximum roughness con-
straints. Simulation of realistic tilt misalignments is rather more difficult in Finesse3 and
will require an alternative approach to direct implementation in Finesse3. Additionally, the
Finesse3 simulation should be checked with varying truncations of Hermite-Gauss modes to
ensure convergence and compared against other optical simulation packages such as SIS and
OSCAR to ensure that the system is being accurately modeled.

Additionally, the vacuum beam guide should be modeled for transient noise sources akin to
the glitches occurring in LIGO data. As the vacuum beam guide must span large distances,

page 9



LIGO-T2400233–v1

the system will likely need to cross high-noise environments that could vibrate or jostle the
lenses. Due to the pre-existing connected land ownership, it would be convenient for the
vacuum beam guide to travel adjacent to railroad lines, requiring insusceptibility to such
large, prolonged noise. This could require the addition of serrated baffles between lenses to
block the off-axis scattered light from interfering with the primary beam.

If realized, the vacuum beam guide would allow not only for large quantum key distribution
but also distributed quantum precision measurements. Strong entanglement would allow
the synchronization of atomic clocks [6] between cities, allowing for the measurement of
gravitational time dilation as an analog of geologic mass movements [17]. A sharing of
quantum states between interferometers could improve the combined sensitivity of a net-
work of gravitational wave observatories through the reduction of noise sources [2]. In the
optical spectrum as well, the sharing of entangled states can provide for an interferometric
combination of multiple observatories for vastly increased angular resolution [3]. By linking
detectors, the ability to entangle noise and compare results prior to measurement allows for
superior sensing [18].
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